
C H A P T E R  6 

Physical Conversion 
Processes 

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

As discussed in previous chapters, there are numerous aquatic and terrestrial 
virgin biomass species and many types of waste biomass that are potential 
fuels or feedstocks. With the exception of microalgae and some high-moisture- 
content biomass, essentially all are solid materials. They contain organic com- 
pounds, minerals, and moisture. Some of the compositional differences are 
large. The aquatics, municipal biosolids, and animal manures are high in 
moisture content; the terrestrial species contain relatively small amounts of 
moisture. The ash contents of woody biomass species are small; some aquatics 
and agricultural crops contain large amounts of ash. On a moisture- and ash- 
free basis, the heating value of most biomass is in the same range, but on a 
dry basis, these materials can exhibit wide variations. 

Because of these broad differences, many of the possible feedstock-process- 
energy product combinations are not feasible. For example, untreated mu- 
nicipal biosolids contain very large amounts of moisture and are normally 
unsuitable for thermochemical conversion. Such feedstocks do not support 
self-sustained combustion under conventional conditions unless the moisture 
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is reduced by a considerable amount, a high-cost process in wastewater treat- 
ment plants. Biosolids are more suited for microbial conversion in aqueous 
systems where a liquid water medium is essential. In contrast, woody biomass 
is often suitable for direct use as a solid fuel or as a feedstock for thermochemical 
conversion. Predrying to remove some of the moisture, if needed, is readily 
accomplished at low cost. 

Chapters 6 to 12 address specific groups of processes and methods employed 
for converting biomass to energy and fuels. In this chapter, the physical pro- 
cesses employed to prepare biomass for use as fuel or as a feedstock for a 
conversion process are discussed. The processes examined are dewatering and 
drying, size reduction, densification, and separation. The physical process, a 
few specific examples of the process, and its relationship to the thermochemical 
or microbial process that may be used for subsequent conversion are described. 

II. DEWATERING AND DRYING 

A. FUNDAMENTALS 

Dewatering refers to the removal of all or part of the contained moisture from 
biomass as a liquid. Drying is a similar process, except that the moisture is 
removed as vapor. In some cases where a waste or virgin biomass feedstock 
is thermally processed directly for energy recovery, it may be necessary to 
partially dry the raw feed before conversion. Otherwise, more energy might 
be consumed by the conversion process than would be produced in the form 
of energy or fuel. Open-air solar drying is usually the lowest cost drying 
method, if it can be used. Raw materials that are not sufficiently stable to be 
dried by solar methods can be dried more rapidly using industrial dryers such 
as spray dryers, drum dryers, and convection ovens if cost permits. For large- 
scale drying applications, forced-air furnaces and drying systems designed to 
use hot stack gases are sometimes just as efficient. 

Since a large portion of a feedstock's equivalent energy content can be 
expended for drying, there is a balance between the cost of moisture removal, 
the incremental improvement in efficiency on conversion, and the advantages 
of handling drier feedstock. The key biomass property that should obviously 
be examined, in addition to conversion process requirements, is the moisture 
content of the fresh biomass, the methods available for its partial or total 
removal, and the effects, if any, on the properties of the remaining biomass. 
The moisture content of biomass is as variable as the multitude of biomass 
species available as potential feedstocks. 

Aquatic biomass is one category of feedstock that can be classified as high- 
water content biomass. Freshwater, marine, and microalgal biomass, such as 
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water hyacinth, giant brown kelp, and Chlorella, respectively, contain large 
amounts of intracellular moisture. The water content is usually over 95 wt % 
of the fresh biomass (see Appendix A, Part A.8, for the definitions of wet and 
dry weight percentages). Several types of municipal, industrial, and farm animal 
wastes are also produced in association with water and are potential feedstocks. 
One example is untreated municipal biosolids. Because of the nature of the 
collection systems (i.e., dilution with water to facilitate localized disposal and 
transport in municipal lines to wastewater treatment plants), raw municipal 
biosolids contain over 95 wt % water. They are stabilized at the wastewater 
treatment plant by subjecting them to various primary and secondary treat- 
ments which reduce volatile solids, BOD, and COD, and are dewatered for 
disposal. Examples of high-water-content industrial wastes are pulp and paper 
mill sludges and alcoholic beverage industry sludges. They are often subjected 
to biological stabilization and dewatering processes similar to those used for 
municipal biosolids. The major farm animal wastes that are potential feedstocks 
for conversion processes are cattle, hog, and poultry manures. The moisture 
contents of most of these wastes range up to 80 wt %. 

Terrestrial biomass, as freshly harvested green biomass, generally contains 
40 to 60 wt % moisture. These potential feedstocks include most herbaceous 
species, softwoods, and hardwoods. Agricultural crop residues that have been 
exposed to open-air solar drying contain less moisture, often in the 15-wt % 
range or less. Straws are good examples. Other examples consist of by-products 
such as corn cobs, rice hulls, and nut shells from the processing of agricultural 
and orchard crops. Many of these residuals have even lower moisture levels. 
As-received municipal solid waste (MSW) usually contains 10 to 30 wt % 
moisture depending upon the season of the year and geographic location where 
it is collected. All of these terrestrial biomass species and residuals are suitable 
feedstocks for one or more different thermochemical conversion processes. 
Microbial conversion is also feasible in many cases after suitable pretreatment. 
Unlike many high-water-content biomass species, most terrestrial virgin bio- 
mass and residuals are sufficiently stable to undergo solar or thermal drying. 

Woody biomass is the largest source of standing biomass and is the preferred 
feedstock for large-scale, integrated, biomass production-conversion systems. 
So it is worthwhile to consider how moisture accumulates in these materials 
internally during growth and from humid air. Water is contained in all tissues 
of a tree, both dead and alive (Mirov, 1949). Young leaves and roots contain 
up to 90 wt % moisture; tree trunks contain as much as 50 wt %. In the 
transpiration process, water is absorbed by the roots from the soft, pushed 
into the sapwood, and then pulled up to the leaves above ground where it is 
given off to the atmosphere by evaporation through the stomata, the same 
openings that admit CO2 (Chapter 4). Various osmotic and diffusional forces 
drive the water from the soil to the leaves through semipermeable membranes 
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and capillary passages. About one-half of the solar energy falling on the leaves 
supplies the energy to facilitate transpiration, which is necessary for photosyn- 
thesis to occur. The stoichiometric photosynthesis of 100 kg of cellulose 
requires about 55.6 kg of water, but during the process, the tree transpires 
about 100,000 kg of water to the atmosphere. 

Wood also absorbs moisture from humid air and is the equivalent of an 
elastic gel that exhibits limited swelling as water vapor is taken up from the 
air. Two different mechanisms are operative: adsorption and absorption (Nikitin 
et al., 1962). In adsorption, moisture is transferred from air to the wood 
surfaces and results from the attraction between polar water molecules and 
the negatively charged surfaces of the wood. The negative charges involve 
functional groups on the surface that can carry full or partial negative charges 
or organic molecules that can exist as dipoles with the negative ends clustered 
on the surface. The amount of moisture adsorbed on wood surfaces is relatively 
small; it ranges up to about 5 to 6 wt % of the wood at 20~ and 100% relative 
humidity. In absorption, water molecules are drawn into the permeable pores 
of the wood by spongelike processes due to diffusional and osmotic forces 
followed by capillary condensation. A large number of fine capillaries in the 
wood fibers facilitate this process. The amount of moisture absorbed within 
the woody structures depends upon the pore diameters and distribution of 
the capillaries. In spruce wood pulps, for example, the amount of water vapor 
absorbed at 20~ and 100% relative humidity is about 25 wt %. The maximum 
total amount of water taken up from air at ambient conditions by adsorption 
and absorption is about 30 wt % of the wood, but can reach 200 wt % or more 
if the wood is soaked in liquid water (Nikitin et al., 1962). Exposure to 
precipitation is the third mechanism that raises the moisture content of green 
wood to an average of about 50 wt %. It is evident from this explanation of 
the various mechanisms of water uptake by wood that transpiration of soil 
moisture is essential for tree growth to occur, that the temperature and humid- 
ity of the surrounding air affects the moisture content of the wood if sufficient 
time is allowed to reach equilibrium moisture levels, and that wood is hygro- 
scopic. The same principles are applicable to most terrestrial biomass because 
of the vascular structure typical of many species. 

B. BIOMASS MOISTURE CONTENT AND 

CONVERSION REQUIREMENTS 

It is normally not necessary to reduce the water content of high-moisture- 
content or wet biomass feedstocks for microbial conversion processes. This 
contrasts with thermal conversion processes such as combustion. Dry biomass 
burns at higher temperatures and thermal efficiencies than wet biomass. For 
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example, the flame temperatures of green wood containing 50 wt % moisture 
and dry wood in conventional combustors that supply boiler heat are about 
980~ and 1260 to 1370~ respectively (cf. FBT, Inc., 1994). Flame tempera- 
ture is directly related to the amount of heat necessary to evaporate the moisture 
contained in the wood-- the  lower the moisture content, the lower the amount 
of energy needed to remove the water and the higher the boiler efficiency. 
Although flame temperature is not the actual bed temperature in advanced- 
design, fluid-bed combustors, the effects on temperature and efficiency are 
the same. The maximum amounts of acceptable moisture in wood fuels for 
conventional furnace systems are illustrated in Table 6.1, and the typical 
moisture contents and heating values of several biomass fuels for combustion 
in commercial fluid-bed, grate, and suspension firing units are presented in 
Table 6.2. With the exception of suspension firing units, for which the moisture 
content of the fuel is usually in the 20-wt % range, the maximum moisture 
content range is 55 to 65 wt %. Indeed, combustion of biomass containing 
65 wt % moisture in conventional grate-type systems can result in lowering 
of the adiabatic flame temperature to the point where self-sustained combustion 
does not occur. 

