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The unit cost (KG) of the gross fuel G 
"visible" at the conversion plant gives 
no indication of the true cost of net fuel 
acquisition (KN). If the system does pro- 
duce net high-grade fuel, creation of one 
unit of net fuel by the system will require 
the actual outlay by the consumer of 
G/N times the cost calculated for the 
unit of visible fuel at the plant: 

KN = KG(G/N) (4) 

The use of biomass as a source of fuel 
is a topic of growing interest and debate. 
Here we present an analysis of the key 
technical and economic potentials and 
constraints of systems designed to use 
agricultural crops to displace non- 
renewable hydrocarbon fuels, namely 
petroleum and natural gas. 

We first examine the controlling pa- 
rameters and general behavior of such 
systems. We then examine the quan- 
titative aspects of existing grain alcohol 
technology. This technology we use as a 
reference case for examining the poten- 
tial for other biomass crops. It is our in- 
tent to provide a rigorous treatment and 
descriptive framework to aid in future re- 
search and development. 

Fuel Productivity and Energy Balance 

Any biomass-to-fuel system (Fig. 1) 
consists of a combination of an agricul- 
tural effort to produce a biomass crop 
(Y0() and a conversion effort in which a 
fraction E of that biomass, Y = eY0, is 
used to produce the gross fuel product 
G; G = r7 Y, where ,/ is the conversion 
efficiency from biomass utilized, Y, to 
fuel G; and G = E-1 Y0. 

We will use A and B to represent the 
required inputs of high-grade fuels to the 
agricultural enterprise (including its in- 
dustrial support activities) and to the fuel 
conversion technology, respectively. It 
will be convenient to express the agricul- 
tural fuel energy input A as a fractionf of 
the (heat of combustion of the) total bio- 
mass crop Y0 it creates. 

The net productivity of N of high- 
grade fuel from the total system is: 

N = G - A - B = Yo (e -f) -B 
(1) 

If B > Y0 (er -f), the system is a 
consumer of high-grade fuel. 

To obtain the highest possible net 
yield of high-grade fuel, one must mini- 
mize or eliminate the high-grade fuel 
consumption B by the conversion pro- 

cess. One may use raw biomass itself, 
such as crop residue, or coal. In any 
case, we can examine the ideal limit of 
the conversion technology by pro- 
ceeding to the assumption that no high- 
grade fuel is used for the processing of 
the agricultural crop; that is, that B = 0. 
The net productivity of fuel is then: 

N = Y0 (e-r - f) (2) 

The quantities Y0 and N can be the bio- 
mass yield and net fuel productivity, re- 
spectively, in energy units per acre per 
year, or other mutually consistent units. 

Figure 3 illustrates an operation (agri- 
culture plus conversion) assumed to pro- 
duce 3 gallons of the desired fuel at a to- 
tal cost of $6.60. It uses up conventional 
fuel equivalent to 2 gallons. The system 
is a net producer, but $6.60 must be paid 
by the consumer to acquire one new gal- 
lon of fuel. The total cost of $6.60 con- 
tains-but does not show explicitly-the 
cost of two units of conventional, high- 
grade fuel acquired somewhere in the sys- 
tem. These were introduced at the much 
lower cost of perhaps $0.30 per gallon. 
Thus, in effect, two units costing a total 
of $0.60 were "passed through" the op- 
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The system will be a net positive fuel 
producer as long as the agricultural fuel 
energy subsidy fraction, f, is smaller 
than the overall energy conversion effi- 
ciency e-r of the conversion process. 
When there is positive productivity, the 
true net productivity N differs from the 
visible gross production G according to: 

N/G = (ET) - f)/erT) (3) 

One can visualize (Fig. 2) agriculture 
as "amplifying" the fuel energy input in- 
to the agricultural effort by a factor (1/f) 
by action of solar energy. Subsequently, 
conversion technology "attenuates" the 
biomass crop energy downward by the 
factor (Er7). Thus arises a sensitive de- 

pendence of the net benefit to society on 
the difference in magnitude of the two 
measures of performance, as expressed 
in Eqs. 2 and 3. 

eration, and the one new and third unit 
was acquired for $6.00 per gallon. 

