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Section 1

INTRODUCTION

Recent projections of potential energy recovery from biomass im the
United States vary widely. The Office of Technology Assessment (0TA) predicts
that by the turn of the century between 12 and 17 quads per year (1 quad
equals 1013 BTUs) could be derived from biomass and selected wastes depending
uponn cropland availability, development of efficient conversion processes and
level of policy support (OTA, 1980).l Biomass derived energy in these quanti-
ties would at that time constitute about 15 percent of projected energy con-—
sumption (100 quads) (Hayes, 1977; CEQ, 1978; Hall, 1981, p. 99). Estimates
from the Department of Emergy (DOE, 1982) are much more pessimistic and envi-
sion that the conversion of biomass would result in only 3 to 5 quads of
energy equivalent fuels. The lower end of this range is less than twice the
current commercial contribution of wood (1.8 quads or 850,000 barrels of oil
equivalent per day).

Biomass may be broadly defined as all forms of plant and animal material,
grown on land, in or on the water, and substances derived from biological
growth, such as animal, plant and human. Biomass wastes, containing carbo-
hydrates and hydrocarbons, provide a feedstock for direct energy conversion or
the production of several carbon-based fuels. Some of the more obvious bio-
mass sources include agricultural wastes such as residues, crop silviculture
(forest cultivation), mariculture (marine plant cultivation), domestic animal
wastes and municipal solid waste. Carbohydrate wastes and residues contain
sugar, starch, cellulose, and lignin. Sugar and starch are primary products
of grain crops while wastes from logging operations and the straw, stover,
stalks and hull residues of agricultural production have a high cellulose and
lignin content (Tillman, 1978). The source of biomass, as well as the amount
and type of fuel used in the conversion process, largely determine the actual
process and fuel that can be produced. For example, wood can be used to make
either methanol or ethanol, but methanol is the more common liquid fuel
product. In contrast, bilomass which is higher in sugar and starch is used in
digestion and fermentation processes to produce ethanol. Animal, municipal,
and human solid waste are usually anaerobically digested to produce synthetic
natural gas with a high methane content.

Because of the importance of the type of biomass in energy conversion, &
first step in understanding its potential role in energy production is to
estimate availability. The primary purpose of this report is to contribute to
this inventory of readily available feedstocks for energy production from

1The OTA forecast of energy from biomass includes 10 quads from wood, O to 5
quads from grasses and legume herbage, 1 quad from crop residues, and 0.3
quads from manure. Anderson and Tillman (1977) estimate that the amount of
biomass readily available for enmergy in the United States is 230 million tons
(dry matter equivalent). Larson (1977) estimates that annual residues from
food crops total 330 million tons of which perhaps 20 percent is harvestable.
Estimates of manure tonnage generated yearly range from 210 (Loehr, 1968) to
250 million tons of which 46 million tons (Smith et al., 1979) to 135 million
tons (Van Dyne and Gilbertson, 1978) can be collected and anaercobically
digested to produce 0.3 to 1.0 quads.



biomass. The scope for such an inventory could be quite extensive. However,
our attention is limited in three important respects. First, the biomass
inventory considers only those sources pertinent to the United States Depart—
ment of Agriculture (USDA) program for energy from agricultural crops and
residues. These sources include crop residue, animal manure, and industrial
waste remaining from food processing operations but exclude biomass from
forests and timber products. Second, because the Department of Energy is
responsible for projects of all sizes where the principal feedstock is munici-
pal wastes, aquatic harvests, and silviculture, these sources of biomass are
excluded as well.

Finally, this particular report is limited to a consideration of the
northeast United States.2 Consequently, we assume that the scope for conver-
sion of grain to ethancl is limited because of the limited cropland suitable
for feed grain production and competing feed demand from the dairy and eother
livestock industries in the Northeast. Similarly, any potential farm or
industrial biomass sources that come from practices or processes that are not
vet well established in the Northeast are considered beyond the scope of this
analysis. Thus, the likelihood of commercial development of hydrocarbon bio-
mass sources such as hevea, guaycile, or Jerusalem artichoke is considered too
small to warrant consideration.

Biomass availabilities are considered from two different viewpoints. The
first is the technical availability of collectible residues and wastes
irrespective of collection and conversion costs or other economic considera-
tions. This approach does not ignore, however, the costs implicit in erosion
and nutrient loss in the case of crop residue collection, the impracticality
of manure collection for range fed beef, or by-product production and energy
generation currvently utilizing industrial wastes.

A second approach is to determine residue availabilities in the context
of conversion viability. Here, attention is directed to optimally sized
conversion facilities, and availability of requisite feedstocks within some
critical distance of the plant, defined in part by the cost of transporta-
tion. For example, the optimal size of a biomass fueled electric power plant
or synthetic fuels plant is determined by a trade—off between economies of
size typically encountered among utilities and the cost of transporting
feedstock te the conversion plant. Economies of size enjoyed by large conver-
sion plants may be matched by the cost savings associated with mass producing
a large number of smaller conversion units. Further, in industrial applica-
tions, size is determined by the needs of the industrial plant rather than on
the basis of the size of the boiler alone. Because the number of sites where
large quantities of biomass are available to a single plant on a continuing
basis are limited, fullest utilization of biomass resources for thermo chemi-
cal conversion may require the development of small-scale, mass-produced units
(OTA, 1980, p. 129). 1In general crop residues in counties with insufficient
residue densities to support a 5 million gallon/year methanol plant are
exciuded from the second inventory approach. Likewise, animal wastes gener-
ated on farms with fewer than 50 confined beef amimals, 50 dairy animals,

2Inventories for other reglons are being prepared elsewhere. To the extent
possible, these studies are based on a consistent methodology and when all of
them are completed, it will be possible to obtain a national inventory of
potentially available biomass for energy conversion.



10,000 layers, 30,000 broilers or 100 swine are insufficient to warrant
jnvestment in a digester and are ignored for inventory purposes.

The remainder of the report is organized into four sections. The follow—
ing two sections describe the procedures used to estimate inventories and
collection costs for crop residues and animal wastes, respectively. The third
section briefly discusses the potential for food processing wastes. A final
section summarizes the results and draws policy conclusions. To assist the
reader in placing the inventory estimates in proper perspective, a brief
description of the various biomass—-to-energy conversion processes and on
appraisal of their economic feasibility is given in Appendix A,



Section 2

AVATLABILITY OF CROF RESIDUES

Crop residues are the stalks, stems, and leaves of a crop which are
normally left on the field after harvest. In actual quantity, they may often
equal or exceed the weight of harvested grain and fruit. As they are only
sporadically collected for use as animal bedding or feed, they have been
widely evaluated in recent years as possible biomass feedstocks for energy
production (Flaim and Hertzmark, 1981). The most promising conversion pro-
ceggses using crop residues as feedstocks include: direct combustion, gas
production (either producer gas or methane), and liquid fuel producticn
(either methancl or ethancl).

Intelligent choices on the use of crop residues in energy production
require a careful evaluation of actual quantities available and their cost of
acquisition. Available residues are those quantities over and above what is
needed for essential ercsicn control, are collectable mechanically and stor-
able. Costs of acquiring harvestable residues include foregone agronomic
nutrient value, and harvest, storage, and transportation costs. The long—run
residue price will also depend on local markets for residue which conceivably
could vary widely from region to region.

This section outlines the methodology for estimating available crop resi-
dues. Briefly, the methodology makes use of topographical soils and farm
management data from the National Rescurce Inventory (NRI) and crop data from
the Census of Agriculture to estimate county level residue availabilities.
Harvestable residue estimates for 1978 are based on data from the Census of
Agriculture and residue projections for the years 1985 and 1990 make use of
national (NIRAP) crop acreage and yield forecasts for the Northeastern states.

The quantities of residues availlable for energy conversion are expected
to vary with farm management practices and so a sensitivity analysis
simalating three levels of farm management is included for 1978 and the two
forecast pericds.

METHODOLOGY FOR MAXIMUM RESIDUE HARVEST

Although crop residues are pepularly viewed as waste products from crop
production, they do have significant agronomic value in United States agricul-~
ture. Larson et al. (1978, pp. l2-14) note that crop residues provide plant
nutrients, improve soil structure, regulate soll moisture, air, and tempera-
ture relatioms, reduce runoff and erosion, and make tillage eagier. Perhaps
their most important role, in terms of this discussion on availability, is
that of erosion control. While some of these factors can be easily evaluated
in an economic analysis because there are purchased inputs to serve as a
subgtitute, the long-term destruction of cropland via excessive erosion is
difficult to value.

Removal of residue, under any cultivation system, will lead to increased
topsoll loss. The loss of minor guantities of topsoil may be evaluated on
economic grounds to determine whether residue harvest is justified, but an



excessive rate of erosion may be held a priori as unjustifiable. Residue
removal should only be undertaken where expected soil erosion after collection
is still below a critical erosion rate. If residue collection does not permit
long-term maintenance of soil characteristics, then for purposes of this study
it is considered infeasible.

Larson, et al. (1978) were among the first researchers to address crop
residue collection from the standpoint of its impact on goil erosion. Their
methodology is largely based on procedures developed over the last 30 years by
the National Runoff and Soil Loss Data Center of the Agricultural Research
Service (now Science and Education Administration) in cooperation with Purdue
University. These procedures are designed to estimate actual and safe erosion
levels for cropland (USDA, 1980).

Two principal methods, based on general climatic conditions, may be used
to calculate soil erosion. The Universal Soil Loss Equation (USLE) applies to
humid areas of the United States where water is the dominant erosive force.
The Wind Erosion Equation applies chiefly to the CGreat Plains states where
wind is the dominant erosive force. Larson et 1. performed their study for
Towa and Southern Minnesota using the USLE.

This equation enables one to estimate the sheet and rill erosion based on
known agronomic, topographic and climatic conditions. The equation for
expected soil loss is a multiplicative function:

(1) E =R*K*LS *C*P,
where
R = rainfall and runoff factor;
K = soil erodibility factor;
18 = topographic factor;
C = vegetative cover and management factors, and
P = support practice factor.

The larger the value of any factor in the equation, the greater the potential
goil loss. Factors R and K are generally beyond the control of the land
manager. R is a function of climate, reflecting quantities and intensity of
rainfall. K is determined by soil particle size, structure, permeability, and
organic matter content. The LS factor is derived from land slope length (L)
and steepness (S). Longer and steeper slopes are more susceptible to ero-
sionm. LS is to some extent alterable by land managers through the use of
terracing and other land management practices, although this is penerally
expensive.

The C and P factors are the ones most subject to management. C is the
ratio of soil loss from land with a specific crop management system to the
soil loss from the same land were it continuously cultivated in fallow. Crop
rotation, residue management, winter cover, and cultivation practices are used
in its derivation. The P factor reflects the use of conservation practices
such as contouring and strip cropping. It is the ratio of soil loss under a:
given conservation practice to one of straight up and down slope cultivation.



Since C and P are both ratios with the worst case in the denominator, their
maximum values are unity.

Once calculated, estimates of soil loss from the USLE may be compared to
an empirically estimated tolerable soil loss (T, in tons/ha) factor.l The T
factor reflects the level of soil loss that can be undergone and still not
materially change the land's long-term economic productivity. An effective
soll erosion control system occurs when the USLE value is less than or equal
to the empirically determined T-value.

Larson et al. (1978) determine values for R, L, and P and then study the
interaction of specified C factors with land slope (S8) and erodibility (K)
factors. The C factor is selected for various rotations and management
practices and then is varied to allow for differemt residue removal rates.
Figure 1 illustrates for Southern Minnesota the combination of ¥ and S that
will produce an average annual soil loss of 9 metric tons/hectare for a corn-
soybean rotation with different tillage and residue management practices.
Under a reasonable erodibility factor of 0.28, their findings reveal that

Figure 1. Relationship between percent slope and soil K factor on soil
erosion in southern Minnescta. Lines show a computed soil loss of
9 metric tons/ha.

Minnesota R = 150 T = 9 mefric tons/ha
Length of slope = 76 meters

12 -\ Corn — Soybean Retation
Hr 1. © = 0.46; Conv. Till., Residue Removed
10 b 2: ¢ = 0.37; Cons. Till.,, 76BD kg/hs Residue
gl 3 ¢ = 0.27; Cons. Till.; 3360 kg/ha Residue
B sl
o
v 7
E\'D
5k
5 foee
8 l—
3 pe=
2

Soil Factor (K)

Source: Larson et al., 1978.

INRI T-factor estimates are included in the individual inventory data records
and come from USDA soil interpretation forms, Soil Form #5.



under conventional tillage, a 1 percent slope is the maximum from which all
residues could be removed. Under conservation tiilage, 1.3 percent is the
maximum slope from which all but 1500 pounds of residue could be removed, and
2.8 percent is the maximum slope from which all but 3,000 pounds of residue
could be taken. Given a scenario where all residues were to be remcved,
Larson et al. (1978, p. 8) estimate that for the regiom of Iowa and Southern

Minnesota, anywhere from 1 to 57 percent of the land area could be harvested,
depending on specific subregions, without contributing to excessive soil loss.

Larson EE_Elf used data from the 1967 Conservation Needs Inventery,
various other published and unpublished scurces, including personal communica-
tions, and judgment. Reasonably accurate estimates of crop rotations and
management factors were crucial to the studies. Although management factors
appear to have been assumed, rotations were derived from USDA data for 1974 by
soll type. This approach is necessarily broad and may not capture actual
management levels in practice. That is, the assumption that conventional
tillage (management level unspecified) is practiced with a P factor reflecting
worst contour practices does not allow for superior management practices that
might permit residue harvest and which are undoubtedly practiced by many
farmers.

Thus, expansion of the Larson et al. methodology beyond southern
Minnesota and Iowa would require a significant expenditure of time and effort
and would necessitate broad assumptions concerning crucial management factors.