Many of the large-scale biomass combustion systems for producing heat, 
hot water, or steam accept biomass fuels containing relatively large amounts 
of moisture and are operated without much apparent concern for the effects 
of moisture content of the fuel on the combustion process itself. One of the 

TABLE 6.1 Comparison of Conventional Wood-Burning Furnace Characteristics ~ 

Furnace type 

Gravity fed Dutch 65 
oven 

Spreader stoker 65 
pinhole grate 

Spreader stoker 
traveling grate 

Gravity-fed 
inclined grate 

Suspension firing 20 

Cyclone furnace 65 

Maximum Maximum 
fuel steam Ash 

moisture output entrainment 
(wt %) Suitable wood fuel rating rating 

Unprepared, limited Medium Low 
max. size 

Hogged fuel High Low Stationary 

Fuel 
bed type 

Stationary 

55 Hogged fuel High High Moving 

aIsmail and Quick (1991). 

65 Partially hogged fuel Medium Medium Moving 

Chips, shavings, and Low High 
sander dust 

Hogged fuel Low Medium 

Suspension 

Stationary 
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TABLE 6.2 Typical Moisture Contents and Heating Values of Waste Biomass for 
Combustion in Fluid-Bed, Grate, and Suspension Firing Units 

Fuel Moisture (wt %) Higher heating value (MJ/kg) 

Orchard prunings ~ 30.0 13.64 

Secondary wood ~ 20.0 15.45 

Almond shells" 8.7 17.78 

Cotton stalks ~ 30.0 12.76 

Bark b 48-40 10.5-12.1 

General wood wastes b 48-25 10.5-15.1 

Sawdust, shavings, and sanderdust ~ 48-12 10.5-17.6 

Bagasse ~ 55- 20 8.4-15.1 

Peat b 60-50 9.2-11.7 

Coffee grounds b 55-40 11.3-15.1 

Nut hulls b 25-18 17.2-18.8 

Rice hulls b 18-15 12.1-15.1 

Corn cobs b 16-12 18.4-19.2 

aMurphy (1991). For fluid-bed units. 
bRoutly (1991). For grate or suspension firing. 

largest biomass-fueled power plants equipped with traveling grates operates 
very well with wood chips containing an average of 50 wt % moisture, although 
a few initial handling and storage problems caused by high-moisture fuel 
supplies had to be solved (Tewksbury, 1987). Another power plant equipped 
with traveling grates operates very well on fuel containing about the same 
amount of moisture and consisting of a mixture of about 80% hogged mill 
wastes and 20% wood chips (Ganotis, 1988). Some air drying of stringy bark 
fuels is needed in the spring to eliminate fuel handling problems. Still another 
power plant equipped with a fluidized, bubbling-bed combustor operates well 
with a mixture of about 40% whole tree chips, 20% sawmill residues, and 
40% agricultural residue from almond orchards. The fluid-bed combustors are 
designed to operate with fuels having a variable moisture content up to about 
50 wt % (Normoyle and Gershengoren, 1989). 

Thus, biomass fuels containing up to about 50 to 55 wt % moisture do not 
require pre-drying for acceptable performance in combustion systems that are 
designed for such fuels. However, a moisture content of 15 wt % is generally 
recognized as optimum for efficient thermochemical gasification of biomass 
(Miles, 1984), although several thermochemical gasification processes satisfac- 
torily convert feedstocks containing up to about 30 to 35 wt % moisture. 
Also, in certain types of thermochemical gasification processes such as steam 
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gasification, water is a reactant and the contained water in the feedstock can 
be beneficial (Chapter 8). 

To illustrate more quantitatively the effect of moisture content on the 
performance of a thermochemical process, consider the direct combustion of 
sugarcane bagasse in a conventional boiler to raise steam and the effects on 
boiler efficiency of bagasse moisture content relative to the other sources of 
efficiency losses. The results of a complex series of calculations to examine 
boiler losses and efficiencies are shown in Table 6.3 (Institute for Energy 
Studies, 1977). A typical amount of excess air used in bagasse-fired boilers 
was chosen as 30%, the moisture content of the bagasse ranged from 0 to 
60 wt % in 10~ % increments, and the stack gas temperatures ranged from 
177~ (450 K) to 260~ (533 K) in approximately 28~ increments. Boiler 
efficiency is 100 minus the sum of the boiler losses in percentage units. The 
boiler losses, other than those caused by the moisture content of the bagasse, 
include those due to dry gases of combustion, which refers to nonuseful heat 
losses; those due to moisture in air; those due to the moisture formed on 
bagasse combustion; and other losses. Plots of bagasse moisture content against 
boiler efficiency and the losses due to bagasse moisture content alone at stack 
gas temperatures of 450 K are shown in Fig. 6.1. The analysis shows that 
when the moisture content of the bagasse is more than about 35 wt %, it has 
a greater impact on boiler efficiency losses than the other moisture sources. 
Note that the incremental improvement in boiler efficiency for drying the 
bagasse from about 35 to 0.0 wt % moisture increases boiler efficiencies by 
only about 7%. It was concluded by the analysts who performed the study 
that sugar mills can increase boiler efficiency about 5% by drying the bagasse 
from its typical level of 48 wt % moisture to about 35 wt % moisture. Bagasse 
moisture reductions by solar drying and drying with stack gases were suggested 
as low-cost approaches to increasing boiler efficiencies. It was also concluded 
that the higher temperature generated using dryer bagasse can increase heat 
transfer efficiencies in addition to reducing stack gas losses. This efficiency 
increase results from both higher temperature differentials and lower furnace 
gas velocities. Historically, the drying of bagasse to improve boiler efficiencies 
was proposed in the early 1900s. The same principles apply generally to 
improving the efficiencies of biomass combustion processes. 

Predrying of biomass has sometimes been justified in the past only for large- 
scale operations, or where low-cost energy is available as waste heat. It is 
important to realize, however, that the absence of any capability to predry 
feedstock for thermochemical conversion has sometimes caused severe operat- 
ing problems, particularly for gasification processes. In one of the early fluidm 
bed gasification plants fueled with wood chips and sawdust to produce low- 
energy gas as an on-site boiler fuel, it was very difficult to control combustion. 
The industrial gas burners installed in the plant did not function satisfactorily 
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FIGURE 6.1 Boiler efficiency and losses due to bagasse moisture content. (Stack gas tempera- 
ture -- 450 K.) 

with the product gas (Bircher, 1982). These problems were attributed to large 
variations in the quality of the gas caused by accepting wood feedstock at any 
moisture content up to 50 wt %, which in turn resulted in large swings in gas 
heating values from about 3 to 8 MJ/m 3 (about 80 to 200 Btu/ft3). Drying of 
the feedstock has been found to be extremely important in wood gasification 
because it is only through the availability of a uniform feedstock that consistent 
gas quality can be assured (Miller, 1987). 

C.  DEWATERING METHODS 

Dewatering methods are available for most high-water-content virgin and waste 
biomass. This suggests that the moisture content of such feedstocks can be 
readily adjusted before conversion. This is not the case, however, because it 
is often difficult to reduce moisture content to the level desired at reasonable 
cost. 

The equipment used for dewatering includes filters and screening devices 
of various types, centrifuges, hydrocyclones, extrusion and expression presses, 
water extractors, and thickening, clarifying, and flotation hardware. The pro- 
cessing methods encompass a broad range of water-removal techniques. They 
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can also incorporate the use of chemical flocculants and surfactants and high- 
and low-temperature treatments. The drawbacks to the dewatering of high- 
water-content biomass by most of these methods are numerous. Direct physical 
separation of the occluded moisture in aquatic species by dewatering is nor- 
mally not feasible unless the biomass is subjected to physical processes that 
disrupt the cell walls. Solar drying in open air is a low-cost option for moisture 
reduction as already pointed out, but most high-water-content biomass species 
begin to decompose, some quite rapidly and often with a relatively large loss 
in carbon and energy content, when dried under these conditions. In contrast, 
municipal biosolids are often dewatered to 5 to 20 wt % solids content, and 
some of the advanced dewatering methods are capable of increasing the solids 
content to as high as 50 wt % or more. The drying methods used commercially 
in wastewater treatment plants facilitate final disposal, but they are costly and 
afford products that are still far from the preferred moisture content range of 
feedstocks for thermochemical conversion. 

Strict physical processing of high-water-content biomass for partial removal 
of moisture can sometimes be accomplished by combined use of shearing or 
cutting devices and mechanical pressing. Some of the dewatered products 
produced by these techniques can sustain their own combustion, can be com- 
bined with low-moisture feedstock for thermochemical conversion, or can be 
fabricated into briquettes or pellets for use as fuels. Overall consideration of the 
difficulties of dewatering high-water-content biomass suggests that microbial 
conversion processes should be used so the feedstock does not have to be 
dewatered or dried and can be used as such. 