Reliance on conventional economics 
of the gross plant-produced fuel is mis- 
leading in this case, because it is based 
on the use of two different prices for the 
same market-equivalent commodity, the 
high-grade fuel. In fact, if the system in 
Fig. 3 were a net consumer, requiring 4 
gallons of fuel instead of 2 gallons to pro- 
duce the 3 gallons of (gross) fuel product, 
a gallon of it would now cost $2.40 in- 
stead of $2.20 (the cost of the 3 gallons 
increased by $0.60, the cost of two more 
gallons of support fuel). 

This exemplifies a key problem en- 
countered in current discussions of bio- 
mass-to-fuels systems. Reliance on local 
market forces does not test the success- 
ful performance of the total system as a 
net fuel producer for the nation. 
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Magnitude of Realistic Cost Target 

The quantitative aspects of this analy- 
sis are concerned with the U.S. econom- 
ic environment, where the most plentiful 
alternative resource is coal. 

Current estimates for the cost (1) of 
high-grade fuels derivable from coal are 
about $0.80 to $1.00 per gallon for gaso- 
line or distillate fuels (2-4). In the United 
States, this cost is currently not viable 
for manufacture under the free market 
system; also, government subsidies are 
not considered justified for this source of 
high-grade fuel. The cost level of $0.80 to 
$1.00 will therefore represent a conve- 
nient reference point for cost acceptabil- 
ity. 

The Grain Alcohol System 

Current technology. In Fig. 4 we sum- 
marize the fuel energy inputs and out- 
puts for the existing technologies of grain 
agriculture and alcohol production. We 
include the usual operation of obtaining 
distillers' grains from the still residue, 
which is usually sold as animal feed. The 
use of distillers' grains is considered eco- 
nomically desirable since the revenue 
from its sale supports the net ethanol 
cost to the extent of reducing it from 
about $1.60 to about $1.25 per gallon of 
ethanol. 

The data for Fig. 4 are from Scheller 
and Mohr (5). The agricultural fuel ener- 
gy input is based on the original study by 
Pimentel et al. (6). For convenience, all 
energy magnitudes in this article have 
been converted (7) into energy-equiva- 
lent "gallons of fuel," for which we use 
the abbreviation GAL. 

It is apparent that the system in Fig. 4 
is a net consumer of high-grade fuel: 2.9 
GAL of hydrocarbon fuel are consumed 
for every GAL of fuel output from the 
distillery. Ethanol contains 0.67 times 
the fuel energy of an equal volume of 
gasoline. Even if alcohol, when used as 
an automotive fuel, were equivalent to 
gasoline on an equal volume basis (which 
would, in effect, increase the gross fuel 
G produced in Fig. 4 to 2.6 GAL), the 
system would remain a net fuel con- 
sumer. 

No amount of expenditure would 
create net fuel, or displace hydrocarbon 
fuel in the economy. 

Proposed improvements. Cray (8) has 
indicated that some distilleries operate 
with better fuel economy than others; 
Scheller and Mohr (5) have suggested the 
use of crop residues to fuel the distillery; 
and new technologies continue to be sug- 
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gested. These include more economical 
process designs [for example, see (9)], or 
the use of coal or solar stills, for ex- 
ample. We have found it useful to exam- 
ine the limiting, most optimistic case, 
however it may be achieved: no high- 
grade fuel consumption at all by the pro- 
cessing system (see Fig. 5). For this sys- 
tem, all the high-grade fuel inputs are as- 

Agriculture Yo E YO-Y Conversion 
process 

Not used for 
conversion 

(I-EYo) 

A=fYo B 

N 

Fig. 1. Basic network of biomass-to-fuel sys- 
tems. For the idealized system to be exam- 
ined, B = 0. 
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Fig. 2. Graphical representation of fuel energy 
sequence in biomass-to-fuel systems. 
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Fig. 3. A hypothetical system in which 3 gal- 
lons of fuel are produced at a total cost of 
$6.60. The net product is unshaded. 

sumed to be zero [the distillery obtains 
fuel from crop residue, in the manner 
suggested by Scheller and Mohr (5)]. We 
are left with only the agricultural fuel in- 
put of 2 GAL. About 3.1 GAL of fuel are 
produced at the distillery. 

