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ABSTRACT
 

A conceptual design was developed for a 1000-acre (water 
surface) algae culture facility for the production of fuels. The 
system is modeled after the shallow raceway system with mixing 
foils that is now being operated at the University of Hawaii. 
The facility takes advantage of the high yield and high cell 
dens i ty achieved in the shallow raceway system, as we 11 as the 
unusual s ett 1 ing beha v ior of the proposed alga, I:latymonas. A 
computer economic model was created to calculate the discounted 
breakeven price of algae or fuels produced by the culture 
facility. A sensitivity analysis was done to estimate the impact 
of changes in important biological, engineering, and financial 
parameters on product price. 

In the baseline case for a facility in Hawaii, the 
discounted breakeven algae price is $366/MT dry weight ($398/MT 
AFDW) in the form of a 10% solids slurry. A case using more 
optimistic, but probably achievable, parameters reduced the price 
to $229/MT dry weight. The discounted breakeven price of methane 
produced from the algal slurry is $36/MSCF for the baseline case 
and $23/MSCF for the more optimistic case. These prices are 
probably too high for the facility to be viable on methane sales 
alone. A case in which credits are taken for shellfish grown on 
unharvestable algae in the facility's effluent demonstrated that 
byproduct sales can make a very substantial contribution to the 
economics of a large algae culture system. The discounted 
breakeven price for algae was $61/MT dry weight after credit was 
taken for shellfish sales. 

A similar conceptual facility near the Salton Sea in 
California was also modeled. Algae from the California facility 
was less expensive than from the Hawaii facility because of 
geo log i c a I CO2 a vail ab 1 eat the Sa Iton Sea site • .Met hane 
produced at the California facility would have a price similar to 
that in Hawaii because of the additional heating requirements for 
a digester in California. 

A scaled experiment was proposed to test the concept of the 
large shallow-raceway culture facility. The experiment would 
have two stages: one to optimize raceway design, the second to 
test production, costs, labor, and maintenance requirements in 
raceways close to full production scale. Concurrent experiments 
at a New Mexico site would screen species to find ones 
appropriate for a U.s. Southwest version of the shallow raceway 
system. 
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1.0 INTRODUCTION 

Beginning with the "oil crisis R of the 1970's, microalgae 
have been under study as a source of renewable fuels. Microalgae 
in culture frequently have a higher efficiency of solar energy 
conversion than land plants. The ability of many microalgae to 
store a substantial proportion of cell mass as lipids has sparked 
interest in algae culture to replace liquid fuels, which are 
expected to become scarcer and more expensive. 

In Hawaii, research on fuel production from algae began with 
Raymond (1978), who arrived at optimistic projections for oil 
production based on a small experimental system. Since 1980~ 
SERI has funded a University of Hawaii study using a single 48 m 
raceway and several smaller raceways to investigate the potential 
of a shallow raceway system. Distinctive features of this system 
besides the depth include high phytoplankton cell densities (>107 

cells/ml), high water velocity (30 em/sec), and mixing foil 
structures which create vortices in the flowing water. In dense 
cultures, the vortices expose algal cells to rapidly alternating 
light and dark periods, creating a "flashing light effect" that 
increases photosynthetic efficiency (Laws et al., 1983). The 
last year's research has increased production in the shallow 
raceway by the use of species adapted to the relatively high 
temperatures (30-3S oC) in the Hawaiian raceway and the discovery 
that the dilution schedule has a strong effect on algal 
production. The shallow raceway now achieves yields 
sUbstantially higher than those attained in other systems using 
inorganic nutrients (Laws, 1984). 

In 1983 SERI issued a Solicitation for Letter of Interest to 
des ign a large-scale algae culture system for fuel production, 
and to propose a scaled experiment to validate the proposed 
design. Aquaculture Associates, Inc. (AAI) responded with a 
proposal based on the University of Hawaii raceway system. In 
April 1984 AAI was awarded one of three competitive design 
contracts. 

L.l. Objectiyes 

The overall objective of the project, as stated by SERI, was 
to develop a cost-effective design for a saline-water microalgae 
culture facility producing lipid fuels in the U.S. Southwest. 
Specific objectives of the subcontract were to: 

1.	 Develop a conceptualized design for a large-scale 
raceway system at a site in Hawaii. 

2.	 Develop a detailed design of an experimental sYstem\tha-~ 
wou Id be appropr iate for the Hawaiian site. n.cf e..l'0 ....-\c.... ~ 

\ t, 

3. Develop an operating plan for the experimental facility. 
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4. Extrapolate the results of the Hawaiian facility to a 
site 'in the American Southwest. 

Shortly after the project contracts were awarded, the requirement 
that algal lipids be the fuel source was relaxed, and 
consideration of any fuel product was permitted. It was also 
agreed that each contractor would report the price to produce an 
algal slurry of 10% solids content in order to allow comparisons 
among systems that would produce different fuel products. 

~ Project Participants 

Participants in this study were: 

Management and Biology: Aquaculture Associates, Inc. 

Subcontractor (Engineering): Makai Ocean Engineering, Inc. 

Subcontractor (Foil Studies): Hawaii Natural Energy Institute 

Consultant (Algae Culture): Dr. Edward Laws, University of Hawaii 

Consultant (Economics): Dr. Karl Samples, University of Hawaii 

Consultant (Harvest Technology): Dr. Gary Rogers, University of 
Hawaii 
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2.0 PRELIMINARY ANALYSIS
 

Before a baseline algae farm design could be attempted, it 
was necessary to determine which components of the farm were the 
most important cost drivers. Engineering aspects of a shallow 
raceway system with foils were studied to discover potential 
limitations on raceway length, width, and depth and to model 
water circulation costs as a function of raceway design. Flume 
studies were done to estimate what foil spacing might be adequate 
to produce the desired turbulence at minimum cost. Choices had 
to be made among different algal species, harvesting methods, and 
processing options. 

After the basic elements of the conceptual facility were 
defined, a preliminary economic model of the facility was 
constructed. The model was used to determine which design and 
cost parameters were most critical to the cost of algae produced 
in the facility. Design effort was then concentrated on the 
items found to be most important to algae production cost. When 
the final facility design was completed, cost estimates for 
facility components were refined and a final "baseline" version 
of the economic model was prepared for use in sensitivity 
analysis. 

The following sections describe the preliminary engineering 
and economic analysis. 

~ Engineering Model 2f Raceway 

The shallow raceway system chosen for this study differs 
hydraulically from the deeper ponds previously used for algal 
mass cu I tu re stud ies. In add i tion to be ing sha llower (8-12 cm.. 
vs. approximately 20 cm), the UH experimental raceway has a 
~igher water velocity (30 cm/sec) than most other open culture 
systems (e.g. Benemann et al., 1982). The UH raceway also uses 
foil structures at intervals throughout the raceway to create 
ordered turbulence which increases production rates (Laws et al., 
1983). All of these characteristics influence the amount of 
energy which must be used to circulate the water in the raceway. 
An engineering study (Appendix 1) was conducted by MOE on the 
effects of various raceway and foil design parameters on raceway 
circulation. The objectives of the study were to: 

1.	 Determine effects of raceway parameters on utility costs 
for water circulation and mixing; 

2.	 Determine the importance of utility costs relative to 
other operating costs such as nutrient requirements; 

3.	 Determine head losses along the raceway to guide raceway
des ign. 
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Parameters considered were: 

1.	 Raceway water depth 

2.	 Raceway width 

3.	 Raceway length 

4.	 Water velocity 

5.	 Bottom surface roughness (friction factor) 

6.	 Circulation pump efficiency 

7.	 Mixing foils 

a.	 Drag coefficient 

b.	 Distance between foil rows 

Among the conclusions of the study were: 

1.	 Water velocity is the most important parameter 
influencing circulation power requirement. 

2.	 Friction factor and foil angle are both important to 
power consumption and head loss. 

3.	 Increasing the distance between foil sections is 
important to both power consumption and head loss 
reduction. 

4.	 If raceway width is much greater than raceway depth, an 
increase in depth will result in a slight decrease in 
power consumption and head loss. Therefore, from the 
standpoint of utility costs, it is desirable to 
set. raceway depth near the high end of the acceptable 
range. 

5.	 If the raceway width is at least 30 times greater than 
the depth, the effect of width on power consumption per 
unit area is minimal. 

These results were taken into account during subsequent 
facility design. The relationships derived during this study 
were included in the computer model of the facility so that the 
model could determine utility costs for a range of design
assumptions. 

The preliminary engineering study was unable to define any 
maximum width or length for the raceways based purely on 
considerations of power consumption and head 1055. It also was 
not designed to determine the actual effects of raceway desig!L­
pafametersr fail designs, and pump types on algal prodUct~vlty; 

knowledge of these effects requires further experirnentaJJon. 
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~ Mixing l2il Flume Experiments 

The mixing foils in the UH experimental raceway are intended 
to create a pattern of vortices in the raceway water flow, 
alternately submerging and raising the algal cells. In a dense 
culture, the cells are exposed to alternating light and darkness. 
The effect of the nflashing light n is to increase the 
photosynthetic efficiency, and therefore the yield, of the algae. 
Terry (1985) found that under laboratory conditions, flashing 
light of 1-2 seconds duration enhanced photosynthetic efficiency 
in Phaeodactylum tricornutum because the cells responded to the 
average light intensity received rather than the flash intensity. 
The foils might also increase production for other reasons, such 
as increased turbulence, as well as by light modulation. The 
foils have increased production by 45-100% vs. the same raceway 
without foils in experiments at the Hawaii experimental raceway 
(Laws et al., 1983~ SERI Biomass Program Monthly Report, January 
1985) • 

In early experiments in the Hawaii raceway system, the foils 
were shaped like small airfoils (Laws et al., 1983). The system 
now uses flat, notched plates because of their low cost and ease 
of construction. (In this report, the term nfoil· is used to 
indicate any of these turbulence-producing devices regardless of 
shape.) There is little experimental data to define an noptimal· 
foil design or spacing. Since a conceptual culture system based 
on the experimental raceway will require many foils, it was 
assumed that foil costs would be significant and that some 
estimate of foil spacing would be required for the raceway cost 
estimates. Experiments were therefore conducted to gain some 
knowledge of the turbulence created by simple foil shapes at 
different spacings. These experiments helped to define the range 
of foil spacings that might be acceptable in the conceptual 
facility. 

The experiments were conducted by HNEI personnel in a flume 
at the University of Hawaii (Appendix 2). Square and triangular 
fo i I plates were tested at a water ve loc i ty of 30 crnls e c , 
Measurements of velocity profiles through the water column beyond 
the foils indicated that turbulence may extend 2-5 m beyond the 
foils. A 3-m spacing was selected for the baseline facility 
model. The experiments also suggested that a wider lateral 
spacing of the foils (requiring fewer foil plates) could produce 
adequate mixing compared to the present lateral spacing in the 
experimental raceway. This possibility was investigated as a 
special case during the sensitivity analysis of algae costs. 

~ Species Selection 

The selection of an algal species for the conceptual culture 
facility is critical because it defines many of the operating 
parameters of the system, e.g. water exchange frequency, nutrient 
requirements, and potential energy products. Species selection 
is in turn influenced by characteristics of the chosen farm site 
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such as temperature range, salinity, and presence of competing 
species. In addition, the chosen species must be compatible with 
the type of culture system desired. This latter requirement is 
critical for the purposes of this report because the type of 
culture system has already been chosen: a shallow raceway system 
with photosynthetic enhancement using foils. 

Despite these restrictions, most microalgae are potential 
candidates for the conceptual culture system because there are so 
many species and so little is known about them. Biochemical and 
genetic modification of existing algae could (in theory) create 
"superalgae" that are adapted for a particular system and produce 
large quantities of a particularly desirable product. Key 
assumptions of the baseline analysis are that no such genetic or 
biochemical advances are achieved and that only species known to 
thrive in the existing shallow raceway can be considered. These 
assumptions are conservative, and may lead to a substantial 
underestimate of the potential of the conceptual system. Without 
them, however, the characteristics of the chosen species would be 
so nebulous that the faclllt mo . ht have 1 e redictive 
va ue. 

Only four or five algal species have been cultured in the 
experimental shallow raceway system because it is a relatively 
new system. Of the algae that have been tried, two have been 
grown successfully at high production rates: ~~atYmQnas ~, a 
motile green alga, and Chaetocero£ SL~l~, a diatom. Both 
species have exhibited sustained production rates exceeding 40 9 
AFDW/m2-day in the Hawaii experimental raceway (Laws, 1984; SERI 
Biomass Program Monthly Report, October 1984). flAtymQnA£ was 
chosen over Chaetoceros because it appeared to have the best 
combination of desirable traits: 

1.	 ~l~2ng~ has exhibited slightly higher production 
rates in the experimental raceway. 

2.	 f.latymonas is a dominant species, resistant to 
competitors and predators in the Hawaii shallow raceway 
system. 

3.	 ~~Q~Q~ requires silicate and vitamin additions 
(Laws, 1984); ~atymonas does not. 

4.	 ~lat~mQnas apparently can be harvested simply and 
with little energy expenditure because of its settling 
behavior (see below); ~~~ does not appear to 
settle rapidly and would require more expensive means of 
harvesting. 

5.	 Under optimal culture conditions as defined so far in 
the experimental raceway, ~atymonas requires less total 
wat erexc hangethan c..b.g~tlQ.§. ( Laws , 19 84 ; SER I 
Biomass Program Monthly Report, October 1984). 
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The major disadvantage of ~~atymQnas is that its storag~ 

product is carboh drate rather than Ii ide To date, the SERI 
e s- rom-microalgae program has focused strongly on lipid­

derived fuels because of their relatively high value. It is 
therefore desirable to present a rationale for accepting a 
species that is not noted for its ability to produce lipids. 

When microalgae are growing rapidly (not nutrient-limited) 
they store little lipid (Goldman, 1980); both ~1~m2~ and 
Chaetoceros in the shallow raceway system contain about 15-20% 
lipid. Most of the lipids in rapidly growing algae are membrane­
bound lipids that are unsuitable for fuel use without special 
processing (Tornabene, 1984). In order to induce microalgae to 
produce large amQunts of the more desirable storage lipids, it 
has been necessary to expose them to nutrient limitation for 
periods of several days. During this period, algal growth slows 
down; because of this growth slowdown, total energy production 
usually declines even though the energy content of the cells 
themselves rises (Lien and Spencer, 1984). 

Reduced total energy production might be tolerable if the 
algal lipids could be processed easily and cheaply into usable 
fuels. Unfortunately, this may not be the case. Present 
industrial techniques for extracting lipids from biomass are 
applied to dried crops raised on land, but harvested algae will 
be mostly water. Existing dewatering techniques are probably too 
expensive for an energy product (see Appendix 3); considering the 
heat of vaporization of water, heat drying of a 10-20% solids 
content slurry would require about as much energy as is contained 
in the algae. Solar drying is possible, but is not totally 
reliable. At published rates of solar drying (e.g. Venkataraman 
et al., 1980) an area at least equal to the total growing surface 
of the farm would be necessary to dry a day's algae production. 
Systems would have to be developed for spreading a thin layer of 
algal slurry over hundreds of hectares o f some acceptable 
substrate, and for cQllecting the dried material econQmically. 

An alternative to drying is wet prQcessing Qf the algae. 
There appear to be tWQ major processes for lipid extraction: 
solvent ex t r ac t Lcn and supercritical carbon dioxide extraction. 
Supercritical carbon dioxide extraction may not work on wet 
olomass because the C02 reacts wlth water at high pressure, 
forming strong acids that attack the organic material (M. Antal, 
Un i ve r sitY 0 f Hawa ii, per s • comm.) • ..e..o 1 v en t ext t' act ion is 
potentially feasible for wet materials, but would probably be 
more expensive than for dry feedstocks because a relatively large 
quantity of slurry at relatively low lipid content would have to 
be processed. The range of potential solvents may be limited 
because solvents that can mix with water will be expensive to 
recover from the effluent stream. A significant portion of the 
a 1gal 1 i P ids wi lIbe memb ranelip ids whi c h rnay r e qui rea 
different solvent, and which will need to .be p r oc e s s e d further 
before they can be used as fuel. One estimate of the cost of 
transesterification, which can CQnvert algal l~pids to fuels 
resembling diesel fuel, is $1.4l/gallon exclusive of algae cost 
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(Hill arc Feinberg, 1984). Finally, the output of a single 1000­
acre algae farm is too small to take full advantage of economies 
of scale in extraction and processing (Hill et al., 1984). 

The above discussion is not meant to imply that the concept 
of deriving fuels from algal lipids is infeasible. Research into 
algal lipid production, harvest techniques, and 
extraction/processing methods may greatly improve lipid fuel 
economics. This analysis merely notes that the engineering and 
economic parameters of a lipid fuel production system are highly 
uncertain and would make it difficult to predict the economic 
feasibility of the algae culture system. Since the main task of 
this report is to evaluate the economics of producing and 
~arvesting mjcroalgae, little e1fQ11:CO.u~d be :p:nt stu~g 
extraction and processing methods. ~ ~~~~~ 

~c ~ ( lkuS-tk 
~ Haryest Experiments 

Because of the sma 11 size of mic ro 19a 1 ce lIs, harvesting 
has always been one of the major issues in algal mass culture 
technology (Mohn, 1980). A variety of harvest techniques has 
been tried over the past 30 to 40 years (e.g. Mohn, 1980; Shelef 
et al., 1984; also see Appendix 3); most have proved inefficient 
or too expensive and energy-intensive for all but the most 
valuable algal products. Barvestability is therefore a major 
criterion for selection of an algal species for mass culture, 
although in practice species have usually been selected for their 
growth rate, production of valuable compounds, or resistance to 
competition and predators. 

One of the reasons Platymonas was selected as the species to 
be cultured in the conceptual facility is its reported settling 
behavior in the experimental raceway in Hawaii. Technical 
personnel reported that ~~~ymona~ cells settle rapidly in 
flasks, and must be resuspended so that the cells-can be counted. 
In addition, if a power failure occurs and raceway circulation 
stops for several hours, the cells settle to the bottom of the 
raceway (L. Pang, pe r s , comm.) , Wa Ine (1970) repo rted that 
species of Tetraselmis (= Elatymonas) settled rapidly when placed 
in containers, but regained their swimming behavior in about 24 
hours. The possibility that ~l~YID2ng~ could be harvested by 
simple settling justified the several experiments that are 
descr ibed below. 

Initial settling experiments with ~lat~na~ used Imhoff 
cones, which are conical graduated vessels commonly used to 
measure suspended solids. Although Imhoff cones have been used 
in the past to measure settling of algal solids (Benemann et al., 
1980), they proved to be poor devices for inducing settling in 
platymonas. Some of the algae flocculated and settled, but most 
remained suspended. Subsequent experiments were conducted in 
Erlenmeyer flasks. These experiments were much more successful; 
cell counts showed that 80-90% of Platymonas cells settled to the 
bottom within 24 hours. Apparently the shape of the container 
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affects settling in ~latymonas, at least in small vessels. 
Settling appeared to be slightly less complete in flasks covered 
with foil than in those exposed to ambient (indoor) lighting, but 
too few experiments were done to demonstrate significance of this 
observation. 

To confirm the harvestability of cultured ~latymonas on a 
larger scale, a 55-gallon drum with one end removed was used as a 
settling tank. The tank was filled with a suspension of 
PlatyrnQoas (approx. 107 cells/ml) harvested from the experimental 
raceway as a part of normal raceway operations. Approximately 
24 hours later, samples were taken from the top, center, and near 
the bQttom of the water column for cell counts. Then the water 
was drained s LowLy from the drum. When as much water as possible 
had been drained, the drum was tilted slightly tQ allow remaining 
water to run off the viscous sludge at the bottom of the drum. A 
sample of the sludge was scraped from the bottom and weighed, 
then dried to determine solids content. 

Two sett 1 ing drum exper iments were done. In the fi rst 
trial, approximately 82% of the cells originally present in the 
harvest water settled to the bottom. The solids content of the 
harvested sludge (after SUbtracting the presumed weight of the 
salt present) was a surprisingly high 13.5%. In the second 
trial, approximately 90% of the cells settled out and the sludge 
solids content was 7.1%. The supernatant water from this trial 
had a pH of 7.3 at the end of the 24-hour period, suggesting that 
high-pH induction of flocculation (Arad et t~ 1980) is not 
critical to the settling process. c\r~st~ ~~~ 

Ben e mann etal. (19 80) rep 0 r ted that unde r c e r t a incu 1 t u r e 
conditions, rapid bioflocculation occurs in Micractinium with 
similar settling time and removal efficiency to the settling 
exhibited by PlatymQnas in the recent experiment. However, the 
solids concentration of the settled PlatymQnas seems to be much 
higher than that of Micractinium. Electron micrographs indicated 
that Micractinium aggregates by means of extracellular filaments; 
micrographs of settled PlatymQnas might reveal whether Qr nQt its 
settling mechanism is similar. Koopman et ale (1980) suggest 
that b i o f Loccu Lat Lon is encouraged by high pH and low nitrogen 
levels, but these conditions are not normally present in the 
Hawaii experimental raceway. rJ ~5 

~ ! ,~e..~~at-<'P1.M5 
In summary, PlatymQnas exhibits rapid settling which, in a 

properly designed settling tank or pond, may allQw harvesting at 
minimal energy co s t , Harvest efficiencies of 80-90% and sol ids 
concentrations exceeding 7% may be achieved with a 24-hour 
settling period. These few experiments do not demonstrate- that 
rapid settling Qf £latymQnas occurs consistently under all 
culture conditions, or that settling occurs as rapidly and 
efficiently in a large settling pond as in smaller containers. 
Experiments to answer these questions are propQsed for the scaled 
experiment. 
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~ Processing Qptions 

Emphasis in this study has been directed towards estimating 
the potential price of algal biomass produced in a shallow 
raceway system, but a secondary task is to estimate the breakeven 
price of a particular fuel product derived from the algae. 
Proper selection of a processing method can reduce the overall 
cost of algae production if essential nutrients can be recycled 
to the production facility. An appropriate processing system 
should have the following characteristics: 

1.	 It should be suitable for the chemical composition and 
water content of the algal feedstock; 

2.	 It should be as efficient as possible in converting 
algal biomass into fuel; 

3.	 It should allow maximum recycling of nutrients; 

4.	 It should be a relatively well-known process, so that 
reasonable cost estimates can be made. 

Two fuel-producing processes appear best suited to the 
characteristics of an algal slurry: fermentation to ethanol and 
~naerobic digestion to methane. Anaerob~c d~gestion seems to be 
the more promising of the two processes for algal fuel production 
(Bill et al., 1984) and was chosen for economic modeling studies. 

Another process, supercritical water oxidation, was also 
modeled briefly as an algae-to-energy system. Although the 
output of this system is electricity rather than a fuel, it 
represent~ne way algal biomass might be used to displace some 
of the fossil fuels now used in electricity production. Its use 
in energy production is not yet well developed, but it seems to 
have the potential to use a somewhat higher~cost algal feedstock 
than fuel-production processes because the total energy content 
of the algae is used at high efficiency. The system is ideal for 
using a wet feedstock and avoids some of the problems (such as 
slUdge disposal) associated with fuel conversion. 

~ Economic Model Development 

Once a basic facility design existed, a spreadsheet-based 
computer model could be developed. The model combines 
biological, engineering, environmental, and cost parameters to 
calculate capital and operating costs for the conceptual facility 
design (Figures 2-1 and 2-2). The financial section of the model 
takes these costs and calculates the discounted breakeven price
of the algae (or fuel product) as described below. The model is 
designed to be flexible; the spreadsheet design accepts 
parametric changes easily. 
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2.6.1 Overview of Financial Model 

The financial model is designed to solve for a unit algae 
price ($/metric ton) that will be charged for all algae produced 
during the project lifetime. The calculated price affords just 
enough revenue so that the present value of the stream of revenue 
inflows exactly equals the present value of all cost outflows, 
including costs associated with borrowed and equity capital. 
Alternatively stated, the price is just sufficient to keep the 
present value of net cash flow at zero when the discount rate 
equals the weighted cost of equity capital. Costs, including 
opportunity costs of capltal, are Just covered by revenue inflows 
and zero excess profit is generated. Furthermore, at this rice 
th' a te of return exactl . ei hted cost of 
equity capital. 

Let this price be called the discounted breakeven price. 
Expressed simply, the formula for its calculation is: 

~ 
T 

OFt I u-e:' - 51 (l+d)T
 
t=l
 

DBEP = (2.1) 

where: 

OFt = cash outflow in time t 
Qt = algae production in time t 
S = sal vage value 
T = project termination date 
d = weighted cost of equity capital 

Calculation of DBEP can be ace using information on 
average annual capital and oper lng costs, or by using a multi ­
period cash flow model. In lS project, a discounted breakeven 
price is derivedsi multi-period model. This method 
contrasts with 5 It evenue requirement economic model that 
calculates DBEP 0 annualizing capital and operating costs. A 
multi-period model is preferred over an average annual model for 
three basic reasons. First, because the time value of money is 
positive, the timing of revenues and costs can affect net present 
value of cash flow, and thereby the DBEP. If the timing of 
revenues and costs can be specified relatively accurately, then 
the actual cost and revenue time stream should be used in 
analysis rather than average annual costs because the resulting 
assessment will be more accurate. Secondly, a mUlti-period model 
allows the time stream of taxes, loss carryovers and investment 
tax credits to be more accurately incorporated into the financial 
analysis. Third, by using a multi-period model the financial 
effects of different leveraging strategies can be interpreted 
more accurately. Fourth, use of a multi-period model permits more 
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accurate representation of financial effects of ~ariable rates of 
inflation, cost escalations, and costs of capital throughout the 
project lifetime. 

2.6.2 Cash Flow Description 

A 2S-yea.r cash flow model is used to calculate DBEP. 
Parameter inputs into the model come from two sources. One 
source is financial parameters specified by the user. A second 
set of parameters is calculated earlier in the production and 
costing parts of the model. The objective of the model is to 
determine a price which makes the present value of a net cash 
flow stream equal to zero, where net cash flow is the difference 
between cash inflows and outflows. 

Cash inflows come from selling farm outputs in competitive 
markets. It is assumed that all outputs are sold at constant 
pr ices wi th ..zero marketing costs... Revenues from the sa les of 
algae are defined as the quantity of algae produced multiplied by 
the calculated DBEP. Quantity of algae produced is a calculated 
variable coming from the biological and engineering portions of 
the model. DBEP is calculated internally in the model using an 
iterative calculation algorithm. If sales of byproducts are 
included in the model, their contribution to cash inflow is added 
to algae sales. Byproduct credits reduce the algae revenue 
needed to offset project costs. 

Cash outflows in time t are defined as: 

where: 

OC t = operating costs in time t
 
DS t = dept service in time t
 

Tt = taxes paid in time t
 
El t = equity injections in time t
 

Cash outflows are associated with the equity portion of initial 
capital costs, principal and interest of funds borrowed to 
finance the balance of initial capital costs, annual operating 
and maintenance costs, and income taxes. A large part of cash 
outflow is tied to initial capital costs which include 
construction, material/equipment procurement costs along with 
engineering and contingency (inclUding working capital) funds. 
Initial capital costs enter into cash outflow in two ways. The 
portion funded by stockholders' equity contributions is 
considered an outflow in the first period. The portion funded by 
borrowed capital is charged as an annual outflow (loan principal)
from the first period until the last. SUbsequent capital
injections, for example replacement expenses, can be treated as 
either capital or operating cost outflows. In the model, 
[eplacement costs are treated as additions to operating costs 
rather than new capital lnject10ns. 1'hls tleaLn.ent os impl ifie& 
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the model but it tends to understate the present value of cash 
outflows because of distortions in the time stream of tax 
liability. By charging replacements as operating costs, taxes 
are smaller in the year that the replacements occur than would be 
the case if replacement costs were annualized as depreciation. 

Operating costs are direct expenses associated with growing 
algae and maintaining capital in a operating condition. Operating 
costs have a fixed and variable component. Fixed charges such as 
for rent, insurance and administrative overhead are input 
parameters. Variable costs such as for electricity, labor and 
nutrients vary with the quantity of algae produced annually. All 
operating costs are expressed in terms of 1984 dollars in the 
model. ~o inflation or cost escalation is assumep. 

Interest payments constitute a significant annual cash 
outflow that decreases in absolute size during the project 
period. Interest charges in time t equal the real (inflation­
adjusted) simple annual interest rate on the debt portion of 
capital mUltiplied by the loan balance outstanding at the end of 
time t. 

The final component of cash outflow is state and federal 
taxes. The model is relatively sophisticated in the treatment of 
tax calculation. Federal taxes are paid on all net income after 
depreciation, interest, state taxes and all operating costs have 
been appropriately deducted from revenue inflows. A multi-period 
model has the advantage that depreciation can be treated 
according to any number of possible depreciation schedules. For 
purposes of our analysis, a conservative straight line 
depreciation schedule is adhered to. Current IRS guidelines are 
used to identify depreciable and non-depreciable components of 
initial capital costs. Almost all initial costs qualify for 
depreciation except land preparation, roads, engineering and 
contingency funds (including working capital funds) and permit 
fees. The deprec iable portion of ini t ial capi ta 1 costs is 
annualized by simply dividing by 25, the specified project 
lifetime. State income taxes are calculated according to existing 
marginal tax rates on operating profits, just as is federal tax 
liability. The tax portion of the model assumes that the farm is 
operated as a corporation. In years when operating losses occur, 
these amounts are automatically carried over to subsequent 
periods to offset operating profits. Investment tax credit 
(ITC) is used to offset federal tax liability. Current IRS 
quidelines regarding allowable ITC calculation procedures are 
fo llowed. This means that max imum a llowab Le 1 imi ts on ITC 
(relative to tax liability) are followed, and credits are only 
included for qualified capital investments. In years where 
federal tax liability is less than ITC available, the balance of 
ITC is carried over to subseguent years. 

15
 



2.6.3 Treatment of Salvage Values 

As shown in Equation 2.1, calculation of DBEP is contingent 
on whether or not capital will be salvaged at the termination of 
the project. Throughout our anal sis 
assumed for two reasons. lrs, the bulk of the fixed investment 
is in structures that have few, if any, alternative uses. 
Secondly, the structures are maintained in such a way that they 
would expectedly be in poor condition at the end of the project. 
Salvage values would consequently be low. 

2.6.4 Choice of Discount Factor 

The discount factor used to equate the present value of cash 
inflows with outflows is a key ingredient in the model. The 
appropriate discount rate is the weighted cost of equity capital 
expressed as: 

d = [Rp/(Rp+Rc)] + [Rc/(Rp+Rc)] - I (2.3) 

where: 

Rp= ratio of preferred stock 
Rc= ratio of common stock 
I =expected inflation rate 

Expressed in this way, Fhe discount rate is the real (inflation­
adjusted) weighted rate of return to stockholders. It is 
weighted by the relative Shdt es of prefer led afi~ common stock in 
initial capitalization. The expected inflation rate is deducted 
from nominal returns to stockholders to account for the fact that 
the model is expressed in terms of 1984 constant dollars. 

2.6.5 Calculation of Discounted Breakeven Price 

Calculation of DBEP is done in a circular manner in the 
model. This is done because DBEP is a function of the time 
stream of taxes, and tax calculation requires information on cash 
inflows which are themselves functions of DPEP. DBEP estimation 
is accomplished using an iterative recursive calculation 
algorithm. Given a starting value for DBEP, revenues and costs 
are calculated. State and federal taxes can then be estimated. 
If the present value of net cash flow is then found to be 
different from zero (given a specified minimum convergence 
difference), then adjustments in DBEP are made and recalculation 
occurs. Convergence is normally achieved within 6 iterations 
depending on the starting value selected. 

The breakeven price that is finally estimated is expressed 
in terms of 1984 dollars. This is because the financial part of 
the model is expressed in terms of constant (inflation-adjusted) 
dollars. To calculate what the breakeven price would be in a 
later period, all that one needs to do is project inflation and 
real cost escalation rates and adjust DBEP accordingly. 
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3.0 CONCEPTUAL DESIGN: BAWAII FACILITY 

A major problem in the conceptual design of a commercial 
microalgae production facility is the lack of a clear 
understanding of the factors influencing the growth of 
microalgae. It is very easy to ask questions for which there 
are no answers, either in the form of a developed theory or 
experimental data, especially when the answers may depend on the 
species of alga to be grown. Such questions include the effect 
of water flow velocity on production; the effect of pump type, 
L,e , paddlewheel versus propeller pump versus air lift pump, on 
production; the mixing foil growth mechanism and the effects of 
changing the spacing of the mixing foils with respect to the 
width and length of the raceway; and the precise relationship 
between CO2 and nutrient distribution and production. Lacking 
answers to these and many other questions, a conceptual design 
of a commercial facility is based on many assumptions and can 
onl ar established, successful experimental ract~ces=: 
The conceptual design escrlbe 1n ~s report imitates t e 
University of Hawaii experimental system in several ways: 

1.	 Raceway water depth is limited to 12 cm. 

2.	 Baseline flow velocity is 30 cmVsec. 

3.	 Mixing foils are placed at a mid-point in the flowing 
water column, although at a lower density than the 
experimental system currently employs. 

4.	 CO2 is diffused into the wate r in a U-tube system 
similar in principle to that currently employed by the 
experimental facility. 

5.	 The mi c r 0 a 1gal s p e c i e s ~lgt.y.mQ.ng§. g rowsat a 
photosynthetic efficiency of about 12% of PAR (assuming 
PAR = 45% of total insolation). 

6.	 Platymonas is grown on a 3-day cycle, every 3 days 87% 
of the water in a raceway is harvested and replaced with 
new we 11 water. 

Several other assumptions were made that have a major impact 
on the overall facility design. These assumptions include: 
Harvesting and refilling of raceways can be carried out 24 hours 
a day, seven days a week. The raceway circulation head loss is 8 
cm per 100 m (Figure 3-1). Finally, it is assumed that low rpm 
propeller pump~ can be used for raceway water circulation without 
harmlng or limiting the growth of the microalgae. 
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~ Design Criteria 

Based on preliminary analysis using the facility economic 
model described above, it was determined that facility capital 
costs were the most important cost driver in the initial 
facility design. Among the parameters tested for sensitivity in 
the preliminary analysis, it was found that the costs of the 
raceway liners and the mixing foils were the most important 
capital costs. These results were not unexpected. In a 1000 
acre commercial facility, over 43,000,000 square feet of pond 
liner material will be required. The cost of the liner per 
square foot will obviously be very important to the overall cost 
of the facility. Mixing foils are likewise a very high volume /~/O~ 
capital cost item. Using the same foil densit as found in the I.. 0 
Hawaii experimental raceway, rnately 5,000,000 individua f~ 
foil segments would be required for a acre aCl 1 y; at the 
proposed base 1 ine dens i ty, abou t ha If that number wou Ld be 
required. Other cost drivers that were important in the 
pre 1 iminary ana lys is inc 1 ude har v este r (s et t 1 ing pond) 
construction costs and C02 costs. Acknowledging these items as 
most important to the cost of the overall facility, the primary 
criteria which guided later facility design were: 

1.	 Construction of a raceway that can use a low cost, low 
maintenance pond liner material. 

2.	 Design of a mixing foil that is inexpensive to 
construct, install, and maintain and has a long life. 

3.	 Design of a less expensive settling pond. 

4.	 Design of a C02 delivery system that maximizes the CO2uptake efficiency at minimum cost. 

Wherever possible other facility capital costs were also 
minimized, but primary design efforts concentrated on the above 
objectives. 

~ ~ Selection 

The generally accepted requirements for selecting a site for 
construction of a commercial microalgae facility are listed 
below: 

1.	 The site must have high so Lar radiation levels. 

2.	 The site must have an available water resource of a type 
and quanti ty appropr iate for ra Is ing the phytoplank ton 
species desired. 

3.	 The site must be close enough to a source of CO2 or flue 
gas to allow economical exploitation of this resource. 
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4.	 The land on which the facility is built must be 
inexpensive and be available for sale or long-term 
lease. 

5.	 Considering the large volumes of earth which must be 
moved to construct such a facility, it is highly 
desirable that the soil be free from large outcroppings 
and be of adequate depth to facilitate economical earth 
moving operations. (This final point is not an absolute 
requirement but should be considered a tradeoff in 
evaluating sites with different surface geologies.) 

The site selected for the Hawaii-based conceptual design is 
located near the south st corner of the island of west of 
Pearl Harbor, on land owne y e ampbell Estate and leased by 
the Oahu Sugar Company. Figure 3-2 outlines the boundaries of 
the site, which is between Barbers Point Naval Air Station on the 
west and West Loch Naval Reservati~n and Ewa Beach on the east. 
This site was selected because it satisfies all the above 
requirements. An Oahu Sugar Company representative, Bert Hatton, 
reported that Oahu Sugar would be willing to negotiate a lease 
arrangement with an algae aquaculture facility. 

The Oahu Sugar site is currently under sugar cane 
cultivation. However, the land is considered marginal for this 
use and may be removed from active cultivation if the economics 
of sugar production do not improve. To aid in the calculation of 
construction costs, it is assumed that algae farm construction 
beg ins short ly after a cane har vest, so that on ly cane stubb Le 
need be cleared away. 

vacant land at the Barbers Point Naval Air Station and the 
West Loch Naval Reservation were considered as potential sites as 
well. However, in discussions with Navy real estate officials, 
it was learned that these vacant properties could be used only 
for much lower intensity agr icul tural acti vities such as truck 
farming or cattle grazing since both areas fall under the 
restrictions of military blast zones which surround buried 
munitions dumps. 

The island of Hawaii has much more land area potentially 
available for algae cultivation than does Oahu, but lacks a 
large, inexpensive supply of carbon dioxide. This limitation 
precluded detailed consideration of a site on the island of 
Hawaii. 

~ Facility Layout 

Figure 3-3 illustrates the overall layout of the commercial 
facility design on the Oahu Sugar Site. Seawater wells are 
located as close as possible to the seashore, limited only by the 
State shoreline setback line which prohibits construction 
directly on the ocean front. The coral caprock which can be 
found 2 to 10 feet below the soil surface in this area is 
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reported to have very good communication with the sea. The 
Honolulu-based well drilling company, Roscoe Moss, Inc., reported 
that there should be little difficulty in obtaining 35-40 million 
gallons per minute from seven or eight lOO-foot deep by 20-inch 
diameter wells drilled~n tnls area. Water is pumped from these 
wells through pipe corridors established between the production 
raceways (Figure 3-3). The facility harvesting system is also 
located as close as possible to the waterfront. This would 
enable a gravity feed, open channel flow system to transport the 
water with its suspended biomass from the raceways to the 
harvesters. This network of open channels runs parallel to the 
feed water pipes in the pipe corridor shown. Following removal 
of the biomass from the water, the effluent is discharged through 
another open channel leading directly to the ocean. 

CO2 is suppl ied by a pipe 1 ine that or ig inates at the 
Hawaiian Independent Refinery, Inc. (BIRI), a subsidiary of 
Pacific Resources, Inc. (PRI). The refinery is located at 
Campbell Industrial Park, just west of the Barbers Point Naval 
Air Station. The refinery produces C02 as a byproduct of its oil 
refining and SNG production operations. Nearly pure (>98%) CO2
would be purchased from BIRI and transported through a, pipeline 
which traverses the Barbers Point Naval Air St~tion and then 
winds throughout the production facility, along the pipe
corridors. 

A separate set of pipes supplies non-carbon nutrients to the 
raceways. Nutrient mixing takes place near the seaward side of 
the facility because of its proximity to the water supply wells 
and the main buildings. 

The raceways themselves are laid out approximately parallel 
to the elevation contours, and obvious physical landmarks such as 
large holes and borrow pits are avoided. All the facility
offices, storehouses and employee space are located along papipi 
Road just on the outskirts of Ewa Beach township. Major roadways 
such as Fort Weaver Road, Geiger Road and Puuloa Road would not 
be disturbed by the facility. Only temporary agricultural roads 
would be disturbed. 

The facility has 234 raceways with a total effective culture 
...e.rea of 409 ha. Roads take up another 130 ha. Because of the 
irregularity of the site boundaries and the presence of areas 
unsuitable for raceway construction, another 143 ha are left 
open. Some of this area can be used for processing facilities 
and effluent utilization. 
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~	 Raceway Description 

The basic characteristics of the raceway designed for the 
Hawaii commercial facility are shown in Figure 3-4 and listed 
below: 

1.	 The raceway channel width is 10 m and the depth is 12 
cm. 

2.	 Raceway length is variable from 650 to 1400 m depending 
on site topography and boundaries; 800 m is used for 
des ign purposes. 

3.	 The raceway slope is 0.08%. 

4.	 Raceway channels are constructed from earthen berms 
which are a minimum of 24 cm high over the first 900 
running meters of the raceway. Over the last 700 meters 
these berms gradually increase in height to provide a 
water catchment area at the sump end of the raceway in 
the case of a pump failure or an electrical blackout. 

5.	 ~he raceways are lined with 4 ft of lime-stabilized soil. 
The earfhen berms are covered with 2 ft of lime-stao111zed 
soil. 

6.	 Mixing foils (10 cm square plates set at a 200 angle) 
are placed 20 cm on center with respect to the raceway 
width and 3 m on center with respect to the raceway 
length. 

7.	 Water circulation is accomplished by pumping with a 
720-rpm wet pit propeller pump located in a pumping sump 
at one end of the raceway. 

8.	 Raceway water supply, nutrient supply, and harvest 
drain are all located at the same end of the raceway as 
the pumping sump. 