Although it is relatively costly, one drying method deserves special mention 
because it is used commercially for several high-water-content waste biomass 
streams such as brewery and fermentation industry wastes, food and dairy 
industry wastes, and primary and secondary municipal biosolids. The technique 
is based on the equivalent of multiple-effect evaporation and vapor recompres- 
sion so that most of the water exits the process as liquid, except in the last 
effect, to avoid losing the latent heat of vaporization. Several advanced processes 
have been developed to separate water from solids at lower energy inputs than 
conventional, single-effect drying systems. With the advent of large centrifugal 
compressors in the 1960s, it became possible to mechanically recompress the 
water vapor from an evaporative stage to drive that same stage rather than 
another as in multiple-effect evaporation. Using standard technology, the dewa- 
tering of high-water-content biomass can utilize mechanical vapor recompreso 
sion to raise the solids concentration to near 30 wt %, followed by multiple- 
effect evaporation to raise the solids concentration to near 50 wt %, followed 
by a rotary dryer if desired for further moisture reduction (cf. Crumm and 
Crumm, 1984). The efficiency of the segment of evaporation that mechanical 
vapor recompression accomplishes is very high. At an energy equivalent of 
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10.5 MJ/kWh (10,400 Btu/kWh), mechanical vapor recompression can vapor- 
ize 1 kg of water for less than 0.46 MJ (1.0 lb for less than 200 Btu). The 
Carver-Greenfield process is based on combining mechanical vapor recompres- 
sion with multiple-effect evaporation to dry high-water-content biomass and 
other solid suspensions. Many full-scale units have been placed in operation 
since the first facility was installed in 1961. One unit was used at the Hyperion 
wastewater treatment plant in Los Angeles from 1987 to early 1995 to dry 
40 t/day of biosolids wetcake to 99§ total solids content (Haug, Moore, and 
Harrison, 1995). The process has since been replaced by rotary steam dryers 
because it was not possible to reach the design capacity of the unit. 

D. DRYING METHODS 

The mechanisms of water uptake by trees suggest several methods of drying 
terrestrial biomass. The most obvious method is to expose biomass to circulat- 
ing, low-humidity air that is heated. Open-air solar drying meets these require- 
ments and has been used for hundreds of years to season or cure woods and 
grasses. The final moisture content of the air-dried biomass is usually in the 
35-wt % range or less. The advantage of this partial drying method is that it 
is low in cost. The disadvantages are several. The process is slow and depends 
on the local climate. Some labor is required to arrange the freshly harvested 
biomass in suitable piles or windrows to facilitate exposure to sunlight and 
air circulation. Periodic turning of the windrows may be necessary to allow 
drying of plant parts in direct contact with the soil and to prevent fungal 
infection of wet biomass. Natural precipitation may require excessive drying 
times. Forage crops have traditionally been partially dried in open air to this 
moisture level so they can be removed from the field and stored without 
significant deterioration and loss of nutrient value. Solar drying also facilitates 
densification of hay by baling. 

In a field study in Florida of the tall grasses elephantgrass (Pennisetum 
purpureum) and energycane (Saccharum spontaneum L.), which are good candi- 
dates as biomass energy crops, the air drying in windrows of mature crops of 
2- to 4-cm stem diameters required about 7 to 10 days without rainfall to 
reach moisture levels of 15 to 20 wt % (Mislevy and Fluck, 1993). The seasoning 
of freshly harvested mature trees by air drying requires longer time periods 
to reduce the moisture level to about 25 to 35 wt % because of the larger 
diameter trunks and pieces. Decay fungi that may be present progress rarely, 
if ever, at moisture contents below 25 wt %. Green wood chips can be air 
dried in less time because of their smaller size. In a study of the use of hybrid 
willow harvested at 3-year rotations as fuel for a direct wood-fired, gas turbine 
power plant, it was projected that air-dried willow bundles would reach 30 



II. Dewatering and Drying 171 

to 35 wt % moisture at the same cost as green wood chips at 50 wt % moisture 
content (Ismail and Quick, 1991). The cost is the same because what is saved 
in not chipping the wood is spent on bundling and storage for 6 months to 
air-dry the bundles. 

Kiln drying under controlled conditions is commonly employed to improve 
the stability and physical characteristics of lumber products used as materials 
of construction or for manufacturing furniture, whereas open-air drying is 
traditionally employed for the curing or seasoning of tree parts and roundwoods 
to be used as fuel. Kiln drying promotes the removal of moisture by circulating 
heated air by natural draft or with fans or blowers through the wood, which 
is carefully piled in the kiln to promote the drying process. Heat is transferred 
from hot air heated by steam coils supplied by a boiler, or from hot stack 
gases heated by the burning of waste biomass or other fuels through manifolds. 
In the batch-drying of large volumes of wood, the temperature of the air can 
be gradually increased; the final temperatures and humidities are usually near 
90~ and 15%. Kiln drying is rapid compared to the rate of open-air solar 
drying, but it is too slow for some continuous, thermochemical conversion 
processes unless the dryers and storage facilities are sized to handle the demand 
for predried feedstock. The continuous drying of wood chips, wood chunks, 
and hog fuel with industrial dryers or in drying ducts installed prior to the 
conversion unit is the approach that is often used when predrying is judged 
to be sufficiently beneficial. Continuous, direct-heat drying, in which hot air 
or stack gas contacts the biomass as it is fed to the conversion reactor, and 
indirect-heat drying, in which heat is transferred by convection and radiation 
from conducting surfaces to the biomass, can be utilized. Many commercial 
drying ovens and dryers such as rotary drum dryers, which have been effectively 
used for many years for drying wood and other biomass, are available. The 
use of superheated steam for drying rather than burning some of the feedstock 
as a heat source may allow further improvements in efficiency (cf. Wiltsee, 
McGowin, and Hughes, 1993). The direct-heat systems are generally lower 
in cost than the indirect-heat systems if commercial drying units are used. 
Thermochemical conversion reactors can also be designed so that incoming 
fresh feed is dried to the desired level by heat transfer from the hot reaction 
products. The simple addition of enclosed drying tunnels for passage of hot 
air or stack gases over and through incoming fresh feed can sometimes suffice 
to reduce moisture to the desired level and preheat the feed without the need 
to install industrial driers. 

Note, however, that stack gases from biomass-fired boilers contain about 
15 wt % moisture, and that at temperatures below 250~ only a small amount 
of additional moisture can be absorbed before the gas becomes fully saturated. 
This is evident from the following equation (Routly, 1991): 



172 Physical Conversion Processes 

WG = (2940 M ) I T , -  To 
where WG - drying gas weight, kg/h 

M = water evaporated, kg/h 
T, = temperature of drying gas entering, ~ 
To = temperature of drying gas leaving, ~ 

This equation indicates that large fans and motors are required for circulation 
of the drying gases when low-temperature gas is used as the drying medium. 
To obtain sufficient heat for drying purposes, some of the stack gas may have 
to be extracted upstream of the boiler heat recovery equipment, which can 
have an adverse effect on steam generation. Stack gas drying should therefore 
be evaluated for each application to determine whether it is technically and 
economically feasible. For most thermochemical conversion systems that pro- 
cess green biomass, a balance is usually struck among the optimum moisture 
range needed for conversion, the feedstock demand rate, the drying require- 
ments, the size of the feedstock storage facility, feedstock stability on storage, 
and the cost of supplying predried feedstock. 

The transpirational drying in open air of whole trees felled in the forest 
has been evaluated, but has not been widely adopted (McMinn, 1986). How- 
ever, the drying of whole trees has been incorporated as part of the whole- 
tree-burning concept for power production (Chapters 7 and 14; also see Ostlie 
and Drennan, 1989). Whole trees including branches are dried in large build- 
ings equipped with heat exchangers supplied with warm water at temperatures 
up to 50~ Additional higher temperature waste heat is available from the 
power plant for peaking. Fans along the base of the drying buildings draw 
outside air over the heat exchangers and circulate it through piles of whole 
trees. The resulting warm, moist air is drawn out of the buildings through 
vents. For optimal drying conditions, the relative humidity levels are kept 
below 35%. After approximately 30 days of storage in the drying buildings, 
the moisture content of the whole trees is reduced to 25 wt % or less. Experi- 
mental testing of whole tree drying provided several interesting and perhaps 
unexpected results. The two tree species tested, aspen and eastern cottonwood, 
dried significantly faster with the leaves intact than without the leaves. It was 
also found that logs do not appear to dry more quickly than whole trees, and 
that the branches of the trees tested were drier than the corresponding 
trunks. 

Whenever it is necessary to remove moisture from virgin or waste biomass 
feedstocks, air drying, mechanical dewatering, and drying with waste heat or 
stack gases should be evaluated first. The lower costs of these methods com- 
pared to the costs of thermal drying in which external fuel or a portion of the 
feedstock supplies heat may justify their use. 
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III. SIZE REDUCTION 

A. FUNDAMENTALS 

Reduction in physical size is often required before biomass is used as a fuel 
or feedstock. Size-reduction techniques are employed to prepare biomass for 
direct fuel use, fabrication into fuel pellets, cubes, and briquettes, or conversion. 
Smaller particles and pieces of biomass reduce its storage volume, facilitate 
handling of the material in the solid state and transport of the material as a 
slurry or pneumatically, and sometimes permit ready separation of components 
such as bark and whitewood. The size of the pieces or particles can be critical 
when drying is used because the exposed surface area, which is a function of 
physical size, can determine drying time and the methods and conditions 
needed to remove moisture. There are a few exceptions where size reduction 
is not needed, such as in whole-tree burning. 

The physical dimensions of the feedstock are also related to the conversion 
method that is used. Particle size should satisfy the requirements of supplying 
feedstock to the conversion reactor and of the conversion process itself. 
For combustion systems, the combustion chamber and heat exchanger 
designs, the operating conditions, and the methods of delivering solid fuel 
and removing the ash determine the optimum size characteristics of the 
fuel. For thermal gasification and liquefaction processes, particle size and 
size distribution can influence the rate of conversion, the operating conditions 
of the process, and product yields and distributions. Biological processes 
are also affected by the physical size of the feedstock. In general, the 
smaller the substrate particles, the higher the reaction rate because more 
surface area is exposed to the enzymes and microorganisms that promote 
the process. 

