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ABBREVIATIONS

B billion

Btu British thermal unit
bbl barrel

bu bushel

C degrees Centigrade

cu ft cubie foot

d distance

DDG distiller's dark grains
DTE dry ton equivalent

F degrees Fahrenheit

gal galion

ha hectare

HHYV higher heating value

hp high pressure

hr hour

K Potassium

kw kilowatt

Kkwhr kilowatthour

1b pound

Ip low pressure

LPG liquefied petroleum gas
M thousand

MLRA major land resource area
MM million

N Nitrogen

p Phosphorus

psia pounds per square inch absolute
psig pounds per square inch gauge
T trillion

ton 2,000 Ib

wt weight

yr year



BTU CONVERSION FACTORS

Fuel Units HHV
Coal Btu/ton 22,500, 000>
Distillate Btu/gal 140,000
Electricity Consumption Btu/kwhr 3,413
Ethanol Btu/gal 84,200
LPG Btu/gal 95,000
Lubricating Oil Btu/gal 145,000
Methanol Btu/gal 64,350
Motor Gasoline Btu/gal 125,000
Natural Gas Btu/cu ft 1,020
Petrochemicels Btu/gal 125,000
Residual Fuel Oil Btu/gal 150,000

ELECTRICITY CONVERSION FACTOR

Fuel Btu's consumed/Btu electricity produced

Coal 3.05

%When no specific coal characteristics were known, the energy content of a "standard

ton” of coal (22,500,000 Btu) was used. Other values were used when more appropriate
and are [ndicated in footnotes.
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1 acre

1 bbl

1 Btu

1 cu ft

1 gal

1b

1 mile

1 psi

1 ton
273.15 + 5/9(F-32)
273.15+C

1 acre

1 bbl

1 Btu

1 bu barley

1 bu corn

1 bu grain sorghum
1 bu oats

1 bu wheat

1 psi

1 square mile

SI CONVERSION FACTORS

OTHER CONVERSION FACTORS

vii

4046.8564 square meters

158.98284 liters
1054.35 joules

0.028315847 cubic meters

3.7854118 liters
453.592 grams
1609.344 meters

0.0680460 atmospheres

907184.74 grams
degrees Kelvin
degrees Kelvin

0.40468564 ha
42 gal

252 calories
48 b

56 b

56 Ib

32 b

60 1b

6895 pascals
640 acres



1. INTRODUCTION

Since 1974, the rise of the price of oil has contributed to a high rate of inflation and
economic instability. Continuing concern exists that any significant disruption of
petroleum imports presents a threat to our national and economiec security. This threat
adds a certain social cost to the already high price of crude oil. The Federal
Government has responded to this nationally-ineurred social cost by seeking to reduce
our oil imports, through conservation and the use of aiternative energy sources.

Economic theory suggests that the most effective method of redueing oil imports would
be to tax them, thus adding oil's soeial cost, in terms of the United States' dependence
on foreign oil, to oil's market value, This would induce the substitution of other fuels
for oil and reduce overall fuel use. However, given the long lag time required for the
energy market to edjust to oil price increases through the development of new fuel
sources, such a tax would add unproductively to inflation and be income regressive.
Nevertheless, the clear danger of dependence on foreign oil impels Congress to induce
the effect of a tax on imported oil in the domestic energy market. This has been done
through the Energy Security Act and other programs by subsidizing alternatives to
imported oil. This subsidization is designed to create & differential between the price
of imported oil and the price of domestic alternatives similar to the differential that
would exist in the presence of a tax.

In providing such subsidies, the government must assess which technologies are the most
energy and cost effective in reducing dependence on foreign oil. As part of that
asessment, Jack Faucett Associates and Battelle-Columbus Laboratories, under con-
tract to the Department of Energy's Office of Vehicle and Engine Research and
Development (OVERD), have developed estimates of energy requirements for producing
alcohol fuels and compared these requirements to the energy content of the alecohol
produced. These comparisons represent a form of net energy balance. The comparisons
were developed for three aleohol production alternatives: ethenol from grain, methanol
from cellulose, and methanol from coal. These were judged by OVERD to be the most
likely alternatives for aleohol fuel development in the near term. The fremework of
the presentations is such that other technologies and feedstocks can be substituted for
those selected.
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Any process will always be judged inefficient on a net-energy-balance basis. Energy is
lost in the conversion of sunlight to plant matter, coal to synthetic crude, and methanol
to gasoline. Available energy output is always less than the energy input, and therefore
the net energy balance of the conversion of any form of energy into any other form of
energy is always negative. When coal is burned to generate electricity, the energy of
the output in electricity is one-third of the energy input in conal. We nevertheless burn
coal to create electricity because eleetrieity has unique characteristies that make its
energy more than three times as valuable as that of coal.

Similarly, because liquid fuels have unique value as a power source for transportation,
converting coal to a liquid fuel and then burning that liquid is eonsidered. Burning the
coal directly would provide more available energy, but energy in the form of a liquid
fuel is simply more valuable than energy in the form of coal.

The analysis of energy inputs and outputs of fuel aleohol production presented in this
report is a form of net-energy anelysis. As such, it is limited by several problems
inherent in the technique.

One such problem is selecting the boundary of the system %o be analyzed. Since any of
a large number of energy flows could be included within the analysis, the result is
dependent on the selection of those boundaries. Changing the boundary can change the
resuit. The definition of the system boundary followed in this report is to include all
direct use of fuels in the production of alcohol feedstoeks and conversion to aleochol and
to exclude most of the secondary energy inputs. Energy inputs to petroleum refining,
menufacturing tractors, menufacturing an elechol facility, ete., are considered as
secondary inputs outside of the boundary. However, some secondary inputs (e.g.,
fertilizer manufacture) are included within the boundary, since these inputs will have a
signifieant impaect on the results.

Electricity use is analyzed on the basis of the (nonrenewable) fuel used in its
production, rather than on that of the energy content of the electricity itself, Demand
for electrieity resulting from aleohol production is assumed to be reflected primarily in
the form of increased demand for base-load generation of electricity. The utility
industry anticipates that expansion of sueh eapacity will be coal-, nuclear- and hydro-
powered. However, beceuse additions to planned base-load capacity are primarily
produced by coal, the analysis is simplified by assuming that all electricity comes from
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noal. The factor of 3.05 Btu of coal to produce 1.0 Btu of electrieity is used throughout
.1e analysis.

Because the focus of the study is on the effect of alechol produetion on the availability
of nonrenewable fuels, the analysis does not include solar energy inputs. As a result,
the energy balances developed may be positive; i.e., they may show a net energy gain,

In assessing the outputs to aleohol production, the energy of the output fuel is counted.
Also, energy credits are provided for by-products which result in a reduced need for
nonrenewable fuels in other sectors. One such by-product is sulfur resulting from coal-
to-methanol conversion. Substitution of such sulfur for sulfur mined by the Frasch
process results in some saving of natural gas.