DATA ASSUMPTIONS AND AGGREGATION

Since the Larson study was completed in 1978, the 1877 National Resource
Inventory (NRI) data collected by the Soil Conmservation Service (5CS) have
been released and provide the necessary USLE component data for sampled crop-
jand within each of the 50 states. Each of the nearly 170 thousand observa-
tions and its associated level of management, topography and other USLE
factors can be categorized by state, resource area, and crop specific land
use. Where appropriate, computations in this analyses employ the NRI data in
their raw, disaggregate form. Harvestable acreage percentages and USLE compo-
nents are caleulated from these data and are aggregated by crop, state, and
resource area. This cross—sectional partition and its methodological useful-
ness is most readily discussed in the context of a three dimensional matrix,
with crops and resource areas occupying the rows and columns of a series of
tables, one for each state. A particular cell of this three-~dimensional
matrix might contain eight observations for New York corm acreage in Resource
Area 144B. When aggregating point estimates to the crop, state, and resource
area cross—section totals, NRI expansion factors provided for each sample
point are used to weight observations by the total area they represent. The
expansion factors are approximations of total nearby acreage with characteris-—
ties similar to the sample point. Although the NRI sample is drawn to be
random at the state level, it is argued that any bias introduced by aggrega-
tion to state-resource area partitions is moTre than offset by the resource
area variation captured at the more disaggregate level. In short, the NRI
data allow estimates of harvestable crop residues to be calculated im the

2Resource area boundaries are determined by the Soil Conservation Service
(USDA-SCS, 1978).



spirit of Larson with fewer general assumptions about erosion factors, land
management characteristics and other important factors.

Basically, the procedure is to take the USLE data for each point esti-
mate, substitute them into equation (1) and test the result against the criti-
cal erosion factor T. The acreage represented by every point estimate for
which E is less than T is added to the state-resource area harvestable residue
acreage of the crop which the point estimate represents. Total acreages for
all crops grown within a state-resource area are also summed and from these
figures harvestable acreage percentages can be calculated.

As straightforward as this approach appears there are caveats in the use
of these data, in particular with regard to the C value component. Perhaps
the most serious drawback of the NRI C-factors is that the effects of rota-
tion, level of management, and amount of residue cover assumed in their deri-
vation are inseparable. Thus, it is lmpossible to determine exactly what
impact residue removal would have on a specific C-value. This is an important
consideration since residue removal may need to be curtailed on lands where
pre-residue harvest erosion rates were only marginally below the critical T-
factor. Table 1 illustrates this problem in detail. It shows several corn
cropping scenarios, including continuous corn and various rotatioms, for grain
and silage operations. Silage may be considered a reasonable approximation of
grain with residue harvest under a given management practice. In the case of
caontinuous corn, the variation between grain and silage for the first four
management practices ranges from 3 percent for high management fall plowing to
34 percent for high management spring plowing. Perhaps more importantly,
compensation for a change in residue management could be made through a change
from fall to spring plowing or in rotation management. For instance, refer-
ring again to continuous corn, by moving from low management spring plowing of
grain to high management spring plowing of silage, the € value actually falls
by 13 percent. Similar examples can be found throughout the various rota-
tions.

The NRI C-value data is also specific to corn observations. The data for
corn acreages do not differentiate between corn grown for silage and that for
grain. Since very little residue remains from corn grown for silage, C—values
for this acreage will be higher than that for grain corn acreage. Since there
is no way of distinguishing a grain corn from a silage corn point estimate in
the NRI data (prior to harvest), C-values for acreage devoted to silage corn
cannot be separated, and the resultant C-values used for grain corn are biased
upward. Some algebra reveals that this bias is approximately offset by resi-
due removal of all but 2,000 pounds/acre, an amount which is considered to be
uncollectable.? However, in determining the degree of bias in the C-values,
data limited a comparison to fall chisel practices with varying amounts of

3Ideally, one would want to estimate a C value, C, which is a weighted average
of the € values for corn grain, Cg, and corn silage, Cg,

. Colg + Cgllg

Wy ¥ Wg

where W, and Wy are averages of corn grain and silage, respectively. The
ratio o% grain C-values to silage C-values varies from 0.57 tec 0.82, depending



Table 1. Typical C Factors for Corn Rotations

Low Management High Management Fall Chisel® No-Till in

Rotation® Fall Spring Fall Spring 2000# 4000# Silage Cover
Plow Plow Plow Plow or Residue

Continuous

grain 0.51  0.45 0.39 0.29 0.16 0.11 0.04

silage 0.59 0.58 0.40 6.39 - - 0.07
C30H3

silage 0.25 0.24 0.16 0.15 - - 0.03

grain 0.20 0.19 0.13 0.12 0.06 0.05 " 0.02
C3OH .

silage 0.34  0.33 0.22 0.20 - - 0.04

grain 0.28 0.26 0.18 0.17 0.08 0.07 0.03
020H4

silage 0.17 0.1%6 0.10 0.09 - - 0.03

grain 0.13 0.12 0.07 0.06 0.05 0.04 0.02
C
OH4

silage 0.11  06.10 0.06 0.05 - - 0.02

grain 0.09 0.07 0.04 0.04 - - 0.01
C2H4

silage 0.24 0.23 0.15 0.13 -~ - 0.04

grain 0.12 0.17 0.13 0.12 0.07 0.04 - 0.03
CBH3

silage 0.34 0.32 0.21 0.19 - - 0.04

grain 0.27 0.25 0.19 0.17 0.07 0.05 0.03
€3ty

silage 0.24  0.23 0.15 0.14 - - 0.03

grain 0.19 0.18 0.12 0.11 0.06 0.05 0.02
C2WH4

silage 0.16  0.15 0.09 0.08 - - 0.03

grain 0.12 0.11 0.07 0.06 0.05 0.04 0.02

Source: U.S.D.A. Soil Conservation Service, New York Technical Guide (1980).

4C30Hy refers to a rotation of three years corn, one year oats, and three
years hay.

brhe headings refer to uncollected residue quantities in pounds.
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residue removal and across various rotations. C-factor differences are likely
to be greater for low and high management practices, and less for no-till.

On the basis of the analysis in footnote 3 and in order not to complicate
excessively the data processing, the assumption that the C-value's bias for
corn grain is offset by residue removal was made. To the extent that minimum
and no till practices are not yet widely adopted and spring and fall plowing
are predominant practices, the baseline scenario (as embodied in the 1977 NRI
data) slightly overestimates barvestable residues. On the other hand, it
seems reasonable to assume that minimum and no-till practices will be more
widespread in the forecast period. If this is in fact the case, the baseline
scenario demarcates a lower bound for available corn residues.

While this solves the problem of residue removal on C-values for grain
corn, what about other crops? Unfortunately, there are no data available upon
which to base an adjustment. Whenever oats and wheat are grown as part of a
corn rotation, the preceding analysis applies and the effects of residue
removal can be ignored. 1In order to test the semsitivity of changing C-values
for crops other than corn when they are not part of a corn rotation, the G-
value was increased 25 percent for these crops and harvestable acreage per-—
centages were determined again. Under this assumption, harvestable acreage
percentages for wheat in the Northeast declined 7 percentage points, from 54
percent to 47 percent and oats declined from 48 percent to 40 percent. Given

3 (cont.)

on rotation and management practices. The differences decrease as practices
improve. If one assumes that on average '

Cy = 0.7 * Cg, then

g %
s " 5.7 FWg * Cge

in New York, Wg = 0.52 and Wy = 0.48. Thus,
— N Cg .
C = 0.52 6:7-+ 0.48 Cg

Cg =C/1.22.

Under these assumptions, Cg is biased upward (Cg is about 22 percent

lower than the reported C) by 21.4 percent in New York. In Pennsylvania, W
0.26 and Wg = (.74 and Cg is biased upward by 11.1 percent.

S=

Another important factor affecting the C values is the proportion of
residue actually removed. When fall chiselling is practiced and residue
removal is increased so that residue cover is reduced from 4,000 pounds/acre
to 2,000 pounds/acre, the increases in the C values by rotation are: 45
percent increase continuous corn; 20 percent increase C30Hg; 14 percent C40H;
25 percent CpO0H,; 40 percent CgHy; and 20 percent C3WHg (USDA, 1980). Thus,
to the extent that rotations such as CqHg and continuous corn are not
predominant, the effects of C-value bias on grain corn and C value increases
due to residue removal largely offset one another and can be ignored for
purposes of this study.
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the uncertainty surrounding the impact of residue harvest on C-values for
acreage devoted to these other crops, the analysis proceeds on the basis that
current C factors can be sustained even with residue harvest. Since residues
from crops other than cornm are important in only a few of the areas included
in this study, this assumption has relatively little bearing on the outcome.

The preceding discussion of the NRI C-values focused on the effects of
residue removal on the C-value at a point in time. Important also is con-
sideration of the dynamic effects of changing farm practices on those USLE
components which are farmer controlled. As previously mentioned, these are
the C-values and P-values. It is possible that, over time, improved manage-
ment practices may allow for the harvesting of acreage currently unsuitable
for residue removal. This is especially true if demand for the residues
increases the economic motivation for undertaking such practices.

NRI data for P-factors for the Northeastern states suggest that most of
the cropland is not contoured. For no crop is the P-value less than 0.941 (up
and down hill farming = 1.00). Since the P-value is so uniformily high, the
general concensus must be that it is impractical or uneconomic to contour
fields. There is little basis on which to forecast changes away from current
practices and as such this study makes the assumptions that P-values will not
deviate significantly in the forecast pericd from their 1977 values.

Analysis of the data also indicates wide variation for crop specific
C-values even within a state and resource area. The wide range of values for
a fairly homogenous region suggests that better practices have been adopted by
some farmers and assuming profit maximizing behavior, that these practices
make economic sense. To simulate adaptation of better rotation and tillage
practices, two scenarios (in addition to the baseline scenario where no
ad justment was made to the C values) are included. Both these scenarios
ad just C-values by crop, state and resource area downward. These three
simulations serve as a sensitivity test and the baseline scenario can be
viewed as the most conservative of the three estimates. :

Considerable attention has been directed toward the C and P values since
these depend on farm management practices. Determination of harvestable
acreage in this study assumes all other components of the USLE are fixed at
1977 levels. The fact that they are held constant does not mean that they are
unimportant. Although generally all of the USLE factors are lower for land
meeting erosion standards, in most cases it is the LS factor that varies the
most. For the most important residue crops (corm, wheat, and oats), the LS
factors are 4.8, 3.5, and 2.9 times larger, respectively, for acreage with
excessive erosion than for acreage at safe levels. The slope percentage is
the dominant cause of the LS factor differential. Of the remaining factors,
none appears to outweigh the C-value in importance. The € factor for
excessive erosion acreage is on average 57 percent higher than for those lands
meeting the T standard.

This closes the discussion of the NRI data, its problems, and the criti-
cal assumptions necessary for its use (along with the USLE) in the context of
residue availability. The next section describes in more detail the specific
methodology used at Cornell to compute harvestable acreage percentages and
crop residue availability in the Northeast and it is followed by an analysis
of collection costs.
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HARVESTABLE RESTIDUES AND COUNTY RESIDUE DENSITIES

Harvestable crop residues at county and state levels and county harvest-
able residue densities can be estimated by determining harvestable acreage
percentages from the NRI data, multiplying the percentages by grain production
data from the Census of Agriculture, converting the grain data to residue
equivalents, and adjusting for storage losses. After a brief discussion of
partitioning and preparation of the data for three residue scenarios, these
elements are discussed in detail.

The National Resource Inventory data tape is first stripped of those
records pertalning to the Northeast states and to row crops, close grown
crops, and vegetables. After discarding records with incomplete USLE figures,
the data are partitioned across the nine states, thirteen resource areas, and
sixteen crops included in the Northeast residue matrix.

As discussed above, the C-value component is the principal variant in the
residue availability analysis. The three residue scenarios included in this
study are ultimately based on varying degrees of farmer adaptability to better
management practices. Implicit in the USLE data is a range of farm practices
quantified in the C-value measure. Where these values have a large variance,
there is probably potential for further adoption of the better practices. So
in preparation for the different scenarios, standard deviations in C-values
are first calculated for all crops grown within a particular state's resource
areas.

C-values given in the 1978 NRI data serve as the basis for the residue
availability baseline scenaric. For two cother simulations, C-values are
allowed teo vary by an amount dependent on 1978 C-value variance for a particu-
lar cell. In the second scenario, C-values or a specific point estimate are
adjusted downward by ocne standard deviation of C-values within the cell and
can be expressed as follows:

= ]
(2) CPE CNRIPE CSRA

where:

CPE is C~value for the second scenario for a particular sample point
{single observation) within the crop-state resource area cell.

CNRIPE is the 1978 NRI C-value for a particular sample point within the
crop—-state resource area cell.

is the standard deviation of C-values across all sample point

O v
RA .,
C8 within the state resource area cell.?

4When there were too few observations within a particular state's portion of a
resource area to have confidence in the estimate of the standard deviation,
the crop specific standard deviation for the entire resource area is used
insgtead.
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In the third scenario, C-values are also adjusted downward, but the
standard deviations are weighted by the ratio of C-value at the sample point
to mean crop C-value for that particular state, and resource area. The logic
behind this adjustment is that the potential for realizing further reductions
in C-values due to improved management practices varies inversely with the
existing C-value. This adjustment procedure can be expressed as

CNRL
(3) - PE .
Cpg = CNRlpg - °csra
CERA
where:
[9 is the mean C-value of all point estimates within a crop-state-

CSRA
resource area cell.

A lower limit for the resultant C value in both the gecond and third
scenarios is placed at 0.02 to prevent them from going negative or attaining
unrealistically low values (see Table 1)-

Harvestable Acreage Percentages

For each of the three scenarios, harvestable acreage percentages (e.g.
the percent of cropland in a given crop for which the residue can be har-
vested) are calculated by summing the expansion factors for a particular crop-
state-resource area cell that reprvesent observations meeting the critical T
value erosion standard of the USLE and dividing by the sum of all expansion
factors for the cell. Harvestable acreage percentages are also calculated for
crop-resource area partitioms in the matrix and include observations from all
states covered by the resource area. '

In some cases, the C-value adjustments of simulation 2 and simulation 3
are quite substantial. For example, New York State is comprised of five
resource areas; they are 101, 140, 142, 143, and l44a. Resource area 140
covers all New York counties bordering Pennsylvania from Sullivan County to
Chautauqua County (see Figure 2). The average C-value for corn land in this
resource area is 0.25, but the standard deviation is 0.15. The C-value
adjustments result in an increase of harvestable acreage from 41 percent in

5For the less important crops specific to a state-resource area partition,
there are often fewer than three observatioms. In these cases the harvestable
acreage percentages by crop for the entire resource area are substituted.
Occasionally, there are no observations for a crop-resource area partition
even though data from the Census of Agriculture indicate that some of the crop
{s raised for counties within the resource area. Without exception this
problem pertains to the row crops barley, rye, oats, and sometimes wheat.
Thus, harvestable acreage percentages for all other row crops are substi-
tuted. In cases where this alternative is not viable, acreages reported by
the Census of Agriculture are trivial and do not warrant further considera-
tion.
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Figure 2. Resource Areas

Source: [U.S5. Department of Agriculture, SCS, 1978.
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the base simulation to 71 percent for simulation 2. Harvestable acreage in
simulation 3 is greater still; residues may be gathered on 74 percent of all
corn land. Conversely, the C-value adjustments can have little or no effect.
Barley acreage in resource area 147 in Pennsylvania has an average C-value of
0.18 and a standard deviation of 0.04. 1In all three scenarios, however, 65
percent of barley lands may be harvested for residues and improved farm
practices of a scope allowed by simulations 2 and 3 have no bearing on this
outcome.