If the particle size of the biomass fuel or feedstock is not predetermined 
by its history, as is the case for sawdusts, nutshells, and a few other waste 
biomass materials, size reduction is usually carried out with one or more units 
that make up the "front end" of the total processing system. Many different 
kinds of machines are employed. Generally, the size of the feed is reduced by 
grinding, cutting, or impact mechanisms. Not all of the designs are suitable 
for biomass energy applications because the equipment is customized for 
certain uses or the cost of size reduction is excessive. Agricultural crops and 
woody biomass are also usually processed by different types of machines. A 
brief review of the basic types of machines that are or have been used for 
biomass follows to illustrate the variety of size-reduction equipment and their 
biomass applications. 
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B. HARDWARE AND SOME BIOMASS APPLICATIONS 

Dry shredders are commercially used for reducing the size of biomass. The two 
most common types of machines are vertical and horizontal shaft hammermills. 
Metal hammers on rotating shafts or drums reduce particle size by impacting 
the feed material until the particles are small enough to drop through grate 
openings. Hammermills are commonly used in MSW-processing systems to 
reduce the size of the components before separation of RDF (i.e., refuse- 
derived fuel or the combustible fraction of MSW), and other materials. Ham- 
mermills are also used as agricultural choppers and tree chippers. Rotating 
cutters equipped with knife blades that reduce particle size by a cutting or 
shearing action are used for the same applications, although they usually have 
smaller capacities than hammermills. 

Early biomass grinders were used to produce wood pulps from roundwood 
for the manufacture of paper (Riegel, 1933). Logs are positioned with the sides 
against a rotating grindstone so that damage to the fibers is minimized. Water 
is passed over the stone to wash the wood meal into a storage tank. In the 
original designs, the logs were held against the grindstone by springs. Later 
versions were hydraulic magazine grinders that automatically replaced the 
ground logs with fresh logs. In the 1950s, attrition mills were introduced to 
produce mechanical pulps from wood chips. Rotating, opposing discs, either 
one stationary or both moving in opposite directions, are used. The chips are 
fed to the mill near the central, rotating shaft and move outward to the 
periphery of the discs through a series of successively smaller channels that 
progressively reduce the feed to pulp-size particles. 

Hydropulpers are wet shredders in which a high-speed cutting blade pulver- 
izes a water suspension of the feed over a perforated plate. The pulped material 
passes through the plate and the nonpulping materials are ejected. The action 
is similar to that of a kitchen waste disposal unit. Hydropulpers can also be 
used for the simultaneous size reduction and separation of the combustible 
fraction of MSW from the inorganic materials. But since the product is a water 
slurry of small particles, which can have the consistency of a heavy cream, 
the hydropulper is quite suitable for the preparation of RDF for microbial 
conversion after passage through a liquid cyclone to remove gritty, mostly 
inert material. Fiber recovery operations where long fibers are removed for 
resale can be performed before microbial processing. Experimental studies 
have shown that hydropulpers can also supply good feedstocks for microbial 
processing from other biomass. Maintenance costs for wet shredders are lower 
than those for dry shredders. 

Agricultural choppers that are operated as stationary cutters and as moving 
choppers in the field separately from the harvesters or that are part of forage 
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harvesters that chop the crop during the harvesting process are commonly 
employed for preparing hay and other forage crops for ensiling. When a 
chopper is used in the field, more stems pass through the chopper lengthwise 
and a shorter average cut is obtained than when the same setting is used on 
a stationary chopper. Forage chopping in the field usually supplies material 
25 mm or less in length. Silage systems offer several advantages for the size 
reduction of herbaceous biomass energy crops. The major disadvantage for 
high-yielding biomass species is the inability of the forage chopper to effectively 
harvest severely lodged (fallen) crops or plants (Coble and Egg, 1989). Sugar- 
cane harvesters, which are designed for harvesting high-yield, thick-stemmed, 
lodged biomass, have been used to harvest such crops. A separate size-reduction 
step is needed prior to storage or conversion. 

In contrast to mechanical pulps, chemical wood pulps are often made from 
bark-free wood chips. One form of chipper has four knives fastened at 90 ~ 
from each other on a rotating disc in such a way that only the edge of the 
blade projects beyond the disc. Each knife cuts a thin strip about 10 mm thick 
from the logs, which are fed along their long axis to the chipper at about a 
38 ~ angle to the disc. The mechanical action is similar to that of a sausage 
slicer. The denser hardwoods produce thinner chips than softwoods, but both 
types of chips are suitable feedstocks for most fixed- and fluid-bed gasifiers 
and most other thermal conversion processes. 

Chipping has been the traditional mechanical method of size reduction to 
prepare wood fuels for direct combustion. It is an energy-intensive operation, 
but it does improve bulk density, handling, and transportation costs. Disc 
chipping and hogging are two preferred means of preparing wood fuels (Suadi- 
cani and Heding, 1992). Hammer hogs with free-swing hammers break the 
feed into small pieces, whereas knife hogs cut the feed with blades. The least 
desirable option seems to be chipping in the field at the time of harvest, which 
requires that a power chipper accompany the harvester through the field. 
Whole-tree chips are also reported to lose approximately 10% of their oven 
dry weight after storage for 6 months (cf. Curtin and Barnett, 1986). A variety 
of machines are available for producing wood chips in the field. One of the 
notable developments in North America is a swath harvester called "Jaws" that 
produces fuel chips while clearing 2.4-m wide paths through young, crowded 
stands of pine (Ranney et al., 1985). Another is the large mobile wood chipper, 
"Chiparvestor," that can handle trees up to 0.76 m in diameter, and the medium- 
size unit that chips trees 0.56 to 0.69 m in diameter (Biomass Energy Research 
Association, 1990). The latter unit can produce 544 t of chips in 8 h, while 
another model for small-diameter trees can produce 91 t of chips in 8 h. 
Commercial wood chippers, both mobile and stationary, and chip harvesting 
methods are far advanced in Finland, where the usage of wood chip fuels has 
increased greatly (Seppanen, 1988). 
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Among the other options that can be considered for producing wood are 
chunking, billeting, and crushing. For smaller trees, chunking and billeting 
are similar processes that cut stems and limbs into 6- to 20-cm long pieces. 
Machines have been designed that chop small-diameter stems into smaller 
chunks or slightly longer billets. Chunkwood is approximately fist-sized. The 
production of chunkwood requires less energy than chip production, but it is 
not certain that the cost is competitive (Suadicani and Heding, 1992). Crushing 
is carried out by passing the stems between two or more metal rolls of varying 
size, rotational speed, and surface. Tests have shown that crushing rates of 
approximately 15 linear m/min can be achieved on stems up to 21 cm in 
diameter using only 11.2 kW (15 HP) of power (cf. Ranney et al., 1987). The 
crushing and bunching of wood may offer significant advantages over chipping. 
This technique is flexible and is able to process large stems and stem lengths 
to yield bolts of crushed wood that exhibit relatively rapid drying. For reactor 
feeding purposes, however, further size reduction would be necessary. The 
feedstock characteristics required for the combustion or conversion process 
used determine which of these methods of size reduction may be applicable. 

C. STEAM EXPLOSION 

The treatment of wood chips with steam at elevated pressures and temperatures 
for short time periods followed by rapid decompression changes the physical 
state of the woody structure by defibration. Although some chemical changes 
occur with the hemicelluloses and lignins in this process, the particle sizes 
are reduced and surface areas and pore volumes are increased, so some discus- 
sion of the technique is warranted. The process was originally developed in 
1925 and has been extensively used in the manufacture of hardboard (Spalt, 
1977). The commercial process involves pressurization with saturated steam 
at pressures up to about 7 MPa. The process has also been proposed for the 
pretreatment of lignocellulosic feedstocks in the production of fermentation 
ethanol (Chapter 11) because of the large increase in accessibility of the 
cellulosic fraction to enzymatic hydrolysis (cf. Schultz, Biermann, and McGin- 
nis, 1983; Mes-Hartree, Hogan, and Saddler, 1987; Foody and Foody, 1991). 

In a series of steam-explosion experiments with different wood chips, sugar- 
cane bagasse, ground corn stover, and ground rice hulls at selected tempera- 
tures between 190 and 250~ and treatment times of i or 2 min, the results 
were as follows (Schultz and McGinnis, 1984): All material was defibrated; 
the hemicelluloses were at least partially degraded, while the remaining hemi- 
celluloses were extractable with hot water; the lignins were depolymerized by 
cleavage of the ether linkages, while at the higher temperatures, they became 
moderately condensed; and the enzymatic hydrolysis rates of the steam~ 



IV. Densification 177 

exploded material increased dramatically for all materials except corn stover. 
Corn stover hydrolyzed at high rates without treatment. This study and others 
on steam explosion suggest that the technique can be used for several different 
biomass applications ranging from modifying the fibrous structure and particle 
sizes alone at the lower temperatures to a combination of physical and chemical 
changes at the higher temperatures. 

IV. DENSIFICATION 

A. FUNDAMENTALS 

Baling has long been used to densify hays, straws, and other agricultural crops 
such as cotton to simplify removal from the field and to reduce storage space 
and transportation costs. Baled straw has a density of 70 to 90 kg/m 3 at 10 to 
15 wt % moisture content, whereas the bulk density of piled straw is about 5 
to 15% of this density range. When straws are compressed to form pellets, 
briquettes, or cubes in specially designed dies and presses, the density can be 
increased to 350 to 1200 kg/m 3. In contrast, dried wood has a density of 
600-700 kg/m 3 and a bulk density of about 350 to 450 kg/m 3, whereas the 
bulk densities and densities of wood briquettes are 700 to 800 kg/m 3 and up 
to 1400 kg/m 3, respectively. 