Another analytic problem relates to the issue of the value placed on the energy
contained in various fuels, sometimes referred to as the "form-velue problem.” This
issue of fuel value influences judgments of net energy efficiency vs. inefficiency. An
inefficient process or fuel may nonetheless be preferred when questions of convenience,
cleanliness, and ease of transport are also considered. This analysis has valued
different fuels on the basis of heat content (in Btu). An alternative analysis might
weight energy by the market price of the fuel in question.

Within this limitation, this analysis is designed to determine the additional consumption
of various categories of nonrenewable sources of energy that will accompany additional
production of ethanol or methanol. For each potential source of aleohol fuel, three
different energy balances are developed. A “total-enmergy balance" relates total
nonrenewable energy consumed (in Btu) to the energy value of the aleohol produced. A
"liquid-fuels balance” relates the energy value of petroleum products consumed to that
of the aleohol produced. And a "precious-fuels balance" relates the energy value of
petroleum products and natural gas consumed to that of the alcohol produced.

The liquid-fuels balances developed in this study compare only the energy value (in Btu)
of the petroleum products consumed to that of the aleohol produced. They do not
provide a complete evaluation of the net liquid-fuel benefits of alechol production. To
accomplish the latter objective, additional information is required relating to the
amount of eonventional motor-vehicle fuel that can be saved by using ethanol or

. methanol, either as an octane enhancer, a fuel extender or neat (i.e., as a straight fuel),



as well as the refinery losses involved in producing both the petroleum products used in

.cohol production and those that are saved when alcohol is used as a motor-vehicle
fuel. ‘This information is being developed in a parallel study for OVERD being
performed by Bonner and Moore Management Science under Contract No. DE-AC01-
81CS50007.

The following three chapters summarize the results obtained for the three alecohol-
production alternatives studied: ethanol from grain, methanol from cellulose, and
methanol from coal. The concluding chapter of this summary volume compares the
results obtained for the three alternatives and presents the overall conclusions drawn
from the study. Additional detail relating to the analysis is presented in three volumes
of appendices, corresponding to the three alternative sources of aleohol fuel studied. A
general biblicgraphy is presented at the end of this summary volume, and more
extensive bibliographies for the three production alternatives are presented in the
eorresponding volumes of appendices.



2. ETHANOL FROM GRAIN

Ethanol is most commonly obtained from starches and sugars by saccharification of
starches to sugar and fermentation of the sugar. Processes for cbtaining ethanol from
cellulose are presently being developed but have not yet attained economic feasibility.
For industrial uses, ethanol is also obtained from ethylene gas which, in turn, is derived
from natural gas or petroleum. Starches and sugars thus represent the only feedstock
for ethanol production which is both economiecally feasible at the present time and
potentially capable of yielding net increases in our supplies of precious fuels. Indeed,
ethanol obtained from such sources is now being used as a liquid fuel, primarily in the
gasoline/ethanol blend known as gasohol,

Several processes for obtaining fuel-grade ethanol from various carbohydrate feed-
stocks exist. In concept, any source of sugar or starch could be used, though economic
considerations limit interest to feedstocks which can be obtained relatively inexpen-
sively. Most ethanol presently being produced faor fuel is derived from grain, especiaitly
from corn; though some is derived from other carbohydrates, particularly from those,
such as cheese whey, whose alternative uses are limited.

If a significant volume of ethanol fuel is to be obtained from carbohydrates, it will be
necessary to use a feedstock which can be supplied in large quantities at relatively low
cost. The most likely sources are various grains, Sugar beets or fodderbeets are
alternative feedstocks which could be attractive from a net energy standpoint but
which do not appear to be economieally competitive at the present time. Sugar cane is
a more energy-intensive crop (Pimentel, 1980} and so is less likely to be attractive from
a net energy standpoint.

The first section of this chapter presents estimates of the energy required for
inereasing production of ecorn and grain sorghum (the two grains most likely to be used
for ethancl production). These estimates are developed in Appendix A, along with
estimates of average energy requirements for present production of corn, grain
sorghum, wheat, barley and rye.

Section 2.2 presents estimates of energy requirements for two alternative processes for
converting corn to ethanol as well as estimates of the energy savings resulting from the
various conversion by-products, Additional information about the conversion processes
and the by-product energy credits is presented in Appendix B.

5



The final section of this chapter presents a summary of the energy inputs and outputs
stimated for deriving ethanol from corn.

2.1 Grain

The use of grain as a feedstock for producing ethanol represents a new source of
demand for grain. In the absence of grain surpluses, this new source of demand will
result in some increase in the price of grain and resulting inereases in grain production
and decreases in its use for other purposes (for exports or for domestic consumption by
animals or humans). For the purposes of this study, we shall ignore the effect of
ethanol production on exports and domestic consumption and assume that grain
feedstocks are obtained entirely by expanding grain production.

The increase in the demand for grain results in an increased price, making it profitable
for farmers to cultivate their land more intensively and/or bring additional land into
production. The former response involves increased fertilization, while a larger than
average share of new cropland is likely to require irrigation. Since fertilization and
irrigation are both energy intensive, energy requirements for increasing grain produc-
tion are substantially higher than average energy requirements for present production,

Among the grains which are widely grown in the United States, corn and grain sorghum
are the two which provide the most favorable energy blances; i.e., the ratio of their
sugar and starch content to the energy required for production and harvesting is the
highest,

In Appendix A, estimates of the energy requirements for inereasing production of eorn
and grain sorghum are developed from the results produced by an interregional linear
programming model developed at lowa State University (Dvoskin and Heady, 1976).
This model was designed to determine the response of U.S. agricultural production to
various energy supply and price conditions and to changes in demand for major export
crops. The estimates developed in Appendix A are shown in Exhibit 2-1. The figures
shown in this exhibit represent energy consumed in transporting the grain to the ethanol
plant as well as for increased fertilization, irrigation of additional land, and all other
components of grain production.
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The Iowa State University model has recently be adapted to produce direct analyses of
" he effects of the use of corn or grain sorghum for ethanol production (instead of the
indirect analysis developed in Appendix A). The results of these analyses, however,
were not available in time to be incorporated into the present report. We plan to
update the present report with these results in the near future. Preliminary infor-
mation indicates that the updated estimates of energy requirements are likely to be
lower than those presented in Exhibit 2-1.

The estimates of energy eonsumption for increasing grain production shown in Exhibit
9-1 are 173,300 Btu per additional bushel for corn and 175,800 Btu per additional bushel
for grain sorghum. These estimates are nearly three times as large as estimates of
average energy consumption for producing these grains in states where relatively little
irrigation is required {ef. Exhibit A-22 in Appendix A). The major reason for the high
estimates of energy consumption is the determination by the model that the most
economic way of inereasing production is by increasing fertilization. Natural gas
required far produeing nitrogen fertilizer accounts for about two-thirds of the increase
in energy consumption. Irrigation of new cropland accounts for another fifteen percent
of the totall.

2.2 Ethanol Production

Processes for the conversion of grain to ethanol are generally divided into those that
use dry milling and those that use wet milling.

2.2.1 Dry Milling

Dry milling technology is relatively straightforward. As the name implies, the milling
or size reduction of the grain is done in the absence of water. The entire kernel of
grain is reduced in size, usually to pass through a 20 mesh screen without any attempt
to separate the various components of the grain.