Such a system is a net producer of 
fuel. Very approximately, 1 gallon of net 
fuel is generated for 3 GAL of gross 
product G. We thus have approximately 
the situation discussed for the hypotheti- 
cal case of Fig. 3. In mathematical terms, 
for Fig. 5,f = 0.164, E = 0.86, r/ = 0.3. 
Also, E = 0.26, andN/Yo = E-) - f 0.1, 
and NIG ~ 0.36. 

With grain alcohol (ethanol at about 
$1.60 per gallon, which is about 
KG = $2.40 per GAL), it will require a 
consumer outlay of about three times 
that value, or some $6.60, to generate 1 
GAL of net fuel, again corresponding to 
Fig. 3. 

In Fig. 6 we summarize the best cost 
data that we have been able to obtain by 
including the following assumptions and 
credits for this future system: (i) no high- 
grade fuel consumption by any part of 
the processing complex; (ii) assigning 
ethanol a combustion efficiency (mileage 
performance) advantage of R = 1.10 
over the British thermal unit equivalent 
volume of gasoline fuel (10); (iii) alcohol 
price reduced to $1.25 per gallon by price 
support from distillers' grains sales 
(without adding high-grade fuel use in 
the distillers' grains production); and (iv) 
a credit for agricultural fuel energy input 
not required to the extent that distillers' 
grains feed byproduct displaces feed 
grain production (on an equal calorie 
basis) (II). 

The cost of net high-grade fuel product 
remains two-and-a-half to five times that 
producible from coal. 

The factor R [in item (ii)] modifies the 
effective gross fuel product G to RG, that 
is, from 3.1 to 3.4 GAL. 

The credit for agricultural fuel input 
[item (iv)], called "feed acreage credit" 
in Fig. 6, is formally introduced by re- 
ducing the agricultural fuel input A (see 
Fig. 1, Fig. 4, and Eq. 1) toA(l - a), or 
the quantity f (Eqs. 1 to 3) to f(1 - a), 
where a = (energy units of feed by- 
product)/(energy units of crop previously 
used as feed). In the case above (5), 
a = (117 kBtu's of distillers' grain)/(342 
kBtu's of corn grain), or about 1/3. 

Such energy credits for simultaneous 
alcohol and feed production can have an 
appreciable impact. However, it also as- 
sumes controlled substitution of one feed 
for another, and acceptability of changes 
in nutritional constituents (fiber and pro- 
tein for carbohydrates in the above 
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Y=10.5 
(Total biomass used) 

Fig. 4 (left). Current grain alcohol technology. 
High-grade fuel inputs and outputs for pro- 
cessing 1 bushel of corn. Fig. 5 (right). 
The idealized system of grain alcohol produc- 
tion with no high-grade fuel inputs to the con- 
version process. G becomes 3.4 if R = 1.1. 

case), without new energetic or econom- 
ic consequences. 

The assumption of R = 1.1 for the 
relative efficiency, of grain alcohol to 
gasoline in an engine needs further 
substantiation; it depends sensitively 
on the nature of the car population and 
on evolving emissions controls tech- 
nology. 

