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ABSTRACT

Phytoplankton lipids were measured in the laboratory as a
function of several environmental factors. Total lipid fractions were
measured in 30 marine and freshwater species during log-phase growth
and nitrogen starvation. Green algae lipid fractions averaged 17.1 +
4.4% (+ 1 S.D., 17 species) of total dry weight in log phase and
typically ranged from 35 to 50% after 4 to 9 days of nitrogen starvation.
One species, Monallantus salina, produced a 72% lipid fraction after 9
days of nitrogen starvation. Nutrient additions to a nitrogen starved
culture of Oocystis polymorpha showed that the excess cellular lipids
do not rapidly disappear during recovery. Diatoms averaged lipid
fractions of 24.5 + 4.7% (11 species) in log-phase and responsed
less consistently to nitrogen starvation. In the diatom, Cyclotella
cryptica, silicate starvation resulted in a doubling of the lipid mass
per cell within a 6 to 12 hour period. Increasing temperatures up to
36° produced increasing lipid fractions in Oocystis polymorpha but not
in Cyclotella cryptica. A light:dark period of 12:12 followed by 24
hours of continuous light resulted in constant lipid fractions in
Oocystis polymorpha. However, diel variations in the lipid mass per
cell were noted and these corresponded to cell size variations during
the division cycle. Intraspecific differences in lipids were also
measured. In the most notable case, a nitrogen starved, copper
tolerant clone of Chlorella vulgaris had nearly twice the lipid fraction
compared to an intolerant clone of the same species.

In terms of possible commercial applications, the laboratory
studies indicated that a lipid fraction range of 25 to 50% of dry
weight might feasibly be maintained in phytoplankton cultures without
imposing extreme conditions. This range of lipid fractions, combined
with literature values of 15 gm m-2d-1 for feasible outdoor culture
biomass yields, would result in a potential oil production rate of
80 to 160 bbl ha-lyr-l. Based on the largest total annual cost of
producing a phytoplankton project available in the literature ($44,000
ha~lyr-1) it was estimated that phytoplankton oil could be produced
at $1.75 to $3.50 per kg (50 and 25% lipid fraction, respectively). An
analysis of using sewage as a substrate showed that by taking a credit
for treating the sewage, oil from phytoplankton could be produced in
the range of $19 to $38 per bbl. It is felt that development of a
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phytoplankton oil production process is best viewed in terms of local
settings where resources such as sewage oxidation ponds already exist.

In a review and assessment of the entire field of research
on biomass and energy, it is estimated that a gross energy yield of
about 9 Q yr-l could be produced from biomass. Production, harvesting,
and conversion would result in about a 10% net recovery on the gross
yield which would amount to a net energy yield of 1 or 2% of the U.S.
annual demand. Half of the gross energy from biomass could be
produced from agricultural and silvicultural wastes. Phytoplankton
oil production would provide one of the best yields of any biomass
energy process reviewed with the added benefits of being a liquid
product and a resource for the higher priced vegetable oil market.

Thesis Supervisor: Dr. Sallie W. Chisholm

Title: Associate Professor of Civil Engineering
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Introduction
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Interest in lipids has recently increased because they represent

a source of reduced hydrocarbons which might be used for several

commercial applications. As a source of fuel, these biologically

produced oils represent a refinable, or directly combustible liquid

product similar to petroleum. As a source of chemical feedstocks,

several million tons per year are already used in the U.S. to make

products such as plastics, adhesives, and coatings. Phytoplankton

represent a potential source of lipids for either of these markets.

Phytoplankton lipids are also of interest from a physiological and

ecological point of view because they are an integral part of

membranes as well as a source of hydrocarbons within the cell and play

a key role in marine food chains.

The synthesis and storage of lipids in phytoplankton is influenced

by environmental factors. A considerable research history exists on

this aspect as well as on the physiological functions (e.g., see

Nichols et al., 1967) of phytoplankton lipids. However, the lack of

a cohesive framework for all of these data, in the context of either

engineering applications or physiological generalizations, suggested the

need for a systematic study of the factors which might influence the

yield of phytoplankton lipids. Hence, this study was undertaken.

This presentation is organized into 3 main papers of successively

broader scope. The laboratory studies on phytoplankton lipids as a

function of nitrogen starvation and recovery, silicon starvation,

temperature, diurnal light, and the cell cycle are presented in Chapter

4. Based on these studies, possible commercial applications are

discussed in Chapter 5 from a conceptual and economic viewpoint. The
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last paper, Chapter 6, is a general review of current research and

applied studies on photosynthetic biomass. Chapter 6 provides a

perspective on the production and use of biomass for conventional and

energy needs and how phytoplankton lipids might fit into the overall

picture. Two appendices are also included. Appendix 1 presents the

laboratory studies regarding copper tolerance and lipid production.

It was felt that the results to date were intriguing but not conclusive

enough to present in detail in Chapter 4. Appendix 2 contains

supplementary data of more detail than was necessary to present in

Chapter 4.

15



16



Chapter 2

General Background
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GENERAL

The term "lipid" generally refers to any biological material not

soluble in water. As a result, many hydrocarbon compounds can be

considered lipids and their categorization is often arranged according

to their affinity for solvents of ranging polarity. Phytoplankton

lipids are predominantly esters of fatty acids and glycerol and are

generally soluble in a mixture of nonpolar and polar chloroform:

methanol, commonly in a 2:1 ratio. The fatty acids in phytoplankton

contain from 12 to 22 carbons per molecule in varying distributions

according to taxonomic class and species (Table 2.1). From the

summary of the fatty acid literature given in Table 2.1, it can be seen

that the major fatty acids common to most species are in the saturated

and unsaturated C16 and C18 groups.

In general, the relative proportions of saturated and unsaturated

fatty acids is similar between taxanomic classes. However, there are

notable class differences within a fatty acid group of given chain

length (Fig. 2.1). In the C16 group. all three classes have large

proportions of palmitic (16:0) acid. However, the Chlorophyceae are

lacking in unsaturated C16 acids whereas the Cyanophyceae and the

Bacillariophyceae have relatively large fractions of these acids such

as palmitoleic (16:1) acid. In the C18 group, the Bacillariophyceae

have only small fractions of any of these acids whereas the other two

classes have relatively large fractions of these compounds such as

oleic (18:1) acid, linoleic (18:2) acid and linolenic (18:3) acid.

The Bacillariophyceae also have larger fractions of C14 and C20 acids

than the other two classes.
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In green algae the presence of unsaturated C18 acids often

parallels photosynthetic activity in that these acids tend to disappear

at night or in unhealthy cells (Harris and James, 1965; Nichols, L965;

Nichols et al., 1967; Ktayxma and Benson, 1967). However the

minimal presence of these fatty acids in diatoms (Kates and Volcani,

1966) conflicts with any hypothesis that these compounds are essential

for photosynthesis.
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LIPID BIOCHEMISTRY

Biosynthesis. Lipids are highly reduced compounds commonly

formed by the esterification of fatty acids and glycerol. Although

lipids include compounds such as waxes, paraffins and sterols, the

fatty acid esters are the predominant lipids in phytoplankton and

only the biochemistry of these latter compounds will be briefly

reviewed here. More comprehensive presentations of fatty acid synthesis,

esterification and lipid oxidation metabolism can be found in Lehninger

(1970), Markley (1968), Erwin (1973), Wakil (1970) and Gurr and James

(1977), while Nichols et al. (1967) have described lipid synthesis

specifically in phytoplankton.

Perhaps the simplest and most common of the storage lipids in

phytoplankton are the neutral glycerides (also called acylglycerols).

Triglycerides contain 3 fatty acids of the same or different chain

lengths, R:

H C - 0 - C - R
2 1l

0

HC- O- C-R
II
0

HC - 0 - C - R
2 If

0

In other lipids one or more of the hydroxyl groups of glycerol is

esterified with a compound other than a fatty acid. For example,

phospholipids, commonly found in membranes, contain in addition to two

fatty acids, a phosphoric acid (i.e., phosphatidic acid) which in turn

can itself be esterified with compounds such as amino alcohols (i.e.,

phosphatidyl ethanolamine and phosphatidyl choline). Other lipids such

20



as sphingolipids are esters of fatty acids and alcohols or polysaccha-

rides. All of these types of lipids are referred to as saponifiable

because they may be hydrolyzed upon heating with alkali to yield soaps.

The structural and metabolic functions of some of the lipids in

phytoplankton have been discussed by Nichols et al. (1967) as being:

Lipid

Monogalactosyl diglyceride

Digalactosyl diglyceride

Sulpholipid

Phosphatidylglycerol

Phosphatidylcholine

phosphatidylethanolamine

Phosphatidylinositol

Neutral glyceride

Metabolic function

(a) Involved n biosynthesis of the C14, C16
and C18 saturated acids, and the C16 and 
C18 unsaturated acids.
(b) Involved in galactose metabolism

Involved in galactose metabolism

Suggested function as a sulphur and carbon
reserve material

(a) Involved in biosynthesis of the C14, C16
and C1 8 saturated acids, trans-hexadec-3-
enoic acid, and C18 mono- and di-enoic acids
(b) Involved in phosphate metabolism

(a) Involved in the biosynthesis of the C1 8
unsaturated fatty acids
(b) Involved in phosphate metabolism

Probably no function in chloroplasts; may
be involved in phosphate metabolism in
other organelles

As for phosphatidylethanolamina; possibly
involved in inositol metabolism

Diglyceride involved in C18 acid metabolism
and probably involved in phospholipid
synthesis; triglyceride is involved in CIg
acid metabolism

Structural function

Major component of chloroplast lamellae

Major component of chloroplast lamellae

Major component of chloroplast lamellae

Major component of chloroplast lamellae

Possibly minor component of chloroplast

Absent from chloroplasts

May be very minor component of chloroplast
lamellase

Minor component of lamellae

21



The fatty acids in lipids are synthesized by successive additions

of two carbon units obtained from malonyl CoA:

0 = C - CH2 - COOH

S

CoA

Malonyl CoA is produced from Acetyl CoA which is synthesized from

pyruvate. The overall reaction for fatty acid synthesis, catalyzed by

7 enzymes, can be written in its most basic form as:

8 acetyl CoA + 14 NADPH + 14 H + 7 ATP + H20 
2

palmitic acid + 8 CoA + 14 NADP+ + 7 ADP + 7 P. (2.1)
1

Palmitic acid (C16H3 202) is a common end product of fatty acid synthesis

but chain growth can stop at shorter or longer lengths. The two-carbon

basic building block suggests why even carbon number fatty acids are so

prevalent in algae. Unsaturated fatty acids are made by the introduc-

tion of double bond(s) via specific oxygenases. It is interesting to

note that mammals cannot synthesize polyunsaturated acids such as

linoleic (18:2) and linolenic (18:3) acid.

Oxidation Metabolism. Lipids, particularly triglycerides, can

be used by an organism for metabolic energy (Lehninger, 1970; Nichols

et al., 1967). The oxidation of lipids begins with hydrolysis via

intracellular lipases to yield free fatty acids and glycerol (using

the most general case of triglycerides). Each fatty acid is then

activated for oxidation by esterification with CoA via one ATP and one
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of several thiokinase enzymes depending on the chain length of the fatty

acid. Oxidation then occurs by dehydrogenation (removal of a pair of

H at the a and carbons) and successive removal of two-carbon fragments

at the carbon (i.e., oxidation) to yield acetyl CoA and a fatty

acyl CoA ester that is two carbons shorter. In the case of palmitic

(16:0) acid, this cycle would continue until 8 molecules of acetyl

CoA and 14 pairs of hydrogen atoms are produced. The acetyl CoA thus

produced enters the tricarboxylic (Krebs) cycle. The hydrogen enters

the respiratory chain leading to oxidative phosphorylations of ADP. The

overall equation for the oxidation of palmitic acid can thus be

written as:

Palmitoyl CoA + 23 2 + 131 Pi + 131 ADP > (2.2)

16 C 2 + 146 H20 + 131 ATP

The phosphate bond energy in the form of ATP produced by this reaction

is 945 Kcal or 40 percent of the standard free energy of oxidation of

palmitic acid.

Additional enzymatic steps are required for the oxidation of

unsaturated fatty acids. The double bonds of naturally occurring

fatty acids are in the cis position. For oxidation, they must be

changed to the trans-position and then hydrated. Oxidation of odd--

carbon fatty acids, which are rare in nature, occurs similarly to

even-carbon oxidation until the terminal three carbon residue (pro--

pionyl CoA) is reached. This propionyl CoA then undergoes its own

unique enzymatic reaction sequence before entering the Krebs cycle as

succinate.

Thus lipids are oxidized by breaking down their fatty acid

23



components into two-carbQn units which then enter the tricarboxylic

acid cycle. The result is metabolic energy in the form of ATP. This

energy available to the cell amounts to about 40 percent of the original

chemical energy contained in the fatty acids.
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ENVIRONMENT AND ECOLOGY

Before proceeding too far with generalizations, it is important

to note that fatty acid and total lipid compositions in phytoplankton

can vary according to the stage of growth and environmental conditions

(Pugh, 1971; Ackman et al., 1964; Pohl and Wagner, 1972; Fisher and

Schwarzenbach, 1978). Such variations can, for example, involve a

changeover from the formation and use of polar membrane lipids for

active processes such as photosynthesis to the formation or use of the

less polar storage lipids acting as a depot of reduced compounds. Some

phytoplankton species whose normal metabolic processes have been

disturbed by an environmental factor such as nitrogen deficiency have

long been noted to store large fractions of total lipids (Spoehr and

Milner, 1949; Collyer and Fogg, 1955; Healey, 1973). Lipids stored

under such conditions of environmental stress tend to be non-polar

triglycerides having large fractions of palmitic and linoleic acids

(Opute, 1974a; Klyachko-Gurvich et al., 1967; Klyachko-Gurvich, 1974).

Because they are highly reduced compounds (about 9 Kcal-gm vs.

averages of 4 for carbohydrates and 5 for proteins) these lipids have

long been assumed to be stored for metabolic fuel and/or as a carbon

pool for the synthesis of other compounds (Fogg, 1959; Spoehr and

Milner, 1949). However, the storage of excess lipids under stress

conditions also might be inadvertent, meaning that lipids simply

might have a greater resistance to respiratory loss than other storage

compounds (Fogg, 1956; Opute, 1974b).

A summary of previous studies of total lipid fractions in phyto-

plankton (Table 2.2) shows reported values of 1 to 85% of dry weight
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under the various conditions studied. As seen in Table 2.2, the nitrogen

stress studies with green algae have reported the largest lipid frac-

tions. Such studies have been the most common but lipid fractions

relating to light intensity, temperature, magnesium-, phosphorus-,

potassium-, and sulfur-stress are also summarized in Table 2.2 for

some species. These and other studies are discussed in more detail

in Chapter 4.

Tracing lipids and fatty acids through the food chain (e.g., see

Lovern, 1964) identifies some ecologically significant features of

phytoplankton lipids. Many zooplankton in the sea contain large

amounts (e.g. 50%) of lipids (Benson and Lee, 1975). Although these

lipids are predominately wax esters which are lacking in phytoplankton,

many of the fatty acid constituents have been shown to originate from

the phytoplankton (Kayama et al., 1963; Sargent, 1978; Moreno et al.,

1979 a,b). More specialized phytoplankton lipid interactions have been

identified with corals. Fatty acids derived photosynthetically by

symbiotic zooxanthellae have been shown to be returned to the coral

host for conversion to wax esters and triglycerides (Patton et al.,

1977). Carbon for the fatty acid production is supplied as acetate

by the host. Bouyancy is another phenomenon sometimes affected by

lipids. The bouyancy of zooplankton is felt to be somewhat dependent

on their wax ester components (Benson and Lee, 1975) but a similar

role of lipids in phytoplankton has been disputed (Smayda, 1970;

Anderson and Sweeney, 1977).

In addition to phytoplankton lipids, the lipids in other micro-

organisms have also been examined in past studies of yeasts, molds
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and bacteria. Lipid fractions in yeast are typically 20 to 30% of

dry weight and have been reported to range from 17 to 65% (Hopton and

Woodbine, 1960; Watanabe, 1974; Rattray et al., 1975). Lipid

fractions in molds also are typically 20 to 30% with ranges reported

at 10 to 65% (Ratledge, 1968; Kessell, 1968). For bacteria, extensive

studies of aliphatic hydrocarbons have shown the range to be 0.01 to

2.7% of dry weight (Tornabene, 1977). Total lipids in the bacterium,

Pseudomonas maltophilia were measured at 7.4% (Tornabene and Peterson,

1978).

The idea of using phytoplankton in general or phytoplankton-

and other plant- lipids for fuels and oil products has a long history.

Among others, Harder and von Witsch (1942) considered the fuel

possibilities for algae in the 1940's, Fischer (1955) in the 1950's,

Golueke and Oswald (1965) in the 1960's and Sanderson et al. (1979),

in the 1970's. The Chinese actually operated fuel refineries using

Tung oil as a feedstock in the 1930's (Cheng, 1945), and the Italians

tried it with latex products from Euphorbia around the same time

(Frick, 1938). Currently, the unstable supply and economic situation

of petroleum has once again stimulated an interest in the commercial

production of phytoplankton lipids (Dubinsky et al., 1979; Shifrin

and Chisholm, 1980). Actually phytoplankton lipids are felt to be of

direct geochemical significance in the deposition of today's petroleum

reserves (Tornabene, 1977; Schneider et al., 1970; Gelpi et al., 1970).

Evidence suggests that it was lipids, rather than other forms of

organic carbon subsequently reduced over geologic time, which played

the dominant role in petroleum genesis (Eisma and Jurg, 1969; Siefert,
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1975; Shimoyama and Johns, 1971; Philippi, 1974). It would thus be

ironic if future generations became somewhat dependent on photo-

synthetically produced lipids as a petroleum replacement.
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Table 2.1 Summary of previous measurements of fatty acids in
phytoplankton.

The phytoplankton have been organized according to taxanomic
class. Fatty acids are presented as relative percent of toal fatty
acids detected. When given by the cited author, the total lipid
fraction, LT (% of dry weight), as well as the total fatty acid
fraction, F (% of total lipid mass) are presented in the table.
Additional notes on the growth conditions of the cells prior to
sampling and on interpreting the data are given at the end of
this table.
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Table 2. 1
(Continued)
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Table 2. 1
(Continued)

NOTES

LT = Total Lipid Fraction ( of Dry Weight)

F - Fatty Acid Fraction ( of Total Lipids)

GROWTH: refers to growth condition as noted by the respective authors
(GC) U - unknown

E - exponentially growing cells, autotrophic unless noted otherwise
S -stationary growth due to nutrient deficiency
L light intensity experiment; L - low light; Lh high light
D * culture maintained in dark
H -heterotrophic growth
N natural sample

FATTY ACIDS: described by XY - carbon number: number of double bonds. Where described simply by X,
the value given is the sum of all saturated and unsaturated fatty acids of that carbon
number, X. Where described as X:U, the value given is for the sum of all unsaturated
fatty acids of carbon number, X. Underlined values of fatty acids for a given species
signifies that the position of the double bond(s) are given by the original author.
Rows containing only integer values have been rounded off.

- = TRACE AMOUNT noted by author

NOTES ON DATA

Ackman Tocher - most cultures, grown @ 20C were 2 weeks old and were thus assumed to be in stationary phase.
Effect of culture age is discussed in text; LT is 2 of WET WEIGHT.

Kenyon, 1972 - genera as assigned by Stanier et al. , 1971 but species not identified. Note that the
fatty acids for some species do not add up to 1002.

Sata, 1975 - pigments were removed from total lipids prior to fatty acid analysis.
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Table 2.2 Summary of previous phytoplankton lipid studies.
Culturing techniques, growth period and environmental conditions

are summarized for the following deficiencies: nitrogen (N), potassium
(K), magnesium (Mg), phosphorus (P), and sulfur (). Additional notes
are given at the end of the table and these studies are discussed in
more detail in Chapter 4.
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Table 2.2 Sinry of Reported Total Lipids In Various Algae

With Associated Significant Growing Conditions

SPECIES LIPID CULTURE GROWTH GR0V1H REFERENCE
(7 dry t) TYpe Period! CONDITIONS

Anabaeena cylindrica
Chlorella op.
Chlorella sp. K
Chlorella sp. K
Chlorella op. K
Chloralla ellipsoid&
Chlorella ellipsoida
Chlorella ellipsoid&
Chlorella ellipsoid&
Chlorella pyrenoidoea 82
Chlorella pyrenoidosa
Chlorella pyrenoidosa
Chlorella pyrenoidosa
Chlorella pyrenoidosa
Chloralla sorokiniana
Chiorella sorokiniana
Chlorella sorokiniana
Chlorella sorokiniana
Chlorella sorokiniana
Chlorella sorokiniana
Chlorella vulgaris
Chlorella vulgaris
Chlorella vulgaris
Chlorella vulgaris
Chlorella vulgaris
Chiorella vulgaris
Chlorella vulgaris
Chlorella vulgaris
Cyanidium caladarium

Euglena gracilis
Euglena gracilis
Hornidium p.
Monodus
Navicula pelliculosa
Nitzschia closterium
Nitzschia closterium
Nitzschia pales
Ochromonas danica
Oocytis polymorpha
Oscillatoria p.
Porphyridium cruentum
Scenedesamus quadricauda
Scenedesmus quadricauda
Scotiella p.
Selenastrum gracile
Spirulina sp.
Stigeoclonium p.
Thalasiouira fluviatilis
Tribonema aequale
Uronena gigas
Uronema gigas

5 B 24
13 B SS
37 B 2
18 B 2
39 B 8
79 B 10
85 B 4
37 C 12
30 S 12
45 B x
60 B 8
37 B 2
10 B 2
85 1 14
15 C SS
16 C SS
22 g 1
26 B 1
39 B 1
10 B x
28 B 32
23 B 4
13 B 4
14 B 4
10 B 4
16 B 4
13 B 4
16 B 4

8 B 20

23 B 17
16 B 10

3.8 B 5
32 B x
32 B 33
23 B x

7 B
40 B 5
53 B 7
18 C SS

6 B 24
13 B 26
38 C SS
18 B SS
32 B 32
26 B SS
11 B SS

1.2 B 5
50 B 15
23 B 25
21 B S

1.7 B 5

-N
Outdoor culture

-N
Cycloheximide,-N

38'C,-N
-N
-N
-N
-N
-N

28C' ,-N
-N

Cyclohexiuide, -N
-N during growth

low g
-K

+Hg;-K
14 - 38C

-A
-K

-pg
-P
-S

-K,-Mg,-P,-S,-N
50*C. pH2

9 liM Mg
++

20C optimal

High light
Low light

'"old" medium,-N
30C optimal

-N
-N
-N
-P

Outdoor culture
-N

Outdoor culture
Outdoor culture
20C optimal

-N
-N

Outdoor culture
28C optimal

Collyer & Fogg, 1955
Paoletti et al., 1976
Seasnenko & Rudova, 1975
Sem.nenko & Rudova, 1975
Semenenko & Zvereva, 1972
Iwamoto et al., 1955a
Iwamoto et al., 1955a
Iwanoto, 1958
Iwmoto, 1958
Klyachko-Curvich, 1974
Semenenko & Zvereva, 1972
Semenenko & Rudova, 1975
Semenenko & Rudova, 1975
Spoehr & Milner, 1949
Richardson et al., 1969
Richardson et al., 1969
McCarthy & Patterson, 1974a
McCarthy & Patterson, 1974a
McCarthy & Patterson, 1974a
Patterson, 1970
Colloyer & Fogg, 1955
Kalacheva & Trubachev, 1974
Kalacheva & Trubachev, 1974
Kalacheva & Trubachav, 1974
Kalacheva & Trubachev, 1974
Kalacheva & Trubachev, 1974
Kalacheva & Trubachev, 1974
Kalacheva & Trubachev, 1974
Ikan & Sechback, 1972

Collyer & Fogs, 1955
Constantopoulos, 1970
Hindak & Prible, 1968
Collyer & Fogg, 1955
Collyer & Fogs, 1955
Orcutt & Patterson, 1974
Orcutt & Patterson, 1974
Opute, 1974
Aaronson, 1973
Richardson et al., 1969
Collyer & Fogg, 1955
Collyer & Fogs, 1955
Healy, 1955
Paoletti et al., 1976
Collyer & Fogg, 1955
Paoletti et al., 1976
Paoletti et al., 1976
Hindak & Prible, 1968
Conover, 1975
Collyer & Fogg, 1955
Paoletti et al., 1975
Hindak & Prible, 1968

NOTES

1 Type of culture: B batch; C -
2 Growth period prior to sampling,

continuous; S - semicontinuous
in days or SS - steady state
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Fig. 2.1 Major fatty acids in 3 taxonomic classes of phytoplank-
ton: based on the data from Table 2.1, each row summarizes the
frequency of species containing greater than the specified proportion
of a given fatty acid. For example, the fatty acids noted in the
bottom row (> 40%) are the most predominant but such a large predomi-
nance occurs only in few species of a given class. The fatty acid
listed as "20:U" represents the sum of all 20-carbon acids.
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Chapter 3

Methods
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Culturing Techniques-General. Growth media used in all experiments

was f/2 for marine organisms and WC medium for freshwater organisms

(Guillard, 1975). No buffer was used unless noted. Media were

sterilized through autoclaved 0.22 1i membrane filters in a 142 mm all

teflon lined apparatus (Millipore Corp.).