9.	 C02 distribution sumps are constructed every 124 m 
along the running length of the race~ay. 

10.	 A 5m wide graded earth roadway runs the full length of 
the raceway on either side. 

The decision to include a sloped raceway system rather than 
flat raceways in the conceptual design was based both on the 
parametric study results and on a comparison of capital and 
operating costs for a flat versus a sloped raceway system. It 
has already been pointed out that a shallow raceway system like 
the one used at the University of Hawaii experimental facility 
will experience much higher head losses as the water moves along 
the channel than similar systems which run at slower velocities 
and deeper water cE·pths. These high head losses are caused both 
by surface friction (60%) and the resistance of the mixing foils 
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(40%). A paddlewheel in a flat raceway moves water by lifting 
it from a lower elevation on its upstream side to a higher 
elevation on its downstream side. Water is "piled up" and 
allowed to flow down to the next paddlewheel under the force of 
the "hill of water R behind it. The water depth and volumetric 
velocity are not continuous from one paddlewheel to the next, 
although the flow rate is continuous. If paddlewheels in a 
raceway are spaced far apart and head losses are high, the change 
in water depth and velocity as the water moves from one 
paddlewheel to the next will be very significant. The Hawaii 
raceway experiments indicate that only a 4 cm (8-12 cm deep) 
change in water depth can be tolerated without lowering algal 
product ion rates (E. Laws, pers. c omm.) , Ther efore I given an 8 
cm head loss per 100 meters of raceway length, it would be 
necessary to place a paddlewheel once every 50 meters in a 
commercial production facility modeled after the OB experiment. 
The paddlewheels would raise the cost of a flat raceway facility 
well beyond the cost of a sloped raceway facility despite the 
higher initial costs of the sloped raceways because of their 
greater earth moving requirements. Table 3-1 compares costs for 
construction and operation of a flat versus a sloped raceway 
system. Based on MOE estimates, the installation cost of 3L 
paddlewheels in a 1600 meter running length system would far 
·surpass the telatlvely small $9000 COst differential due to 
~ncreased earthwork costs assoclated wlth a sloped system and the 

small power savings ($2ftaceway-day) potentially available from a 
nighttime flow reduction in a flat raceway system. The higher 
maintenance requirements of 32 paddlewheels versus one propeller 
pump and the greater difficulties in designing an automated 
cleaning system for the raceways due to interference by the 
paddlewheels are important operating cost factors favoring a 
s loped system. 

The most important cost consideration in the construction of 
the raceway has already been identified as the raceway liner. 
Because of its importance a study was conducted of potentially 
acceptable liner types. Table 3-2 compares material costs, 
installation costs, expected life and other character istics of 
the lining materials considered. Rammed earth or bentonite-line~ 

~ceways were not considered in th~s study. It was felt that 
such lining techniqUes woald not be practical in a system where 
frequent cleaning and occasional draining of the raceway would 
damage the lined surface. Cost quotations are from the 
manufacturers of the various liners. Many of these costs may be 
optimistic. For example, the Hawaii State Soil Conservation 
Service reported that their costs to purchase and install large 
reservoirs lined with Hypalon ran as high as $1.50/sq. ft. (J. 
Lum, pers. c omm.) , This is more than double the pr ice quoted in 
Table 3-2. Actual costs for installation of a lining system will 
be highly dependent upon the site and the specifics of the 
construction. Table 3-2 costs probably reflect the lowest prices
for which a manufacturer believes his lining system could be 
installed. The least expensive liner is a 4" soil cement liner 
material. 
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CAPITAL COST ITEM APPROXIMATE COSTS* 
Flat with Sloped with 

Paddlewhee1 Propeller Pump 

1.	 Land Preparation $10,000 $10,000 

2.	 Surveying 400 500 

3.	 Cut & Fill for Berms/Slopes 2,000 11,000 

4.	 Rough Grade 1,500 1,500 

5.	 Laser Level 4,000 4,000 

6.	 Liner (soil cement) 42,000 42,000 

7.	 Pumps & sumps 32 @ 5,000 1 @ 25,000 ea 
to 20,000 ea 

8.	 Mixing Foils 55,000 55,000 

9.	 Total 274,900 - 754,900 149,000 

OPERATING COST CONSIDERATIONS 

1.	 Pump Efficiency 0.65 max 0.80 max 

2.	 Power Costs ** 
Daytime 64 KWH/rcwy/day 52 KWF-! rewy/day 
Nighttime 19.2 KWH/rcwy/day 52 KWH/rcwy/day 

Total ( $0 .ll/KWH)	 $9.15/day $11 .. 44/day 

3.	 Maintenance (Pumps & 32 @ $500 1 @ $300/yr 
Paddlewheels) to $100 ea/yr 

4.	 Est. Cleaning Time (min/day)*** 60 30 

*	 Based on 1 raceway, 1600 m running length, 10 m wide, 12 em 
water depth, clay soil. 

**	 Daytime Velocity both raceway types = 30 em/sec
 
Nighttime velocity sloped = 30 cm/sec; flat = 20 em/sec
 

***	 Involves lifting cleaner over paddlewhee1s plus occasional 
padd lewheel cleaning 

Table 3-1.	 Cost comparison for construction and operation of 
flat (with paddlewheel) vs. sloped (with propeller 
pumps) shallow raceways. 
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LINER TYPE 

CONCRETE 2" @68.30/cy 

SOIL CEMENT, 4" 

MEMBRANE LINERS 

PVC Non-reint.(30mi 1) 

tv 
co 

CPEA Non-reinf(30mil) 

HDPE (60 mil ) 

Hypalon (Reint) (36mil) 

CHEMICAL LINERS 

Chevron Ind. Membrane 

(nu) = non-union 
G = Guaranteed 

Table 3-2. Comparison of 

M'r ' L COST 
PER SQ FT 

$.40 

.07 

- .20 

.30
 

.30
 

-.50
 

1.02 

potential 

I NSTALLATN LIFE (YRS) 
PER SQ FIJI 

$.40-.60 25 

.09 (nu) 25 

.10-.15 (nu) 

.10-.15 (nu) 20 G 

.30 20 

.10-.15 (nu) 20 G 

.10 (nu) 5 G 

raceway liner materials. 

COMMENTS 

Not recommended, 
cannot be lett 
exposed 

Poor tear strength 

Only sold reinforced 

Cracking problems 



Soil cement or lime stabilization of soil is a process of 
mixing cement or lime with the existing soil to form a concrete­
like surface. The decision to use cement or lime for stabilizing 
soil is based on the type of soil to be stabilized: sandy soils 
are bes t stab iIi zed wit h c e me n t whi 1e c La y an d 5 i 1 t Y so i 1s are 
more economically stabilized with lime. A combination of lime 
and cement may be necessary for the Hawaii-based facility; this 
decision would best be made by a gualified soil engineer prior to 
construction. The process of stabilizing a raceway ~ould be as 
follows: ~~ rlAAQ..... ~~J ~ 

1.	 Raceway earthmoving operations are completed and fine 
grading is carried out. 

2.	 A layer of soil of the same thickness as the desired 
soil stabilized surface is overturned us Lriq r c te r y 
tiller equipment. 

3.	 The dry cement or quick lime is spread in the proper 
ratio over the loose soil. 

4.	 The rotary tiller equipment is again used to mix the 
cement/lime with the soil as thoroughly as possible. 

S.	 A carefully measured volume of water is applied to the 
soil-cement mixture and mixing is continued. 

6.	 The mixture is compacted to maximum density using heavy 
steel wheel, sheep's foot and rubber tire rollers. 

7.	 The surface is fine-graded (laser leveled). 

8.	 The surface is covered with straw or some other material 
that will help maintain the moisture content of the soil 
cement and lead to adequate cur ing or cement hydration. 

It should be noted that soil cement is also often applied by 
removing the surface layer of soil and bringing it to a central 
mixing plant to be mixed with cement and water. Because of the 
better mixing achieved by this process it is often possible to 
reduce the amount of cement or lime necessary to stabilize the 
soil. 

The layer of soil cement proposed as a liner for the Hawaii 
based facility would be 4" thick on the raceway bottom surfaces 
and 2" thick on the sloped berm surfaces. For inexpensive upkeep 
and maintenance of this liner material a polymer soil stabilizer 
such as Parabond could be used to repair cracks or areas where 
the soil cement was inadequate to prevent water percolation. 
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3.4.1 Raceway Dimensions 

~he 10-meter raceway width was selected based on several 
consideratlons. E'rom the parametric study of raceway hydraulics 
it was discovered that head losses could be reduced if raceway 
width was at least 30 times the raceway depth; settlng a lower 
11mI€ of 3 ill width on the raceways. An upper llmlt for raceway 
wldth is mute difficult to deflne. As width increases, the cost 
of CO sump installations and pumping sump installations will 
increase. It will also become more difficult to lift equipment 
and replacement supplies to the center of the raceway. However, 
neither of these reasons would necessarily limit the raceway to 
the 10 m width which was selected for this study. Some 
commercial algae culture raceways are approximately 10 ID wjde, so 
this width seems to be operationally manageable. 

A rationale for selecting raceway length was also difficult 
to define. From the parametric study it is known that total head 
loss over the running length of the raceway is proportional to 
the length. Therefore, for a 1600m running length raceway the 
total head loss is 1.28 m while for a 2000 m running length 
raceway the head loss is 1.6 m. A tradeoff develops between the 
costs incurred in digging a sloped raceway to these greater 
depths versus the saving accrued by having fewer, longer raceways 
(fewer pumps, fewer pumping sumps). A further consideration 
relative to length is the percent of the total biomass production 
which is assigned to a single raceway. For a 1600 m running 
length raceway which is 10 me~ers wide, 4% of the total 
production of a 1000 acre facility is located in one raceway, and 
could be lost if the raceway culture ·crashes· or a breakdown 
occurs. Raceway length may become an economic question: how much 
production loss can be tolerated with a single raceway crash? 
For the Hawaii production facility raceway nominal length was set 
at 800 m (1600 running meters) but raceways of varying lengths 
f r crn 650 m to approximately 1400 m are included in the facility 
ciesjsr in order to use the available land most efficiently. 

3.4.2 Hixing Foil Design 

Second only in importance to lining rna ter ials with respect 
to overall facility costs is the cost of the mixing foils. The 
means by which the mixing foils increase production in the Hawaii 
experimental facility is not totally understood. The foils cause 
vortices which apparently expose the algal cells to alternating 
light and dark periods. Recent experiments at SERI suggest that 
light modulation of sufficient frequency enhances photosynthetic 
efficiency because the cells respond to the average light 
intensity received instead of the maximum flash intensity (Terry,
1985). However, the relationship between production and foil 
spacing, shape, and position in the water column is not 
understood. The foil sections also have an impact on raceway 
cleaning methods and liner selection. In the UH experimental 
production facility, raceway cleaning is carried out by hand on a 
daily basis. Cleaning consists of scraping a brush across all of 
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the raceway walls and bottom surfaces to remove any algae that 
has attached itself to these surfaces. Mixing foils present 
little interference in this cleaning process since it is carried 
out by hand in the experimental system. In a commercial scale 
facility with 10 m wide raceways, the cleaning process will have 
to be mechanized. The presence of mixing foils in the raceway 
will be a considerable obstacle to, for example, a street 
sweeper-type cleaning machine driving down the middle of the 
raceways. A raceway cleaning method and foil design must go hand 
in hand. Similarly, the raceway lining material will impose 
limitations on the foil design. Selection of an impermeable 
membrane liner would preclude the use of foils that are supported 
by vertical rods driven directly into the raceway bottom surface. 
The large number of holes in the lining material produced by such 
a foil design would no doubt lead to major leakage problems. 
Foil design, cleaning machine design, and liner selection ~st '"0 
therefore all be considered together. ~.~~~ ~ ~ 

The selection of a soil cement raceway lining material puts 
very few restrictions on the mixing foil design. One mixing foil 
design that was considered was an array of foils supported by a 
strut-like structure from above that could be swung out of the 
water column during cleaning operations. A second configuration 
was a more permanent foil installation in which foils were either 
glued or driven into the soil cement surface. The latter 
configuration was considered superior because of its simplicity 
and lower maintenance costs. The recommended foil design is 
shown in Figure 3-5. The foils are constructed from #5086 
aluminum alloy which is resistant to saltwater corrosion. They 
are perman ixed in the raceway by dri1lin hoI the 
so~ cement raceway surface and grou ~ng the vertical support
member into place. 

3.4.3 Cleaning Machine Design 

A cleaning machine which can span the width of the raceway 
is required that is compatible with the foil design (see Figure 
3-6). A cleaning machine with a very large diameter, soft brush 
similar to those used in car washes is envisioned. The machine 
moves down the raceway; the brush slowly rotates and cleans the 
raceway surfaces, passing directly over the permanently installed 
foil sections without damaging them. Considerable design and 
development work would be required to construct such a cleaning
machine. 

3.4.4 Raceway Pump and Pumping Sump 

The last detail to be discussed under the raceway 
desc r iption is the pumping sump located at one end of the 
raceway. A l6-inch diameter, 720-rpm wet pit propeller pump is 
mounted vertically at the extreme end of this pumping sump and 
moves water through a pipeline to the higher elevation adjacent 
raceway (Figures 3-7 and 3-8). The sump depth was determined by 
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the required positive suction head for such a propeller pump. The 
sump is constructed of concrete rather than soil cement (which 
wou ld ha ve to be s loped) to sa ve space. 

A propeller pump was chosen rather than the airlift pump 
presently used in the UH experimental raceway because of the 
greater efficiency of propeller pumps. Computer simulations of a 
l6-inch diameter, 720-rpm wet pit propeller pump indicate that 
84% efficiency can be achieved at 25 off normal pitch angle (M. 
Boudet, M & WPump Corporation, Deerfield Beach, Florida). The 
efficiency of an airlift pump depends on flow rate, pipe size, 
air-to-water ratio, and submergence depth of the airlift 
(Wheaton, 1977). It is unlikely that a practical airlift pump 
can be built for the raceways that would exceed 50% efficiency; 
such an efficiency would probably require a deeper and more 
expensive pump sump than required for a propeller pump. Airlift 
efficiencies of 30% have been cited for algal raceway 
applications (Hill et al., 1984). The economic analysis reported 
later in this document indicates that the lower efficiency of 
air lifts wou Ld increase the cost of algae produced by the 
conceptual facility somewhat unless the airlift pumps cost 
substantially less than propeller pumps. 

One task proposed for future experimentation is proof of the 
utility of low-rpm propeller pumps versus airlift pumps in 
raceway culture of Platymonas. Centrifugal pumps are reputed to 
damage some microalgae in culture, but the low-rpm, low-head pump 
type proposed here should not expose the algae to extreme stress. 
Early in the series of experiments at the UH facility, 
Phaeodacty~urn tricornutum was cultured as successfully with a 
centrifugal pump as with an airlift (M. Chalup, Hawaii Institute 
af Marine Biology, pers. carom.). Inhibition of photosynthesis by 
ox en su ersaturation has been su gested as a l' . 

roduction in some systems (Hill et a., 984), and use 
air I if t rna y r e uceoxyg ensupersa' n. nthe 0 the r 
alrllft pumps may encourage lncreased outgasslng of CO2 • 

~ Facility ~ Raceways 

A number of smaller raceways will be required to produce 
starter stock to seed the full-sized raceways. These small 
raceways will be essentially scaled-down replicas of the full ­
sized raceways just described. They will be located near the 
main operations buildings since their management will probably be 
more labor-intensive than the full-sized system, and because they 
will probably be used for stock improvement experiments when they 
are not needed for start-up purposes. Included in this 
construction will be four 1 m x 16 m long raceways (32 m running 
length), four Sm x 25m raceways (50 m running length) and four 
10m x 100m raceways (200 m running length). The operation of 
these raceways is described under Facility Operation (Section 
4.1) • 

36
 



~ water Sugply System 

To transport the water from the saltwater wells to the 
raceways located at various elevations throughout the facility, 
several pipelines run through a pipe corridor that winds between 
the raceways throughout the facility. A single well and pump 
installation are dedicated to supplying water to the raceways at 
elevations greater than 10 m above sea level. The water in these 
raceways amounts to approximately 10% of the total water volume 
in the facility. The largest number of raceways are located 
between 6 m and 10 m elevation; four pumps and a pipeline service 
these raceways, which make up approximately 66% of the total 
water volume of the facility. A pair of pumps and a pipeline 
supply the raceways which are closest to the ocean and between an 
e Le vat ion of 3 m and 6 m above sea Le ve 1. These raceways make up 
the remaining 24% of the water volume of the facility. All pipes 
are low pressure pipelines, allowing the use of PVC irrigation 
pipe. Valves are located every 1/2 mile along each pipeline so 
that a section of pipeline can be isolated for repairs. 
Calculation of maximum pumping heads and maximum flow rates to 
each of the elevations within the facility are shown in Appendix 
4. 

Water is delivered from the unburied feeder pipelines to the 
raceways through a buried pvc line which runs under a roadway 
between the pipe corr idor and the raceway sump end. A val ve in 
series with this branch line can be activated when refilling a 
particular raceway. The valves could be hand-operated, or they 
could be remotely activated from a central controller to permit 
automatic harvest and filling of the raceways on a set schedule. 
The branch pipelines are buried to a depth of 1.2 m to protect 
them from the load of heavy vehicle transportation over the 
feeder roads throughout the facility. 

Water obtained from wells near the ocean on Oahu is 
generally less saline than seawater. Water of less than 35 ppt 
salinity is desirable because evaporation in the raceways will 
raise the salinity in the raceways to an equilibrium level about 
5 ppt higher than in the input water. From the experience of AAI 
and other aquaculture producers in Hawaii, a source water 
§E.linity of 25-30 ppt is likely; the equilibrium salinity will 
then be 30-35 ppt, WhlCh should be adequate for Platymonas (SERI 
Biomass Program Monthly Report, November 1984). ~O ~~ 

~ Carbon Dioxide Sugply 

Figu re 3-9 illustrates the path of the CO2 supp ly pipe 1 ine 
from Hawaiian Independent Refinery to the culture facility. The 
running length of the pipeline is approximately 7700 m. The 
daytime flow rate through the pipeline is approximately 14,600 
standard cubic feet (SCF) per minute. The C02 supplied by the 
refinery would be scrubbed from the flue gas produced by the 
refinery process and would exceed 98% purity (R. Fujita, PRI, 
pers. comm.). The pipeline itself is a low pressure pipeline 
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buried along the roadways running through the Barbers' Point 
Naval Air Station. Fifteen 1000 SCFM blowers delivering 10 psi 
will be required to push the C02 from the refinery to the Ewa 
Beach facility and to distribute it to the raceways through the 
facility feeder lines. 

U-tube sumps distr ibute the C02 within the indi vidual 
raceways. Figure 3-10 illustrates a side view of a such a sump. 
A sump is located every 124 m along the running length of the 
raceway. This distance was calculated based on the assumption 
that C02 uptake is directly proportional to phytoplankton growth 
rate. The highest known roduction rate is 124 2-da based 
on growth ra e extremes repor aws 984). Such a high 
production rate would probably occur only occasionally on the 
third day of the growth cycle in a raceway. It was also assumed 
that the C02 concentration in the water could be raised from 25% 
of saturation to 75% of saturation at each sump. For further 
details on the operation procedures for these C02 sumps, see 
Facilities Operation. 

The optimum design of the C02 sump remains a a major unknown 
in the facility design. CO2 costs will be a major expenditure in 
the facility operation, .30 a design to maximize the uptake 
efficiency of C02 is required. The U-tube type diffuser shown in 
Figure 3-10 increases the concentration of C02 in the water 
through two mechanisms. Because the water is mov ing at a 
downward velocity faster than the gas bubbles are rising, the 
gas-water contact time is increased through the U-tube and the 
absorption of C02 is increased. In addition, the saturation 
concentration of C02 is increased as the water descends into the 
U-tube because of the hydrostatic pressure increase; in a 
properly designed system, the water emerging from the U-tube 
cou ld actually be supersaturated because of this pressu re 
increase. The rate of C02 absorption through the U-tube is a 

volume ratio through the U-tube, thefunction of the CO2-to-water
dissolved C02 concentration going into the U-tube, the U-tube 
depth and the CO2 bubble size. For the purposes of this study it 
was assumed that the concentration of C02 in the water has 
dropped to 25% of total saturation at the entrance to the U-tube. 
At the exit of the U-tube it was assumed that the concentration 
in the water would equal 75% of total saturation. The depth of 
the C02 sump required to achieve this increase in CO2
concentration is unknown. Tests should be conducted to determine 
the optimum depth of this C02 sump to maximize CO2 abs~tio~ , 
without creating excessive head loss through the sump. UfVd\.SL;fil!" 

The CO 2 sump itself is precast from concrete. The center wal\~ 
that forms the U-tube structure is also reinforced concrete. (A 
center wall of some lighter material like fiberglass-reinforced 
wood could also be used and might allow removal of the wall for 
cleaning and repair of the sump.) A 3" PVC pipe transports C02 
from the feeder line in the pipe cor r idor down the center berm of 
the raceway with branch lines going to each C02 sump. Remotely 
controlled electric solenoid valves control the flow of C02 to 
each sump. A pH probe with preamplifier in each raceway monitors 
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carbon uptake. C02 is sparged into the water column through 
Plastipor diffuser tubing, which can emit bubbles smaller than 1 
mm in diameter (M. Mulvihill, Aquaculture Research/Environmental 
Associates, Homestead, Florida, pers. comm.) , 

3&a Non-Carbon Nutrient Supply 

Algal nitrogen requirements are supplied by anhydrous 
ammonia, and phosphate requirements are supplied by·a liquid 
fertilizer with an analysis of 10-34-0. The ammonia and 10-34-0 
are dissolved in water such that the ammonia concentration is 10% 
by weight and the 10-34-0 concentration is 3.6% by weight. A 
chelated trace metal mix is also supplied. 

The nutrient solution is pumped in a separate pipeline 
throughout the facility during the daylight hours. The 
volumetric flow rate in this pipeline will be much lower than in 
the water pipelines previously described, and only a very small 
pump wi 11 be requi red. A 3" PVC pipe is laid unbu r ied throughou t 
the pipe corridor in the facility. Branch lines from this feeder 
pipeline to each individual raceway are buried in the same trench 
as the water supply pipeline, and flow rates to each raceway are 
controlled and monitored by a multi-position, remotely controlled 
valve and a flow meter, based on algal growth as measured by 
carbon uptake. 

Raw nutrients are transported by sea from Western Farm 
Services in California t.o Hawaii. The anhydrous ammonia and 10­
34-0 are shipped in Department of Transportation-approved 
containers which are 12' in 1 ength and 4' in diameter. The 
ammonia is a compressed and liquefied gas at approximately 250 
psig, and the Hawaii commercial facility would require up to 8 
ammonia tanks (approx. 2.5 MT each) to satisfy its daily nitrogen 
requirements. The 10-34-0 fertilizer arrives in similarly sized 
tanks, but only two would be required per day to provide for the 
facility's needs. The nutrient tanks are shipped by barge every 
three months. A 54,000 sq. ft. area (0.5 ha) is required to 
store the nutrient tanks. Flatbed trucks each carrying eight 
tanks per load ferry the cargo from the port of Honolulu to the 
Ewa Beach facility and stockpile the empty tanks at the port 
shipyard for the return voyage. 

~ Haryesting ADd Haryesting Supply System 

Harvested culture water flows to the settling ponds through 
a network of open channels constructed in the pipeline corridor 
that winds throughout the facility. The use of an open channel 
system instead of large diameter piping facilitates use of a 
gravity flow system and saves on pumps and power costs. The 
channels are rectangular in cross section, with the channel water 
depth equal to one-half the channel width. Channel sections are 
individually sized based on the maximum flow of water each will 
be required to carry and on the local ground slope available in 
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each section of the installation. water is transported to the 
harvester installation 19cated close to the ocean front as shown 
in Figure 3-3. 

The ~ettling ponds proposed for the commercial facility are 
based on a very large extrapolation of the previously described 
harvest experiments. Four settling ponds, each 286 meters square 
surrounded by a 2-1/2 m high earthen berm with a 2:1 slope are 
envisioned. Each settling pond has a 5 m wide pumping sump with 
3 propeller pumps used to lift water from the harvesting supply 
channels into the settling pond. The bottom of a settling pond 
is divided into 10 equally spaced sections, each of which is 
separated from the next by a buried 20" PVC pipeline. The 
settling pond is lined with 6" of lime-stabilized soil or soil 
cement and the inner berm walls are lined with a 3" soil cement 
surface. Running parallel to the buried pipelines and secured to 
the soil cement surface are aluminum angle iron sections which 
help prevent runoff of the settled biomass from the bottom of the 
settling pond when it is drained. Water is drained from the 
settling pond through the buried pipelines and flows into the 
effluent channel which is located on the ocean side of the 
settling pond installation. Wet vacuum pumps mounted on trucks 
equipped with large storage tanks are used to remove the settled 
biomass from the bottom of the drained pond. A more detailed 
explanation of the operation of the settling pond is given in the 
Facility Operation section of this report. 

~ Effluent Disposal System 

Effluent from the harvester installation runs through 
channels and flows into the sea. A 2.4 m wide open channel is 
required for effluent disposal, given the hlgli volume flow rates 
with which the settling ponds will be drained. Special permits 
and var iances wi 11 be required to obtain State and Federa 1 
permission to release effluent directly into the ocean. However, 
Marine Culture Enter ise ar e intensive shri rm 'n 

. a u u, ahu, recently established a precedent in obtaining 
permisslon to channel a Similar dally volume of aquaculture 
effluent dlrectly lnto the sea. It is assumed that similar 
permission could be acquired for a commercial microalgae facility 
on Oahu. The required regUlatory procedures would probably take 
6-12 months; costs to prepare enuiro~ment.l assessments would 
probably be $25-50,000. The $&0,000 cost ~igure is used in the 
economic model. c.9Q..g{L "-"'''~ rot"s.J Lo-­

~ Building ~ Storage Facilities 

As previously described, office buildings, storage 
facilities, warehouses, labs, shops and employee space will all 
be located adjacent to Ewa Beach township along Papipi Road. It 
is assumed that two office buildings, each of approximately 2000 
sq. ft. would be the minimum requirements for such a facility. 
Storage facilities are provided as large prefabricated metal 
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warehouse structures; 10,000 sq. ft. should be adequate. These 
warehouses store supplementary chemicals and nutrients not 
included in the phosphorus and nitrogen supply earlier mentioned, 
as well as spare parts, stockpiled construction supplies, 
cleaning supplies and equipment used in the day-to-day operation 
of the facility. Another 10,000 sq. ft. is housed in similar 
structures and used for shop space and laboratory space. Gi ven 
the large amount of moving equipment involved in such a facility, 
a well-tooled garage for performing all types of repairs and 
overhauls on moving equipment would be included in this shop 
space as well as a variety of machine shop tools, lift cranes and 
space to perform a variety of plUmbing repairs. The laboratory 
space includes a large culture room for seedstock maintenance and 
improvement. It also contains analytical equipment and probably 
the computer (with backup and non-interruptible power supply) 
that monitors and controls water and nutrient distribution 
throughout the farm. An employee bUilding of 8000 sq. ft. is 
also assumed necessary to provide showers, cafeteria, conference 
rooms and restroom facilities for the employees. The employee 
building could also be a prefabricated metal structure. 

~ Miscellaneous Egyipment Requirements 

The support activities associated with the day-to-day 
operation of the facility will require different types of moving 
equipment. At least two hydraulic cranes will be needed to 
perform lifting duties involved with pump installation and 
cleaning machine maintenance. A minimum of four 4-ton fork lifts 
would be required for unloading supplies and light lifting 
duties. To speed transportation around the facility, 20 utility 
vehicles which resemble gasoline powered golf carts are 
considered necessary. These would be used by the staff 
monitoring the day-to-day operations of the facility, by workers 
involved in cleaning the C02 and water sumps and by maintenance 
crews. Heavy transportation needs will be supplied by five light 
trucks, four heavier trucks and a pair of flatbed trucks. The 
flatbeds would be used primarily to transport nutrient tanks to 
and from the Honolulu shipyard. Five portable, hydraulically 
driven, large-diameter propeller pumps would also be required by 
the facility to provide for emergency pumping requirements during 
breakdown and repair of the raceway circulating pumps or 
harvesting pond lifting pumps. 
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4.0 FACILITY OPERATION 

'S~iU~rl~ I./~-
Ll. start-gp (~ ~UA(l\~J\. fh~[W 

The office/laboratory facilities will include a culture room 
to maintain cultures of Platymooas. Cultures will be maintained 
in flasks and 20-liter carboys in standard media. They will be 
used for initial facility start-up and to restart the facility in 
case of catastrophic culture failure. The 20-liter carboys will 
be used to "seed" several 400-liter indoor vats which in turn can 
be used as the source of algal stock for the outdoor raceways. 

To start up the facility, vat cultures will be transferred 
to a series of outdoor raceways, similar to but smaller than 
production raceways. As the cultures grow, they are transferred 
to larger raceways until sufficient culture volume is produced to 
stock production modules. The start-up raceways are sized to 
accommodate the ability of flatymonas to increase its biomass by 
8 times every 3 days. A start-up system might include 4 raceways 
each of the following surface areas: 32 m2 , 250 m2 , and 2000 m~. 
Each 32 m2 raceway can be stocked with one 400-liter vat culture 
plus enough additional water to fill the raceway. When the 
cultures achieve a density of approximately 107 cells/ml (3 days 
under adequate growing conditions) they are transferred to the 
next larger set of raceways; the 2000 m2 raceways are used to 
stock 4 full-size production modules. The next step is to stock 
32 production modules from the initial 4 modules. After a final 
3-day growth period, all the remaining modules can be stocked and 
production can begin. The minimum time from vat culture to full 
JEcility start-up is t5_days~ Presumably, however, the last 
stock lng 'Step Wl I 1 be staggered so that the modu 1 es wi 11 not all 
be ready for harvest on the same day. Also, cloudy weather or 
other imperfect growing conditions could lengthen the start-up 
period. ,.~~(~~ 

Barrin catastrophe, the start-up raceway system should not 
be needed most 0 ime. It will probably be used for 
production-oriented experiments, or to test improved algal
strains. 

~ General Qperations 

4.2.1 Water Exchange 

water flow to a single raceway and flow of harvested water 
from a raceway occur simultaneously. Valves which can be either 
manually or automatically controlled open to allow harvested 
water to be pumped from the raceway into the harvester transport
channel. SimUltaneously, water is valved into the other side of 
the raceway from the feedwater pipe in the pipe corridor. Both 
water flows are approximately 20 m3/min, which is roughly
equivalent to the flow rate of water in the raceways themselves. 
87% of the water in a given raceway is removed during harvesting. 

44
 



r~l~ -s-. ~ ~~fI~ 
The remaining 13% is left as ~fo~e~~a 
~ ~Ci n cyc e. e er t e control of valves to ~rect water 
flow 0 and from the raceway is automatic or not, workers at the 
facility will monitor this operation. The harvest/recharge 
operation takes about 100 min per average-sized raceway and about 
6 raceways are being harvested at anyone time. 

4.2.2 Nutrient Supply ~-t~"""--'w~~~~~ 
The growth rate of the phytoplankton is constantly ~angingVA~~ 

during their 3-day growth cycle in the raceways. The input of ~ 
C02 and nutrients into each raceway must parallel this changing r~ 
growth rate; if not, production will be limited or nutrients will 
be wasted. Nutrients enter the raceway at the propeller pump 
discharge diffuser. Each raceway's nutrient pipeline is supplied 
with a multiple position valve which is controlled by a nutrient 
flowmeter. Nutrients will be added in proportion to the current 
growth rate of the phytoplankton as measured by C02 uptake, which 
is more easily monitored than ammonia concentration. (An 
important task for the proposed exper iment is to determine that 
this fertilization strategy works well in practice.) Nutrients 
will not be supplied at night unless further study indicates that 
there is some benefit to doing so. 

Consideration must be given to the logistics of transporting 
and connecting the liquid fertilizer tanks into the nutrient 
supply system. It is assumed that loads of nutrient tanks are 
shipped to Honolulu by barge at 3-month intervals, and that the 
two facility £latbed trucks are used to transport the DOT tanks 
from Honolulu Harbor to the Ewa Beach facility. Approximately 3 
to 4 work weeks will be required to move the 900 tanks delivered 
every 3 months. An array of 20 tanks, 16 ammonia tanks and 4 10­
34-0 tanks, will be connected to a mixing vessel so that the 
nurients can be distributed in proper proportion. Half of these 
tanks will require replacement each day. A small mixing system 
will be required to dissolve the trace metal mix and combine it 
with the fertilizer solution. 

Carbon dioxide is sparged into the flowing raceway water at 
13 C02 sumps around a typical 1600 m running length raceway (one 
sump every 124 m). All 13 of these sumps will operate 
simultaneously only at the times of highest production rate in a 
raceway. At othe r times some fewer number of spargers wi 11 
operate. A single pH probe at one end of the raceway will 
monitor the CO2 content of the water. As the production rate of 
the phytoplankton increases·, an increasing number of sumps are 
turned on automatically to supply enough CO2 to sustain rapid 
growth. On the third day of the production cycle, during the 
period of highest productivity, all 13 sumps may be required, 
based on the design assumptions previously stated. Further 
experimentation into the exact spacing, depth and design of the 
C02 sumps is suggested for the experimental facility proposed in 
th is repor t , 
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4.2.3 Evaporation Makeup Water 

Because of evaporation losses from the raceway, makeup water 
will have to be supplied on a daily basis to each raceway, 
espec ially dur ing hot, sunny per iods of the summer months. The 
main water supply system will be able to supply water for these 
evaporation losses. At some time during each day, each raceway 
will receive a calculated flow of water. The remotely controlled 
water supply system valves will be turned on for a set period of 
time until the required quantity of makeup water has entered the 
raceway. Daily evaporation losses will be monitored at the 
facility laboratory. 

4.2.4 Raceway Cleaning O\l\~ ~5L~ fOF"L- ~,~ 
Under the current design, each raceway in the facility will 

be cleaned on a dai ly bas is. The primary purpose of this 
cleaning operation is to re-suspend the phytoplankton cells which 
have attached themselves to the bottom and side surfaces of the 
raceway. In the University of Hawaii experimental system a curved 
brush is dusted over the entire area of the raceway each day. A 
mechanized cleaning machine should provide a similar cleaning 
action for the production facility raceway and for the foil 
sections implanted in the raceway. A conceptual drawing of one 
possible raceway cleaning machine is provided in Figure 3-6. The 
c 1e ani ng rnachi nesca r r y a rotat ing b r us h res e mb 1 ing a car - was h 
brush which spans the raceway and scrubs it clean as the machine 
moves along at about 2 mph (0.9 m/sec). The strands of the brush 
are .long enough for the axis of the brush to clear the foils. 
Each raceway is cleaned as near as possible to its harvest time, 
so that any mater ial brushed off the bottom is 1 ike ly to be swept 
away with the harvest. £02 sumps and the pumping sump in each 
racewa' ire manual clean~n wh~ch will be rovi d b 
ac 11 ity laborer s. Eart of the staff wi 11 be in vo 1 ved in this 

cleaning operation while the rest will monitor the refilling and 
draining operations of the raceways currently being harvested. 
The proposed experiments include trials to determine whether or 
not a less frequent cleaning schedule can reduce this labor 
requirement without reducing algal production. 

Cleaning is done only during the day. About 11 cleaning 
machines are necessary to clean all the raceways in a l2-hour 
pe r iod each day. 

4.2.5 Raceway Ster ilization and Restart 

Occasionally the algal culture in a raceway will fail 
through contamination by competing algae or grazing organisms, or 
the raceway will become too fouled for an unassisted cleaning
machine to handle. In these cases, a more thorough cleaning will 
be required. At harvest, a raceway will be drained completely. 
All surfaces of the raceway will be sprayed with a 0.5-1% 
solution of sodium hypochlorite (similar to the solution now used 
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to clean AAI's macroalgae production tanks in Hawaii) to kill any
 
contaminating organisms. The raceway will then be scrubbed with
 
a cleaning machine; spots the machine misses (such as sumps or
 
areas between foils) will be cleaned by hand. The maintenance
 
crew can make minor repairs (filling small cracks, replacing
 
foils) after the raceway is clean.
 

The chlorine-laden wash water could present a disposal
 
problem. If it were discharged directly into the harvest system
 
(the only drain system available in the conceptual design) it
 
might kill harvested algae from other raceways, with unknown
 
effects on harvest settling and cell composition. A separate
 
drain system for wash water would add to facility costs, and the
 
chlorinated effluent would be subject to discharge regulations.
 
Therefore, to remove the wash water from a raceway, the raceway
 
will be refilled with clean water and operated without algae for
 
one day. By that time, the chlorine should have dissipated
 
sufficiently to present no disposal problem, and the raceway will
 
be drained into the harvest trench and refilled. Finally, the
 
raceway will be restocked with algae from another module.
 

4.2.6 Harvesting 

Each raceway is harvested every three dgys; water is removed
 
from the raceway simply by moving the mixing pump outflow to the
 
harvest channel that runs by each raceway. Simultaneously, water
 
is let into the other side Of the raceway to replace what is
 
harvested. Several employees throughout the facility monitor the
 
filling operation; since their presence is required mainly at the
 
beginning and end of the operation, they will also be available
 
to help clean nearby raceways.
 

Each of the four settling ponds included in the conceptual
 
design can hold one-third of the total facility water volume.
 
Every 24 hours, roughly one-third of the total facility is
 
har vested and the water from these raceways is pumped into one of
 
the sett 1 ing ponds. After fi 11 ing, the pond is left to stand fgr
 
24 hours during whicfi t~me ~he ~latymonas cells will settle to
 

'the bottom. (Further experimentation in large-scale settling 
tanks is recommended in the experimental facility to demonstrate 
that settling ponds are as effective for harvesting PlatymQnas as 
small settling tanks are.) After the 24-hQur settling periQd, 
the valves Qn the pipelines buried in the floor of the settling 
pond are opened. Each pond is designed to drain in approximately 
6 hours. As the water level approaches the bQttQm of the pond, 
some of the settled phytoplankton will prQbably become entrained 
in the flowIng water. However, the ma]or~ty of the algae witl 
remain trapped by the aluminum angle sections which form channels 
across the length of the pQnd floor. When the water has drained 
the settled algae is cQllected by sweeper trucks w~ich use vacuum 
pumps to suction a 5-m wide swath of algal slurry I n t.o tanks on 
the back of each vehicle. It has been calculated that during an 
eight-hour period 6 or 7 Qf these vacuum sweeper trucks moving at 
about 12 m/min could collect the algae slurry in a single 
settling pond and transpQrt it to an onsite processing facility. 

AJ 0 !ty~.:ffQ{<- ~, ~ 10v:. ~T 
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The entire harvesting process from the start of pond filling to 
the collection of the algal slurry will require 3 days. The 
fourth settling pond which is included in the commercial facility 
design is primarily a backup which will be brought into use when 
the other ponds undergo routine maintenance or exper ience 
schedule overruns. 

J...3.. Maintenance 

Maintenance needs of major components within the facility 
were included in this conceptual design and the estimate which 
follows. 

4.3.1 Raceways 

Although past soil cement containment projects have reported 
few maintenance requirements (R. Degraffenreid, Soil 
Stabilization Mixing, Chino, California, and K. Klein, West Tech 
Services, pers. comrn.), it is envisioned that the large expanses 
of soil cement used in this project will crack and deteriorate. 
Thus, maintenance will involve sealing these cracks, sealing the 
raceway surface itself where required, and rebuilding berm walls 
which may be damaged by routine use of the cleaning machines or 
other accidental causes. Major cracks will be locally excavated 
and then resealed with a concrete grouting. For minor cracks and 
surface damage to the raceways which might affect their 
permeability, a chemical sealant like Parabond will be used. 
Parabond is an inexpensive polymer product which is used to 
stabilize sand or clay. Parabond, together with fine sand and 
membrane liner backing cloth, has even been used to form water 
containment reservoirs on the Big Island of Hawaii. The amount 
of Parabond required for regular raceway maintenance in the 
raceways will be a function of how impermeable the original soil ­
cement lining system is. A test of the biocompatibility between 
Parabond and P1atymonas is suggested as one of the experimental 
facility tests in this report. 

4.3.2 Pumps and Val ves 

The maintenance requirements on a pump or valve in continual 
saltwater service can be very high. Corrosion is a major problem 
and a complete overhaul of pumps and valves will be required more 
f r e qu en t I Y for sal twa t e r pu mp i ng than for f res h wat e r • In 
Hawaii's humid environment, electrical contacts can also corrode 
easily. A semi-annual lubrication and inspection program of all 
valves and pumps will be required for the facility. In addition, 
every two to three years valve seals will require replacement and 
drive mechanisms will require overhaul. Since pumps that are 
fitted with special stainless steel bowls, propellers and shafts 
were selected for this facility, major pump overhauls to replace 
sealed bearings, bowls and shafts can probably be done every five 
years. A number of surplus pumps, possibly equalling 1/4 of the 
total number of pumps in service, will be rotated into duty as 
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other pumps are pulled for overhaul. 

4.3.3 Pipes 

The majority of the pipelines laid throughout the commercial 
facility are on the surface. However, branch lines from the 
feeder pipelines are buried under a roadway between the pipe 
corridor and the pumping sump end of each raceway. The crushing 
loads due to heavy flatbed trucks and other large vehicles which 
will regularly circulate along these roads, could cause damage to 
the buried pipelines, so maintenance of these lines will be 
requ ired. The su rface PVC pipe wi 11 be embr itt led by the sun, 
despite painting and other measures used to cut down the effects 
of sunlight and ozone. This embrittlement will weaken the pipe 
and make it more susceptible to damage as it ages. Therefore, 
pipe maintenance requirements will increase in later years. The 
major maintenance requirement of the pipelines during the early 
years of the facility operation will be from accidental damage. 