The contribution of octane number of 
ethanol to a mixture with gasoline could 
be formally incorporated in the factor R, 
since, in principle, there can be a dif- 
ferential gain in gasoline volume as a re- 
sult of less severe operation of the "re- 
forming" process. However, such a cor- 
rection is not included because this 
analysis addresses itself to the net pro- 
ductivity of total high-grade fuel. The net 
effect of lower reforming severity is com- 
plex: it is also accompanied by a de- 
crease in the production of liquified 
petroleum gas, isobutane, and often of 
hydrogen, which places a variety of new 

Fig. 6. The most optimistic net fuel costs for 
hypothetical grain alcohol systems. 
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must be produced within the necessary 
(1.8 bushel of grain) strategy to ensure the normal supply of 

the nonfuel market (as insurance against 
lentation unforeseen fluctuations); and (ii) it must 

Ilery 
--- be surplus that cannot be stored for later 

llery use in that nonfuel market. Only then is 
the farm energy input a necessary energy 

p expenditure of the nonfuel farming oper- 
ation. In any other case, the regular fuel 
energy subsidy must be debited against 
the fuel farming scheme. This restricts 
the use of surpluses to very special situa- 
tions. 

This constraint also raises an inter- 
G=Y-=3.1 (3.4) esting policy question: can financial in- 

centives (tax forgiveness or subsidies, 
for example) toward fuels objectives be 
devised without inducing the production 
of nonqualifying surpluses? 

We also note (see Fig. 5) that 1.8 bush- 
els of corn grown for fuel production by 

ts of the refining the ideal system release 1.4 GAL of fuel 
cs. (3.4 - 2.0 GAL) to the nation; but the 
'ain. When a true same amount of corn not grown as a re- 
-d, the farm ener- suit of more stringent management of 
lebited. This can true surplus in the conventional nonfuel 
the ratio to the market would release 2.0 GAL of fuel 
'G = 1. We find previously consumed. 
I approach $1.70 Land requirements. A yield of 90 
rsion technology bushels of corn per acre produces a net 
and if feed cred- of 55 GAL of fuel per acre per year. If 
the cost to ap- the entire acreage of U.S. corn agricul- 
GAL, the "dis- ture (about 75 million acres) were dedi- 

ould have to dip cated to grain alcohol fuel production, 
egular value. It is the net fuel generated (based on the hy- 
if the gross alco- pothetical process requiring no high- 
ced to less than grade fuel inputs) would correspond to 
here corresponds 3.7 percent of (1977) U.S. gasoline, or 
allon of ethanol), less than 1 percent of U.S. petroleum 
arket would pre- consumption. 
iresented a com- In the case of surplus grain, we would 
hout the need for gain a factor of G/N 2.8, but the frac- 

tion of true surplus to total grain harvest 
constraints on would surely be less than 1/2.8. The total 

rue surplus: (i) it potential contribution would therefore 
be less. 

Grain alcohol system as a gas-to-liq- 
uids converter. If we make the outside 

~ntation ___ assumption that all process operations 
,ry and half of the agricultural fuel inputs are 
tillers' ' natural gas, we would obtain a net yield 
ins -p-Distillers' 
duction grains of liquid fuel, as seen in Fig. 7. 

In essence, the system converts (non- 
renewable) gas to liquid fuel. With the 
cost of gross alcohol produced at $1.25 
per gallon, the amount and cost of net 
liquid fuel produced are 3.1 - 1.0 = 2.1 

A v GAL at $2.80 per GAL. If we assume the 
2.6 31 thermal efficiency advantage of R = 1.1, 

]R3 
they are 3.4 - 1.0 = 2.4 GAL at $2.40 
per GAL; if we allow acreage credit for 

m of grain alcohol distillers' grain, we get 3.4 - 0.66 
gas-to-liquids con- 
on containdrs rep- 

= 2.74 GAL at $2.12 per GAL. [ion containers rep- 
ers represent liquid The use of less natural gas by more ef- 

ficient designs would not alter the net liq- 
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cost at { alcohol 

distillery | $/GAL 2.18 1.70 1.70 
fuel 

Gross to net fuel 
ratio, G/N 2.43 2.43 1.65 

Net fuel cost2' 
$/GA_ ~5.30 4.13 2.81 



uids made, nor greatly effect gross liq- 
uids cost and, therefore, net liquids cost. 