Stock cultures of phytoplankton were maintained in Pyrex tubes

(25 x 150 mm) with polypropylene caps (Kimcap 25). All experimental

batch cultures were maintained in 250 ml erlenmeyer flasks containing

200 ml of medium and bubbled with sterile air which had been pumped

through activated carbon, 15M ZnCl2 to remove ammonia, and distilled,

deionized water (DDW) containing ion exchange resin (Rexyn 101H)

(Fig. 3.1). Flasks and stock cultures were maintained in a Plexiglas

water bath lighted from below. Unless noted otherwise, culture

temperature was maintained at 23C and light was supplied at an

intensity of 190 IE-m s 1 from 4-40 watt "Coolwhite" fluorescent bulbs.

Continuous culture experiments were run in 1000 ml Bellco Spinner

Flasks (Bellco 1968-01000) stirred with a magnetized teflon bar and

bubbled with sterile air passed through DDW. The flasks were jacketed

and maintained at 20C with automatic temperature bath control (American

Instrument Co., 4-8600). Medium was fed into the flask by a peristaltic

pump (Harvard Apparatus Co.) and exhausted by positive air pressure

through a tube maintained at the surface level of the culture. Hourly

composite effluent samples were collected in a refrigerated (C) fraction

collector (Buchler Instruments). Light was supplied by 4-20 watt

"Coolwhite" fluorescent bulbs at an intensity of 190 E-m s at the

surface of the vessel. The entire culturing apparatus was maintained
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in a light-proof chamber and the light/dark cycle was timed with a 24

hour timer (Intermatic T-1975) programmed for 12 hours light followed

by 12 hours dark.

Growing Monitoring. Growth was monitored either by in vivo

fluorescence (Turner Designs Model 10-005R), optical cell counts

(Spencer Bright Line haemocyctomer or a Fuchs Rosenthal Ultra Plane)

or by particle counts using an electronic particle counter (Coulter

Electronics, Model ZF). Control experiments with Chlorella pyrenoidosa

as well as other studies by Brand et al. (1980), have shown a good

agreement between in vivo fluorescence and cell counts for measuring

growth rate during log-phase. Thus the growth of stock cultures WaS

routinely measured by fluorescence. The culture tubes could be inserted

directly into the fluorometer, thereby eliminating subsampling

considerations. For counting freshwater organisms with the Coulter

Counter, cells were first fixed with 1% formaldehyde before adding an

appropriate volume of the culture sample to an electrolyte solution

(Coulter Isoton II). Electronic counts were routinely verified by

optical counts.

To avoid transients during the lipid screening experiments, stock

cultures were carefully monitored for reproducible growth rates prior

to innoculation of experimental flasks. It was noted during this study,

as has been reported by others (Brand et al., 1980), that cells taken

from one environmental condition (e.g., from agar slants or different

locales) to another may take several transfers to become acclimated.

The acclimation is often manifested as a slowly changing growth rate
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from transfer to transfer. By waiting for several reproducible

transfers according to growth rate, the possibilities of variant

physiological measurements during the screening experiments were

minimized.

Nutrients. Nitrate (plus Nitrite) and Silicate in the growth

media were measured according to the methods described in Strickland

and Parsons (1972). A smaller, modified cadmium column for nitrate

analysis was adapted to allow the use of smaller sample volumes (10

ml). Depending on the nutrient concentration, color was read either

in 10 cm cells in a Bausch and Lomb (Spectronic 100) spectrophotometer

or in 1 cm cells in a Beckman (Model 25) spectrophotometer.

Particulate nitrogen (cell nitrogen) was measured with a Perkin

Elmer (Model 240) CHN Analyzer. For most runs, a sample of culture

was filtered and dried (as described under "Dry Weight and Ash

Analysis") to yield a dried mass of from 1 to 3 mg. Filters were then

inserted in aluminium foil tubes and analyzed according to the instru-

ment manufacturer recommendations. A few runs used samples obtained

by drying a concentrated cell pack directly in the combustion boat

prior to analysis.

Dry Weight and Ash. Dry weight, lipid and ash fractions were

determined successively on the same sample. Depending on the culture

cell density, an aliquot of from 30 to 100 ml was taken from the culture

and filtered at a vacuum of 5 cm Hg on precombusted (1 hr at 450'C) 24

mm Reeve Angel 984 glass filters. For marine organisms, salts were
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washed off by repeatedly filtering 3 small aliquots (approximately 3 ml,

each) of ammonium formate, NH4Co2H(Q.65M) after culture filtration.

Filters were removed from the filtration apparatus and placed on a

small square of aluminum foil which had been previously tared along

with the filter. The filters were then dried at 80%C to constant

dryness. This drying period generally ranged from 45 to 90 min.

Weighings were done on a Mettler (H51) balance.

After extracting the total lipids from the cell mass on these

filters (described in the next section), the filters were retained

for ash determination. They were first dried in air to remove the

extraction solvent and then dried at 80%C for 15 min. to remove

moisture acquired from room humidity. The filters were then weighed

on an electrobalance (Cahn 25) to obtain the gross, lipid-free cell

mass (lipid-free cell mass plus filter mass). Following combustion

for 1 hr at 450'C, the filters were reweighed to determine the

combusted residual mass (ash plus filter mass) and ash content was

then calculated.

Lipid Determination. Lipids were extracted from dried cells

using a 2:1 mixture of chloroform:methanol (Schmid, 1973) as the

solvent in a micro Soxhlet extraction unit on a 150%C hotplate. The

technique used is outlined in Table 3.1. Suitable extraction times

for each species were determined from control experiments in which the

recovered extract was measured as a function of extraction time

(Fig. 3.2). In general, extraction times of 2 to 4 hours were found

to be suitable for a given species. The extract, operationally
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defined as total lipids, was measured ravimetrically by evaporating

a sample on a tared 12 mm aluminum weighing pan and weighing the

residue on an electrobalance (Cahn 25). The overall procedure was

tested for accuracy by dissolving Safflower oil in the solvent

(0.06 mg/ml) and cycling it for 3 hours in the extraction apparatus.

In all trials, the recovered extract was measured to be greater than

96% of the known amount added.

The cell mass used for extraction was obtained from the dry

weight determination. These cells, which had been filtered on 24 mm

Reeve Angel 984 H glass filters and dried at 800C to constant mass,

were inserted directly into a cellulose Soxhlet thimble (Whatman

10 x 50 ml, single thickness). This was done by folding the filter

in half and then rolling the filter up before inserting it into the

thimble. The effect of drying Chlorella pyrenoidosa cell mass at 800C

prior to extraction was compared to air drying the cell mass for 1

hour. The measured lipid fraction in the former was 28.6 + 1.2%

while in the latter it was 32.1 + 7.6. Considering the standard

deviation in the latter, it was assumed that mild heat drying prior to

extraction had a negligible effect on lipid recovery.

The total cell mass used for extraction varied by experimental

conditions but in general ranged from 1 to 15 mg (dry). Approximately

13 ml of freshly mixed, high purity solvent (Burdick and Jackson

Laboratories, Inc.) was used for the extraction. Pure solvent residue

was at most 0.005 mg/ml which represented less than 5% of the usual

sample residue. The hotplate used to heat the extractors was maintained

at 150 to 1750C since temperatures between 120 and 2300C were found to
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be acceptable. Actually the chloroform:methanol mixture boils at about

620 C. Prior to extraction, the entire apparatus including a new

thimble was cleaned by rinsing twice with clean solvent followed by

refluxing with clean solvent on the hotplate for at least an hour.

This procedure was found to be effective and necessary for maintaining

a consistently low background blank. Such blanks obtained by cycling

solvent through a cleaned thimble and soxhlet apparatus were always

run along with samples. The average blank from 133 determinations

over 2 years of analysis was 0.138 + 0.07 (+ 1 S.D.) mg per total

extraction volume. This total extraction volume, which was about 13

ml at the beginning of the extraction period, was usually decreased to

about 11 ml by the end of the Soxhlet cycling due to evaporative losses

through joints or beyond the capacity of the condenser. Lipid extracts

were corrected for this blank which most often amounted to about 10% of

the measured total signal.

The extraction was terminated by pouring the solvent, containing

the extract, into a 15 ml graduated glass centrifuge tubes and

centrifuging them for 10 min. at 750 x g to remove fine solids that:

were sometimes present. Following centrifugation, the extraction

volume was noted and aliquots were taken for residue mass determinations.

Aliquots of 0.1 ml were dispensed with a 100 p (Sigma Chemical Co.)

pipette (polypropylene tip) onto the aluminum weighing pans on a

100C hotplate. Following evaporation of the solvent, additional

0.1 ml aliquots were dispensed until the total sample volume reached

0.5 to 0.1 ml. These additive aliquots were necessary to obtain the

desired sample volume because the capacity of the weighing pans was
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only slightly greater than 0.1 ml. Controls on the effect of sample

heating to evaporate the solvent were assessed in two ways. First,

samples evaporated for 3 min. at 175%C before weighing the residue

were only 4.3 + 1.8% lower than samples evaporated in dessicated air.

Second, heating times of from 2 to 20 min. resulted in only a 5 to 10%

variation in the recovered residue mass with no trend (Fig. 3.3).

As a control on the reproducibility of the overall lipid analysis

15 separate analyses of 3 replicates each were run using cultures of

Oocystis polymorpha. The mean lipid fraction from each run of 3

replicates varied from 6.2 to 20.7% (of dry weight) according to

culture age and experimental conditions. Averaging each coefficient

of variation from the 15 runs, a value of 10.4% was obtained with a

range of from 3.2 to 23.7% of the means. This estimate of variability

corresponded to observations made on over 80 experimental samples from

duplicate flasks of various species. Each of the duplicates most

often yielded results within 10% of each other.
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Table 3.1 Outline of total lipid analysis technique.
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Table 3.1 Outline of Total Lipid Analysis Technique

1. Clean apparatus and thimble with fresh solvent, 1 hr minimum.

2. Filter culture to obtain 1 to 15 mg cell mass.

3. Dry, 80'C to constant mass. Note net mass.

4. Fold and roll filter. Insert in cleaned thimble.

5. Insert thimble in extractor and attach to flask.

6. Pour 13 ml solvent into extractor.

7. Attach to condenser and place on 150C hotplate.

8. Extract for 2-4 hrs.

9. Pour into 15 ml glass centrifuge tubes.

10. Centrifuge 10 min. at 750 x g.

11. Record volume.

12. Evaporate 0.5 to 1.0 ml on tared weighing pan.

13. Note net residue mass.

14. Normalize to total extract volume.

15. Correct for blank.

16. Divide by total cell mass = total lipid fraction.
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Fig. 3.1 Aerated batch culture apparatus.
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Fig. 3.1
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Fig. 3.2 Lipid extraction time series for various marine
and freshwater species: extraction of dried cell mass in a micro
Soxhlet apparatus as described in text. Subsamples were taken after
various extraction times as noted.
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Fig. 3.3 Effect of heat drying time on lipid residue recovery:
extract was from Chlorella pyrenoidosa. Solvent was evaporated in
12 mm aluminum pans on a hotplate at 100°C for the time periods noted
(2 to 20 min.) and the residue (lipids) was weighed.
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Fig. 3. 3
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Chapter 4

Phytoplankton Lipids: Taxonomic Differences

And Environmental Influences
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INTRODUCTION

The production and storage of lipids by phytoplankton are regulated

by environmental factors in a manner that is not always systematic, and

can be quite species specific. Despite years of research on the

subject, pioneered by Spoehr and Milner (1949), Iwamoto et al. (1955a,

b, 1958a,b), Fogg and Collyer (1955), Klyachko-Gurvich et al. (1967),

and Zhukova et al. (1969), few accurate generalizations have emerged

regarding the regulation of this essential cellular components.

One pattern that has become apparent, is the enhancement of lipid

storage in various green algae (Fogg, 1959; Iwamoto et al., 1955a;

Spoehr and Milner, 1949; Zhukova et al., 1969), some diatoms (Bardour

and Gergis, 1965; Opute, 1974b), and blue-green algae (de Vasconcelos

and Fay, 1974) when they are grown under nitrogen deficient conditions.

Nitrogen supply has also been noted to influence the relative distribu-

tion of fatty acids in several green algae (Pohl et al., 1971; Pohl,

1974). Phosphorus deficiency, when extreme, has been shown to increase

lipids in Scenedesmus quadricauda (Healey and Hendzel, 1975) and

silicate starvation in diatoms can result in rapid increases in lipid

synthesis (Werner, 1977a). In contrast, decreases in lipid storage

have been related to manganese deficiency in Euglena gracilis Z

(Constantopoulos, 1970) and to low magnesium or high potassium

concentrations in cultures of Chlorella sorokiniana (McCarthy and

Patterson, 1974a,b).

Temperature has been shown to affect the chemical nature (Patterson,

1970; Olson and Ingram, 1975), total lipid fractions (Patterson, 1970;

Aaronson, 1973) and production (Smith and Morris, 1980) of lipids in
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various phytoplankton species, and the ambient light regime also exerts

an influence. Lipid composition has been shown to vary between light

and dark periods (Nichols, 1965; Nichols et al., 1967; Fisher and

Schwarzenbach, 1978; Pohl et al., 1971; Katayama and Benson, 1967),

and with light intensity (Opute, 1974). Total lipid fractions may

increase (Orcutt and Pattersen, 1975) or decrease (Iwamoto et al.,

1955a) with increased light intensity, depending on species or culture

conditions.

Although certain trends in lipid production may be identified in

individual studies, a search for generalizations that can be extended

leads to frustration. For example, McCarthy and Patterson (1974a)

reported increased total lipids with potassium deficiency while Spoehr

and Milner (1949) found the opposite. Spoehr and Milner (1949) also

reported an often cited lipid fraction of 85% in nitrogen starved

Chlorella pyrenoidosa but Klyachko-Gurvich (1974) and Semenenko (1972)

reported lipid fractions of about half this value under similar, although

not identical conditions. Similarly, Iwamoto et al. (1955) reported

an 85% lipid fraction in Chlorella ellipsoidea after 4 days of nitrogen

stress while Zhukova et al. (1969) reported a much lower fraction of

65%. Differences in results of various investigations are perhaps not

surprising since the form of the nitrogen supply (Conover, 1975), the

duration of the stress period (Healey and Hendzel, 1975; Werner, 1977b)

and basic culturing techniques (Richardson et al., 1969; Iwamoto and

Sugimoto, 1958a) appear to affect the results of phytoplankton lipid

studies.

In view of these inconsistencies which preclude any simple
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generalizations regarding lipid storage by phytoplankton, and in view of

the current interest in phytoplankton lipids as a potential commercial

source of hydrocarbons (Dubinsky et al., 1979; Shifrin and Chisholm,

1980) a broad based and internally consistent study of this phenomenon

was undertaken. The objective of this study was to determine the lipid

fraction in a number of species from the Chlorophyceae and the Bacillario-

phyceae growing under various environmental conditions. The influence

of nitrogen depletion on lipid storage received a major effort because

of the obvious need for N-depleted cells to channel photosynthetic

products into N-poor compounds. The effects of Si-starvation (for

diatoms), and non-optimal temperatures were also examined along with

variations in lipid storage in cells grown on light/dark cycles.
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METHODS

General. Unless otherwise indicated, cells were grown in continuous

light a an intensity of 190 .E m s (cool white fluorescent bulbs)

in 200 ml batch cultures at 230C. The cultures were bubbled with a:Lr,

scrubbed through activated carbon, 15 ZnCl2 (to remove ammonia),

distilled water, and a sterile cotton filter. Marine organisms were

grown in seawater collected 1 mile off Nantucket, Massachusetts and

enriched with nutrients to the composition f/2 (Guillard, 1975) and

freshwater organisms were grown in WC medium (Guillard, 1975). In all

cases the nitrogen source was nitrate.

Nitrogen starvation experiments were performed by transferring

log-phase cells to nitrogen-free medium in batch culture. Cultures

were grown for several days in complete medium and transferred at least

1 or 2 days before reaching light-limited stationary phase. After

taking aliquots for the various log-phase measurements the remaining

culture was centrifuged aseptically and the cell mass was transferred to

200 ml of fresh N-free medium. This resulted in a dilution factor of

about 2 for cultures transferred from log-phase to nitrogen stress growth.

For the cell cycle and the nitrogen enrichment experiments, a

continuous culture apparatus (cyclostat) similar to that described in

Chisholm and Costello (1980) was used. A 1000 ml jacketed, glass vessel

(Belco 1968-01000), was equipped with two ports to accommodate feed and

exhaust lines. Fresh medium was pumped in continuously (Harvard Apparatus

Co.) at a dilution rate of 1 day and temperature was maintained at 20C

with a circulating constant temperature bath. Effluent was removed

through a tube at the surface of the culture forced by positive pressure
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resulting from continuous aeration of the culture. Hourly composite

samples of effluent were collected in a refrigerated (0C) fraction

collector (Buchler Instruments). The light source was 4-20 watt cool

white fluorescent bulbs which supplied an intensity of 190 E m s

at the surface of the culture vessel.

In all experiments growth was monitored by either in vivo

fluorescence (Turner Designs 10-005R), optical counts using a Fuchs

Rosenthal Chamber and in some cases by electronic particle counting

(Coulter Electronics Model Zf). Freshwater organisms were prepared for

the Coulter Counter by first fixing with 1% formaldehyd followed by an

appropriate dilution in an electrolyte solution (Coulter Isoton II).

Experimental cultures were inoculated from log-phase stock cultures

grown under conditions identical to those used in the experiments long

enough to achieve reproducible growth rates.

Dry weights were measured by filtering an appropriate volume of

culture on precombusted (450'C, 1 hr) 24 mm Reeve Angel 984 glass filters

using less than 5 cm Hg vacuum. The filters were dried at 80% to

constant mass (45 to 90 ins.). Salts from marine cultures were

removed by washing the cell mass and filters with 0.65M ammonium

formate (NH4Co2H).

Total lipids were extracted using a micro-Soxhlet apparatus and

high purity, glass distilled (Burdick and Jackson Laboratories, Inc.)

chloroform:methanol (2:1) as the solvent mixture. For extractions, cells

on the filter from the dry weight measurement were placed in a solvent-

washed extraction thimble (Whatman 10 x 50 mm, single thickness) in the

Soxhlet apparatus, which was allowed to reflux for 2 to 4 hours as
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determined appropriate for a given species by extraction time series

(Chapter 3). Following extraction, the samples (solvent plus lipids)

were centrifuged for 10 min at 750xo and 5 to 10 sequential 0.1 ml

aliquots of the supernatent were evaporated in tared, 12 mm aluminium

weighing pans on a 100C hotplate. The residue was then measured

gravimetrically (Cahn Model 25 Electrobalance). Total lipids, computed

from this procedure, were corrected for a blank obtained by running the

same extraction and measurement procedure with a clean thimble containing

no cell mass. Blank values always ranged between 5 an 10% of the

experimental data, and the recovery efficiency of the entire procedure

(measured by using a known amount of safflower oil) was always greater

than 96%.

Nitrate (plus Nitrite) and Silicate were analyzed according to

the methods described in Strickland and Parsons (1972) modified for

smaller sample volumes. Particulate nitrogen and carbon were measured

on a Perkin Elmer (Model 240) CHN analyzer.

Identification and sources of the species used in the study are

given in Table 4.1. Marine organisms were obtained from R.R.L. Guillard,

Woods Hole Oceanographic Institute. Most freshwater species were

obtained from the culture collection maintained by R. Starr, University

of Texas at Austin. Nannochloris sp. and Ourococcus sp. were isolated

several days after copper treatment of Mill Pond in Woburn, Massachusetts

(McKnight, 1979). The two Chlorella vulgaris clones and the two

Chlamydomonas applanata clones were isolated near a copper mine at the

River Hayle in Cornwall, Great Britain (Foster, 1977). Additional identi-

fication and properties of the species studied are given in Table 4.1

for reference.
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RESULTS AND DISCUSSION

Species Screening and N-deficiency. Since a major objective of

this work was to compare the cellular lipid fractions in various

phytoplankton species under optimal growth conditions and to try to

establish the upper limits of lipid storage capacity in these species

(the latter motivated by the bioconversion question) an experimental

protocol was established to simultaneously achieve these goals. The

design was based on the premise that N-deficient cells should show

enhanced lipid production. For these experiments cultures were grown

up until they reached late log-phase cell densities at which time a

sub-sample was taken for the suite of analyses. The remaining cells

were aseptically centrifuged and resuspended in N-free medium. These

cultures were then sampled 3 or 4 and 7 or 9 days after the transfer

to N-free conditions. All species were preconditioned and handled in

an identical manner throughout the screening experiments so that the

problem of unaccountable variability was eliminated.

The difference in lipid fractions (as % of dry weight) among all

species in log-phase growth were significant (Table 4.2). The range

was from 12.5% in Chlorella vulgaris to 46% in Monallantus salina.

The average lipid fraction for the green algae in log-phase was 17.1 +

4.4% (+ 1 S.D.) compared to 24.5 + 4.7% for the diatoms on a total dry

weight basis. On an ash-free basis, this difference was magnified with

greens and diatoms having average lipid fractions of 18.8% versus 36%,

respectively.

During log-phase growth, cell nitrogen averaged 6.2 + 2% (+ 1 S.D.)

of dry weight for 24 species (Table 4.2). Several low values of about
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2.8% were measured for log-phase cells but inadequately low sample mass

may have prevented accurate results or the cells may not have been

growing optimally on the NO3 nitrogen source. Cellular carbon

averaged 40.9 + 10% of dry weight for 24 species in log-phase (Table

4.2). Seven of these species were diatoms, however, which, due to their

higher ash content, distorted other cell fractions in terms of total

weight percent. Considering only the log-phase green algae the average

cellular carbon fraction was 47.1 + 3.3%. The ratio of carbon to

nitrogen mass , C:N (Table 4.2), was 7.1 + 2.1 for 24 species in log-

phase. This result agrees with other C:N ratios measured in phytoplank-

ton from upwelling zones (Slawyk et al., 1978) as well as in nitrogen-

rich laboratory cultures (Caperion and Meyer, 1972; Conover, 1975).

When log-phase cells were transferred to N-free conditions, an

enrichment of % cell carbon by a factor of 1.1 to 1.2 over log-phase

values was noted in all but 3 species after 7 to 9 days (Table 4.2).

By the end of the starvation period, cell nitrogen generally decreased

by a factor of 2 or 3 which agrees well with the magnitude of increase

in cell number implying simple dilution of the N cell quota by division.

For species which have also been studied for cell-N quotas (molar) by

others, it has been noted (Table 4.3) that cell-N at the end of the

nitrogen starvation period was often near the values given as sub-

sitence quotas (e.g., see review by Shuter, 1978). However, variations

in cell size, both between and within species classifications, make

comparisons of molar quantities difficult. Alternatively, cell-N as a

percent of cell mass or C:N ratios might be compared among species.

However C:N ratio increases during nitrogen stress also reflect a certain

degree of carbon enrichment during the starvation period as mentioned
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above. In this study, C:N ratios increased by up to a factor of 8 and

resulted in an average of 24.3 + 8.9 for 28 species after 7 to 9 days

in N-free medium. This reflected an average cellular nitrogen fraction

of 2.4 + 1.3 percent of dry weight. The highest C:N ratio measured

was 44.5 in Nitzschia palea during nitrogen starvation. Chemostat

studies (Eppley and Renger, 1974; Caperon and Meyer, 1972; Shuter, 1978;

Goldman et al., 1979) have shown increased C:N ratios ranging from 20

to 50 with nitrogen limitation.

In general, nitrogen starvation doubled or tripled the lipid

fraction in green algae so that after 4 to 9 days of starvation, lipid

fractions of 35 to 50% were commonly measured (Table 4.2), and the

largest lipid fraction measured under this condition was for M. salina

which contained 72% lipids after 9 days.

The response of several physiological parameters to growth in

nitrogen-free medium is shown in Fig. 4.1 for Chlorella pyrenoidosa Chick

(corresponding data for over 30 other species are given in Appendix

A2). In general after transfer to N-free medium, cells continued to

divide for several days (Fig. 4.la). Fluorescence patterns (Fig. 4.lb)

varied considerably according to species. In the case shown, fluores-

cence varied in a bimodal fashion. Fluorescence in other species

increased for several days before decreasing steadily. In about half

of the species surveyed, the average mass per cell decreased slightly

(Table 4.2), but in all cases the total dry weight per volume of

culture increased as in Fig. 4.1C. This dry weight increase varied

according to species, the lowest factor being 1.2 for S. costatum and

the highest factor being 6.8 for N. palea (Table 4.4). This reflected

continued, cell growth over the N-stress period. The cellular nitrogen
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decrease (Fig. 4.ld) reflected cell division (i.e. dilution of nitrogen

per cell) in a nitrogen deficient environment. The lipid fraction

increases (Fig. 4.1e) conbined with the dry weight increases resulted

in a 5-fold increase in the mass of lipid per volume of culutre in this

species and a range of 1.5-fold (T. seudonana) to 13.4-fold (0.

polymorpha) increases for all species (Table 4.4). In 11 out of 28

species the mass of new lipids synthesized per volume of culture during

N-stress was greater than the total biomass present at the onset of

the stress period. In the extreme cases (N. palea, 0. polymorpha,

Ourococcus sp., M. salina) 9 days of nitrogen starvation produced new

lipid mass that was 2 to 3 times the originally present total biomass.