I7he estimates shown in Exhibit 2-1 do not reflact adjustments in crop-planting patterns
which will result from the substitution of faed by-products of ethanol production for soy
meal, It appears that resulting reductions in soybean acreage would make it possible to
obtain the required increase in com or grain sorghum production with, perhaps, 20,000
to 30,000 fewer Biu per bushel than indicated in the exhibit. This saving, not reflected
in the present analysis, would be in addition to the energy credit for reduced production

- of feed products discussed in Section 2.2.3, below (which i3 incorporated in the present
analysis).

8
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There are several vendors of proprietary dry-milling ethanol technology. These include
.CR, Buckau-Wolf, Katzen Associates, Vulcan-Cincinnati, and Vogelbusch. In addition,
a number of engineering firms will design dry milling aleohol plants using various
combinations of proprietary and nonproprietary technology. While there are a number
of differences between the technologies offered by various vendors, the energy
consumption is most affected by the choice of the distillation system, by the use of
cogeneration, by the choice of the evaporation system, and by the quantity of water
which must be evaporated (which may be influenced by the use of recyecle in the
process).

The design chosen for analysis in this study is very similar to the design used in the U.S.
Department of Energy (DOE) report, Grain Motor Fuel Aleohol Technicat and Economic
Study (Katzen, 1979), This design was selected because it is in the public domain and
because it is one of the more energy efficient designs available. Those portions of the
published design which were not considered to be commereially proven state-of-the-art
were replaced with proven technologies. The technologies changed were the drying
system for the distillers dark grains (DDG) and the flue-gas desulfurization system used
in econjunction with the coal-fired boiler,

The design selected for analysis includes vapor recompression evaporators, use of high
pressure steam in extraction turbines to provide shaft power to the evaporator
compressors, and a cascaded azeotropic distillation system for ethanol purification.
The distillation system is similar to a double effect evaporator in energy consumption.
Overall, the design selected consists of proven technologies and is considered to be very
energy efficient. It is described in greater detail in Section 1 of Appendix B.

2.2.2 Wet Milling

The wet milling of corn is more complex than dry milling, each wet miller incorporates
proprietary variations in the process, From an energy use viewpoint, the water balance
is a key item. If more water can be recyeled and reused within the process, less must
be evaporated and less energy is consumed.

The selected process scheme includes production of by-product corn oil, gluten feed,
and gluten mesl. The wet milling section includes several major steps: steeping;
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degermination, germ dewatering, and drying; fiber separation, dewatering, and drying;
nd the gluten separation from starch and drying. The selected process is described in

Section 2 of Appendix B.

2.2.3 Energy Requirements and By-Produet Energy Credits

The energy requirements of both dry and wet-milling processes are summarized in
Exhibit 2-2, along with estimates of energy saved as a result of the feed by-products
produced, The coal used for both processes was assumed to be an Illinois No. 6 with 12
percent moisture and a higher heating value as received (wet) of 10,830 Btu/lb (12,080
Btu/Ib dry basis). The sulfur content was 3.3 percent on a moisture free basis. Lime is
used for flue-gas desulfurization. Energy consumption for producing lime was derived
from Census of Manufactures (1980a and 1980c) data (see Appendix B).

In eddition, about 0.02 {formerly 0.05) gallons gasoline are consumed per gallon ethanol
as a denaturant. This gasoline is not included in the overall energy balance because it is
neither added nor removed from the fuel available for transportation. It is merely
diverted temporarily from the gasoline pool to make the fuel grade ethanol unfit to

drink.

Similarly, a makeup azeotroping agent (benzene or other hydroearbon) has been ignored
in the energy balance because the losses will end up in the fuel. Furthermore, the total
energy content of the azeotroping agent is small.

Both processes produce animal feed by-products and the wet milling process produces
corn oil. Corn oil competes with other vegetable oils, ineluding soy oil, while the other
produets displace both soy meal and corn. It is assumed that this displacement ocecurs
in such a way that both protein supplied and total weight of the feed remain constant.
'The energy credit for these products is taken on the basis of the average energy to grow
(and, for oil, to erush) soybeans and the marginal energy required to increase production
of corn. These oredits are estimated in Seetion 3 of Appendix B. The fuel-mix
components of these credits (and, to a lesser extent, their overall size) are relatively
sensitive to the feed products displaced: the energy credit for corn is predominantly
natural gas, that for soy meal is predominently for liquid fuels (see Exhibit B-7 in
Appendix B).

10
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2.3 Results

In the first section of this chapter, estimates were presented of the energy require-
ments for increasing national production of ecorn and grain sorghum. In the second
section, estimates were presented of the energy requirements for deriving ethanol from
corn using two alternative milling processes and of the energy savings resulting from
the conversion by-products. Exhibit 2-3 shows a summary of the energy inputs and
outputs for obtaining 1,000 gallons of ethanol from corn using wet-milling and assuming
that the corn used for this purpose is obtained by increasing national production of eorn.

The major energy requirements are for inereasing corn produetion and for conversion to
ethanol. All energy requirements for conversion are assumed to be supplied by coal,
However, only about 11 percent of the energy required far inereasing corn supplies is
from coal; two-thiids is obtained from natural gas (primarily for fertilizer), and the rest
is obtained from various petroleum products, Energy requirements for increasing
production of grain sorghum (an alternative feedstock) were found to be only slightly
higher. Additional energy is required for produeing lime for flue-gas desulfurization,

The primary product is 1000 gallons of ethanol. In addition, about 3.5 tons of by-
products are produced, most of which would replace soy meal and corn in animal feed.

The net ehange in each form of available energy is shown on the bottom line of Exhibit
9-3 in conventional units. This information is also presented in Exhibit 2-4, for both dry
and wet milling, where the changes are presented in conventional units, in Btu, and in
"zallons of ethanol equivalent.” This last measure expresses a given quantity of fuel in
terms of the number of gallons of ethanol required to provide the same energy. {In
interpreting this measure, it should be borne in mind that a gallon of ethanol contains
only about two~thirds as much energy as a gallon of gasoline,) The same information is
presented a third time, graphieally, in Exhibit 2-5.

It can be seen from Exhibit 2-5 that production of ethanol from corn requires small
amounts of various petroleum products as well as moderate amounts of natural gas and
coal (including coal used for the generation of electrieity). A substantial net increase
in liquid fuels results: the energy value of net consumption of petroleum products
represents only about ten percent of that of the ethanol produced. Total energy
consumed, however, exceeds the energy of the ethanol produced.

