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Photosynthesis of 
Biomass and Its 
C onversion-Related 
Properties 

I. I N T R O D U C T I O N  

Although many questions remain to be answered regarding the complex chem- 
istry of biomass growth, the reactions that occur when carbon dioxide (CO2) 
is fixed in live green biomass are photochemical and biochemical conversions 
that involve the uptake of CO2, water, and the solar energy absorbed by plant 
pigments. Carbon dioxide is reduced in the process and water is oxidized. 
The overall process is called photosynthesis and is expressed by a simple 
equation that affords monosaccharides as the initial organic products. Light 
energy is converted by photosynthesis into the chemical energy contained in 
the biomass components: 

6CO2 + 6H20 + light--~ C6H1206 + 602. 
Hexose 

The inorganic materials, CO2 and water, are converted to organic chemicals, 
and oxygen is released. The initial products of a large group of biochemical 
reactions that occur in the photosynthetic assimilation of ambient CO2 are 
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sugars. Secondary products derived from key intermediates include polysaccha- 
rides, lipids, proteins and a wide range of organic compounds, which may or 
may not be produced in a given biomass species, such as simple low-molecular- 
weight organic chemicals (e.g., acids, alcohols, aldehydes, ethers, and esters), 
and complex alkaloids, nucleic acids, pyrroles, steroids, terpenes, waxes, and 
high-molecular-weight polymers such as the polyisoprenes. When biomass is 
burned, the process is reversed and the energy absorbed in photosynthesis is 
liberated along with the initial reactants. 

The fundamentals of photosynthesis are examined in this chapter, with 
emphasis on how they relate to biomass production and its limitations. The 
compositions of different biomass species and the chemical structures of the 
major components are also examined in the context of biomass as an energy 
resource and feedstock. 

II. PHOTOSYNTHESIS 

A. FUNDAMENTALS 

The historical development of our understanding of the photosynthesis of 
biomass began in 1772 when the English scientist Joseph Priestley discovered 
that green plants expire a life-sustaining substance (oxygen) to the atmosphere, 
while a live mouse or a burning candle removes this same substance from the 
atmosphere. A variety of suggestions were offered by the scientific community 
during the ensuing 30 years to explain these observations until in 1804, the 
Swiss scientist Nicolas Theodore de Sausseure showed that the amount of CO2 
absorbed by green plants is the molecular equivalent of the oxygen expired. 
From that point on, the stoichiometry of the process was developed and major 
advancements were made to detail the chemistry of photosynthesis and how 
the assimilation of CO2 takes place. Much of this work paralleled the develop- 
ment of research done to understand the biochemical pathways of the cellular 
metabolism of foodstuffs. Indeed, there is much overlap in the chemistry of 
both processes. 

About 75% of the energy in solar radiation, after passage through the 
atmosphere where much of the shorter wavelength, high-energy radiation is 
filtered out, is contained in light of wavelengths between the visible and near- 
infrared portions of the electromagnetic spectrum, 400 to 1100 nm. The light- 
absorbing pigments effective in photosynthesis have absorption bands in this 
range. Chlorophyll a and chlorophyll b, which strongly absorb wavelengths 
in the red and blue regions of the spectrum, and accessory carotenoid and 
phycobilin pigments participate in the process. Numerous investigations have 
established many of the parameters in the complex photosynthetic reactions 



II. Photosynthesis 53 

occurring in biomass membrane systems which contain the necessary pigments 
and electron carriers. Tracer studies to establish the chemical structures of 
the intermediates in photosynthesis were initiated in the 1940s by the U.S. 
investigators Melvin Calvin, J. A. Bassham, and Andrew A. Benson. These 
studies showed that the oxygen evolved in photosynthesis comes exclusively 
from water and not CO2. With green algae (Chlorella), reducing power is 
accumulated during illumination in the absence of CO2 and can later be used 
for the reduction of CO2 in the absence of light (Calvin and Benson, 1947). 
After a short 30- to 90-second exposure to light, the main portion of the newly 
reduced, labeled CO2 was found to be distributed in a dozen or more organic 
compounds. By progressively shortening the light exposure to 2 seconds before 
killing the ceils, almost all of the 14C in the labeled CO2 was found to be 
incorporated in 3-phosphoglyceric acid, a compound that occurs in practically 
all plant and animal cells. Such experiments led to elaboration of the biochemi- 
cal pathways and the essential compounds required for photosynthesis. It was 
found that the pentose ribulose-l,5-diphosphate is a key intermediate in the 
process. It reacts with CO2 to yield 3-phosphoglyceric acid. Equimolar amounts 
of ribulose-1,5-diphosphate and CO2 react to form 2 mol of 3-phosphoglyceric 
acid, and in the process, inorganic carbon is transformed into organic carbon. 
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These reactions of course occur in the presence of the proper enzyme catalysts 
and cofactors. Glucose is the primary photosynthetic product. As will be shown 
later in the discussion of the structures of the organic intermediates in the 
various pathways, the dark reactions take place in such a manner that ribulose- 
1,5-diphosphate is regenerated. 

B. LIGHT REACTIONS FOR CARBON 

DIOXIDE ASSIMILATION 

In addition to a suitable environment, appropriate pigments, whose cumulative 
light-absorbing properties determine the range of wavelengths over which 
photosynthesis occurs, a reaction center where the excited pigments emit 
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electrons, and an electron transfer chain that generates the high-energy phos- 
phorylating agent adenosine triphosphate (ATP) by photophosphorylation are 
necessary for ambient CO2 reduction. The pigment chlorophyll absorbs light 
and is oxidized by ejection of an electron. The electron is accepted by ferredoxin 
(Fd), a nonheme iron protein, to form reduced ferredoxin (Fd+2), which 
through other electron carriers generates ATP and the original oxidized ferre- 
doxin (Fd+3). Chlorophyll functions as both a light absorber and a source of 
electrons in the excited state, and as the site of the initial photochemical 
reaction. Accessory pigments function to absorb and transfer light energy 
to chlorophyll. 

Two photochemical systems are involved in these "light reactions": photo- 
systems II (PS If) and I (PS I). PS II consists of the first series of reactions 
that occur in the light phase of photosynthesis during which the excited 
pigment participates in the photolysis of water to liberate free oxygen, protons, 
and electrons. PS I is the second series of reactions that occur in the light 
phase of photosynthesis; they result in the transfer of reducing power to 
nicotinamide adenine dinucleotide phosphate (NADP) for ultimate utilization 
by CO2. The light reactions yield ATP, and the reduced form of nicotinamide 
adenine dinucleotide phosphate (NADPH2), both of which facilitate the dark 
reactions that yield sugars. Hydrogen is transferred by NADPH2. The low- 
energy adenosine diphosphate (ADP) and NADP produced in the dark reactions 
are reconverted to ATP and NADPH2 in the light reactions. 

The chemistry of the light reactions was elucidated in 1954 by the U.S. 
biochemist Daniel Arnon and co-workers (Arnon, Allen, and Whatley, 1954). 
Light energy is absorbed by the chlorophyll pigments in plant chloroplasts 
and transferred to the high-energy bonds in ATP, which is produced in noncy- 
clic and cyclic photophosphorylation reactions. Noncyclic photophosphoryla- 
tion occurs in the presence of light, requires Fd catalyst, and yields ATP and 
oxygen. NADP is then reduced by Fd +2 in the absence of light: 

4Fd +3 + 2ADP + 2P, + 2H20--~ 4Fd +2 + 2ATP + 02 + 4H + 
4Fd +2 + 2NADP + 4H + ---* 4Fd +3 + 2NADPH2. 

For each molecule of oxygen evolved, two molecules each of ATP and NADPH2 
are formed. Cyclic photophosphorylation requires Fd catalyst and produces 
ATP only: 

ADP + P,--~ ATP. 

This process provides the additional molecule of ATP needed for assimilation 
of one molecule of CO2. 

PS I appears to promote cyclic photophosphorylation and proceeds best in 
light of wavelengths greater than 700 nm, whereas PS II promotes noncyclic 
photophosphorylation and proceeds best in light of wavelengths shorter than 
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700 nm. PS II and PS I operate in series in the chloroplast membranes and 
transfer reducing power from water to Fd and NADP by an electron chain 
that includes plastoquinone and three proteins in chloroplastsmcytochrome 
b, cytochrome f, and the copper protein plastocyanin. To overcome the potential 
difference between the carbon dioxide-glucose couple and the water-oxygen 
couple, two photons are absorbed, one by PS II and one by PS I. In the 
traditional "Z scheme" concept of photosynthesis first proposed in 1960 (Hill 
and Bendall, 1960), and which is now well accepted, the strong oxidizing agent, 
oxygen, is at the bottom, and the strong reducing agent, reduced ferredoxin, is 
at the top (Fig. 3.1) (Bassham, 1976). By transfer of electrons from water to 
ferredoxin, the chemical potential for reduction of CO2 is created. PS II is 
depicted as absorbing one photon to raise an electron to an intermediate energy 
level, after which the electron falls to an intermediate lower energy level while 
generating ATP. PSI  then absorbs the second photon and raises the electron 
to a still higher intermediate energy level, and subsequently generates NADPH2 
via reduced ferredoxin, after which CO2 is reduced to yield sugars. In effect, 
the Z scheme transfers electrons from a low chemical potential in water to a 
higher chemical potential in NADPH2, which is necessary to reduce CO2. 