As has been previously suggested (Fogg, 1959), to some degree lipid

fraction increases during nitrogen stress may be inadvertently due to

a decrease in other cellular components such as proteins (Healey,

1979). Indeed, in some species the mass/cell decreases over the interval

of N-starvation could account for the increased lipid fraction with no

change in the absolute amount of lipid per cell. However, at least for

the 11 species which produced an additional lipid mass in excess of the

original biomass, there is no doubt about the active role of lipid

synthesis during nitrogen stress. Similarly, Fogg (1965) and Opute

(1974b) both observed that new carbon fixed during nitrogen stress was

preferentially assimilated (50 to 70% of the total) into the lipid

fractions.

A more thorough time course of the change in lipid fraction in cells

as they become N-deficient was examined for two species (Fig. 4.2a,b).

In Oocystis polymorpha (Fig. 4.2a) the lipid fraction increased somewhat
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linearly during the first 5 days in N-free media and then appeared to

taper off. The daily measurements which showed an increase in the lipid

fraction from 16.5 to 30% (of dry weight) over 6 days agreed quite well

with a previous, less frequently sampled experiment also shown in Fig.

4.2a). In nitrogen starved Chlamydomonas applanata, linear increases

in the lipid fraction continued for up to 17 days (Fig. 4.2b)

suggesting that in species that could tolerate prolonged periods of N-

depletion, higher lipid fractions might have been realized. The rela-

tionship between cell nitrogen and lipid fractions for these two species

was quite similar (Fig. 4.2c). Nitrogen fractions (% of dry weight)

ranged from 1.7 to 8.2% for . polymorpha and 1.8 to 7.5% for C.

applanata. Corresponding lipid fractions ranged from 34.7 to 16.5% for

0. polymorpha and 46.5 to 18.2% for C. applanata. Although cell N and

lipid fraction appear to be directly related, this should not be

interpreted as implying direct causality.

The general trends for the marine diatoms studied under N-stress

were quite different than those observed for the green-algae. During

the time period studied, their lipid fraction usually only increased

slightly (e.g., Skeletonema costatum SKEL) or actually decreased (e.g.,

Thalassiosira weisflogii Actin) under N-starvation (Table 4.2).

Conover (1975) found similar results for lipid carbon in nitrogen

starved T. weisflogii when the preconditioning nitrogen supply was

NO3. However when nitrogen starvation followed growth in ammonia,

lipid increases were noted after about 7 days. The relatively rapid

and large lipid increases in Cyclotella cryptica, Nitzschia palea and

possibly Navicula pelliculosa under nitrogen stress were the most

dramatic responses in the diatom group and more closely resembled

the response by green algae. Opute (1974b) and Bardour and Gergis

(1965) also found rapid lipid increases in N. palea under these

conditions.
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In overview, the general trend observed in this species survey

was that lipid storage was increased in green algae under nitrogen-

stress while this effect was less clearly defined in marine diatoms

(Fig. 4.3). This is shown better by clustering the data for the 2

taxonomic classes according to lipid fraction changes between log-

phase and nitrogen-stress (Fig. 4.4). The mean response of lipid

fractions over the 7 to 9 days of stress for each class is significantly

different at the 99% confidence level. Werner (1977b) has pointed out

that diatoms under nitrogen-stress commonly store carbohydrates

initially and shift to lipid storage only after extended periods of

stress. Thus it is possible that enhanced lipid fractions could have

resulted with extended incubation times. The one coccolithophore species

examined in this study (Hymenomonas carterae) showed a decreasing lipid

fraction under nitrogen stress, similar to some of the diatoms.

It should be noted that groups of species clustered in Fig. 4.4

could have been distinguished as marine vs. freshwater instead of

diatoms vs. green algae. Unfortunately such a grouping would be based

since most of the diatoms were marine species and all but three of

the green algae were members of the freshwater group. Although there

is no totally justifiable reason for clustering the data either way,

Werner (1977b), Opute (1974a) and Kates and Volcani (1966), all have

suggested that there are no distinguishable differences between marine

and freshwater algal lipids whereas many physiological differences,

lipids being one, might be expected between the two taxonomic (greens

vs. diatoms) groups.

Lipid fractions as high as 85%, as reported earlier for Chlorella
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pyrenoidosa (Spoehr and Milner, 1949) and C. ellipsoidea (Iwamoto et

al., 1955a) were not found in any species in this study. The highest

lipid fraction observed under the conditions of the N-stress experi-

ments performed here was 72% for M. salina after 9 days, and none of the

Chlorella clones contained more than 40% lipids under N-stress. It is

not clear whether these lipid fractions would have increased under

longer periods of nitrogen starvation but they certainly did not reach

the levels reported previously (Iwamoto et al., 1955) after only 4 days.

One other species, Botryococcus braunii, was examined (Fig. 4.3)

but does not appear in Table 4.2 because it was not subjected to the

usual experimental protocol. This species, known for its extremely

slow growth rate (.02 day , Belcher, 1967) and high lipid content

(Hillen and Warren, 1976; Douglas et al., 1968), had a lipid fraction

of 70% (Fig. 4.3) under "log-phase" growth (it had a two month growing

period prior to the measurement).

In the initial stages of the species screening experiments it was

noted that species which tended to have the highest lipid fractions

(e.g. Nannochloris sp. and Ourococcus sp., Fig. 4.3) were known to be

copper tolerant (McKnight, 1979). In an attempt to extend this

observation further, a group of 5 species, each having a demonstrated

copper tolerant clone and a copper intolerant clone, was used. This

group was comprised of Monallantus salina, Skeletonema costatum,

Biddulphia aurita (Guillard, pers. comm.), Chlorella vulgaris and

Chlamydomonas applanata (Foster, 1979). The clones were screened for

lipids during log-phase and nitrogen stress (see paried clones denoted

with "+" and "-" in Fig. 4.3) according to the protocol described

70



above. For all paired clones except Biddulphia aurita, the copper

tolerant strain had a higher lipid fraction under N-stress. The most

significant example of this was C. vulgaris in which the tolerant clone

had nearly twice the lipids of the intolerant clone. These observations

as well as related experiments which suggest that toxic levels of copper

inhibit lipid storage (Appendix 1; Shifrin and Chisholm, 1980) invite

(but perhaps do not justify) speculation regarding the interaction

between lipids and copper tolerance. To even imply causality from such

results at this point would be premature.

Recovery From Nitrogen Starvation. From previous studies, the

general response of N-starved phytoplankton cultures to nitrogen

enrichment can be characterized. Respiration has been noted to

increase significantly over the initial several hours after nutrient

(NO3 or NH4+) addition (Syrett, 1953; Syrett, 1956; Healey, 1979)

while carbon fixation decreases (Thomas et al., 1976; Healey, 1979).

Falkowski and Stone (1975) have suggested that during recovery, carbon

fixation is in competition for metabolic energy with nitrogen uptake

which can be greatly enhanced in starved cells (Eppley and Renger, 1974;

McCarthy and Goldman, 1979). Retarded total carbon increases have

been measured to correspond to a decrease in the carbohydrate fraction

(Hattori, 1956; Syrett, 1955) with a coincident increase in protein

(Healey, 1979) while lipids have been reported to increase slightly

(Syrett, 1956).

To examine the effects of recovery from N-starvation on lipid

storage, the continuous culture system was used (see Methods). 0.
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polymorpha was grown in the system with a continuous feed of N-rich

media (with 2mM Tris buffer) under constant illumination at 200C.

At the onset of the experiment the continuous feed of complete medium

was turned off and nitrogen in the medium was depleted by a combination

of cell growth and periodic dilution with nitrogen-free medium.

Physiological measurements, including cell nitrogen and nitrate in the

growth medium, were monitored during this time. The culture was

maintained in a nitrogen deficient condition (zero nitrate concentration

in the medium) for 5 days at which point a single addition of fresh

nitrate was made which resulted in a concentration of 750 jg-at NO3 in

the medium. Physiological measurements were then taken over the sub-

sequent 53 hours.

Following the nitrate spike in this study, cell nitrogen began to

increase immediately, reflecting an uptake rate of 0.38 jig-at N mgC hr

(0.53 pg N cell hr ) over the first 24 hours (FIg. 4.5b). This

amounted to a specific uptake rate (V) of 3 day 1 which might be

considered the largest value for V considering that the cells had a

near zero growth rate due to NO3 deprivation and had nitrogen quotas

of 20% of N-replete cells. This value was 3.3 times that of the

average specific uptake rate for cells prior to nitrogen starvation

which were growing in the cyclostat in N-rich medium at an average

specific growth rate of 0.9 day . Other species (T. pseudonana 3H) have

shown a 7-fold increase in the maximum specific uptake rates (NH4 )

for severely N-limited cells compared to cells growing in N-rich

medium (McCarthy and Goldman, 1979).

While nitrogen was being rapidly taken up, cell numbers remained
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constant during the initial enrichment period but the average mass per

cell increase by 20% (Fig. 4.5a). During the same period the lipid

mass per cell as well as the lipid fraction increased. Although

Syrett (1956) also noted a slight increase in lipid fractions after

enrichment, the increase noted in this experiment (Fig. 4.5c) may not

be statistically significant (see the error bar in the figure ). If

it is significant, however, it could reflect rapid synthesis of

pigments during recovery. Although Healey (1979) has reported

no change in chlorophyll until 8 hours after a nitrogen addition,

increases in accessory pigments, chlorophyll precursors, or chloroplast

membranes might account for the initial lipid increase. At the 24

hour point of this experiment, the lipid fraction (Fig. 4.5c) was at

the same level as it was right before the spike. Between 24 and 48

hours, cell nitrogen began to decrease (Fig. 4.5b) as the average mass

per cell decreased and cell numbers increased (Fig. 4.5a). Lipid

fraction and lipid mass per cell also decreased over this interval

(Fig. 4.5c) but never reached the low levels characteristic of log--

phase cells (see - 144 hr, Fig. 4.4c). Since cell N also did not

increase to the pre-spike level, the cells apparently became N-limited

again towards the end of the experiment and thus the lipid fractions

remained slightly elevated.

During the first division burst after enrichment, cell numbers

increased by a factor of 4 while the lipid per cell decreased by a

factor of 3.3 and lipid per culture volume increased by a factor of

1.3. Until that time, there had been no decrease but possibly a slight

increase in lipids. This suggests that during recovery cellular
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lipids were diluted out by cell division rather than consumed by

oxidation. Thus it is possible that lipids stored during nitrogen

stress may not be mobilized as an energy source during the initial

recovery period. This would be in contrast to one of the general

notions of lipids as a source of metabolic energy (Lehninger, 1970;

Spoehr and Milner, 1949; Fogg, 1959; Nichols et al., 1967),

but at a time of high metabolic activity during cell repair, the

most energy efficient route for a cell might be to draw on already

reduced and stored compounds (i.e., excess lipids) for the restoration

of other reduced compounds. Such a reapportionment of reduced compounds

has been measured previously in Chlorella pyrenoidosa recovering from

nitrogen stress. Triglycerides decreased while other lipids increased

during 24 hours after nitrogen enrichment (Klyachko-Gurvich, 1974).

It is felt however, that additional work is needed to resolve whether

excess lipids stored during N-stress are used for energy or as a supply

of reduced carbon for cellular components (or both) during recovery.

Silicate Starvation. To examine the effects of Si-depletion on

lipid storage in diatoms, Cyclotella cryptica was grown in batch

culture in f/2 medium with 80 Ar Si. 64 hours after inoculation, the

silicate supply was depleted from the medium (Fig. 4.6a). Lipid

fractions were then monitored over the next 36 hours.

After 6 hours of Si-starvation the lipid fraction in C. cryptica

increased 1.4 times over the late log-phase value of 30% of dry weight

(Fig. 4.6b). Similar rapid increases in lipid stores have also been

observed by Werner (1977a) in the same species. In this experiment
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(Fig. 4.6) cell division stopped fairly soon after the onset of Si-

starvation and, within one generation time (c. 12 hrs.) the mass

of lipid per cell doubled. This increase was partly due to an

increase in the lipid fraction (from 30 to 42% of dry weight) and partly

due to an increase in the mass per cell (from 234 to 349 pg). Thus

by the end of the 12 hour period, the amount of lipid per cell was that

which would have been found in two daughter cells. It is possible that

silicate limitation synchronized the population by halting frustule

deposition (and thus division) while allowing other processes in the

division cycle to be completed through what would otherwise be the next

generation period. Such synchronization could cause an apparent

enhancement of lipid storage.

Synchrony and Light/Dark Cycles. The results from the silicon-

starvation experiments prompted the general hypothesis that when

population growth is stopped abruptly by nutrient depletion, all the

cells might be arrested at the same stage (probably G1) of the cell

cycle. If the lipid fraction changes over the cell cycle, and is

maximal at the time of arrest, the increased lipid fractions observed

in these non-dividing stressed cells could be a reflection of cell

synchrony rather than the stressful conditions per se.

To test this hypothesis, an experiment was designed in which lipid

fractions were measured over the cell cycle in light/dark synchronized

populations of Oocystis polymorpha. The population was then released

into continuous light (synchrony persisted for one cycle) to separate

the direct effects of the light/dark cycle from cell cycle phenomena.
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For this experiment 0. polymorpha was grown in a cyclostat system on

L:D 12;12 (see Methods for details), followed by one cycle of continuous

light. Cell division mainly occurred during the last 6 hours of the

dark period in the light/dark cycle and this pattern persisted 24

hours later under continuous light (Fig. 4.7a and Appendix 2). On the

average, relative cell numbers, corrected for a dilution rate of 1

day , increased by a factor of 2.4 during the predawn division period.

Optical examination during this period showed the presence of cells

releasing 2, 4 or 8 autospores.

In the light/dark cycle, average cell volume (as measured on the

Coulter Counter), mass per cell and dry weight in 0. polymorpha showed

a distinctive phased pattern (Figs. 4.7a,b,c). Both cell size measure-

ments correlated very well with division, with large cells occurring

just prior to division. Dry weight per unit culture volume showed

an almost sinusoidal variation over the light/dark cycle, decreasing

as soon as the lights went off and increasing during the light period.

Lipid fractions remained fairly constant throughout both light regimes

of the experiment (Fig. 4.7c). The lipid mass per cell, on the other

hand, showed a significant cycle under both light/dark and constant

light which closely paralleled the pattern for the total mass per cell

(Fig. 4.7c). Thus, for 0. polymorpha, much of the lipid increase per

cell occurred in the dark. As in silicate starved C. cyptica, such

lipid increases corresponded to the lipid mass to be expected in the

next generation of cells. Lipid fractions, however, remained essentially

stable and independent of cell division over the entire light/dark cycle

and during the following period of continuous light. This is important
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to consider because it suggests that in healthy phytoplankton, the

only quantitative changes in total lipids over a daily cycle are those

associated directly with ceLl division. It should be noted, however,

that two similar experiments showed a small but significant increase

in lipid fraction (c. factor of 1.4) right before cell division

(Appendix 2, Figs. A2.34, A2.36) but daily variations in pH due to the

use of unbuffered medium make these results difficult to compare to

the experiment just discussed. Increases in the lipid fractions may

indicate a metabolic disturbance, whereas increases in the lipid mass

per cell may simply represent normal cell functions prior to cell

division. The important point in these experiments is to make the

distinction between the two.

Although, Sundberg and Nilshammar-Holmvall (1975) have reported

diel variations of lipid droplets in synchronized cells of Scenedesmus

obtusiusculus CHOD and Gons and Mur (1979) and Tillberg et al. (1971)

have reported changes in heats of combustion over the cell cycle, such

results do not separate fractions from mass quotas. Similarly, daily

cycles in phytoplankton buoyancy have prompted measurements which showed

that the lipid mass per cell in Ditylum brightwelli appeared to

correspond to the cell division period and inversely to bouyancy

(Anderson and Sweeney, 1977), although lipid fractions would have been a

more appropriate parameter for buoyancy. Qualitative changes in lipids

have also been noted in cells grown on light/dark cycles. Otsuka and

Morimura (1966) found that non-polar lipids containing Oleic acid

increased significantly during the growth phase and were consumed

during cell division and Fisher and Schwartzenbach (1978) noted a
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decrease in palmitic and palmitoleic acids in Thalassiosira pseudonana

during dark periods. However, the total mass of fatty acids remained

constant. Nichols et al. (1967) found that synthesis of fatty acids

in the dark was limited mainly to saturated and monoenoic acids.

Hence, although qualitative changes are likely to occur over the

light/dark cycle the results of this study suggest that for 0. polymorpha

at least, total lipid fractions do not change significantly over the

cell cycle. Thus enhanced lipid fractions in populations under stress

cannot be attributed to synchrony as hypothesized above.

Temperature. To measure the effects of culture temperature on

lipid storage, duplicate flasks of 0. polymorpha and C. cryptica were

grown in complete media, at 15, 23, 36, and 420C and total lipids were

extracted during log-phase. Growth rates varied over this temperature

range from 0.6 to 4.2 divisions per day for 0. polymorphia and 0

to 3.1 division per day for C. cryptica (Fig. 4.8). In 0. polymorpha

the lipid fraction was highest (27.9%) at 36%C (Fig. 4.8a) while for

C. cryptica a trend with temperature was more difficult to discern

(Fig. 4.8b). The depressed lipid fraction at 23%C for C. cryptica

was also noted in a similar experiment performed a year earlier.

Although there is no obvious explanation for this phenomena, it is

intriguing (and probably coincidental) that Patterson (1970) also

noted a similar depression in the lipid fraction of Chlorella sorokiniana

at 220C.

Average cell size (i.e., mass per cell) decreased by a factor of

3 in 0. polymorpha with increasing temperature and appeared to level
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off at about 60 pg/cell between 36 and 420C (Fig. 4.8a). This

decrease in cell size, also noted by Aaronson (1973), may be due to

the larger average number of newly released, smaller autospores in a

faster growing, high temperature culture. These cell-mass decreases

were responsible for a general decrease in the lipid mass per cell with

increasing temperature for both species.

As with these two species, past studies have also precluded

generalizations between species regarding lipids and temperature.

Trends in lipid fractions with temperature were difficult to discern

in Chlorella sorokiniana (Patterson, 1970) but were more pronounced in

Ochromonas danica (Aaronson, 1973) which had more lipids when grown at

higher temperatures. 0. polymorpha in this study showed larger lipid

fractions at high temperatures but the thermophillic alga, Cyanidium

caldarium has a lipid fraction of only 7.2% at 500C (Ikan and Seckbach,

1972). Moreover, natural populations adapted to low temperatures,

near 00C, sometimes have shown large proportions of fixed carbon rapidly

going into lipids (Smith and Morris, 1980). This covers the gamut of

possibilities for lipids and temperature and it is possible that, except

for specific cases, the only general effect of temperature on plant

lipids is to decrease the degree of saturation at colder temperatures.

Such responses, which have been well noted (Gardner and Stowe, 1979;

Harris et al., 1978; Olson and Ingram, 1975; Kleinschmidt and McMahon,

1970; Patterson, 1970), may be for the regulation of the phase and

viscosity of lipid components.
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CONCLUSIONS

Laboratory studies of 30 species showed a distinctive consistency

of lipid fractions within a taxonomic class but only during log-phase

growth. Diatoms had lipid fractions about 1.3 times larger than green

algae under log-phase conditions. During nitrogen starvation all

such generalizations broke down, however. Green algae tended to respond

with increased lipid fractions on the order of 2 to 3 times their log-

phase values but, depending on the species, diatoms responded with

either increased or decreased lipid fractions over the 9 day time period

studied. On the other hand, silicate starvation in Cyclotella cryptica

caused substantial lipid increases over a period of just 12 hours. In

green algae, excess lipids stored during N-stress do not appear to

rapidly disappear after a reintroduction of nitrogen to the culture.

Cell synchrony experiments with Oocystis polymorpha in light/dark cycles

and in continuous light showed that lipid fractions were quite constant

over a 24 hour period but lipid mass per cell varied daily with cell

size and division. Increased culture temperatures resulted in increased

lipid fractions in 0. polymorpha but not in C. cryptica.

The value of this study is that it provides an internally consistent

and broad survey of phytoplankton lipids under several naturally

occurring conditions. Given the variability found among species under

some conditions, it has pointed out when generalizations are possible

and when they are not. This will be particularly useful when

considering previous reports on phytoplankton lipids or when planning

future studies on this important metabolic product. This study also
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provides fundamental physiological data to serve as a basis for an

analysis of engineering applications of oil production by phytoplankton.

Such an analysis is presented in the next chapter.
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Table 41 Identification and physiological reference values of
species investigated.

Growth rates are those at which other parameters were measured.
"UTEX" identification numbers are those from the culture collection
at the University of Texas (Starr, 1978).
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Table 4.1 Identification and Physiologic&l Reference Values of Species Ivestigated

k CELL SIZE CELL-N ASH ADDITIONAL

SPECIES (div--1) () (W3
) molesXlO1 5 (Z) IDENTIFICATION

Botryoocua bauii utz.

Chlmjdomonas pplanta Pringas.

C. apZanata Prings.

ChLorelZa pyrenoidosa Chick

C. pyrenoidosa Chick

C. pyrenoidoea Chick

C. pyrenoidosa Chick

C. ellipeoidea Gerneck

C. vulgaris BiJerinck

C. 'ulga2ia BeiJerinck

Monodus subterraneus Peterson

Nannochloris sp.

Navicuia peZiculoaa (Brib.) Etile

Nitzschia pales (Kutz.) W. Sm.

Oocystis polymorpha Groover & Bold

OurococausB sp.

Scenedewusa obliquua (Turp.) utz.

Selenaatrt giacile Reinach

Synedra ulna var. haeeana Thomas

Biddutphia aurita STX88

B. aurita -1

CycLoteZla cryptica 7C

Dunalliela tertiolecta Dun

Hymenomonaa carterae Cocco2

MonaLlantu alina GSB Sticho

M. saalna Say 3

SkeZetonema costatw SKEL

S. coetatwn FR-1

Thalasaiosira weisfZogii Actin,

T. peudonanna 3H

2.8

3.0

3.9

2.8

2. 7

:3.4

2. 7

2.9

3.2

1.1

2.6

1.1

.3.8

2. 9

3. 0

3.0

1..9

1.7

- - -U-- ITEX 572

- - - 6.8 Cu Tolerant Foster 1977

10.2

8.0 -

8.0 -

6.0 -

6.9 -

9.1 -

9.9 -

2.7

152

99.6

105.2

9.2

34.5

62.2

2313.0

2.3 766

1. 7 4022

2.6 66.4

2.3 70.1

1.8 353

1.5 5.4

1.0 4.2

2.7 44.3

2.7 23.4

2.7 639.4

3.3 14.2

60

42

43

37

31

53

39

16

46

185

258

4,460

2,626

25,281

284

210

807

30

25

323

208

2,877

70

8.0 Cu Intolerant

-- UTEX 26

UTEX 1663 SLANT 18 APR 79

--- UTEX 1663 SLAr 19 MAR 78

-- TJTEX 1671

--- UTEX 247

Cu Tolerant Foster 1977

--- Cu Intolerant

UTEX 151

Cu Tolerant Isolate, Mill

46.1 UTEX 667

36.6 UTEX 1813

--- UTEX 1645

10.4 Cu Tolerant Isolate, Mill

-- UTEX 1450

- UTEX B325

56.0 UTEX LB1966

31.2

34.4

20.0

26.8

36.6

13.8

5.2

26.2

14.4

45.6

24.9

Pond

Pond

R. Guillard

R. Guillard

R. Guillard

R. Guillard

I. Pinter, Woods Hole, JUL 58

J. Ryther, GSB, 1952

R. Guillard, GSB, 1965

R. Guillard, Eel Pond, JUL 69

R. Guillard

R. Guillard, L.I.S., 1956

R. Guillard, F.R., 8 SEP 58
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Table 4.2 Changes in cellular composition for log-phase and
nitrogen-starved phytoplankton. Species are listed in the same order
as in Table 4.1 to facilitate clone identification.
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Table 4.2 Chilgee in C11ulr Cpoaititoa for LoS-Pha and #itros-Stari Plytoplanktoa.'

