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I. INTRODUCTION

BACKGROUND

The Office of the Assistant Secretary for Environment of the Department
of Energy through its Division of Technology Assessment has initiated a com-
prehensive plan relating to the extensive use of solar'energy technologies.
The resultant program entitled, "Technology Assessment of Solar Energy"
(TASE), will determine the long range environmental and socioeconomic impacts
of distributed (decentralized) solar energy systems plus selected other dis-
tributed non-solar technologies. The solar technologies include: (1) space
heating and cooling and domestic hot water; (2) agricultural and industrial
process heat; (3) photovoltaics; (4) wind; (5) total solar system; (6) terres-
tial biomass; and (7) marine biomass. The non-solar technologies are:

(1) cogeneration; (2) urban waste utilization; and (3) district heating. The
latter technologies were included in Phase 1 because they are complementary

to the distributed solar systems being studied, in that they are scaled to

local energy needs compared to large capital-intensive centralized power

sources. In the next fiscal year, these non-solar technologies will continue
to be studied as part of another assessment study, but not TASE.

The scope of TASE includes national, regional and community levels. The
Los Alamos Scientific Laboratory (LASL) is the lead laboratory for Phase I
of the national and regional studies. Lawrence Berkeley Laboratory (LBL) is
leading the community studies and is also assisting with the national and
regional studies. Two other major contributors to the studies have been
Argonne National Laboratory and Oak Ridge National Laboratory.

The primary objective of the TASE program is to determine the probable
consequences to the environment and to public health and safety resulting
from widespread implementation of major solar and renewable resource
technologies. Analytical efforts were undertaken during FY 1978 for
Phase 1 of the TASE program. The specific Phase I objective is to deter-
mine the levels of residuals most likely to result throughout the complete
energy cycle facility life cycle from the utilization of each of the solar

and renewable resource technologies.



This report, entitled, Marine Biomass System: Anaerobic Digestion

and Production of Methane, is presented in partial fulfillment of the

Phase I requirements outlined under the TASE program. Emphasis has
been placed upon the selection and use of specific applications and
conceptual models to develop and quantify the data. Technical system
characterizations plus material, land, and water requirements have been
included. The existing reference literature has been used extensively.

In addition to the technical data reported herein, cost data have
been generated for the various processes and components utilized in
each solar technology. The requirements for costing information basic-
ally arise from the need to compute parameters such as investment demands,
employment patterns, material demands and residual levels associated »
with each technology for each of several national and regional scenarios.
Operating residual data are also required for these computations. To per-
form these computations, the Strategic Environmental Assessment Simulation
(SEAS) model computer program will be utilized. Computations will be
made for DOE by the Mitre Corporation.

MARINE BIOMASS

A marine energy farm is one of the few biologically-based systems
which has the potential of contributing large quantities of synthetic
gaseous fuels to the nation's energy supply. This is especially true from
the standpoint of availability of arable land, fresh water resources, and

fertilizer. The California giant kelp (Macrocystis pyrifera) is a prime

candidate for energy conversion, since it is efficient in converting
sunlight into a fixed source of energy. In turn, kelp can be processed by
anaerobic digestion or other procedures into methane. Furthermore, other
by-~-products such as food, fertilizer, ethanol, and industrial materials
can be obtained.

Two approaches to kelp coﬁversion to methane are described. First,
a large (10.56 miz) oceanic farm using an artificial substrate and an
upwelling system to deliver nutrient-rich deep ocean water to the kelp bed

is described. This system can yield as much as 50 tons of kelp (dry ash)



free - DAF) per acre-year. Kelp are harvested by a specially designed
30,000 DWT ship and delivered to an onshore processing plant as a ground
kelp slurry. The second system involves the use of a natural coastal
kelp bed. Growth rates in this bed are stimulated by a nutrient rich
sewer outfall. A conceptual model is presented for calculation of the
growth rate of kelp in this natural bed which can reach 15 tons (DAF) per
acre-year. The harvest activity and processing plant are similar to those
for the oceanic farm system.

In the next section of this report, the overall concept of kelp pro-
duction and conversion to methane 1is discussed. In Section III the
general design of the ocean farm system is presented and discussed while
Section IV contains a similar description for the natural bed system.
Section V presents the capital requirements and operational labor, resources
and material requirements. Section VI describes the environmental residuals
created by the operation of either system and, to the extent possible, quan-
tifies the rate at which these residuals are generated. Finally, Section VII

presents the study conclusions.




II. DESCRIPTION

SELECTION RATIONALE

The concept of the Ocean Farm as described by Wilcox (1975) is used
as our model for the marine biomass system. The Ocean Farm Project has
been sponsored primarily by the Gas Research Institute (GRI) and the
Department of Energy (DOE) as a prime candidate for the development of
a major renewable energy source. Many of the major technical and econo-
mic considerations have been explored through research efforts over the
past several years. Budhraja, et al., 1976, estimated that a kelp farm
(10,000 sq. miles) could provide about 1660 xllolthu (1.66 quads) of
energy assuming a pHotosynthetic efficiency of 1.25 percent and an
insolation of 1300 Btu/ft.z/day (474 x 103 Btu/ft.z/year). Since
this area represents only a small portion of the open ocean, the marine
farm concept was chosen for analysis.

Two major feasibility studies have been conducted by the Integrated
Science Corporation and Dynatech R/D Company. The results of these
studies -serve-as -our-primary data source for-the -description-and-analysis....
that follows. Work is currently underway in the Energy from Biomass
Program (GRI/DOE) on the validation of the basic concepts involved in
kelp growth and nutrition, ocean engineering and methane generation.

In addition, a Quarter Acre Module (QAM) is being tested off the coast
of Southern California in order to gather preliminary data for a pilot
commercial farm.

A biomass energy farm must cover a large area since the efficiency
of the photosynthetic process for capturing solar energy is low (Flowers
and Bruce, 1977). Furthermore, there is a neéd for substantial amounts
of fresh water and significant levels of nutrients if a land-based sys-
tem is employed. 1In order to remove the large land and water require-
ments as constraints which restrict the development of competing uses
of land and water (e.g., food and fiber industry), the marine system was
selected for characterizatién. The marine farm approach requires the util-
ization of only a small portion of the open ocean. Bryce (1978) reported
that the concept of an ocean farm which yields 52 dry tons/acre-year (suffi-

cient to produce about 10 percent of the nation's natural gas supply) and



occupies an ocean area of about 5500 square miles, is manageable. However,
the technology and legal framework to support this statement have not been
; demonstrated and the majority opinion of technical persons contacted for

this study is that such a system is not manageable with current technology.

The farm concept that will be described and analyzed in later
sections is intended to include a variety of products from the har-
vested kelp. This will provide for flexibility during system devel-
opment: and market penetration. Primary attention, however, will
be given to the production of methane by anaerobic biodegradation.
Methane was selected as the primary product because of the follow-
ing factors: compatibility with existing natural gas systems;

cleanburning characteristics; and low temperature and pressure advan-

tages. Since a large biomass farm system has certain inherent prob-

lems related to size, number of harvesting ships, and maintenance

of an offshore production site, we have included for comparison a
small-scale (300 tons/day) production unit utilizing natural kelp
beds (see Section IV). A comparison of theé systems will be given

below.



III. OCEAN FARM SYSTEM DESIGN
OVERALL CONCEPT

The basic concept of a marine biomass system is to culture and
harvest seaweed plants which are attached to a grid of polyethylene
lines suspended fifty to one hundred feet below the ocean surface.
These lines are supported by buoyéncy—control structures embracing
thousands of acres (Wilcox, 1975).

Marine plants require light, carbon‘dioxide; water and nutrients from
the surface layers of the ocean. However, many of the areas along
the southern California coast which would support marine algae may
be nutrient-limited for as much as 6 to 9 months each year because
of a lack of upwelling (North, 1977). Therefore fertilizing opera-
tions are clearly necessary to produce good yields of kelp on ocean
farms. The selected proéess-for fertilization is to pump up nutrient
rich waters from depths of a thousand feet or so. While not a general
,Cbnéensus among researchers, Wilcox (1975) expects-that resultant
photosynthetic conversion efficiencies of marine systems will be
higher than current terrestial crops.

The seaweeds are to be harvested periodically and converted to
methane and other by-products (fertilizer, food supplements, etc.) at
a processing facility located at a coastal site. Figure 1 shows a

generalized diagram of the marine biomass system used in this analysis.
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PRODUCTION SYSTEM

The California giant kelp (Macrocystis pyrifera), which grows along the

coasts of California, Mexico and New Zealand was selected as the biomass
source because it is one of the world's fastest growing plants and has been
cultivated on an artificial substrate. The reproductive cycle is well under-
stood and in nature it is believed that the plant will reproducevits own
weight every six months or so (North, 1971). Macrocystis kelp beds have
been harvested mechanically for over 60 years along the southern California
coast. In the biomass farm system, the plants will be harvested

every three months with no replanting expected to be required.

Of primary importance to the basic system is the determination of
yield. In general, all aquatic plants have the same basic physical
requirements and biological limitations for growth. The physical require-
ments for growth include light, which is affected by plant density and water
temperature, and nutrients, which are controlled by water circulation.

The.practical value for aquatic biomass production, on a full year basis,
is reported to be 8 dry ash-free tons/acre/year which includes 6.7 tons of
organic matter/acre/year'(Clendenning, 1971).'kKlass (1977} reported
from laboratory scab efforts, however, that anchored giant kelp may be
expected to yield as high as 49 dry tons/acre/year. This assumes that
nutrients are supplied by the upwelling of deep nutrient-rich water.
Nitrogen, an element which most often limits the growth of marine plants,
is required at levels exceeding 3 microgram-atoms per liter (North, 1977).
The significance of other micro-nutrients such as manganese and iron in
the controlled growth of kelpiis unknown at this time.

The farm substrate proposed by Wilcox (1975) is composed of flexible
triangular modules, which are maintained at,34 meters. Each module is held
in place by an anchoring system. Nutrient-rich water is upwelled from
about 300 meters by some type of on-site pump in large volumes (about 1.5 x
109 gal/square mile/day). - Wilcox (1975) reports that the upwelling system
would require relatively little power, probably less than one horsepower
per acre-foot/day. He suggests further that the needed power could be

provided by wave or wind energy.



The kelp plants are attached to the substrate at a density of one
plant per 34 square meters. It is assumed that harvest of this crop
would be possible within a period of four years. North (1971) reports
that kelp plants under cultivation do not appear to exhibit natural
aging. Plants only need to be replaced when damaged by storms, killed
by disease, or injured by predators.

A test farm design was performed by Global Marine Development, Incor-
porated in California. The design parameters of such a system are outlined
in Table 1 and represent an optimistic or ideal operation scheme., The test
farm is designed to support approximately 100 adult Macrocystis plants. The
base of these plants will be maintained at a depth of about 60 feet. The
plants will grow up to the surface and form a canopy layer which will float
on the surface. The test farm will have the capacity for providing upwelled
nutrient-rich water from a depth of 1500 feet. Conventional diesel engines
will be used for power. The test structure will be positioned in water
(2000 feet deep) by a three point catenary mooring system (see Figure 2).

In order to satisfy the physiological requirement--for maintaining-a-—
nitrogen concentration in the farm complex of 3 g-atoms/liter for deep
water having a concentration of 30 jg-atoms/liter, a flow rate of ap-
proximately 9000 gallons/minute was needed (Bryce, 1978). This upwelliné
rate is made necessary because below that level the nutrients would be
transported out by the currents about as rapidly as they are brought to
the surface. The test farm employed a two foot diameter upwelling pipe,:
which was set at 1500 feet in order to reach the maximum stable level of
nitrogen concentration. Figure 3 depicts a general arrangement of such
a test farm. Furthermore, high density polyethylene pipe was selected
for the model system, since this material is flexible and has low mass
and weight.

The test site selected for the Marine Farm was located approximately
five miles off Laguna Beach in southern California. This area has site para-
meters such as depth, waves, currents, wind, and bottom conditions that repre-
sent a potential large farmsite, but do not reach the extremes of other off-
shore locations. In addition, deep water nutrients and surface water tempera-
tures are available that are within the required tolerance range of

Macrocystis.