For comparison, natural gas con- 
version to alcohol (methanol) is an exist- 
ing technology; the 1977 market price of 
methanol (1) of $0.40 per gallon corre- 
sponds to $0.80 per GAL of fuel value, 
or $0.72 per GAL if we are to ascribe the 
10 percent thermal efficiency advantage. 

Since both petroleum and gas re- 
sources are declining in the United 
States, and both are currently being im- 
ported, the conversion of gas to liquid 
fuel is not the usual and proper objective 
considered for biomass. 

Exploration of Future Potentials 

Key factors in cost reduction. The cost 
of gross product KG includes two com- 
ponents: the cost kyo per unit energy of 
Y0 of the total agricultural biomass prod- 
uct, and the cost kp, the subsequent pro- 
cessing cost per energy unit of the charge 
stock for conversion: 

KG = kyo/e'r + kpl/ (5) 

With Eqs. 3 and 4, the cost of net fuel 
product KN becomes 

KN = (kyo + Ekp)(e?7 - f)- (6) 

For comparison, the cost elements of 
the base case (Fig. 5) of U.S. grain alco- 
hol production, corresponding to Eq. 6, 
are (14) 

KN = (0.33 + 0.86 x 0.34)10.6 = 6.60 
(7) 

The contributions from the costs of the 
biomass crop and from the subsequent 
conversion operation are about equal. 
The net energy balance problem adds the 
large multiplier (e7- - f)-1. 

Increasing the crop yield per land unit 
could reduce that part of kyo which con- 
tains the land cost and perhaps the labor 
cost to work the smaller area. Equation 7 
shows that even if all the kyo were to re- 
spond inversely to yield-a most unlike- 
ly limiting case-approach to infinite 
yield (ky0 -> 0) would result in a cost of 
$3.10 per GAL. This assumes constancy 
of the fraction of agricultural energyf re- 
quired to achieve such successes in high- 
er yield. 

Increasing the overall conversion effi- 
ciency or, more precisely, the product e?7 
of the biomass utilized, E, and the effi- 
ciency of its conversion, V7, would be far 
more effective. Figure 8 shows the re- 
sponse of net cost to improvements to 
e17, relative to the grain alcohol reference 
case (-7 = 0.3), except that we have also 
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Fig. 8. Net fuel cost from biomass-to-fuel sys- 
tems. Response to the overall efficiency of 
conversion process at two crop yields (y = 1 
applies to the biomass yield of corn agricul- 
ture; y = 2 assumes that the yield is doubled). 

assumed that it has already been possible 
to reduce unit processing cost kp to one- 
half its value. 

An approach of the cost of net fuel to- 
ward that of synthetic fuel from coal 
could result from: (i) use of no high-grade 
energy in the conversion technology; (ii) 
a very substantial gain in the product of 
conversion technology (or in the fraction 
of biomass converted); and (iii) a sub- 
stantial increase in yield. The fraction f 
of high-grade fuel support to agriculture 
would have to be maintained. 

Decreasing the agricultural fuel input 
fraction would have a substantial effect 
since f, too, appears in the difference 
term (e?7 - f). Iff were reduced to zero, 
the factor (e-7 - f), which, in corn agri- 
culture is about 0.3 - 0.2 - 0.1, would 
increase to 0.3, thereby increasing net 

fuel yield and causing a threefold de- 
crease in net fuel cost. 

The interactive search. In any effort to 
improve one parameter we must allow 
for the constant interaction that occurs 
with other parameters. Measures that 
yield an improvement in Y0o are most 
likely to alter the agricultural fuel inputf, 
and vice versa. Choice of a different bio- 
mass species will not only entail charac- 
teristic new values of Y0 andf, but will 
make different demands on the con- 
version process and its conversion effi- 
ciency 71, and is likely to alter the frac- 
tion of biomass utilizable, e. 

