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Waste Biomass Resource 
Abundance, Energy 
Potential, and Availability 

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

Up to the mid-1990s, only a few commercial virgin biomass energy systems 
in which dedicated biomass is grown for use as an energy resource were in 
operation in industrialized countries. The technology is available or under 
development and is slowly being incorporated into regional, national, and 
world energy markets. More rapid deployment awaits the inevitable effects on 
renewable energy usage of fossil fuel depletion and environmental issues. Most 
of the contribution of biomass to primary energy demand in the 1990s comes 
from waste biomass. Waste biomass is energy-containing materials that are 
discarded or disposed of and that are mainly derived from or have their origin 
in virgin biomass. They are lower in cost than virgin biomass and often have 
negative costs. Some are quite abundant, and some can be disposed of in a 
manner that provides economic benefits to reduce disposal costs. Waste bio- 
mass is generated by anthropological activities and some natural events. It 
includes municipal solid waste (urban refuse); municipal biosolids (sewage); 
wood wastes and related residues produced in the forests and logging and 
forestry operations; agricultural wastes such as animal manures and crop resi- 
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dues produced in farming, ranching, and related operations; and the wastes 
produced by certain industries such as the pulp and paper industry and those 
involved with processing foodstuffs. In this chapter, the production of these 
wastes and their energy potential and availabilities are addressed. The United 
States is used as the model country because U.S. data are available on most 
waste biomass to illustrate its role in the development of biomass energy on 
a national basis. But the conclusions regarding waste biomass as an energy 
resource in the United States are generally similar for other industrialized coun- 
tries. 

II. M U N I C I P A L  W A S T E S  

There are basically two types of municipal waste that offer opportunities for 
combined waste disposal and energy recovery--municipal solid waste (MSW, 
urban refuse, garbage) and biosolids (sewage, sludge). Each has its own distinc- 
tive set of characteristics as a biomass energy resource. 

A. MUNICIPAL SOLID WASTE 

Abundance  

As the populations of urban areas grow, the production of MSW increases, 
sometimes in a disproportionate way. To illustrate, the generation of MSW in 
the United States increased from about 80 million tonnes in 1960 to 180 
million tonnes in 1990 and shows no sign of reaching a plateau. During this 
same period, the corresponding per-capita generation of MSW in 10-year 
increments was 1.23 kg/person-day in 1960, 1.49 in 1970, 1.65 in 1980, and 
1.97 in 1990. The associated difficulties of MSW disposal have become serious 
problems that do not bode well for future generations of city dwellers and 
areas that have high population densities. Governments often mandate the use 
of more environmentally acceptable methods of MSW disposal while limiting 
and sometimes phasing out some of the more traditional disposal methods. 
The collection and disposal costs increase and proper disposal becomes more 
difficult to achieve with the passage of time. The average "tipping fees" of 
MSW in the United States, for example, increased from about $11 per tonne 
in 1982 to about $32 per tonne in 1992. In some highly populated areas, the 
tipping fee is over $90 per tonne. At the same time, the loss of natural resources 
in the MSW occurs if no effort is made to recover them. The opportunities 
for combined waste disposal and energy recovery are evident. 
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Table 5.1 is a detailed summary of relevant data on MSW generation, 
disposal, and recovery in the United States from 1960 to 1993. Several conclu- 
sions can be reached from examination of this data. In the 1960s and 1970s, 
combined disposal-energy recovery systems did not exist to any significant 
extent even though 20 to 30% of the MSW generated was disposed of by 
burning. No effort was made to recover the heat evolved on combustion of 
the MSW. Since then, energy recovery systems have been incorporated into 
some of the disposal processes so that by the mid-1990s, about 15% of the 
MSW generated and disposed of by combustion includes energy recovery 
operations. Throughout this period, the bulk of MSW continued to be disposed 
of by landfilling. This process will be discussed in some detail in later chapters, 
but suffice it to say at this point that a medium-energy fuel gas containing 
about 50 mol % methane is emitted by MSW landfills. The recovery of this 
gas over long periods of time from many landfills is a well-established commer- 
cial technology. 

It is apparent from the compositional data on the raw MSW in Table 5.1 
that the combustible materials make up the bulk of the MSW on a weight 
percentage basis, about 85 wt % in the 1990s. The amount of the individual 
MSW components recovered since 1960, presumably for sale of marketable 
components, has increased to about one-fifth of the total amount generated. 
The largest components by weight in the recovered material include paper 
and paperboard and noncombustible metals and glass. Much of this material 
is recycled. 

Availability 

MSW is collected for disposal by urban communities in all industrialized 
countries, so there is no question regarding its physical availability as a waste 
biomass feedstock in centralized locations in these countries. The question is 
how best to utilize this material if it is regarded as an "urban ore" rather than 
an urban waste. The data in Table 5.1 show that in the mid-1990s, a large 
portion of the MSW generated in the United States was available as feedstock 
for additional energy recovery processing. As indicated above, landfilled MSW 
can provide energy as fuel gas for heat, steam, and electric power production 
over long time periods. Surface-processing of MSW can also provide energy 
for the same end uses when MSW is used as a fuel or a feedstock. 