Although calculation of harvestable acreage percentages was possible
using NRI data, they do not include yield information for the sample points,
and their use in the determination of residue availability would require some
general assumptions about yields by soil class. Furthermere, use of these
sample data to estimate actual acreages by crop is probably less reliable than
data on acreage and crop production reported in the 1978 Census of Agricul-
ture. The NRI data also cannot be disaggregated to the county level and were
not collected to be representative at the county level. Therefore, by combin-
ing data from the Census of Agriculture on acreages and yields with the NRI-
based estimates of harvestable acreage percentages, it was possible to
construct county-level residue estimates.

The fact that yields vary considerably by county, even within resource
areas, makes it desirable to accommodate this level of detail. Furthermore,
from the standpoint of residue usage, transportation costs will undoubtly
prohibit overly centralized processing plants. Residue collection will
probably be limited to an area within an average 25 mile transport distance of
the processing facility but may vary somewhat with plant size and local
harvesting costs. Thus, county level residue totals and demsity figures are
more useful than aggregate state residue totals and densities.

Production and acreage data were gathered from the Census of Agriculture
and land areas by county (needed for residue density estimates) were derived
by dividing total land in farms by the proportion of the county estimated to
be in the farms. Using resource area maps containing county boundary demarca-

. tions, counties were subjectively partitioned to resource area. For the most

part, counties exhibit unique resource area characteristics, but in some cases
are dissected by as many as four resource areas. In these cases, weights are
assigned by inspection to the resource areas comprising each county depending
on the subjective estimate of the proporticn of the county imcluded in each of
the resource areas. These weights sum to one.® For lack of a better alterna-
tive, it was necessary to assume that acreage devoted to speclfic crops in a
county was distributed proportionally to the resource areas using these same
weights.

Ratios of Residue to Grain

Once the crop acreages and production levels for corn, grain, wheat,
oats, ryve and barley are distributed by states and resource areas, one can

6For instance, Franklin county in Massachusetts can be divided among resource
areas 143, 144A, 144B, and 145 (see Figure 2) which were assigned weights 0.5,
0.15, 0.10, and 0.25, respectively.
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proceed to determine total available and harvestable residues. This requires
two additional pieces of information. The first are the biological ratios of
residue to grain, while the second is the efficiency limitation of residue
harvesting machinery.

Technically, biological residue/grain ratios are the amount of plant
material above the soil surface (excluding the panicle) relative to grain
weight at a specified moisture level. The residue may be measured at a
comparable moisture level or on a dry weight basis. Since dry weight basis is
a more appropriate measure of residue energy potential, it is the dry weight
ratios that are adopted for this analysis.

Larson et al. (1978) provide a series of ratios for crops most commonly
grown in the United States. Their ratios were subsequently reviewed by Pierce
in an unpublished study, leading to significant downward revisions for oats
and soybeans. The ratios, including the revisioms, are given in Table 2.

The residue ratios for a given crop would be expected to vary by hybrid
type, yield, and degree of die-down prior to harvest. Higher yielding hybrids
probably have lower residue ratios than less prolific varieties. However,
greater plant density may temper the extent to which this is true. Considera-
tion must also be given to the post—harvest condition of the residue. For
example, soybean plants at full growth have 1.5 pounds of dry matter residue
per pound of beans, but the plant's leaves generally die and fall to the
ground prior to harvest. A similar problem exists for potatoes. For these
reasons, corn, wheat, rye, oats, and barley are the only crops considered to
have residue potential.

Table 2. Ratics of Residue to Grain

Crop Dry Weight Ratio
(straw/grain)

Barley 1.5
Corn 1.0
Cotton 1.0
Oats 1.48
Rice 1.5
Rye 1.5
Sorghum 1.0
Soybeans <1.08
Wheat

Winter 1.7

Spring 1.3

Source: Larson, et al., 1978, p. 3.

8Revised downward from the figures of Larson et al. by Francis Pierce,
University of Minnesota.
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To obtain an initial estimate of the weight of avallable residue by crop
on a per acre basis, the ratios in Table 2 are multiplied by the weight of
grain associated with the per acre yields reported in the Census of Agricul-
ture. These greliminary estimates were then adjusted to reflect harvesting
difficulties. After accounting for these losses, corm and wheat generally
yield the highest quantity of total residue per acre, and oats yield the
lowest. For example, for New York State, average residue yields per acre for
corn, wheat, barley, rye, and oats are 1.36, 1.45, 1.23, 1.08, and 1.05,
respectively.

Storage Loss

Energy production from residues ig 1likely to be a year—round activity to
make the maximum use of conversion equipment. However, harvesting of residues
will occur over a brief period of time following grain harvest. Consequently,
residues must be stored. In the case of on-farm energy producers using their
own residues, storage will occur on the farm. Centralized energy producers
may store residues at plant site or on the farms where the residues were
collected. Centralized storage is probably too expensive, as residues are
bulky and the rental on industrial land needed for storage is expensive.
Seientists at Purdue University estimate a 1000 ton/day conversion faeility
would require 300 acres of storage for a one year supply. Thus, they recom-
mend on-farm storage of residues, preferably next to all weather roads (Tyner
et al. 1979). These inventories would be drawn on as needed by the central-
ized facility. Throughout the remainder of the analysis, it Is assumed that
storage is on the farm and harvestable residue is measured net of storage
losses. This amount is what must be transported to the facility.

Storage losses vary by storage methods. Flaim and Young (1981) estimated
six month storage losses for corn stover under various storage conditions;
these are shown in Table 3. It is clear that indoor storage causes the least
gspoilage, but is also costly. Outdoor storage under humid conditions leads to
dry matter losses ranging from 15 to 20 percent. If stored under plastic,
outside storage losses may be reduced by half.

Regardless of the storage method, some losses will occur and residue
availability will be reduced. If outdoor storage without plastic 1s assumed,
availability after harvest must be reduced by as much as 20 percent, although
for this analysis a 15 percent overall loss is assumed. If one were concerned
about this assumption and had more accurate information about storage proce-
dures in certain regions of the Northeast, the results could be modified
accordingly.

TBecause these ratios reflect the total mon-grain plant matter above ground,
they also reflect residue that cannot be harvested. Scientists at Purdue
University estimate that, for corn and sorghum, one ton per acre oOr 37.5
percent of residue is uncollectable, whichever is greater. For wheat and
other close grown crops, Purdue estimates that 500 pounds of residue per acre
will be uncollectable. These amounts are gubtracted from county per acre
residue estimates (Tyner et al. 1979).
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Table 3. Estimated Six-Month Storage Losses For Corn Stover

Climate Package Qutside Losses Qutside In Pole
Technique with Plastic Barn
""""""""" percent - - - - - - - -
Humid Round Bale 15 ' 7 5
Humid Stack 20 NR3 5
Semi-arid Round Bale 10 6 3
Semi-arid Stack 15 NR2 5

Source: Flaim and Young, 1981.
4NR = not reported.

Harvestable Residues

Combining the county level grain production data, the residue conversion
ratios, the resource areaz composition of a county, harvestable acreage per-
centages from the appropriate state-resource area cell, and allowing for 13
percent storage losses, county level residue availability can be computed as:

(4) HRS. = PROD,, * wj * (RESI/GRAIN)j *

n S % - .
ci ci Fi_ H,ACRPchi) (1 .15);

iEC

where

HRS is the total tons of harvestable residue (in tons) (adjusted for
i storage losses) by county, €, and crop, j, for each of three
scenarios, §;

PRODC. is county level crop production for each county, C, and crop j (in
J bushels);

Wj is the weight in tons of per bushel of crop j;
(RESI/GRAIN)j ig the residue to grain ratio for crep, j;

F; is the fraction of the land area assigned to resource area I within a
county, c;

HACRPCS is the harvestable acreage percentage for county C, crop j, and

resource area i, which may vary by scenario §5;

S are scenarles that assume diffevent C-value for the USLE in calculating
HACRPC; S=1 is the base; C-values for S=2 and $5=3 are given by
equations (2) and (3) respectively.
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Harvestable residues and residue densities in tons per square mile are
calculated at the county level; these harvestable residues in turn are aggre-
gated at the state level. Residue densities are an important determinant of
collection and conversion feasibility. If, for example, collection is limited
to a 37 mile radius, (25 wile average traveling distance), a relatively small
methanol conversion plant requiring 50 tons of residue daily cannot be
supported with a harvestable residue density of less than 4.6 tons/square
mile. Densities at the state level are meaningless owing to the fact that a
significant portion of land in the Northeast is not devoted to crop production
and the prohibitive transportation costs involved in overcentralized location
of processing plants. Transportation costs are discussed in detail below.

County harvestable residue yields by crop in tons/acre are calculated on
the basis of county wide crop yields on all acreage, since there 1s no way of
differentiating vields on acreage which meets evosion standards from ylelds on
acreages which do not. If crop yields are higher where farms are better
managed and hence residue harvest is possible, this assumption implies a
conservative bias to the estimates of residue yields/acre. Residue yield
estimates by county and crop are used below to determine residue collection
costs; overall collection costs are extremely sensitive over the range of
yields up to about 1 ton/acre.

Forecasts

Up to this point, the discussion has focused on the residue estiwmates for
1978. 1In addition, forecasts of residue availabllities are made for the years .
1985 and 1990. The forecasts are based on NIRAP projections of agricultural
production by state and crop. These projected acveages are allocated to
counties on the same basis as the 1978 Census of Agriculture crop acreage
distribution among counties within a state. State level percentage changes in
yields during the forecast periods are assumed to affect all counties uniform-
ly. Then, the entire process of enumerating county level harvestable residue
totals, densitles, yilelds and state level residue totals by scenario is
repeated for the two forecast periods. Three sets of county resldue avail-
abilities by crop are thus generated for each scenarie, one for the 1978 base
year and one each for the forecast periods. The three sets of county crop
residue availabilities become inputs to the calculation of collection costs.

RESULTS

Tables 4, 5, and 6 contain state harvestable residue estimates for the
three simulations for 1978 and the two forecast periods. In 1978, under the
base simulation conditions, it is estimated that the nine Northeastern states
could harvest 1.27 million tons of crop residue. These estimates rise by 75
and 69 percent under the changes in management practices implied in the new
USLE parameters for simulations 2 and 3, respectively. As the Tables suggest,
Pennsylvania, New York, and New Jersey generate the largest residue tonnages.
These three states account for 96 percent of the residue for the base simula-
tion, with corn and oats being by far the two wost important contributors.
The situation is the same for the remaining two simulations.
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Table 4. 1978 Harvestable Crop. Reslduee

State Corn Wheat Barxley Rye Qats Total
-------------------- BONB = — = = ~ =~ = =~ = = = = = = = =~~~

Connecticut

Simulation 1 1,000 0 o} 0 0 1,000

Simulation 2 2,700 0 o ¢ 0 2,700

Simulation 3 2,400 0 o] 0 ' 0 2,400
Maine

Simslation 1 1,700 1,600 200 100 39,000 52,600 -

Simulation 2 2,300 1,600 200 100 - 39,000 43,100

Simulation 3 2,300 1,600 200 100 39,000 43,100
Massachusetis

Simulation 1 1,100 [y 0 100 100 - 1,200

Simulation 2 3,400 0 0 100 100 3,500

Simulation 3 3,800 0 0 100 100 4,000

New Hampshire

Sipulation 1 1,100 o 0 0 0 1,100
Simulation 2 1,300 0 0 ] 0 1,300
$imulation 3 1,300 0 0 0 0 1,300

New Jersey

Simulation 1 36,900 15,400 12,300 1,000 500 66,100

Simulation 2 88,000 20,400 13,500 1,100 2,500 125,500

Simulation 3 78,700 24,800 15,800 1,300 3,400 123,900
New York

Simulation 1 253,200 9,400 3,600 1,000 99,700 366,800

Simulation 2 495,900 37,100 3,800 1,000 149,400 687,300 .