12
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EXHIBIT 2-4: ALTERNATE MEANS OF EXPRESSING ENERGY CHANGES
RESULTING FROM THE PRODUCTION OF 1000 GALLONS OF ETHANOL FROM CORN

Change in Available Energy

Conventional Gallons of
Units MM Btu Ethanol Equivalent {1)
Dry-Milling Process
Ethanol + 1,000 gal + 84.2 + 1,000
Motor Gasoline - 28.1 gal - 3.5 - 41
Distillate - 21.8 gal - 3.4 - 37
Residual Fuel - 4.6 gal - 0.7 - 8
LPG - 16.0 gal - 1.5 - 18
Natural Gas - 39.4 Mecuft - 40.1 - 477
Coal - 3.40 tons - 73,0 - 887
Net Liquid Fuels + 75.4 + 896
Net Precious Fuels + 35.3 + 419
Net Energy - 37.7 448
Wet-Milling Process
Ethanol + 1,000 gal + 84.2 + 1,000
Motor Gasoline - 27.3 gal - 3.4 - 41
Distillate - 19.1 gal - 2.7 - 32
Residual Fuel - 2.8 gal - 0.4 - 5
LPG - 16,2 gal - 1.5 - 18
Natural Gas - 39.4 Mecuft - 40.1 - 477
Coal - 3.29 tons - 70.2 - 836
Net Liquid Fuels + 76,2 + 904
Net Precious Fuels 36.1 + 427
Net Energy - 34.3 - 409

(1) One "gallon of ethanol equivalent" is defined to equal 84,200 Btu.
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Much of the energy consumed is coal which, though nonrenewable, is relatively plentiful

nd less valuable than liquid fuels. An appreciable amount, however, is natural gas.
Net consumption of natural gas and the various petroleum products represents about 48
million Btu per thousand gallons of ethanol -- nearly 60 percent of the energy value of
the ethanol. The combined requirements for liquid fuels and natural gas are presented
under the heading "precious fuels" in the exhibits.

The components of change in available liquid fuels are shown graphically in Exhibit 2-6.
One thousand gallons of ethanol (84.2 MM Btu) is produced by each of the processes.
However, because of liquid fuel requirements for lime and the net increase in liquid fuel
requirements for erop production (even after energy credits are taken for corn oil and
feed by-products), the net increase in liquid fuels is only about 76 MM Btu (about 900
gallons of ethanol equivalent).

The components of change of precious fuels (liquid fuels and natural gas) are shown
graphically in Exhibit 2-7. The precious fuel requirements for lime and the net increase
in precious fuel requirements for erop production are substantially higher than they are
for liquid fuels alone, The net increase in precious fuels for each of the processes is
about 36 MM Btu (about 420 gallons of ethanol equivalent). This represents a 76 MM
Btu increase in liquid fuels and a 40 MM Btu decrease in natural gas.

The components of change of total energy are shown graphically in Exhibit 2-8. In
order to produce 1000 gallons (84.2 MM Btu) of ethanol, about 120 MM Btu of coal,
natural gas, and liquid fuels are required.

The results presented in Exhibits 2-3 through 2-8 incorporate estimates of the energy
required for increasing national production of corn. Because agricultural production
tends to become more energy intensive as total production increases, an equal decrease
in eorn production from current levels will likely result in reducing energy consumption
by a slightly smaller amount. Thus the energy that would be saved by reducing the
production of corn would be slightly less than that required for increasing the
production of corn, For small changes in overall production, however, the difference
will be small. The results presented in Exhibits 2-3 through 2-8 are thus appropriate
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estimate51 of the change in energy consumed in order either to increase or to decrease
“thanol production from corn purchased on the open marketz.

In summary, the produection of ethanol from corn requires only limited use of petroleum
produets. Thus, about 90 percent of the energy contained in the ethanol represents an
increase in the availability of liquid fuels. Despite the use of a renewable feedstock,
however, total energy consumed exceeds the energy of the ethanol produced; overall
energy efficiency for the entire system is about 69 percent when the dry-milling
process is used and 71 percent when the wet-milling process is used. Although much of
the energy consumed is obtained from or can be obtained from coal, an appreciable
amount is obtained from natural gas (primarily for the fertilizer used to inerease corn
production).

IAs previously observed, some downward revision of these estimates may be appropriate
as a result of work now being completed at Iowa State University,

2These results, however, may not provide appropriate estimates of energy consumption
when surplus grain is used. To the extent that such grain may be purchased and
disposed of in a way which does not affect grain production, energy requirements for
obtaining the feedstock may be appropriately estimated as consisting solely of the
energy consumed in transport to the ethanol plant.
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3. METHANOL FROM CELLULOSE

Cellulose, a polymer of glucose, is the main component of plants. Plants do not create
the energy necessary to build cellulose molecules; they trap that energy in the form of
light and store it in chemical bonds. These bonds link the atoms of earbon, hydrogen
and oxygen that form cellulose molecules. When cellulose is burned, the chemical bonds

are broken, and energy is released.

Although only limited fuel use is now made of wood in this country, it is a significant
source of energy in many third-world countries. As a fuel, wood is most commonly
burned for its heat value. Sinee any conversion from one form of energy to another
results in a loss of available energy, such direct combustion provides more energy than
could be obtained from any substance, such as methanol, derived from the wood. Thus
the most energy-efficiency method for man? to obtain energy from cellulose is to burn
the cellulose directly. To provide a convenient motor-vehicle fuel, however, it is
necessary to convert the wood to a liquid fuel such as methanol.

The first three sections of this chapter diseuss three alternative sources of cellulose
and present estimates of incremental energy required for obtaining cellulose from these
sources and transporting it to a methanol conversion plant. The three sources are
forest residues, biomass farms, and agricultural residues, Additional information about
each of these potential sources may be found in Appendices C, D, and E, respectively,

In Section 3.4, the selected cellulose-to-methanol process is deseribed and its energy
requirements are presented. The minimum economic size of the methanol plant was
estimated to be 300,000 gallons per day. Such a plant will require annually about
725,000 dry-ton equivalents (DTE) of wood or 635,000 DTE of agricultural residues.
These feedstock requirements were used in Appendices C, D, and E in determining the
size of area from which the alternative feedstocks would be eolected. Additional
information about the eellulose-to-methanol process is contained in Appendix F.

The final section of this chapter presents a summary and discussion of the energy inputs
and outputs estimated for deriving methanol from cellulose.

IRuminants such as cattle have the ability to digest cellulose. In the digestive process
the energy of a molecule's chemical bonds is utilized at body temperature. The
breakdown of cellulose as a food source is therefore far more efficient than the rather

- clumsy method of burning cellulose for heat.
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3.1 Forest Residues

The high Btu content and elean-burning properties of wood make it an attractive energy
source. Forest residues, because of their inherent unsuitability for other uses, are a
particularly appropriate source of energy, 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
(Zerbe, 1978).

But despite the value of wood as a fuel, a large volume of wood fiber (1.6 billion cubie
feet in 1970) is left in U.S. forests as residue from harvest operations (U.S. Forest
Service, 1974). Pre-commereial cuttings, understory removal, and annual mortality are
ineluded in this estimate. These residues could be collected during normal harvesting
operations using conventional harvesting equipment. They would be well-suited for
conversion to methanol.