4.3.4 Roads 

The feeder roads and r oadways which separate raceways 
throughout the facility are undeveloped dirt roads. The roads 
may need to be oiled if they are a source of dust in the raceways 
during dry conditions. Due to normal use and the effects of the 
environment, these roadways will require fill work on an annual 
bas is and reg rading every 2 to 5 years, dependent upon the 
quantity of traffic they handle. 

4.3.5 Harvesting System 

The harvest settling ponds will be in continual use and will 
handle a large amount of heavy traffic. The aluminum channels 
attached to the bottom of the settling pond will be easily bent 
and displaced by the pumping trucks collecting the algae slurry. 
Both the settling pond surface and the channel sections will have 
to be inspected at the end of each 3-day settling pond cycle. 
Reanchoring or replacement of the aluminum channel sections will 
take place at this time. Parabond will also be used in the 
settling ponds to treat minor c:racks and parts of the pond where 
the surface has deteriorated. A major overhaul of the settling 
ponds will be required every two to three years. 

4.3.6 Moving Equipment 

The operation of the commercial production facility will 
depend heavily on its fleet of moving equipment. As has been 
previously mentioned, a complete garage facility has been 
included in the conceptual design and regular maintenance of the 
cranes, forklifts, utility vehicles, trucks, cleaning machines 
and harvesting vacuum sweepers will be carried out there. It is 
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desirable to extend the service life of the special equipment, 
such as cleaning machines and harvesting pump trucks, as long as 
possible, so an especially rigorous maintenance program will be 
required for them. It is assumed that other commercial vehic les 
will be replaced approximately every eight years. 

!&l Manpower Regpirements 

Manpower requirements were estimated as follows: 

Harvesting: 8 laborers, 1 supervisor (1 shift). These workers 
drive the harvesting machines in the settling ponds to 
collect the algal slurry and drive the machines to the 
processing facility. The supervisor oversees the filling, 
draining, and harvest operations. 

Raceway cleaning machines: 22 laborers (2 shifts of 11 each), 3 
supervisors. These workers control the raceway cleaning 
machines (one worker per machine per shift) and clean 
surfaces such as sumps that the machines cannot reach. 

Monitoring and assistance with cleaning: 15 laborers (3 shifts of 
5 each), 3 supervisors. These workers monitor harvesting 
and filling of raceways and assist the cleaning machine 
operators in raceway cleaning operations. 

Nutrient mixing and delivery: 3 laborers, 1 supervisor. These 
workers change the nutrient tanks as required and monitor 
the nutrient delivery system. 

Electrical/mechanical maintenance: 21 laborers (3 shifts of 7 
each), 4 supervisors, 2 technicians. These workers are 
responsible for repairs and maintenance throughout the 
facility, such as pump repair and replacement, raceway 
patching, and vehicle maintenance. 

Support services (Lab technician, programmer, custodians, guards, 
office workers): 15 laborers, 2 supervisors, 2 technicians. 
The lab technician maintains the back-up PlatymQnas cultures 
and performs chemical and biological analyses. The 
prQgrammer is responsible fQr the computer which monitQrs 
and controls C02 input, nutrient flows, and environmental 
mo n Lt o r r n q and recording. Several o f f i c e wo r k e r s , 
custodians, and guards are required for a facility Qf this 
size. 

AdministratiQn: A facility manager, an assistant manager, and a 
secretary are required tQ administer the overall operation. 
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~\ 1Ml""".e> 1'-1l<;'n(J...~. . 
~ Emergency Procedures . \\~~ ~~~~ 

Anyone of a number of major system failures could cause a 
loss of production. Contingency plans have been prepared for a 
number of these obvious problems and are described below: 

4.5.1 Power Failure 

Included in the facility design is adequate emergency 
generating capacity to power all pumps, C02 blowers and other 
electrical equipment in the event of a power blackout. In the 
event of a power blackout, the pumps used to fill the settling 
ponds will be returned to service almost immediately. The pumps 
at each individual raceway are less critical, since adequate berm 
height at the low end of the raceway has been provided to catch 
the entire raceway water volume. The raceway propeller pumps 
will be added to the generator load sequentially after the 
harvestor pumps have returned to normal operation so that the 
generators will not have to cope with the extra load of starting 
all the pumps at once. The rest of the electrical equipment will 
then be brought on line. . 

4.5.2 Pump Failure 

Failure of an individual pump in a raceway could result in 
the loss of 4% of the total facility production during that 3-day 
cycle. To replace a failed pump, hydraulically operated portable 
pumps which are mounted on a truck and supplied with their own 
diesel hydraulic power supply (see Appendix 4 for further 
details) can be moved into position and take over pumping 
operations in a very short time. The emergency pumps are used to 
complete the three-day production cycle, at which time the 
raceway is drained and the failed propeller pump is replaced with 
an operational unit. These same portable hydraulic pumps can 
also be used to replace a failed harvestor settling pump. 

4.5.3 Loss of C02 or Nutrient Supplies !JD1-~~ t.:--~~ 
Sto r age of 1 iqu id CO2 has been prov ided fo r one day's 

operation in case of a brief interruption of C02 supply. The 
volumes of CO2 required and the cost of compression for storage 
do not allow storage of CO2 in case of a long-term supply 
interruption. 

In the event that some problem prevents shipment of 
fertilizers to the facility and its 3-month supply is exhausted, 
locally available (but more expensive) fertilizers can be 
purchased. Nutrients can be batch-supplied to the raceways from 
mobile tanks on utility vehicles if the nutrient feed system is 
shut down. 
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4.5.4 Harvester Failure 

Other than settling pond pump failure, other failures 
possible in a settling pond include major structural damage to 
the pond lining or clogging of the buried drain pipe lines. No 
contingency plans have been prepared for these emergencies if 
they should occur while the pond is full of water. However, the 
fourth settling pond should provide backup for the harvesting 
system. 
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5.0 ECONOMICS AND SENSITIVITY ANALYSIS: HAWAII FACILITY 

After cost estimates for the Hawaii facility were finalized, 
the computer model was used to derive a baseline estimate of the 
discounted breakeven price of algae produced by the facility. 
Then model input parameters that were uncertain, and that had a 
significant impact on algae price, were varied over their real or 
presumed range of uncertainty. At first, each parameter was 
varied independent 
eac parameter on algae pric In this 
senS1 1V1 y ana YS1S, t e re ative importance of a parameter was 
strong ly affected by the range over which it wad var ied; a 
parameter whose value is known closely (such as pump cost) was 
varied over a small range, while a parameter whose value is known 
less precisely (such as foil cost) was varied over a relatively 
large range. The sensitivity analysis was intended to guide the 
development of the scaled experiment by revealing which 
parameters had the greatest impact on algae cost. Experiments 
could then be designed to reduce uncertainty about the most 
critical parameters, improving predictability of the cost of 
algae grown in the system. 

The model was also used to evaluate the impact of several 
different potential scenarios on algae cost. These scenarios 
included the use of a novel method for extracting C0..2 from air, 
the absence Of £o1)s, and the subst1Eution of air11f€s for 
~ropeller Pumps in~he-xaceways. Values more opt1m1st1c than the 
oaseline for several parameters were combined in an effort to 
determine the potential for lowering algae cost below the 
baseline level. Models of processing systems were added to the 
main model, and breakeven costs were calculated for the energy 
products. Finally, the impact on algae costs of a potential 
byproduct (shellfish grown on unharvested algae) was modeled. 

5..al. Baseline cae 

5.1.1 Baseline Parameter Values 

Tables 5-1 through 5-4 list the values of input parameters
used in the baseline cost estimate. Biological parameter values 
were taken from UH algal raceway data. Engineering parameters 
were specified by the facility design or were derived from 
manufacturers' statements, raceway data, and standard references. 
Construction costs were estimated by MOE using vendors' quotes 
and standard references (Appendix 4). Financial parameters were 
chosen to resemble those currently used by SERI as a reference 
case (Hill et al., 1984), and to conform to current economic 
cond i t ions (e •g• t axes) • 5eve rali t e ms t hat r equi refu r the r 
explanation are listed below. 
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ITEM VALUE
 

Daily solar constant (kcal/m2-day)
 
Photosynthetically active radiation (% of total)
 
Photosynthetic efficiency (% of PAR)
 
Carbon dioxide uptake efficiency (%)
 
Algal lipid content (% AFDW)
 
Algal protein content (% AFDW)
 
Algal carbohydrate content (% AFDW)
 
Algal carbon content (% AFDW)
 
Algal nitrogen content (% AFDW)
 
Algal phosphorus content (% AFDW)

Algal ash content (% dry wt)
 
Concentration of nitrogen in medium (mmole/l)
 
Concentration of trace metal mix in medium (mg/l)
 
Energy content of lipid (kcal/g)
 
Energy content of protein (kcal/g)

Energy content of carbohydrate (kcal/g)
 

5000 
45 

12.2 J1 • rr-h­
70 \L...Cc...J {~ 

db r: c.i«:. 
35 • ...... 
50· L Ie ~~ 

0.075 CO\M(CS*~ 
0.005 ~. ~ 

8 A-A1~ C-.:>cA-\ ~ 

0.5 
1.55 

9.3 
5.7 
4.2 

Table 5-1. Baseline biological/environmental parameters used in 
Hawaii commercial culture facility economic model. 
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ITEM VALUE
 

Raceway width (m) 
Raceway depth (em) 
Average raceway running length em) 
Number of raceways 
Harvest frequency per race.way (i/day) 
Proportion of water exchanged at harvest (%) 

(mAl/6)Raceway roughness coefficient
 
Raceway water velocity (em/sec)
 
Distance between foil rows (m)
 
Foil angle (degrees)
 
Water supply pumping head (m)
 
Evaporation rate (cm/yr)
 
Water supply pump efficiency (%)
 
Raceway pump efficiency (%)
 
Harvest pump efficiency (%)
 
Number of harvest ponds
 
Total area of harvest ponds {hal
 
Efficiency of harvesting (%)
 
Distance between carbon dioxide sumps (m)
 
Capacity factor (days/yr)
 
Width of roads (m)
 
Area of feeder roads (ha)
 
Area of buildings (ha) .
 
Area of storage (ha)
 
Area of effluent trench (ha)
 

10
 
12
 

1748 
~234J

.33
 
87
 

0.015 
30 

3
 
20
 
46 

180
 
70
 
80
 
80
 

~~->luh0--1 .}t 
345 cf:~ 

5 .J' 
27.8 
1.1 

0.18 
0.07 

Tab Ie 5- 2 • Bas elineen gin e e r in 9 par arne t e r sus edin Hawa i i 
commercial culture facility economic model. 
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ITEM 

Operating costs 
Land lease ($/ha-yr) 
Electricity cost ($/kwh) 
Ammonia cost ($/MT) 
Phosphate fertilizer cost ($/MT) 
Carbon diox ide cost ($/MT) 
Trace metal mix cost ($/MT) 
Number of laborers 
Laborer cost ($/man-yr) 
Number of supervisors 
Supervisor cost ($/man-yr) 
Number of technicians 
Techn ic i an cos t ($/man-yr) 
Administration cost ($/yr) 
Insurance (% of capital costs) 

Capital costs 
Land preparation ($/ha) 
Utility installation ($) 
Road grading cost ($/m2) 
Fences ($) 
Raceways: 

Fixed costs (pump sump, pipes; $/rcwy)
 
Pumps ($/unit + installation)
 
Soil cement liner ($/~2)
 
Rough construction ($/n.2 )
 
Leveling ($/m2)
 
CO sumps ($/unit)
 
CO delivery pipe ($/rcwy)
 
Foils ($/row)
 

Nutrient delivery system ($)
 
Water supply system ($)
 
co delivery system ($)
 
Backup generators ($/unit)
 
Settling ponds ($/unit)
 
Harvest trenches ($)
 
Effluent trench ($)
 
Buildings ($)
 
Storage facilities ($)
 
Moving equipment ($)
 
Permits ($)
 
Engineering (% capital costs)
 
Contingency (% capital costs + eng.)
 

BASELINE VALUE 

400 
0.11 
425 
358 

25 
200 

84 
17000 

14 
21000 

4 
24000 
95000 

1 

537 
375000 

0.88 
409345 

16447 
20000 
1.93 
0.66 
0.31 
1567 
5563 

103 
104294 

1648896 
1141238 

100000 
711867 

1087670 
530417 

1850000 
322062 

1530000 
50000 

5 
15 

Table 5-3.	 Baseline cost parameters used in Hawaii commercial 
culture facility economic model. 
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ITEM	 BASELINE VALUE 

Debt ratio (% of total investment) 50
 
Common stock ratio (% of total investment) 40
 
Preferred stock ratio {% of total investment} 10
 
Nominal return on debt (%) 15
 
Nominal return on common stock (%) 12
 
Nominal return on preferred stock (%) 11
 
Inflation rate {%}
 
Capital cost escalation (%)
 
Operating cost escalation (i)
 /h/~ 
Maintenance cost escalation (%)
 
Facility lifetime (years) ~ '7
 

C~~' 

Table 5-4.	 Baseline financial parameters used in Hawaii culture 
facility economic model. 
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Solar Radiation and Algal Conversion Efficiency 

Average daily solar radiation at the University of Hawaii 
ranges seasonally from 4300 to 5500 kcal/m2-day and has averaged 
5000 kcal/m2-day over a 50-year period (P. Ekern, University of 
Hawaii, unpublished data). The light levels at the Ewa Beach 
site should be similar (P. Ekern, pers. corom.), so a baseline 
value of 5000 kcal/m2-day was chosen. Photosynthetically active 
radiation (PAR) was assumed to be 45% of total solar radiation. 
Photos nthetic efficiency of the algae as a ercentage of PAR was 
assumed to be 12. ase on aws 984 m remen 0 1% in 
the e med PAR of 50% of to ar() 

r8:lnaEiQr.l q:;: L.---*~ tH.f"'~ 

Algal Composition (S~ Lfc'j) 35~t. CAa6l> '>02 ~ 
The composition of Platymonas grown in the algal raceway is 

about 50% carbon, 7.5% nitrogen, and 0.5% phosphorus by ash-free 
dry we' ~he cells are about 50% protein, 35% carbohydrate 
and 5% lipI , again by ash-free dry weight (ignoring the 
pos ence of intermediate compounds) and the ash content 
is 8% of dry weight (E. Laws, pers. comm.). Energy content of 
protein, carbohydrate, and lipid are 5.7 kcal/g, 4.2 kcal/g, and 
9.3 kcal/g, respectively (SERI recommendation). 

Water Requirements 

~~atymonas grows best on a 3-day dilution cycle in the 
experimental raceway; replacing 87% of the culture medium every 
three days gives rise to a "growth spurt" on the third day that 
is a major reason for ~~atymonasl high production rate (Laws, 
1984). These parameters were assumed to be fixed by the 
requirements of the alga. Average yearly net eva oration in the 
Ewa Beach area is about 180 cm r. a lona Weather Service, 
Hawaii Regional Office). 

The baseline system does not recycle any of its effluent 
water, for three reasons: . " .~ '~ ~_~__-·-'L.'" 

\..... ­
1. Seawater is readily available at the site. 

2. The ability of ~~atymonas to maintain high production 
rates in recycled culture water has not been 
established. 

If the effluent water is recycled, unharvested algae 
will be returned to the raceways. Over time, this 
procedure may select for unharvestable cells, reducing
harvest efficiency. 
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Capacity Factor 

Capacity fa c tor is de fin ed as the nu mb e r 0 f e f f e c t i ve 
culture days per year. In Hawaii, the facility can be operated 
year-round, but individual raceways will be out of production at 
times because of culture failure or maintenance. It is assumed 
that each raceway will be drained and sterilized every two months 
(a two-day process, see Facility Operation, Section 4.2.5) and 
that each raceway is off line for repairs an additional 8 days 
per year. The total downti~20 days/raceway-year, so the 
baseline capacity factor is ~ 

Harvest Efficiency ~;< 
The settling ponds are assumed to ~pture 80% of the algal 

biomass. This percentage is at the low end of settling 
percentages measured in the small-scale experiments done with 
Platymonas, and within the range of removal efficiencies obtained 
by rapid settling of other algae (Koopman et al., 1980). On the 
basis of the solids content measurements during the settling drum 
experiments, a solids concentration of 10% was assumed for the 
settled algae. These assumptions must be confirmed by 
experiments on a larger scale. 