It has been discovered, however, that both photosystems do not seem to 
be necessary as depicted in the Z scheme to reduce CO2. PS II seems to be 
adequate alone to generate the chemical potential for reduction, at least in 
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FIGURE 3.1 Traditional "Z scheme" of biomass photosynthesis. From Bassham (1976). 
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one biomass species under certain conditions. PS I is absent in a mutant of 
the alga Chlamydomonas reinhardtii, but the organism has been found to be 
capable of photoautrophic assimilation of COz and the simultaneous evolution 
of oxygen and hydrogen (Greenbaum et al., 1995). The investigators interpre- 
ted their results to mean that a single-photon light reaction has the potential of 
increasing the efficiency of photosynthesis by overcoming the thermodynamic 
limitations of converting light energy into chemical energy. This will be referred 
to later in the discussion of photosynthesis efficiency and biomass yield. In 
any case, this observation tends to verify Amon's argument that water oxidation 
and NADP reduction can be driven by PS II alone (Barber, 1995). 

In summary, ambient CO2 fixation by photosynthesis involves the photo- 
chemical decomposition of water to form oxygen, protons, and electrons; the 
transport of these electrons to a higher energy level via PS II and I and several 
electron transfer agents; the concomitant generation of NADPH2 and ATP; and 
reductive assimilation of COz to monosaccharides. The initial process is the 
absorption of light by chlorophyll, which promotes the decomposition of water. 
The ejected electrons are accepted by the oxidized form of Fd. The reduced 
Fd then starts a series of electron transfers to generate ATP from ADP and 
inorganic phosphate, and NADPHz in the light reactions. The stoichiometry, 
including the reduction in the dark reactions of 1 mol CO2 to carbohydrate, 
represented by the building block (CHzO), is illustrated in simplified form 
as follows: 

2H20(1) --~ 4H + + 4e + O2(g) 
4Fd +3 + 4e --~ 4Fd +2 

3ADP + 3P,--~ 3ATP 
4Fd +2 --~ 4Fd +3 + 4e 

2NADP + 4H + + 4e --~ 2NADPH2 
CO2(g) + 3ATP + 2NADPHz--~ (CHzO) + 3ADP + 2NADP + 3P, 

+ HzO(1) 
Overall: CO2(g) + H20(1) ~ (CH20) + O2(g). 

For each of the two light reactions, one photon is required to transfer each 
electron; a total of eight photons is thus required to fix one molecule of CO2. 
Assuming CO2 is in the gaseous phase and the initial product is glucose, the 
standard Gibbs free energy change at 25~ is +0.48 MJ (+114 kcal) per 
mole of COz assimilated and the corresponding enthalpy change is +0.47 MJ 
( + 112 kcal). 

C. DARK REACTIONS FOR CARBON 

DIOXIDE ASSIMILATION 

The discussion of photosynthesis to this point has concentrated more on the 
light reactions that occur in photosynthesis. The organic components in bio- 
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mass are formed during the dark reactions. Some discussion of the biochemical 
pathways and organic intermediates involved in the reduction of CO2 to sugars 
is beneficial because they play a significant role in our understanding of the 
molecular events of biomass growth, and in differentiating between the various 
kinds of biomass. 

Before discussion of these pathways, it is important to note that the photo- 
synthetic pathways also involve several dark reactions that occur in the glycoly- 
sis of glucose. The metabolic pathways provide energy for cellular maintenance 
and growth, form 3-phosphoglyceric acid and 3-phosphoglyceraldehyde, from 
which almost all other cellular organic components are synthesized, and are 
virtually identical in a large variety of living organisms, for example, in corn, 
wheat, oats, legumes, algae, many bacteria, the muscle, brain, liver, and other 
organs of humans and animals, and many birds, insects, and reptiles. Several 
reactions in the dark reactions on CO2 uptake are the same as those that 
occur in the metabolism of foodstuffs by these organisms. Seven reactions of 
photosynthesis are common to the Embden-Meyerhof metabolic pathway, and 
three reactions are common to the pentose phosphate metabolic pathway. Each 
pathway converts glucose to pyruvic acid. 

In photosynthesis, CO2 generally enters the leaves or stems of biomass 
through the stoma, the small intercellular openings in the epidermis. These 
openings provide the main route for both photosynthetic gas exchange and 
for water vapor loss in transpiration. At least three different biochemical path- 
ways can occur during CO2 reduction to sugars (Rabinovitch, 1956; Loomis 
et al., 1971; Osmond, 1978). 

One pathway is called the Calvin or Calvin-Benson cycle and involves 
the three-carbon intermediate 3-phosphoglyceric acid. This cycle, which is 
sometimes referred to as the reductive pentose phosphate cycle, is used by 
autotrophic photochemolithotrophic bacteria, algae, and green plants. As 
shown in Fig. 3.2, ribulose-l,5-diphosphate (I) and CO2 react to form 3- 
phosphoglyceric acid (II), which in turn is converted via 1,3-diphosphoglyceric 
acid (III) and 3-phosphoglyceraldehyde (IV) to glucose (V) and ribulose-5- 
phosphate (VI), from which I is regenerated. For every 6 molecules of CO2 
converted to 1 molecule of glucose in a dark reaction, 18 ATP, 12 NADPH, 
and 24 Fd molecules are required. Twelve molecules of II are formed in the 
chloroplasts from 6 molecules each of CO2 and I. After these carboxylation 
reactions, a reductive phase occurs in which 12 molecules of II are successively 
transformed into 12 molecules of III and 12 molecules of IV, a triose phosphate. 
Ten molecules of the triose phosphate are then used to regenerate 6 molecules 
of I, which initiates the cycle again. The other 2 triose phosphate molecules 
are used to generate glucose. 

Plant biomass species that use the Calvin-Benson cycle are called C3 plants. 
The cycle is common in many fruits, legumes, grains, and vegetables. C3 
plants usually exhibit low rates of photosynthesis at light saturation, low light 



58 Photosynthesis of Biomass and Its Conversion-Related Properties 

24Fd +3 

+2 
24Fd 

CHO 
I 

NADP 12 HCOH - 
/ 

CH2OP 
IV. 

12NADPH~" / 
CO2P 

I 
12 HCOH 

I 
�9 , OH 20P 

II1. 
12ADP 

\ 

/ 
12ATP 'CO2H 

I 
12 HCOH 

I 
CH2OP 

II. 

J 

CHO 
I 

HCOH 
I 

HOOH 
I 

HCOH 
I 

HCOH 
I 

CH2OH 

V. 

6 Pi 
OH 2 OH 
I 

C = O  
I 

6 HCOH 
I 

HCOH 
I 

CH2OP 
V l . '  

H2OP 

C = O  
I 

6 HCOH 
I 

HCOH S '  CH2OP 

I. 

/ 

\ 
I 

\ 
6 CO 2 

FIGURE 3.2 Biochemical pathway from carbon dioxide to glucose for C3 biomass. (Net process: 
3 ATP, 2 NADPH2, 4 Fd+2/CO2 assimilated.) 

saturation points, sensitivity to oxygen concentration, rapid photorespiration, 
and high CO2 compensation points (about 50 ppm). The CO2 compensation 
point is the CO2 concentration in the surrounding environment below which 
more CO2 is respired by the plant than is photosynthetically fixed. Typical C3 
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biomass species are alfalfa, barley, Chlorella, cotton, Eucalyptus, Euphorbia 
lathyris, oats, peas, potato, rice, soybean, spinach, sugar beet, sunflower, tall 
fescue, tobacco, and wheat. 

The second pathway is called the C, cycle because CO2 is initially converted 
to the four-carbon dicarboxylic acids, malic or aspartic acids (Fig. 3.3). Phos- 
phoenolpyruvic acid (I) reacts with one molecule of CO2 to form oxaloacetic 
acid (II) in the mesophyll of the biomass, and then malic or aspartic acid 
(III) is formed. The C4 acid is transported to the bundle sheath cells, where 
decarboxylation occurs to regenerate pyruvic acid (IV), which is returned to 
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FIGURE 3.3 Biochemical pathway from carbon dioxide to glucose for C4 biomass. (Net process: 
5 ATP, 2 NADPH2, 4 Fd+2/CO2 assimilated.) 
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the mesophyll cells to initiate another cycle. The CO2 liberated in the bundle 
sheath cells enters the C3 cycle in the usual manner. Thus, no net CO2 is fixed 
in the portion of the C4 cycle shown in Fig. 3.3, and it is the combination 
with the C3 cycle which ultimately results in CO2 fixation. 

