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Thermal Conversion: 
Pyrolysis and Liquefaction 

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

As discussed in Chapter 7, the final products of biomass combustion are CO2, 
water, and energy. This is the case, of course, for the combustion of all organic 
matter. It is not known how much time passed after the utility of biomass 
combustion was discovered by man until biomass pyrolysis was discovered. 
But when it was, it is probable that a new era in biomass usage evolved, 
and quite rapidly. Biomass pyrolysis can be described as the direct thermal 
decomposition of the organic components in biomass in the absence of oxygen 
to yield an array of useful products--l iquid and solid derivatives and fuel gases. 
Eventually, pyrolysis processes were utilized for the commercial production of 
a wide range of fuels, solvents, chemicals, and other products from biomass 
feedstocks. Improvements continue to be made today to perfect the technology. 
(It is important to note at the outset that any organic material can be pyrolyzed. 
Indeed, the pyrolysis of coal has been in commercial use for many years, and 
still is in several areas of the world for the production of fuel gases, cokes, 
tars, and chemicals.) 
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Knowledge of the effects of various independent parameters such as biomass 
feedstock type and composition, reaction temperature and pressure, residence 
time, and catalysts on reaction rates, product selectivities, and product yields 
has led to development of advanced biomass pyrolysis processes. The accumu- 
lation of considerable experimental data on these parameters has resulted in 
advanced pyrolysis methods for the direct thermal conversion of biomass to 
liquid fuels and various chemicals in higher yields than those obtained by 
the traditional long-residence-time pyrolysis methods. Thermal conversion 
processes have also been developed for producing high yields of charcoals 
from biomass. 

In this chapter, the basic chemistry of the direct pyrolysis of biomass and 
the state-of-the-art systems that have been or are expected to be commercialized 
are discussed. Pyrolysis in the presence of hydrogen (hydropyrolysis) and 
methane (methanolysis) are also addressed. Energy recovery in the form of 
liquid fuels and chars is emphasized. Another group of processes for direct 
thermal conversion of biomass employs a liquid medium for conversion of 
biomass to liquid fuels. For convenience, these processes are grouped together 
in this chapter as miscellaneous thermal liquefaction methods. Some discussion 
of biomass gasification is included in this chapter when needed to clarify 
pyrolysis chemistry. High-temperature pyrolysis, which yields gaseous fuels 
and feedstocks such as low- and medium-energy fuel gases, hydrogen, and 
synthesis gases, is discussed in more detail in Chapter 9. 

II. F U N D A M E N T A L S  

A. CONVENTIONAL AND FAST PYROLYSIS 

Conventional pyrolysis (carbonization, destructive distillation, dry distillation, 
retorting) consists of the slow, irreversible, thermal degradation of the organic 
components in biomass, most of which are lignocellulosic polymers, in the 
absence of oxygen. Slow pyrolysis has traditionally been used for the production 
of charcoal. Detailed studies of biomass pyrolysis beginning in the 1970s have 
led to methods of controlling the selectiv/ties and yields of the gaseous, liquid, 
and solid products by controlling the pyrolysis temperature and heating rate 
(cf. Stevens, 1994). Short-residence-time pyrolysis (flash, rapid, ultra pyrolysis) 
of biomass at moderate temperatures can afford up to 70 wt % yields of liquid 
products (cf. Bridgwater and Bridge, 1991). Pyrolysis conditions can be used 
that provide high yields of gas or liquid products and char yields of less than 
5%. One configuration of an advanced biomass pyrolysis system, for example, 
involves an ablative, vortex reactor for pyrolysis at biomass residence times 
of fractions of a second coupled to a downstream vapor cracker (Diebold and 
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Scahill, 1988). The products can be varied to yield up to about 56% liquids 
(dry) or 90% gases; the char yields are about 10-15% in each case. Advanced 
pyrolysis processes are discussed in more detail in Section III. 

B. MECHANISMS 

Many dehydration, cracking, isomerization, dehydrogenation, aromatization, 
coking, and condensation reactions and rearrangements occur during pyrolysis. 
The products are water, carbon oxides, other gases, charcoal, organic com- 
pounds (which have lower average molecular weights than their immediate 
precursors), tars, and polymers. When cellulose is slowly heated at about 250 
to 270~ a large quantity of gas is produced consisting chiefly of carbon 
dioxide and carbon monoxide. Table 8.1 illustrates how the carbon oxides, 
hydrocarbons, and hydrogen in the product gas vary with increasing tempera- 
ture as the slow, dry distillation of wood progresses (Nikitin et al. ,  1962). 
Initially, small amounts of hydrogen and hydrocarbon gases and larger amounts 
of carbon oxides are emitted. The hydrocarbons in the product gas then increase 
with further temperature increases until hydrogen is the main product. The 
carbon oxides and most other products owe their formation to secondary and 
further reactions. 

Pyrolysis of cellulose yields the best-known of the 1,6-anhydrohexoses, 
fl-glucosan or levoglucosan (1,6-anhydro-fl-o-glucopyranose), in reasonably 
good yields (Shafizadeh, 1982) (Fig. 8.1). A novel technique based on flash 
devolatilization of biomass and direct molecular-beam, mass-spectrometric 
analysis has shown that levoglucosan is a primary product of the pyrolysis of 
pure cellulose (Evans and Milne, 1987a, 1987b, 1988). However, the yield of 
levoglucosan on pyrolysis of most biomass is low even though the cellulose 

TABLE 8.1 Composition of Gases from the Slow, Dry Distillation of Wood a 

Temperature H2 CO CO2 HCs 
Process (~ (mol %) (mol %) (mol %) (mol %) 

Elimination of water 155-200 0 30.5 68.0 2.0 

Evolution of carbon oxides 200-280 0.2 30.5 66.5 3.3 

Start of hydrocarbon evolution 280-380 5.5 20.5 35.5 36.6 

Evolution of hydrocarbons 380-500 7.5 12.3 31.5 48.7 

Dissociation 500-700 48.7 24.5 12.2 20.4 
Evolution of hydrogen 700-900 80.7 9.6 0.4 8.7 

aNikitin et al. (1962). "HCs" are hydrocarbons. 
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content is about 50 wt %. Also, when pure cellulose is treated with only a 
small amount of alkali, levoglucosan formation is inhibited and a different 
product slate composed of furan derivatives is produced. 

Levoglucosan is also obtained directly on pyrolysis of glucose and starch. 
The compound has the same empirical formula as the monomeric building 
block of cellulosic polymers, (C6HloO5). Some investigators suggest that these 
observations support a mechanism wherein the initial pyrolysis reaction yields 
glucose as an intermediate. This is equivalent to the sequential hydrolysis of 
cellulose by addition of water to form glucose, and elimination of water by 
dehydration of glucose to form the anhydride. It seems more probable that if 
levoglucosan is the initial intermediate, a thermally induced, depolymerization- 
internal displacement reaction occurs to form the pyranose directly by a con- 
certed mechanism. 
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In early work on the mechanisms and kinetics ofbiomass pyrolysis, measure- 
ment of the weight change as a function of time over a 1000-h period during 
the pyrolysis of pure cellulose at temperatures up to 260~ in a vacuum led 
to a multistep mechanism consistent with the experimental data (Broido, 1976). 
A two-path mechanism was proposed in which one involved depolymerization 
and led to completely volatile products, and the other involved a sequence of 
steps leading to char formation. Most investigators now generally recognize 
at least two pathways for cellulose pyrolysis (Fig. 8.2). One involves dehydra- 
tion and charring reactions via anhydrocellulose intermediates to form chars, 
tars, carbon oxides, and water, and one involves depolymerization and volatil- 
ization via levoglucosan intermediate to form chars and combustible volatiles 
(cf. Zaror and Pyle, 1982; Antal and Varhegyi, 1995). The first pathway would 
be expected to occur at lower temperatures where dehydration reactions are 
dominant. The second pathway results in the formation of oligomeric species 
as well as their degradation products, which immediately enter the vapor phase 
(Antal et al., 1996). If permitted to quickly escape the reactor, the vapors form 
condensed oils and tars. If held in contact with the solid biomass undergoing 
devolatilization within the reactor, the vapors degrade further to form chars, 
various gases, and water. The two competitive pathways help to explain the 
effects of pyrolysis conditions on product yields and distributions. Note that 
although these pathways may be dominant, there are undoubtedly many other 
pathways that are operative with actual biomass species. Thermal treatment 
converts hemicelluloses to furanoses and furans, the lignins to mononuclear 
and condensed aromatic and phenolic compounds, and the proteins to a wide 
range of nitrogen-containing aliphatic and heterocyclic compounds. 

C. KINETICS 

Considerable experimental work has been done with cellulose to clarify the 
kinetics of biomass pyrolysis. Most kinetic studies on cellulose pyrolysis have 

Dehydration 
, [Anhydrocellulose] , Char, tar, CO, CO2,H20 

Cellulose 

~Depolymerization [13-glucosan] " f  Char 

Combustible 
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FIGURE 8.2 Pathways for cellulose pyrolysis. 
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built on the multistep model proposed in the early work with cellulose and 
described the evolution of volatiles by a single, pseudo-first-order reaction of 
the type (cf. Broido, 1976; Bradbury, Sakai, and Shafizadeh, 1979; Zaror and 
Pyle, 1982; Lai, and Krieger-Brockett, 1993; Antal and Varhegyi, 1995) 

d m / d t -  A exp ( -  E / R T ) ( 1  - m), 

where A is the preexponential factor (time-I), E is the apparent activation 
energy (J/mol), R is the ideal gas constant (J/mol-K), T is the absolute tempera- 
ture (K), and m is the fraction of volatiles produced at time, t. This expression 
should be quite useful for designing advanced pyrolysis systems, but unfortu- 
nately, the reported kinetic factors vary widely and several results are in 
conflict. However, it was found that experimental thermogravimetric data 
obtained on prolonged, low-temperature, isothermal treatment of pure cellu- 
lose fit a slightly modified "Broido-Shafizadeh" model (Antal and Varhegyi, 
1995). Under conditions of commercial interest, small samples of pure cellulose 
are reported to undergo thermal decomposition by a single, first-order, high- 
activation-energy, rate-determining step. The activation energy is estimated to 
be 238 kJ/g-mol. As our knowledge of biomass pyrolysis expands, it is expected 
that detailed kinetic parameters for more biomass components will be eluci- 
dated and applied to fine-tune practical biomass pyrolysis systems and designs. 

Most of the experimental evidence accumulated over many years of study 
to understand biomass pyrolysis indicates that there are four basic kinds of 
processes. All of them involve the formation of large amounts of water vapor. 
One type is dominant at low heating rates and relatively low pyrolysis tempera- 
tures below about 250 to 300~ chars, tars, and dehydration products are the 
primary products and some volatiles and gases are formed. One type is domi- 
nant at conventional pyrolysis conditions of intermediate heating rates and 
temperatures in the 300 to 600~ range; chars, tars, volatiles, and gases are 
formed in reasonable yields. The third type is dominant at fast heating rates 
and temperatures in the range 450 to 600~ volatile liquids are the primary 
products, but some chars, tars, and gases are formed. The fourth type of 
pyrolysis occurs at temperatures above 600~ where gasification reactions 
begin to dominate. Devolatilization of biomass is important in each of these 
pyrolysis types. 