Nutrient Costs 01~ Co'L. ~~~ 
~~~~~:;:-""~~~~f~o::r=:-;C;:O~2~1.~· s~::$:-2~5~/~M~T , d on a qu0 t e fro m

• Fujita of PRI that the prlce w ess than $25/short ton. 
Laws (1984) measured a C02 utilization efficiency of 69% in the 
experimental raceway; the baseline value is assumed to be 70%. 
Higher efficiencies may be possible, since the experimental 
raceway was not optimized for efficient use of C02. 

Non-carbon nutr ient costs are based on quotes from Western 
Farm Service, Inc. of Watsonville, California (B. Witmer and W. 
Collins). The baseline price of anhydrous ammonia is $425/MT. 
This high price is the result of shipping costs from the West 
Coast, which may be as high as $95/MT California-Hawaii plus 
another $25/MT to ship the empty fertilizer tanks back. 
Nevertheless, the high nitrogen content of anhydrous ammonia 
(82%) justifies its use. Anhydrous ammonia is not produced in 
Hawaii; the least expensive locally available nitrogen fertilizer 
appears to be UAN-32, a liquid mixture of urea and ammonium 
nitrate with a 32% nitrogen content from Brewer Chemical Corp. 
At about $250/MT, UAN-32 costs about $780/MT nitrogen, while 
ammonia at $425/MT costs $518/MT N. Considerable savings may be 
possible if ammonia shipments from Alaska can be transferred to 
barges bound for Hawaii without additional trucking (B. Witmer, 
per s • c 0 mm,) • 

The phosphate source is a liquid fertilizer with an analysis 
of 10-34-0. It is relatively inexpensive and is suitable for 
mixing with water and ammonia for distribution to the raceways. 
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The baseline cost of this fertilizer is $358/MT including 
shipping. Ammonia requirements are adjusted to allow for the 
nitrogen contributed by the 10-34-0 fertilizer. 

In the Hawaii experimental raceway, a chelated trace metal 
mix is added to the culture medium. The baseline price for a dry 
mix of the proper composition is $200/MT, again based on a quote 
from Western Farm Service. 'a. X(jI.. Ct2 

5.1.2 Baseline Algae Cost 11 "!:>c,t!AT ( 1. lc&-)/'l! A~\;>lAJ J 
The cost of algae grown in the baseline culture facility is 

estimated to be $36~/M~~i9ht {$398/MT AFDW 
year ly production 0 ~3 M dry we~ght (54, 4 MT AFDW). 
These cost calculatio ~~~ . at the algal racewa arvest 
experiments can be scaled up successfully to production scale, 
but that few changes are made to the system. The cost of the 
raceways dominates the facility capital cost, with the settling 
ponds next in magnitude (Table 5-5, Figure 5-1). Total facility 
capital cost is ~il~~on 1nclU~ing 15% ~tingency and 5% 
engineering fee.~arg-est single cost is Ltre foils; the liner 
cost is next largest (Figure 5-1). CO~ purchase is the largest 
operating cost; non-carbon nutrients, 1nterest and depreciation, 
labor, utilities, and maintenance are other important costs 
(Tab Ie 5-6, Figure 5-2). 

~ Sensitivity Analysis; Biological. Engineering. And Cost 
Parameters 

Following the baseline cost calculation, individual 
parameters were var ied to determine their impact on algae cost. 
Table 5-7 lists the parameters tried, the ranges tested for each 
parameter, and the algae cost range produced. Some parameters 
(for example, dilution rate) were not varied because they were 
assumed to be fixed by the requirements of the chosen species. 
Other parameters (for example, minor cost items) were not tested 
because their impacts on total algae costs would have been 
minimal. Figure 5-3 illustrates the magnitude of the cost 
variation caused by the most important parameters. 

J(4~~-J5rl (~1. -t'6%\
5.2.1 Photosynthetic EfficiencyU ) 

p s nthetic effi' has the largest impact on algae 
co . $489 MT ry we~ght at the er limit of 8% efficiency to 
$287/MT at the upper limit of 18%. The lower limit is based on 
measu em so' . recent wintertime exper iments 
where reduced temperature may have been a factor (SERI Biomass 
Program Monthly Report, January 1985). It is likely that the 
yearly average efficiency will SUbstantially exceed 8%. The 
upper limit was taken for comparison with SERI estimates of 
maximum achievable efficiency (Hill et a L, , 1984). ~~~mQnas 

has exhibited single-day efficiencies as high as 26% on the 
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ITEM	 COST % OF TOTAL 

Engineering & Permits $2,794,926 4 
Land Preparation 393,842 1 
utilities, Roads, Fences 1,925,010 3 
Buildings & Storage	 3 

/' ..
Raceways	 62 :.C'··, \...... 
Water Delivery ($!n~iiP
 
C02 Delivery 1,141,238 ~ .'6e\'~<' ."
 
Nutrient Delivery 104,294
 
Waste Disposal 530,417 1
 
Generators 592,934 1
 
Harvest Ponds 3,935,138 6
 
Equipment 1,530,000 2
 
Contingency 8,646,516 13
 

Total Costs	 100 

Table 5-5.	 Baseline capital costs for Hawaii commercial algae 
culture facility. 

ITEM	 COST % OF TOTAL 

Labor $1,818,000 10
 
Administration 95,000 1
 
Land Lease 293,202 2
 
Utilities 1,800,146 10
 
Interest 2,561,444 14
 
Depreciation 2,134,560 12
 
Carbon Dioxide 4,442,020 24
 
Ammonia 2,665,752 13
 
Phosphate 871,743 5
 
Trace metals 15,224 0
 
Maintenance:
 

Raceways 710,672 4
 
Roads & Fences 154,617 1
 
Bldgs. & Office Equip. 121,575 1
 
Pumps 62,304
 
Pipes 89,179 °0
 
Waste Channel 14,886 0
 

Total Maintenance 1,153,234	 6 
Insurance	 548,985 3 

Total	 $18,399,309 100 

Tab 1e 5- 6 . Annuali zed 0 per at in9 cos t 5 for baseline Haw a i i 
culture facility. 
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Figure 5-1. Relative cost contributions to Hawaii baseline capital costs (A) 
and raceway costs (B). 
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Figure 5-2. Relative contributions to Hawaii baseline operating 
costs. 
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PARAl'tETER	 RANGE TESTED ALGAE COST ($/MT) RANGE 
Low High Low High 

Photosynthetic efficiency (% PAR)
 
Harvest efficiency (%)
 
Foil cost ($/row)
 
Carbon dioxide cost ($/MT)
 
Distance between foils (m)
 
Carbon dioxide uptake efficiency (%)
 
Liner cost ($/running meter)
 
Carbon dioxide sump cost ($/unit)
 
Ammonia cost ($/MT)
 
Contingency allowance (%)
 
Harvest module cost ($/unit)
 
Laborers/supervisors (# people)
 
Capacity factor (days/year)
 
Raceway cut & fill ($/running m)
 
Distance between CO sumps (m)
 
Electricity cost ($/kwh)
 
Water supply pumping head (m)
 

~	 Mixing velocity (cnvsec) 
Pump sump & supply pipe cost ($/rcwy 
Land rent ($/ha-yr) 
Raceway pump cost ($/unit) 
Nitrogen conc. in effluent (mmole/l) 
Raceway leveling ($/running meter) 
Water supply pump efficiency (%) 
Foil angle (degrees) 
Engineering fee (%) 
Raceway carbon dioxide delivery pipe 
Effluent disposal capital cost ($) 
Road grading cost ($/sq m) 
phosphate fertilizer cost ($/MT) 
Raceway roughness coefficient 
Raceway pump efficiency (%) 
Land preparation ($/ha) 
Evaporation rate (cm/yr) 

8 18 491 289 202 
7 0 ---_~WJ 95 417 307 110 
25 200 338 399 61 
15 -----» 3 5 335 395 60 

1.5 5 403 350 53 
0.5 "7" 0.9 394 350 44 
10 40 353 393 40 

1567 5000 365 402 37 
250 500 346 373 27 

10 25 359 379 20 
711867 .~ ~OgpOO 365 384 19 

55/9 
330 

110/18 
360 

355 
375 

374 
357 

19 
18 

3 15 361 377 16 
124 1748 365 350 15 

0.11 0.16 365 379 14 
30 60 359 372 13 
15 40 360 373 13 

10000 30000 362 374 12 
200 1000 365 375 10 

20000 35000 365 374 9 
o 1 362 369 7 

1.5 6 361 367 6 
0.6 0.8 369 363 6 
10 30 364 370 6 

0.03 0.07 360 366 6 
2500 10000 363 369 6 

530417 2000000 365 370 5 
0.5 1 363 367 4 
300 400 363 367 4 

0.013 0.02 365 368 3 
0.65 0.8 367 365 2 

250 1000 365 367 2 
160 200 365 366 1 

Table 5-7. Parametric sensitivity analysis: effect of varying individual 
parameters over specified ranges. 
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Figure 5-3.	 Parametric sensitivity analysis: effect of varying individual 
parameters on discounted breakeven algae cost. Parameter ranges 
given in Table 5-7. Horizontal line = baseline breakeven price of 
$366/MT. 



highly productive third day of the dilution cycle, but efficiency 
is much lower on the first and second days. Third-day efficiency 
averaged 18.8% for a one-month period during March and April 1984 
(Laws, 1984). It is unlikely that third-day efficiencies will be 
improved much if generally accepted theoretical calculations of 
potential efficiency (e.g. Goldman, 1979) are correct. Further 
overall improvement is at least conceivable in view of the 
substantial improvement in production that has been attained with 
the experimental raceway system in the past two years. The 
sensitivity analysis indicates that it is worth examining 
strategies that might improve first- and second-day 
photosynthetic efficiency in Platymonas beyond present levels. 

5.2.2 Harvest Efficiency 

The second most important parameter is the efficiency of the 
settling ponds. The strong effect is not surprising, since any 
unharvested biomass costs a substantial amount to produce but 
makes no economic contribution to the facility (at least in the 
baseline case). Clearly it is worthwhile to test the settling­
harvest method on a larger scale and over a longer time period. 

~ ~ ~.((.S 
5.2.3 Foil Parameters 

Foil cost has an important effect on algae cost because of 
the 1 arge number of fo i Is requ i red. In the base 1 i ne fac iIi ty, 
the total cost of foils actually exceeds the cost of the soil 
cement liner. The distance between foils is also important, 
primarily because of its effect on capital cost, although there 
is also an effect on utility costs because foil drag affects 
pumping head in the raceways. Foil angle, affecting only energy 
requirements (its effect on productivity is not known), is much 
less important. The sensitivity analysis suggests that studies 
on the design and spacing of foils would contribute substantially 
to fac iIi ty economics if low-cos t, effect i ve fo i 1 des igns 
resulted. 

5.2.4 Carbon Dioxide 

Since C02 is required in large quantities as the carbon 
source for algal production, CO2 cost and C02 utilization 
efficiency are important to algae cost. C02 price is more or 
less fixed when a site is chosen (although the range tested 
indicates some uncertainty of what C02 cost would be if it were 
actually purchased from a supplier). It is obviously important 
to c'h00sea sit e wher e C02 c an be 0 b t a ined c he aply, un 1e s s 
innovative methods can be used to obtain CO2 from the air (see 
Section 5.4.1). 

C02 utilization efficiency depends on CO2 sump efficiency, 
uptake efficiency of the algae, and the amount of outgassing of 
C02 to the atmosphere. It is not clear that the latter two 
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factors can be altered, but they can at least be measured under 
different circumstances. An efficient C02 sump is important, but 
because of the number of sumps in the baseline case, sump cost is 
also important. Studies should be conducted to determine the 
relationships among sump design, distance between sumps, sump 
efficiency, and sump cost. 

5.2.5 Construction Costs 

Major construction costs include soil cement liner cost, C02 
sump cost, and settling pond cost. Other construction costs have 
somewhat less impact. Construct ion of the proposed scaled 
experiment should help refine cost estimates for these components 
by testing (on a smaller scale) some of the construction methods 
employed by the conceptual facility, for example laser leveling 
and soil cement stabilization of raceway structures. 
Experimental facility construction may also help to reveal any 
unanticipated construction difficulties that might affect 
construction costs. 

5.2.6 Utility Cost Factors 

Utility costs are affected by raceway water velocity, foil 
angle, raceway roughness coefficient, water supply pumping head, 
efficiencies of the various pumps, and electricity costs. None 
of these factors is critical by itself, but a combination of 
favorable or unfavorable factors could have a significant impact 
on algae cost. 

5.2.7 Other Cost Factors 

Other important cost factors are ammonia cost, contingency 
allowance percentage, labor requirements, and capacity factor. 
The other listed parameters are less important, affecting algae 
cost by 3% or less. 

~ Sensitivity Analysis; Financial Parameters 

5.3.1 Financial Leveraging 

Changes in the degree of financial leveraging can influence 
estimated DBEP if costs of equity and borrowed capital differ. 
In the baseline model, cost of equity capital is more expensive 
than borrowed capital because contributors of equity capital are 
paid a required rate of return in after-tax dollars. This is 
true even though the nominal rate of return on borrowed funds in 
higher than the nominal rate of return on equity capital (both 
preferred and common stock). As a consequence, increased 
leveraging decreases DBEP, all other things held equal. 
Sensitivity analysis was conducted using debt ratios of 0.75 
(high leverage) to 0.20 (low leverage). The ratio of common to 
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preferred stoE kept constant at 4 to 1.­
ranged from 68 ~higher leveraging to 
leveraging alt tive. \ C"\ 

\I' C Or-~e.\ 

5.3.2 Rates of Return on Equity Capital 

Nominal rates of return on equity capital were varied 
between a low of 5% return on common stock and 4% on preferred, 
to a high of 14% return on common stock and l~~eferred. 
Res~~ estimates of DBEP ranges from a low o~o a high 
OfC~ No\ A .\f>,<:'\C/L 
5.3.3 Rates of Return on Borrowed Capital 

Nominal interest charges were varied between 11% and 18%. 
Resulting estimates of DBEP ranged from $362 to $391. 

5.3.4 Overview of "Best" and "Worst" Cases 

To more fully evaluate the sensitivity of financial 
performance of the farm to alternative financial assumptions, two 
scenarios were developed. The first, labeled the "Worst" case in 
Table 5-8 assumes high required rates of return on equity and 
debt capital and low leveraging. The "Best" case assumes 
considerably lower rates of return and more leveraging. The 
results show that differences in breakeven algae prices are 
significant compared to the sensitivities associated with 
biological and engineering parameters. 
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Parameter ~ase 
Debt Ratio 75% 
Common Stock Ratio 5% 
Preferred Stock Ratio 20% 
Nominal Return on Debt 11% 
Nominal Return on 

Preferred Stock 10% 
Nominal Return on 

Common Stock 11% 
Inflation Rate 6% 

BREAKEVEN PRICE $349.34 

Table 5-8. Estimates of discounted breakeven 
two finance scenarios. 

"WORST" Case 

20% 
20% 
60% 
18% 

12% 

14% 
6% 

$418.99 

algae pr ice under 
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~ Sensitivity Analysis; Special Cases 

5.4.1 Atmospheric C02 Collector 

Makai Ocean Engineering is involved in the development of an 
innovative mechanism for the extraction of CO2 from atmospheric 
air. The concept grew out of attempts to develop a CO2 removal 
device for submersible vehicles. While the C02 content of 
atmospheric air is low, the amount of C02 that would actually 
pass over a given area per day under normal wind conditions is 
large. A device that could extract the C02 efficiently could 
supply enough C02 to support high production levels in an algal 
raceway. 

The C02 collectors could take the place of the C02 
distribution sumps in the baseline facility design. Instead of 
13 sumps per raceway, there would be 13 collectors, given the 
same assumptions about C02 dispersion into the water. MOE 
tentatively estimates that each collector would cost $2000-4000. 
The extra capital cost of the collectors would be offset by tne 
elimination of sumps, spargers, and C02 supply pipes and blowers. 
Operating costs (electricity to run the C02 collectors) are 
estimated a 5/MT C02 under ideal cond' . s. The real cost of 

02 would presuma y e 19her than this, but could certainl~~~e ~ 

well below the cost of purchased CO2• A\l f~ ~S\~ 

To test the impact of C02 collection on the productiJ~~ 
facility, the following modifications were made to the model: 

1.	 Carbon delivery capital costs were set equal to O. 

2.	 Carbon dioxide blower operating costs were set equal to 
o, 

3.	 The cost of C02 collectors was substituted for the cost 
of C02 sumps. 

4.	 Two cases were run: an "ideal" case in which collector 
cost = $2000 and CO 2 cost = $5/J1_~~_._and a much less 
optimis~ic case in wfi1.c!i- cof1ecE'o-r cost =( $4~o.o....Ci~d .~02 
pro~~_':~=-lL5/.-MT. ! ~q?5 ~~4'=t (fc-r- . 

In the "ideal" case, algae cost was $298/MT. The less optimistic 
case gave a cost of $349/MT. The system appears to have 
significant potential for reducing the cost of algae produced in 
the conceptual facility. 

A further advantage of the C02 extraction system is the 
freedom it gives when siting the facility. C02 supply is a major 
constraint on facility siting if the facility must be located 
near a power plant, C02 pipeline, or geological CO 2 source. If 
this constraint is removed, the facility can take advantage of 
sites with water resources, better climate, or larger available 
land areas. 
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5.4.2 Foils vs. No Foils 

Since the foils constitute the single largest capital cost 
in the baseline model, it is reasonable to reexamine the case for 
using them. If the increase in photosynthetic efficiency does 
not outweigh the effects of foil cost and foil drag on the cost 
of algae produced in the raceways, then the foils are not worth 
installing. To simulate a no-foil system, the model was modified 
by setting foil drag and foil cost equal to O. The algae cost in 
this modified system was calculated for various photosynthetic 
efficiencies and compared with algae costs for foil spacings of 3 
m between rows (baseline case) and 1.5 m between rows (similar to 
the present experimental raceway). It was found that 
hotosynthetic efficiency in the no-foil case would have to be 

1 . ' aseline price, and 9.0% to 
equa the cost a • m spac~ng. es n~~._e . ,._ 
would have t.QHl:nc_~_~~s.~,..ph()~o.s..ynth_~!:~ce ... ~c~'enc'Y.6X~U't~'T8t~tn~~· 

ig~ Ibsas~~ t~s:x:; r r;:nt~ ln~~~~;;~$. i,.;~~£~~~~~;;~~~ 
efficiency by 45% (SERI Biomass Program Monthly Report, January 
1985) or more (Laws et al., 1983), foils apgear to~ ~~ 

effective:... .,-~ (" 7 '(' 
e" & It. .. 

5.4.3 Increased Lateral Foil Spacing ( 

The flume experiments (Appendix 2) suggest that adequate 
turbulence may be created by foils spaced farther apart laterally 
than in the baseline system. To simulate this situation, the 
foil cost and foil drag were reduced by half and tl--U:-Q-~~~i.J.l...~ 

was recalculated. The new price was $347/MT $19 reduction 
from baseline. 

5.4.4 Airlifts vs. Propeller Pumps 

Propeller pumps were chosen for the baseline analysis 
because they are more efficient than airlift pumps for this 
application. However, propeller pumps have not been tested in 
the experimental raceway. Propeller pumps may prove unsuitable 
for Platymonas culture, or may reduce photosynthetic efficiency 
below what is achievable with airlifts. Airlifts are potentially 
cheaper to construct and maintain than propeller pumps because of 
the simplicity of airlifts: one blower can run several airlifts, 
while each propeller pump must have its own motor. On the other 
hand, airlifts will need deeper sumps than propeller pumps to 
operate efficiently. To test the potential effect of 
substituting airlifts for propeller pumps, the following cases 
were tested with raceway pump efficiency set equal to 30%: 

1.	 Pump cost = $10,000 (airlifts cheaper than propeller
pumps) 
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2.	 Pump cost = $20,000 (airlifts as expensive as propeller 
pumps) 

3.	 Pump cost = $30,000 (airlifts more expensive than 
propeller pumps) 

The three cases gave algae prices of $369/MT, $375/MT, and 
$38l/MT, repectively. Apparently the use of airlifts does not 
drast i ca J 1 Y increase algae costs np less air 1 j fts are more 

__	 expens i ve than prope 11 er pumps____ It is we11 wo rth test irig 
airlifts vs. propeller pumps, but if airlifts are necessary, the 
feasibility of the system will probably not be changed 
substantially. 

-:2') "'1/ y{ \ I L z, ?? c .Jr.7 
5.4.5 Optimistic Case 

l 'I )!/w1' {\~ fs (5 j)K 
An "optimistic" but reasonable case was modeled to give some 

idea of a minimum potential cost for algae produced by the 
culture facility. The assumptions in this case were: 

1.	 C02 produced by MOE C02 collectors; collector cost = 
$2000 each and C02 production cost = $7/MT. ~s ~ 

2.	 Harvest efficiency = 90%. {f.~ ~~ f · 
3.	 C02 uptake efficiency = 80%. 

4.	 Foil cost = 1/2 baseline, foil lateral spacing = 1/2 
baseline. 

5.	 Capacity factor = 355 days/year. 

6.	 Ammonia cost = $375/MT. 

7.	 Labor requirements reduced: 70 laborers, 10 supervisors. 

All other parameters were held at their baseline values. All of 
the parameters that were varied in this case are subject to 
testing, or at least refinement, in the proposed experimental 
facility, or are cost estimates that can be refined with further 
investigation. It may not be possible to investigate the effect 
of C02 collectors in the scaled experiment, since the concept is 
still being developed, but their potential impact on system costs 
should be better known. 

The algae cost predicted under the above assumptions is 
$229/MT. Year ly operating costs for t~.s:-A~e,.._~w..e.LeJl3.Jl.i.l-lion 
(Figure 5-4). A further, highly optimistic case was tested using
the above assumptions, but with photosynthetic efficiency equal 
to 18%; the algae price for this case was $175/MT. This latter 
case assumes that additional break throughs in algae production 
are made; the former case requires no real breakthroughs, but 
does assume that small-scale experiments (such as the harvest 
experiments and bench-scale CO2 collector experiments) can be 
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Figure 5-4. Relative contributions to Hawaii "optimistic case" 
operating costs. 
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scaled up very successfully. Barring major savings on facility 
construction costs, these estimates are probably close to the 
maximum potential of the raceway system without lncluding 
nutrient recycle from a processlng facll1t~ 

~ Processing Qptions 

The prec eding an a 1ysis does no t de a 1 wit h the cos t 0 f f u e 1 
produced from algae grown in the conceptual facility. It also 
does not take into account the impact of the processing system on 
the cost of algae. Two processing systems were examined: 
anaerobic digestion and supercritical water oxidation. The 
rationale for considering these particular systems has been 
discussed in Section 2.5. 

5.5.1 Anaerobic Digestion 

In the process of anaerobic digestion, biomass is decomposed 
by microscopic organisms. The resu 1 ting product is a gas 
composed of about 60% methane and 40% CO2, with small amounts of 
other gases. In order to sell the methane as pipeline gas, the 
CO2 must be removed; it can then be recycled to the raceways. 

The following discussion is based on information supplied by 
J. DeVos of Atara Corporation, Paramus, New Jersey (Appendix 5) 
and V. Srivastava of the Institute of Gas Technology, Chicago, 
Illinois. The digester is assumed to be a conventional stirred 
tank reactor. Characteristics of the digester are assumed to be: 

Retention time: 10 days
 
Volatile solids loading rate: 4.01 kg/m3-day
 
Total solids content: 10%
 
Percentage of volatile solids converted: 60%
 

3/kg,Gas production: 0.93 m 60% methane
 
Digester cost: S180/m3 (includes all digester capital costs,
 

assumes that other capital costs = cost of 
digesters; J. DeVos, pers. comm.) 

Recycle of non-carbon nutrients: 50% (Ryther, 1982) 

Costs for separating the methane from the CO 2 were based on 
figures supplied by D. Feinberg of SERI. Capital costs for the 
gas separation plant, but not the digesters, were scaled using a 
0.6 power factor. Srivastava et ale (1981) use the same unit 
per-volume cost for digesters over two orders of magnitude 
difference in size. 

At the assumed loading rate, the required digester volume is 
about 43,000 m. This volume would be satisfied by six of the 
lOO-ft diameter digester tanks recommended by Atara. The total 
cost of the digesters (including gas separation system, heaters, 
mixers, as om ressors, etc.) Ius insta ion, adds slightly 
more t n $10 million to total facility cost Total operating 
costs are Slml ar . e seline case with no 
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processing, but the cost breakdown is different because recycling 
reduces nutrient requirements while maintenance and utility costs 
increase (Figure 5-5) • 

The baseline system produces 614,462 housand standard cubic 
feet (MSCF) of methane, about 1/ of present SNG consumption on 
Oahu (State of Hawaii Data Book, 1983). ~t recycles 22,000 MT of 
CO , about 12% of total facility requirements. The discounted 
breakeven rice for methane produced by this sy ~s 

~s pr~ce is we e proJecte pr 
methane in the year 2000 of $7.40/106 BTU (Hill et al., 1984; 1 
MSCF equals approximately 106 BTU). The ·optimistic" assumptions 
listed in Section reduce the required gas rice to 22.57 on 
sales of 711,307 MSCF. Finally, rn t e ~g ly optimistic case 
where photosynthetic efficiency = 18%, the roduction is 
1,049,469 MSCF and the breakeven rice is $1 • 3. is price is 
still much higher than Year projec ~ons. Even in Hawaii, 
where the average retail price of SNG in 1982 was about 
$16.50/MSCF (State of Hawaii Data Book, 1983), it appears that 
methane sales alone (without byproduct credits) would not support 
the conceptual facility. 

In this analysis, no costs have been assigned to digester 
sludge disposal because of uncertainty about the method of 
disposal. Sludge can be used as a soil conditioner (Department 
of Energy, 1983), but the salt content of sludge from a saline­
wate r fac il i ty reduces its value for that pu r pos e, The Ci ty of 
Honolulu uses digesters to treat its sewage; the methane is used 
to dry and burn the sludge, and the ashes are hauled to a 
landfill (W. Brewer, State of Hawaii Aquaculture Development 
P rog ram, per s , c omm.) • This disposa 1 method is ob v ious ly 
undesirable for a fuel-producing facility. One relatively 
inexpensive method would be land disposal within the facility; 
the sludge could be pumped to a disposal site and allowed to dry 
by seepage and evaporation. This strategy would meet 
environmental objections such as odor and salt contamination of 
groundwater. An alternative method of waste disposal now under 
development is supercritical water combustion (see below). A 
supercritical water reactor capable of destroying the conceptual 
facility's digestor sludge would be expensive (probably $5-10 
million), but electricity produced by the reactor would defray 
some of the cost. 

5.5.2 Supercritical Water Combustion 

Supercr it ical water combust ion is a process ree ent ly 
developed by Modar Corporation of Natick, Mass. (Modell, 1980; 
see Appendix 6). The following discussion is based on a meeting 
with M. Modell of Modar. 

Supereritical water combustion involves the introduction of 
a slurry of organic material and a stream of air or oxygen into a 
reactor containing supercritical water at high temperature and 
pressure. The properties of supercritical water are different 
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Figure 5-5. Relative contributions to capital costs (A) and operating costs 
(B) for the Hawaii facility with anaerobic digesters. 



from those of ordinary liquid water; both the organic matter and 
the oxygen are highly soluble in supercritical water. The 
organic matter oxidizes rapidly and completely if enough oxygen 
is provided, releasing essentially all of its energy content to 
the surrounding water. In a well-insulated reactor, very little 
of the heat produced is wasted, as opposed to the inherent 
inefficiency of a boiler system. 

If the heat of combustion raises the water temperature 
sufficiently (to at least 450°C), the water loses its ability to 
dissolve polar salts. The salts precipitate out and can be 
removed with conventional cyclone separators, leaving a stream of 
highly pure fresh water. If the supercritical water is hot 
enough (depending on the heating value of the organic material), 
it can be used to drive a turbine to generate electricity. Modar 
has designed an improved turbine which may allow the recovery of 
as much as 45% of the total energy of the organic material as 
electricity. The rest of the energy is used to heat and 
pressurize the incoming water stream and to run the oxygen or air 
compressor; some energy is lost as waste heat to the effluent 
water and in lost steam. 

Supercritical water oxidation is still in an early sta e of 
rdeve opmen • e emonstrat~on s s produce y Modar have 
been primarily for the destruction of hazardous organic wastes, 
taking advantage of the completeness of the oxidation reaction. 
Nevertheless, eventual development of supercritical water 
technology for energy production offers interesting possibilities
for	 a biomass-to-energy system. 

Potential advantages of a supercritical water reactor for 
conversion of algal biomass include: 

1.	 The reactor could use a wet algal slurry directly, 
without requiring additional processing. 

2.	 The process could be highly efficient at converting 
algal energy content into usable energy. 

3.	 The process is versatile in its fuel requirements; other 
biomass, conventional fuels, and many other types of 
organic material could be used to supplement the algal
nfuel n• 

4.	 Fresh water is a byproduct of the combustion process. 
Fresh water is a scarce resource in the regions most 
suited for large-scale algae culture. 

S.	 Much of the carbon in the algal feedstock could be 
recovered as C02 and recycled. 

6.	 No slUdge or other algal residue is produced. 

7.	 The process is inherently simple; operating costs are 
potentially low. Space requirements are minimal. 
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Potential disadvantages include: 

1.	 Transportable fuel products are not produced. 
Conceivably the algal slurry might be transported a 
moderate distance to a local reactor facility. 

2.	 The heating value of a 10% algal slurry (2-3 MJ/kg) is 
not sufficient to heat the reactor to the temperatures 
(600-650 °e) at which e lectr ical generat i on is most 
efficient. Either the algae would have to be dewatered 
further or a supplemental fuel (such as dry biomass, 
coal, or fuel oil) would have to be added. 

3.	 The market value of the recovered salts is probably low 
(B. Witmer, pers. corom.) and they would therefore 
present a disposal problem. The salts could be 
redissolved in the much larger volume of effluent 
produced by the algae farm without substantially 
increasing its salinity. 

4.	 The fresh water produced by experimental supercritical 
water reactors contain significant levels of heavy 
metals, probably originating from the lining of the 
reactor vessel. Use of improved reactor materials might 
solve this problem, or the metals could be removed by
ion exchange. 

5.	 Supercritical water reactor components have no~ been 
tested for a period of years under operational 
conditions. Conditions inside such a reactor are highly 
corrosive. 

If the oxygen supply is not sufficient for complete 
combustion, the organic matter can be converted into smaller 
molecules such as alcohols and aldehydes which could serve as 
fuel feedstocks. However, this procedure is not recommended 
because the products are hydrophilic; too much energy is required 
to remove them from the water to make the operation worthwhile. 

Algal Production Model with Supercritical Water Reactor 

Because of the potential for improved energy conversion with 
a supercritical water processing system, a simple computer model 
of such a system was added to the algal production model. The 
system was assumed to use #6 residual fuel oil (the fuel 
presently used by Hawaiian Electric Company in its power plants) 
to bring the heating value of the 10% algal slurry up to 4.9 
MJ/kg water, which is required for most efficient net energy
conversion of 40-45% (M. Modell, pers. comm.). A net energy 
production of 40% of algal energy content was assumed. In this 
type of sys tem, the algae can be regarded as a fue 1 supp lement, 
reducing the need for fossil fuel to produce a given amount of 
power. At 44.1 MJ/kg, 0.05 kg oil per kg water is required;
approximately 45% of the total energy production is supplied by 
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the oil and 55% by the algal biomass. 

Capital costs for the supercritical reactor and its 
associated compressors and other equipment were given by M. 
Modell of Modar as $10-20 million at baseline production levels. 
A cap1tal cost of $15 mil110n 1s assumed in thlS analys1s. A 
power factor of 0.6 was used to extrapolate reactor capital cost 
under different production scenarios, as is SERI practice (Hill 
et al., 1984). Major operating costs are maintenance (5% of 
capital costs per year) and insurance (already included in the 
overall model). The labor requirement was cited as 3 full-time 
personnel; on the assumption that the equipment will be operated 
24 hours a day by shift workers, this requirement was increased 
to 6 workers. 

Net energy conversion efficiency of the supercritical water 
unit was assumed to be 40%. Credit was taken for fresh water 
production at a rate of $1.05/1000 gallons ($0.27/m3 ) . It was 
assumed that 80% of the water enter ing the reactor can be 
recovered as fresh water. The precipitated salts are discharged 
with the farm effluent; no cost is assigned to salt disposal. No 
credit was taken for C02 recycle because the cost of separating 
the C02 from the reactor gas stream (which contains mostly 
nitrogen brought in with the injected air) was not known. If the 
cost of extraction is close to that of CO2 separation from 
methane (see Section 5.5.1), there appears to be little advantage 
in separating the gases over simply buying the C02 at $25/MT. If 
C02 is scarce or expensive, or less expensive ways are developed 
to extract the C02 (see Section 5.4.1), then recycling the CO 2
becomes an attractive option. 

Results 

The baseline breakeven price of electricity produced by the 
supercritical water reactor was $0.113/kwh at a production level 
of about 28 MW. A credit of $105,000/yr was taken for water 
production. The "optimistic" case gave a price of $O.080/kwh. 
The present "avoided cost" rates paid by Hawaiian Electric 
Company for electricity from alternative energy projects are 
$0.OS9/kwh peak and $O.OSl/kwh off-peak; the peak rate may be 
lower than justified by present economic conditions (R. Neill, 
Hawaii Natural Energy Institute, pers. comm.). Conceivably algae 
culture could playa role where adequate supplies of fossil fuels 
are difficult to obtain and other biomass sources are limited, 
such as Pacific islands. In other regions, the cost of algae as 
a fuel for the supercritical water process would have to be 
considered in relation to the cost of other available fuel 
materials. 

~ Byproduct option; Shellfish Production 

The economics of an algae culture facility cannot be judged 
by fuel sales alone, even if most of the algal production is used 
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for fuel production. Byproducts of the algae facility will 
affect the overall revenues of the facility, improving its 
economic outlook and reducing the price that must be asked for 
the fuel product in order to achieve a specified return on 
investment. Potential byproducts of an algae culture system 
include herbivorous marine animals grown on unharvested algae in 
the facility's effluent. In the baseline conceptual culture 
system, 20% of the algal biomass (about 140,000 MT wet weight) is 
lost in the effluent if nothing is done to capture it. 

In order to estimate the potential impact of food production 
on the conceptual facility, a section was added to the baseline 
model that modeled the addition of an intensive shellfish culture 
system to the facility's effluent stream. The shellfish was 
assumed to be the Eastern oyster, Crassostrea virginica, but 
other types of fish and shellfish could also be grown on the 
unharvested algae (see Appendix 3). Platymonas (as Tetraselmis) 
species have been tested successfully as food for juvenile 
bivalves, including oysters (Walne, 1970). 

The size and cost of the oyster culture facility were 
governed by the amount of unharvested algae available. Scura et 
ale (1979) found that oysters in intensive raceway culture 
removed 88-99% of the phytoplankton from the feed water, and the 
conversion efficiency of algal biomass to shellfish meat was 
11.4%. In this study, it was assumed that the oysters filtered 
out 90% of the algae fed to them, and that oyster meat production 
was 10% of the wet weight of the algae consumed. 

From MOE's experience in designing intensive shellfish 
culture systems, oysters can produce about 200 kg live weight/yr 
per m of culture trench volume; for relatively small systems, 
the trenches cost about $160/m3 volume enclosed, and the overall 
facility (excluding algae culture system) costs about 4 times the 
cost of the trenches. These relationships were used to calculate 
the capital cost of the oyster culture system; a power factor of 
0.6 was used to account for economies of scale. Although the 
high labor requirements of intensive oyster culture systems can 
probably be reduced by attaching the oysters to ropes or plates 
in the trenches rather than holding them in trays as is 
frequently done (R. York, Hawaii Institute of Marine Biology, 
pers. comm.), the facility would probably still be more labor­
intensive than the algae culture facility; it was assumed that 
the oyster farm employed 100 laborers, 17 supervisors (1/6 of the 
number of laborers), and 3 technicians, and had the same 
administrative requirements as the algae facility. 

In addition to labor, the major expenses of the oyster
facility would be seed (juvenile oyster) purchase, water pumping,
and maintenance. Maintenance was assumed to be 5% of capital 
cost per year. Seed costs were assumed to be $10/1000 oysters, 
with a 30% mortality rate (Aquacu1tural Research Corporation,
Dennis, Massachusetts). This cost is probably conservative, 
since a facility this large would probably have its own hatchery.
The amount of water the facility would have to pump is not known; 
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it was assumed that the algae farm effluent (still concentrated 
at more than 200 mg dry wt algae/liter) would need to be diluted 
to achieve efficient use of the algae by the oysters. Epifanio 
and Ewart (1977) found that the maximum algal ration for ~ 
yirginica was about 10 mg/l; if this concentration was exceeded, 
large quantities of pseudofeces were produced. To dilute the 
effluent of the baseline facility to this level,.a dilution of 
about 27 times would be required. Power requirements were 
calculated in the same way as for other algae farm systems based 
on a 5-m pumping head. The capital cost of the facility effluent 
system was increased by about 10 times, to $5 million, based on 
the much larger amount of effluent discharged by the oyster 
system. 

Oyster farm revenues were calculated from oyster production 
assuming a price of $3000/MT meat weight. (The average wholesale 
price of aquacultured oysters in the u.s. in 1982 was about 
$3400/MT meat weight; Anonymous, 1984). Revenues from oyster 
culture were assumed to start in the second year of operation. 

The total capital cost of the hypothetical oyster facility 
was $23.6 mill ion. Operating costs we re $12.7 mi' arm 
revenues were $36.6 million on a producti of 12,200 MT mea 
weight. Rudimentary though it is, this an a LysTs at 
shellfish production could be a major revenue producer for the 
conceptual facility. Taking credit for oyster production, the 
re ul in breakeven al ae rice is $61/MT in the baseline case. 
In other words, the s ~s· su 1 mos 0 e revenues 
J~guire or e anticipated rate of return on facility 
i~ye$tment, and the harvested algae can be sold at a much lower 
price than would be possible without byproduct credits. 

\'2-/~
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~ CONCEPTUAL DESIGN ~ ECONOMIC ANALYSIS; SOUTHWEST FACILITY 

As part of this conceptual design study, it was requested 
that an estimate be made to transfer the Hawaii commercial 
facility conceptual design to a site in the American Southwest. 
Such an estimate was prepared by comparing important site 
characteristics and analyzing their impact on important facility 
cost parameters. 

~ Facility Description 

The site selected in the American Southwest is located on the 
southeastern corner of the Salton Sea in the Imperial Valley of 
southern California. In Figure 6-1, the commercial facility has 
been plotted with respect to the Salton Sea and the towns of 
Niland and Calipatria, California. The microalgae production 
facility has been sited approximately 1-1/2 miles from the lake 
shore shown in this 1956 USGS map. The Salton Sea has continued 
to fill since 1956 and many of the CO 2 wells shown are now 
un de r wat e r (J • Ke 11 y , Dept • 0 f Plann ~ ng , Imp e ria 1 Coun t y , 
California). The siting of the facility as shown in Figure 6-1 
is therefore a conservative prediction of where the facility 
might reasonably be located. 

The Salton Sea $ite was selected because the necessary 
resources are available for a large algae production facility. 
In particular, saline water is abundant and significant unused 
deposits of geological C02 are available. Water would be 
obtained from salt water wells located within one-half mile of 
the Salton Sea shoreline. Shallow water wells of 50 to 150 ft 
deep will have very good communication with the Salton Sea water 
if located within one-half mile of the sea shore (F. Welsh, H & W 
Well Drilling Co., pers. comm.). Salton Sea water is salty (30­
40 ppt), and well water in the area can be even more salty (up to 
50 ppt for shallow wells). It is estimated that 8 to 10 wells, 
each supplying approximately 5,000 gpm, would be required to 
supply the entire commercial facility. 

The Salton Sea area is very rich in geological C02 deposits. 
Numerous C02 we lIs were dr i lIed pr ior to 1950, and the C02 was 
used to make dry ice used in railroad cold storage cars. With 
the advent of refrigerated storage cars, the C02 wells were 
sealed and abandoned. However, reports from the geothermal 
energy developers, who have recently drilled deep wells to tap 
the geothermal stearn resource in the region, and conversations 
with Mr. Frank Welsh, indicate that the C02 source is still very 
active and is difficult to avoid when drilling in the Salton Sea 
area. C02 can be found from 50 to 2800 feet deep. C02 obtained 
from these wells is 98% pure mixed with 2% stearn (W. Elders, 
Earth Science Department, University of California, Riverside, 
pers. corom.). It is assumed that five C02 wells could supply the 
inorganic carbon requirements of the facility. 
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Effluent disposal is accomplished by direct discharge into 
the Salton Sea. Imperial County officials in El Centro, 
California reported that a past aquaculture facility had received 
permission to discharge effluent directly into the lake. It is 
necessary, however, to conduct an environmental impact study and 
to obtain the required permits before effluent discharge would 
be allowed. It was assumed, for this conceptual design, that the 
environmental impact statement would be positive, and the 
required permits could be obtained to allow such discharge. 

The soil structure in the southeastern Salton Sea area is a 
very fine clay material which could best be stabilized by mixing 
it with approximately 3% quicklime by weight (R. Degraffenreid, 
Soil Stabilization Mixing, Chino, California, pers. corom.). The 
clay itself has a very low permeability, but needs to be 
stabilized to avoid cracking during periods when the ponds are 
left dry. The very flat terrain in the Salton Sea area and the 
very fine clay shou ld fac iIi tate earthwork and keep these 
construction costs low. The land is currently zoned 
agricultural, and the proposed aquaculture facility would be 
considered an agricultural development. 

The Salton Sea region contains active geological fault 
zones. An actual facility in this area would have to be sited 
carefully to minimize the risk of serious earthquake damage. 

L2. Comparison nth ~ Hawaii ~ 

The major difference between the facility design for the 
Salton Sea site and the Hawaii site is the overall shape and 
layout of the facility. Because of the larger expanses of 
available land around the Salton Sea area and the American 
Southwest in general, it was assumed that a more regular, 
rectangular-shaped facility could be realized. Land would be 
purchased rather than leased as in Hawaii. The raceways are 
organized into four major sections with the northern and 
southernmost sections each containing 70 raceways and the middle 
sections each containing 58. Harvester settling ponds are 
located on the western side of the facility, closest to the 
lakeshore, to allow the shortest run for effluent to the lake. 
Since most of the C02 wells in the area have been permanently 
capped and abandoned, it is assumed that CO2 wells would have to 
be drilled, and that they could be drilled in a location on the 
western side of the facility. Saltwater wells would be drilled 
somewhere within one-half mile of the Salton Sea shore; the exact 
location of these wells would be determined by test drilling 
prior to the start of construction. 

There wou Id be no difference between the raceway 
construction at the Hawaii site and the California site, with the 
exception that all the raceways in the California facility would 
be of equal size (1600 m running length), and 256 production 
raceways would be built. A separate soil analysis would be 
required to determine the exact lime requirements in order to 
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stabilize the soil in this area. 

The water supply system from the wells to the individual 
raceways would consist of single 20-inch PVC pipes laid in pipe 
corridors between the two northernmost blocks of raceways and the 
two southernmost blocks of raceways. As in the Hawaii facility, 
this pipe corridor would include water supply lines, nutrient 
supply lines, C02 supply lines and the harvest water return 
channel. The length of this corridor, the pipelines and channel 
are shorter in the California facility due to the more regular 
layout of the facility. 

The settling ponds and the harvester supply system have not 
undergone any major changes in the California facility. The 
settling ponds are assumed to be the same dimensions as those in 
the Hawaii facility and their operations would be identical. The 
open channel which brings harvest water from both sides of the 
facility to the settling ponds has been designed based on the 
available land slope in the area, and is 1.1 m wide. To carry 
effluent from the harvester settling ponds to the Salton Sea, 
another open channel runs along the western side of the facility 
in front of the settling ponds and then turns to the sea. The 
total length of the channel is 4000 m, and the channel is 2.4 m 
wide. This channel will carry the volume of the settling pond to 
the sea in the required 6 hours draining time. 

The nutrient and C02 supply systems would differ very little 
from the Hawaii facility, except that nutrients would be trucked 
in from Western Farm Service in Watsonville, CA. A one-month 
supply of nutrients would probably be stored onsite at all times 
and shipments of nutrients would be trucked in on an almost daily
basis. 

It is unknown at what pressure the C02 would be obtainable 
from the wells, so an array of 17 10-psi blowers to deliver the 
C02 from the wellhead to the individual raceways has been 
included in the California facility design. At one site near the 
Salton Sea, the C02 pressure is 200 psi at 100 ft depth (L. 
Gr 0 g an, Ken n e cot t Cor p • , per s • com ms ) Sin c e the C02 • 

dist r ibu t ion system needs on ly 10 ps i, it may be poss ib 1 e to do 
without blowers. 

There has been little change in most of the design details 
in transferring the Hawaii conceptual design to California. 
Moving equipment and building requirements were assumed not to 
chang~, utility installation was assumed unchanged, total fence 
length was reduced due to the more regular shape of the facility 
and the same number of emergency generators were assumed 
necessary_ 

The winter climate near the Salton Sea appears mild enough 
to allow the facility to operate year-round. The average air 
temperature in January is 13°C; on average there are 12 frost 
days per year. Only one snowfall has ever been recorded (Layton
and Ermak, 1976). A system with flowing, saline water should be 
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able to endure a small frost period without freezing over. The 
capacity factor for the California site is assumed to 

e same r e awa i a s l. tee T e com ana t ion of 
w light levels and low temperature during the winter could 

cause revenues to fall below operating costs for some period, so 
the facility might shut down seasonally for economic reasons. 

Because of the less stable climatic conditions, the baseline 
California photosynthetic efficiency is assumed to be 11% of PAR 
rather than the 12.2% in Hawaii. 

All facility maintenance requirements were identical to 
those used in the Hawaii facility. 

~ Species Selection 

2.	 The changing seasonal conditions in the Southwest will 
probably require that different species be maintained: 
a summer species, a winter species, and possibly a 
species for intermediate conditions. 

3.	 The proposed harvest system depends on the observed 
rapid settling behavior of Platymonas. It is not known 
what other species might be as easy to harvest that 
would also thrive in the shallow raceway system. 

For the purposes of this analysis, it was assumed that algae are 
found that grow well under conditions typical of the Salton Sea 
site amd that can be harvested in a similar manner. ~l~onas 

itself may succeed during summer in the Southwest, provided that 
salinity is not too high and that Platymonas will tolerate daily 
water temperature fluctuations. ~latymonas has been grown in 
s imu lated Sou thwestern water types; s imu I ated Type I water 
produced better growth than diluted seawater of the same salinity 
(SERI Biomass Program Monthly Report, January 1985). Also, other 
species of ~l~monas may exhibit similar settling behavior 
(Walne, 1970). It is recommended as an adjunct to the scaled 
exper iment that species screening tr ials be done in Hawaii-type 
shallow raceways at a Southwestern site. 
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~	 ~ Estimates ADd Assumptions 

Where California facility cost items differ from Hawaii 
baseline costs, they are listed below: 

6.4.1 Capital Costs 

Land	 Costs
 
Assumptions $3750/ha purchase price
 
Cost Reference$600-2500/acreforlow-grade
 

agricultural land; Wiley Corn 
Real Estate, Brawley, CA 

Land	 Preparation 
Assumptions 745 ha total facility size 
Cost Reference 10% reduction of Hawaii costs 

Survey 
Assumptions No change from Hawaii facility (NC) 
Cost Reference NC 

Utilities
 
Assumptions NC
 
Cost Reference NC
 

Road	 Costs 
Assumptions 37.4 ha of feeder roads. 
Cost Reference 10% reduction of Hawaii costs. 

Fence Cost 
Assumption Fence around outer perimeter of entire 

facility, total length 11,208 m 
Cost Reference 10% reduction of Hawaii costs. 

Water Pumping Sump 
Assumptions NC 
Cost Reference 10% reduction of Hawaii costs. 

Raceway Branch Pipeline 
Assumptions NC 
Cost Reference 10% reduction of Hawaii costs, does 

not include val ves. 

Raceway Construction -- Cut and Fill 
Assumptions NC 
Cost Reference 10% reduction of Hawaii costs. 

Raceway Liners 
Assumptions No change from Hawaii facility, 3% 

lime-stabilized soil 
Cost Reference	 Quick lime obtained at bulk rate, 

$llO/ton, SIS/ton shipping from 
Los Angeles to Salton Sea site. 
Material costs become $.08/sq ft, 
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Grading 
Assumptions 
Cost Reference 

CO2 sump 
Assumptions 
Cost Reference 

Raceway Mixing Foils 
Assumptions 
Cost Reference 

installation costs become $.09/sq ft.
 

NC
 
10% reduction of Hawaii costs.
 

NC
 
10% reduction of Hawaii costs, except
 
for diffusers.
 

NC
 
Installation costs reduced by 10% of
 
Hawaii costs.
 

Nutrient supply system costs 
Assumptions 

Cost Reference 

Water Supply System 
Assumptions 

Cost Reference 

CO2 Supply System 
Assumptions 

Cost Reference 

Emergency Generators 
Assumptions 
Cost Reference 

6273 m of feed pipe required. One 
mixing tank and two pumps a 1 so 
required. 
10% reduction in feed pipe and mixing 
tank costs over Hawaii costs. No 
change in pump costs. 

6273 m of the pipe in facility pipe 
corridor. 6060 m of feed pipe from 
wells near sea shore to facility. 
8 water wells, 17 valves and 9 pumps. 
Pipe cost reduced 10% of Hawaii 
costs, no change in valve or pump 
costs, well costs $5000 each 
(H & W Water Well drillers charge 
$145/hr, assume one well/day, or 
$1160/daYi $5000 assumed to provide 
