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BTU CONVERSION FACTORS 

Fuel Units 
, =  , , 

, , ,  nnv 

Coal Btu/ton 22,500,000 a 
Distillate Btu/gal 140,000 
Electricity Consumption Btu/kwhr 3,413 
Ethanol Btu/gal 84,200 
LPG Bt U/g~Lt 95,000 

LubrieatitE Oil Btu/gal 145,000 

Methano ! Btu/gal 64,350 

Motor Gasoline Btu/gal 125,000 

Natural Gas Btu/eu ft  1,020 

Petroohemieals Btu/gel 125,000 
Residual Fuel Oil Btu/gal 150,000 

Fue_.~l 

ELECTRICITY CONVERSION .FACTOR 

. . , ,  

Btu's eonsurn~/Btu eteetrieity produced 

Coal 3.05 

m,  

aWhen no specific coal o.hm'aeteristles were known, the energy oontent of a "standard 
toN' of coat (22,500,000 Btu) was used. Other values were use(] when more spproDrlate 
and are indicated in footnotes. 
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SI CONVERSION FACTORS 

1 a c r e  -- 

I bbl = 

1 Btu = 

1 Q u f t  = 

I gel = 

l l b  = 

1 mile = 

I psi .~. = 

I ton = 

278.15 + 5 / 9 ( F - 3 2 )  = 

373.15 + C = 

4046.8564 square meters  

158.98284 liters 

1054.85 joules 

0.09.8316847 cubic meters 

3 . 7 8 5 4 1 1 8  l i t e r s  

453.592 grams 

1609.344 meters 

0.0680460 atmospheres 

907184.74 grams 

degrees Kelvin 

cle~ees Kelvin 

I acre 

I bbl 

1 Btu 

I bu barley 

I bu corn 

I bu grain sorghum 

1 hu oats 

I bu wheat 

I psi 

I square mile 

OTHER CONVERSION FACTORS 

0.40468564 ha 

42 gel 

252 calories 

48 

56 lb 

56 lb 

32 

60 lb 

6895 paseals 

640 acres 
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APPENDIX C 

POREST RESIDUES 

The high Btu content and clean-burning properties of wood make it an attractive energy 

source. Porest residues, because of their inherent unsuitability for other uses, are 

particularly well-suited to be consumed for their energy content, assuming that the 
engineering and economic constraints are not prohibitive. 

The forest produets industry is currently the largest user of forest residues for fuel. 

Within the industry, the pulp and paper sector utilizes 92 percent of total wood energy 

consumed and has conducted much of the research on using wood residues for energy 

(Ze~be, 1978). 

But despite the value of wood as a fuel, a large volume of wood fiber (1.6 billion cubic 

feet in 1970) is left in U.S. forests as residue from harvest operations (U.S. Forest 
Servi~e, 1974). Pre-eommereial cuttings, tmderstory removal, and annual mortality are 

included In this estimate. These residues could be collected during normal hat~esting 

operations using conventional harvesting equipment. They would be well-suited for 

conversion to methanol 

In thb appendix, estimates are developed of the amount of fuel that ,~ould be consumed 

in the collection of forest residues~ by harvest system type and by loggJIlg operation. 

Separate estimates are developed for both the Eastern and Western ¢egions of the 

United States. The appendix concludes with a discussion of the availability of both 

forest residues and mill residues. 

C.1 Selection of Harvest Systems 

There are three types of harvest systems used in U.S. forests: a Commercial tir~ber 

hsmvest, a commercial thin, and a stand improvement thin. In each of these systems, ell 

or portions of a tree may be available for eonversion to alcohol Any harvested wood 

could be cut into half-inch diameter chips usable as feedstock for alcohol conversion 

processes. Definitions of each of the harvest systems are provided below. 

1 



Commercial Timber ,.Hat,, vest and Commckelal--; "~ Thin. A commercial harvest or thin is the 

harvest of timber for sawlogs, pulpwoo~, and/or veneer logs. In a commercial harvest, 

an entire area is cleared of trees. In n ~eommereial l~htn, only selected trees are cut for 

sale or consumption. Only 2.S p~cent  of eommetwial forest land is subject to 

enmmeroial thins (eTA, 1980). 

Most forest products manufacturing operations require Just a portion of the tree, 
specifically the stem, or "merchantable bole," for use as raw materiaL It is that 

portion of the stem, four inches or more in diameter, that is of commercial value 
(Howlett and Gomache, 1977). The tree is initially cut at the base above ground (very 

little whole-tree pulling of stumps and roots is employed), end then the entire tree is 

transported (skidded) from the felling site to a laudin~. There the tops and branches are 

removed (delimbing) and left behind. 

An average of 35 percent of the above-ground tree weight represents residue (15 

percent in bark; 20 percent in foliage, tops, and branches) (Howlett and Gomache, 
1977). After harvesting, the foliage, tops, and branches could be chipped into smaller 
pie~.3 either at the l a n ~  site or a t  the plant. 

Stand Improvement Thin. Stand improvement thinning (i.e., the selective removal of 

small or inferior trees) is practiced by foresters seeking to improve conditions for 

growing commercial stock. Typieally, 40 percent of t~te forest stand will be thinned, 

creating additional growing space for the higher quality trees (eTA, 1980). The 

increased availability of sunlight, water, and nutrients allows for more rapid growth of 

the remaining trees and, thus, leads to increased biomass production. Dead, diseased, 

and inferior quality trees are out, skidded to a landing, end then chipped. Currently, 
only 1.8 percent of commercial forest lands are treated with timber stand improvement 

practices (eTA, 1980). 

C.2 Selection of  Sites 

After consultation with foresters across the country, two regions were selected for 

analysis, the West (Arizona, Western Alaska, Western South Dakota, Nevada, New 

Mexico, Utah, Montana, Idaho, Colorado, Wyoming, Oregon, Washington, Northern 

California), and the East (forested areas east of the Dakotas). The energy consumed in 

harvest operations will vs~ 3 somewhat by terrain, tree species, soft type, slope, stem 



diameter, other environmental eondttlons, and equipment operatinK effieieneies. 

Unfortunately, detailed energy consumption data am not kept by most forest industry 

companies. Typleally, the only records available are total annual fuel eousumed and 

total annual tons, cords, or cubic feet harvested. The state of the art in forestry record 

keeping does not provide or permit a detailed breakdown. 

Within the two large regions, differences in energy input requirements arise from the 

utilization of different equipment for different terrains. The major differences oeeur 

in the equipment and methods used in the skidding function. In the East, skiddem are 

used to move trees from the felling site to a landing. Cable yarders are used in the 

West, where slopes exceed 30 percent. 

C.3 Ener~ Consumption Estimates 

This section discusses the methods and data used to estimate energy inputs to the 

eone~tion of forest residues. 

C.3.1 Literature Review 

Although much information is available on forest residues as an energy source, little 

hard data exist on the energy consumed in the field. A number of U.S. Forest Service 

Experiment Stations around the country were contacted for information on forest 

operation requirements. The Northwest Experiment Station and the Northeentral 

Experiment Station were the only two Forest Service Stations that have eendueted 

detailed energy analyses on the harvesting of residues. However, the American 

Pulpwood Assoeiatien (APA) surveyed member operations in 1975 to determine the fuel 

consumed in typical harvesting operations. The data developed were average figures 

for the South, the Northeast and the Lake States. In addition, the Southwide Energy 

Committee has published information on petroleum product consumption in systems 

used for energy wood harvesting in the South. To fill in the gaps and improve on these 

data sources, harvesting managers, equipment manufacturers, private logging contrac- 

tors, and forest product companies throughout the country were contacted to obtain 

information on hsrvestlr~ operations. 

3 
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C.,3.2 Elements of the Net Ener~ Balance 

The three different harve~ing systems (commeref.aT. harvest, commercial thin, and 

stand improvement thin) were analyzed in order to determine the energy required to 
obtain forest residues. Energy inputs were a ~ s s e d  for the specific operations and 

equipment types within each harvest e~Jstem. For the commercial harvest and 
commercial thin systems, only those operations required for obtaining residues were 

counted in the energy analysis. That part of the forest operation attributable to 

obtaining sawlogs was not included (i.e., felling, skidding, and delimbing in the East, and 

felling, cable ym~ling,, and delimbing in the West). Pot stand improvement thins, the 

energy used in harvesting the tree wa_._ss counted in the energy analysis. 

The primary energy consuming elements of each of the three harvest systems are: 

Harvesting. This includes felling of the tree, transport of the entire tree from the 
felling site to a landing, delimblng of tops and branches at the landing, and loading onto 

a truck. In the East, manual systems are used Just as extensively as mechanized 
systems. For felling and delimbing, manual systems use chain saws; mechanized 

systems use feller-bunshers and mechanical slashers. For the most part, manuel 

systems are also used in the West. In the East, transporting the wood to the landing is 

done by skidders. In the West, cable yarders are used because the land is generally 

steeper. A description of the equipment follows (Corcoran, 1976): 

• Chain Saw. A portable, gasoline powered, manually eontrolled 

machine with a toothed chain used to fell trees and 

remove Hmbs. 

• Felter-Buneher: 

• Cable Yarder: 

A mobile machine that holds a tree by means of a 

elamp and cu~inff head, shears it at the stump, then 

swings and deposits the tree onto a pile on the ground. 

A cable hauling system used in transporting trees from 

the felling site to a landing under steep conditions. The 

system consists of a hoist with two or more winches 
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powered by an internal eombustien engine. Wire ropes 

are wound along the winches and spun up a tower. The 

wire ropes are cabled across the skyline. A can'iage 

equipped with hooks travels along this wire. A log is 

then hooked and lifted up, enabling it to be cabled back 

along the wires to a landing. 

• Skidder. A tractor unit equipped with a winch or grapple that  

gathers and skids loads of full trees, t ree length boles 

or logs behind itself from the stump area to a roadside 

landing. 

• Loader: A hydratdieally operated boom and grapple used to 

gather logs or tree lengths for loading onto a truck. 

Chipping. Chipping entails feeding the stems and branches resulting from a commercial  

harvest of  thin or whole trees, or from a stand improvement thin operation, into a 

chipper unit. In Eastern operations, the wood is either chipped end blown into storage 

piles which are later loaded into vans, or the chips are blown directly into vans. These 

vans then transport the green wood chips to the plant. In Western operations, chipping 

usually occurs at  the plant because it is more economical to load the large diameter  

t rees onto trucks for transport. 

• Chipper. A machine that cuts logs and tree=length wood to small 

chips of a 1/2 inch diameter by means of a rotating 

drum oe disc, carrying a series of blades. The chiDs 

leave the cutting device (in an air-stream induced by 
the fan effect  of the chipping mechanism) and are 

automatically conveyed into transport vehieles or 

stockpiles. 

Transportation from Har?est Site to plant. Wood is hauled by truck over an average 

100-mile round trip for both Eastern and Western operations with a full load of 19.13 

tons. 

Miseellaneous Aet iv i t ies .  This includes energy consumed in crew transport, main- 

tenanee vehicles, repair equipment, and supervision. 
5 
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C.3.3.. Assumptions 

Differences in enerb, y consumption were not determined for softwood stands versus 

hardwood stands. Data found in a study that estimated total  energy production end 

eensumptinn for these types of stands show that  the differences are minimal end would 

not justify a breakdown of this nature (Pimentel, 1980). Pot this analysis, a mixed 

hardwood-softwood stand Js assumed generating an averag~ of Y.5 dry tons of residues 

per acre for the East (283 eu ft /aere) and 14.4 dry tons of  residues per acre for the 

West (2,248 en ft/acre) (Howlett and Gamaehe, 19Y7). Thus, to generate the 2,000 dry 

tons of residues per day required by the conversion facility, 267 acres must be 

harvested in the East end 139 acres in the West. 

The energy expended in the manufacture of the various pieces of equipment is not 

included in the energy inputs. On~ the fuel consumed in ope~atin~ the equipment while 

harvesting and transporting wood to the plant is considered. 

Manual labor is not taken into consideration nor are any other factors required to 

produce a ton of dry, wood. Chipping and chainsaw requirements are assumed not to 

differ between regions (Bulkholder, 1981) or harvest methods (Coreoean, 1977). This is 

also true for the fuel consumed per ton-mile in trucking residues to the plant. 

Data provided as units per green ton were assumed at 50 percent moisture content. 

Data provided as cords presented a problem~ a cord of wood is a volume measure of  128 

eu ft of  piled round wood that  can differ in dry weight from about 1,900 lb to 3,500 lb 

(Smith and Coreoren, 1976). An average 1.5 DTE per cord (Smith and Corcoran, 1976) 

was used whenever data were provided in units per cord. The actual  average ton per 

cord number may be lower. However, such a difference would not be significant in 

contrast to the energy consumed in transporting residues from the forest to the plant. 

The energy used to fell, delimb, and transport trees to a landing in a commercial  

harvest or thin is assigned to the commercial  wood. The praetiee of stand improvement 

thinning, however, presents a more difficult problem in the assignment of energy eosts. 

At present, stand improvement thinning for the purpose of improving the growing 

eonditions for the more merchantable trees is performed on only a limited number of  

acres of commercial  forest land (1.8 percent of the total). Dead trees, or those 

otherwise unacceptable for use as sawlogs or in the production of  paper products, are  

6 
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felled and skidded out of the woods so that they do not impede the harvest of the 
commercially acceptable trees. 

However, when the unacceptable trees are 4.hlnned out to allow the eommerelally usable 

trees to flourish, the energy consumed in felling and skidding the dead trees must be 

assigned to hsrvesting the commercial trees and not to the energy costs of using the 

thinned out wood for methanol production or some other use. If the dead or 

commercially poor trees are removed specifically for their use as fuel, for particle 

board fabrication, or as a forest residue feedstock for methanol production, then it 

would be valid to assign the energy costs in thinnlr~ to that specific end use. 

Our analysis of stand improvement thinning as a feedstock source for methanol 
conversion includes the energy eonsumed in felling and skidding the unacceptable or 

deed trees based on the assumption that thinning is not practiced to improve the in- 

woods growing conditions (though this would be a beneficial side effect). In those eases 

where the economic value of the thinned out wood an_..dd improving the growing conditions 

for the remaining commercial trees motivates the decision to thin, then the energy 

costs should properly be shared between inputs to harvesting t~te commercial trees and 
using the thinned wood. Where foresters only thin to improve in-woods growing 
conditions, the energy consumed in thinning should only be assigned to harvesting the 
eommereinl trees. 

C.3.4 Energy Input Estimates 

The energy input estimates calculated for the collection of forest residues by harvest 

system, by operation, and by region are presented in Exhibit C-1 and Exhibit C-2. 

E~hibit C-3 provides a summary table of energy consumed in all the systems. Amounts 

are expressed in Btu's per dry ton equivalent (DTE) and in gallons per DTE. Diesel fuel 

is the primary fuel for all equipment except ehainsaws, whleh are powered by gasoline. 

Since both are widely used, manual systems and mechanized systems are lneluded in 
data shown for stand improvement thins in the East. Only manual systems are 

eonsidered for the West due to eomplieatior~ that arise using meehanized systems on 

steep slopes. 

Assumptions and data sources are listed with the tables. Where more than one data 

source is used for a particular operation, an average number is calculated. 
7 
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Specific Inputs. Transportation is by far the largest energy consuming element in the 
process of eolteetlng residues for alcohol feedstock. The importance of this element 
can be seen in each harvest system'energy analysisp as presented in Exhibits C-1 end 
C-2. 

Chipping is the only other significant energy consuming operation for commercial cuts. 

Regional differences in energy consumption for chipping result from the way residues 

are collected. Tile additional energy required to load and unload stems and trees for 

Western commerelal harvest systems causes the energy differences between East and 

West. Western forest product companies are eun.ently experimenting with ehlppers on 
site. If the use of in-woods chipper, units inePeases in the future, the differences 
between the two regions could disappear. 

The combined operations of transporting wood from the felling site to the landing and 

chipping the residues account for a significant portion of the energy costs fo~ stand 

improvement thins. For manual systems in the East, approximately 32 percent of total 

inputs is consumed by skidders and chippers. In a mechanized system, the equipment 

consumes 28 percent of the total energy. Cable yarders and chippers account for 

approximately 25 percent of the total energy consumed for manual thin operations in 

the West. These figures would ooly change by 2.5 to 3.0 pereentsge points if either the 
lowest energy eonsumpt!on in chipping figure reported was used (65,500 Btu per DTE 
reported by TJllman, 1979) oe the highest consumption figure was used (104,000 Btu pry 
DTE reported by U.S. Forest Service -- PNW~ 1980). The change in these percentage 

figures would be negligible for skidders since data reported were very consistent. 

Mechanized harvesting systems require 10 percent more energy than manual systems. 

This is due to the fUel needed to power mechanized slashers and feller-bunehees. 

C.3.5 Possibilities For Reduced E n ~  Consumption 

It b expected that the figures represented in the tables will decrease in the future due 
to the implementation of energy-conserving teelmlques. Porest product companies are 

promoting and implementing fuel-saving activities such as the matehlng of optimum 

engine she  (horsepower) with level of operation required for a job, increased main- 

tenanoe of equipment, and reduction of unnecessary engine idling. 
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c . 4  Potent ia l  AvailablUt~ of  Residues 

Log~ing Residues 

The amount of logging residues available vary greatly by region (Exhibit C-4). The total 

above-ground forest residue produced in 1970 was estimated at 83 million DTE 0nman, 
1977). Large volur~es are produced in the West, part |eularly in the old-growth forests 

o f  Oregon, Washington, and northern California. Timber harvesting in those forests 
generates  large amounts of  debris. However, use o f  this excess material  by regional 
pulp and fiberboard industries has preffressed slowly because of  the availability of lower 
cost  mill residues from lumber and plywood industries (Quinney, 1975). 

The largest volumes of logging residues are generated in the South, but these unused 

materials are not concentrated in accessible areas (i.e., at any given site, only small 

volumes are generated) (~uinney, 1975). As a result, these residues are not economical 

to collect .  In addition, the Southern pulp and paper industry is increasing its use of  the 

whole t ree  which will further  limit the availability of  residues. 

The residues lef t  unused from lowin~ operations in the East can amount  to substantial  
quantities, but in general they are widely sca t te red  and probably could not economically 

support a methanol  conversion facility. (Quinney, 1975). 

Increased utilization of logging residues depends on two factors. First, the expansion of 

the pulp and paper industry has increased demand for wood fiber. Therefore, 

competition may exist in some regions between use of the residues for pulp and use of 
the  residues for energy. 

Second, a portion of the l o ~ i n g  residues should remain on the forest  floor to ensure 

adequate nul~ient replenishment.  This amount  will differ  by t ree  species, age, and so i l  

Excessive removal  of residues could resul t  in soft-nutrient depletion, thus causing a 

decline in to ta l  biomass production. Nutrients might then be needed in the form o f  

manufactured fertil izers (Hall, 1980). 
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Mill Res idues  

Total mill residues g~,,nerated in the UoS. in 19~0 were estimated at about 86 million 

DTE (Exhibit C-4). This figure includes only residues generated in the manufacture of 

lumber, plywood, and miscellaneous wood products, such as shingles, pilings, and posts. 

Mill residues can provide a ready source of energy, if available. However, approxi- 

mately 75 percent of these residues were used for some purpose in 1970. Approxi- 
mately 56 peroent of the residues were used for non-energy products, primarily wood 
pulp, and the remaining 19 percent were either used as fuel within the forest produets 
Industry or sold. 

Demands for mill residues are apt to increase rapidly as the forest pr~uets  industry 

continues to move towards energy self-sufficiency. In any case, this source is not likely 

to be available for energy use outside of the forest products industry, except in 

relatively limited local situations. 



p 

APPENDIX D 

SILVICULTURAL BIOMASS FARMS 

Energy farms end energy forming represent technologies for expanding the bfomass 

resource "pie" to accommodate the production of alternative energy supplies. Energy 

production is the primely purpcs~ of these farms: biomass is grown and harvested 

specifically fop its energy content, Biomass crops include trees, corn, sugar cane, 

sorghum, end ocean kelp. These con either be burned directly as fuel or be converted 

into various synthetic fuels. In many respects, the energy farm concept is similar to 
the application of intensive agricultural practices to crops grown for food. Under 
intensive mauagement systems, energy farm sites are extensively prepared and short- 
notation 1 energy oroDs are planted, fertilized, irrigated, and harvested using methods 

and equipment that have close analogs in eenventional agricultural opera,ions. 

As yet, silvicultural energy op blomass far'ms have not been demonstrated in the U.S. 

However, other counties, particularly Canada and Sweden, have extensively evaluated 

and are actively pursuing the application of short-rotation forest harvesting to meet 

national energy needs. In Sweden, where oil imports account for 70 percent of their 
total energy supply, a large-scale program is raider develo[~ment to praet|ee short- 
Potation forestry on as much as five percent of Sweden~ total land area (Pettersson, 
1980). Canada, with its larEe biomass production ~apability per capita (Le., large 
productive land mass/small population), has a s~,,nifinant potentisl for energy planta- 

tions. The biomass grown on an energy plantation would be used to generate electricity 

(Middleton et el., 1976). 

A silvicultural biomam farm can be ehar~-cte,:ized as the planting of selected, rapidly 

growing hardwood or softwood tree species at close spacings (MITRE, 1977s). The tree 

crop is harvested at intervals, or rotations, ranging from 2 to 10 years (depending on the 
species growth eharaeterlsties) over the expected lifetlme of the farm facility. Short- 
rotation forestry offers the following advantages for enm-gy farming (MITRE, 1977a; 
Fege, Inman, and Sale, 1979)z 

gShort-rotatfon refers to the harvesting or crops over short tntervats of time, e.g., e~?ry 
2 t o / 0  years for trees without repZanttng. A new rotation refers to a new growth cycle 
fo~owing harvestfng, no_~t to a new crop betng planted. 
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high yields per unit land area during Juvenile growth; 
lower land requirements fee a fflven yield; 
early returns on initial investments; 

lab~ efficiency through mechanization; 

harvest efficiency, through the application of field crop production 

practices; and 

the ability to take a6vantage of cultural and genetic advances quickly. 

As conceptualized by MITRE (1977a), intensive crop management practices would be 
applled on a silvicultural biomass farm. These practices would include fertili~.ation, 
irrigatlon, and weed control A ~ meehanined harvest system would be employed 
to remove the above ground biomass without affeetlng the sprouting eapaeiL~y of the 

stumps and to minimize land damage. Other units would be used to convert, transport, 

and store a year-round supply of biomass in a form compatible with the selected 

conversion teehn010~. 

Silvicultural biomass farms, because they are managed to maximize energy produetient 
yield substantially more btomass per unit area than eenventionally managed forests. 
Part or all of this difference in produetlon could be devoted to alcohol fuels production 
without reduelng our eapaolty to meet current and near-term fuel wood and forest 
products industry needs. The Department of Energy has estimated that 1,480 dry tons 

of weed per day would be needed to produce 50 million gallons of methanol per year 

(Segal, 1979). At productivity levels of 5 tons per sere-year, one acre of forest land 

would produce 460 ~a]Ions of methanol In order to obtain enough methanol for s 10 

percent mixture with the 100 billion gallons of gasoline consumed in the United States, 

some 22 million acres of forest land production would be needed per year. This is 3 
percent of the total current forest acreage in the U.8. (740 million acres) (Segalt 1979; 
eTA, 1980)o Approximately 65 percent of all forest land in the U.S. is classified as 
commercial, i.e., produces at least 20 cubic feet per acre-year (eTA, "£980). 

In this appendix, the energy inputs for the growing, harvesting, and processing of wood 

feedstocks for conversion into alcohol fuels are identified on the basis of a 

t ualized operation of a silvicultural biomass farm. 
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D.1 Selection of Species 

The impact silvicultural biomass farms will have as an alternative energy source will 
depend on two factors. The first is biomass productivity, i.e., the yield per unit time 

and area (MITREs 1977a). Productivity varies as a function of the species planted, the 

cultural practices used, and site conditions (i.e, soil eharaeteristlns, climate, etc.). 

Species selection, site management, and to some extent site conditions can be altered, 

within certain biological limits, in order to meet biomass quantity and quality 

objectives. 