Energy Potential 

At a higher heating value of 12.7 MJ/dry kg of MSW (Table 3.3), the energy 
potentially available from the MSW generated in the United States in the 1990s 
is in the range of 2.5 EJ/year. Presuming the total combustibles in the recovered 



TABLE 5.I Municipal Solid Waste Generation, Recovery, and Disposal in United States, 
1960-1993 a 

Parameter and units 1960 1970 1980 1990 1993 

MSW generated, recovered, and disposed of: 
Total generated, 10 6 t 79.6 
Total generated, kg/person-day 1.2 
Recovered, 106 t 5.4 
Recovered, % of total generated 6.7 
Combustion with energy recovery, % of total (NA) 

generated 
Combustion without energy recovery, % of total 30.8 

generated 
Disposal by landfilling or other method, % of total 62.3 

generated 

Distribution of components generated, % of generation: 
Paper and paperboard 34.1 
Plastics 0.5 
Yard wastes 22.8 
Wood wastes 3.4 
Food wastes 13.9 
Rubber and leather 2.3 
Textiles 1.9 
Ferrous metals 11.3 
Aluminum 0.5 
Other nonferrous metals 0.2 
Glass 7.7 
Miscellaneous 1.6 

Components recovered, % of generation: 
Paper and paperboard 18.1 
Plastics 
Yard wastes 
Other wastes 1.5 
Ferrous metals 1.0 
Aluminum 
Other nonferrous metals 
Glass 1.5 

Distribution of components recovered, % of recovered: 
Paper and paperboard 91.5 
Plastics 
Yard wastes 
Other wastes 5.1 
Ferrous metals 1.7 
Aluminum 
Other nonferrous metals 
Glass 1.7 

110.6 137.4 179.6 187.7 
1.5 1.7 2.0 2.0 
7.8 13.2 29.8 40.8 
7.1 9.6 16.6 21.7 
0.4 1.7 15.0 15.1 

20.3 7.3 1.1 0.8 

72.3 81.4 67.3 62.3 

36.3 36.1 36.7 37.6 
2.5 5.2 8.5 9.3 

19.0 18.2 17.7 15.9 
3.3 4.4 6.2 6.6 

10.5 8.7 6.7 6.7 
2.6 2.8 3.0 3.0 
1.6 1.7 3.3 3.0 

10.3 7.6 6.2 6.2 
0.6 1.2 1.4 1.4 
0.5 0.7 0.6 0.6 

10.4 9.9 6.7 6.6 
2.2 3.4 3.1 3.1 

16.7 21.8 27.9 34.0 
2.2 3.5 

12.0 19.8 
2.4 1.9 4.5 6.4 
0.8 3.4 13.7 26.1 

16.7 35.3 35.4 
42.9 45.5 66.4 62.9 

1.6 5.3 20.0 22.0 

86.0 82.1 61.7 58.9 
1.2 1.6 

12.8 14.4 
7.0 4.1 6.1 6.7 
1.2 2.8 5.2 7.6 

2.1 3.0 2.4 
3.5 3.4 2.1 1.8 
2.3 5.5 7.9 6.7 

aAdapted from Franklin Associates (1994). Sums of individual figures may not equal totals because 
of rounding. The data in this table are for postconsumer residential and commercial MSW, which 
makes up the major portion of typical collections. Excludes mining, agricultural, and industrial 
processing, demolition and construction wastes, municipal biosolids, and junked autos and 
equipment wastes. Based on material-flows estimating procedure and wet weight as generated. 
Other wastes are predominantly foodstuffs, leather, rubber, textiles, and wood. 
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fractions of MSW are utilizable and that the energy recovery systems in opera- 
tion continue to be used, the data for the United States indicate that about 
60 to 65% of the MSW generated could have supplied up to an additional 
1.6 EJ/year in the mid-1990s. New energy recovery plants supplied with MSW 
feedstock could also provide an additional benefit by increasing the life of 
landfills. Only the unrecyclable inorganic materials in the ash would be land- 
filled if thermal processing of the MSW is employed. Some of the ash itself could 
be used as material of construction, such as in roadbeds and other applications. 

B. BIOSOLIDS 

Abundance 

Municipal wastewater treatment plants in industrialized countries receive 
wastewaters from residential sources, industry, groundwater infiltration, and 
stormwater runoff. The pollutants associated with these sources include a 
wide range of suspended and dissolved compounds and oxygen-demanding 
materials, many of which are toxic. Pathogenic components are present, includ- 
ing certain bacteria, viruses, organic compounds, inorganic nutrients, and 
heavy metals. The purpose of most wastewater treatment processes is to remove 
or reduce these components, other pollutants, and biological oxygen demand 
before discharge to receiving waters. In the 1970s and 1980s, about 70 to 75% 
of the U.S. population was served by wastewater treatment facilities (U.S. 
Environmental Protection Agency, 1985; 1990). In 1992, more than 20,000 
treatment and collection facilities served 180.6 million people or 71% of the 
population (U.S. Environmental Protection Agency, 1993). Of the 20,000 facili- 
ties, 15,613 provided treatment; the design capacity was 149 billion L/day. 
The need for new wastewater treatment capacity is expected to increase with 
growth of the sewered population. The need to treat 172 billion L/day is 
projected for 2012. 

Primary biosolids (settleable and suspended solids) are present at a level 
of a few percent in the influent wastewater and are produced at a rate of about 
0.091 dry kg/person-day (0.20 dry lb/person-day). Per million population, this 
corresponds to the production of 33,200 t/year of primary biosolids. After 
conventional primary and secondary wastewater treatment, the digested, dewa- 
tered biosolids are reduced to the equivalent of about 0.063 dry kg/person- 
day (0.14 dry lb/person-day), or 23,000 dry t/year per million population. For 
the United States in 1995, primary and treated biosolids production were about 
8.6 and 5.9 million dry tonnes. 