D. THERMODYNAMICS 

The pyrolysis of biomass feedstocks may be endothermic or exothermic, de- 
pending on the temperature of the reactants. For most biomass containing 
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highly oxygenated hemicellulosics and cellulosics as the major components, 
pyrolysis is endothermic at temperatures below about 400 to 450~ and exo- 
thermic at higher temperatures. Once the necessary temperature has been 
reached in a properly designed system, little or no external heat is needed to 
sustain the process. The principal exothermic reactions that occur in the gas 
and solid phases during biomass pyrolysis are shown in Table 8.2. These 
reactions include the reduction of the carbon oxides to methane and methanol, 
the water gas shift reaction, and carbonization of celluloses. Substantial quanti- 
ties of hydrogen are required for reduction of carbon oxides to methane and 
methanol, but hydrogen is not required for the water gas shift, which produces 
hydrogen, and the char formation reactions listed in Table 8.2. The pyrolysis 
temperature should be high enough to generate the requisite hydrogen for 
reduction of the carbon oxides. The water formed on biomass pyrolysis and 
the vaporization of the physically contained moisture in the fresh feed can 
participate in the water gas shift reaction. Interestingly, the exothermicity 
of cellulose carbonization is quite high per monomeric unit (C6H1005). Since 
the char yields on conventional biomass pyrolysis range up to about 35 wt %, 
and the fixed carbon contents of the chars are high, char formation 
would be expected to be a dominant driving force for biomass pyrolysis 
at the lower temperatures at which autogenous pyrolysis begins, but which 
generate less hydrogen. At these temperatures, pyrolysis is generally reaction- 
rate controlled, and at higher temperatures, the process becomes mass-transfer 
controlled. Energy to initiate biomass pyrolysis can be supplied by an external 
heat source or a portion of the pyrolysis products such as char and low- 
energy gas. 

TABLE 8.2 Exothermic Reactions on Pyrolysis of Cellulose 

Enthalpy, kJ/g-mol 
carbon converted at a 

Process Reaction 300 K 1000 K 

M e t h a n a t i o n  

Methanol formation 

Char formation 

Water gas shift 

CO + 3Hz----> CI-h + H20 
CO2 + 4H2---> CH4 + 2H20 

CO + 2H2----> CH3OH 
CO2 + 3H2----> CH3OH + H20 

0.17C6Hl0Os---> C + 0.85H20 

CO + H20--> CO2 + H2 

-205 -226 
-167 -192 

-92 -105 
-50 -71 

-81 -80 

-42 -33 

aThe standard enthalpy of formation of cellulose was calculated from its heat of combustion. 
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E. PRODUCTS AND YIELDS 

General 

Whatever the actual mechanisms of biomass pyrolysis, many reactions take 
place and many products are formed. The older biomass pyrolysis processes 
were carried out in the batch mode over long periods of time for char produc- 
tion. As the technology developed, other processes were designed to operate 
in the batch or continuous modes over shorter residence times at moderately 
higher temperatures. Depending on the pyrolysis temperature, the char fraction 
contains inorganic materials ashed to varying degrees, any unconverted organic 
solids, and carbonaceous residues produced on thermal decomposition of the 
organic components. The liquid fraction is a complex mixture of water and 
organic chemicals having lower average molecular weights than the feedstock 
components. For highly cellulosic biomass feedstocks, the liquid fraction usu- 
ally contains acids, alcohols, aldehydes, ketones, esters, heterocyclic deriva- 
tives, and phenolic compounds. The tars contain native resins, intermediate 
carbohydrates, phenols, aromatics, aldehydes, their condensation products, 
and other derivatives. The pyrolysis gas is a low- to medium-energy gas having 
a heating value of about 3.9 to 15.7 MJ/m 3 (n) (100 to 400 Btu/SCF). It contains 
carbon dioxide, carbon monoxide, methane, hydrogen, ethane, ethylene, minor 
amounts of higher gaseous organics, and water vapor. 

It is apparent that if one wishes to obtain pure chemicals by biomass 
pyrolysis, further processing to separate the reaction mixture is necessary. As 
will be shown later, this did not hinder commercial use of biomass pyrolysis 
for the manufacture of specific chemicals. The slow, destructive distillation of 
biomass was commercial technology for the production of several commodity 
chemicals long before fossil fuels became the preferred feedstocks. Hardwood 
pyrolysis once served as an important commercial source of methanol, acetic 
acid, ketones, and other chemicals. 

Conventional Slow Pyrolysis 

Chars, gases, light and heavy liquids, and water are formed in varying amounts 
on pyrolysis of biomass. The yields depend particularly on the feed composi- 
tion, dimensions of the feed particles, heating rate, temperature, and reaction 
time. When hardwoods are heated in the absence of air, they decompose and 
are converted into charcoal and a volatile fraction that partly condenses on 
cooling to a liquor called pyroligneous acid, which separates into a dark heavy 
oil as the lower layer in about 10 wt % yields, and an upper aqueous layer. 
Dry distillation of softwoods such as pine yield similar products in about the 
same amounts as well as lighter pine oils and terpene liquids such as turpen- 
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tines. The supernatant layer contains methanol, acetic acid, traces of acetone, 
allyl alcohol, and other water-soluble compounds. Methanol is formed from 
the lignin components that bear methoxyl groups. The heavy oil contains tars, 
higher viscosity pitches, and some char. The wood tars and pitches are complex 
mixtures in which hundreds of organic compounds have been identified, pri- 
marily acidic and heterocyclic compounds. 

The data in Table 8.3 show how the gas, pyrolytic oil, and char yields vary 
with pyrolysis temperature and different biomass feedstocks (Epstein, Kostrin, 
and Alpert, 1978). Extensive depolymerization of the celluloses starts at about 
300~ and usable charcoal formation (carbon content about 75 wt %) starts at 
about 350~ (Zaror and Pyle, 1982). Higher temperatures and longer residence 
times promote gas production, while higher char yields are obtained at lower 
temperatures and slow heating rates. The product slate is similar for each 
feedstock at a given temperature, although the yields of gas, pyrolytic oil, and 
char can be quite different. The cellulosics and hemicellulosics are the main 
sources of volatiles in biomass feedstocks, but yield only about 8 to 15% of 
their weight as charcoal under conventional pyrolysis conditions (i.e., slow 
heating rate, atmospheric pressure, and maximum temperatures of 400 to 
450~ The lignins yield nearly 50% of their weight as charcoal under these 
conditions (Zaror and Pyle, 1982). A more detailed distribution of specific 
products on long-term pyrolysis of three woody biomass feedstocks, birch, 
pine, and spruce wood, to a final temperature of 400~ is shown in Table 8.4 
(Nikitin et al., 1962; Bagrova and Kozlov, 1958). Both the individual product 
distributions and the yields of carbon, pyroligneous distillate, and gases are 
similar for each wood species. It is evident that the product mixture is complex 
and that selectivities for specific chemicals are low. The order of decreasing 
yield on a weight basis by product group from highest to lowest is pyroligneous 
distillate, charcoal, and gaseous products. This might be expected because of 
the relatively low pyrolysis temperatures and the 8-h period over which these 
experiments were performed. However, if water is excluded from the yield 
calculations, the order of decreasing yield is charcoal, pyroligneous distillate, 
and gaseous products. 

The pyrolysis of the combustible fraction of MSW at higher temperatures 
is illustrated by the data in Table 8.5. These data show how temperature affects 
product yields and gas and char compositions on pyrolysis at temperatures 
up to 900~ (Hoffman and Fitz, 1968). Gas yield increases as the temperature 
is increased from 500 to 900~ Although the heating value of the product 
gas remains about the same, significant increases in gas yield on a weight 
percent and energy yield basis and in hydrogen occur with increasing tempera- 
ture. Interestingly, as the temperature increases, the char yields and volatile 
matter content of the chars decrease as expected, but the energy value of the 
chars is relatively constant. 
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TABLE 8.4 Product Yields from Thermal Decomposition of Birch, Pine, and Spruce Woods 
Heated over an 8-Hour Period to Final Temperature of 400~ a 

Products Birch (wt %) Pine (wt %) Spruce (wt %) 

Gases 
H2 0.03 0.03 0.03 
CO 4.12 4.10 4.07 
CO2 11.19 11.17 10.95 
CH4 1.51 1.49 1.59 
C2H4 0.21 0.14 0.15 
Subtotal: 17.06 16.93 16.79 

Charcoal 33.66 36.40 37.43 

Pyroligneous oil 
Water 21.42 22.61 23.44 
Settled tar 3.75 10.81 10.19 
Soluble tar 10.42 5.90 5.13 
Volatile acids 7.66 3.70 3.95 
Alcohols 1.83 0.89 0.88 
Aldehydes 0.50 0.19 0.22 
Esters 1.63 1.22 1.30 
Ketones 1.13 0.26 0.29 
Subtotal: 48.34 45.58 45.40 

Losses 0.94 1.09 0.38 

aNikitin et al. (1962)" Bagrova and Kozlov (1958). Volatile acids are calculated as acetic acid. 
Alcohols are calculated as methanol. Aldehydes are calculated as formaldehyde. Esters are calcu- 
lated as methyl acetate. Ketones are calculated as acetone. 

Since biomass pyrolysis product  mixtures are very complex and selectivities 
are low for specific products,  considerable effort has been devoted to improving 

selectivities. Selectivities can sometimes be increased by addition of coreactants 

or catalysts, or by changing the pyrolysis conditions (cf. Nikitin et  al. ,  1962). 

For example, the pyrolysis of maplewood impregnated with phosphoric  acid 
increased the yield of methanol  to 2.2 wt % of the wood as compared to 

1.3 wt % obtained on dry distillation of the untreated wood. Addition of 
sodium carbonate to oak and maple increased the yield of methanol  by 100 

and 60%, respectively, compared to pyrolysis yields without  sodium carbonate. 

Other weakly alkaline reagents exhibited a similar effect. Pyrolysis of wood 

in a stream of benzene, xylene, or kerosine increased the yields of acetic acid, 

aldehydes, and phenols and reduced the yield of tars. Optimization of pyrolysis 
conditions will be shown later to have large effects on product  distributions 
and yields. 
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TABLE 8.5 Effects of Temperature on Product Yields and Gas and Char Compositions 
from Pyrolysis of the Combustible Fraction in MSW ~ 

Pyrolysis temperature 

Parameter 500 ~ 650 ~ 800 ~ 900 ~ 

Product yields and recovery 
Gases, wt % 12.3 18.6 23.7 24.4 

m 3 (n)/kg 0.114 0.166 0.216 0.202 
MJ/kg 1.39 2.63 3.33 3.05 

Liquids, wt % 61.1 59.2 59.7 58.7 
Charcoal, wt % 24.7 21.8 17.2 17.7 
Recovery, wt % 98.1 99.6 100.6 100.8 

Gas composition and HHV 
H2, mol % 5.56 16.6 28.6 32.5 
CO, mol % 33.5 30.5 34.1 35.3 
CO2, mol % 44.8 31.8 20.6 18.3 
CH4, mol % 12.4 15.9 13.7 10.5 
C2H6, mol % 3.03 3.06 0.77 1.07 
C2H4, mol % 0.45 2.18 2.24 2.43 
HHV, MJ/m 3 (n) 12.3 15.8 15.4 15.1 

Char composition and HHV 
Fixed carbon, wt % 70.5 70.7 79.1 77.2 
Volatile matter, wt % 21.8 15.1 8.13 8.30 
Ash, wt % 7.71 14.3 12.8 14.5 
HHV, MJ/kg 28.1 28.6 26.7 26.5 

aHoffman and Fitz (1968). "HHV" is higher heating value. 

