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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
density achieved in the shallow raceway system, as well as the
unusual settling behavior of the proposed alga, Platymonas. 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
geological CO, available at the Salton Sea site. Methane
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 "o0oil crisis" 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 19802
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 cm/sec), and mixing foil
structures which create vortices in the flowing water. 1In 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 specxes adapted to the relatively high
temperatures (30-35 %) 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
design 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. 1In
April 1984 AAI was awarded one of three competitive design
contracts.

1.1 Objectives

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
would be appropriate for the Hawaiian Slte'nék‘e¢Q€d}Cq

3. Develop an operating plan for the experimental facility.



4. Extrapolate the results of the Bawaiian facility to a
site 'in the American Southwest.

Shortly after the project contracts were awarded, the requirement
that algal 1lipids 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.

1.2 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



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.
élA&D&DQu%F_u&;;Zg u\.qﬁzﬁﬁ{

i i ~
2.1 Engineering Model of Raceway = £nlrs

The shallow raceway system chosen for this study differs
hydraulically from the deeper ponds previously used for algal
mass culture studies. In addition to being shallower (8-12 cm
vs. approximately 20 cm), the UH experimental raceway has a
higher 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
design.



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 1loss
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 loss. It also was

not designed to determlne the actual effects of raceway design
P €s on algal productivity;
knowledge of these effects requlres further experimentatjon.

45fﬂWMAﬂ &méc?



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. 1In a dense
culture, the cells are exposed to alternating light and darkness.
The effect of the "flashing 1light"™ 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 "foil" is used to
indicate any of these turbulence-producing devices regardless of
shape.) There is little experimental data to define an "optimal"”
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
foil plates were tested at a water velocity of 30 cm/sec.
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.

2.3 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



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 facility model might have Tittle predictive

value.

Cnly 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: Platymonas sp., a
motile green alga, and Chaetoceros gracilis, a diatom. Both
species have exhibited sustained production rates exceeding 40 g
AFDW/m2-day in the Hawaii experimental raceway (Laws, 1984; SERI
Biomass Program Monthly Report, October 1984). Platymonas was

chosen over Chaetoceros because it appeared to have the best
combination of desirable traits:

l. Platymonas has exhibited slightly higher production
rates in the experimental raceway.

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

3. GChaetoceros requires silicate and vitamin additions
(Laws, 1984); Platymonas does not.

4. Platymonas apparently can be harvested simply and
with little energy expenditure because of its settling
behavior (see below); Chaetoceros 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, Platymonas requires less total
water exchange than Chaetoceros (Laws, 1984; SERI
Biomass Program Monthly Report, October 1984).



The major disadvantage of Platymonas is that its storage
product is carbohydrate rather than lipid. To date, the SERI
“fuels-from-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 Platymonas 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 amounts 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 of some acceptable
substrate, and for collecting the dried material economically.

An alternative to drying is wet processing of the algae.
There appear to be two major processes for lipid extraction:
solvent extraction and supercritical carbon dioxide extraction.
Supercritical carbon dioxide extraction may not work on wet
biomass because the CO, reacts with water at high pressure,
forming strong acids that attack the organic material (M. Antal,
University of Hawaii, pers. comm.). §%%¥Eggﬂsziﬁaahion 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
algal 1lipids will be membrane lipids which may require a
different solvent, and which will need to be processed further
before they can be used as fuel. One estimate of the cost of
transesterification, which can convert algal lipids to fuels
resembling diesel fuel, is $l.41/gallon exclusive of algae cost




(Hill aré 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 1lipid production, harvest technigues, 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

harvesting microalgae, little efrlor - At StUdying
extraction and processing methods. , SLASH o QIjul /S
s Secing v‘w&gﬁ
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Because of the small size of microalgal cells, 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. Harvestability 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 Platymonas 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, pers. comm.). Walne (1970) reported that
species of Tetraselmis (= Platymonas) settled rapidly when placed
in containers, but regained their swimming behavior in about 24
hours. The possibility that Platymonas could be harvested by
simple settling justified the several experiments that are
described below.

Initial settling experiments with Platymonas 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



affects settling in Platymonas, 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 Platymonas on a
larger scale, a 55-gallon drumwith one end removed was used as a
settling tank. The tank was filled with a suspension of
Platymonas (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 bottom of the water column for cell counts. Then the water
was drained slowly from the drum. When as much water as possible
had been drained, the drum was tilted slightly to 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 settling drum experiments were done. In the first
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 al., 1980) is not

critical to the settling process. AL ExLA Lo

Benemann et al. (1980) reported that under certain culture
conditions, rapid bioflocculation occurs in Micractinium with
similar settling time and removal efficiency to the settling
exhibited by Platymonas in the recent experiment. However, the
solids concentration of the settled Platymonas seems to be much
higher than that of Micractinium. Electron micrographs indicated
that Micractinjum aggregates by means of extracellular filaments;
micrographs of settled Platvmonas might reveal whether or not its
settling mechanism is similar. Koopman et al. (1980) suggest
that bioflocculation is encouraged by high pH and low nitrogen
levels, but these conditions are not normally present in the
Hawaii experimental raceway.///’?l“exy»w‘ s

In summary, Platymonas ‘exhibits rapid settling which, in a
properly designed settling tank or pond, may allow harvesting at
minimal energy cost. Harvest efficiencies of 80-90% and solids
concentrations exceeding 7% may be achieved with a 24-hour
settling period. These few experiments do not demonstrate that
rapid settling of Platymonas 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 proposed for the scaled
experiment.



