
Gasohol, a mixture of 10 percent ethyl 
alcohol (fermented from agricultural ma- 
terials) and 90 percent unleaded gasoline 
(10/90), is one of the more controversial 
topics of the current energy debate (1). 
Widespread media coverage plus the fact 
that gasohol is now being sold in at least 
14 states, have increased its visibility (2). 
Proponents claim that widespread use of 
gasohol would reduce oil imports while 
providing a market for grain surpluses: 
farm prices would stabilize and the na- 
tional trade deficit would be reduced. 
Opponents argue that farm prices would 
skyrocket as a result, and that too much 
energy is required to process grain into 
alcohol: total fossil-fuel consumption 
would increase rather than decrease, and 
the program designed to reduce oil im- 
ports would actually raise them. 

The gasohol debate includes a host of 
other issues, such as those of automobile 
performance, air pollution, and land de- 
pletion (3). In addition, there is the issue 
of using foodstuffs to power cars. Eco- 
nomic feasibility, however, is no longer 
an issue because of federal and state sub- 
sidies. Besides a 40 per gallon (1 gal- 
lon = 3.8 liters) exemption from the fed- 
eral automobile fuel tax (4), gasohol cur- 
rently receives additional tax breaks in 
several states; for example, in Iowa, 100 
per gallon minus a state sales tax of 3 
percent - 7.00 per gallon (5); Montana, 
2? per gallon (6); Nebraska, 5.50 per gal- 
lon (7); Colorado, 50 per gallon (8); and 
Arkansas, 9.50 per gallon minus a sales 
tax of 3 percent -6.50 per gallon (9). 
The total subsidies therefore range from 
4? to 11 per gallon of gasohol, or ten 
times these amounts per gallon of eth- 
anol (ethyl alcohol). Since current prices 
for an unsubsidized gallon of ethanol 
vary from $1.30 to $1.60, the subsidies 
often make ethanol cheaper than the gas- 

The authors are at the University of Illinois, Ur- 
bana 61801. R. S. Chambers is in the Coordinated 
Science Laboratory; and R. A. Herendeen, J. J. 
Joyce, and P. S. Penner are with the Energy Re- 
search Group, Office of Vice Chancellor for Re- 
search. R. S. Chambers is also the president of ACR 
Process Corporation. 

oline it is mixed with. Largely in re- 
sponse to these subsidies, sales of gaso- 
hol are brisk. But as gasohol production 
expands, a central energy question per- 
sists, "Will gasohol production yield 
positive net energy; will it provide more 
energy than it consumes?" 

In this article we consider the gasohol 
energy balance in some detail as it ap- 
plies to present U.S. agriculture and 
technology. While many fermentable 
materials are potentially usable, our ap- 

and energy considerations" (14). In con- 
trast, at Iowa State University it is con- 
cluded that "it cannot be claimed that 
ethanol by fermentation of corn pro- 
duces energy. The opposite is instead 
true" [see (15, 16)]. Recently published 
results from Brazil (17, 18) show that 
sugarcane has a "very favorable energy 
balance" in the production of ethanol. A 
mixed response can also be found in po- 
litical circles: Representative Edward 
Madigan (R-Ill.) has criticized gasohol 
because "it takes as much energy to 
make a gallon of gasohol as that gallon 
will give you" (19); Senator Birch Bayh 
(D-Ind.) contends that alcohol fuels 
"will make a significant contribution to- 
ward reducing our nation's dependence 
on petroleum products, while at the 
same time, opening new markets for 
American farmers" (20). 

As the debate continues, significant 
gasohol legislation has been introduced 
that explicitly requires an energy balance 
analysis. The Food and Agriculture Act 
of 1977 (21) has authorized four loan 
guarantees of up to $15 million each for 
construction of plants to produce indus- 

Summary. A detailed analysis of energy inputs and outputs is performed on grain- 
based gasohol (10 percent grain-based ethanol, 90 percent gasoline). Existing dif- 
ferences of opinion on the energy balance derive mainly from variations in inter- 
pretation which are several examples of inherent methodological problems in energy 
analysis. The result is strongly dependent on assumptions about use of crop residues 
for fuel and the miles-per-gallon rating of gasohol. In terms of total nonrenewable 
energy, gasohol is close to the energy break-even point. On the other hand, in terms 
of petroleum or petroleum-substitutable energy, gasohol is an unambiguous energy 
producer, since most energy inputs to the process can be supplied by nonpetroleum 
sources such as coal. 

proach concentrates on one crop, corn, 
and stresses a consistent framework and 
approach. We also discuss a number of 
"classic" difficulties of energy analysis 
(see Table 1), and we identify them in 
context (10-13). There have already 
been several energy analyses of ethanol 
or gasohol, but they are characterized by 
rather extreme differences in conclu- 
sions. Reconciling these differences is a 
major purpose of this article. A more im- 
portant goal, however, is to establish a' 
consistent system in which the numerous 
future gasohol projects can be quan- 
titatively evaluated and compared. The 
energy balance for these projects is im- 
possible to determine until the actual de- 
tails of gasohol production and use are 
more clearly established. 