for well testing and lining.) 

Five CO2 wells, 6273 m of feed 
pipe to distribute CO from wells 
to raceways, 17 blowers and 9 valves. 
Well costs $20,000 per well (H & W 
Well Drilling estimated 2 days at 
$5500/day to dig well to 400 ft. 
Additional $9000 for setup, well 
lining and testing) Feed pipe costs 
are assumed to be 10% reduction of 
Hawaii costs, blower and valves costs 
are unchanged. 

NC 
NC 
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Harvester Settling Ponds 
Assumptions NC 
Cost Reference The 6-in lime stabilized soil liner 

was assumed to be 1-1/2 times as 
expensive as the 4-in raceway liner. 
Excavation, concrete and pipe costs 
were assumed to be 10% less than in 
Hawaii. Pumps and valve costs were 
not changed. 

Harvest System Water Channels 
Assumptions	 0.15% slope available for the harvest 

system water channel. 1.1 m wide 
water channel installed, requiring 
11842 cu yd of excavation, 2496 eu yd 
of concrete. 

Cost Reference	 Concrete and excavation costs 10% less 
than in Hawaii. 

Effluent Discharge Trench Costs 
Assumptions	 Slope from facility to Salton Sea is 

assumed to be 0.16%, 2.4 m wide 
trench was required to carry 125,000 
gpm. 54,597 cu yd excavated, 
5035 cu yd of concrete required.

Cost Reference	 Excavation and concrete costs 10% 
lower than in Hawaii. 

Building Costs
 
Assumptions NC
 
Cost Reference NC
 

CO2 Storage System 
Assumptions NC 
Cost Reference $0.02/lb shipping costs for steel 

pressure vessels	 was eliminated. 
Net cost difference per Ib of CO2
stored was $.01. 

Moving Equipment Costs
 
Assumptions NC
 
Cost Reference NC
 

Maintenance Requirements
 
Assumptions NC
 
Cost Reference NC
 

6.4.2 Operating	 Costs 

Nutrient Costs 
Assumptions $260/MT ammonia, $270/MT 10-34-0 
Cost Reference Western Farm Supply 
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Electricity Cost 
Assumptions $O.06/kwh 
Cost Reference Quote of $O.OS-O.06/kwh for Salton 

Sea region. 

Labor Costs 
Assumptions	 Laborers: $l2,OOO/man-year 

Supervisors: $24,OOO/man-year 
Technicians: $34,OOO/man-year 

Cost Reference Unskilled labor relatively inexpensive 
in Salton Sea region1 supervisors and 
technicians more expensive than Hawaii 

§.J Algae Costs: Southwest l1:ilCility .;l..% 4 (s o~ J1""I fC./t.{ \~'i I, 

Given the above assumptions, the discounte~dne price

of algae produced by the Salton Sea facility is 4/M (S309/MT
 
AFDW). The capital cost of the facility is rough y the same as
 
that of the Hawaiian facility; slightly lower construction costs
 
are balanced by the cost of land purchase and a longer effluent
 
trench. Operating costs of the California facility are much
 
lower (Sll million vs. almost $18 million in Hawaii), mainjy
 
~ e c au 5 e 0 f the f r e e"C02-pres'u Ine-<f"-'t-O··tfe"--a"vaIT ab 1eat the 

California site but also because of lower costs for non-carbon 
nutrients, electricity, and labor and the absence of land rent 
(Figure 6-2). An ""optimistic" case was run using the same 
assumptions as the Hawaiian opti~stic case, except that C02 
collectors were not necessary and nutr' ts were not" changed 
from the baseline case. The 'm1stic case ga a breakeven 
price of $2l7/MT. The ighly optimistic" c se of 18% 
photosynthetic efficiency gave a price of $144/MT. 1S c is 
probably less likely for aln ' a Hawaiian one. 

Breakeven costs were also calculated for methane produced by
 
the California facility. Assumptions were the same as for the
 
Hawaii methane option, with the exception that 20% less methane
 
production per unit algae was assumed because of the additional
 
heating requirements for a digester sited in California.
 
Maintaining the digester temperature at 30-3S oC may consume as
 
much as 30% of total energy production if the incoming water
 
temperature lis 15~ (Sr ivastava, 19(84). Ii? - e.:
 

1.'\. q~ la' tAt-~ ~I.I '1... /06 /)('lA. .M'~':fVA\A 
The bre~eve price for methane produced by the California
 

facility is S34.93/MSCF on production of 443,834 MSCF. The
 
"optimistic" and 18% conversion efficiency cases gave prices of
 
S26.01/MSCF and S17.72/MSCF, respectively. Although the
 
discounted breakeven price of algae produced in the California
 
facility is calculated to be lower than in Hawaii, methane
 
produced by the California facility has little or no cost
 
advantage over methane produced by the Hawaii facility because of
 
the greater energy required to heat the California digesters.

The California facility also benefits less from digester nutrient
 
recycling than the Hawaii facility because of the lower nutrient
 
costs in California.
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MAINTENANCE &	 OTHER LABOR
MAINTENANCE & OTHER LABOR 

(16.0.) --~-- (1 ....0.) ( 13.0.) 
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(17.0.) 

DEPRECIATION A	 DEPRECIATION B 

Figure 6-2.	 Relative contributions to operating costs for baseline (A) and 
"optimistic" (B) cases, California facility. 



7.0
 

Task II of this study is to develop a facility design for a 
scaled experiment to validate the performance and the operating 
costs expected for a large commercial algae culture facility 
producing fuels. Emphasis is to be placed on the culture and 
harvest systems. As as apparent from the preceding discussion, 
both the biology and the engineering development of the Hawaii­
type shallow raceway are still at a rudimentary stage. Many of 
the engineering parameters have not been optimized (i.e. raceway 
slope, foil design and placement, CO2 sump design, settling pond 
design). The system is intended to be applicable to the u.s. 
Southwest, but it has not been tested even on a small scale under 
conditions truly representative of that region; the algal species 
that might do best in a Southwestern shal s stem are 
un nown. eca uncer a Lnt y of many des ign parameters, 
it ~S not appropriate to construct large production raceways 
immediately. The scaled experiment has therefore been broken 
down into two stages: an initial stage (Stage 1) ~o test 
biological and design parameters in a flexible experimental 
system, and a second stage (Stage 2) in which larger production­
scale raceways are built and operated based on the results of the 
first several Stage 1 experiments. Because the project duration 
is limited to two years, the two stages overlap. 

The design of the scaled experiment rests on the premise 
that, by the end of the experiment, costs and performance should 
be sufficiently well known to attract potential private investors 
to algae culture based on the proposed design. The Stage 2 
raceways should therefore be of sufficient scale to estimate 
realistic construction costs, to demonstrate that algae grows as 
well in a production-scale raceway as in small experimental ones, 
and to demonstrate that operation of the raceway system is 
realistic in terms of labor required for culture operations, 
harvesting, and maintenance. A true commercial pilot, in which 
at least several full-sized raceway modules would be constructed 
and operated and a fuel product would actually be produced in ~ 

saleable quantities, would require more time (and presumably more ~~r 
fun din g ) t han has bee n a 1 lot ted by SE R I for the s cal e d rrev"\ t S'< 
experiment. A ilot s stem would probably be the next step after Q 
.~the scaled experiment an wou presum y y undec:: fQs~ 

The experiment is proposed for a Hawaiian site. Besides its ~ 
proximity to AAl and its subcontractors, a Hawaiian site is ­
highly desirable if significant results are to be achieved in 18 
months of experimentation as specified by SERl. The relatively 
constant conditions in Hawaii and the presence of at least one 
species that grows well year-round allows a long, consistent 
series of experiments. This would not be true in the Southwest, 
where changing seasons would change experimental conditions and 
where no experiments have yet been done with any species in a 
shallow raceway system using foils. One would need to select 
desirable species, a potentially long process since one would 
have to select at least two species (summer and winter) with both 
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high production rate and ea y harvestability. Both species would 
have to grow well in the p rticular water type available at the 
Southwest site. Most of the fastest-growing algae used in 
Mainland ex eriments to da e are not easy to harvest, and little 
work has been one on sc e . gh production and 
solar conversion efficiency under winter conditions. Once 
suitable species are selected, it is desirable to perform many of 
the experiments with each species, since they will probably 
prefer somewhat different culture strategies. Thus, experiments 
in the Southwest would probably take much longer (perhaps several 
times as long) in order to model the year-round operation of an 
algae farm. It is therefore more efficient to conduct the bulk 
of the optimization experiments in Hawaii, with experiments in 
the Southwest directed primarily towards species screening for 
production rate, harvestability, and temperature tolerance in a 
shallow raceway system. The results from the Hawaii facility 
should be applicable [Qae (,111ture in the Southwest . a~ 
m~nlmu ur er experimentation. ? ,,1\ 1 71'1_" -. . '. 

e ~~ ~ ~( , 

~ Selection	 ~oZ r+­
The Hawaii raceway experiments will be carried out at a site 

on the western edge of the Barbers Point Naval Air Station near 
Ewa Beach, Oahu, Hawaii (Figure 7-1). The site was chosen 
because: 

1.	 It is near the proposed site of the conceptual 
commercial facility, and provides the same favorable 
environment for algae culture. 

2.	 It is adjacent to the Hawaiian Independent Refinery, a 
sou rce of CO2 large enough to supp ly the needs of the 
experimental facility (up to 1 MT/day when all planned 
raceways are operating). The C02 (98% pure) is produced 
as a byproduct of the refinery's SNG plant. A CO2takeoff will be provided at the refinery fence line to 
supply CO2 for the experimental facility (R. Fujita, 
pe r s , c omm.) 

3.	 It is adjacent to an existing drainage ditch which can 
be used to dispose of the effluent seawater from the 
facility. 

4 •	 The 1 and is a va i 1 ab 1 e for 1 e aseat ag ric u 1 t u r a I rat e s 
(D. Rappe 1, per s , c omm.) 

Environmental characteristics are essentially the same as 
those previously described for the conceptual commercial 
facility: total solar radiation, 4300-5500 kcal/m2-day, yearly 
average 5000 kcal/m -day; water salinity (from saltwater wells), 
25-30 ppt. 

Species screening experiments in the u.s. Southwest will be 
done at the Roswell Test Facility in Roswell, New Mexico. 
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Eastern New Mexico is a candidate region for large-scale algae 
culture because of a relatively mild climate, availability of
 
saline water, and proximity to geological CO2 resources (Maxwell
 
et al., 1984). The Roswell Test Facility has the necessary
 
facilities (including saline water at 14 ppt) and analytical
 
equipment already on site. A fuller description of the Roswell
 
Test Facility is given in Appendix 7.
 

U Facility Q~§ign; stage~~~\ . J ~. ~ 

7.2.1 Raceways 4 "lNc:F..~ ~~l.(( 
ost of the Stage 1 experiments will be done in modular
 

aboveground raceways constructed of od and lined with vinyl
 
pon lne. e raceways WI e built of sections (probably
 
x 10 'tocan for m to read i 1y a va i 1 ab 1 e 1 umb e r s i z esand g i ve a 3 m
 
width, which is desirable to avoid significant effects of the
 
raceway sides on head loss). The system offers great flexibility
 
in use; raceway size, number and slope can be varied as desired
 
for each experiment. Enough sections will be provided to build a
 
raceway of 500 m running length in order to provide sufficient
 
1 ength to determine an opt ima 1 distance between CO2 diffusers.
 
This number of sections will be enough (with appropriate end
 
pieces and sumps) to construct as many as 10 50-m running length
 
raceways for experiments to determine the effects of design
 
parameters and operating strategies on production and
 
harvestability of algae (see Section 8.0). Total surface area of
 
the modular raceways will be 1500 m2 ..!., It has been suggested that
 

2<experlmental algae culture ponds should be at least 100 m in
 
area if the results are to be extrapolated to other systems
 
(Benemann et al., 1983). The minimum size of the modular
 
raceways during the scheduled experiments (Section 8.3.2) will be
 

2•150 m

In a sloped raceway system, water velocity can be adjusted
 
only by changing the slope, so adjustable raceways are necessary
 
for water velocity experiments. However, the versatility of the
 
sectional raceway system will be helpful in many of the other
 
experiments. The type of pump and the type, number, and
 
locations of C02 sumps can be changed readily. The raceways can
 
be moved around the site and even moved to a different site if
 
nece:J:ar~d . ~ --rr--..-+--~AJ;>\ ~~~l(c...~\ he ra ew ys will sit on adjustable frames on a soil cement
 
pad. The pad is primarily to provide a flat surface for the
 
raceways, but wi 11 also ro . . osts and
 

. du rabi 1 i ty 0 ~~:;;r. Part of the pad wi 11 al so form t e 
Case for a haf\! s ling pond that can accept harvest water
 
from the experimental raceways in order to validate that the
 
settling pond concept works over larger areas than a 55-gallon
 
drum.
 

U
In addition to the modular raceways, one 50-m running length
 

soil cement raceway will be constructed. This raceway will be
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used to test biocompatibility of the soil cement material with 
~~atymonas and to check its durability in a rou' cleaned 
..f-1Q'~seawater system before a tempt~ng to con~ct larger 

soil cement raceways. }J~ A ~::t ~:~\~~~ 
7.2.2 Sui ldings \LA! \ 

Two buildings will be required for the experimental 
facility: a leased office/laboratory trailer and a shop/storage 
building. The trailer will house analytical equipment, office 
space, and a small culture room with controlled fluorescent 
lighting for the maintenance of ~latymonas stock cultures. It 
will also contain a computer controller which will monitor and 
record environmental conditions and control C02 and nutrient 
additions to the raceways. The shop/storage building will 
contain power tools and shop space to construct the raceway 
sections, ends, and sumps, to repair raceway components and 
equipment, and to fabricate other items (such as different foil 
designs) that are needed for the experiments. It will also be 
used to store equipment and supp 1 ies that cannot be stored 
outs ide. 

7.2.3 Water Supply and Disposal 

Water will be supplied from an 8-10 inch (20-25 cm) diameter 
well that will be dra'lln site. A 90 ft (27 m) deep well 
should yield water at -30 t salinity. A 400-gpm (1500 l/min) 
pump will supply the 0 the raceways rapidly enough so that 
personnel can harvest and fill the whole experimental raceway 
system within a few hours without disrupting normal operating and 
monitoring routine or disturbing the 3-day harvest cycle that 
provides highest yield of Platymonas (Laws, 1984). 

When not used for algal settling experiments, the effluent 
water from the raceways will be disposed of through a 6-inch (15­
cm) PVC pipe to the drainage channel running along the western 
s ide of the site. A pump may be necessary to ass ist this 
operation. 

7.2.4 Monitor ing and Control System 

The monitoring and control system will be similar to the one 
employed at the DB experimental raceway system (Laws et al., 
1983). A computer housed in the laboratory trailer will monitor 
inputs from environmental sensors, record the data at appropriate 
intervals, and control nutrient inputs to the raceways based on 
pH measurements. Sensors will include a pH probe with 
preamplifier in each raceway, a light meter to record daily solar 
radiation, and a temperature probe in one raceway to monitor 
water temperature. The computer controller will meter CO2 (from 
the main supply line) and nutrients (from storage tanks 
containing premixed nutrient solutions) into the raceways based 
on carbon uptake as measured by the pH probes. The amounts of 
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CO2 and nutrient solution supplied to each raceway will be 
recorded by volumetric flowmeters so that utilization 
efficiencies can be determined. A current meter will be used 
manually to determine flow rates in the raceways. 

7.2.5 Laboratory Equipment 

A microscope and hemacytometer will be necessary for daily 
cell counts to monitor production in the raceways. To filter 
raceway water samples for total biomass determinations, a filter 
apparatus and vacuum pump will be needed. An electronic balance 
(for weighing small samples) and an industrial scale (for 
weighing larger samples during harvest efficiency studies) will 
be required. A drying oven and desiccator are required for dry 
weight determinations, to dry algae samples for CHN analysis, and 
to store dried samples. A small muffle furnace is needed for ash 
weight determinations and to precombust filters for CHN samples. 
A variety of small items and glassware will also be required. 

Analyses requiring more expensive equipment, such as 
nutrient and CHN determinations, will be contracted out to Aecos, 
Inc., a local environmental services firm, or to Analytical
Services at the University of Hawaii. 

7.2.6 Additional Equipment 

A light truck will be leased to transport materials from 
Honolulu to the site and for general transportation needs. A 
small leased forklift will probably be necessary to move heavy 
materials (such as loads of raceway sections) around the site. 
Two weeks' rental of a crane and 5 days' rental of a flatbed 
truck have been included to support construction operations. 

A small anaerobic digester has also been included. It will 
be constructed following a design provided by V. Srivastava of 
the Institute of Gas Technology in Chicago (Appendix 8). The 
digester will provide information on the conversion of harvested 
algae to methane; the volume of gas evolved will be measured and 
the chemical composition of the digester gas will be analyzed at 
the HIRI refinery. However, the main function of the digester 
will be to supply digester effluent (about 60 l/day) for 
ex 'ments to determine the feaslbilit of nutrient recycle from 
an algae-to-met ane s em. The supernatan lqUl will be 
analyzed-to determine what percentage of the input ni trogen and 
phosphorus can be recovered, and algal production will be 
measured using digester supernatant as a nutrient source. One 
week's training at IGT has been budgeted for one individual to 
learn to operate the digester system properly. 
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U ~ilC1l.i.ty !2i:s i gn; Stagi: Z. GA"" ~(l:QtI'- rL- (IA~. 

After the modular racew~xperiments have determined design 
characteristics such as pr~~ -pump type, slope/water velocity, 
heaa l~s, and optimal distance between C02 sumps, two large 
(10 m wide x 400 m running length) soil cement raceways will be 
designed and constxucted. The large raceways will be constructed 
in essentially the same manner as has been proposed for the 
conceptual production facility, as modified by the results of 
Phase 1 experiments. They will be operated as if they were 
modules of a real production system. Their purpose is to: 

1.	 Test performance of full-width raceways relative to 
smaller experimental ones. 

2.	 Refine construction cost estimates for large shallow 
raceways. 

3.	 Determine maintenance requirements: labor, materials, 
costs. 

4.	 Test culture stability and amount of "downtime". 

The large raceways will be about 1/4 the length of the raceways 
proposed for the conceptual facility, based on the assumption 
that beyond a certain point, added length will not affect the 
performance of a raceway. 

One settling pond will also be constructed to test the 
mechanics of settling, draining, and harvesting the algae on a 
large scale and to determine the actual harvest efficiency and 
solids content of harvested material from the large raceways. 
The settling pond will be large enough to accept the harvested 
water from one large raceway (approx. 350 m3 ) . The pond should 
be large enough to allow tests of alternative methods for 
removing the harvested material (for example, suction harvesting 
as suggested for the conceptual facility vs , scraping the 
material into a sump). 

~The Phase 2 budget proposal (see Section 9.0) may be higher 
than necessary because lt must al ow for the man unknowns ill' 
r ceway es aqrr; r examp e, lt assumes that the soil ceme t 
must be 10% cement, that the C02 sumps must be 4 m deep, and that 
large amounts of fill must be brought in to construct the large 
raceways. It Ls likely that some of these anticipated expenses 
can be reduced, based on the results of the Phase 1 experiments. 
The budget is conservative because of the contract requirement to 
specify the entire project budget now. An alternative funding 
strategy might be to fund the Phase 1 experiments first, and use 
the results to plan the Phase 2 budget. 
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2Ll Facility Design: Southwest Experiments 

e ex eriments at the Roswell Test Facility will be mainly 
........	 spec ies screen~ng ~a s 0 etermine t ose a gae 0 ones· ­

trlea) that give the best ploduetlon rates in a shallow raceway 
system under varying environmental conditions. The raceways will 
not need to be as large or as closely monitored as the Phase 1 
experimental raceways. ix cewa s about the size of t e 
existing Hawaii raceway (50 m ) will be c ed. Like the 
Phase 1 raceways, they will be constructed of plywood and lined, 
bu t they wi 11 not need to be modu 1 ar in des ign. 

The Roswell Test Facility is already being used for algae 
cuture studies, and therefore has most of the additional 
facilities needed for the species screening studies (B.
Go 1ds t e in, New Mex i coS0 1arEnergyIns titute, per s , co mm.) , An 
adequate supply of saline water (14 ppt) is available. 
Inexpensive laboratory space is available for a culture room to 
maintain cultures of different algae for testing in the raceways.
By the time this project is initiated, a computer monitoring 
system will be on site which can handle the CO2 input control for 
the six raceways. Therefore, few other items will be needed 
except the raceways themselves and the personnel to operate them. 
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8.0 SCALED EXPERIMENT: OPERATION
 

Jlal. Personnel 

Personnel involved in the project will be: 

Project Management and Principal Investigators:
Dr. Richard Spencer, AAI 
Mr. Frederick Mencher, AAI 

Subcontractor (Engineering and Design):
Makai Ocean Engineering 

Project Manager (Southwest Site):
Dr. Barry Goldstein, New Mexico Solar 

Energy Institute 
Consultant (Algal Biology):

Dr. Edward Laws, University of Hawaii 
Consultant (Economics):

Dr. Karl Samples, University of Hawaii 

Four technicians should be sufficient to monitor the Stage 1 
experiments, maintain the algal stock cultures, harvest and clean 
the raceways, and perform the other necessary on-site tasks. 
Because of the continuous nature of the experiments and the 
necessity to harvest raceways on a consistent schedule, 
technicians will be needed on site seven days a week. When the 
two large raceways are in operation during Stage 2, at least one 
more technician and possibly two will be required to monitor, 
clean, and harvest the production raceways. Because of the large 
amount of light construction work that will be required 
throughout the project as raceways, sumps, and foil designs are 
modified, a skilled laborer has been included in addition to the 
technical personnel. Temporary laborers will be hired as 
necessary during the construction period and perhaps when the 
modular raceways are reconfigured. 

Two technicians will be required to maintain the species 
screening experiments in New Mexico. 

~ Design An4 Construction 

At the beginning of the project, there will be a 5-6 month 
design and construction period. Included in this time period are 
the final design and construction of Stage 1 facilities (modular 
raceways, soil cement pad, small soil cement raceway, buildings, 
well, etc.). Prior to construction, a soil engineer will be 
consulted to determine the proper soil cement formulation for the 
site. 

During the design and construction period, several 
experiments will be done to determine engineering parameters that 
will be necessary later on. Flume studies will be cond d y 
MOE personnel at the Look Labor 0 Oceanographic 
Engineering, University of Hawaii, to determine the actual 

---=.. 
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roughness coefficient of soil cement formulations and the Qrag 
produced by var ious foil des igns. These measurements wi 11 
provlde necessary inputs lnto the design of the large soil cement 
raceways. Another experiment to be done during the design period 
is a test of C02 sump effectiveness vs. sump depth. AU-tube 
made of PVC pipe can be used to simulate a sump for this 
experiment, making the test much easier to do. A C02 sparger 
wi 11 be placed in one s ide of the U-tube. As water f lows through 
the U-tube, some of the CO2 will dissolve in the water; the 
amount of inorganic carbon in the water can be measured by 
measuring pH and alkalinity (5. Smith, University of Hawaii, 
pers. comm.). The degree of saturation achieved for different 
sump depths at appropriate water velocities can be compared to 
the initial design assumptions (Section 3.7). Optimal sump depth 
is a design criterion for the large Stage 2 raceways and is also 
important in estimating sump costs for a commercial facility. 

~ Hawaii Experiments; Stage ~ 

8.3.1 General Procedures 

Initially, the raceway cultures will be started from 20­
liter carboy cultures which, in turn, will be started from stock 
cultures kept in flasks. Once the raceway cultures are 
established, they are normally quite stable, so it should be 
possible to run experiments in sequence using the same raceway 
cultures. A one-week preconditioning period will be allowed 
between experiments to adapt the cells to new experimental 
conditions. If a raceway culture does fail, the raceway will be 
sterilized with dilute sodium hypochlorite solution and seeded 
from another raceway; the ongoing experiment will be restarted if 
desired once the new culture is dense enough. If all the 
cultures fail simUltaneously (for example, in a power failure), 
they can be restarted from carboy cultures. 

Every three days, 87% of the water in each raceway wi 11 be 
exchanged. This dilution schedule has proved to enhance growth
in the experimental raceway (Laws, 1984). 

Based on the present raceway experiments in Hawaii, a two­
week production period should be enough to compare treatments in 
an experiment. Two replicates (raceways) per treatment should be 
enough to expose significant differences among treatments by 
analysis of variance, given the reproducibility of production 
measurements in the existing Hawaii raceways (within about 10%; 
E• Laws , per s , c 0 mm .) • 

As noted above (Section 7.2.4), CO2 and other nutrients will 
be metered into the raceways automatically based on pH 
measurements by a probe in each raceway. The non~carbon 

nutrients (nitrogen, phosphorus, and trace metals) will be 
suppl ied from sma11 stor age tanks containing premixed nut r ient 
solutions. The ratio of non-carbon nutrient input to CO2 input 
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will be determined initially by algal chemical composition but 
will be refined as utilization efficiencies for the different 
nutrients become known. 

Light intensity will be measured with a Licor LI-IOOO light 
meter and sensor. Raceway water temperature will be determined 
by a temperature probe in one raceway. The light and temperature 
measurements will be recorded by the computer controller. 

TO measure daily algal production, cell counts will be taken 
daily each morning from each raceway. For a more precise 
measurement of total production, an aliquot of known volume will 
be taken from each raceway at the time of harvest. The samples 
wi 11 be fi I tered on preweighed fi I ters, rinsed to remove sal t, 
and dried to constant weight at 60°C for dry weight measurements. 
Samples for ash determinations will then be combusted at 500 C 
for 4 hours. At the end of each experiment, a sample will also 
be taken from each raceway for CHN analys is to determine carbon 
and nitrogen content as a proportion of ash-free dry weight. 
More frequent CHN samples will be taken during experiments 
testing different fertilizers and fertilization strategies, as 
these experiments are more likely to produce differences in cell 
composition among treatments. Proximate analysis will be done 
occasionally to verify that the proportions of cellular 
components remain constant, as they do in the existing 
exper imental raceway. 

Total production over each 3-day period can be calculated 
from the dry weight measurements and the areas of the raceways. 
Production on intermediate days can be estimated from the cell 
counts. Solar energy conversion efficiency can be calculated 
from ash-free dry weight and the light measurements. Filtered 
water samples will be taken from each raceway at harvest for 
nutrient measurements so that the amount of nitrogen and 
phosphate lost in the effluent water can be determined. Since 
the nutrient inputs and algal composition will be known, nutrient 
utilization efficiencies can be calculated. Unaccounted losses 
will provide an estimate of nutrient outgassing. 

8.3.2 Schedu led Exper iments 

The following is a list of experiments planned for Phase 1. 
Most of these experiments do not use the full capacity of the 
raceways. This is to allow for "down time" of components (broken 
pumps, leaky liners), to permit reconfiguration for a new 
experiment while an old one is still going on (cutting turnaround 
time between experiments) I and to allow the freedom to try
experiments not in the original plan as new information comes in. 

The planned experiments should take 36-45 weeks to complete. 
In addition, there will be a I-month "shakedown and calibration 
period" after the initial construction phase to: 
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1. test operation of the modular experimental raceways, 

2. get the control/monitoring system working, 

3. start Platymonas carboy cultures, then raceway cultures, 

4. set up Experiment 1 raceway configuration. 

There will also be at least a two-week period after Experiment 1, 
after the proper pump type has been determined, when enough pumps 
for the rest of the experiments are purchased or' built. Thus the 
total time required for the modular raceway experiments will be 
roughly 42-51 weeks. If the initial design and construction 
period takes no more than 5-6 months, the modular raceway 
experiments can be done within 18 months of project startup. 
Undoubtedly, however, the experiments will raise questions which 
will require more experiments to answer, so that the modular 
raceways will be in operation throughout the life of the project. 

EXPERIMENT 1:	 Pump type vs. water velocity 

Rationale: The type of pump used may affect the productivity of
 
the algae. Propeller pumps are more efficient than airlifts,
 
but ha ve not been tested on ~~atymQnas. This exper iment is
 
done first because it determines the type of pump to be used
 
in SUbsequent experiments.
 

Water velocity will affect algal productivity and has a 
strong effect on energy costs. Since the water velocity and 
the pump type may interact in their effects on the algae, 
these parameters are tested together. ~ ~.....L-

ei Q \ \1.4 hyl lit~~ 
Duration: 5-8 weeks	 Q,.Jt ~?(\e ~. ~ S~ 

Experiment lA: Propeller pumps vs. airlifts at 30 crn/sec ~~~~ 

Raceway configuration: 4 100 m running length raceways
 
2 ea: Propeller pumps with sumps
 

Airlift pumps with sumps and
 
blower
 

C02 sumps should be separate
from pump sumps to avoid 
outgassing at airlifts 

Foils every 1.5 m 

Measurements:	 Production rate/solar conversion efficiency
 
Energy consumption
 

Measure electricity consumed by propeller 
pumps, measure air flow through airlift 
feed lines 

CO2, N utilization efficiency 
Compare outgassing between pump types 

Proximate analysis (this is the first chance 
to measure) 
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Experiments Ib ••• In: Same as above but with different 
velocities. start with 20 em/sec, then increase or decrease 
depending on results. 

Note:	 After Experiment 1 the decision must be made on the 
preferred pump type for subsequent experiments. 
Additional pumps are purchased or built following this 
decision. 

EXPERIMENT 2: Foil configuration and spacing 

Rat iona 1 e: Foi Is are a major cost item in the construct ion of a 
Hawaii-type raceway system. A tradeoff must be established 
between foil spacing (both laterally and along the raceway) 
and prod uct ion. 

Laws et ale (1983) observed a 120% increase in photosynthetic 
efficiency in PhaeQdactylum using airfoil-shaped structures. 
With ~~atymonas, using flat plates, only a 45% increase 
occurred. While there are many other factors that could 
account for tfils l erence, it S wOf lnves 19atiEg. 

"\ ~\ J~ ~vc.t\A\C::
Duration: 6 weeks	 -; ~~; 

Raceway configuration: 8 50 m running length raceways
 
2 raceways ea: Different foil types
 

and/or spacing
 

Measurements:	 Production rate/solar conversion efficiency
 
Head loss: measure pump energy consumption
 
C02' N conversion efficiency: most promising
 

designs only. 

Note:	 Tests o f different fo i 1 des igns and spac ings cou ld 
continue almost indef initely, especially if potential 
interactions with water velocity and depth are also 
explored. No more than 2 or 3 sets of experiments are 
envisioned before going on to Exp. 4, with additional 
experiments continuing in "spare n raceways as desired. 
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EXPERIMENT 3: Distance between CO2 sumps 

Rationale: Distance between CO2 sumps is a design parameter 
that must be known in order to design the Stage 2 raceways 
and to improve capital cost estimates for the conceptual 
facility. Tradeoffs among CO2 sump costs, head loss through 
the sumps, and potential carbon limitation must be made. 

Duration: 4-5	 weeks 

Raceway configuration:	 I 500 m running length raceway
 
CO2 sumps every 50 m
 

Measurements: Production rate/solar efficiency with different 
numbers of CO2 emitters on 

pH vs. distance from C02 sumps (measure 
every 20 m every 2 hrs. dur ing day) 

Alkalinity samples together with pH samples 
will allow calculation of carbon uptake 

CO2 conversion efficiency 

EXPERIMENT 4:	 Acceptability of different fertilizers 

Rationale: The conceptual analysis assumes that the least 
expensive fertilizers will be used, but some of the candidate 
fertilizers have not been tested on Platymonas. They will be 
tested against fertilizers now in use in the experimental 
raceway. 

Except for iron, trace metal requirements for Platymonas in 
the raceway have not been demonstrated. This is not a 
critical cost item, but it is relatively easy to test here. 

Duration: 9-12 weeks 

Experiment 4a: Nitrogen fertilizers 

Raceway configuration:	 8 50 m running length raceways 
2 ea:	 ammonia 

ammonium sulfate 
urea 
UAN-32 or other 

Measurements:	 Production rate/solar conversion efficiency 
N utilization efficiency 
Cell composition, proximate analysis 
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Experiment 4b:	 Phosphate fertilizers 

Raceway configuration:	 6 50 m running length raceways 
Use nbest" N source from Exp. 6a 
2 ea: phosphoric acid 

10-34-0 
treble	 superphosphate 

Measurements:	 Production rate/solar conversion efficiency 
N, P conversion efficiency 
Cell composition 

Experiment 4c:	 Trace metals 

Raceway configuration:	 8 50 m running length raceways 
Use nbest H N, P sources from Exp. 6 a & b 
2 ea: f/IO metals complete 

f/IO without EDTA 
f/10 EDTA & Fe without other trace 

metals 
f/10 Fe alone 

Measurements:	 same as 4b 

Note:	 The results of these experiments will dictate whether or 
not further experiments on fertilizers are desirable. 

EXPERIMENT 5:	 Fertilizer application method 

Rationale: If fertilizer can be supplied on an intermittent 
basis, the nutrient distribution system in a commercial farm 
can be simplified and perhaps combined with the evaporation 
makeup water system. This simplification would reduce 
capital costs. The effectiveness of intermittent fertiliza­
t ion vs. con t inuous (by demand) fe rt iIi zat ion shou ld be 
tested. 

Duration: 3 weeks 

Raceway configuration:	 8 50 m running length raceways 
2 ea: Constant fertilization governed 

by C02 demand 
Fertilization at I-hr intervals 
Fertilization at 3-hr intervals 
Fertilization at daily intervals 

Measurements:	 as in Exp. 4b; also time series of nutrient 
samples to examine uptake vs. time 
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EXPERIMENT 6: Period between cleanings 

Rationale: The experimental system is now cleaned every day; 
daily cleaning would be a significant labor cost for a 
commercial system. Mechanical cleaning devices will be 
expensive and will probably require frequent maintenance. 
When the optimal cleaning frequency is known, it will be much 
easier to estimate labor requirements for a commercial 
facility. 

Duration: approx. 3 weeks 

Raceway configuration: 10 50 m running length raceways 
2 ea:	 cleaned daily 

cleaned every 2 days 
cleaned every 3 days 
cleaned every 6 days 
not cleaned 

Note:	 This experiment will be run 3 weeks or until uncleaned 
raceways exhibit obvious problems. 

Measurements: Production rate/solar conversion efficiency 
Energy consumption by pump (drag may increase w/o 

cleaning) 

EXPERIMENT 7: Recycle of effluent water 

Rationale: Recycle of effluent water is desirable because it 
reduces total water requirements. In the Southwest, this 
reduction may be critical; in Hawaii, it would be useful 
because it reduces effluent loads. The effect of water 
recycle on production and harvestability in Platymonas has 
not been studied. 

Duration: approx. 3 weeks 

Raceway configuration: 6 50 m running length raceways 
2 ea:	 Recycle all water after harvest 

Recycle 1/2 of water after harvest 
No recycle 

Measurements: Production rate/solar conversion efficiency 
Harvest efficiency: does recycle of unharvested 

cells reduce future harvests? It may not ~ 
be possible to answer th~s question in a 
short-term exper iment. D / ---..... 

-	 ~l.kl ~ d: ~ ~l-'4 
-0	 ~/ 
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EXPERIMENT 8: Harvestability under different conditions 

Rationale: Different environmental conditions and culture 
strategies may affect settling behavior in f.latymonas. 
Harvest efficiency is an important parameter determining the 
price of algae grown in the conceptual facility. Conditions 
that produce the greatest harvestability and highest solids 
content are highly desirable. 

Note:	 Runs concurrently with the other experiments, using 
harvested material from the experiments. 

Configuration: 1 small harvester (SS-gallon drum) per 
experimental raceway - 10 max. Larger experiments done in 
small settling pond to confirm small-scale efficiencies. 

Measurements: Harvest efficiency, solids content of settled
 
material
 

EXPERIMENT 9: Use of digester effluent as fertilizer 

Rationale: In a system producing methane as a main product or 
byproduct, the digester effluent could be a significant 
source of recycled nutrients. The percentage of nutrients 
available from this source, and the usefulness to the algae 
of nutrient-containing compounds in digester effluent are not 
known. 

Duration: 3-S	 weeks 

Raceway configuration: 4 SO-m running length raceways or smaller 
2 ea: Digester supernatant + supplemental 

nutrients 
Commercial fertilizer only 

Measurements:	 Nutrient content of digester effluent
 
Production/solar conversion efficiency
 
Nutrient utilization efficiency
 

~ Hawaii E~periments; Stage ~ 

Experiments 1-3 of Phase 1 will establish several design 
criteria for the large Phase 2 raceways: pump type, raceway 
slope, depth of C02 sumps, distance between CO2 sumps, and foil 
design and spacing. Design of the Phase 2 raceways will begin
when Experiment 1 ends and will continue until after Experiment 3 
ends. When a final design is complete, construction will begin 
on Phase 2 facilities. 

The Phase 2 raceways will be run as production raceways, 
except for somewhat more thorough monitoring than a production 
raceway would receive. The raceway cultures will be started with 
stock material from the smaller Phase I raceways. CO2 input will 

''''---1 
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be monitored and controlled in the same manner as in smaller 
raceways. Fertilization strategy and cleaning frequency will be 
determined by the results of the Phase I experiments. 

Production will be measured in the same way as in the Phase 
1 system. CHN, ash, and proximate analyses will be done 
occasionally as needed to establish the similarity (or 
difference) of algal composition in large raceways to that in 
smaller ones, and to determine nutrient utilization efficiencies 
and solar conversion efficiency in the larger raceways. Energy 
consumption of the raceway pumps will be recorded. All labor 
involved in monitoring, cleaning, and maintaining the Phase 2 
raceways will be noted. Also noted will be the number of culture 
failures, if any, and the time it takes to sterilize a raceway 
and get it back into production. 

A variety of devices will be tested as small-scale models of 
potential cleaning machines. 

The Phase 2 settling pond will be large enough to accept the 
harvest water from one of the large raceways. It will be 
operated routinely to test Platymonas settling on a large scale 
over a long period of time so that long-term average harvest 
efficiency and solids content can be determined. Different 
strategies for removing settled material from the pond will be 
compared. 

The raceways will be operated until the end of the project, 
probably 8-12 months. This period of operation will allow 
reasonably accurate estimates of operating costs and production 
for a commercial facility. 

~ Southwest Experiments 

The six small raceways at the Roswell Test Facility will be 
used to screen as many algal species as possible for production 
and harvestability under varying seasonal conditions. Species 
will be obtained from the local environment, from the SERI 
culture collection, and from other research collections. Of 
particular interest will be other £~g~~ species that may 
exhibit settling behavior like the Hawaiian Platymonas, but are 
better adapted to Mainland conditions. Relatively large algae 
are also desirable because they are easier to harvest by 
screening. The algae will be maintained in the laboratory; 
several species at a time will be grown out in larger containers 
to seed the raceways. => ..sJQ.~~Ot-~? 

Production will be the initia criterion for choosing among
species; at ae that exhibit th best . . 9 a 
particular season Wl e se ec e or more detailed comparisons 
of production vs. dilution rate and timing. These parameters 
have proved cr itical in obtaining exceptionally high yields in 
the Hawaii raceway system. The ultimate goal of the Southwest 
experiments is to define a suite of species that can be cultured 
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successfully in a Southwest u.S. shallow raceway system during 
different seasons, and thereby to define the potential 
performance of a shallow raceway culture system in the Southwest. 

~ Additional Experiments 

As noted above (Section 7.2.1), a small soil cement raceway 
will be operated during Phase 1 to test blocompatlol11ty and 
i@rabiIlty of soil cement under operatlng eOnOltlons before the 

..	 large soil cement raceways are designed. After this experiment 
ends, the raceway will be sprayed with Parabond for a test of 
biocompatibility of this product. An anaerobic digester will be 
built mainly for nutrient recycling studies, but will also be 
monitored for gas production, gas composition (analysis will be 
done by HIRI refinery staff), and energy consumption (heating and 
stirring of digester contents). 

Experiments testing the use of unharvested algae as feed for 
shellfish have not been listed because of SERI's mandate as an 
energy research institute, although byproducts such as shellfish 
could contribute substantially to the economics of an algae fuels 
facility. I· tends to pursue shellfish culture experiments on 
its own using raceway an. sett ing pond effluents t at are not 

!eeded for otheL puxpdses.	 ~ 

Other experiments (such as trials with other species) will 
be done at SERI request. 

The computer economic model will be refined throughout the 
contract period based on the results of the experiments. 

A schedule of the proposed series of experiments is shown in 
Figure 8-1. 
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MONTHS START 6 12 18 24 

STAGE 1 

Design & construct 
Stage 1 facility 

Flume tests on soil 
cement, foil drag 

Transfer rate & 
efficiency of C02 J 
sump (using pipe)
 

Scheduled experiments
 

Additional experiments
 ----- - - -------; 

I--' STAGE 2 
I--' 
I--' 

Design large raceways 

Construct large race­

ways, settling pond
 

Production trials in 
large raceways 

SOUTHWEST EXPERIMENTS
 

Construct raceways
 

Species screening \
 
trials ~ I 

Species optimization
 
(when appropriate)
 

Figure 8-1. Schedule of proposed experiments. 



~ PROPOSED BUDGET 

Cost Eatiaate for Kicroalgse Experiaent 

All prices include installation unless labor coata are specified 

Stage 1 Coat Eatiaate 

It•• Total Cost Quanity Unta Unit Coat.. Source Description 
Koveable Raceway. (10') 328.0 
Supports aetal 10'apcg 516,262.00 346.0 647.00' Atlas Sales Scaffolding type fraaewk, adJstable 2.5~3.5 it 
Plywood 516,375.00 500.0 ea 832.75 Honaador Plywood, 328 sheets for base of rcwy, rest for aides 
2x6xl0' support.' 55,929.00 1,078•.0 ea S5.S0 Oahu Luaber 2XbXl0 ft bea•• under plywood 
Liner total FDa Hono 635,100.00 97,500.0 aqft SO.36 Staff Ind ­ 20 ail pvc liner, enough for relining b tia88 
H20/C02 Suapa 55,955.00 10.0 ea 5595.50 MOE Wood for H20/C02 8uaps+pipe for U tubes 
Fasteners & aiae. 86,358.28 IDE 
Circulation Puapa 810,980.00 12.0 ea 8915.00 MOE Special design prop. puapa or airlifts 
Foils, Katl + Assby 512,500.00 6,250.0 ea $2.00 tlOE 5086 aluainua 
Aaably labor(on above) 87 4 78 2,401.8 hra 530.00 !tOE Aaae.bly approx. equals cost of .ateriela 

Subtotal S181,514.05 with extra co.pensatioR for skilled trades.en 

Sea Water supply 
Well, drill & etc 515,750.00 90.0 es 8175.00 Roscoe-Moaa 1 Well 8-10 in dia, 90 it deep 
Puap $7,500.00 1.0 ea ,$7,500.00 Roscoe-Hoaa 400 gp. cast iron puap, 20' head, installed 
Pipe, Ftga & Valves & 818,085.25 1.0 es S18,085.25 NOE 600 it 6in. pipe, 11-50 it x 4in hose installed 

Subtotal 941,335.25 

Harvesting equip.ent 
Puap 55,000.00 1.0 ea 85,000.00 HOE Discharge pu.p to trench 
Hose " pipe S10,860.60 1.0 8. 810,860.60 KOE 600' b in pipe, 11 x SO' 4 in pipe, 'T'. & connectors 
S.all Settling Pond 53,100.00 2.0 aa 51,550.00 MOE 1 ••all settling pond(3.5 a Die) + valves, piping 
Digestors $10,000.00 1.0 ea 810,000.00 Inst.Go8 Tech. 15 gal/day (effluent) digestor 
Training trip (IGT) S4,000.00 1.0 ea 84,000.00 I.G~T. 

Subtotal 532,960.60 

Hutrient.a 
Mixing t.anka 52,000.00 4.0 8. S~oo.OO MOE Tanka for a1xing fertilizers 
Pu.p 5500.00 1.0 ea $500.00 MOE 0.25 gpa puap_ for nut. 
Feeding pipe & ftga & 52,052.75 1.0 es 82,052.75 MOE 600' 1/2 inch pipe, connectors, tees 

Subtotal 54,552.75 

Coaputer 
Hardware 810,000.00 1.0 sa S10,OOO.OO MOE .coaputer

-. 
viA to D aaapling 

Wiring $12,000.00 1.0 ea 512,000.00 IIOE 
Software/lnterfac. 56,000.00 1.0 ea 56,000.00 KOE Progra. dev., interface, calibration, debugging & data 
C02 Diffuser 5726.00 132.0 ft 85.50 Kulvilhill 11 x 10ft of Plastipor tubing 
C02 Meter volu.e 516,500.00 11.0 ea 81,500.00 Signet Sci. 
CO2 Cntrl Valves 52,750.00 11.0 ea $250.00 Signet Sci. 
Ph probe + aap 55,500.00 11.0 ea S500.00 Signet Sci. 
Nutrient aeter 85,500.00 11.0 ea . S500.00 Signet Sci. 
Nutrient Cntrl Valves 55,500.00 11.0 ea ,. 8500.00 Signet Sci. 
Light Meter 51,500 ea $1,500.00 Licor
 
Te.perature
 ee 8200.00 110£
 
Velocity aeter
 ea 51,500.00 HOE 

Subtotal 
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BUildings 
Office/lab 815,900.00 1.0 ea S15,9oo.00 Hokulua Cnaltnt 10' x 32' 
Storage/Shop S14,400.00 1,600.0 ft2 $9.00 Tectonics 20'x80' Ketal storage structure 
Concrete slab for .hop $4,938.27 19.8 cuyd 8250.00 HOE Floor slab for atorage bUilding 

Subtotal $36.738.27 

Lab, Shop & Office eqpt 
Surveyor'. Tranait 8500.00 1.0 ea 8500.00 HOE 
pH a.ter Sl,500.00 1.0 es 81.500.00 
l1ieroacope 82,000.00 1.0 aa S2,Ooo.OO Haw. Che. 
Heaacytoaeter 875.00 1.0 ea 875.00 Curtin-Matheson 

. Glassware $1,000.00 1.0 ea 81,000.00 AA1 
Vacuua Puap+£ltr 6S00.00 1.0 aa 8500.00 Co~e-P.l.er 

Electronic Balance 5600.00 1.0 ea 5600.00 Cole-Pllaer . 
Industrial Scale 81.700.00 1.0 ea $1,700.00 Cole-Palaer 
Drying Oven 81,050.00 1.0 ea 81,050.00 Cole-P~l.er 

Muffle Furnace 15450.00 1.0 as 8450.00 Cole-palaer 
Deaiceator $40.00 1.0 ee 840.00 Cole-Pelaer 
Freezer 8300.00 1.0 8S $300.00 Seara 
Watt.eter 8300.00 1.0 ea S3oo.00 MOE 
Shop supplies 515,000.00 1.0 ea 815,000.00 KOE Powe~ Saw., Plu.bing Toola, Hand Toola, 81o~k & Tackle, 
Word Processor 85,000.00 1.0 ea 55,000.00 AAI 

Subtotal 830.015.00 

Elect.rical Inatl 816,600.00 1.0 as S16,600.00 HOE $10000 .atl. and 40 hra electrician 

Earthwork Stg 1 w/labor
 
Kohilizat.ion $5,000.00 1.0 ea 85.000.00
 
Clear £. Grub 525,200.00 2.1 acre $12,000.00 St. Soil Serve Clear and Kiniaua Hauling
 
Survey 51,320.00 2.0 crw/d $660.00 NCE 2-3 .en/crew
 
Fill $19,035.00 1,269.0 cuyd 815.00 MOE & HD&C 6 in. on pad, slpe+beras •• rcwy
 
Spreading Fill S761.40 1,269.0 cuyd 80.60 NCE p167 aaall rcwy & Pad
 
Grading 811,737.50 78,250.0 aqft 80.15 NCE p168 aaall rcwy & Pad
 
Supervision 810,200.00 IiOE 1 .0 engineer & 1 .0 {ore.an
 
5011 Analysi. $1,500.00 1.0 ea 81,500.00 SoilaInt. Gene Shinsata, Soils Engineer analysis £or Soil eeaent
 
So11-Ceaent aat'l $40,927.95 272.9 tODS 8150.00 HD&C 4 in.-;·•• revy + 6 in. pad, 10~ cat
 

inatl 835,212.50 78,250.0 sqft 80.45 ax HD&C 
~ H20/C02 Suapa dig 51,320.00 110.0 cuyd S12.00 }lOE 

concrete 86,566.00 13.4 cuyd $490.00 MOE 
pu.p 810,000.00 1.0 ea 810.000.00 liOE 1710 gpa, 2-3 ft head puap (2 hp) for aal rcwy 

C02 Delivery to site $12,000.00 1.0 ea 812,000.00 NCE 800 it. pvc, buried, 100 ft atl buried, blower,valve,~et 

Dist.. on sit.e 52.500.00 500.0 ea S~.OO NCE 500 it 21nch pvc: inatld 
Subtotal $183,280.35 

Subtotal Stage 1 8594.1 67 2 •.....::::;;;;;2__
 

Indirect
 
G & A (5~) 0,236.11 
Fee (1o,,) , S6 2.23 
Excise Tax (4~) 527,817. 

Total Stage 1 5723,241.83
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New Xex!co Experi.ent 

Equip.ent 
Raceway. 59,750.00 6.0 ea 61,&25.00 "DE 6-50 .2 plywood raceways w/20 ail pvc liners 
Puapa & Pipes 84,800.00 6.0 .a $800.00 IIOE 6 propel lor pu.pa and required piping 
lIon1toring Eqpt 85,000.00 1.0 55.000.00 AAI pH probea. control valves and mise. aonitoring eqpt 
Foila 5450.00 180.0 ea 82.50 "OE Plastic foil array. 

Subt.otal $20,000.00 

Operating Coata 
C02, Nutrients & Elec 820,000.00 2.0 yr 510,000.00 AAI 

-:
Rent 8400.00 2.0 . yr 5200.00 AAI 
Misc. Supplies 82,000.00 2.0 yr 51,000.00 AAI 
Travel $26,000.00 20.0 trip $1,300.00 AAI 10 Trips to Mew Mexico site per year 
Labor 

Site Manager $12,000.00 24.0 aan-a 8500.00 AAI Barry Goldstein 
Technicians $96,000.00 48.0 aan-a 152,000.00 AAI 2 Technicians for two years 

Subtotal 5156,400.00 

Subtotal for New Mexico $176.400.00 
G " A (5~) 58,220.00
 
Fee (10") S17,640.00
 
Excise Tax (4-> S 0
 

Total £or New Kexico 8210,350.40 

Stage 2 Coat Esti.ate 

Earthwork ph 2 w/labor 
Mobilization 55,000.00 1.0 ea 55,000.00 
Clear & Grub 560,000.00 5.0 acre S12,000.00 St. Soil.Se~v. Clear and Hiniau. Hauling 
Survey 81,320.00 2.0 crw/d 8660.00 NCE 2-3 aen/c:rev 
Fill 890,825.00 6,055.0 cuyd 815.00 MOE & RD&C 6 in. on slpe+bera. 19 rewy & Settling pond 
Spreading Fill 83,633.00 6,055.0 cuyd 80.60 NeE p167 2 19 rcwya + settling pond 
Grading S3~,51S.63 243,437.5 aqft 80.15 NeE pl£.8 2 19 rcwys • settling pond 
Supervision 815,300.00 MOE 1.5 .Q engr & 1.5 ao fran 
Soil-Ceaent .at'l $66,281.80 441.9 tons $150.00 HD&C 4 in. 2 19 rcwy + 6 in. pond, 10~ cat 

1natl 5109,546.88 243,437.5 sq£t 80.45 3xHD&C
 
H20/C02 Suapa dig 83,960.00 330.0 cuyd $12.00 1I0E 4 • deep
 

concrete 515,680.00 32.0 cuyd $490.00 MOE 4 • deep
 
Puapa 551,172.00 2.0 ea $25,586.00 M & W Puap 5000. gp., 5 it hd (10 hp)
 

Valves & Piping $6,080.00 2.0 ea 53,040.00 Fresno V. & Apa 2x50 1 of 12 in, 1 valve at 500. 45' of 16 in
 
C02 SUMpS dig S12.744.00 1,062.0 cuyd 512.00 "OE 6 suaps at 4 • deep
 

concrete 550,568.00 103.2 cuyd 5490.00 MOE 6 8uapa at 4 • deep
 
diffuser $1,452.00 264.0 £t $5.50 Mulvilhill 8 x 33 it of Plastipor tUbing
 

Settling Pond
 
Drain pipe &2.361.60 295.2 :ft 58.00 MOE 3-6 in Die PVC 30 • long
 