Fast Pyrolysis  

Processes categorized as fast pyrolysis systems are cont inuously  operated at 
temperatures  generally in the range of 400 to 650~ and residence times of a 
few seconds to a fraction of a second. Manipulat ion of these parameters  permits  
the bulk product  yields to be changed from those of conventional  pyrolysis 

systems within a wide range, but  the products  are still chars, liquids, and gases 

plus water. Fast pyrolysis is characterized by high heating rates and rapid 
quenching of the liquid products  to terminate additional conversion of the 

products  downst ream of the pyrolysis reactor. The selectivity for specific chemi- 

cals is usually low, as in the case of conventional  pyrolysis. Very rapid heating 

ofbiomass  results in the fragmentat ion of the polymeric components  in biomass 
to afford 60 to 70 wt % primary vapor products  composed of oxygenated 

monomers  and polymer  fragments (Diebold et al., 1987). Rapid, efficient 
quenching of the product  streams and short  residence times tend to "freeze" the 

product  composi t ions so that they correspond more closely with the chemicals 
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formed initially on biomass pyrolysis. More details are presented in Section 
III on fast pyrolysis. 

F. FIXED CARBON 

The carbonaceous residues from biomass pyrolysis are in the charcoal fraction. 
These residues are called "fixed carbon" by most energy specialists. The gener- 
ally accepted definition of fixed carbon was originally promulgated by coal 
chemists. It is the amount of combustible material remaining in a sample of 
coal, coke, or bituminous material after removal of moisture, volatile matter, 
and ash, and is expressed as a percentage of the original material. American 
Society for Testing and Materials (ASTM) procedures have been developed for 
determination of each of these parameters: moisture (ASTM D 3173; 104- 
110~ for 1 h), volatile matter (ASTM D 3175; 950~ for 7 min), and ash 
(ASTM D 3174; gradual heating to redness and finishing ignition at 750~ 
Fixed carbon is the difference between 100 and the sum of these determinations 
(ASTM D 3172) and is essentially the elemental carbon in the original coal 
sample plus the carbonaceous residue formed on heating the coal sample at 
950~ for 7 min. As the temperature rises above 300~ coals emit volatile 
matter that consists of gases, oils, and tars. The residues contain elemental 
carbon, some of the higher molecular weight polynuclear aromatic hydrocar- 
bons formed in the process, and a few other high-molecular-weight compounds 
that are also formed in the process. Peat, which is derived from biomass, is 
categorized by some specialists as "young coal" and does contain some elemen- 
tal carbon. In contrast, all carbon in biomass is fixed carbon in the same sense 
that organic nitrogen is fixed nitrogen, but elemental carbon is not present in 
biomass. The photosynthetic fixation of CO2 results in the formation of fixed 
carbon. But since there is no elemental carbon as such in biomass, its fixed 
carbon content can also be considered to be zero. In other words, the terminol- 
ogy "fixed carbon" in biomass is a misnomer. 

If biomass is subjected to the ASTM D 3172 procedure for determination 
of fixed carbon, chemical transformation of a portion of the organic carbon 
in biomass into carbonaceous material occurs as described here. All of the 
fixed carbon determined by the ASTM procedure is therefore generated by the 
analytical method. Furthermore, the amount of fixed carbon generated depends 
on the heating rate used to reach biomass pyrolysis temperatures and the time 
the sample is subjected to these temperatures. Nevertheless, such analyses are 
valuable for the development of thermal conversion processes for biomass 
feedstocks. But application of the ASTM procedures to biomass might more 
properly be called a method for determination of pyrolytic carbon or coking 
yields. In the petroleum industry, the Conradson carbon (ASTM D 189, differ- 
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ential heating with a gas burner for total of 30 rain to final temperature of 
cherry-red crucible) and the Ramsbottom carbon (ASTM D 524, 549~ for 
20 min) procedures are used to determine the coking tendency on pyrolysis 
of petroleum products. Use of these procedures with biomass would be ex- 
pected to give somewhat different results for fixed carbon than ASTM D 3172. 

Table 8.6 is a tabulation of the fixed carbon, volatile matter, and ash analyses 
of selected biomass species, biomass derivatives, and coals as determined by 
the ASTM D 3172 procedure. The data for the wood species, wood barks, and 
herbaceous biomass species show that significant quantities of pyrolytic carbon 
are produced by this method. The pyrolytic chars listed, which already contain 
substantial amounts of elemental carbon because of the nature of the pyrolysis 
process, contain more fixed carbon than the coal samples listed in this table. 
In contrast, MSW and the papers in MSW, which are high in celluloses, contain 
considerably less fixed carbon suggesting that the lignins in biomass contribute 
more to production of fixed carbon than the other components. This is expected 
because of the nature of the chemical structures of the lignins, and the fact 
that papers are low in lignins. The times and temperatures used for the ASTM 
D 3172 procedure coupled with the data in Table 8.6 suggest that for maximum 
yields of noncarbonaceous products to be obtained on biomass pyrolysis, short 
reaction times should be used at relatively low pyrolysis temperatures. These 
conditions would be expected to yield smaller amounts of charcoal, tars, and 
gases, and larger amounts of liquid products. As will be discussed later, opti- 
mum conditions have been developed for separately maximizing charcoal and 
liquid product yields in biomass pyrolysis. 

Because of the amounts of sample, labor, and time required to perform the 
ASTM D 3172 procedure, it is recommended that thermogravimetry (TG) 
and differential thermogravimetry (DTG) be used for moisture and proximate 
analysis of biomass and the rapid estimation of their thermal conversion charac- 
teristics. Application of these techniques shows that the proximate analyses 
of standard coal samples agree closely or match the values obtained with the 
ASTM procedure (cf. Kumar and Pratt, 1996). Thermogravimetric procedures 
are used to determine the thermal stabilities and properties of inorganic and 
organic materials and can be carried out with small samples in laboratory 
equipment. The results are reasonably accurate and reproducible. TG and DTG 
employ sensitive thermobalances and automated data processors to measure 
weight loss and the rate of weight loss of the samples as a function of tempera- 
ture, respectively. A TG curve (thermogram) records the weight of the sample 
with time at a preset temperature or a programmed heating rate in an inert 
or reactive gaseous atmosphere. Some laboratory instrumentation has also been 
designed to operate at elevated pressures (cf. Johnson, 1979). Differentiated TG 
data with time or temperature provides the rate of weight loss. A TG curve is 
used for moisture and proximate analyses, and a DTG curve can be used to 



TABLE 8.6 Proximate Analysis of Selected Biomass and Fuels ~ 

Fixed carbon Volatile matter 
Material (dry wt %) (dry wt %) Ash (dry wt %) 

Oven-dry woods 
Western hemlock 15.0 84.8 0.2 
Douglas fir 13.7 86.2 0.1 
White fir 15.1 84.4 0.5 
Ponderosa pine 12.8 87.0 0.2 
Redwood 16.1 83.5 0.4 
Cedar 21.0 77.0 2.0 
Eucalyptus globulus 17.3 81.6 1.1 
Eucalyptus grandis 16.9 82.6 0.5 
Casuarina 19.7 78.9 1.4 
Poplar 16.4 82.3 1.3 

Oven-dry barks 
Western hemlock 24.0 74.3 1.7 
Douglas fir 27.2 70.6 2.2 
White fir 24.0 73.4 2.6 
Ponderosa pine 25.9 73.4 0.7 
Redwood 27.9 71.3 0.8 
Cedar 13.1 86.7 0.2 

Herbaceous biomass 
Alfalfa seed straw 20.1 72.6 7.3 
Cattail 20.5 71.6 7.9 
Corn cobs 18.5 80.1 1.4 
Corn stover 19.2 75.2 5.6 
Cotton-gin trash 15.1 67.3 17.6 
Macadamia shells 23.7 75.9 0.4 
Peach pits 19.9 79.1 1.0 
Peanut hulls 21.1 73.0 5.9 
Rice hulls 16.7 65.5 17.9 
Sudan grass 18.6 72.8 8.6 
Sugarcane bagasse 14.9 73.8 11.3 
Wheat straw 19.8 71.3 8.9 

Pyrolytic chars 
Redwood (421 to 549~ 67.7 30.0 2.3 
Redwood (427 to 941~ 72.0 23.9 4.1 
Oak (438 to 641~ 59.3 25.8 14.9 
Oak (571~ 55.6 27.1 17.3 

MSW and major components 
National average MSW 9.1 65.9 25.0 
Newspaper 12.2 86.3 1.5 
Paper boxes 12.9 81.7 5.4 
Magazine paper 7.3 69.2 23.4 
Brown paper 9.8 89.1 1.1 

Coals 
Pittsburgh seam coal 55.8 33.9 10.3 
Wyoming Elkol coal 51.4 44.4 4.2 
Lignite 46.6 43.0 10.4 

aAdapted from Graboski and Bain (1979) and Jenkins and Ebeling (1985). The data on barks and 
pyrolytic chars are from Howlett and Gamache (1977). The data on MSW are from Klass and Ghosh 
(1973). The data on coals are from Bituminous Coal Research (1974). The data on herbaceous 
biomass are from Jenkins and Ebeling (1985). The data on woods are from Howlett and Gamache 
(1977) and Jenkins and Ebeling (1985). 
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examine combustion, pyrolysis, and gasification characteristics. The kinetics 
of conversion and the conditions for process optimization can also be estimated 
using TG and DTG. Analysis of selected biomass components by these tech- 
niques indicates that pyrolysis is initiated at 150-350~ for hemicelluloses, 
275-350~ for celluloses, 250-500~ for lignins, 500-620~ for latex, and 550- 
900~ for high-molecular-weight resins and oils (cf. Kumar and Pratt, 1996). 
The combustion of fixed carbon and ash in representative samples of biomass 
occurs at 900~ according to these studies. 

The data presented in Table 8.7 illustrate the pyrolysis characteristics ob- 
tained by TG and DTG analysis of several biomass species and parts. This type 
of data and derived data can be used to project the utility of a given biomass 
feedstock for thermal conversion. For example, the organic material emitted 
in the temperature range 320 to 500~ was assumed to be potential tar-forming 
volatiles (Grover, 1989). Those biomass species having lower emissions of 
volatiles in this temperature range were judged to be more suitable for conver- 
sion to tar-free gases on pyrolysis. 