One of the original uses of biomass pellets in the United States was as 
fodder. Alfalfa, other grasses, and some straws were pelletized and sold as 
livestock feed. Biomass densification appears to have the greatest use for up- 
grading agricultural and forestry residues that might otherwise be lost or that 
require disposal at additional cost. The potential advantages for energy and 
feedstock applications of densified waste biomass are evident. High-density, 
fabricated biomass shapes simplify the logistics of handling and storage, im- 
prove biomass stability, facilitate the feeding of solid biomass fuels to furnaces 
and feedstocks to reactors, and offer higher energy density, cleaner burning 
solid fuels that in some cases can approach the heating value of coals. However, 
the basic problem often encountered in the use of densified biomass fuels and 
feedstocks is production cost. Some of the economic factors are discussed in 
Part D. 

The heating value depends on the moisture and ash contents of the densified 
material and is usually in the range of 15 to 17 MJ/kg. The use of asphaltic 
binders or pelletizing conditions that result in some carbonization can yield 
densified products that have higher heating values. Pellets, briquettes, and 
logs have been manufactured by densification methods from biomass for many 
years. "Prestologs" made from waste wood and sawdust were marketed before 
1940 in North America, and the market for pellet fuels made from wood 
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sawdust, shavings, and chips for residential pellet-burning stoves has grown 
significantly since the 1980s (Pickering, 1995; Folk and Govett, 1992). Numer- 
ous commercial processes for production of densified fuels in the form of logs, 
briquettes, and pellets from a wide range of biomass provide domestic fuels 
for space heating; industry uses the pellets and briquettes as boiler fuels 
(Edwards, 1991). In Europe, briquettes made from waste biomass are commer- 
cially available and are used for both residential and industrial applications. 
In Spain, households consume 80% of the total production of briquettes for 
use in furnaces, fireplaces, and barbecues. Bakeries use them in furnaces, and 
small industries such as ceramic plants use them as boiler fuel (Ortiz, Miguez, 
and Granada, 1996). 

B. COMPACTION METHODS AND HARDWARE 

Numerous devices and methods of fabricating solid fuel pellets and briquettes 
from a variety of biomass, especially RDF, wood, and wood and agricultural 
residues, have been developed and patented. The pellets and briquettes are 
manufactured by extrusion and other techniques. A binding agent such as a 
thermoplastic resin may be incorporated during fabrication. A ring-die extru- 
sion or die and roller mill is the most widely used machine type in wood 
pelleting, although punch and die technology has been developed (Folk and 
Govett, 1992). Other types of pelleting machines include disk pelletizers, drum 
and rotary cylinder pelletizers, tablet presses, compacting and briquetting rolls, 
piston-type briquetters, cubers, and screw extruders. 

An exemplary method for production of pellets was developed in 1977 
(Gunnerman, 1977). A raw material of random particle size such as sawdust 
or other wood residue, from which rocks, tramp metal, and other foreign 
materials are removed, is conveyed to a hammermill where particle size is 
adjusted to a uniform maximum dimension that is about 85% or less of the 
minimum thickness of the pellets desired. The milled product is then dried 
in a rotary drum dryer to a moisture content of about 14 to 22 wt % and fed 
through a ring-shaped die capable of generating pressures between 55 and 
275 MPa to afford the desired shape and diameter. The pellet mill die and 
roller assembly must be capable of producing sufficient compression within 
the die to raise the temperature of the material to about 160-177~ The 
products from the mill have a low, uniform moisture content, a maximum 
cross-sectional dimension of 13 mm, a density of 400 kg/m 3, and a heating 
value of 19.8 to 20.9 MJ/kg. It is not necessary to add a binder to the particles, 
providing the pressure during pelleting produces the necessary temperature 
increase. During extrusion, the lignins in the biomass migrate to the pellet 
surface and form a skin on cooling that protects the pellet from shattering 
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and from any rapid change in moisture content before use. This same basic 
procedure has been used over the years in several different hardware designs. 

Briquettes are formed by similar procedures except the products are usually 
larger in diameter and length than pellets. Briquetting is described to consist 
of subjecting wood residues containing 8 to 15 wt % moisture at a maximum 
particle size of 0.5 to 1.0 cm to a pressure of about 200 MPa, which increases 
the temperature about 100-150~ (Ortiz, Migues, and Granada, 1996). The 
major machine types used to manufacture briquettes are impact, extrusion, 
hydraulic, pneumatic, and double-roll presses, and die presses that can also 
be used for pellet production. Briquette production rates are 200 to 1500 kg/ 
h for impact presses, but some models can produce 2000 to 6000 kg/h; 500 
to 2500 kg/h for extrusion presses; and up to 5000 kg/h for hydraulic and 
pneumatic presses. The pellet machines suitable for pellet or briquette pro- 
duction contain annular or fiat dies. The production rates are as high as 
25,000 kg/h. 

A few examples of typical biomass densifiers, feedstocks, and densified 
products are shown in Table 6.4. The first six examples in this table are 
commercial or commercially available systems, the last of which, Biotruck 
2000, is unique (Sutor, 1995). It is a moving vehicle of special design that 

TABLE 6.4 

Feedstock 

Moisture 
Machine Type (wt %) Size (cm) 

Impact press ~ Wood residues 15-17 Briquettes 

Extrusion press a Wood residues 10-20 Briquettes 

Hydraulic press ~ Wood residues Briquettes 

Briquetting machine d Wood residues Briquettes 

Pelleting machine a Wood residues 8-15 0.5-2.5 dia. 

Biotruck 2000 b Hay and straws 6 • 1.4 • 4 

Extruder' Hogged bark, 56.5 5.7 dia. 
some wood 

Extruder' Western 64.2 5.7 dia. 
hemlock 

sawdust 

Flat die press d Fine straws 10-20 0.6-2.0 dia. 

Typical Biomass Densification Hardware, Feedstocks, and Products a 

Densified bulk product 

Density Moisture 

aOrtiz and Gonzalez (1993), Ortiz, Miguez, and Granada (1996). 
bSutor (1995). 
CEdwards (1991). 
dWilen et al. (1987). 

(kg/m 3) (wt %) 

990-1200 8-15 

1300-1400 8-15 

590-800 8-15 

>990 8-15 

8O0 8-15 

800-1200 22 

1070 34.8 

1100 36.5 

450-650 10-15 
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continuously performs all of the operations in the field from harvesting agricul- 
tural virgin biomass to pellet production. The operating sequence consists of 
the integration into one machine of continuous crop harvesting, size reduction 
to about 0.6-mm pieces, heating the pieces to temperatures between 80 and 
120~ using the waste heat of the engine, and compressing the heated pieces 
in a toothed-wheel pelleting press. No binder is used. The production rate of 
pelletized cereal crops is about 8000 kg/h and the bulk density is 500 to 
700 kg/m 3. In addition to cereal crops, the agricultural biomass suitable for 
harvesting and conversion to pellets by this system include grasses such as 
Chinese silvergrass, switchgrass, and hays and straws. Pellets for both feed 
and fuel applications are produced with Biotruck 2000. 

Another unique example of densification listed in Table 6.4 is the production 
of high-density, moisture-resistant briquettes from wet wood residues without 
predrying or the use of binders (Edwards, 1991). The briquettes do not disinte- 
grate when wet and retain a maximum of about 40 wt % moisture after 
immersion in water. They are made from wood and bark alone or from mixtures 
in a pilot extruder at operating ram pressures typically ranging from 30 to 
50 MPa at a maximum surface temperature of about 210~ Moisture-resistant 
briquettes were made in tests from Western hemlock sawdust, a 50:50 mixture 
of Western hemlock and red cedar sawdusts, and Western hemlock bark hog 
fuel. The feed contains up to about 65 wt % moisture and must be sized so 
that the maximum size is less than 80% of the barrel diameter. The key to 
using wet biomass appears to be the simultaneous removal of excess moisture 
in the initial portion of the extruder while the feedstock is heated under 
pressure as it moves through the barrel, and the reduction of the temperature 
to less than 100~ before the briquettes leave the barrel to avoid the risk of 
explosive flash evaporation. Briquettes made in this manner contained about 
35 wt % moisture. Over a 24-h period of immersion in water, they exhibited 
0% swelling and only small changes in density and moisture content. The 
upper limit of the moisture content after immersion was consistently near 
4 0 w t  %. 

Although not listed in Table 6.4, the combustible fraction of municipal 
solid waste, RDF, is commercially available as pellets that are similar to those 
produced from agricultural and woody residues (cf. Davis and Koep, 1990). 
The pellets have heating values of about 16.3 to 18.6 MJ/kg, moisture contents 
of 8 to 10 wt %, less than 10 wt % ash, and densities of 600 to 700 kg/m 3. 

Development of other densification methods for certain agricultural residues 
is expected to lead to improvements in soil growth characteristics as well as 
advanced residue recovery systems for energy applications. For example, cotton 
is a major crop in the state of Arizona. State law requires that cotton plant 
residue must be buried to prevent it from serving as an overwintering site for 
insect pests such as the pink bollworm. Research is underway to develop two 
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systems for collecting and densifying this residue to facilitate removal from 
the field (Coates, 1995). The stalks are first pulled with an implement developed 
for the purpose. They are then baled using equipment that produces large 
round bales, or chopped with a forage harvester and converted into modules. 
The bales are either 1.2 m in diameter x 1.2 m long, or 1.8 m in diameter x 
1.5 m long, depending on the baler used. The modules measure 2.1 m x 
2.2 m in cross section and are up to 9.6 m long. The densities of the round 
bales are 93 to 168 kg/m 3. The modules have densities of 168 to 252 kg/m 3. 
The energy required to harvest and densify the residues is 9.2 kWh/t for the 
bales, and 8.6 kWh/t for the modules, and the heating values of the densified 
residues are about the same as those of wood. The module system produced 
a denser package than the baling system, and also made loading easier using 
truck-mounted module movers. 