About 40 to 45% of the treated biosolids are disposed of in municipal 
landfills, 30% is applied to land or distributed or marketed as fertilizer, 20% 
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is incinerated, and the remainder is disposed of in dedicated landfills or by a 
few other methods. 

Availability 

Again, there is no question of the physical availability of biosolids. They 
are collected in municipal wastewater systems and are therefore available in 
centralized locations. But in this case, treatment is essential for health reasons 
and protection of the public. Unless processes exist that can be used to treat 
and stabilize the waste and at the same time recover energy, it does not make 
much sense to use untreated biosolids as a waste biomass feedstock. In fact, 
such processes exist and will be discussed in some detail in later chapters. The 
other option to consider is the utilization of treated biosolids as a waste biomass. 

Energy Potent ia l  

The energy potential of municipal biosolids is small. At an average higher 
heating value of 19 MJ/dry kg (Table 3.3), the energy content of all the primary 
and treated biosolids produced in 1995 in the United States can be estimated 
to be 0.163 and 0.113 EJ/year, both of which are much less than the energy 
potential of MSW. This relationship is a permanent one because of the nature 
of MSW and biosolids generation. Nevertheless, several combined treatment~ 
energy recovery processes alluded to earlier for extracting energy from biosolids 
are in commercial use in many wastewater treatment facilities. The recovered 
energy is generally utilized on site as a captive fuel for the facility. 

III. A G R I C U L T U R A L  S O L I D  W A S T E S  

The U.S. Department of Agriculture's 1938 Yearbook of Agriculture contains 
these statements: "One billion tons of manure, the annual product of livestock 
on American farms, is capable of producing $3,000,000,000 worth of increase 
in crops. The potential value of this agricultural resource is three times that 
of the nation's wheat crop and equivalent to $440 for each of the country's 
6,800,000 farm operators." Since then, animal wastes have been transformed 
from a definite asset to a liability. By 1965, the disposal of animal excreta had 
become a serious problem (American Chemical Society, 1969). At any given 
time, an estimated 11 million cattle were on feedlots, the capacities of which 
ranged from 1000 to 50,000 head. 

The problem has become much more severe today. Application of animal 
wastes to land is one of the most economical choices for disposal as well as 
providing fertilizing benefits. However, the utilization of livestock and poultry 
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manures  as waste biomass resources for energy applications could help mitigate 
pol lut ion and at the same time open new markets.  This possibility is examined 
here. Agricultural crop residues are included in the assessment. 

A. LIVESTOCK AND POULTRY MANURES 

Abundance  

Intuitively, high populat ions  of specific animals would be expected to offer 

the greatest oppor tuni ty  to serve as sources of waste biomass because waste 
generat ion is maximized.  Because of the relationship of waste productivi ty and 
animal size, this is not  always the case as will be shown here. Domestic farm 
animals and those confined to feedlots are appropriate choices. In addition, 
commercial  poul t ry  product ion  systems, some of which have bird populat ions 
over 200,000, would  be expected to provide large accumulat ions of manures  
in one location. The animals that produce large, localized quantit ies of excreta 
are cattle, hogs and pigs, sheep and lambs, and poultry. U.S. populat ions  of 
these animals in the mid-1990s,  the estimated total, annual  manure  product ion  
for each species, and the h u m a n  populat ion equivalents in terms of solid waste 
generat ion are shown in Table 5.2. Several observations can be derived from 

TABLE 5.2 Livestock and Poultry Manures Generated in the United States and Their 
Human Population Equivalent a 

Livestock/Poultry Population (106 ) 

Human 
population 

Manure production equivalent 

(dry kg/head-day) (106 dry t/year) Factor (106) 

Cattle 103.3 4.64 174.9 16.4 1694 

Hogs and pigs 59.6 0.564 12.3 1.90 113 

Sheep and lambs 8.9 0.756 2.5 2.45 22 

Chickens 377.5 0.0252 3.5 0.14 53 

Commercial broilers 7018 0.0403 103.2 0.14 983 

Turkeys 289 0.101 10.7 0.14 40 

aU.S. Dept. of Agriculture (1995) for population data. Populations of cattle, hogs and pigs, and 
sheep and lambs are for 1995; remaining populations are for 1994. With the exception of the 
commercial broiler population, other populations are assumed to be steady-state values because 
the variations are relatively small for each of the preceding 10 years. Commercial broiler production 
was approximately 20% higher in 1995 than in 1990, and 57% higher than in 1985. Daily manure 
production factors on a dry basis include ash and were calculated from Stanford Research Institute 
(1976). The factors for converting animal populations to human population equivalents in terms 
of waste generation are from Wadleigh (1968). 
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these data assuming that they represent reasonably steady-state conditions. 
With the exception of the commercial broiler population, the animal popula- 
tions are assumed to be steady-state values because the variations are relatively 
small for each of the preceding 10 years. Commercial broiler production was 
approximately 20% higher in 1995 than in 1990, and 57% higher than in 
1985. But it is assumed that the population is relatively constant for purposes 
of this assessment because the population increases each year. This should 
tend to eliminate some of the fluctuations in manure production throughout 
the year because of animal growth and marketing cycles. 