The agronomy parameters. The 
search for plant species that provide un- 
usual biomass yields per land unit has 
been a logical early response to the new 
fuels challenge. Good quantitative data 
for valid comparisons for sustained, 
steady-state experience are fairly scarce, 
and are confined to the few well-known 
crops. When we eliminate some con- 
fusion over dry as opposed to "as is" 
weights of crops, and differentiate cli- 
matic (mainly growing season) from spe- 
cies effects, we find a surprising similar- 
ity in the average rates of biomass pro- 
duction among species as different as 
cereals, trees, and grasses (see Table 1). 

Water availability is particularly im- 
portant because arid land use, for ex- 
ample, if supplemented by irrigation, will 
produce more biomass yield, but will al- 
so add dramatically to f. 

What is also important is that, for any 
proposed or new situation, we must es- 
tablish the quantitative values for yield 
Y0, fuel input f, and the useful fraction 
for conversion e for steady-state opera- 
tion; that is, repetitive operation on the 
same land area. 

Comparative data on steady-state re- 
quirements for agricultural fuel inputs 
are scarce. This was not considered an 

Table 1. Typical yields (expressed as tons of dry weight per acre per year) of various crops in 
sustained agricultural experience in the United States. 

Biomass yield (dry weight) 
Crop Refer- Yield ence Perton 

ofcrop 

Corn (6) 2.3 -2.3 -5.3 
Sugar beets (24) 2.5 to 5.7 -1.7 4.2 to 9.7 
Wheat (25) 0.8 -2.5 -2.0 
Rice (25) 2.4 -2.5 -6.0 
Trees (20) 5.0 -- 1.0 -5.0 
Sugar cane* (21) 7.5 -- 1.0 -7.5 
Alfalfa (22, 23) 5.0 to 6.1 -- 1.0 5.0 to 6.1 
Slash pinet (22, 23) 5.0 to 7.0 -1.3 6.5 to 9.0 
Sugar canet (21) 20.0 -- 1.0 20.0 
Napier grass? (22) 19.0 - 1.0 19.0 

*Data for Mississippi. tData for wood and bark in the southeastern United States (22) and New Mexico 
(23). fData for Hawaii. ?Data for Puerto Rico. 

27 



Table 2. Similarity of fractionf of agricultural energy input, A, to total biomass Y0. 

Agri- Agri- 
cultural Ratio of cultural 
energy crop to energy Ratio 

Crop input* total input ofA 
(kcal/ biomass (kcal/pound to Gt 
pound (by weight) of total 

of crop) biomass) 

Alfalfa 425 -0.9 382 0.21 
Sorghum (dryland) 443 -0.9 399 0.22 
Sorghum (irrigated) 506 -0.9 455 0.25 
Wheat (dryland) 393 -0.5 200 0.11 
Wheat (irrigated) 790 -0.5 395 0.22 
Corn 622 -0.5t 331 0.18 
Sugar beets (24)? 320 to 700 -0.6 195 to 420 0.10 to 0.23 

*From (23). tBiomass energy content assumed to be 1800 kcal/pound. tValue from (5). ?Varia- 
tion over eight states (U.S.). 

important subject for research in the 
past; with cheap fuel it had no great sig- 
nificance. Only relatively recently has it 
been pointed out (6) that the achieve- 
ments in yield multiplication by the 
Green Revolution required a similar mul- 
tiplication off; that is, of high-grade fuel 
energy inputs. With growing fuel prices, 
and most certainly for the objective of 
harvesting fuels themselves, this be- 
comes a most important new focus for 
agronomy research. 

A survey of the relatively few avail- 
able data (see Table 2) suggests a close 
similarity in agricultural input energy re- 
quirements across species. The question 
of whether plant species can be found 
that provide appreciable factors of im- 
provement in sustained annual biomass 
yields, or which have the capability of 
production with fewer cultural fuel ener- 
gy inputs, remains an open question. 

The conversion factors. The choice 
and performance of conversion methods 
depends on the chemical nature of the 
biomass material utilized. The utilization 
e?) by fermentation and distillation is 
about 0.3. Gasification or liquefaction 
could make use of nearly all of a biomass 
crop (- 1) with e17 - 0.5. However, pro- 
cess costs would be higher than those 
discussed in connection with coal be- 
cause of the relatively much smaller 
magnitude of the operation. Compared 
to coal, the cost of raw material is much 
greater. Compared to about $0.40 to 
$1.00 per 106 Btu of coal (Western and 
bituminous, respectively), the total bio- 
mass from corn (assuming no cost for the 
biomass other than the grain) would be 
about $3.00 per 106 Btu. 