Correct species selection is pertioularly important° Selection criteria include rapid 
early growth, ease of establishment and t~generatJon, wide geographical distribution, 
and resistance to major insect and fungal pests. Perennials are preferred since they can 

be harvested almost continually throughout the year, permitting more efficient use of 

machinery end manpower (although there is some loss in productivity if the harvest 

occurs throughout the year rather than at the end of the growth season). Hardwoods 

are preferred due to their ability to coppice (i.e., sprout from stumps). Regeneration 

through eoppieiug precludes the need for replanting a new tree crop after each harvest 

and also makes possible propagation by cloning (Szego et aL, 1978). Many of these same 

species, however, have limited site adaptability. Species-site compatibility, therefore, 

must be earefu~v evaluated. Ultimately, the most critical selection criterion is the 

ability to produce high yields under the conditions specified by site location. Exhibit D- 

1 lists those hardwood and softwood species considered to be best candidates for use in 

silvicultural biomam farms and describes the limits of their geographical ranges. 

Actual yields for a given species on a given site would depend on stand density and 

menagement intensity, but studies across many species indicate that yields of 2 - 12 dry 

tons equivalent (DT]~) per acre per year may now be possible and future yields of 15 - ~.0 

DTE per acre per year are expected (MITRE, 1977a; Pege, Inman, and Sale, 1979). One 

candidate species in particular, Populus, has been the subject of several productivity 

studies and, as a result, has been selected as the candidate species for this analysis. 

(Pot~uhm includes eastern and bla~k cottonwoods and various hybrid poplars). Bowersox 

end Blankenhern (1979), in their survey of the literature and from their experience with 

dense plantation cultures, concluded that annual productivity of 2 dry tons/anre could 

be expected for a wide range of sites and ~ parentages in the northeastern United 
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BXHIBIT D- l :  RANGES OF CANDIDATE SPECIES FOR 
SILVICULTURAL BIOMASS FARMS 

American sycamore 

Eucal]~ptus spp. I 

Loblolly pine 

Popu l~  spp. 1 

Eastern cottonwood 

Black cottonwood 

Sweetgum 

Tulip-popler 

Red alder 

i i 

Source: MITRE, 1977a. 

1Spp. = Species 

All s tates east  of  the  Great  Plains except 
Minnesota. 

Generally frost-free areas of  t h e  Southeast and 
California.  

Coasta l  Plain and Piedmont f rom Delaware and 
Cent ra l  Maryland south to  Centra l  Florida and 
west  to  eastern Texas. 

Southern Quebec and Ontario to  southeastern 
North  Dakotaj south to  western  Kansas, west- 
ern  Oklahoma, southern Texas, northwestern 
Florida, and Georgia. 

South along the  Pacific Coast  from Kodiak 
Island and southeastern Alaska to  mountains in 
southern California. Eastward into south- 
western  Alberta, south-central  Montana, cen- 
t r a l  Idaho, northern Utah and Nevada. 

Connect icut  sodthwerd throughout  the  East to 
cen t ra l  Florida and eastern Texes. It  is found 
as far west  as Missouri, Arkansas and 
Oklahoma, and north to southern Illinois. 

Throughout the  eastern U.S. f rom southern New 
England west to  Michigan and south to central  
Florida and Louisiana. 

Conf'med to the  Pacific Coast  region from 
southeastern Alaska south through Washington, 
nor thern Idaho, and western Oregon to Santa 
Barbara, California. 
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States. Close to 3 dry tons/acre oould be achieved, without fertilizer or irrigation, by 
eareful1~V seleeting optimum sites and parentalie stooks best .t,u|ted to those sites 
(Bowersox and Blankenhorn~ 19Y9). 

As mentioned above, silvleultural blomass farming ran produce sue~.essive crops without 

replanting (at least for a maximum of I0 yeats). Yields of successive notations are 

difficult to prediet, but coppice erop yields ran be expected to be as large or larger 

than first rotation yields. The number of sustained yield rotations and the yields that 

are possible depend on several factors (Bowersox and Blankenhern, 1979): 

(1) 
(z) 
(3) 

initial tree density at planting, 
the numbe~ of years per rotation, and 
the investment in fertilizer and irelKation. 

As a ~ l e  of thumb, increasing the planting density necessRates a decrease in the 

rotption length. 1 For Populus, maximum rotation length is believed to be no more than 

3 to 5 years for a maximum of 4 to 5 rotations per planting. A possible harvesting 

strategy of 3 years, $ years, then 4 years has been suggested for short rotations of 

Populus (Bowersox and Blankenhorn, 1979). 

As yet there are only data for yields from two rotations of Populus. Blankenhorn and 
Bowersox (1980) report average annual yields for second rotation crops for dense stands 
of Populus (in the absence of fertilizer and L, Tigation) of 4 to 5 dry tons per acre per 

year, which are double the first rotation yields of 2 dry tons per acre per year. 

Fertilizing and/or irrigating the stand eould further inorease yields to 5 dry tons per 

acre per year in the first rotation and up to a maximum of 8 dry tons per acre per year 

for 3, 4, or more rotations. 

To maintain site productivity for several rotations, fertilization and irrigation is 
4 

necessary (Bowersox and Blankenhorn, 1979). Whole-tree harvesting every 3 to 5 years 

ran deplete upper and lower soft nutrients. These nutrients must be replaced either by 

the applleation of fertilizer~ and/or by returning parts of the tree that have nutrient 
value (for example, harvesting after leaf fall). Bowersox and Blankenhorn (1979) 

estimate that fertilization alone could produce a 20 percent increase per year in 

productivity, irrigation alone a 5 percent increase per year, and fertilization and 

IT. Bowev~ox, personal ~ommunfeaffon, 1980. 
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irrigation together, a 30 percent increase per year. As yet, no side-by-side pmduetiv'~.y 
studies have actually been completed on only fertilized vs. only irriigated vs. fertilized 
and irrigated dense stands. 1 

D.2 Site Sele~tion 

Land availability and suitability operates as the second important controlling factor. 

Unlike biomass productivity, the availability of land for energy farming can be only 

partially Influenced by changes in technology. 2 Instead, scale-economic factors are far 

more influential, as they determine the balance between competing land uses (ineinding 
energy farming) and future trends in the supply and demand for land. 

Four eriteria have been suggested for designating suitable sites for silvicultural blomass 
farms (MITRE, 1977e; Szego et al., 1978): 

at least 25 inches of precipitation per year; 

a slope no greater than 30 percent (17 degrees) to allow mechanized crop 

management; 

arable land, i.e., Soil Conservation Service (SCS) land classes I-IV; and 

areas with a population density less than 300 persons per square mile. 

In Seetlon D.5, these criteria are applied towards estimating the potential silvleultural 
biomass faem resources available for the production of methanol fuels. MITREs (1977a) 
analysis indicated that 50 percent of the potentially available land for silvicultural 

biomass farming was located in the Southeast. Our analysis has therefore been 

performed for a silvicultural biomass f~-m on an optimum site (i.e., one which me'~.ts all 

suggested criteria) in the southeastern United States. In cases where MITREts (1977c) 

energy input data are used, their data for a site in Louisiana are chosen as 

representative of the Southeast region. 

_D.3 Selection of a. Management System 

The operation and design of a silvicultural biomass farm is affected by the feedstock 

demands of the conversion technology. In this ease, the desired feedstock is green wood 

ITofd. 

2Inve~ments ~n f~'tilfz~" and irrigation can reduce 
fnstances up to 50 percent (MITRE, 1977d). 
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chips less than one inch in diameter. The quantity requked for the methanol conversion 

facility desm'ibed in Appendix F is 750,000 dry tons per year or 1.4 million ~.een tons 
per year (assuming a 50 percent wet weight moisture content). At p~oductivity levels 
cf 4 - 12 dry tons pet" acre-year, these feedstock demands require planting 20.1000 - 
60,000 acres each year to be harvested after 3 years.1 

To produce these yields and annual growth levels envisioned for silvicultural biomass 

farms, it is most likely that intensive management practices, similar to those applied in 

field crop production, will have to be used. These would include extensive site 

preparation, mechanL~ed planting, and fertilizing and irrigating the stand. Other 

options, such as harve~ing naturally growing vegetation at a site for its energy value, 

do not require cultivating, planting, fertilizing, and irrigating the site. However, yields 
under the so-called "earetake~ ~1 system are much less (2 - 3 dry tons per acre-year 

meximum for ~ ) .  Intensive management offers the opportunity to select high- 

yieldin~ tree species that are well adapted to a site. These trees can then be planted at 

a density that facilitates mechenized harvesting and according to a schedule designed 

to produce a year-round supply of btomass feedstock (Szago et aL, 1978). Tree age, 

size, form, and structure are kept uniform. 

l~or the present analysis, needed planted acreage is calculated on the basis of an 

average yield of 21 dry tons per acre under intensive management after 3 years growth. 
This Is based on the selection of 7 d~y tons per acre per year as the maximum 

sustainable yield from data presented by Bowersox and Blankenhorn (1979). A total of 

107,000 acres is required for the biomass farm at the selected optimum site. 

Eventually, 105,000 acres will be planted in three 35,000 acre plots to supply 2,000 dry 

tons per day (?30,000 DTE per year). A total of 2,000 acres is assumed to be needed for 

roads and irrigation lanes (i.e., 2 percent of planted acreage, MITRE, 1977e). 

The first step is to clear and prepare the land for planting. This includes elem, ing the 

land of its current plant growth (which might be usable as feedstock), tilling the soil, 

applying fertilizers end lime to correct soil nutrient deficiencies, applying herbicides to 

eentrol weeds, and building the needed road and irrigation system networks. The next 
phase is to plant the prepared acreage with seedlings or cuttings of the selected 

species. These seedlings are grown in nurseries and are planted either manually or by 

IActual total farm acreage would be higher with the addition of needed acreage for 
frelgatton lanes, storage areas, and the needed road network. 

24 



using a mechanized tree planter. Seedlings are planted only in the first year of each 10 
year ~yele. Successive crops arise by eopplclng. How these seedlings are spaced when 
they are planted, however, is important in determining the Smwth and productivity of 
the stand threughout its lifetime. They must be planted close enough to produce a 

dense canopy of leaves~ but not so close that seedlin~ must compete for light and 

nutrients. Seedling spacings of 1' x 4', 2' x 4', and 4 t x 4' (as measured within and 

between each row) have been suggested as most productive (U.S. ]~PA, 1978). This 

corresponds to 10,900; 5,450; and 2,755 plants pep acre, respectively. It is also 

suggested that plantings be staggered for the initial years of farm operation and over 

each planting year so that subsequent harvests are also sta~ered. This is done to 

provide the desired year-round supply of harvestable biomass feedstock (MITRE~ 1977a). 

The analysis presumes use of ~ in a 4 foot by 4 foot planting density. Bare r~ot 
seedlings are planted by mechanized tree planters as the site is prepared. A three-year 

rotation length is chosen on the basis of Bowersmc and Blankanhorn,s (1929) data 

showing a maximum annual growth increment at 3 years for Populu s hybrids. A ten 

year maximum period before replanting each 35,000 acre unit is also established from 

their data (i.e., 3 crops harvested per planted unit). Herbicides and pesticide 

appli0ations would also be made, but needed amounts are very much site, species, and 

situation dependent. Therefore, no amounts have been specified (MITRE~ t977c; 
Bowersox and Blankenhorn, 1979). 

With an intensive system, cultivation after planting includes applying nitrogen, phos- 

phorus, and potassium fertilizers and supplemental i~iRation water. How often and how 

much fertilizer and irrigation water should be applied depends on the site conditions, 

the species planted, and to some extent, when and how often the trees are harvested, l 

Since the amount of fertilizer needed depends on the species planted and specific site 

conditions, it is difficult to generalize to a fertilization scheme (Bowersox and 

Blankenhorn, 1979). For analysis purposes, it is assumed that each 35,000 acre plot is 
ferUltzed. 

"IMITRE (1977a) examined 10 possible sil~cul~ra! bfoma,~ f~m sites fn the U.S, W{th 
the only ezeept{on be{rlg agrfcultural land 81re8 {n Caltromia~ needed in'{gat{on amount~ 
were eatabUshed at an average of one acre-root pep acre pep year frr~gattn~ over the 
~ r ~  three year8 or each re{aLton (equal to 6 year8 bl the~ analyMs). 
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(a) annually with 89 lb per acre of nitrogen as liquid urea (46 percent 
nitrogen); 

(b) only for the first year of or.oh rotatio- with 89 ]b per acre of potassium as 

potassium chloride (but normalized as 5o percent K20); and 

(e) on]~ for the first year of eaeh rotation with 89 lb per acre of phosphorus 

as concentrated superphosphate (46 percent P205). 1 

These amounts represent two-thirds the quantities needed for corn crops. 2 

Enough ferU~/ze~ f ~  a three year period (10,133 tons of liquid urea; 2,590 tons of 
potassium chloride; and 3,378 tons of concentrated superphosphate) /s assumed to be 

transported by truck over a distance of 100 miles from a production facility also 

located in the Southeast region. All fertilizer applications are made during the growing 

season. Meohanieal sprayers are used to apply all fertilizers needed in the first year of 

each rotation. Nitrogen fertilizer applications for the second and third years of each 

rotation are combined with applications of irrigation water. 

Irrigation water would be applied following a s~hedule and in amounts eompat~le with 
tha site~ climate and yearly precipitation. Automatle sprinkler (traveller) systems, 
logger nozzle systems, flood irrigation, and dr~ systems have been su~ested as 

possible irrigation systems for silvicultural biomass farms (MITRE, 1977a; Bowersox and 

Blankenhorn, 1979). For the southeastern site analyzed here, it is assumed that 

irrigation will be performed at a level of 325,000 gallons of water per acre per year 

over the 120 day growing season of each year of each rotation (MITRE, 1977e). 3 

Precipitation is assumed to provide sufficient moisture for the rest of the year. 

A traveller sprinkling system is selected because each unit needed (MITRE, 1977c)= 

P 

lVa/ues based on Bowersox and Blankenhorn's (1979) analysis assurnfng a fert i l izer 
requirement of 200 Ib of nitrogen, phoaphorus, and potanfum for a 10,000 acre form. 

2T. Bowe1..~oz, persona/communication, 1980. 
31rrfgatfon needs would actually have to be establ~shed for each site. M/TRE (1977c) 
establ~shed thsse numbers as representative rot their 10 sites analyzed (e.~cept 
CaUf ornf~,~ ¢zd their numbers have been used here. 
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• requires only one man to operate; 

• is adaptable to a wide range of field sizes and shapes! 
• is easy to transport; 

• has a wide range of travel speeds and application rates; 

• is capable of a uniform application within a ZOO-fuot watering radius; and 

• is adaptable to rolling or irregular topography. 

Each traveller system consists of a pump, power unit, main supply pipe, flexible 

i~igation hose, four-wheeled traveller unit, and sprinkler. Drawing water from one or 

several main supply pipes, each traveller unit is drawn down the 10 - 12 foot wide 
irrigation lanes by a cable reeled in from a fixed point. Traveller units are moved 
around the site by tractors. 

The final stage is harvesting the tree crop. This is a hfghly mechanized process 

involving equipment specially designed to harvest most of the above-ground btomass, 

leaving an undamaged stump able to coppice. MITRE (1977e) proposed harvesting 

during the winter months when the trees are dormant in order to take advantage of the 

last productive year of growth pe~ notation and to avoid adversely affecting the regen- 

eration of the next crop. Compared to year-round harvesting, however, shortening the 
harvesting season to the winter" months would require. 

e 

more equipment to harvest the same acreage; 

a year without a harvest with every 10 year replanting cycle since 

replanting cannot start until spring of the following year; 

additional yields, to compensate for losses in storage; 

on-site storage for stockpiling the harvested feedstock supply until used; 

and 

9.5 percent more fuel for the harvestir~ equipment, due to the effect of 

winter operations on fuel consumption (Southwide Energy Committee, 
Z980). 

Therefore, a year-round, staggered planting-harvesting schedule has been assumed. 

Harvesting of each planted unit is assumed to occur at a rate of 96 acres per day which 

produces the needed daily yield of 2,000 dry tons. Harvesting operations are based on 

an 8 hour day, 7-day week, and 52-week year. Since the feedstock is produced at the 

rate it is used, minimal on-site storage is needed. Replanting each 35,000-acre plot is 
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assumed to occur as the third coppice crop is harvested. This schedule is depicted In 
ILchibit I)-2. In actual operation, planting operations would have to be compressed to 
correspond to the planting season. Thereforep harvesting operaUons for the third 
coppice crop must be adjusted to compensate. 

For any type of woodland operation, several factors are critical to the selection of a 

harvesting method (Koch, 1980): (a) terrain feature, (b) soil characteristics, (c) 

weather, (d) stand density, (e) tree diameter distribution, (f) species mix, (g) the scale 

of the harvesting operation, (h) tract size, and (i) the purpose for which the trees are 

harvested, i.e., for fuel, pulpwood, wood products, or chemical p~uc t s .  Considering 
the large tract sizes envisioned for a'single species silvicultural biomass farm where 
stand density is high and the tree diameter distribution is fah'ly unifoem but small (less 
than 8 inches after 3 to 4 years growth), a whole-tree harvesting system seems best 
suited for producing the needed quantity and quality of wood feedstock. 

There are two types of whole-tree harvesting systems: chipping at the stump and 

chipping at the landing. Choosing between these systems depends to a large extent on 

harvesting costs and efficiency. Production rates and harvesting costs are highly 

dependent on tree diameter (Plummer, 1977). With three to four year rotations for 

each crop, tree diameters may reach a maximum of 8 inches depending on the species, 
but probably will average 4 inches or less. This is in contrast to diameters of 12 to 20+ 
inches after the rotation lengths of 30 on more years common to commercial forestry 
operations where the trees are harvested for pulpwood or wood products. For a whole- 

tree chipping system com men to pulpwood operations (utilizing feller-bunchers, grapple 

slddders, and a whole-tree chipper at a landing), the number of cords processed per hour 

drops dramatically as the tree diameter declines, while the cost per cord increases 

(Plummer, 1977). Such a system, clearlys would not prove economical for a sLlvicultural 

biomass farm operation of the type we have described. Instead, a whole-tree system 

utilizing a mobile harvesting unit which fells and chips the smaller trees at the stump 

would seem to be a more e~onomical and efficient harvesting method. Such a system 

would be similar to the use of combines in conventional ngricultural operations in 
cutting a swath two planted ro~;~ in width through the planted tract. 

Such a chip-at-stump system has therefore been assumed in the present analysis. Besides 

being able to produce more tons (or cords) per hour than a chip-at-landing syst=m for 

trees sized 8 Inches or less, a chip-at-stump system also minimizes field traffic and 
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therefore  soil disturbance and can be designed to operate at  (dose spacings. The 

number of  harvester  units needed is es t imated to be 25 on the basis of the following 

equation derived by MITRE (19770)s 

Pa 
units needed = C x .... MAi x E x 8 x W x HPS x PP. x LE 

where: 

C 

Pa 

MAI = 

R = 

S = 

W = 

HPS ffi 
FE = 

LE = 

0.25, the ree ipmeal  of  0.1212, the number of  acres in a 

swath one toot  wide and one mile long 

annual production = 730,000 DTE per year 

mean annual growth increment  = 7 DTE'p~ 'aer~ pe~ ~/ear" 

rotat ion length = 3 years 

harvester  speed = 1 mph (Koch, 1980) 

swath width = 8 f ee t  (2 rows at  4 f t  sparing) 

working hours per harvest  season = 2,990 hours 

field efficiency = 0.60 

la~ ~r efficiency = 0.09 

(Note: MAI, S, HPS, and FE are all si te dependent) 

This figure agrees with calculated equipment needs of  20 - 24 mobile harvesters 

es t imated from reported preduetion capacities for first generat ion ha,~vesters of  12 - 15 

dry tons o f  biomass per hour (96 -120 tons per 8 hour shift) (Koch, 1980). Unfortu- 

nately, only a few mobile hervester/ehipper units have been built  and tes ted  under field 

rendit ions.  None of  these field renditions have corresponded to dense, short-rotat ion 

plantations (Koch, 1980). 1 As a result,  data on fuel consumption rates and production 

rates are limited. This will change with fur ther  testing, but, for the t ime being1 this 

l imited data must be supplemented with fuel consumption figures for a chip-at-landing 

system. 

These mobile harvesters r u t  and chip the whole t rees  and blow these ehips into trail ing 

chip forwarder vehicles. Two, 10-ton rapacity,  qui?k-dump chip forwarders are  

1,r. Oda ', p .sonal oommunleat on, Ig80. 
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harvester units, 46 forwardars would be needed to transport chips to temporary storage 
areas at the gasifiea'don plant. 

The wood gasification plant is assumed to be located at the center of the surrounding 

107,000-acre silvicultural biomass farm site. This minimizes feedstock transportation 

costs. The average, one-way, harvesting-site-to-plant transportation distance is 

calculated to be 5 miles. 1 Alternative plant site locations would necessitate the use 

of highway ~aetor-trailers to transport-the wood chips to the gasification plant. 

Other process components include feedstoek storage and drying. Storage areas can be 

located at several places on the farm site or on the gasification plant site. In this 
analysis, storage and feedstock drying take place at the gasification facility. 

Finally, labor Is used throughout, particularly during the land preparation and planting 

stages (although the energy used in labor is not eonsidered in this analysis). Overall, 

less labor is needed for a silvicultural biomass farm than for a conventional forestry 

operation. Also included in the operation of a biomass farm (but not considered as 

energy inputs) are such miseeltaneous operations as planning, supervision, maintenanee, 

field support/supply, and crew transport. The biomass farm dc~seribed above forms the 

basis for evaluating energy inputs in the next subsection. 

D.4 Ener~  Consumption Estimates 

Exhibit D-3 illustrates the elements of a net energy analysis for a silvicultural biomass 

farm managed under an intensive system. In estimating the petroleum and nonrenew- 

able fuel inputs to silvicultural biomass farm operations, this analysis has distinguished 

between "primary" and nseeondary, inputs. The tables that follow present eonsumption 

estimates for only the primary inputs, that is, the fuels consumed by the equipment 

used in each operation and fuels consumed in the manufacture of fertilizers. Labor 

inputs and energy eonsumed in the manufacture of the equipment used are eonsidered to 

be secondary inputs. 

Z]f the 107,000' acre btomass farm ~ te  ~ seen a8 a otrcular area, the average d~tanee 
from all petnts ~ofthfn that area is two-thb~ of the rad/-s r. 
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D.4.1. Literature Review 

A search conducted of the eueeent literature for estimates of energy Inputs in biomass 

farm operations revealed two types o~ data sources. The first type was fuel 
consumption data for harvesting wood for pulp and paper use, such as the 1975 

Amariean Pulpwood Association (APA) fuel use survey and reports from the Southwide 

Energy Committee (SEC) (1980). The &PA reported average fuel consumption figures 

for typical harvesting operations based o.n surveys of member operations in the South, 

Northeast, and Lake States. The Southwide Energy Committee presented similar date 

for pulpwood harvesting operations in the southeastern United States. Supplemented by 

data from contacts with forest product companies end equipment manufacturers, APA 

and SEC data have been used for representative fuel consumption rates for silvicultural 

bfomass farm harvesting operations. It should be recognized, however, that wood 

harvest/rig o!perations for pulp and paper uses are not directly comparable to the 

operation visualized for a silvicultural biomass farm. Harvesting a uniform and dense 

stand of trees that grow to a maximum of 4 to 8 inches in diameter requires different 

equipment needs, design, end operation than harvesting widely spaced, 22-inch diameter 

trees after at least 30 years of growth. These differences were reflected in the 

biomass harvesting system selected. 

Other sources of energy consumption estimates were anal~ses of conceptualized 

silvicultural biomass farm designs. The most important of these were a series of 
MITRE repots  and the more recent analyses of Bowersox and Blankenhorn et al. The 

design and operation of the ~ilvieultural biomass farm analyzed is based on sele~te.~ 

elements tal<en from those repo~ts. M1TltE's reports defined tt,'~ operational eharaeter- 

Lstics and parameters of a biomass farm and the potential availability for silvicultural 

biomass farms in the United States. Bowersox and Blenkenhom provided information on 

sustainable productivity with and without fertilizers and irrigation, maximum rotation 

lengths, and estimated energy inputs for several proposed silvicultural biomass farm 

operations. 