Commercial broilers had the highest population, about 7 billion, and they 
produced the second largest amount of manure; cattle, which had a population 
of about 100 million, produced the largest amount. No differentiation was 
made in this assessment between dairy and beef cattle. The daily production 
rate per head of dry manure solids used was the arithmetic average of dairy 
cattle and beef cattle, since the dairy-to-beef cattle ratio of the reported manure 
production rates is about 1.45 (Stanford Research Institute, 1976). Some assess- 
ments indicate that the ratio of productivities is 3.1 (Jaycor, 1990). The effects 
of daily manure production per animal are evident as shown in Table 5.2. 
When published waste production factors are used for conversion of the animal 
populations to human equivalents in terms of solid waste generation as shown 
in the table, the total human population equivalent of these animals is estimated 
at almost 3 billion people. This is approximately 12 times the U.S. population 
in the mid-1990s, a ratio considerably less than reported in 1968, when it 
was estimated to be 20 times that of the human population (American Chem- 
ical Society, 1969). But the latter ratio included liquid wastes as well. The 
ratio of total animal excreta to total municipal biosolids generation calcu- 
lated here, both of which exclude liquid wastes, is about 36 on a mass basis 
(307.1 dry t/8.6 million dry t). 

Energy Potential 

The energy potential of each category of animal excreta was estimated by 
adjusting the measured heating values of air-dried samples including ash 
(Stanford Research Institute, 1976) to dry waste. The adjusted heating values 
were used to calculate the energy potentials shown in Table 5.3. Cattle and 
commercial broilers are the two largest energy producers, and the total energy 
potential of all animal excreta is about 4.6 EJ/year, an amount 28 times that 
of the energy content estimated here for primary biosolids production in the 
United States. 

Availability 

The availability of animal excreta for use as waste biomass is difficult to estimate 
without a detailed inventory of how much is collected, dropped in the field 
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TABLE 5.3 Energy Potential of Livestock and Poultry Manures Generated in United States a 

Production 
Livestock/Poultry (10 6 dry t/year) Heating value (MJ/dry kg) Energy potential (EJ/year) 

Cattle 174.9 15.73 2.751 

Hogs and pigs 12.3 16.99 0.209 

Sheep and lambs 2.5 17.82 0.0446 

Chickens 3.5 13.53 0.0474 

Commercial broilers 103.2 13.53 1.396 

Turkeys 10.7 13.49 0.144 

Total 4.592 

aproduction data are from Table 5.2. Heating values are from Stanford Research Institute (1976). 

by the animal, collected and returned to the soil as fertilizer, or used for other 
purposes. Seasonality is not usually a factor with animal excreta production 
because as long as the populations do not undergo major changes, production 
is continuous and fluctuations in supply are generally small. On dairy cattle 
farms in the Midwest, many farmers use as much of the collected manures as 
possible as fertilizer to minimize chemical purchases. A few large cattle feedlot 
operators in the Southwest collected the manure in the 1970s and early 1980s 
for use as biomass feedstock to produce fuel gas by biological gasification. 
Hog and poultry manures were also used as biomass feedstocks, but for smaller 
systems. Several dairy cattle, hog, and poultry farm operations continue to 
produce fuel gas in the United States from collected manures (Lusk, 1994). 
Much larger usage of manure gasification technology occurs in such countries 
as India and China, where blends of biosolids and animal wastes are employed 
as feedstocks in both small- and large-scale conversion systems. This technol- 
ogy is discussed in later chapters. 

One assessment carried out on a county-by-county basis for all 3069 counties 
of the contiguous United States in the 1970s found that about 70% of animal 
manures is returned to the soil, 14% is sold, and the remainder is wasted 
(Stanford Research Institute, 1976). In a similar analysis of the four states 
Arizona, Colorado, New Mexico, and Utah, it was found that 30 to 40% of 
animal manures was used by the feeder or farmer for land applications or 
dried for sale or reuse as animal feed; the remainder was either sold or bartered 
with corn silage farmers who return silage to the feedlot operator (Burford 
and Varani, 1976). The majority of cattle manure production was found on 
only a few cattle feedlots. In Colorado, eight locations containing at least 
50,000 head of cattle feeding capacity each were within a 24-km radius of 
each other and represented 77% of all the state's feeding cattle. Five locations 
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were found in Arizona which contained 78% of the state's cattle feeding capac- 
ity, and three locations were found in New Mexico which had 65% of the 
state's cattle feeding capacity. In an analysis of 13 states in the Southeast, the 
major producers of animal excreta were Missouri (17.3%), Virginia (13.2%), 
and North Carolina (11.5%), whereas dairy cattle accounted for 65% of the 
total animal excreta produced in confined areas (Jaycor, 1990). The cattle 
feedlot industry is obviously small in the Southeast. 

The data presented in Table 5.3 indicate that the most promising locations 
to consider for the acquisition of animal wastes for conversion to energy and 
fuels are large cattle feedlots and commercial broiler farms. Availability should 
not be an insurmountable problem in those cases where waste biomass feed- 
stock applications can compete with alternative uses. However, the confine- 
ment of the animals and collectability of the wastes are important factors. The 
assessment of the 13-state area in the Southeast (Jaycor, 1990) indicated the 
percentages of the animals confined and the collectible wastes for dairy cows, 
beef cattle, pigs and hogs, and chickens vary over a wide range: 

Dairy cows 50% (confined) and 85% (collectible) 
Beef cattle 10% and 65% 
Pigs-hogs 85% and 100% 
Chickens 100% and 80% 

The corresponding percentages of the collectible excreta in a confined area 
are then 42.5% for dairy cows, 6.5% for beef cattle, 85% for pigs and hogs, 
and 80% for chickens. The factor of 6.5% for beef cattle clearly does not hold 
for the Southwest. 