The subtle differences between the C4 and C3 cycles are believed responsible 
for the wide variations in biomass properties. In contrast to C3 biomass, C4 
biomass is usually produced at higher yields and has higher rates of photosyn- 
thesis, high light saturation points, insensitivity to atmospheric oxygen concen- 
trations below 21 tool %, low levels of respiration, low CO2 compensation 
points, and greater efficiency of water usage. C4 biomass often occurs in areas 
of high insolation, hot daytime temperatures, and seasonal dry periods. Typical 
C4 biomass includes important crops such as corn, sugarcane, and sorghum, 
and forage species and tropical grasses such as Bermuda grass. Even crabgrass 
is a C4 biomass. At least 100 genera in 10 plant families are known to exhibit 
the C4 cycle. 

The third pathway is called crassulacean acid metabolism, or CAM. CAM 
refers to the capacity of chloroplast-containing biomass tissues to fix CO2 via 
phosphoenolpyruvate carboxylase in dark reactions leading to the synthesis 
of free malic acid. The mechanism involves the fl-carboxylation of phosphoe- 
nolpyruvic acid by this enzyme and the subsequent reduction of oxaloacetic 
acid by malate dehydrogenase. CAM has been documented in at least 18 
families, including the family Crassulaceae, and at least 109 genera of the 
Angeospermae. Biomass species in the CAM category are typically adapted to 
arid environments, have low photosynthesis rates, and have high water usage 
efficiencies. Examples are cactus plants and the succulents, such as pineapple. 
The information developed to date on CAM biomass indicates that CAM has 
evolved so that the initial CO2 fixation can take place in the dark with much 
less water loss than the C3 and C4 pathways. CAM biomass also conserves 
carbon by recycling endogenously formed CO2. Several CAM species show 
temperature optima in the range 12 to 17~ for CO2 fixation in the dark. The 
stomates in CAM plants open at night to allow entry of CO2 and then close 
by day to minimize water loss. The carboxylic acids formed in the dark are 
converted to sugars when the radiant energy is available during the day. 
Relatively few CAM plants have been exploited commercially. 

D. OTHER BIOCHEMICAL PATHWAYS 

A short discussion is also in order regarding the biochemical pathways to 
the polysaccharides (celluloses and hemicelluloses), which are the dominant 
organic components in most biomass, and the lignins, proteins (polypeptides), 
and triglycerides (lipids or fats) that are found in biomass. Most biomass on 
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a dry basis contains about 50 wt % celluloses. The other components are 
present in lower concentrations. It is evident that since the simple sugars are 
the initial products of photosynthesis, they are the primary precursors of all 
the organic components in biomass. More details on the composition ofbiomass 
and the chemical structures of the major components are presented later in 
Section III. 

Celluloses and Hemicelluloses 

The pathways to the high-molecular-weight polysaccharides involve successive 
condensations of the monosaccharides, mainly the hexoses to yield celluloses 
and starches, and mainly the pentoses to yield hemicelluloses. Celluloses are 
composed of/3-glucosidic units in the polymer chain, and starches are com- 
posed of a-glucosidic units. Glucose is the dominant immediate precursor of 
the celluloses. Similarly, the dominant repeating unit in the hemicelluloses is 
the pentoses, which are intermediates in the photosynthetic pathways to glu- 
cose of C3 and C4 plants. Since the celluloses always occur in terrestrial biomass 
together with the hemicelluloses, it is likely that some of the C5 intermediates 
are shunted from the glucose pathway to form the hemicelluloses. 

Lignins 

This group of biomass components is unique in that it occurs mainly in woody 
biomass and cellulosic, terrestrial biomass as aromatic polymers containing 
phenyl propane units in which the benzene rings are substituted by methoxyl 
and hydroxyl groups. The linkages in the polymers occur directly between 
the rings, between the propane units, and through ether linkages via the 
hydroxyl groups. About 25 wt % of dry wood consists of lignins; slightly more 
of which is usually contained in softwoods than hardwoods. The precursors 
of the lignins appear to be C9 compounds such as p-hydroxyphenylpyruvic 
acid, which can be derived through a series of condensation reactions starting 
with glucose. Amino acids seem to play a role in this biochemical pathway. One 
pathway proposed for the formation of spruce lignin involves the biochemical 
conversion of glucose, which is transformed into the lignins by a series of 
reactions via shikimic acid (3,4,6-trihydroxy-cyclohexene-l-carboxylic acid) 
and coniferin, a glycoside of coniferyl alcohol (3-(4-hydroxy-3-methoxy- 
phenyl)-2-propene-l-ol) (Freudenberg, 1957). Note that because of the chemi- 
cal complexity of the lignins and the variety of specific lignin structures formed 
by different biomass, numerous biochemical pathways have been proposed to 
explain how lignins are formed from sugars. Coniferyl alcohol is a precursor 
in many of these pathways. 
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Proteins 

Proteins are polymers composed of natural amino acids that are bonded to- 
gether through peptide linkages. They are formed via condensation of the 
acids through the amino and carboxyl groups by abstraction of water to form 
polyarnides and are widely distributed in biomass as well as animals. Indeed, 
although they are present in some systems at concentrations approaching 0 
wt %, they are found in all living systems because the enzyme catalysts 
that promote the various biochemical reactions are proteins. The apparent 
precursors of the proteins are the amino acids in which an amino group, or 
an imino group in a few cases, is bonded to the carbon atom adjacent to the 
carboxyl group. Many amino acids have been isolated from natural sources, 
but only about 20 of them are used for protein biosynthesis. This does not 
mean that all 20 of these amino acids appear in each polypeptide molecule. 
The number of amino acids used and the possible sequences in the polymeric 
chains correspond to an infinite number of potential polypeptide structures. 
Natural selection controls these parameters. 

Regarding the precursors of the amino acids, several biochemical intermedi- 
ates and various nitrogen sources are utilized. The amino acids have been 
divided into five families: glutamate (glutamine, arginine, proline), aspartate 
(asparagine, methionine, threonine, isoleucine, lysine), aromatic (tryptophan, 
phenylalanine, tyrosine), serine (glycine, cysteine), and pyruvate (alanine, 
valine, and leucine) (Stanier et al., 1986). The corresponding precursors for 
these families are c~-ketoglutarate, oxalacetate, phosphoenolpyruvate and 
erythrose-4-phosphate, 3-phosphoglycerate, and pyruvate. The biosynthesis of 
histidine uses an isolated pathway and requires a phosphoribosylpyrophos- 
phate intermediate. All of these precursors are either biochemical intermediates 
or are derived from them. The nitrogen source is ambient nitrogen for many 
biomass species and ammonia, urea, or ammonium salts for most cash crops. 

Triglycerides 

kipids are esters of the triol, glycerol, and long chain fatty acids. The fatty 
acids are any of a variety of monobasic fatty acids such as palmitic and oleic 
acids. The esters are formed in a large variety of oilseed crops, green plants, 
and some microalgae. Examples are soybean, cottonseeed, and corn oils. One 
pathway to the lipids produces glycerol and the other produces fatty acids, 
which can then combine to afford the triglycerides. In the chloroplasts, 
the Calvin-Benson cycle produces phosphoglyceric acid, which undergoes 
successive noncyclic photophosphorylation and isomerization to yield 3- 
phosphoglyceraldehyde and dihydroxyacetone phosphate. Three molecules of 
the aldehyde and one molecule of the phosphate are translocated out of the 
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chloroplasts and combine to form fructose-l,6-diphosphate, which then suc- 
cessively undergoes a series of hydrolysis, isomerization, and condensation 
reactions to yield the disaccharide sucrose from glucose and fructose intermedi- 
ates. This pathway to glycerol involves reduction of dihydroxyacetone phos- 
phate to glycerol-l-phosphate. The fatty acids are derived from pyruvic acid 
formed on glycolyis of glucose. The pathway involves decarboxylation of pyru- 
vic acid, the formation of acetyl coenzyme A, which is involved in the synthesis 
(and breakdown) of fatty acids, and the buildup of fatty acid chains by insertion 
of two-carbon units into the growing chain. 