D.4.2. Ener~  Input Estimates 

Exhibits I>-4 and D-$ show primary nonrenewable energy input estimates for the 

silvicultural biomass faem operations described above. The table below shows that 

fertilizing and itTigatin E the biomass farm site are the two major energy consuming 
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eompanents of the operational design analyzed, aceotmtinff for 43 percent and 37 

percent, eespeetively, of total energy consumed (in Btu per dry ton). In eontrast, the 
energy consumed in either planting or harvesting the tree crop accounts for only one 
percent of the to ta l  

Energy Consumed in Each Parm Operation Category 

Operation Category Btu per dry ton of wood Percent of total 

Site Prepm'ation 96,050 7 . 9  
Planting 9,800 O. 8 
Fertilizer 516,778 42.8 
In'igation 450,600 37.3 
Harvesting/Chipping 8,400 0.7 
Forwarding 126,980 10._._55 

TOTAL 1 t 2081608 100.0 

Considering differences in assumptions and design, these ~esults affree well with other 

analyses of energy inputs to silvicultural biomass farm operations. MITRE (1977e) also 

considered only primary energy inputs in its analysis, because estimates by Aliah and 

lnman (1974) showed that the energy inputs in equipment manufacture accounted for 

only a small fraction of total inputs. In MITREs analysis of a site in Louisiana, total 

energy expended per dry ton of wood feedstock was calculated to be 1,108,320 Btu 

(relative to producing 250,000 DTE per year). Of this total, the energy consumed in 
irrigating the site with a traveller unit accounted for 40 percent. Energy consumed in 
the manufacture of the fertilizer made up 37 percent of the total energy consumed per 
dry ton of feedstock. Energy requirements for harvesting were less than 3 percent of 

the total. The only major difference between our analyses and MITRIgs was in the 

energy consumed in transporting the harvested biomass from field storage to the 

conversion plant. MITRE (1977c) attributed 6 to 7 percent of the total energy 

consumed to this operation. The design analyzed in the present study, which assumes 

that the gasification plant is located at the center of the farm site, minimizes the 

feedstock transportation distance. Transportation of the feedstock, depending on 

distance, can represent almost 50 percent of the total energy input (Smith and 

Corceran, 1976). 

Blenkenhorn, Bowersox, and Murphy (1978) also established energy Input figures for a 

conceptualized silvicultural biomass farm operation following a 10-year growth and 
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harvest cycle. Agnin, the energy consumed in fertilizer manufacture and application 

accounted for a significant fraction (67 percent) of the total energy consumed by an 
intensive system. Purl energy requirements for site preparation, planting, and 
harvesting represented 32 percent of the tota l  Only 0.5 percent of the total energy 
Gousumed could be attributed to equipment manufaoturlog inputs. Irrigation of the site 

was not included in their analysis. 

.D..4.3 Possibilities P.or ,Reduced Energy Consumption 

Perhaps the largest energy savings from the analysis above would result from the 

substitution of animal wastes or treated sewage for manufactured fertilizers. As shown 
in the preceding tables, 48 percent of the total energy inputs to a silvicultural biomass 

farm operation is consumed in the manufacture of fertilizers. The use of animal wastes 

or municipal sewage would significantly reduee this energy input, provided that the fuel 

energy consumed in transporting these materials to the site did not outweigh the 

reductions gained. Another possibility would be to grow nitrogen fixing plants among 

the trees. 

D.5 Potential Silvicultural Biomass I~arm Resources Available 

The location of silvicultural biomass farms operation will be influenced by a variety of 

factors, including the economics of competing land uses, decisions concerning the use 

and management of national forest lands, and the costs associated with transporting the 

fewdstock to the gasification plant. The only ~eglons of the country where biomass 

farms would probably not be located are the Mountain States, the Southwest, and 

California. Actual site selection would require a site-by-site compatibility analysis 

such as that performed by MITRE (1977~) in selecting ten representative sites. 

Location of the gasification plant at the center of r.he biomass farm site, as assumed in 

the above analysis, minimizes feedstock transport costs and fuel consumption. 

In evaluating land suitable for silvicultural biomass farms, MITRE (1977c) developed six 

land availability ~soanarics. ~ The most h~ely sources of land for such farms were found 

to be included in their Scenarios 2 and 3. Scenario 2 consisted of an permanent pasture, 

forest and range land in Soft Conservation Service (8C8) capability classes I-IVl; 

Scenario $ consisted of the same lands plus all rotation hay and pasture lend, hayland 
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and oponland formerly cropped in these four classes. Both s~enarios exclude present 
cropland. The two scenerios contain 270 and 320 million acres, respectively, with 
nea~l~ half  the acreage located in the southeastern United States (l~oduetion Reffions 
2, 3, end 6). 

MITRE conservatively estimated that only 10 percent of the total could be devoted to 

silvicultural biomass farms. Exhibit 1)-6 summarizes the total land areas available and 

estimated biomass yields which could be obtained if MITREIs scenarios were followed. 

Exhibits D-7 through D-9 show the distribution of these land areas and yields across 

nine United States farm production regions. 

Szego et aL (1978) estimated available land foe energy plantations at 175 million acres 
using criteria which 

(1) 

(2) 

(3) 

excluded prime cropland, commercial forest, pasture, range and rec- 

reational land; 

lands west of 101st meridian except for the western slopes of the Pacific 

coastal mountains (areas receiving less than 20 inches of precipitation per 

year)| and 

areas where population density exceeded 300 people per square mile. 

Szego et aL (1978) did not apply the a~'umption that only 10 pereent of this total 
possible land area would be available. 

As urban and suburban expansion continues, however, the supply of land available for all 

other uses including energy farming will decrease. This may be offset somewhat by the 

increased use of more marginal lands (along with selecting more adaptable, less site 

demanding species) provided that the investment in more intensive cultivation results in 

adequate, economical, biomass yields (U.S. EPA, 1978). 
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EXHIBIT D-6: LAND AREA AND PROJECTED FEEDSTOCK YIELD (IN DRY TONS 
PER YEAR) FROM 10 PERCENT OF THE AREA IN THE TWO MOST LIKELY 
LAND AVAILABILITY SCENARIOS FOR SILVICULTURAL BIOMASS FARMS 

SCENARIO #2 
SCS Classes I-IY: 
Forest ,  Pasture,  Range 

Total Land Area 
Available 

(millions e~eres) 

268.3 

Wood Feedstock Yield From 1095 
of This Total Land Area 

_ (mllUo~m of dry ~ons/year) 

Cwrent Future 
. a m m m m s m m . s  

Production Region 
1 29.0 14.5 29.0 
2 36.5 29.2 54.6 
3 51.1 51.1 92.0 
4 33.5 20.1 40.2 
5 28.5 22.8 42.8 
6 35.2 35.2 63.4 
7 6 .5  4 .6  9.1 
8 42.3 38.1 67.7 
9 5.6 5.6 11.2 

SCENARIO #3 
SCS Classes I-IV: 
Forest,  Pasture,  Range 
Rotation Hay/Pasture 
Hayland, Open Land 
Formerly Cropped 

324.5 

Production Region 
1 38.0 19.0 38.0 
2 43.8 35.0 65.7 
3 53.0 53.0 95.4 
4 44.9 26.9 53.9 
5 44.1 35.3 66.2 
6 38.0 38.0 68.4 
7 9 .1  6 .4  12.7 
8 46.4 41.8 74.2 
9 7 .2  7 .2  14.4 

Source z MITRE, 1977e. 
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APPENDIX E 

AGRICULTURAL RESIDUES 

Agricultural residues are an interesting potential source of cellulose for methanol 

conversion. They are a by-product of agricultural production; by definition residues are 

the parts of the plant other than the grain~ seed or fiber for which the  plant is grown 

(Larson, 1979). 

Among agricultural residues, the present analysis is Hmited to field residues; these 

eonstitute 94 pereent of the organic solids produced annually as crop residues. The 

other 6 percent are  from centralized locations such as cotton mills and sugar refineries 

(U.S. EPA, 1978). There are no harvesting or transportation energy costs assoeiated 

with the collection of such non-field residues. 

Although crop residues are  ¢~ten perceived as a waste, they may perform many 

functions. Crop residues are sometimes used as animal feed and bedding (Larson, 1979); 

eorn cobs may be used in the manufacture of ehemicais (U.S. EPA, 1978). 

But even when the residues decay in the field, they have a value. Crop residues contain 

nitrogen, phosphorous~ and potassium, as well as other less energy-intensive nutrients. 

When crop residues are le f t  on the field, most of these nutrients eventually return to 

the soil  When crop residues are removed, additional fertil izer (which has a significant 

energy value) must be applied to the soil to maintain the soil nutrients a t  the level that  

would otherwise exist in the presence of decaying residues. 

Crop residues also provide soil wRh organic matter9 which increases soil fertility and 

reduces soil density (Robertson and Mokma, 1978). In energy terms, an increase in soil 

density increases the power required to plow the soil. Organic mat te r  also maintains 

soil porosity, which permits high rates of water  and oxygen infiltration and reduces the 

quantity of water  that  must be added to the soil for adequate plant growth. In dry, but 

as yet nonirrigated areas, this can signifieantly affect  grain production. Even in 

irrigated areas, the ability of high-porosity soil to hold water may affect  energy 

consumption due to the enexgy-intensive nature of irrigation. 
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But more important than the loss of  fertilize~ nutrients (which ran  be replaced with 

manufactured fertilizer) and organic content  (which ran be ~p laced  with manure) is the 
increased loss of  topsoil (due to wind and water erosion) that  results from residue 

removaL The Soil Conservation Service develops estimates of soft loss tolerance for 

particular soil types and field depths (U.S. Soil Conservation Service, 1973). At present, 

average soft loss per acre on cultivated land in the United States is well above the 

maximum soil loss level per sere at  which cut?ent productivity can be maintained 

(Loekeretz, 1980). These conditions exist at  a time when residue removal (whirl1 can 

increase soft loss by a factor of two) is only rarely practiced. In much of the United 

States, the removal of residues would increase already intolerable levels of erosion and 

reduce long-term soil productivity. This would be an unacceptable result of residue 

coileetion. This analysis is therefore l imited to the collection of those residues that 
ran be removed without causing soil loss to exceed tolerance levels. 

While the removal of residues causes the d i rec t  loss to the soil of the residues t nutrient 

and organic content,  residue removal also causes an indirect loss. An increase in 

residue removal, even within the soil loss tolerance level, increases erosion. This 

eroded soil comes from the top, fertile,  soil layer, which is higher in organic matter  and 

nulrients than the soft underneath. The resulting indirect losses of  nutrients and 

orgsnie mat ter  due ~o the erosion caused by residue removal may be 50 to 100 percent 

of direct losses from residue removal (Loekeretz, 1980). 

In addition to the costs of erosion that  a~crue to a farmer, society incurs additional 

eclats in the form of increased sedimentation in rivers and reservoirs, as well as 

irm~eased water pollution from soil-associated pesticides, fertilizers, and organic 
:hatter. 

To a certain extent,  the problems of erosion caused by residue removal ean be solved 

through the application of alternetive conservation methods. These include: rotating 

~.rops; planting inter-row crops such as clover, alfalfa and winter vetch and then 

plowing these under as green m a n ,  e; eontour plowing; double cropping; strip eropping; 

terraelug; and conservative tillage method% such as ehisel-plowlr~ and no-till.  

If the removal of all  or some crop residues will not  cause intolerable soft loss, or if that 

soil loss ran be alleviated through conservation practices, then residues will be 
available as an energy source. 
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There is considerable attention aimed at the use of grain residue as a boile~ fuel to heat 

the distillation of ethanol from grain. Although erop residues have the advantage of 

being low in sulfur compared with coal, coal is currently cheaper (OTA, 1980) as a 

boiler fuel than residues. This may seem eounter-intuitive when one considers that 
these residues would otherwise decay in the fields, but the costs of utilizing them 

include the costs of purchasing harvesting equipment, harvesting and trensporting 

residues, replacing lost fertilizer, and storing the residues for an average of six months 

between annual harvests. 

As a feedstock, residues can be fermented to ethanol via enzymatic or acid hydrolysis, 

cenvertc-d to m~thanoL Although. the use of a~rioultural residues as an alcohol 

feedstock is technoloKieally feasible, current economies preclude the building of 

facilities for such production. Nevertheless, there is much current research in the field 

(Tyner, 1980). 

In this appendix, estimates a~e developed of energy consumption resulting from the 

collection and of the overall availability of such residues, 

E.1 Selection of Species 

As stated above, this analysis is limited to developing energy estimates for the 

collection of residues from field crops, as opposed to the eollection of residues 

available at a central facility. 

Among those crop residues conventionally left in the field, corn and wheat residues are 

available in the greatest quantity. Soybeans, grain sorghum, rice, barley and oats also 

produce significant amounts of residues. Hay, all of which is hatwested for feed, is not 

considered residue (Slddmore, 1979). 

In assessing the types of residues suitable for methanol eonversion, the ability of 

residues to be collected in the fall and stored until their use must be taken into 

account. Tyner (1980) notes that soybean residues decompose rapidly and therefore 

cannot be stored up to a year before they are used. Soybean residues are also difficult 

to col lect  Therefore, soybean residues have been excluded from consideration in this 

analysis. 
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E.2 Selection of Sites 

Those regions of the country that produce the greatest quantity of crops also produce 

the greatest  quantity of crop residues: the Corn Belt and the Great Plains. Moreover, 

these regions produce crop residues beyond what is needed to control erosion, i.e., they 

produce residues available to support a methanol production facility. Within the Great 

Plains and Corn Belt regions, the only crops that produce available residues are corn 

and small grains. 

WithIn each of these two regions, three Major Land Resource Areas (MLRA's) were 

selected for analysis. MLRA~ are geographinally-associated land resource units. 

States may contain 6 to 12 MLRAIs (Gupta, 1979), although MLRA*s cross state borders. 

In the Corn Belt region, the areas selected were: MLRA 102 located in southwestern 

Minnesota and eastern South Dakota! MLRA 115, located in southern ]lUnois and eastern 

Missouri; and MLRA 107, located mostly in western Iowa. In the Great Plains region, 

the areas selected were: MLRA S0, located in central Texas, central Oklahoma and 

southern Kansas; MLRA 73 located in north central Kansas and southern Nebraska; and 

MLRA 63, located in central South Dakota. 

In selecting MLRA's for analysis, only those areas where residues can be collected 

without increasing soil erosion beyond tolerable levels have been considered. The three 

bILRA*s analyzed in each region represent a range of the energy consumption per dry 

ton residue collected ~ delivered to a centrally-located ..:on-.ePOCh faci~ty. In 

selecting these sites, no attempt was made to determine whether or not the collection 

of agricultural residues at the~e sites would be economic. 

E.3 Energy Consumption Estimates 

This s ~ i o n  describes the methods used to derive energy consumption data per dry ton 

equivalent (DTE) of residues delivered to a centrally-loeatcd cellulose conversion 

facility in six MLRAVs. 

E.3.1 Literature Review 

Numerous studies on the use of crop residues as an energy source were reviewed in a 

search for information relating to energy consumption in residue collection. Because of 
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the effect of ~esidue availability on the energy used in transporting the residues, 
information was required on residue availability as well  as on the energy requirements 
for residue collection activities.  

A common, but incomplete,  method of assessing total  residue availability is to obtain 

published data on crop yields and to multiply those yields by the appropriate crop 

residue factor from the table below. The produet is the total tonnage of residues by 

amp (Gupta, 1979). 

Ratio of Straw Residue to Grain 
Crop (by weight) 

Corn 1:1 

Sorghum 1;1 

Spring wheat  1.3:1 

Winter wheat 1.7:1 

Durum wheat 1"1 

Oats 2--1 

Barley 1.5.'1 

This residue tonnage, summed across all ero~s, is the total residue produced. Much of 

this residue, however, cannot physically be collected,  or would contribute to a 

significant erosion hazard if collected. Hence, total  residue available for collection is 

si~Jficantly lower. 

Tyner (1980) est imates that  one ton of corn or sorghum residues per acre is 

uncolleetable for residue yields of less than 5,300 lbs per acre. For yields higher than 

5,300 Ibs per acre, 37.5 percent of residues are uneollectable. For small grains, Tyner 

assumes that 500 lb of  residues per acre cannot be collected. 

In addition to this physical constraint, much of  the collectible residue should be lef t  on 

the sell to curtail water  and/or wind erosion, reducing total  residue avallabi]/ty further.  

Only in the past few years have energy analysts considered the e f fec t  o f  residue 

removal on erosion, an ef fec t  long recognized by soil scientists. One reason for this 

delay may have been the difficulty in quantifying the impact of residues on erosion 

control. This impact will vary dramatically by site, thus calling into question 

53 



nationally-applied estimates such as those of Allah et al (1976) on typieal residue 
availability. 

The ievel of soil erosion is influenced by many faetore. Water erosion depends on the 

level of rainfall, the so/1 type, the slope length, the slope g~.adient, the crop 

mana~emant technique, and an erosion control factor. These faetore ear be multiplied 

together using the universal sell loss equstlon (see Guptat 1979) to produce estimates of 

soil loss due to water erosion. Wind erosion also depends on a variety of factors (soil 

erodlbility, ridge roughness, climates field lenfftl% and vegetative eover), but the 

relationship of these factors is sufficiently complex to require a eomputer program to 
calculate soft loss in each area (Posselius and Stout, 1980). 

Thus, the determination of the amount of residues that can be removed for energy or 

other uses requires substantial site-speeifie data. For the prese~ ~.nslysis, use has been 

made of data developed in a series of papers by Science and Education Administration 

(SEA) seiantists (Lsrson, 1979i Gupta et aL, 1979; Lindstrom et aL, 1979; and Skidmore, 

et aL, 1979). These papers provide estimates of the amount of residues that ear be 

safely removed. The estimates were developed on the MLRA level; estimates of energy 

consumption per ton -~f :'~sidues developed in the present analysis have therefore been 
performed at the MLRA level  

The estimates of energy consumed in eolleetion and transport of crop residues are based 

on equations developed by Clarence Riehey for a Purdue University study for the eTA 

(Tyner, 1980). While other data sources provide estimates of energy eonsumption per 

acre of erepland, the Purdue estimates take into account the effect of variations in 

residue availability on diesel fuel consumption. Therefore, this method of estimating 

energy was deemed preferable for this analysis. The Purdue equations calculate energy 

consumed in the collection of a speeifie type of residues usinff only two variables: the 

harvestable residue in tons per sere and the average dlstanee to the eonversion facility 
in miles. 

E.3.2 Assumptions 

In u t i l i z ~  the data discussed above on residue ava/lability, several assumptions have 
bean made. 
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Pirst, all residues available for harvest are  assumed collected. However, because of the 

various hazards to the soil and other costs associated with residue collection, many 

farmers may fail  to have crop residues collected on their lands. In some other areas, 

the tons per acre  that  can be removed safely is relatively low. As a result, the removal 

of such residues will be significantly less economic (in terms of energy as well as labor) 

than the removal of residues in areas where erosion is less of a problem. The 

assumption, then, that  all residues available will be collected, is an optimistic one. 

Second, all r e s idu~  collected are assumed transported to a centrally-located methanol- 

producing facil i ty.  In reality, some of the residues would probably be kept  on the farm 

for use as animal bedding or feed, but this is difficult to quantify. 

Third, cropland is assumed to be uniformly dis t r~uted within an MLRA. This permits 

estimation of  an average transport distance to a conversion facili ty for crop residues 
produced in the MLRA. 

Fourth, a cer ta in  amount of solar drying of residues on the field is assumed. Such 

drying reduces bacterial  losses as well as the weight of residues that  must be 

transported to the conversion facility. Estimates of the moisture eontent of residues 

transported were  obtained from Tyne~ (1979). These are: 12 percent  moisture for small 

grains, and 15.5 percent moisture for corn residues after solar ckyinff. At these 

moisture levels, the quantity of cellulose required for the conversion process is 

somewhat lower than if cellulose with 50 percent moisture is used. Accordingly, a 

300,000 gallon/day methanol plant is est imated to require only about 1750 DTE of 

agricultural residues per day (as opposed to 2000 DTE per day when wood, with 50 

percent moisture, is used). 

_E.3.3 Enerp;y Input Estimates 

There are several  steps involved in the collection of agrieultural residues. The residues 

are first out close to the ground (a step which may occur routinely during harvest) and 

raked into windrows. The windrows are then gathered and packed into bales which are 

then moved to a roadside storage area. Pinally, the bales are transported by truck to 

the processing facili ty.  
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Equations for energy consumption in each of these operations, in terms of diesel fuel 

eonsumed per acre, are presented in the previously mentioned Purdue study (Tyner, 

1980). Convertin~ the Purdue equations for eern and small gralm to produce estimates 

of diesel fuel consumed per dry ton of residues yleldsz 

Operations 

Cut and windrow 

Bale 

Move to Roadside 

Transport to Plant 

Diesel Fuel Consumption in,Gallons/Ton 

Corn residues 
(750 w t bale) 

1.18/R 
0.262 + Z.II /R 

0.51 

0.067 + 0.059d 

Smell ffrain residues 
.... (665 lb d ~  wt bale) 

0.61/R 

0.295 + 0.77/R 

0.574 

0.075 + 0.067d 

where R is collectible residues, in dry tons per acre, and d is the average distanee to 
the plant, in miles. 

For the Great Plains MLRA's, collectible residues per acre, by erop, were obtained from 

estimates developed by Skidmere, Kumal an~ Larson (1979). These estimates were 

based on 1973-1975 data and reflect the maximum amount which can be collected 

without increasing soil loss due to wind erosion beyond tolerable levels. 

For the Corn Belt MLRA's, collectible residues were estimated in a two-step proeem. 

First total residues produced per acre in the Corn Belt were derived from 1977-1979 

estimates 1 of total residues predueed by region and crop developed by Lockeretz (1980) 

and shown in Exh~it E-1. Then estimates of residues required to keep soil erosion 

below tolerance levels were subtracted. 

The latter estimates were obtained from those developed by Lindstrom et al (1979) 

using 1972-1976 data. In the Corn Belt, water erosion is a more serious problem than 

wind erosion and residue requirements depend upon Ullage practices. Lindstrom 

develop estimates for five different tillage practices. The estimates used in the 

present analysis assume the use of tillage methods (e.g., no-till) which permit the 

• , | , 

1E~fmates of residue prochctfon are less sensitive to the years [or whfch data is used 
thm~ are estfmates of crop yields, since adverse weather and pestilence generally 
reduce crop y~elds to a much greater eztent than resid..e yields. 
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EXHIBIT E-l: PRODUCTION OF MAJOR CROP RESIDOE~, BY CROP AND REGION 
(Million dry metric tons per year) ~ 

_ i t _  i J i i i~ i i , ,  i Hi | j i m . i  J , i  i i t 

Corn Wheat Soybeans Sorghum Oats Barley Total 
_ i |  • i i i ill I l l | !  . . . .  _ . • 

Corn Belt 98.5 9.9 43.5 1.8 3.8 0.1 157.5 (40%) 

Northern Plains 27.4 31.0 4.1 10.0 5.8 4.1 82.4 (2196) 

Lake States 28.4 5.3 7.4 --  5.8 1.7 48.6 (12%) 

Southern Plains 3.9 13.1 1.2 6.4 0.8 0.2 25.6 (6%) 

Mountain States 2.6 12.2 - -  0.7 0.2 4.4 20.1 (5%) 

A ppnlachta 8.6 1.7 6.3 O.1 0.2 0.3 17.2 (4%) 

P~cttic 1.8 9.8 -- 0.3 0.4 2.6 14.9 (4%) 

Delta 0.4 1.0 11.7 0.3 0.2 - -  13.6 (3%) 

Northeast 6.0 0.7 1.2 - -  1.2 0.3 9.4 (2%) 

]outheast 3.5 O. 5 6.1 --  0.2 --  9.3 (2%) 
, N i  , . 

0.S. (48 states) 181.1 85.2 80.5 19.6 18.6 13.6 398.6 (100%) 

of u.s. (45%) (~2%)  (~0%) (5%) (5%) (3%) (100%) 
- -  ' . . . . . . .  iJ i m | 

F7-79 average, computed from state crop production data in Crop Production, 1979 Annual Summary. 
sidues computed from erop production using the following values for r~tto ~[ dry re'slc~he weigttt to 
,vested crop: corn, 1.0; spring wheat, 1.3; winter wheat, 1.7; durum wheat, 1.0; soybeans, 1.5; 
Ehum, 1.1; oats, 2.0; barley, 1.5 (Lindstrom et al., 1979). Data are for gross production only, with no 
~wances for losses in harvesting, competing uses, or soil conservation constraints on residue removal. 
glens are those used by USDA for many statistical series (see _Agricultural Statistics, 1978, p. 477 for 
'.st of states in each). 