III. PROCESSES 

A. HARDWARE 

Pyrolysis systems are as varied as combustion systems. The ancient process 
of making charcoal by the slow pyrolysis of a pile of wood covered with earth 
is still used today in some developing countries. Pyrolysis times are several 
days and charcoal is the main product. Before fossil fuels became the preferred 
feedstocks for chemical production in the early part of the twentieth century, 
biomass pyrolysis reactors in industrialized countries consisted of various types 
of ovens and horizontal and vertical steel retorts, essentially all of which 
were operated in the batch mode. Provision was made for charcoal recovery, 
pyroligneous acid refining, by-product recovery, and gas recovery and usage. 
Modern pyrolysis reactor configurations include fixed beds, moving beds, 
suspended beds, fluidized beds, entrained-feed solids reactors, stationary 
vertical-shaft reactors, inclined rotating kilns, horizontal shaft kilns, high- 
temperature (1000 to 3000~ electrically heated reactors with gas-blanketed 
walls, single and multihearth reactors, and a host of other designs. 

B. COMMERCIAL PYROLYSIS OPERATIONS IN THE 

EARLY 1 9 0 0 S  

The dry distillation of hardwood was commercial technology and was quite 
common up until the early 1900s (Riegel, 1933). In the older industrial plants, 
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hardwood logs were placed on steel buggies and pushed into large, horizontal 
steel retorts. The doors were closed and external heating was supplied with 
gas or oil, often within a brick enclosure. Openings were provided for removal 
of volatiles. Heating was rapid for a few hours until the process became 
exothermic, and then the external heating was reduced and increased again 
when needed to complete the distillation. The distillation cycle was about 
24 h including a 2-h cooling period. The buggies were then cooled for a few 
days in special airtight cooling chambers. The dry distillation of softwoods 
to obtain turpentine was carried out in smaller horizontal retorts in which 
wood chips were placed without buggies. The average product yields per 
cord of seasoned hardwood from typical commercial pyrolysis processes were 
about 1025 kg (950 L) of pyroligneous acid containing 7% acetic acid or 
equivalent, 4% crude methanol and acetone, 9% tar and oils, and 80% wa- 
ter; 454 kg of charcoal; and 212 m 3 of fuel gas having a heating value of 9.3 to 
11.2 MJ/m 3 (kowenheim and Moran, 1975). The pyroligneous acid is allowed 
to settle to remove insoluble tar and the clear decanted liquor is subjected to 
extraction or distillation or both to separate acetic acid from methanol and 
tar. For each tonne of acetic acid produced, about 625 to 800 L of crude 
methanol is recovered. 

Until about the 1930s, when they were displaced by other processes that 
utilized fossil feedstocks, wood pyrolysis processes were used in industrialized 
countries for the manufacture of several chemicals and products. One example 
of this practice is the distillation plant operated by the Ford Motor Company 
using feedstock of hogged scrapwood from the automobile body plant (Riegel, 
1933). A flow schematic for this plant is shown in Fig. 8.3. Vertical, cylindrical, 
steel retorts 3 m wide by 12 m high with an inside refractory wall 0.46 m 
thick were used. The hogged wood was dried to a moisture content of 
0.5 wt % and consisted of 70% maple, 25% birch, and 5% ash, elm, and 
oak. Plant capacity was 363 t/day of scrap wood. The retorts were operated 
continuously for 2-week periods and the heat was supplied entirely by the 
exothermic pyrolysis reactions or the pyrolysis gas. At startup, the gas was 
employed to raise the temperature to 540~ and then external heat was not 
needed. The average temperatures were 515~ in the center of the retort and 
255~ near the bottom. The charcoal was discharged at the bottom of the 
retorts, cooled, screened, and briquetted. The pyroligneous acid was recovered 
from the overhead and the pyrolysis gas was used as boiler fuel except for the 
fuel used on startup of the retorts. The pyroligneous acid was distilled in batch 
units to remove dissolved tar, and the overhead was then fractionated in other 
distillation units. The product yields from this plant are shown in Table 8.8. 
The char, tar, and pitch yields are considerably higher than the yields of 
chemicals. It is somewhat surprising to note, since wood was a primary feed- 
stock for the manufacture of methanol (wood alcohol) before its displacement 
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FIGURE 8.3 Continuous hardwood pyrolysis by Ford Motor Company. 

TABLE 8.8 Average Product Yields from Commercial Wood 
Pyrolysis Plant Operated by Ford Motor Company Using 
Badger-Stafford Retorts = 

Product Yield per tonne of dry wood 

Gas 134.3 m 3 (n) 

Char 272 kg 

Pitch 29.9 kg 

Soluble tar 83.30 L 

Ethyl acetate 55.45 

Creosote oil 12.30 

Methanol 11.80 

Ethyl formate 4.81 

Methyl acetate 3.58 

Methyl acetone 2.47 

Ketones 0.86 

Allyl alcohol 0.18 

aAdapted from Riegel (1933). The average heating value of the 
dry gas was 11.39 MJ/m 3 (n). The average composition of the 
gas in mol % from the retorts was H2, 2.2; CO, 23.4; CO2, 37.9; 
CH4, 16.8; C,Hm, 1.2; 02, 2.4; N2, 16.0. The esters were produced 
from intermediate acid and product methanol or external ethanol. 
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by natural gas, that the methanol yield, including that used to esterify the 
acids formed in the process, is much less than the yields of the other pyrolysis 
products. In the Ford plant, the acetic acid was converted to esters, since 
they and not the free acid were needed in other automobile manufacturing 
operations. However, other companies produced the free acid from the pyrolig- 
neous acid by direct solvent extraction. The Brewster process used isopropyl 
ether as the solvent and the Suida process used a high-boiling wood oil fraction 
from the pyrolysis plant as the solvent (Riegel, 1933). Eventually, these and 
other pyrolysis processes were phased out, as they were replaced by synthetic 
methods based on fossil feedstocks. 

C. ADVANCED CHARCOAL PRODUCTION PROCESSES 

As already mentioned, the older production methods for conversion of biomass 
to charcoal are slow processes and the yields are low. Several days are required 
to complete the process in earthen pits with seasoned wood, and the yields 
are only about 10 to 15% of the dry wood weight because most of the volatile 
organics leave the pyrolysis zone before carbonization occurs. But note that 
the coalification of biomass in nature is truly a long process compared to 
human-controlled processes. Coal is a product of the gradual, natural decompo- 
sition of cellulosic biomass, without free access to air, under the influence of 
pressure and temperature; it is formed through the successive stages of peat, 
lignite or brown coal, bituminous or soft coal, and anthracite or hard coal, 
characterized by increasing carbon content (cf. Fieser and Fieser, 1950). 

As shown in Tables 8.6 and 8.7, the volatile matter in biomass as measured 
by the ASTM and TG procedures is much higher than the fixed carbon content, 
so to significantly increase charcoal yields, the volatiles must be carbonized 
as well. Closed reactors can be designed to keep the volatiles in the pyrolysis 
zone for longer periods and increase carbonization. The use of beehive kilns, 
for example, affords charcoal yields up to 35%, but the process still requires 
several days for completion (cf. Antal et al., 1996). The Ford Motor Company 
process in Badger-Stafford retorts was performed over 24-h cycles and the 
charcoal yields were about 27% (Table 8.8). 

From a theoretical perspective, pure cellulose contains 44.4 wt % carbon, 
so the maximum theoretical yield of charcoal, assuming all of the cellulosics 
can be carbonized, is 44.4 wt %. But with dry wood chars containing about 
60 to 70 wt % fixed carbon (cf. Table 8.6), the theoretical maximum yields of 
charcoal including volatile matter and ash from wood feedstocks then corre- 
spond to about 65 to 75% by weight of the dry wood. It is evident that if 
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charcoal is the desired product, considerable process improvements should 
be possible. 

A batch process that affords higher charcoal yields with biomass feedstocks 
over a relatively short reaction time has been developed (Antal et  al. ,  1996). 
The biomass feedstock, usually logs, wood chips, or nutshells, is maintained 
under pressure up to about 0.7 MPa at typical temperatures of 450~ for 
pyrolysis times of 15 rain to 2 h. The yields of dry charcoal have ranged from 
42 to 62% as shown in Table 8.9. The PDU (process development unit) designed 
to demonstrate this technology employs a cylindrical steel canister covered by 
a lid. The canister is charged with biomass that is not predried and is placed 
within the pressure-tight steel vessel of the PDU, which for demonstration 
purposes was electrically heated. Startup involves heating the PDU to pyrolysis 
temperatures and then maintaining the PDU at that temperature. The steam 
formed from the contained moisture is released as needed to maintain the 
pressure at 0.7 MPa. Commercial systems will probably use the fuel gas emitted 
to supply heat. However, the results obtained with the PDU illustrate how the 
charcoal yields approach the theoretical limits, so the yields of other pyrolysis 
products may be too low to supply any needed fuel. The results from the 
PDU suggest that both the moisture in the biomass and the pressure can be 
manipulated to maximize charcoal yields. The vapors emitted during this batch 
process are kept in contact with the solid biomass undergoing pyrolysis at the 
internal pressure of the PDU. These conditions result in increased char and low 
tar yields at short reaction times compared to those that have been employed in 
most other processes. 

TABLE 8.9 Proximate Analysis of Biomass and Charcoal Yields at Elevated Pressure in 
Batch Process a 

Fixed Volatile 
Moisture carbon matter Ash 

Biomass (wt %) (dry wt %) (dry wt %) (dry wt %) (rain) 

Eucalyptus 40.0 75.4 23.3 1.29 114 

Kiawe 21.0 75.9 21.4 2.65 150 

Kukui nut shell 12.5 78.1 20.1 1.79 90 

Leucaena 1.5 82.8 14.4 2.85 15 
Macadamia nut 

shell 13.5 70.5 28.7 0.81 205 

Palm nut shell 13.4 77.7 18.8 3.48 105 

aAdapted from Antal et al. (1996). 

Heating time Char yield 
(dry wt %) 

47.0 

47.0 

62.1 

42.2 

50.8 

41.6 
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D. ADVANCED PYROLYTIC LIQUIDS 

PRODUCTION PROCESSES 

In contrast to the pyrolysis conditions needed to increase charcoal yields, the 
conditions for increasing the yields of organic liquid products would be ex- 
pected to involve short heat-up and reaction times and rapid removal and 
quenching of the organic volatiles before they are carbonized. Further, if the 
pyrolysis temperature at which maximum devolatilization occurs is chosen, 
but which is insufficient to gasify the volatiles (i.e., convert them to light 
fuel gases), more liquid products should be produced. When the reaction 
temperature is too low, less devolatilization and more char and tar formation 
occur, and when the temperature is too high, gasification reactions are domi- 
nant. Intuitively, pyrolysis at short reaction times and intermediate tempera- 
tures would be expected to promote higher organic liquid yields at the expense 
of other products. Char and gas yields should be low under these conditions. 
Numerous studies have indeed demonstrated that short-residence-time pyroly- 
sis, or flash pyrolysis, can be performed with biomass feedstocks to maximize 
liquid yields (cf. Bridgwater and Bridge, 1991; Bridgwater and Peacocke, 1995). 