In any case, the information and data discussed here show that although 
the amounts of certain animal wastes are substantial and represent a large 
energy potential, careful assessment of availabilities is necessary to develop 
strategies for commercial development of animal excreta as waste biomass feed- 
stocks. 

B. AGRICULTURAL CROP RESIDUES 

Abundance 

Agricultural crop residues are those left in the field or accumulated during 
sorting and cleaning of produce. Because of the discontinuity in growing 
seasons, the many crops that are grown, the differences between specific crops, 
variations in crop yields in different areas, the difficulty of acquiring reliable 
data, and long-term time effects, an inventory of the annual production of 
agricultural crop residues and their disposition might seem to be an impossible 
task. Fairly reliable data can be obtained, however, for small and large regions 
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of a country. Somewhat detailed commentary is justified for one of these 
studies because it is a good example of how the task was addressed in a 
reasonably scientific manner  for all 3069 counties of the continental United 
States (Stanford Research Institute, 1976). Although the assessment was done 
some time ago, the methods used still appear to be valid. 

Hay and forage crops were excluded, since little residue accumulates from 
cultivation of these crops. Food processing wastes were excluded except for 
bagasse and sugarbeet pulp. With the exception of hay and forage crops, yields 
on a dry basis of the harvested crops and the areas harvested were tabulated 
for essentially all other cash crops, about 60, over a 3-year period, 1971 to 
1973, and averaged for each county by year and by quarter. At the same time, 
data were collected regarding what was done with the residue: returned to 
soil, sold, used as feed or fuel, and wasted. To estimate the quantity of residue 
generated, a residue factor for each cash crop was developed that, when multi- 
plied by the county yield total for that crop, gave the total mass of residue 
generated. The residue factors as used in the Stanford assessment were the 
ratio of field weight of residue per mass unit of crop yield and differed somewhat 
from those used by others in subsequent work (Table 5.4). It is important  to 

TABLE 5.4 Comparison of Agricultural Grain 
Residue Factors 

Residue factor 

Crop SRI ~ Heid b 

Barley 2.50 1.5 

Corn (<95 bu/ac) 1.10 1.0 

Corn (>95 bu/ac) 1.10 1.5 

Cotton 2.45 1.5 c 

Oats 3.01 1.4 

Rice 1.43 1.5 

Rye 2.50 1.5 

Sorghum 1.57 1.5 

Soybeans 2.14 1.5 

Wheat, spring 2.53 1.3 

Wheat, winter 2.53 1.7 

aFrom Stanford Research Institute (1976). These factors are ratios 
of the fresh weight of residue to the grain weight at field moisture. 

/'From Heid (1984). These factors are the ratios of the dry weight 
of the residue to the grain weight at field moisture. 

CExcludes off-farm ginning wastes. 
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note these differences. Experimental measurements were made to determine 
the residue factors in the Stanford assessment by collecting field, packing shed, 
and mill residues immediately before or following crop harvest, determining 
fresh and oven-dry residue weights, converting the production figures from 
whatever the standard units were, such as bushels, to mass units, and calcu- 
lating the residue factors. For example, for field corn, the residue factor was 
1.10 mass units of fresh residue per mass unit of corn yield. The weights of 
the residues were converted to dry weights later in the calculations. The residue 
factors as defined in the study were applied nationwide, except for two cases, 
the assumption being that geographical variation in residue generation in a 
given crop was accounted for by the geographical variation in the yield of that 
crop. The two exceptions were cotton gin trash and mint, wherein specific 
regional variations in residue production were considered, which led to devel- 
opment of separate regional residue factors. It is evident that this type of 
assessment is not an everyday event. Massive amounts of data are compiled, 
the easy manipulation of which requires computational methods. 

A summary of the results of this assessment of residue generation from 
agricultural crops for the contiguous United States is presented here to provide 
an idea of the availability of agricultural residues for the contiguous United 
States in the mid-1970s. The data indicated a total of 292 million dry tonnes 
of residue were generated annually; about 252 million dry tonnes were judged 
to be collectible during normal operations. About 74% was returned to the 
soil, 19% was used as animal feed, 4% was sold, 3% was used as fuel, and a 
small amount was wasted. While there is controversy over what fraction of 
the residue returned to the soil could be utilized as waste biomass feedstock 
without adverse environmental impacts, it represented the largest portion of 
the collectible residue. Of the total available crop residues, 48% was estimated 
to be from small grains and grasses. 

The top five states for agricultural residue production in millions of 
dry tonnes per year were Iowa, 25; Illinois, 24; Oregon, 23; California, 22; 
and Kansas, 21; the sum of these is 39% of total residue generation. Interest- 
ingly, only six counties in the continental United States averaged more than 
350.2 dry t/km2-year (1,000 dry ton/mi.Z-year). In units of dry t/km2-year, 
these were Lewis County, Idaho, 537; Delaware County, Indiana, 378; Lane 
County, Oregon, 363; Polk County, Oregon, 357; and Cook County, Georgia, 
353. Also, only 55 counties averaged 2.24 dry t/ha-year (1.0 dry ton/ac-year) 
or more in available agricultural residue. 