C. STANDARDS FOR BIOMASS PELLET FUELS 

U.S. standards for biomass pellet fuels have been developed and recommended 
by the Pellet Fuels Institute in the United States; they are shown in Table 
6.5. The older standards included recommendations for moisture content and 
heating value, but these do not. Instead, it is recommended that the heating 
value be certified by the pellet manufacturer, so whatever the pellet material 

TABLE 6.5 Recommended U.S. Residential Pellet Fuel Standards a 

Parameter Premium grade Standard grade 

Material Disclose; i.e., wood, paper, ag residue, etc. Same 

Maximum moisture Not specified Same 

Minimum heating value Not specified, should be certified by manufacturer Same 

Inorganic ash Less than 1% Less than 3% 

Sodium Disclosed Same 

Maximum fines 0.5 wt % through a 2.8 mm (1/8 in. screen) Same 

Minimum bulk density 641 kg/m 3 (40 lb/ft 3) Same 

Length None longer than 3.38 cm (1.5 in.) Same 

Diameter Not specified Same 

apellet Fuels Institute (1995). The maximum moisture content, heating value, and diameter 
recommended in pellet standards published in the 1984 and 1988 were 8 to 10 wt %, 18.6 to 
19.1 MJ/kg (8000 to 8200 Btu/lb), and 6 to 8.9 mm (0.235 to 0.350 in.), respectively. These 
parameters are not specified in the standards published in 1995, which are the current recommenda- 
tions (7-97). 
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and its moisture content, the consumer should be able to estimate the energy 
cost. The national standards in Table 6.5 make it possible for the manufacturers 
of pellet stoves, most newer versions of which auger-feed the pellets from the 
top, to produce units designed to accept the standardized pellets. 

D. ECONOMIC FACTORS 

The wholesale cost in the United States of wood waste pellets is in the range 
of $85 to $140/t (mid-1997). This cost range effectively precludes their use 
as feedstocks for most conversion processes, and it limits residential fuel 
applications. The production cost exclusive of biomass cost is estimated to be 
about 30 to 60% of the wholesale cost and depends on production rates and 
the amount of processing needed. For example, in Spain, the increase in electric 
energy consumption required to mill wood wastes to 5- to 8-mm sizes is almost 
totally compensated for by the decrease in electric energy consumption during 
densification (Ortiz and Gonzalez, 1993). Exclusive of wood cost, the cost of 
manufacturing densified wood residues in small units operated by one person 
is about $22/t at a production rate of 1250 t/year. Smaller particles in the 
2-mm size range can increase production rates by 50% or more, but the energy 
cost is excessive. Industrial manufacturing costs in Spain of densified wood 
wastes exclusive of wood cost are about $32 to $48/t at production rates of 
1.0 t/h (Ortiz, Miguez, and Granada, 1996). In Finland, the cost of producing 
straw fuel pellets on farms in small, portable pelletizers is estimated to be 
about $54 to $84/t (Wilen et al., 1987). Note that the hardware cost can be 
a major factor in the cost of producing densified biomass. Biotruck 2000, 
described earlier, for producing pellets or briquettes from agricultural wastes 
in Europe has a production rate of about 8 t/h in the field and costs about 
$400,000 (700,000 DM) (Sutor, 1995). 

V. SEPARATION 

A. FUNDAMENTALS 

It is sometimes desirable to physically separate potential biomass feedstocks 
into two or more components for different applications. The subject is quite 
broad in scope because of the wide range of biomass types processed and the 
variety of separation methods that are used. Even the harvesting of virgin 
biomass involves physical separation technologies. Examples are the separation 
of agricultural biomass into foodstuffs and residues that may serve as fuel or 
as a raw material for synfuel manufacture, the separation of forest biomass 
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into the darker bark-containing fraction and the pulpable components, the 
separation of marine biomass to isolate various chemicals, the separation of 
urban refuse into RDF and metals, glass, and plastics for recycling, and the 
separation of oils from oilseeds. Common operations such as screening, air 
classification, magnetic separation, extraction, mechanical expression under 
pressure, distillation, filtration, and crystallization are often used as well as 
industry-specific methods characteristic of farming, forest products, and spe- 
cialized industries. Since the biomass types are so numerous and the physical 
separation methods are usually customized, some details of a few specific 
examples are described here to illustrate the scope of the subject, and how 
separation is performed. A few potential applications of physical separation 
methods are also described. 

B. MUNICIPAL SOLID WASTE 

MSW is a complex mixture of inorganic and organic materials (Table 5.1). 
Efficient separation and economic recovery of RDF and the components that 
can be recycled is the ultimate challenge to engineers who specialize in design- 
ing resource recovery equipment for the large-scale processing of solid wastes 
generated by urban communities. Unfortunately, the number of MSW plants 
designed to recover recyclables and RDF make up only about 20 to 25% of 
the total MSW-to-energy facilities in the United States. This is probably caused 
by the success of mass burn technologies (Chapter 7) and the fluctuating 
markets for recyclables. Nevertheless, the processing schemes and hardware 
employed to separate MSW are innovative and justify some elaboration. Liter- 
ally hundreds of hardware designs and machines have been developed to 
separate and recover most of the components in MSW. Some resource recovery 
facilities have even installed equipment for recovering coinage, which is just 
a small fraction of the total mass of MSW. 

One of the first comprehensive resource recovery plants in the world was 
built in Dade County, Florida (Todd, 1984; Berenyi and Gould, 1988). 
A brief description of this facility when it was in full-scale operation to re- 
cover recyclables and RDF is informative. The plant was designed to pro- 
cess 2720 t/day (3000 ton/day) of MSW, but it frequently processed over 
3630 t/day (4000 ton/day), and could process 4540 t/day (5000 ton/day) if 
only household garbage were received. It was designed to accept, in addition 
to household garbage, a wide variety of solid wastes including trash, garden 
clippings, trees, tires, plastics, pathological wastes, white goods (i.e., stoves, 
refrigerators, air conditioners, etc.), and industrial, commercial, and demolition 
wastes. RDF and shredded tires, approximately 1000/day, were burned for on- 
site power generation in a 77-MW power plant, and glass, aluminum, ferrous 
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metals, and other materials including the ash and flyash were recovered and 
sold. The plant achieved a 97% volumetric reduction compared to as-received 
MSW. Only 6 wt % of the total incoming MSW remained as unsalable residue; 
this was disposed of in a landfill. The plant also conformed to all effluent, 
leachate, emissions, noise, and odor requirements. Impressive results such as 
these depended on the availability and reliability of efficient separation 
methods. 

A simplified description of the first comprehensive materials recovery facility 
of its type in the United States illustrates how one plant was designed to 
accomplish some of these separations (Waste Management, Inc., 1977). The 
plant, called Recovery 1, was built in New Orleans, Louisiana, to process 
590 t/day of MSW. The waste was delivered and unloaded at one of two 
receiving pit conveyors, and transported by conveyors to the first separation 
unit, a 13.7-m long by 3-m diameter rotating tromme| that contained circular 
holes 12 cm in diameter. Plastic and paper bags tumbling in the trommel were 
broken open by lifters. The smaller, heavier objects such as heavy metal and 
glass bottles that fell through the holes were transported directly to a magnetic 
ferrous recovery station and an air classifier. The larger and lighter materials 
such as paper, textiles, and aluminum containers that passed through the 
trommel were conveyed to a 746-kW primary shredder. The shredded material 
was then conveyed to the ferrous recovery station and the air classifier. In the 
air classifier, a high-speed air current blows the light materials out of the top 
of the classifier. This fraction, RDF, consists of shredded paper, plastic, wood, 
yard wastes, and food wastes. The heavy fraction is essentially glass, aluminum, 
other nonferrous metals, and some organic material. It was routed to the 
recovery building for further processing. A secondary, 746-kW shredder system 
handled oversized, bulky wastes without passage through the trommel. The 
output was also conveyed to the air classifier, where RDF was obtained as the 
overhead, and the heavy fraction was conveyed to the recovery building. Each 
shredder system was sized to process 590 t of MSW in about 12 h to ensure 
operating reliability. 

Three modules were located in the recovery building. The first module 
consisted of a vibrating screen to separate the shredded material by particle 
size, a drum magnet to separate residual ferrous material, an eddy current 
separator to remove the nonmagnetic aluminum and other nonferrous metals, 
and a small hammermill to further shred the aluminum fraction to increase 
its bulk density. The output from the first module consisted of the ferrous 
fraction, the aluminum fraction, and a fraction that contained primarily glass 
and some nonferrous metals. The glass fraction containing some residual 
nonferrous metal was conveyed to the second recovery module, which con- 
sisted of a crusher, another vibrating screen, a rod mill, and a two-deck, fine- 
mesh vibrating screen. The glass fraction was crushed and screened in the 
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second module. The smaller fraction was treated with a pulsed water stream 
that separated the light fraction, which was discarded. The heavier glass frac- 
tions were pumped as slurries to the bottom deck of the fine-mesh second 
screen to separate the larger particles for crushing in the rod mill. Recycling 
of the milled material back to the top deck of the fine-mesh screen yielded a 
glass cullet fraction for further treatment in the third module, and a nonferrous 
metal fraction which was removed from the second screen. The third module 
contained a hydrocyclone, a froth flotation tank, and a glass dryer. The glass 
cullet fraction from the second module was mixed with clean water in a prefloat 
tank to remove any remaining organic particles, separated from the slurry 
through centrifugal separation and froth flotation, dried, and conveyed to the 
loadout building for shipment. RDF was recovered from the air classifier, and 
the ferrous, aluminum, and glass fractions were recovered from the "bottoms" 
of the classifier. 