1tee: Lockeretz, 1980. 
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maximum removal of residues. Such methods are not always used and, because of 

potential problems with weeds, inseots or drainage, they may not always be feasible 

(Loek~etz, 1980). Hence, the estimates used for available residues in Corn belt 

MLRA's may be overly optimistic and may result in underestimating energy require- 
ments for residue aolleetion in these areas. 

For each of the six MLRAWs, the total residue available was determined by multiplying 

the harvested crop acreage by the residue available per acre. This total was summed 

across all crops and divided by the land area of the MLRA 1 to obtain dry tons of 

available residues produced per square mile. 

in the Corn Belt and Great Plains regions, crop residues can be harvested only once a 

year. Therefore, residues must be harvested from an area large enough to supply a 
eenversion facility for an entire year. 

As previously observed, a 300,000 gallon/day methanol plant requires about 1750 dry 

tons per day of agricultural residues. Allowing for bacterial~ transport and storage 

losses of 15 percent (Tyner, 1900), yields an annual requirement of about 750,000 dry 

tons per year. This figure was then divided by available residue production per square 

mile to obtain the (minimum) ~ e a  nseessary to provide residues for one 300,000 

gallon/day methanol plant. Assuming a circular area and a centrally located plant 
yields an average transport distance of two-thirds the radius of the area. 

As the equations presented above show, energy consumption per ton of residues 

increases with decreased residue availability per acre and with increased average 
transport distance. 

In addition to the direct use of energy in the harvesting of crop residues, significant 

indirect energy consuming elements mtist be considered as well  As stated in the 

in~oduotion, the removal of residues will increase pollutants (difficult to quantify in 
energy terms) and reduce soll tilth (making the soil harder to plow). 

1W. Lorson and E. Sk'ldmore, personal ~ommunfcatlons. 
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One significant and possibly quantifiable indirect energy cost  is lost grain production 

caused by a new harvest schedule. If winter rain or snow comes early, while a farmer is 

still harvesting erop residues, there may not be enough t ime for the  farmer  to  prepare 

the ground for spring planting. This preparation must then take place in the spring, 

delaying planting and reducing yields (e.g., if plowing and ferti l izing must be done in the 

spring instead of the fall, corn yields, especially susceptible to a shorter growing 

season, will suffer)-' According to a Purdue crop production model~ using actual  weather 

and field conditions data for 600 acres in Indiana for 1968-1974, the harvesting of 

residues would have resulted in an average reduction in corn production of 1.6 bu/acre.  

This would have been between one and two perQent of to ta l  crop production. 

For the Indiana study area, the Pucdue study shows an average residue yield of  1.1 tons 

per acre. At an average loss of 1.6 bushels of corn per acre, each t~n of residue 

harvested would have reduced corn production by approximately 1.5 bushels. The 

energy consumed lrt the production of this corn must be added to the  energy cost of  

residue collection. 

A much more significant indirect energy input to the collection of residues is the loss of 

the  nutrient  value of the residues. The organic content  of the residues would be lost to 

the soil but  would probably not be replaced. However, the common fert i l izer elements 

(nitrogen~ potassium and phosphorus) contained in the removed residues would have to 

be  replaced with additional fertil izer,  which has a very significant energy cost.  Exhibit 

E-2 shows the  nutrient content  of the small  grains and corn residues, as well as the  

to ta l  energy eonsumption of the manufacture  of an equivalent amount  of ferti l izer.  

In the  first year  following their return to the  soil, perhaps only 2 to  3 percent  of residue 

nutrients would be available. Over t ime,  however, much of the  nutr ients  would be 
t 

available as a natural ferti l izer.  However, erosion and/or minerals in the  soil would 

reduce the value of residues as fert i l izer.  The phosphorus in residues, in particular,  

may form compounds with other e lements  in the  soil and, therefore,  has l i t t le  value as 

fert i l izer.  

The es t imates  of  energy consumption for coileoting residues in each of  the  six selected 

MLRA's are presented in Exhibits E-3 through E-8. For each MLRA, the  est imates for 
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corn and for small grains are developed separately and then combined on the basis of the 
relative production of the two categories of  residue. The estimates foe the six MLRA's 
are summarized in Exhibit E-9. 

The largest input in almost all of the MLRA's is the fertilizer value of the residues, an 

indirect energy input. The second largest input is the energy cost of transporting the 

residues, reflecting the extreme sensi t lvi ty tha t  residue collection costs have with 

respect to transportation distances. Notably, the total  energy consumption estimates in 
five of the six MLRAIs are quite similar (about 1.6 MM Btu/ton), while they are about 

double this value in MLRA 63, where expected residue yields per acre are low and 

estimated transport distances high. This emphasizes the relative sensitivity of these 

resul~ to transport distances and expected residue yields. 

E.3.4 Po~ibilities for Reduced Energy Consumption 

Probably the most significant reduction in energy consumption could be achieved by 

reducing the capacity of the methanol produetion facility. The smaller the facility, the 

smaller the average distance that residues must be travsported. In view of the size of 

the transportation energy input, this could produce a significant energy saving. 

Another interesting possibility would be the use of combines tha t  harvest and bale 

residues a t  the san~ ~- time as grain. Such combines would: eliminate the need to travel 

over each acre twice to collect residues (a considerable savings in labor as well as 

energy)~ and increase the amount of  residues that  can be physically collected (due to 

impr ~ 1 harvesting equipment). On the other hand, the use of such combines would 

tend to: increase the length of the grain harvest, which may endanger crop collection; 

require the baling of wet residues, which are more susceptible to bacter ia l  degradation 

than dry residues~ and require considerable investment in the form of new equipment. 

E._~4 Potential Availability of Residues 

The SEA study from which the data on harvestable residues were obtained examined 

residue availability in six southern s tates  and in eastern Oregon, in addition to the Corn 

Belt and the Great Plains. Tyner (1980) expanded on this work, developing estimates of 
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residue availability for the rest of  the eountry. That repert 's  final estimate of total  

residues available for eolleotion in the United States is shown in Exhibit E-IO. Note that  

usable residues r(~present only one-fifth of total residues produced (previously shown in 

Exhibit E-2). 

The amount of  I~rvestable residue that  would actually be eoHeeted would be snmller 

~han the available residues est imated in Exhibit E-10. F ~ m e r s  may be reluetant  to 

invest the t ime and money neeessary to eolleet the residues if only a sma/1 portion of 
the  residues may be safely removed, or they may not wish to remove the residues at  all, 
in view of the nutrients the residues provide to the soil and their erosion-redueing 

properties. Also, as stated earlier, not an residues eolleeted are available for 

conversion to cellulose. Some are used on the farm or sold to I/restock producers for 

animal feed or bedding. Colteeted residues may also be used as a heat source through 

d i d s t  combustion. 

Sign~ieant quantities of collectible residues see available primarily from prime farm 

land: very fiat land (less than two percent  slope) with rleh, deep soiL Most such h a d  is 

already being farmed. He.nee, potential additions to cropland are likely to come 

primarily from more marginal farm land and are not likely to be eapable of supplying 

significant quantities of residues. 

In areas of low usable residue density, transport eosts will be high, and the building of  a 

eapital-intensive conversion faeilt ty would be tmlikely. Soil, cl imate and productivity 

oonditions eombine to make five s tates  the produeers of  48 percent  of the usable seep 

residues in the United States.  Eleven other states produce 85 percent, ~md the 

remaining 32 states in the lower 48 combined produce only 17 pereent of the usable 

residues. Given this distribution of residue availability, residues for alcohol production 

are  likely to come primarily from the top twelve s tates  I (which produee 73 poreent of  

the  total  available residues). 

1In~ order of usable re,due production, these states are: Minnesota, /llfnofs, Iowa, 
Indiana, Ohio, Wisconsin, Ca/~omfa,  Washfngton~ Kansas, Nebra~a, Texas and 
A~kansas. 
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EXHIBIT E-10: TOTAL USABLE CROP RESIDUE IN THE UNITED STATES 
BY CROP 

Harvestable Average 
Amount Acres Yield 

Crop (M tons) (M acres) (tons/acre) 

Corn 37,098 39,122 .95 

Smart grains 33,623 36,324 .93 

Sorghum 1,452 4,100 .35 

Rice 5,457 2,516 2.17 

Sugar 590 331 1.78 

Total 78,220 02,393 .95 

Source: Tyner, 1980. 

80 



APPENDIX P 

METHANOL PROM CBLLULOSIC FEEDSTOCKS 

In thb appendix, estimates are developed of the energy inputs and outputs for the 

production of methanol from cellulosic materials. Production of methanol from 

cellulose involves drying the cellulosic feedstock to ten percent moisture and decom- 

posin~ it at a high temperature to produce synthesis gas. This gas is primarily carbon 
monoxide (CO) and hydrogen (H2). Steam is added to the gas! impurities are removed! 
and the gas is condensed under high pressure to form methanol DistiPlatton then 

removes any other impurities. The production process is described in somewhat more 
detail below. 

F.1 Selection of Technology 

At the present time, none of the technologies for conversion of wood or other cellulosic 

materials to methanol are considered commercially proven. Nevertheless, the equip- 
ment used in much of the process described below is proven in other, similar, 

commercial applications. Of the various process steps, on~y the gasification of wood 
has not been demonstrated on a commercial scale. 

The technology selected for this energy analysis comes from a recent study (Mudge et 

al, 1981) that combines the Battelle Pacific Northwest Laboratories catalytic wood 

gasification technology, the Benfield acid gas removal technology, and the ICl methanol 

synthesis technology. The overall process flow is presented in Exhibit F-1. 

F.2 Prece~ Description 

The raw material for the plant is green wood chips or agricultural residues. These are 

received by truck and placed into storage via a chain feeder and tripper/stacker belt 

conveyor. Quantities that must be kept in storage vary by feedstock -- no significant 

storage is needed ~or wood harvested daily from a silvicultural farm, but a facility using 

agricultural residues would have to store up to a yearVs supply. Bulldozers in the 

storage area spread the piles and aid In reclaiming. Chips are reelalmed from storage 

using ehaln reelalmers and sent to the precess on a belt. There is a screenlng station to 

remove rocks and tramp iron from the chips and to separate oversize ehlps for further 
chopin. 
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The feedstock is then dried to I0 pereent moisture in sinEle pass, annular cross section, 

rotary dryers. The dryers are equipped with theh. own burners, which are fueled by char 

ft'om the gasifier. 

The dried chips are conveyed to the gasifier feed bin. About 14 percent of the dry wood 

entering the gasifier area must be burned to heat the gasifler. The remaininff chips are 
continuously fed to the gaslfiev through a leek hopper system. 

The gasifiee is a fluidlzed bed containing catalyst balls, wood chips, and char. The 

gasifie~ operates at 150 psia and 1,380 F. High pressure steam is introduced into the 

gasifler both for the gasification reactions and to fluidize the solids. In the gasifier, 

the wood chips break down to synthesis Eas and char. Char end catalyst are 

continuously removed from the gasifler through a look hopper system. The catalyst is 

recycled to the gasifier, while the eher is used for fuel in other process units. 

The hot synthesis gas (primarily hydrogen and carbon oxides, with very little methane) 

is then cooled to about 350 P in a waste heat boiler. Superheated steam at 600 psig is 
generated In thLs gasifier waste heat boiler. Entrained solids are removed from the 

cooled gas in cyclones and bag filters. 

The synthesis gas is then sent to the shift section. Only part of the synthesis gas must 

be reacted with steam to achieve the desired ratio of carbon monoxide to hydrogen. 

The rest of  the gas bypasses the shift reactor, is combined with reformer effluent, and 

then sent to a waste heat boiler that generates 150 psig saturated steam. Both streams 

ere then combined and further cooled to 200 F. The heat removed fnom the fins is used 

to heat boiler feedwater to 200 F. 

Gas from the shift reactor is sent to the acid gas removal section, where carbon dioxide 

and any teaees of sulfur containing gases are removed. The gas is then compressed to 

1,000 r~si~ with a multistage centrifugal compressor. 

The gas enters the methanol synthesis loop and is circulated by a eenh'ifugal 

compressor. Methanol and some water ere formed in the methanol reactor. Heat 

exchangers are used to recove~ heat from the gas mixture exiting the reactor. Part of 

this heat is used for distillation to purify the methanol, pert to heat in~omin; gas. The 

methanol is condensed from the gases and purified by distillation. Light ends containing 



dimethyl ether and sldestream eontainin~ higher alcohols are sent to the boiler for use 
as fueL 

The purge stream is removed from the synthesis loop and sent to the reformer.  A 

portion of the gas is burned to provide heat for reforming, the rest is sent to the 

reactor.  The purge gas contains hydrocarbons (mostty methane) that build up in the 

system. These are converted to hydrogen and earbon oxides in the reformer. The hot 

reformed gas (1,600 F) is used to preheat the feed gas, and then it is sent to the shift 
section for further heat recovery. 

Steam for the proeess is generated in the gasifier, the shift waste heat boilers, and the 

main boiler. The main boiler is fired mainly by gasifier ehar, but it  also uses a small 

amount of wood, the light ends, and fusel oil from the methanol distillation. 

F.3 Pr,.ocess..Chemis~y 

The ehemistry of gasifying wood and other eellulosie materials is complex. The overall 

reaetions have been simplified for the purpose of illustration. 

In the gasifier, cellulose, hamieellulose and lignin in the wood are r~aeted with steam to 

form synthesis gas. The major reactions are 

(CH20) + H20 = nCO + nH 2 + H20 

(CH20) x + H20 = CO 2 ÷ 2H 2 

(CH20) x = C + H20 

C + H20 = CO + H 2 

(CH20) x = CO 2 + CH4 

The water shift reaction is used to adjust the ratio of carbon monoxide to hydrogen for 

methanol synthesis. 
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CO + H20 = CO 2 + H 2 

Aeld gas removal with a Benfleld system involves absorbtion in hot potassium carbonate 

to form bicarbonate (or bisulfide). 

K2CO 3 + CO 2 + H20 = 2KHCO$ 

The absorbent is regenerated by the reverse reaction. 

The methanol synthesis is aeeomplished by the eatalytle reaction of earbon monoxide 

with hydroge:t. 

CO+2H 2 = CH3OH 

Purge gas from the methanol synthesis loop containing methane is reformed with steam 

to produce hydrogen which is then reeyoled to the shift reactor. 

CH 4 + H20 = CO + 3H2 

CH 4 + 2H20 = CO 2 + 4H 2 

F.4 Ener~ Consumption Estimates 

The inputs to the methanol proeess are given below. The data are presented per unit of 

methanol: 

Dry Wood 

Dry A~ieultural 
Residues 

meetricity 

Diesel Fuel 

6,63 ton/1,O00 gal or 

5.8 ton/Z,O00 gal 
1J67 kwhr/1,000 gal 
1.09 gel/I,000 gal 

The diesel fuel is consumed by bulldozers in the wood storage area; the electricity and 

wood are consumed in the process. 
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The consumption of Eeilergy by type within the process is shown in Exhibit F-2. The 

reader is cautioned that the energy consumed by each process section may vary 

considerably from one design to another due to the placement of heat exchangers and 

other energy eonsarving equipment. 

Exhibit F-3 summarizes energy inputs to methanol from cellulose. Exhibit F-4 presents 

the energy output. Cellulose and energy requirements for producing a given amount of 

methanol varies a function of the moisture content of the feedstock. 

F.5 Sensitivity Analyses 

Plant  Size. The process plant energy requirements per ton of raw material are not a 

function of plant scale. The energy needed to transport raw material to the plant, 

however, does depend on plant size. An economic plant would process about 2,000 dry 

tons of wood per day to make about 1,000 tons of methanol (300,000 gel) per day. A 

plant processing about 1,000 dry tons would be close to the lower limit of economie 

size. The upper limit is dependent on transportation costs; the maximum plant size is 

probably about 5,000 DTE of wood per day. Between those two bounds the process 

energy balance is independent of plant size. 

Feedstock. Virtually any cellulosic feedstock: can be gasified and the resulting synthesis 

gas converted to methanol  The energy balance will be sensitive to the moisture in the 

feed. Variations in ash content will have a negligible impact on the energy balance. 

The raw wood composition assumed was 49.5 percent moisture. This is typical of forest 

residues and wood from a silvicultural farm. Agrloultural residues may have a lower 

moisture content, depending on the amount of solar drying in the field. For this 

analysis, corn residues wp -~ assumed to be 15.5 percent moisture! small grains residues 

were assumed to be 12 percent moisture (Tyner, 1980). These lower levels of moisture 

resuk~ed in estimated energy savings of  .23 and .24 Btu of wood per Btu of methanol, 

respectively. The sensitivity t~ moi~ure  content is nonlinear. 

The moisture content of  wood is more or le.ss independent of weather, although it could 

increase somewhat during storage in a t~lny season or decrease during a dry season. 

The moisture content of  agricultural residues will be more variable and particularly 

more sensitive to weather conditions immediately prior to collection. 
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BIBLIOGRAPHY PeR APPENDICES C THROUGH F 

The following partially annotated bibliography eontains listings for the sources used in 
Appendices C-l~. 

Alleh, J.A., Jr. and Inman, R.E., Effective Utilization of Solar Energy to Produce 
Clean Fuel, Stanford Researcl~ i~ t i tu te ,  Menlo Park, CA (1974). 

Presents initial work on energy inputs and outputs for a proposed silvicultural 
biomass farm design. 

Alich, J.A.D Jr.; Inman~ R.E.; Ernest, K.; et el., B.valuation of the Use of Agricultural 
Residues as Energy Feedstock, Vol. I, Stanford ttes~at~h Institute. Springfield, 
VA: NTIS, #PB-269763 (J~tly 1976). 

Since agricultural residues (crop and forest wastes and animal manures) consti- 
tute a potential supplemental source of energy, the authors examine the 
availability of such residues and evaluate their potential use as an energy 
feedsteck. The r6search objectives are to: (1) develop a nationwide county-by- 
county inventory of residues generated, their quantity and condition, their 
current uses or disposal 9racttees, their net availability, lecation, distribution 
and seasonality, and a ten, purer file as an aid in summarization and ansIysis; and 
(2) assess the practicality and costs of collecting and using residues on the basis 
of geographic concentration patterns and the economics of collection, transpor- 
tation, and usage. The report is presented in two volumes: the r~athod of 
approach used in inventory development, the collection, harvesting, and conver- 
sion economics, and the overall concept assessment are presented in Volume L 
(Author's abstract). 

The data used are averaged over 1971-73. They present residue factors and 
percent dry weight for man~ crops. 

Allmeras, R.tL; Giipta, S.C.; Pikal, J.F., Jr.; and Johnson, C.E., '"I'illage and Plant 
ltesidue Management for Water Erosion Control on Agricultural Land in Eastern 
Oregon," Journal of Soil and Water Conservation 34:2 (1979). 

We estimated soil erosion by water in the major land resource areas (BT, B8, Bg) 
of eastern Oregon. Combinations of tillage and crop residue handling, terracing, 
and contouring were evaluated as control alternatives. Wheat-fallow, especially, 

wheat-pea sequences predominated. Soil erosion exceeded tolerance Hmits 
in the wheat-fallow sequence on slopes over 20 percent even with all three 
management inputs. All three management inputs were needed on slopes 
between 19 and 90 percent. Tillage and residue management, along with 
contouring, sufficed on slopes less than 12 percent. The three major land 
resource areas in eastern Oregon (1.94 million hectares) produce 1.3 million 
metric tons of small grain residues annually, 60 percent of which can be 
harvested from 89 percent of the 344,9.00 hectares harvested. (Author's 
abstract). 

American Pulpwood Association, nFuel Survey." Washington, D.C.: American Pulpwood 
Association (1975). 

This source reports average fuel consumption rates for various equipment used in 
11 basic pulpwood logging systems -- averaged over pulpwood operations in the 
South, Northeast, and Lake States. 
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types and amounts of energy utilized, their sources, points of consumption and 
patterns of flow, State energy consumption and production, and geographic 
extent ana nature upon which energy resources are drawn. (Data base abstract). 

Cullen, D.E. and Barr, W.J., Harvesting of Close-Spaced Short-Rotation Woody Biomass. 
Princeton,  NJ= Mathteeh, Inc. {1980). 

Davis, C.H., and Blouin, G.M., Energy Consumption in the u.s.  Chemical Fertilizer 
System from the Ground to the Ground. Musele Shoals, AL: Tennessee Valley 
Authority Division Of Chemical' Development (1976). 

This paper presents data on all envvqy used in fertilizer production from the 
mining of fertilizer feedstocks to the application of the final product. 
The paper includes maps that locate plants producing the various fertilizers. 

Davis, C,H. and Blouin~ G.M., Fev.tilizers, Energy, and Opportunities for Conservation. 
Muscle Shoals, AL: Tennessee Valley Authority Division of Chemical Develop- 
ment (1980). 

This paper looks at the high cost of natural gas and recent industry conservation 
developments. 

The authors believe that ammonia can be made more cheaply from eoal than 
from natural gas at its free market price. 

Davis, C.H., and Blouin~ G.M., "How Much Energy Does Fertilizer Consume?," Farm 
Chemicals 140:f, pp. 18-20, 22 (1977). 
This article describes the synthetic procedures and energy used to produce the 
most common forms of fertilizer. 

Davy MeKee Corporation, Report and Analysis of Plant Conversion Potential to Fu~_1 
Alcohol Production. Washington D.C.- National Alcohol Fuels Commission 
(Z980). 

This report presents data and other information on excess and idle alcohol 
production capacity. The report lists those factories available for alcohol 
production, for the following types: 

• Distilleries 
• Breweries 
• Wet Corn Mill ing 
• Sugar Faetorles 
• Cheese Whey 
• Potato Byproducts 
• Citrus Waste 

For each of these faeto~j types~ the report deserves the process used and the 
energy type and input neeesse~j to make alcohol, 

Fege, A., "Energy From Biomass/Solar Enerl~ Handbook. Edited by J.F. Krcider and 
F. Kreith, Chapter 25. New York, NY. McGraw-Hill Publishing Co. (1981). 

This chapter diseusses basis for converting solar energy into the classical energy 
eontont of plants -- the biomass resource base; the processes for converting 
biomass to useful fuels, and the concept of silvi~tlturai energy farming as a 
promising future system for increasing the amount of energy supplied by 
biomass. (AutherVs summary). 
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Fage, A.S.; lnman, R.E.! and Sale, D.J., "Energy Farms for the Futere," Journal of 
Pores t~ .  W~.shingtun, D.C.z Society of American Foresters, pp. 358-361 (1979). 
Silviculture energy farms may provide wood for energy at  competitive prices in 
the fetuw:e. In a study undertaken for the Department of Energy, rests were 
projected at $20 to $$4 per dry ton for hardwoods grown under $ to 10 year 
rotatiov~. The major rests were estimated to be harvest and transportation to 
eonve:sion facility, and such int~l~sive cultural practiees such as fertilization and 
irrigation. Up to 4.5 quads (10 "°  Btu per quad) of energy fendstoeks could be 
produced in the United States annually, at an average annual yield of 8 dry tons 
per aere. The authors assume 30 million acres of land would be available for 
energy farm use out of the 300 million aeres possible. (Author's abstract). 

Flaim, S.J., Neenan, B., Dauve, J., and Map, ~H~P., Jr., Costs for Alternative Grain 
Residue Collection Systems. Golden, CO. Solar Energy Research'Institute (June 
1981). 

Gasohol Study Group, Report of the En.ar~ Research Adviso~ Board on Gasohol. 
Washington, D.C.~ DOE (1980). 

This study examines the net energy and economic benefits of gasohol production. 

Gasslander, J.E.; Mattsson, J.E.! and Sundberg, U., A Pilot Study on the Energy 
Requirements in Forest Log~ing. Garpenberg, Sweden- Swedish University of 
A~rioultural Seienees (1979). 

Georgia Forestry Commission, Forest Management Department, Fuel Consumption - -  
Whole Tree Chipping Operation. Maeun, Georgia. Georgia Forestry Commission 
(1980). 

This source presents fuel oonsumption rates for a whole tree chipping operation, 
for light, medium, and heavy site preparation, and for tree planting. 

Gupte, S.C.; Onstad, C.A.~ and Lerson, W.E., "Predietiag the Effects of Tillage and 
Crop Residue Management on Soil Erosion," Journal of Soft and Water Conse- 
rvation, 34:2 (1979). 