Before proceeding we illustrate the 
disagreements. At the University of Ne- 
braska, for example, researchers find 
that "the production of industrial eth- 
anol by the fermentation of grain is an 
attractive process from both economic 

trial hydrocarbons (such as ethanol) 
from biomass. Explicit in the law is the 
requirement that "the total energy con- 
tent of the products and by-products 
manufactured in the operation must ex- 
ceed the total energy input from fossil 
fuels used in the manufacture of such 
products and by-products." More re- 
cently, Representative Berkeley Bedell 
(D-Iowa) has introduced much more ex- 
tensive legislation to promote a national 
gasohol program (22). Up to $600 million 
in loan guarantees are to be provided for 
the construction and operation of plants 
for the production of alcohol fuel from 
agricultural commodities. It is required 
that an applicant "has taken steps to en- 
sure that the total energy content of the 
alcohol fuel manufactured by such appli- 
cant will exceed the total energy input 
from petroleum or petroleum-based 
products used directly in the manufac- 
ture of such alcohol fuel ..." Require- 
ments such as these, as we shall show, 
are subject to several interpretations. 
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The Process 

Throughout this analysis corn is con- 
sidered as the starch source or substrate 
(23). In principle, any material contain- 
ing sugar, starch, or cellulose could be 
considered, although the conversion of 
cellulose has not been proved economi- 
cally. As an indication of magnitude, the 
entire corn surplus in the United States 
could be as high as 1 x 109 bushels per 
year (about one-sixth of the crop) (24) 
and would produce 2.5 x 109 gallons of 
alcohol per year. (One bushel of corn 
weighs approximately 56 pounds or 25.4 
kilograms.) This is only 2.3 percent of 
the total gasoline consumed by surface 
vehicles in the United States, about 
110 x 109 gallons per year. 

From the viewpoint of an energy ana- 
lyst, the gasohol process may be repre- 
sented by Fig. 1. Within the solid-line 
boundary of gasohol production we find 
(usually): (i) grinding of grain and mixing 
with water; (ii) cooking to convert starch 
to sugar by enzymatic action; (iii) fer- 
mentation of sugar into ethanol; (iv) dis- 
tillation to produce either anhydrous eth- 
anol or an ethanol-gasoline mixture; (v) 
blending (or further blending) with un- 
leaded gasoline to produce the desired 
grade of gasohol; and (vi) preparation 
(for example, drying) of the feed by- 
product. Step (v) could take place at the 
distillery, at a gasoline distribution de- 
pot, or at the filling station, but the 
blending location is irrelevant to the en- 
ergy balance. 

By bringing the gasoline supply into 
the system boundary a considerable 
amount of ambiguity is eliminated. First, 
it is apparent that the energy balance can 
pertain only to the mixture-gasohol- 
and not to either component alone. Sec- 
ond, the energy cost of producing the 
gasoline component (an important ener- 
gy term that is often neglected) is auto- 
matically included. Third, one of the pro- 
cesses discussed here does not produce 
pure ethanol to be blended later with gas- 
oline, but instead distills gasohol directly 
from a mixture of gasoline and a ferment- 
ed grain-water mixture. A possible dis- 

advantage of discussing only gasohol (10/ 
90) is, of course, that the energy balance 
for ethanol is now diluted: even if eth- 
anol could be produced with zero energy 
cost, gasohol would require 90 percent 
as much energy as gasoline. 

The significant energy inputs include 
all nonrenewable or "primary" energy 
requirements at the distillery, on the 
farm, at the petroleum refinery, and for 
all intermediate transportation. In gener- 
al, we have used empirical data for the 
various material and service inputs, 
which have been converted to energy re- 
quired to produce them (25). Consistent 
with the aim of energy analysis, we have 
tried to include all indirect energy costs 
such as refinery losses for refined petro- 
leum, fertilizer for crops, and deprecia- 
tion of capital equipment in every associ- 
ated economic activity. The various as- 
pects of energy analysis techniques are 
documented in (26). We emphasize that 
we account for nonrenewable energy 
(coal, oil, gas, nuclear fuel) in the inputs, 
but not solar energy (except for hydro- 
electricity which is treated, according to 
convention, as if it were produced by 
burning fossil fuel). The gasohol process 
is thus evaluated as a technology to con- 
vert nonrenewable energy resources into 
useful energy, the solar input being con- 
sidered "free" and ignored (27). 

The process has two significant out- 
puts: the gasohol and a high-protein by- 
product, which is a valuable part of a 
cattle feed ration. In addition, one may 
consider corn stalks and cobs as a gaso- 
hol by-product. These may be available 
to the distillery or, perhaps, to the open 
market as fuel. 