Simulation 3 465,700 37,100 6,000 1,700 142,900 653,300
Pamnsylvania

Simulation 1 595,600 46,000 27,800 200 118,900 788,500

Simlation 2 ‘1,117,300 60,800 27,800 2,000 150,700 1,358,600

Simulation 3 1,067,100 60,800 27,800 2,100 130,000 1,307,800
Rhade Island

Simulation 1 0 0 1] +] 0 4]

Simulation 2 0 0 3] G : 0 0

Simulation 3 Q 0 [ 0 +] ]
Vermont

Simulation 1 1,000 100 100 0 700 1,900

Simulation 2 3,700 100 100 : ¢} 700 ’ 4,500

Simulation 3 3,200 100 100 0 700 4,100

Note: Simulation 1 reflects unadjusted USLE C-value component. Simulation 2 reflects USLE C-vglue
adjustment deacribed in equation {(2). Simulation 3 reflects USLE C-value adjustment described in
equation (3).
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Table 5. 1985 Harveatable Crop Besidues

State Corn Wheat Barley Bye Qata Total
———————————————————— tuns-----—--—-~--—---—---‘
Connacticut
Simulatien 1 0 0 0 o 0
$imulation 2 0 a 0 a a 0
Simulation 3 0 0 4]
Maine
Simulation 1 i) G Q - 1] 26,300 26,300
Simulation 2 M) 0 Q Q 26,300 26,300
Simulation 3 g 26,300 25,300
Massachusetts
$imulation 1 0 1] a t] 0 0
Simulation 2 0 0
Simulation 3 ] 0 ¢] 1] 0 0
New Hampshire
Simulation 1 0 0 Q [+] 0
simulation 2 4]
$imnlation 3 0 [ 0 0
New Jersey
Simulation 1 20,800 34,600 17,700 4,300 800 78,200
Simulation 2 49,600 46,000 19,400 4,600 3,900 123,500
$imelation 3 44,300 « 55,700 22,700 5,300 5,300 133,400
Hew Yotk
Sirpulacion 1 433,900 33,800 6,500 2,000 1101,700' 618,000
Simulation 2 850,500 133,200 7,100 2,100 212,400 1,205,300
Simulacion 3 798,400 133,200 11,000 3,700 203,200 1,143,500
Pennsylvania
Simulation 1 717,000 102,100 58,900 600 217,200 1,095,700
simulation 2 1,345,000 135,100 58,900 5,800 275,300 1,820,000
§imulation 3 1,284,700 135,100 58,900 6,200 274,000 1,756,900
Rhode Island
Simulation 1 0 0 0 o] Q
Simulation 2 0 0 0
Simulation 3 0 0 0 0
Vermont
Simulation 1 o 0 ] 1,200 1,200
Simulation 2 0 v} 1] 4] 1,200 1,200
Simulation 3 0 0 0 ] 1,200 1,200

Note: GSimulation 1 reflects unad justed USLE GC-value component. Simulatica 2 teflects USLE C~value
ad justment described in aquation (2} Simulation 3 reflects USLE C-valiue adjustment described in
equation (3}.
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Table 6. 1990 Harvestable Crop Resildues

State Corn . Wheat Barley Rye Oata Total
———————————————————— tONs = = = = — = = - . o= e~ e e . - o

Connectleut

Simulation 1 0 0 0 0 [}

Simulation 2 0 0 0 0 0

Simulation 3 o o 0 Q 0
Maine

Simulation 1 0 0 31,200 31,200

Simnlation 2 31,200 31,200

Simulation 3 0 4} 0 31,200 31,200
Massachusetts

Simulation 1 g 0 0 ¢] 0 4]

Simulation 2 0 o 0

Simulation 3 D 1] 0 0 o 0

New Hampshire
Simulation 1
Simulation 2
Simulaticn 3

New Jersey
Simulation 1 18,500 33,400 16,900 4,100 800 73,700
Similation 2 44,100 44,500 18,500 4,400 3,700 115,200
Simulation 3 39,500 53,900 21,600 5,100 5,000 125,100
New York
Simulatiom 1 486,400 42,300 6,200 2,100 154,000 690,900
Simelation 2 953,700 167,100 6,600 2,200 230,900 1,360,400
Simulation 3 895,100 167,100 10,300 3,700 220,800 1,297,100
Pennsylvania
Simulation 1 782,800 111,500 60,700 600 232,300 1,187,900
Simulation 2 1,468,200 147,500 60,700 6,000 294,400 1,976,900
Simulation 3 1,402,600 147,500 60,700 6,400 293,000 1,910,300

Rhode Island

Simulation 1 0 0. . 0 0 0 0
Simulacion 2 0
Simulation 3 0 0 ] 0 o

Vermont
Simulation 1 0 0 0 0 1,100 1,100
Simulation 2 0 4] o] 0 1,100 1,100
Simulation 3 0 0 0 0 1,160 1,100

Note: Simulation 1 reflects unadjusted USLE C-value component. Simulation 2 reflects USLE C-value
adjustment deseribed in equation (2). Simulation 3 reflects USLE C-value adjustment described in
equation (3).
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Because of the way in which the parameters in the USLE were adjusted, the
relative availabilities of residue are approximately the same across scenarios
for the 1985 and 1990 forecasts. However, NIRAP does forecast important
changes in crop production that affect the volume of collectable residue by
state. In 1985, for example, total available residues are estimated at 1.82
million tons for the nine states. This is a 43 percent increase over 1978
levels in the base simulation and by 1990 there is an additional 13 percent
available. These increases are by and large due to the additional residue
forthcoming from Pennsylvania and New York. By 1985, availability of residue
is projected to increase by 68 percent over 1978 levels for simulation 1 in
New York and by 39 percent in Pennsylvania. New Jersey experiences a modest
increase of 18 percent, while three states, Connecticut, Massachusetts and New
Hampshire, with minimal availabilities in 1978, are projected to have no
harvestable residues by mid-1980.

The differences in projected 1985 and 1990 regidue availabilities result
entirely from NIRAP projections of crop acreage and yields. For 1990, the
largest acreage increases in percentage terms over 1978 levels are predicted
for wheat and rye in New Jersey (72 and 240 percent, respectively), vheat and
oats in Pennsylvania (87 and 128 percent, respectively) and for corn and wheat
in New York (52 and 209 percent, respectively).

The most significant increase in actual acreage devoted to a particular
crop is forecast for New York where corn acreages are expected to increase by
300 thousand acres. NIRAP is also forecasting yield increases through 1990:
over 20 percent for wheat and rye in New Jersey; 18 and 39 percent for corn
and wheat, respectively in New York; and 25 percent for wheat and oats in
Pennsylvania.

County residue estimates and resultant densities by simulation are
reported in Appendix B. The highest densities and tonnages are found in
counties throughout Pennsylvania, New York, and New Jersey. Cayuga, Orleans,
and Seneca counties in New York, for example, all exhibit residue concentra-
tions in excess of 50 tons/square mile and in Pennsylvania, Lancaster,
Lebanon, and Montour generate more than 60 tons of residue/square mile.
Figures 3 through 5 summarize the density information from the first
simulation and display these aveas of the Northeast where the potential for
biomass conversion is the greatest. Before discussing these points, however,
one must understand the costs involved in collection, storage and
transportation.

CROP RESIDUE ACQUISITION COSTS

Although the crop residues reported in Tables 4, 5 and 6 are potentially
available for conversion to fuel without long term consequences for soil
productivity, they have traditionally played an important role in erosion
control and soil fertility management. Traditionally, they have been used
sparingly as fodder and bedding for animals, and until recently their value as
a fuel source was limited by cheap and plentiful hydrocarbon fuels. As a
result, a market delivery price for residues has never been established.

Tn the absence of market prices for residues, the costs of residue
delivery are estimated by engineering methods. These costs may be compared to
the costs of other potential energy feedstocks to determine the viability of
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Figure 3. Residue Densities by State and County, 1978

less than 7.6 tons/sq. mile

ROy 7.6 to 38 tons/sq. mile

539 38.1 to 75.9 tons/sq. mile

# 76 and over tons/sq. mile
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Figure 4. Residue Densities by State and County, 1985

less than 7.6 tons/sq. mile

4 7.6 to 38 tons/sq. mile

138.1 to 75.9 tons/sq. mile

@5 76 and over tons/sq. mile
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Residue Densities by State and County, 1990

less than 7.6 tons/sg. mile

7.6 to 38 tons/sg. mile

38.1 to 75.9 tons/sq. mile

| 76 and over tons/sq. mile
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an energy from residue program. The procedure to estimate residue collection
costs was adopted from Lockeretz (1981, p. 73) and Barber (1979). Barber's
work stresses the operational costs of residue collection based on labor and
capital costs, yields, and transportation distances. He has developed four
equations that provide on~farm collection cost estimates for residues gathered
in large round bales and in stacks for both corn and small grain crops.
Barber's original equations allowed collection costs to vary only with yield;
however, they were later modified to permit variable labor and fuel costs and
to take into account on~-farm storage costs. Costs of transporting the resi-
dues from a farm to a central facility are determined separately. Barber has
provided another four equations for the transportation component of residue
collection costs (Table 7).

Although Barber's methcdology accommodates the estimation of direct costs
involved in residue harvest and collection, it does not consider such indirect
costs as foregone nutrient value of the marketed residue and nutrient loss
through increased erosion of topsoil. These indirect costs pertinent to crop
production in the Northeast are included in this analysis, but for reasons
discussed below, other indirect costs incurred as a result of planting and
land preparation delays, and increased irvrigation aund reserveir maintenance
outlays resulting from increased soil runoff are not considered.

The mechanics of estimating residue collection costs require county crop
vield data, and labor and fuel costs, and some assumptions about sterage and
transportation. Price and crop yield data are obtained in a relatively
straightforward fashion. (The specifics of storage and transportation are
discussed in more detail below and are followed by Lockeretz's ceonsidera-
tions.) The county yield data can be derived from 1978 Census of Agriculture
county production and acreage figures; the data set is a by-product of the
harvestable residue estimation process. Labor costs are the imputed opportun-~
ity costs of farm-operator labor in New York for 1980 (Snyder, 1981, p. 43y
and fuel costs input are New York wholesale diesel prices for the first six
months of 1980 (Crop Reporting Board, 1981). Then price and yleld data are
input to the modified Barber equations to determine residue collection costs
by county, crop, and baling method.

For purposes of this study, it is assumed that residue will be gathered
either in large round bales or in stacks. It is also assumed that New York
labor and diesel prices apply to the entire Northeast. The owner-cperator
labor cost of $7.%96/hour is perhaps too high for general use and it is pos-—
sible that a good portion of residues can be collected by cheaper laber. A
congservative bias is thus built inte collection costs reperted in this study.

Harvesting of residues must generally occur within a one month period of
grain harvest, while residue demand by an energy plant way be continuous over
the year. Thus, storage of residues is essential. Given that land is
generally cheaper at rural sites, on-farm storage is believed to be less
expensive than centralized storage (Barber, 1979). Storage costs are incurred
at either site. The most significant of these costs is due to the opportunity
cost of capital and storage losses.

The costs associated with storage losses are taken ilnto account since the
harvestable residues used as input into Barber's equations are net of storage
losses. The capital costs of storage ave determined for on-farm residue stor-
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age and are based on collection costs alone. It is assumed in this report
that the cost of capital to the farmer is 14 percent, and that the average
storage time is 6 months. Thus, Barber's residue collection cost equations
are multiplied by a value of 1.07 to reflect capital charges.

The cost of collecting corn residue in bales using Barber’s equations is
summarized in Table 8. The costs per ton of collecting residue are of course
highly dependent on numerous assumptions. For instance, a wage rate increase
of $1/hour increases the cost of a ton of corn residue gathered in bales by
$0.68, and every $0.10 increase in wholesale diesel fuel prices increases
collection costs of corn stover about $0.30/ton. The data in Table 7
demonstrate sensitivity of collection cost to changes in tresidue yields per
acre. Sensitivity to yield changes is quite pronounced in the lower range of
corn residue yvields.

The transportation component of residue delivery prices may also be esti-
mated using equations developed by Barber. The equations for transport costs
of corn stover and closely grown crops gathered in bales and stacks appear in
Table 7 next to the collection cost equations. If small scale, on-farm energy
conversion systems are envisioned then residue delivery prices need not
include this transportation component. Scenarios that favor large-scale,
centralized plants producing low BTIU gas, methanol, and ethanol or facilities
that burn residues directly call for residues on the order of 5 million tons
annually and more. Residue delivery prices to such facilities must include
this transportation cowponent.

As the transportation cost equations in Table 7 indicate, hauling costs
are assumed to be linear functions of the distances residues are trucked. The
cost of hauling residue varies according to crop and baling method. Assuming
imputed farm labor costs of §7.96/hour and diesel fuel costs of $0.98/gallon,
the costs of transporting a ton of corn stover bales, corn stover stacks,
straw bales and straw stacks an additional mile are $0.25, $0.38 $0.28 and
$0.42, respectively. ’

All costs determined to this poiat are attributable to actual harvesting,

storage and transportation of residues. Larson et al. (1978) notes that crop
residue contains significant quantities of nutrients which are, of course,

Table 8. Collection Costs for Corn Residue

Collection Cost
Labor Fuel Corn Residue /Ton Baled
Cost Cost Yield (dry ten/acre) Corn Residue
$7.96 $0.98 0.8 $25.21
7.96 0.98 1.0 21.61
7.96 0.98 1.2 19.21
7.96 0.98 1.4 17 .49
7.96 0.98 i.6 16.20
7.96 0.98 1.8 15.19
7.96 0.98 2.0 14.40

Source: Calculated from data described in the text and the equations in Table
7.
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lost from the soil with the residue's removal. Corn residue contains 1.1
percent nitrogen, 0.18 percent phosphorus, and 0.33 percent potassium by
weight (Larscon et al., 1978, p. 6). Using 1981 nutrient wvalues provided by
Lockeretz, this is equivalent to an average of $8.95 per ton of residue in
mutrient value. The nutrient value of a ton of residue would be worth $8.50
if from sorghum, $5.40 if from wheat, $8.30 if from oats, $6.90 if from
barley, and $4.80 if from rye (Lockeretz, 1981, p. 78). In addition, Lockertz
notes that soil lost through increased erosion will contain nutrients.
Although the methodology followed in this analysis has been oriented toward
preventing excessive soil loss, some loss will unavoildably occur due to resi-
due removal. Lockeretz estimates this soil loss will lead to §3 to $6 worth
of lost nutrients for every ton of residues removed (Lockeretz, p. 79).

Lockeretz notes that some decrease in grain yields may be expected as a
consequence of residue harvesting, even when nutrients are replaced. However,
as estimates of harvestable residues in this study have sought to assure that
there is no net depletion of topsoil, this effect can probably be ignored.

Scientists at Purdue note that harvesting of residues may also interfere
with soil preparation operations in the fall. Should this lead to a delay in
spring planting, yleld losses of 1 bushel per day per acre of corn may
result. Actual experience in Indiana showed that in 4 years out of 7, residue
harvest delayed planting and an average reduction of 1.6 bushels per acre was
experienced. At corn prices of $2.70/bushel, this would amount to $4.30 per
acre, and given a harvestable residue of 1.26 tons per acre for Indiana, as
estimated at Purdue, this is equivalent to $3.40 per ton of residue removed
(Tyner et al. 1979}. No comparable walues for wheat or small grains are
available in the literature, nor are any values specific to crops in the
Northeast. 1In general, however, small grains such as wheat are harvested well
before fall, and fall land preparation is not as common in the Northeast as it
is in the Midwest. Thus, no major impact on yield would be expected in our
study region.

Finally, Lockertz notes that soil runoff problems caused by greater resi-
due harvesting may add to the costs of waterway and reservolr maintenance.
Although these costs may be severe in some local areas, Lockertz concludes
their general impact will be minor.

In sum, to obtain estimates of residue collection costs, it appears
reasonable to augment direct harvesting, storage and transporiation costs only
by the value of nutrients lost due to residue harvest. Given a nutrient
values ranging from $8 per ton for rye straw te 512 per ton for corn stover,
opportunity costs of lost nutrients are presented in Table 9.