Energy Potential 

To estimate the energy potential of U.S. crop residues, several parameters are 
necessary. Annual crop production, and the residue, availability, dry weight, 
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and ash factors are needed. The collectible dry residue for a given crop is the 
product of the annual production, residue factor, avilability factor, and dry 
weight factor. The energy content of the collectible dry residue is then the 
product of the amount of residue, its percent organic content, and the heating 
value of the organic material. This methodology is used here to estimate the 
energy potential of U.S. crop residues. The residue, dry weight, and ash factors 
determined in the Stanford assessment are used. The availability factors for 
agricultural crop residues that can be removed from the field have been esti- 
mated for 13 states in the Southeast (Jaycor, 1990; Purdue University, 1979). 
These factors exclude residues left in the field because of collection difficulties 
and necessary soil protection. Averages of the availabilities for small grains, 
corn, sorghum, rice, and sugarcane are used here for the 48 contiguous United 
States because the variations are generally small to none. The availability factors 
are 0.6 for small grains (9 states had factors of 0.6, 3 were 0.7, and Missouri 
was 0.38); 0.6 for corn (5 states were 0.6, 5 were 0.7, Kentucky was 0.4, 
Missouri was 0.42, and Tennessee was 0.5); 0.64 for sorghum (all 11 states 
rated were estimated to have a factor of either 0.6 or 0.7); 1.0 for rice (each 
of the 4 states rated had factors of 1.0); and 1.0 for sugarcane (Florida was 
the only state rated). These factors reflect the assumption that residue can 
only be considered available for removal if the predicted losses from the 
Universal Soil Loss Equation in the Corn Belt or the Wind Erosion Equation 
in the Great Plains are less than or equal to the maximum amount of soil loss 
that is considered safe for continued long-term maximum productivity of the 
soil. The other availability factors used here are from the Stanford assessment. 
The assessment developed here from these factors is presented in Table 5.5 
using 1993 and 1994 crop production data (U.S. Dept. of Agriculture, 1995). 
Only crops that were produced at an annual rate of more than one million 
tonnes are included in the assessment. 

The total collectible crop residues are estimated to be about 257 million 
dry t/year, and the energy potential is estimated to be about 4.2 EJ/year. 
Collectible crop residues with an energy potential of at least 0.1 EJ/year in 
decreasing order were corn, wheat, soybeans, barley, rice, and sorghum. The 
collectible corn and wheat residues together were estimated to be equivalent 
to 61% of the total collectible residues generated and the energy potential. 
The states that produce the largest quantities of these crops are obvious choices 
for collectible agricultural waste biomass systems. The Corn Belt in the Midwest 
and a few neighboring states appear to have the potential of providing the 
largest quantities of collectible agricultural waste biomass. 

Availability 

Availability as such is a difficult subject to evaluate for agricultural crop 
residues. The answer to the simple question of whether the crop residues are 
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available in sufficient quantities to justify consideration of collectible agricul- 
tural residues as waste biomass is illustrated by the data presented in Table 
5.5. The answer, of course, is affirmative. But alternative uses of crop residues 
can clearly have an adverse impact on the realistic availabilities of waste 
biomass. Also, waste biomass in the field must be collected, often from dis- 
persed locations, and transported to conversion or end-use facilities. Many of 
the residues have high moisture contents, so if the residue being collected 
cannot be solar-dried, the collection and transportation costs include the con- 
tained water. The normal end uses of agricultural residues, namely, to provide 
soil conditioning, erosion control, and nutrient values, are strong competition 
for fuel and feedstock end uses. A few state governments require that some 
of the erodible lands be covered during winter months to reduce erosion. In 
contrast, several available crop residues have been utilized for their energy 
content for many years. Sugarcane bagasse is perhaps the best example. Bagasse 
is used as fuel for raising steam and electric power production in many parts 
of the world and is often considered to be a valuable co-product by the 
sugarcane industry. For example, sugarcane bagasse provided as much as 10% 
of the electric power consumed in Hawaii until sugarcane production ceased 
on the islands of Oahu and Hawaii and was reduced on Maui and Kauai 
(Phillips et al., 1995). In contrast, only about 10% of the fuel used for biomass 
power production in the mid-1990s in the United States was agricultural 
residues; the remaining 90% was wood and wood residues (cf. U.S. Dept. of 
Energy, 1996). The majority of the facilities fueled with agricultural residues 
are located in California. 

The many possibilities for expanding agricultural waste biomass usage in 
the United States as fuel and feedstock are apparent from the data in Table 
5.5. Similar opportunities are available in other countries that have substantial 
agricultural operations in place. 

IV. F O R E S T R Y  R E S I D U E S  

Forestry residues consist of slash left on the forest floor following logging 
operations; stems, stumps, tops, foliage, and damaged trees that are not mer- 
chantable; and wood and bark residues accumulated at primary wood manufac- 
turing plants during production of lumber. Underground tree roots can also 
be included in the list of forestry residues. The difficulty of accurately assessing 
the amounts of forestry residues that are and can be realistically collected and 
utilized as waste biomass for an entire country has been encountered by almost 
all who have embarked on the task. In the United States, many federal, state, 
and regional forestry offices and many of the companies in the logging and 
lumber manufacturing businesses do not keep and maintain detailed records 
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of residue production and its disposition. Surveys are done only periodically 
and they vary widely from state to state. The survey of an entire country for 
a given time period is therefore subject to considerable error. Nevertheless, 
such assessments provide valuable information and an overall indication of 
the energy potential of forestry residues as waste biomass. 