-10-

Table 1

Baseline Design Parameters
Marine Biomass Production

- Sea Farm Svstem -

Parameter Average Value
Farm Area 11 square miles?
f s . Ash 38 - 45%

Kelp Composition (Dry Weight) . . 3

Volatile Solids Composition Volatile Solids 35 - 62%
Carbohydrates (48%)
Algin {31 - .41%)
Cellulose . (5 - 14%)
Protein (8 - 12%
Fats (0 - 8%3

Biomass Yield . 25-70 tons dry ash-free (DAF) acre-year

Energy Content 8000 Btu/1b. (DAF)

Upwelling Depth . 300-500 meters

Surface water temperature ZOOC {or less)

Nitrogenr(NOS) at 300 M depfhr 25-30 g-atoms/liter

Source: A. Bryce, 1978

4Farm area for 1000 ton/day kelp operation
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HARVESTING

In the marine farm designed by Wilcox (1975) the standing crop is harvested
by special ships about six times per year. These vessels are patterned after
the Kelco Company design, which have been used for commercial harvesting along
the California coast for many years. Some pre-processing (e.g., removal of
water and grinding) could be accomplished on the harvesting ships prior to
transporting the kelp to onshore processing plants. We assumed that the sea
farm system would include some processing on the harvesting vessels. For the
natural-bed system, the processing would be done entirely at an onshore pro-

cessing site.
PROCESSING

The degree of processing necessary to prepare kelp for conversion into
usable fuels is related to its water and ash content. Macrocystis typically
has a high water content, about 87.5 percent (Wilcox, 1975). The ash content
of dry seaweed is typically about 40 percent which may cause difficulty in

subsequent conversion to various products (Leese, 1976).

A substantial reduction in water content would minimize shippihg coSsts.

If such processing is done at sea, a reduction in the capital costs associated
with onshore sites would result because of the reduction in storage requirements.

A problem may arise, however, with drying kelp for transport. Since about
35 percent of the carbohydrate content is dissolved in water, most of it is
lost in the drying process. If the food value of kelp is as much as 15 times
greater than the energy resource value, then we may be saving capital on one
process while losing it on another (Schneider, 1978).

With regard to ash content, it may be necessary to reduce the level of ash
in order to maintain a viable culture for subsequent digestion or fermentation
(Hart, et al., 1978). Since kelp ash consists principally of water soluble
salts, some market may exist for such products as potassium, calcium and mag-
nesium, since incremental system cost for removing these chemicals from the
process stream would not be large.

The degree of mechanical and chemical pre-treatment necessary for increas-
ing kelp separation and digestion has not been fully defined. A process

developed for this analysis begins by shredding the wet, harvested kelp
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by means of hammermill-type grinders. Bryce (1978) estimated that about

1.1 kWh/ton of raw kelp is required to produce properly-sized particles from
wet kelp. Next the shredded kelp is treated with a calcium chloride solution
heated to 95°C. The material is then pressed (100 pounds pressure)} to remove
salts and excess water. The resulting mixture acts as feedstock and is fed
into the anaerobic digester. Figure 4 illustrates a schematic diagram of a

shore-based processing plant.
CONVERSION

The conversion of kelp to methane has been described in previous studies
(Wilcox, 1975, 1976; Bryce, 1978; and Chynoweth, et al., 1978). As mentioned
above, there is no standard procedure for pretreating the kelp. Several
separation steps are usually used to segregate the electrolytes, carbohydrates,
water and volatile solids. The soluble sugars that are pressed out could be
fermented to ethanol. The volatile solids (=60 percent) go into a heated
air-tight digester where methane and carbon dioxide are produced. The feed-
.stock_.is._decomposed over. a period of 7. or.more days by bacteria in the ..
absence of oxygen. A waste sludge, high in nitrogen, will also result. This

material after further processing could be used as fertilizer feedstock.

Fnergy recoveries of methane on the order of 4.5 to 5 standard cubic
feet per pound of volatile solids (SCF/1b. v.s.) have been obtained with 55-
60 percent conversion of volatile solids (Chynoweth, et al., 1978). Table 2
illustrates performance data for anaerobic digestion of various types of biomass.
Bryce (1978) reported that work is underway to increase the loading rate from
0.1 1b/f't3 to 0.3 lb/ft3 and to reduce the retention time from 18 days to
10‘days. In Table 3 are listed the various parameters that are being achieved
in recent methanation process development work.

Figure 5 illustrates the materials and energy flow for the kelp-to-
methane system. The system begins with 100 pounds of wet kelp that has
been converted and drained of water. This quantity of kelp has an
estimated energy content of about 8 x 10° Btu/1b DAF. Assuming a methane
yield of 4.5 SCF/1b. added volatile solids; an output of about 31.5 SCF

of methane is obtained with an energy recovery efficiency of 55.5 per-
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Performance Data for Anaerobic

Table 2

Digestion of Various Types of Biomass

Methane Yield

Reference Biomass Type SCF/1b VS added
I1GT, 1977 Raw kelp 4.5
Pfeffer 15 MSW-S1udge® 2.42
Pfeffer 13 MSW-Sludge '1.58
McCarty‘gE_gl.lz MSW-Sludge 3.26
Ghosh and Klass © MSW-Sludge 3.80
Klass and Ghosh Grass mixture 3.10
Bryant et al. 9 Feedlot cattle 4.10
waste :
9 b
Bryant et al. Feedlot cattle 2.74
waste
Converse et al. Dairy manure 3.33

a0 o oW

0
Temperature,

Municipal Solid Waste-Sewage Sludge.

Loading, 1b VS/cu ft-day.

©® Detention Time, days.

VS Destruction,

o
%

Special Conditions

48.0

51.8

53.4

33.0

58.5

47.0

35.8

43.1

4.15 SCF CH4/ cu ft culture (highest rate of methane production in the literature).

¢ = 35, 19 = 0.1, DT® = 18

T = 55,
T = 35,
T = 35,
T = 35,
T = 35,
T = 60,
T = 60,
T = 35,

DT

DT

L

20
20

0.23,

DT

DT

PT

DT

DT

DT

15
12

16

15

_9‘[—
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Table 3

Biomethanation Parameters

Methane Yield 4.5 - 5 Standard Cubic Feet

Pound Volatile Solids

Detention Time 10 - 18 Days
Volatile Solids Converted 65-70%

Loading Rate 0.1 - 0.3 1b. VS/ft3
Temperature 350C

Volume 65% Methane

35% Carbon Dioxide

Energy Recovery 55.5%

(SCF )
(1b. V.S.)

Source: Chynoweth, D.P., et al, 1978.




~18-

100 ib wet kelp
e N

r N\
water vs ash process heat: 1.23 X 104BTU
CaC1, . N
2 8751 |7.1b  [551b electricity
"\
l05lb IFBSOOBTUe
/
PRE-PROCESSING
water V.S, ash
128 b 56 1b 0.51b
y \ Y
CONVERSION
831b
Gas: water: 74.71b
CO, 65% VS : 1.71b
Lime 11Ib CH, 35% ash 501b
‘ 1477 b
y Y water: 12.8 ib
GAS VS : 141b
ash : 051b
CLEAN UP
methane sludge water
31.5 scf 18.61b |161b
@ 1000
Btu/scf \
WASTE PROCESSING ;
sewer sludge stack
65.3 b ash emissions
{ 7.9 gal) 1.74 b
Y Y

XBL 781-13494

Fig. 5. Materials and Energy Flow
- Kelp to Methane System -



-19-

cent. This energy yield represents an output of about 31.5 x 103 Btu
of methane gas from the initial input of raw kelp. These results are
based upon anaerobic digestion in laboratory-scale digesters'using
mesophilic operating conditions (Chynoweth, et al., 1978). 1If one were
to scale this demonstration to the 1012 Btu level for comparison with
other solar technologies, an estimated input of 1.59 x 106 tons of raw
kelp would be required. It may not be valid at this time, however, to
extrapolate the successful bench-level studies of kelp conversion to
levels producing significant amounts of energy on a national level.

Although this report has emphasized the production of methane gas
as the primary product, other byproducts are possible. In fact, if the
marine biomass system is to make a major contribution to the energy
sector, it will probably require that these other products be processed
as well. Potassium chloride, sodium sulfate, sodium carbonate‘and other
salts are possible moderate value products. Several industrial gum
materials such as algin, fucoidan and laminarin are available. Algin
has been extracted from kelp for profit for many years and has many uses
in the food and chemical industry.

Since all of the carbohydrates in Macroscystis are polysaccarides,

they contain sugar molecules which may become economically viable food .
products. Wilcox (1975) reported that a probable high value product is
a feed supplemeht for ruminant animals (e.g., sheep and cattle).

As noted in Figure 1, the sludge residue from the methane conversion
system could be processed to a low to moderate grade nitrogen fertilizer.
Furthermore, if the sludge were sterilized, it could be used as a feed
substrate for single-celled, protein-producing micro-organism.

Finally, various ﬁariculture systems as well as various sport
fisheries may be established around the open ocean marine farm. These
fisheries can make both positive (additional products and food resources)
and negative (nuisance, kelp destruction) contributions to the farm

operation.
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IV. NATURAL KELP BED SYSTEM

INTRODUCTION

Algae have long been known as ubiquitous constituents of nearly
every body of water. Because of their fast reproduction rates,
algae have historically received attention for their role in
clogging filters and producing objectionable tastes and odors.

The results of natural or induced algal blooms are well known and
have tended to obscure the fact that algae possess .a variety of bio-
physical properties which have already been transformed into a cash
crop and the basis of a multimillion dollar industry.

There are several ways in which the use of algae can make a signifi-
cant contribution. In California, the use of micro algae in waste oxidation
systems account for a significant fraction of the State's installed
secondary municipal-water-treatment facilities. - Secondly, -because -of
their high protein content the cultivation of algae for human and
animal food is a growing industry in several counties. Finally,methods
have been reported which optimize algal growth rates so that the harvested
algae provide a substrate for the production of high quality synthetic
natural gas (SNG) via anaerobic decomposition by mixed bacterial cultures

(Oswald, 1976, 1977; Uziel, 1976; Golueke, 1977).

NATURAL KELP BED SYSTEM

One such proposal for producing usable amounts of algal substrate
for an SNG process involves increasing the yield capacity of existing
‘near and off shore kelp beds. In California, these beds already

support a sizable harvesting effort based on Macrocystis pyrifera. As

stated previously, these brown algae possess a number of characteristics
which make them the current choice in mid-latitudes for SNG production.

Limiting factors in the natural bed cultivation of Macrocystis are
likely to be a function of nutrient availability such as nitrogen

phosphorus and temperature distributions. Goldman and Wilson (1977)
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reported that while at low growth rates, temperature increases have little effect,
at high growth rates a temperature increase of 3.50K will decrease growth rates
by a factor of 10. North (1975) reports that the maximum temperature for off-
shore beds is 68°F, at which deteriorations in the product become noticeable.
These factors have limited the annual state harvest of Macrocystis to about
150,000 tons of wet weight.

While the economics of alginate recovery have justified harvesting existing
beds up to 200 miles from the kelp processing plant, it is probable that econ-
omically viable energy production would require both higher yields per acre than
the current average of 6 wet tons/acre/year and the use of close-in beds as the
return for energy products is lower than for alginate.

The direct relationship between amounts of available nutrients and specific
yield/area has resulted in three general approaches. They are mechanical
upwelling, passive diffusion and co-siting. Because the cost of secondary sewage
effluent is negligible with respect to its nutrient content co-siting kelp beds
near existing sewage outfalls could provide a cost effective method of increas-
ing yield. A further advantage of a co-sited system is that the sewage effluent

receives an added degree of treatment through biological oxygination and thereby

has a fraction of its biological oxygen demand (BOD) reduced. This would result

in a cleaner discharge and reduced environmental impacts on marine ecosystems.
Several methods are available for calculating probable algal .productivity

values for such a system. Chemical analyses of Macrocystis show that on an

ash free dry weight basis it contains 43 percent carbon, 1.6 percent nitrogen,

5 percent hydrogen, 21 percent oxygen, and .3 percent phosphorous. The Oswald

sotichemical mefhod allows us to normalize the N content to 1 and divide the

percent composition by the molecular weight of the given substance; thus we

arrive at a general formula which is:

C 0

662.77017.96%2.07M1 (1)

It is helpful to know the ratio of 0, produced per unit of cell mass.
From formula 1, we find that the empirical formula weight of Macrocystis is
7992.36 mg. Since algae produce 02 via photosynthesis, 2.65 mg O2 is produced
for each mg of macroalgal cell material. This compares favorably with the

1.6 mg/g Oswald (1977) reports as an average for microalgae.
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If nutrient limited growth conditions are assumed, it becomes desirable
to know the maximum cell concentration that a given sewage can support.
Jenks and Adamson (1974) report on an annual average BOD for:Hayward of
78 mg/l, with sewage flow of 100 gpd. We find that an algal population
density of 29 mg/l over the bed can be supported on the nutrients in the
sewage fraction alone. This is in addition to the existing seawater growth
potential and is therefore a minimum growth value.