T CELL ITRGEN X CELL CARM C:M X LIPIDS 106 CELL-.'
1

KASS/CELL (PS)

SPECIES L RATIO F L RAnO F L RATIO F L RATIO P L RATIO F L RATIO P

,hlaydonanae applanata 7.5 .3 2.2 52.9 1.0 51.8 7.1 3.3 23.4 18.2 1.8 32.8 - - - - -

C. ppzwam 6.2 .3 2.1 55.1 .9 50.1 9.1 2.7 24.3 16.0 1.8 28.8 - - -

.hlomelZ yrao.iolaa 8.3 .3 2.3 43.6 1.3 56.2 5.3 4.5 23.8 13.4 2.2 29.2 1.4 8.4 11.8 11 .3 3.0

C. pyrwidera 7.6 .6 4.2 47.3 1.1 50.5 6.3 1.9 11.9 14.4 2.5 35.8 2.4 2.5 6.1 8.0 .8 6.4

C. pr-noidosa 7.4 .4 3.1 47.5 1.1 53.7 5.9 3.2 19.2 16.4 1.9 30.6 3.6 2.1 7.7 8.1 .8 6.3

C. pyrenidosa 8.6 .7 5.8 45.6 1.1 50.3 5.3 2.2 11.9 16.0 2.2 35.5 5.6 2.1 12.0 5.1 1.2 6.0

C. aLTipa-i:ea 6.2 .3 2.0 44.3 1.1 49. 7.2 3.5 24.9 13.5 2.0 27.2 4.2 3.5 14.8 7.3 .4 2.7

:. ulgargi 8.2 .2 1.9 44.6 1.3 58.0 5.5 5.7 31.3 12.5 3.2 40.6 3.8 4.6 17.3 6.5 .8 5.0

C. mu'gar's 5.5 .3 1.5 45.6 1.2 54.1 8.3 4.3 35.7 13.0 2.2 28.8 3.7 2.4 8.8 10 1.4 14

0'aochoriu sp. 8.3 .2 1,8 47.0 1.2 58.4 6.3 3.2 20.1 20.2 2.4 47.8 8.3 2.6 21.2 2.8 .8 2.1

Naviula pelticuioa - - 0.8 - - 35.6 - - 44.5 - - 44.8 .002 560 1.12 15 1.2 18

Mitta'zshia palea - - 1.4 - - 36.3 - - 25.8 22.2 1.8 39.5 .04 8.8 .35 112 .7 83

qoncdus srarranoua - - 1.8 - - 53.2 - - 29.6 - - 12.6 - - .0 - - -

7ocyotis ,orymrpha 8.6 .1 1.2 45.6 1.2 55.0 5.4 8.2 44.2 12.6 2.8 . .4 6.0 2.4 110 .7 74

<a~.roc''s p. 7.0 .4 2.5 48.2 1.2 57.7 6.9 3.3 23.1 27.0 1.8 49.5 3.8 4.1 15.5 9.2 .7 6.6

Scen8dexa bliqa 7.5 .4 3.0 47.9 1.2 56.0 5.8 5.3 30.6 19.0 2.2 41.2 2.5 4.6 11.5 40 .6 25

Sle.'arwn gracile 5.8 .4 2.6 44.8 1.2 54.6 9.5 2.2 21 20.8 1.3 27.8 .08 22.5 1.8 62 .3 16

Syedra .lna 2.7 .9 2.6 30.3 1.0 30.2 11.2 1.1 12.6 23.0 .9 21.5 .003 2.7 .008 2313 2.0 4746

.idulphia .arita 8.8 .3 2.3 39.3 .6 23.7 4.5 2.3 10.3 19.1 .9 17.2 .02 2.0 .04 4022 .7 2657

B. aurita 4.8 .5 2.5 31.6 1.2 39.0 6.6 2.4 15.6 32.6 .4 12.2 .04 1.3 .06 766 2.4 1832

C¢/ZotalZa cryptica 6.0 .4 2,1 31.7 1.2 39.1 5.3 3.5 18.6 23.0 1.6 36.8 .4 3.0 1.2 66 .8 56

DuIiaIlz ttioZcta 4.2 .3 1.4 26.7 1.1 29.2 7.2 2.9 20.8 21.2 .8 18.0 .6 3.0 1.8 70 1.1 74

Hfi,,0weOmO ca.erae 3.2 .4 1.2 40.9 .9 36.1 8.6 3.5 30.1 20.0 .7 14.3 .3 2.0 .6 353 1.1 382

Mo=ZZT ue salina 4.3 .6 2.6 48.2 1.1 51.9 6.8 2.4 16.2 40.8 1.8 72.2 3.7 2.8 10.5 5.4 1.7 9.0

.. Salina 8.4 .5 4.5 59.6 .9 51.0 7.1 1.6 11.2 46.0 .9 42.3 7.9 1.1 8.5 4.2 1.8 7.6

Skcatooa cotatuff 10.2 .6 5.8 41.4 .7 29.4 4.0 1.3 5.2 23.8 1.3 30.3 .9 .9 .8 44 1.4 60

S. ~coett-o., 12.5 - - 46.2 .7 33.8 3.7 - - 23.2 .9 20.4 1.0 .7 .7 23 2.3 52

Thalaioaaira weisflogii 6.3 .3 1.8 43.0 1.2 51.6 13.6 2.1 28.6 22.2 1.1 24.0 .07 4.0 .28 640 1.0 640

T. pseudon.a 2.9 .4 1.1 17.6 2.0 35.4 5.9 5.4 32.2 24.3 1.1 26.4 1.9 2.0 3.8 18 .7 12

* -- .--.---- ,-,.-..,-,- --'… upocles art iis1.9 2.0 .8 18 .7l1
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values are given as the mean from duplicate flask. C:N ratios are based on .aas values.
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Table 4.3 Comparison of nitrogen subsistence quotas with cell
nitrogen in cells measured at the end of the N-starvation period.
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Table 4.3 COMPARISON OF NITROGEN SUBSISTENCE QUOTAS WITH CELL

NITROGENa IN CELLS MEASURED AT THE END OF THE N-STARVATION PERIOD

N QN Reference for Q N

0~~~~~~~~~

Chlorella pyrenoidosa 12.1 4.9 Ketchum and Redfield, 1949

Scenedesmus obliquus 31.8 53.5 Thomas and Krauss, 1955, 1954

Skeletonema costatum 35.0 248 Harrison et al., 1977

Thalassiosira weisflogii 5)00.0 822 Conover, 1975

T. pseudonana 16.5 9.4 Caperon and Meyer, 1972

a Subsistence quotas, Qo N (literature values) and Cell Nitrogen, QN
0

(this study) are both in 10 mol/cell.
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Table 4.4 Changes in dry weight and lipid mass per culture volume
from log-phase to nitrogen-starved cultures.

Log-phase cells were transferred to nitrogen-free media and
measured for lipids and dry weight immediately thereafter (column "L"),
3 or 4 days after transfer (column "M") and 7 or 9 days after
transfer (column "F"). The ratios, R and R2, refer to the change in
these parameters from log-phase to the midpoint (R1 = M/L) and the
final point (R2 = F/L), respectively. Species are listed in the
order as in Table 4.1 to facilitate clone identification.
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Table 4.4 Changes in Dry Weight and Lipid Mass Per Culture Volume Pro. Log-Phase to Nitrogen-Starved

Culture

TOTAL D WRIGT (/t)

SPECIES L N · 1I 2

Chlnydaomonas applaiata

C. appLanata

ChlorelZa pyrenoidoaa

C. pyrenoidosa

C. pyrenoidoea

C. pyrenoidosa

C. elZipsoidea

C. vulgaria

C. vulgar-is

Monodus ubterraneou

Ncnochori8 sp.

Navicula peLZiculoea

Nitzschia palea

Oocystie polymorpha

Ourocoocu sp.

Scenedeamus obliquua

SeZenastrwn gcile

Synedra una

BidduLphia aurita

B. aurita

Cyclotella cyptica

DnaZlie a tertioLeota

Hymenomonas crterae

Mona liantue 8alina

M. alina

Skeletonema ootatwn

S. costatfl

Thalasioeira weiflogii

T. pseudonana

73.0 182.9 282 2.5

143.8 230.4 309.2 1.6

16.5 41.6 36.2 2.5

28.6 40.4 48.1 1.4

19.0 34.6 43.3 1.8

33.4 52. 3 61.8 1.6

29.1 64.0 47.8 2.2

34.0 91.0 86.6 2.7

36.7 135.3 164.0 3.7

2.8 13.2 -

22.0 44.7 46.2 2.0

5.3 26.0 40.2 4.9

4.3 22.8 29.2 5.3

37.4 152.5 178.5 4.1

34.5 96.8 110.4 2.8

99.0 231.1 289.6 2.3

4.9 24.2 27.0 4.9

7.1 21.8 23.7 3.1

35.2 96.0 126.2 2.7

29.1 108.1 118.2 3.7

26.5 99.8 67.7 3.8

45.3 131.2 129.1 2.9

82.6 202.8 211.8 2.5

31.7 106.6 102.2 3.4

34.8 64.2 64.4 1.8

38.7 84.5 47.9 2.2

29.7 38.4 36.6 1.3

44.6 182.1 169.4 4.1

34.2 59.8 47.3 1.8

3.9

2.2

2.2

1.7

2.3

1.8

1.6

2.6

4.5

2.1

T.5

6.8

4.8

3.2

2.9

5.5

3.3

3.6

4.1

2.6

2.8

2.6

3.2

1.8

1.2

1.2

3.8

1.4

LIPID PER CULTURE (g/)

L M F R1 R2

13.3 40.4 92.8 3.0 7.0

23.0 38.9 89.0 1.7 3.9

2.2 13.9 10.5 6.3 4.8

4.7 12.7 14.7 2.7 3.1

2.7 - 15.5 - 5.7

5.3 20.1 21.9 3.8 4.1

3.9 12.3 13.0 3.2 3.3

4.2 28.7 35.2 6.8 8.4

4.8 23.8 47.2 5.0 9.8

- - 1.7 - -

4.6 20.6 22.1 4.5 4.8

- 5.0 18.0 - -

0.9 6.8 11.6 7.6 12.9

4.8 45.9 64.2 10.2 13.4

9.3 39.6 54.6 4.2 5.9

18.8 75.1 118.9 4.0 6.3

1.0 6.2 7.5 6.2 7.5

1.6 3.6 5.1 2.2 3.2

6.7 22.5 21.6

10.2 14.0 14.4

6.1 29.1 24.9

9.6 16.9 23.2

16.5 22.7 30.3

12.9 55.6 64.3

16.0 38.4 27.2

10.4 18.8 18.1

5.4 9.8 10.7

9.9 31.5 40.7

8.3 13.7 12.5

3.4 3.2

1.4 1.4

4.8 4.1

1.8 2.5

1.4 1.8

4.3 5.0

2.4 1.7

1.8 1.7

1.8 2.0

3.2 4.1

1.6 1.5
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Fig. 4.1 Cells, fluorescence, dry weight, lipids and cell-N
during nitrogen starvation for Chlorella pyrenoidosa Chick: dashed
and solid lines represent duplicate flasks. Data for cell numbers
and fluorescence between days -1 and 0 indicate log-phase growth
in complete medium prior to transfer to N-free medium (arrows at day
0). The clone of Chlorella pyrenoidosa Chick presented in the figure
corresponds to the identification in row 7 of Table 4.1.
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]Fig. 4.1

- CELLS

I

I I a
'- 0 2 4 6 8

DAYS

7

E

2

FLUORESCENCE

!5

DRY WEIGHT (W)

i II 

I - 1 

"0 2 4 6 8

CELL-N

'75

el

50

3:
0
0"

'Se

I I . I i I

0 2 4 6 8
DAYS

LIPID FRACTION 40

30

20

- *1 ~ ~ - -

I . I

-s
E

IC

I I , I r-

"0 2 4 6 8

- LIPID per CULTURE
VOLUME

/
/ .. ' '

v 0 2 4 6 8

Chlorello pyreno/doso Chick (UTex 1671)
- -- Flask I
.... Flask 2

* Transfer to N-free

91

If

I
0A
La
z

I

IU

3:
0

0

m.

I

I

I

i I i i
I i I I I a t i I 



Fig. 4.2 Nitrogen starvation and lipid fractions in 2 green
algae;

a) Time Series, Oocystis polymorpha. Nitrate determinations in the
medium as well as particulate nitrogen were made daily to verify the
onset and progress of nitrogen deficiency. Squares represent measure-
ments taken from duplicate flasks during a separate experiment (at
230C).

b) Time Series, Chlamydomonas applanta, effect of extended
nitrogen starvation. Cells were grown in 200 ml batch cultures at
23%C. Data shown are the mean and range of duplicate flasks.

c) Lipid fractions and cellular nitrogen for 0. polymorpha
(circles and solid line) and C. applanata (triangles and dashed line).
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Fig. 4.2
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Fig. 4.3 Phytoplankton lipid fractions during log-phase and
nitrogen starvation: cells were grown in complete medium followed by
transfer to nitrogen-free medium. The top of each white bar represents
the lipid fraction during log-phase growth, the top of the cross-
hatched bars represent either 3 or 4 days after transfer to nitrogen-
free medium, and the stippled bars represent 7 or 9 days after transfer.
Numbers in parenthesis are growth rates (divisions day-l) measured
during the log-phase portion of the experiment. Symbols after a species
name ("+" or "-") indicate a known relative tolerance or sensitivity,
respectively, to copper in the growth medium.
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Fig. 4.3
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Fig. 4.4 Comparison of lipid fraction response to nitrogen starvation

for diatoms and green algae. Shaded envelopes contain the data from the

two classes of phytoplankton. At a given day, each data point respresents

a different species. The response is represented as the relative change

for each species compared to its log-phase lipid fraction as given in

Table 4.1. The t-test values represent the significant difference between

the mean responses of the two classes at the 95 and 99 percent confidence

level. The t-test values, A, were calculated by subtracting the difference

of the means at a given day of each group, X, from the deviation of the

combined means:

A = X1 - X21 tp,21 SEX (1)

where the standard deviation of the combined means is defined by:

Sxl x
S-=- + S2(2)
X 1/2 1/2

for n data points in each group. The anamolous point for the greens

represents Dunaliella tertiolecta, which was excluded from the cluster

envelope (but not from the statistical calculation) because low log-phase

measurements of cellular carbon (26%) and nitrogen (4.2%) suggested that

it entered the nutrient starvation period in an already stressed condition.
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Fig. 4.5 Effect of recovery from nitrogen starvation on cell
mass (a), cell nitrogen (b) and lipids (c): medium nitrate was allowed
to be depleted in a culture of 0 polymorpha and then N03 was reintro-
duced ( hrs.) at a concentration of 750 pg-at N03 . For reference,
data are also shown for log-phase cells (-144 hrs) and for 4 day old
nitrogen-starved cells (-24 hrs). The error bar shown in (c) is the
average coefficient of variation of mean lipid fraction determinations
from 15 sets of 3 replicates for this species.
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Fig. 4.6 Effect of silicate starvation on lipid fractions in
Cyclotella cryptica.

a) Time course of the depletion of medium silicate and population
growth.

b) Lipid fraction (shaded circles) and lipid mass per cell
(open circles) after the onset of silicate starvation.
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Fig. 4.7 Variations in dry weight, lipid fraction, and cells
over a light;dark cycle followed by continuous light: continuous
culture of 0. polymorpha was grown at 2000 at a dilution rate of 1.0
d-l. Culture medium had Tris buffer added to maintain a pH of 8.1.
Dashed line represents the cell washout rate due to dilution in the
absence of cell growth. Shaded period represents the time when the
lights were off. Cross-hatched period represents the time the
pseudo-dark period (i.e., the period when the lights normally would
have been off). a) Cell counts and Average Cell Volume (ACV).
Discontinuities were due to amplitude setting changes in the Coulter
Counter. b) Dry Weight and Lipid Fraction. Error bar for the lipid
fraction is the representative coefficient of variation, described in
Fig. 4.5. c) Lipid Mass Per Cell and total mass per cell.
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Fig. 4.8 Effect of temperature on cell size, growth rate,
lipid fraction, and lipid mass per cell. Log-phase measurements for
a) Oocystis polymorpha and b) Cyclotella cryptica. The open circle for
C. cryptica represents 23°C data taken a year earlier.
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Chapter 5

Applications
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INTRODUCTION

The laboratory studies described in Chapter 4 provided fundamental

information on lipid production in phytoplankton. Based on these

data, feasible ranges can now be chosen for what might realistically

be encountered in an outdoor oil production facility. Given such

expected ranges for oil yields, an economic analysis will be presented

(see also, Shifrin and Chisholm, 1980). Tradeoffs and possible process

improvements will be discussed based on the laboratory studies on

nutrient stress, elevated culturing temperatures and copper tolerance.

This analysis assumes that mass culturing algae is generally feasible.

The many technological aspects of mass culturing, such as mixing,

light limitation, nutrient supply, harvesting, overall pond design and

climate are summarized briefly in the review in Chapter 6, and have

been considered in detail by those prominent in the field (Shelef et

al., 1977; Soeder, 1976; Oswald, 1973; Benneman et al., 1978; Ryther

et al., 1972; Dunstan and Tenore, 1972; Goldman, 1978; Goldman and

Ryther, 1977; Richmond, 1976; Shuval et al., 1975; Middlebrooks et al.,

1979; Middlebrooks et al., 1978; Dubinsky et al., 1979).
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YIELDS

Lipid fractions and total algal biomass production are the two

important yield factors for this analysis. Under normal conditions in

a pond predominated by green algae, lipid fractions would be expected

to be about 15% of dry weight (see Fig. 4.3). This value is used in

the analysis below for calculating methane fuel yields from ordinary

algal biomass. For an oil bearing process, it is assumed that ponds

can be maintained with species containing more favorable lipid

fractions. The way this might be done is discussed below. In these

cases, a lipid fraction range of 25 to 50% of total dry weight will be

used which is considered feasible to optimistic. The lower figure

was chosen as feasible because the laboratory studies (Chapter 4)

showed that several species in normal, log-phase growth contained

25% lipids. The larger value was chosen as optimistic because 50%

lipid fractions were measured in many species but under what might

be considered extreme conditions. These conditions, such as nitrogen-

or silicate-starvation, increase lipid fractions but slow down

growth. On the other hand, lipid fractions might also be increased at

higher culture temperatures (e.g., 30 to 350C) with the added benefit

of increased growth rates. These tradeoffs are analyzed below.

An areal yield for total biomass (dry) of 15 gm-m day was

chosen for the analysis. From Goldman's world survey of mass cultur-

ing facilities (1978), this figure has reportedly been maintained Eor

prolonged periods in several outdoor situations. Larger yields have

also been achieved over sustained periods. In mass culture ponds

using sewage as a substrate, four-season average total biomass yields
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of 44.2 gm-m 2day- 1 have been reported (Shelef et al., 1980). Of this

yield, 25 gm-m day- 1 was due to phytoplankton and the balance was

bacterial production. The range for algal biomass yield for the year

M-2 -l -- 2 -1haels
was 11 to 35 gm-m day . Yields as high as 60 gm-m day have also

been reported (Shelef et al., 1973), but currently such yields are

achievable only for short periods under highly favorable environmental

conditions.
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PROCESS ANALYSIS

Nutrients. To reach the optimistic end of the lipid fraction

range, elevated temperatures, copper tolerant organisms or nutrient

stress might be used. First, the tradeoff between harvesting log-

phase cells with low lipid fractions vs. nutrient starved cells with

high lipid fractions (but with retarded growth rates) must be assessed.

The critical parameter in this case is the length of time under

nutrient stress required to increase lipid fractions to a desired

level. To analyze this tradeoff one might compare the production of

both systems using the parameters for lipid production established

from the laboratory experiments.

The concentration of lipid, L, in a culture is:

L = N M F (5.1)

where:

L = lipid concentration (pg/ml)

N = cell concentration (cells/ml)

M = average mass of one cell (pg/cell)

F = lipid fraction (% of dry weight 100)

Assuming M and F are constant for a healthy growing phytoplankton

culture, the lipid concentration at any time, t, can be described

simply by the exponential:

L
= et (5.2)

L
0

where:

111



LT = lipid concentration (pg/ml) at the time t

L = initial lipid concentration
0

= specific growth rate (day- 1 )

The ratio, Lt/L , thus represents the lipid yield over a time period,

t. This ratio, for exponential growth, is a function only of the

increase in N which in turn depends on and t. In nutrient stressed

growth all the physiological parameters in Equation 5.1 may vary,

and L can be calculated at two different times.

For a given species with known values for the physiological

parameters (dependent variables), the allowable nutrient stress trade-

off time can be assessed with the two equations. For the sake of

argument the best case parameters from the experiment with Si-limited

Cyclotella cryptica (Fig. 4.6) will be used to compare lipid production

via the two routes. (It is the best case because of the short time

interval required for enhancement of lipid fractions under Si-stress

versus N-stress).

The data obtained from the experiment with C. cryptica were:

LOG-PHASE CELLS Si-STARVED CELLS:

P = 1 day t = 0.5 day

N = 2.4 x 10 cells/ml N = N
o t o

M = 245 pg/cell M = 349 pg/cell
o t

F = 0.306 F = 0.403
o t

By Equation 5.1, the lipid increase ratio for the nutrient stress

experiment (12 hours or 0.5 day) was:

Lt/L = 1.88
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From the equation for exponential growth (Equation 5.2), a slightly

longer period (15 hours) would be required for the same lipid increase

ratio and thus silicate stress produced slightly more lipids, given the

experimental values for the parameters. Realistically, the required

time for equivalent lipid production in the two systems might be

considered essentially the same in this best case. Thus nitrogen

starvation might result in slower lipid production compared to log-

phase cultures. However, the nutrient-starved case may still be the

production route of choice if extraction is more efficient at higher

lipid fractions per cell and if nutrient starved cells are more fragile.

Temperature. The effect of increasing the culture temperature

can also be assessed with Equation 5.2. In cases where lipid fractions

as well as growth rates increase with temperature, such as was noted

for Oocystis polymorpha described in Chapter 4, significant improvements

in oil production might be realized. In the best case for Oocystis

(Fig. 4.8):

200C 360C

F: 0.15 0.25

V: 1.4 day 2.75 day

At a standing stock of 1 gm-1 of biomass, these values, according to

Equation 5.2, would result in oil yields of 0.6 versus 3.9 gm-l day

at 2000 and 360C, respectively. The higher temperature would produce

over 6 times more oil in cultures that are not limited by any

environmental factor. In outdoor cultures, where growth is usually

light limited, the main influence of higher temperatures might be to
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increase lipid productivity via increased lipid fractions in species

which respond in this manner (e.g., Oocystis).

Copper Tolerant Species. During the screening experiments it

was noted that copper tolerant species produced some of the largest

lipid fractions in the ensemble, particularly under nitrogen stress

(Table Al.l, Appendix 1). Paired clone experiments, where one clone

had a tolerance to copper and the other did not, showed that the

former clone most often had larger lipid fractions under nitrogen

stress (see Appendix 1). This was particularly true for Chlorella

vulgaris. An experiment studying the effect of elevated cupric ion

activities on lipid production also was performed. Cupric ion

activities toxic to the intolerant clone but not to the tolerant clone

inhibited growth and lipid synthesis in the former but not in the

latter. These experiments are by no means conclusive but they do

suggest the possibility of enhancing lipid production with the use of

copper in culture ponds. Species control and the elimination of

predation can be a problem in large outdoor cultures and an appropriate

cupric ion activity might allow the maintenance of a preferred, lipid-

rich species and limit predation. For example, the clones of

Nannochloris and Ourococcus listed in Table 4.2, both of which produced

relatively large lipid fractions, were isolated from Mill Pond in

Massachusetts a week after the lake was treated with copper sulfate.

These two species continued to grow well in the pond after treatment

while many other phytoplankton and zooplankton nearly disappeared

(McKnight, 1979). Laboratory experiments indicated that these two
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species grew at 80% or more of their maximum growth rate at cupric ion

activities 1 to 4 orders of magnitude higher than those levels that

were toxic to many other species (McKnight, 1979).
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PROCESS DESIGN

The hypothetical schematic outline of the process to produce

phytoplankton lipids on sewage would include an exponential growth

phase, possibly a nutrient stressed linear growth phase, and liquid-

liquid extraction of the culture to recover the oil product with or

without prior solids concentration (Fig. 5.1). The simplest route

(Process A) would ideally yield 160 bbl (1 bbl Z 150 kg of oil (50%

lipid fraction @ 15 gm day ) plus residue of 50% of the original

biomass. The exponential phase would utilize current high-rate pond

technology (Oswald, 1978; Shelef et al., 1978a; Soeder, 1976). The

nutrient stressed system would utilize continuous plug flow hydraulics

to impose nutrient limitation. As discussed above, whether or not

the nutrient stressed phase is advantageous depends on the rate of

enhanced lipid production in nutrient stressed conditions relative

to log-phase growth rates and the potential for increased extraction

efficiency.

At present, the liquid-liquid extraction stage in Fig. 5.1 is

simply a proposed process--but one which might eliminate the energy

intensive and difficult harvesting step. In the laboratory, a 90%

recovery of vegetable oil emulsions in water (in concentrations

equivalent to what might be expected in mass cultures) has been achieved

using chloroform as the solvent (Shifrin, unpublished). However, an

inability to lyse cells in vivo might be a problem with this approach.

The alternative would be solvent extraction following solids concentra-

tion via air flotation (Shelef et al., 1978a; Bare et al., 1975)
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microscreening (Middlebrooks et al., 1974; Barker, 1979; Kormanik and

Cravens, 1978), or intermittant sand filtration (Reynolds et al., 1979;

Harris et al., 1977). Backflushing with the extraction solvent might

improve the operating efficiency if microscreening or sand filtration

were used.

A comparison of oil production, without residue (non-lipid

biomass) utilization versus methane digestion of the total algal

biomass (e.g., see Golueke and Oswald, 1959; 1965) is given as Process

A, C and D in Fig. 5.1. From heats of combustion, simple oil production

from lipid-rich algae (Process A) could yield 250 x 10 Kcal ha yr- 1

compared to a lower 190 x 10 Kcal ha yr- for methane conversion of

ordinary algal biomass (Process C). Digestion of lipid-rich algae

(Process D) would provide an energy yield about the same as simple oil

production (290 x 10 Kcal ha- yr ) due to the presence of more reduced

6 -l -1
compounds. The largest energy yield, 340 x 10 Kcal ha yr , would be

obtained by extracting the oil and digesting the residue from lipid-

rich algae (Process B).