Valves 51,800.00 3.0 ea 5600.00 Fresno Valve 3-Line Gate or Canal valves
 
Aluainua Ch. 5259.78 288.6 £t sO.90 Duco••un Metal 288 it of Ix! in Al. angle
 

Harvest KachCOsgn Exp) 510,000.00 1.0 ea 510,000.00 KOE Mat'l for various Machines to harvest slurry 
PuaptEffluent Reyel) 54,000.00 1.0 ea S4,000.00 NeE 8009P., 10ft head for. recycling effluent w~teer froa a 

Subtotal $548,499.68 

Foils MatI + Asably 526,666.67 13,333.3 ea S2.00 Duco••un & MOE 20 c. v.r.t. width, 1.~ • w.r.t. l.en9t h 
Installation S6 r666.67 13,333.3 ea 50.50 MOE 1 .an 30/hr i SlS/hr 

Subtotal 533,333.33 
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Clning Mach. (Dagn Exp.) 

Kater. " Valves 
C02 Meter Voluae 
Ph probe • .ap 
J4utrient .et.ar 
Control Valves far Hut 

Subtot.al 

Subtotal Stage 2 
Indirect 

G &. A (5~) 

Fe. (10~) 

Excise Tax (4-> 
Total Stage 2 

Total Hawaii ProJect Operating Coata (24 aontha) 

Operating Coat. 
Land Rental 
Electricity 
Nutrient. 
CO2 
Contract Lab Anal. 
Travel 

Vehicles 
Light truck 
Leased Crane 
Leased Forklift 
Flatbed Rental 

Labor 
Engineering 

Dagn & SuperviaioD 
Expert.entation 

Ad.in/Scientist. 
Conaultant(Ed Lawa) 
Conaultant(K. Sa.plea 
Secretary 
Technicians 
Skilled Labor 
Genll labor 

Total Operating Coats 
G & A (5.) 
Fee (10~) 

Excise Tax (4_> 
Total Hawaii Opere Cost 

815,000.00 1.0 ea 515,000.00 HOE 

83,000.00 2.0 ea 81,500.00
 
81,500.00 3.0 ea 5500.00
 
81,000.00 2.0 e .. S~OO.OO
 

81,000.00 2.0 e. $500.00
 
56,500.00
 

&603,333.01 

830,166.65 
$60,333.30 
S~........~~~
 

8721,586.28 + t)CO~I cx::o S-'d ·i 

53,000.00 l~.O 

$34,214.40 15,840.0 
S24,500.00 1.0 
56,930.00 252.0 

510,000.00 
S4,000.00 4.0 

88,100.00 18.0 
$3,300.00 1.0 

821,600.00 18.0 
82,200.00 5.0 

8:'0,000.00 10.0 
S30,000.00 6.0 
$97,500.00 30.0 

$6,000.00 24.0 
53,000.00 24.0 

536,000.00 24.0 
8240,000.00 96.0 

S90,000.00 18.0 
886,400.00 72.0 

8156,744.40 
533,387.22 
575,674.44 
834,632.24 
S900,438.~~----~ 

Grand Total<Haw+N.Hex) 52.~55.622.81 \AJo~ 

ac/yr 5200.00 AAI 
kwh/. 80.12 IIOE 
ea 824,500.00 PRJ 
!IT 827.50 PRI 

AAI 
trips $1,000.00 AAI 

Mat'l for various Machines to clean 19 raceways 

22 Kw for 24 hra for 30 days for 18 aos 
400kg/day afdw £or 6 aoa, 60 KT/yr N Fertilizer + P Fer 
.4 KT/day for 1 yrC!g revy) & .3 KT/day for 1 yrCa.alle 

2 tripa/yr to SERI 

.nt.h 8450.00 Auto & Eqant Leasing + aar Inaurace eat 

.nth 83,300.00 Becon 14 ton 

.nt.h 81,200.00 Rent Monthly.·fro. Bacon 4 ton 
dey 

aan-. 
aan-a 
aan-a 
aan-a 
aan-a 
.an-. 
aan-a 
aan-a 
aan-a 

$440.00 

85,000.00 MOE 
$5.000.00 liOE 
83,250.00 Ail 

5250.00 E.L. 
8125.00 K.S. 

51,500.00 Ail 
$2,500.00 AAI 

. $5,000.00 HOE 
51,200.00 MOE 

2 eng'ra, for 2 a08 £or design & canst. supervision 
1 eng'rs for 2 a08 for clning & harvesting Machine.des! 
kick Spencer and Fred Hencher. AAI 
Parttiae consultation with Ed Laws 
Parttiae-consultation with proJect econo.ist 
1 fulltiae secretary 
6 £ullti.e technician. {or 12 aDS 
1 Skilled laborer for 12 .08 

4. te.porary hire laborer. for 12 aontha 
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PARAr-tEI'ER TFsr FOR IANS SlW.LC1.v ~'1ATER RACEt'1AY 
DRAFT 

INI'ROOOCTION 

The object of this study ~ms to deterrrdne the importance of 
several physical parameters characteristic of Laws' shallow 
raceway system to the power consumption and head loss associated 
with water circulation around these raceways. The parameters 
investigated in this study were: 

1.	 Raceway water depth 
2.	 Raceway width 
3.	 Race\'laY length 
4.	 lvater velocity
5.	 Bottom surface roughness (friction factor) 
6.	 Circulation pump efficiency 
7.	 Mixing foils 

a. Drag coefficient 
b. Distance between foil sections 

THE cnlPUTER MOOEL 

The open channel flow theory and the exact equations used in 
calculating po\~r consumption and head loss are presented in the 
Appendix of this report. Tb incorporate these equations into a 
raceway rodel it \'laS assumed that there were no bends in the 

_ race\'1ay, that the rac~ay \'laS of rectangular cross-section and 
-Chat the ~xing foil arrays were of a shape and size consistent 
wi.th those currently in Laws' raceways, The corrrr;uter nodel, allows 
circulation po~~r per unit acre or head loss per 100 meters to be 
plotted versus any of the above listed parameters. The im:?Qrtance 
of a given parameter was tested by varying its value over a given 
range and calculating the power consUI11!?tion or head loss at each 
increment. '!he range over ~1hich each parameter was tested was 
governed by practical considerations, by a desire to adhere to Ed 
Laws' basic system and by a desire to evaluate the effects of 
ext.reme parameter values. A baseline case \·1hich partially 
corresponded to Laws' system parameters a~ars on each plot as a 
reference. The parameters that make up this baseline case are 
listed below: 

1.	 Depth = 10 em 
2.	 Nidth = 10 m 
3.	 Velocity = 30 em/sec 
4.	 Bottom surface roughness, N = 0.01 m" (1/6) (Sm:x>th 

concrete) 
5.	 Pump efficiency = 80% 

For those plots that include hydrodynarndc parameters the baseline 
values	 are: 

5.	 Foil angle (relative to horizontal) = 200 

7.	 Distance between foil sections = 1.5 m 
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A plot of power consumption or head loss versus a given parameter 
\Yas the output from the program. Figure 1 is a sample of the 
plots that make up the output; it illustrates the change in po\~er 

consunption with a variation in velocity. Note in Figure 1 that a 
second pararreter is also varied in steps to obtain a spread of 
curves and that the baseline case mentioned above corresponds to 
the Eff = BO%" characteristic. The soread of curves allo\'1s the 
relative imcortance of each Parameter-to be better evaluated. For 
example in Figure 1 it is clear that a small increase in velocity 
has a greater affect on power consumption than a small increase in 
efficiency. To translate power consumption curves into operating 
costs one can assume that I \'latt Per acre \'JOuld cost SI.Oa/year to 
supply based on $.12/!~~i electrical costs. 

Hydrodynamic drag losses resulting from the addition of foil 
sections in the raceways were included late in this study. The 
foil sections \vere assumed to be flat plates of the same 
dtmensions as those currently in use in La~~' raceways. These 
flat plates are designed for use at a IDem ~ater depth, so 
assuming use of this same size foil in a deeper raceway \~uld be 
inaccurate since it probably \~uld not induce a high enough level 
of turbulence and mixing to achieve Laws' production rates. '!he 
drag coefficient for a flat plate inclined to the flow direction 
is strongly related to the angle of inclination of the plate. The 
two parameters which relate to hydrodynamic head loss and po\~er 

consumption ~mich were tested in this study are the foil angle of 
inclination (represents drag coefficient) and the spacing between 
foil sections down the running length of the raceway, 

RESULTS 

The results of this study are a number of plots of power per 
unit acre and head loss per 100 meters versus each of the 
parameters mentioned above. Each parameter has a characteristic 
curve shape associated with it. Beginning with the power 
consumption curves Figures 2 through 11 give an indication of 
these characteristic shapes and the importance of each parameter 
with respect to power cons~~tion. 

Figure 2 illustrates the cubic relationship between velocity 
and po~~r consumption. This cubic function translates into a very 
rapid rise in power consumption for any increase in velocity above 
0.1 mls. As in Figure 1 the variation of width sho~m in Figure 2 
has a much smaller effect on power consumption than a variation in 
velocity. 

Figure 3 sh~'1s the square relationship between friction factor 
and power consunpcton, '!his square function does not cause as 
rapid nor as sudd~~ an increase in power consumption as the cubic 
-characteristic sho~m in Figure 2. HO\Yever, it appears that a 
small change in friction factor is rrore irn;x:>rtant than a small 
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CIRCULATION POWER VS FLOW VELOCITY 

----W-1M E-t-t=8m~ n-.~c::m NaJ:a.lal 
_._.- W-leM Ef'f·80~ D-10cm N=0.el 
••..•.•••••••.•••. W-l 210M Effc80~ D-10cm N=0.01 

I. 

, I 
,w 

~ 40~ ua:
(f) 
I­.... : , Ia: 
~ 300 

~ 

/'" 
w I~ 
0 
~ 

200 
Q.. ;" 

100 

••• It ••• 

. 10 .221 • 30 
VELOCITY METERS/SEC 

Figure 2 

124 



CIRCULATION PO~ER VS fRICTION FACTOR
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change in depth. ~te that a second horizontal axis has been 
plotted on this figure, and the friction factors of three 
potential raceway building materials is sh~m relative to the 
friction factor scale. 

Figure 4 is a plot of power consumption versus width at 
various raceway flow velocities. This curve is essentially flat 
except at relatively small race~ay wid~~s. ~bte that this figure 
is the inverse of Figure 2 as the parameters being varied have 
been reversed. The Inportance of flO\'1 velocity over raceway width 
is more vividly illustrated in figure 4 than in Figure 2. 

In Figure 5 we look at the characteristic curve of power 
consumption versus raceway depth at various pump efficiencies. In 
this curve the power consumption becomen greatest ~men the depth 
is very small and decreases as the depth increases. At shallow 
depths a change in depth will have a greater effect on power 
consurrption than a change in pmp eff iciency. At deeper depths 
the opposite is true, and for depths approximating the depth of 
LaWS' raceways, a determination of which parameter is of greater 
tmportance is difficult to make from this figure. 

The characteristic curve for power versus circulation pump 
eff iciency is shown in Figure 6. The same curve plotted over a 
smIler range of interest is shown in Figure 7. Efficiency is 
inversely proportional to pumping po~~r. Therefore, at relatively 
low efficiencies a given efficiency improvement means a large 
irrprovement in power consurrption. HO\Jever, continued efficiency 
improvements of the same magnitude lead to gradually diminishing 
returns. r-bte also from Figure 7 that velocity reduction is of 
nore importance than efficiency inprovement in reducing power 
consunption. 

TWo figures are used to illustrate the relationship between 
pond length and power consumption. Figure 8 is a plot of actual 
power consumption versus raceway length at various water depths. 
Actual ~~r is linearly related to length; changing depths 
changes the slope of this linear relation. Figure 9 is the result 
of plotting power consunpcton per acre versus length. In this 
case raceway length no longer has an influence on power 
consumption and drops from consideration as an important parameter • 

Figure 10 illustrates the square relationship between"
.1 

power 
consumption and foil angle of inclination at various flo~l 

velocities. As foil angle goes to zero the curve approaches a 
minimum value for po\ver consumption offset from the horizontal 
axis. This minimum power value corresponds to the power required 
to overcome drag due to raceway bottom friction. r·bte that 
changes in velocity affect both the minimum power consumption
point of each curve and the shape of the povrer versus foil angle 
square curve. 
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CIRCULATION PO~ER VS RACEWAY WIDTH
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CIRCULATION POWER VS RACEWAY DEPTH
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CIRCULATION POWER VS EFFICIENCY 

--- ­ V.l-1~.:m/~ D-ll3c", W=lIaM N=ta.lal 
_._.- Ve 11l:20cm/s D= 1Bc" W=l~M N=0.01 
................... Ve 1=30cm/s D=10c m W=I~M N=0.01 

~ ·•·: 
I ..,
:·:·····, ··I,··L&J ,·

~ 8000 ~ ·· u ··,a:, ····Ul ·t
~ ,·~ ·,

•a: 
~ ~ 6000- ···· ~. : ..
•,
.
,.,0:: tW ·~ ·,.o 4000­ ·. a. 

\
" 
\ 

\~·\ 
, 

'. 

-, .2000 ~ 

" 
..-.".. .... 

.. . ......, . ., ......, ... 
~.~ _ ~ . .~.--....-.~ "" . 

I ·~·-1·_·--,--· ....-. '-' -­
10 20 30 40 50 60 70 80 90 

CIRCULATION PUMP EFFICIENCY 

Figure 6 

129
 



CIRCULATION POWER VS EFfICIENCY
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CIRCULATION PO~ER VS RACEWAY LENGTH
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CIRCULATION PO~ER VS RACEWAY LENGTH
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. CIRCULATION POWER VS FOIL ANGLE
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The characteristic curves for power consumption versus 
distance bebleen foil sections are shown in Figure 11. Po"ler is 
inversely proportional to the distance between foil sections, but 
a minimum value for power consumption exists that is approached as 
the distance between foils becomes very great. Since this is an 
inverse proportional relationship as vms the case with pump 
efficiency, increasing the distance between foil sections by a 
given increment will initially lead to large po\~r reductions. 
HO\Yever, a continued increase in spacing by this sane increment 
\'1ill lead to diminishing returns. Note that changing the friction 
factor, N, has no influence on the shape of the curves in Figure 
11, but only affects the distance from the horizontal axis that 
the curves are offset. 

Characteristic curves for head loss versus the parameters 
tested in this study do not vary from those descr ibed above for 
power consumption with the exception of flow velocity. Head loss 
is proportional to the velocity squared, as shom in Figure 12. 
This means that head loss does not change as rapidly nor as 
suddenly with velocity variation as does po\-1er consusption, A 
sarrpling of other head loss plots are contained in the AppendiX of 
this report. 

There are several interesting iteractions between parameters 
in this study which deserve further discussion. The two 
parameters which have the greatest influence on both head loss and 
power consunption are flow velocity and friction factor. By 
varying these two parameters together a worst case and best case 
for power consumption and head loss can be generated which is 
relatively independent of the values for the other parameters 
tested. Figures 13 through 15 illustrate this trend and ShOYl how 
these parameters can corrbine to form yx>rst case power consumption 
curves, i.e. N=O.03m (1/6). Figures 16 through 18 derronstrate how 
these same oX> parameters can generate best case power consurrption 
curves, i.e. Vel=10em!s, essentially independent of the other 
parameters tested. Reduction of both f10\'1 velocity and friction 
factor will be extremely i.Irportant to the achieverrent of a 10'0'1 

power consumption raceways system. 

The interdependence of raceway depth and width is shown in 
Figure 18. '!be nost interesting feature about the spread of 
curves shown in Figure 18 is the rise in power consumption for 
depths greater than 0.1 m and 1i1=1 m versus the drop in power 
consumption over this same depth range for the N=10 m and t'1=lOO m 
characteristics. Closer examination of Figure 20, ~mich shows 
these same parameters inverted, reveals that to obtain this 
desirable power reduction and head loss with increasing depth the 
raceway width must be at least 30 t~s larger than raceway 
width. For a nominal raceway depth of IDem, the minirrum raceway 
width will be 3 meters. 

The dependence of the foil angle characteristic curve on flow 
velocity has already been mentioned (Figure 10). Flow velocity is 
the most important parameter in increasing both the friction and 
drag components of the circulation power equation and head loss 
equation. Reduction in velocity will cut the friction losses 
between the raceway bottom surface and the roving water and the 
drag force exerted by the foil sections on the water. Figure 21 
and 22 dramatically illustrate the head loss reduction and power 
reduction with any decrease in velocity. 
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HEAD LOSS VS FLOW VELOCITY
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CIRCULATION POWER VS RACEWAY DEPTH
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CIRCULATION POWER VS EFFICIENCY 
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CIRCULATION POWER VS RACEWAY DEPTH 
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CIRCULATION PO~ER VS RACEWAY DEPTH
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CIRCULATION POWER VS RACEWAY WIDTH
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HEAD LOSS VS FLOW VELOCITY
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CIRCULATION POWER VS FLOW VELOCITY
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COlO.USIONS 

'!be object of this study was to determine which parameters 
were ITDst iITportant to power consumption and head loss in long 
shallow raceway systems. The understanding of which para~ters are 
ITOSt significant allows us to envision \olhere power consunpt ion or 
head losses can be mst easily reduced. Based on the curves 
alone, without taking into account practical considerations, the 
following rankings can be made: 

1.	 Velocity is the nost ill{lOrtant parameter. A 10% t 
decrease in velocity will reduce power consunption by e5 
27% and head loss by 19%. 

2.	 Friction factor is the next ITOSt inportant parameter. 
A 10% decrease in friction factor will decrease power 
consumption and head loss 19%. 

3.	 Foil angle changes will affect both power consumption 
and head loss. '!he decrease in power consurrption due 
to a 10% decrease in foil angle is dependent upon the 
flow velocity, the distance between foil sections and 
position along the power versus foil angle curve. At 
Laws' flow velocity of 30 em/sec and at 1.5m distance 
between foil sections, the follO\o/ing power reductions 
are possible with a 10% decrease in foil angle. 

10% Foil Angle Corresponding Power 
Reduction Reduction 

300 - 270 16.9% 
200 - 180 10.3% 
100 - gO 1.4% 

4.	 Increasing the distance between foil sections is 
important to both po\o~r consumption and head loss 
reduction. The decrease in power consumption due to a 
10% increase in foil section spacing is dependent on 
flow velocity, foil angle spacing and position along 
the po\'t'er vs foil section spacing curve. For 30 em/sec 
flow velocity and at a 200 foil angle the fof Iowinq 
power reductions are possible for a 10% increase in 
foil section spacing: 

10%	 Foil Section Spacing Corresponding Power 
Increases Reduction 

1.5 - 1.65 m	 3.5% 
5.0 - 5.5 m	 1.3% 

10.0 - 11 m	 0.8% 
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5.	 Increasing the circulation pump efficiency by 10%, i.e. 
from 60% to 65% efficiency, will result in a power 
reduction of 9.1%• Pllrrp efficiency Inprovement.s have 
no effect on head loss. 

If raceway width is much greater than raceway depth, 
any increase in depth will result in a decrease in 
power cMSUtnpt10n and a head loss. This effect 1S also 
subject to diminishing returns. '!be follo\'1ing table 
illustrates the effect of 10% depth increases at 
various depth levels. 

10% Depth Increases Po\Yer Reduction 

7. 

ta1ith respect to velocity reduction, ''Ie are faced with ? 
the necessity of maintaining a 30 cnv'sec flow velocity in o~er to"- ., 
ad'l1eve Laws' prOduction. However-r=the algae 1S only growing and 
multiplying durmg the day. At night the flow velocity could be 
reduced. An obvious questions \'/hich requires further study by Ed 
Laws is how much can the flow velocity be reduced at night? A 
question which requires further engineering analysis is what is 
the best pond configuration to allow a velocity reduction at 
night? '1Wo configurations inmediately come to mind: A flat 
raceway with a paddle \-/heel or ~rrp pushing the water around the 
s'1stem~ alternatively, a sloped raceway which roves water at a 
night time velocity with only the assistance of a small lift pump, 
but is equipped \'1ith paddle wheels to increase the flow velocity 
during the daylight hours. A decision on which configuration is 
best must consider ease of construction, power failure 
contingencies, and a pump versus paddle wheel comparison study. 
~DE will further study these subjects prior to a final 
recorrmendation. 

TWo questions come to mand relative to reducing friction 
factor in the raceway surfaces. First, how much of a difference 
is there between roughness values for different liner materials? 
Second, will the accuracy of grading and leveling the surface area 
under the liner material be more i!1';X)rtant than the roughness of 
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the material itself to the overall roughness coefficient? From 
research that HOE has already conducted it is apparent that there 
is little information about friction factors or roughness 
coefficients for various liner materials. In addition, the 
installation of flexible liner materials, which are often 
installed with a certain percentage of slack that causes folds to 
occur, will have as nuch influence on friction factor as the 
surface roughness coefficient itself. Further thought nust be 
given to how surface roughness before and after installation of a 
flexible liner can be incorporated in an overall cost conperison 
with a more traditional materials such as concrete. 

In order to ver ify the head loss and power consumption values 
attributed to the addition of mixing foils in this study, a series 
of hydraulic studies should be conducted by fINEI. The overall 
objective of these studies should be the determination of a 
drag/turbulence ratio for different mixing foils, and if possible, 
correlate these results with production rates in Laws' ponds. 
Phases which should be included in this study would include the 
determination of: 

1.	 Head loss per unit length for Laws' current mixing foil 
arrays. 

2.	 The effect of foil angle. 
3.	 The effect of foil size, length and width, especially 

as related to water depth. 
4.	 The effect of various foil shapes, i.e. air foils, 

curved plates. 
5.	 '!he effect of foil spacing. 

Circulation pump efficiency is controlled by the pump or 
paddle wheel design and the associated prime nover, Generally, 
large low head f:11I11Ps have very good efficiency, but are extreIrely 
expensive. A paddle wheel is probably not as efficient as a low 
head pump. However, a paddle ~meel's initial cost will be much 
lower and the possibility of linking several paddle -\olheels 
together to be driven by one prime rover is nore plausible. A 
tradeoff analysis should be conducted which \~uld include 
consideration of a the initial cost, service life and the 
operating costs of a purrp and paddle \'/heel. 

There are several practical considerations that accompany an 
increase in raceway water depth. 'Ibese considerations may be nore 
important to the overall system than the potential savings in 
power due to an increase in depth. Considerations that support; an 
increase in water depth include: 

1.	 Greater water depth would help to secure pond liner 
against any undesirable shrinkage or shifting. 

2.	 Greater water depth would cover grading inaccuracies, 
heaving , etc. 

3.	 Greater water depth \tJQuld aid CO? absorption. 
4.	 Greater water depth \~uld mean lower head losses and so 

fewer paddle\~eels per unit length of racevmy. 
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Considerations that may have a negative irrpact on water depth 
include: 

1.	 ~Vhat is the greatest depth at which La\~' production 
rates/densities can be attained? 

2.	 Greater depth means rmre water to supply and dispose of. 
3.	 Greater depth may mean wider foils to attain the 

required turbulence, what effect will this have on head 
loss? 

Obviously, further study of these considerations is required 
before \'Ie can conclude that an increase in water depth to achieve 
lower circulation power is desirable. 

It will be practical and easy to achieve a raceway width that 
is 30 times greater than the raceway depth. A rrore iIT;X)rtant 
question is just hav \'lide a raceway can be tolerated. The answer 
to this question seems to involve numerous practical 
considerations. Among them: 

1.	 Structural design of the paddle wheel 
2.	 Design of the power transmission system for the paddle 

wheels 
3.	 Pump diffuser size limitation. 
4.	 Flow uniformity with respect to width. 
S.	 Cleaning of a wide raceway. 
6.	 Convenience of construction i.e. size of grader blade, 

size of liner sheets, size of concrete laying machine. 
7• Effects on harvesting 

Further information should be gathered to set a practical limit on 
the width of a raceway. 

When power per unit area is being plotted, raceway length is 
not an important consideration. H~'rever, there are several 
practical considerations that will influence raceway length. '!he 
distance between paddle wheels or pump units to raise the head of 
the flowing water will be determined by the variation in depth we 
can tolerate. The water will be raised by a ~ or paddle wheel 
up to a given head and then will flow d~~ the raceway with 
steadily decreasing depth until it reaches the next paddle wheel. 
!he mininum and rnaxinurn depth that can be tolerated and still 
achieve Laws' production rate will determine how far apart these 
paddle wheels are placed. The CO2 depletion rate from the water 
will influence the overall length of the raceway. It vould be 
ITOst convenient to only bubble CO2 into the system at one point in 
the raceway so that the CO, distribution net\vork can be 
minimized. To accorrplish ehis the CO2 depletion rate from the 
water and the CO, depletion tolerance of the algae must correspond 
so that in one cOmplete circuit around the raceway the CO, content 
in the 'tlater is not reduced below the algae I s CO, depleti~n 
tolerance. The length of the raceway is very i~rtant to tbis 
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co, sUl?P1y/cons~tion system. Further study by Ed La\'1S to 
dete~e the algae's CO2 deoletion tolerance and to determine the 
CO content in the water both imnediate1y before and irnnediately
af~er CO2 is added in his current system would be rrost valuable. 
'!his information could probably be obtained by translating the 
current values for pH before and after CO2 addition into CO2saturation levels. 

AIrong the recomnendations made throughout this re1X>rt are 
numerous studies and exper i:rrents to be undertaken by ~lOE and other 
team menbers. It is recognized that only limited time and rroney 
can realistically be spent in preparing the conceptual design and 
experimental facility design under this SERI procurement. Ne 
cannot obtain all the anseers by the end of this project. 
However, such studies and exper imentation should be recorded for 
potential use in the experimental program that is to follow. 
Therefore, the listing provided below summarizes the 
recomnendations made by ~tOE and others to date: 

1.	 Flow velocity reductions at night. (Laws) 
2.	 Study of sloped vs. flat raceways, including cost, 

convenience and effects on other mechanical systems 
within raceways. (HOE) 

3.	 Study to find limitations on raceway width. (MOE) 
4.	 Corrparison of cirOllation pumps and paddle wheels 

including effects of loss of aeration from Laws' 
current airlift system. (r~OE, Laws) 

5.	 Study to determine feasibility/t;X)tential gains from 
increasing water depth and/or algae depth tolerance. 
(~DE, HNEI, LANS) 

6.	 Conparison of pond liners. (r10E) 
7.	 Study of CO, depletion rate of algae as a function of 

length and eorresponding CO2 saturation levels in the 
water before and after CO, addition. (IAt\lS)

8.	 Hydraulic studies including: (HNEr) 

a.	 Head loss per unit length for La\'1S' current mixing 
foil arrays. 

b.	 The effect of foil angle. 
c.	 '!he effect of foil size, length and width, 

especially as related to ~2ter depth. 
d.	 The effect of various foil shapes, i.e. air foils, 

curved plates. 
e.	 '!he effect of foil spacing. 

Note: Parenthesis indicate team members that would be involved in 
each study. 
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APPENDICES 

1. Microalgae Pond calculations 

2. Pond Hydrodynamic Calculations 

3. Head WSS Plots 
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where Cooe =coefficient in two-dimensional flow Disll With Hole. As illustrated in figl;;!re 30. the dng 
and ··kIt a constant in the order of 5. of a disk (in pounds) is not reduced at first, upon 
Rear-Side Ptessus«, Plates in fluid Sow normal to cutting a bole in its center. Beyond di /do = 0.25, 
their surface. have highly negative pressufCS on their the dRg decreases. however, more or 1~ steadily.: 
rear side. Because of wind-tunnel blocling, lOme Butd upon the area of the resulting ring, the drag 
discrepancies are found, however, with respect to coefficient increases and reaches a limiting value 
the magnitude of the pressure coefficient as reponed which is identical to that of the rectangular plate 
in various references (57). As lilely values are with bJh = ~. that is Co--=.1.98. In the wale be­
suggested: hind the ring, an annular vortex street must be 

expected similar to that as observed within the wake 
in 2 dimensions r: 1 98' C 11­". = .• PrNr--·~; or a cylindrical ring (17). Between dL./do =0.6 and 

0.8. evidently some change takes place in the flowin s dimensions C-.- I 17· C '0 ~2--0. = ., pr~,,=-.~: 
pauern, Lik.ely. the organization of the vortex sys­

: ,. lem switches here from the three-dimensional to the 
'J.d~r""3n·jfnp,'Upon tilting three-dimensional two-dimensional type. 

plates to an angle against the direction of flow, away 
+. AIC ItM 1••0from 0. = 90°, the normal-force coefficient as plot­
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ted in 1i~re 29~ - remains approximately constant ... baNd ... ' .. .,~/...-- I 
between be( = plus and minus ~ 45°. This obser­ Ivation seems to be the basis of an old theory of ,hip ~s=.:=_/ e:::s:::':~\"

K- .... t r-,Ailing. With Chor",aL'" 1.17 Q;: constant, the , l' ..,'. 
_(do ..~ "::::.:.:.:-:;'lateral component of the sail is G. = 1.17 Cos~ • 

n <.:.
while the drag\component is CD = 1.17 sinO(. This .. 

.'- --__-..JIanalysis can only be correct, of course, in the range 
or wind-against-sall angles above C( =45· - as they • a.2. .. a6 .. Ut CVd. 
were used in the old-time fully.rigged ships designed fjgure 50. Drag roefticienl of annular pl;uf (rings).
for sailing more or Jess in from of the trade winds. as reported in (54.d). at R..&o =10 _ 
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HEAD LOSS VS FLOW VELOCITY
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HEAD LOSS VS RACEWAY DEPTH
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HEAD LOSS VS FOIL SECTION SPACING
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INTRODUCTION 

The concept of using algal mass culture for numerous 
beneficial uses commenced in the 1950s. The early goal 
projected the use of algal products as important sources of 
inexpensive protein that would help alleviate world hunge r 1 
however, to date, for various reasons, such has not been the 
case. 

Nevertheless, the potential range of algal mass cultures has 
expanded to include a source of animal protein, wastewater 
treatment, eutrophication control, water renovation, extractable 
commercial chemicals, closed life-support systems, aquaculture,
and recently a renewed interest in the bioconversion of solar 
energy for power production. The latter involves the potential 
conversion of algal mass to methane, various petroleum products,
and even hydrogen. On a widescale basis, however, up to the 
present time, the use of mass algae cultures has been primarily
restricted to wasterwater treatment operations (Goldman 1978; 
Oswald and Beneman 1977; Shelf 1982). 

Unfortunately, large-scale mass algae culturing in outdoor 
units has been quite limited in the United States, with the 0.67 
acre culture system at the University of California at 
Berkeley's Sanitary Engineering Research Laboratory (Richmond,
California) being the largest one constructed and operated.
Thus, at best algal CUlturing is striving for "state of the art" 
status, rather than being grounded on some scientific 
principles. 

In an algal mass culture project conducted in Honolulu, 
Hawaii by Professor Edward Laws (Laws, et ale 1984), the use of 
vanes and/or plates set an angles in the culture (marine algae) 
raceway appeared to increase algal production. The reason for 
the increase is not fUlly known, but could be the result of 
several interrelated parameters. However, it is felt that 
induced mixing created by the vanes and/or plates is at least a 
major contribution to increase algal production. 

PURPOSE AND SCOPE 

The purpose of the herein reported project was to ascertain 
the mixing characteristics and total energy created by the 
placement of various shaped and positioned plates in low 
velocity shallow water flow. The experiments were conducted in 
the 4 ft wide by 40 ft long tilting flume, located in the 
University of Hawaii at Manoa Department of Civil Engineering
Hydraulic Laboratory in Bolmes Hall. 
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These flumes are classically designed to operate at a 
velocity of several feet per second (ft/a), however, algal mass 
culture mixing velocity in raceway units is typically around 1 
ft/a. It must be clearly borne in mind that a velocity reported 
as 1 ft/s has a wide range of accuracy. In many cases it is an 
estimate based on timed floating objects in the culture unit 
raceway. 

Since the economics of utilizing algal mass cultures to 
produce power is considered marginal, it is important that 
economical methods to enhance its production be explored. Thus, 
the query arises as to the actual mixing characteristics of 
various shaped vanes and/or plates, how often they should be 
placed, and importantly the total energy expenditure resulting
from positioning the vanes and/or plates in the raceway channel. 

Specifically the project will attempt to identify the mixing 
characteristics and total energy relationships of utilizing 
combinations of three and five 4-in. squares and 4-in. 
triangular shaped plates at angles of 10° and 20° in a 4-in. 
deep simulated 4-ft wide raceway (tilting flume) at water flows 
of near 1.0 ft/s. It is apparent that the results of the 
project can only identify the actual physical characteristics of 
the altered water movement. Enhanced algal growth resulting
from the induced currents can only be speculated until actual 
algal culture tests are conducted. 

METHODOLOGY 

The data for this experiment were obtained through the use 
of a row of test plates which were submerged in the flow of the 
tilting flume. The test flume has a channel length of 40 ft and 
width of 4.0 ft, with flow conditions ajustable through the use 
of its pump value, head gate, tail gate, and variable tilt 
(Figure 1). The flow and velocity conditions called for in this 
investigation are very near the lowest obtainable with this type
of system. 

The test plates were made of steel sheets, cut to 4 in. on 
each side, and forming rectangles and triangles. The plates, 
welded to thin steel rods, were made to extend above the water 
surface where they were mounted with clamps onto a horizontal 
brace and equally spaced across the width of the flume (Figures
2 and 3). This minimized drag from sources other than the 
plates, and also allowed flexibility in plate positioning. 

A point gage, which reads to the nearest 0.001 ft and was 
mounted on the flume, was used to measure flow depth. For flow 
speed, the STREAMFLO miniature current flowmeter system by Nixon 
Instrumentation Ltd., shown in Figure 4, was used. The velocity 
measurement system is well suited for this application for the 
following reasons: 
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1.	 At the flow speeds considered in this investigation
(approximately 1 fps) , the velocity probes are 
highly sensitive to speed differences. 

2.	 The small measuring head (15 mm in diameter) allows 
measurements to be taken both very near the water 
surface and very near the channel bed. 

3.	 Readings can be set for durations of 1 second, 
10 seconds, or longer, thus minimizing the effects 
of short fluctuations in flow speed. 

Prior to data collection, the velocity probe was 
recalibrated against a stagnation tube. 

The following was used to collect data for a typical plate 
configuration. 

After the plates were in position, the flow for a 4 in. 
depth was set at 1.0 ft/s which was well within an accuracy of 
0.1 ft/a. Once this was achieved the pump was not shut off 
until all the data were recorded for the particular
configuration to insure consistency of results. 

For each data point the depth of flow and speed at 0.5 in., 
2.0 in, and 3.5 in. above the flume bed were determined. 
However, at a few points the frame supporting the equipment
became an obstruction, which precluded data collection at that 
particular point. 

The number of points at which data were taken varies for the 
different plate configurations. For example, profiles are more 
detailed for configurations which were tested early in the study
than for those which were tested later because once a velocity
profile was documented for a single plate arrangement,
subsequent arrangements were mainly examined for comparison 
purposes. With this in mind, primary concern was given to 
taking data at the following locations: 

1.	 1 ft upstream of each plate 

2.	 1 ft downstream of the plate section, both in and 
between the paths of the wakes 

3.	 At 2 ft intervals, up to 15 ft downstream of the 
plate section where data were taken at locations 
directly in the wake of the center plate, and 
between the wakes of the center and an adjacent
plate. 
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Six test runs were conducted in this investigation. Number 
and shape of the test plates, locations of measurements and 
basic data of velocity and depth measurements for each test run 
are presented in Appendix Tables A-I through A-6. 

All the test runs were conducted at a flow depth of 
approximately 4 in., and the undisturbed velocities established 
for the test runs are roughly 1.0 ft/s which is almost the lower 
limit of reliable speed range of the STREAMFLO miniature current 
flowmeter as can be observed in Appendix Figure A-I. 

RESULTS AND DISCUSSION 

The results of the velocity determinations for the six 
separate test runs at 0.5, 2.0, and 3.5 in. above the flume bed 
directly behind and beside each plate at incremental distances 
downstream of the plates (and also at I ft upstream of the 
plates for baseline comparisons) are presented in Appendix
Tables A-I through A-6. 

The mean vertical velocity profile for each incremental 
distance at the 0.5, 2.0 and 3.5 in., based on the data from 
Tables A-I through A-6, is shown graphically in subsequent
figures. 

The results of the Test Run No.1, which involve the mean 
velocity profile at 1.0-ft increments for a distance of 7 ft 
downstream, and 1.0 ft upstream of five equally spaced
(Figure 2)_4-in. square steel plates set at an angle of 20 i5­
illustrated in Figure 5. As can be observed in Figure 5, the 
mean velocity directly behind and between the test plates is 
plotted together for each increment. The results can then be 
compared to the base condition, considered to be 1.0 ft upstream
of the test plates. The dispersion effect created by the test 
plates can be vividly observed when dye is released upstream of 
the plates, as shown in Figure 6. 

The velocity profiles of Test Run No. 1 (Figure 5) clearly
show that for a distance of 6 ft downstream a very distinctive 
difference is apparent between the mean velocity directly behind 
the plates at the 0.5 in. depth and the mean velocity between 
the plates. This venturi effect creates a fluid mixing zone 
which is considered desirable for nutrient distribution.. It is 
also evident in Figure 5 that for at least 7 ft downstream the 
mean velocity at the O.5-in. depth is still much higher than the 
baseline (upstream of test plates) condition. A photographic
illustration of the difference in velocity behind and between 
the five rectangular test plates through the use of sand 
distribution is shown in Figure 7. 
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Based on the results of Run No.1 (Figure 5), Test Run No.2 
(which is a companion of Test Run No. 1 except that 4-in. 
triangular plates are substituted for the square plates) was 
analyzed for a downstream distance of 15 ft at 2 ft incremental 
intervals. The mean profiles of Test Run No. 2 are presented in 
Figure 8. The venturi effect (and consequent fluid mixing) of 
the mean velocity profiles between and directly behind the test 
plates for up to 15 ft downstream is evident. At the IS-ft 
distance the 0.5 in. depth velocity behind the plates appears to 
still be higher than the base flow conditions, whereas, the mean 
velocity between the plates has returned to near normal 
conditions. Because of the drag on the flume bed when the 
O.5-in. depth has returned to baseline conditions, the effect of 
the positioned plates is assumed to have lost their influence. 
The mean velocity profiles of Test Run No.3, involving three 
equally spaced 4-in. square steel plates at a 20 angle for up 
to 15 ft downstream at 2 ft intervals is shown in Figure 9. The 
prominent venturi effect and the strong velocity at the O.s-in. 
depth directly behind the test plates is quite evident. The 
lesser number of test plates (three vs five) undoubtably created 
the grater venturi effect. A photograph illustration of the 
wide horizontal dispersion of dye as a result of the test plates
is presented in Figure 10. . 

Test Run No.4, the counterpart of Test· Run No.3, except
that 4-in. triangular plates were substituted for 4-in. square
plates, is shown in Figure 11. The results of Test Run No. 4 
are quite similar to Run No. 3 (Figure 9) except that the 
O.S-in. profile do~~ not appear as strong at the IS-ft distance. 

The mean velocity profiles of Test Run Nos. 5 and 6 (Figure
12 and 13, respectively) can be respectively compared to Test 
Runs I and 2 (Figures 5 and 8) except that the angle of the 
plates was set at 10 rather than 20 • For the rectangular
plate conditions (Figures 5 and 12), the 20 angle maintains a 
higher 0.5 in. depth velocity in comparison to baseline 
conditions than observed for the 10 angle. However, when 
comparing the results for the triangular shape (Figures 8 and 
13) the difference between the 10 and 20 angle is not 
particularly distinctive. 

Based on the foregoing, it appears that a higher degree of 
apparent mixing occurred for Test Run No.3, which utilized 
three 4-in. steel plates at an angle of 20 (Figure 9). 

The basic equations for the surface water flow determination 
parameters (drag force; Manning1s roughness coefficient, n; 
energy profile; and velocity profile) are presented in Appendix
Table A-7. The results of these determinations for Test Runs 1 
through 6 are respectively presented in Appendix Tables A-a 
through A-13. 

179
 















eI The total enl~gy results, based on the mean velocity at each 
an incremental distLce (from Tables A-a through A-l3), are 

~ bl summarized in Ta~e 1. As can be noted, the indicated energy 
~ loss between tbe)late section and a section 15 ft downstream is 

t, less than 0.02 f which is an insigificant level of energy loss 
'i in the relativel:tranquil flow conditions. 

9 The mean dra,forces for the six test runs that were 
rE determined and ptsented in Appendix Table A-a through A-13 are 
bl summarized in Ta.e 2. As can be observed, the apparent impact 
tr. of the fluid on le plates is relatively insignificant 
e regardless of thplate shapes or angles of attack. 

CONCLUSIONS 

he Results of t! tests lead to the following conclusions: 

il1 1. As ldicated in the six test runs, at an elevation 
O. of 5 in. above the flume bed, the velocities 
il1 behld the test plates are consistently higher than 
se tho~ between test plates for up to 15 ft down­
ea strlm. Therefore, immediately after the test 
te pla~ section, a fluid mixing zone is formed 
gu (Fitre 6). This venturi effect created a 
it des'able mixing condition. 

v 2. Therelocity profiles measured between plates of 
s the:ix test runs also indicated that up to 5 ft or 

de - so .wnstream from the test plat~s, the flows are 
at ret~ded to some extent and flow dispersion took 
CE pla~ (Figure 10). This phenomenon may be attribu­
IE tab~ to the turbulence created at the plate 
tj sec.on. However, the flow regains its form at a 
ta disLnce of 7 to 15 ft downstream from the plate 
ti sec.on. 

I 3. The'esults of conclusions 1 and 2 indicate that a 
ie ser!s of test plates placed at approximately 10­
15 to-!-ft intervals would be sufficient to promote 

Cl thelesired mixing condition. 

in 4. As ldicated in Table 1, the energy loss between 
thellate section and a section 15 ft downstream is 

s 
~ 

les:than 0.02 ft, which is an insignificant level 
en of \ergy loss in the relatively tranquil flow 
di con(tions. However, as observed from Figure 7, 
ap an .arent wake zone is achieved downstream of the 

.-~ te pla~ section • 
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TABLE 1 

Total &rgy Relationship for Various Shaped 
Plate and Angles in Shallow Stream Flow 

TOTAL ENERGY (FT) 
Test Run No.* 

1 2 3 4 5 6 

0.353 0.384 0.375 0.375 0.362 0.366 

0.361 

0.360 

0.365 

0.353 

0.348 

0.341 

0.334 

0.382 

0.378 

0.361 

0.363 

0.375 

0.368 

0.362 

0.358 

0.374 

0.365 

0.362 

0.357 

0.360 

0.359 

0.352 

0.346 

0.363 

0.361 

0.361 

-
0.349 

0.365 0.357 0.354 0.342 0.348 

0.374 0.366 0.364 0.360 0.359 

0.381 0.374 0.371 0.360 0.366 

0.391 0.383 0.379 

No., be, and Angle of Plates with Flow 
Five 4n. squares @20° 
Five 4n. triangles @20° 
Three·;n. squares @20° 
Three-in. triangles @20° 
Five 4n. squares @10° 
Five 4n. triangles @10° 
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TABLE 2 

~ I Draforces for Various Shaped Plates 

nd al Angles in Shallow Stream Flow 

N 

., 

+ 

@
 

@
 

@
 

.es * 4-in. Square plat, refer to Figure 2. 

at + 4-in. Triangle ples, refer to Figure 2. 

T EST R U 

FO (lb/Plate)No • Plate No Shape and Angle 

1 

2 

3 

4 

5 

6 

5 Sqta 20° 

5 TR@ 20° 

3 Sq@· 20° 

3 TR 20° 

5 Sq 10° -
5 TR loa 

0.0468 

0.0190 

0.0418 

0.0186 

0.0222 

0.0093 
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9 5. Dra1forces on plates of each test run are 
ma su~rized in Table 2. The impact of fluid on the 
tE pla~s is relatively insignificant regardless of 

-, t e pla~ shapes or angles of attack. 

I 6. The~esults of the six test runs, coupled with the 
tc pho)graphs on Figure 7 and 10, clearly indicate 

- t thaa spacing of three 4-in. plates across the 
t 4-fchannel provides adequate mixing in comparison 
h wit the use of five plates. 

pa 7. No Lrticular changes of total energy were observed 
t due~o different combinations of plate shapes or 

bE nuwr of test plates in the test runs, when 
it pos~ioned at different angles of attack (that is 

C 10 ir 20 i , 
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TABLE A-7 

5urfe Water Flow Determination Parameters 

Required: 

a) Drag For., FD v 

b) Man"ing,~oughne55 Coefficient, n 
/--vc) Energy ~file 

d) Velocityrofi1e JEE 

r- 4"-1 ~ 411 --1
Methodology: 

a) Fe =A I P Q2
e "2
 ~?DI 
1 ( 4) 21!. /!.Ae (Tri~le) = 2 12 -r2 51n e 36 51n e
 

A_ - 4 (4). 1 .
 
'U (Squa) - 12 12 Sln e =9 = S1" e 

-CD (Tri~le) =1.5* Co (Square) = 1.5*
 

P =1.94 5lug/ft3 @73 0 F
 

51/2
 b) n = ,.~~ 2/3 

•c) H = Z + . P• +
9 ..., 

Set datu@ Bed, 151 downstream
 

Z = O.OG2 (15 . section) + Depth
 

H = O.OG2 (15 . section) + Depth + V2/64.4
 

*Refer to Morris ld Wiggert (197f~8 
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TABLE A-8
 

, tel Total E~gy	 Determinations Up and down stream 

of Positioned Plates 

Test Run No. 1 

Five 4-in. Squares @20° 

Section
 

-1 

1 

2 

I3 0.356I 
0.353 I4 

I
I 

0.3485 

!0.3416 
- I 

7 ! 0.334 
I 
I 

T.E. (ft)
 

0.353 

0.361 

0.360 

" C AD . ~ sin 20° = 1.0380 ft2 

V= 0.92 ft/s 
2 

(a	 F0 =1.0380) (1.5) (1.94) (0. ~2 ) 

FO : 0.0468 lb/Plate 

.)2 n = 6:~~ (O.284~/3 (0.00052) 1/2 

n = 0.0160 ] 



TABLE A-9 

Total ergy Determinations Up and down stream 

of Positioned Plates 

Test Run No. 2
 

Five 4-in. Triangles @200
 

T.E. (ft)Section 

0.384-1 
1 0.382 
3 0.378 t 

I5 0.361 I7 0.363 
9 0.365 : 

11 0.374 
I
: 

I 
13 0.381 

I 

15 - 0.391 

= AO0= ~ sin 20 0 0.0165 ft2 

V = 0.89 ft/s 

2 
.0 FO = (0165) (1.5) (1.94) (0.~9 ) 

1b/p1ateI FO = 0.0190 [ 

o. _ 2(363) _ 
+ Rn - 2 (0.363) - 0.307 ft 

~ 49 
n = 6:: (0.307)2/3 (0.00052)1/2 89 

I n = 0.0174 I
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TABLE A-10 

, En Total ergy Deter.min~tions 'Up and down stream 

of Positioned Plates 

Test Run No. 3 

Three 4-in. Squares @20° 

. Section T. E•. (ft) 

-1 0.375.. 
1 0.375 
3 0.368 
5 0.362 
7 0.358 
9 0.357 

11 0.366 
13 0.374 
15 0.383 

AD = 0.0380 ft2 

Q =0.87 ft/s 

2 
J3i FO= (o.eO) (1.5) (1.94) (0.~7 ) 

FO =0.0418 1b/plate
 

: I R = 2(0.355) 0.301 ft
 
n 2 + 0.355 

~ .31 n = ~:~~ (OJ1)2/3 (0.00052)1/2 

[
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TABLE A-11 

Total ergy Determinations Up and down stream 

of Positioned Plates 

Test Run No. 4
 

Three 4-in. Triangles @20°
 

Section T. E. (ft) 

- 1 
1 
3 

5 
7 
9 

11 
13 
15 

0.375 
0.374 
0.365 
0.362 
0.357 
0.354 
0.364 
0.371 
0.379 

v = 0.88 ft/s 
2 

= FO (0.0165) (1.5) (1.94) (0.~8 ) 

Fe = 0.0186 lb/plate 

, 0, R =2(0.355) = 301 ft 
n 2 + 0.355 · 

n = b::10•301) 2/3 (0.00052)1/2 
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TABLE A-12 

, En Total ergy Determinations Up and down stream 

of Positioned Plates 

Test Run No. 5 

Five 4-in. Squares @100 

Section T. E. (f't) 

- 1 

1 

3 
5 
7 
9 

11 
13 
15 

0.362 

0:360 
0.359 
0.352 
0.346 
0.342 
0.360 
0.360 
0.365 

: C	 AO=~ sin 100 ~.0193 ft2 

9 =0.89 ft/s 

2 
01 Fe = (0.93) (1.5) (1.94) (0.~9 ) 

_ 1b/
FO"- 0.0222 plate 

: ( R = 2(0.341) ~ 291 ft 
n 2 + 0.341 · 

)~ n = 6::~ (O.291~/3(0.00052)l/2 

n = 0001681 
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TABLE A-13
 

Total ergy Determinations Up and down stream 

of Positioned Plates 

Test Run No. 6
 

Five 4-in. Triangles @10°C
 

ISection 
!
! T.E. (ft) 
i 

; 
I- 1 
I 0.366 

1 0.363 
3	 0.361

! 
5 0.361 

I
I7 
I 

0.349 
9	 0.348I 

11	 0.359I
 
I13 0.366 

15 I 0.370 
i ­

'0	 AD =~ = sin 10=·0.0084 

Q 0.87 ft/slilt 

2 
= FD (0.0084) (1.5) (1.94) (0.~7 ) 

F =0.0093 lb/plateO 

R = 2(0.346) • 295 fta n 2 + 0.346 · 

= n 6:~~ {O.295)2/3 {O.00052)l/2 

n = 0.0173 
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Overview of Report 

This reportls a summary of research, review of the 

H. literature and ~cussions with professionals concerning 

La: techniques for avesting microalgae. At present, there 

seems to be no ~gle process of choice. In fact, few agree 

le. on microalgae iml harvesting procedures. They do agree 

lUI that the techni~ must be specific for a given species of 

II ~ algae, a partic~r production system, and for the expected 

ie end product. K~ing this in mind, the recommendations of 

this report are Dr the Hawaii Algal Raceway production 

system. The en~roducts are 1) a slurry of 10% Total 

Suspended Solids(TSS), 2) a slurry of < 10% TSS that could 

~s be further proceed in the production of methane or 

methanol,and 3~he extraction of lipid and other cellular 

components. Fi~e 1 presents an overview of the harvesting 

p portion of thisroduction scheme. 
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Total Suspended Solids are on a Dry Weight Basis 
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Harvesting 
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o 
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Figure 1. Harvesting Scheme for the Hawaiian Microalgae 
Raceway System. 
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Summary of Phase 1 research 

The species of microalgae used in this study was 

Platymonas. The algae was produced at the Sand Island 

research facility. Platymonas is unicellular and 

approximately 15 pm in diameter. The microalgae used in 

this study is halophilic with an optimun salinity of 35 

parts per thousand (ppt). Laws has reported productivity of 

35-45 g/sq mId at salinity of 15-30 ppt and temperature of 

28-32•C. Additional information on this species of 

microalgae is presented in Appendix A. 

Studies were conducted at the Algal Raceway research 

facility to determine settleability of the algae, 

Platymonas. An initial study utilized plastic Imhoff 

cones filled with a microalgae suspension from the raceways. 

Tests were done in the light and in the dark to determine 

settling characteristics of the algae and potential for 

harvest by sedimentation. The results were discouraging. 

None of the samples settled completely, even over long 

periods of time. The problem was likely due to the plastic 

material or shape of the Imhoff cones. 

Another study was conducted to determine whether 

ultrasound sonication could be used to enhance settling and 

provide a means for flocculation of the microalgae. Samples 
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of two microalgae species were sonicated for varying time 

periods then allowed to settle. Again, the results were 

disconcerting. It was shown that the control samples (not 

sonicated) settled at th~-t-e-as the sonicated 

samples. There was essentially no difference in the 

settling rates. 