From this:

BOD Sewage
Algae 02 production

= populations density (2)

78/2.65 = 29.43 mg/1

In applications where algae are being fed on sewage, growth rates are
generally considered to be light limited. Most of the current work for
calculation of macro algae growth rates are based on work by Oswald (1976).
From these relationships, it is now generally acceptéd that light limited
algélrproductiyityiis related fortherexpdﬁénfiai décféééé iﬁ iight intensity
as it penetrates a body of water. This relationship is described in the
Beer-Lambert.lawf

Ix/Io = o oCd | . (3)
Nomenclature used in this section is shown in Table 4.

Since the relation is wave length dependent, solar applications require
its integration over the entire visible light spectrum from 400-700 nm.
(Considering algal photosynthetic efficiency and concentration-depth rela-
tions). For monochromatic light algal productivity per unit time can be

approximated by Wilson's method. (Wilson, 1977):

I +1
S [¢]
S (o)

While growth rate at a given depth is given by:

A Id
M, = U e (5)
d Is Iq )



-23-"

Table 4

Nomenclature for Algal Growth Calculations

Parameter

DR

Definition

incident light intensity (cal/cmz—min)
saturation light intensity(cal/cmz—min)
Maximum (saturation) growth rate (mg/l-d)
light intensity at depthd tcal/cmz—min)

algal concentration (mg/1)
extinction coefficient
absorption coefficient
visible irradiance @al/cmz- min)

efficiency of light utilization
specific growth rate at depthd {(mg/1-d)

depth (cm)
production per unit time (wet) (kg/mB—yr)

thermodynamic efficiency

time eonstant

algal heat of combustion (6 Kcal/gm)

flow rate
culture volume

dilution rate =
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For the purposes of this study, equation (5) was integrated over
the depth range to 65 feet typical for Pacific coastal kelp beds). The
results in an enriched (light limited) system show that kelp productivity
will vary from 18Kg/m34yr at a depth of 2lm to 89 Kg/m3~yr at maximum
light intensity.

In a continuous flow system, the dilution rate (DR) can be related

to productivity by (Wilson, et al., 1977):
DR = P/Cd (6)

When other variables have beenestablished for a given light spectrum
and system in equation (5) (e.g., K, J, Em, IS and o) productivity is
dependent upon the product of Cd. Thus, maximum productivity can be
determined from a unique combination of C and d. Applying this to
equation (6), a dilution flow rate fer maximum productivity can be
established, which for continuous flow systems will. equal the growth
rate maximum of the system. Thus input nutrient (sewage) flow character-
istics can be determined to maximize productivity in a given kelp bed
based on exisfing contours and kelp concentrations. Conversely, dptimal
cell concentrations could be estimated for a known sewage flow rate.

If, for example, a one acre bed with average depth of 60 feet received

a sewage flow of 7.6 x 107 1/day, maximum productivity at 21 m would
require a cell concentration of 5.5 mg/l, while at 1 m would require

39 mg/l. Considering the sewage contribution of 30 mg/l1 and non-enriched
seawater growth potential of 27 mg/liter, it becomes clear that the use
of sewage as a kelp nutrient source can, in the absence of other factors,

be expected to more than double the harvegt capacity of existing beds.
KELP GROWTH MODEL

In practical application, nutrient uistribution will be non-uniform
with respect to the surface area of the bed and cultures may not be.
continuously light limited. It is reasonable to assume that nutrients
will form a velocity related profile with maximum concentrations confined
to a zone immediately downstream of the outfall diffuser. Nutrients can

be expected to decrease as a function of distance from the point of
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origin. Profile shape will be related to bathogmetry, current distribution
direction and magnitude, temperature and salinity gradients. Finally, the
use of microalgae growth equations have implicit limitation in describing
macroalgae growth characteristics, yet can indicate the basic trends and
directions of algal growth.

The composition of the sewage effluent can be expected to change with
the season and locale as indicated in Tables 5 and 6. The variation shown
on Table 6 results mostly from seasonal canning operations, which are
common in some areas of the state. Heavy metals, which are an indicator
of canning operations, can have a toxic effect on kelp. Molybdenum and
zinc are most usually mentioned as inhibitory substances which should not
be present in sewage for best results. The long range effects of heavy
metals discharge on kelp beds has yet to be studied. Finally, there is
the question of grazing or other damage caused by associated organisms.
North (1975) has identified 15 plant and 14 animal species which have
established themselves in marine kelp beds.

For these reasons, it is almost certain that enriched natural kelp

systems will achieve maximum productivity only over a fraction of their
total volume. For an effective bed area of 3.2 x,lOlO m3 (or one acre
x 60 ft. depth) and a productivity of 20 Kg/m3 and with only 1/100 of
the total volume supporting optimum growth, 1873 short tons/day could

still be produced.

While it may be argued that sewage grown kelp would be unfit for
ingestion due to the nutrient source, giant kelp could still provide
a valuable substrate for synthetic natural gas production.- This is
a positive contribution to the U.S. energy balance in addition to
utilizing a potentially valuable resource, municipal secondary sewage
effluent.

A mathematical model of kelp growth based on the foregoing discussion
was developed for a small (™~ 1 sq. mi.) kelp bed in central California
coastal waters. A sewage outfall into the bed was assumed so that kelp
growth became light limited. The major environmental parameters analyzed
within the model include: incident solar radiation (Io), solar intensity

at which photosynthesis is saturated (Is), specific absorbance of Macrocystis,
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Table 5

Characteristics of Selected Northern California Discharges
(1973-75 Data)

Discharge
Ora Loma -
San Leandro | Castro Valleyl Hayward{ Union
1. Flow
Average Dry Weather 7.4 13.9 10.6 5.1
Flow (mgd)
Peak Annual Flow (mgd) 22.0 68.0 31.0 11.9
Average Per Capita 90 99 93 85
Flow (gcd)
Average Industrial 3.4 0.5 1.7 1.8
Flow (mgd)
2. BOD
Average BOD (mg/1) 290 302 286 278
Average BOD (pcd) 0.22 0.23 0.22 0.17
Average BOD (lbs/day) 17,900 35,000 25,300 11,760
3. TSS
Average TSS (mg/1) 421 326 346 240
Average TSS (pcd) 0.24 0.26 0.21 0.15
Average TSS (1b/day) 26,000 37,800 30,600 {10,100
From: Henks and Adamson, 1974
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Table 6

BOD

(1bs/day) (mg/1)
5633 53
2110 22
3415 31
2697 22
2445 21
1765 19
1560 19
2935 35
4720 48

56,000

30,000 230
5200 49
9873 78
3248 32

1. Data for Hayward, California discharge.

Source:

Jenks and Adamson, 1974

391

(1bs/day) (mg/1)
5730 56
4316 46
6486 60
6167 49
6493 54
3760 40
3250 40
5783 69

11,300 . 111

124,680 172

16,900 131
9030 86
8658 76
6231 61
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temperature, heat of combustion, and the depth at which the culture is growing.
All of these have been incorporated into a dynamic representation of kelp
productivity per unit of farm area. By examining the system in this fashion
we have been able to assess the sensitivity of production to variations

in environmental factors. -Also estimates of kelp yields in-an ideal _
sewage-enriched case were developed. Because models of this type are based

on a monochromatic solar input we have also been able to examine how light

of different wavelengths are used preferentially at different depths.

In site specific rather than generic form these techniques would
allow the simulation of such practical constraints as turbidity. A fully
expanded model would also allow the calculation of rates of light utiliza-
tion, photosynthetic efficiency and optimal values for depth and culture
density.

For the purpose of this analysis a 'worst case' light saturation value
of .03 gm—cal/cmz—min was assumed as a base case and monochromatic incident
radiation at 400, 566 and 750 nm were used. All wave lengths are in the
visible range. The results, expressed as productivity (P) in mg/cms—day
represent the total production at specific depth including the contribution
of the incremental depth immediately above and is therefore a summation

value. Direct values for unit production in Kg/msyr under various

environmental conditions are also included. Model results are shown in
Figures 6 and 7. 1In Figure 6, variations in production are shown as a
function of incident light wavelength and of depth, In Figure 7, varia-
tions in kelp production are shown as a function of incident light
intensity and depth for two values of the light situation constant, I '
Based on a number of successive iterations, the model provides tﬁe
following insights:
1) Greater total productivity within the cutting zone (1-3
meters depth) results from the high frequency component
of incident radiation but the fall-off in rate of produc-
tion is minimal at mid frequencies.
2) Productivity in terms of total biomass and rate of
production decreases with depth but that the rate of

decrease is frequency.
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3) Increasing the photosynthetic saturation intensity at
higher (750 nm) wavelengths results in a large increase
in total productivity at minimum incident light intensi-
ties but a substantially smaller increase at intensities
close to saturation. A similar phenomenom was noted for
lower wavelengths (400 nm) within the tested wavelength
range.

4} Productivity yields are most frequency dependent at
depths around 2 meters. As this is in the middle of the
cutting zone, further study in this area may be of value.

5)° These results suggest that some complex interactions take
place within the cutting zone, the elucidation of which
may result in a better understanding of kelp growth dyna-
mics and ultimately larger harvests.

6) The model results indicate that a reasonable range of
yields for the bed described in this section is from
25 Kg/m3 to 30 Kg/mz, or 3 to 4 times the non-nutrient -
subsidized bed yields.

A description of the natural kelp bed system using sewage treatment
plant effluents is given as an alternate method of production. The
harvesting, processing and conversion systems needed to transform kelp
into pipeline quality gas are given in Section III (Ocean Farm System).
The overall concept for both these alternatives is the same, only the
size and type of production unit and source of nutrients differs between
the offshore ocean farm approach and the natural kelp farm. A comparison
of the capital requirements for both systems is given in Section V (Capital

Requirements).
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V. CAPITAL REQUIREMENTS AND SYSTEM COSTING

INTRODUCTION

The basic energy conversion system being considered in this report
is the ocean kelp farm supported system. This system involves an
extensive oceanic steel and plastic framework supporting the kelp
piants with a series of pipes and pumps used to enrich the kelp
with nutrient rich deep ocean water. A fully dedicated ship, or ships
are used to harvest the kelp and deliver it to a‘central shore based
anaerobic digestion energy conversion plant. As mentioned earlier,
this sytem is both capital and labor intensive and may not be
cbst—competitive with alternate energy sources.

A large portion of the capital requirement for the oceanic farm
system is associated with the oceanic support structure and upwelling
system. These portions of the overall system are designed to facilitate
both an increased kelp growth rate and a physically larger kelp bed
than could be pfbvided b& natural coéstal'kelp beds. However neither
portion is an integral part of the process of converting kelp to methane.
Therefore, a second smallér kelp cdnversion system is also described in
this report. This second system uses natural coastal kelp beds and there-
fore incurs neither a capital nor an operational cost for kelp growing,
but produces lower yields (12 to 15 tons (DAF) as compared to 50 tons
(DAF) for the oceanic farm system) Further, a system using natural kelp
beds can reduce harvesting costs by avoiding the travel time to and from
an oceanic farm located 100 miles or more off shore. Thus, the natural
bed system is designed to reduce capital cost by taking advantage of
natural kelp growth while the oceanic farm is designed to maximize methane
production.

v The oceanic farm system has capital costs of $1.977 billion (1977
dollars) and an annual methane produgtion rate of 2.16 x 1012 Btu (14,300
tons of input wet kelp/day). The natural kelp bed system costs $5.24
million dollars (1977 dollars) and produces 4.54 x 1010Bcy of



~-33.-

methane annually (300 tons of input wet kelp per day). As a comparison,

OBtu of annual methane

the oceanic farm system costs $9,152,902 per 101
production, while the natural bed system costs $1,149,300 per 1010 Btu
of annual methane production.

- This section presents detailed capital equipment system descriptions
for both the oceanic farm system and the natural bed system. Additionally,
capital cost data and annual operational cost data are presented. Both
sets of cost figures are compiled by the sector of purchase for the 200
economic sectors used in the SEAS data base. Further, all cost figures
represent required purchases per 1012Btu of annual dutput capacity. Thus,
since the described natural bed system produces 4.56 x 10108t per year,
the enclosed figures represent the cumulative cost of 21.91 (1012Btu/4.54
X loloBtu) identical systems.