Energy yields from methane digestion for the above analysis were

calculated according to Buswell's formula (Buswell and Mueller, 1952):

CHO (1 1 i i 1 1
CxHy z = (z -x)H 2 0+ -) + + )CO2 + ( + -Y z)CH4 (5.3)

The subscripts, x, y, and z appropriate to fats, carbohydrates and

proteins were used along with the relative proportions of each

component according to a 15% lipid fraction (Process C) and a 50%

lipid fraction (Process D). These simple calculations assume equal

digestibility of low lipid or high lipid biomass and ignore the
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formation of new, anaerobic acterial biomass. However, the yields

agree quite well with digester operating data reported by Garber et al.

(1975), Pfeffer (1974), Graef and Andrews (1974), and Graef (1974).

Several considerations should be kept in mind when comparing

these energy yields. First, the projections are gross yields, thus

process energy input for oil extraction versus digestion must be

subtracted from the values given in Fig. 5.1. Data from digestion

of livestock wastes have provided an energy output:input ratio of

1.2 (Summers and Bousfield, 1976) and a range of 0.7 to 2.6 (Fisher

et al., 1979). For algal oil, extraction process requirements are

not defined well enough to make comparable estimates. Second, the

nature of the final products must be considered. In some cases,

oil might be preferable to digester gas. This might be especially

true if one considers the end use of the product. A liquid product

may have advantages in terms of storage, direct combustion or

refining into other fuels. Moreover, phytoplankton oils might provide

a new supply on the growing vegetable oil market (Princen, 1979).

Biological oils, currently supply from 1 to 90% of the feedstocks in

some of the specialized chemical markets which include (Pryde, 1979a,b)

plastics, paints, adhesives and surfactants (Table 5.1). In addition

to importing almost an equivalent amount, the U.S. currently produces

about 1.6 x 10 kg yr of vegetable oil for such nonedible applications

and another 23.4 x 10 kg yr for eidble uses (Pryde, 1979a). These

oils currently range in prices from $0.83 kg for Castor oil to $1.50

kg for Tung Oil (Table 5.2). Phytoplankton oils could conveniently

be applied to these markets, thus conserving petroleum which would
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otherwise be used for some of the manufactured products. Chemical

feedstocks, primarily in the form of petroleum, account for about

6% of our total energy demand (CONAES, 1978).
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ECONOMIC ANALYSIS

Production Costs. Cost estimates for algal production can be

obtained from two sources: experimental mass culturing and sewage

oxidation ponds. Annual costs must include capital amortization and

operating costs such as mixing,chemicals and product recovery.

Normalized to a unit area basis (per hectare per year), total annual

cost estimates for mass culturing facilities vary from $1,200 (Benneman,

1977) to $22,000 (Richmond, 1976) to $44,000 (Shelef et al., 1978b).

The difference in these estimates is partly due to harvesting.

Benneman (1977) suggested the least expensive procedure of auto-

flocculation and sedimentation. However, such a process might be

unreliable (e.g., see Middlebrooks et al., 1974). The latter figure

(Shelef et al., 1978b) is the most conservative estimate because it

includes a 15% per year amortization on capital (including land at

$80,000 ha ) and uses more dependable (and more expensive) air

flotation for harvesting. This is the figure that will be used for

the analysis, below.

Additional cost data have been generated from work with sewage

oxidation ponds. Many components of mass culturing systems and

oxidation ponds are similar and cost comparisons might thus be made.

Torpy (1979) has estimated the total annual costs of ponds to treat

2,000 m3 day 1 of sewage at $130,000 and harvesting equipment and

operations (6500 m day ) at $34,000 for intermittent sand filtration,

$76,000 for microscreening, and $200,000 for air flotation. On an

areal basis these costs might amount to about $50,000 ha yr for
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ponds and sand filters at a detention time of 4 to 10 days. Such

detention times are short for normal oxidation ponds. They can be

considered high rate ponds where more mixing and shallower depths

would be provided.

Given the above costs, yields and potential products, three

levels of economic analysis have been performed.

Level 1. Simple Cost-Benefit. The simplest and most straight-

forward economic analysis of phytoplankton lipids results from

dividing total costs ($44,000 ha-lyr- 1) by the yields (80 to 160 bbl

ha yr ) to arrive at a product breakeven price. This is listed below:

BREAKEVEN PRICES FOR PHYTOPLANKTON LIPID PRODUCTS

Biomass Lipid Fraction Current Market Prices

25% 50%

FUEL OILS $550. $275. $30.

(per bbl)

INDUSTRIAL OILS $3.50 $1.75 $0.50 - $1.50

(per kg)

These figures assume a zero cost of nutrients which are supplied from

sewage. Nutrient requirements would be about 2,700 kg ha yr for

nitrogen (5% N), or equivalently 16 kg bbl- of product (50% lipid

fraction); and 820 kg ha-lyr- 1 for phosphorus or 5 kg bbl- of product.

This amounts to a sewage per capita equivalent of 100 to 200 per

hectare per year. It is important to note also that the production

costs do not allow for solvent extraction. However, this omission

may be somewhat offset by the costs for product harvesting by air
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flotation and dewatering which are included in the total production

figure. From the breakeven prices given above, it is evident that,

in this simplest of analyses, fuel oil products currently would not

be feasible. However, industrial oil products would be economical

even by this simple analysis.

Level 2. Sewage Treatment Credits. The next level of analysis

considers the benefits obtainable from using sewage as a substrate.

Sewage treatment, equivalent to that which may be expected from algal

ponds (Shelef et al., 1978a), updated to 1980, costs about $650

per million gallons (U.S. EPA, 1976). By taking a credit for this

cost (actually two-thirds of this cost to be conservative) and ignoring

for the moment the secondary products which could be processed from

the residuals after lipid extraction, a 50% lipid fraction would result

in breakeven prices of $19 bbl ($13 per 10 Kcal) for a fuel oil

product; $10 per 10 Kcal for methane digestion; and $0.12 kg for

a vegetable oil product. Of course, many assumptions are implicit in

these figures (see Table 5.3) but nevertheless they are from 50 to

1000% lower than current market prices for these commodities. The

retail price of natural gas (Boston) is $25 per 10 Kcal and about

$30 bbl for crude petroleum. Vegetable oils, as mentioned previously,

currently range in price from about $0.50 to $1.50 per kg.

In addition to a sewage treatment credit, other studies (Shelef

et al., 1978b; Dubinsky et al., 1979) have pointed out the possibility

of taking a water reuse credit from mass culturing by selling the

effluent for such purposes as irrigation. This is a supportable
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approach and, at a detention time of 4 days and a water resale value

as low as $0.26/100 m3 ($0.01/1000 gal), a water reuse credit of

$3,600 ha yr might be realized. (Drinking water in Boston,

Massachusetts, although of much higher quality, sells for 100 times

this value, or $1.00/1000 gal). However if the effluents from

mass culturing or conventional sewage treatment are comparable, then

either system could take this water reuse credit. In this analysis,

therefore, both the mass culturing costs and the sewage treatment

credit must be equivalently reduced by the water reuse credit leaving

the net cost unaltered. Thus a water reuse credit is omitted from

Table 5.3.

By considering the marketing possibilities of the residual

(non-lipid) biomass additional cost offsets might be realised. For

example, using the values in Table 5.3, oil from algae with a 25% lipid

fraction with the sewage treatment credit and with methane production

of the residual biomass would cost $11 bbl or $0.07 kg .

Level 3. Sewage as a Resource. The third type of economic

analysis takes the viewpoint of trying to optimize waste handling by

making sewage treatment a profitable venture rather than a financial

burden on society. As an example, data from the city of Sunnyvale,

California are used (RFP, 1980). Sunnyvale (population of 108,000)

currently uses 175 ha of oxidation ponds to treat an average 17

MGD of sewage. These ponds vary in depth from 1 to 1.6 m. Temperatures

in the ponds vary annually from 7 to 230C. With subsequent nitrifcation,

dissolved air flotation and dual media filtration, the system
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produces a high quality, advanced treatment effluent. The U.S.

EPA (1976) has published ranges of energy consumption for these unit

processes. Using the upper limit of the given ranges, the estimated

total power consumption of this advanced wastewater treatment plant

6 -1
is 1525 kW per million gallons, or 9.4 x 10 kW hr-yr . If the ponds

could be operated so as to recover the same product yields as in the

previous two analyses, energy equivalent to 48 x 106 kW hr-yr 1 could

be produced. Thus an energy output of 5 times the required input could

be realized by operating the system to produce phytoplankton lipids.

This energy, in the form of oil, could be used to run the plant or

could be sold to offset the plants's &M costs.
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DISCUSSION

This last analysis appropriately highlighted what is probably

the most realistic near-term commercial exploitation of phytoplankton

lipids--a local application where appropriate conditions already

exist. In fact, the city of Sunnyvale is currently soliciting

proposals to convert its ponds to an energy producting system but

via methane digestion of the biomass. Several other sewage treatment

plants already obtain energy by digesting biomass (Knopf and Clarke,

1979). The first analysis, where no sewage treatment credits were

taken, emphasized the current economic feasibility of producing

phytoplankton oils for the vegetable oil market. The weaker aspects

of the economic analysis were whether a biomass production rate of

15 gm-M day could be sustained and whether production would really

cost $44,000 ha yr . The latter figure was from actual operating

cost data (including capital, pond operation, harvesting and drying

costs) and was the largest of several figures found in the literature.

The former figure was obtained from a survey of programs, world-wide,

for mass culturing algae. Taking the mean of the average sustained

yields from 22 separate systems of various sizes gave an expected

biomass yield of 13 + 6.4 gm-m2 day , while year-round operations in

Israel have resulted in sustained average yields of 25 gm-m day

Thus the value chosen for the analysis is justified and perhaps even

conservative. At this point it is likely that only first hand

experience could provide better estimates.

When viewing the favorable breakeven prices from the second
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analysis where a sewage treatment credit was taken, it must be

recognized that they resulted from simple accounting. The accounting

does not make the oil any cheaper; it simply makes the other

constraints (e.g., sewage treatment) less painful to society. Also

the breakeven prices from this method depend on taking the difference

of two large numbers, small variations of which could produce

large changes in the final price. The sensitivity of the breakeven

price might be estimated by using current market prices to determine

the maximum allowable operating cost. At $30 bbl for oil and a

sewage credit at the estimated 1980 cost of treatment ($650/MG), the

breakeven total mass culturing costs would be $60,000 ha yr .

Thus a margin of 50% over the mass culturing cost estimate used in

Table 5.3 might still result in a commercially feasible application of

lipid-rich algae.

If sewage treatment is a key to a commercial mass culture process,

both for nutrient supply and for financing, then a knowledge of the

upper limit of supply of this resource will provide a proper

perspective on future development. For a crude estimate, assume

that nitrogen will be the limiting available nutrient. Assume that

sewage contains 30 to 80 mg/l as N (Metcalf and Eddy, 1972) and a

final nitrogen fraction in the biomass is 3 to 8% of dry weight.

If the total sewage produced in the United States is 130 million

m day (150 gallons per capita per day) then the upper limit of

production, at a 50% lipid fraction, is roughly 170 million bbl per

year or about 1% of the total U.S. energy demand.

Although this type of upper limit analysis has in the past
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resulted in pessimistic commentaries (Goldman and Ryther, 1977) other

perspectives are possible. First, as long as sewage treatment is

a given constraint, any type of treatment that results in an energy

surplus as a byproduct, is advantageous. Socolow (1977) concluded

that any energy conservation or production process that amounts to

1% of the U.S. total must be considered a significant factor in the

overall picture. Just as the use of low head dams for local energy

supplements is gaining renewed interest, the mass culture of lipid-

rich algae is also best considered on local scales where conditions are

suitable. Available land and wastes along with a need for irrigation

water would be attractive criteria. Such an application would

result in a local energy resource with the added benefits of sewage

treatment and irrigation water. Finally, the product obtained from

mass cultures must be considered. In this case it is oil. In a

market where projected demand exceeds supply, such as is the case with

either energy, vegetable oils, or industrial chemicals, any

incremental increase in supply which can be produced at the going

price will undoubtedly be considered quite acceptable.
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Production of hydrocarbon products in the United States
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Table 5.1 PRODUCTION OF HYDROCARBON PRODUCTS IN THE UNITED STATES

PRODUCT PRODUCTION BIOLOGICAL OILS PARTICIPATION
(10-Kg yr 1 ) (% of Total Market)

EDIBLE ANIMAL & VEGETABLE OILS 23.4 100

NON-EDIBLE USES:
Food & Vegetable oils 1.6 -
Industrial Oils 0.9 -
Animal Fats 4.1 -
Marine & Other 0.2 -

PLASTICS & RESINS 65.3 2-5

PLASTIC ADDITIVES 3.5 15

ELASTOMERS, synthetic 11.8 0

ADHESIVES 8.4 1

COATINGS 3.0 40

SURFACTANTS 10.1 45

FABRIC SOFTENERS 0.2 90

from Pryde, 1979a
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Cost of commercial vegetable oils
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COST OF COMMERCIAL VEGETABLE OILS

OIL COST/Kg

TUNG $1.50

LINSEED 1.23

COCONUT 1.04

CASTOR 0.83

CORN 0.79

COTTON SEED 0.75

SOY 0.59

from Pryde, 1979a
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Table 5.3 Economic Feasibility Analysis for Oil and Energy Products
from lipid-rich algae mass cultured on sewage.

Breakeven prices are the net production cost divided by the
yields, noted below, which depend on the biomass lipid fraction.
Additional benefits are from residuals remaining after extraction
of the lipids from the biomass.
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TABLE 5.3

NOTES

1. Shelef et al. 1978b. Includes all production costs, harvesting, drying,

equipment and land (15% return on capital).
2. Detention time of 4 days, ie., 950 m3 ha-ld-1 (0.25 MG ha-ldl- 1) with

a benefit of $0.12 m73 (450/MG) of sewage treated.
3. Yield of 160 bbl-ha-lyr- . Does not include cost of solvent extraction.
4. Yield of 26,300 m3 ha-lyr- l of "500 BTU" digester gas (4400 Kcal m-3)

for algae at 25% lipid fraction and 32 000 m3-ha-lyr- 1 at 50% lipid
fraction at a productivity of 15 gm-m~-d-l and according to
Equation 5.3.

5. Residuals yield of 15,900 m3-ha-lyr-1 at 25% lipid fraction biomass
and 9100 m3-ha-lyr- 1 at 50% lipid fraction assuming a current (1980)
market price of $0.025/1000l Kcal.

6. 45 tons of feed quality residuals for 25% lipid fraction biomass and
22 tons for 50% lipid fraction at a market price of $170 ton- 1.
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BIOMASS LIPID FRACTION

25% 50%

COSTS

TOTAL ANNUAL MASS CULTURING COSTS $44,000 ha yr- $44,000

MULTIOBJECTIVE BENEFITS

SEWAGE TREATMENT CREDIT2 $41,000 ha- yr- $41,000

NET COST OF PRODUCTION $ 3,000 ha yr- $ 3,000

PRIMARY PRODUCT BREAKEVEN PRICE FOR
ALTERNATIVE PRODUCTS OF:

FUEL OIL3 $38 bbl 1- $19

DIGESTER GAS4 $0.11 m $0.093

CHEMICAL or VEGETABLE OIL $0.24 Kg 1 $0.12

ADDITIONAL BENEFITS FROM RESIDUALS
AFTER LIPID EXTRACTION

METHANE DIGESTION5 $3500 ha yr- 1 $2000

ANIMAL FEED6 $7650 ha yr- $4250



Fig. 5.1 Process components for mass cultured lipid-rich
algae: solid lines represent the direct path from biomass to oil.
Dashed lines represent alternative or secondary process routes.
Yields are based on biomass productivity of 15 gm-m-2 day-1; a heat of
combustion of 10 Kcal gm-1 for oil; and, a methane heat yield of
4.2 Kcal gm-1 volatile solids for ordinary biomass digestion and 5.2
Kcal gm-l for digestion of lipid-rich algae.

134



Fig. 5. 1
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Chapter 6

Biomass and Energy
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INTRODUCTION

Less than a hundred-fifty years ago energy was supplied almost

entirely by biomass. In 1850, wood provided an estimated 2Q

(5.3 x 10 Kcal) in the U.S. and this was 10 times that supplied by

coal (Berg, 1980). Just 35 years later, however, coal use surpassed

wood, and the age of fossil fuel had begun. Today, dwindling reserves

of fossilized hydrocarbons have created a renewed interest in biomass

for energy, but this time around, society's needs are too complex to

be satisfied by simply throwing a few logs on the fireplace. One-half

of the 2 x 10 m3 world annual wood harvest is used directly for energy

(Spurr, 1979) and rural countries, such as Nepal, obtain up to 87%

of their energy from wood (Lawand, 1979). In the U.S., however,

an extensive dedication of usable land to agriculture, industry and

municipal needs probably limits the possibilities of biomass energy

to highly optimized systems. The goal is to produce the most amount

of hydrocarbons on the least amount of land with the least amount of

energy input for cultivation, harvesting and product processing. Some

forms of biomass show promise for application simply because of unique

properties of the plant or plant product. To be generally acceptable

for commercialization, however, biomass resources must be able to

economically compete with the alternatives of photovoltaics synthetic

fuels from coal and shale.

In the past several years there have been many general discussions

and reports on biomass and energy for the U.S. (Burwell, 1978; Board-

man, 1977; Pimentel, 1978; Schooley et al., 1978; Antal, 1978; Hall,

1978; Hall, 1979a; Slesser and Lewis, 1979; Mitsui et al., 1977;
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Lautner, 1975; Klass, 1978) and for other countries (Hall, 1979b;

Mackillop, 1978; InterGroup Ltd., 1978; Soderquist, 1980; Rosseau

et al., 1979; Lindeman and Rocchiccioli, 1979; Stout et al., 1978).

Numerous symposia on biomass energy have been held, the most recent

being the World Congress and Exposition on Bioenergy in Atlanta

which convened individuals from 76 countries to discuss biomass

research (see for example, Ableson, 1980). The concept of

energy farms has been discussed by various proponents (Calvin, 1979;

Lipinsky, 1978; Szego and Kemp, 1973; Inman et al., 1977; Mariani

et al., 1978) and argued against others (Grantham and Ellis, 1974)

and several journals have dedicated major portions of issues to energy

and biomass (Science, 10 February, 1978; Science 14 April 1978; Energy

Consumption, January 1970; Biotechnology Letters, May 1980). The

U.S. Congress has maintained an interest in biomass energy beginning

with a large volume covering a hearing before the Committee on Science

and Astronautics (U.S. Congress, 1974) and more recently through

an extensive study contracted by the Office of Technology Assessment.

This latter study, a summary of which is being published at the time

of this writing, covers all aspects of biomass. Finally, perhaps the

most extensive coverage of current biomass research is published

annually in the Bioenergy Directory by the Bioenergy Council in

Washington. The April, 1980 edition covers ongoing or recently

completed research, development and demonstration projects totalling

approximately $160 million in funding. Much of this funding comes

from the U.S. Department of Energy and other government agencies.

The purpose of this review is to put the potential of biomass :Ln
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perspective by delineating all the available resources, describing the

state of the art of all aspects of biomass energy, and comparing these

achievements and projections with current hydrocarbon supplies. Its

comprehensive while somewhat concise coverage of the topic hopefully

makes it unique. Although all the facts and figures may be a little

overwhelming, an effort was made to make them as palatable as possible.

Only the most current biomass research was condensed to provide enough

detail to make this an up-to-date reference for assessing the potential

of proposed biomass energy schemes. The data are presented to allow

one either to substantiate the claims or dispell the myths about

biomass energy. An argument will be constructed in detail which

concludes conservatively that biomass could supply a total of 9 Q yr1

of energy (Table 6.1) without infringing upon existing agricultural

and silvicultural needs. This agrees with previous estimates on gross

biomass energy yields (Schooley et al., 1978; C & E News, 1979).

For comparison, an optimistic gross energy yield from biomass of

23 Q yr is also delineated in Table 6.1. This value was calculated

by assuming that all available biomass resources could be recovered

(e.g., all the residues; all idle cropland).
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BASICS

The basic resources needed to produce biomass are sunshine, land,

water and nutrients. Only primary production of biomass is being

considered, so the basic process is photosynthesis. Consideration of

biomass production is often confused by several vaguaries which must

be clarified (Table 6.2) at the onset. Terms involving production (or

productivity as it is sometimes called), which is a rate, are often

obscure. Primary productivity is the rate at which organic material

is stored using sunlight as the energy source (in the case of photo-

synthesis) and carbon dioxide as the carbon source. Gross production

refers to the total amount of organic carbon formed over some unit

of time. Some of this fixed organic material (biomass) is spent on

metabolic needs through respiration processes. Subtracting such

losses from gross production results in net production (sometimes

referred to as yield) which is the rate of formation of actually

harvestable biomass over a period of time such as a year. The amount

of biomass present at a given time in a given place is called the

standing stock. It varies according to net production and loss rates.

For comparison, all data presented herein have been converted to net

productivity units of "gm-m day or where appropriate, net

production or yield over a longer time period in a large area such

as the United States. For these latter figures, units of "trillion

kg" have been chosen (wherever possible) to avoid the confusion

involved with "tons" (e.g. long tons, short tons, tonnes, metric tons).

Information surrounding solar energy also can be vague. The

energy contained in sunlight is a function of wavelength. The fooL-

141



proof method of accounting for solar energy is to count moles of photons

(Einsteins or "E") which results in the unit, "E-m sec 1 . However,

solar energy is most often averaged into heat units of "Calories" or

"Joules". The former is used herein, more specifically "million

Kcal", whenever appropriate. The important distinctions between

total solar energy, solar energy incident upon the earth's surface,

and the limited wavelengths of solar energy available to plants for

photosynthesis are discussed in Table 6.2 and in the section under

sun, below. Definitely the most convenient unit to use for discussions

on national energy requirements is the "Quad" (or Q, for quadrillion

BTU's). Although this is not a metric unit, its use appears to be

widely accepted. I

Finally, gross and net energy yield must be distinguished. Whether

it be biomass or petroleum, obtaining and using energy requires energy.

Fossil fuels must be removed from the ground, transported and refined

in the case of petroleum before they can be burned. These operations

require energy, directly and in the form of manufactured equipment.

In 1975, about 17 Q of the total 71 Q (i.e., 24%) consumed in the U.S.

was lost in such ways (CONAES, 1978). This amounts to a national net

Output:Input energy ratio of 3.2. Petroleum refining and distribution

losses have been estimated at about 10% (Socolow, 1977). Delivered

electricity contains about 25 to 30% of the original fossil fuel

required to supply it. Thus, although fossil fuels contain more unit

energy than biomass they are not produced for free in terms of

energy. Neither is biomass. Farming, particularly in the U.S.,

consumes large amounts of energy (Pimental et al., 1973; Hirst, 1974)
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in the form of tractors and fertilizer, among other things. About

0.3 Q yr are used to make nitrogen fertilizer in the U.S. (Burwell,

1978). As one example of farming energy costs, Marzola and

Bartholemew (1979) have estimated that 351 million Kcal per year are

required to grow and harvest 1 hectare of pineapples. The major

proportion of this is represented by fuel and fertilizer. The net

energy output:input ratio for some common U.S. crops has been estimated

at 3.8 for sugarbeets, 8.0 for wheat, 13.0 for corn and 27 for silvi-

cultural operations (Nathan, 1978; Stout, 1979; Boardman, 1977).

However, these energy ratios do not include wasted biomass (about half

of the total net produced) or requirements for conversion to useabLe

energy. Considering all of these factors, net energy output:input

ratios have been estimated for some commercially popular schemes such

as alcohol production. Using Louisiana sugarcane, these net ratios

would be in the range of 0.9 to 1.8 (Hopkinson and Day, 1980). Other

such figures, given in the section on conversion below, are in a similar

range. Hence the net yield of biomass fuels might realistically be

something like 10 to 20% of the gross energy contained in the biomass.

This should always be kept in mind when considering biomass energy.

Although this net yield is less than conventional fuels it represents

a renewable energy resource and this too should be kept in mind.

Sun and Photosynthesis. Before entering the earth's atmosphere

the flux of solar energy normal to the plane projection of the earth,

called the "solar constant" has a value generally accepted to be

2 cal cm 2min 1. The amount of solar radiation at the earth's surface
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might be considered the absolute upper limit for any process designed

to capture this energy. A detailed analysis of the variability and

factors affecting solar radiation as it travels through the atmosphere

and finally strikes a surface on the earth is given by Eagleson (1970).

Average values will be used here. About 40% of the total solar radiation

approaching the earth is available at the surface. Based on regional

solar radiation values given by Reifsnyder and Lull (1965), the average

value of available solar energy on a horizontal surface in the United

States might be estimated at 1.4 x 106 Kcal-m yr 1(Table 6.3).