In Table 2 we list the nonrenewable 
energy requirements for gasohol produc- 
tion according to three different sources: 
Scheller and Mohr (14, 28), Reilly (15, 
16), and ACR (29). Scheller and Mohr, 
and Reilly refer to conventional dis- 
tillation of ethanol for subsequent blend- 
ing with gasoline; the ACR report refers 
to a new process that has been designed 
specifically to produce gasohol (not eth- 
anol) with a low energy consumption. 
There are other energy saving processes 

being developed for the distillation in- 
dustry (30), but ACR is the only process 
for which detailed and quantitative data 
have been presented (31). Also included 
in Table 2 are the output quantities re- 
ported by the three sources. We ignore 
all other outputs, such as CO2 and fusel 
oil, which are insignificant to an energy 
balance. 

Data Comparisons 

Table 2 shows Scheller and Mohr (14, 
28) and Reilly (15, 16) agree on conven- 
tional process energy inputs, 370 and 368 
kBtu per bushel of corn, respectively (1 
kBtu = 1000 Btu x 1.055 x 106 joule). 
Energy consumption data from Midwest 
Solvents, Atchison, Kansas, for the pro- 
duction of ethanol by industrial fermen- 
tation agree very well with these esti- 
mates (32). On the other hand, ACR (29) 
claims by "extensive heat exchange and 
novel distillation practices" to have re- 
duced the process input energy to 120 
kBtu. There are a few small discrepan- 
cies in accounting procedures among the 
three sources (for example, inclusion of 
capital equipment), but the ACR process 
does appear to reduce process energy 
significantly. 

Scheller and Mohr, and Reilly agree 
on the agricultural energy consumption 
(33). The ACR estimate of agricultural 
energy consumption is somewhat higher, 
a consequence of using data that better 
account for indirect energy requirements 
(34). 

There are no significant discrepancies 
in the output production quantities ex- 
cept Scheller and Mohr's inclusion of 
corn stalks (35), ignored by others. (This 
is problem 1 in Table 1.) This turns out to 
be crucial, however, because of its mag- 
nitude. The inclusion of gasoline as a 
process input by ACR is of no con- 
sequence in the energy balance since the 
same quantity of gasoline is both an in- 
put and an output. 

As we have indicated, many inter- 
pretations of these data are possible. Our 
approach is to construct a set of options 

Table 1. Methodological problems in energy analysis. These problems are discussed in (26). 

Problem* Examples for gasohol 

1. Specification of system boundary. Should agricultural energy be included as an energy input? Are the crop residues a valid output 
of the process? 

2. Comparison of different energy Should the energy balance be calculated for total nonrenewable energy, or for only one type, 
types. particularly petroleum (that is, does the process save oil even if it does not save coal)? 

3. Consideration of end use. Does gasohol get better miles per gallon than one would expect on the basis of its heat of combustion? 
4. Consideration of joint product. How is the energy content of feed by-product counted? Is it credited to gasohol or is it neglected? 
5. Question of negative costs versus Should feed by-product energy be added to output or subtracted from input? (This does not 

positive benefits. change balance but does change energy ratio.) 

*Note that the problems are not independent; for example, problems 1 and 4. 
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for gasohol production that reflect the 
various interpretation possibilities. Then, 
for any specific project the appropriate 
options can be selected for a quan- 
titative energy balance. Differences of 
opinion may remain, of course, but it is 
hoped that the issues will be more clearly 
defined. 

Options 

Examples of options in gasohol pro- 
duction are listed in Table 3 along with 
their qualitative effects on the energy 
balance. We repeat that many of the op- 
tions do not reflect changed technology, 
but merely opinions on what factor 
should or should not be considered. For 
purposes of comparison we select a 
"base case" and compare the effect of 
the options to it. While the choice of the 
base case is arbitrary, we believe its gen- 
eral features reflect current distillation 
practices. We do, for example, include 
the energy inputs to agriculture since 
most distilleries buy corn on the open 
market. We assume that the feed by- 
product is dried because today a typical 
ethanol producer relies heavily on the 
sale of the by-product, and it must be 
dried to be transported any distance 
without spoilage. (Only when the dis- 
tillery is close to the feedlot can the ani- 
mals consume the undried slop.) 

To discuss the energy balance it is 
easiest to compute the energy value for 
the base case, and for energy debits or 
credits of the various input and process 
options. In addition, all material outputs 
must be assigned an energy output and 
all by-products an energy credit. We find 
that while assigning values to the energy 
inputs is straightforward, calculating the 
output energies and credits is more am- 
biguous. 

If we desire a calorimetric energy bal- 
ance, it is appropriate to use the energy 
content (enthalpy of combustion) of the 
various input and output materials. 
However, effectiveness in accomplishing 
a given task (such as distance traveled in 
an automobile) may not be proportional 
to the enthalpy of combustion. Since our 
goal in this energy analysis is to estimate 
the overall impact of gasohol production 
and use on nonrenewable energy con- 
sumption, an end-use analysis of the out- 
puts is often more appropriate. Several 
examples of end-use analysis follow. 