The designs and costs presented here 'are based on a review of a wide
variety of processes, manufacturers' equipment, and previous studies both
for kelp growth and utilization and for the anaerobic digestion of various
low density, high water content fuels. More specifically; the oceanic "
farm system design has relied to a large part upon studies by Integrated
Sciences Corporation and Hawaii Laboratory, Naval Underseas Laboratory
(Ocean Food and Energy Farm Project, subtasks 1 through 6), by Dyna-tech,
Inc. (1978), and by Dr. W. North (1973, 1977, and 1978). In addition,
both systems have relied upon a number of "bench scale" research programs
and previous kelp conversion reviews including: Chynoweth, Klaus, and Ghosh,
1978; Bryce, 1978; Pfeffer and Liebman, 1976; Trocano, et al., 1976; and
Hart et al., 1978. However, it must be stressed that the designs and costs
presented here represent neither a specific manufacturers' product or
equipment specifications, nor the design presented in any specific previous
design project. Rather, the system described in this report represents
typical cost of equipment specifications for the conversion process deemed

most likely to provide cost effective and cost—competitive methane.
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NATURAL KELP BED SYSTEM

A detailed system diagram for a natural kelp bed system is

shown on Figures 8 and 9. These figures show the major pieces of
equipment and product mass flow rates at each step within the system.
Figure 8 shows the product flow from kelp bed through the methane

gas compressor. Figure 9 shows the plant subsystem which processes
waste flows and, through a cogeneration system using a fluidized bed
combuster, provides both the process steam and electricity required
by the kelp conversion system. Below is given a brief description of

each component within this system.

Harvest Ship

Only one small harvesting ship is required to supply the 300
tons of kelp required by the ﬁlant each day. - The ship is designed as
a 1000 DWT open cargo ship with a retractéble cutter which is submerged
10 feet under the surface during harvest operations.. A conveyor system
is used to carry cut, wet kelp into the cargo hold. The ship uses a
crew of four and averages one trip per two days and perfdrms no on—bdard

kelp processing.

Dock Facilities

Kelp off~-loading is performed by a single shore based bucket crane.
This system is used since the unshredded kelp is not suitable for slurry
piping to shore, since this type of crane system is relatively inexpensive, -
and since off-load time is not a constraining factor for the system. Off-
loaded kelp is stored in a dockside storage tank with a four day (1200 wet

ton) capacity.
Shredding

A two stage shredding system is employed. First a hammermill type
shredder is used for coarse size reduction of the cut kelp. A second

stage grinder is used to reduce kelp size so that 70% will pass through
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a 4 mm mesh. A flow rate of 35 to 40 tons per hour of input wet kelp is
maintained during an 8 hour work shift per day with a design capacity of
50 tons/hr. Approximately nine percent of the water in the kelp is
released during shredding and grinding and is collected in a central set-
tling tank for processing. Between 1.1 Kwhr and 1.4 Kwhr are required

per ton of input kelp by this process.

Kelp Pre-Treatment

After grinding, the kelp slurry is conveyed into a "pre-heater'" heat
exchanger, using the waste steam flow from an on-site steam turbine to
raise the kelp to 45°C from an average input temperature of 20°C. The
kelp then enters an insulated pre-treatment tank where it is heated to 95°C,
mixed with calcium chloride (0.5 percent by weight) and held for one hour.
While in residence the kelp siurry is continuously mixed using an electric
mixer motor and set of blades. The goal of this step is to facilitate salt
and, secondarily, water removed from the product flow during subsequent

pressing.
Pressing

The exit slurry from the pre-treatment tank is directed into rolling
presses operating at 100 psi with a capacity of 50 tons per hour. Rolling
presses were selected because of their compatibility with a continuous
feed digester. The waste stream from the presées contains approximately
40 percent of the volatile solids, 92 percent of all ash and salts and
approximately 80 percent of all water. The remaining product cake contains

24 percent volatile solids for feed into the digester.

Anaerobic Digester

A concrete insolated anaerobic digester is fed at a density of
0.3/1b. ov V.S. per ft3 and is maintained at a temperature of 35°¢.
Residence time within the 1.2 X 106 ft3 tank is 10 days, and electric

motors are used to provide continuous mixing. With this temperature,
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residence time combination approximately 65 percent of the volatile solids
will be converted to gas, and the gaseous discharge will contain approxi-

mately 60 percent CO2 and 40 percent CH4 (Bryce, 1978; Dynatech, 1978).
Gas Cleanup

A scrubber is used to reduce CO2 in the gas stream, containing 1.13 X
105 scf of methane, by 96 percent. A compressor with an input capacity of
1.50 X 105.scf/day and an operating pressure of 1000 psi is used to féed
the kelp produced methane either into gas pipelines or into on-site

storage tanks.

Waste Processing

All waste streams are directed into a central large settling tank where
average residence time is approximately 1.1 hrs. The sludge feed from this
tank is dewatered with a partial vacuum filter and fed into a fluidized
bed combuster. Liquid is drawn off the top of the settling tank and fed
into a second holding tank. Water is topped off of this tank and pumped
to a clarifier, to supply plant process water requirements. -

Sludges at approximately 67 percent solids are burned in a fluidized bed
combuster with a lime bed. Fuel o0il is used as a back-up fuel as required.
The output steam flow from this éombuster (141 tons/day) is capable of
supporting both the process heat requirements of the pre-treatment tank
and a 1200 Kw electric steam turbine/generator system. This electric system
is capable of supporting all plant electric demands (1.74 x 107 Btu/day
electric). Excess electric power is stored in a conventional lead-acid
battery to maintain light, controls, monitoring equipment and mixing motors
_during off-hours.

Finally, the waste steam stream from the turbine is used to pre-heat
the kelp slurry before entering the pre-treatment tank in a separate heat

exchanger in order to reduce the load on the primary, in-tank heat exchanger.
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Capital and annual operating costs of this system are listed on the
enclosed worksheets and are summarized on a Capital Expenditures and
Materials Requirements Summary Reporting Form. All annual cost figures
are averaged over the lifetime of the system. It should be noted on
the Capital Requirements worksheets that the harvesting ship alone repre-
sents 51.5 percent of the total materials and equipment costs which are
$310,165 per 1010 Btu of annual output capacity. The harvesting capital
costs are $328,850 per 1010 Btu of annual output capacity, and there are
no production (kelp growing) costs. Construction labor overhead and
profit for the shore based facilities represent 41.6 percent of the total
capital costs, or $478,500 per 1010 Btu of annual output capacity. More
detail on this capital cost breakdown is contained in ‘a subsequent para-

graph of this section.



-40-

CAPITAL EXPCMDITURES AD MATERIALS REQUIREMEMTS

SUIMARY REPORTING FORM

Marine Biomass

TECHNO[.OGY
APPLICATION

NATIONAL:

REGIONAL APPLICABILITY OF DATA:

Natural Bed Kelp Syétem

DATE SUBMITTED _20 Octobex 73

FEDERAL REGION NOS.

California, Oregon; Washington

SUBMITTED BY __ LBL _ STATES:
A. CapiTaL CosTs .$1977 x 10° DEFLATOR $1972x 10°
1. MATERIALS _2914.3 1.43 2038.0
2. TRANSPORTATION 142.6 1.43 99.7
3. CONSTRUCTION LABOR 1456.0 143 1018.2
lt, PROFIT & OVERHEAD 728.0 1.43 509.1
5240.9 1.43 3665.0

A.l ToraL

B, Awnua System 1012 BTU Ourpur ‘ 0.0456 (101 2BTU/yT)
C. AnyuaL System FossiL FUeL EQUIVALENT/IQIZ BTU OuTpur * 0.0456(10 *B1U/yr)
D. "TotaL CaPITAL CosT/1012 AnnuaL BTU [Ag;] $80,372,800 /10 2pTU
E. 1uMBer oF YEARS To CONSTRUCT FACILITY 1
F.- Puasine oF ConsTrRucTiON CosTs ($ EACH YEAR):
YR 1 2 3 4 5 6 7 8 8 1

S
6. Expectep LiFe oF FaciLity (YEARS) ‘ ag
H. Man Years 10 ConsTrRucT FACILITY 51 man_years
I, Man Years/10%2 BTU annuaL outeut [EJ 1336.5man years
J 18 acres/plant |

. EsTIMATED LaNnD Use

EsTIMATED WATER Use

(v 395 acres/1012 BTU/yr) "

2

~1.8x10° gal/10M%BTU



TECHNOLOGY CAPITAL COSTS: WORK SHEET

1of 3

TECINOLOGY: Marine Biomass APPLICATION: Natural Bed Kelp System DATE: 19 October 78
. . (4) ; : (8) (9) (10) (i
ﬁ;pon?iturcs 3 Total Inforum Sector Designaticn Fraction | Scale Factors eevelel
() ;Q“““t{ty ) Cost (5) (6) (7 of Total | And Year Reeyele
Cateporydl § Uaits Priceb 1977$x10381Cﬂc SEAS SECTOR STAS # Cost Applicantie Toatnotes
186.2 2432 Plywood 45 0.16 1
21.9 2431 Millwork § Wood 46 . 0.02 1
3177.4 3271 - Cement, Concrete 89 2.77 0
3272 ‘
160.0 321 Stone,Glass,Clay 90 0.14 0
3293
2222.6; 3339 Steel 91 1.94 1
2909.7 {3334 Aluminum 95 2,53 1
98.6 3339 Other Primary Metdl 96 0.09 1
375.1 {3433 Plumbing § Heating 102 0.33 1
- Equipment
664.3 3443 Boiler Shops 103 0.58 0
46.0 |3480 Misc. Fabricated | 108 0.04
Wire
65.7 [2821 Plastic Material 68 0.06
38.3 {2950 Paving §(asphalt) | 78 0.03
“114.7 13352 JFabricated Struc. | 104 3.58 1
3356 Products :
3361
449.2 Non-celluloise | 71 0.39 0
Fiber ;

(a) For construction category, indicate the number of man-hours%of labor required. (b) Prices should be for

1972, If other prices are used, indicate year. .

rounding.

(=) 1967 SIC code. {(d) Numbers may not add to totals due to

1y . yes, 2 = no. Those items not rceycled become land residuais, quantities of recycled matcrials per
101" annual Btu output are contained in the list of side equations,

_'[17_



TECHNOLOGY CAPITAL COSTS:

WORK StiE

ET

19 October 78

2 0of 3

TECIINOLOGY ¢ Marine Biomass APPLICATION: Natural :Bed Kelp system DATE :
. . (4) . . (8) 9 (10) (11
E}pcnﬁitures . Total Inforum Sector Designatlon Fraction | Scale Factors ) \
GV Houwirdey | ) ) cost | (5) ) NG of Total | And Year Recyele
ﬁgﬁsgnry”!ﬁ Mits Price 1977$X1OSSTC5C SEAS SECTOR i SEAS # Cos* Applicarie Fontnotes
‘ 1187.5 3494 Pipes,valves, 109 1.03 1
3498 fittings ‘ .
3597.6 3499 Fabricated steei 110 3.13 1
3491 Products i
| 3399 |
229.9 3535 Material Handliﬁg 114 0.20 0
Equipment
1407.7 | 3565 Special Indus. 118 1.23 0
3559 Equipment
3567
1209.4 3511 Engines & Turbineg 111 1.05 1
652.0 |3564 Pumps, Compressiond 119 0.57 1
. : Blowers :
104.1 |3566 Power Transmissior 121 0.09 1
: Equipment |
328.7 |3611 Electrical Measurq 129 0.29 1
394.4 |3612 Transformers | | 130 0.34 1
3613 Switches :
2093.5 |3621 Motors,Generators | 131 1.82 1
208.1 {3622  [Industrial Control 132 0.18 1
Equipment :

(a) For construction categor
rounding.

1

(¢) 1967 SIC code.

Y, indicate the number of man-hours of labor required.
1972, If other prices are used, indicate year.

107" annual Btu output are contained in the list of side equations.