2.5 Processing Options

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
anaerobic digestion to methane. Anaerobic digestion_ seems to be
the more promising of the two processes for algal fuel production

(Hill et al., 1984) and was chosen for economic modeli ies.
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
represents one way algal biomass might be used to displace some
of the fossil fuels now used in electricity production. 1Its 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.

2.6 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.

10



TT

Photosynthetic
efficiency —

Solar constant
l" —>| PAR
$ PAR

Capacity —>»| Total
factor —— solar
energy Harvest
use efficiency
Net yield
Lipid content —] —»| Gross yield
Protein content » | Energy _J
content
Carbohydrate _J
content

Carbon content
Gross —] > COo
yield COo uptake _J requirement
efficiency
Exchange rate
Nutrient Nutrient
Nutrient losses requirements
concentration
in effluent
Figure 2-1. Flowchart of biological section of algae facility model.

Parameters in boxes are calculated by the model; others are
input parameters.



T

—t
-

Raceway width —

Raceway depth -

Avg. raceway
length T—

Total
water
exchange

Harvest Evaporationq
frequency

Facility Harvest
water -»| water

volume volume

Number of
raceways -

CO, requirement
(from biological
model)

CO, blower
elec. requirement

Drag coefficient
Foil angle -]

$ water _
exchange
Harvest

pump

Energy requirement]

Supply pump
efficiency

efficiency ~

Energy requirement

Raceway head
loss

Energy requirement

—>|Enerqgy requirement

Circulation
pump efficiency-

Figure 2-2. Flowchart of engineering section of algae facility model.
Parameters in boxes are calculated by the model; others are input
parameters.



TODR— CcoT

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 capital, are just covered by revenue inf;ows
and zero excess profit is generated. Furthermore, at this price,

the i a te of return exactl eighted cost of
equity capital.

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

I t T
2, OF /(14d) = §/(1+d)
t=1

DBEP = (2.1)
T
Qt
t=1
where:

OFf = cash outflow in time t
Q, = algae production in time t - H‘ ,
s' = salvage value .SCfin (287
T = project termination date mﬂuahgig
da = weighted cost of equity capital

Calculation of DBEP can be acc
average annual capital and oper
period cash flow model. 1In

ished using information on
ing costs, or by using a multi-
is project, a discounted breakeven
multi-period model. This method
evenue requirement economic model that
calculates DBEP by 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

13



accurate representation of financial effects of variable rates of
inflation, cost escalations, and costs of capital throughout the
project lifetime.

2.6.2 Cash Flow Description

A 25-year 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
prices with zero marketing costs. Revenues from the sales 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:
OFt = 0C; + DS, + '1‘t + EI; (2.2)
where:

OCy = operating costs in time t
DS, = dept service in time t

T; = taxes paid in time t

EI; = 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,
replacement costs are treated as additions to operating costs
ra ' ctions. i it

14



—

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. No inflation or cost escalation is assumed.

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 1line
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 depreciable portion of initial capital 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
guidelines regarding allowable ITC calculation procedures are
followed. This means that maximum allowable 1limits 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.

—
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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 analysis,
assumed for two reasons. First, 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 conseguently 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 = [Ry/(Rp+Rc)] + [R/(Ry+Ro)] - I (2.3)
where:

Rp= ratio of preferred stock
Re.= ratio of common stock
I =expected inflation rate

Expressed in this way, the discount rate is the real (inflation-
adjusted) weighted rate of return to sStockKholdetrs. It is
weighted by theTelative sharesof preferred—and 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.

16



3.0 CONCEPTUAL DESIGN: HAWAII 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,
i.e. paddlewheel versus propeller pump versus airlift 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 CO, 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
only parallel established, successful experimental practices.
The conceptual design described iIn this report imitates the
University of Hawaii experimental system in several ways:

1. Raceway water depth is limited to 12 cm.
2. Baseline flow velocity is 30 cm/sec.

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. CO, 1is diffused into the water in a U-tube system
similar in principle to that currently employed by the
experimental facility.

5. The microalgal species Platymonas grows at 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 well 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

ropeller pum can be used for raceway water circulation without
harming or limiting the growth of the microalgae.
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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 [Sx/p

capital cost item. Using the same foil density as found in the

Hawaii experimental raceway, mately 15,000,000 individua

foil segments would be required for a— I0O00 acre facility; at the
proposed baseline density, about half that number would be
required. Other cost drivers that were important in the
preliminary analysis include harvester (settling pond)
construction costs and CO, 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 COy delivery system that maximizes the co,
uptake efficiency at minimum cost.

Wherever possible other facility capital costs were also

minimized, but primary design efforts concentrated on the above
objectives.

3.2 Site 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 solar radiation levels.
2. The site must have an available water resource of a type
and quantity appropriate for raising the phytoplankton
species desired.