Using the universal soft loss equation, we delineated those areas from whieh erop 
residues could be removed from the soil surfaee for other uses without erosion 
exceeding the soil loss tolerance limit. We also calculated the amount of erep 
residues produced, and determined the amounts available for removal. Here we 
present the sources of data and computation procedures used in this study and 
illustrate the kind of information available from the eomputer analysis. 
(Author's abstract). 

Hall, E.H.! Allen, C.M.! Ball, D.A.; Bureh, J.E.; Coulde, H.N.! Lawhon, W.T.! Thomas, 
T.J.! and Smithson, G.R., Comparison of Fossil and Wood Fuels. Prepared for the 
U.S. EPA. Columbus, Ohio. Battelle-Columbus Laborat0ries (1975). 

Hall, E.H.~ Butch, J.E.; Eisehen, M.E.~ and Hale, ILW., Environmental and Technologleal 
Analysis of the Use of Surplus Wood as an Indus'trial Fuel. Prepared for the U.S. 
EPA. Columbus, Ohioz Battelle-Columbus I~boratories (1980). 

Harmon, B. and Perez Blaneo, H., Ethanol sad Methanol as Industrial Feedstocks, 
University of Illinois at Urbana-Champalgn (1979). " 
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This paper contains data on enersy 
manufaoturlng ethanol and methanol 
references. 

consumption on two methods eaoh of 
The paper also lists many valuable 

Hansson, L.R., "Bio-Energy in Swedenz Energy Plantation Overview," Bio-Energy 
Conference Proceedings. Washington, D.C.. Bio-Energy Council (1980). 

Description of Sweden's plans foe short-rotation energy plantations. 

Haynes, V.O., Ener~3 Use in Petroleum Refineries. Springfield, VA- NTIS, 
~OILNL/TM'5433 (1976). 
This volume presents detailed information on petroleum refining processes end 
energy consumption required by fuel type. 

Hittmem Associates, Ins., Fuel ]~ner~ Consumptio[) in the Coal Industries. Springfield, 
VA. NTIS, #PB-937 151/GSL (1974). 

Information on the basic structure and ehm'aeteristies of the coal mining 
industry is presented. Particular emphasis is placed on fuel use by major type 
and production process and exploring possibilities for fuel substitutability and 
conservation alternatives. (Data base abstract). 

This report analyzes Census of Mineral Industries data from 1967. 

Hoeft, R.G. and J.C. Siemens, Energy Consumption. and Return from Addin~ Nitrogen to 
Cor_.._.~ ILlinois Agricultural Experiment Station (i975). 

Holt, 
o 

E.F., "Crop Residue, Soil Erosion, and Plant Nutrient Relationships," Journal of 
Soil and Water Conservation $4.2 (19V9). 

Crop residues contain plant nutrients that must be replaced if the residues are 
removed from the field. Removal of crop residues will inoreese wind and water 
erosion, and the eroded sediment will carry plant nutrients with it. The 
combined nutrient removal in residues and erosion under existing cropping 
practises would be greater in the Corn Belt than in the Southeast, central 
Oregon, or the Great Plains. (Author's abstract). 

Howlett, K. and Gamaehe, A., Silvicultural Biomass Farms - -  Forest and Mill Residues 
as Potential Sources of Biomass. Prepared for U.S. Department of Energy. 
Springfield, VA: fqTIS (1977). 

Hypes, T.L. and Stuart, W.B., "Preliminary Analysis of Harvesting Costs by Diameter 
Class, n Industrial Forestry Operations Program, School of Forestry and WildIife 
Resource% Virginia Polytechnic Institute and State University, Blaeksburg, VA 
(1981). 

This source analyzes harvesting costs relative to tree diameter, lists labor costs 
and fixed and variable costs for equipment, and cites time per tree and time per 
eerd figures for several harvesting operations. 

Jawetz, P., nThe Economic Realities of Alcohol Fuels, n The Sugar Journal (January, 
1980). (Found in HR Hearings 2/95/80, Oversight/Alcohol Fuels). 

This article argues that the octane-improving quality of ethanol must be 
considered when evaluating the eeonomies of gasohoL In the making of premium 
unleaded, one gallon of ethanol replaces 1.6 gallons of regular unleaded. 
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~IBF Scientific Corporation, WEvaluation of Processes for Predueing Gaeoline From 
Wcod." Washington, D.C.: DOE, Advanced Energy Systems Division, Office of 
Policy and Evaluation, ~DOE/PE/,70048-T2 (1980). 

If the United States is .to diminish ~ eliminate petroleum imports, i t  must 
pursue: (1) conservation, (2) preductien of eenventional fuels from unconven- 
tional feedstock sources, and (3) development of unconventional energy +pro- 
duction systems. This report describes several produetlon processes for pro- 
duclng conventional fuels (gasoline and alechol) from wood. This assessment 
eonsiders| (1) the extent to "+hieh these processes can contribute to fuel supply, 

+.(2) the energy and economic costs 'involved with these prcoesses, and (3) 
strategies available to aeeelerate oommereiallzation ff one or more of the 
prooesses is judged to be worthy of implementation. Technical and economic 
comparisons among several biomass gasification processes are made. Methanol 
production from wood appears the most promising. (Authorls abstract). 

Johnston, B.D., Fuel and Energy Use in a Coastal Logging Operation. Vancouver, 
British Columbia: Forest Engineering Research Institute of Canada (19"/9). 

Keays, J.L., "Biomass of Forest Residuals, Iv Forest Product Residuals, AICHE Sympo- 
sium Series 71 (146). New York, New York- American Institute of Chemical 
Engineers (1975). 

Knapton, D.A., An .Investigation of Truck Size and Weight Limits, Technieal Supple- 
ment, VoL'3. Truck and Rail Fuel Effects Of Truck Size and Weight Limits. 
Cambridge, MA: U.S. DOT, Transpertation Systems Center (July 1981). 

Koct  P. wtIm'vesting E n e t ~  Chips from Forest Residues -- Some Concepts for the 
Southern Pine Region," U.S.D.A., U.S. Forest Service, Southern Forest Experi- 
ment Station, General Technical Report SO-33 (1980). 
Residues from southern forests include tops, branches, central root systems, 
brash, cull trees, trees of unmerchantable species, and trees too small for 
economic lmrvest by conventional methods. Before such residues can be used by 
industry to produce energy.~ they must be reduced to chip form and delivered to 
mill stockpiles at a cost that will permit proposed wood-energy processes to 
operate competitively. Processes, for which wood chips are the feedstock, 
include combustion, gasification, pyrolysis, liquefaction, and hydrolysis and 
fermentation. 

This paper describes and illustrates about a dozen harvesting methods which can 
be classified according to procedure as follows: 

• Chip whole trees at the stump. 
• Extract sawlogs at the stump; bunch and forward branches. 
• Chip whole trees at the landing. 
• Extract sawlegs at the landing; then chip, chunk, or bale branches. 
• Chip residues at the mill. 
• Transport complete trees to the mill (stem, crown, roots, and 

foliage)i at mill, divert tree portions to use of highest value. 

The cost of energy chips delivered into mill stockpiles, including S0-percent pre- 
tax profit on harvesting investment, will likely range from $18 to $33 per ton 
(green-weight, 1980 basis). (Author's summary). 

Lanouette, W. J., "Gasohol No Longer a Laughing Matter as Carter Presses for More 
Production," National ~.oumal +,February 9, 1980). 
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This article contains a boxed story on the net energy balance. The article rites 
studies by DOE, NAFC, Katzen Associates and Battelle/API without coming to a 
conclusion on the energy balance. 

Lseson~ W.E., "Crop Residues: ~ner~y Production or Erosion Control?" Journal of Soil 
end Water Conse~atlo n 34:2 (1979). 

How much potential energy is oontained in crop residues? How best can crop 
residues be used? A team of U.S. Department of Agriculture scientists 
computed where crop residues are produced in abundant quantities, what plant 
nutrients the residues contain, and the effects of tillage and residue management 
on wind and water erosion as well as water runoff. The team also estimated how 
much residue could be removed from the land without exceeding soil erosion 
tolerance limits. This erticle and the seven articles that follow it present the 
details of these studies. (Author's abstract). 

Lindstrom, M.J.! Gupta, S.C.; Onstad, C.A.; Larsnn, W.E.; and Heft, R.F., ~T/llage and 
Crop Residue Effects on Soil Erosion in the Corn Belt," Journal of Soil and Water 
Conservation 34:2 (1979). 
We calculated potential soil erosion by water for major land resource areas 
(MLRAs) in the Corn Belt using the universal soil loss equation and current 
cropping preetiees. Annual erosion rates ranged from 44.7 metric tons per 
hectare (19.9 t/a) in MLRA I07 to 9.7 metric tons per hectare (4.3 t/a) in MLRA 
103 for a eonvent~.nal fall-plow, spring-disk tillage system with all residues 
removed. With no conservation practices applied, only 36 percent of the 
eultivated area in the Corn Belt would have a soil erosion rate less than or equal 
to the allowable limits established by the Soil Conservation Service. Use of 
tillage and residue management systems increases this area to 78 percent. When 
soil erosion is the only restraint, the maximum amount of residues that can be 
removed from cropland in the Corn Belt is 58 percent of the total produced. 
Most of this is located in 4 of the 14 MLRAs. However, variatior~ in residue 
production and the erosion index within MLRAs [~ose serious limitations to 
removal of large amounts of residues for other uses. (Author's abstract). 

Little, Arthur D., Inc., Environmental Considerations of Selected Energy Conserving 
Manufacturing P tw~ess Options: Voi"ulue xY. Pertilizer Industry Report. "Spring- 
field, VA. NTIS; #PB-264 281/7ST (1976). . . . . . .  

This study assesses the likelihood oZ' nevr pr0cess technology and new practices 
being introduced by enerffy intensive industries and explores the environmental 
impacts of such changes. Volume 15 deals with the fertilizer industry and 
examines two areas in which energy conservation and pollution control are in 
conflict: the reduction of nitrogen oxide emissions from nitric acid plants and 
switching from natural gas to fuel oil for firing fertilizer dryers where emissions 
see presently controlled by bag filters. (Data base abstract). 

Lookeretz, William, Usinff Crop Residues to Provide Alcohol (May 1980). (To be 
published by N T I S : )  . . . .  

, !  Martin, W., "Residues-Erosion vs. Energy, Agricultural Research (April 1980). 

This article describes the researoh of Edward Skidmore, who has developed 
estimates of average annual residue production in 29 MLRAs hl the great plains. 
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Skidmore estimated available residues from wheat, barley, oatsj eorn and 
sorghum from 19V3-75 average yields of those crops. He then subtraoted the 
estimated amount of applied residue that would be lost from tillage and 
weathering. He compared that result with the amount needed to control wind 
erosion in each MLRA as determined by computer solution of a USDA wind- 
erosion equation. 

The author quotes Skidmore as saying that oats, barley mid sorghum do not 
produce large quantities of residue in excess of what is needed to control wind 
erosion. The author softens that statement by noting that such a generalization 
does not take into aeeount localized or field-by-field differences. However, i t  
would be aeeurate for large areas (such as the area needed to supply a methanol 
conversion facility). 

Meekhof, R.; Gill, M.; and Tynerj W., Gasohoh Pr~speets and Implications. Washington, 
D.C.: USDA AER #458 (June 1980). 

This study emphasizes the economies of alcohol and gesohol production. The 
study makes projection of the effects of inoreesed production of alcohol on crop 
vo~mes and prices. 

Midd~.eton, P.! Argue, R.! Burrell, T.; and Hathaway, G., "Canada's Renewable Energy 
Resources: An Assessment of ]~otential." Toronto~ Canada: Middleton Assoei- 
ation (1976). 

l~sing rests of conventional, frontier, end nuele~ energy production ~md the 
prospect of future shortages have prompted a resurgence of interest in alterna- 
five, renewable energy technologies. This study constitutes a preliminary step in 
determining which sources, teehnolagles, and applications may be appropriate in 
Canada and when and under what conditions they might be technically and 
eeonomieally viable. Principal sources o£ renewable energy (solar radiation, 
wind, and biomess), as well as waves, thermal gradients and, sens,)le heat 
souroes are reviewed to" establish, in general terms, their significance in the 
Canadian context. Next, the teehnieal oharaeteristies, efficiency, rests, im- 
parts, e~d state of the art of sixteen harnessing or conversion technologies are 
presented as an information base upon which to build an assessment of potential. 
A method of comparing the life rest of a renewable energy system to that of the 
likely conventional alternative is proposed and applied in eases where adequate 
technical and eeonomie data are available. A variety of different economic 
assumptions are also outlined under which the renewable systems would be rest 
competitive. This costing methodology is applied in detail to four Case Studies: 
solar spsoe and water heating -- residential! photovoltaies -- residential, wind 
generator -- 200 kW! and anaerobic digestion of livestock wastes. Finally, the 
potential for renewable energy approaches in Canada is explored and evaluated 
from three perspeetivesl teehnieal viability, eeonomie viability, and implemen- 
tation. (Author's abstract). 

MITRE Corporation, .S.flvieultural Blomess Farms Volume I...Summa~ Technioal Report 
#7347. Wash|~gton, D;C.~ U.S. Energy Research and Development Admini- 
s-TFgU'on, Division of Solar Energy (1977a). 

Tlds volume summarizes a six-volume report on the silviculture energy farm 
eoneept as a potential souree of wood/bark blomass for conversion to useful 
energy products. The report discusses energy farm design, site seleotion, species 
selection and needed preduotivity, biomass farming costs, and energy budget 

96 



analyses. It also identifies needed research areas foe the development of 
silvicultural bl0mass farms to commercial status within a reasonable time frame. 

MITRE Co.rpcration, S~vi.enltural Biomass F~ms Volume IlI: Land Suitability and 
Availability T~ehnieal R_eport ~7347. Washingt~ D.C.: Rnergy Research and 

• DeVelopment ~,dn~inistra~on, Division of Solar Energy (1977b). 

Land suitability criteria were developed and used to identify potentially avail- 
able land for silvicultural btomass farms. Six land availability scanaeios were 
chosen for analysis. The annual potential production of biomass energy was 
estimated on a regional basis assuming the use of 10 percent of the potentially 
available land in each of the six scenarios and estimated biomass yields. Ten 
hypothetical biomass farm sites were selected and described. 

MITRE Corporation, Silvicultural Biomass Farms Volume IV: Slte-Specifle Production 
Studies and C~st Analyses Te'ehnical Reporti#?347. Washingt6n, D.C.: U.S. 
Energy Research and Development Administration, Division of Solar Energy 
(1977e). 

This report evaluates the concept of silviculture energy farms for the production 
of wood/bark feedstocks for conversion into useful energy products by selecting 
I0 sites representing a variety of climatic, topographic and land use situations. 
Six of the ten sites were representative of "preferred tr site conditions or of 
locations where plantings might reasonably be placed in the future. The authors 
developed estimates of yield, farming costs, energy inputs, and energy outputs 
for these ten sites. 

Monteith, D.B., ~Energy Production and Consumption in Wood Harvest," CRC Handbook 
of Energ~ Utilization in Agriculture, pp. 449-464. Boca Itaton, FLI CRC Press, 
Inc. ~19B0). 
This chapter provides a variety of energy balance tables for a wide range of 
forest conditions, management practices and type of harvest. 

Mudge, L.K. et al, Investigation of Catalyzed Steam Gasification of Biomass, Battelle 
Pacific Northwest Laboratory, Report PNL 3695. Washington, D.C.s U.S. 
Department of Energy (January 1981). 

Mueller Associates, Inc, Price/Cost Parity Between Ethanol and Petroleum, Baltimore, 
MD (July 1979). 

This analysis reviews data on the relationship between the price of petroleum 
and the price of corn, using data from the Energy and U~. Agriculture, 1974 
Data Base and a 1974 Bonnet and Moore Associates' Study. Cost data for ethanol 
production came from Midwest Solvents' Kansas plant. 

The results employ assumptions that favor the economies of ethanol production, 
and therefore the authors warn that the parity price of gasohol is probably higher 
than the value found -- approximately $47fobL of crude petroleum, if the ethanol 
is produced in a coal-fueled plant. 

Valuable data sets in this report ineludm 

• A chart of energy consumed in MBtu/acre and Btu/gallon ethanol 
vs. fuel type. 

• A chart of costs per gallon of ethanol and gasohol distilled by 
steam from oil and eo~l vs. the price of etude petroleum. 
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Municipal Environmental Research L ~ ,  "Fuel end Energy Production By Bloeonversicn 
• of +Waste .Materlalsl Stnt~--,~f-The Art," by War~ S.A. Silver Spring, MDa Eoon 

Research Systems ( A ~ S t  1976). 
This report is a s**ate-0f-the-art summary of biological processes for converting 
waste cellulose materiels (agricultural, municipal and lumbering wastes) to fuels. 
It indicates the locations and quantities of suitable wastes and discusses the 
status of the current processing schemes. The processes discussed are: Acid 
hydrolysis followed by fermentation; enzyme hydrolysis followed by fer- 
mentation; anaerobic digestion of manure and municipal solid waste; and, 
biophotol~is. (.Data base sbstract). 

Onstad, C.A., and Otterby, C:A.~ "Crop Residue Effects on Runoff," ~ournel of Sell and 
• Water Corm e~ation 34.2 (1979). 

Crop residues on the soil surface decrease runoff from all storm sizes and 
eliminate runoff from most small storms. Runoff reductions and consequent 
increases in soil water storage are greatest on less permeable soils. The increase 
in soil water storage is greatest in the southeastern U.S. (Author's abstract). 

Office of Technical Assessment, "Land Availability," Energy from Biological Processes ~ 
VoL H -- Technical and Environmental Analyses. Washington, D.C.: Office o f  
Technology Assessment (1980). 

ThJ~ chapter discusses marginal lands available for biomass. Cropland is defined 
as "land used for the production of adapted crops for harvest, alone, or in a 
1~tation with grasses and legumes." 

The authors use Soil Conservation Service 1977 data. 

Pettersson, B., "Bio-Energy in Sweden," Bio-Energy Conference Proceedings. 
Washington, D.C.: Bio-Enargy Council (1980). 
This article provides a description of Sweden's planned use of btomass resource 
for energy. 

Pimentel, D., Handbook of Ener[~ Utilization in Agriculture. Boca Raton, FL: CRC 
Press (1980). 

Pimentel, D., et al, "Blomass Energy from Crop and Forest Residues," Science 21~ pp. 
1110-1115 (June 5, 1981). 

Plummet, G.M., "Harvesting Cost Analysis," Lo~in~ Cost and Production Analysis 
Taimber Harvestin~ Report #4. Long Beanh, MS.:  Forestry and  Harvesting 

thing Center, USM Gulf Park Campus (1977). 
This source presents various methods of analyzing factors of rests and produc- 
tion in logging for use in logging production analyses, and reports data collected 
over several years of field ana lys i s /~m several forest product companies and 
universities. 

Pcsselius, J. and Stout, B.A., "Crop Residue Availability for Fuel," East Lansing, MI: 
Michigan State University Agricultural Engineering Department (August 1980). 

This paper presents a computer program that takes into account all relevant 
facto~ and calculates the amount of crop residue available from each individual 
field. The most apparent limitations of the computer program are how well the 
data input reflects the actual system and the users knowledge of the area being 
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analyzed. A brief look at crop residues role in soil maintenance and the 
methodology used in this program will help resolve the limitations. (abbreviated 
author abstract). 

quirmey, D.N., Nlconomics of Utilizing Residues From Logging--Problems and Oppor- 
tunities, ~ Forest Preduet Residues. AICHE Symposium Series 71 (146). New 
York, New York- American Institute of Chemical Engineers (1975). 

Ranney, J.W. and Cushman, J.H., t~ilvicultural Options and Constraints in the Predue- 
tion of Wood Energy Feedstocks," Bio-Energy Conference. Washington, D.C.: 
Bio-EnerL, y Council (1980). 

Producing wood for use as energy feedstock is neither simple nor clearly 
economically competitive with alternative fuels or other users of wood at this 
time although its local availability can dictate Its use for energy. Preliminary 
evaluations of existing wood vegetation, climatic and soil Umitatiens, land 
availability, existing wood use, and silvicultural (forestry) management alterna- 
fives indicate that the United States could annually produce the equivalent of 
about 10 exaJoules of wood for energy almost immediately and perhaps 13-15 
exajoules by the year 9 0 0 0  - -  a significant energy source. Schemes for 
production to reach these figures range widely in energy investment, energy 
return, compatibility with local site eonditions, and ~ , iona l  productive capabil- 
ity. Major barriers to the peoduetion of wood for energy include eollection/p~>- 
curement methods, environmental impacts, and viability of using wood feed- 
stocks of fuel versus other uses. (Author's abstract). 

Robertson, L.S., and Mokma, D.L., "Crop Residue and Tillage Considerations in Energy 
Conservation" (East Lansing, MI: Michigan State University Extension Bulletin 
E-1123, February 1978). 

Robinson, J.S., ed,  Fuels From Biomass-Technology and Feasibility. Park Ridge, NJ: 
Noyes Data Corporation (1990). 

This book contains exeerpt~ on magnitude and location of biomess sources and 
specifies on the quantities of forestry residues, including amounts, composition, 
etc. The book also: (1) includes logging and mill residues; (2) presents some cost 
data on forestry residues; (3) discusses the energy farm concept in general and 
silvicultural biomass farms in particular: (a) the design concept; (b) tree species 
considered! (e) distributions, yields; (d) characteristics! (e) precess elements; (f) 
constraints~ (g) energy consumption! (h) projections of current trends. 

Rocks, L., Fuels for Tomorrow. Tulsa, OK= Pennwell Books (1990). 

This book assesses synfUels and other potential fuel sources. In the chaplers on 
alcohol fuels, the author presents a brief discussion of the various alcohol 
synthesis methods. 

Rose, A.B, Energ T Intensity and Related Parameters of Selected Transportation Modes. 
Freight Movements. Springfield, VA: NTIS, # ORNL-5554 (June 19791. 

A study was undertaken to determine the causes of the divergences among 
published energy intensity values and to prepare a set of consistent values. This 
volume presents the findings in relation to the freight transportation modes. 
After a brief overview of the important factors to be considered and the 
potential pitfalls facing users and analysts of energy intensity values, each of the 
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major means of f~eight transportation -- air, marine, pipelines, rail, and truek -- 
is discussed. In each of the chapters, after a critique of the available data 
sources, a consistent time series of operational data and energy intensity values 
ispresented for the major sectors of e~tch~, mode. In addition, the energy-use 
effects of the major operatienal and hardy;are parameters are quantified so that 
the given energy intensity values may be modified to reflect a variety of possible 
chaages in the transportation systems. Finally, matriees giving the great-eit~le 
distances and medal circuity ratios among the 50 largest standard metropolitan 
statistical areas are included to facilitate intermodal comparisons. (Author's 
abstract). 

Ruthenburg, K., and Dunwoody, J.E., Agricultural Energy Requirements and Land Use 
Patterns i n Illinois. Springfield, IL: Illinois Dept. of Business and EConomic 
Development, Springfield Division of Energy (1976). 
This report was undertaken by the Klinois Division of Energy to evaluate the 
energy impact of remaining agTicultural production caused by withdrawing land 
from agricultural production. An assessment was made on the energy impact in 
terms of the additional energy needed to produce more corn and soybeans on less 
area of land. Both direct and il~direet energy impacts have been assessed. (Data 
base abstract). 

Ethanol: Farm & Fuel Issues. Washington, D.C.: National Sehnittker Associates, 
Alcohol Fuels Com~nission (1980). 

The current U.S. and world grain situations are described as well as adjustments 
which would be likely for fuel production of 1, 2 end 4 billion gallons of ethanol 
annually in the 1985-86 period. Predicted acreage shifts in corn, soybeans, 
wheat, and the total of seven major crops are shown. The most likely effects on 
the feed grains markets both here and abroad are diseussed. The value of corn 
for fuel both with and without the gasoline tax exemption is compared to the 
actual farm price expected if in the base ease (1 billion gallons) real corn prices 
do not rise. In the higher 2 and 4 billion gallon eases, increases ]'K'i~e real cost 
of corn and its impac~ on food prices and the CPI are estimated. A theoretieaI 
maximum level of ethanol production recognizing market factors is discussed in 
terms of acreage, yield, corn production and the fuel ethanol available. Agricul- 
tural and other policy frameworks are discussed. (Author's abstract). 

Segal, M.R., Alcohol .Fuels: Methanol I Ethanol e Gasohol, Issue Brief #1874087. 
Washington, D.C.. Congressional Research Service (1979). 