Seasonal variations in areas such as the temperate Northeast create

variations of a factor of 2 around the annual mean. Geographical

differences, for example between the Northeast and Southeast, amounts

to a variability factor of 1.3 around the national average. Given a

12 2
total surface area of 9.2 x 10 m , the total solar radiation received

by the U.S. is thus about 12.9 x 1018 Kcal-yr 1which is almost 700

times the U.S. energy demand for 1979. The average solar radiation

reaching the entire earth's surface has been estimated at about

500 x 10 Kcal yr (Boardman, 1977; Rabinowitch and Govindjee, 1969;

Slesser and Lewis, 1979).

Several authors have recently reviewed the basic process and

efficiencies of photosynthesis in the context of fuel resources

(Calvin, 1976; Radmer and Kok, 1977; Alich and Inman, 1974), thus only

the important features of this process will be summarized here.

Depending on the pigments in a plant, much of the light used in

photosynthetic reactions is restricted to the visible wavelengths.

As result only about 50% of the total solar energy striking a
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photosynthetic surface is actually available to the plant. Thus of the

2800 cal cm day available beyond the earth's atmosphere (24 hour

basis), an average plant might only see" 10% of this or about 250

-2 -l
cal cm day . Light which is absorbed energy is used to split water

into oxygen gas, protons and electrons (Light Reaction). This sets in

motion processes which reduce CO2 to organic carbon (Dark Reaction or

Calvin Cycle). The simple, initial products thus formed (e.g.,

Phosphoglyceric Acid, PGA) are then biochemically transformed into

proteins, carbohydrates and lipids which represent, as stored chemical

energy, a certain fraction of the original total solar radiation

incident upon the plant. This fraction, or photosynthetic efficiency

as it is called, has certain thermodynamic and physiological limitations.

An idealized photosynthetic process might use 8 Einsteins of completely

absorbed red light (Rabinowitch and Govindjee, 1969) to fix one mo:Le

of CO2 into glucose. Thus 320 Kcal of red light would produce 114

Kcal of glucose resulting in a "perfect" efficiency of 35% (Fig. 6.1).

There is some dispute over the exact number of photons required to fix

a CO2 molecule and others have suggested that ideal photosynthesis

would operate at a 42% efficiency (Radmer and Kok, 1977). In terms of

total incident solar radiation, a 35% efficiency would result in a gross

biomass production of 234 gm m day (Fig. 6.1).

There are several factors which decrease this ideal gross value

into net production. Dark respiration is a process whereby some of

the photosynthesized organic matter is oxidized as an internal fuel

to provide energy for metabolic processes. It occurs in the light and

in the dark. Photorespiration is a light-dependent process occurring
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in the hloroplasts in which 02 competes with CO2 at the carboxylation

step in the Calvin cycle. This results in a reduction of overall

photosynthetic efficiency via decreased CO2 fixation and, in algae,

can result in the release of glycolate (e.g., see Stewart, 1974).

Elevated pH and 02 concentration favor photorespiration while elevated

CO2 concentrations retard it. As opposed to dark respiration, photo-

respiration results in no energy available to the plant for metabolic

needs. It simply results in a loss of carbon. Some plants have

evolved in a way which avoids a good deal of photorespiration by using a

different CO2 fixing enzyme which is not affected by 2 concentrations

(Hatch and Slack, 1966). Instead of forming PGA as their initial

photosynthetic product, these plants form acids with 4 carbons (e.g.,

Malate and Aspartate) and are thus commonly called C4" plants. These

acids are subsequently converted into metabolic products via the

Calvin Cycle as in C3 plants (e.g., see Bjorkmann and Berry, 1973).

Many highly productive plants such as sugarcane, corn, sorghum and

tropical grasses are C4 plants but evidence suggests that many other

efficient plants such as phytoplankton and aquatic angiosperms are not.

Basic research continues on C4 and C3 plants as well as on the

construction of artificial photosynthetic units (Calvin, 1980; Seeley

and Shaw, 1979; Brown, 1977; Hough and Wetzel, 1977; Morgan and

Brown, 1979). The use of photosynthetic processes to split water and

produce hydrogen gas (i.e. Biophotolysis) is also being actively

studied (Olson, 1979; Benneman et al., 1979).

Although net photosynthetic efficiencies as high as 18% have been

claimed (Pirt et al., 1980), most estimates argue that in general,
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the best net efficiency which might be achieved by photosynthesis

without photorespiration, is about 10% of total sunlight (Radmer and

Kok, 1977). This assumes a PAR (Photosynthetically Available

Radiation) of 44% of total sunlight, respiration losses of 10 to 20%,

and reflection losses of 10%. This would amount to a net production

of 67 gm-rm day at the light intensity used in Fig. 6.1.

Actual photosynthetic efficiencies are much lower than these

idealized values. General discussions on average world productivity

have estimated net efficiencies ranging from 0.07 to 0.3% of total. sun-

light (Slesser and Lewis, 1979; Rabinowitch and Govindjee, 1969;

Odum, 1971; Box, 1975).

The average yield for agricultural crops in the U.S. results in

about a 0.11% net conversion efficiency (Burwell, 1978). Under

favorable natural conditions net biomass production efficiencies of

0.5 to 1% might be expected while intensive cultivation has resulted

in net efficiencies as high as 2 to 3% for very efficient crops

such as sugarcane, algae and. water hyacinth (Matherne and Levine,

1977; Goldman, 1978; Woverton, 1980). Thus by dividing the solar

energy fixed at such efficiencies by an average heat of combustion of

5 Kcal gm 1 (dry) for biomass, an areal net productivity of 10 to 20

gm-i d of biomass might be considered favorable under current

practices in suitable environmental conditions.

Land and Water. Of the total 919 million ha in the U.S. (Burwell,

1978), 132 million are occupied by lakes and streams; 386 million ha is

considered farmland; 202 million ha is commercial forest (Pimentel,
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1978); and 193 million ha are classified as "other" which includes

such areas as desserts, swamps, marshes and urban areas (Table 6.3).

Actual uses of these land categories sometimes overlap (e.g., crops

are grown on forestland) but the further breakdown of land use given

in Table 6.3 presents the most pertinent land use patterns. Commercial

forest is defined as any land which is capable of producing more than

1.4 m3ha yr of new growth. It is estimated that of this commercial

forest land 59% is used for farming and related uses; 18% is maintained

by the U.S. Forest Service; 14% is maintained by the commercial

forest industry; and 9% is used as public land (Bethel et al., 1979).

There is an estimated additional 102 million ha of forest land but it is

classified as noncommercial by the growth criterion. There are

currently 135 million ha of harvested cropland in the U.S.; 21

million ha of idle cropland; 36 million ha of pasture; 183 million ha of

grassland; and 11 million ha of the U.S. farmland is occupied by roads

and buildings (Pimentel, 1978).

A large fraction of the area occupied by lakes and streams is

made up of the Great Lakes, which contains about 24.6 billion m3 of

water. Additionally, it is estimated that the U.S. has 40,000 Km of

ocean coastline (Goldman and Ryther, 1977).

Nutrients and Wastes. Sources of phosphorus and nitrogen for

biomass plantations must be considered (Table 6.3). It is estimated

that U.S. phosphorus reserves total 127 trillion kg (Goldman and

Ryther, 1977). Assuming that phosphorus constitutes about 1% of dry

biomass, these reserves, if not recycled, ultimately represent 12,700
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trillion kg of biomass. At an average heat of combustion of 5 Kcal

-l 18
gm , this would amount to 63 x 10 Kcal, total, or 5 times the annual

U.S. energy demand. Estimates of nitrogen fertilizer produced in the

U.S. range from .008 trillion kg-yr (Burwell, 1978) to .015 trillion

kg-yr (Nathan, 1978). For biomass at 7% nitrogen and 5 Kcal gm I

this amounts to about 1 x 10 Kcal yr or 6% of the annual U.S. energy

demand. The recycling of nutrients might offer a more sensible approach

to biomass production. Possible sources are sewage and livestock

wastes. Manure wastes in the U.S. total an estimated 26-36 billion

kg yr (Alich et al., 1976; Hammond, 1977). There are over 15,000

sewage treatment plants in the U.S. (U.S. EPA, 1979). Additionally

about one-third of all U.S. residences are served by on-site disposal

systems. Using an estimated average of 0.56 m3 of waste per person per

day (150 gal), 45 billion m3 per year are produced in the U.S. In the

U.S., sewage contains about 30 to 80 mg ZQ1 nitrogen and about 5 to

20 mg Cl phosphorus (Metcalf and Eddy, 1972). Using the Redfield

ratio of (atoms) 106C:16N:lP (Redfield, Ketchum and Richards, 1963)

for average biomass, this sewage if converted to biomass could produce

about 1% of the annual energy used in the U.S.
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CURRENT BIOMASS RESOURCES

Before considering the possibilities for high rate biomass

production (i.e. Energy Farms), a look at the existing biomass will

provide some perspective (Table 6.4).

Global Biomass, Terrestrial. According to the data given by

Deevey (1970), Odum (1971) and Slesser and Lewis (1979) world terrestrial

production (dry, net) is estimated to range from 80 to 130 trillion kg

-lyr . This is about 3 to 4 times larger than earlier estimates

(Schroeder, 1919). A breakdown of the terrestrial components (in

trillion kg yr ) is: forests, 60; grasslands and pastures, 14;

cultivated crops, 10; and desserts, tundras and other marginal lands,

1.5. Terrestrial production amounts to about 60% of total world

production. To put these numbers in perspective, if all of the

cultivated crops were burned for fuel, energy equivalent to about 2.5

times the annual U.S. energy demand would be supplied. Currently,

about one-half of the wood which is actually harvested in the world

(about 2 billion m yr ) is used directly for energy (Spurr, 1979). By

dividing the total world production (100 trillion kg yr ) by the

world's land area (149 million km ) the average biomass yield for the

world is 1.8 gm-m day 1 (Table 6.4).

Global Biomass, Aquatic. Actual growth rates of primary producers

in the sea are currently in dispute. Depending on the techniques and

interpretations of phytoplankton production measurements, growth

rates ranging between less than 1 to 8 doubling per day have been
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suggested (Sheldon, Prakash and Sutcliff, 1973; Sheldon and Sutcl:iff,

1978; Goldman, McCarthy and Peavy, 1979). Estimates of total ocean

productivity are based on such measurements. Hence, with some

reservations the commonly cited estimate of 40 trillion kg yr for the

total net ocean production might be used (Ryther, 1969, 1959). This

estimate was the result of over 7,000 productivity measurements in the

sea. If the current feelings about ocean productivity are true,

Rhyter's estimates will turn out to be too low. In the ocean, increased

nutrient fluxes in divergence areas (upwelling zones) make them about

6 times more productive than the open ocean on an areal basis, but

these areas contribute only about 0.5% of the total productivity in the

sea. Estuaries and reefs are about 20 times more productive than the

ocean on an areal basis. Although earlier studies estimated a net

productivity of 0.4 gm-m day for the Sargasso Sea (Ryther, 1959),

the above average oceanic product divided by the surface area of the

oceans(360 x 10 12m2 ) amounts to an average net productivity of 0.13

gm-m day for about 90% of the ocean. After averaging in the more

productive remaining 10% of the oceans, an average productivity of

0.15 gm-rn day might be used for the sea (Table 6.4). This is an

average efficiency of 0.012% of the total solar radiation (estimated

at 500 cal-cm 2day ) incident upon the ocean surface. Using an

average growth rate of 1 doubling per day, this productivity would be

provided by a standing stock of 0.4 trillion kg. This value is about

two orders of magnitude less than the estimated terrestrial standing

stock but results in half the annual production of terrestrial systems

(Table 6.4). This emphasizes the biological activity of the oceans.
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Although western cultures have generally ignored this resource,

the harvest of aquatic biomass has always been practiced in parts of

Africa, China, Japan, and Polynesia. An estimated 0.001 trillion kg

yr (wet weight) were harvested in 1976 in these areas for industrial

and nutritional uses (Michanek, 1978). Kelp and other red and brown

macroalgae constitute much of this harvest and the dry weight value

listed in Table 6.4 was assumed to be 10% of the wet weight harvested.

U.S. Biomass, Terrestrial. For this analysis, terrestrial biomass

in the United States has been broken down into silvicultural and

agricultural categories (Table 6.4). Within each category, portions

are harvested for specific purposes (crops) and portions are not

(residues). The latter are often, but not always, left on the ground

during harvesting.

The average yield for agricultural crops in the U.S. has been

estimated at 1.7 gmrn day and the total harvest of utilizable

portions (e.g., food) has been estimated at 0.43 trillion kg yr 1

(Burwell, 1977). This harvest is considered unavailable for energy

production. However, some of these edible plants as well as others,

might also be produced on energy farms, as is discussed in the next

section.

In addition to the crop harvest, an almost equal amount, about

0.38 trillion kg yr (Burwell, 1977; Alich et al., 1976; Stout, 1979),

of wasted biomass such as stalks and husks results from agricultural

production. An example of currently utilized agricultural residue is

the production of electricity from sugarcane bagasse in Hawaii.
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Currently 157 x 106 kW hr, or 30% of the electricity on the island of

Hawaii, is supplied from this resource. The potential development: of

the bagasse resource for the entire state is estimated at 33-75% of

the electric needs. In some cases, there is a limit to the amount of

residue which might be removed from the soil (Franzen and Welch, 1978).

Estimates of the annual amount actually recoverable for energy

production, range from 1 to 75% of the total U.S. residue, stated above

(Hodam, 1980; Tyner et al., 1979; Alich et al., 1976). If one-third

of the total residue (i.e., 0.1 trillion kg-yr ) could be recovered,

2Q yr of energy might be produced. Thus we have conservatively

arrived at one of the entries in Table 6.1. The optimistic value in

Table 6.1 assumes that all residues could be recovered as energy. A

likely consumer of this energy would be the American farmer who

could use it locally (e.g., via alcohol or digester gas production)

for agricultural operations.

It is estimated that the U.S. standing stock of trees, about 9

trillion kg representing about 140 Q of standing energy, results in

an annual gross production of about 0.64 trillion kg yr 1 (Bethel

et al., 1979). Of this about 0.25 trillion kg yr 1 of wood are harvested

for buildings and paper (Spurr, 1979; Bethel et al., 1979). About

another 0.013 trillion kg yr 1 or 0.2 Q yr are harvested for

residential fuelwood.

Silvicultural residues are to some extent already used (via

direct combustion) by the forest industry which obtains about 40%

of its energy demand, or about 1 Q yr , from this resource (Hammond,

1977). Estimates of forest residues range from 0.05 to 0.16 trillion
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kg yr 1 depending on the accounting method of ground litter, below

ground portions and mill residues (U.S. Forest Service, 1978; Bethel

et al., 1979; C&EN, 1979). The mean of this range (0.1 trillion kg

yr 1) is used in Table 6.4. Keays (1975) has estimated that the

collection of all above ground tree portions would yield an additional

60% of biomass over conventional softwood logging practices and an

additional 100% over conventional hardwood logging. Collection of

below ground biomass would add still another 20% to the harvest.

By assuming that 0.1 trillion kg yr of silvicultural residues

are recoverable for energy, 2 Q yr l were entered under this category

in Table 6.1. The most likely consumer for this energy is the forest

industry itself which is currently working towards energy self

sufficiency within the next 10 years.

Thus, even before consideration of energy farms, conservative

estimates of biomass residues would yield (gross) 4 Q yr (Table 6.1),

which is about 5% of the U.S. energy demand. Moreover, suitable

consumers have been identified.

U.S. Biomass, Aquatic. Natural production in lakes and rivers

has been estimated at 0.4 trillion kg yr l (Pimentel, 1978). On an

areal basis it can be seen (Table 6.4) that net freshwater productivity

at 0.8 gm-m day 1, is about 5 times that of the marine average and

somewhat lower than the world terrestrial average. In addition to

natural aquatic systems, research and commercial operations exist for

man-made (e.g. artificial) aquatic biomass systems. These might be

classified under two categories: experimental algal mass culturing

154



facilities and sewage lagoons. These will be discussed in the next

section under energy farms.

155



ENERGY FARMS AND CROP PRODUCTIVITY

In Table 6.4 it is seen that the averages for net biomass produc-

-2 -l
tivity discussed thus far range from 0.15 to 1.8 gm-m day . However,

individual situations such as sugarcane cultivation result in much higher

productivities. Given available land, energy farms might use some of

these high rate biomass crops. Lower yield crops chosen specifically

for their cellular products or for their favored growing environment

might also be chosen for energy farms.

Agricultural Crops. A comparison of reported yields for terrestrial

crops ranges from 0.7 gm-m day 1 for Guayule to 32.4 gm- day 1 for

sugarcane (Table 6.5). Needless to say each crop has its own story but

only some of the more attractive energy crops listed in Table 6.5 will be

discussed here. On the basis of its prolific growth, sugarcane may be

the most promising energy resource if enough land not in competition with

food production can be found. Production of sugarcane is limited to

warmer climates, within 300 of the equator, and in the U.S., 0.025

trillion kg were produced in 1975 (Nathan et al., 1978). The state

of Hawaii, our largest producer of sugarcane, used 90,000 ha to produce

0.01 trillion kg yr of raw sugar (Gopalakrishnan and Kasturi, 1980).

With proper irrigation, the U.S. could potentially develop 4 x 10

ha for sugarcane production, equivalent to 1 Q yr (Nathan, 1978).

Growing under conditions similar to cane, pineapple also can produce high

yields of about 16 g m day for the ratoon crop and contains

fermentable starch and sugar in amounts comparable to sugarcane

(Marzola and Bartholemew, 1979). Cattails have been measured to yield
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up to 11 gm-m -2day - 1 of dry biomass (Andrews and Pratt, 1978). About

70% of this biomass is fermentable starch and sugar but 50 to 70%

of the biomass is below ground and thus might pose an expensive

harvesting problem.

Tropical grasses, sorghum, cassava, kenaf, corn and maize are also

high yield crops to be considered for energy farms. Yields of from

3 to 25 gm--2 day- 1 might be expected under favorable conditions

(Table 6.5). For the sake of argument, consider only the 21 million

ha of idle U.S. cropland. Full development of sugarcane production,

plus corn (5 gm-m-2day- 1 ) growing on 20% of the remaining idle cropland

-l
would result in development of 2 Q yr which is the conservative

estimate entered in Table 6.1. The same sugarcane, plus corn growing

--1on all remaining idle cropland would yield the optimistic 7.5 Q yr1

of gross agricultural energy potential listed in Table 6.1.

Silviculture. Some of the more popular approaches to silvicultural

production involve closely spaced, rapid harvest (high rotation)

cultivation of eucalyptus, poplar and sycamore. Yields of these trees

have been measured respectively, at 4.4 gm- day- 1 (Boardman, 1977),

1.9 gm-m-2 day- 1 (Anderson, 1977), and 1.4 gm-m -2day- 1 (Wood et al.,

1976). Also, Einspahr and Wyckoff (1978) used 6 to 13 year test plots

to measure yields of 3.3 gm-m- day - 1 for Aspen on 15 yr rotations.

Out of 3 tree spacings tested with American Sycamore, Wood et al.

(1976) found 3 yr nitrogen fertilized growth at the closest (0.3 x 0.9 m)

spacing to produce the highest yield (Table 6.5). In a similar

test with Sweetgum, Gibson and Sossmann (1977) found the mid-range
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spacing (2 x 2 m) to be optimum. Ohman et al. (1976) of the U.S. Forest

Service feel that by using intensive silvicultural methods it may be

possible to increase yields from 3 to 10 times over natural stands.

Bethel et al. (1979) estimate that a hypothetical fuel plantation could

produce wood at $12 to $40 per ton, equivalent to about $2.80 to

$9.30 per million Kcal. Harvesting would entail 15 to 25% of these

costs.

Optimistically, all of the net forest production not used by the

lumber and paper industries could be harvested for fuel. This would

amount to 4.5 Q yr (Table 6.1). Realistically, however, it must be

realized that much of this growth is located in wilderness areas which

are best left undisturbed. Net tree yields of 3 gm-im day 1 growing

on 9 million ha would provide the 2 Q yr 1 entered under the conserva-

tive column in Table 6.1. This land area would amount to 5% of the

commercial forest land in the U.S.

Aquaculture. Aquaculture can be defined as the operation of

systems designed to maximize the growth of phytoplankton, macroalgae or

floating aquatic plants with the intent of food or fuel production.

Many aquacultural operations involve fish production (e.g., see Nash,

1978; Henderson and Wert, 1976) but these will not be discussed here.

Because it represents a source of water and nutrients, sewage or

blends of sewage and water are sometimes used as a growth medium in

aquaculture facilities (Shelef et al., 1977; Ryther et al., 1972;

Dunstan and Tenore, 1972; Oswald, 1978). This is a particularly

appealing resource for fuel production because it supports a change in

158



the concept of waste from a burden to a benefit. Along these lines,

sewage lagoons, of which there are over 4,000 in the U.S. (Lewis, 1979)

might be managed so as to optimize biomass production for energy.

Although the upper limits can be larger, phytoplankton net

production of 15 gm-m day is generally believed to be a reasonable

rate maintainable over prolonged periods (Table 6.5). This makes

phytoplankton a potential high yield crop. In contrast to terrestrial

crops, however, the required technology for phytoplankton farming (also

called mass culturing) is somewhat more involved. Nutrient supply,

pond mixing, light limitation, species control, and harvesting these

5 to 100 m cells are some of the issues involved. The idea of

commercial mass culturing is not new, however, and considerable advances

have been made regarding some of these issues.

Around the period of World War II, it was recognized that algae

might be used as a source of various organic compounds (Krauss, 196i2)

as well as for fuel (Harder and von Witsch, 1942). In the early 1950's

extensive research was performed on the possibility of mass culturing

algae for food and this work was summarized by the Carnegie Institution

in a book edited by Burwell (1953). The idea of using algae for fuel

persisted through the 1950's (Fisher, 1955) and, with the advent of

the space program, the use of algae for bioregenerative systems was

studied (Richardson, 1969; Shelef et al., 1970). As part of an

assessment of the fuel potential of aquatic biomass for the Department

of Energy, Goldman (1978) has provided an excellent history and

review of past and current mass culturing projects in the U.S. and

around the world. He reported that commercial and research facilities
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for the mass culture of algae range in size form 4 m to 200,000 m

with their best yields (total dry weight) ranging from 10 to 60 gm-rn2

-l1
day

The most poplular design for algal mass culturing systems

involves shallow (c. 20-50 cm) channels in a space-efficient raceway

configuration (Oswald, 1975; Shelef et al., 1977; Soeder, 1976).

These ponds are often mixed with slowly moving paddles travelling along

the channel. The standing water in one of these systems might be

2400 m ha if one considers void area and a depth of 30 cm. A

detailed study of light, depth and detention time led Goldman (1978)

to conclude that maximum potential yields of 30 to 40 gm-m day

might be achieved under ideal sunlight conditions. Uhlmann (1978)

measured yields as high as 50 gm-m day in laboratory sewage pond

models operated as a function of detention time, nutrient load, light,

temperature and grazing.

Harvesting has historically been one of the more troublesome

hinderances to commercial production of algal biomass. Even dense,

highly productive cultures are suspensions of only about 0.1% solids

of small size particles. Benneman (1979) argues that the simplest

process, autoflocculation and sedimentation, can adequately remove

the product and would consume about 75% of the total operating energy

requirements. However, such a process might not be reliable for all

species. The most extensive engineering information on algae

harvesting from sewage lagoons has been developed at Utah State Univer-

sity. Centrifugation and microscreening can be quite dependable

harvesting approaches but the former suffers from high costs while the

160



latter is limited to larger sized species (Middlebrooks et al., 1974;

Barker, 1979; Kormanik and Cravens, 1978). Air flotation with chemical

coagulents (Bare et al., 1975; Shuval, Belfort et al., 1975) and

intermittent sand filtration (Reynolds et al., 1979; Harris et al.,

1977) are probably the most promising techniques.

Considering all capital and operating requirements, annual costs

for producing and harvesting algae have been estimated at $1,200,

$20,000, and $44,000 per hectare (Benneman, 1977; Richmond, 1976;

Shelef et al., 1978, respectively). At a yield of 15 gmin day algae

might thus be produced at a cost of $0.02 to $0.80 kg . At the

upper limit, utilization of all of the nutrients in all of the sewage

in the U.S. could provide 1 Q yr of energy which is the optimistic

value entered in Table 6.1. One half this value was used for the

conservative estimate (Shifrin and Chisholm, 1980).

Other forms of aquatic biomass being actively studied are macro-

algae (e.g., kelp) and water hyacinth (Table 6.5). Water hyacinth is

particularly attractive because it has a high productivity (c. 20 gm-

m day ), is easily harvested compared to phytoplankton, and grows

well on sewage (Cooley and Martin, 1978). In addition to their use for

energy, water hyacinth also is being studied for their use in bio-

regenerative systems (Wolverton, 1980). The idea of ocean macroalgae

(e.g. kelp) farms has been studied for several years (Jackson and

North, 1973; North, 1976; Leese, 1976). Neushal et al. (1979) estimate

that a gross energy production of 1 Q yr would require 2 x 10 ha of

near-shore ocean area. Half of this value is used for the conservative

entry under marine crops in Table 6.1. The key to success of such an
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operation lies in the feasibility of providing a fixed growing surface

at about 10 m in deeper, offshore waters and of using artificially

upwelled water which is rich in nutrients (Roels, 1975; Ashare et al.,

1978; M.I.T. Sea Grant, 1978). However, large polypropylene net

structures anchored underwater which have been tried as a substrate on

which the kelp are attached have not yet been very successful.