3. The site must be close enough to a source of CO, 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 M%Wm west of
Pearl Harbor, on land owne Y e Campbell 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 Reservation 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
begins shortly after a cane harvest, so that only cane stubble
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 agricultural activities such as truck
farming or cattle grazing since both areas fall under the
restrictions of military blast 2zones 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.

3.3 Pacility 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 1line 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 fro@ﬁgg%%g_Eiﬂﬁight_lnﬂzfgnt_deep_by 20-inch
diameter wells drilled 1in is 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.

CO, 1is supplied by a pipeline that originates at the
Hawaiian Independent Refinery, Inc. (HIRI), a subsidiary of
Pacific Resources, Inc. (PRI). The refinery is 1located at
Campbell Industrial Park, just west of the Barbers Point Naval
Air Station. The refinery produces CO, as a byproduct of its oil
refining and SNG production operations. Nearly pure (>98%) CO,
would be purchased from HIRI and transported through a_pipeline
which traverses the Barbers Point Naval Air Stetion 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 Puulca Road would not
be disturbed by the facility. Only temporary agricultural roads
would be disturbed.

area of 409 ha. Roads take up another 130 ha. Because of the
irreqularity 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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3.4 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 1length is variable from 650 to 1400 m depending
on site topography and boundaries; 800 m is used for
design 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. The raceways are lined with 4" of lime-stabilized soil.

Th n berms are covered with 2" of lime-stabilizéd
soil.
e -

6. Mixing foils (10 cm square plates set at a 20° 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. CO, distribution sumps are constructed every 124 m
along the running length of the raceweay.

10. A 5 m 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 cdepths. 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” 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
production rates (E. Laws, pers. comm.). Therefore, 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 mo € e 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 32
paddlewheels in a 1600 meter running lIength system would far
surpass therelatively small S9000TOSt differentiat—due—to
increased carthwork costs associated with a sloped system and the
sSmall power savings (S2/raceway-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
sloped 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 characteristics of
the lining materials considered. Rammed earth or bentonite-lined

aceways were not considered in thisstudy. It was felt that
such Iining teéchmiguss woUIdnot 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. comm.). This is more than double the price 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
Paddlewheel 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 KWH/rcwy/cay
Nighttime 19.2 RWH/rcwy/day 52 KWH/rcwy/day
Total ($0.11/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 cm
water depth, clay soil.

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

*** Tnvolves lifting cleaner over paddlewheels plus occasional
paddlewheel 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 MT'L COST
PER SQ FT
CONCRETE 2" @68.30/cy $.40
SOIL CEMENT, 4" .07

MEMBRANE LINERS

PVC Non-reinf.(30mil) ~.20
CPEA Non-reinf(30mil) .30
HDPE (60 mil) .30

Hypalon (Reinf) (36mil) ~.50
CHEMICAL LINERS

Chevron Ind. Membrane 1.02

{nu) = non-union
G = Guaranteed

Table 3-2. Comparison of potential

INSTALLATN
PER S5Q FT

$.40-.60
.09 (nu)

«10-.15 (nu)

.30

.10-.15 (nu)

.10 (nu)

LIFE (YRS)

25
25

20 G
20
20 G

raceway liner materials.

COMMENTS

Not recommended,
cannot be left
exposed

Poor tear strength

Only sold reinforced

Cracking problems



Soil cement or lime stabilization of scil 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 best stabilized with cement while clay and silty soils are
more economically stabilized with lime. A combination of lime
and cement may be necessary for the Hawall-based faczlxty, this

ecision would best be made by a ineer prior to
construction. The process of stabilizing a raceway_would be as

follows: ol Lowe mable &N&LMuMAbj =

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 usin¢ roteary
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.

5. 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 curing 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

The l0-meter raceway width was selected based on several
considerationd. —From 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, setting & lower
Timit of 3 M Width on the raceways. An upper limit EOf raceway
width—tsmore—difficult to define. 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 1limit the raceway to
the 10 m width which was selected for this study. Some
commercial algae culture raceways are approximately 10 m wide, SO
this width seems tc be cperationally manageable.

2 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 a2 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 mecers 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
srom 650 m to approximately 1400 m are included in the facility
gesicr in order to use the available land most efficiently.

3.4.2 Mixing Foil Design

Second only in importance to lining materials 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 1light
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 -
therefore all be considered together. o 42% ceas s T ,

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 1latter
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. The
,&jETBELEQQQnLl¥_£iggQ_in the raceway by drilling holes in the
soll cement raceway surface and grouting 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
description is the pumping sump located at one end of the
raceway. A 16-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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Figure 3-5. Design of individual mixing foil for algal raceways.
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Figure 3-6. Cleaning machine concept for shallow algal raceways.
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Figure 3-8. Cutaway side view of raceway pump sump. Dimensions
are in meters.
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the required positive suction head for such a propeller pump. ?he
sump is constructed of concrete rather than soil cement (which
would have to be sloped) to save 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 & W Pump 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
airlifts would 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 Platvmonas. 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,
Phaeodactylum tricornutum was cultured as successfully with a
centrifugal pump as with an airlift (M. Chalup, Hawaii Institute
of Marine Biology, pers. comm.). Inhibition of photosynthesis by
oxygen supersaturation has been suggested as a limit on algal
production in some systems (Hill et al., 1984), and use of an
airlift may reduce oxygen supeéersaturation. On the other hand,

airlift pumps may encourage increased outgassing of CO,.