These costs of residue collection were estimated by crop and county in
the study region with the help of a small computer program written expressly
for that purpose. The results for 1978 and the two forecast periods are
summarized in Tables 10 through 12.8 Group collection costs presented in
these Tableg are average costs of collection across all counties, weighted by
county crop residue tomnnages. Counties are assigned to a group based on their
overall average residue yields per acre. The critical cutoff points for
Groups 1 through 5 are 1.3, 1.2, 1.1, 1.0, and 0.8 tons/acre, respectively.

8Note that residue collection costs include only costs of collectiom, storage,
and hauling and are net of lost nutrient value.
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Table 9. Nutrient Costs Per Ton for Crop Residue

Direct Nutrient Indirect Soil

Crop Loss Nutrient Loss
Corn $8.95 - $3.00
Sorghum 8.47 3.00
Wheat 5.40 3.00
Qats 8.31 3.00
Barley 6.90 3.00
Rye 4.79 3.00

Source: Lockeretz, 1981.

Notice that, in the forecast period, many of the counties move up one or twWo
groups. This accounts for the stability of the constant dollar (1978) collec—
tion costs for a particular group through time. Appendix ¢ contains county
residue collection costs by crop and baling method for all counties with crop
residue densities in excess of 5.0 tons/square mile (gimulation 1). In these
Tables, a much greater county—to=county variation in collection costs may be
found. Also, county collection costs generally fall through time in constant
dollars as yields 1ncrease. The range in collection costs can be appreciated
by reviewing the differences in estimated 1978 stacked corn residue delivery
prices (25 mile haul) for Adams and Lancaster counties in Pennsylvania.
Lancaster prices are nearly $4.00/ton cheaper at $18.47/stacked ton than Adans
county prices. By 1990, the estimated constant dollar cost of Lancaster
county stacked corn residue falls $0.34 to $18.13. A more dramatic drop in
residue delivery prices occurs in Livingston, New York, where stacked wheat
residue delivery prices fall $1.36 from $19.05 to §17.69/stacked ton between
1978 and 1990. This results from sharply higher NIRAP wheat yield estimates
for New York State in the coming decade. :

Collection and conversion feasibility is dependent on a critical residue
density level below which transportation costs become congsiderable and a
critical vield per acre below which collection costs are prohibitive. To some
extent, a relatively high density can offset low residue yields per acre by
reducing transportation costs. Counties such as Livingston, Schuyler, and
Wyoming in New York, however, can probably not support a viable conversion
facility in spite of significant residue resources, simply because corn resi-
due yields are too low.

Delivery costs (25 mile distance) of group 1 residues gathered in stacks
average $19.30/ton. This average is heavily weighted by the collection cost
of corn residue since their availability predominates. 1f a cost equal to the
direct and indirect nutrient loss of a ton of corn residue ($11.95) is added
to this figure, residue delivery prices (all things considered) are about
$31.00/ton. Remember that $30/ton residue is not competitive with 530/ton
wood chips because residue contains only 80 percent of the carbon embodied in
wood. Since the marginal cost of tramsporting corn stover stacks is
$0.38/ton-mile, the cost of delivering residue beyond the 25 mile average
limit, even in counties enjoying good crop yields, is likely to be prohibi-
tive. :
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A methanol plant producting 3 million gallons annually requires 30,000
dry tons of residue. An area within 35 miles distance {(average hauling
distance of 25 miles) of such a methanol plant would require a residue density
of at least 7.6 tons/square mile in order to provide enough feedstock. This
assumes that all farmers sell what residues may be harvested.

Figures 3 through 5 depict the geographical distribution of counties in
the Northeast with residue densities sufficient to support at least ome small
liguid fuels plant (3 million gallon).9 Residues in counties capable of
supporting a large liquid fuels conversion plant (50 million gallon) might
also be considered for direct combustion, co-combustion, or gasification.
Regions that appear to have the most potential are the southern tier and
western region of New York State, most of Pennsylvania, but especially the
southwest counties, and in New Jersey the chain of counties bordering the
Delaware River. The information in Figures 3 and 4 suggests that a similar
pattern would obtain throughout the forecast period.

9Figures 3, 4, and 5 are all based on densitles obtained in the most comserva=
tive simulation, simulation 1.



Section 3

AVATLABILITY AND COLLECTION COSTS OF ANIMAL MANURES

Animal manures are probably the most obvious and widely identified wastes
produced in agriculture. Yet, as is often the case with "wastes”, manures do
contain valuable materials. Livestock and poultty manures have traditionally
been spread on cropland and pasture. If properly applied, manures provide
soil organic matter, nitrogen, phosphorus, potassium, and other minerals.
However, manures are often spread for no other reason than disposal, and with
little or no consideration of agronomic needs or environmental factors.
Pollution and poor crop yields caused by nutrient imbalances may result.

Technology to produce methane from manure via anaeorobic digestion has
been widely studied in recent years (Jewell et al., 1974, Morris et al., 1975,
Ashare et al., 1981), and full-scale dlgesters are being built and d tested at
CornellwﬁhI;ér51ty and elsewhere. The attraction of producing energy from
animal manures has arisen in recent years due to higher prices for farm
fuels. Simultaneously, manure has become more attractive as a soil nutrient
source due to higher chemical fertilizer prices - particularly for nitrogen -
induced by higher natural gas feedstock costs. Fortunately, these two uses
are not necessarily competing. Although anaerobic digestion converts the
nitrogen in manure effluent to a more volatile form, under certain conditions
this does mnot result in a net loss of nutrients. Thus; the process generates
products that have value as both energy and fertilizer.

The purpose of this section is to determine the availability, distribu-
tion, and costs of collecting manures in the Northeast. The estimation of
manure inventories 1s undertaken under two different assumptions about manure
transportability and digester scale economies. The first approach assumes
central processing, digesters located within hauling distance of all available
manure, and the actual transport of all "economically” recoverable manure to
central facilities. The second approach views the costs of transporting
manure as prohibitive and inventories effluent which can be economically
processed on—farm.

ESTIMATION PROCEDURES

The Northeast region is potentially well-suited to a methane production
industry. This stems from the predominant strength of dairy in Northeast
agriculture. Of $5.7 billion in agricultural product value produced in 1978,
$2.3 billion, or 40 percent, came from dairy products. This compares to a
national value (excluding the Northeast) of $§102.4 billion in agricultural
products, of which dairy constitutes less than nine percent at 46.0 billion.
Dairy animals produce the largest amounts of collectable manures of all
livestock classes (Van Dyne and Gilbertson, 1978).

To derive estimates of manure availabilities, both methodologies used
here rely heavily on estimates of animal numbers on farms and attempt to
directly relate manure production. One approach, using data from the 1978
Census of Agriculture was developed by the Solar Energy Research Institute
(Max et al., 1981). This methodology uses standardized values for manure
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production by animal type and weight, as derived by Jewell et al., 1974;
Matulich et al., 1977; and the Agricultural Engineers Yearbook, 1979. The
focus is on confined livestock, which are dairy animals, feeder cattle and
swine. Estimated levels of manure production by animal are multiplied by
animal numbers on farms reported in the 1978 Census of Agriculture. These
values are subsequently converted to the BTU equivalents of the biogas pro-—
duced or electricity generated from the manure and are presented by county and
state totals.

The second methodology was developed by the USDA in the late 1970s,
chiefly by Van Dyne of the Economics, Statistics and Cooperatives Service
(ESCS), and Gilbertson, of the Science and Education Administration (1978).
This approach predates that of SERI, although it follows a broadly similar
approach. The USDA methodology is, however, better documented particularly
with regard to regional manure management systems.

The USDA's methodology distinguishes among three levels of manure avail-
ability. The first level is total production by animal, in terms of dry
weight of all solid and liquid wastes. The second level reflects losses and
gains to manure weights due to manure management systems. Manure is often
lost in management systems due to velatilization, runoff, and seepage, with
more loss in liquid handling systems than in solid handling systems. Bulk may
be added to manure quantities due to incorporation of litter, bedding, spilled
feed, or soil. In general, management systems incur a net loss of material,
and particularly of manure nutrients. The third level of manure availability
defines collectable manures after management system losses. These manure
quantities are directly related to confinement. Animals such as swine that
are completely confined have a collectable manure total equivalent to the
amount surviving the management system. Range cattle, which are almost never
confined, have only 4 percent of total manure defined as collectable. Dairy
animals have 90 percent of level two manure collectable. Available manure at
this level is also called “"economically recoverable" manure in the USDA
methodology.

Table 13 summarizes these values by animal type. Manure quantities for
beef cattle, dairy cattle, sheep, laying hens and turkeys are based on adult
animal units with an allowance for manure produced by replacement stock and
offspring. Thus, dairy cows would include an adjustment for the manure of omne
bull per 25 production cows, a 95 percent calf crop, and an allowance for 10
percent of the heifer calves being retained for replacement {(Van Dyne and
Gilbertson, 1978). Fat hog manure quantities are similarly adjusted for
manure of breeding stock. Regions of the country are defined for various
animal types by prevailing management system. Regional values pertinent to
the Northeast are: region 1 for beef range cattle, reglon 3 for feeder
cattle, region 5 for dairy cattle, regiom 10 for swine, and region 11 for
turkeys. Sheep, hen, and broiler manure management systems are not differ-
entiated regionally.

Van Dyne and Gilbertson multiply the values in Table 13 by animal numbers
in the 1974 Census of Agriculture to estimate total manure production by
county, state, and mation for that year. Actual inventory mimbers are used
for animals usually on the farm the entire year. These animals are beef and
dairy cattle, sheep, and laying hens. Sales numbers are used for animals
which are usually not kept for a full year, such as swine, feeder cattle,
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turkeys, and broilers. As manure quantities for beef and dairy cattle, sheep,
laying hens, and turkeys are defined to include manure produced by offspring
and replacement stock, adult animal populations should be used for these
animals. For similar reasons, hog populations should be exclusive of breed-
ing stock {(Van Dyne and Gilbertson, 1978).

Updating the 1974 estimates by using animal numbers from the 1978 Census
of Agriculture data is relatively straightforward. Some difficulty is encoun-
tered with heavily capitalized industries such as poultry enterprises at the
county level, however. Often one or twe large producers account for most of
the broiler and egg output of a county. If production figures of such pro-
ducers are considered proprietary, they are not released and so county level
output is indeterminate. Disclosure problems occur most frequently with
layers and, to a lesser degree, broilers and turkeys but dairy cow feeder
cattle, and hog figures are also affected occdsionally.1

Table 14 provides a summary of manure preduction in the Northeast for the
three production categories defined above. The general production levels and
distribution agree closely with those calculated for 1974 by Van Dyne and
Gilbertson (1978). It is estimated that 6.4 million tons of manure was voided
in 1978 by animals on farms in the nine states. For the region as a whole, 72
percent of all manure produced originated from dairy animals, 14 percent from
beef cows, 6 percent from hens and the remaining 8 percent from the other 5
animal types. The total volume of recoverable manure net of handling losses
and collection constraints was 4.7 million tons, 74 percent of total manure
production. The percentage distribution of recoverable manure generated by
animal type is 81 percent from dairy animals, 7 percent from layers, 3 pevcent
from feeder cows and 7 percent from other animals.

Table 15 gives data on collectable manure quantities by animal type for
each of the nine states of the Northeast Region. Diata for recoverable manure
at the county level are included in Appendix E. Here, density per square mile
figures indicate areas probably best-suited for a manure~to-methane industry.
Figure 6 gives a geographical presentation of the density information in
Appendix E. The highest concentrations of manure in the Northeast are found
in southeastern Pennsylvania, although New York State shows a large belt of
contiguous counties with manure in excess of 50 tons per squave mile.

MANURE ACQUISITION FOR CENTRAL PROCESSING

The economics of collecting manure for conversion to energy are highly
dependent on the site at which the energy production process takes place. if
energy production occurs where manure is produced, collection costs are
relatively low. Costs include additional handling expenses and potential
manure nutrient losses. However, if energy production occurs away from the

lin the case of broilers and turkeys, it is possible to estimate sales figures
by inflating inventory data on the basis of statewide sales to inventory
ratios. 8ince a simple adjustment procedure did not present itself for
layers, no estimates were obtained. Dairy cow figures for Bedford,
Pennsylvania and Queens and Rockland, New York, hog figures for Westchester,
New York, Bristol, and Kent, Rhode Island, and feeder cattle figures for Cape
May, New Jersey are zero for the same reason.
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Figure 6. Recoverable Manure Densities by
State and County, 1978

less than 45 tons/sg. mile

45 to 69.9 tons/sq. mile

70 to 99.9 tons/sqg. siile

100 to 299.9 tons/sq. mile

300 and over tons/sq. mile
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manure production site, then the economics become somewhat complicated.
Transportation costs must be considered, as well as appropriate compensation
to livestock producers for the foregonme value of the manure as a nutrient
gource.

The maior component of acquisition cost for a centralized energy producer
is transportation. Manure has a relatively high moisture content even in
solid form (in excess of 80 percent water) and is thus expensive to ship.
Hauling costs per ton of solid manure were calculated by Matulick (1977), and
are presented in 1981 dollars in Table 16. If manure is assumed to be 15
percent solids, then the cost of hauling one ton of dry manure a roundtrip
distance of 16 miles would exceed $8, even using a 24-ton truck.

These costs are based on the assumption that manure is acquired by a
central facility but not returned after digestion. Then, the livestock pro—
ducer must be compensated for lost nutrients less the cosis saved by not
having to spread the manure. Given the manure nutrient percentages in Table
17, and nutrient values of $0.14 per pound of nitrogen, $0.61 per pound of
phosphorus, and $0.14 per pound of potassium, the mutrient values of a ton of
dry manure range from $14.48 for feeder cattle manure to $57.77 for hog
manure. Dairy manure has a nutrient value of $24.30/ton. Spreading costs of
manure are highly variable but Cornell farm records indicate that manure
application costs of as little as $20/dry ton and less can be realized for
daily spreading operations (Snyder, 1981). 1If a nutrient value of 523.30 per
dry ton of digested cow manure is inputed (reflecting the loss of 4$1.00 of
volatile nitrogen), the on-farm disposal operation pays for itself.