Energy value of agricultural residues 
(stalks and cobs). (This is problem 4 in 
Table 1.) To take an energy credit for the 
stalks (or any combustible by-product in 
general) one must actually burn the 
stalks to produce energy. In addition, 
16 NOVEMBER 1979 

Production Outputs 

Stalks, cobs 

Feed by-product 

Gasohol 

Fig. 1. Schematic of gasohol production. Stalks and cobs may be used for fuel in production or 
treated as an output. Gasoline may be blended with alcohol during production or at a distribu- 
tion point, but the blending location is irrelevant to the energy balance. Only the major streams 
are shown. 

several energy "penalties" should be 
subtracted from the energy content of 
the by-product. These include the energy 
consumed on the farm to prevent soil de- 
pletion (if any), energy "harvesting" and 
transportation costs associated with the 
by-product, and energy costs of manu- 
facture or modification of furnaces or 

boilers (including special pollution con- 
trols). While two sources (17, 28) have 
assumed use of crop residues for fuels, 
they have not dealt with these diffi- 
culties. In our analysis we rather arbi- 
trarily assume that half of the energy 
content of the by-product is required to 
account for these factors; that is, 1 Btu 

Table 2. Total nonrenewable energy inputs and material outputs as presented by three sources. 
All are for 1 bushel of corn (energy units = 103 Btu). 

Energy Scheller and Reilly (16) ACR (29) Mohr (28) 

Inputs 
Agricultural energy, including 119a 135b 184C 

Direct on-farm 66 
Fertilizer and chemicals 80 
Transport 21 
Capital equipment 17 

Process energy, includingd 370 368 120 
Cooking and fermentation 64 
Distilling and centrifuging 105 
Purifying (95-> 100) percent 37 113e 
Evaporation 113 
Drying 51 
Capital equipment 7f 

Process plus agricultural total 489 503 304 
Petroleum energy, includingg.h 3398 

Content 2813 
Energy production cost 585 

Outputs' 
Ethanol (gallons) 2.6 2.6 2.5 
Feed by-product (pounds) 18.6 17.1 16.8 
Stalks, for example (pounds) 53.7j 0 0 
Gasoline (gallons)h 22.5 

aScheller and Mohr attribute this to Pimentel et al. (33). bIn his first analysis, Reilly (15) chose to neglect the agricultural energy. CBased on (34) with additional calculations. dAssuming a boiler efficiency of 
80 percent. 'The process produces an alcohol-gasoline mixture and a dry feed by-product (29). Es- 
timated from dollar cost and 105 Btu per dollar. gBased on (36). The ratio of nonrenewable energy con- 
sumed to the energy produced is 1.208. This number is expected to increase as petroleum reserves 
dwindle. hAll processes assume a final product of 10 percent ethanol, 90 percent gasoline. Since the first 
two sources assumed conventional distillation to produce pure ethanol, they did not discuss the gasoline 
explicitly. ACR does so because gasoline actually passes through the distillation process. The figures given are for 9 x 2.5 = 22.5 gallons of gasoline. 'Small energy outputs such as fusel oil are ignored. 'Based 
on (35) which assumes 75 percent removal from the field and 6000 Btu's per pound. 
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of corn stalk in the field yields 0.5 Btu to 
be used productively. 

Energy value of distillers' grains. 
(This also is problem 4 in Table 1.) Al- 
though the distillery feed by-product has 
some heating value when burned, it will 
probably continue to be used as a food- 
stuff for cattle. We shall treat the energy 
content of this by-product as an "upper 
limit" option to the feed by-product en- 
ergy credit. The option of burning this 
by-product yields an energy credit equal 
to the enthalpy of combustion; with the 
option of feeding this by-product to 
cattle we try to estimate how much less 
nonrenewable energy would then be con- 
sumed throughout all sectors of the 
cattle feed industry. On the basis of its 
food caloric content, one bushel of input 
corn displaces about 0.3 bushel of 
normal market corn (29). The energy 
credit of the by-product is equal to 
the nonrenewable energy saved, 0.3 x 

(184 - 21) = 49 kBtu. (The transporta- 
tion energy, 21 kBtu, cannot be credited, 
since the entire bushel is transported to 
the distillery.) Another possible option 
here is to account for the fact that dis- 
tillers' grains are higher in protein than 
corn and can actually displace soybean 
meal; we do not consider this. 

Energy value of gasohol. (This is prob- 
lem 3 in Table 1.) Since the gasoline 
component is both input and output, it 
presents no problem in the energy bal- 
ance. From (36) the nonrenewable ener- 
gy input is 151 kBtu per gallon; 26 kBtu 

of this is consumed in the production of 
gasoline. Any gasoline that is consumed 
by the agricultural or production sector 
has already been included elsewhere. 