E. TERPENES 

Some biomass species are able to reduce CO2 via the initial sugars produced 
in photosynthesis to higher energy hydrocarbons, most of which have terpene 
structures. Because the energy values of terpene hydrocarbons can be as high 
or higher in some cases than conventional motor fuel components, and because 
some of the terpenes have been used as motor fuels and chemical feedstocks, 
a somewhat more detailed discussion of the biochemical pathways of hydrocar- 
bon production in biomass is worthwhile. The terpenes are isoprene adducts 
having the generic formula (C5H8),, where n is 2 or more. A large number of 
terpene derivatives in various states of oxidation and unsaturation (terpenoids) 
may also be formed. Perhaps the best-known example of natural hydrocarbon 
production is high-molecular-weight polyisoprene rubber having very high 
stereospecificity from the cambium of the hevea rubber tree (Hevea braziliensis), 
a member of the Euphorbiaceae family that grows in Brazil and in other tropical 
climates. In contrast, the Brazilian tree, Copaifera multijuga, a member of the 
Caesalpiniaceae family, produces relatively pure liquid sesquiterpene hydrocar- 
bons (C15H24), not in the cambium but in the heartwood from pores that run 
vertically throughout the tree trunk (Calvin, 1983). In some members of the 
Euphorbiaceae family such as E. lathyris, the biosynthetic pathway leads mainly 
to the acyclic dihydrotriterpene squalene, C30H50, which then undergoes inter- 
nal cyclization to form C30 terpenoid alcohols and sterols. In still other biomass 
species, lower molecular weight acyclic and alicyclic isoprene adducts are 
formed as monoterpenes (C10H16) and diterpenes (C20H48). Certain aquatic, 
unicellular biomass such as the green microalgae Botryococcus braunii are 
reported to accumulate terpene-type hydrocarbon liquids within the cells, 
sometimes in large amounts depending on the growth conditions. 

The major steps in the mechanisms of terpene and polyisoprene formation 
in plants and trees are known, and this knowledge should help improve the 
natural production of terpene hydrocarbons (Fig. 3.4). Mevalonic acid (I), a 
key intermediate derived from plant sugars via acetylcoenzyme A, is succes- 
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FIGURE 3.4 Biochemical pathways to terpenes. 

sively transformed into 5-diphosphomevalonic acid (II) and the five-carbon 
intermediate isopentenylpyrophosphate (III) via phosphorylation, dehydra- 
tion, and decarboxylation. Isomerization of a portion of III then occurs to 
form dimethylallylpyrophosphate (IV). The isomers III and IV combine by 
head-to-tail condensation to form another allylic pyrophosphate containing 
10 carbon atoms (V), which can be converted to monoterpenes. Inorganic 
phosphate is released in the process. Continuation of this process leads to all 
other terpenes. The chain can successively build up by five-carbon units to 
yield sesquiterpenes and diterpenes containing 15 and 20 carbon atoms via 
VI and VII by additional head-to-tail condensations. The same structural unit 
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is inserted in each step. A single enzyme, farnesyl pyrophosphate cyclase, is 
reported to be involved in the cyclization of the farnesyl units in C. multijuga 
to yield many sesquiterpenes (Calvin, 1983). Alternatively, tail-to-tail conden- 
sation of two C15 farnesyl units can yield the 30-carbon compound squalene 
followed by a large number of cyclizations and rearrangements to yield an 
array of natural triterpenoids, as already mentioned. Similar condensation of 
two C20 units yields phytoene, a precursor of carotenoids. This information is 
expected to help in the development of genetic engineering methods to control 
the hydrocarbon structures and yields. 

F. PHOTOSYNTHESIS EFFICIENCY AND 

BIOMASS YIELD 

Major differences in net photosynthetic assimilation of CO2 are apparent be- 
tween C3, C4, and CAM biomass species. Biomass species that fix CO2 by the 
C4 pathway usually exhibit higher rates of photosynthesis at warm tempera- 
tures. At cool temperatures, C3 biomass species usually have higher rates of 
photosynthesis. Plants that grow well in the early spring such as forage grasses 
and wheat, are all C3 species, whereas many desert plants, tropical species, 
and species originating in the tropics such as sugarcane are C4 plants. One of 
the major reasons for the generally lower yields of C3 biomass is its higher 
rate of photorespiration. If the photorespiration rate could be reduced, the net 
yield of biomass would increase. Considerable research has been done to 
achieve this rate reduction by chemical and genetic methods, but only limited 
yield improvements have been made. Such an achievement if broadly applicable 
to C3 biomass would be expected to be very beneficial for both the production 
of foodstuffs and biomass energy. Another advancement that will probably 
evolve from research concerns increasing the yields of the secondary derivatives 
such as the liquid terpene hydrocarbons and triglycerides produced by certain 
biomass species to make direct fuel production from biomass practical and 
economically competitive. Detailed study and manipulation of the biochemical 
pathways involved will undoubtedly be neccessary to achieve some of these 
improvements, particularly since most of the advancements that have been 
made by controlling growth conditions and trying to select improved strains 
of biomass have not been very successful in increasing the natural production 
of liquid fuels. 

The CO2-fixing pathways used by a specific biomass species will affect the 
efficiency of photosynthesis, so from a biomass energy standpoint, it is desirable 
to choose species that exhibit high photosynthesis rates to maximize the 
yields of biomass in the shortest possible time. Obviously, however, there are 
numerous factors that affect the efficiency of photosynthesis other than the 
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carbon dioxide-fixing pathway. Insolation; the amounts of available water and 
macronutrients and micronutrients; the CO2 in the surrounding environment; 
the atmospheric concentration of CO2, which is normally about 0.03 mol %; 
the temperature; and the transmission, reflection, and biochemical energy 
losses within or near the plant affect the efficiency of photosynthesis. For lower 
plants such as the green algae, many of these parameters can be controlled, but 
for conventional biomass growth that is subjected to the natural elements, it 
is not feasible to control all of them. 

The maximum efficiency with which photosynthesis can occur has been 
estimated by several methods. The upper limit has been projected to range 
from about 8 to 15%, depending on the assumptions made, that is, the maxi- 
mum amount of solar energy trapped as chemical energy in the biomass is 8 
to 15% of the energy content of the incident solar radiation. It is worthwhile 
to examine the rationale in support of this efficiency limitation because it 
will help to point out some aspects of biomass production as they relate to 
energy applications. 

The relationship of the energy and frequency of a photon is given by 

e = ( h c ) / A ,  

where e = energy content of one photon, J" h = Planck's constant, 6.626 x 
10-34J �9 s; c = velocity of light, 3.00 • 10 s m/s; and Jl = wavelength of light, 
nm. Assume that the wavelength of the light absorbed is 575 nm and is 
equivalent to the light absorbed between the blue (400 nm) and red (700 nm) 
ends of the visible spectrum. This assumption has been made for green plants 
by several investigators to calculate the upper limit of photosynthesis efficiency. 
The energy absorbed in the fixation of 1 mol CO2, which requires 8 photons 
per molecule, is then given by 

Energy absorbed = (6.626 • 10-34)(3.00 • 10s)(575 • 10-9)-1(8) 
(6.023 • 1023) 

= 1.67 MJ (399 kcal). 

Since 0.47 MJ of solar energy is trapped as chemical energy in this process, 
the maximum efficiency for total white light absorption is 28.1%. Further 
adjustments are usually made to account for the percentages of photosyntheti- 
cally active radiation in white light that can actually be absorbed, and respira- 
tion. The fraction of photosynthetically active radiation in solar radiation that 
reaches the earth is estimated to be about 43%. The fraction of the incident 
light absorbed is a function of many factors such as leaf size, canopy shape, 
and reflectance of the plant; it is estimated to have an upper limit of 80%. 
This effectively corresponds to the utilization of 8 photons out of every 10 in 
the active incident radiation. The third factor results from biomass respiration. 
A portion of the stored energy is used by the plant, the amount of which 
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depends on the properties of the particular biomass species and the environ- 
ment. For purposes of calculation, assume that about 25% of the solar energy 
trapped as chemical energy is used by the plant, thereby resulting in an upper 
limit for retention of the nonrespired energy of 75%. The upper limit for the 
efficiency of photosynthetic fixation of biomass can then be estimated to 
be 7.2% (0.281 5( 0.43 5( 0.80 5(0.75). For the case where little or no en- 
ergy is lost by respiration, the upper limit is estimated to be 9.7% (0.281 5( 
0.43 5(0.80). The low-efficiency limit might correspond to terrestrial biomass, 
while the higher efficiency limit might be closer to the efficiency of aquatic 
biomass such as unicellular algae. These figures can be converted to dry biomass 
yields by assuming that all of the CO2 fixed is contained in the biomass as 
cellulose,-(C6HloO5)x-, from the equation 

Y = (CIE)/F, 

where Y -- yield of dry biomass, t/ha-year; C = constant, 3.1536; I ~ average 
insolation, W/m2; E = solar energy capture efficiency, %; and F - energy 
content of dry biomass, MJ/kg. 

Thus, for high-cellulose dry biomass, an average isolation of 184 W/m 2 
(1404 Btu/ftg-day), which is the average insolation for the continental United 
States, a solar energy capture efficiency of 7.2%, and a higher heat of combustion 
of 17.51 MJ/kg for cellulose, the yield of dry biomass is 239 t/ha-year (107 
ton/ac-year). The corresponding value for an energy capture efficiency of 9.7% 
is 321 t/ha-year (143 ton/ac-year). These yields of organic matter can be viewed 
as an approximation of the theoretical upper limits for land- and water-based 
biomass. Some estimates of maximum yield reported by others are higher and 
some are lower than these figures, depending on the values used for I, E, and 
F, but they serve as a guideline to indicate the highest theoretical yields of a 
biomass production system. Unfortunately, real biomass yields rarely approach 
these limits. Sugarcane, for example, which is one of the high-yielding biomass 
species, typically produces total dry plant matter at yields of about 80 t/ha- 
year (36 ton/ac-year). 