3.5 PFacility Seed 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 5m 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).
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3.6 Water Supply 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
elevation of 3 m and 6 m above sea level., 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 corridor and the raceway sump end. A valve 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

salinity of 25-30 ppt is 1likely; the equilibrium salinity will
then be 30-35 ppt, which should be adequate for Platymonas (SERI

Biomass Program Monthly Report, November 1984). 4* ot
ZD g&\w\\ir‘

3.7 Carbon Dioxjde Supply

Figure 3-9 illustrates the path of the CO, supply pipeline
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 COp 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 CO; from the refinery to the Ewa
Beach facility and to dlstrlbute it to the raceways through the
facility feeder lines.

U-tube sumps distribute the CO; within the individual
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 COp uptake is directly proportional to phytoplankton growth
rate. The highest known productlon rate is 124 g[m ~-day, based
on growth rate extremes reported by Laws (1984). 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 CO» 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 CO, sumps, see
Facilities Operation.

The optimum design of the CO, sump remains a a major unknown
in the facility design. CO, costs will be a major expenditure in
the facility operatlon, aO a design to maximize the uptake
efficiency of CO> is required. The U-tube type diffuser shown in
Figure 3-10 increases the concentration of COp in the water
through two mechanisms. Because the water is moving 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 COp; is increased. 1In addition, the saturation
concentration of COs 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
could actually be supersaturated because of this pressure
increase., The rate of COp absorption through the U-tube is a
function of the CO,-to-water volume ratio through the U-tube, the
dissolved CO, concentration going into the U-tube, the U-tube
depth and the CO, bubble size. For the purposes of this study it
was assumed that the concentration of COy 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 CO, sump required to achieve this increase in CO,
concentration is unknown. Tests should be conducted to determine
the optimum depth of this CO; sump to maximize CO, absor tlon 9
without creating excessive head loss through the sump. d@ﬁ:

1

The CC, sump itself is precast from concrete. The center wa
that forms the U-tube structure is also reinforced concrete.
center wall of some lighter material like fiberglass- relnforced
wood could also be used and might allow removal of the wall for
cleaning and repair of the sump.) A 3" PVC pipe transports COp
from the feeder line in the pipe corridor down the center berm of
the raceway with branch lines going to each COy sump. Remotely
controlled electric solenoid valves control the flow of CGCy to
each sump. A pH probe with preamplifier in each raceway monitors
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carbon uptake. CO, 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.).

3.8 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 will be required. A 3" PVC pipe is laid unburied throughout
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 to Hawaii. The anhydrous ammonia and 10-
34-0 are shipped in Department of Transportation-approved
containers which are 12' in length 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.

3.9 Harvesting and Harvesting 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 located close to the ocean front as shown
in Figure 3-3.

The settling 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.

3.10 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 High volume Llow rates
with which the settling ponds will be drained. Special permits
and variances will be required to obtain State and Federal
permission to release effluent directly into the ocean. However,
Marine Culture Enterprises, a large intensive shrimp farm in
Kahuku, Oahu, recently established a precedent in obtaining
permission to Channel & Similar daily volume of aquaculture
efrfluent direéctly i1nto 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; gg§E§_égUg5g9gLs_£nn4;onmen¢a4passessments would
probably be $25-50, . The $§0,000 cost figure is used in the

economic model. QQQ_Qﬁ‘ o f0>g G

3.11 Building and 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
sqg. 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. £t. 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. Given
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, 1ift 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 sqg. 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.

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 1lifting
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 COp 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

Sttty Tums 8-
rmf

4.1 Start-up CoVAULCu f\r dws
The office/laboratory facilities will include a culture room
to maintain cultures of Platymonas. 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 Platymonas 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 f£ill the raceway. When the
cultures achieve a den51ty 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
facility start-up is IS5 days, Presumably, however, the last
stocking ép wi be staggered so that the modules will not all
be ready for harvest on the same day. Also, cloudy weather or
other imperfect growing conditions could lengthen the start-up

period. wé&gﬁiﬁiij//Q -t:
Barring catastrophe, Jthe start-up raceway system should not
be needed most of t ime. It will probably be used for

production-oriented experiments, or to test improved algal
strains.

4.2 General QOperations
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 1n 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.
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The remaining 13%7is left as seed stock - for the next 3-day
Rroduction ¢ycle. Whether the control of valves to direct water
?IEW‘fﬁ‘EﬁH‘TfSﬁ‘Ehe 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 any one time.

. m Voo
4.2.2 Nutrient Supply c&«%_% oSN PUV(Q < Qqq /\
y ¢ anglngVA¢

The growth rate of the phytoplankton is constantl

during their 3-day growth cycle in the raceways. The input of
CO, and nutrients into each raceway must parallel this changing
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 CO2 uptake, which
is more easily monitored than ammonia concentration. (An
important task for the proposed experiment 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 flatbed 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 CO2 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 other times some fewer number of spargers will
operate. A single pH probe at one end of the raceway will
monitor the CO, content of the water. As the production rate of
the phytoplankton increases, an increasing number of sumps are
turned on automatically to supply enough CO, 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
CO, sumps is suggested for the experimental facility proposed in
this report.