The combustion energy of the alcohol 
component, about 77 kBtu per gallon 
(lower heating value), is only 62 percent 
of that of gasoline. Whether this is im- 
portant depends on the end use. The pre- 
dominant use of gasohol will probably be 
for automobiles (37). If fuel efficiency 
were proportional to enthalpy of com- 
bustion, one would expect an approxi- 
mate 4 percent decrease in miles per gal- 
lon, compared with gasoline. Supporting 
this is a report by the American Petro- 
leum Institute which concludes that for 
alcohol-gasoline blends as vehicle fuels, 
"fuel economy measured in miles per 
gallon generally decreases, approximate- 
ly in proportion to the alcohol content of 
the blends" (38). Yet Ecklund (39) of the 
U.S. Department of Energy has con- 
cluded in the past that "most researchers 
agree that with regard to fuel econo- 
my . . . there is no significant technical 
advantage or disadvantage to use of 10 
volume percent alcohol/gasoline blends 
compared to gasoline. This in itself is an 
advantage, since the blend contains 4 or 
5 percent less energy than the gasoline 
alone." More recently, a number of 
dynamometer tests have indicated that 
there is an approximate 2 percent aver- 
age decrease in miles per gallon with 
gasohol, as compared with gasoline (40). 
These tests, however, usually compare 

gasohol with indoline and not with the 
gasoline that is actually available to the 
consumer (41). 

In contrast with the dynamometer re- 
search data, a number of claims have 
been made in the popular press that 
gasohol improves miles per gallon. At 
present, however, no scientifically de- 
fensible road tests have been completed 
for gasohol. The most widely publicized 
study, the Nebraska "two-million-mile 
test" (14), reports an average 6.7 percent 
increase in miles per gallon for automo- 
biles operated on gasohol, compared 
with gasoline, but a final report has never 
been released. 

With so many conflicting conclusions, 
there can be no consensus at present on 
the miles-per-gallon question. Pending 
further study, we leave the choice of fuel 
efficiency as an option. From existing 
fuel-efficiency data, however, some ob- 
servations should be made. 

1) The relative fuel efficiency of gaso- 
hol with respect to gasoline is dependent 
on technology and can change as dif- 
ferent vehicle motors and fuels are mar- 
keted. Gasohol (10/90) and pure gasoline 
can be used interchangeably in today's 
cars, which are now tuned for optimal 
gasoline-use efficiency. 

2) Extrapolation from studies on alco- 
hol-rich fuels (for example, containing 
more than about 15 percent alcohol) ap- 
pear to be invalid, since alcohol as an ad- 
ditive component affects combustion of 
the gasoline component. 

Table 3. Options for energy analysis of gasohol. 

Option Effect on energy balance Comment 
compared with base casea 

Input 
Use corn from corn belt, not national average Decrease inputs Better crop yields 
Use wheat, instead of corn Increase inputs slightly 
Do not dry corn on farm Decrease inputs Requires short distance between farm and plant 
Use surplus, inferior, or spoiled crop Decrease inputs or leave un- A dilemma, probably best to treat it like an un- 

changed spoiled crop 
Use waste materials from other processes (for Uncertain Need to analyze specific source 

example, cheese, starch, dog food) 
Production process 

Do not dry feed; sell as slop Decrease inputs Requires proximal consumer 
Burn corn stalks and cobs in process Decrease inputs greatly Questions of soil depletion, technical feasibility 
Improve distillation technology Decrease inputs 
Do not cook substrate Decrease inputs Usually applies only to such crops as sugar beets, 

not to grain, which is mostly starch 
Increase fermentation yield Decrease inputs proportionately Speculative 
Produce gasohol on the farm Uncertain Less efficient than large-scale production but easier 

to use biomass fuels and to consume the feed by- 
product 

Use distillation waste heat Decrease inputs Usual problems of waste heat use 
Output 

Sell excess stalks and cobs for fuel Increase outputs Questions of soil depletion, suitability as a fuel, 
pollution 

Correct for miles per gallon of gasohol Increase outputs greatly Very sensitive; evidence indicates that gasohol (10/ 
90) gets better miles per gallon than expected on 
Btu basis 

Credit feed by-product with energy cost of corn Decrease outputs Energy input to corn production is less than caloric 
production instead of caloric content value of crop 

aBase case: National average corn production, conventional fermentation, conventional distillation energy as given by Scheller and Mohr (28), dried feed by-product. 
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3) Carefully controlled laboratory 
tests are less useful than carefully mon- 
itored motor vehicle road tests in deter- 
mining gasohol's practical fuel efficiency. 

Total Energy Balance 

The net energy balance of gasohol pro- 
duction is defined to be positive if the 
nonrenewable energy requirement of 
producing gasohol to perform a specific 
task is less than the nonrenewable ener- 
gy cost of producing gasoline to perform 
the same task. In this analysis the end- 
use "task" is distance traveled in a mo- 
tor vehicle. We normalize to the farm 
production of 1 bushel of corn. 

In Table 4 we assign quantitative val- 
ues to a base case and to several options 
that reflect various interpretations in the 
gasohol energy debate. Energy credits 
for the by-products are listed as negative 
inputs (problem 5 in Table 1). The base 
case is computed from national average 
market corn with agricultural inputs 
from Penner and Joyce (34), convention- 
al inputs from Scheller and Mohr (28) 
and the "corn substitution" option for 
the feed by-product credit: 

Agricultural input 
Process input 
By-product credit 

Base case total 

184 kBtu 
370 
-49 

505 kBtu 

The reader may add or subtract the op- 
tions as he wishes (42). The total thus ob- 
tained is defined as the total input ener- 
gy, x, and is the net input energy to pro- 
duce alcohol from a bushel of corn. 