Table 16: Manure Hauling Costs {per ton dry matter)

Roundtrip Distance 10-ton truck 24-ton truck
16 miles $16=46. § 8.20
30 miles 30.80 15.40
40 miles 37.20 18.60
50 miles 44.07 22.07
60 miles | 50.27 25.27

Note: Converted from 1977 dollars to 1980 dollars using the transportation
portion of the Comsumer Price Index. All costs are for dry tons of manure,
adjusted from Matulick's costs given in terms of wet manure. A 15 percent

golids content was assumed.

Sources: Matulick, 1977,
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Table 17. HNutrient Percentages of Animal Manures

1980
_ Nutrient (percents) Nutrient
Animal Value
Nitrogen Phosphorus Potassium (per ton)
—————— = = percent? - - - -« = - -
Beef cattle 2.20 0.91 2.01 522.89
Feeder cattle 1.64 .60 0.92 14.48
Dairy cattle 2.65 0.63 3.29 24.30
Fat Hogs 5.15 2.58 4.24 57.77
Sheep 2.83 1.04 4.43 33;02
Laying Hen 3.04 2.17 2.17 41.06
Turkeys 3.64 1.36 2.27 33.14
Broilers 5.00 1.50 2.00 37.90

Source: Van Dyne and Gilbertson, 1978,

8A11 percentages are on a dry weight basis and apply to collectable manure
tonnages.

Table 17 indicates that for beef and feeder cattle and dairy cows the
nutrient wvalue of manure is either less or only slightly more than estimated
spreading costs. It is possible that manure from dairy and feeder cattle
operations would be available to a central processor at moderate or no
charge. In such cases, the viability of central anaerobic digestion of farm
manures depends on the costs of transporting manures to the central facility
and digester scale economies. Up to a point, hauling costs over longer dis-
tances may be offset by the efficiency of larger digesters. Biogas production
costs can be expected to decrease in larger digesters but anaerobic digestion
processes are not well enough established to pinpoint an optimally sized
digester suitable for cemntral processing. Nonetheless, the marginal biogas
production cests pertaining only to the manure transportation component can be
derived based on estimated round trip hauling costs. These estimated costs
are given for various hauling distances in Tables 18. Smaller facilities may
be able to take advantage of shorter hauling distances and can be situated in
counties with lower manure concentrations.

The transportation component of biogas production costs is high relative
to the current costs of electricity and natural gas ($0.04-$0.10/KWh and
$3.80—$5.40/106 BTU natural gas). Effluent disposal costs further the case
against centralized processing. Unless producers can turn this disposal
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Table 18. Cost of Manure Transportation Per KWh Produced

County Manure Average Hauling Change in Production
Density/sq. mi. Distance Cost/KWh
31.6 60 $0.066
45.5 50 50.058
71.1 40 $0.050
126.4 30 50.042
444.5 16 $0.022

Source: Based on Table 16.

problem into a byproduct credit by marketing dewatered effluent as bedding or
a soil conditioner, centralized manure processing looks uneconomic.

A 1 MWe power plant (capable of servicing 15,000 residential customers)
fueled by anaetobic digesters producing 5.3 £t3 biogas/pound of dry dairy cow
solids would require 715,000 dry tons of dairy manure yearly or 1960 dry tons
daily. Total capacity of the fermentation tanks of such a system would be on
the order of 55 million gallons. Table 18 gives estimates of the marginal
production costs per KWh for the manure transportation component alone. It 1is
assumed that the biogas has a BIU content of 600 BTU/ft3 and that biogas can
be converted to electricity with 20 percent efficiency. In counties where
manure densities are higher, average hauling distances are shorter and the
transportation component of production costs is lower.

Thus, a centralized facility will incur transporation costs that are not
a factor at the farm level, but may also be able to benefit from economies of
scale in manure disposal. Whether or not the net cost of acquisition (includ-
ing digested manure disposal) will be negative or positive will be dependent
on specific circumstances facing energy producers.

AVATLABILITY FOR ON-FARM PROCESSING

Table 15 lists economically collectible manures by state assuming trans-
portation to a centrally located digester is economically feasible. However,
given the high costs of transporting wet manure, which most analysts consider
prohibitive, it is probably more sensible to survey on-farm possibilities for
anaerobic digestion.

Animal operations chosen for this analysis were selected on the basis of
total economically recoverable manure generated on farms where animals are
close quartered. As cited above, manure from dairy, feedlot, swine, layer,
and broiler operations constitute about 98 percent of economically collectible
manure voided in the Northeast. Although OTA data suggests that methane
digesters are most suited to turkey operations, turkey data are not presented
for the Northeast because of the paucity of farms engaged in turkey produc-
tion.

There is disagreement in the literature concerning the farm size (in
animal units) required for breakeven operation of an on—~farm digester.
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Jewell's findings are that dairy farms with over 380 head, feedlots with more
than ‘570 head, poultry operations with sales over 537,000 birds, .and hog pro-
ducers with more than 2,800 animals are sufficiently large to warrant invest-
ment in an anaerobic digester (1974). Unfortumately, the Census of Agricul-
ture does not publish data on farm size by animal type in such a way that the
number of farms meeting Jewell's criteria can be identified. Manure avail-
ability by farm size group is therefore based on the groupings reported in the
Census of Agriculture (see Table 19}).

There is sufficient overlap on the low side of Jewell's estimates to
avoid undercounting. For example, the first three hog farm size categories
present data on manure that is probably uneconomic to digest. Likewise, the
first two dairy cow groups, the first three feeder cattle groups, the first
two layer groups, and the first broiler groups include farms which are gen-
erally considered too small to support a digester. If by-product credit can
be assigned to the digested effluent, it is possible that the smaller farms
reported here can also produce methane economically from manure. The marginal
categories alsc serve to indicate the relative quantities of manure available
on farms of different sizes and may help focus digester research and design
priorities in order to take full advantage of this resocurce.

In order to employ the Van Dyne-Gilbertson methodology for estimating
manutre production by farm size, 1978 Census of Agriculture county inventory
data of dairy cows and laying hens by farm size and county sales data of
broiler, feeder cattle, and swine by farm size were collected. Unfortunately,
the Census data is not in a directly usable form. Generally available for
each county are data on total farms and total number of animals for a particu-
lar enterprise, say dairy. Following the total figures, each county has
listed the number of farms falling within each of the farm size ranges. For
instance, in the case of dairy animals, the total farm and total animal
figures are presented for each county followed by the number of farms operat-
ing within each of seven disaggregate size ranges, 1-9Y head, 10-19 head, 20-49
head, 50-99 head, 100-199 head, 200-49%9 head, and over 500 head.

The animal totals given for the county can be distributed over the dis-

aggregate size ranges by assuming a uniform distribution of animals over all
ranges. This is accomplished by summing the products of disaggregate farm

Table 19. U.5.D.A. Farm Size Groupings

Animal Group
Type
I IT 111 Iv

Dairy Cows 50~ 99 160~ 199 200- 499 500+
Feeder Cattle 50- 99 100~ 199 200~ 499 500+
Hogs 100~ 199 200- 499 500~ 999 1,000+
Layers 10,000-19,999 20,000-49,999 50,000~ 99,999 100, 000+
Broilers 30,000-59,999 60,000~-99,999 100,000-499,999 500, 000+
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numbers and median range size and arriving at an estimated total number of
animals for all farms in a county. A ratio 1s then formed by the actual total
and the estimated total numbetr of animals. Each of the median range sizes is
multiplied by the ratio in order to satisfy the county aggregate. In this
manner, the resultant mean number of animals for each farm size range is
skewed from the median of each range by a similar percentage. There are two
cases for which this generalization is viclated. If, in ad justing the mean
for one of the ranges, the upper or lower limit of the range is exceeded, the
mean is set to the limit. In this event, the program continues to search for
mean values of the other farm size ranges that will satisfy the county aggre~
gate. The other, more trivial, case concerns those couniies for which number
of animals on farms of the largest size are disclosed. For these counties,
the arbitrary mean of the largest farm size range is overwritten with the
actual mean and its value thereafter remains unaffected by the iterative
gearch for means that satisfy the county aggregates.

In counties where a small number of large farmers are responsible for a
predominant portion of any ome type of animal production, data disclosure
problems disallow determination of mean farm sizes for the various farm ranges
at the county level. Where disclosure problems exist, they typically affect
publication of total animal figures at the county level but not number of
farms within each of the ranges. By summing the number of farms within each
of the ranges for all counties with disclosure problems, the state residual
number of animals (the total of unprocessed counties) can be distributed among
farms in counties with disclosure problems in a manner similar to the above.
Data on number of farms is pooled only to determine mean farm size for the
various ranges. Once the mean farm size for all farm gize ranges is deter-
mined for the unprocessed counties, manure available in each of the unproces-
sed counties is based on the mean size of the various ranges for all unproces-
sed counties and the number of farms within the various ranges for a particu-
lar county. Thus data on the number of farms by size for all counties with
disclosure problems is retained until all other counties in the state with
complete data sets have been processed and a residual animal total can be
computed.

Estimates of manure feedstocks available for on~farm processing are pre-
sented in Tables 20~24. State level dry manure tonnages for each of the four
largest Census of Agriculture farm size partitions are reported for dairy
cows, feeder cattlie, swine, layers, and broilers. From the Tables, it is
apparent that the bulk of manure available for on-farm digestion in the North-
east are generated on dairy farms with a herd size of 50-200 animals. To a
lesser extent, manure produced in layer operations with over 20,000 birds also
warrants attention.

States in the Northeast with greatest potential for on~farm methane gen-
eration are New York and Pennsylvania, although the Maine broiler industry
might also be a candidate for on-farm digesters. The within state distribu-
tion of manures by farm size can be obtained from Appendix D. '
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Cost of Manure Acquisition - On-Farm Processing

The need for modifying manure management systems is highly dependent on
the energy conversion method adopted. In some cases, such as a plug flow
anaerobic digester working on a gravity system, almost no modifications in
collection methods are required. In others, where the digester requires
higher solid contents than current manure collection practices allow, a more
expensive system would be required, the cost of which must, at least in part,
be attributed to the energy production operatiocn.

If manure is digested on farm, the value of nutrients lost or destroyed
during the digestion process will be the cost of acquisition. Thus, it is
necessary to determine the impact of digestion on manure nutrients.

Anaerobic digestion of manures does not significantly affect the level of
available nitrogen, phosphorus or potassium in the manure. It does, however,
change the form of the nitrogen from urea to ammonia, the latter material
being very volatile. 1If the digested manure is applied to a legume crop where
nitrogen is not a requirement, then essentially the value of the manure
remains unchanged. If, however, it is applied to corn or other non—-nitrogen-
fixing crops, the increased volatibility of nitrogen may be a factor. Daily
spreading techniques may result in the loss of some of the nitrogen in the
digested manure to the atmosphere, lessening the value of the manure by
approximately 1 pound of nitrogen per wet tom, or 7 pounds per dry tom. As
one pound of nitrogen in chemical fertilizer is worth approximately $0.14,
acquisition cost, in an opportunity sense, would be about $0.98 per dry ton.

Daily spreading as a management practice will represent the maximum cost
of lost manure nutrients to on-farm methane producers. Given a more efficient
manure system, including storage and large-scale spreaders, the nitrogen loss
relative to raw manure becomes negligible. :



Section 4

FOOD PROCESSING RESIDUES

The Northeast is a significant producer of fruits and vegetables. For
example, New York State ranks second nationally in the production of apples,
grapes, and tart cherries, fourth in pears and fresh vegetables, sixth in
sweet cherries, and seventh in processing vegetables. Food grade fruits and
vegetables would, however, not be economically attractive feedstocks for
conversion to other energy forms in light of their current market prices.
Apples for fresh consumption, for instance, sold for more than $16.00 per
hundred weight in 1983. It would require approximately 139 pounds of apples
to produce a gallon of ethanol. However, processing of fruits and vegetables
may yield waste byproducts that are suitable for energy conversion, either by
direct combustion, fermentation to ethanol or conversion to methanol.

Within the region, major fruit byproducts are apple and grape pomaces.
Major vegetable byproducts result from the processing of beets, beans,
cabbage, carrots, and peas. The forms in which processed byproducts occur
range from a press cake of roughly 25 to 40 percent sclids, and approximately
12 to 13 percent sugar, to slurries of 14 percent solids or less, and approxi-
mately 5 perceunt sugar.

In general, accurate and site specific data on the production of process-—
ing byproducts is either unavailable from a consisfent source or:would reveal
proprietary information if released. Pursuit of additiomal inventory informa-
tion, therefore, depends upon the perceived importance of these byproducts for
energy use. A careful review of the literature and conversations with indus—
try representatives indicated a number of general comsideratioms applicable to
this issue. First, the acquisition of food processing byproducts is a problem
due to the generally high shipping costs and difficulties encountered in
handling and storage. For example, pomace in 30 percent solids form is
extremely bulky, and costs in the neighborhoed of 10 to 20 dollars per ton to
transport even over relatively short distances. Transportation costs alone,
assuming the pomace is shipped to a central energy conversionm site, could
approach $1.00 per gallon of ethanol produced from the sugar content. Thus,
acquisition costs become prohibitive.

Moreover, the relatively low sugar to solids ratio in most food process-—
ing byproducts often precludes their use as an energy feedstock given conven—
tional technologies. Low sugar to solids complicates acquisition of pomace,
and creates inefficiencies in processes requiring fermentation and distilla-
tion. The generally high water content not only makes transperation difficult
and expensive, but complicates long term storage possibilities.

As a rule, the production of food processing bypreducts is highly
seasonal throughout most of the region. Seasonality problems for energy

1-Sugar concentrations vary considerably thoughout the region due to the wide-
spread practice of secondary sugar recovery from pomace in many modern food
processing operations. This practice lowers pomace sugar concentrations to b
or 7 percent for 30 percent solids pomace. '
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feedstocks can be overcome if the substance im question can be stored, allow-
ing for year round conversion plant operation. However, the water content of
most food processing byproducts permits only several days storage without
spollage and makes the concentration of usable sugars economically prohibi-
tive.

The relatively high fiber content of most food processing waste by-
products complicates conversion processes dependent upon fermentation by
necessitating a four to five part dilution of the feedstock for submerged
fermentation to occur. Given the initial low sugar concentration of most
waste products, this will yield a sugar concentration of less than three
percent and an ethanol yield (for example) of less than 1.5 percent. Ethanol
concentrations of less than 2 percent are normally unecomnomic to recover,
given conventional distillation techniques. In addition, the fiber component
of the beer may result in clogging of the distillation tower. Centrifuging
prior to distillation would prevent such clogging but would cause substantial
losses in ethanol yield. Direct fermentation of leachate from byproducts such
as fruit pomaces also does not look attractive economically. Fruit drinks or
juice concentrates often utilize such leachates as a base at a substantially
greater economic yield than if conversion to an energy product took place.