45



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,
especially during hot, sunny periods 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 OV\\,\ @ALCE (K‘O@SQ— (EZGA%

Under the current design, each raceway in the facility will
be cleaned on a daily basis. 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
cleaning machines carry a rotating brush resembling a car-wash
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 material brushed off the bottom is likely to be swept
away with the harvest. COs sumps and the pumping sump in each
4%§ggggz,nill_zgguire manual cleaning which will be prowvided by

acility laborers. Part of the staff will be involved 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 11l cleaning
machines are necessary to clean all the raceways in a l2-hour
period each day.

4,2.5 Raceway Sterilization 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. 1In 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 days; 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 thé total facility water volunme.
Every 24 hours, roughly one-third of the total facility is
harvested and the water from these raceways is pumped into one of
the settling ponds. After filling, the pond is left to stand for

24 hours during whic ime the Platymonas 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 Platymonas as
small settling tanks are.) After the 24-hour settling period,
the valves on 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 bottom of the pond,
some of the settled phytoplankton will probably become entrained
in the owin ater. However, the majority of the algae will
remain trapped by the aluminum angle sections which form channels
across the length of the pond floor. When the water has drained
the settled algae is collected by sweeper trucks which use vacuum
pumps to suction a 5-m wide swath of algal slurry into tanks on
the back of each vehicle., It has been calculated that during an
eight-hour period 6 or 7 of these vacuum sweeper trucks moving at
about 12 m/min could collect the algae slurry in a single
settling pond and transport it to an onsite processing facility.

AV€>/492¥6yaCkwuL. ualjlﬁeu;;Th;
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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 experience
schedule overruns.

4.3 Maintenance

Maintenance needs of major components within the facil;ty
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. comm.), 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 Platymonas is suggested as one of the experimental
facility tests in this report.

4,3.2 Pumps and Valves

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
frequently for saltwater pumping than for fresh water. 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. 1In 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
required. The surface PVC pipe will be embrittled 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 roadways 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
basis and regrading 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 cracks 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 vehicles
will be replaced approximately every eight years.

4.4 Manpower Requirements

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 Platymonas cultures
and performs chemical and biological analyses. The
programmer is responsible for the computer which monitors
and controls CO2 input, nutrient flows, and environmental
monitoring and recording. Several office workers,
custodians, and guards are required for a facility of this
size.

Administration: A facility manager, an assistant manager, and a
secretary are required to administer the overall operation.
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4.5 Emergency Procedures ,lu«{(‘ar& V&*mé/

Any one 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, CO» 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 COp or Nutrient Supplies /U,g"k‘ Mg\k Sk%q\mau\

Storage of 1liquid CO, has been provided for one day's
operation in case of a brief interruption of CO, supply. The
volumes of CO, required and the cost of compression for storage
do not allow storage of CO, 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 independently of all others s¢ that the relaftive impact af
eéach parameter on algae price could—be Jjudged. In this
sénsitivity analysis, the relative importance of a parameter was
strongly affected by the range over which it was varied; 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 CO, from air,
the absence of . fojls, and thée Substitution Of airlifts for
propeller pumps-—in--the-raceways. Values more optimistic tham the
baseline 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.

5.1 Baseline Case

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
conditions (e.g. taxes). Several items that require further
explanation are listed below.
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ITEM VALUE

Daily solar constant (kcal/m2-day) 5000
Photosynthetically active radiation (% of total) 45
Photosynthetic efficiency (% of PAR) 12.2 ' ;
Carbon dioxide uptake efficiency (%) 70 (ow (G

Algal lipid content (% AFDW)
Algal protein content (% AFDW)
Algal carbohydrate content (% AFDW)

&

Algal carbon content (% AFDW) k'ﬁ

Algal nitrogen content (% AFDW) 0.075 <:mM(3§*I¢~
Algal phosphorus content (% AFDW) 0.005 Q

Algal ash content (% dry wt) g A tecon
Concentration of nitrogen in medium (mmole/1) 0.5
Concentration of trace metal mix in medium (mg/1l) 1.55

Energy content of lipid (kcal/g) 9.3

Energy content of protein (kcal/qg) 5.7

Energy content of carbohydrate (kcal/g) 4.2

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

Raceway width (m)

Raceway depth (cm)

Average raceway running length (m)
Number of raceways

Harvest frequency per raceway (#/day)
Proportion of water exchanged at harvest (%)
Raceway roughness coefficient (m"1/6)
Raceway water velocity (cm/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 (ha)
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)

VALUE

.4
50
0
1

5
27.8
1.1
0.18

J

o

rai

Table 5-2. Baseline engineering parameters used in Hawaili
commercial culture facility economic model.
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ITEM BASELINE VALUE