In some of the early work on the continuous flash pyrolysis of biomass at 
atmospheric pressure, it was shown that at optimum temperatures, liquid 
yields are maximized (Scott and Piskorz, 1983). With entrained flow injection 
of biomass feedstock of -250  /xm to 4-105 /~m particle size into a mini- 
fluidized-bed reactor with sand heat carrier and vapor residence times of 
0.44 s, it was found that the maximum yield of liquid products occurs at the 
optimum temperature, and that yield drops off sharply on both sides of this 
maximum. Pure cellulose was found to have an optimum temperature for 
production of liquids at 500~ whereas the wheat straw and wood species 
tested had optimum pyrolysis temperatures for maximum liquids at 600~ 
and 500~ respectively. The yields of organic liquids were of the order of 55 
to 65% of the dry weight of the biomass fed. The liquids contained relatively 
large quantities of organic acids. Pilot plant tests verified these observations. 
As research progressed on the conversion of biomass by flash pyrolysis, the 
optimum conditions for maximum liquid yields were found to be temperatures 
within the range 400 to 600~ vapor residence times within the range 0.1 to 
2.0 s, particle sizes less than 2 mm and a maximum of 5 mm for wood 
feeds, and an oxygen-free gaseous atmosphere such as recycled flue gas in the 
pyrolysis zone (Scott, Piskorz, and Radlein, 1993). Any reactor that can be 
operated under these conditions and that provides for biomass heating so that 
the particle temperatures can exceed about 450~ before 10% weight loss 
occurs can be used as a flash pyrolysis reactor. Such designs include fluidized- 
bed reactors, circulating fluid beds, transport or entrained flow reactors with 
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or without a solid heat carrier, ablative reactors, and reduced-pressure reactors. 
Maximum organic liquid yields were projected to be 55 to 65 wt % of woody 
feedstocks and 40 to 65 wt % of grass feedstocks. The product yields from 
the flash pyrolysis of softwood (white spruce) and hardwood (poplar) are 
shown in Table 8.10. The total pyrolytic liquid yields are about the same for 
each feed, 66.5 and 65.7% of the feed dry weight, but they include several 
sugars and polysaccharide derivatives that are normally solids at ambient 
conditions. About 50% of the pyrolytic liquid product is water soluble. The 
largest fraction is the pyrolytic lignin, the insoluble fraction that remains after 
water extraction of the pyrolytic liquid. In other research, it has been shown 
that because of differences in oxidation rates between the anhydrosugar and 
aromatic lignin-derived pyrolysis products, which are formed in the fast pyroly- 
sis of deionized or prehydrolyzed wood, it is possible to carry out flash pyrolysis 
with controlled levels of oxygen to selectively oxidize lignins with relatively 
little effect on the anhydrosugar yields (Piskorz et al., 1995). The recovery of 
the anydrosugars for use as fermentable sugars or as chemicals is expected to 
be simplified because their concentrations in the pyrolysis liquid are then 
significantly increased. The complex nature of the products and the poor 
selectivity of pyrolysis are evident, but with suitable refining, a wide range of 
chemicals could be manufactured from the products. Indeed, similar technol- 
ogy has already been commercialized for the production of fuels and chemicals. 

A commercial, flash pyrolysis plant (RTP TM) built in the United States in 
1989 is believed to be the first successful plant in the world based on fast 
pyrolysis (Graham, Freel, and Bergougnou, 1991). This plant had a capacity 
of 100 kg/h of particulate hardwood feedstocks and is an upflow design that 
incorporates complete recirculation of the solid heat carrier in a reactor system 
capable of operating between 450 and 600~ at a residence time in the range 
of 0.6 to 1.1 s. The plant is used for the production of boiler fuel and specialty 
chemicals such as flavorings and natural colorings. The liquid is pourable and 
pumpable at room temperature and has an H H V  ranging from 15 to 19 MJ/ 
kg, including the contained moisture, or approximately the same heating 
value as the feedstock entering the conversion unit. Typical liquid yields from 
representative hardwoods at 10-15% moisture content are about 73 wt % of 
the feedstock, including contained moisture (Graham and Huffman, 1995). 
In general, the yield increases slightly with an increase in the cellulose content 
of the feedstock and decreases slightly with an increase in feedstock lignin. 
However, the energy yield is almost constant since lignin-derived liquids have 
a higher energy content than cellulose-derived liquids. The liquids are pro- 
duced as a single phase unlike the heavy tars produced by conventional biomass 
pyrolysis. Experimentation has shown that by manipulating the vapor con- 
denser operating conditions, the product liquid can be tailored for chemicals 
and boiler, diesel, or turbine fuel applications without altering the pyrolysis 
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TABLE 8.10 Flash Pyrolysis Products and Compositions from Softwood 
and Hardwood a 

Parameter White spruce Poplar 

Moisture content, wt % 7.0 3.3 

Particle size, ~m (max) 1000 590 

Temperature, ~ 500 497 

Apparent residence time, s 0.65 0.48 

Product yields, wt % dry feed 
Water 11.6 12.2 
Char 12.2 7.7 
Gas 7.8 10.8 
Pyrolytic liquid 66.5 65.7 

Gas composition, wt % dry feed 
H2 0.02 
CO 3.82 5.34 
CO2 3.37 4.78 
CH4 0.38 0.41 
C2's 0.20 0.19 
C3 + 0.04 3.19 

Pyrolytic liquid composition, wt % dry feed 
1,6-Anhydroglucofuranose 2.43 
Acetaldehyde 0.02 
Acetic acid 3.86 5.43 
Acetol 1.24 1.40 
Cellobiosan 2.49 1.30 
Ethylene glycol 0.89 1.05 
Formaldehyde 1.16 
Formic acid 7.15 3.09 
Fructose + other hexoses 2.27 1.32 
Furfural 0.30 
Glucose 0.99 0.41 
Glyoxal 2.47 2.18 
Hydroxyacetaldehyde 7.67 10.03 
Levoglucosan 3.96 3.04 
Methanol 1.11 0.12 
Methylfurfural 0.05 
Methylglyoxal 0.65 
Oligosaccharides 0.70 

Water~ above subtotal 34.45 34.33 
Pyrolytic lignin 20.6 16.2 
Water-soluble losses (phenols, furans, etc.) 11.5 15.2 

aAdapted from Scott, Piskorz, and Radlein (1993). 
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process itself. Since 1989, larger commercial plants of capacity up to 70 green 
t/day of feedstock have been built in North America, demonstration plants 
have been completed in Europe, and others that range in feedstock capacity 
from 100 to 350 t/day are in the advanced planning stages (Graham, Freel, 
and Kravetz, 1996). 

In the mid-1990s, the economics of the RTP process for a 100-t/day plant 
were viable at a product fuel oil price of $5.27/GJ if the biomass feedstocks 
were available at zero cost. This can occur in several situations, especially with 
captive sources of waste biomass. The fuel oil price covers all fixed and variable 
operating costs, the annual capital costs to finance debt (75% of total capital), 
and an acceptable rate of return on the equity investment (25% of total capital). 
It is assumed that wood is available in the form of wet chips, and that the 
drying and grinding equipment and pyrolysis unit are included in the capital 
cost estimates. Expressed in other terms, the cost of converting 1 dry tonne 
of feedstock to fuel oil by this process is about $60, which means that the 
cost of the fuel oil is then about $10.54/GJ if the cost of the biomass feedstock 
is $60/dry t. For zero-cost fuel oil, a tipping fee of $60/dry t of waste feedstock 
is required. All of this means that the economics can be favorable in locations 
where there is an abundance of feedstock at zero or negative cost. In other 
words, the technology is very site specific, or the cost of competitive products, 
petroleum fuel oils in this case, must be high enough to justify commercial 
plants. 

An example of one of the first flash pyrolysis processes developed for waste 
biomass is shown in Fig. 8.4 (U.S. Environmental Protection Agency, 1975; 
Preston, 1976). In this process, MSW is separated by a sequence of steps to 
obtain refuse-derived fuel (RDF) and recyclables. The sequence consists of 
shredding of MSW and air classification to obtain the RDF, magnetic separation 
of the ferrous metals, screening and froth flotation to recover a glass cullet, 
and aluminum separation by an aluminum magnet. The RDF is dried in a 
rotary kiln to about 4 wt % moisture content, and finely divided to a particle 
size of which 80% is smaller than 14 mesh (1200 /~m). The feed, about 
0.23 kg of recycled char preheated to 760~ per kilogram of this finely divided 
material, is rapidly passed through the pyrolysis reactor at atmospheric pres- 
sure. The raw product mixture, which consists of product gas and liquid, the 
char fed to the reactor, and new char formed on pyrolysis, leaves the reactor 
at about 510~ Separation of the gas and liquid from the char and rapid 
quenching to about 80~ yields the liquid fuel. The remaining gas is passed 
through a series of cleanup steps for in-plant use. Part of the gas is used as 
an oxygen-free solids transport medium for pyrolysis and part of it as fuel. 
The raw product yields are about 10 wt % water, 20 wt % char, 30 wt % gas, 
and 40 wt % liquid fuel. The product char has a heating value of about 
20.9 MJ/kg, contains about 30 wt % ash, and is produced at an overall yield 
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FIGURE 8.4 Liquid fuel production by flash pyrolysis of RDF using char recycle. 

of about 7.5 wt % of the dry feed. The corresponding values for the liquid 
fuel are about 24.4 MJ/kg, 0.2 to 0.4% ash, and 22.5 wt % of dry feed as 
received (approximately 1 bbl/ton of raw refuse). This product was proposed 
for use as a heating oil; its properties are compared with those of a typical 
No. 6 fuel oil in Table 8.11. It is apparent that some major differences exist, 
but successful combustion trials in a utility boiler with the liquid fuel were 
performed. A plant designed to process 181 t/day of MSW was built in the 
United States in 1977, operated for one year, and then after producing several 
thousand liters of oil, was mothballed because of operating problems in the 
MSW separation unit and flash pyrolysis reactor. 

Another flash pyrolysis process (GTEFP process) operating at atmospheric 
pressure was also developed that affords liquid yields in excess of 60% on a 

dry basis from hardwoods (O'Neil, Kovac, and Gorton, 1990). Yields as high 
as 70% were projected for commercial plants. The GTEFP process was devel- 
oped in bench-scale studies and a large-scale PDU in which the particulate 
feed is entrained in hot combustion gases and pyrolyzed at millisecond resi- 
dence times and temperatures in the range 500~ Typical higher heating 
values of the product oils were 22 MJ/kg. 
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TABLE 8.11 Typical Properties of No. 6 Fuel Oil and Liquid Fuel from Flash Pyrolysis of 
Refuse-Derived Fuel a 

Property No. 6 fuel oil Liquid fuel from RDF 

Heating value, MJ/kg 42.3 24.6 

Density, kg/L 0.98 1.3 

Pour point, ~ 15-30 32 

Flash point, ~ 65 56 

Viscosity at 87.8~ SUs 90-250 1150 

Pumping temperature, ~ 46 71 

Atomization temperature, ~ 104 116 

Analysis, dry wt % 
C 85.7 57.5 
H 10.5 7.6 
O 33.4 
S 0.5-3.5 0.1-0.3 
C1 0.3 
N 2.0 0.9 
Ash 0.5 0.2-0.4 

aU.S. Environmental Protection Agency (1975). The pour point, flash point, and viscosity determi- 
nations of the liquid fuel from RDF were made on the product containing 14 wt % water as produced. 