Skidmore, E.L.; Kumal, M.; and Larson, W.E., "Crop Residue Management for Wind 
Erosion Control in the Great Plains, Journal of Soft and Water Conservation 34:2 
(19V9). 
We delineated those croplands in the Great Plains where crop residues might be 
removed without exposing the soil to wind erosion. On the basis of grain yield 
data, we estimated the residues produced per unit of land by crops. We 
determined mean soil erodibility and climatic factors for each of 29 major land 
resource areas and used these factors in the wind erosion equation to estimate 
the residues needed to control wind erosion. The residues predueed in excess of 
those needed for soil eonservation depend on the kind and amount of residues, 
soil credibility, climate, tillage management, and judgment of erosion and 
degradation hazard. (Authorts abstract). 
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Smith, D.M. and Johnson, E.W., nSilvieulture= Highly Energy Efficient, n Journal of 
Forestry 75:4, p.  208 (1977). 

This article presents techniques of intensive silviculture that require increased 
amounts of oil  More wit, imagination, and intelligence may be forms of 
administrative attention that can reduce energy consumption. No foundation 
exists in the implication that intensive silviculture is in the same trap as modern 
agriculture. Savings possible in nitrogen fertilization and mechanical site 
preparation of regeneration are discussed. (Data base abstract). 

Smith, N. and Coreoran, T.J., "The Energy Analysis of Wood Production for Fuel 
Applications," Symposium of Net Energeties of Intea~rated Synfuel Systems. 
Orono,  Maine: University of Maine (1976). 
This paper discusses types of wood harvesting equipment; typieal production 
rates and fuel consumption figures for this equipment; energy use in tree length 
wood production system and a whole tree ehip system; and probable energy 
requirements for a short-rotation wood fuel crop. 

Southwide Energy Committee, "Petroleum Product Consumption and Efficiency in 
Systems for Energy Wood Harvesting," Jackson, MS (1980). 

Reports petroleum produet consumption for 6 harvesting systems practiced in 
the southeastern United States. Includes mechanized whole tree harvesting. 

Szego, G.C.; Fraser, M.D.; and Henry, 3.F., Design, Operation,. and Economics of the 
Ener~/ Plantation as an Alternate Source "of Fuels, Warrenton, VA: Inter- 
technology/Solar Corporation (1978), . . . .  
This paper discusses the use of an energy plantation to grow plants to be 
converted to methanol, with this methanol used as a fuel source. The authors 
estimate the amount and lo~ation of land that could be used in such an energy 
plantation effort. An analysis of the economies of energy plantations includes a 
breakdown of fuel costs. 

Tillman, D.A., Wood as an Energy Resource HI Wood Fuel Farms or Plantations. New 
York, New York: Academic Press (1978). 

This source evaluates wood fuel farm or plantation concept, discussing: 

Q minimum operating conditions 
• detailed energy trajectory (energy inputs vs. energy outputs) 
• energy e f f ie iene ies  
• limitations of concept. 

The author concludes that a measurable energy contribution from wood energy 
farming will not occur until the twenty-first eentury. 

TRW, _Energy Balances in the Prod.uctton and End-Use of Alcohols Derived from 
Biomass. Washington, D.C.: National Alcohol Fuels Commission (1980). 

This volume is the most extensive study on the net energy of ethanol. However, 
the study ~ limited to the production of inputs from Illinois and a processing 
plant in Illinois. 
Within those limitations, the study eonsidars corn, corn/sweet sorghum, and 
cellulose! and several fermentation processes fueled by residual oil, natural gas, 
coal and bagasse. The study finds a positive net energy for all of these eases. 
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Tyner, 

The report also eontains data on energy investments in refined petroleum 
products, natural gas production, real  production and electric power generation. 

Wallace B., ed., ~The Potential of l~odueiDg Energy from Agrieulture~ ~ 
From Biologies1 Processes Vol. Ill - Appendixes. Washington, D.C.: Off i~e~f  
Teohnolngy Assessment (September 1980). 

Tyson, Belzar and Associates, 1979 Energy Use Survey. Weshington, D.C.: The 
l~ertiUzer Institute (1980). 
This souree provides tsbles of energy consumption by type of fertilizer end type 
of fuel. 

U.S. Department of Agrieultures Economic Research Service, Structure of Six Farm 
Input Industei~. Washington, D.C.. USDA, ERA-35? (1968). 

This pamphlet presents ten pages of information on e~eh of the following six 
industries: 

• Petroleum 

• Farm Maehine~3 and Equipment 

• I~ertilizers 

• Chemical Pesticides 

• Livestock Feeds 

• Farm Credit 
For each industryp the pamphlet describes the relationship between that industry 
and the farm industry. This ineludes the dollar input into farming from each 
industry, as well as the unit input. 
For this study, the pamphlet lists the plant locations of major fertilizer mixing 
plants. 

U.S. Department of Agrieulturej A~rieultursl Statistics, 1978. Washington, D.C.: GPO 
(1978). 

U.S. Department of Agrieulture, Forest Service, The Outlook for Timber in the United 
States, (1974) FRR No. 20. 

This report contains 1970 data on eomme~eial timberland, other forest lands, 
wood types, plant residues, eta, as well as projected trends to 2090. 

U.S. Department of Agrleultuee, Forest Service - -  North Central Experiment Station. 
Final Report: Fo~s t  Residues Enerffy Program. St. Paul~ MR= U~. Forest 
Service (1979). 

U.S. Department of Agriculture, Forest Service -- Draft Cost and Feasibility. of 
Harvesting Beetle --Killed Lodgepole Pine in Eastern Oregon. Portland, Oregon: 
Paeifie Northwest Forest and Range Experiment Station (1980). 

U.S. Department of Energy, En~gy Information Administration, Annual Report to 
Vol. ~. Washington, D.C.z DOE (1979). 

This souree contains data on the thermal content of fuels, by type and ton or 
barrel equivalent~ as appropriate. 
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U.S. Department of Transportation and U.S. Department of Energy, National Energy 
Transportation Studio. Washington, D.C.: DOT (July 1980). 
This study provides data on the movements of fuel by type and mode. It is an 
update to Congressional Research Service, National Energy Transportation, Vol. 
I~ Current Sl/stems and Movements. 

U.S. Environmental Protection Agency, Preliminary Environmental Assessment of 
Biomass Conversion to Synthetics Fuels, Wast~ngton, D.C.. Industrial Environ- 
mental Research LaboratorY3, EPA-600/7-70-204 (1978). 

This document discusses the concept of silvicultural biomass farming including 
process components for intensive management, and contains information on 
candidate speaies, ~-~ltivatton practices, harvesting schedules and practices, 
storage needs and constraints, and projections of current trends and recommen- 
dations. 

U.S. House of Representatives, Committee on Science & Technology, Subcommittee on 
Energy Development and Applications, Oversight/Alcohol Fuels. Washington, 
D.C.: GPO (February 23, 1980). 

These hearings concern the economies of the produetion of alcohol fuels, and the 
size and type of government assistance programs. 

U.S. House of Representatives, Committee on Science & Technology, Subcommittee on 
Advanced Energy Technology & Energy Conservation Research Development and 
Demonstration, Opportunities for Ener~. Savings in Crop Production. 
Washington, D.C.: GPO (January 1978). 

This report notes that the largest opportunities for energy savings in erop 
production are in irrigation, crop drying and nitrogen fertilizer alternatives. The 
report recommends cloud seeding instead of irrigation; solar crop drying; and 
alternative feedstocks for nitrogen preductior~. 

U.S. Senate, Energy Security Act, Report #96-834 (1980). 

This report contains legislation on the mandate to DOE and USDA to develop 
programs, research, and incentives toward increasing production of alcohol fuels. 
This legislation included the development of the OAF at DOE. 

U.S. Senate, Committee on Agriculture, Nutrition, and Forestry; Subcommittee on 
Agricultural Production, Marketing and Stabilization of Prices, The Effect of 
Alcohol Fuels Development on A~icultural Production, Price Support Proframs 
and Commodit~ Reserves. Washt~ton, D.C.. GPO (March 14, 1980). 

These hearings present views favoring additional production of alcohol fuels. 

Van Arsdale, R.T., and Rail, E., Eneri~ and U.S. A~iculture: 1974 Data Base, Volume 
I, Part A. U.S. Series of Energy Tables and Part B. State Series of Energy Tables. 
Washington, D.C.- Federal Energy Administration (September 1976).. 

This report presents the results of a eomp~hensive investigation of energy use in 
U.S. agricultural production for the year 1974. Energy consumption estimates 
are presented for both national and state levels by fuel type, fertilizer and 
pesticide~ by commodity, by month, and by categories of functJonal use, 
insluding irrigation and crop drying. (Data base abstract). 

Weisz, Paul B. and John F. Marshall, "High Grade Fuels from Biomass Farming: 
Potentials and Constraints," Science 206:4414, pp. 24-29 (October 5, 1979). 
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This highly mathematical article assesses current technology used to preduee 
fuel grade alcohol The authors find that every gallon of grain alcohol generated 
will consume between two and three gallons of high grade fuel. 

The analysis looks at corn, wheat and sorghum, among other possible feedstocks. 

White, W.C., Energy and Pertilizer Supplies. Washington, D.C.: The Pertilizer Institute 
(197~). 
This paper examines the COst of fertilizer in terms of dol lm and energy. 

White, W.C., Enerk~ Problems and Challenges._in Pertilizer Production. Washington, 
D.C.: The Pe~tilizer Institute (19't4). 
This paper discusses the problems of natural gas curtailment and the high energy 
consumption of the fertilizer industry. 

White~ W.C. and Johnson, K.T., Energy Requirements for the Production of Phosphate 
Fertilizers. Washington, D.C.. The Fertilizer Institute (undated). 

Energy use per unit of phosphate product is presented for individual processes 
end products. Data for the former are exclusive of energy content of any raw 
material input to the respective product, whereas the latter include energy used 
in both the process and in material inputs. This separation of energy require- 
merits facilitates energy accounting foe downstream conversion products. 
(Author's abstract). 

Zavitkovski, J., "Energy Production in Irrigated Intensively Cultured Plantations of 
Pop ulus ~l'ristis #1' and Jack Pine," Porest Science 25:3, pp. 383-392 (1979). 

Energy budgets were prepared for irrigated intensively cultured plantations of 
~ ~rristis #1' and Jack pine in northern Wiseensin. Energy inputs into 

production (site preparation, fertilization, weed control, irrigation, and 
harvesting) and into material processing (chipping and drying) amounted to about 
20 percent of the total energy at age X0. The available energy (after deducting 
energy inputs) in 10-year old plantations of ~ ~rristis #1' and jack pine was 
2,353 and 1,383 MBtu/hs, respectively, whio-~-'~-~'quivalent to the energy in 430 
and 340 barrels of oil  This was 43 and 13 percent more energy than that 
reported for highly preduotive, nonirrigated, intensively cultured stands in 
eastern United States. Net energy returns were linearly and positively corre- 
lated with energy invested in both irrigated and nonirrigated intensively cultured 
plantations and a naturally regenerated forest. This indicates that energy 
invested in irrigation brings commensurate energy returns. The available energy 
from forest biomass, which is negligible when eompared with the total energy 
consumption in the United States, could be increased by a widespread application 
of existing agronomic technology. (Author's abstract). 

Zerbe, J.L, '~mpacts of Energy Developments on Utilization of Timber in the North- 
est," Proceedings of Northwest Private Porestry Forum. Portland, Oregon 
978). 
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I. 
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B., 

Btu 

C 

eu ft  

F 

gal 

BHV 

hp 

hr 

kw 

kwhr 

lb 

lp 

M 

MM 

psia 

psig 

T 

ton 

wt 

yr 

bi l l ion  ":~ 

Bri t i sh  thermal  unit  

degrees Centigrade 

eubie foot 

degrees Fahrenheit 

gallon 

higher' heating vedue 

high pressure 

• hour 

kilowatt 

kilowatthour 

.. ~pund 

low pressure 

thousand 

million 

pounds per square inch absolute 

pounds per square inch gauge 

triilion 
. , , . .  -.-.':::. ' 

"..2,000 Ib 

weight 

year 
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Fuel 

Coal 

Distillate 

Electricity Consumption 
Ethanol 

Lubricating Oii"~~"'"" ;:""~"~":~ 
Methanol 
Motor Gasoline. 
Natural Gas 
Petrochemicals 

Residual Fuel 0iI 

t 

BTU CONVERSIQ,N, F.ACTORS 

Units HHV 

., <~.'~:-~ 

Btu/ton 22,500,000 a 

Btu/gal 140,000 

Btu/kwhr 3,413 

Btu/gal 84,200 
Btu/gal 95,000 
Btu/gsl 145,000 
Btu/gal 64,350 
Btu/gal 125,000 
Btu/eu ft 1,020 
Btu/gal 125,000 

Btu/gal 150,000 

.l 

s, 

' i ' .  

1 
1 
1 
1 
1 

1 
1 
1 
1 
2' 

2' 

Fuel 

Coal 

ELECTRICITY CONVERSION FACTOR 

I I  

'L '  

Bt.u's eonsumed/Btu eleetrieity produ.eed 

3.05 

:.,.' . 

' " ' 2 . '  

awhen no specific coal characteristics were known, the energy content of a "standard 
ton" of coal (22,500,000 BtuJ was used. Other values were used when more appropriate 
and ore indicated in footnotes. 

" 1 ,  
i 

t: 1 

1 

1 

1 

1 

1 

1 

1 

!l 

. , , - '  

V 
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,i  

./ 
,. N 

, t '  

7 ' ,  ,, 

,:.," • 

,p 

,:; - - -  

I acre 

1 bbl 

1 Btu 

1 eu ft  

lgal  
l l b  

1 mile 

1 psi 

1 ton 

273.15 + 5/9iF~32) 

273.15 + C ~'. 

1 acre 

1 Btu 

1 bu barley 

1 bu corn 

1 bu grain sorghum 

1 bu oats 

1 bu Wheat 

I psi 

I square mile 

" . .  

SI CONVERSION FACTORS 

. .  

~ .  

. .  

OTHER CONVERSION FACTORS 

i 

' . ' . .  

4046.8564 square meters 

158.98294 l i t er s  

1054.35 joules 

0.{}28316847 cubic meters 

3.7854118 liters 

453.592 grams.. 

1609.344 meters 

0.0680460 atmospheres 

907184.74 grams 

degrees Kelvin 

degrers Kelvin 

0.40408564 ha 

42 gal 

252 calories 

48 lb 

56 lb 

56 lb 

32 lb 

60 Ib 

6895 pascals 

640 acres 
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APPENDIX G 

COAL • ~' 

Since the turn of the century, coal has been losing its energy market share to oil and 

natural gas. By 1949, coal was still the primary energy resource in the U.S. supplying 

nearly 41 percent of the nationts energy needs, but this was down from 90 percent in 

1900. Coal's steady decline in energy market share continued until the last decade. 

• ~'~',: , ., ,. 

The d~cline in domestic produetion:--~ oil and gas and the increasing cost of these 

premium fuels, dramatized by the two oii embargoes, ended and then reversed this 

decline in coal's market share. In each of the years 1973-1978, eoal~'aoeounted for 

about .18 percent of U.S. ~nergy consumption, with this share rising to 19.1 percent in 
L, 

1979 ~ind 20.6 percent in 1980 (U.S. Department of Energy (DOE), 1981e). A comparison 

of coaPs share of the energy market with those of the other energy sources is provided 

in the following table. 

SouPce 

U.S. CONSUMPTION OF ENERGY BY SOURCE - 1980 

l 

1015 Btus Percent of Total 

Coal 15.674 20.6 
Natural Gas 20.437 26.8 
Petroleu m 34.249 44.9 
Hydroelectric 3.126 4 .1  
Nuclear 2.704 3.5 
Other 0.114 0.1 

Total 76.267 100.0 

Source: U.S. Department of Energy, 19810. 
• . , , . : . . . . ,  . . ~ ' .  ~ . . .  

The increase in coal's market share is likely to continue as.;the rising"[i..vice of oil makes 

substitution of coal more attractive. • 

¥ 

The primary coal user win,continue to be the electric utility industry, ~"1980, electric 
t .  

utiliti~ consumed 569.2 million tons of coal or 81 percent of the tota"L-:icoal consumed 

(DOE, 1981c), The conversion of on-llne, oil-fired electric generating call ,city to coal 
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and Congressional l~is latton I forbidding the buildipg, i~f oil-fired electrical generating ~":: 

capacity win further increase the use of coal by electric utilities. : 

The following table shows that, after utilities~ the industrial sector is the second largest 

consumer of coal, fonowed by the residential/commercial Sector., The transportation 

sector presently consumes only negligible amounts of coal. However, as stated in 

Section I, there is a potential for the indirect use of coal as a transportation fuel by 

converting the coal to a liquid fuel st~itable for use in the existing market. 

,:'-:.:' 'i~ "" "":  ..... 

Electric 
Source Utilities 

U.S. ENERGY USE BY SOURCE 

(in percent) 

Residential 
Industry Commercial Transportation 

Coal ' 77.4 21.4": 1.~::2 

Natural Gas 18.5 41.1 

Petr oleu m 8 .8  25.9 

37.4 

12.8 : : '  

. . . .  

3.0 

52.5 

Source: : U.S. Department of Energy, 1981c. 

In this sectionp the energy consumed in mining coal for eventual conversion to methanol 

is analyzed. Energy consumption estimates are developed for both underground and 

surface mining methods. ~:.. ..... 

G.1 Mine Location 

Coal deposits are generally distinguished by their carbon eontent as well as moisture 

. . . . . .  content and heating value. The different coal types or ranks, by increasing carbon 

content, are: lignite, sublbituminousp bituminous, and anthracite coals. Heating value 
Volatility or the Btu content per pcmnd peaks at 14~300 Btu with the low bituminous 

coals (see Exhibit G-l). 

I J ~ m ~ 4 J ~ e ~  

1The Powerplant and Industrial Fuel Use Act of 1978 (P.L. 95-620). 
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EXHIBIT G-I: CHARACTERISTICS AND ENERGY CONTENTS OF 
DIPFERENT COAL RANKS 

,,',. 

CONSTITUENTS 
: '  . ' t 

Percent. 

20 40 60 80 
Lignite 

Lignite 

0 

.,, , , .  

ENERGY CONTENT 

Btu Per Pound of 

4000 8000 12,000 

: ' t  

16,000 

e. 

Subbitumi 
Subbitumi 

I Fixed 
Carbon~? 

:l :S: 
, / /  

, .o . '  

Volatile 
Matter 

Scbbitumi 

:h volatile 

High volatile 
Bituminous 

High volatile 
Bituminous 

Med-~olatile 
Low-~olatile 

Semianttu 

Antbraq 

Meta Anth 
/ .  

!, 

v .  

SOURCE: Cuff and Young, 1980. 
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The distribution of ec~l reserves in this country is shown, in tabular form, in Exhibit G- 

2 and in the U.S. Geological Survey (USGS) map reproduced as Exhibit G-3 .  The ~ first of 
these exhibits gives the demonstrated re'serve base I by eoal rank, State, and whether 

. .  . : : .  

the coal is appropriate for mining by surface or Underground methods. About 90 

percent of these reserves, are bituminous or subbituminous coal. Most of the 

subbituminous coal is i~loeated in Montana and Wyoming, identified as t h e  Northern 

Great Plains Province on the USGS map. Mueh of the bituminous eoal is ioeated:in the 

Eastern Province (i.e:, the Appalachian Region) and the eastern part of the Interior 
Province (i.e., Illinois, Indiana and Western Kentucky). 

~It~?~y~es of..,Fosl are statable for gasification (the first step in the production of 

methar/51)! howe~r,  not all sources of eoal are equally likely to be used for producing 

methanol (or , o t l~  eoal-~erive~ synthetic fuels). In particular, coal used for~sueh 

purposes is ~ s t  likely to eome'"from areas containing large volumes of coal whieh can 
~! . . 

be mined eeonom~eauy and, preferably, where adequate water supples ean be obtained. 

A methanol' produetion faeility must be sited in coal resource areas where sufficient 

quantities of coal for methanol conversion are available over and above ne'di~-.term coal 

demands. A~y one met~anol plant mtist be large enough to achieve ~ : ~ p r i a t e  

economies of scale. Currer.t projections place e~onomie plant capacity in the range of 

6,000 to 25,000 tons of eel1 per day. This places a eonstraint on eda! resource size. 

Assuming a plant life of 20 years and a 300-day per year operating schedule, between 36 

million and 150 milliofi tons of coal would be needed to supply the methanol produetion 

facility. Exhibit G-4 shows the coal regions which have the greatest potential for 

supplying the large volumes of coal required for this purpose. 

' ";'" b y  The most economic means of transporting large volumes of ma.,~hanol is pipeline. 
~ . ~ ' , . '  . .  

, . . . .  Since pipeline transport of: methanol is both less eostly and more energy efficient than 

"": anspor~iof the coal (by rail or  slurry pipeline) required to produce the methanol, 

Io~ation of the methanol plant in the vieinity of the coal source is generally preferred. 
{ 

:Ga.~|fidation processes, however, require substantial amounts of water for cooling and 

as a source of hydrogen. The particular gasification process assumed in the present 

analysis requires 5.3 gallons of water for each gallon of methanol produced, or 82 

IThe demonstated reserve base consists essentially~of those coal resources whfch are 
deemed eeonomfcally and legally available for mfnfng. 
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gallons of water per million Btu of methanol (MeGeorge, 1976). (Coal mining, by 

comparison, typically requires bet.~een 0.5 and 2.5 gallons per million Btu,) Other 

synfuel processes may req,dre less water. In particular, direct liquefaction processes do 

not require the large amounts of process water required for medium and high-Btu 

gasification, and water consumption of all processes can be reduced (at substantial cost) 

by recycling of cooling water. Nonetheless, an synfuel processes are considered to be 

major consumers of water, i: 

As a result, many of the Western regions identified in Exhibit G--4 as having potential 

for providing coal for synfuel facilities may not contain appropriate sites for the 

location of these facilities, either because local water is insufficient to supply such 

facilities or because the water is already fully appropriated to other uses. These areas,  

as wen as those having both sufficient coal resources and sufficient unappropriated 

~vater supplies, are depicted in Exhibit G-5. 

The analysis presented in this report presumes a minemouth location for the methanol 

plant. However, it is likely that synfuel plants will be constructed at  non-minemouth 

locations as well as minemouth locations. In addition to lack of water, reasons for 

selecting non-minemouth locations may include labor costs and availability and related 

soeio-economic factors. The lack of water in a specific area thus does not mean that  

coal in that  area may not be appropriate for supplying synfuel plan~ located in areas 

where sufficient water is more readily available. 

G.2 Mining Technology 

The two most significant methods of underground mining methods are room-and-pillar 

and longwa]l mining. Commonly used with either method are continuous miners and 

loaders which convey the coaI away from the cutting face and automatically Ioad the 

coal onto shuttle ears or conveyors. In the United States, most of the coal mined 

underground is removed by the room-and-pillar method. Longwall mining involves 

taking successive slices over the length of a long working face. It is used extensively 

in Europe but has only recently been introduced in this country. Longwall methods can 

remove more coal than room-and-pillar methods, though at  some increased risk of mine 

subsidence. For coal seams whose location makes it possible to tolerate some 

subsidence, and particularl.v f~r ~eams :located at relatively gt~eater depths, the use of 

longwall methods should increase, For cc~l beds up to 10-feet thick, longwa]l methods 

can recover up to 85 percent of the coal, .-~vhi!e: room-and-pillar methods can recover 
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only 57 pereent (Cuff and Young, 1980). The recovery rates for both types of mining 

drop sharply for thicker seams, but, for any seam thickness, they are always greater for 

longwall mining. 

Most of the equipment used in underground mining is powered by electricity, thus 

avoiding the problem of venting exhaust gases from diesel-driven equipment. Contin- 

uous underground mining machines also use a large amount of lubricating oil, bo~h on 

moving parts and at the working face. Energy requirements inerease with increasing 

seam depth (because of the deeper shafts which are required) and with decreasing seam 

thickness (because of the greater area over which a given amount of coal is spread). 