(b)
{d) Numbers may not add to totals due to

Prices should be for

1 = yes, 2 = no. Those items not rccycled become land residuals, quantities of recycled materials per
Y q P

_ZV—



TECHNOLOGY CAPITAL COSTS:

WORK SHEET

30f3

TECHNOLOGY: Marine Biomass APPLICATION: Natural Bed Kelp System DATE: 19 October 78
5 Eficnﬁéiurcs o Téiil Inforum Sector Designation Fragizon Scaléggnctors (10) ‘[SI{?I.I
Cntororv“g;wG:{tzy Price? §g§;$103é§%#° SEAéG%ECTOR qu% & ogozggg:) 22g1§§i€:n Trotnotes S
LOROTY s sris g race G U : 6) { ANT °
87.8 3640 Electrical wiring ) 135 0.08 1
547.8 399 Misc. Manufacture | 166 0.48 0
Harvesting System 843.5 ]2431 Millwork & Wood 46 0.73 0
624.6 |3271 Cement § Concrete| 89 0.54 0
3272
510.1 3441 Steel 91 0.44 1
3399
2432.0 |[3536 Material Handling| 114 2,12 1
Equipment )
32,865 13731 Ship Building 150 28.63 1
Total Material § Equjpment [63,853.4 (55.61) "
3124.0 {----- Transportation 169 2.72 0
Laborfz.53x106hrs@(12.15/hr) 31,900 |----- New Construction 19 27.78 0
Overhead| (wages) 9,570 |----- New Construction 19 8.33 0
Overhead| (other) 3,190 {----- New Construction. 19 2.78 0
Profit (10%) 3,190 j--ww- New Construction: 19 2.78 0
TOTAL CO$T 14,827.4 100.00

(2) For construction category, indicate the number of man-houﬁs of labor required.
If other prices are used, indicate year.

1972,

rounding.

1

|
i

annual Btu output are contained in the list of side equations.

1 5,YeS, 2 = no. Those items not reccycled become land residdals, quantities of recycled materials per
10

) (b} Prices should be for
(c) 1967 SIC;code. (d) Numbers may not add to totals due to

..Q—V._
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TECHNOLOGY CAPITAL COSTS: WQRK SHEET /ANNUAL COST

TECHNOLOGY: Marine Biomass APPLICATION: Natural Bed Kelp System pDATE: 19 October 1978
. 4) . s 8 9 10
Expenditures ( Inforum S (8) (9) (10) 11
o) Xp T Total nforum Sector De51gn§t10n Fraction | Scale Factors () :
Quantity . b Cost (5) c (6) P of Total | And Year Reoole
Categoryd| § Units Price” l1977$x1071 SICH SEAS SECTCOR . SEAS £ Costd Applicable Footnotes
‘ 510.2 | 2990 Petroleum Prod. | 76 1.72 0
6351.6 2810 Industrial Chem. ; 64 21.40 0
95.0 | 3494 Piping & fillings{ 109 0.32 1
1.6 2850 Paint,finishes | 74 0.01 0
3.3 |2821 Plastic Material | 68. 0.01 0
288.0 | 3352 Fabricated Struc-| 104 0.97 1
3356 tural Material
3361 7
251.8 3499 Fabricated Metal | 110 0.85 1
3399 Products | )
56.3 {3565 Special Indus. 118 0.19 1
3559 Equipment
104.7 3621  |Motors, Generatory 131 0.35 1
9.2 {3535 Material Handlingl' 114 0.03 1
Equipment j
8.3 3566 Power Transmissiof 121 0.03 0
11.8 | ----- Misc. Material S 0.04
19.7 3612 Transformers § £ 130 0.07 . 0
Switches
Total Materjal 7711.5 (25.98).

_-VV_

(a) For construction category, indicate the number of man-hours of labor required. (b) Prices should be for

1972d If other prices are used, indicate year. (c) 1967 SIC code. (d) Numbers may not add to totals due to
rounding. ; ,

1
1 szes, 2 = no. Those items not recycled become land re51duals, quantities of recycled matcrlals per
10

annual Btu output are contained in the list of side equations.
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TECHNOLOGY CAPITAL COSTS: WORK SHEET /Annual Cost

TECINOLOGY : Marine Biomass APPLICATION: Natural Bed Kelp System DATE: 19 October 1978
: 4
0 Efi::gggzres o Tétgl - Inforum Sector Designation Fraéi%on Scaléggactors (10} '(l{? )
Cateorydl s tmits, | Price® Sgg;':){l[) ?g.ﬂc smq(()lr-cmrz 957% 5 °§ Togad | And Year Reeycle
3 : ¢ S1C AS SE ! STAS ost Apnlicahie Feotnotes
585.9 {----- Trucking 169 1.97 0
Labor(l.358x106hrs@10.50) 14,263.0}---~-~ Maintenance Consty 20 48.04 0
Overhead (wages) 4,279.0]----- Maintenance Const 20 14.41 0
Overhead] (other) 1,426.0] ----- Maintenance Const 20 4.80 0
Profit 1,426.0f{----- Maintenance Const 20 4.80 0
TOTAL COST, 29,692.5 : 100.00

_SV—

(a) For construction category, indicate the number of man-hourg of labor required. (b) Prices should be for

i97§é'n;f other prices are used, indicate year. (c) 1967 SIC code. (d) Numbers may not add to totals due to
ounding. 1

1 : ?
1 z,ves, 2 = no. Those items not recycled become land residuals, quantities of recycled materials per

107 annual Btu output are contained in the list of side equations,
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OCEANIC FARM SYSTEM

Introduction

The oceanic farm system employs a 10.5 square mile open ocean
farm supported on a sunport framework anchored in several thousand
feet of water and maintained at a depth of 80 feet to 100 feet.
Enhanced kelp growth is supported by a series of upwelling pipe and
pumps which pump nutrient rich water up to the kelp from a depth
of 500 feet - 800 feet. The farm is assumed to be sited 100 miles
off shore. As described earlier in this report, average yield for
the farm is 50 tons (DAF) per acre-year. Thus total annual production
from the farm is 3.62 X 10% tons of wet kelp.

The shore based conversion plant for this system is designed
to process 1000 tons (DAF) per day (14,285 wet tons per day) for a
260 day operational year. Schematically this plant is identical

to 300 ton per day natural kelp bed system plant.

~ Two harvesting concepts were considered. In the first, the
harvest ship shreds the kelp, adds calcium chloride to the slurry,
and stores the slurry in the hold for transport to shore. In the
second, the harvest ship shreds and grinds the kelp, performs on
boérd calcium chloride treatment and presses the kelp to cake form.
The brine from this pressing operation is then returned to the kelp
bed as a nutrient source. The advantage of the second system is

that it reduces the mass flow rate of kelp between the farm and shore
and thus substantially reduces both required ship capacity and annual
ship travel costs. The disadvantages of the second system are that
the brine flow is lost to the processing system, and that the
complexity of the ships cargo handling capability is substantially
increased. In order fo maintain sufficient sludge flow into the
fluidized bed combuster to support plant energy requirements, the
first harvesting system was selected for this system design.

The farm size selected for this system (10.56 miz) is considerably

smaller than that assessed in previous major kelp conversion studies
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(e;g. Intergfated Sciences, Inc., 1978, and Dynatech, 1978) which
assessed farms as large as 100,000 acres, or than proposed future
major farms which are projected to be in the thousands of square

miles size range (Bryce, 1978). This size reduction was based on

a cursory review of the potential structural, mooring, institutional,
international, and capital problems associated with that scale. In
order to provide some concept of the magnitude of these problems,
limited summary information on two of those areas is included here.
First, the total cost of labor associated with the creation and
maintenance of a large ocean farm has not been adequately assessed.

A quick check of the number of individual kelp plants to be implanted
at a depth of 100 feet at the farm, and of potential diver operation
indicates that more than 1300 man years of diver time will be required
to initially attach the kelp field assuming near optimal diver efficiency,
coordination and weather condition. The cost of this kelp attachment

operation alone will add approximately one hundred million dollars to

the capital cost of the operation. Further, over 250 divers would be
required for permanent duty to locate and replace missing plants, which
either break free during storm or otherwise require replacement. Similarly,
based on the structure material life expectancy, on pump and generator
requirement, and on the forpes to which the structure will be subjected,

an on-site work force of between 500 and 900 persons will be required to
repair and maintain the support structure and the upwelling pumps and
generators. The logistics and costs of maintaining a permanent on-site
work force of 800 to 1200 persons have not been adequately accounted in
previous cost estimates.

Second, analyses associated with ocean thermal energy conversion
(OTEC) operations (Debok and Haffen, 1974, DOE, 1978) indicate that the
two greatest problems confronting deep ocean mooring are 1) designing
the mooring line to withstand the drag force exerted on the line itself
and to withstand the forces of its own weight, and 2) designing an
anchoring system capable of holding under tremendous lateral forces.
While mooring requirements have been dealt with lightly in previous kelp

work, it is felt that maintaining the position of a submerged 156 mi2
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structure would be a major problem whose solution would add significantly
to the total capital cost. Dynamic positioning systems were rejected as
the large amount of energy thus consumed would seriously reduce net
system output.

Basic material flows from the kelp farm into the onshore
processing plant are shown on Figure 10. Processing flows within
the conversion facility are proportional to those described in
Figure 8 for the natural kelp bed system. Listed fuel oil inputs
support QAM diesel generators, harvest ship and pipeline pump station
operation. A brief description of the major elements within the ocean

farm system is given below.

Support Structure

The support structure is based on an assemblage of quarter acre

modules (QAM) as described by Bryce (1978) and by James and Murphy

(1976). The structure uses a high density polyurethane deep ocean
wwaterwpipewwith,aW24winchﬁdiameter,andﬂusesﬁthree,ZO”horsepower,pumPSW,
per QAM supported by a 65Kw diesel generator to provide pumping and
auxiliary power. The central cylinder is encased in steel and the

main support ribs are steel. Other lines are high density poly-
urethane. Three 4000 feet anchor lines are used to moor each QAM

within the farm. The total farm is 3.25 miles on each side and

contains 27,040 QAM's. Substantial uncertainty exists both for the
structural integrity of the farm's platform under various storm loads, and
for the capacity 6f the mooring and anchoring system to withstand both
current and storm forces. A platform system designed to withstand a

30 year or 50 year storm may easily cost far more than can be justified
by the products of the farm. For the QAM system, a yield of 50 tons (DAF)
per acre-year at 8000 Btu/lb is assumed for these calculations in order to
maintain a comparable analytical base with previous major assessments

(Wilcox, 1975). Thus, farm production is 4,828,600 wet tons per year.



Fuel Fuel Fuel
Oil CaCB Oil Oil
(Diesel) (Diesel) (Diesel)
599,221 gal/day 065 tonslday (38";-31892‘)3”5/“\’ (1aét/.§rag§e!§day
\i ki ¥
Kelp Farm »] Harvest Ship . Pipeline gg:\;eryon
14,285 TPD 13,735 TPD
H20:=1255Otons H20==12000tons
V.S = 970 tons V.S = 970 tons
Ash = 765 tons 550 tons water Ash = 765 tons

To Kelp Farm

Fig.

A
M

10. Operational
Farm Kel

XBL 781-13497

aterial Flows for the Ocean
p Conversion System
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Harvest System

One 30,000 DWT ship with a total crew of 38 is required to harvest kelp from
the 10.56 mi2 farm. The ship costs $36,510,000 and will be powered by a 12,800
shaft horsepower engine. The ship will cut kelp at a depth of 10 feet from a
rear mounted blade structure, will convey the kelp through shredders, and mix
calcium chloride with the resulting kelp slurry at 0.5% concentration factor,
and store the slurry in the ship's hold. Approximately 4% of the kelp water con-
tent will be lost during shredding and will be returned to the farm. Harvest
operation (at a speed of 3 knots) will require approximately 16 hours. Transit
time to and from shore will require approximately 12.5 hours, and approximately
3.5 hours will be required to pump the kelp slurry out of the hold at the off-
shore buoy terminal. Total trip time will be approximately 33 hours. One trip
will be required every two days in order to maintain a 1000 TPD (DAF) flow rate
into the plant. This flow rate also will insure total farm harvest in 180 harvest
trips. Annual ship fuel consumption will be 12,243.5 tons of diesel o0il, annual
labor cost will be $1,452,679, and non-labor annual operation cost will be
$202,000.

The off-shore terminal facility will be a single point moored buoy with a

‘pipeline onto shore. It is assumed that the total pipeline distance to the
conversion plant is 10 miles and that one mid span pumping station will be
required to maintain the slurry flow. Pipe diameter will be three feet and’

slurry velocity will be maintained at 8 fps during off-load operation.

Processing Plant

The components and operation of the conversion plant will be identical to
that of the natural bed system, however, the input flow rate will be increased

12

by a factor 47.3. Total oceanic system output is 2.16 X 10°" Btu/year.

Détailed capital costs for an annual system output capacity of 1012 BTU/year
are shown on the attached worksheets and Capital Requirements Summary Reporting
Form. Total cost for the system as described is $1.977 billion. A breakdown of
this cost into its major components and a comparison of this system with the
natural bed kelp conversion system are contained in the next paragraph of this
section. These cost estimates are based on a set of conservation assumptions
concerning component performarce. It is probable that actual capital and oper-
ating costs could be held below the level shown here. This is accentuated by
the assumption made in these calculations that all components are costed at the
single item retail price. Thus, the costs presented in this report represent

an upper bound on actual costs.