~~~ A third study was conducted at the Algal raceway. A 55 

gallon drum was used as a sedimentation basin to determine 

settling rates for Platymonas. In this study 80 to 90% 

of the cells settled out in less than one days time. Two 

samples of the settled algae were taken to determine the 

percent dry weight after settling. The results are 

presented in Appendix B. It was shown that the 55 gallon 

drum harvestor could be used to 0 btain eff! uen 

Suspended Solids (rSS) concen tra tions of abo %. 

- n --f---J­
C~\QS·~ 

AN.Q S::PQC1(',,-­
1;;' Pit.irlk~S 

Microalgae Harvesting Techniques 

Review of Literature 

There are several procedures presented in the 

literature for harvesting microalgae. Tables 1, 2, and 3 

list the processes that have been described. The following 

sections give more detail on each process with information 

on advantages and disadvantages as well as relative costs. 
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Table 1. Physical-Mechanical Processes for Harvesting Microalgae. 

Process Final TSS Source 
=======================~===.=======~======.=====-========== === = == = = 

Sedimentation 
clarifier 
thickener 
gravity 
lamella tank 

Centrifugation 
rotating wall 
hydroclone 
multichamber 
basket 
nozzle 
disc 
decanter 

Filtration 
vacuum 
pressure 
belt 
cartridge 
deep bed 
ultrafiltration 
filter basket 

Screens 
vibrating 
rotating 
stationary 

Drying 
incineration 
sun 
cross flow air 
vacuum shelf 
toroidal 
flash 
rotary 

.5-3% 
? 
? 

1.5% 

12-22% 
.4% 

? 
? 

2-15% 
15-25% 
22% 

18-37% 
16% 
10-18% 

? 
5-10% 
<5% 
5% 

5-8% 
? 
? 

to 30% 
? 

?
 
?
 
?
 
?
 
?
 

50 

500 

250-600 

50 

2,3,8,13,l L 

16 

16 

3,8,13,l L 

16 
16 

16 
16 
16 

3,13,14 
16 
16 
16 

16 
16 
16 

3,8,13,14,1~ 

16 

16 

12 

===================================================================
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Table 2. Chemical Processes for Harvesting Microalgae. 

Process Final TSS Cost Source 
================================================================== 

Coagulation-­ 400-450 3,12,13,15,18 
Flocculation 

Precipitation 13 

Floatation 
dissolved 
electro 
dispersed 

air 

air 

1-6% 
3-5% 

? 

450 3,12,13,15,18 
16 
16 

Magnetic Gradient 600 3 

=============S==========.=======3a==========~=.======= = = = = = = = = = = = = 
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Table 3. Biological Processes for Harvesting Microalgae (see Making 
Aquatic Weeds Useful: Some Perspectives for Developing Countries, 
National Academy of Sciences, 1976, 175 pgs.). 

Herbivorous Animals 
~====.=================== 

Grass Carp 
Tilapia 
Silver Carp 
Tawes 
Silver Dollar Fish 
Crayfish 
Oysters 
Clams 
Ducks, Geese, Swans 
Manatee 
Water Buffalo 
Capybara 
Nutria 

-======================= 
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Filtration 

Process Description: There are several techniques described 

in the literature for filtering microalgae. Included are 

vacuum filtration, pressure filtration, sand filtration, 

belt filtration, cartridge filtration, deep bed filtration, 

and ultrafiltration. These processes involve liquid-solid 

separation where the fluid is passed through a medium that 

retains the solids. There is a pressure drop across the 

medium which is required to drive the process and cause 

movement of the fluid through the filter. 

Advantages: 1) most filters are of simple design, and 2) 

low maintenance costs. 

Disadvantages: 1) requires a fine medium that will retain 

algae, 2) difficulty in handling on large scale, 3) build-up 

of filter cake and subsequent head loss, 4) high capital 

costs, and 5) inconsistent reliability. 

Floatation 

Process Description: Floatation involves separation by 

movement of the solid particle to the surface because of 

attached air or gas bubbles. The process reliability is 

dependent upon the interaction of the algae cells and the 
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gas bubbles. Examples of the floatation process are 

dissolved air floatation, electrolytic floatation, and 

dispersed air floatation. 

Advantages: 1) in the case of some algae, floatation is 

natural, and 2) process works for algae of any size (even 

used with bacteria). 

Disadvantages: 1) process is quite often used in conjunction 

with chemical flocculation or pH adjustment, 2) reliability 

of process is low, 3) relative energy requirements are high, 

4) both capital and maintenance costs are relatively high. 

Sedimentation 

Process Description: The sedimentation process is based upon 

movement of particles in a fluid medium by the force of 

gravity. Stokes Law describes the rate at which the 

particles descend based on the drag force on the particle, 

force of gravity, viscosity of the medium and size of th~ 

particl~ Other factors that must be taken into account for 

algae settling include water turbulence, convection, 

temperature stratification, and wind action. Rate of 

settling may be increased by increasing the size of the 

particles. This is quite often accomplished by addition of 

flocculants. 
~ 
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Advantages: 1) little maintenance required if used without 

chemical additions, and 2) low energy requirements. 

Disadvantages: 1) often used with polymers, and/or alum or 

ferric sulfate to improve separation, 2) poor reliability, 

and 3) long detention times required. 
~ 

Centrifugation 

Process Description: The Centrifugation process involves the 

movement of solid particles in the fluid by centrifugal 

forces. Two processes of centrifugation are the fixed wall 

device (hydroclone) and the moving wall device (centrifuge). 

In the case of the former, the liquid is fed through a 

nozzle tangentially against the wall of the hydroclone. The 

heavier particles exit through the bottom of the device and 

upwelling lower velocity fluid is discharged via an overflow 

pipe in the center. The latter process involves the 

rotation at high speeds to increase the rate of separation. 

Advantages: 1) high reliability and high efficiency, and 2) 

achieve high TSS levels in final concentrate. 

Disadvantages: 1) high energy requirements. 2) high capital 
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and maintenance costs, 3) batch systems require frequent 

cleaning, and 4) excessive wear on equipment. 

Screens and Strainers 

Process Description: The microscreening process is similar 

to that of filtration. Straining devices of fabric, 

stainless steel, and polyester of fine mesh are used to 

separate the solids from the fluid medium. 

Advantages: 1) simple design and construction, 2) ease of 

use, 3) relatively low capital costs, 4) low maintenance and 

energy costs, and 5) fairly reliable and efficient process. 

Disadvantages: 1) build-up of slime on filter fabric and 

need for UV irradiation, 2) problems with handling 

fluctuations in solids levels and 3) need for periodic 

cleaning of the microstrainer. 

Drying 

Process Description: The drying process is done to reach TSS 

levels of above 15%. The process of dehydration may be 

accomplished by drying with a heated gas stream, with high 

velocity air movement, sun drying, and vacuum drying. 

Examples of these processes are: flash dryers, rotary 
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dryers, toroidal dryers, spray dryers, vacuum dryers, and 

solar dehydrators. 

Advantages: 1) may yield very high TSS levels, and 2) 

provide a stable, storable product. 

Disadvantages: 1) high capital and maintenance costs, 2) may 

cause degradation of cellular components, and 3) high energy 

requirements. 

Magnetic Separation 

Process Description: High gradient magnetic filtration 

(HGMF) involves the suspension of magnetic particles in 

solution. The magnetite coagulates with the algae and both 

are separated from the solution by a magnetic field. This 

process is probably not feasible, especially for large 

facilities. 

Advantages: 1) fairly reliable process. 

Disadvantages: 1) not well studied, 2) high capital and 

maintenance costs, and 3) algae in combination with 

magnetite. 
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Biological Separation 

Process Description: Fish, other vertebrates, and 

invertebrates have been used to remove algal populations in 

high density algal ponds. The technique is still largely 

undefined and the results are highly variable. Some of the 

species of aquatic animals that have been tested include; 

fish (Tilapia), other vertebrates (Manatee), and 

invertebrates (Clams and Oysters). A paper presented at the 

Second International Conference on Warmwater Aquaculture 

described the use of Tilapia for algal biomass recovery 

(Abstract presented in Appendix C). 

Advantages: 1) low capital and maintenance costs, and 2) 

little management required. 

Disadvantages: 1) interaction of biological species and 

respiration requirements largely unknown, 2) problems with 

high BOD resulting from animal fecal excretion, and 3) water 

quality requirements of process not well studied. 

Coagulation-Flocculation 

Process Description: The process of coaguation and 
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flocculation involves the addition of lime, alum, 

polyelectrolytes, activated carbon, and ferric salts to aid 

in floc formation. The process is sensitive to pH, 

alkalinity, temperature, and other variables. The common 

"Jar Test l ' is used to determine suitable coagulant dosage 

and chemical conditions for optimum efficiency of the 

process. 

Advantages: 1) negatively charged algae surfaces form stable 

floes with some chemical flocculants. 

Disadvantages: 1) process is not easily controlled, 2) 

require expert personnel to operate, 3) sludge cake in 

combination with the algae may preclude further use of the 

algae, and 4) difficult to recover algae. 
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Costs of Harvesting Processes 

Tables I, and 2 present relative costs for some of the 

microalgae harvesting processes. The numbers were 

presented by Benemann (1980) and are US dollars (1976) per 

million gallons. The estimated costs represent capital 

recovery, operation and maintenance costs. 

I have also calculated capital costs for three 

harvesting schemes. The first harvesting process (No. 1 on 

Figure 1) considers methane or methanol production. An 

algal slurry of 3-5% TSS is achieved by sedimentation only. 

The process utilizes twelve 100 ft diameter settling basins, 

each 20 ft in depth. The basins would provide a hydraulic 

detention time of about 10 to 12 hours which should provide 

concentration to about 3-5% T55. 

The second process (Number 2 on Figure 1) considers 

production of an algal slurry of 10% T55. The process train 

utilizes the 12 sedimention basins described earlier. In 

addition, 30 rotating microscreens each with a mesh opening 

of 10 um provide further dewatering to 10% TS5. 

The last process (number 3 on Figure 1) considers the 

end product of purified lipid. The lipid is extracted by 

the supercritical carbon dioxide technique. This process 
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train would require very expensive extraction procedures 

(i.e. about $5 million for a small plant of 10 tons/day 

according to Basta, 1984). 

This data is summarized on Table 4. The total capital 

cost to produce 10% TSS is $3.6 million. If centrifugation 

were used instead of microscreens, the total capital cost 

would be about $25 million. Table 4 also gives a summary of 

physical dimensions for harvesting facilities. The expected 

concentration of algal slurry product is also summarized. 

The calculations are presented in more detail in Appendix D. 

I find nothing in the literature that would suggest 

microscreens could be used to prepare an algal slurry of 10% 

TSS. The best reliable estimate would be in the range of 7 

to 8% TSS (Mohn, 1980). Hence, I feel it is necessary to 

utilize both sedimentation and microscreening in order to 

reach the 10% TSS slurry. 
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Table 4. Summary of Costs for Microalgae Harvesting. 

End Final Capital Land
 
Product TSS Cost Required
 
=======================================~============ 

1)	 methane 3-5% $2.4 million 5.5 acres 
methanol 
ethanol 

2)	 10% TSS 10% $3.6 million 

3)	 lipid 

======================-============================= 
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Summary and Conclusions 

Microalgae harvesting seems to be a key limitation to 

the development of commercial-scale algal raceway schemes. 

This is due mainly to the fact that conflicting reports of 

harvest efficiency and harvest costs make it difficult to 

predict what the actual results will be in a commercial 

facility. Additionally, only limited work has been done on 

harvesting marine species of microalgae and Platymonas 

in particular. 

Table 4 presents a summary of estimated costs and 

facility requirements for adaptation to the Hawaiian raceway 

system. It also includes estimated maintenance costs for 

those systems. 

<-:: 
//It is recommended 

// 

.~ith the test 

scale and then 

costs for a 1000 acre 

in this study •. 
/" 

algal species (Platymonas) on 

e-up 

processes 

that additional studies be con 

pilot scale to determine the actual 
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APPENDIX A
 

Information on Platymonas 
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Platymonau sp, 

Strain: Hawaii (S/PLATY-l) 

Taxonomy: Division: Chlorophyta 
Class: Chlorophyceae 

Order: Volvocales 
Family: Tetraselmiaceae 

?:a~ymonas sp. cells. (Scale: 1 em = 10 Mm) 

Collection site: Invaded racew3Y ~~ss culture, Hawaii 

Date: Surmer 1933 

Size: 13-l3 /J.I-:l x 13 }J. i;j· 

Growth fonn: iJn; eel L.Jl sr 

Growth rate at optimu~ (or maximum recorded): not cet ermined 
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PZatymana.s sp, 

Culture conditions: 

Vitamins required: none 

Available nitrogen sources: ammonium, urea, nitrate, amino acids 

Suitable media:	 not determined: grown outdoors with seawater 
drawn from \'/ell through coral, enriched ~"ith 

NH4+(O.5-1 m~1), P04 .:30.05-0.1 r.1t~), f/2 
meta1 s (I-lOX recommended concentrations),,	 + 
and NaHC03 (equimolar to NH4 ). 

Nutritional modes: autotrophic 

Temperature range: not determi ned 

optimum: 34°C (1) 

Salinity range: 15 0100 - ? 0/00 (1) 

optimum: 35 0100 (1) 

Chemical composition: 

Growth conditions ~ lipid % protein c: carbohydrate Ref. Basis 

sc 18 46 36 1 AFDW
 
SC, N(N,P) 15 24 61 1 AFDW
 

Lipid composition: 33~ neutral lipids (1) 

Fuel production options: 

Hydro- Total	 ~~C;J~c
r~ethane Ester Ethanol	 FractionQ;J:ion	 carbun Recovered F.'"'~ 1
~1J/kg i'~J /k 9 j·1J/ri.9	 Ut i 1i zedHJ/kg r~J I kg	 1·1J,' ~'.:~ 

....1 16.2 0 0 0 16.2 0.635 u 
1" ?	 ·i2 16.2 0 ,J 0 .0 .... 0.635 ., ..,	 -.J 

'13 , 10.7 4.7 ... , .J 18.0 0.761 I • ~ 

1 - , ~ l~
"1' 12.3 0 0 .... ) • .J.v 0.667 .... J. ..,....	 ' ("J 5.7 "1' • I 2.7 3.5 17.6 O.7~3 • 1.J • '",. 

Total energy content: 2:. 7 "'J,'.;~ Jry \vc? i gtl:
 

230
 



Page	 26 

Pl.atymonas sp, 

Physiological note: optimum pH = 7.0 (1) 

Life cycle: 

Asexual reproduction by longitudinal division to form two or four daughter 
cells. Some species of PLatymonas are known to fonn resting spores or cysts. 
(2) 

Outdoor culture history: 

1.	 Cul tu red in Hawa i i raceway. Hi gh product i vi ty (35-45 91m2/ day) at a 
sa1i nity of 15-30 0/00 and temp of 28-32oC. (1) 

References (number available in each category): 

Physi 01 ogy: 49
 
Ecology: 17
 
Cul ture: 19
 

Chemical composition: 9
 
Taxonomy: 4
 

Ultrastructure: 2
 
Food for higher organisms: 20
 

Literature cited: 

1.	 Laws, E.A. 1984. Optimization studies in shallow algal mass culture 
flumes. In: Aquatic Species Proqram Revieu: Proceedi.nqs of the Ap."il 
1984 Pr-inc-ipal: Inueat iqator« .'1eetings. Sol ar Energy Re searcn 
Institute, PUbl. SERI/CP-231-2341. pp. 108-132. 

2.	 Ir ick , C.G. 1979. The life cycle of PZa~Yr.".or...lsi,7Z:J~:r;...;::.i:: 
Prasinophyceae in culture. Proc. N.S. Inst. Sci. 29(2):215-222. 
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APPENDIX B
 

Dry weights of settled algae 
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Table Bl. Dry weights of settled algae. 

Number sample net wt wet net wt dry % dry wt 
===~==a ••==.===.=.=.a===================================== 

1 Platymonas 9.50 g 3.02 g 13.5% 

2 Platymonas 29.66 g 2.56 g 7.1% 

==a=====~.=====.====.========.=========== ••=============== 

Above assumes samples at approximately 15 ppt salinity 
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APPENDIX C 

Abstract of Tilapia paper 
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lpOTENTIAL OF TlLAPIA FOR TROPICAL ALGAL BIOMASS RECOVERY
 
IJohn A. Colman- and Peter Ed~ards, Aqriculcaral and Food Engineering Divi­

Ision, Asian Insti~ute of Technology, GPO Box 2754, Bangkok 10501, Thailand.
 
! 

\ The efficiency of algae/fish tanks in a tropical seetL~g was investi ­

iqated. Feed conversion ra~~os (FeR) were determined for fish cropping of
 

3(algal biomass over 64 days in combined, algae/fish culture tanks. The 5 m
!tanks were heavily fertilized with inorganic nutrients and cesspo~l slurry 
;(6,. COO·m- 2 . day- i . Algal standing crop and fish growth were exceptionally 
high, > ~O ~q dry wt·t- 1 and> 1 q-fish-1·day-l, respectively. Sixtl ~o 
:seventy ~ fish (Oreochromis niloeicus) were stocked ~n ~he tar~s a~ optimal 
¢ensity (S·m- 2" as determined by previous experimentation. Feeding rate wasl 
~efined as the equivalent on a dry weight basis of added cesspool slurry and: 
whole-tank, 24-hour ne~ carbon production. ~p. latter was evaluated by 
da~ly summed J2 change in ehe culture tank. computed O2 loss throuqh tr.e 
~e ~acer surface, and computed 02 used in fish respiration_ The average
'i''feeding rate was 12 q dry wt organic matter·m-~·day-~, mere than half of 

Which was of algal origin. ~et production was less ~har. is ~ow commonly 
achieved in algal piomas5 culture, where ar. at~empt is made to optimize I 
algal produc~ivity. FCR vaLues were determined towards ~~e end of che i 
~xperiment jur~g three 2-week intervals in 3 tar~s and averaged 2.3 (dr/ we, 
crqanic matter: ~resh Wt fish basis). E'C~ 'lalues were s~lar to t.hose 
obtained In studies usinq harvested dried algae as fish or l~vestock reed. 
Bl.ornass recovery by fi£h cro':)pping obViates the :1et!d fer conventional algal 
biomass recovery lnvol'lwq cost.ly ccnce ncra ci.on and :r:·l:lC;J procedures. 
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APPENDIX D
 

Calculations of harvesting process costs 
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Process #1 -- End product Methane or Methanol 

1000 acre facility run 24 hrs/day 

Total·volume of water in system about 90 MG 

One third of water volume daily to harvesting 

Harvesting water flow rate about 30 MGD 

Sedimentation basin sized according to hydraulic detention 
time 

Assume detention time of about 10 hr. 

Volume of clarifiers is 1,700,000 cubic ft 

Assume clarifiers 20 ft deep and 100 ft in diame~r ~ 

Require 10.6 Cla~if.s ~eek.- w We..\~)\ ~lA fil-

L 
co\.;LabG'­

Recommendation: 12 S dimentation b ins each 20 ft deep and 
100 ft diameter 

Each sedimentation basin costs $ 0,000 for a total cost of 
$2,400,000 

Annual operation and maintenance costs are difficult to 
estimate since sedimentation has not been widely tested and 
applied to microalgae harvesting. Based on costs provided 
for domestic wastewater treatment (which mayor may not be 
directly transferable to algal harvesting), the annual a/M 
costs for the 30 MGD facility would be $450,000. Much of 
this cost is in sludge handling. 

Total area required for harvesting facility is 5.5 acres 
uncovered 
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Process #2 -- End product 10% TSS 

1000 acre facility run 24 hra/day 

Total volume of water in system about 90 MG 

One third of water volume daily to harvesting 

Harvesting water flow rate about 30 MGD 

Sedimentation basin sized according to hydraulic detention 
time 

Assume detention time of about 10 hr. 

Volume of clarifiers is 1,700,000' cubic ft 

Assume clarifiers 20 ft deep and 100 ft in diameter 

Require 10.6 clarifiers 

Recommendation: 12 Sedimentation basins each 20 ft deep and 
100 it diameter 

Each sedimentation basin costs $200,000 for a total cost of 
$2,400,000 

Also need 24 rotating microscreens on line with additional 6 
microscreens for back-up 

Each screen has mesh of 10 pm and handles a flow of above 
15,000 gal/day 

Each microscreen costs $40,000 for a total of $1,200,000 for 
30 microscreens 

Total cost to produce 10% TSS is $3.6 million 

Physical dimension of facility is 1/4 acre covered and 5.5 
acres uncovered. 
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Process #3 -- End product Lipid and other Cellular 
Components 

1000 acre facility run 24 hrs/day 

Total volume of water in system about 90 MG 

One third of water volume daily to harvesting 

Harvesting water flow rate about 30 MGD 

Sedimentation basin sized according to hydraulic detention 
time 

Assume detention time of about 10 hr. 

Volume of clarifiers is 1,700,000 cubic ft 

Assume clarifiers 20 ft deep and 100 ft in diameter 

Require 10.6 clarifiers 

Recommendation: 12 Sedimentation basins each 20 ft deep and 
100 ft diameter 7. eKc.<2.SS<. ~ 
Also need 24 rotating micro with additional 6 
microscreens for back-up 

Each screen has mesh of 10 pm and handles a flow of above 
15,000 gal/day 

Each microscreen costs $40,000 for a total of $1,200,000 for 
30 microscreens 

The cost of supercritical carbon dioxide extraction is not 
clear. Basta, 1984 indicates that the cost is high ($5 
million for a 10 ton 

----~---------
T6fal cost to produce lipid(// 
Physical d' sian of 1/2 acre covered and 5.5 
ac-r-e: uncovered. 

-
facility). 

is probably 
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APPENDIX D 

Engineering Assumptions and Calculations 
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APPENDIX E 

Anaerobic Digester Price Quote
 

Atara, Inc.
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ATA~ INCORPORATED 
277 FOREST AVE., PARAMUS. N.J. 07652
 

TEL.: (201) 261-0066
 
TELEX: 135·142
 

October 29, 1984ATA~ 

Aquaculture Assoc. 
1110 Richards Street, Room 207 
H0 no 1u1u, Ha\'Jai i 9681 3 

Att: Mr.	 Fred Mecher 

Subject:	 Solar Energy Research Institute 
Microalgae Production Facility 
Anaerobic Digestion Process 

Gentlemen: 

In accordance with our conversation of October 24, 1984 please find enclosed 
our recommended design for the anaerobic digestion of the byproduct of a 1,000 
acre microalgae production facility. Our design includes four (4) 100' dia. anaerobic 
digesters. We would estimate a net digester gas production of 2,000,000. cu. ft. per 
day based on the assumptions which we had discussed via the telephone and as shown on 
the enclosure. 

Gentlemen, we trust that the enclosed information will enable you to evaluate the 
economics of anaerobic digestion for tile generation of methane gas from microalgae. 
Should you require any additional information to make your evaluation or have any 
questions concerning our preliminary design, please do not hesitate to contact the 
undersigned at our office in Paramus. 

Very truly yours, 

ATARA, I~CORPORATED 

JD/as Jerry DeVos 
enc 1. S31t:S Hjnager 
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10/29/84
 

ATAIf4 INCORPORATED 

DESCRIPTION &ESTIMATE 

ATARA DIGESTER SYSTEM 

FOR:	 Solar Energy Research lnst. 
Microalgae Gas Production Facility 

ENGINEER: Aquaculture Assoc. 
Honolulu, Hawaii 

We propose to furnish the following equipment: 

Item I - Digestion Tanks 
1. 48 complete Aero Hydarulics Heating Mixing Guns for the four (4) 

100' diameter digester(s). Each gun shallconsist of a non-clog piston bubble 
generator, a 24" diameter stack, hot water jacket, floor mounted support bracket, 
plus piping and fittings as shown on Drawing - . Units shall be prepared
by sandblasting followed by 2 shop coats of epoxy paint. 

2. Six (6) complete gas compressor assemblies. (F6ur (4) operating, two (2)
standby}. Each compress~r assembly shall consist of a liquid ring rotary compressor, 
all bronze construction rated at 275 SCFM at 15 PSIG, and shallbe complete with 

25 HP explos ton-pr-oof motor, discharge moisture separator with float switches, inlet 
flame arrester, inlet sediment trap, seal water line accessories, high pressure drip 
trap, discharge check valve, conductive b~lts, guards, baseplate, inlet and outlet 
pressure gauges and high/low pressure safety controls. 

3. Four (4) wall-mounted control assemblies consisting of combination starter 
and circult breaker, and system operating lights and switches. 

4. Four (4) Gas Flow Balancing unit consisting of one 4~1l pressure gauge,
balancing valve, and isolation valve for each Aero Hydraulics Mixing and Heating Gun. 

5. Four (4) thenmostat(s), to be inserted into the digester to control 
temperature and heating cycles of the digester. 

6. One (l) hot water boiler to deliver 7,000,000 BTUH. The boiler is 
complete with controls, safety devices, and pump to circulate hot water to the digester. 
Boiler shall be designed to burn digester gas and natural gas 
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ATAQ4 INCORPOR-4TED 

DESCRIPTION &ESTIMATE CONTINUED
 
FOR: Solar Energy Research lnst.
 

7.	 Digester Tank Covers
 

No. of Tanks Four (4)
 

Dia. of Tanks 100 1 -0" _
 

Dia. of Cover 

Type of Cover (2)Sing1e Deck Vertically Guided Gasholder, (2) Fixed Covers 

Opera ti'ng Pressure 10.011 w.c. _ 

8.	 Insulated Steel Digestion Tanks complete with connecttons for external piping. 

9.	 Gas Scrubber. For removal of H2S and mercaptans only 

10. Prefabricated Operations Building 

Our estimated price to provide a complete Atara Digester System as described
 
above ts $2,400,000.00 to $3,000,000.00.
 

Does not include the fo11owi.ng: 

Concrete Base for Steel Tanks
 
External Piping

External Electrical
 
Erection of Tanks and Covers
 
Field Painting

Site Work
 
Pumps, Valves, etc.
 

Items other than specificatlly described above. 
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ATAA4 INCORPORATED 
PRELIMINARY DESIGN 

ATARA ANAEROBIC DIGESTER SYSTEM 

PROJECT:	 SOlar Energy Research lost 

Microalgae Gas Production Facility 

ENGINEER: Aquaculture Assoc. Attn: Mr. Fred Mecher 

Honolulu, Hawaii 

REP:	 None

DESIGN BRIEF - DIGESTER SYSTEM: 
Basic Information: 

Type of Waste: Microalgae 
Min. Hydraulic Retention Time: __lO_d_a.;..y_s _ 

Max. VSS Loadfng Rate: 0.25 lb. VSS/ft 3/day
 

Valati le Solids Cone: 90%
 
-~;;";,,;.,,.---------------Digester Feed T~p. __~3~0_Oc~(~8~6~OF~)~ ~ 

Microalgae Volume to Digester: 50,000 dry tons/year @5% solids 
Mixing Requirement: Minimum active volume of 90% 
Digester Temperature: 95°F. ±toF at any point ;n tank 

Min. Digester Volume Required: 880,000 ft. 3@ 10 day HRT 

986,000 ft. 3@.25 lb YSS/ft3 
3

Select 986,000 ft.
 

Assume 4 digester each @ 246,500 ft. 3
 

Anaerobic Digester Section and Sizing:
 
4 100 ft. dia.(New)
 

Primary Anaerobic Digesters*

equipped with mixing and heating
 

Each digester complete with:

(Atara AH Mixing ~nd Internal Heating
 

Fixed Cover(s) _2___
 
Vertically Guided Gasholder(s) 2
 
Spirally Guided Gasholder(s)
 

1 -611MaximumSWD 31
Minimum SWD .-..2-7.,...,--O~Ii-------
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AV4A4 INCORPORATED
 

PRELIMINARY DESIGN 
PAGE 2 

II	 Design of Atara Digester Mix/Heat System 
No. of Atara AH Heating/Mixing Guns 12 - 24 11 dia. 
Submergence at minimum liquid level 31 

61-6 11SUbmergence at maximum liquid level 
---~------

Location of Units: 3 units at 17 1 radius, 120° apart 

9 units at 34 1 radius, 40° apart. 
III	 Digester Heating Requirements

Heat requlred for feed materlal (@ 30°c) = 2,000,000 BrUH 
Estimated Tank Losses (Fully insulated tank)= 1,500,000 BTUiH 

Total Supplemental Heat 3.500,000 BTUH 
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October 29, 1984 
ATAA4 INCORPORATED 

ENERGY EVALUATION
 
ATARA ANAEROBIC DIGESTER SYSTEM
 

FOR:	 Solar Energy Research Inst. 
Microalgae Gas Production Facility 

ANTICIPATED GAS PRODUCTION: (Assuming 60% volatile solids destruction and 15 cu. ft. 
of digester gas per lb. volatile solids destroyed). 

137 tons X 90% volatile X (2,000 lb. ) x (15 cu.ft./1b) 

x (60%) = 2,200,000 cu. ft./day @60% methane 

PLANT ENERGY CONSUMPTION 

Liquid Pumps - 20 HP (Assumed)

Gas Mixing -100 HP
 
Water Recirculation 12 HP
 

Estimated operating power 132 HP 

POWER COST {@ 6¢/kwh} = 132 HP x .06 x .746 x 24 

=$140/day 

Gas Required for Tank Heating 

3.500,000 BTU/hr Avg. Boiler Output @80% efficient - 4,400,000 BTU/h~;nput 

gas consumption =7,333 CFH or 175,0000 ft. 3/day 

Net Energy Produced = 2,200,000 ft. 3/day 
175,000 ft. 3/day 

2,000,000 ft. 3/day @60% methane 

Net Worth @$6/1000 ft. 3 methane = $7200/day 

Less Power Cost 140 

Net Energy Cost $7060 ± /day 
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APPENDIX F 

u.s. Patent No. 4,338,199
 

Madar, Inc.
 

Supercritical Water Combustion
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UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 
PATENT NO. 4,338,199
 
DATED July 6, 1982
 

-.. 
INVENTOR(S) Michael Modell 

It Is certifted that error appears in the abovHdentifted patent and that saJd letters Patent 
Is hereby corrected as shown below: 

Column 9, line 3, after lieu 0 " insert --AgO--.3 4 

Column 9, line 10, change liar" to --are--. 

Column 12, line 18, change "oxidizder" to --oxidizer--. 

Column 13, line. 26, c1?oanqe lIoxidiationfl to --oxidation--. 

Signed and Scaled this 

Sn."th D ~ y 0 f ~pt""Hr 19'~ 
ISEALI 

Anat: 

GER.~LD J. MOSSlN~HOfF 

CommisJilJn~, 0/ Patina GIldTnuitnuuJu 
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supctC'ritical conditions and temperatures above 450· C. 
'1.. PROCESSIr..C ~IETHODS FOR TIlE OXIDATION IS knO\\ n in the art. 

OF ORGANICS IN SUPERCRlTICAL WATER It has been suggested that toxic organic materials can 
be reformed at L'1e supereritieal conditions of water to 

BACKGROUND OF THE INVENTION S harmless lower molecular weight materials by break­
down of organic chains and the like whereby the result­

The oxidation of organic materials to carbon dioxide.L ing non-toxic materials can be disposed of by conven­
and water is a process known almost since the beginning 

tional means. 