Yield is plotted against solar energy capture efficiency in Fig. 3.5 for insol- 
ation values of 150 and 250 W/m 2 (1142 and 1904 Btu/ft2-day), which span 
the range commonly encountered in the United States, and for dry biomass 
energy values of 12 and 19 MJ/kg (5160 and 8170 Btu/lb). The higher the 
efficiency of photosynthesis, the higher the biomass yield. But it is interesting 
to note that for a given solar energy capture efficiency and incident solar 
radiation, the yield is projected to be lower at the higher biomass energy values 
(curves A and C, curves B and D). From a gross energy production standpoint, 
this simply means that a higher-energy-content biomass could be harvested 
at lower yield levels and still compete with higher-yielding but lower-energy- 
content biomass species. It is also apparent that for a given solar energy capture 



68 Photosynthesis of Biomass and Its Conversion-Related Properties 

350 

300 - 

A 

C 
D . . . .  

I, W/m 2 F, MJ/kg (dry) 
250 12 
150 12 
250 19 
150 19 

250 - 

~"-~ 200- / ~ S ~  C 1 

" -  /// 
_ / 

>" 150 - 

E / /  
.o  "/ 

100 - /~/ 

p s 

0 1 2 3 4 5 
Solar energy capture efficiency, % 

FIGURE 3.5 Effect of solar energy capture efficiency on biomass yield. (I is insolation and F 
is biomass energy content.) 



II. Photosynthesis 69 

efficiency, yields similar to those obtained with higher-energy-content species 
should be possible with a lower-energy-content species even when it is grown 
at lower insolation (curves B and C). Finally, at the solar energy capture 
efficiency usually encountered in the field, the spread in yields is much less 
than at the higher-energy-capture efficiencies. It is important to emphasize 
that this interpretation of biomass yield as functions of insolation, energy 
content, and energy capture efficiency, although based on sound principles, 
is still a theoretical analysis of living systems that can exhibit unexpected be- 
havior. 

Because of the many uncontrollable factors, such as climatic changes 
and the fact that the atmosphere only contains 0.03 mol% CO2, biomass 
production outdoors generally corresponds to photosynthesis efficiencies in 
the 0.1 to 1.0% range. Significant departures from the norm can be obtained, 
however, with certain plants such as sugarcane, napier grass, algae, maize, 
and water hyacinth (Tables 3.1 and 3.2). The average insolation values at 
the locations corresponding to the biomass growth areas listed in Table 
3.1 were used to calculate solar energy capture efficiency at the reported 
annual dry yields. Other than insolation, all environmental factors and the 
nonfuel components in the biomass were ignored for the solar energy 
capture efficiency estimates listed in Table 3.1 and it was assumed that all 
dry matter is organic and has an energy content of 18.6 MJ/dry kg (16 
million Btu/dry ton). There is still a reasonably good correlation between 
dry biomass yield and solar energy capture efficiency in Table 3.1. The 
estimates of the efficiencies are only approximations and most are probably 
higher than the actual values. They indicate, however, that C4 biomass 
species are usually better photosynthesizers than C3 biomass species and 
that high insolation alone does not necessarily correlate with high biomass 
yield and solar energy capture efficiency. The biomass production data 
shown in Table 3.2 are some of the high daily rates of biomass photosynthesis 
reported for the indicated species. It has been estimated that water hyacinth 
could be produced at rates up to about 150 t/ha-year (67 ton/ac-year) if 
the plant were grown in a good climate, the young plants always predomi- 
nated, and the water surface was always completely covered (Westlake, 
1963). Some evidence has been obtained to support these estimates (McGarry, 
1971; Yount and Grossman, 1970). Unicellular algae, such as the species 
Chlorella and Scenedesmus, have been produced by continuous processes 
in outdoor light at high photosynthesis efficiencies (Burlew, 1953; Enebo, 
1969; Kok and Van Oorschot, 1954; Oswald, 1969). Growth rates as high 
as 1.10 dry t/ha-day have been reported for Chlorella (Retovsky, 1966). In 
tropical climates, this rate might be sustainable over most of the year, in 
which case the annual yield might be expected to approach 401 dry t/ha- 
year. This yield range is beyond the theoretical upper limit estimated here 
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TABLE 3.1 Examples of Biomass Productivity and Estimated Solar Energy 
Capture Efficiency* 

Annual yield Average Solar energy 
dry matter insolation capture 

Location Biomass community (t/ha-year) (W/m0 efficiency (%) 

Alabama Johnsongrass 5.9 186 0.19 

Sweden Enthrophic lake angiosperm 7.2 106 0.38 

Denmark Phytoplankton 8.6 133 0.36 

Minnesota Willow and hybrid poplar 8-11 159 0.30-0.41 

Mississippi Water hyacinth 11.0-33.0 194 0.31-0.94 

California Euphorbia lathyris 16.3-19.3 212 0.45-0.54 

Texas Switchgrass 8-20 212 0.22-0.56 

Alabama Switchgrass 8.2 186 0.26 

Texas Sweet sorghum 22.2-40.0 239 0.55-0.99 

Minnesota Maize 24.0 169 0.79 

New Zealand Temperate grassland 29.1 159 1.02 

West Indies Tropical marine angiosperm 30.3 212 0.79 

Nova Scotia Sublittoral seaweed 32.1 133 1.34 

Georgia Subtropical saltmarsh 32.1 194 0.92 

England Coniferous forest, 0-21 years 34.1 106 1.79 

Israel Maize 34.1 239 0.79 

New South Wales Rice 35.0 186 1.04 

Congo Tree plantation 36.1 2 l 2 0.95 

Holland Maize, rye, two harvests 37.0 106 1.94 

Marshall Islands Green algae 39.0 212 1.02 

Germany Temperate reedswamp 46.0 133 1.92 

Puerto Rico Panicum maximum 48.9 212 1.28 

California Algae, sewage pond 49.3-74.2 218 1.26-1.89 

Colombia Pangola grass 50.2 186 1.50 

West Indies Tropical forest, mixed ages 59.0 212 1.55 

Hawaii Sugarcane 74.9 186 2.24 

Puerto R i c o  Pennisetum purpurcum 84.5 212 2.21 

Java Sugarcane 86.8 186 2.59 

Puerto Rico Napier grass 106 212 2.78 

Thailand Green algae 164 186 4.90 

aDry matter yield data from Berguson et al. (1990), Bransby and Sladden (1991), Burlew (1953), 
Cooper (1970), Loomis et al. (1963, 1971), Lipinsky (1978), Rodin and Brazilevich (1967), Sachs 
et al. (1981), Sanderson et al. (1995), Schneider (1973), Westlake (1963). 
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TABLE 3.2 High Daily Production Data for Selected Biomass a 

Location Biomass community Daily yield (t/ha-day) 

United Kingdom Kale 0.20 

United Kingdom Barley 0.22 

Netherlands Potato 0.22 

Trinidad Pangola grass 0.27 

California Algae 0.27 

United Kingdom Beet 0.31 

Hawaii Saccharum officinale 0.38 
Thailand Algae 0.45 

California Maize 0.52 
California Sorghum 0.52 

Florida Water hyacinth 0.54 

aAdapted from Burlew (1953) and Schneider (1973). 

from the basic chemistry of photosynthesis. It will be shown in later chapters 
that there are many species of biomass that can be grown at sufficiently high 
yields in moderate climates to make them promising candidates as biomass 
energy crops. 

As indicated in the discussion of the chemistry of photosynthesis, PS II 
alone instead of both PS II and I is sufficient for photosynthesis of a green algal 
mutant under certain conditions (Greenbaum et al., 1995). The investigators 
suggested that the maximum thermodynamic conversion efficiency of light 
energy into chemical energy can be potentially doubled because a single photon 
rather than two is required to span the potential difference between water 
oxidation/oxygen evolution and proton reduction~ydrogen evolution. Com- 
parison of the experimental results from the wild strain that contained both 
PS II and I and the mutant indicated this did not occur because the quantum 
efficiencies are similar. Also, the phenomenon was not observed under aerobic 
conditions. But this research still suggests that yields can be improved if the 
single-photon system can be incorporated into other biomass that grows under 
atmospheric conditions. For example, such biomass might exhibit higher pro- 
ductivity not only because of more efficient usage of the solar energy that is 
absorbed, but also because more CO2 could be fixed at lower insolation values 
due to longer equivalent growth times during the growing season. However, 
it has been suggested that since both PS II and PSI are required for photosynthe- 
sis under normal aerobic conditions, the validity of the Z-scheme remains 
secure (Barber, 1995). 
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Il l .  B IOMASS C O M P O S I T I O N  A N D  

E N E R G Y  C O N T E N T  

A. PROXIMATE AND ULTIMATE ANALYSES AND 

HEATING VALUES 

Typical proximate analyses and higher heating values (product water in liquid 
state, HHV) of representative biomass types and species illustrate the wide 
range of some parameters such as moisture and ash contents and the relatively 
limited range of heating values (Table 3.3). The physical moisture contents of 
biomass are generally determined experimentally by drying a sample at 100 to 
105~ at atmospheric pressure or at lower temperature and reduced pressure. 
In a few cases, some organic compounds may be lost by these procedures 
because of volatilization and/or steam distillation, but generally the results are 
suitable for biomass characterization. The moisture contents listed in Table 
3.3 range from a low of 2 to 3 wt % for the biomass derivatives char and paper 
to a high of 98 wt % for primary biosolids (primary sewage sludge). Green 
wood in the field before drying usually contains about 50 wt % moisture, 
whereas primary biosolids contain only a few percent suspended and dissolved 
solids in water. Similarly, the marine biomass giant brown kelp (Macrocystis 
pyrifera) and most other aquatic biomass contain only a few percent organic 
matter when first harvested; the main component is intracellular water. 