~51~

CAPITAL EXPCHDITURES AMD MATERIALS REQUIREMEMTS
SUIMARY REPORTING FORM

TECHNOLOGY __Marine Biomass REGIONAL APPLICABILITY OF DATA:
APPLICATION Ocean Farm Kelp Bed NATIONAL:
DATE SUBMITTED 19 October 1978 FEDERAL REGION NOS.,
SUBMITTED BY L'BL _ STATES:Califomia’ Oregon, Washington
A. Cap1TAL CosTs _$1977x10°  periator $1972 xi0°

1. MATERIALS §14.660.6 1.43 569,692.7

2, TRANSPORTATION 135,380.8 _1.43 94,671.9

3, CONSTRUCTION LABOR _684,656.7 1.43 478,780.9

Il, PROFIT & OVERHEAD  342,328.3 1.43 239,390.4
A.1 TotAL 1,977,025.6 1.43 1,382,535.9
B. AwnuaL System 1012 BTU Oureur 2.16(10"2BTU/year)
C. AwnuAL SvsTem FossiL FueL Fourvarent/10%2 BTU Oureut 2.16(1012BTU/year)
D. ‘TotaL CaprtaL Cos/10%2 AnnuaL BTU ABl : $640,062,000/10*2BTU
E. HuMBer oF YeArs To CoNSTRUCT FACILITY 4
F." PHASING oF ConsTRUCTION CosTs (5 EACH YEAR):
YRR 1 2 3 4 5 .6 7 8 9 10

)4 20 2 20 20 e e

G. ExpecTep LIFE oF FaciLiTy (YEARS) _ 35
H. Man Years To ConsTRUCT FACILITY 1.72x10"man_years
I. Man Years/10%2 BTU annuaL output [ﬁ} 7.966x10°man _years
J. EstimaTeED Lanp Use 5.35x107acres

WATER Use: . 6,760 acres



TECHNOLOGY Marine Biomass

TECHNOLOGY CAPITAL COSTS:
APPLICATIONzoceanlc Fagm Kelp System

WORK SHEIET

19 October 1978

1 of 5

[ DATE:
. : 4) d . () (9) 10
Expenditures ( Inf T ¢ (10) 11
) IL* (7{ 3 Total nforun Sector Des%gr1t10n Fraction | Scale Factors () )
| QuanTity b Cost éS) (6) N of Total | And Year Reeycle
Catenoryd!f, Units Price’ | 10778x1PSIC#S | SEAS SECTOR SEAS # Cos=td Apnliconio Footnotes
Oceanic Farm Subsyste
29,913.0{ 2821 |Plastic MéteriaL 68 . 2.94 Equal to one 0
35,031.0{ 3399 |[Steel ‘ 96 3.83 for all 1
11,111.6 2824 Non cellulose fibe 71 1.21 cost items 0
4,296.1] 3611 |Electronic Meas. | 129 0.97 1
devices ‘ ’
2,512.5 3622 Indus. Controls 132 0.27 1
1,378.3 321 Stone,Clay Glass 90 0.15
3293 '
231.9| 3612 |[Transformers, 130 0.03 1
174.1 3480 [Misc. Fab. Wire 108 0.02 0
42,285.7| 3621 - {Motors, Geaerator§ 131 5.28 1
29,399.2| 3564 |Pumps,Compressors| 119 3.21 1
20,534.6 3352 Fabricated Strué. 104 2.24 1
3356 Prod.
3361
3,086.2 3498 Pipes,valves, 109 0.34 1
3494 Fittings
7,625.2 3691 Batteries 140 0.83
37,967.9 2824 Non-cellulose 70 15.08
Subsystem Toltal 28,550.4 (35.90)

(a) For construction category,.indicate the number of man-hours of labor required.
1972. If other prices are used, indicate year. . :

rounding.

1 = r
1 = ye

TaYes, 2 = no. Those items not recycled become land rcsidu@ls, quantities of recycled materials per
10°“ annual Btu output are contained in the 1list of side cquations.

|

‘ (b) Prices should be for
() 1967 SIC pode. (d) Numbers may not add to totals due to




TECHNOLOGY :

Marine Biomass

TECHNOLOGY CAPITAL COSTS: WORK SHEET
APPLICATION: Oceanic Farm Kely System DATE:

19 October 1978

2 0f 5

(1

Cateporydi g Units

Harvestin

Processin

- : (4) : ; (8) (9) (10) 1
[;pgn?iturcs - Total Inforum Sector Designation Fraction | Scale Factors (1 1
lannf{ty Cost (5) (6) (7 of Total | And Year Reeycle
Price® | 1077 &1051C4C | SEAS SECTOR SEAS & Costd Appliconta Fantnotes
k Subsystem '
16,903.4 3730 |Ship § Boat Build.} 150 1.85
184.0 3271 |Cement § Concrete 89 ° 0.01 0
3272
83.3| 2431 |Millwork § wood 46 0.01 0
324.0 3339 |{Steel 91 0.04 1
30.2] 3621 |[Mootorsggenerators{ 131 0.003 1
120.0 3494 Pipes, valves, 109 0.01 1
3498 Fittings .
5.1} 3564 |Pumps,compressors { 119 0.001 1
4.21 3334 }Aluminiun 95 0.0002 1
285.7| 3499 [Fabricated metal 110 0.03 1
" | products
40.4 335 Misc, structural 104 0.002
4,086.0| 2821 |Plastic Materials 68 0.45
Subsystem Tdtal D2,066.4 ! (2.41)
Subsystem
187.9 1 2432 |Plywood 45 0.02
14.71 2431 |Millwork § wood 46 0.002
2,827.0( 3271 |[Cement, concrete 89 0.31 0
3272

(a) For construction category, indicate the number of man-hourg of labor required. (b) Prices should be for
(d) Numbers may not add to totals due to

1972, If other prices are used, indicate year. . ()

rounding.

1

1967 SIC code.

101°" annual Btu output are contained in the list of side equations.

1 = yes, 2 = no., Those items not reccycled become land-residuhls, quantities of recycled matcrials per
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TECHVOLOGY CAPITAL COSTS: WORK SHEET _
TECHNOLOGY : Marine Biomass APPLICATION: Oceanic Farm Kelp System DATE: 19 October 1978
. 4) (3) 9) (10)
Expenditures ( ‘ . ) 11)
o xpen(i ures T3 Total Inforum Sector De51grqt10n Fraction | Scale Factors ( 1
Q:mfity p | Cost (5) (6) o m of Total | And Year Recyvle
Fntcnory“'ﬁ Units Price 1977 &105104¢ SLEAS SECTOR 1] SEAS # Costd Arplicahle F-atnotes
91.6] 321 |Stonme, Clay,Glass| 90 0.01 0
3293 _ ‘
2,236.6] 3339 Steel 91 . 0.24 1
2,927.9| 3334 |Aluminium \ 95 0.32 1
99.3| 3339 Other Primary : 96 0.01 1
Metals ! .
423.8| 3433 Plumbing§Heating | 102 ' 0.05 1
Equipment | :
677.7| 3443 Boiler Shop | 103 0.07 1
74.1{ 3480 |Misc. Fab. Wire | 108 0.01 1
111.7] 2821 Plastic Materialj 68 0.01 0
24.7! 2950 |Paving § Asphalt | 78 0.005 0
4,140.5} 3352  |Fabricated | 104 0.45 1
3356 Structural ;
3361 Products |
424.31 2824 Non-celluloise 71 0.05 0
Fiber j
2,259.7| 3494 |Pipes,valves, | 109 0.25 1
3498 Fittings ‘
3,573.8] 3499 |Fabricated Metal | 110 0.39 1
3399 Products
106.5] 3535 |Material Handling| 114 0.01 1
Equipment

(a) For construction category, indicate the number of man-hour$ of labor required. (b) Prices should be for

1972.‘ If other prices are used, indicate year. (c) 1967 SIC code. (d) Numbers may not add to totals due to
rounding, .
1 1 = yes, 2 = no. Those items not recycled become land residuals, quantities of recycled materials per

1012 annual Btu output are contained in the list of side equations.

_.-VS -



TECHNOLOGY CAPITAL COSTS: WORK SHEET

4 of 5

19 October 1978

TECHNOLOGY: Marine Biomass APPLICATION: Oceanic Farm Kelp System DATE :
- . 4} . . (8) ®) (10)
Expendit ( - J 11
5 :p ngi ures o Total Inforum Sector Designation Fraction | Scale Factors (11) .
fQ”“*fltY b Cost (s c (6) @) of Total | And Year Reeyele
CﬂtCﬂOTYaiE Units Price’ l31977¢x10P SICH SEAS SECTOR SEAS # Costd Applicable Footnotes
1,370.3] 3565 Special Indus. 118 0.15 1
3559 Equipment
3567
985.5( 3511 Engines § Turbineg 111 0.11 1
758.0} 3564 Pumps,Compressors| 119 0.08 1
Blowers :
104.7] 3566 Power Transmission 121 0.01 1
Equipment
191.9] 3611 Electrical Meas. 129 0.02 1
Equipment _
304.2) 3612 Transformers, 130 0.03 1
3613 Switches 1
1,921.5! 3621  |Motors,Generators| 131 0.21 1
209.41 3622 Industrial Controi 132 0.02 1
Equipment
102.2] 3640 Elec. Wiring 135 0.01
551.2 399 Misc. Manufact. 166 0.06
Subsystem Tptal 26,700.6 { 2.92)
Total Material and Equipment 377,157.7 (41.22)

(a) For construction category, indicate the number of man-hours of labor required. (b) Prices should be for

1972, If other prices are used, indicate year.

rounding.

1 =_yes, 2 = no.

1012

Those items not recycled become land residuals, quantities of recycled materials per
annual Btu output are contained in the list of side equations.

(c) 1967 SIC code. (d) Numbers may not add to totals due to

-..SS—



TECHNOLOGY CAPITAL COSTS: = WORK SHZET

APPLICATION: Oceanic Férm Kelp System

Sof §

19 October 1978

TLCHNOLOGY : Marine Biomass DATE:
- ; (4) . : : (8) (s) (10) 1
0 Erpon?iturcs = Total Inforum Sector Des1§nat10n Fraction | Scale Factors (1) .
ety b | Cost  1(5) (6) J (7 of Total | And Year Recyele
Cotogary?l s Units Price 197 7810°S1CHC SEAS SECTOR | | SEAS ¢ Cost ApplicaMin Fnotnotes
46,248.8] 4200 Trucking 169 5.05
s 16,427.5| 4400 |Water Transporta- | 170 1.79
tion ;
Labor (Ocegnic Farm Subsystem
1.3p7x107hrs at{$12.5) 278,731.0| ----  |New Construction 19 30.45 0
Labor {Hayvest Subsystem ' : ‘
3.P597x10%hrs it $12.5) 6,104.7] ---- New Construction§ 19 0.67 0
Labor (Prpcess Subsystem
1.557x10%rs at $12,15){32,135.0] ---- New Construction 19 3.51 0
Overhead [wages) 95,091.3} ---- New Constructionj 19 10.39 0
Overhead [other) 31,697.0| ----~ New Construction 19 3.46 0
Profit (19%) 31,697.0f ---= New Construction 19 3.46 0
TOTAL COST 915,290.2 1100.00

(a) For construction categor

1972,
rounding.
! 1 =_ye

s, 2

y, indicate the number of man-hours of labor required.

If other prices are used, indicate year., (c) 1967 SIC%code.