.'. , . :  

Surface mining methods include strip mining and auger mining. Strip mining is furthv~ 

subdivided into area mining, contour mining, arid m6untaintop removal. Of these 

methods, area mining is the most common and the only method analyzed in the present 

study. Coal recovery for strip mining methods averages around 80 to 90 pereent. 

l~or surface mines requiring the removal of large amounts of overburden, eleetricity is 

the most common form of energy used. Usually, such mines utilize electricity supplied 
• ~-  . 

by coal-burning power plants located nearby. Petroleum products are used as fuel for 

diesel-powered equipment, mixed with ammonium nitrate for use as an explosive, and 

used for lubrication. Petroleum usage is most signifieant when coal seams are located 

near the surface and which thus can be mined by diesel-powered equipment (Berkshire, 

1981). As is the ease for underground mines, energy requirements increase with 

increasing seam depth (because of the greater amount of overburden whieh must be 

removed) and with decreasing seam thiekness (because of the greater area over whieh a 

given amount of eoal is spread). 

G.3 Energy Consumed in Minin~ 

For reasons discussed in Section 4.1 of the Summary Volume, energy consumed in coat 

mining does not enter into the estimates of overall energy consumption of methanol 

production. Nonetheless, since coal mining is a significant step in the production of 

methanol from coal, the energy requirements of this step are of interest. Estimates of 

average energy consumed per ton for all coal mined are developed in this section as 

well as estimates for several specific underground and surface mines. 
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G.3.1 National Average Energy Consumption 

Estimates of national average energy consumed in coal mining are presented in Exhibit 

G-6. These estimates were derived from 1977 Census data on electricity, fuels and 

explosives eonsumed by the bituminous eoa/and lignite mining industry (U.S. Depart- 

ment of Commerce (DOC), 1980b and 1981) and from 1977 DOE data onbili~minous coal 

and lignite mined (DOE, 1979d). Estimates of the energy required to produce explosive9 

are based on data for prilled (i.e., pelletized) ammonium nitrate presented in Exhibit G- 

7. (Estimates of energy required to produce other explosives could not be obtained 

because the processes are considered proprietary. These explosives, all of which use 

ammonium nitrate as a base, may be somewhat more energy intensive than ammonium 

nitrate; however, they represent less than fifteen percent of all e.x~losives used in eoa! 

mining.) 

Total energy consumption is about 326,000 Btu per ton of coal mined. If, as assumed, 

all electricity used is generated from coal, more than half the energy consumed 

(168,000 Btu) is from coal  Petroleum prod,.'ets (predominantly lubricating oil and diesel 

fuel) account for about thirty percent of energy consumption. The manufacture of 

explosives aeeounts for nearly ten percent of energy consumption and most of the 

natm, al gas consumption. 

G.3.2 Energ~y Consumed by Specific Mines 

The national data presented in Exhibit G-6 fail to distinguish between underground and 

surface mines or between large mines and small mines. Accordingly, additional analysis 

was performed to obtain estimates of energy eonsumption by moderately large 

underground and surfaee mines. 

The primary souree of data used for these analyses was a series of reports on the 

capital investment and operating costs of underground and surface coal mines produced 

by the U.S. Bureau of Mines (BOM) of the U.S. Department of the interior (1975d; 

1976a; 1976e) and DOE (1977; 1978e; 1979a). These reports present estimates of capital  

and operating costs of typical mines producing various amounts of coal from seams of 

selected depths and thieknesses in several parts of the eountry. These included 

estimates of eleetrie power requirements and direot fuel costs. 
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EXHIBIT G-7: ENERGY CONSUMED IN PRODUCING 
PRILLED AMMONIUM NITRATE 

Residual Fuel 

Natural Gas 

Coal 

Energy Consumption per Pound 
of Ammonium Nitrate 

Physical Units Btu 

0.0002 g'al 29 

10.19 eu ft  10,393 

0.000027 tons ':-':'6~S~ 

*Based on use of 22,500,000 Btu per ton eoal. 

Sources: Tyson, Belzer and Assoeiates, 1980. 
Dav~ and Blouin, 1976. 

11,107 

Note: Energy requirements for all expl~siv'es were assumed to be equal to those 
for ammonium nitrate (see text). 
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These reports contain data for sixteen mines,~ twelve of which are designed to produce a !. 

minimum 0 f  two million tons annually. Each c~f these mines could thus produce enough 

coal to supply the 1.8 million tons of coal req'uired annually by the smallest methanol 

plant considered to be economic. The largest of the mines is designed to produce five 

million tons annually. TWO to four of these twelve mines would be required to supply 

the 7.5 million tons required annually by the largest plant currently contemplated. 

The twelve mines consist of seven undergrourd mines and five surface mines. The 

major characteristics of each of  these mines, including their size, seam depth and seam 

thickness, are presented in Exhibit (3-8. The mining plans assumed by BOM and DOE 

are summarized in Exhibit G-9, and the power-driven equipment requirements are 
shown in Exhibit G-IO. 

,*.' r 

The BOM and DOE rep~,s~provide estimates of electricity consumption by underground 
! 

mines and of the daily cost of electricity for surface mines, as well as the daily cost of 

fuel for all mines. The cost figures were converted into estimates of energy 

consumption by dividing by appropriate estimates of  unit eost. For surface mines, the 

cost of  electricity was based on the cost used by DOE (1978e) for underground mines in 

1978 (3 eents/kwhr) and indexed on the basis of data on the average annual eost of 

electricity to industrial users from DOE's Monthly Energy Review (1981c). For all 

mines, the cost of distillate and residual fuel were based on the average cost of these 

fuels to bituminous and lignite coal mines in 1977 (DOC, 1981) (43.45 and 41.8 cents per 

gallon, respectively) and indexed on the basis of average annual price data from the 

Monthly E n e ~  Review. 

The energy consumption estimates reflect the use of fuels and electrical energy in the 

following operations: 

• Strip mining • ./.~ 

--  removal of  overburden 

-- removal of  coal 

--  restoration of sites 

-- transfer of  coal out of the pit 

,'! 

0 

t 

e~ 

Q 

¢. 

I 

D 

Underground mining 

-- opening of  shafts 
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EXHIBIT G-9: MINING PLANS FOE SELECTED COAL MINES 

Minin~ Plan Descriptions 

(i) 12 continuous miner units operating 3 shifts per day, 5 days per 
week, 220 days per year, for 20 yea r s  assuming each unit 
averages 300 tons of coal per shift. ~ 

(2) 10 continuous miner units operating 3 shifts per ~lay, 5 days per 
week, 220 days per year, for 20 years assuming each unit 
averages 312 tons of coal per shift. 

(3) 9 continuous miner units operating 3 shifts per day, 5 days per 
week, 220 days per year, for 20 years assuming each unit 
averages 344 tons of coal per shift. 

(4) 

(5) 

(6) 

(7) 

(s) 

(9) 

(10, 11, 12) 

15 continuous miner units operating 3 shifts per day, 5 days per 
week, 220 days per year, for 20 years assuming each unit 
averages 312 tons of coal per shift. 

14 continuous miner units operating 3 shifts per day, 5 days per 
week, 220 days per year, for 20 years assuming each unit 
averages 344 tons of coal per shift. 

22 continuous miner units operating 3 shifts per day, 5 days per 
week, 220 days per year, for 20 years assuming each unit 
averages 344 tons of coal per shift. 

4 continuous miner units develop panels for the 4 longwall units; 
both units operate 3 shifts per day, 5 days per week, 220 days 
per year, for 20 years assuming each unit averages 300 and 700 
tons of coal per shift, respectively. 

overburden blasted and removed by electric dragline; electric 
shovel and diesel front-end loader load coal into trucks; diesel 
bulldozer and scraper remove and replace topsoil; overburden is 
removed 3 shifts per day, 345 days per year, for 20 years; eoal 
loading operates 2 shifts per day, 220 days per year, for 20 
years. 
diesel tractor seraper removes topsoil; coal loaded with electric 
dragline and shovels into trucks; overburden is removed 3 shifts 
per day, 345 days per year, for 20 years; coal loading operates 2 
shifts per day, 220 days per year, for 20 years. 

diesel tractor scraper removes topsoil; overburden drills, strip- 
ping equipment, loading shovels, pumps, and lighting equipment 
operated by electric power; overburden removed by eleetric 
dragline and diesel bulldozer; eoa! loaded ~by electric shovel and 
diesel front-end loader into trueks; overburden removed 3 shifts 
per day, 345 days per year, for 20 years; coal load operates 2 
shifts per day, 220 days per year, for 20 years. 
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removal of eoal 

transfer of coal out of the mine 

handling of slag, spoil and refuse 

The estimates presented for underground mines are based on surveys of Eastern 

underground mines, psrticularly in northern ;Vest Virgln;a, but they can be assumed to 

be reasonably representative of an underground mines of the indicated size (two to five 

million tons per year) operating on seams of the ind!~ated depth (800 feet) and thickness 

(48 or 72 inches). An 800-foot seam depth and 43 to 72-inch seam thickness is fairly 

typical of mines in the Appalachian and eastern Interior coal resource areas; however, 
. . . .  . .  ~ .  

eoal seam thickness and depth in the Western states is far more variable. Exhibit G-11 

summarizes data on seam thickness and depth of major new underground and surfaee 

mines which have been planned or proposed. It can be seen that in the West, where only 

the most economically attractive resources are presently of commercial interest, 

planned mines are limited to seams which lie at  relatively shallow depths and/or are 

relatively thick. 

The BOM and DOE reports do not contain information on explosives required for 

individual mines. Accordingly, estimates of explosive§ required were derived from 

national data on explosives used in coal mining and total coal produced. These are 

shown in Exhibit G-12. The data in this exhibit divide explosives ased in 1977 between 

underground and surface mines~ This division was inferred from the division existing in 

1972 (DOC, 1975) and the assumption that the rate of growth of explosives used per ton 

of coal mined would be the same for both types of mines. 

Since a mine.mouth location has been assumed for the methanol plant, the energy 

consumed in transporting the coal from the mine entrance to the plant will be minimal 

and has not been included in the analysis. (However, the energ T required to transport 

the coal within the mine from the sea.m face to the loading station is included as part of 

the estimate of mining energy requirements.) Secondary energy inputs, such as energy 

eonsumed in the production of the equipment used, have also been excluded from the 

analysis. 

~ Z  

~ Z  

r ~  

! 

C~ 

The resulting estimates of energy consumption per ton are presented in Exhibit G-13 for 

the seven underground mines and in Exhibit G-14 for the five sur.Eaoe mines. A 

summary of estimated energy consumption for the twelve mines is presented in Exhibit 
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G-15. Total energy consumption is between 235,000 and 303,000 Btu per ton for the 

room-and-pillar mines, 162,000 Btu per ton for the longwall mine, and between 80,000 

and 185,000 Btu per ton for the surface mines. 

Energy eonsumption for the room-and-pillar mines is somewhat below the 326,000 Btu 

per ton figure previously obtained for all eoal mines, and energy eonsumption for the 

other mines is even lower. The results, however, are not completely comparable. The 

estimate for aLl eoal mines ineludes all energy eonsumed by establishments engaged in 

mining and preparing coal. This estimate thus inelades a small amount of energy 

consumed in cleaning eoal as well as energy (and, in particular, gasoline and residual 

fuel) consumed in various activities conducted by such establishments but not included 

in the analysis of the individual mines. 

. °  
q ~ 

Among the individual mines, Mines 1-8 produee bituminous coals. Sinee such eoals 

normany contain between twenty and thirty million Btu per ton, for the room-and-piLlar 

mines (Mines 1-6) energy consumed in mining generaLly represents about one percent of 

the energy content of the eoal, while for Mines 7 and 8 this energy consumption 

represents less than one percent of the energy eontent of the eoal. Mining the last four 

surface mines (Mines 9-12) also generally requires somewhat less than one percent of 

the energy content of the lower-Btu subbituminous and ]ignite eoals being mined. 

It can be seen from Exhibit C--13 that almost all primary energy eonsumed by 

underground mines is in the form of elee~ieity and lubricating and hydraulic oil. The 

energy embodied in explosives represents less than two percent of total energy 

consumption. All eleeh'icity is presumed to be coal derived: ALlowiiig for electric- 

generating losses, the energy eontent of the eoal eonsumed represents between 55 and 

85 percent of total energy consumption of the underground mines studied. 

• , . . '  

In the ease of surface mines (see Exhibit G-14) explosives account for a more 

significant share of energy consumption, between 15 and 40 percent of the total. 

Energy embodied in explosives is primarily natural gas, though some coal and a very 

smart amount of residual fuel are also consumed. Also required are petroleum products 

for operating diesel-powered equipment and for mixing with explosives. The energy 

content of the eoal consumed (primarily for electricity generation) represents between 

25 and 65 percent of the energy consumed by the surface mines studied, and that of 

petroleum products between 1 5 a n d  35 percent. The differences in the relative 
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importance of electl.ieity and petroleum products are primarily due to differences in 
the equipment used in these mines. 

Energy requirements for coal mining are sensitive to seam depth and thickness and to 

mining technology and equipment used. Halving the thickness of a coal seam results in 

doubling the area which must be mined and (depending, in part, on equipment 

characteristics) increases energy requirements by fifty to eighty percent (Berkshire, 

1981). Increasing seam depth similarly results in a somewhat lass than proportional 

increase in energy requirements. 

Because of different equipment characteristics and different engineering assumptions, 

the energy-consumption estimates of the various mines are not directly comparable. 

The estimates for room-and-pillar mining of a 72-inch seam developed in BOM, 1976o, 

for example, indicate that more electricity and total energy will be required than those 

developed in BOM, 1975d, for a 48-inch seam, though one would normally expect the 

reverse would be the ease. The results for the various surface mines, however, are in 

conformity with the general rule that energy requirements increase with increasing 

depth and decreasing seam thickne~. It is also interesting to note that  the results for 

the three mines for which a consistent set of estimates was developed in BOM, 19760, 

(Mines 3, 5 and 6) indi ~te a small decrease in energy consumption with increasing mine 

size, and that  the same observation holds for the two mines for which a consistent set 

of estimates was developed in BOM, 1975d, (Mines 2 and 4). 

G.4 Coal Transport :.: 

The energy consumption estimates presented in the preceding, section represent all 

energy consumed in mining. As such, they include energy consumed in the removal of 

coal from the mine, a form of local transport which is intrinsic to the mining process. 

Since a minemodth location has been assumed for the methanol plant, no additional coal 

transport is required. If, however, the methanol plant were to be located at a greater 

distance from the mine, additional energy would be consumed in transport. 

For several route-specific coal movements, i t  has been estimated (Rogozen, et.al., 
1978) that transport by unit train requires between 350 end 540 Btu of diesel fuel per 

ton-mile and that (allowing for conversion losses) transport by slu~y pipeline requi.~e%. 

per ton-mile, between 410 and 1300 Btu of fuel to generate electricity. Thus, for a 
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1000-mile unit-train haul of subbituminou'., coal from a Western mine to a Midwestern 

metha.n~l plant, between 350,000 and B40,000 Btu of diesel fuel would be required, 

representing two to three pexeent of the energy content of the eoal being transported. 

For eor)esponding transport by slurry pipeline, between 410,000 and. !~300..~000 Btu of 

coal would be needed to generate eleet/:ieity for slurrying, pumping and de, watering. ' ,  ..'. 

G.5 ..potential Availability.of. Coal 

DOE projections of total domestic coal production and use of coal for synthetic fuels 

through the year 2020 are shown in Exhibit G-16. The projections indicate that, in the 

next forty years, total coal production will more than quadruple. Of the 3.5 billion tons 

of coal to be produced in 2020, more than one-third will be used to produce synthetie 

fuels, and over ninety percent of that will be usedto pr0duee eoal::derived liquids (DOE, 

1981b). A total of 25.8 quads (qusdrillion Btus) of coal is projected to be used fox'. this 

purpose. " " .  " " . . .~. 
.. ,.'• ]. 

The methanol process anai"~ed !n.,.this stt,.dy (see Appendix H) has an overall energy 

efficiency of 53 peree.nt, but teehnologies now being developed have indicated overall 

energy efficieneies of  up to 58 percent. Such technologies may be eapaMe of producing 

about 0.57 Btu of  methanol per Btu of coaL l If all coal which is projected to be used 

.for production of liquids is converted to methanol at a coal-to-methanol energy 

efficiency of 57 percent, about 14.7 quads of methanol (230 billion gallons) will be 

produced. 

This volume of methanol represents about 72 .percent of the 20.3 quads of liquid 

• transportation fuels consumed annually; about:..84 percent of the 17.4 quads of these 
.. : - ..~:~ .. 

fuels projected to be consumed in 2020 Uilkier the scenario presented in ExhibR G-16; 

and about 58 percent of the 25.4 quads of liquid '~uels projected to be used for all 

purposes in 2020 under this scenario (DOE, 1981b, Table 4.13). Thus the DOE 

projections indicate that, within forty years, we will be obtaining a major portion of our 

liquid fuels from coal-based synthetics. (The actual quantity of such fuels which would 

be obtained from the projected 25.8 quads of coal to be used for this purpose win, of 

course, depend on the efficiency of the eonverMon proeess. If processes with energy 

1The ratio of metha, no! energy 'content to coal energy content is slightly lower than the 
overaU energy efficiency of the process because the latter value ~ncludes an energy 
credit for byproduct sulfur produced. (See sect!.on: H.4 for further discussion.) 
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effieieneies exceeding 57 percent ~e developed, the quantity of liquid fuels to be 

produced will be higher; if processes are used which produce other fuels, such as 

gasoline or synthetic oils, but at  a lower energy efficiency, the energy content  of the 

liquid fuels will be lower.) 

In evaluating this information, it is important to consider the ability of our coal 

resources to sustain the 3.5 billion tons-peP-year production rate projecced for 2020. 

Total identified coal resources are 1..q trillion tons and there are an additioned 2.0 

trillion tons of hypothetical resources. 1 The portion of these resources which are 

economically and legally available for mining, however, is only 438 billior. ?ons (DOE, 

1980a). This last :category of eoa~ is known as the demostrated coal reserve base 

(DCRB) and its size~and distribution by State was previously presented in Exhibit G-I. 

It is not possible to recover all coal in the DCRB. BOM estimates of recoverable 

reserves are usually based on a 50 percent recovery factor for underground mining and 

an 80 percent recovery factor for surface mining, though some observers use higher 

rates (Cuff and Young, 1980). Applying the more conservative 50 percent and 80 

percent factors to the DCRB data in Exhibit G-I yields .an estimate for recoverable 

reserves of 262 bUli on tons. Of these reserves, 43 percent would be mineable by 

surface methods with:'{he remainder requiring underground methods. 

Defining recoverable ooal reserves in this way olea~ly requires some interpretation. 

Much of the coal in these reserves is less attractive t.o :mine from both economic and 

net-energy standpoin~.~than coal which has been mined in the past. Much of the most 

economically mined Eastern coal has already been mined; mining in the East, in the 

future, will turn increa.singly to seams which are thinner;:lie at greater depths, or have 

higher sulfur content than seams mined in the past..~ the economically attractive 

coal seams eurrenUy being mined in the West are played out, mining of less attractive 

seams will be necessary in the West as well. Thus, as our recoverable reserves are 

depleted, some increase in the energy required for mining (currently about 1.5 percent 

of coal energy content) and transporting coal wRl result. 

1"Hypothetical coal resourceg' consist of estimated resources in unexplored parts of 
known coal basins and are l~mited to a depth of less than 6000 feet. 
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On the other hand, recoverable reserves are, to some extent~ e~,'pend.~.ble. Impr!~ved 

coal-recovery techniques (such as longwall mining) will increase the recoverability 

factors.  New coal reserves may be discovered. And the increasing value of coal will 

eventually make mining of thinner seams or at  deeper depths economic (though the 

increasing energy requirements of such mining wiR place a limit on the extent to which 
. , .  , , ,  

mining of deep coal and coal in thin seams will eve., become economic). 

With the foregoing discussion in mind, it may be observed that,  at an annual 3.5 billion- 

ton rate of production, this eounteyts 262 billion tons of recoverable reserves will last 

about 75 years. Allowing foe coal to be consumeTJ between now and 2020, a 3.5 billion- 

ton annual rate of production achieved in 202n and maintained in subsequent years 

would result in exhausting the 262 billion tons of recoverable reserves in about 2070. 

Our reeoverable coal reserves thus appear to be sufficient to support the rate of coal 

production being projected for 2020 for a reasonably long time, but eertainly not 

forever. DOEIs projected rates of ~6al production for 2020 (3.5 billion tons for ~ll 

purposes, 1.3 billion tons for synthetic fu~ls) thus appear to be reasonable, but it would 

not appear to be prudent to set a target much above this level. 

On the basis of this diseu~ion, i t  may b'e concluded that i t  is reasonable to expect to 

obtain as much as 15 quads of liquid fuels arLnuall~ from coaL This volume represents 

nearly 75 percent of present annual eonsur~ptiorv ~#t liquid transportation fuels, and 

about 70 percent of projected annual consumption of liquid fuels for all purposes in the 

year 2020. Whether or not methanol will be one of these synthetic fuels wRl depend 

upon both the relative economies of methanol-fueled and conventionally fueled engines 

and the relative economics of the competing coal-conversion processes, as well as on 

energy-efficiency, environment!., safety and health factors and on governmental 

policy. 
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APPENDIX [4 

METHANOL FROM COAL 

This appendix describes the estimated energy requirements to convert mined coal to 

fuel grade methanol. Investigation of the further conversion of methanol to gasoline 

(using the Mobil M or similar technology) is beyond the scope of. this study. Neither 

does this study attempt to evaluate all the individual steps within a process required for 

methanol production in terms of their being altered in order to lower the overall energy 

balance. 

H.1 Selection of Technolo~ 

The Texaco-gasification/ICI methanol-synthesis process was selee'ced for evalu~.tion in 

this study. •This process was chosen because it is near eommereial readiness and 

appears economically competitive. As can be seen from Exhibit H-l,  t.~d Texaco and 

Koppers KBW gasifiers I are the most popular technologies for the met~,lanol production 

projects that have applied to the Synthetic Fuels Corporation for subsidies. ICI is one 
o . . , '  . . . . . .  

of the most frequently used methanol-synthesis technologies. ~i 
. /  . . . j '  . :  '" 

properties may dictate the selection of the gas.ifieation process, published 
2 

While coal 

studies indicate that methanol processes using the Texaco gasifier are superior to those ..: 
• ~y:. 

using the Koppers-Totzek (K-T), Lurgi, Winkler, and Brit'm.h" Oas Council (BGC)-Lurgi 
.'. 

Stagger pro~esses in terms of overall energy requirements and applicability to different 

coals (MeGeorge, 1976~ Chow et al, 1977). The Texaco gasifiar has been considered for 

many of the coal gasification feasibility studies for plants to be built in the immediate 

future. In addition, the Texaco system has the ability to gasify both east(Tn and 

western U.S. coals. 

For the liquefaction step, the ICI low-pressure synthesis was selected because it is an 

established process, and, as shown in Exhibit H-l, it is widely used for commercial 

methanol synthesis. It is a good example of typical technology. Lurgi, Mitsubishi Gas 

Chemicals (MGC), Haldor-Topsoe and Wentworth also offer commercial methanol 

1The KBW gasifier fs also a near-commercfal gasifler. It tsa newer ciesign the.the 
Koppers-Totzek (K-T) system. KBW has a dffferent heat transfer system and fncrea~ed.. 
capacfty comp~ed to K-T, bat the gas composftfon and energy efffcfency are sfmflar. 
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EXHIBIT H-l." PROPOSED METHANOL PROJECTS 

Name Loeation Gasifier 

Leluga Methanol Project 

:he, keeherry 
(Energy Transition Corp) 

/lapco Synfuels Inc. 

31ark Oil & Refining 

R.R. Grace 

3onvent Methanol Project 
(Texaco) 

Whitehorn Gasification Project 
(Hercules, Norfolk & Western) 

EG&G 

Grants Project 
(Energy Transition Corp) 

Peat-to-Methanol Project 
(Energy Transition Corp) 

A-C Valley Corp. 

Keystone Project 
(Westinghouse) 

Tennessee Synfuels Associates 
(Koppers + Citgo) 

Energy Synfuels Associates 

Hampshire Energy" 
(Kaneb Service, Koppers 
Northwestern Mutual Life) 

Granite Point, AK 

Moffat County, CO 

White County, IL 

St. Clair County, 
IL 

Edmonson County, KY 

Convent, LA 

Montgomery Count§, 
MD 

Fan River, MA 

Grants, NM 

Croswell, NC 

Venango County, PA 

Cambria & Somerset 
Counties, P.% 

Oak Ridge, TN 

Emery County, VT 

Gillette, WY 

Methanol 
Synthesis 

Winkler ICI 

Koppers KBW n.a.. 