This is a simplified description of how MSW is separated into recyclables 
and fuel. There are many refinements of these operations. 

C. VIRGIN BIOMASS 

The production of virgin biomass for food and feed has progressed from very 
labor-intensive, low-efficiency agricultural practices over the 1800s and 1900s 
to what some consider to be a modern miracle. The invention of numerous 
agricultural machines in the late 1700s and 1800s that can seed the earth and 
reap the harvests with minimal labor and energy inputs made it possible to 
continuously produce biomass in quantity to help meet the massive demand 
for foodstuffs and other farm products caused by the growing population. In 
the United States today, only a few percent of the population living on farms 
is sufficient to produce enough food to meet all the nation's demands for 
foodstuffs as well as supply surplus amounts for export. Farm equipment is 
available so that almost all row and grain crops can be continuously planted 
and harvested and separated into foodstuffs, feed, and residual materials. Eli 
Whitney's cotton gin and Cyrus McCormick's reaper are just two of the devices 
that helped mechanize agriculture and change the course of history by provid- 
ing non-labor-intensive methods of physically separating the desired products, 
cotton and grain for these particular inventions, from biomass. As candidate 
energy crops evolve, such as several of the thick-stemmed grasses that are 
difficult to harvest at high growth densities, new agricultural equipment designs 
and adaptations of existing machinery are expected to solve these problems 
also. 

Simultaneously with the advancement of agriculture, although not via the 
same pathway, new hardware and improved methodologies were developed 
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for the planting, managing, and harvesting of trees that made large-scale com- 
mercial forestry operations more economic and less dependent on labor. Better 
methods of land clearing, thinning, and growth management, and improved 
hardware for harvesting, such as feller-bunchers, which were first used in 
the early 1970s, resulted in a modern forest products industry that supplies 
commercial and industrial needs for wood and wood products. As the use of 
trees for energy and feedstocks expands, it is expected that much of the existing 
commercial hardware and improvements will be applied to meet these needs. 

Equipment and methods for the harvesting of the smaller short-rotation 
woody crops at low cost are also expected to be developed. Much of the 
ongoing work to design improved equipment for SRWC is directed to feller- 
bunchers that perform severing, bunching, and off-loading functions. The 
results from systems analysis studies indicate that prototype feller-buncher 
harvesters can be balanced with two or three small grapple skidders to move 
bunched SRWC to a landing for chipping or just loading in the case of whole 
trees (Perlack et al., 1996). However, because of the high skidding costs, a 
whole-tree, direct-load system for use with a track-type feller-buncher is pre- 
ferred. 

A few of the nonmanual separation methods used for woody biomass pro- 
cessing that have use in energy applications are briefly described here. Delimb- 
ing and debarking of trees is an old technology. For the smaller trees where 
fiber in the form of white wood chips is the desired product, the trees can be 
debarked and delimbed by the use of chain flails, which remove the outer 
bark layer, leaving the white wood behind. Hammermilling then yields a 
homogeneous product (Hudson and Mitchell, 1992). In most thermochemical 
energy applications, however, separation of the bark and wood is not necessary. 
But where it is necessary to remove the bark, some efforts have been made to 
recover the residues for fuel from flail machines by using them together with 
tub grinders (Stokes, 1992). A tub grinder operating simultaneously with a 
chain flail was successfully used to comminute the residues (Baughman, Stokes, 
and Watson, 1990). The green weight of the fuel residues was about one- 
fourth to one-third of the total clean chip-plus-fuel weight. 

In a few installations that burn hogged wood, disc and shaker screens have 
been employed to separate preselected, oversize pieces for subsequent size 
reduction and return to the fuel stream. Finely divided wood fuels such as 
sawdust and sanderdust are also sometimes screened to remove the larger 
pieces. 

By-product hulls from the production of rice, cotton, peanut, soybean, and 
similar crops that have outer shells covering small seed or fruit are sometimes 
used directly as fuels or feedstocks. After the shells are fractured, most of the 
hulls can be separated with vibrating screens or rotating trommels having 
appropriately sized openings. The by-product hulls that have high ash contents 
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and bulk densities present a few difficulties on direct combustion or gasifica- 
tion, but specially designed systems are available to eliminate these problems 
(cf. King and Chastain, 1985; Bailey, 1990; Bailey and Bailey 1996). 

D. EXTRACTION 

Solvent extraction of biomass, its derived ash, or biomass parts such as the 
seeds has been or is currently used commercially to isolate and separate certain 
chemicals or groups of related compounds that are present. Inorganic salts 
are found in some biomass species at concentrations that may justify extraction 
and purification (Chapter 3). Aqueous extraction of the ash from giant brown 
kelp and the spent pulp of sugar beet and fractional crystallization of the extract, 
for example, were commercial processes for the manufacture of potassium 
compounds in the early 1900s. Examples of some of the organic compounds 
that are extracted with solvents are triglycerides, terpenes, and lignins. Water 
and water in mixtures with polar solvents have been used for extraction of 
several of the low-molecular-weight, water-soluble sugars. Some detail on 
the extraction of lignins illustrates how solvent extraction processes might 
be developed. 

Aqueous organic solvents are effective for the selective extraction of lignins 
in biomass. Lignins can also be extracted from biomass by use of dilute aqueous 
alkali under mild conditions (cf. Lawther, Sun, and Banks, 1996), but aqueous 
alcohols alone such as 50% ethanol solubilize lignins in wood, leaving relatively 
pure undecomposed cellulose (Aronovsky and Gortner, 1936; Nikitin et al., 
1962). Deciduous trees are delignified by aqueous ethanol extraction to a 
greater extent than conifers. Lignin is also readily extracted by mixtures of 
butanol or amyl and isoamyl alcohols with water. Separation of the lignins 
from the extracts yields tarlike substances that become brittle on cooling. 
Since one of the prime objectives of producing chemical pulps from wood is 
delignification without changing the cellulosic fibers, the data accumulated 
on the solvent extraction of wood suggests that high-quality paper pulps could 
be manufactured by solvent extraction of hardwoods and softwoods as well 
as other biomass species. The lignins in the extracts might provide the starting 
point for the production of new lignin derivatives and polymers. 

Solvent extraction of biomass under relatively mild conditions to remove 
lignins by a strictly physical process without the addition of other chemicals 
would seem to offer several advantages over chemical pulping methods. Solvent 
recoveries approaching 100% should permit solvent recycling with minimal 
losses. A continuous process for the pulping of wood with aqueous n-butanol, 
which was found to be the most effective solvent, has been proposed for the 
pulping of wood and the separation of the lignins (Hansen and April, 1981). 
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This type of process, which would be expected to be environmentally benign, 
does not seem to have been commercialized to any extent by the pulp industry 
(cf. U.S. Dept. of Energy, 1995). 

R E F E R E N C E S  

Aronovsky, S. I., and Gormer, R. A. (1936). Ind. Eng. Chem. 28 (11), 1270. 
Bailey, R. W. (1990). In "Energy from Biomass and Wastes XIII," (D. L. Klass, ed.), p. 655. Institute 

of Gas Technology, Chicago. 
Bailey, R. W., and Bailey, R., Jr., (1996). In "Bioenergy '96" Proceedings of the Seventh National 

Bioenergy Conference," Vol. I, p. 284. The Southeastern Regional Biomass Energy Program, 
Muscle Shoals, AL. 

Baughman, 1L K., Stokes, B. J., and Watson, W. E (1990). In "Harvesting Small Trees and Forest 
Residues Workshop," (B. J. Stokes, ed.), p. 21, Proceedings for International Energy Agency, 
Task VI, Activity 3 Workshop, May 28, 1990. U.S. Department of Agriculture, Forest Service, 
Southern Forest Experiment Station, Auburn, AL. 

Berenyi, E., and Gould, R. (1988). "1988-89 Resource Recovery Yearbook." Governmental Advi- 
sory Associates, Inc., New York. 

Biomass Energy Research Association (1990). "A Directory of U.S. Renewable Energy Technology 
Vendors." Produced for the U.S. Agency for International Development, Washington, D.C. 

Bircher, K. G. (1982). In "Energy from Biomass and Wastes VI," (D. L. Klass, ed.), p. 707. Institute 
of Gas Technology, Chicago. 

Coates, W. (1995). In "Second Biomass Conference of the Americas: Energy, Environment, Agricul- 
ture, and Industry," p. 130, NREL/CP-200-8098, DE95009230. National Renewable Energy 
Laboratory, Golden, CO. 

Coble, C. G., and Egg, R. (1989). In "Energy from Biomass and Wastes XII," (D. L. Klass, ed.), 
p. 361. Institute of Gas Technology, Chicago. 

Crumm, C.J., II, and Crumm, K. A. (1984). In "Energy from Biomass and Wastes VIII," (D. L. 
Klass and H. H. Elliott, eds.), p. 273. Institute of Gas Technology, Chicago. 