-

I 
of time and often used to dispose of waste materials 
and/or generate useful energy such as steam (or heat- 10 SUMMARY OF TIlE INVENTION

.L .',"
" 

~ . iDs. power generation and in some cases, for desalina- It is an object of this invention to provide a method of 
lion of seawater. 14conventional generation of energy oxidizing organic materials to obtain useful energy and-
in the form of steam often organic fuels arc oxidized lor detoxify or destroy noxious and toxic organic mate-
rapidly in combustion to produce heat which is then rialsandlor remove unwanted salts from water. 
transferred through a heat exchanger to a fluid such as IS It is another object of this invention to provide a 
walei'. There are inherent losses in this conventional method in accordance with the preceding object which 
system. For example often 10 to 15% of the heating enables oxidizing of conventional and unconventional 
value of ~e fuel is.necessarily. l,05t in the exhaust stack organic fuels efficiently with maximized energy recov­
ofcoDve!'llonal bollers. In additlon. the heat exchangers 'ery in simplified apparatus for use in a wide variety of 
ncccssanly add l~ cost and ex~nse and are often of 20 beating and power cycles. 
relatively large size, H~at transier through surfaces of It is still another object of this invention to provide 
heat exchangers sometlmc:s ~ausc.s pro~lems and of~en means and methods for rendering harmless and/or eas­
requires the use. or SpecialiZed materials when hlg~ ily disposable, waste and/or toxic organic materials 
t~mperatu~cs are involved, HOI spots,due to salt.deposi- where the energy of oxidation thereof can be harnessed 
tloo on boller tubes can cause expensive down-tl~e due 15 to carry out the processing and in some cases useful 
to rupture of tube walls. On t~e flame ?r hot gas sides of excess energy is produced. 
the tubes, ash or other deposits often Impede heat flow It is still another object to provide a method in accor­

. and reduce heat transfer efficiency. . . dance with the preceding objects which can be used to .
; 

' 

ID one known process for ueaung waste orgamc desalinate seawater and brine using the energy of the 
nwerials, i.e: t~~ wet air oxidation pr~s, an organic 30. organic material and -w-some cases while obtaini~g 
feed and oxldlzmg agent are pressunzed to reacuon additional useful energy and/or treating waste or tOXIC 

J~ 

'. 
couditions of from about 1500 to 2500 psia, heated to materials. 
operatir.g temperature and fed to a reactor for residence It is stil! another object of this invention to provide 
times of 0_' to I hour. This process is known to be methods in accordance with the preceding methods 

I effective for removing 70-95% of the initial organic 3' which can becarried out in simplified equipment at high 

i
materiaJ. This system is effective but has certain disad- reaction rates. 
vantages. It is often costly in that large size equipment It is still another object of this invention to provide 
is occcssary and inefficient recovery of the heat ofcom- apparatus for carrying out the methods of this inven­
bustien is obtained. Often the solubility of oxygen or air lion.•I in water is below the level required for complete oxida- 40 According to the invention organic materials are 

; 
+ tiOD of the organic materials. Thus, a two-phase water- oxidized in an oxidizer by fonning a reaction mixture of 

gas mature is often used in the reactor, necessitating the organic materials, water and oxygen with the reac­
provisions for agitation in the reactor so as to avoid lion mixture preferably at supercritical conditions. The 
excessive mass transfer resistance between the phases. mixture is reacted in a single fluid phase in a well­

.~ 

Thia tends to make the reactor somewhat complicated 4S insulated reactor to cause the organic material to be

i and more espensive than would otherwise be nCC4:SSUY. oxidized whereby the effluent stream picks up the heat 
Often volatile organics such as acetic acid remain after generated. The organic material can be waste and/or 
complete processing. Long residence times are needed toxic material which are merely oxidized and destroyed 

~ 

~; 
... 1 and the reactions are often not adiabatic which results in in the method. The organic material can be a waste, 
"'! loss of part of the heal of combustion to t~~ environ- 50 toxic material or other organic material useful as a fuel ] 

menlo When energy is recovered in the fc."~ of steam, and is oxidized to recover useful energy for heating or 
,,1 the temperature of the steam predueed is below that oC 10 obtain a mixture of supercrirical water and carbon 

the reactor effluent. which 15 ~L&3Hy below 300' C. and dioxide suitable for use as process water in power ey­f typically in the range of 2S0· C. Thus, the heat recov- des. 
'l ered is or a low to moderate value and significantly 55 In another preferred method, the organic material :1 

below that required for generating electrical power in c:ao beany organic material having sufficient heat value j modem steam cycle power plants, to raise the temperature in 2.I1 oxidizer at supercritical 
•, It bas been suggested to recover heat energy from conditions to a value of at least 450' C. The water con­

~ supen:riticaJ water emuent and the technology for uins a salt such as sodium chloride when the water is 
doing this is highly developed. Electrical utilities since 60 seawater or brine and the salt precipitates out of theJi 
the 50·5 have used supercritical water power cycles to .mgle fluid phase solution immediately after reaction, as 

~ generate power from fossil fuels. in conventional precipitating equipment. to enable de-J The known literature describes production of super- salting of the water in a rapid and continuous process. 
critical water by burning fossil fuels followed by the use Preferably a part of the healed water obtained which r ofequipment for recovering heat from the supercritical 6S ispreferably at supercritical conditio.is is mixed directly t· 

tf water and turning the heat into power. Thus, such re- v.ith the reactants which enter the oxidizer to quickly 
covery systems are known. Rankine. cycle type equip- bring the reaction mixture to the desired temperature 
meat can be used to recover usefulenergy from water at for starting the oxidation. The heated water obtainedti l 
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can also be used to provide heat to the reaction mixture icaJ water or steam without the need for heat transfer 
through a heat exchange wall surface. Direct mixing is surfaces. 
preferred since it enables reaching the desired hot tem­

BRIEF DESCRIPTION OF THE DRAWINGSperatures rapidly, i.e, substantially instantaneously and 
thus avoids char fonnation in certain embodiments. S The above and other objects, features and advantages 

Preferably the organic material is used in an amount of the present invention wilJ be better understood from 
of (rom 2 to 2S% by weight of the water at a tempera- a reading of the following specification in conjunction 
lure of 374· C. or above and a pressure of at least 3200 with the attached drawings in which: . 
psia. Oxygen is used in the fonn of pure oxygen, air or FIG. 1 is a schematic diagram of an apparatus useful 
other gaseous mixture but in an amount preferably equal 10 for carrying out the process of the present invention; 
to or greater than the stoichiometric amount required FIG. lA is a schematic diagram of an alternate em-
for fult oxidation oC the organic material. The vessel bodiment thereof; ". 
used as an oxidizer is preferably well insulated and of FIG. 2 is a diagrammatic showing of the effect of fuel 
sufticient length to provide sufficient time for essen- healing value on oxidizer outlet temperature and reey­
tially complete oxidation of the organics which is pref- U cle ratio; 
erably designed to occur in about five minutes or less. FIG. 3 is a diagrammatic showing of the effect of feed 

It is a feature of this invention that substantiaJly com- concentration on oxidizer outlet temperature and recy­
plete oxidation of organics using supercritical water can de ratios; and 
be carried out at high speed in relatively uncomplicated FlG. 4 is a diagrammatic showing of the critical Jodi 
equipment. At supercritic:ll water conditions, oxygen :0 of water mixtures, 
and nitrogen should be completely miscible with water 

BRIEF DESCRlmON OF PREFERRED in all proportions [see.e.g.• H. A. Pray, et al., Inti. El.g. 
EMBODIMENTSChem; 44 (5). 1146-51 (1952).]. Thus two-phase flow of 

gases and water are eliminated and single fluid phase With reference now to FlO. 1 of the drawing, a sche­
flow results which allows simplification of the reactor 1S matic diagram of an apparatus for carrying out the 
construction often without the need for mechanical method of this invention is shown. The organic material 
mixing. When the feed is at 374· C. prior to the onset of feed is added to feed slurry tank 11 through line 12 
oxidation, the heat released by oxidation elevates the along with makeup water passed through line 13. 
temperature or the water-organicooexygenstream appre- From the slurry tank. the water and organic materials 

'I ciably and it can euily reach 450·-700· C. If the mean JO are passed through line 14, feed pump IS, line 16 to an I,:, temperature in the oxidizer is 400· C. or above then the eductor 17 and line 18 into an oxidizer 19. Air or oxygen 
residence time in the oxidizer can be less than Sminutes. from a source 20 passes through line 21 and an oxidant 

~i	 Since the oxidation occun within a water phase. diny compressor 22 through line 23 either directly to the 
I	 fuels can beused without the need Cor off gas scrubbing. oxidizer or to line 18 intermixing with the organic mate-

For example sulfur in the fuels can be oxidized to solid 3S rial and makeup water to fonn a reaction mixture enter-
sulfate which would be readily recovered from the ing the oxidizer. After the reaction in the oxidizer. an 
effluent stream from the oxidizer. It is pan of the inven- effluent stream from the oxidizer passes through line 24 
tion to precipitate inorganics in the feed as from a waste to a conventional ash separator 2S where ash and inor­
slurry, since the solubility of inorganic salts in supercrit- ganie salts can be removed at the bottom 26 as known in 
ical water drops to very low levels as for example 1ppb 40 the art with the effluent stream passing through line 27 
to 100 ppm above 450· C. to 500· C. The emuent from to an expander turbine 28 and out as useful energy in the 
the oxidizer	 can easily be designed to be above fort:1 of high pressure steam or water in output 30. A 
450· -SOO· C. thus causing inorganics in the stream to portion of the effluent stream containing carbon diox­
precipitate and be rcdily removed as by cyclones, set- ide, nitrogen if air is used as the oxidant and supercriti­
ding columns or filten. Thus the water output from the 45 C3lwater at superheated temperature. that is, above the 
system ispurified ofinorganic salts. In addition, the feed critical temperatu:e of water 374- C. can be recycled 
water need not be purified prior to use allowing the use and passed through line 31 and the eductor 17 to give 
of brine or seawater without prior treatment. Thus the the required degree oi heat to the entering reaction 
system is ideal for shipboard use where power and/or mixture at the oxidizer. 
desalted water can be obtained, sometimes simuita- SO The organic material useful as the feed iii' the present 
neously. The heat of oxidation of the organics in the invention can be substantially any organic materials 
feed is recovered directly in the form of high tempera- including fuels and waste shown on Table I below: 
ture, high pressure water, that is. superheated supercrit-

TABLE I 
Ultimate Anaiysis 

(dry wt basis) 

Fuel Blu! Btul 
Material C H 0 N 5 Ash Ib Ibell , 

• 
Utah coLI n.9 6.0 9.9 I.S 0.6 4.1 14.170 IU89 
Pill~urgb coal 11 ".S 5.0 •. 9 l.2 3.1 10.3 13.650 16.957 
Pithburgh coal "2 73.3 5.3 10.2 0.7 2.8 7.6 13,097 16.663 
Wyoming coal 70.0 U 20.2 0.7 1.0 13.5 14.410 19.3CM1 Dou;lu (ll I=R 56.2 S.9 36.7 0.0 0.0 1.2 9.S00 15.298 
Wood S2.0 6.3 <600.5 0.1 0.0 1.0 s.ooo 15.437( 
Pine bark '2.3 '.1 JlI.! 0.2 0.0 2.9 a.hO 15.112 

1	 Bagusc 47.J 6.1 35,3 0.0 0.0 II.J 9.l~ 17.110 
R:lw~'2~ 45.S U 25.8 2.4 0.5 19.0 7,000 13.SJ7 
BO\iinew~ 42.7 S.5 31.3 2.4 0.3 17.8 7,360 I SJ II 
Rice hulls 38.S S.7 39.8 0.5 0.0 15.5 6.610 14,9~~ 

Rj~ 51raw 39.2 5.1 35.8 C.D 0.1 19.2 6,540 14.763,t 
•I 
t, 
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TABLE I.conlinued 
Uilillllie AuJysis 

(dry WI buis) 

Fuel Btu! Blu! 
Malerial C H 0 N 5 Alb Ib IbCH 

)tSW l~.9 4.6 22.4 0.'1 0.4 31.0 5,645 14.662 
'aper 1IIilI sJudp 30.9 7.1 51.1 0.5 0.2 10.2 5,3.50 14.00&2 
Sewlge sludS- 14.1 2.1 10.5 1.1 0.7 71.4 2.040 12.51S 
Ue"i,~V"ol") 41" 67 43.3 1.1 0.7 7,210 14,684 

SubbiNmiDous B 54.6 6.4 33.1 1.0 0.4 9,420 15,443 
Elh)'1 ak:oboI 52.2 13.0 loU 12.780 19.601 
Carbon 100.0 14,093 14.073 
Melhane 75.0 25.0 ~ 21.510 21.520 
Propuc 11.1 .1.2 19,944 19.4).1.4 
Heunc 13.7 16.3 19,403 19,403 
Bcuenc W 1.7 1'1,4&0 17,410 
No.1 fud oil 19.665 
No.2 rudoil 19.401 
No.4 ruel oil 19,213 
No.5 rlAd oil 19.015 
No.6 fueloil wilhoul limitation n.7904 

Organic materi31 feeds include without limitation 
known toxic and waste materials such as: 

Aldrin tration the outlet temperature varies with the fuel heat-
Dieldrin ing value. The effect of fuel :~~tihg value on oxidizer 
DDT outlet temperature and recycle rat;o is shown in FIG. 2. 
2,4.S-T UJd esters 2S The results of FIG. 2 were determined by the thermo­
2.4--diaminotoluene dynamic firs" law energy balance' assuming negligible 
Lindane energy losses to the environment (Fuel cone: 10 lb. 
p-aminobenzcic acid CHllOO Ib.lhO; operating pressure: 3,600 psia; no heat 
anthrmilic acid exchanger; oxidizer inlet temperature 377· C.). With air 
Alfatoxin 30 as oxidant, the oxidizer outlet temperature varies from 
Heptachlor 441-' C. at 14,000 BTU/lb. CH to S6r C. at 19,000 
Malathion BTU/lb. CH. Ifox)gen is used instead of air, the outlet 
Nitrosamines temperature is somewhat higher as shown by the dash 
commuted paper waste line in FIG. 2. The recycle ratio is determined by the 
landfill garbage and the lise, 35 oxidizer outlet temperature and the desired oxidizer 

Organic toxic material to be treated in this invention inlet temperature. For an oxidizer inlet temperature of 
include those recognized as hazardou.. by the United 377- C. the relationship between recycle ratio and fuel 
States Environmental Protection Agency as for exam- heating value is shown in FIG. 2 for air (solid curve) 
pIe those set out in EPA pub!ication EPA-S60/1179-ClO1 and oxygen (dash curve). Higher recycle ratios are 
entitled Test Data Development Standards: Chronic 40 required when air is used instead or oxygen because the 
Health Effects Toxic Substances Control Act; Section inert nitrogen component of air decreases the oxidizer 
4_ When toxic and waste materials are used, it some- outlet temperature. 
times is only desired to utilize the heat of oxidation to Basically higher temperatures are preferred at the 
aid in oxidizing of these materials to harmless products outlet of the oxidizer so that 3 smaller proportion of 
which caD be taken ofTthe oxidizer and discarded. The ., water need be recycled to provide heat for the reaction. 
resu]Wll supercritical water caD be passed to other The outlet temperature will preferably always be above 
areas without removing the energy therefrom for use in 374- C. when single phase reactions occur and prefers-
power cycles. When moderate 10 high heating value bly it is above 450· C. to maximize salt precipitation and 
input materials are used, useful energy is obtained to minimize the recycle. Thus with low heating value 
which can be co:1veneG to power using steam turbines, SO fuels, highC'r feed concentration reaction mixtures are 
Rankine/cycle systems and :he like as known in the art. used. In some cases. supplemental system heat exchang-
The heated water output can i:J.e used directly in heat ers are used along with the recycle to achieve the de-
exchangers for space heating 'Jr any heating purpose. sired temperature at the inlet to the oxidizer. 
Prefenbly the concentration of the organic materials is The reaction often preferably is carried out at the 
in the 2-25% by weight range of the reaction mixture. 55 near critical density of water which means that the 
The partial hst of possible feed materials in Table I temperature must be at least the critical temperature 
shows that the heating value in BTU per pound of fuel and the pressure at least the critical pressure of water. 
varies over a broad range from 2,040 BTUllb. for sew- Parameters at the near critical condition of water can 
erage sludge LO 21,S20 BUT/lb. for methane. The last also be used and should be considered the equivalent of 
columa in Table I is the heating value in BTU per 60 exact critical condition. The near critical region or the 
pound of carbon and hydrogen in me: fuel. On this basis. term lOin the region of the critical density of water" is 
the heating values vary over a much smaller range: encompassed by densities of from 0.2 to 0.7 grams per 
12,~OO BTUllb. CH for sewerage sludge and 15.M centimeter). In this near critical region or in the region 
BTU/lb. CH for wood and bark. 16-19.COO BTU/lb. of the critical density, pressures can be from 200 to 2500 
CH (or coals and 18-20.00:> BTUllb. CH for fuel oils. 65 atmospheres and temperatures can be from 360- C. to at 

The heating value of the fuel defines the feed concen- least 450· C. A critical temperature range of 374- C. to 
tration and recycle ratio required to reach 3 given oxi- 4S0· C. and a critical density range of 0.25 to 0.55 grams 
dizer outlet temperature. At a given fuel feed concen- per centimeter! are preferred for use. 
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Although it is preferred to have the ernuent stream descnbed therein can be used in the present system if 
from the oDtizer reach a temperature and pressure desired although in most cases, they are unnecessary. 
condition at the near critical condition of water this can The feed material can be in liquid fonn as with liquid 
vary in some eases, In all cases the reaction in the reac- orga:Ucs. aqueous slurry fonn, gaseous form or solid 
tion vessel or oxidizer at some point reaches supercriti- 5 fonn. When in solid fonn, the feed is preferably commi­
cal conoitiom. Le, temperature and pressure conditions nuted for convenience for incorporation into the feed 
are such thac only a single homogeneous fluid phase can water as a pumpable slurry. 
exist in the mhture of reactants. flO. 4 is a graph of It is a feature of ~ inve~tion that ino~ganic materi­
pressure versus temperature showing the supercriticaJ a1s such as.S:Uts which arc lughly solu~le In.water often 
region. i.e., the locus of critical points for binary mix- lose solubililY and bee.ome substantially Insoluble. at 
lures of water with benzene. ethylene, naphthale.•e and tempeta"!rc:s above 450 C. Thus, when seawater, bn?e 

'tr I allcases with the mixture used for the reac- or other Impure waters arc used as makeup water, .t:~... 
::n~~~~:ritical conditions are to the right and above organic materials ~ provide the fuel for d~tln~. 
the locus graphed. Since oxygen water miAtW'e5 have a Thus wb~ the eXit te~perature from the OXidizer IS 

locus similar to the nitrogen water mixture, it wilJ be l' above 450 C:, ~o~ventlonal. ash sep~ators c~ be used 
understood that temperatures and pressures to the right ~ aIJo_w ~recl~ltaUon of socll.urn chloride, calc~um chlo­
of line (4) should be obtained in the oxidizer. These ride, rernc oXld~ and the .like. These materials often 
conditions are close to the supercritica1 conditions of cause p~oblems In conventional apparatus where heat 
water alone. These supercritical conditions must occur tr~fc:r 1$ through walls o.fthe apparatus~ They tend to 
in the oxidizer to get the single fluid phase reaction to build cpoon the walls causmg hot spots With subsequent 

• f1 11 d id xidation. In FIO. 4 the eoneentra- d~tI:ucu?n of the walls. I~ ~he present method, the 
~t u aD r~p. o. .. oXldlUf ISa flow through OXidizer and can be for exam­
tion ~f the orgamc III adnuxture w;ath water mcr~ as ple a stainless steel tube covered by layers of insulation 
the lines go out from the water ~~t at th~ lower nght.. such as Min.K. When temperatures in excess of 450' C. 
hand comer oC the water supereritical regIon shown on 25 are gener.ted within the oxidizer or when high concen­
the graph. ... . tratio~ of chloride are present, the inner wall of the 

The temperatur~an.d pressure gomg Into the oXld~er reactor may beclad with corrosion-resistant alloys such 
c:a:n vary. ~ kindling t~perature of the reaction as HasteUoy C. When large diameter reactors are em-
m~~ure m~ ~ reached pnor .to eD~ce and super- ployed, the inner wall may be lined with firebrick. 
cntlcal CO~di~ODS for ~~ reaction mIXture must occJ:'r Whm high concentrations of inorganic constituents are 
.t som.e po~nt 111. the.cWdlUT dU~ to the heat rel~ In presear or whell soiid catalysts are used to reduce the 
the adl~~~c O~dahOD of a ~ruo~ of the org~c feed. resideece time required for oxidation, a fluidized bed 
1b~ Initial temperature ~Olng mto the OXIdIZer for reactor can be used to provide efficient separation of 

matenals that tend to char, i.e., pyrolyze or decompose, fluid e.filuent from solids. 
is preferably above the ch~ fonn~tion temperature 35 The superheated supercriticaJ water in line '1.7 is 
rang7 For example cellulosic ma~nals tend to pyra- passed for recycling to provide the heat necessary at the 
!yze m the rauge o~ ISO- C. to 32S ~". 50 they arc r~p- starti=; point in the oxidizer or through the expander 
Idly b~u.ght to 374 C. before ~e .0Xldlzerby rec.ycling turbine to form the high pressure steam useful in a con­
supcrcz:tl1caJ watc:r.Crom the oxidizer effluent, dlr~t1y ventiuc.a1pcwer cycle such as 30. Diagrammatic box 30 
th~CWlth thus r~mg .the temperature of the. r~t~oD represe:3ts a heat user component. This can be a heat 
IDJXture substlDtWly IDStanta:-ously and mnuIIl1Zmg exchanger wbere the process heat-generated is used for 
char fonnatioD. On the other. hand, many liquid hydro; space beating or for obtaining useful energy in any 
carbon fuels do DOt substantially pyrolyze below 374 known coaversicn apparatus. 
C. and thus can be passed in a W&let. oxygen reaction The oxid.i:er allov..'S single phase reaction which is 
mixture to the oxidizer at Jower temperatures as for 45 extre:t::c.I)' iz:1ports.nt to minimize the cost, expense and 
example at least 200· C. at 220 atmospheres. Similarly ccmplezity of the oxidizer itself and maximize rapid 
maoy toxic materials and wastes which are liquid or reaction in time periods of less than one to S min. 
solids can enter the oxidizer under the same conditions The supereriucal water process of this invention for 
as Uq1&:d hydrocarbon fuels. Cellulosic materials prefer- generating high pressure steam has several advantages 
ably enter the oxidizer at at least 350· C. and 220atmo- over conventicnal processes that are used ior the same 
spheres. The recycle of water from the oxidizer is used purpose. Toe feed organic material even if wet forest 
to raise the reaction mixture temperature with the products. QD be used directly without drying because 
amount of recycle determined by the oxidizer entrance water is used as the carrier fluid for both oxidation and 
temperature desired. reforming wben reforming is first carried out. Oxidation 

AU beating is preferably obtained by recycling S5 takes r lace rapidly and yet under safe, controlled ccndi­
through line 31 using the heated water and preferably lions. Au.xi!luy equipment for pollution control is not 
supercriticaJ water obtained from the oxidizer. The n~ry because tae oxidation products are main-
process is continuous after startup and initial heat can be tair.ed within a close continuous system. Supercritical 
obtained from an outside source Cor startup, steam can be generated without problems associated 

The organics in the feed can be converted to combus- with heat transfer through surfaces thus minimizing 
tible compoWlds such '1S furans. furfurals. alcohols and cons aad equipment failures. High thermodynamic 
aldehydes by the use of a reformer in line 18 if desired efficieacies .:.1Jl be obtained with supercritical steam 
so that the feed passes therethrcugn before mixture with since taere is no stack heat loss. 
cir or oxygen and passage to the oxidizer, The use of a Because a homogeneous single phase mixture of or-
reformer to gasify organic materials under supercritical 6' ganics, oxidA:1t and water is used, complete oxidation of 
conditions is known in the an and described in U.;. P~L the c:';~~ic:s is fa.ci!it:~ and simplified reactors can be 
No. 4,1!3.446 issued Sept. 12. 1978 relating to gasitica- used. A sim~ie tube, or fluidized bed can be used which 
tiOD processes usinS supercritica1 water. Reformers as contain no a:oving pans. Oxidalion c~talysts if used. 
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can be those orcommon metal oxide or supponed metal ergy is used to generate the power required to presser-
catalysts which provide sufficient activity for oxidation izc feed and oxidant. file energy required to pressurize 
such as Fe)O", Mn02 and CuO, NiO. AhO}, CU)04, Pt the oxidant is recovered in the expansion of the prod-
or Pt.1D some cases, inorganic components of the feed ucts of oxidation in the superheated supercritical water 
which are normally present in water from anificial S turbin.:. In this example, the temperature at the inlet of 
sources such as the sea or inorganic components of the caidizer 19 is 377· C••258 pounds of water are recy­
fossil fuels or wood products provide sufficient cata- cled through line 31 with the outlet in line 24 being at a 
lytic xtivity for rapid reactions. The oxidation process temperature above the critical conditions of water and 
is 50 fast tbat the reactor often approaches adiabatic having a temperature of 565· C. for 106 pounds water, 
operation, that is, heat losses from the oxidizer ar negli- to 29 pounds of carbon dioxide and lOS pounds of nitro­
gible ud the oxidizer emuent contains essentially all of gen. ­

" the eDthalpy or oxidation. Thus the outlet temperature This method or oxidation is analogous to that of a 
or the oxidizer is determined by the ecneentration or the turbojet or gas turbine. The process illustrated does not 
organics ill the feed and their heating value, require beat transfer through surfaces as in conven-

III a fU'St illustrative example. ilIustr:uing the inven- IS tional fuel oil boilers. This is a majof advantage result­
'­ tion aDd using the system of FlO. 1, the feed can be fuel ing irom the invemien. In the conventional processes 

Gil having a hc:ating value of 19,000 BTUl1b. with 8.7 for generating supercritical steam, boiler feed water 
pounds ~d=d to the feed slurry tank 11 :uong with 100 must be extremely pure to minimize deposition and 
pounds of makeup wc.ter. This material is mixed and buildup of inorganics on the water side of the boiler 
makeilp water provided to a concentr:ltion of 5 to 200/0 20 tubes. The direct oxidation of fuels or other organics in 
by weight of the organic material with S.7 weight % water avoids this problem completely and thus allows 
CH in one embodiment. The mixture is pressurized to a one to take full advantage of the high thermodynamic I supercritical pressure above 3200 psi3 with 3600 psia in ' efficienc)' of generating power with supercritical steam. 
one embodiment and heated to a temperature in the In fact it is possible to use impure water such as brine or 
vicinity of the critical temperature of water, e.g., 377· 2S seawater as feed because the inorganic salts are re-
C. The preheating ofFIG. 1 is accomplished by directly moved in the ash separator. Th.. high temperature, high 
injecting a portion of the oxidizer effiuent through line pressure steam produced by the process can thus be 

I

31. In some cases, • heat exchanger C3Jl be used instead used as a source of desalinated water after condensation 
ofdirect injection ofwater to recycle heat derived from and removal ofcarbon dioxide and nitrogen if air is used 
the flow coming from the oxidi~er. In other cases, the JO as the oxidant, 
feed material and makeup water can beheated although In a second example using the system of FlO. 1, 
this is DOt preferred. Air or oxygen is pressurized and Douglas nr bark is processed in steps similar to those 
mixed with the pressurized fuel water mixture at 3600 described above in the first example. The heating value 
psi with the proportion of oxygen adjusted to be equal of the Douglas fir bark (9,500 BTUllb.) is considerably 
to dw requi:ed to completely oxidize the iced fuel, that JS less that that of Iuel oil. Therefore a higher weight 
is. at least stoichiometric. The temperature of the mix- fraction of feed (11.6 lbs. CH) 16.1 pounds bark to 100 
ture of fuel, oxidant and water at the entrance to the pounds of water is reruired to reach the same oxidizer 
oxidizer is above the kindling temperature required for effiuent temperature of 565· C. Since the recycle ratio is 
the components of the fuel that are most readily oxi- determined by the energy required to briug the feed to 
dized. IIDO catal)"Stis usedthe kindling temperature can 40 the desired oxidizer inlet temperature, an increase in 
be as high :IS 350· to 400· C. but if caulysu are used the feed concentration results in an increase in recycle ratio. 
kindling temperature may be :IS low as 200· to 250· C. Thus 298 pounds of oxidizer effluent per 100 pounds of 

The mixture of reactants is fed to the oxidizer 19 water feed must be recycled with bark feed whereas 
which caD be a tubular reactor or fluidized bed. Low about 259 pounds is recycled when fuel oil is the feed. 
lenltth-to-diameter (L-D) raucs in the fluidized bed are 45 In the second example, the temperature in line 27 is 
desired where the inorganic content is high so as to 565· C., 100pounds of water in the line contains 39.2 
minimize the oxidizer reactor surface 3.te3 and ~hereby pounds of carbon dioxide and 141 pounds of nitrogen. 
minimize deposition of inorganics on the walls of the The inlet temperature to the oxidizer is 377· C. and the 
reactor. The reaetor operates adiabatically and the heat operating pressure is 3600 psia when 11.6 pomds CH 

""1	 rele.ucd by oxidation of readily oxidized components is SO that is 16.1 pounds 'lark of Douglas fir (9,500 BTUl1bs.) 
,J	 sufficient to raise the fluid phobe to temperatures above is uscG with Olygen. Bark and the like when used in this 

the cricical temperature of the mixture, At that point the invention is comminuted into panicles preferably hav­
fluid becomes a single, homogeneous phase. For 8.7 ing a size of about 1mm or less. 
weight % of fuel oil in the feed. with air as the oxidant. The process illustrated in FIG. 1 when used for gen­
the heat of o~dation is sufficient to raise the oxidizer SS crating high pressure stream from forest product wastes 
outlettcmper.llure to 565· C. hasseveral advantages over conventional processes that 

The effiuent from the oxidizer isfed to the ash separa- are used for the same purpose. Drying of feed is unnec­
tor 25 where inorganics originally present in the feed cssa.ry because water is used i1S the carrier fluid for 
and/or water are removed. The ash separator can be a oxidation, Oxidation is effected rapidly and yet under 
cyclone. • settling column or Olny suitable solid-fluid 60 safe controlled conditions. Auxiliary equipment for 
separator. polluuon control is not necessary because the oxidation 

A portion of the superheated supercritical water is products are maintained within the system. 
recycled to the eductor 17 upstream of the supereritical In a third example a rerormer (not shown) is put in 
oxidizer. This operation provides for sufficienr heating the line 18 4I1d comprises merely a tube which permits 
of th~ ~eed to bring the oxidizer emuent to supercritical 65 reforming of coat used as the feed. In this example 10 
condmons. The remainder of the superheated supercrit- pounds CH of coal having a heating value or 13-1~,OOO 
ical Wiler is available fer power generation. heaung or BTt.:/ib. is admixed with 100 pounds of water, recy­
use as high pressure steam. A portion of available en- cling 275 pounds of water from the oxidizer line 27 
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through the reformer. The entrance temperature to the temperature is decreased. At the same time, the oxidizer 
oxidizer is 377- C. ud the exit temperature is 565- C. outlet temperature is increased because the heat of oxi­
with a mixture of 107pounds water, 33 pounds C02 and dation is taken up by a smaller quantity of fluid passing 
1%1 nitrogen when air is used as the oxidizing agent. through the reactor. 
The operating pressure of the system is 3,600 psi. The 5 The specific oxidizer inlet and outlet temperatures 
reformer provides sufficient residence time in an oxi- can vary as for example depending on whether oxygen 
dam-free environment to allow a significant ponion of or air is used in the reaction mixture, see FIG. 2. 
the solid fuel to be solubilized. As described in U.S. Pat. FIG. 3 shows the effect of feed preheat with a heat 
No. 4,113,446 solids such as wood, coal and the like can exchanger 41 or without it. For a feed with 12.000 
be dissolved to an appreciable extent in water under 10 BTU/lb. heating value and pure oxygen and operating 
supercriticaJ conditions. Where such solids are to be pressure of 3.600 psia the oxidizer outlet temperature 
subsequently oxidi:z.ed, it may be advantageous to first and recycle ratio arc shown as a function of feed con-
dissolve them in the supercriti~l water phase. The centration in solid curves. Superimposed on this figure 
effect of reforming may provide for a significantly are the corresponding values (dashed curves) when 20 
lower kindling temperature in the oxidizer. \\'here the I' pounds of oxidizer effluent (per 100 pounds of feed 
oxidation is solid catalyzed, this solution prior to cata- water) arc used to preheat the feed through the heat 
lytic oxidation can also facilitaf: mass transfer of fuel to exchanger. Higher degrees of preheat (i.e., larger pro-
the surface of the solid catalyst thereby enhancing the portions of cxidizder effluent to the exchanger) would 
oxidation rate. However, in many cases. no distinct lead to further increases in oxidizer outlet temperature 
reformir.g step is required and the materials are solubi- 20 and lower recycle ratios. 
lized in passage to the oxidizer. \\1ille specific examples of this invention have been 

In a fcrther eumple showing the oxidation of sewer- shown and described. many variations are possible. The 
age sludcle. a system as shown in FIG. 1 is used using reactor can have various configurations such as tubes. 
sewerage sludge having :1 BTU out~ul of 2.000 BTU/lb. cylinders or fluidized beds of austenitic steel. \Vhen 
13.3 pounds CH (81.6 pounds sludge) is used with 100 2S corrosive components such as chlorides arc present. the 
pounds ofmakeup water 0?Cr.ting at a pressure of 3600 tubular reactors preferably are clad with corrosion-
psi with a recycle of 169.4 pounds water (rom the oxi- resistant alloys such as Hastelloy C. Various compres­
di:z.er and an input tcmpenture of 377- C to the oxi- SOl'S. eduetors and the like can be used. 
dizer, When oxygen is usedas the oxidant, the tempera- The power output can be effected using turbines 
ture at the oxidizer outlet is 1050· F. with 109.3 pounds 30 commonly manufactured for expansion of supercritical 
of water and 44.9 pounds of C02 in line rr.This system water in supereritical power cycles. 
can also beused with toxic and hazardous chemicals in A key feature is that a single fluid phase reaction 
low amounts as in wastes. feed lot wastes. agricultural occ:un in the oxidizer at supereritieal conditions of the 
by-products, textile wastes, carpet wastes, rubber by- reaction mixture and preferably at the near critical con-
products, forest product wastes. paper aDd pulp mill 3) dition of water. In some cases, the oxidation can start at 
wastes and the like. a temperature below the critical temperature ofwater as 

Disposal by oxidation or sewerage sludge waste is at the kindling temperature of the organic material. In 
representative of one of the more difficult wastes in the all cases the starting mixture and subsequent products 
sense that the heating value of the sludge typically runs are considered the reaction mixture. At some point in 
around 2.000 BTU/lb. of sludge, A process for cxidiz- 40 the reaction in the oxidizer the mixture reaches the 
ing sewerage sludge as described differs from those supercritical condition and preferably the near critical 
described previously in that the oxidant is preferably condition of water and a temperature of at least 374- C. 
relatively pure oxygen (98%). The high percentage of to give a single phase reaction enabling essentially com­
oxygen enables relatively lower sludge feed concentra- plete oxidation by a stoichiometric amount of oxygen. 
tions than if air were used. 45 The pressure used in the continuous system of this in-

In ano111er example, sewerage sludge in an amount of vention is preferably always in the near critical region 
10 pounds CH (61.4 pounds sludge) is mixed with 100 of water and thus always at least 2~0 atmospheres. 
pounds of water in a system substantially as set up with Allhough only • single organic material has been 
respect to FlG. 1. This example is diagrammatically specifically noted in each example, it should be vnder­
illustrated in FIG. lA where all numbered parts marked SO stood that the feed material can be a mixture ("~1rgan­
'••" are identical to corresponding numbered pans of ia. In some cases, the mixture of organics can De un-
FIG. 1. Water in an amount of 30 pouuds :u a tempera- known or undetermined as to its exact makeup. It is 
ture of 24- C. is removed from a heat exchanger 41 only important that a sufficient concentration of organ-
which receives water in the near critical region through ics having the required heating value be used so thai 
line 40. The preheating of water in line 16a is necessary S' when reacted with stoichiometric amounts of oxygen, 
to get enough heat at the entrance to the oxidizer so that the emloent stream will have a temperature such as to 
the entrance value is 377- C. thereby allowing single produce some aid in providing the heat required for 
phase operation of the oxidizer. Line 27a has a tempera- bringing the feed to appropriate conditions for the oxi­
ture of 549-C. with 107pounds water 33.8 pounds C02 dizing reaction, It is an important feature of the inven­
and 30.8pounds N2passing through the turbine after the 60 tion that the heat produced by the oxidation can be used 
recycle extraction to give 88.3 pounds of water 27.9 at least in part in a portion of an effluenr stream to 
pounds C02 and 2S.4 pounds N~. Ninety percent oxy- recycle directly with the reaction mixture 10 provide 
gen is used. Thus a feed oi 01 pounds sludge and 100 heat thereto and/or to be passed to a heal exchanger to 
pounds water is preheated to 19r C. by passing 30 provide heat to the reaction mixture through a heat 
pounds of oxidizer emucnt to the heat exchanger. The 6' exchange surface. When a portion of the effluent stream 
effect of indirect preheat of the feed is similar to that of from the flow through oxidizer is recycled directly into 
increasing feed healing value or concentration. The the stream as at 17 substantially instantaneous heat 
recycle ratio necessary to reach a given oxidizer inlet transfer occurs. Simple eductors and other non­
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mechanical agiator mixing means and methods can be introducing said mixture into a flow reactor. 
used. In some cases the water and oxidation product 8. The method of claim 6 in which said organic mate-
stream from the oxidizer is used entirely as a power or rial is at least one-half percent of said mixture. 
heat soun::c. 9. The method of claim 6 in which said water is at 

The term Msingle homogeneous fluid phase" as used S least forty percent of said mixture. 
herem bas its ordinary known meaning with respect to 10. The method of claim 6 in which said reaction 
the mixture of fluids present where the mixture is at requires no more than five minutes. 
uniform pressure, temperature. density and conceatra- lL The method of claim -6 in which said mixture 
tion. There is some change in all parameters except includes an inorganic salt; and 
preaure in the reactor or oxidizer, however. at any 10 said mixture is subjected to temperature sufficiently 
cross sccrion all parameters are substantially uniform in high to render insoluble said inorganic salt. 

'.'" .. the siDgIe homogeneous fluid phase. Thus it is important U. The method of claim 11 in which said mixture is ... : 
that there is at least one portion of the reaction mixture brim: and a result of said reaction is desalination of said 
in the oliclizer whc:l'e there is no dispersion of one fluid brine. 
in another. IS 13. The method of claim 6 which additionally in-

What is claimed is: eludes the step of removing useful power generated by 
L A method of Obtaining useful energy and oxidizing said reaction. 

orgaaic materials in an oxidizer. said method compris- 14. The method of claim 6 in which an undesirable 
ing forming a reaction mixture of said organic material. organic material is changed in chemical composition in 
water and oxygen, 20 said reaction. 

au&: reacting said mixture in a single homogeneous IS. The method ofclaim 6 in which heat produced in 
fluid phase UDder conditions characterized by a said reaction is reintroduced into said reaction. 
lempcrature o(·at least 377-C. and a pressure of at 16. The method of claim 15 wherein the reinrroduc­
1ea.4It 22.0 atmospheres to cause said organic materi- tion of heat produced in said reaction provides the total 
als to be oxidized thereby raising the temperature 2S heat energy to maintain said reaction. 
of said water and oxidiation products.	 17. The method of claim 15 in which a portion of 

1 The method ofclaim 1 wherein at least a portion of effluent from said reaction is added to said mixture. 
the d'fJuCDt from said oxidation region is connected 18. The method of oxidizing an organic material. 
with a power generating device. which comprises the steps of forming a reaction mixture 

3. A method of treating an organic material contain- 30 comprising the organic material. water and an oxygen­
ing waste by an oxidation process. said process compris- conwning gas and flowing such 1"CaCtimr mixture 
ing obtaining a mixture of said waste with water. said thrcugh an oxidation region; causing the reaction mix-
water actiDg as I carrier fluid and admiJLing oxygen ture to be brought to an oxidation temperature which is 
therewith to form a reaction mixture in a continuous at least 377· C. at fa pressure of at least 220 atmospheres 
flow and substantially completely oxidizing said or- J$ aiOd which would establish for the water in the oxida­
ganie material in a flow through reactor wherein said tiOD region a supercritieal density which is less than 
reaction OCCUR With said mixture as a single homogene- aboot 0.7 gm/cmJ• and controlling the ratio of oxygen 
ous fluid phase under conditions characterized by a andorganic material in the reaction mixture and the rate 
temperature of at least 377· C. and a pressure of at least of flow thereof through the oxidation region so as to 
220 atmospheres. 40 oxidize the organic material within the oxidation re­

4. A method of removing inorganic salts from water, gian. 
said method comprising admixing an organic material 19.The method ofclaim 6 or 18 in which said organic 
with said water C3IlYins an inorganic salt and oxygen to m&teriaJ is first mixed with said water to fonn a prelimi­
form a reaction mixture, wherein s!id o!'ga.!uc material Il!J'Y mixture; and 
comprises from 2 to 25% by weight of said water form- 4S said preliminary mixture is then mixed with said fluid 
ing • single fluid phase of said reaction mixture under comprising oxygen to form said mixture. 
conditions characterized by a temperature of at least 20. The method as defined in claim 18 wherein the 
377- C. and a pressure of at least 220 atmospheres and mean temperature of the oxidation region is at least 400­
oxidizing said organic material to obtain a temperature C. whereby the residence time for substantially com­
of at least 4SO· C. in an effluent stream. SO plete oxidation is less than 5 minutes. 

and removing said inorganic salts as particulates from	 ,no A method in accordance with the method of claim 
.Iueam of reactants with the aid of the tempera- 18 wherein said organic materials are selected from the 
rare elevated above 4S0- C. to reduce the solubility class consisting cf fuels, toxic materials and waste mate-
of said inorganic salts. I'iW. and aqueous slurries or solurions thereof. 

5. The process of claim 4 wherein s,'ud inorganic salts S5 12. The method of claim 18 wherein the effluent from 
are soluble iD water below the supereritical conditions the oxidation region reaches a temperature of at least 
(or waler. 4SO- C.• and inorganic salts are precipitated from the 

6. The method of reacting an orgamc material which ernuent. 
comprises 23. The method of claim 18 wherein at least a portion 

minng said organic material with water and a fluid 60 of the effluent from the oxidation region is recycled to 
comprising oxygen to form a mixture, preheat the water entering the oxidation region. 

causing said mi:nu.re to	 undergo reaction in a single 24. The method of claim 18 wherein the effluent from 
substantially homogeneous fluid phase under con- the oxidation region is used to provide heat to raise the 
ditioRS characterized by a temperature of at least temperature and energy to raise the pressure (If the 
377- C. and a pressure of at last 220 atmospheres. 65 reeetion mixture. 

7. The method of claim 6 which includes the steps of: 25. The process of claim 18 wherein the kindling 
carrying out said mixing step at & pressure supercriti- temperature for the organic material is reached prior to 

cal for said water; and said oxidation region. 
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2'. The rrocess of claim 18 wherein the eoaeentra- . %8. The process of claim 18 which comprises supply­
tiOD of organic material is sufficient to provide the re- ing heat and pressure to said reaction mixture to provide 

a selected reaction pressure and a sc:lected initial tern­
quired heatingvalue so thAtwhen reacted with stoichio- perature in which the selected initial temperature is at 
metric amounlS ofoxygen the emu~nl stream will have 5 least the kindling temperature of the reaction mixture 
• temperature which	 is adequate to provide a useful and the selected reaction pressure is at least the critical 

uree, pressure of water and recycling at least a portion of the 
energy so	 . . al m f h .. .

rI. The method ofclaim 18 wherein the effiuent from superennc e uent r~m t e oXlda~lon region. 
.. .. 29.The processof claim 18wherein the heat value of 

the oDianoD re.glon IS p~ t~ough • heat ~changer 10 said organic material is adequate to provide a tempera­
and/or addeddU'CCtly to wd rmxture to prOVIde heat to ture oC at least 4S0· C. in said oxidation region. 

said reaction.	 • • • • • 

20 

.r 
I ,I 

~ . 
-, 

.	 'J . \; 30
 

':
 

I	 35 

j
 
I,
 
4 

r,j:" 
J..

. 
J. '	 45 

J',, ' 

J !	 ~ ~. 

-to 
~ j 

'J.1"1 
55 

·1 0\ 

') 
'J: 

60 

~ 
~. 

: 
:r 
'J; 

~ 
~ 

It
J 

'~'	 327 
'lr. I 



APPENDIX G 

The Roswell Test Facility 
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The Roswell Test Facility (RTF) 

The RTF is owned and operated by the City of Roswell. It was conveyed to the City in 
1984by act of Congress. For more than a year prior to conveyance, the City operated the 
RTF through a cooperative agreement with the United States Department of the Interior. 
Since the City first assumed operational responsibility for the RTF, several research pro­
jects have been initiated there either by or for various public institutions and private 
firms, including New Mexico State University, Battelle Laboratories and the FilmTec 
Corporation. 

Personnel presently employed at the RTF have each worked there a minimum of five 
years. They're individually experienced in operating desalinization equipment, conduc­
ting other testing and research, and performing chemical and microbiological analysis. 
Additionally, the City has a staff of four professional engineers who can consult and 
coordinate as necessary on tests and research projects. 

The RTF contains a machine shop and laboratory, both staffed on a full time basis. The 
laboratory is certified by the New Mexico Environmental Improvement Division for 
microbiological analysis and analysis pertaining to public drinking water. It is the only 
commercial laboratory within 200 miles of Roswell. 

The RTF also contains an office building, staffed on weekdays by a receptionist in the 
lobby. Fully-furnished suites, offices and conference rooms are available for lease by 
researchers. 

Charges in effect tor FY 84-85 (July 1, 1984, through June 30, 1985) are as follows: 

(1)Operating (utilities, chemicals, parts, etc.) at direct cost. There will be a charge 
of $1.00 for each 1,000 gallons of water used from the City's system, and a credit 
of $1.00 given for each 1,000 gallons of product water returned to the system. 
Charges for utilities will be at the municipal rate enjoyed by the City. Charges for 
commodities and parts will be at cost to the City. City purchases are not subject 
to sales tax and are generally effected at discount. 

(2) Labor at $12.00 per man-hour. This includes installation as well as operating 
work done specifically for a project. 

(4) Space Rental at $1.00 per square foot for research facilities and $3.00 per 
square foot for office facilities. 

(5) Overhead and Management at 6V2 % of the aggregate of the charges above. 

Further questions should be directed by mail to Roswell Test Facility, City Utilities 
Department, P. O. Drawer 1838, Roswell, New Mexico 88201, or by telephone at (505) 
623-0531. 
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