Ryther (1980) has recently reported yields on several other

larger aquatic plants which would be easy to harvest (Table 6.5).

Average annual yields for the marine seaweed, Gracillaria, were

-2 -lmeasured at 21.4 gm-m day , while freshwater duckweed and Hydrilla

-2 -lyielded lower biomass at 3.7 and 4.2 gm-m day , respectively.

Although large standing stocks of Hydrilla in some areas of the U.S.

have led to their study for energy farms, this belies their low

productivity (Van et al., 1976; Bowes et al., 1979) compared to phyto-

plankton and hyacinth.

If the culturing problems involved with marine seaweed farming

could be overcome, biomass from the sea would have the advantage of

opening up new production areas not in competition with current

agriculture and silviculture. The potential of this resource is too

significant for it to be overlooked but its development for fuels

may have the longest horizon of all the approaches discussed thus far.

Oil Producing Crops. The idea of using biological oils for fuel

is not new. Commercial ventures were attempted as early as 1915 (e.g.,

see Hesse, 1949). The production of plants with directly extractable

hydrocarbons may in the long run be cheaper and have more applications
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than plants grown for subsequent conversion to hydrocarbons. The

Italians attempted to produce Euphorbia oil for gasoline in the 1930's

(Frick, 1938) and the Chinese accomplished gasoline production from

Tung oil in the 1940's (Cheng, 1945). Attempts to produce phytoplankton

oils for fuels dates back at least to 1940 in Germany (Harder and

von Witsch, 1942). Plants related to the rubber plant, Hevea and in

particular Euphorbia lathyrus, currently are being actively studied

(Calvin, 1979; Nielson et a., 1977; Mendel, 1979). These plants

contain about 10% oil and, at the total plant yields listed in Table

6.5, oil yields of 25 to 50 bbl ha yr 1 have been projected. With

such plants, the advantage of directly producing a liquid fuel product

is further complemented by their adaptation to dry, marginal lands.

Euphorbia crop production has been estimated at about $1,200 ha yr

(Mendel, 1979) which would amount to a production cost of $0.04

kg of net biomass. This is at the lower end of algae production

estimates and about 3 times that for sugarcane (Humphrey et al., 1979).

Other terrestrial plants also are being considered for their direct

biological oil production. Wochock et al. (1980) have projected oil

yields of 25 bbl ha yr 1 for milkweed based on growth in test plots.

Buchanan et al. (1978) have measured oil fractions in 100 herbaceous

plants. The 21 most interesting species, according to the authors,

contained oil fractions of 0.9 to 10% of dry weight and polyphenols at

about 3 to 20% of dry weight. Their stated goal of 2,500 kg ha lyr 1

(c. 15 bbl ha yr ) of oil might be met by Cacalia or Sassafras.

Sach (1979) surveyed numerous plants for biological oils measured by

others and found the range for whole plants to be 1.6% (wild rye) to
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12% (eucalyptus). Ragweed contained about 10% oil, mesquite seed pods

contained 30% oils, cattail seeds had 15% oils while sunflower seeds

contained 50% oil. In general for oilseed crops, 30 to 40% of the plant

weight can be seeds which in turn contain about 30 to 40% oil.

Currently, peanut oil yields of about 1100 kg ha yr (6.6 bbl ha 1

yr ) are achieved (Burwell, 1977).

In addition to their large total biomass yields, phytoplankton

are also capable of producing large quantities of biological oils

and commercial oil production from phytoplankton has been proposed

(Dubinsky et al., 1979; Shifrin and Chisholm, 1980). Also, the

discovery that one species of phytoplankton produces large quantities

of glycerol under hypersaline conditions (Ben-Amotz and Auron, 1973;

Ben-Amotz, 1975; Wegmann, 1971) has stimulated many research activities

to determine if commercial production of this compound is feasible

(Williams et al., 1979). A recently completed laboratory study of

over 30 species of phytoplankton (Shifrin and Chisholm, unpub.)

showed that healthy green algae have oil fractions averaging 17.1% of

their dry weight while oil in diatoms averages 24.5%. More extreme

conditions such as nutrient stress resulted in algae with oil fractions

ranging from 50 to 70% of dry weight. At a total algae biomass yield

of 15 gm-m day a 25 to 50% oil fraction would produce 80 to 160 bbl

h-1 -1l iha yr of oil.

Hence oil crops might produce 25 to 160 bbl ha yr of oil. These

oils are somewhat similar to petroleum and could be burned directly

or refined into other liquid fuels in existing petroleum industry

equipment. They could also be used for petrochemical products such as
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plastics, adhesives and paints. To put the above oil yields in per-

spective, current U.S. petroleum production on a per capita basis

-amounts to 13 bbl yr1.amounts to 13 bbl yr.
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BIOMASS CONVERSION PROCESSES

The conversion of biomass to energy can be accomplished by direct

combustion, by combustion of extracted oils or by first producing

fuels such as methane, alcohol and light hydrocarbons from fermentation

or pyrolytic processes. The process actually used somewhat depends

on the type of biomass. For example sugar is easily fermentable but

wood is not. It is difficult to say whether cultivation or conversion

is the critical component in calculating net energy yields from the

gross value of 9 Q yr from biomass. The type of crop, its avail-

ability to the consumer and the type of conversion process are all

factors. From their study of fermentation of various forms of biomass,

Humphrey et al. (1979) concluded that the cost of the raw material

(biomass) would be the key factor in the overall economics. On the

other hand, requirements of the conversion process under some conditions

have yielded a negative energy balance for processes such as methane

digestion (Fishcer et al., 1979). The important point is that the net

energy yield from biomass will be less than the 9 Q yr in Table 6.1,

just as the net national energy yield is 17 Q yr 1 less than the 75 Q

yr 1 total.

This section will briefly describe the processes used to convert

biomass to fuels or energy. Yields, costs, and the energy Output:Input

ratio for the overall process of production through the conversion

will be presented, whenever possible. Projected costs for these

conversions, including the biomass production costs, range from $3 to

$100 per million Kcal based on heats of combustion of the fuels. To a
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certain extent, this large range represents a lack of decisive

technologies and many of the numbers were originally derived with the

aid of "ifs" and "buts". On the other hand, the processes involved

can be quite different resulting in quite different costs. The costs

in general, however, are encouraging because they bracket the current

costs for conventional fuels which range from $25 to $41 per million

Kcal (Table 6.6).

Direct Combustion. The direct combustion of wood represents the

least expensive form of energy conversion (Table 6.7). These values

might be considered to be wholesale as they tend to be 2 to 6 times

cheaper than the commercial delivered price of a cord of wood. For

example, the estimate by Salo et al. (1978) of $3 to $6 per million

Kcal is for wood from forest residues available to the forest industry.

The larger estimate by Inman et al. (1977) included fertilizer and

irrigation costs (40% of total) for the production of high rotation

crops (3.4 to 9 gm-rM .2day ). Harvesting costs of 15 to 25% of the

total were included in the estimate by Bethel et al. (1979).

In an effort to provide a more easily handled fuel the production

of pellets from wood residues has been studied. About 7% of the energy

originally contained in the wood is consumed in the pelletizing process

(Reed and Bryant, 1978). At 4700 Kcal kg (Walker and Brimer, 1979)

this product is at the high end of the heats of combustion for most

woods.

Direct Hydrocarbon Extraction. The vegetable oil industry is well
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versed in mechanical and solvent extraction techniques used on oil

bearing plants (Becker, 1978; Meyers, 1977; Bredeson, 1978). This goes

back to a patent issued in 1855 for the extraction of fat from bones

and wool and in 1856 for extraction from oil bearing seeds (JAOCS,

1977). Although studies of the pyrolysis of algae have shown a 50%

(weight) conversion to oils (Engel, 1980), a previous section described

a perhaps more efficient production of similar oil fractions directly

via photosynthesis. These oils can be refined to gasoline (Cheng,

1945) or burned directly in diesel engines by mixing with kerosene

(de Costro Villar and Barreto, 1980). They can also be used in the

petrochemical industry.

Oleoresins from trees are another directly extractable hydrocarbon.

Studies on the stimulatory effects of paraquat treatment indicate that

turpentines and resin acids can be extracted at an average of 23 kg m 3

of bolewood (Table 6.7).

Oils from phytoplankton could cost from $12 to $38 per barrel,

depending on the possible use of residues, the use of sewage as a

substrate, and the accounting method (Shifrin and Chisholm, 1980).

Calvin (1979) estimated that oil could be produced from Euphorbia at

about $25 to $50 per bbl. Mendel (1979) estimated that the extraction

process of oil from Euphorbia would amount to $33 per bbl. The

benefits of being able to utilize existing petroleum refineries and

associates equipment to handle and process biological oils make this

approach very attractive.

Methane Digestion. The digestion of biomass involves the growth
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of two specialized types of bacteria under controlled temperature, pH

and anaerobic conditions. The biomass is first converted to low

molecular weight organic acids and then to methane and CO 2. The

process is commonly used today for processing municipal wastewater

sludges and livestock wastes. Many such plants use the gas to supply

process energy (Knopf and Clarke, 1979). Yields of 0.1 to 1.0 m of

digester gas per kg of biomass feed are typical (Table 6.7). Digester

gas is often comprised of methane and carbon dioxide in equal parts and

thus 1 m of digester gas might contain 4000 Kcal (for example,

see McCarty, 1964a,b or Trevelyan, 1975). The energy output:input

ratio of 1.2 calculated by Summers and Bousfield (1976) considered

the heat value of the gas as well as the heating, pumping and process

electricity required to run their experimental 12 m digester. In

Pfeffer's (1976) computer analysis of capital and operating costs for

a hypothetical 0.9 million kg day 1 digester, the breakeven price for

the gas produced was in the range of $7 per million Kcal. The cost

of the biomass was not included, however. The variable energy ratio

(output:input) of 0.7 to 2.6 noted in Table 6.7 for an experimental

digester operated by Fischer et al. (1979) represented the net energy

loss for winter operation versus the net energy gain for summer opera-

tion, respectively. To ensure satisfactory bacterial growth, digesters

are typically maintained at temperatures from 35 to 60'C.

Alcohol Fermentation. Alcohol fermentation is perhaps the most

widely discussed conversion process of the past several years. This is

partly due to Brazil's uniquely successful program as well as to the
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American public's interest in Gasohol. The Brazil program will replace

20% of its national gasoline requirement with alcohol from sugarcane

by the end of 1980 (deFaria and Vargas, 1980; Stout et al., 1978).

The construction of at least 145 new distilleries and the assignment

of 10 ha of land for sugarcane production is underway to meet this

goal. Having the available land, the climate and the appropriate

labor force to produce the necessary quantities of these high-yield

sugar and starch crops (Table 6.7), Brazil can make 3500 liters ha 1

yr of alcohol at a price competitive with the alternative imported

oil products. The energy ratio for the operation runs from 1.2 to

2.6 (Gomes da Silva et al., 1978). Hopkinson and Day (1980) analyzed

cane/alcohol possibilities for the U.S. (Louisiana) and found similar

yields but a lower energy ratio (Table 6.7). This somewhat reflects

our more costly agriculture industry (see also, Marzola and Bartholomew,

1980 for U.S. sugar crop costs). In the U.S. the alternative use of

corn which yields less biomass than sugarcane (Table 6.5) and is also

energy intensive in production, makes Gasohol prospects in the U.S. at

best marginal (e.g., see Anderson, 1978; Lewis, 1976; Budiansky, 1980).

Other fermentation processes are concerned with the conversion of

cellulosic biomass to ethanol. Work by the U.S. Army Corps of Engineers,

Natick Labs on cellulose production by Trichoderma mutants stems from

the original observation that U.S. Army cotton materials decomposed

rapidly under tropical jungle conditions. Recently, bench-scale

plant results indicated that a 100 million liter yr plant could

produce alcohol at a cost of $62 per million Kcal (Table 6.7). Wang

et al. (1978) have studied selection of anaerobic microorganisms
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suited to convert cellulose directly to light organics. Humphrey et al.

(1979) and Maldonado et al. (1975) have projected costs of $44 to $85

per million Kcal for alcohol (Table 6.7) depending on the delivered

price of the raw material.

Pyrolysis. Pyrolytic processes involve the production of

combustible gases and liquids by heating biomass, sometimes with

catalysts, usually under increased pressures and low oxygen concentra-

tions. Strictly speaking, pyrolysis requires a complete lack of oxygen

but some processes, such as Union Carbide's PUROX, use controlled

amounts of oxygen to partially oxidize the biomass and thus supply

some of the required process energy. A 3000 kg day experimental

pyrolytic facility in Oregon claims a 40% (weight) conversion of wood

to oil having a heat value of 13,200 Kcal kg (Table 6.7). For wood

of 550 Kcal kg heat value this would mean an amazing 100% gross

energy conversion. Work at the Naval Weapons Center in China Lake,

California suggests that the pyrolysis of farm residues at $30 ton

(delivered) could breakeven at $23 per million Kcal or slightly

higher for municipal wastes (Table 6.7). The attractive prices of

$7.50 to $30 per million kg projected by Lacewell et al. (1979) are

for production of pyrolysis gas from gin trash or grain sorghum,

respectively. Schuer (1977) has reported that a municipal plant

operating on 0.1 million kg day of trash produces 1900 Kcal kg at

an energy ratio of 0.6 to 1.2 (Table 12). Boocook et al. (1979) also

report an energy ratio of 0.6 based only on feed and products for a

catalytic process run at 350'C and 100 atm (467 Kcal wood + 168 Kcal
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H2 = 97 Kcal oil + 209 Kcal CH4 + 48 Kcal C2-C4 compounds). Although

the energy ratios for some pyrolytic process currently might not be as

large as other processes, the advantages of liquid or gaseous fuels

over solid biomass are significant enough to stimulate continued

research in many areas (see for example, Buekins et al., 1979; Howard

et al., 1980; Antal et al., 1980; Koster and Kleinan, 1980; Molten

et al., 1978).
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SUMMARY AND CONCLUSIONS

Research on the use of biomass for energy has grown considerably

over the last several years. Arguments have been presented here which

support the conclusion that, by conservative estimates, a gross energy

yield of 9 Q yr could be supplied from biomass. Half of this value

could be supplied by agricultural and silvicultural wastes and

represents a near-term supply. In addition to the various land and

water-based biomass production possibilities, conversion processes

which are being considered to actually produce the fuels and energy

have been discussed here, including direct combustion, direct oil

extraction, methane and alcohol fermentation and pyrolytic processes.

Based on many of the production schemes reviewed above, the overall

costs of energy from biomass are likely to be within or near the range

of conventional fuels which currently range from $25 to $40 per million

Kcal. The net biomass energy yield (gross minus production energy)

might be about 10 to 20% of the gross 9 Q yr 1 noted above. Hence the

net (i.e., real) yield of biomass energy in terms of useable fuels

might be about 1 or 2% of the U.S. energy demand. However, a low margin

on a high volume usually still results in a profitable enterprise.

As concluded by Socolow (1977), "However.. savings are computed, no

single sector and no single strategy dominates the sum: a lever should

be called large if it has the potential to alter a nation's total

energy consumption by as much as, say, 1%." From another point of

view, half of this biomass energy could be obtained from otherwise

wasted biomass and could amount to energy self sufficiency for several

industries.
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To put the potential of biomass into perspective, it is useful

to consider the data on the current use, supply and the type of energy

available in the U.S. (Table 6.8, 6.9, and 6.10). A detailed analysis

of these figures on energy in the U.S. has been given by Hayes (1979)

and Socolow (1977). The most likely near-term consumers of biomass

energy are the agriculture, silviculture, and chemical industries

These sectors represent about 10% of the U.S. energy demand. The

detailed figures on the projected use and reserves (proven and

optimistic) for all forms of currently used energy (Table 6.9) can

be reduced to bleak time horizons for oil and gas (10 to 50 years) as

well as for nuclear fission (85 years). Our main hope for conventional

fuels currently lies with coal (150 to 250 years) and perhaps shale.

This of course is based only on reserves and does not consider the

environmental issues surrounding coal and shale. Although estimates on

fuel reserves are highly controversial the data represented in Tables

6.9 and 6.10 were originally from 5 recent major national energy

assessments (U.S. Federal Energy Administration, 1974; CONAES, 1978;

U.S. Department of Commerce, 1977; Project Interdependence, 1977;

Executive Office of the President, 1977) and might be the best

estimates. Of course, the fact that there are any time limits at all

on our energy resources should emphasize the need to develop renewable

resources. Biomass is on the right track; in the short-term by making

economic sectors (e.g., agriculture and silviculture) energy self

sufficient and in the longer-term by allowing us to "farm" energy.
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Fig. 6.1 IDEALIZED PHOTOSYNTHETIC PRODUCTION OF BIOMASS. The equations

show the most basic photosynthetic process which uses 48 photons to

split water which results in the cyclic production of the energy and

reducing compounds, ATP and NADPH + H within the cell (Light Reaction).

Carbon dioxide is then fixed and glucose is produced (Dark Reaction).

The calculation of efficiency is based only on the idealized production of

glucose and ignores metabolic requirements and the production of other

compounds. The estimated energy of Photosynthetically Available Radiation

(PAR) is based on a wavelength of 700 nm. The idealized gross biomass

production yield is based on an insolation of 250 cal PAR-cm day- 1

equivalent to a total solar radiation of about 500 cal -2 da - 1equivalent to a total solar radiation of about 500 cal-cm day
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Fig. 6.1

LIGHT REACTION

12 H20 + 48 h ++ 18 ATP + 12(NADPH +H)

DARK REACTION

6 CO + 18 ATP + 12(NADPH + H+) + 1 ( H 0 )

12 H20 + 6 CO LIGHT
2 2 ) 6

GROSS EFFICIENCY

(moles)

1 C6(H20)6 .69 x 106cal

6 26= 0.35
48 hv PAR 1.92 x 106cal

(biomass)

mole 180 500 cal(total) 0.5 PAR cm2

6 - x 2 x x 10 2
1.92 x 10 cal PAR cm day Total m

234 gm m2day'1 IDEALIZED GROSS BIOMASS PRODUCTION
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Gross biomass energy potential (United States).