Oil- and hydrocaroon-producing crops, 
such as suggested by Calvin and co- 
workers (15, 16) and surveyed by Bu- 
channan and Otey (17), are conceptually 
attractive because the conversion effi- 
ciency r] of the hydrocarbon-like constit- 
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uents to lower-molecular-weight, high- 
grade fuel could be high. We have dem- 
onstrated (18) the ability for existing 
catalysts to convert plant extracts almost 
completely into high octane number gas- 
oline. The challenge in this case rests 
with agronomy to produce a sufficiently 
high fraction E of such hydrocarbon-like 
constituents, since, when r/ -> 1, the 
condition for and magnitude of net high- 
grade fuels productivity will depend on 
(e - f)i > 1. With f 0.15, the fraction E 
would obviously have to be much greater 
than 15 percent. 

Socioeconomic factors. Technological 
and agronomic parameters can be depen- 
dent on socioeconomic factors. For ex- 
ample, the agricultural fuel input require- 
ments, expressed byf, would be lowered 
by application of more human labor, 
which in turn would either require an up- 
ward change in cost of the crop com- 
modity or imply acceptability of lower 
unit income. Similarly, we have seen 
how other modifications of the basic bio- 
mass-to-fuel system lead to alteration in 
cattle feed practices, the total practica- 
bility and consequences of which are un- 
tested. 

Conclusion 

The net productivity of high-grade fuel 
obtained per unit of land, as well as the 
actual price of net fuel, depend sensitive- 
ly on interacting parameters of both 
agronomy and conversion technology. 
These include, in agronomy, high-grade 
fuel energy support of agriculture, f; and 
in technology, energy efficiency of con- 
version, r7. The fraction of plant species 
useful for fuel production, E, connects 
both skill areas. 

With respect to grain alcohol produc- 
tion in the United States, the current 
practices in agriculture and technology 

lead to increased consumption of high- 
grade fuels (petroleum and gas); that is, 
every GAL of fuel generated in the form 
of grain alcohol will consume between 2 
and 3 GAL of high-grade fuel equivalent 
(from natural gas and petroleum sup- 
pliers). 

Positive net productivity can be at- 
tained. But it requires elimination of 
high-grade fuel input to the alcohol pro- 
cess facility and, in the context of U.S. 
agricultural practices, approximately 
0.35 to 0.60 GAL of new high-grade fuel 
is then created per GAL of gross (vis- 
ible) fuel. The greater values depend on 
realization of some of the additional as- 
sumptions. This corresponds to 0.25 to 
0.44 GAL of new fuel per volumetric gal- 
lon of grain alcohol produced. There- 
fore, the actual cost of a net GAL of new 
fuel ranges from about $5.00 down to 
about $2.80, which is about three to six 
times that of liquid fuel from coal. 

The search for new plant species or 
biomass systems must focus on mini- 
mizing the high-grade fuel energy inputf 
to the agricultural sector (19). Any 
agronomy research toward the fuels- 
from-biomass objective must seek quan- 
titative knowledge of f for steady-state 
operation. This quantity, f, will become 
more important as fuel energy costs es- 
calate. 

In addition, realistic figures must be 
obtained for the high-grade fuel con- 
sumption of all practical steps and opera- 
tions in preparing and processing the 
crop. 

This article can discuss (19) only brief- 
ly what are seen to be key parameters in 
a basic and conventional system, com- 
bining agriculture and process tech- 
nology. It is confined to the context of 
current agricultural practices and so- 
cioeconomic expectations. It should be 
helpful in identifying key elements in in- 
novative systems proposed to improve 
productivity and costs of net high-grade 
fuel. 
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