The quantitative energy balance for 
gasohol production is then calculated as 
follows. The alcohol yield, y, of the 
bushel has a typical value of 2.5 gallons 
(43). The total amount of gasohol pro- 
duced is ten times the alcohol yield. The 
total nonrenewable energy consumed to 
produce the gasohol is therefore equal to 
x + 9 yc, where c is the nonrenewable 
energy cost to produce a gallon of gaso- 
line. The present value for c is 151 kBtu 
per gallon, which includes processing 
losses. If one wishes to omit processing 
losses for gasoline, c is set equal to the 
energy content of gasoline, 125 kBtu per 
gallon (44). 

The gasoline that must be produced to 
move a vehicle the same distance as the 
gasohol produced from a bushel of corn 
is equal to 10 ym, where the end-use mul- 
tiplier, m, is defined as the relative vol- 
ume efficiency of gasohol with respect to 
gasoline (45). The total nonrenewable 
energy consumed to produce this gaso- 
line is equal to 10 ycm. 
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Fig. 2. Net energy per bushel, I I --- - 
E, plotted against miles-per- 
gallon multiplier, m, for gaso- 600 - 
hol, assuming an alcohol yield 4 / 
of 2.5 gallons per bushel and a _ 
nonrenewable energy cost of / 
151 kBtu per gallon for gaso- 
line. For a given input energy, - 400 / 
x (calculated from Table 4 and m ,/ a 

indicated by the diagonal - // 
lines), and miles-per-gallon .5 o'"L / 

multiplier one can read the net 200 2000 4 - energy. The various points in- / A A // 
dicate the stated or implicit , . - 
positions of several authors. ene 
[Reilly (16) includes agricul- production 
tural energy; Reilly (15) ig- , 0 
nores agricultural energy.] All ee *.. i ~ energy of the authors implicitly as- waste 
sume that m = 0.961, which is 
equivalent to assuming that - 
gasohol's miles-per-gallon rat- 
ing is proportional to its heat 
of combustion. Only Scheller 
and Mohr (28) and Da Silva et 
al. (17) show positive energy; -400 I II 

this is because Scheller and 0.94 0.98 1.00 1.04 1.08 1.12 
Mohr include the use of crop 
residues for fuel, and Da Silva Miles-per-gallon mutiplier, m 
et al. assume reduced agricultural energy consumption and use of crop residues in industrial 
processing [see (18)]. Scheller and Mohr (14) assume m = 1.067, the result claimed from the 
Nebraska two-million-mile test. The ACR report (29) assumes m = 1.0. 

The difference in nonrenewable ener- 
gy consumption between gasohol pro- 
duction and gasoline production, E, is 
therefore given by 

E 10 ycm - (9 yc + x) (1) 

or 

E =yc (10 m - 9) - x (2) 

If E is positive for a given set of options 
then the net energy balance of gasohol 
production, subject to these options, is 
positive. Note that E is strongly depen- 
dent on m. 

Figure 2 can be used for y = 2.5 gal- 
lons per bushel and c = 151 kBtu to de- 
termine graphically the net energy bal- 
ance for a particular set of options. One 
computes x using Table 4, selects the ap- 
propriate line on Fig. 2, and reads the en- 
ergy balance, E, as a function of the end- 
use multiplier, m. 

We can use Fig. 2 to identify the two 
conflicting positions quoted earlier. For 
Reilly (15, 16), we select corn-belt corn, 
option 2 (Table 4), and use the energy 
content of the feed by-product for the 
by-product energy credit, option 13, to 
obtain x = 505 - 66 - 68 = 371 kBtu 
(46). Reilly implicitly assumes an end- 
use multiplier which is consistent with 
the relative heats of combustion of the 
two fuels; that is, by discussing only heat 
of combustion he implies that gasohol's 
usefulness will be proportional to it. 
Hence, 

m - 120.1/125 = 0.961 (3) 

This set of options is plotted on Fig. 2 
[see curve for Reilly (16)]. The energy 
balance is negative and is the basis for 
the statement that we referred to earlier: 
"fermentation of grain to produce eth- 
anol does not produce net energy" (15, 
16). 

Even if agricultural energy is ignored 
altogether (option 1 instead of option 
2), the energy balance, although much 
improved, is still slightly negative [see 
curve for Reilly (15) on Fig. 2]. Scheller 
and Mohr (28) propose the use of corn 
stalks and cobs as boiler fuel (option 
11) (46). There is much energy here, 
if it can be so used. (Scheller and Mohr 
assume that 75 percent of the stalks and 
cobs are removed from the field and take 
full credit for the energy content, that is, 
assume it can be delivered with no fur- 
ther energy cost.) Combining this with 
Reilly's selections (options 2 and 13) the 
net input energy is 

x = 505 - 66 - 68 - 161 = 210 kBtu 
(4) 

If m = 0.961, as before, the net energy 
balance, although small, is positive [see 
curve for Scheller and Mohr (28) on Fig. 
2]. This is the basis for the statement in 
Scheller and Mohr (14): "the process is 
attractive energetically." In this case, 
the simple option of the inclusion or ex- 
clusion of stalks and cobs as boiler fuel 
explains the controversy. 