Estimates of the energy consumed in the collection of forest residues and transport to a
methanol plant are developed in Appendix C and summarized in Exhibit 3-1. Separate
estimates are shown for the West (consisting, roughly, of commercially forested areas
from western South Dakota westward) and for the East. Separate consideration was
given to three harvesting systems: commercial (or clear-cut) harvest; commereial thin
(i.e., harvesting of selected trees); and stand-improvement thin. As shown in the
exhibit, identical estimates were developed for the first two harvesting systems. For
stand-improvement thinning, separate estimates were developed for a manual felling
and delimbing system and for a mechanized system. Only the manual system was
considered for the Western United States because of complications that arise when
using mechanized systems on steep slopes.

The estimates of energy consumed in eollecting residues of commereial harvesting and
commereial thinning consist of energy consumed in loading trucks with the residues,
transport to the methanol plant, unloading and chipping. The part of the forest
operation attributable to obtaining sawlogs is not counted.

22
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The estimates of energy consumed in collecting residues of stand-improvement thinning
presume that such thinning would not occur if the wood and residues obtained were not
to be converted to methanol. Accordingly, all energy consumed in such thinning
operations is included in the estimate of energy required for obtaining residues for
methanol conversion. The resulting improvement in in-woods growing conditions is
treated as a beneficial side effect. The econsumption estimates for stand-improvement
thimning thus include all energy for felling, movement to the roadside, delimbing, and
erew transport, as well as energy consumed . loading, truek transport, unloading, and
chipping. For this reason, the estimates of energy eonsumed in obtaining residues for
stand-improvement thinning are higher than those for obtaining residues from commer-
cial harvesting and eommercial thinningl.

The most energy-consuming of the operations involved in residue collection is truek
transport. For each system, energy consumed in trueck transport wes estimated to be
about 210,000 Btu per dry-ton-equivalent (DTE) of forest residue collected, repre-
senting about 30-50 percent of the consumption estimates shown in Exhibit 3-1. Energy
consumed in transport will vary with (among other things) distance, terrain, and
moisture content of the wood. The estimate incorporated into Exhibit 3-1 is based on
an average haul of 50 miles and an average load of 19 green tons with a 50 percent
moisture econtent (i.e., 9.5 DTE).

Energy required for collecting forest residues is small relative to the energy content of
the residues. The energy value of the methanol produced from one DTE of wood is
typically on the order to ten million Btu (though this value varies with moisture
content), Energy requirements for collection shown in Exhibit 3-1 thus represent only
four to seven percent of the potential methanol yield. The overall energy balance for
producing methanol from forest residues will thus be relatively insensitive to moderate
changes in energy requirements for residue collection which might result from use of
more energy-efficient equipment or from changes in transport distances or variation in
moisture content.

s

To the extent that stand-improvement thinning would be motivated by a combination of
improved growing conditions and the economic value of the residues obtained, the full
value of the resulting energy consumption should not be attributed entirely to the
collection of forest residues. The estimate of energy required for stand-improvement
thinning shown in Exhibit 3-1 thus may tend to overstate energy requirements for
obtaining cellulose from such operations.
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3.2 Silvicultural Biomass Farms

Energy farms and energy farming represent technologies for expanding the biomass
resource "pie" to accommodate the production of alternative energy supplies. Energy
production is the primary purpose of these farms: biomass is grown and harvested
specifically for its energy content. Biomass crops inelude trees, corh, sugar cane,
sorghum, and ocean kelp. These can 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 management systems, farm sites are extensively prepared and energy crops
are planted, fertilized, irrigated, and harvested using methods and equipment that have
close analogs in conventional agrieultural operations.

As yet, silvieultural energy or biomass farms have not been demonstrated in the U.S.
However, other countries, 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 the total
energy supply, a large-scale program is under development to establish silvieultural
energy farms on as much as five percent of Sweden's total land area (Pettersson, 1980).
Canada, with its large biomass production capability per capita (i.e., large productive
land mass/small population), has a significant potential for energy plantations. The
biomass grown on an energy plantation would be used to generate electrieity (Middleton
et al., 1976).

Estimates of energy consumption ere developed in Appendix D for a conceptualized
silvicultural biomass farm located in the Southeastern United States. The farm is
assumed to be planted with the species Populus (e.g., Eastern cottonwoods or black
cottonwoods), & fast-growing hardwood tree. As a hardwood, these trees have the
ability to eoppice (i.e., to sprout from stumps), thus eliminating the need for replanting
after each harvest. Hervesting every three years has been assumed, with complete
replanting after every third harvest. To produce high yields, intensive management
practices, similar to those applied in field crop production, will have to be used; these
inelude extensive site preparation, mechanized planting, fertilization and irrigation. In
order to provide a continuous souree of feedstoek to the methanol facility, year-round
harvesting has been assumed. Additional details are presented in Appendix D.
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. The energy consumption estimates developed in Appendix D are summarized in Exhibit

3-2. Total energy required per DTE of feedstock delivered to the methanol facility is
estimated to be about 1.2 million Btu — two to three times the estimates for forest
residues (see the preceding section), but still small in comparison to the energy content
of the wood. The major energy consuming elements are fertilization and irrigation
whieh, together, account for eighty percent of the energy consumed. In this analysis,
the irrigation system has been assumed to run on diesel fuel (though other options are
available). About 60 percent of energy consumed is derived from petroleum produets,
with natural gas (for produeing nitrogen fertilizer) supplying most of the remainder.

3.3 _Agricultural Residues

Agricultural residues are an interesting potential source of cellulose for methanol
conversion. They are a by-produet of agrieultural production; by definition residues are
the parts of the plant other than the grain, seed or fiber for which the plant is grown.

Among sgricultural residues, the present analysis is limited to field residues; these
constitute 94 percent of the organic solids produced annually as erop residues. The
other 6 percent are from centralized locations such as cotton mills and sugar refineries
(EPA, 1978). There are no harvesting or transportation energy costs associated with the
collection of such non-field residues.

Although erop residues are often perceived as a waste, they perform many functions.

Crop residues are sometimes used as animal feed and bedding; corn eobs may be used in
the manufacture of chemiecals.

But even when the residues decay in the field, they have a value. Crop residues eontain
nitrogen, phosphorous, and potassium, as well as other less energy-intensive nutrients.
When crop residues are left on the field, most of these nutrients eventually return to
the soil. When crop residues are removed, additional fertilizer (which has a significant
energy value) must be applied to the soil to maintain the soil nutrients at the level that
would otherwise exist in the presence of decaying residues.

Crop residues also provide soil with organic matter, which inereases soil fertility and
reduces soil density. In energy terms, an increase in soil density inereases the power
required to plow the soil. Organic matter also maintains soil porosity, which permits
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high rates of water and oxygen infiltration and reduces the quantity of water that must
se added to the soil for adequate plant growth. In dry, but as yet nonirrigated areas,
this can significantly affeet grain production. Even in irrigated areas, the ability of
high-porosity soil to hold water may affect energy consumption due to the energy-
intensive nature of irrigation.

But more important than the loss of fertilizer nutrients (whiech can be replaced with
manufactured fertilizer) and organic content (which can be replaced with manure) is the
increased loss of topsoil (due to wind and water erosion) that results from residue
removal. At present, average soil loss per acre on cultivated land in the United States
is well ahove the maximum soil loss level per acre at which current productivity ean be
maintained (Lockeretz, 1980). These conditions exist at a time when residue removal
(which can increase soil 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 collection.