Texaco 

n.a. 

Texaco 

Texaco 

n . a .  

Texaeo 

r l . a .  

Lurgi 

n . a .  

n , a .  

n . a .  

n . a .  

n . a ,  

n . a .  

Koppers KBW n.a. 

Koppers ICI 

Westinghouse n.a. 

Koppers (KBW) ICI 

Lurgi dry 
bottom 

Further 
Conversion 

Lurgi and 
Koppers KBW 

Mobil. 

Mobil 

Mobil/MTG 

n ° a .  

n . a ,  Mobil/MTG 

n . a .  = not available 

SOURCE: Alcohol Week, 2, 3 (April 6, 1981). 

37 

0 0 



0 

technology. Chem Systems is developing a methanol technology, but as it is not 

commercially proven it has not been considered in this analysis. However, the Chem 

Systems process is more energy efficient than the ICI process. The Chem Systems 

process has higher heat recovery from the methanol reactor and lower compression 

energy, because of lower operating pressure requirements for the gasifier (Chia, et al., 

1979). 

The ICI methanol synthesis is used in many commercial installations throughout the 

worT.d. In late 1979, there were 24 commercial methanol plants in operation and five in 

design or construction using the ICI technology. This compares to seven operating Lurgi 

methanol plants (plus four under construction) and eight MGC (plus three in design or 

construction). 

Other process steps, such as the air separation and oxygen compression, shift,  acid-gas 

removal, Claus sulfur plant, taft-gas treatment, and coal preparation, are an  standard 

established processes and may be eonsidered to have comparable energy requirements 

for the same input/output stream characteristics. Their selection depends more on the 

coal properties and operating pressure levels in the system as a whole. 

Coal gasification teehnologies may be generally classified into three groups: fixed-bed 

technology, fluidized-bed technology, and entrained-bed technology. Some of the 

established processes are: Lurgi (fixed bed), Winkler (fluidized bed), Texaco (entrained- 

bed), and K-T (entrained bed). Although these processes h~d a significant number of 

applications in the past, it appears from recent preliminary screenings that, for 

methanol synthesis, the Texaco process is superior to the other processes in terms of 

overall thermal efficiency, eoal use, oxygen requirements and capit~l investment 

(MeGeorge, 1976; Chow et al., 1977). The higher operating pressure of the Texaco 

gasifier compared to the others contributes to the higher overall thermal effieiency in 

methanol synthesis. Other pressurized gasifiers (for example pressurized Winkler) 

would be expected to give similar overall process efficieneies. Fun-scale Texaco coal- 

gasification units are now being built in the U.S. for  demonstration purposes. 

The Texaco process may be applied to a wide variety of caking and non-caking 

bituminous and subbituminous coals. However, the conventional Lurgi and Winkler 

gasifiers are limited to non-caking coals. In the United States these coals are found 

primarily in the West. 
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Oxygen-blown coal gasification systems (where gasification takes place in the presence 

of  pure oxygen, rather than air) have higher overall thermal efficiencies, lower unit 

product capital requirements, and increased product yields than the air-blown systems. 

All the above mentioned processes can be operated as oxygen-blown processes. For 

methanol synthesis from coal, oxygen-blown gasification would be preferred. An 

oxygen-blown system would produce medium-Btu gas while an air-blown system wotfld 

produce low-Btu gas. 

H.2 Process DeseriDtion ...(, 

Exhibit H-2 presents a simplified flow diagram of the overaU process. 

Coal of size 8" x 0 is conveyed from the mine to a 15-day storage pile. 1 Coal from this 

pile is: then reduced to 3/411 x 0 size in Ring Mill crushers. A portion of the 3/411 x 0 coal 

is combin~ with wet char in a double-shaft paddle mixer. This mix then serves as the 

borer fuel. 

By means of regulating feeders, 3/4 'I x 0 coal from a surge bin is discharged into rod 

mills for wet grinding to 14 mesh x 0. The amount of water added to the mill is 

controlled by a density controner located at the discharge of each mill. A slurry is 

formed of 50-54 percent solids by weight. The slurry is next pumped to ball mills where 

the solids are reduced so that 80 percent are sized less than 200 mesh. The slurry is 

stored in a day~ank to serve the gasification section. 

?. 
• . . ,?. 

The oxygen plant section consists of an air separation plant and a compressor. An air- 

separation plant, operating a t  92 psig, produces oxygen for the gasifier. The oxygen is 

then compressed to 935 psig in steam-driven centrifugal compressors. Air cooling is 

used in the intereoolers; water cooling is used in the turbine exhaust steam-condensers. 

The preheated coal slurry and oxygen are introduced through a special burner into the 

Texaco gasifiers. At about 800 psig and 2000-3000 F, the coal is partially oxidized to 

carbon monoxide, hydrogen, and carbon dioxide. Because of the high temperature, no 

18" z 0 refers to the upper and lower size of coal pieces. All the coal wilt pa~ through a" 
screen with 8-inch openings. The zero  indicates that there is no minimum size and that  
the coal contains very small p~t ic les  (fines). 14 mesh x 0 means all coal passes through 
a screen with 14 holes per inch. 
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tars, oils, phenols and other by-products are formed in the gasifier. Most of the sulfur 

present in the coal is converted to hydrogen sulfide (H2S) and small amounts of earbonyl 

sulfide (COS), while the organic nitrogen is reduced to free nitrogen with some traces 

of ammonia (NH 3) and hydrogen cyanide (HCN). Temperature in the gasifier is 

maintained above the melting point of the ash in order to yield a free-flowing molten 

slag through the lockhopper system. About 95 percent of the carbon in the feed is 

converted to the synthesis gas in the slagging entrained downflow Texaco gasifier; the 

remaining carbon is recovered as char from the quench scrubber. Sour water from the 

shift is used for quenching the synthesis gas, thus eliminating the requirement of 

additional steam for the shift reactor. 

Slag is removed from gasifier via lockhoppers. The slag, which contains about 0.5 

percent carbon, is separated into fine and coarse fractions. The fines, containing 

substantially more carbon, may be either recycled to the gasifier or discarded with the 

coarse slag. 

The quenched gas from the slag separator is next cooled to about 600'F in a waste heat 

boiler generating 1270 psig, 576 F steam. 

The synthesis gas is then sent to the shift section where the hydrogen/carbon-monoxide 

ratio is adjusted to the stoichiometry required for methanol synthesis, k sulfur tolerant 

catalyst for the shift reactor was assumed, because this approach would eliminate the 

requirement o f  an additional acid-gas removal step ahead of the shift reactor. A 

waste-heat boiler operating on the reactor effluent gases would generate high and low 

pressure steam. The shifted gas is sent to the acid-gas removal section for the removal 

of sulfur compounds and carbon dioxide. 

The synthesis gas from the treating unit next feeds into the makeup compressor of the 

methanol synthesis section. The makeup compressor compresses the gas to about 1550 

psig. The compressed gas is first combined with synthesis recycle gas before it is sent 

to the methanol synthesis loop. This loop consists of a synthesis converter, heat-  

exchange train~ and a recycle compressor. Methanol and some water are formed in the 

synthesis converter. After condensation, the mixture is distilled to remove the water. 

Part of the heat recovered in the heat-exchange train is used to preheat the feed and to 

supply heat for the distillation unit. The remaining heat is used in the acid-gas removal 

section. The makeup and recycle compressors are driven by condensing steam turbines. 
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Light ends containing dimethyl ether are used as the fuel for the boiler. A purge gas 

stream is removed from the synthesis loop. The purge gas eontains methane and is used 

as boiler fuel. 

In the particular design selected for analysis, the Selexol unit (a part of the acid-gas 

removal section), would selectively remove hydrogen sulfide and provide it as a feed gas 

a1~ about 23 mole pe~ent l~ydrogen sulfide to the Claus sulfur plant. Steam is generated 

in the sulfur plant and used in the acid-gas removal unit. Molten sulfur is recovered for 

sale. 

Part  of the high-pressure steam required for the process is produced in the gasifieation, 

shift, Claus sulfur plant, and methanol synthesis sections in heat recovery boilers. The 

remaining high pressure steam is generated in the steam plant operating on char from 

the gasifiers, purge gas from the synthesis section, and coal. Also, saturated steam 

from the process waste-heat-boilers is s:uperheated to 950 F. Electric power is 

generated from the high pressure steam. Air for the boiler is preheated to 220 P by 

low-pressure steam. Tail gases from the sulfur plant and a large amount of CO2-rieh 

gas from the Selexol unit are also fed into the boiler. 

The remaining sulfide in the tail gas is incinerated in the boiler. The incinerated tail 

gas and the boiler flue gas are treated in a Wenman-Lord desulfurization unit. ~hb 

We[lman-Lord unit concentrates the sulfur dioxide in the gas. The sulfur dioxide is th;.=n 
- , . .  

sent to the sulfur plant for eonversion to elemental sulfur. 

H.3 Process Chemistry 

The gasification step combines partial oxidation and steam reforming of the carbon 

c~ntained in the coal. The oxidation step provides the heat needed for the s team- 

carbon and pyrolysis reactions. The major reactions in the gasifiar are: 

C + 0 2 = CO 2 

C + ½ 0 2 = CO 

C + CO 2 = 2C0 
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C + H20 = CO + H 2 

= X 
CH x C + ~ H 2 

There are additional reactions whieh form the synthesis gas hydrocarbons as renews: 

4CH x = xCH 4 + (4-x)C 

C + 2H 2 = CH 4 

Sulfur contained in the uoal forms acidic gases, mainly hydrogen sulfide (H2S): 

S + H 2 = H2S 

In the shift process step, the carbon monoxide (CO) to hydrogen (H 2) ratio is adjusted in 
the shift reaction: 

CO + H20 = CO 2 + H 2 

The acidic gases, mostly carbon dioxide (CO 2) and hydrogen sulfide, are removed, and 

the carbon monoxide and hydrogen synthesis gas is sent to the methanol synthesis loop. 

There, they combine to form methanol (CH3OH): 

CO + 2H 2 = CH3OH 

There are also side reactions which lead to the formation of water: 

CO 2 + 3H 2 = CH3OH + H20 

CO + H 2 = C + H20 

2CH3OH = CH3OCH 3 + H20 

In the sulfur plant, part of the hydrogen sulfide, recovered in the aeid-~as removal." 

process step is oxidized to sulfur dioxide (SO2): 
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H2 S + 3 0 2  = H20 + SO 2 

, 1 '  

~ f  

This sulfur dioxide is mixed with the rest of the hydrogen sulfide and with the sulfur 

dioxide recovered from the flue gas desulfurization system. The gases are then 

converted to elemental sulfur and water in the Claus sulfur plant according to the 
reaction: 

• i 

2H2S + SO 2 = 3S + 2H20 

H.4 Energy and Materials Consumption 

' . . •  

The primary energy balance is based on the conversion of eastern bituminous coal to 

fuel grade methanol. The coal composition used in the following analysis had a higher 

heating value (as received) of 11,340 Btu per pound, 6.4 percent free moisture, and the 

following analysis (McGeorge, 1976): 

Carbon 66.996 

Hydrogen 4.5 

Oxygen 8.4 

Nitrogen 1.3 

Sulfur 4.5 

Ash 14.4 

100.0% 

The fuel grade methanol produced contains 99.8 percent methanol, 0.1 percent higher 

alcohols and less than 0.1 percent water. 

The only significant energy input to the process is coal. The electricity used in the 

process is gbnerated in the plant. The coal is used primarily in the gasifier but some is 

also used to fuel the boiler. Char from the gasifiex and fuel gas generated in the 

process are also burned in the boiler. Waste heat is recovered wherever feasible. The 

fuel and energy balance within the plant is given in Exhibit H-3. 

There is also a small amoun t o f  diesel fuel consumed by bulldozers in the coal storage 

area. For a plant consuming 10,000 tons of coal per day, four bulldozers operating eight 

hours each would consume about 280 gallons per day, or about 0.15 gallons of diesel fuel 

for every 1,000 gallons of methanol produced (Hoffman, 1981). 
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A sulfur byproduct is obtained in the process. The energy credit ,  whieh is based upon 

fuel consumption data for sulfur mining in the 1977 Census of Mineral Industries, is 

3444 Btu per pound sulfur. The components of this energy eredi t  are shown in Exhibit 
H-4.1 

Based on the above assumptions, feedstock characterist ics,  and the energy bal~mee 

shown in Exhibit H-3, the energy input to the methanol manufae t~ ing  pro c'.,ss is 

calculated to be 5.5 tons of 11,340 Btu/lb bituminous coal per thousand gan0ns of 

methanol  produeed, or 1.94 Btu of to ta l  energy input per Btu of methanol produced. 

The sulfur byproduet energy credit,  predominantly natural  gas, is determined to be 4.~.0 

pounds of sulfur per thousand gallons of methanol, or 0.024 Btu of total  enel~gT per Btu 

of methanol. These results are summarized in Exhibit H-5. 

Overall, the net energy consumed by the methanol production process is 1.92 Btu per 

BtU of liquid fuel produced. None of the eonsumed energy is petroleum. Overall energy 

efficiency, expressed as the higher heating value (HHV) of the products (methanol and 

sulfur) divided by the energy content of the process inputs (coal), is calculated to be 53 

percent .  

H.5 Sensitivity Analysis 

The energy requirements depend somewhat on the amount of residual water in the 

methanol.  The base ease described above produces fuel grade methanol with no more 

than 0.1 weight percent water. This grade would be suitable for blending with gasoline. 

If the methanol is to be used neat  in an internal  combustion engine or as a feed for the 

Mobil methanol to gasoline provess, the methanol can contain as much as 5 percent  

water .  With the higher water content  in the product, less energy is used in distillation. 
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1The inclusion of this energy credit  presumes that all of the by-product sulfur is used 
industrially and replaces sulfur which would otherwise be mined. This may not be true 
for plants in some Western locations due to the availability of by-product sulfur from 
Alberta and the high transportation costs to Eastern markets. Energy credits would be 
inappropriate for any sulfur production which does not result in a corresponding 
red~ctic~'~ in sulfur mining. 

Although most analyses take an energy credit at the heating value of sulfur (3,990 
Btu/Ib), th~s analysis uses the fuel required for a typical Frasoh sulfur mine as Ore 
credit. This fs fuel not consumed in sulfur mining and thus available to the rest of the 
economy bec~se  of the methanol manufacture. The energy consumption in mining is 
close to the heating value of sulfur, and the total  sulfur energy credit  is small compared 
to the energy consumed in the process. Therefore, the method of treating the sulfur 
energy credit has little impact on the overall energy balance. 
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The direet reduction in the energy used in the distillation by increasing the water 

content from 0.1 to 5 weight percent w~fld be about 0.03 Btu fuel/Btu methanol if the 

s team for distillation were raised direetly in a boiler. This represents the upper Hmit of  

potential savings from the purity reduction. In the design Used for the base case, part  

of the steam used in distillation is extracted from the power generation turbine. 

Reducing the methanol purity to 95 percent would result in elimination of this s team 

extraction and would only reduce tlle fuel consumption by 0.012 Btu/Btu. Tt~e exact  

amount of energy to be saved by ehanges in purity would vary with the specific design, 

but would re main a small fraction of the total energy. 

* g g 

The c r e t an  energy efficiency of the methanol synthesis is sensitive to the pressure in 

the gasifier. Because the volume of synthesis gas produced in the gasifier is greater  

than the volume of oxygen input to the gasifier, increasing the gasifier pressure 

decreases the energy needed for compression prior to methanol synthesis. There is 

some flexibility in methanol synthesis pressure, and it can be adjusted to optimize the 

total  system. For commercial processes, methanol synthesis occurs at 1000-2000 psig. 

The Chem Systems methanol process, which is under development, is expected to 

operate as low as 500 psig (Chow, 1977). The gasifier and methanol synthesis pressures 

for the base case were 800 and 1540 psig. 

The energy analysis has been conducted on the basis of a high sulfur eastern bituminous 

• c.~al. Studies indicate that the Texaco gasifier system is slightly more energy efficient 

with a typical western bituminous coal than with eastern bituminous (Schlinger, 

undated; Child, 1979). However, variations from seam to seam in both the eastern and 

western coal fields make this generalization suspect. As long as the eoals are of 

comparable quality~ the energy consumed in the methanol process should be similar. 

' . . . .  

Methanol frrJm lower-Btu coals would require the input of more energy because more 

coal slurry must be pumped into the reactor to produce a ton of methanol. This, in 

turn, means a higher percentage of the coal must be burned to provide heat, more 

material must be heated to reaction temperature, and more oxygen is consumed and 

more carbon-dioxide produeed per unit of methanol produeed. The characteristics of 

each coal must be investigated on a ease-by-ease basis, but as a crude approximation, 

the energy eonsumed in coal preparation, gasification, and oxygen plant varies inversely 

wif:h.the Btu content of the eoal. The energy for acid-gas (earbon-dioxide) removal also 

I~ increases with decreasing Btu eontent. The energy used by other downstream 

~pera t ions  is relatively insensitive to coal Btu content. 
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Lower rank coals like lignite and some subbituminous coals are not suitable for the 

conversion to methanol using the Texaco gasification system described (Chia, 1979). In 

addition to the low Btu e0ntent of these coals, whose impact is discussed above, it is 

inappropriate to count the tightly bound moisture s? slurry water. Moisture content 

may typically be 30 to 35 percent in lignite and some subbituminous coals (e.g., Wyodak 

toaD. Thus, even more water must be evaporated in the gasifier with these coal types 

than would be expected on the basis of Btu content alone. 

Dry-fed gasifier systems (such as Lurgi) may be suitable for conversion of lower rank 

coals to methanol  The energy consumed in these systems is not significantly affected 

by free (unbound) moisture in the range typically found in coal. The evaluation of such 

systems is beyond the scope of this study. 

The sulfur content of the coal has a very small impact on the energy balance. Because 

steam is generated in the Claus sulfur plant and because an energy credit is obtained 

for byproduct sulfur, the energy balance improves slightly with increasing sulfur 

content. These energy credits are directly proportional to the sulfur content. The total 

stea~n generated in the sulfur plant with a 4.5% sulfur coal is about 1.5 percent of the 

total steam used in the plant. Therefore, the impact of sulfur content is very small. 

Variations in the ash content of coal should not influence the energy balance 
, , . . '  

significantly, although the grinding of coal, operating conditions of the gasifier, and the 

slag removal section are more sensitive to ash content than the other sections of the 

process. 

The caking and non-caking coal characteristics would not have any influence on the 

Texaco process, nor on the overall energy balance of the coal-to-methanol process 

(Schlingelr , 1978). 

The coal-to-methanol process plant energy requirements are not sensitive to plant 

scale. 

The overall energy balance is sensitive to the details of process design. Maximum heat 

recovery is designed into the process analyzed in this study. In an actual commercial 

installation, the economics of the situation may dictate against maximum heat 

recovery. Normally, such optimization would not change the overall energy efficiency 

by more than a few percent. 
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H.6 Potentia l far Reduced Energy Consumption 

The choice of the technologies far the process win also impact overall energy use. The 

system analyzed in this study is believed to be most representative of technologies 

likely to be built in the immediate future. The Chem Systems methanol process appears 

to be more energy efficient  but it is still at the pilot stage of development. 

The overall energy efficiency of several methanol processes reported in the literature 

have been calculated for this report on the basis described above. These efficieneies 

are compared in the table below. In the eases where electricity was purchased rather 

than generated within the plant, the energy input was taken at 10,400 Btu per kilowatt 

hour. 

• Process 

A. Texaco/ICl 

B. Texaco/Chem Systems 

C. Koppers-Totzek/Chem Systems 

D. BGC Lurgi/Chem Systems 

E. Badger/Lurgi 

Coal 
Gasifier Heating Alcohol 
Pressure Value Purity 

Btu/lb Percent 

800 11,340 99.9 

1,200 12,150 97.0 

6 12,235 97.5 

350 12,235 97.5 

500 12,840 99.5 

Overall 
Energy 

Efficiency 
Percent 

53 

57 

53 

58 

56 

Process A is the Texaco gasifier/ICI methanol system used in this analysis. Process B is 

based on a conceptual design of the Texaco gasifier/Chem Systems methanol system 

(Chia, 1979). It also involved a higher gasifier pressure than Process A. Both processes 

A and B use Selexolgas purification technology. 

Process C is based on the Koppers-Totzek gasifier with Chem Systems methanol 

synthesis (Chow, 1977). Process D uses the British Gas Council Lurgi slagging gasifier 

with Chem Systems methanol (Chow, 1977). The Koppers-Totzek gasifier is considered 

commercially proven; the British Gas Council Lurgi ~ in the near~ommereial  category. 

Both use the eommereially available Benfield system for gas purification. 

Process E is based on a Badger conceptual design that uses RectisoI gas purification and 

-burgi methanol-synthesis (Badger Plants, Inc.,  I978).-The gasifiex design is an oxygen- 
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blown, slagging wet-bottom, pressurized entrained-bed design which has never been 

demonstrated. 
i .  

The conclusion drawn from the above table is that developing technologies have the 

potential to improve the energy efficiency of methanol manufacture somewhat. It may 

be several years, however before these effi~ieneies are realized. 

. ,  
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Argonne National Laboratory, National Coal Utilization Assessment - An Integrated 
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~I. Argonne, IL: Argonne National Laboratory (}.977a). ~; .... 

This study was performed as a part  of the Argonne National Laboratory:Regional 
Studies Program. The purpose of the Regional Studies Program is to assess the 
impacts and consequences associated with alternative energy options 0n ~ a 
regional basis, and to identify and analyze alternative mitigation and solution 
strategies for increasing the acceptability of these options. 

The National  Coal Utilization Assessment (NCUA) is being conducted as a part 
of the Regional Studies Program. This particular study is focusing on impacts 
and constraints on increased coal utilization. In addition, a major focal point for 
the study is the identification and analysis of alternative solution strategies 
applicable to these constraints and problems. The study results are presented in 
two volumes. Volume I contains the Executive Summary and Major Findings. 
Volume H contains detailed information on Energy Supply and Demand, Siting, 
and Impacts. 

Argonne National Laboratory, U.S. Ener~,y Research and Development Administration 
Survey of Electric Utility Demand for Western Coal. Arg6n~e, IL: Argonne 
National Laboratory (1977b). 

This report presents the results of a survey of electric utility demand for 
western coal. The sources of survey information are: (1) Federal Power 
Commission Form 423 data on utility coal purchases covering the period July 
1972 through June 1976 and (2) direct survey data on utility coal-purchase 
intentions for power plants to be constructed by 1985. Price and quantity 
assembled and presented to illustrate price and market-share trends in individual 
consuming regions over recent years. Coal source, quality, and quantity data are 
presented for existing and planned generating plants. 

Averitt, P., Coal Resources of the United States, January 1, 1974, U.S. Geological 
SurveyBulletin 1412. washington D.C.: GPO (1975). 

Badger Plants, Inc., "Conceptual Design of a Coal to Methanol Commercial Plant," 
Report to the U.S. Department of Energy, FE-2416-24 (1978). 

Berkshire, L., U.S. Department of Energy, Process Evaluation Office: Morgantown, 
West Virginia, Personal Communication, (1981). 

Buras, N., "Water Constraints on Energy Related Activities," presented at  the American 
Society of Civil Engineering Specialty Conference Proceedings, Conservation and 
Utilization of Water and Energy Resources, (August 1979). 

Chia, W.S., e t  al., "Coal-to-Methanol Via New Proeesses Under Development: An 
Engineering and Economic Evaluation," C.F. Braun and Co., Report to the 
Electric Power Research Institute, EPRI AF-1227 (1979). 
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Child, E.T., "Current Status of the Texaco Cos/Gasification Process," presented at the 
Ammonia from Coal Symposium, Tennessee Valley Authority, Muscle Shoals, AL 
(May 1979). 

Chow, T.K., et al., "Screening Evaluation: Synthetic Liquid Fuels Manufacture," Ralph 
M. Parsons Company, Report to the Electric Power Research Institute, EPRI AF- 
523 (1977). ; 

Colorado Energy Research Institute, Net Energy Ans/ysis: An Energy Balanee Study of 
Fossil Fuel  Resources. Golden, CO: Colorado Energy Re searfifi institute (April 
1976). 

This study examines industrial energy production in fossil fuels, emphasizing 
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