From Fig. 2 it is evident that the effect 
of increasing the end-use multiplier is to 
increase dramatically the output energy. 
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If a multiplier consistent with the Ne- 
braska two-million-mile road test is se- 
lected [Scheller and Mohr (14)], 
m = 1.067 and the energy balance is 
much more positive [see the curve for 
Scheller and Mohr (14) on Fig. 2]. 

The stated position of ACR (29) is also 
shown on Fig. 2. ACR assumes the base 
case with option 7, the process energy 
savings. The net input energy is 

x = 505 - 250 = 255 kBtu (5) 

ACR explicitly assumes no change in 
miles per gallon, making a "conserv- 
ative" assumption that m = 1.0, and 
conclude that the net energy balance is 
positive. 

For comparison, we have also plotted 
the results from Da Silva et al. (17) on 
Fig. 2, although their data are for ethanol 
production, not gasohol. A relatively low 
agricultural energy input, combined with 
the use of crop residues to offset indus- 
trial energy inputs (18) produces a posi- 
tive energy balance. 

Thus the energy balance one obtains 
depends on what options are assumed. 
Reilly, and Scheller and Mohr differ al- 
most entirely because of the latter's as- 
sumption that the stalks and cobs are 
burned productively. Figure 2 shows, 
however, that without a significant in- 
crease in the fuel efficiency of gasohol 
with respect to gasoline, all U.S. pro- 
cesses (including ACR's) have energy 
balances that are uncomfortably close to 
or less than zero. Some efforts may 
"pay" but not spectacularly. In con- 
trast, because of the sensitivity to the 
end-use question, if it is conclusively es- 
tablished that gasohol gets better miles 
per gallon than gasoline, the energy bal- 
ance for gasohol production will be posi- 
tive for several different options. 

Until now, we have refrained from dis- 
cussing a net energy ratio (problem 5 in 
Table 1). It is necessary, however, to 
make some normalizing statement to put 
Fig. 2 in perspective. For example, from 
Fig. 2 we see that a net energy saving (or 
loss) relative to gasoline of the order 100 
kBtu per bushel of corn (or 100 kBtu per 
2.5 gallons of ethanol, or 100 kBtu per 25 
gallons of gasohol) is possible. This 
amounts to a saving (or loss) of about 100 
kBtu per 3100 kBtu, or about 3.2 per- 
cent. In this example, to move a car a 
unit distance would require about 3.2 
percent less (or more) nonrenewable en- 
ergy than using pure gasoline. 

Options Dictated by Legislation 

The choice of options is not always ar- 
bitrary. The present and proposed feder- 
al ethanol legislation specifies that cer- 

tain options must be selected. The Food 
and Agriculture Act of 1977 (21) requires 
a comparison of the total energy con- 
tents of products and by-products with 
the fossil fuel consumed in manufacture. 
It therefore allows the selection of virtu- 
ally all agricultural and production 
energy input options (options 1 to 11) 
-(47), subject to the proposed agricul- 
tural methods and production tech- 
nology. It requires, however, output 
option 13 and a miles-per-gallon multi- 
plier of 0.961. 

The bill proposed by Bedell (22), 
moreover, stresses only the petroleum- 
derived or petroleum-substitutable ener- 
gies. The energy value of the feed by- 
product (option 14) is ignored, and a 
miles-per-gallon multiplier of 0.961 is im- 
plied, but unlike the earlier bill, coal, 
natural gas, and electricity not derived 
from petroleum can be ignored in the en- 
ergy balance (problem 2 in Table 1). 

Table 4. Quantitative energy effects of options 
on base case (national average corn produc- 
tion, conventional processing, feed by-prod- 
uct dried with "corn substitution" energy 
credit). The data are normalized to 1 bushel of 
corn that produces -2.5 gallons of ethanol to 
produce -25 gallons of gasohol (units = 103 
Btu). 