For example, the quantity of leachate used to produce a gallon of ethanol from
apple pomace —-- approximately 28 gallons -- could yield 2.5 gallons of 72
percent sugar concentrate with a total market value of $18.00. A gallon of
ethanol currently brings less than $.95 wholesale at East Coast terminals.

In summary, food processing waste byproducts are not strong candidates
for conversion to useful energy products. Their seasonality, bulk, water
content, low sugar yields, and other more economic uses argue against ma jor
investments in facilities to utilize such products as energy conversion feed-
stocks. Moreover, the availability of specific types of food processing waste
products can vary greatly over time as a result of fluctuations in both market
and growing conditions. Such Iinstability of supply further argues against
widespread application of energy conversion technology to this area of agri-
cultural biomass. As a consequence, we will not attempt a further detailed
inventory of potential residue byproducts available in the Northeastern
states.



Section 5

SUMMARY AND CONCLUSBIONS

Table 25 displays 1980 .power usage by energy source for the North-
eastern states. Energy requirements for the commercial, industrial, resi-
dential and transportation sectors im the Northeast totaled 12,623.8 x 1012
BTUs. Under optimal soil management practices and 100 percent utilization
of available crop residues and manures, about 38 =x 1012 BTUs of energy
could ‘be generated from agricultural sources. Of this amount, 33 x 1012
BTUs could be .generated from the direct combustion of crop residues and the
methane equivalent to 5 x 1012 BTUs could be derived from the anaerobic
digestion of ;manures. More realistically, however, crop residues will
probably be converted to liquid fuels rather than be combusted directly.

If this is the case, 2.23 million tons of crop residues could be converted
to methanol with a net energy content of 11.5 x 1012 BTUs. The combination
of methanol from crop residues and methane from manures represents only
0.13 percent of 1980 total energy consumption in the Northeast.

Although the energy potential of agricultural wastes appears minor in
comparison to the overall energy needs of the Northeast, waste derived
energy could play a significant role in fulfilling the energy requirements
of the agricultural sector. Table 26 lists the 1974 state agricultural
energy requirements for crop and livestock sectors. The estimated values
are disaggregated into direect and indirect energy usage; the indirect
figure pertaining to energy inputs into fertilizer, pesticide, and other
chemical production. Indirect energy usage applies only to crop production
since data are not available for livestock production. Methanol from crop
residue could account for 36 percent of the 31.6 x 1012 BrUs directly con-
sumed in crop production or about 20 percent of the total energy involved
in crop production. Methane from animal manures could provide 33 percent
of the total energy consumed in livestock production. Achievement of this
level of market penetration will, however, depend on technical, logistical
and, most importantly, economic factors that are beyond the scope of this
study.
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Table 25. Northeastern States Energy Consumption, 1980 (lO12 BTIU's)

State Petroleum Coal Gas Nuclear Hydro Total
Connecticut 544.7 0.3 74.3 125.9 2.7 738.
Massachusetts 930.2 22.5 187.0 34.4 1.6 1,223,
Maine 223.1 3.1 2.3 46.9 63.9 312,
New Hampshire 143.1 29.3 9.4 0.0 10.6 198,
New Jersey 1,315.8 68.2 348.8 Bl.1 ~2.9 2,069.
New York 2,231.0 31z2.0 756.0 205.1 348.3 3,855.
Pennsylvania 1,496.0 1,606.2‘ 794.0 128.7 7.6 3,918.
Rhode Island 111.1 1 28.6 0.0 0.0 189.
Vermont 67.5 5 4.4 31.7 10.4 118.

Total 7,062.50 2,042.20 2,204.80 653.80 442.20 12,623.

Source: State Energy Data Report, 198Z.
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Appendix A

CONVERSION PROCESSES

Biomass materials may be categorized as cellulosic or solid organic
wastes. As an energy source, lignocellulosic materials may be processed in a
variety of ways. These processes include:

1. Direct combustion;
2. Gasification to produce low BTU gas;

3. Destructive distillation to produce methanol or methanation of low
BTU gas to produce methane;

4. Liquefaction to produce ¢il and hydrocarbon fuels;

5. Enzyme or acid hyrolysis to produce sugars which are in turn fermented
to preduce ethanol; and

6. Anaerobic fermentation to produce methane.

Thus, methanol, ethanol, methane, and synthetic gas can all be produced
from lignocellulosic sources. One of the most attractive features of pro-
cesses 3 through 7 is that they result in fuels that are easy to tramsport and
distribute through existing fuel systems (Hall, p. 78). Because different
kinds of biomass can be used as the feedstock in each process, a brief des~
cription of the procedures and the economic feasibility of each helps place
the inventory estimates into proper perspective.

DIRECT COMBUSTION

Currently, biomass is most commonly converted to energy via direct com-
bustion. The most widely used feedstocks -- wood, wood byproducts and bagasse
(from sugar cane) ~— are of little econcern in this study because of its focus
on agricultural biomass in the Northeast. Crop residues, however, can be
mixed economically with coal and burned to produce process steam or electric-
ity.l For example, the Logansport, Indiana Municipal Utility burns outdated
seed corn in a mixture with cocal to fire its generators (0TA, 1980, p. 131),
and Abdullah (1878) has shown that corn stover available at from $13 to
$24/ton can also be mixed economically with coal and burned directly. As with
"co-combustion”, feedstock costs (including transportation costs) are the
principal determinants of the viability of direct cowmbustion, and costs can
vary considerably across regions.

One of the most pesitive aspects of direct combustion and "co-combustion”
of cellulosic biomass is the resultant lower sulphur emissions. One major

lThe BTU content of cellulosic material is directly related to the percentage
of combustible carbon present in the material. Straw and stalk residue from
crops has about 80 percent of the carbon content of wood and 2 to 20 times as
much ash (Tillman, 1978).
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drawback to dirvect combustion is that heat produced must be used on site since
it cannot be ahsorbed or transported by existing delivery systems. Another is
related to the bulk and moisture content of residues. Retrofitted oil-fired
burners often require dry, small particle feedstock. This latter problem may
be overcome by drying and pellitizing the feedstock prior to transporting it.
Wood contains sufficient lignin to bind the pellets in the densification
process but crop residues and grasses may need adhesives to prevent pellet
disintegration. The costs of this additional processing is not known but
could be prohibitive.

GASIFICATION

Gasification is a process for converting solid biomass directly into gas
suitable for use as a fuel or for chemical synthesis. Gasifiers employ
blowers to force air through the feedstock to burn it partially. The heat
generated then gasifies the remaining material. Air-blown gasifiers produce  a
gas with lower heat content than the resultant gas from oxygen or pyrolysis
gasification, due to the nitrogen content of air and consequent dilution. Gas
from air-blown gasifiers has a heat content of 120-250 BTU/cubic foot. Higher
quality gas (300-500 BTU/cubic foolL) can be obtained from partial combustion
or pyrolysis processes but neither this medium BTU gas nor the low BTU gas
from air-blown gasifiers is suitable for general pipeline distribution. Low
and medium BTU gas can be used for process heat either together with or as a
substitute for oil or natural gas in industrial boilers. Gasifier systems
have the potential for higher efficiency than direct combustion when a variety
of feedstocks with different moisture contents are used.

0il and gas fired burnmers can be retrofitted with mass produced air-blown
biomass gasifiers for between $4,000 and $9,000/million BTU/hour (1979
dollars) over a gasifier size range of 14-85 million BTU/hour. With residue
available for $24/ton, the resultant estimate of gas costs range from $2.70-
$2.90/million BTU (OTA, 1981, p. 138). Comparatively, a million BTU from
crude oil costs $3.45 and $6.90 at $20/barrel and $40/barrel, respectively
(Hall, 1981, p. 262).

METHANOL

A solution to the transportability problems posed by direct combustion,
"co—-combustion", and production of low and medium BTU gas is the transforma-
tion of residues into synthetic gasoline or other liquid petroleum products,
synthetic natural gas, and synthetic liquid fuels such as methanol. The
choice among these alternatives depends on market conditicen, compatability of
the fuel with the existing network of supply and distribution, and overall
costs, including those related to feedstock transportatiom, emissions,
effluents, and disposal of unmarketable by-products.

Among major methanol markets, the largest end use is in formaldehyde
production. Other chemicals derived from methanol include dimethyl
terephthalate, methyl halides, ethylene glycol, and acetic acid. More recent-
1y, methanol has alsc been used as a fuel anticer and a fuel additive for
rocket, jet, and combustion engines. It is useful in the purification of
coal, coal tar, and gaseous and liquid hydrocarbons; in plastics for catalyst
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removal, separation, and telogenation; and as a leading agent for uranium ore
(Anderson and Tillman, 1977, p. 172). Methanol for direct combustion would
compete with gasoline, low sulfur fuel oil, or ceal which is either refined
with a solvent or burned with stack gas cleanup.

As a transportation fuel, methanol has a lower volatility, a slightly
higher density, and about one—half the heating value of 100 octane gasoline
reference fuel. In a 10 percent mixtuve with unleaded gasoline, it raises the
octane rating from 2 to & peints, depending on the initial rating of the gaso-
line. Methanol gives about one-half the mileage of gasoline. It is less
corrosive than ethanol and does not reguire plastic tanks, carburetors, and
fuel lines to protect agalnst deterioration of more conventicnal auto part
materials (Anderson and Tillman, 1977, p. 172).

Most methanol is produced from natural gas through a reaction with steam
and CO; to produce carbon monoxide and hydrogen, the major components of
methanol. The gas composition is then adjusted to correct methancl component
proportions and pressurized in the presence of a catalyst to produce the
1liquid. Methanol can be produced from blomass through this same process by
first using oxygen and pyrolytic gasification to produce the CO-hydrogen
mixture {(0TA, 1980, p. 139).

Methanol yields from wood are dependent on the type of feedstock but
average about 120 gallons/dry ton 1if electricity is not generated as part of
the production process and 100 gallons/dry ton when electricity is co-
generated. These yields correspond to conversion efficiencies of 48 and 40
percent, respectively. Yields from crop residues arve not documented but based
on the above efficiencies and the relative carbon content of wood and raw
residue, the yields are likely to be in the neighborhood of 80 to 100 gallons/
ton depending on electricity source. In theory, all of these yields can be
increased significantly (OTA, 1980, p. 1l41).

Cost estimates for methanol synthesized with an oxygen blown gasifier
vary from $0.67 to $1.33/gallon when wood feedstock is available at $30/ton
(1979 dollars). Capital costs run about $2.00/gallon of yearly capacity.
This is somewhat more expensive than grain ethanol distilleries.

There is some optimism that fluidized bed pyrolysis gasifiers when fully
developed will be capable of cutting production costs significantly by elimi-
nating equipment needed to produce oxygen. Estimates rangs from $0.52 to
0.95/gallon of methanol. Since methanol has about half the energy of a
similar volume of gasoline, methanol that costs $0.50/gallon would be competi-
tive with gasoline at $1.00/gallon. However, there are many alternative
jndustrial and chemical end uses of methanol and the ultimate economic viabil-
ity of methanol synthesis from biomass is not strictly dependent on its
competitiveness with automobile fuels.

Although a larger portion of available biomass could bhe utilized in
small, mass-—-produced methanol plants, there are technical limitations to small
plants that make them inefficient. Because small centrifugal compressors
cannot achieve the pressures needed for methanol synthesis, plants smaller
than 5 million galions/year would require a reciprocal compressor. It is
possible that this requirment would result in plant costs higher than those
due to normal diseconomies of size (OTA, 1980, p. 1l4l1).
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Even though the economics of methanol production from biomass in medium
scale plants employing low and medium pressure (765 to 1,475 psig) processes
with oxygen gasifiers are becoming increasingly attractive (costs per BIU are
approaching those of grain ethanol), methanol from biomass is likely to be
more expensive than methanol from coal, due primarily to scale economies that
can be achieved with very large coal convergion facilities employing a high
pressure (approximately 5,000 psig) process. Successful development of the
fluidized bed pyrelysis gasifier or higher coal delivery prices could ulti-
mately tilt production costs in favor of methanol from biomass (OTA, 1980, p.
1413).

PYROLYTIC OI1IL

Cellulose can be converted to liquid fuel oils by high pressure hydro-
genation and to a bitumen like material in the presence of a catalyst at
elevated temperatures and pressures. A Pittsburgh Energy Research Center
investigation of the Fischer-Schrader process of dissolving brown coal with
carbon monoxide revealed that the chemistry of the process could be applied to
carbohydrates. The oil obtainable from these processes is a viscous material
and in some cases may be classified as a bitumen. The conversion process may
be undertaken over a temperature range of from 250 to 400°C. Temperature has
little effect on conversion efficiencies and yield although the character of
the product can vary. O0il obtained at higher temperatures has a lower oxygen
content and flows slowly while the low temperature oil is a soft solid which
must be heated to enhance fluidity.

Experiments undertaken by the Pittsburgh Energy Research Center were
confined to the laboratory; nonetheless, they have reported breakeven feed-
stock costs based on construction estimates for a full scale plant (Anderson
and Tillman, 1977, p. 136). The envisioned plant is quite large and
requires 3,000 tons of biomass waste daily, half of which are cellulosic and
the rest urban solid wastes. Extrapolating from these figures, the breakeven
prices of pyrolytic oil (valued at 520/barrel) is reached when residue wastes
are available at $15/ton (1974 dollars). Pyrolytie oil has a BIU content
about 70 to 80 percent of an equal volume of petroleum.

A small pilot plant sponsored by the U.5. Energy Research .and Development
Administration has been built in Albany, Oregon. This facility employs a slow
heating process to convert about one ton of woodchips daily to oil. In spite
of early techmical difficulties, the plant is producing a low sulfur oil about
30 percent lower in heat content than petroleum fuel oil. Tt has not yet been
determined how well the o0il stores and what modifications may be mnecessary to
bring the oil up to boiler fuel grade. At present, the production costs
appear high when compared to air gasifiers (57.00 to $12.00/million BTU vs.
$5.50 to $9.00/million BTU's) (1979 dollars) (OTA, 1981, p. 153).