1014 annual Btu output are contained in the list of side equations,

(b) Prices should be for

(d) Numbers may not add to totals duc to

= no. Those items not recycled become land rcsiddals, quantities of recycled materials per
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WORK SHEET / ANNUAL COSTS

TLCHNOLOGY ¢ Marine Biomass APPLICATION: Ocean Farm Kelp Bed DATE . 19 October 1978
i Erpcnﬁégurcs 5 Téiil Inforum Sector Designation Fraéigon Scaléggactors (10) ,S{{) ,
s vn{?nﬁn: Ey b Cost 3(5)”C . €6)‘ 52) \ of T?Eal Aad ?Oiieﬂ ) Reeycele
Catepory@ L Units Price” 11977$x10PS1CH SEAS SECTOR SEAS Cost Applicont Fcotnotes
l 875.1} 2990 Petroleum Refiningl 76 0.72 Equal to 0
143,520.6} 2911 Fuel 0il 77 35.38 one for 0
2,245.7| 3399 Steel 91 ° 1.85 all 1
3,395.6¢ 2821 Plastic Material 68 2.80 components 0
89.41 321 Stone,Clay Glass 90 0.07 1
19.11] 3480 Misc. Fab. Wire 108 0.02 1
3,480.2| 3621 Motors§Generators | 131 2.87 1
24,362.0| 2810  |Industrial Chem. | 64 | 20.06 0
1,500.2| 3564  |Pumps,Compressors | 119 1.24 1
1,228.0| 335 .|Fab. Structural 104 1.01 1
508.3! 3691  |Batteries 140 0.42 0
- 118.41 264 Paper Products 52 0.10 0
83.11 2850 Paints i 74 0.07 0
76.11 2890 Cleaning Products | 73 .| o0.06 0
810.8 349 Pipes,valves, 109 0.10 1
4 Fittings
124.1} 3499 '_Fab. Metal Prod. 110 0.10
78.5{ 399 Misc. manufact. 168 0.06 1
94.1] 3559 _|Special Indus. 118 0.08 1
356 Equipment
68.4 { 3511 Engines,Turbines 111 0.06 1
19,556.6 Non celluloise Fibl 70 16.10 0

(a) For construction category, indicate the number of man-hours
13972, If other prices are used, indicate year.. (c)
rounding.

1

1967 SIC code.

of labor required.

1014  annual Btu output are contained in the list of side equafions.

(b) Prices should be for

. ~ g . .
1 = yes, 2 = no. Those items not recycled become land residuals, quantities of recycled materials per
b Y q

{d) Numbers may not add to totals due to
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19 October 1978

DATE :
o) EXPP“%%;urcs 5 Tgiil Inforum Sector Desigﬁatiom Fragizon Scaléggactors (10 (l{{ :
Quan. ty Ty Cost (5) (6) N of Totalo And Year Recycle
Categoryd| § Units Price’ |1977$x10PSIC#C SEAS SECTOR SEAS *# Costd (%) Applicable Footnotes
81.8] 3588 Power.Transmissio 121 0.05 1
Equipment
119.3 3640 Misc., wiring 135 0.10 1
Total |[Material§Equipment .102,419.4 (84.32)
2,575.9 4200 Trucking 169 2.12 0
3,512.4 4400 Shipping 170 2.89 0
Labor (7 02x105hrs@1‘.3(avg.)) 8,634.4 ---- ‘Maint. Construc. 20 7.11 0
2,590.4 ---- | Maint. Construc. 20 2.13 0
863.8 ---- Maint. Construc. 20 0.71 0
863.5 ---- Maint. Construc. 20 0.71 0
Total {Annual Cost 121,459. 8 100.00

(a) For construction category, indicate the number of man-hours}of labor required.
If other prices are used, indicate year.

1972.

rounding.

1
1 =
1012

es, 2 = no. Those items not recycled become land residuais, quantitics of recycled materials per

(b) Prices should be for

(c) 1967 SIC code. (d) Numbers may not add to totals due to
i .

annual Btu output are contained in the list of side equations.
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SYSTEM COST COMPARISON

A comparison of various components of the capital and annual costs
of the natural bed supported kelp conversion system and the oceanic farm
supported kelp conversion system is shown on Table 7. The first column
under both Material/Equipment and Labor/Overhead sections on that table
li'st's the required cost (in 1977 §), to construct 1010Btu's worth of
prototype system described in this report. Thus, the column is a
"normalized" cost column to allow comparison of the systems on a cost-
per-unit-output basis. As can be seen, the capital costs of the ocean
farm kelp production subsystem dominate all capital cost components.

It should also be noted in the first column of each section that eco-
nomies of scale are realized in the large scale harvest system so that

the harvest unit cost for the oceanic farm system is significantly lower
than for the natural bed system. The cost of processing is closely tied
to throughput rates and thus unit processing costs show little change with

the scale of operation. Normalized natural bed annual labor costs are

high because plant output is small and a large number of separate plants
are required to produce comparable total output. Total capital and an~
nual unit cost for the ocean farm system are higher than for the natural
bed system by factors of 9 and 4.3 respectively.

The second column of both the Material/Equipment section and the
Labdr/OVerhead section shows the percent of total costs represented by
the Production, Harvest and Process subsytems. Additionally, two
specific large components, the harvést ship for the natural bed system
and the anchor lines for the oceanic system, are shown as separate line
items as well as being a portion of one of the major cost categories.

The third column in each section of Table 7 list the total compo-
nent cost for the prototype systems described in the report. The final
column of the table list total (materials plus labor) prototype compo-
nent and system cost. Thus, the total capital cost of the natural
kelp bed system (less transportation costs) is $5.1 million with

annual costs of $1.3 million, 75 percent of which is labor costs. The



Table 7

A\

Kelp Conversion Systém Cost Comparison

M ial/Egquipment ? Labor/Overhead
Cost Prototype Prototype _ Prototype
Category $/1010BTU % System(§103) $/IOIOBTU % System($10§) Tota1($103)
A. Capitol Costs |
1. Natural Bed |
¢ Production 0 0 }O 0 0 0 0
e Harvest 372,752 58.4 1,701.3% 90,915 19.1 414 .9 2,116 .2
(ship alone) ( 328,650) | (51.5) | (1,500.0) ||  =-=-- | ==--- - - -
® Process 265,782 41.6 1,213.0% 387,585 80.9 1,769.0 2,982.1
TOTAL 638,534 100.0 2,914.4§ 478,500 100.0 2,183.9 .5,098.3
2. Ocean Farm ?
e Production 3,285,504 87.0 709,6&8.9 4,180,965 88.0 903,088.4 1,832,757.3
(Anchor Line (1,516,401) | (40.2) | ( 327,542.6) IR B I e
alone) i
e Harvest 220,664 5.9 47,663.4 91,571 1.9 -19,779.3 67,442.7
e Process 267,006 7.1 57,6ﬁ3.3 {482,025 10. 104,117 .4 161,800.7
TOTAL 3,771,577 1000 814,660.6 ||4,754,560 100.0 1,026,985.0 1,841,645.6
B. Annual Costs ?
1. Natural Bed 77,115 100, 351.6 i 214,450 100. 977.9 1,329.5
e Fuel alone { 5,102.) ( 6.6) { 23.2){ _ —— ] eee-- -——--
2. Ocean Farm 1,024,294 100. 2,212,24&.5 129,520 100. 279,763.2 591,010.7
e Fuel alone ( 580,237) § (56.6) 125,33h.2 B T ———
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ocean farm system will cost $1.84 billion to construct (not including
transportation), 87.5 percent of which is associated with building the
kelp support structure and upwelling system. Annual costs for that
system will be as high as $500 million with the two major components
of that figure being maintenance labor for the kelp farm and diesel
fuel to power the upwelling system.

Three conclusions are apparent from the data presented in Table 7.
First, the ocean farm concept is not an economically viable concept using
present farm designs. Second, some economics of scale should be realized
for a natural bed system if total kelp throughout were increased from
300 wet tons perday to 1000 to 2000 wet tons per day. These economies
should be realized for four reasons. ‘First, as described earlier in this
report, 1000 TPD to 2000 TPD harvest rate can be realized from a relatively
small (2 mi2 to 4 miz) coastal kelp bed. Second, larger product flow rates
would more fully utilize the processing plant. Third, the increased flow

rate would not require proportional increases in operational labor. Finally,

large harvest rates would not require a proportional increase in the capital
cost of a harvest ship. However, even when operating at maximum economic
efficiency, a natural kelp bed system producing energy products only will be
marginally economic at best. Third, neither system is economically attractive
solely as an energy producer based on current methane prices. The profita-
bility of a kelp to methane conversion system will depend to a large extent
on the production and sale of by-products to the methane production process
such as algin, livestock feeds, or fertilizers. The following paragraphs
describe the most attractive of these byproducts, alginic acid, and briefly

describe the concept of a multiple product processing plant.

Multiple Product Recovery Processing Plant

The methane generation process previously described in the paper
converted only 40 percent of the available volatile solids into methane.
The remainder were used as a source of energy to drive the plant.

Increased production rates from this level are possible. The recovery rate
could have been increased by recycling sludges and juices into the digester.
Such a process would require that processing energy be purchased rather

than produced internally and would produce only a 5% to 10% increase in
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methane production. Alternately, it would be possible to suboptimize the
digester for methane production and to then recover alginic acid from the
digester as a simultaneously generated byproduct. This process would

reduce methane yields but would generate significant quantities of a
valuable byproduct ($2.00 to $3.00 per 1b.) on the current market. In
addition, recent development indicate that processes using multiple digesters
in series may increase methane yields to as high as 65-70% (Ghosh, et al.,
1978) and still could allow algin recovery operations.

Within this section, first the most attractive byproduct, alginic acid
and the history of its production from kelp are briefly described. Follow-
ing this brief discussion, conceptual descriptions of the conversion processes
to produce alginic acid as a byproduct to methane and to enhance methane
production rates are given. '

Although Krefting is credited with the first purification of alginic
acid in 1896, it was not until 1964 when partial acid hydrolysis studies
showed that a significant percentage of alginic acid molecules contained
both mannuronic and guluronic acid. While this M/G ratio was subsequently

shown to vary depehding on the specific seaweed from which it was extracted,

Macrocystis pyrfera appears to consistenti&rréngeiabout 1.56. This compares

favorably with the brown algae Ascophyllum nodosum, which has a variable M/G

ratio of from 1.1 to 1.85. For the six algae for which data are available,
the average M/G ratio is 1.33. Additional studies via p.m.r. spectroscopy
determined that these differences were related to molecular bonding angles

in the glycosidic linkages in polymannuronic and polyguluronic acid chains.

These differences in structure are now understood to account for differ-

ences in physical properties and end use utility of alginic acid isolated
from different species of kelp. Specifically it appears to influence the
ability of alginic acid to form gels of specific syneresis characteristics
when reacted with calcium salts. These gels, which have structural proper-
ties, consist of about 99% water and 1 - .5% alginate.

Macrocystis pyrifera tends to form a deformable elastic gel with

significant water rentention properties. Because algin is a hydrophilic
colloid, gel-like precipitation can also be accomplished by the addition

of non-aqueous water miscible solvents such as alcohols or acetone to



an aqueous solution. In this case the result is a‘viscosity increase
of the water bound algin which has a specific precipitation point for
each grade of algin with respect to specific solvent concentrations.
Viscosity of algin is also proportional to ph, the exact maximum
tolerance again related to the percent composition and grade of the
feedstock.

The nine active solvents and average maximum tolerance are Methanol
28%, Ethanol 23%, Isopropanol 19%, + - Butanol 23%, Glycerol 67%,
Ethylene Glycol 70%, Propylene Glycol 52%, Butyl Cellosolve 30%,
Acetone 17%.

As Uziel et al., (1975) and Babbitt (1968) have identified many of
the above as present in anaerobic digesters during methane formation,
and since acid formation is a limiting factor in the process, it is
possible to form an alginaic gel directly in the reactor thus adding
significantly to the end use value of the kelp.

The economic impact of this by product addition to the described
300 wet ton per day processing plant are very significant. Through the

addition of hydroxides to control pH a gel of several types of sodium

alginate is produced. Once isolated, these algiﬁates retail for $2.00
to $3.00 per pound (1978). Thus daily production of between 500 1lb and
600 1b of sodium alginate (equivalent in moss to less than 0.1% of the
daily kelp inflow rate) could generate $500,000 in increased plant

annual revenue without significantly decreasing methane production.

Additionally, recent analysis indicated that a series digester
system with heat treatment could substantially increase methane pro-
duction rates and still permit alginic acid recovery. McCarty, et al
(1978), has investigated the use of heat treatment on wastes with
temperatures ranging from 75°- 250°C and ph 1-13 with a detention time
of up to 3 hours. Assuming subsequent fermentation is allowed to pro-
ceed at SSOC, a 73% increase volatile solids reduction and CH4 produc-
tion has been achieved over that for which heat treatment was not used.