Total organic matter is estimated by difference between 100 and the ash 
percentage that is experimentally determined by ashing the biomass samples 
at elevated temperature using standard methods (cf. annual volumes of ASTM 
Standards, American Society for Testing and Materials; Methods for the Examina- 
tion of Water and Wastewater, American Public Health Association). The chemi- 
cal reactions that occur during ashing result in the uptake of oxygen and the 
formation of metal oxides, so the experimental ash content is not identical to 
the inorganic mineral matter in the original sample. Ideally, all carbon in the 
original sample is eliminated on ashing, the metals are not oxidized, and none 
of the metals is lost. Such is not the case for some ashing procedures, particu- 
larly when samples contain high alkali metal concentrations. The loss of mate- 
rial due to the volatility of some alkali metal oxides at the ashing temperature 
causes errors in the analysis. Adjustments are sometimes made to the experi- 
mental ash determinations so that they correspond more closely to the inor- 
ganic matter present in the unashed samples. Nevertheless, subtraction of the 
experimental ash values in percent dry weight of the biomass from 100 to 
obtain the percent organic matter is adequate for most purposes. 

Detailed chemical analyses of the components in the ash from two woody 
and one herbaceous biomass samples (Table 3.4) show that many metal oxides 
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TABLE 3.4 Analysis of Ash from Hybrid Poplar, Pine, and Switchgrass a 

Hybrid poplar Pine Switchgrass 
Component (dry wt %) (dry wt %) (dry wt %) 

CaO 47.20 49.20 4.80 

K~O 20.00 2.55 15.00 

P205 5.00 0.31 2.60 

MgO 4.40 0.44 2.60 

SiO2 2.59 32.46 69.92 

AI203 0.94 4.50 0.45 

BaO 0.70 0.22 

Fe203 0.50 3.53 0.45 

TiO2 0.26 0.40 0.12 

Na20 0.18 0.44 0.10 

Mn~O4 0.14 0.15 

SrO 0.13 0.04 

CO~ b 14.00 

SO3 ~ 2.74 2.47 1.90 

Total: 98.78 96.30 98.35 

apaisley et al. (1993). 
/~The reason for the presence of carbon and sulfur in the ash is that the ashing procedure 
was probably performed at an insufficient temperature and/or for an insufficient time 
to volatilize all nonmineral components. 

are present,  but that the distr ibution of the metallic elements is quite different 
in each sample analyzed. The oxides of calcium and potassium are dominan t  
in hybrid poplar ash; the oxides of calcium and silica are dominan t  in pine 
ash; and the oxides of potassium and silica are dominant  in switchgrass ash. 

As will be shown in later chapters, the distribution of the metals in biomass 

and the composi t ions of the ash are impor tant  in the development  of certain 

types of biomass conversion processes because they can affect process perfor- 

mance. Also, some biomass species that have an unusual ly large amoun t  of a 
specific metal have been harvested and used as a commercial  source of that 

material during times of shortages. 
It is evident from the data in Table 3.3 that the organic matter  content  and 

the H H V  are affected by the ash, which in almost all cases has no energy 
value. The higher the ash value, the lower the organic matter  and the H H V ,  

as expected. 
Intuitively, it might  also be expected that the composi t ion of biomass would 

vary over a broad range because there are so many different types and species. 
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The elemental compositions summarized in Table 3.5 support this hypothesis. 
In this table, typical ultimate and proximate analyses and the HHVs of land- 
and water-based biomass (pine wood, Kentucky bluegrass, giant brown kelp) 
and waste biomass (cattle feedlot manure, municipal solid waste, primary 
biosolids) are compared with those of cellulose, peat, and bituminous coal. 
On a dry basis, the ash values for these particular samples range from 0.5 wt 
% for pine wood to about 39 wt % for giant brown kelp. Also, on a dry basis, 
the total organic matter and the elemental analyses for carbon and hydrogen 
do not vary quite as much as the moisture and ash contents. Pure cellulose, 
a representative primary photosynthetic product, has a carbon content of 
44.4%. Most of the renewable carbon sources listed in Table 3.5 have carbon 
contents near this value. When adjusted for moisture and ash contents, it is 
seen that with the exception of the biosolids sample, the carbon contents are 
slightly higher than that of cellulose, but span a relatively narrow range. It is 
also evident from the data in Table 3.5 that the HHVs per unit mass of carbon 
are quite close. Even those for reed sedge peat and Illinois bituminous coal 
are close to those calculated per unit mass of biomass carbon. As will be shown 
below, a reasonably good correlation exists between the carbon content of 
biomass and its energy content. 

One of the analyses not included in the compositional information presented 
here on biomass is the percentage of so-called fixed carbon. This subject will 
be discussed in Chapter 8 under pyrolysis because there is no fixed carbon as 
such in biomass. 

B. CORRELATION OF CARBON AND 

ENERGY CONTENTS 

The energy content of biomass is obviously a very important parameter from 
the standpoint of conversion of biomass to energy and synfuels. The different 
components in biomass would be expected to have different heats of combus- 
tion because of the different chemical structures and carbon content. This is 
illustrated by the HHVs listed in Table 3.6 for each of the main classes of 
organic compounds in biomass. The more reduced the state of carbon in each 
class, the higher the energy content. Monosaccharides have the lowest carbon 
content, highest degree of oxygenation, and lowest heating value. As the carbon 
content increases and the degree of oxygenation is reduced, the structures 
become more hydrocarbon-like and the heating value increases. The terpene 
hydrocarbon components thus have the highest heating values of the compo- 
nents shown in Table 3.6; the lipids have the next highest heating values. The 
dominant component in most biomass is cellulose. It has a HHV of 17.51 MJ/ 
kg (7533 Btu/lb). 
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TABLE 3.6 Typical Carbon Content and Heating Value of Selected 
Biomass Components ~ 

Higher heating value 
Component Carbon (wt %)b (Mj/kg)b 

Monosaccharides 40 15.6 

Disaccharides 42 16.7 

Polysaccharides 44 17.5 

Crude proteins 53 24.0 

Lignins 63 25.1 

Lipids 76-77 39.8 

Terpenes 88 45.2 

Crude carbohydrates 41-44 16.7-17.7 

Crude fibers' 47-50 18.8-19.8 

Crude triglycerides 74-78 36.5-40.0 

aAdapted from Klass (1994). 
bApproximate values for dry mixtures. 
CContains 15-30% lignins. 

Typical lower heating values (LHV, product water in vapor state) of selected 
biomass species are shown in Table 3.7. Woody and fibrous materials appear 
to have energy contents between about 19 and 21 MJ/kg, whereas the water- 
based algae Chlorella has a higher value, undoubtedly because of its higher 
lipid or protein contents. Oils derived from plant seeds are much higher in 
energy content and approach the heating value of paraffinic hydrocarbons. 
High concentrations of inorganic components in a given biomass species can 
greatly affect its energy content because inorganic materials generally do not 
contribute to the heat of combustion, This is illustrated by the HHV for giant 
brown kelp, which leaves an ash residue equivalent to about 46 wt % of the 
dry weight, as shown in Table 3.3. On a dry basis, the HHV is about 10 MJ/kg, 
while on a dry, ash-free basis, the heating value is about 16 MJ/kg. 