178

Table 6. 1



Table 6.1 GROSS BIOMASS ENERGY POTENTIAL (UNITED STATES)

~~~~~~~~~~-1
Q yr

CONSERVATIVE OPTIMISTIC

AGRICULTURE
CROPS 2.0 7.5
RESIDUES 2.0 7.5

SILVICULTURE
CROPS 2.0 4.5
RESIDUES 2.0 2.0

AQUACULTURE
MARINE CROPS 0.5 1.0+
SEWAGE CROPS 0.5 1.0

TOTAL ESTIMATED POTENTIAL 9.0 23.0

1.79



Biomass glossary and conversion units.
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Table 6.2 Biomass Glossary and Conversion Units

PRODUCTIVITY (PRIMARY)

PRODUCTION (PRIMARY)

GROSS PRODUCTION

NET PRODUCTION

STANDING STOCK

(BIOMASS)

SOLAR CONSTANT

SOLAR RADIATION

PAR

GROSS BIOMASS ENERGY

NET BIOMASS ENERGY

- Rate at which radiant energy and inorganic

substances are converted to organic biomass.

- Rate of formation of organic matter from carbon

dioxide via photosynthesis over a length of time.

- Total organic matter formed over a length of

time.

- Total organic matter formed minus losses (e.g.,

through respiration). Same as Biomass Yield.

- Amount of biomass present at a given time in a

given area. Result of net production mnus

removal from the area (e.g., harvest or death).

- Total solar flux beyond the atmosphere, measured

normal to the earth's projection.

- Total solar flux incident upon a given surface

area. Usually averaged over a given time.

(About one-half the solar constant.)

- Photosynthetically Available Radiation. The

visible wavelengths between 400 and 700 nm.

Amounts to about 45% of the total solar

radiation.

- The heat of combustion of the net biomass

harvested for conversion to energy.

- Gross Biomass Energy minus the energy required

to produce, harvest and convert the biomass to

fuel and energy.

BIOMASS YIELD

-2 -1 -l -1
1 gm m day = 3.7 ton-ha yr

-1 -l
= 1.4 ton-acre yr 

= 18.3 x 106 Kcal ha-l r-1 5 Kcal-gm 1

= 73.2 x 106 BTU ha-lyr- 1 @ 5 Kcal-gm-

= 29.6 x 106 BTU acre- yr-@ 5 Kcal-gm 1

= 0.15% Total Solar Efficiency @ 500 cal cm day- 1
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Table 6.2 (continued)

AVERAGE FUEL VALUES

COAL: 1 ton = 6.0 x 10 Kcal

= 24.0 x 106 BTU

= 25.0 GJ

= 6.7 bbl oil

OIL: 1 bbl (U.S.) = 1.5 x 10 Kcal

= 5.8 x 10 BTU

= 6.1 GJ

= 152 m3 Natural gas

NATURAL GAS: 1 m3 (STP) = 9,500 Kcal

= 37,900 BTU

= 0.04 GJ

= 2 m3 Digester gas (varies considerably)

ETHANOL 1 kg = 6,400 Kcal

(Anhydrous) = 0.61 kg gasoline

1 gal = 3.8 liter

= 19,000 Kcal

= 76,000 BTU

= 2 m3 Natural gas

METHANOL 1 kg = 4,700 Kcal

(Anhydrous) = 0.74 kg Ethanol

1 gal = 14,000 Kcal

WOOD: 1 cord = 3-6 x 106 Kcal (Willow-Hickory)

(air dry) = 13-25 x 10 BTU

1 kg = 3-3.2 x 10 Kcal (Hickory-Willow)

(air dry) = 11.9-12.9 x 103 BTU

BIOMASS: 1 kg Carbohydrate = 4,000 Kcal

1 kg Protein = 5,000 Kcal

1 kg Fat = 9,200 Kcal

1 kg Average, dry = 5,000 Kcal

1 kg Average, wet = 2,000 Kcal
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Table 6.2 (continued)

ENERGY

= 1 watt sec
-4

= 2.4 x 10- 4 Kcal

= 237,000 Kcal

= 3.968 BTU

= 1015 BTU

= 1.05 x 10 GJ

= 0.24 x 1015 Kcal

-1
= 1 J sec1

= 864 Kcal hr

= 14.2 bbl oil-day

1= 0.03 Q yr= 0.03 Q yr
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1 GJ

1 Kcal

1Q

POWER

1 W(watt)

1 kW

1 MW

1 GW



Basic resources available in the United States.
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Table 6.3 BASIC RESOURCES AVAILABLE IN THE UNITED STATES

SUN

AVERAGE AREAL SURFACE RADIATION

ESTIMATED TOTAL SURFACE RADIATION

LAND

FARM

Cropland (Harvested + Idle)
Grazing land

FOREST

Commercial
Non-commercial

OTHER

TOTAL U.S. SURFACE AREA

WATER

LAKES & STREAMS

OCEAN COASTLINE

TOTAL RAINFALL

NUTRIENTS

PHOSPHORUS RESERVES

NITROGEN FERTILIZER PRODUCTION

6 -2 -1
1.4 x 10 Kcal m yr

129 x 18 -1Kcal yrl12.9 x 10 Kcal yr

386

156
117

202
102

193

919

132

40

7

x 106 ha

x 106 ha
x 106 ha

x 106 ha
x 106 ha

x 10 ha

x 10 ha

x 106

x 103

x 109

ha

Km

3 -1
m yr

1.3 x 10 12Kg

15 x 109 Kg yr- 1

93 -l
47 x 109 m3yr

36 x 10 Kg yr- 1

WASTES

SEWAGE

MANURE
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Table 6.4 Current biomass resources.
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CURRENT BIOMASS RESOURCES

NET
STANDING STOCK PRODUCTIVITY PRODUCTION

(1012 Kg) (gm m-2d- 1 ) (1012 Kg yr- ) Ref.

TERRESTRIAL (World)

TERRESTRIAL (U.S.)

SILVICULTURE
Total
Harvested
Residue

AGRICULTURE
Total
Food Harvest
Residue

AQUATIC

300 1.8 100

6.2

8.9 0.37

1.7
____

0.64
0.25
0.10

0.81
0.43
0.38

MARINE (World, Net)
Harvested (dry weight)

0.4
___

FRESHWATER (World)
(U.S.)

0.15

0.80

0.80

40 (9)
0.00012 (10)

4.5
0.4

(11)
(12)

REFERENCES:

(1) Deevey, 1970; Odum, 1971; Slesser and
(2) Assuming constant global productivity

world land
(3) Bethel et al., 1979
(4) Bethel et al., 1979; Spurr, 1979
(5) U.S. Forest Service, 1978; Bethel et
(6) Burwell, 1977
(7) Burwell, 1977
(8) Burwell, 1977; Alich et al., 1976; Sto
(9) Ryther, 1969

(10) Michaneck, 1978
(11) Slesser and Lewis, 1979
(12) Pimentel, 1978

Lewis, 1979.
with U.S. land being 6.16% of

al., 1979

out, 1979
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(2)

(3)
(4)
(5)

(6)
(7)
(8)
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Agriculture, silviculture and aquatic crop productivities.
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Table 6.5 AGRICULTURE, SILVICULTURE AND AQUATIC CROP PRODUCTIVITIES

CROP YIELD REFERENCE

(gm m-2d- 1 )

ALFALFA
BERMUDA GRASS
CASSAVA
CATTAIL
CORN, whole plant
CORN, kernels
EUPHORBIA
GUAYULE
KENAF, Florida
KENAF, Georgia
MAIZE
MESQUITE
NAPIER GRASS
NAPIER GRASS, E Salvadore
NAPIER GRASS
PINEAPPLE
SORGUM
SOYBEAN
SUGARCANE
SUGARCANE
SUGARCANE, sugar only
SUGARBEETS
WHEAT

3.3
6.3- 8.8
11.2

(6.8-11.0)
5.3
2.1
6.9
0.7

13.8
5.5
7.1

1.1-2.7
2.2-3.0
23.3
13.7
16.2

3.8-7.4
2.4

(32.4)
10.6

(3.8)
5.6
4.1

Stout, 1979
Sachs, 1979
Boardman, 1977
Andrews & Pratt, 1978
Stout, 1979
Stout, 1979
Calvin, 1979
Sachs, 1979
Alich & Inmann, 174
Alich & Inmann, 174
Boardman, 1977
Sachs, 1979
Sachs, 1979
Boardman, 1977
Stout, 1979
Marzola & Bartholemew, 1979
Boardman, 1977
Boardman, 1977
Matherne & Levine, 1977
Nathan, 1978
Marzola & Bartholemew, 1979
Nathan, 1978
Stout, 1979

ASPEN
COTTONWOOD, Mississippi
EUCALYPTUS
EUCALYPTUS
OIL PALM, Malaysia
POPLAR, 30 Clone avg.
SALIX OR POPLAR, drained peat bogs
SALIX OR POPLAR, farmland
SYCAMORE, close spaced, fertilized

(3.3)
3.2-4.4
4.4
2.7
8.0

(1.9)
5.5
1.9
(1.4)

DUCKWEED (3.7)
GRACILLARIA (SEAWEED) (21.4)
HYDRILLA (4.2)
KELP 3.8-17.8
KELP, unfertilized commercial harvest 0.6
PHYTOPLANKTON, world survey 15-25
PHYTOPLANKTON, on sewage (25.0)
PHYTOPLANKTON (21.0)
PHYTOPLANKTON, on swine wastes (41.2)
WATER HYACINTH (24.2)
WATER HYACINTH, on sewage (42.0)

Einspahr & Wyckoff, 1978
Anderson, 1977
Boardman, 1977
Sachs, 1979
Boardman, 1977
Anderson, 1977
Ljungblom et al., 1978
Ljungblom et al., 1978
Wood et al., 1976

Ryther, 1980
Ryther, 1980
Ryther, 1980
Neushal et al., 1979
Jackson, 1977
Goldman, 1978
Shelef et al., 1980
Tsukada, 1977
Lincoln & Hill, 1979
Ryther, 1980
Wolverton, 1980

NOTE: Parentheses signify that values were measured by the cited author.
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Costs of conventional fuels.
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Table 6.6 COSTS OF CONVENTIONAL FUELS

FUEL RATE HEAT VALUE COST/10 Kcal

CRUDE OIL $30/bbl 1.6 x 10 Kcal/bbl $18.75

HOME HEATING OIL $1/gal 3.5 x 10 Kcal/gal $28.57

GASOLINE $1.20/gal 2.9 x 10 Kcal/gal $41.19

NATURAL GAS $6/1000 scf 2.5 x 10 Kcal/1000 scf $25.00

HARDWOOD, air dried $100cord 5.0 x 10 Kcal/cord $20.00HARDWOOD, air dried $100/cord 5.0 x 10 Kcal/cord $20.00

*
Retail Market Prices
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Table 6.7 Biomass conversion to fuel.
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Table 6.8
States.

Energy use among various economic sectors in the United
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Table 6.8 ENERGY

UNITED

USE AMONG VARIOUS ECONOMIC SECTORS IN THE

STATES.

INDUSTRY

TRANSPORTATION

COMMERCIAL

RESIDENTIAL

AGRICULTURE & MINING

CHEMICAL FEEDSTOCKS

*
(LOSSES

30%

25%

11%

24%

4%

6%

100%

24%)

Based on a 1975 total primary energy

17Q have been estimated to occur due

other processing operations (CONAES,

supply of 71Q, losses totalling

to refining, transmission and

1978)
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Table 6.9 Conventional energy production and reserves in the United
States.
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Years remaining for conventional domestic energy.
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Table 6.10 YEARS REMAINING FOR CONVENTIONAL DOMESTIC ENERGY1

OIL GAS SHALE COAL NUCLEAR

FEASIBLE OR

PROVEN RESERVES 11 27 ? 147 27

PROVEN + EST.

ADDITIONAL RESERVES 47 -- ? 257 85

NOTES: 1. Based on year 2,000 demand of 95Q and reserves as noted by Hayes

(1979).

2. 27 years of U 0 if 95Q r were supplied; 85 years at the
3 8

full feasible development of U 0 reserves (525 GW = 30Q yr ).
3 8

199



200



Chapter 7

Conclusions and Recommendations
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The primary contribution of this work has been to provide an

internally consistent study of the production and storage of lipids in

phytoplankton. The major results of this study of 30 species can be

summarized as follows:

LIPID FRACTIONS (% of Dry Weight)

CONDITION GREENS DIATOMS

Healthy

% of Total Dry Weight 17.1 + 4.4 24.5 + 4.7

% of Ash-free Dry Weight 18.8 36.0

N-starved 35-50 + or -

Si-starved -- 42

High Temperature 30 No change

The standard deviations for the lipid fractions, above, suggest that

there is relatively little variation among species within a taxonomic

class under healthy, log-phase conditions. However, deviations from

this generalization arise during exposure to environmental stress

conditions such as nitrogen deficiency. Green algae respond to such

a condition with enriched lipid fractions and variations among

species can be large,while diatoms respond with either increased or

decreased lipid fractions, depending on the species. The enrichment

of lipids in N-starved green algae occurs slowly and steadily up to

a period of several days. In many species the data clearly showed that

lipids were actively synthesized during N-stress rather than merely

increased proportionately due to a decrease in other cell fractions.

Excess total lipids per cell stored during N-stress did not rapidly

disappear during recovery after nitrogen enrichment, but instead
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appeared to be diluted out through the population when cell division

resumed.

In contrast to N-stress, the enrichment of lipids in one Si-

starved diatom species occurred rapidly over a period of several hours.

In one species of green algae total lipid fractions were noted to be

constant over a light/dark cycle while the mass of lipid per cell

varied diurnally with the cell division cycle.

The research described herein has provided fundamental information

on one of the more highly productive routes for the photosynthetic

production of reduced carbon compounds. It has been shown that the

lipid fractions in many phytoplankton are larger than those in any

other plant for which information was available. Moreover, the rate

of total biomass yield for phytoplankton is as large as any of the high

yield terrestrial plants such as corn, cassava, sorghum and sometimes

even sugarcane. Combining these two factors (while staying within

realistic bounds), it has been shown that phytoplankton could ideally

produce 80 to 160 bbl ha yr 1 of oil. Compared to many other

projections in the energy from biomass field, and considering the

advantages of directly producing a liquid product (e.g., easily

transported and stored, directly combustible, refinable with existing

oil industry equipment and directly applicable to either the fuel or

vegetable oil market), the results of this study are encouraging

enough to merit recommendations for continued study.

I feel that this study has been definitive enough on a fundamental

level to allow work now to move into applications. However, such

continued work must carefully consider both the results presented here
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and the possibilities for biomass in general. First, it is concluded

that the best near-term development of phytoplankton lipid production

would be through the use of local resources such as sewage oxidation

ponds. The availability of resources (e.g., ponds and nutrients) as

well as the economic benefits to be gained from treating sewage while

producing a useful product justify immediate work in the laboratory

and in the field. The focus should be on biomass and lipid yields

when sewage is the substrate. The lipid fraction ranges reported in

Chapter 4 along with the initial trace metal and temperature results

provide the foundation for such work. Some species are to be preferred

over others regarding lipid fractions and their enhancement, and the

issue of species predominance when sewage is the substrate must be

addressed. It is encouraging (and fortuitous) that the positive

results with temperature were produced using Oocystis, an organism

sometimes found in sewage oxidation ponds (Middlebrooks et al., 1978).

It is also encouraging that large lipid fractions and growth rates

were noted in copper tolerant organisms suggesting possibilities for

easier species control. However, nothing will be resolved until a

sewage pond is operated to obtain actual lipid yield data.

Clearly the other important issue surrounding a possible

application is lipid extraction. This study was concerned mainly with

characterizing lipid production in algae and extraction techniques

were perfected for ideal laboratory conditions. One insight that can

be offered from laboratory experience is that complete extraction was

not a quick, simple process for all species. For a large scale

extraction application, overall process requirements, efficiencies
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and costs need to be determined. As opposed to harvesting and drying

the biomass, the use of liquid extraction, either directly from the

culture or from a partially concentrated culture may provide a more

economically favorable product recovery process. Some of the currently

available technology from commercial processes that recover oil from

water or oil from vegetable matter may be helpful, but it is likely

that a combination of several engineering processes such as solids

concentration and liquid extraction will contribute components to an

overall process to recover phytoplankton lipids. As in the past 30

years of attempted commercial algae mass culturing, it is likely that

product recovery will be the deciding factor.

Overall efficiency, or net yield as it might be called, is by

definition the most critical factor concerning all schemes involving

biomass. A case has been made that the gross yield of biomass in

the U.S. could amount to 9 yr . Whether this number is 7, 9 or 15

is not important enough to merit any more "paper" studies because the

real issues are the actual costs (in terms of energy) of production,

harvesting and conversion to useable products. The way to resolve

these issues is to implement operating systems and collect field data.

From the many studies reviewed herein, a reasonable guess (the term

is used deliberately) is that we might net about 10 to 20% of the above

gross biomass energy yield. This in fact is still a significant

contribution particularly because about half of it is obtainable,

over the near term, from biomass waste products.

To conclude, it is likely that the future for biomass in general

lies in efficient, local applications. The forest industry will

become energy self sufficient from silvicultural residues; farmers

205



will use their residues in various ways to fuel their operations;

municipal trash will be converted to fuel or steam; and sewage treatment

plants will produce fuels from microorganisms. Development of many of

these schemes is actually quite advanced. Innovative processes such

as oil production from phytoplankton offer new possibilities for

applications and better efficiencies. Most important, biomass is one

of the few renewable resources. It represents a productive process in

contrast to the consumptive process of fossil fuel mining. The fact

that biomass will produce only marginal net yields compared to fossil

fuels may reflect an upcoming trend of many marginally positive

systems designed to utilize all available and renewable resources in

a resource limited world.
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Appendix 1

Experiments on the Relationship Between

Copper and Lipids
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CLONAL VARIATION ACCORDING TO COPPER SENSITIVITY

In the first series of experiments related to copper and lipids,

pairs of clones of the same species, one with a demonstrated tolerance

to copper (Foster, 1977; Guillard, unpublished data; Hughes and

Morel, unpublished data) and one without such a tolerance were used.

For each species studied, these are called the copper tolerant and

copper intolerant clones, respectively. Lipid fractions in each of

these clones were measured in log-phase and under nitrogen stress, as

described for the N-starvation experiments in Chapter 4.

In 5 pairs of Cu-tolerant and Cu-intolerant clones examined

under N-starvation, lipid fractions in the Cu-tolerant clone differed

significantly from the intolerant clone of each pair (Table Al.l).

In all cases but one, the tolerant clone produced a significantly

larger lipid fraction under nitrogen stress. During log-phase growth

the Chlorella vulgaris pair each had similar lipid fractions of about

13% (Fig. Al.l). However, 9 days after transfer to nitrogen-free

medium the copper tolerant clone had a lipid fraction of 40.6% compared

to a much smaller fraction of 28.8% for the intolerant clone. These

data suggest that lipid storage is enhanced in Cu-tolerant clones

under N-stress.

208



EFFECT OF COPPER ON LIPID PRODUCTION

In a different experiment designed to investigate specific

effects of copper toxicity on lipid synthesis, a matrix of copper

and nitrogen regimes was imposed on the two clones of Chlorella

vulgaris. Light was 90 piEm sec and temperature was 250C.

The low copper concentration used was 0.01 M giving an initial

cupric ion activity (pCu ) of 9.5 in the medium used (Bold's medium,

see Foster, 1977). The high copper concentration was 4 M giving

an initial pCu2+ of 5.86. Both clones were preconditioned in high

and low copper with nitrogen in the medium. They were then transferred

to medium with low and high copper and no nitrogen (FiR. A1.2). This

latter condition had been shown previously (Chapter 4) to enhance

lipid production.

The two cupric ion activities used have been shown previously to

be non-toxic to the tolerant clone but the higher activity is toxic

to the intolerant clone (Foster, 1977). Therefore, as might be

expected, lipid fractions in the tolerant clone were unaffected by

copper (Fig. A.2a,b). However, the intolerant clone responded

with depressed lipid fractions, particularly at the pCu of 5.86.

During this period, the cell concentration varied similarly at both

copper concentrations and the average mass per cell in the high copper

case increased dramatically (Fig. A.3b). This indicates that the

cells in the toxic medium were still viable. In fact, they still

synthesized lipids but only half the amount of cells at a pCu of 9.5

These experiments were not comprehensive enough to allow any
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conclusions to be drawn about copper and lipids. However, the

possibilities are intriguing, particularly that of species control

for high lipid yields in outdoor cultures.

Note: I would like to thank Dr. P. Foster for her collaboration in the

copper toxicity experiment.

210



211



Table A.l Lipid fractions in nitorgen-starved cells of copper
tolerant and copper intolerant clones of freshwater and marine
phytoplankton.

Measurements were taken 7 days after transfer to Nitrogen-
free medium.
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TABLE A1.1

A(%) = [(Tolerant-Intolerant)/Intolerant] x 100

213

LIPID FRACTION (% of Dry Weight)

SPECIES CLONE: Cu TOLERANT CU INTOLERANT A (%)

Chlorella vulgaris 40.6 + 2.6 28.8 + 1.2 41.0

Chlamydomonas applanata 32.8 + O.1 28.8 + 0.1 13.9

Monallantus salina 62.1 + 0.1 42.3 + 1.5 46.8

Skeletonema costatum 30.3 + 5.2 20.4 + 3.2 48.5

Bidduliphia aurita 12.2 + 0.2 17.2 -29.1

*



Fig. Al.1 Time course of lipid fractions in the copper tolerant
and copper intolerant clones of Chlorella vulgaris: cultures were
transferred to N-free medium as described in Chapter 4. Error bars
represent the range of duplicate flasks.
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Fig. Al. I
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Fig. A1.2 Lipid fraction response to copper and nitrogen
starvation in 2 clones of Chlorella vulgaris: cells were
preconditioned in medium containing nitrogen and either low copper
(pCu2+=9.5) or high copper (pCu2+=5.86). At day 7, the cells were
transferred to N-free medium with copper as noted in the figure.
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Fig. A1.3 Effect of copper toxicity on lipid fractions of
Chlorella vulgaris in Nitrogen-free medium: cells of the copper
sensitive clone of Chlorella vulgaris were transferred to nitrogen-
free medium containing either high or low copper (pCu2+=5.6 and 9.5,
respectively). In all cases shown, dashed lines represent the low
copper medium while solid lines represent the high copper medium.
The histogram (c) shows the net difference in lipid mass per cell
between the beginning (day 0) and end (day 10) of the experiment
under the 2 concentrations of copper. (Data in this figure correspond
to the data in Fig. A.2d).
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Appendix 2

Supplementary Data From Laboratory

Studies on Phytoplankton Lipids
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LIGHT/DARK EXPERIMENTS

Three experiments on lipids and the cell cycle in Oocystis

polymorpha were performed in this study. For the light/dark

experiment described in Chapter 4, the history of cell numbers in

the cyclostat both several days before and after the experiment,

are given in Fig. A2.1. Over a light/dark cycle cell numbers

generally varied from about 0.12 to 0.45 million cells/ml. The release

of autospores usually began around midnight.

An L/D experiment similar to that presented in Chapter 4 but

with unbuffered medium (Fig. A2.2, A2.3) resulted in an inhibition of

cell division during the pseudo-dark period (i.e., period when the

lights should have been off but were kept on). This inhibition of

cell division might have been due to an elevated pH which was measured

at 10.4 during the pseudo-dark period. In contrast to the L/D

experiment in Chapter 4 an increase in the lipid fraction of a factor

of 1.4 occurred just prior to the release of autospores during the

dark period of the experiment (Fig. A2.3). It was felt that this may

be related to the variable pH because a similar increase did not occur

when medium buffered to pH 8 was used (see Chapter 4).

The effect of culture aeration also was shown to affect cell

division when unbuffered medium was used. In experiment #3a (Fig.

A2.4 and A2.5) the culture was aerated as usual and cell division

occurred in the L/D cycle at the expected time around midnight. One

data point, taken 2 hours before cell division, indicated an increased

lipid fraction (Fig. A2.5). In experiment #3b, culture aeration was

turned off near the end of the light period and cell division did
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not occur at the expected time in the dark. Near dawn (arrow 2 in

Fig. A2.5), the pH was 10 ad optical examination showed that most:

cells had formed (but not released) autospores. Aeration was turned

back on at dawn and the cells divided as usual during the following

dark period (Fig. A2.4). No discernable pattern was noted for lipid

fractions during this period.

These experiments suggest that high pH inhibited cell division

in 0. polymorpha. It is felt that the validity of the elevated lipid

fractions noted before cell division was confused by the use of

unbuffered medium. This was supported by the experiment described

in Chapter 4 where buffered medium resulted in constant lipid fractions

over 24 hours of one light/dark cycle followed by 24 hours of constant

light where phased cell division occurred as a result of the cell

cycle.
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SPECIES SCREENING

The detailed data on; cell numbers, fluorescence, dry weight, cell

nitrogen, lipid fractions and lipid per culture volume are given for

each species (Fig. A2.6 - A.2.36). These are the basic data analyzed

in Chapter 4. Log-phase cultures were grown in complete media for 3

or 4 days and transferred to N-free media well before reaching stationary

phase. Cell number and fluorescence data from day -1 to day 0 in the

figures represent this last day of log-phase growth prior to transfer.

The sharp dilution effect in the figures upon transfer (day 0)

represents the removal of sample aliquots for log-phase physiological

measurements prior to resuspension in N-free media.

It can be seen from the data that in all cases, cell numbers

increased for several days in N-free medium by drawing on their

original nitrogen stores which thus decreased over the same period.

Fluorescence, however, responded in several different fashions. In

C. vulgaris (Fig. A2.12) it decreased steadily and substantially after

a slight increase on the first day in N-free medium. Other species

showed a sizeable increase over the first several days of N-stress,

followed by a decrease. Dry weight increased during N-stress usually

by a fraction of about 2 or 3. Combined with the lipid fraction

increases, a volume of culture always showed a net increase in lipid

mass over the N-stress period. Over the course of the study, several

species were repeated in identical experiments. These included

Monallantus salina (Fig. A28 and A29), Skeletonema costatum SKEL (Fig.

A31 and A32) and Thalassiosira pseudonana (Fig. A34 and A35).

Additionally, the same clone of Chlorella pyrenoidosa CHICK was
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ordered twice, a year apart, from the stock culture collection at

the University of Texas (Stock No. 1663) and identical experiments

were run (Fig. A2.10 and Fig. A2.11). Also numerous log-phase lipid

measurements were taken over the course of the study on two species

which were studied more extensively, Oocystis polymorpha and Cyclotella

cryptica. It was felt that the agreement between all of these internal

controls, along with the agreement between duplicate flasks in each

experiment, added confidence to the general reproducibility of the

data.

In addition to the species screened for lipid production, other

candidates were considered for such experiments. However, after

growing stock cultures of these species they were eliminated as candi-

dates for reasons such as: slow growth rates, special culturing

requirements or measurement difficulties (e.g., cultures that stick

to culture vessel walls). These species included:

ChLamydomonas reinhardtii +

Chlorella pyrenoidosa Chick (UTEX 1664)

C. pyrenoidosa Chick (UTEX 1666)

C. pyrenoidosa Chick (UTEX 1806)

Fragilaria crolonensis (UTEX LB1972)

Ochromonas danica (UTEX 129A)

Pseudococcomyxis adherens

Bellerochea polymorpha BCN

B. polymorpha NML0100

Chaetocerus didymus 67Chdy
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Detonula confervacea D. Conf,

D. confervacea -OC-1

Melosira sp.

Pavlovia lutheri Mono

Rhizosolenia setigera Rhizo

Thalasiossira nordenski geidii T. Nord

Thalassionema nitzschoides 67TN
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Fig. A2.1 Cyclostat cell number history for light/dark
experiment #1: Oocystis polymorpha was grown in WC medium, buffered
with Tris, on L/D 12/12 at 200C. Bracket designated #1 corresponds
to the time period of the experiment described in Chapter 4. Shaded
periods on the abscissa represent lights off, and the cross-hatched
period represents 12 hours when the lights were kept on during an
"expected" dark period.
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Fig. A2.il.
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Fig. A2.2 Cyclostat cell number history for light/dark
experiment #2; unbuffered growth medium. Same conditions as
Fig. A2.6 except the growth medium was unbuffered and pH varied
between 8 and 10.4 during the light/dark, light/light period
(Bracket designated #2).
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Fig. A2.2
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Fig. A2.3 Cell numbers, dry weight and lipid fraction for
cyclostat experiment #2: data correspond to the period bracketed
in Fig. A2.2.
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Fig. A2.4 Cyclostat cell number history for experiment #3a
(unbuffered medium with aeration) and experiment #3b (unbuffered
medium without aeration): as noted in the figure, both experiments
were run on light/dark cycles of 12/12 hours.
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Fig. A2.4

I

(3
o0

0 12 24 12 24 12
HOURS

24 12 24 12 24 12

235



Fig. A2.5 Cell numbers dry weight, and lipid fractions
for cclostat experiments #3a and #3b; experiment #3a used unbuffered
medium with culture aeration. In experiment #3h (unhuffered medium
also) aeration was turned off prior to dark (arrow #1) and turned
on again at dawn (arrow #3). At the time noted by arrow #2 many
autospores were noted within the cells but were not released until
the following dark period, after aeration was turned on.
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Fig. A2.6 to A2.36 Cells, fluorescence, dry weight, lipids
and cell-N during nitrogen starvation; presented are the detailed
data from the N-starvation experiments described in Chapter 4.
Dashed and solid lines represent the duplicate flasks. The abscissa
represents days in N-free medium. Ordinate scales vary according
to species. The dilution effect at Day 0 represents the transfer of
cells to N-free media (arrows are indicated where dilution affects
the measurements). Cells and fluorescence between Day -1 and Day 0
represent the last day of log-phase growth prior to transfer to
N-free medium. Cells were always transferred while still in log-
phase. The species are presented in alphabetical order, first
for freshwater and then for marine:

*
FIGURE SPECIES DILUTION

A2.6 Chlamydomonas applanata ()Cu 1.9
A2.7 C. applanata (+)Cu 1.4
A2.8 ChloreZZa eZlipsoidea 2.8
A2.9 C. pyrenoidosa -
A2.10 C. pyrenoidosa 1.8
A2.11 C. pyrenoidosa 2.2
A2.12 C. vugaris (+)Cu 2.3
A2.13 C. vulZgaris ()Cu 3.3
A2.14 Monodus subterraneous -
A2.15 Nannochioris sp. 2.1
A2.16 Navicula peZZlliculosa -
A2.17 Nitzschia palea -
A2.18 Oocystis polymorpha 1.7
A2.19 Ourococcus sp. 2.6
A2.20 Scenedesmus obliquus 2.0
A2.21 Selenastrum gracile 3.6
A2.22 Synedra ulna 2.1
A2.23 BidduLphia aurita ()Cu 2.0
A2.24 B. aurita (+)Cu 2.0
A2.25 CyclotelZZa cryptica 1.8
A2.26 DunalieZZa tertiolecta 1.7
A2.27 Hymenomonas carterae 1.5
A2.28 Monallantus saZina (+)Cu 2.0
A2.29 M. saZina (+)Cu 2.0
A2.30 M. saZina ()Cu 2.2
A2.31 SkeZetonema costatumn (+)Cu 1.6
A2.32 S. costatum (+)Cu 1.9
A2.33 S. costatwn ()Cu 2.1
A2.34 Thalassiosira pseudonana 2.4
A2.35 T. pseudonana 2.3
A2.36 T. weisfZogii 2.4

*Dilution Upon Transfer to N-Free Medium
** Relative Tolerance to Copper Between Clones "-" = intolerant,

"+" = tolerant
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Fig. A2.6
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Fig. A2.7
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Fig. A2.8
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Fig. A2.9
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Fig. A2.10
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Fig. A2.11
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Fig A2.12
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Fig. A2.13
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Fig. A2.14
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Fig. A2.15
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Fig. A2.16
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Fig. A2.17
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Fig. A2.18
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Fig. A2.19
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Fig. A2.20
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Fig. A2.21
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Fig A2.22
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Fig. A2.23
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"Fig. A2.24
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Fig. PA2.25
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