ETHANOL

There are two methods by which ethanol may be produced from agricultural
surplus. The first involves fermentation of sugar and starch feedstocks such
as sugarcane, sweet sorghum, sugar beets, corm, and other grains. The second
process is capable of converting cellulosic feedstocks such as crop residues,
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grasses, wood, and municipal wastepaper into ethamol by first reducling or
hydrolyzing the cellulose into sugars which can then be fermented.

All processes for the production of ethanol through fermentation consist
of four basic steps:

a) the feedstock is treated to produce a sugar solution;

b) sugar is converted to ethancol and C0y by yeast or bacteria in a
process called fermentation;

¢) ethanol is removed from fermented sclution by a distillation process,
yvielding a solution of ethanol and water which is at least 4.4 percent
water; and

d} the water is removed to produce dry ethanol.

The fermentation process of converting starches and sugars to ethanol is
well established; most ethanol distilleries in operation today were designed
for beverage alcohol production. However, plants to produce ethanol for
energy do exist. For example, Ralph Katzen Associates have designed a dis-
tillery suitable for a large scale ethanol program. The distillery reduces to
a minimum the number of distillation columns, and uses vapor recompression to
dry the distillers grain, a by—~product sold as animal feed.

Ethancl production costs vary according to the substrate or feedstock,
capital investment (which is also a function of substrate), financing arrange-
ments, tax credits, other economic incentives, ete. A distillery designed
solely for sugar crop feedstocks is significantly more expensive than one
handling grain starches. Sugar-based feedstocks must be concentrated for
storage since the feedstock is available only during the harvesting seascn.
Pretreatment equipment must handle a larger volume than the distillery itself
and remains idle most of the year. 1In addition storage tanks ate needed for
the syrup.

The Katzen distillery, designed to operate at a 50 million gallon/year
capacity with coal handling facilities, pollution contrel equipment, and
allowing the production of distillers grain costs an estimated $64 willion. A
50 miliion gallon/year distillery for sugarcane or sweet sorghum costs an
estimated $120 million assuming the feedstock is available half the year and a
half year's syrup starage is required. 1If feedstock is available for only
three months of the year, OTA estimates the distillery would cost $168
million. Katzen (1979) estimates that a distillery capable of handling both
starch and sugar feedstocks would cost about $110 million {all figures are
1980 dolliars).

OTA estimates of ethanol production costs in a 50 million gallon/year
distillery range from $0.86/gallon (grain sorghum feedstock) to $2.20/gallon
{sugarcane feedstock) {0TA, 1980, p. 165).2 The price of fuel grade ethanol
in 1980 was $1.85/gallon. If ethanol is to be substituted in large quantities

2Borghlum arrives at a cost of $1.53/gallon for ethanol produced in a 2
million gallon/year distillery from $3.20/bushel corn with distillers grain
credits (Klass and Emert, 1981, p. 297).
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for gasoline, the price of ethanol would have to fall to about $0.80/gallon
based on $1.20/gallon cost of gasoline in 1980, given the relative BTU content
of the two commodities. The major operating expense in ethanol production is
the net feedstock cost. If grain corn, sorghum, and sugar cane are used
increasingly as feedstock for ethanol production, it is reasonable to expect
their prices to increase. A $0.50/bushel increase in corn grain prices
increases production costs $0.12/gallon.

A major issue confronting ethancl production, but of less importance for
processes such as direct combustion, relates to net energy production. For
the Katzen plant, the entire process including feed drying consumes about 55
thousand BTU/gallon of ethanol, the heating value of which is 76 thousand
BTU/gallon. Comparatively, the energy required by a distillery using sugar
plant feedstocks is considerably more per gallon of ethancl produced. The
average energy usage for a sugar feedstock would be about 85 thousand BTU's of
coal per gallon of ethanol, slightly more than the energy centent of the
ethanol. If plant residue left from sugar extraction is used to fuel the
boiler, then 110 thousand BTU of bagasse would be needed to produce 1 gallon
of ethanol. In order to reduce reliance on fossil fuels, crop residues could
be used to fuel distilleries using either sugar or grain feedstocks.

Feedstocks with the largest potential for ethanol production in both
absolute quantity and yield per acre are cellulosic feedstocks. Both
cellulose and hemicellulose found in wood, grasses, and crop residues can be
reduced or hydrolyzed to sugars that can be fermented. Although the reduction
of hemicellulose is straightforward, the lignin embedded in cellulose protects
it from biological and, to lesser extent, from chemical attack.

Cellulosic hydrolysis can be undertaken with sulfuric acid treatments or
enzymically with a mutant strain of fungus, Trichoderma viride. Enzymic
hydrolysis has a number of advantages over acid conversion of cellulose (Ebon
Research Systems, 1979, p. 190):

a) Expensive corrosion resistant equipment is unnecessary;

b) Process conditions such as temperature do not have to be so closely
monitored;

¢) The conversion efficiency can approach 90 percent (110 gallons/ton of
biomass fermented) compared to the 50 percent level recorded for acid
hydrolysis; and

d) The process is not energy intensive.

The disadvantage of enzymic hydrolysis is that it requires relatively
pure cellulose and it has not been effective on lignin containing materials
such as grasses, crop residues, and wood.

Acid hydrolysis of cellulosic material has been available as a technology
since the 1880's. The advent of cheap petrochemicals eroded the economic
viability of this process. When oil prices are rising, acid hydrolysis looks
more attractive and breakthroughs inm lignocellulose processing could make the
process competitive both with fermentation ethanol and gasoline. The key to
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producing ethanol from lignocellulose at a competitive price without relying
on by-product credits is reduced equipment costs, increased yields, and
insuring a good recovery of process chemlcals without producing toxic wastes.

New York University examined the technical and economic feasibilities of
a continuous two-stage hydrolysis alliowing for a more complete utilization of
carbohydrate content than single stage acid hydrolysis techmnologies. The
plant requires az hardwood sawdust feedstock and is capable of producing
ethanol at $1.07/gallon from a 42 million gallon/year plant. Researchers at
NYU concluded that the 10 percent extra vield from the two-stage process did
not warrant investment in the extra equipment required for prehydrolysis
processing or the increased operating expenses due to the increased energy
requirement in the two stage hydrolysis. The single stage ethanol production
cost determined at NYU is $0.95/gallon from a 38 million gallon/year plant
{Klass and Emert, 1981, p. 318). '

Perhaps the most promising procedure involving enzymic hydrolysis was
developed by Emert. Research on this process was begun in 1971 under Gulf 0il
Chemicals Corp. It was transferred to the University of Arkansas Foundation
for scale- up and this process could possibly be commercially operable by the
mid-1980s. The method requires grinding and pretreatment for the feedstock,
then heating followed by hydrolysis with a mutant bacterium. A unique feature
is that hydrolysis and fermentation occur simultaneously In the same vessel
without acid agents. Time requirements of a separate hydrolysis step are
eliminated, vields are increased, and equipment costs lowered.

Based on pilot plant experience, Emert estimates ethanol production costs
of $1.49/gallon with private financing and $1.01l/gallon with 80 percent munic-—
ipal bond financing. The analysis assumes a feedstock of 50 percent municipal
solid waste (MSW) at $l4/ton, 25 percent sawmill waste at $21/ton and 25
petrcent pulp mill waste at $14/ton. OTA analysis of the process was based on
a doubling of feedstock costs. Consequently, the ethanol production cost
rises by an average of $0.15/gallon. The analysis original cost estimates
were also suspect because of the large by-product credit for dried fermenta-
tion yeast ($0.40/gallon) and no allowance for cost increases generally
encountered in scale-up. Nevertheless, the availability of municipal financ-
ing could make the Emert process competitive (0TA, 1981, p. 170).

While nmo cost estimates are available for the Emert process using wood-
chips, grasses, or crop residues, Emert reports that modifications in the
thermal mechanical pretreatment enables ethanol yields of just over 70
gallons/ton of biomass. It appears that crop residue available at $25/ton
would allow production costs similar to the above (O0TA, 1981, p. 171}).

ANAEROBRIC DIGESTION

The preceding discussion of direct combustion, gasification, and liquid
fuels conversion processes was directed primarily toward utilization of crop
residues. Anaerobic digestion is a process technically capable of converting
animal manure, aquatic plants, wet food processing wastes, wood, and crop
residues into a "blogas” mixture of methane and carbon dioxide.
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Anaerobic digestion is a three-step process involving:

a) enzymic hydrolysis of complex plant and animal matter into soluble
organic compounds such as sugar;

b) conversion of decomposed or hydrolyzed matter to fatty acids by "acid
forming” bacteria; and

¢) conversion of acids to methane and carbon dioxide by a substrate
specific, strictly anaerobic group of bacteria called "methane
formers” (Anderson and Tillman, p. 93).

In this multi-step process, the "rate limiting” step is the last step,
methane fermentation. The methane forming bacteria require a 4 to 10 day
regeneration period. Optimal gas yields over time can be achieved only by
providing the proper chemical and physical environment for the methane forming
bacteria. Briefly, this environment must be oxygen free, temperature con-
trolled within +2°F during a 24 hour period, and free from toxic elements such
as heavy metals and ionic materials. The feedstock must be nutritionally
balanced, containing sufficient organic carbon, nitrogen, phosphorus, and
trace elements. Manure has enough of all the nutrients required and consti-
tutes one of the best feedstocks for anaerobic digestion. Generally,
materials that are higher in lignin, such as wood and crop residues, are poor
feedstocks because the lignin protects the cellulose from bacterial attack.
Pretreatment of crop residues can increase their susceptibility to digestion,
but even then digestion energy efficiencies generally do not exceed 50 to 75
percent.

Digester processes have been classified into three types, depending on
the operating temperatures. These are psychophilic, operating at temperatures
below 68°F, mesophilic {(68°F to 113°F), and thermophilic (113°F to 130°F).

The cost, complexity, and emergy requirements of the systems increase with
temperature, as does the rate of gas production. Gas produced per pound of
feedstock can either increase or decrease with temperature. Retention time is
also an important consideration, and gas production per pound of feedstock is
sometimes sacrificed for increased production over time and/or reduced
digester size and cost. Although most on—farm systems have been mesophilic,
optimal operating temperatures appear to be site and feedstock specific.

Digester design depends on the feedstock chosen, availability and cost of
labor, and digester function. The common digesters include the single tank
plug flow, multi~tank batch system, single tank complete mix, two— and three-
stage digesters, packed bed, expanded bed, and variable feed digesters. On
farm digesters are typically the plug flow variety; their popularity stemming
from a simple, low-cost design and ease of operation.

Gas produced by digesters-can be burned in internal combustion engines
(after removing hydrogen sulfide) to generate electricity. The electricity
generated can then be used on farm and excess sold to the electric utility.
Waste heat from the generator can be used on farm (usually to control fermen—
tation tank temperatures) and excess heat goes to waste. Typically, 15
percent of the energy produced is used to heat the manure antering the
digester and for the other energy needs of the digester. There is sufficlent
gas storage to limit electricity generation to the peak load demand times of
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the utility or farmer. Feedstock storage would allow for seasonal variation
in energy production.

0TA has published figures on the costs of various digesters with elec-
tricity generating capabilities. Digester size ranges from 10 thousand gallon
to 300 thousand gallon capacity. Capital requirements range from $27 thousand
to $220 thousand and annual operating estimates from $600 to $4,600. OTA does
not present per million BTU generation costs but instead cites returns to the
digesters assuming farmers can displace electricity costing $0.05/kWh, sell
electricity at 5$0.025/kWh and displace heating oil used on—farm costing
$6/million BTU.

According to OTA, most digester units surveyed are profitable, even on
farms with as few as 337 dairy cows. Reasonable returns are achieved on farms
with over 100 thousand layers and 200 thousand broilers. Farms with only 500
swine or feedlots with as few as 500 steers on feed are not prefitable.

Turkey farms tend to be the most economic because of their large average size
and the relatively large thermal energy requirements (0TA, 1980, p. 195).3

Jewell has produced a table (see Table 1) listing farm size by animal
type for breakeven operation of a digester. With the exception of the beef
number, Jewell's figures are more or less in line with OTA's (Jewell, et al.,
1874, p. 19). —

Table 1 illustrates the importance of by product marketing to the eco—
nomic viability of anaerobic digestion. As Jewell and other researchers point
out, if the residues left after digestion are to be economically exploited as
a soil conditioner {low-grade fertilizer), feed for ruminants, or bedding, the
number of animals at break-even point becomes surprisingly small.

Actual costs of gas generation from anaerobic digesters are difficult to
~find in the literature. A somewhat unsubstantiated finding (Morris, et al.,

Table 1: Number of Animals for Fconomic Methane Generation

Animal Energy Only Energy and Nitrogen
Beef 570 155
Dairy 380 80
Poultry 57,000 5,200
Swine 2,800 585

Source: Jewell et al., (1974).

IThis results directly from assumptions about displaced electricity costs.

4The breakeven number of animals after by-product credit reported by Jewell
should be viewed with suspicion. Our analysis indicates that the nutrient
value of dairy and beef manure ave rvoughly equivalent to spreading costs thus
negating any net gain from the spreading operation.
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1975, p. 14) suggests that the per million BTU costs of generating methane in
a plug flow digester on a one hundred head dairy farm is $20. The same study
claims that on a 1,000 cow farm the cost would be -about $2. The type of
digester is not specified.

Another study analyzes a plug flow digester on the Mason Dixon Farm, a-
1,200 head dairy farm astride the Pennsylvania-Maryland border. The digester
tank holds 24,000 cubic feet and provides a retention time of 13 days. . It
operates in a mesophilic temperature range at about 99°F (37°C). The digester
was: constructed on—farm by the owners with little contractor input at a total
cost of $180,000. Without by-product credit and including costs of processing .
the effluent into clean bedding material, the digester produces gas at a cost
of $2.70/million BTU, a very competitive price (Institute of Gas Technology,
pe. 455).

A much more sophisticated digester proposed for a 20,000 head.feedlot. in
Bartow, Florida with variable retention time, temperature range, mixing, and
feed rates is expected to produce gas at a cost of $4.38/million BTU without
byproduct credit. Expenses include operating costs of $150,000 annually and -
10 percent interest changes on capital costs of $1.25 million. The dewatered
effluent, however, has heen shown to have the same digestibility as cottonseed:
meal and is valued at over $400,000/year. The fuel gas and refeed product
together make the digester an attractive investment (Institute of Gas
Technology, 1981, p. 377).
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