Operating costs

Land lease ($/ha-yr) 400
Electricity cost ($/kwh) 0.11
Ammonia cost (S$/MT) 425
Phosphate fertilizer cost ($/MT) 358
Carbon dioxide cost ($/MT) 25
Trace metal mix cost ($/MT) 200
Number of laborers 84
Laborer cost ($/man-yr) 17000
Number of supervisors 14
Supervisor cost ($/man-yr) 21000
Number of technicians 4
Technician cost ($/man-yr) 24000
Administration cost ($/yr) 95000
Insurance (% of capital costs) 1
Capital costs
Land preparation ($/ha) 537
Utility installation ($§) 375000
Road grading cost ($/m2) 0.88
Fences (8§) 409345
Raceways:
Fixed costs (pump sump, pipes; $/rcwy) 16447
Pumps ($/unit + installation) 20000
Soil cement liner ($/m2) 1.93
Rough construction ($/n2) 0.66
Leveling ($/m?) 0.31
CO sumps {($/unit) 1567
CO delivery pipe ($/rcwy) 5563
Foils ($/row) 103
Nutrient delivery system (§) 104294
Water supply system (8$) 1648896
CO delivery system ($) 1141238
Backup generators ($/unit) 100000
Settling ponds ($/unit) 711867
Harvest trenches (§) 1087670
Effluent trench ($) 530417
Buildings (§) 1850000
Storage facilities (§) 322062
Moving equipment (§) 1530000
Permits ($) 50000
Engineering (% capital costs) 5
Contingency (% capital costs + eng.) 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 (%) 6
Capital cost escalation (%) 0 17
Operating cost escalation (%) P
Maintenance cost escalation (%)

Facility lifetime (years) 7?
C4@Q<’Lﬁ§E;;‘

Table 5-4. Baseline financial parameters used in Hawaii culture
facility economic model.

57



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. comm.), SO a baseline
value of 5000 kcal/m2-day was chosen. Photosynthetically active
radiation (PAR) was assumed to be 45% of total solar radiation.
Photosynthetic efficiency of the algae as a percentage of PAR was

assumed to be 12.2%, based on Laws' (1984) m rement of 11% in
the € i med PAR of 50% of to ar
radiation XLA Y FLH&MUH£>

Algal Composition [S%\—; \(FL'OO 35,Z Q(?é)b 3’623 /\/\5@

The composition of Platymonas grown in the algal raceway is
about 50% carbon, 7.5% nitrogen, and 0.5% phosphorus by ash-free
dary wei:f::zj?he cells are about 50% protein, 35% carbohydrate
and~15% lipi{d, again by ash-free dry weight (ignoring the
pos&d 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

Platymonas 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 Platymonas' high production rate (Laws,
1984). These parameters were assumed to be fixed by the
requirements of the alga. _Average yearly net evaporation in_ the
Ewa Beach area is about 180 _cm/vVr. (National Wweather Service,

Hawaii Regional Office).

The baseline system does not recycle any of its effluent
zfter, for three reasons: .

l. Seawater is readily available at the site.

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

{dhgjgjgf 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 factor is defined as the number of effective
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 downtime—is 20 days/raceway-year, so the
baseline capacity factor is

Harvest Efficiency §ﬂb7<

The settling ponds are assumed to capture 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 7074) Cﬁ)q;&%?b@ﬁhiﬁs
é//’ﬂfﬁ—’—;;—ffﬂﬁ-i i for CO, is $25/MT, paégh on a quote from
. Fujita of PRI that the price w ess than $25/short ton.

Laws (1984) measured a COp 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 COo.

Non-carbon nutrient 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,
pers. comm.).

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 qﬁfte ‘
ice.
from Western Farm Serv éé, X0 .

i 3 ‘qg/ )
5.1.2 Baseline Algae Cost 2£17/Prrk( LWIHT AFDW

The cost of algae grown in the baseline culture facility is

estimated to be $366/MT dry—weight ($398/MT AFDW
yearly production o0£758,939 MT dry weight (54,224 MT AFDW).
These cost calculations—a me at the algal raceéw 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 Iion includimng 1I5% contingency and 5%
engineering fee. i i e foils; the liner
cost is next largest (Figure 5-1). CO, purchase is the largest
operating cost; non-carbon nutrients, 1interest and depreciation,
labor, utilities, and maintenance are other important costs
(Table 5-6, Figure 5-2).

52 8 itivity Analysis: Biological, Engi . and Cost
Parameters

Following the baseline cost calculation, individual
parameters were varied 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.

Yo (51-)

has the largest impact on algae
er limit of 8% efficiency to
The lower limit is based on
recent wintertime experiments
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 al., 1984). Platymonas
has exhibited single-day efficiencies as high as 26% on the

5.2.1 Photosynthetic Efficiency

synthetic effi
ry weight at the
the upper limit of 18%.
M % ; A
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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 \W
Buildings & Storage . 162 3 o5
Raceways 62 s
Water Delivery ;648,890 2 ﬁ‘<s
COo Delivery 1,141,238 2  §§2\$ )
Nutrient Delivery 104,294 0 "
Waste Disposal 530,417 1 d\
Generators 592,934 1l 0
Harvest Ponds 3,935,138 6 ¢5
Equipment 1,530,000 2 A
Contingency 8,646,516 13
Total Costs 66,289,953 100