In Appendix E, estimates are developed of energy requirements for obtaining crop
residues in three areas of the Corn Belt and three areas of the Great Plains. The
estimates presume that residues collected in any area will be the maximum amount
collectible without inereasing soil loss beyond tolerable levels. Estimates of collectible
residues for the Great Plains were obtained from Skidmore, Kumal and Larson (1979),
while those for the Corn Belt were derived from data from Lockeretz (1980) and
Lindstrom et al (1979). The estimates developed in Appendix E for the Corn Belt
assume the use of tillage methods (e.g., no-till) which permit the maximum removal of
residues, Since such methods may not always be used and may not always be feasible,
and since some farmers may be reluctant to colleet residues, actual residue collection
may be lower than that estimated and energy requirements for residue transport may
be underestimated, particularly for the Corn Belt.

The estimates of energy requirements developed in Appendix E reflect:
® collection;

e transport to a 300,000 gallon/day methanol plant;
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L inereased fertilization to replace nutrient value of residues removed;
° decreased crop yvields resulting from harvest-schedule revisions; and
. bacterial and transport losses (estimated to be fifteen percent of total

residue collected).

A summary of estimated energy requirements for the six Major Land Resource Areas
(MLRA'S) studied is presented in Exhibit 3-3, Additional details concerning all
information presented in this exhibit may be found in Appendix E.

For five of the six aress studied, between 1.5 and 2.0 million Btu of energy are required
per dry ton of residues, while the estimate for the sixth area (MLRA €3, in central
South Dakota) is about twice as high. The high value of energy required in this area is
due to a relatively long average haul (145 miles) resulting from a low yield of usable
residues (0.18 tons per acre), Nearly half the energy required in this area is for
transport. In the other areas studied, and particularly in the Corn Belt, more energy is
required for fertilization than for transport.

The energy requirements estimated for agricultural residues are higher than those
estimated for other potential sources of cellulose (see the two preceding sections). As
previously observed, the estimates may be based on somewhat optimistie estimates of
the amount of residues which can be collected in any area, and so average transport
distances and energy requirements may be underestimated, However, even if energy
requirements were somewhat higher, they would still be small in comparison to the
energy content of the residues.

3.4 Methanol Production

At the present time, none of the technologies available for the eonversion of cellulosic
feedstocks to methanol are considered commercially proven. The technology selected
for analysis consists of a Battelle Pacific Northwest Laboratories catalytic wood
gasifier, Benfield acid-gas removal, and ICI methanol synthesis (Mudge, et al, 1981).
The gasification step is the only one which has not yet been demonstrated on a
commercial scale,

29



16

000°BIL'S 00D°DSIE €£L200°0 ¥°S¥S ¥60°0 ze0'0 £L°12 £2°0 6 p¥1 81°0 — £p ®ady avJnosay pue Jofujy
poo‘¥e6‘1T ODC'OFZ‘T  LISODTO D°B9Y ¥60°0 €070 95’8 £2°0 8 1% 1738 1] 68°0 gL valy a2Jnosoy pue] tofejy
000°cos‘y 000'S¥6 CLT00°0  ¥°5¥S ¥60°0 Z80°0 Y0 £z 0 1°9E 99'0 - 0g ®a1y 224nosey puer] Jofel
ENIV1d LVIUD @
oo0‘LZ8‘t 000°cSE g6c00°D B°888 ¥60°0 6£0°0 61°S £2°0 5'1¢ et z0°% L01 B2y 22anosay puwr] Jofel
000°¥62°T 000°598 LLE00°0 G"LZ8 $60°0 18070 LLs £2°0 3-8 ¥l $6'0 ST vaay aodnosay puer] sofel
000°298't 000'E69 $5C00°0 ¥'BLL ¥60°0 18070 8S°¥ £2'0 8°'0% 6e'1 80°1 201 Bady oanosay pue] Jofep
Jnad NY0D ©
£84augy sjonpold {suo3) (3 NI) {1e3) (ve3) (re8) (v3) (s5nw)  _sulsapjlewig  ud
0],  wnolosad Eeuo £8D Dd1 Png  eIsig  dulosed a0umsig {a408/5U0Y)
mg nig 1ameN [enpisay JOJOW afuloAy sanpisoy a[qusn

sjoNnpodg wRatoned

sanaisay 40¥D 40

NOL XHU Ga¥HANA0 ¥8d SALVWILSH NOILIWOSNOD XADYEANH -¢ LISIHXH

[—}
[



17

The process entails drying the cellulosic feedstock to ten percent moisture and
decomposing it at a high temperature to produce synthesis gas. This gas is primarily
carbon monoxide and hydrogen. Steam is added to the gas; impurities are removed; and
the gas is condensed under high pressure to form methanol, Distillation then removes
any other impurities. The methanol plant was assumed to have an output of 300,000
gallons per day, estimated to be the minimum economic size. A more detailed
deseription of this process is provided in Appendix F.

The primary energy input to the process is the cellulosic feedstock, though some
electricity is also required. The feedstock is used primarily in the gasifier, but some is
also used to fuel the boiler, Char from the gasifier is used for drying and burned in the
boiler. Fuel gas generated in the process is used in reforming and in the boiler.

Total process-related fuel and energy requirements for obtaining methanol from wood
are summerized in Exhibit 3-4. For 1000 gallons of methanol produced, about 6.63 DTE
of wood with 49.5 percent moisture are required. In addition, 1767 kwhr of eleetricity
is consumed in the plant and a small amount of diesel fuel (1.09 gallons) is consumed by
bulldozers in the wood storage area. Agricultural residues are estimated to contain
only 12 to 15.5 percent moisture when used, resulting in somewhat smaller estimated
requirements for feedstocks (5.8 DTE) and energy. These estimates are sensitive to the
moisture content of the feedstock, to plant size, and to specific design characteristies
of the plant. Additional discussion of these issues is contained in Appendix F.

3.5 Results

In the previous sections of this chapter, estimates have been presented of the energy
requirements for converting cellulose to methanol and for deriving cellulose from
several alternative sources. Exhibit 3-5 presents a summary of energy inputs and
outputs for obtaining 1000 gallons of methanol when biomass from a silvicultural energy
farm is used as the feedstock. This exhibit combines data presented previously in
Exhibits 3-2 and 3-4. Estimated energy to produce 1000 gallons of methanol is about
26.5 million Btu, with about two-thirds of: this consisting of coal to produce electricity
required by the conversion plant. Only about 4.8 million Btu of petroleum products and
2.6 million Btu of natural gas are required. Petroleum and natural gas consumption is
small in comparison to the energy content of the methanol produced: 64.35 million Btu.
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The net change in each form of available energy is shown on the bottom line of Exhibit
3-5 in conventional units. This information is also presented in Exhibit 3-6, where the
changes are expressed in conventional units, in Btu, and in "gallons of methanol
equivalent." This last measure expresses & given quantity of fuel in terms of the
number of gallons of methanol required to provide the same energy. (In interpreting
this measure, it should be borne in mind that a gallon of methanol contains only about
half as much energy as a gallon of gasoline.) The same information is presented a third
time, graphieally, in Exhibit 3-7.