Curtin, D. T., and Barnett, P. E. (1986). "Development of Forest Harvesting Technology: Applica- 
tion in Short Rotation Intensive Culture (SRIC) Woody Biomass," Technical Note B58, TVA/ 
ONRED/LER-86/7. Tennessee Valley Authority, Muscle Shoals, AL, January. 

Davis, R. A., and Koep, M. (1990). In "Energy from Biomass and Wastes XIII," (D. L. Klass, ed.), 
p. 583. Institute of Gas Technology, Chicago. 

Edwards, W. (1991). In "Energy from Biomass and Wastes XV," (D. L. Klass, ed.), p. 503. Institute 
of Gas Technology, Chicago. 

FBT, Inc. (1994). "Fluidized Bed Combustion and Gasification: A Guide for Biomass Waste 
Generators," Report for the Southeastern Regional Biomass Energy Program. Tennessee Valley 
Authority, Muscle Shoals, AL, July. 

Folk, R. L., and Govett, R. L. (1992). "A Handbook for Small-Scale Densified Biomass Fuel 
(Pellets) Manufacturing for Local Markets." U.S. Department of Energy, Bonneville Power 
Administration, Portland, OR, July. 

Foody, B. E., and Foody, K.J. (1991). In "Energy from Biomass and Wastes XIV," (D. L. Klass, 
ed.), p. 1225. Institute of Gas Technology, Chicago. 

Ganotis, C. G. (1988). In "Energy from Biomass and Wastes XI," (D. L. Klass, ed.), p. 247. Institute 
of Gas Technology, Chicago. 

Gunnerman, R. (1977). U.S. Patent 4,015,951, U.S. Patent Office, Washington, D.C. 



References 189 

Hansen, S. M., and April, G. C. (1981). In "Fuels from Biomass and Wastes," (D. L. Klass and 
G. H. Emert, eds.), p. 327. Ann Arbor Science Publishers, Ann Arbor, MI. 

Haug, R. T., Moore, G. L., and Harrison, D. S. (1995). In "Second Biomass Conference of the 
Americas: Energy, Environment, Agriculture, and Industry," p. 734, NREL/CP-200~8098, 
DE95009230. National Renewable Energy Laboratory, Golden, CO. 

Hudson, J. B., and Mitchell, C. P. (1992). Biomass and Bioenergy 2(1-6), 121. 
Institute for Energy Studies (1977). In "Biomass Energy for Hawaii," Vol. II, (C. Beck, ed.), 

Appendix E, p. 4-107. Stanford University, Stanford, CA. 
Ismail, A., and Quick, R. (1991). In "Energy from Biomass and Wastes XV," (D. L. Klass, ed.), 

p. 1063. Institute of Gas Technology, Chicago. 
King, D. R., and Chastain, C. E. (1985). In "Energy from Biomass and Wastes IX," (D. L. Klass, 

ed.), p. 437. Institute of Gas Technology, Chicago. 
Lawther, J. M., Sun, R.-C. Sun, and Banks, W. B. (1996). Ind. Crops and Products 5 (2), 97. 
McMinn, J. W. (1986). Forest Products J. 36 (3), 25; "Transpirational Drying of Piedmont Hard- 

woods" Research Paper No. 63, Georgia Forestry Commission, Athens, GA, April. 
Mes-Hartree, M., Hogan, C. M., and Saddler, J. N. (1987). In "Energy from Biomass and Wastes 

X," (D. L. Klass, ed.), p. 879. Institute of Gas Technology, Chicago. 
Miles, T. R. (1984). In "Thermochemical Processing of Biomass," (A. V. Bridgwater, ed.), p. 69. 

Butterworths & Co., Ltd., London. 
Miller, B. (1987). In "Energy from Biomass and Wastes X," (D. L. Klass, ed.), p. 723. Elsevier 

Applied Science Publishers, London, and Institute of Gas Technology, Chicago. 
Mirov, N. T. (1949). In "Trees The Yearbook of Agriculture," (A. Stefferud, ed.), p. 1. U.S. 

Department of Agriculture, Washington, D.C. 
Mislevy, P., and Fluck, R. C. (1993). In "Energy from Biomass and Wastes XVI," (D. L. Klass, 

ed.), p. 479. Institute of Gas Technology, Chicago. 
Murphy, M. L. (1991). In "Energy from Biomass and Wastes XV," (D.L. Klass, ed.), p. 1167. 

Institute of Gas Technology, Chicago. 
Nikitin, N. I. et al. (1962). "The Chemistry of Cellulose and Wood" (Translated in 1966 from 

Russian by J. Schmorak, Israel Program for Scientific Translations, Jerusalem, Israel). Academy 
of Sciences of the USSR, Institute of High Molecular Compounds, Moscow-Leningrad. 

Normoyle, G. B., and Gershengoren, E. (1989). In "Energy from Biomass and Wastes XII," 
(D. L. Klass, ed.), p. 673. Institute of Gas Technology, Chicago. 

Ortiz, L., and Gonzalez, E. (1993). In "First Biomass Conference of the Americas: Energy, Environ- 
ment, Agriculture, and Industry," Vol. I, p. 649, NREL/CP-200-5768, DE93010050. National 
Renewable Energy Laboratory, Golden, CO. 

Ortiz, L., Miguez, J. L., and Granada, E. (1996). In "Bioenergy '96," Proceedings of the Seventh 
National Bioenergy Conference, Vol. II, p. 747. The Southeastern Regional Biomass Energy 
Program, Muscle Shoals, AL. 

Ostlie, L. D., and Drennen, T. E. (1989). In "Energy from Biomass and Wastes XII," (D. L. Klass, 
ed.), p. 621. Institute of Gas Technology, Chicago. 

Pellet Fuels Institute (1995). "Residential Pellet Fuel Standards." Arlington, VA, April. 
Perlack, R. D., Walsh, M. E., Wright, L. L., and Ostlie, L. D. (1996). Bioresource Technology 55 

(3), 223. 
Pickering, W. H. (1995). In "Second Biomass Conference of the Americas: Energy, Environment, 

Agriculture, and Industry," p. 1190, NREL/CP-200-8098, DE95009230. National Renewable 
Energy Laboratory, Golden, CO. 

Ranney, J. W., Wright, L. L., Trimble, J. L., Perlack, R. D., Dawson, D. H., Wenzel, C. R., and 
Curtin, D. T. (1985). "Short Rotation Woody Crops Program: Annual Progress Report for 1984," 
Publication No. 2541, ORNL-6160. Oak Ridge National Laboratory, Oak Ridge, TN, August. 



190 Physical Conversion Processes 

Ranney, J. W., Wright, U L., Layton, P. A., McNabb, W. A., Wenzel, C. R., and Curtin, D. T. 
(1987). "Short Rotation Woody Crops Program: Annual Progress Report for 1986," Publication 
No. 2839, ORNL-6348. Oak Ridge National Laboratory, Oak Ridge, TN, November. 

Riegel, E. R. (1933). "Industrial Chemistry," The Chemical Catalog Company, Inc., New York. 
Routly, W. U (1991). In "Energy from Biomass and Wastes XV," (D. L. K/ass, ed.), p. 1141. 

Institute of Gas Technology, Chicago. 
Schultz, T. P., and McGinnis, G. D. (1984). "Final Report, Evaluation of a Steam-Explosion 

Pretreatment for Alcohol Production from Biomass," USDA~ Grant No. 59-2281-1-2-098- 
0, September 15, 1981 to October 1, 1984. Mississppi State University, Mississippi State, MS. 

Schultz, T. P., Biermann, C.J., and McGinnis, G. D. (1983). I&EC Product Research & Development 
22, 344. 

Seppanen, V. (1988). In "Energy from Biomass and Wastes XI," (D. L. Klass, ed.), p. 103. Elsevier 
Applied Science Publishers, London, and Institute of Gas Technology, Chicago. 

Spalt, H. A. (1977). ACS Symposium Series 43 p. 193. American Chemical Society, Washington, D.C. 
Stokes, B. J. (1992). Biomass and Bioenergy 2 (1-6), 131. 
Suadicani, K., and Heding, N. (1992). Biomass and Bioenergy 2 (1-6), 149. 
Sutor, P. (1995). In "Second Biomass Conference of the Americas: Energy, Environment, Agricul- 

ture, and Industry," p. 1228, NREL/CP-200-8098, DE95009230. National Renewable Energy 
Laboratory, Golden, CO. 

Tewksbury, C. (1987). In "Energy from Biomass and Wastes X," (D. L. Klass, ed.), p. 555. Elsevier 
Applied Science Publishers, London, and Institute of Gas Technology, Chicago. 

Todd, J. H. (1984). In "Energy from Biomass and Wastes VIII," (D. U Klass and H. H. Elliott, 
eds.), p. 353. Institute of Gas Technology, Chicago. 

U.S. Dept. of Energy (1995). "Technology Partnerships," DOE/GO-10095-170, DE95004086. Office 
of Industrial Technologies, Washington, D.C., April. 

Waste Management, Inc. (1977). "Recovery 1 Operational Outline," May; The American City & 
County, "Solid Waste Recovers Land for Industry Use," April. 

Wilen, C., St~thlberg, P., Sipila, K., and Ahokas, J. (1987). In "Energy from Biomass and Wastes 
X," (D. L. Klass, ed.), p. 469. Elsevier Applied Science Publishers, London, and Institute of 
Gas Technology, Chicago. 

Wiltsee, G. A., Jr., McGowin, C. R., and Hughes, E. E. (1993). In "First Biomass Conference of 
the Americas: Energy, Environment, Agriculture, and Industry," Vol. I, p. 347, NREL/CP-200- 
5768, DE93010050. National Renewable Energy Laboratory, Golden, CO. 