Abundance 

The national inventory of forestry residues generated in the United States in 
the mid~ is one of the first comprehensive assessments to be done on a 
county-by-county basis for a large country (Stanford Research Institute, 1976). 
Data were compiled on residues from logging operations and on wood and 
bark residues produced at primary wood processing mills. The regional offices 
of the U.S. Forest Service supplied most of the data on the residues generated 
by the mills. Most of the data on logging residues were obtained by applying 
residue factors to industrial roundwood production figures for each country. 
The factors used for different regions of the country were obtained from 
published reports of actual logging residue studies conducted in the field. For 
cases in which specific county data were not provided, it was necessary to 
apportion multicounty regional data or total state data among the counties 
having primary wood processing mills. Detailed data on bark residues were 
sometimes limited. The results of this survey indicated that a total of 
105 million dry t/year of forestry residues are generated in the contiguous 
United States. The percentage distribution of forestry residues by region was 
33.2% in the Pacific area, 6.4% in the Mountain area, 13.0% in the West South 
Central area, 14.2% in the East South Central area, 19.8% in the South Atlantic 
area, 2.2% in the West North Central area, 5.2% in the East North Central 
area, and 6.1% in the New England and Mid-Atlantic area. The Southeast and 
the Northwest are the areas that produce most of the U.S. timber and hence 
most of the forestry residues. Of the total forestry residues, 35.4 million dry 
t/year or 33.7% consisted of logging slash, and 69.6 million dry t/year or 66.3% 
consisted of bark and wood mill residues. 

In another inventory of various sources of wood wastes in the United States 
(McKeever, 1995), it was found that for 1991, 26.0 million dry tonnes of bark 
and 74.5 million dry tonnes of wood residues were generated at primary lumber 
processing mills. Only 5% of the bark and 6% of the wood residue were wasted 
and not used. The projection for 1993 based on these findings was that 
5.7 million dry tonnes of bark and wood residues were available for recov- 
ery and use as an energy resource. The total of 100.5 million dry t/year gener- 
ated at the mills is about 44% higher than the mill residues found in the 
Stanford assessment. 
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Energy Potential 

Assuming the results of the Stanford assessment of logging slash residues in 
the continental United States would provide approximately the same results 
today, the energy potential of 35.4 million dry t/year of slash is about 
0.66 EJ/year unadjusted for availability. Similarly, 100.5 million dry t/year of 
mill residue is about 1.86 EJ/year. 

Availability 

Of the forestry residues collected during normal operations in the United States 
in the mid-1970s according to the Stanford assessment, most of it was wood 
and bark residues that accumulated at primary lumber mills. It was reported 
that of the total forestry residues generated, about 33% was sold, 16% was 
used as fuel, and 51% was wasted. Most of the wasted residue was generated 
by logging operations. The fuel usage was represented to be an energy contribu- 
tion of 0.32 to 0.42 EJ/year to primary energy demand. The lumber and wood 
products industry has consistently used about 0.35 to 0.50 EJ/year of forestry 
wastes as fuel for the past few decades (Klass, 1990) and is expected to continue 
to use them at about the same rate up to at least 2040 (Skog, 1993). If 
adjustments are made to the total energy potential of U.S. forest residues for 
the amounts not used but available as a waste biomass resource, most of the 
logging slash is available (0.66 EJ/year) and 5.7 million dry t/year of available, 
unused mill residues correspond to about 0.11 EJ/year, or a total from available 
forestry residues of 0.77 EJ/year. Since the mass of logging residue varies from 
about 25 to 45% of the wood cut (Howlett and Gamache, 1977), it is highly 
probable that an energy availability estimate of only 0.66 EJ/year from logging 
residues is too low. A detailed assessment of the recoverable energy potential 
of forestry residues in only one state, Georgia, is estimated to be 0.20 EJ/year 
for logging slash and 0.08 EJ/year for wood manufacturing residues, or a total 
of 0.28 EJ/year (Riall and Bouffier, 1990). These data suggest that a more 
realistic estimate of the available energy value from logging slash should be 
at least 1.0 EJ/year. 

V. I N D U S T R I A L  W A S T E S  

Industry uses more than one-third of all energy consumed in the United States. 
Sizable amounts of waste are generated, but only the pulp and paper industry 
generates large quantities of waste biomass. The food processing industry also 
generates waste biomass. It is not discussed here because of the difficulty 
of compiling the amounts and disposition of the residues produced by a 
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disaggregated industry composed of many small, medium, and large companies 
involved in diverse activities. However, the utilization of solid residues and 
some aqueous wastewaters as a captive energy resource by many of the food 
processing companies is well known. 

A. THE PULP AND PAPER INDUSTRY 

Abundance 

The U.S. pulp and paper industry consumes about 2.6 EJ (2.5 quad) of energy 
per year, or about 2.9% of total annual U.S. energy consumption (U.S. Dept. 
of Energy, 1995). Energy consumption per tonne of paper produced is about 
36 GJ or 6 BOE, a disproportionately large amount, especially when consid- 
ered in terms of the energy content of conventional paper products, about 
17.6 GJ/dry t. In the mid-1990s, U.S. paper production capacity was about 
30% of the world's total capacity and accounted for 40% of all electric power 
cogenerated by U.S. manufacturing. Yet the paper industry still spent $5.5 
billion on energy in 1991, or about 4.3% of the value of its shipments (U.S. 
Dept. of Energy, 1995). It is not unexpected, therefore, that the paper industry 
has made a great effort to become as energy self-sufficient as possible. 