When the heating values ot the waste and virgin biomass samples and even 
the peat and coal samples listed in Table 3.5 are converted to energy content 
per mass unit of carbon, it is apparent that they fall within a narrow range. 
This is usually characteristic of most biomass. The energy value of the total 
material can be estimated from the carbon analysis and moisture determinations 
without actual measurement of the heating values in a calorimeter. Manipula- 
tion of the data in Table 3.5 leads to a simple equation for calculating the 
HHV of biomass and also coal and peat with reasonably good accuracy: 

HHV in MJ/dry kg - 0.4571(% C on dry basis) - 2.70. 
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TABLE 3.7 Typical Lower Heating Values of Selected 
Biomass and Fossil Materials a 

Lower heating value 
Material (MJ/dry kg) 

Trees 
Oak 19.20 
Bamboo 19.23 
Birch 20.03 
Beech 20.07 
Oak bark 20.36 
Pine 21.03 

Fiber 
Bagasse 19.25 
Buckwheat hulls 19.63 
Coconut shells 20.21 

Green algae 
Chlorella 26.98 

Seed oils 
Linseed 39.50 
Rape 39.77 
Cottonseed 39.77 

Amorphous carbon 33.80 

Paraffinic hydrocarbon 43.30 

Crude oil 48.20 

aBurlew (1953) and Hodgman (1949). 

A comparison of the experimental HHVs with the calculated HHVs for the 
biomass, coal, and peat using the carbon analyses listed in Table 3.5 is shown 
in Table 3.8. With the exception of the primary biosolids sample, the percentage 
error of the calculated HHV is relatively small. 

C.  ENTHALPIES OF FORMATION 

The enthalpies of formation of biomass are quite useful for thermodynamic 
calculations. The heats of specific reactions that utilize biomass feedstocks 
can be estimated from the standard enthalpies of formation at 298 K of the 
combustion products (in kcal/g-mol: CO2, -94.05;  liquid H~O, -68.37;  NO2, 
8.09; SOL, -70 .95) ,  the elemental analyses of the biomass being examined, 
and its HHV. The enthalpy of formation of a particular biomass sample is 
equal to the sum of the heats of formation of the products of combustion 
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TABLE 3.8 Comparison of the Measured and Calculated Higher Heating Values of 
Biomass, Coal, and Peat a 

Measured higher heating Calculated higher heating 
Material value (MJ/dry kg) value (MJ/dry kg) Error (%) 

Giant brown kelp 10.01 9.94 -0 .70  

Cattle feedlot manure 13.37 13.34 -0 .19  

Water hyacinth 16.00 16.09 +0.54 

Pure cellulose 17.51 17.61 +0.59 

Kentucky bluegrass 18.73 18.24 - 2.64 

Primary biosolids 19.86 17.30 - 12.90 

Reed sedge peat 20.79 21.43 +3.10 

Pine wood 21.24 20.98 - 1.23 

Illinois bituminous coal 28.28 28.84 + 1.98 

aThe measured HHVs (bomb calorimeter) and the carbon analyses were determined by the Institute 
of Gas Technology. The sample of primary biosolids contained an unusually large amount of 
fatty material. The calculated HHVs are estimated from the formula 0.4571(% C on dry basis) 
-2.70.  

minus the HHV. It is assumed that the ash is inert. For example, a sample of 
giant brown kelp has the empirical formula C2.61H4.63N0.10S0.0102.23 (dry basis), 
which is derived from the elemental analysis, and a HHV of 296.1 kcal/g-mol 
(12.39 MJ/kg) at an assumed molecular weight of 100, including the ash. The 
stoichiometry for calculating the enthalpy of formation is 

2.61C + 2.315H2 + 0.05N2 + 0.01S + 1.11502 
C2.61H4.63N0.10S0.01Og.23Ash26.7 (AHf-107.5).  

The enthalpy of formation is -107.5 kcal/g-mol ( -4 .50  MJ/kg) including the 
ash for this particular biomass sample. An example of the utilization of this 
information is illustrated by applying it to the biological gasification process 
under anaerobic conditions. The stoichiometry of the process is 

C2.61H4.6302.23 (s) + 0.337H20(1)--* 1.326CH4 (g) 
+ 1.283CO2 (g) (AH -13.85). 

The enthalpy of the process is estimated to be -13.85 kcal/g-mol ( -0 .58 MJ/ 
kg) of kelp reacted (Klass and Ghosh, 1977). 

It is assumed in these calculations that the inorganic components are carried 
through the process unchanged, and that the nitrogen and sulfur can be ignored 
since their concentrations are small. For each kilogram of kelp reacted, the 
feedstock energy input is 12.39 MJ, and the energy output is 11.81 MJ as 
methane (0.8903 MJ/g-mol at 298 K). The calculations indicate the process is 
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slightly exothermic. About 95% of the feed energy resides in product methane, 
and about 5% is lost as heat of reaction. 

D. ABUNDANCE OF MAJOR ORGANIC COMPONENTS 

Typical organic components in representative, mature biomass species are 
shown in Table 3.9 along with the corresponding ash contents. With few 
exceptions, the order of abundance of the major organic components in whole- 
plant samples of terrestrial biomass is celluloses, hemicelluloses, lignins, and 
proteins. Aquatic biomass does not appear to follow this trend. The cellulosic 
components are often much lower in concentration than the hemicelluloses 
as illustrated by the data for water hyacinth. Other carbohydrates and deriva- 
tives are dominant in species such as giant brown kelp to almost complete 
exclusion of the celluloses. The hemicelluloses and lignins have not been 
found in this species. 

Biomass often undergoes compositional changes, some of which can be 
subtle or pronounced, during growth and sometimes after harvesting depend- 
ing on age of the biomass and environmental factors. An example of this 
phenomenon is the gradual decrease in sugar content and the gradual increase 
in hydrocarbon content during the maturation of E. lathyris (Ayerbe et al., 
1984). Another phenomenon that is quite common during biomass growth is 
the nonuniform distribution of organic components in various plant parts. 
For example, the hydrocarbon content in the leaves of E. lathyris is more than 
twice the amount in the stems (Sachs et al., 1981). All of these factors must 
be considered in some detail when biomass is utilized for production of cer- 
tain organic compounds or as a feedstock for conversion to fuels and energy 
products. 

Alpha cellulose or cellulose as it is more generally known, is the chief 
structural element and a major constituent of many biomass species. In trees, 
cellulose is generally about 40 to 50% of the dry weight. As a general rule, 
the major organic components on a moisture and ash-free basis in woody 
biomass are about 50 wt % cellulosics, 25 wt % hemicelluloses, and 25 wt % 
lignins. However, cellulose is not always the dominant component in the 
carbohydrate fraction of biomass. As just mentioned and as shown in Table 
3.9, it is one of the minor components in giant brown kelp. Mannitol, a 
hexahydric alcohol that can be formed by reduction of the aldehyde group of 
D-glucose to a methylol group, and alginic acid, a polymer of mannuronic and 
glucuronic acids, are the major carbohydrates. 

The lipid and protein fractions of plant biomass are normally much less on 
a percentage basis than the carbohydrate components. The lipids are usually 
present at the lowest concentration, while the protein fraction is somewhat 
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higher, but still lower than the carbohydrate fraction. Crude protein values 
can be approximated by multiplying the organic nitrogen analyses by 6.25. 
This factor is used because the average weight percentage of nitrogen in pure 
dry protein is about 16%, although the protein content of each biomass species 
can best be determined by amino acid assay. The calculated crude protein 
values of the dry biomass species in Table 3.9 range from a low of about 0 wt 
% for pine wood to a high of about 30 wt % for Kentucky bluegrass. For 
grasses, the protein content is strongly dependent on the growing procedures 
used before harvest, particularly the fertilization methods. Some biomass spe- 
cies such as the legumes, however, fix nitrogen from the ambient atmosphere 
and often contain high protein concentrations. 

It is apparent from the data in Table 3.5 that the sulfur content of virgin 
and waste biomass ranges from very low to about I wt % for primary biosolids. 
This sulfur level is similar to the sulfur content of high-sulfur Illinois bitumi- 
nous coal. Woody biomass generally contains very little sulfur. 

E. CHEMICAL STRUCTURES OF MAJOR COMPONENTS 

Knowledge of the chemical structures of the major organic components in 
biomass is quite valuable in the development of processes for producing derived 
fuels and chemicals. Information on the chemical structures can often lead to 
methods of improving existing processes and to development of advanced 
conversion methods. Somewhat more detailed information on the chemical 
structures of the major components in biomass is presented here. 

Alpha cellulose is a polysaccharide having the generic formula (C6H~005)n 
and an average molecular weight range of 300,000 to 500,000. Complete 
hydrolysis established that the polymer consists of D-glucose units. Partial 
hydrolysis yields cellobiose (glucose-fl-glucoside), cellotriose, and cellotetrose. 
These results show that the glucose units in cellulose are linked as in cellobiose 
(Fig. 3.6). Cotton is almost pure c~-cellulose, whereas wood cellulose, the raw 
material for the pulp and paper industry, always occurs in association with 
hemicelluloses and lignins. Cellulose is insoluble in water, forms the skeletal 
structure of most terrestrial biomass, and constitutes approximately 50% of 
the cell wall material. Carefully purified wood cellulose contains a few carboxyl 
groups which are believed to be esterified in the natural state. 