_

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 0
Pipes 89,179 0
Waste Channel 14,886 0
Total Maintenance 1,153,234 6
Insurance 548,985 3
Total $18,399,309 100
Table 5-6. Annualized operating costs for baseline Hawaii

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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PARAMETER RANGE TESTED ALGAE COST ($/MT) RANGE

Low High Low High
Photosynthetic efficiency (% PAR) 8 18 491 289 202
Harvest efficiency (%) 70 —————D 95 417 307 110
Foil cost ($/row) 25 200 338 399 61
Carbon dioxide cost ($/MT) 15 ~———>135 335 395 60
Distance between foils (m) 1.5 5 403 350 53
Carbon dioxide uptake efficiency (%) 0.5 ——= 0.9 394 350 44
Liner cost ($/running meter) 10 40 353 393 40
Carbon dioxide sump cost ($/unit) 1567 5000 365 402 37
Ammonia cost ($/MT) 250 500 346 373 27
Contingency allowance (%) 10 25 359 379 20
Harvest module cost ($/unit) 711867‘—4?-;509000 365 384 19
Laborers/supervisors (# people) 55/9 110/18 355 374 19
Capacity factor (days/year) 330 360 375 357 18
Raceway cut & fill ($/running m) 3 15 361 377 16
Distance between CO sumps (m) 124 1748 365 350 15
Electricity cost (S$/kwh) 0.11 0.16 365 379 14
Water supply pumping head (m) 30 60 359 372 13
Mixing velocity (cm/sec) 15 40 360 373 13
Pump sump & supply pipe cost ($/rcwy 10000 30000 362 374 12
Land rent ($/ha-yr) 200 1000 365 375 10
Raceway pump cost ($/unit) 20000 35000 365 374 9
Nitrogen conc. in effluent (mmole/1l) 0 1 362 369 7
Raceway leveling ($/running meter) 1.5 6 361 367 6
Water supply pump efficiency (%) 0.6 0.8 369 363 6
Foil angle (degrees) 10 30 364 370 6
Engineering fee (%) 0.03 0.07 360 366 6
Raceway carbon dioxide delivery pipe 2500 10000 363 369 6
Effluent disposal capital cost () 530417 2000000 365 370 5
Road grading cost ($/sq m) 0.5 1l 363 367 4
Phosphate fertilizer cost ($/MT) 300 400 363 367 4
Raceway roughness coefficient 0.013 0.02 365 368 3
Raceway pump efficiency (%) 0.65 0.8 367 365 2
Land preparation ($/ha) 250 1000 365 367 2
Evaporation rate (cm/yr) 160 200 365 366 1

Table 5-7. Parametric sensitivity analysis: effect of varying individual
parameters over specified ranges.
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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.

o CEM»—BQS
5.2.3 Foil Parameters

Foil cost has an important effect on algae cost because of
the large number of foils required. In the baseline facility,
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 facility economics if low=-cost, effective foil designs
resulted.

5.2.4 Carbon Dioxide

Since COp is required in large quantities as the carbon
source for algal production, COy, cost and COp utilization
efficiency are important to algae cost. COp price is more or
less fixed when a site is chosen (although the range tested
indicates some uncertainty of what CO» cost would be if it were
actually purchased from a supplier). It is obviously important
to choose a site where COp can be obtained cheaply, unless
innovative methods can be used to obtain CO, from the air (see
Section 5.4.1).

COo, wutilization efficiency depends on CO, sump efficiency,
uptake efficiency of the algae, and the amount of outgassing of
CO, to the atmosphere. It is not clear that the latter two
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factors can be altereé: but they can at least be measured under
different circumstances. An efficient CO, 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, CO
sump cost, and settling pond cost. Other construction costs have
somewhat less impact. Construction 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.

5.3 § itivity Analvsis: Fi {al P :
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 stoc kept constant at 4 to 1.
ranged from 68 higher leveraging to
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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 12% _on pxeferred.
Rez%}t‘ estimates of DBEP ranges from a low o 4o a high

389.

of ,U(Sk AXAQO(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 $391l.

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 BEST" Case "WORST" Case
Debt Ratio 75% 20%
Common Stock Ratio 5% 20%
Preferred Stock Ratio 20% 60%
Nominal Return on Debt : 11% 18%
Nominal Return on

Preferred Stock 10% 12%
Nominal Return on

Common Stock 11% 14%
Inflation Rate 6% 6%
BREAKEVEN PRICE $349.34 $418.99

Table 5-8. Estimates of discounted breakeven algae price under
two finance scenarios.
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5.4.1 Atmospheric CO, Collector

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

The CO2 collectors could take the place of the COj
distribution sumps in the baseline facility design. 1Instead of
13 sumps per raceway, there would be 13 collectors, given the
same assumptions about CO2 dispersion into the water. MOE
tentatively estimates that each collector would cost $2000-4000.
The extra capltal cost of the collectors would be offset by the
elimination of sumps, spargers, and CO, supply pipes and blowers.
Operating costs (electricity to run the COp collectors) are

estimated _a 5/MT CO, under ideal conditiopns. The real cost of
Oo would presumably be higher than this, but could certainl

y be
well below the cost of purchased CO,. AAL Fzggzxilglc}«_S?Q4LSZ§§gi

) ) . . (s
To test the impact of CO2 collection on the production

facility, the following modifications were made to the model:

1. Carbon delivery capital costs were set equal to 0.

2. Carbon dioxide blower operating costs were set equal to
0.

3. The cost of COp collectors was substituted for the cost
of CO, sumps.

4. Two cases were run: an "ideal" case in which collector
cost = $2000 and COp cost = $5/MT, and a much less
optimistic case in which collector cost =,$4000 and CO,

production cost = SIS/MT. X5 o5 WA 4T

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 CO, extraction system is the
freedom it gives when siting the facility. CO2 supply is a major
constraint on facility siting if the facility must be located
near a power plant, COp pipeline, or geological CO, 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 0. The algae cost in
this modified system was calculated for various photosynthetlc
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
gU_2¥‘tU—gt11r1reeefr1m~ixwras*th€’6§§él1ne price, and 9.0% to

“equal the cost at I.5 m spacing. TpEse NUMBErs —im
~would nave to increase photosynthetic e 1c1encY' Y‘%bbut‘ret*in*
the~pasetie case A -losely “spiced situation. "Since
oils in the experimental raceway increase photosynthetic
efficiency by 45% (SERI Biomass Program Monthly Report, January

1985) or more (Laws et al., 1983), foils appear to he costs
effective. (ﬂ/’ﬁt:> :

L 4 3 < N
C

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 t
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
$381/MT, repectively. Apparently the use of airlifts does not

_ﬁLa&LuuLLl1_&Qg£gQ§g_JH4FELAHHMHL_uulGSS—ai:11fts are more
_ex e than pro umps It is well worth testing

airlifts vs. propeller pumps, but if airlifts are necessary, the
feasibility of the system will probably not be changed
substantially.

75 E
L 2 AT 125 /%
5.4.5 Optimistic Case l\fiféqfr‘ [%‘k> FSEE

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. CO2 produced by MOE CO»2 collectors; collector cost =
$2000 each and CO» production cost = $7/MT. :;>
porls <

2. Harvest efficiency = 90%. f@akx Elﬁz;%; C:' \
3. CO, 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 COp 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. Yearly operating costs for this case _were $13_million
(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 breakthroughs 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 CO, 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
maximum potential of the raceway system wi including

nutrient recycle from a Processing facility.

2.5 Processing Options

The preceding analysis does not deal with the cost of fuel
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 resulting product is a gas
composed of about 60% methane and 40% CO;, with small amounts of
other gases. In order to sell the methane as pipeline gas, the
CO, 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/m -day

Total solids content: 10%

Percentage of volatlle solids converted: 60%

Gas production: 0.93 m 3/kg, 60% methane

Digester cost: $180/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, 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 al. (1981l) 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
100-ft diameter digester tanks recommended by Atara. The total
cost of the digesters (including gas separation system, heaters,
mixers, gas_ compressors, etc.) plus insta ion, adds slightly
more tﬁ $10 million to total facility cost Total operating
costs ar€ similar eline 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 khousand standard cubic
feet (MSCF) of methane, about 1/5 of present SNG consumption on
Oahu (State of Hawaii Data Book, 1983). It recycles 22,000 MT of
CO , about 12% of total facility requirements, The discournted

breakeven price for methane produced by this SYSEEE;Es;EEEZEEEZD
is price 1is we € SERI projected pri or

methane in the year 2000 of6$7.40/106 BTU (Hill et al., 1984; 1
MSCF equals approximately 10° BTU). The "optimistic" assumptions
listed in Section reduce the required gas price to $22.57 on

24).
Pre

sales of 711,307 MSCF. Finally, in the highly optimistic case
where photosynthetic efficiency = 18%, the production is
1,049,469 MSCF and the_breakeven pricei%rfleEEZfiihis price is
still much higher than Year 2000 projections. 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-
water facility reduces its value for that purpose. The City 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
Program, pers. CcoOmm.). This disposal method is obviously
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

Supercritical water combustion is a process recently
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.

Supercritical water combustion involves the introduction of
aslurry 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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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 systen.

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 stage of
development., —Thé demonstration Systems produced by 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:

l. 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
"fuel”.

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.

5. Much of the carbon in the algal feedstock could be
recovered as COp 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:

l., 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 °C) at which electrical generation is most
efficient. Either the algae would have to be dewatered
further or a supplemental fuel (such as dry biomass,
coal, or fuel 0il) would have to be added.

3. The market value of the recovered salts is probably low
(B. Witmer, pers. comm.,) 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 not 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 0il (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 system, the algae can be regarded as a fuel supplement,
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 capital cost of SIS million is assumed In this analysis. 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 entering 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 CO, recycle because the cost of separating
the CO2 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 CO, separation from
methane (see Section 5.5.1), there appears to be little advantage
in separating the gases over simply buying the COy at $25/MT. If
CO, is scarce or expensive, or less expensive ways are developed
to extract the CO, (see Section 5.4.1), then recycling the COj
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 $0.080/kwh.
The present "avoided cost" rates paid by Hawaiian Electric
Company for electricity from alternative energy projects are
$0.059/kwh peak and $0.051/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 play a 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.

2.6 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
al. (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, 1