Optiona 

Base case 
Agricultural energy input options 

1. Ignore agricultural energy 
2. Use corn-belt corn (better 

yields) 
3. Use wheat instead of corn 
4. Do not dry cornb 
5. Harvest corn with the cobb 
6. Use surplus, inferior, or 

spoiled crop 
Production energy input options 

7. ACR process 
8. Do not cook substrate 
9. Do not dry feed by-pro- 

duct; sell as slop 
10. Burn cobs in processe 
11. Burn cobs and stalks in 

processe 
Output options 

12. Sell excess stalks for fuele 
(after use in option 11) 

13. Credit feed by-product 
with the by-product 
energy contentg 

14. No by-product energy credit 

Input 

505 

-184 
-66 

+6 

aThe fnllowinr additional ontions are so snecul 
or peripheral that no analysis was performed: (i) use 
unconventional fermentation. Schemes to increase 
yields to 4 gallons per bushel are discussed but un- 
proved; (ii) use waste materials from other process- 
es; (iii) use distillation waste heat. bEither option 
4 or 5 may be selected. cThis point is always de- 
batable. The energy inputs to a surplus, inferior, or 
spoiled crop have already been consumed; hence we 
think they ought to be counted. dOptions 8 and 9 
cannot be used with option 7. eThe energy credit 
is given as half of the energy content of the by-prod- 
uct removed, up to 75 percent of total removal. The 
maximum combined energy credit for options 10, 11, 
and 12 is 161 kBtu. If option 7 is selected the 
correct figure is -109. gThis option assumes an 
energy content value of 117 kBtu, from Scheller and 
Mohr (28). 

Petroleum-Only Balance 

We therefore ignore the coal, gas, hy- 
droelectric, and nuclear energy and cal- 
culate the amount of crude petroleum en- 
ergy required to produce the petroleum 
substitute. Petroleum is unnecessary for 
almost all inputs to ethanol, with one ma- 
jor exception, agriculture. We assume 
that today's technology regarding agri- 
cultural inputs persists: about 59 percent 
of that energy comes from crude petro- 
leum (34). Otherwise, we assume that al- 
most all energy can be nonpetroleum, 
such as coal. (Coal is the boiler fuel in 
many ethanol distilleries today.) The 
base case is the same as that chosen for 
the total energy balance. The petroleum 
energy base case is given by 

Agricultural 
Processing 
By-product credit 

+109 kBtu 
+ 5 
- 29 

85 kBtu 

Here the petroleum inputs are much 
less than even the heat of combustion of 
the ethanol component (typically, 193 
kBtu per 2.5 gallons). Applying the op- 
tions in Table 4 has a much smaller effect 
on the petroleum energy balance, since 
their savings in boiler fuel affect only 
nonpetroleum inputs. 

To obtain a quantitative estimate for 
the reduction in petroleum consumption 
per input bushel of corn, one can express 
the energy balance in Eq. 2, in terms of 
petroleum energy 

Ep = ycp (10 m - 9) - x (6) 

-15 where Ep is the net petroleum energy, cp 
-13 is the total petroleum energy cost of pe- 

oc troleum production [147 kBtu/gal (36)], 
and xp is the net petroleum input energy 

250 (85 kBtu for the base case). 
-52d In contrast to the inconclusive com- 
-70d ments we have made about the total en- 

-42 ergy balance, because xp is so small, the 
-161f petroleum-only balance is positive for 

most practical situations. 
In this case a normalizing statement 

0 can be made in terms of the displacement 
-68 of crude oil input. Dividing Eq. 6 by cp, 

we obtain the net volume, vp, of crude oil 
displaced per bushel of corn (or per 2.5 

+49 gallons of ethanol, or per 25 gallons of 

lative gasohol), 

vp = y (1Om - 9) - Xp/Cp (7) 

For m = 0.961, vp = 0.95 gallon, 
while for m = 0.98, Vp = 1.42 gallons. 
Thus, in contrast to the inconclusive 
statement about total energy balance, for 
a petroleum-only consideration, we can 
say that to move a car a unit distance by 
burning gasohol requires about 5 percent 
less crude oil than by burning pure gaso- 
line. 

 . 



Conclusion 

There is no simple answer to the ques- 
tion of net energy from gasohol. We have 
discussed a number of options in both 
technology and interpretation that can 
affect the conclusion. In broad terms 
these cover the agricultural production 
of the grain, the processes of fermenta- 
tion and distillation, the disposition of 
crop residues, and the efficiency of end 
use. An analysis assuming the use of 
standard agricultural production tech- 
niques and conventional distillation tech- 
nology leads to a conclusion that the net 
energy balance for gasohol production 
is negative. If, however, energy-con- 
serving farming practices are developed, 
energy-conserving industrial technology 
is utilized, or crop residues are burned 
productively in the distillation process, it 
is possible to construct a realistic set of 
options with a modestly positive energy 
balance. It should also be noted that re- 
duction of the energy requirements for 
the distillation process increases the 
probability that the energy can be sup- 
plied from crop residues without soil de- 
pletion. Conclusions are very sensitive 
to end use. If it is assumed that gasohol 
gets better mileage than gasoline in auto- 
mobiles, then the chances of obtaining a 
positive energy balance are greatly in- 
creased. 

If one analyzes the petroleum-only en- 
ergy balance, then gasohol unambigu- 
ously produces positive net petroleum 
energy. This is a consequence of the fact 
that except for some inputs to agriculture 
and transportation, all energy inputs to 
the production of ethanol can be pro- 
vided from nonpetroleum sources such 
as coal; hence consideration of the vari- 
ous options has little effect on this con- 
clusion. 
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