Short-residence-time pyrolysis of biomass at reduced pressure has been 
found to improve the yields of liquid products (Roy et al., 1985, 1990). In 
this research, a large-scale, electrically heated, multiple-hearth PDU afforded 
pyrolytic oil yields in the range of about 50 wt % of the feedstock with a wide 
range of wood species. Pyrolysis temperatures in the last hearth were about 
450~ The optimum temperature range was found to be between 350 and 
400~ at residence times of about 2 to 30 s (cf. Bridgwater and Bridge, 1991). 
A yield of 60 wt % on a dry, ash-free basis of pyrolytic oil was obtained at an 
average heating rate of 10~ at a total system pressure of 5 to 41 kPa. 
The process was operated at feed rates of 30 kg/h in a multiple-hearth pilot 
plant, which was shown to offer advantages in product separation and fraction- 
ation because of the primary condensing units attached to each hearth. How- 
ever, the char and gas yields still comprised about one-third of the products, 
so it is probable that the liquid yields could be improved further at shorter 
residence times. A multiple-hearth reactor may not be suitable for biomass 
pyrolysis at millisecond reaction times. 

Still another fast biomass pyrolysis configuration for increasing liquid yields 
involves what is termed ablative pyrolysis (Diebold et al., 1987, 1990). In this 
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system, biomass particles are entrained tangentially into a vortex tube with a 
jet of carrier gas at velocities over 100 m/s. This causes the solid particles to 
be centrifuged to the hot wall of the vortex reactor, where very rapid heat 
transfer occurs to the surface of the particles. Ablative or surface pyrolysis 
takes place at high rates essentially independent of the feedstock particle 
size. This type of conversion process favors chain-cleavage reactions to form 
oxygenated, organic vapors rather than chars and gases, and is expected to 
make it possible to design small reactors having high throughput rates. With 
temperatures of 625~ on the reactor walls, 60 to 70 wt % of the primary 
vapor products are composed of oxygenated organic compounds and polymer 
fragments. They condense to form acidic, water-soluble liquids that have nearly 
the same elemental composition as the feedstock. For softwood feeds, the 
vortex reactor produces about 58 to 67 wt % of the dry feedstock as primary 
pyrolysis oils, 10 to 12 wt % as char, 10 to 14 wt % as gases, and 13 to 16 wt 
% as water. A plant for conversion of 33 t/day of wood wastes has been 
designed for construction in the Midwest to evaluate this process (Johnson, 
Tomberlin, and Ayres, 1991; Johnson et al., 1993). Dry wood feedstock 
(13 mm) is discharged from a hopper and pneumatically transported by recy- 
cled pyrolysis gases to a vortex reactor enclosed in a furnace designed to burn 
pyrolysis gas and natural gas. Natural gas is used for startup. The vapor-rich 
gases leave the vortex reactor along with the char particles entrained in the 
gas stream and pass through a cyclone, which is designed to remove 99.5% 
of the solids. The vapors are condensed at the rate of 11 L/min (dry). This 
plant is projected to cost $1.5 million, to produce 870 L/h (wet) of oil and 
0.21 t/h of char, and to have a net annual revenue before taxes of $194,000, 
presuming the tipping fee for accepting the waste wood is $11/t, and the oil 
and char can be sold for $0.11/L and $88/t on the open market. Larger plants 
having capacities of 90 and 227 t/day are being designed to gain economies 
of scale. 

Other fast biomass pyrolysis techniques for liquid products have been exam- 
ined wherein a reactive atmosphere is present during conversion to attempt 
to affect yields and product compositions. Examples are flash pyrolysis in an 
atmosphere of hydrogen (hydropyrolysis) (Bodle and Wright, 1982; Sundaram, 
Steinberg, and Fallon, 1984) and methane (methanolysis) (Steinberg, Fa|lon, 
and Sundaram, 1983). In hydrogen atmospheres, hydrogenation might be 
expected to occur, at least to some extent, to yield liquids with lower oxygen 
and higher hydrogen contents. The experimental data indicated only moderate 
improvements in product yields and compositions under the test conditions 
used in an entrained flow pyrolysis reactor. However, substantial changes were 
observed in methane atmospheres. Flash methanolysis of dried wood particles 
at residence times of 1 to 2.8 s in an entrained flow pyrolysis reactor at 
pressures of 138 to 1379 kPa and temperatures between 800 and 1050~ 
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afforded benzene, toluene, and the xylenes (BTX), a heavy oil, ethylene, and 
carbon monoxide. As much as 12% of the available carbon in the wood feed- 
stock was converted to BTX, 21% to ethylene, and 48% to carbon monoxide 
at 345 kPa and 1000~ The maximum heavy oil yield was observed at 345 
kPa and 800~ Data obtained with a methane blanket alone under the same 
pyrolysis conditions showed that no products were formed. It was concluded 
from this research that the optimum conditions for maximum production of 
both BTX and ethylene are a reactor pressure of 345 kPa, a temperature of 
1000~ a residence time of less than ls, and a methane-to:wood feed ratio 
of about 5. 

E. SUMMARY OF BASIC BIOMASS PYROLYSIS 

METHODS AND OPERATING PROBLEMS 

Because of the broad scope of direct biomass pyrolysis, the basic technologies 
and principal products are tabulated in Table 8.12 to facilitate easy comparison. 
The conversion conditions and major products shown in this table are typical, 
but subject to considerable variation. There are several commonalities among 
the different pyrolysis methods. Pyrolysis time and temperature are clearly the 
key operating parameters that have the most influence on product yields 
and distributions. Moderate but optimized temperatures are needed at short 
residence times to maximize liquid yields, whereas long residence times and 

TABLE 8.12 Typical Biomass Pyrolysis Technologies, Conditions, and Major Products ~ 

Residence Heat ing Temperature 
Technology time rate (~ Major Products 

Conventional carbonization Hours-days Very low 300-500 Charcoal 

Pressurized carbonization 15 min-2 h Medium 450 Charcoal 

Conventional pyrolysis Hours Low 400-600 Charcoal, liquids, 
gases 

Conventional pyrolysis 5-30 min M e d i u m  700-900 Charcoal, gases 

Flash pyrolysis 0.1-2 s High 400-650 Liquids 

Flash pyrolysis ~1 s High 650-900 Liquids, gases 

Flash pyrolysis ~1 s Very high 1000-3000 Gases 

Vacuum pyrolysis 2-30 s Medium 350-450 Liquids 

Pressurized hydropyrolysis ~ 10 s High ~ 500 Liquids 

aAdapted from references cited in this chapter and Bridgwater and Bridge (1991). 
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low temperatures are needed to maximize char yields. Biomass gasification, 
which can involve pyrolysis at the higher temperatures, is treated in Chapter 
9. With few exceptions, the selectivities of specific pyrolysis products are poor. 
Essentially all of the product liquids produced by direct pyrolysis are highly 
oxygenated, acidic, generally unstable over time, and contain many com- 
pounds, and the product gases are low-energy gaseous mixtures. Some specialty 
and commodity chemicals can be extracted from the product liquids for market. 
The oils can often be used directly as fuel for power and steam production. 
The charcoals can be readily separated from the product mix for sale or captive 
use, and the product gases can be used as fuel and in some cases as sources 
of chemicals. Overall, however, most biomass pyrolysis plants will have to 
deal with complex product separations, waste disposal, and further product 
refining if pure chemicals and other products are required. The costs of the 
additional operations will have to be justified based on the markets for the 
various products that can be manufactured by biomass pyrolysis. Multiproduct 
slates will dominate most of these plants. This can be quite beneficial from 
a revenue standpoint when markets fluctuate provided the plant operating 
conditions can be readily changed to take advantage of the markets for specific 
products, much like a petroleum refinery. 

Up to the 1930s, biomass pyrolysis processes were utilized on a large scale 
to produce several commodity chemicals from pyrolytic oils. These processes 
have since been largely replaced by nonpyrolytic processes based on petroleum 
and natural gas feedstocks. Note that only a few building blocks from fossil 
feedstocks--ethylene, propylene, butadiene, benzene, toluene, xylene, and 
synthesis gasmare used to manufacture the vast majority of the organic chemi- 
cals sold today (Chapter 13). Since the First Oil Shock in 1973, hundreds and 
perhaps thousands of research projects have been carried out to perfect and 
develop biomass pyrolysis technologies for the production of petroleum substi- 
tutes. The history of commercializing modern biomass pyrolysis systems in 
industrialized countries, however, since the First Oil Shock is not very encoura- 
ging. In the United States, for example, a few advanced design, biomass pyroly- 
sis plants were built in the 1980s and then closed down, generally because of 
operating problems and poor economics. 

The properties of pyrolytic liquids from biomass such as their high oxygen 
contents and acidity generally limit their fuel uses to heating oils. The emphasis 
over the past several years has therefore been to develop methods for upgrading 
them to more hydrocarbon-like liquids for use as motor fuels and motor fuel 
components. One approach has focused on catalytic hydrogenation. Hydrogen, 
which can either be generated from the biomass feed or the conversion prod- 
ucts, or be obtained from an independent source, is reacted directly with the 
pyrolytic liquids or intermediate process streams at elevated pressures and 
temperatures to yield substitute fuels with higher hydrogen-to-carbon ratios. 
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In theory, highly oxygenated feedstocks should be capable of reduction to 
liquid and gaseous fuels at any level between the initial oxidation state of the 
feed and methane: 

R(OH)~ + y H2--~ RHy(OH)x_y + y H20 
R -  R' + H2--~RH + R'H. 

For a cellulosic material containing hydroxyl groups, the reactions might 
consist of dehydroxylation and depolymerization by hydrogenolysis, during 
which there is a transition from solid to liquid to gas. In early work to produce 
hydrocarbon fuels, hydroliquefaction of biomass or wastes was achieved by 
direct hydrogenation of wood chips on treatment at 10,132 kPa and 340 to 
350~ with water and Raney nickel catalyst (Boocock and Mackay, 1980). The 
wood is completely converted to an oily liquid, methane, and other hydrocar- 
bon gases. Batch reaction times of 4 h give oil yields of about 35 wt % of the 
feedstock. The oil still contains substantial oxygen, about 12 wt %, but has a 
heating value of about 37.2 MJ/kg. Distillation yields a major fraction that 
boils in the same range as diesel fuel and is completely miscible with it. 

Catalytic hydrogenation of the pyrolytic liquids at elevated pressures and 
temperatures and deoxygenation with molecular sieve catalysts that yield hy- 
drocarbon liquids with higher hydrogen-to-carbon ratios than the liquid feed- 
stocks have been studied (cf. Elliott and Baker, 1987; Rajai et al., 1991; Bakhshi, 
Kaitikaneni, and Adjaye, 1995; Laurent, Maggi, and Delmon, 1995; Horne, 
Nugranad, and Williams, 1995). Several systems are quite effective for convert- 
ing pyrolytic liquids to hydrocarbons suitable for use as motor fuels or motor 
fuel additives. Catalytic hydrogenation is well-developed commercial technol- 
ogy in the petroleum industry and can be applied to pyrolytic oils to obtain 
partial or complete reduction to hydrocarbons. Deoxygenation with molecular 
sieve catalysts has the advantage that a source of hydrogen is not needed and 
BTX and light olefins can be produced by direct passage of the pyrolytic 
vapors over zeolite catalysts, although conversion conditions must be carefully 
controlled to avoid formation of undesirable by-products such as coke. High 
yields of BTX and olefins approaching the theoretical limits can be obtained at 
high weight hourly space velocities and low steam-to-biomass ratios. This 
route to olefins appears to offer an economic route to methyl t-butyl ether 
(MTBE) and ethyl t-butyl ether (ETBE) from the light olefins for use as oxygen- 
ates in gasolines (Bain et al., 1993). 