In a two stage processing system bptimized to extract alginic
acid and CHy would work along the following lines. Kelp is harvested,
washed and milled to uniform size then fed to a pre-digester where

gas is extracted and the ph held at 4. The partly digested sludge is
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then removed to the heat treatment process where temperatures of 200°C
are reached. Alkali is added to raise the ph to 13 and the result is
a viscus percipitate gel rich in alginic acid. The gel is removed for
refining while the remaining sludge is fed to the main digester where
the remaining available gas is extracted. Residual sludge heat should

be sufficient to maintain the secondary digester temperature at 35°C.
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VII. ENVIRONMENTAL RESIDUALS

This section provides data on the generation of environmental
residuals from an ocean biomass system that converts marine algae to
methane gas. Since there are no full scale systems in operation, the
residuals information represents a compilation of potential impacts from
bench-scale experiments of the conversion system and the conceptual schemes
of the production, harvesting and processing components. Data for the ex-
pected generation rates of operational residuals are listed in a format
for use as input to the SEAS model. A brief description of the potential
environmental impacts is given below.

The impacts of a massive open ocean farm operation have not been
explored. There is a potential for significant climatic modifications,
since the culture and harvesting of seaweeds over several thousand square
miles of the ocean surface will result in changes in albedo, air-sea ex-

changes of materials, and altered surface roughness. The farm structures

themselves will reduce or change the patte}ns of water circulation. These
factors which could change prevailing weather patterns and create additional
fog banks subsequently may have some effect on the productivity of the kelp
beds.

Another potential problem associated with the farm structures of a sea
fafm system is the release of numerous chemicals into the ocean from the
supports and synthetic lines used to hold the algae. Hruby (1978) noted
that possible slow release of toxic metals from the anti-fouling paints
and organic chemicals leached from the nylon lines. The degree of concern
regarding these chemicals is unknown at this time. Dissolved organic
chemicals such as phenols will be released by the marine kelp. Sieburth
(1969) estimated that these organic compounds could be exuded by the algae
at rates as high as 40 percenf of the net carbon fixed. Calculations based
on available data suggest that the release of extracellular organic compounds
by Macrocystis will be a problem (Hruby, 1978). The exudations from brown

algae have been found to be toxic to some marine organisms.
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The upwelling system which is designed to provide an abundance of
nutrient-rich water needed for kelp growth and development could present
several environmental problems. The temperature differences between upwelled
waters and those present on the ocean's surface might form large fog banks
as warm moist air is blown over the cooler deep water. One consequence of
such fog banks is to reduce the amount of sunlight reaching the surface
which, in turn, could affect the rate of productivity.

The upwelling of water may alter salinity, temperature, dissolved oxygen,
turbidity and nutrient levels. While artificial upwelling may support increased
biological production in the kelp beds, it may also increase the growth of less
desirable planktonic species which may have long term effects on the residential
biological communities.

Furthermore, the upwelling of deep water will entrain marine organisms
which cannot resist the vertical inflow velocities. Organisms that are
entrained will be subject to mechanical pressure and sheer stresses. The
survival rate of mesopelagic organisms in the upwelling streams is species-
specific.

A final problem with the' upwelling system is related to the use of

diesel-powered pumps. There are several possible air pollutants (e.g.
particulate, NOX and hydrocarbons) that would be emitted to the atmosphere
from the pumping operations. The level of emissions corresponds to the type
of system selected.

Another problem associated with the production aspects of the marine
biomass farm is the accumulation and toxicity resulting from heavy metals
such as cadmium, chromium, cobalt, copper, lead, and mercury. This impact
will occur if nutrients are provided by recycling the fermentation wastes
or by using sewage sludge effluents. Since algae concentrate heavy metals
present in seawater by factors ranging from 40-100,000 (Goldberg, 1965), it
can be expected that plants associated with a marine biomass farm will
absorb the metals present in the seawater as well as any present in residues

used as nutrient supplements.



Algal farms, depending on their size and location, may have a negative
impact on commercial shipping if they disrupt existing shipping lanes.
Furthermore, such large marine biomass farms may adversely affect access to
and utilization of coastal fishing locations. Several institutional and
legal issues are likely to accompany the research, development, and commercial
phases of the open ocean system if they are located beyond 12 mile or 200 mile
limits. Not only will international and domestic legal status have to be
analyzed, but a regulatory framework will have to be established to guarantee
the various uses of marine resources. rigure 11 (Knight, 1976) outlines the
basic zones of ocean jurisdiction which must be taken into consideration in
any discussion of offshore marine biomass farms. »

The harvesting aspect of the marine biomass system involves the use of
ships with the Kelco Company design. The harvest ships will create some
environmental impact due to the emissions during their normal operations.

The Kelco ships burn diesel as a fuel source which results in the pro-

duction of particulates,nitrogren oxides, and hydrocarbons as primary air

pollutants. These pollutants, however, will be generated over a more wide-
spread area, since‘they are released as the ships travel to and from the off-
shore kelp farm. In addition to the air emissions there may be liquid
effluents (e.g. brine) formed during on-ship processing that will require
sﬁecial handling and disposal. The level of water-borne effluents depends

on the degree of processing that is conducted aboard the vessels during
harvesting.

Two methods are available for unloading the kelp depending on the size
of the systems involved. 1In the case of the small scale concept, utilizing
kelp from natural beds, cranes will probably be used to transfer the algae
from the ship to the onshore site. For the ocean farm system, the kelp will
be shredded and pre-processed on the ships prior to reaching the processing
plant. In the latter case, a slurry of chopped algae mixture will be piped
from the ship to the shore-based fécility. Since some pumping will be
necessary tomove the slurried mixture, a potential exists for the release
of certain air pollutants from the diesel-powered engines. The consumption

of diesel fuel is low so that this environmental impact should be minimal.
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As the pre-processed algal mixture moves through the processing
plant envirommental residues will be produced at the locations, and
in the quantities indicated on Figure 8. Waste water is generated from
the shredder, presser and digester components'which will eventually be
discharged to the sewer system. The waste processing system (see Figure
9) employs a fluidized-bed boiler which provides electricity and heat
for the processing system. The fuel for the boiler is sludge which is
derived from the pressing of shredded algae. The potentiai residuals

from the fluidized-bed boiler are the ash sludge and the ash and stack

emissions that occur after the hot gases from the boiler are passed

through a baghouse.

As a final step in the marine biomass system, the processed algae
is fed into the anaerobic digester with a residence time of about 10
days and a temperature of 35°C. The gas mixture from the digester is
passed through a scrubber to separate carbon dioxide, which is about
60 percent of the gas, from methane. The major environmental residual
resulting from this conversion stage of the process is sludge from the
scrubber which must be collected for subsequent disposal. The composi-
tion of the sludge from the scrubber as well és from the other phases
of processing cannot be quantitatively characterized at this time.
However, since marine algae will concentrate various heavy metals, the
possibility exists for the sludge to contain considerable levels of
heavy metals. If any of this sludge is to be used for fertilizer feed-
stock it will require some level of sterilization.

The specific system design used in this characterization was chosen
to minimize the need for external energy input and to minimize environmen-
tal pollutant flows. Major flows include only solid char from the fluid-
ized bed boiler (5.2 tons/day for the natural kelp bed system), bag
house ash, stack emissions leaving the bag house, and the overflow dis-
charge from the second stage settling tank into a local sewer system
(0.058 MGD for the natural kelp bed system). The final distribution of
heavy metals and other toxicants between these flows, and the BOD and
organic loading of the aqueous discharge cannot be anticipated without

measurements from some test, demonstration, or prototype facility.
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VIII. CONCLUSIONS

Conclusions within three general areas were reached based on the
depth and breadth of this study. These areas are: technical and economic
feasibility, environmental impacts, and needed research. Specific

conclusions in‘each are are listed below.
TECHNICAL AND ECONOMIC FEASIBILITY

o Success of the oceanic farm system is directly dependent upon the
success of the several major mechanical subsystems. These include: " the
mooring and anchoring system, the cold water pumping system, and the long
term structural integrity of the substrate. Operational success has not
been economically demonstrated for any of these components using the systems
(e.g. wave power pumps, dynamic positioning, single point mooring) selected
for major feasibility studies. The system selected for this study should

provide the required operational performance but increase the cost above

-reasonable—levels: .

e Aside from being questionably economical, the potential of conventional

. anchoring system to secure a structure covering hundreds or thousands of acres

in several thousand feet of water has not been demonstrated. It is entirely
possible that a large ocean farm could not be anchored without having the cost
of the anchoring system represent by far the largest cost component of the
system. )

® Substantial international legal and liability questions still exist
concerning the ocean farm. These questions include, but certainly are not
limited to U.S. liability for collisions between'ships and the substrate or
associated fixed platforms, U.S. liability for blockage of fishing rights ;
and lanes, interference with shipping and navigation, U.S. liability for
residuals released from the structure or crew quarters, and liability for
the cold water plume and its impacts on .coastal areas or fishing grounds.
The chances for an early resolution of these questions within the Law of

the Sea Conference framework should be assessed before additional resources

are directed into remaining technical and economic problem areas.
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e Neither the ocean farm nor the natural bed system'is economically
attractive so long as methane is the sole product of the system. Energy
costs for the system described in this report are from $10 to $30 per
million BTU'of generated gas. It is probable that this cost could be
reduced (possibly to the $5 to $8 million BTU range) for a site optimized

natural bed system,

e The production of side products (algin and/or feedstocks) appears to
be feasible and is economically essential in order to produce a commercially
viable éystem.

e The major components of the oceanic farm system are the pumping and
anchoring subsystem. Significant cost reductions in these areas would have
a major impact on total system cost.

® The costs calculated in this report differ substantially from those

calculated in previous studies (Dynatech, 1978 and Integrated Sciences 1978).

These differences are a direct result of several basic assumptions of each
study. These assumptions fall into the following categories.

1) Component cost: This report used unit retail costs for all

components. No discounts, wholesaling, or economics of scale for
labor requirements were aésumed. This was not true for the other
two studies both of which had some degree of wholesale and other
cost economies. ‘

2) Dollars listed in this report are 1977 dollars. Significant
reduction in total dollar cost are realized by listing costs in
other (pdst) years. For example $100,000,000 1977 are equivalent
to $70,000,000 1972 dollars. |
3)  Structural Component Operation: Both the Dynatech and the

Integrated Sciences study assumed that structurally simple mooring

and anchoring systems would operate successfully. Reviews of available

data for this report indicate that this is not a valid assumption.
Similarly, Dynatech and other studies assumed that wave powered
pumps are adequate to be the sole power for the deep ocean water
pumping system. -We saw no basis for using this assumption and
assumed a need to provide diesel powered pumps. In reality,
diesel assisted wave pumps may be feasible. Thus the operations
costs listed here would overestimate total pumping costs and the

Dynatech costs would underestimate those costs.
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ENVIRONMENTAL IMPACT

e Although the impacts of a large open ocean farm operation have not
been studied, there is a potential for significant climatic modificatiens.

e The ocean system may release numerous chemicals into the sea from
the farm structure itself. The chemicals include toxic metals from the
anti-fouling paints and organic éompoundS'(e.g. phenol) leached from the
supporting liner.

e The upwelling system of the ocean farm concept poses several possible
environmental impacts including: possible changes in resident biological
communities, entrainment of marine organisms and changes in various
physical parameters (e.g. water temperature, salinity, dissolved oxygen,
turbidity and nutrient levels).

e The use of recycled sewage sludge effluents as nutrient sources may
result in the accumulation of various heavy metals by the marine algae.
Toxicity resulting from heavy metal uptake could offset the levels of pro-
ductivity of the kelp bed. Furthermore, the metals might be present in
residues used as feed supplements.

.~ o The_ harvesting subsystem associated with open ocean farms will in-

clude the generation of air emissions (e.g. particulates, NO, and hydro-
carbons) from the diesel-powered harvesting vessels.

e The waste water generated from the shredder, presser and digester
will eventually be discharged to the sewer system. The composition of this
effluent and the degree of pollution control that is necessary are unknown
at this time.

o The major‘residual'resulting from the conversion stage of the process
is waste sludge. This material must be collected for subsequent disposal. The
sludge may contain considerable levels of heavy metals.

® The institutional problems associated with large ocean farm systems
are the jurisdictional issues related to- the obstruction of shipping lanes and
utilization of coastal fishing locations. A regulatory framework will need to

be established.



REQUIRED FUTURE RESEARCH

Research in two areas is indicated by the analysis of this study.
First, research into the growth of kelp and especially into various methods
of enhancing natural kelp bed growth rates is needed. This research should
include the uptake rates and mechanisms of trace elements by kelp (e.g. heavy
metals) as well as addressing the effects of increased nutrient concentrations
on plant growth rates. Second, research is required in the area of the co-
generation of methane and algin using anaerobic digestion techniques. There
are indications that this byproduct generation is possible and that it is
possible without significantly reducing methane production rates. However,

the various proposed processes must be tested and verified.
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