Starches are polysaccharides that have the generic formula (C6H~0Os)n. They 
are reserve sources of carbohydrate in some biomass, and are also made up 
of D-glucose units as shown by the results of hydrolysis experiments. But in 
contrast to the structure of cellulose, the hexose units are linked as in maltose, 
or glucose-c~-glucoside (Fig. 3.6), as indicated by the results of partial hydroly- 
sis. Another difference between celluloses and starches is that the latter can 
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be separated into two fractions by treatment with hot water: a soluble compo- 
nent called amylose (10 to 20%) and insoluble amylopectin (80 to 90%). 
Amylose and amylopectin have molecular weight ranges of 10,000 to 50,000 
and 50,000 to 1,000,000, respectively. Both fractions yield glucose or maltose 
on hydrolysis, but amylopectin is believed to consist of branched chains. 
Starches occur in the form of minute granules in seeds, tubers, and other plant 
parts and are important constituents of corn, beans, potatoes, rice, wheat, and 
other biomass foodstuffs. 

Hemicelluloses are complex polysaccharides that occur in association with 
cellulose in the cell walls. But unlike cellulose, hemicelluloses are soluble in 
dilute alkali and consist of branched structures, which vary significantly among 
different woody and herbaceous biomass species. Many have the generic for- 
mula (CsHsO4),. They are termed pentosans and yield mainly pentoses instead 
of hexoses on hydrolysis. Some hemicelluloses, however, contain hexose units. 
Hemicelluloses usually consist of 50 to 200 monomeric units and a few simple 
sugar residues. The most abundant one, xylan, consists of D-xylose units linked 
in the 1- and 4-positions (Fig. 3.6). Xylan is closely related to polyglucuronic 
acid with which it is associated in the natural state, and from which it can be 
produced by decarboxylation. Other hemicelluloses include the glucomannans, 
which consist of D-glucose and D-mannose units in the polymeric chains in 
ratios of about 30 : 70, and galactoglucomannans, which consist of D-galactose, 
D-glucose, and D-mannose in the polymeric chains in ratios of about 2 : 10:30. 
The pentosans can occur in large amounts (20 to 40%) in corncobs and corn 
stalks and in biomass straws and brans. The xylans have been found in soft- 
woods and hardwoods up to about 10% and 30% of the dry weight of the 
species, respectively, whereas mannans are generally present at about 15% of 
the dry weight in softwoods and only a few percent by weight in hardwoods. 

The lignins are highly branched, substituted, mononuclear aromatic poly- 
mers in the cell walls of certain biomass, especially woody species, and are often 
bound to adjacent cellulose fibers to form what has been called a lignocellulosic 
complex. This complex and the lignins alone are often quite resistant to 
conversion by microbial systems and many chemical agents. The complex can 
be broken and the lignin fraction separated, however, by treatment with strong 
sulfuric acid, in which the lignins are insoluble. The precise structures of 
the polymers have not been determined because of their diverse nature and 
complexity. The dominant monomeric units in the polymers are benzene rings 
bearing methoxyl, hydroxyl, and propyl groups that can be attached to other 
units (Fig. 3.6). The lignin contents on a dry basis in both softwoods and 
hardwoods generally range from 20 to 40% by weight, and from 10 to 40% 
by weight in various herbaceous species such as bagasse, corncobs, peanut 
shells, rice hulls, and straws. 
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As previously mentioned, the triglycerides found in biomass are esters of 
the triol, glycerol, and fatty acids (Fig. 3.6). These water-insoluble, oil-soluble 
esters are common in many biomass species, especially the oilseed crops, but 
the concentrations are small compared to those of the polysaccharides and 
lignins. Many saturated fatty acids have been identified as constituents of the 
lipids. Surprisingly, almost all the fatty acids that have been found in natural 
lipids are straight-chain acids containing an even number of carbon atoms. 
Most lipids in biomass are esters of two or three fatty acids, the most common 
of which are lauric (C12), myristic (C14), palmitic (C16), oleic (C18), and linoleic 
(C18) acids. Palmitic acid is of widest occurrence and is the major constituent 
(35 to 45%) of the fatty acids of palm oil. Lauric acid is the most abundant 
fatty acid of palm-kernel oil (52%), coconut oil (48%), and babassu nut oil 
(46%). The monounsaturated oleic acid and polyunsaturated linoleic acid 
comprise about 90% of sunflower oil fatty acids. Linoleic acid is the dominant 
fatty acid in corn oil (55%), soybean oil (53%), and safflower oil (75%). 
Saturated fatty acids of 18 or more carbon atoms are widely distributed, but 
are usually present in biomass only in trace amounts, except in waxes. 

Other classes of organic materials, such as alkaloids, pigments, resins, ste- 
rols, terpenes, terpenoids, and waxes, and many simple organic compounds 
are often present in various biomass species, but are not discussed here because 
they are usually present in very small amounts. The peptides present in herba- 
ceous biomass are also not discussed here because, although the nitrogen and 
sulfur contents of the biomass should be assessed for certain microbiological 
processes, the amino acids that make up the proteins are generally not impor- 
tant factors in conversion processes. 

F. RELATIONSHIP OF BIOMASS PROPERTIES AND 
CONVERSION PROCESSES 

Many processes can be used to produce energy or gaseous, liquid, and solid 
fuels from virgin and waste biomass. In addition, chemicals can be produced 
from biomass by a wide range of processes. It is evident from the data and 
information presented in this chapter, however, that the characteristics of 
potential feedstocks, particularly their moisture and energy contents, can have 
profound effects on the utility of specific biomass species and waste biomass. 
Table 3.10 is a summary of the principal feedstock, process, and product types 
that are considered in developing a synfuel-from-biomass process. There are 
many interacting parameters and possible feedstock-process-product combi- 
nations, but not all are feasible from a practical standpoint. For example, 
the separation of small amounts of metals present in biomass and the direct 



86 Photosynthesis of Biomass and Its Conversion-Related Properties 

TABLE 3.10 Summary of Feedstock, Conversion Process, and Primary Energy 
Product Types 

Feedstock Conversion process Primary energy product 

Terrestrial biomass 
Trees 
Plants 
Grasses 

Aquatic biomass 
Freshwater plants 
Marine plants 
Microalgae 

Waste biomass 
Agricultural 
Forestry 
Industrial 
Municipal 

r Densification ~ Electric 
Drying Energy ~ Steam 

L Thermal Physical~ Extraction 
Separation ( Char 
Size reduction Solids ~ Combustibles 

' Carbonization L Fabricated solids 
Chemical hydrolysis rHydrogen 
Combustion Light hydrocarbons 
Cracking Gases{ Low-Btu gas 

Thermal4 Dehydrogenation Methane 
Hydrogenation ~Synthesis gas 
Partial oxidation rEthanol 
Pyrolysis Esters 

~Steam reforming Ethers 
r Aerobic fermentation Glycerides 

Microbial/ Anaerobic fermentation Liquids~ Higher alcohols 
Biochemical{ Biophotolysis Higher hydrocarbons 

Composting Methanol 
Enzymic Oils 

Natural ,Transesterified acids 

Chemicals Derivatives 

combustion of high-moisture-content algae are technically possible, but ener- 
getically unfavorable. 

Moisture content of the biomass chosen is especially important in the 
selection of suitable conversion processes. The giant brown kelp, Macrocystis 
pyrifera, contains as much as 97 wt % intracellular water, so thermal gasification 
techniques such as pyrolysis and hydrogasification cannot be used directly 
without first drying the algae. Anaerobic fermentation is preferred because the 
water does not need to be removed. Wood, on the other hand, can often be 
processed by several different thermal conversion techniques without drying. 
Figure 3.7 illustrates the effects of thermal drying on biomass used for produc- 
tion of synthetic natural gas (SNG). A large portion of the feed's equivalent 
energy content can be expended for drying, so the properties of a potential 
feedstock must be considered carefully in relation to the conversion process. 

Table 3.11 lists the important feedstock characteristics to be examined 
when developing a conversion process for a specific virgin or waste biomass 
feedstock. A particular process also may have specific requirements within a 
given process type. For example, biological gasification and alcoholic fermenta- 
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tion are both microbiological conversion processes, but animal manure, which 
has a relatively high biodegradability, is not equally applicable as a feedstock 
for both processes. 

In summary, it is not a simple matter to select the proper conversion 
process for a given biomass feedstock. Both biomass properties and process 
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TABLE 3.11 Feedstock Characteristics That Affect Suitability of a Conversion Process 

Process type 

Characteristic 

Water content 

Energy content 

Noncombustibles 

Chemical composition 

Carbon reactivity 

Bulk component analysis 

Density 

Size/size distribution 

Biodegradability 

Organism content/type 

Nutrient content/type 

Physical 

X 

X 

X 

Thermal Biochemical-Microbial Chemical 

X X X 

X X 

X X 

X X X 

X X 

X X X 

X X X 

X 

X 

X 

requirements must be examined together and in depth to develop a technically 
and economically feasible system for producing the desired synfuels and energy 
products. These subjects will be examined in some detail in subsequent 
chapters. 
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