It would seem that a more practical approach to the upgrading of pyrolytic 
liquids from biomass is to utilize what is already on hand, namely, the oxygen- 
ated product liquids. Instead of conversion to hydrocarbons, which usually 
requires severe reaction conditions, why not convert the liquids by simple 
chemistry to other liquids that are suitable for use as motor fuels or additives? 
Although not directly related to pyrolysis, this approach has been pursued in 
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the development of oxygenated diesel fuels (biodiesel) with natural biomass- 
derived oils, as will be discussed in Chapter 10. With the possible exception 
of the lignin components in biomass, the overall thermal efficiencies of convert- 
ing a highly oxygenated organic feedstock in which the majority of the carbon 
atoms are bonded to oxygen atoms to other oxygenates should be much more 
favorable, and lower in cost, than conversion to hydrocarbons. However, there 
may even be exceptions to this rationale, as will be shown in the following 
section. Also, there are several opportunities to produce chemical additives 
suitable for use in modern gasolines as oxygenates by thermochemical process- 
ing of biomass (Chapter 13). 

IV. M I S C E L L A N E O U S  

L I Q U E F A C T I O N  M E T H O D S  

A. AQUEOUS AND NON-AQUEOUS 

NON-PYROLYTIC CONVERSION 

Note that the transformations described here, which take place in an aqueous 
or non-aqueous liquid medium that may or may not react with the biomass 
feedstock, are termed nonpyrolytic processes, as compared to pyrolysis pro- 
cesses in which the biomass feedstocks are directly heated. 

The direct conversion of cellulosic materials to liquids by heating in aqueous 
systems has been known for more than 100 years (cf. Ostermann, Bishop, and 
Rosson, 1980). Pure cellulose is liquefied at 300~ and below at a pressure of 
19.3 MPa in less than 1 h with or without added sodium carbonate catalyst 
up to a concentration of 0.8% in the medium (Molton et al., 1981). A wide 
range of aliphatic and aromatic alcohols, phenols, hydrocarbons, substituted 
furans, and alicyclic compounds is formed. The presence or absence of a 
gaseous atmosphere of carbon monoxide had no effect on the results, which 
contrasts somewhat to the results obtained from demonstration of a similar 
conversion system (PERC process) described later. The experimental results 
support a degradation mechanism that forms acetone, acrolein, and acetoin 
intermediates, which recondense under alkaline conditions to yield the ob- 
served products. Model compound experiments indicated that the ketones and 
furans are formed by aldol condensations and Michael reactions of carbonyl 
intermediates. The formation of aromatic hydrocarbons and phenol from these 
molecules under these conditions appears to involve a variant of the aldol 
condensation. In other experiments at temperatures of 268 to 407~ pressures 
of 21 to 35 MPa, and reaction times of 20 or 60 min, the average liquid yield 
was 25 wt % of the cellulose converted to acetone-soluble oil (Miller, Molten, 
and Russell, 1981). About 10 wt % charcoal was produced along with gaseous 
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by-products. The heating of poplar wood chips in water alone at about 330~ 
in autoclaves affords acetone-soluble liquid oils containing about 20 to 35% 
oxygen at yields up to about 50 wt % of the feedstock (Boocock et al., 1985, 
1987). Little or no char is produced, and the physical breakdown of the 
chips is believed to occur by water absorption, swelling, and disruption and 
liquefaction of the matrix, whereupon the absorbed water is regenerated. When 
poplar chips are used, about one-half the oil is phenolic and one-fourth is 
phenol itself. The phenol yield is 6.5 wt % on a dry wood basis or 25 wt % 
based on the lignin content. The relatively high yield of phenol was suppressed 
under alkaline conditions. It was concluded that the steam formed in the 
process at the self-generated pressure of about 15.9 MPa was responsible for 
disruption of the chips. In subsequent experiments with steam injection at 
350~ into a downflow reactor, the oil yields from poplar wood chips were 
in excess of 40%. The oils softened and flowed just above 100~ and their 
oxygen content was in the low 20% range. 

Another interesting catalytic liquefaction method involves the reaction of 
biomass-water slurries (LBL process) or biomass-recycle oil slurries (PERC 
process) with sodium carbonate and carbon monoxide gas at elevated tempera- 
ture and pressure to form heavy liquid fuels. Biomass and the combustible 
fraction of wastes have been converted at weight yields of 40 to 60% at 
temperatures of 250 to 425~ and pressures of 10 to 28 MPa. Lower viscosity 
products are generally obtained at higher reaction temperatures and solid or 
semisolid products are obtained when the reaction temperature is below 300~ 
However, the high nitrogen and oxygen contents and the boiling characteristics 
and high viscosity range of the liquid products make it difficult to classify 
them as petroleum substitutes. They would have to be upgraded by other 
processes. The original PERC process consisted of a sequence of steps: drying 
and grinding wood chips to a fine powder, mixing the powder with recycled 
product oil (10% wood powder to 90% recycle oil), blending the mixture with 
water containing sodium carbonate, and treating the slurry with synthesis gas 
at about 27,579 kPa and 370~ The modified LBL process consists of partially 
hydrolyzing the wood in dilute sulfuric acid and treating the water slurry 
containing dissolved sugars and about 20% solids with synthesis gas and 
sodium carbonate at 27,579 kPa and 370~ on a once-through basis. The 
resulting oil product yield is about i bbl/400 kg of chips and is approximately 
equivalent to No. 6 grade boiler fuel. It contains about 50% phenolics, 18% 
high-boiling alcohols, 18% hydrocarbons, and 10% water. 

The evaluation of pressurized wood-slurry liquefaction by the LBL process 
of wood-water slurries was performed mainly in small-scale equipment (Ergun, 
1981; Davis, 1983). Oils similar to those produced by the PERC process were 
obtained, but at lower yields. In the late 1970s and early 1980s, the PERC 
process was evaluated in a PDU (Thigpen and Berry, 1982). The purpose of 
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this work was to demonstrate the direct, continuous, thermochemical liquefac- 
tion of biomass. In this process, a synthesis gas mixture is reacted with 
wood slurried in recycled oil in the presence of 5% sodium carbonate at 
pressures of 20.7 MPa and temperatures of about 270~ for 1 to 1.5 h. It was 
suggested by the researchers who developed this process in the laboratory that 
carbon monoxide reacts with sodium carbonate in the presence of water to 
form sodium formate, which in turn deoxygenates the biomass feedstock to 
yield oil. 

Study of the mechanism of this complex reduction-liquefaction process led 
to the suggestion that part of the mechanism involves formate production 
from carbonate, dehydration of the vicinal hydroxyl groups in the cellulosic 
feed to carbonyl compounds via enols, reduction of the carbonyl group to an 
alcohol by formate and water, and regeneration of formate (Appell et al., 1975). 
The following reactions were suggested: 

Na2CO3 + H20 + CO ~ 2HCO2Na + CO2 
C6H1005 + HCO2Na ~ C6H1004 + NaHCO3 
(Wood) (Oil) 
NaHCO3 + CO ~ HCO2Na + CO2 
HCO2Na + H20 ~ NaHCO3 + H2 
H2 + C6H1005 ~ C6H1004 + H20. 

The approximate stoichiometry of the process developed from the data (Thig- 
pen and Berry, 1982) corresponded to 

C6H9.8404.14 + 3.55CO + 2.14H2---~ 0.877C6H7.6200.66 + 3.99CO2 + 0.22 CO 
+ 4.36H2. 

(Wood) (Oil) 

In view of the complex nature of the reactants and products, it is likely that 
a complete understanding of all of the chemical reactions that occur in the 
PERC process will not be developed unless detailed mechanistic studies are 
carried out. 

In the PDU tests of the PERC process, a crude product oil comparable to 
No. 6 fuel oil was produced in barrel quantities at yields of about 53 wt % of 
the feedstock. It had a heating value of up to 34.5 MJ/kg, a specific gravity of 
1.1, a viscosity of 0.20 Pa.s at 99~ and an oxygen content of 12.3%. The 
distillate from the crude oil had a heating value of 40.4 MJ/kg, a viscosity of 
0.01 Pa's, and an oxygen content of 6.2%. Its characteristics were similar to 
those of No. 2 fuel oil. These results were obtained from the longest sustained 
run with Douglas fir; 4988 kg of crude oil was obtained from 9953 kg of 
feedstock. These data suggest that the PERC process yields what much of the 
research on the direct liquefaction of biomass has been unable to achieve~a 
one-step, direct liquefaction process using woody feedstocks that yields a crude 
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product oil similar to a petroleum fuel oil. Unfortunately, operation of the 
PDU was terminated before several key questions could be answered. Is sodium 
carbonate necessary? Is synthesis gas necessary, and if so, how much? If one 
or both of these reactants is eliminated, what is the effect on the crude product 
oil's composition and yield? Eventually, these questions will be resolved, if 
and when the process is developed further. But it seems evident from the PDU 
data that the PERC process is capable of overcoming some of the problems 
encountered in other direct biomass liquefaction processes. 

B. DIRECT CHEMICAL LIQUEFACTION 

One of the more innovative low-temperature, low-pressure, thermochem- 
ical techniques of directly liquefying biomass in water involves the use of 
57 wt % aqueous hydriodic acid (HI), the azeotrope boiling at 127~ (Douglas 
and Sabade, 1985). When treated at 127~ with the azeotrope in a stoichiomet- 
ric excess of 1.6 to 3.8 of the amount required for complete reduction, cellulose 
is rapidly hydrolyzed and converted to hydrocarbon-like molecules. The yields 
reach 60 to 70% at reaction times as short as 0.5 min. The laboratory data are 
consistent with chemistry in which HI acts to form alkyl iodide intermediates 
that are then converted to hydrocarbons and molecular iodine by further 
reaction with HI. The stoichiometry developed from the experimental data 
with cellulose is 

C6H1005 4- 8.28HI --~ C6H9.1210.1800.40 + 4.52H20 + 4.0812. 

Products corresponding to 50% deoxygenation in 1 min, 75% in 30 min, and 
92% in 24 h are obtained; charcoal is not formed. Up to 98% of the HI reacted 
appears as molecular iodine. Ether extraction yields a material that has H:C 
and I :C  ratios of 1.52 and 0.03, and yet there is a 90% reduction in the 
O: C ratio. 