It can be seen from these exhibits that the production of 1000 gallons of methanol
(64.35 million Btu) from silvicultural biomass results in a net increase in liquid fuels of
59.5 million Btu and a net increase in available precious fuels (liquid fuels plus natural
gas) of 56.9 million Btu. Because of coal consumption, primarily to generate eleetrieity
used by the conversion plant, the overall increase in nonrenewable fuels is estimated to
be somewhat smaller: 37.8 million Btu,

The results presented in Exhibits 3-5 and 3-6 for methanol derived from silvicultural
biomass are compared in Exhibit 3-8, in summary form, to corresponding results for
methanol derived from forest residues and agricultural residues. The summary data
presented in Exhibit 3-8 are derived from data in Exhibits 3-1 through 3-4. Additional
detail (such as that shown in Exhibit 3-5) for energy requirements for obtaining forest
and sgricultural residues can be found in Appendices C and E.

It ean be seen from Exhibit 3-8 that energy requirements for obtaining methanol from
forest residues are slightly lower than when silvieultural biomass is used, while those

for obtaining methanol from agricultural residues are somewhat higher.

Exhibit 3-0 presents another display relating to the results obtained for deriving
methanol from silvicultural biomass: the components of change in available liquid fuels.
One thousand gallons (64.35 million Btu) of methanol are produced. However, moderate
amounts of diesel fuel are used in growing, transporting and storing the feedstock, small
amounts of gasoline are used in site preparation, and small amounts of residual fuel are
used in fertilizer manufacture. As a result, the net increase in liquid fuels is only 59.5
million Btu (about 925 gallons of methanol equivalent).
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EXHIBIT 3-8: ALTERNATIVE MEANS OF EXPRESSING

e ENERGY CHANGES RESULTING FROM THE PRODUCTION OF
g 1000 GALLONS OF METHANOL FROM SILVICULTURAL BIOMASS
it
rd Change in Available Energy
Conventional Gallons of 1
Units MMBtu Methanol Eguivalent
ol Methanol + 1,000  gal + 64.35 + 1,000
of
al Motor Gasoline - 0.86 gal - 0.11 - 1.7
ty Distillate - 33.31 gal + 4.86 - 72.4
to Residual - 0.27 gal - 0.04 - 0.8
Natural Gas - 2,560 cuft - 2.61 - 40.6

al Coal - 0.85 tons - 19.13 - 297.3
or Net Liquid Fuels + 59.54 + 925
ta

1 Net Precious Fuels + 56.93 + 885
18 .
st Net Energy + 37.80 + 587

1One tgallon of methanol equivalent™ is defined to equal 64,350 Btu.
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EXHIBIT 3-7: ENERGY INPUTS AND OUTPUTS FOR PRODUCING
METHANOL FROM SILVICULTURAL BIOMASS
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EXHIBIT 3-9: NET LIQUID FUELS FOR PRODUCING METHANOL
FROM SILVICULTURAL BIOMASS
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The components of change in available precious fuels are shown graphically in Exhibit
3~10. Because of the natural gas required for fertilizer production, the net increase in
precious fuels is only 56.9 million Btu, somewhat lower than the net inerease in liquid
fuels.

The components of change of total (nonrenewable) energy are shown graphically in
Exhibit 3-11. In order to produce 1000 gallons (64.35 million Btu) of methanol, 26.5
million Btu of nonrenewable fuels are required, The net increase in total energy is 37.8
million Btu, which is the energy equivalent of 587 gallons of methanol.

It may be seen from these exhibits that deriving methanol from cellulose results in a
substantial inerease in the availability of liquid fuels while requiring only a small
amount of natural gas and a moderate amount of coal. Depending upon the source of
the cellulose, the production of 1000 gallons of methanol is estimated to result in & net
inerease in liquid fuels of 46 to 62 million Btu, a net inerease in precious fuels of 43 to
62 million Btu, and a net increase in all nonrenewable fuels of 24 to 43 million Btu. Use
of agrieultural residues as the feedstock results in the smallest estimates of increased
fuel availability and also has the side effect of increasing the.rate of soil erosion.
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EXHIBIT 3-10: NET PRECIOUS FUELS FOR PRODUCING METHANOL
FROM SILVICULTURAL BIOMASS
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EXHIBIT 3-11: ENERGY INPUTS AND OUTPUTS FOR PRODUCING
METHANOL FROM SILVICULTURAL BIOMASS
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4. METHANOL FROM COAL

Vegetal matter and the energy it contains, condensed over millions of years by the
pressure of the earth's crust, produced the fossil fuels: oil, natural gas, and coal. These
fossil fuels have only recently been used as energy sources. Until the seventeenth
century, virtually all heat energy was derived from wood and transportation energy
from animal or wind power. The discovery and subsequent utilization of coal displaced
firewood as a heat source and provided a transportation energy source for railroads,
ships, ete. However,' the form of coal (i.e., solid ehunks), required that someone feed
the coal into a burner or boiler. This limitation made coal less attractive as a power
source for personal transportation. Yet, such was the utility of coal that by 1920 it
supplied B0 percent of U.S. energy needs (Cuff and Young, 1980).

However, since the turn of the eentury, coal has been steadily replaced by the more
versatile, easier to transport, and cleaner burning natural gas and petroleum products.
By 1960, coal supplied only slightly more than 20 percent of this nation's energy needs.
However, in the present energy market, the rising price and declining availability of
erude oil is now encouraging the use of petroleumn alternatives. The most economical
and currently available of these is coal.

In terms of getting the most energy from coal, burning it direetly is the most efficient
use. This may occur in industrial faeilities where coal is used to replace residual or fuel
oil, or in the home where anthracite stoves ean be used instead of heating oil,

The direct use of coal as a power source in the transportation sector, however, is
limited. The transportation sector continues to depend on petroleum-based liquid fuels
ard is responsible for 80 percent of all petroleum consumed. In order to increase the
use of coal-based energy in the transportation sector, it will first be necessary to
convert the coal to a liquid fuel, despite the energy loss that conversion must entail.

The first section of this chapter presents a general introduetion to the energy analysis
for deriving methanol from ecoal. Coal resources are discussed in Section 4.2 and coal
transport in Section 4.3, In Section 4.4, the selected coal-to-methanol process is
deseribed and its energy requirements are presented. The final section of the chapter
presents a summary and discussion of the energy inputs and outputs estimated for
deriving methanol from coal. Additional information on coal and eoal mining is
presented in Appendix G and on coal-to-methanol conversion in Appendix H.
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4.1 Energy Requirements

There are four major categories of energy required in the produection of methanol from
coal:

a. energy required to mine the coal;
b. energy required to transport the coal to the conversion plant;
e, energy required to eonvert the coal to methanol; and
d. the energy content of the coal itself.
The fourth category (the energy content of the eoal) is, by far, the largest.