Black liquor is a major waste biomass resource and a by-product of the 
paper industry. In the pulping step of the paper manufacturing process, cellu- 
losic fibers are separated from the debarked, chipped wood. The dominant 
process used for pulping in the United States is the kraft process, which 
involves cooking the chips at elevated temperature and pressure with a solution 
of sodium hydroxide and sodium sulfide. Most of the lignins are dissolved in 
this process, and the resulting pulp is washed to remove the chemicals before 
further processing of the pulp into paper. The mixture of dissolved wood 
components and used pulping chemicals in the extract is called black or 
spent liquor. It is currently burned in recovery boilers to recover the pulping 
chemicals and to generate steam. The wood residues serve as boiler fuel and the 
spent chemicals are the bottoms that are processed for reuse in the pulping step. 

In 1993, the U.S. paper industry manufactured about 77.1 million tonnes 
of paper and paperboard products. The average usable energy yield of black 
liquor for the industry then corresponds to about 14 GJ/t of paper manufactured 
(2.6 EJ/[77.1 x 106 t]), or about 2.3 BOE/t. This clearly illustrates the need 
to recover energy from the black liquor, if only to minimize production costs. 
Black liquor can almost be considered to be a co-product rather than a waste 
by-product. If boiler efficiencies were included in this calculation, the need 
to recover and use the energy in the paper manufacturing process would be 
even more apparent. However, these figures also suggest that there is consider- 
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able room for improving the efficiency of the chemical pulping process. The fact 
remains that approximately one-half of the annual primary energy consumed as 
biomass in the United States in the 1990s is attributed to the paper industry. 
Black liquor is available in large quantities and is the mainstay of this consump- 
tion pattern. 

Energy Potential 

The energy potential of black liquor, 1.05 EJ/year, is used commercially and 
is not potential in the sense that it has not been realized yet. If use of the kraft 
process increases, production of black liquor and its use as a boiler fuel will 
also increase. 

Availability 

The pulp and paper industry is the third largest energy-consuming industry 
in the United States. It relies heavily on its captive sources of waste biomass---- 
black liquor, bark, and wood residues--for more than one half of its energy 
needs. In the mid-1990s, black liquor supplied about 40% (1.05 EJ/year), and 
wood and bark supplied about 16% (0.42 EJ/year) of these needs. Fossil fuels 
and purchased electricity made up the remainder, 36 and 8%, respectively. 
Black liquor is a product of the kraft process, so as long as this process is used, 
black liquor will continue to be available. There appears to be no technology on 
the horizon for the manufacture of paper that will change this relationship. 
But research is in progress to improve the efficiency of the pulping process, 
successful development of which might increase the effective energy potential 
of black liquor because less energy will then be required per unit of paper 
manufactured. 

VI. F U T U R E  R O L E  O F  W A S T E  B I O M A S S  AS AN 

E N E R G Y  R E S O U R C E  

Waste biomass contributes a substantial amount of energy to primary demand 
in the United States (see Table 2.9). The energy consumption pattern is similar 
in many other industrialized countries. The energy potentials and availabilities 
discussed here for the United States are summarized in Table 5.6. It is evident 
that additional contributions to primary energy demand can be realized. At 
least 4 EJ/year of incremental energy usage appears to be feasible based on 
the energy potential and available energy estimates. This is equivalent to 
displacing about 1.9 million BOE/day in oil consumption. At a market price 
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TABLE 5.6 Energy Potentials and Availabilities from Waste Biomass in United States 

Energy potential ~ Energy availability 
Waste biomass (EJ/year) (EJ/year) Remarks on availability 

Municipal 
Biosolids 0.16 0.16 Reduced on treatment 
MSW 2.5 1.6 Excludes landfills 

Agricultural 
Cattle 2.75 0.5 Estimate 
Other livestock 0.25 
Commercial broilers 1.40 0.7 Estimate 
Other poultry 0.19 
Corn 1.49 0.3 Estimate 
Soybeans 0.75 0.1 Estimate 
Wheat 1.10 0.2 Estimate 
Barley 0.19 0.05 Estimate 
Rice, rough 0.15 0.05 Estimate 
Sorghum 0.10 0.02 Estimate 
Other crop residues 0.45 0.15 Estimate 

Forestry 
Logging slash > O. 66 > O. 2 Minimum 
Bark and wood 1.86 0.11 0.42 EJ/year already used 

Industrial 
Black liquor 1.05 1.05 EJ/year already used 

Total 15.05 4.14 

aThe energy potentials of agricultural crops have been adjusted to take adverse soil impacts into 
account (Table 5.5). 

of $20/bbl, this cor responds  to about  $13.61 bil l ion/year in avoided cost for 

impor ted  oil. 
The new, incrementa l  energy cont r ibut ions  that can be obta ined from waste 

biornass will depend  on future gove rnmen t  policies, on the rates of fossil fuel 

deplet ion,  and on extrinsic and intrinsic economic  factors, as well as the 
availability of specific residues in areas where  they can be collected and utilized. 

Envi ronmenta l  regulat ions will affect how the producers  dispose of waste 

biornass and whe the r  energy applications can be justified. Extrinsic economic  

factors include the costs of compet i t ive  energy resources,  the costs of existing 

disposal methods ,  the costs of any manda ted  disposal methods ,  and in some 
cases, the markets  for recyclables. The intrinsic economic  factors include the 
costs of collection and  t ranspor t  of the waste biomass to end-use  site or market ,  
and convers ion  costs to energy or fuel. All of these factors should  be examined  

in some detail to evaluate the deve lopment  of incrementa l  energy cont r ibut ions  

from waste biomass.  
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