Hydriodic acid is a powerful reducing agent that can even be employed for 
conversion of benzene to cyclohexane. It is also well known that alcohols can 
be converted to alkyl iodides on reaction with HI and that alkyl iodides react 
with HI to form hydrocarbons. Since the experimental data obtained with 
cellulose shows that most of the HI is ultimately converted to molecular iodine, 
a cyclic process can be conceptualized in which HI is regenerated. One scheme 
might use hydrogen sulfide to regenerate HI. Another might use hydrogen. 
Thus, 

ROH + HI--~ RI + H20 
RI + H I ~ R H  + I2 
(I2 + H2S ~ 2HI + S) 
(I2 + H2 ~ 2HI). 
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It appears that further research on HI chemistry could lead to processes for 
direct conversion of biomass to hydrocarbons wi thout  the economic penalty 

associated with operat ion at high pressure and temperature.  The key to the 
value of such developments  resides in the ability to recycle HI. Note that 
loss of only a small amoun t  of the HI reacted can make the process quite 

uneconomical ,  so if it is developed to the point  of commercial  use, iodine 
recoveries would have to be substantially improved.  

V. COMPARISON OF PYROLYTIC AND 
NON-PYROLYTIC LIQUIDS 

A. PROPERTIES 

A few properties of the liquid oils produced  by selected flash pyrolysis and 
the PERC and LBL processes are listed in Table 8.13. It as apparent  that there 

are some basic differences between the two classes of oils. The oils from the 
flash pyrolysis processes are quite similar, as are the oils from the PERC and 
LBL processes. But there are major differences in their elemental analyses and 

TABLE 8.13 Comparison of Liquids Produced by Pyrolysis and Non-Pyrolytic Thermolysis ~ 

Atmospheric Ablative flash PERC LBL 
Parameter flash pyrolysis b pyro lys is '  Process d Process' 

Elements, % dry basis 
C 52.1 
H 6.2 
O 41.4 
S 

Atomic ratio H: C 

Raw product viscosity, Pa.s 
(at ~ 

Specific gravity 1.27 

Moisture content raw product, 16.6 
wt % 

Heating value, MJ/dry kg 22.1 

Yield, wt/wt MAF wood 0.53 

1.42 

0.22 (40) 

53.5 78.9 79.2 
6.2 8.5 7.8 

39.6 12.3 14.4 
0.06 

1.38 1.28 1.17 

1.3 (30) 0.14 (99)  0.046 (99) 

1.28 

16.1 

1.11 1.09 

22.3 34.5 33.6 

0.55 0.53 0.25 

aThe data are from Stevens (1994). Some data were not available. 
~'cf. O'Neil, Kovac, and Gorton (1990). 
Ccf. Diebold et al. (1987, 1990). 
dcf. Thigpen and Berry (1982). 
ecf. Ergun (1981); Davis (1983). 
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energy values. The carbon analyses and energy values are much lower and the 
oxygen analyses are much higher for the pyrolytic oils than for the PERC and 
LBL oils. This might be expected, since a synthesis gas atmosphere is used to 
carry out the PERC and LBL processes. The lower yield of oil from the LBL 
process is apparent when compared to the oil yield from the PERC process. 

B. ECONOMIC ANALYSIS OF ATMOSPHERIC 

FLASH PYROLYSIS AND PRESSURIZED 

SOLVENT LIQUEFACTION 

A detailed comparative economic analysis of the production costs of fuel oil 
and synthetic gasoline and diesel fuel has been performed for direct liquefaction 
of biomass (Elliott et al. ,  1990). To bring this analysis to today's dollars, 
adjustments should be made to account for inflation and other factors. But 
since the treatment is a comparative analysis, the differences should remain 
the same. The basic parameters used for this analysis are listed in Table 8.14. 

TABLE 8.14 Parameters Used for Comparative Cost Analysis of Biomass 
Liquefaction Processes a 

Parameter Assumption 

Plant capacity 1000 dry t/day of biomass feedstock 

Time September 1987 

Place U.S. Gulf Coast 

Currency U.S. dollars 

Annual operating time 8000 h 

Labor rate $20/h including payroll burden 

Maintenance labor 1% of fixed capital investment (FCI) 

Maintenance materials 3% of FCI 

Overhead 2% of FCI 

Insurance 2% of FCI 

Other fixed operating costs 1% of FCI 

Catalyst price Specified for each process 

Feedstock price $30/t of green wood chips, 50% moisture 
Electricity price $0.065/kWh 

Interest rate 10% 

Plant life 20 years 

aElliott et al. (1990). 
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Three processing steps were involved in the assessment: liquefaction of wood- 
chip feedstock to a primary crude oil, catalytic hydrotreatment of the crude 
oil to a deoxygenated product oil, and refining of the product oil to gasoline 
or diesel fuel. Atmospheric flash pyrolysis (cf. Scott and Piskorz, 1983; O'Neil, 
Kovac, and Gorton, 1990) and pressurized solvent liquefaction (cf. Appell et 
al., 1975; Thigpen and Berry, 1982) were analyzed. Two versions of each 
process were used--one based on the technology as developed (present tech- 
nology) and one based on anticipated future improvements (potential tech- 
nology). 

The atmospheric flash pyrolysis process for the present technology case is 
illustrated in the accompanying flowsheet (Fig. 8.5). One-millimeter particle 
size wood fibers are rapidly pyrolyzed in a fluidized-bed reactor at 500~ to 
vapors and char. The condensed vapors form the primary oil product, which 
contains approximately 39% oxygen on a dry basis. The second and third steps 
are not shown in Fig. 8.5. In the second step, the primary oil is upgraded in 
a two-stage catalytic hydrotreatment process using a conventional sulfided 
cobalt/molybdenum-on-alumina petroleum hydrotreatment catalyst. In the 
third step, the upgraded product is subjected to distillation, hydrodeoxygen- 
ation of the light fraction, hydrocracking of the heavy fraction, catalytic reform- 
ing of the gasoline fraction, and steam reforming of the hydrocarbon gas 
product to produce hydrogen for the process. A gasoline and diesel product 
slate is produced. For the potential technology case, pyrolysis takes place in 
a circulating fluidized-bed reactor, which has the advantage of much greater 
throughput than the present technology case. An advanced three-stage catalytic 
hydrotreatment is used in the second step and is assumed to yield a high- 
octane gasoline requiring no further processing other than fractionation. 

The present technology case for pressurized solvent liquefaction is illus- 
trated in Fig. 8.6. Wood chips are ground to less than 0.5 mm and mixed with 
recycled wood-derived oil. A sodium carbonate solution and synthesis gas are 
added to the slurry prior to preheating. Liquefaction takes place in a tubular, 
upflovr reactor at 350~ 20.5 MPa, and a 20-min residence time. Gas is flashed 
from the reactor effluent. A portion of the liquid is recycled. Water is separated 
from the primary oil and is treated before discharge. The synthesis gas is 
obtained from a portion of the feedstock, which is gasified in an oxygen-blown 
gasifier. The product oil is upgraded and refined in a manner similar to the 
flash pyrolysis oil. The potential case for this process uses an extruder feeder 
to feed high concentration wood slurries. The oil phase of the slurry consists 
of recycled vacuum distillate bottoms. Superheated steam is added to the 
reactor to provide the reactor heat requirement. Sodium carbonate is assumed 
to be recycled entirely in the distillate bottoms, and no reducing gas is added 
to the reactor. The liquid product stream is separated into a distillate product 
and recycled bottoms in a vacuum distillation tower. Catalytic hydrotreatment 
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TABLE 8.15 Comparative Economic Analysis of Flash Pyrolysis and Pressurized 
Solvent Liquefaction a 

Atmospheric flash Pressurized solvent 
pyrolysis liquefaction 

Present Potential Present Potential 
Parameter ( $106 ) ($106 ) ($106 ) ($106 ) 

Fixed capital investment 
Primary liquefaction 38.9 20.6 65.8 37.8 
Crude upgrading 36.4 26.8 20.9 20.3 
Product finishing 11.4 0.5 11.9 0.6 
Total: 86.7 47.9 98.6 58.7 

Total capital requirement 
Primary liquefaction 49.8 26.4 84.2 48.4 
Crude upgrading 46.6 34.3 26.8 26.0 
Product finishing 14.5 0.7 15.3 0.7 
Total: 111.0 61.3 126.2 75.1 

Fixed operating cost 
Operating labor 6.68 6.43 5.58 4.73 
Maintenance labor 0.86 0.49 0.99 0.59 
Overhead 1.74 0.96 1.98 1.18 
Maintenance materials 2.60 1.44 2.96 1.76 
Taxes and insurance 1.74 0.96 1.98 1.18 
Others 0.86 0.49 0.99 0.59 
Total: 14.48 10.77 14.48 10.03 

Variable operating cost 
Feeds to ck 20.00 20.00 20.00 23.30 
Electricity 4.89 3.57 9.72 10.14 
Catalyst 0.30 0.02 2.36 0.01 
Sludge disposal 0.16 0.02 0.04 0.09 
Fuel cost 0.39 0.06 1.32 0.06 
Total: 25.74 23.67 33.44 33.60 

Capital charges 12.96 7.17 14.75 8.78 

Total cost finished product 53.18 41.61 62.67 52.39 

Product cost, $/t 
Primary oil 150.00 131.90 423.30 298.10 
Finished produ c t 673.80 514.50 815.00 584.70 

Energy cost, $/GJ 
Primary oil 9.32 6.91 13.44 12.27 
Finished product 16.24 12.99 19.54 14.77 

Product energy value, $/GJ 
Primary oil 6.70 6.70 5.20 5.20 
Finished product 8.30 8.45 8.15 8.45 

Product cost/value ratio 
Primary oil 
Finished product 

1.39 1.03 2.58 2.36 
1.96 1.54 2.40 1.75 

aAdapted from Elliott et al. (1990). The product energy value is the average U.S. spot market 
price from 1977 to 1987 for comparable petroleum-based liquid fuel. The average price of U.S. 
crude oil at the wellhead in 1987 was $2.61/GJ ($15.40/bbl). 

265 



266 Thermal Conversion: Pyrolysis and Liquefaction 

is used to upgrade the primary oil as in the present technology case. The 
upgraded product is assumed to be a high-octane gasoline requiring no further 
processing other than fractionation. 

Detailed estimates were prepared of the capital and operating costs of each 
of the four processes, which were designed around the results obtained from 
laboratory, PDU, and pilot-scale tests. A summary of these costs is presented 
in Table 8.15. The atmospheric flash pyrolysis process is clearly more economi- 
cal than the pressurized solvent liquefaction process for production of similar 
products. Using the average U.S. spot market price for fuel oil in the period 
1977 to 1987, the ratio of primary oil cost to energy value is about 1.4 at a 
green wood chip price of $30/t for the present technology case for atmospheric 
flash pyrolysis. This means that the product is 40% more costly than comparable 
petroleum fuel. The potential technology case for atmospheric flash pyrolysis 
is the only process design of the four analyzed that appears capable of producing 
primary oil product competitive with comparable petroleum fuel. On the basis 
of sensitivity studies, each process appears to be more sensitive to feedstock 
cost than to capital cost. Although thermochemical conversion processes are 
generally capital intensive, the range of capital costs examined had little effect 
on the final product cost. However, sensitivity analysis of finished product 
cost and feedstock price showed that when the green wood chip price is 
$10/t, the ratio is less than 0.9. 

It was concluded from this assessment that the most promising process for 
gasoline production by direct liquefaction of biomass is atmospheric flash 
pyrolysis. The high-pressure process may have the same future potential, but 
the uncertainties are much greater. 
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