Sinee coal is & nonrenewable resource, use of coal to produce methanol reduces the
energy available for other purposes; the energy content of the eoal is therefore one of
the energy costs (and, in faet, the largest energy cost) in the production of methanol. If
the eoal which would be used for methanol production were, instead, left in the ground,
it would represent an energy resource available for use at some future time.

The size of this energy resource, however, is somewhat less than the full energy content
of the coal. Whenever the coal is mined, a certain amount of energy will be required to
mine it. The net energy that will be made available by mining the coal is thus equal to
d - a (where a and @ are defined above). On the basis of this discussion, total energy
required to produce methanol from coal may be estimated as the energy required to
mine and transport the coal and to convert it to methanol {a + b + @), plus the net
energy value of the unmined coal (d - a). Hence, total energy required is given by:

a+b+e+(da)=b+e+d

Note that the energy required to mine the coal (a) drops out of this formula — this is
energy that will be consumed whenever the coal is mined, regardless of the use to which
the coal is put and (ignoring possible improvements in the energy-efficiency of coal
mining) regardless of when the coal is mined. (Energy requirements for coal mining
generally represent less than two percent of the energy content of the coal. Appendix
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G contains estimates of both the national average of such energy requirements and the
requirements for several large prototypical mines.)

The above discussion ignores one (relatively minor) factor: conversion of coal to
methanol results in the production of some elemental sulfur as a by-product. To the
extent that this production reduces the need to produce sulfur by other means, the
energy required for such production is saved, I this energy saving (or eredit) is
represented by e, net energy consumption resulting from methanol produetion is given
by

b+e+d=-e

4.2. Coal Resources

Coal deposits are generally distinguished by their earbon content as well as by their
moisture content and heating value. The different coal types or ranks, by inereasing
carbon content, are: lignite, subbituminous, bituminous, and anthracite cosls, Heating
value or the Btu content per pound peaks at 14,000 Btu with the low volatility
bituminous coals. All types of coal can be converted to liquid fuels, though economie
factors make the relatively high-cost anthracite an unattractive choice.

About 90 percent of the demonstrated coal reserve base consists of bituminous or
subbituminous coaml. Most of the subbituminous coal is located in Montana and
Wyoming. Much of the bituminous eoal is located in the Appalachian Region and the
eastern part of the Interior Provinee (i.e., Illinois, Indiana and Western Kentueky).

All types of coal are suitable for gasifieation (the first step in the production of
methanol); however, not all sources of coal are equally likely to be used for producing
methanol (or other coal-derived synthetic fuels). In particular, coal used for such
purposes is most likely to come from areas containing large volumes of coal which ean
be mined economically and, preferably, where adequate water supplies can be obtained.

A methanol production facility must be sited in coal resource areas where suffieient
quantities of coal for methanol conversion are available over and above near-term ccal
demands. Any one methanol plant must be large enough to achieve appropriate
economies of seale, Current projections place economic plant capacity in the range of
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6,000 to 25,000 tons of coal per day. This places a constraint on coal resource size.
Assuming a plant life of 20 years and a 300-day per year operating schedule, between 36
million and 150 million tons of coal would be needed to supply the methanol production
facility.

The most economic means of transporting large volumes of methanol is by pipeline.
Since pipeline transport of methanol is both less costly and more energy efficient than
transport of the coal (by rail or slurry pipeline) required to produce the methanol,
loeation of the methanol plant in the vieinity of the coal source is generally preferred.

Gasification 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
gallons of water per million Btu of methanol (McGeorge, 1976). (Coal mining, by
comparison, typieally requires between 0.5 and 2.5 gallons per million Btu (Buras,
1979).) Other synfuel processes may require 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 eost) by reeyeling of cooling water. Nonetheless, all synfuel
processes are considered to be major consumers of water.

As a result, many of the Western regions which have 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.

The analysis presented in this chapter presumes a minemouth location for the methanol
plant. However, it is likely that some gynfuel plants will be constructed at non-
minemouth locations. In addition to lack of water, reasons for selecting non-minemouth
locations may include labor costs and availability and related socio-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 plants located in areas where sufficient water is
more readily available.
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4.3 Coal Transport

The energy consumed in transporting coal to a methanol plant will depend upon the
distance of the plant from the source of coal. If the plant is adjacent to the coel mine,
transport requirements approximate those which are intrinsic to the mining process.
Energy consumed in such transport is inecluded in the energy required for mining,
estimates of which are presented in Appendix G. (As observed in Seetion 4.1, energy
required for mining drops out of the estimate of net energy consumed in producing
methanol from coal)

For consistency with the analyses of alechol produced from grain and cellulose
presented in the preceding two chapters, a minemouth location has been assumed for
the coal-conversion plant. Minemouth plants need not actuaily be located adjacent to a
mine; but they are generally located within a few miles of the mine. (Fifty miles is
frequently defined to be the maximum distance for a location to be considered
minemouth.) The additional transport energy which may be required, however, is quite
small and has not been incorporated into the analysis.

As observed at the conclusion of the preceding section, however, not all coal-to-
methanol plants will have minemouth locations. For plants located at a greater
distance from the mine, additional energy would be consumed in transport. For several
route-specific eoal movements, it has been estimated (Rogozen et al., 1978) that
transport by unit train requires between 350 and 540 Btu of diesel fuel per ton-mile and
that (allowing for conversion losses) transport by slurry pipeline requires, per ton-mile,
between 410 and 1300 Btu of fuel to generate electricity. Thus, for a 1000-mile unit-
train haul of subbituminous coal from a Western mine to a Midwestern methanol plant,
between 350,000 and 540,000 Btu of diesel fuel would be required, representing two to
three percent of the energy content of the coal being transported. For corresponding
transport by slurry pipeline, between 410,000 and 1,300,000 Btu of eoal would be needed
to generate electrieity for slurrying, pumping and dewatering.

4.4 Methanol Production

A brief description of the eoal-to-methanol proeess assumed in this study is presented
below, followed by the results of the energy analysis for this process. A more detailed
description of the process is provided in Appendix H.
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Appendix H also contains discussions of the sensitivity of the results to the particular
assumptions used in the analysis. As observed in that appendix, differences in eoal
characteristies and the details of process design could have a slight effeet on overall
energy efficiency, but this effect is unlikely to be more than a few percent.

A brief diseussion of the potential of technologies now being studied or developed to
improve overall energy efficiency is also provided in Appendix H. These technologies
have the potential to improve the energy efficiency of methanol production somewhat,
though it may be several years before such improvements can be realized.

4.4.1 Selection of Technology

The Texaco-gasification/ICI methanol-synthesis process was seleeted for evaiuation in
this study. This process was chosen because it is near commerecial readiness and
appears economically competitive. The Texaco and EKoppers KBW gasiﬁersl are the
most popular technologies for the methanol production projects that have applied to the
Synthetic Fuels Corporation for subsidies. ICI is one of the most frequently used
methanol-synthesis. technologies.

Coal gasification technologies 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 Koppers-Totzek (entrained bed). Although these processes had a significant
number of applications in the past, it appears from recent preliminary sereenings that,
for methanol synthesis, the Texaco process is superior to the other processes in terms
of overall thermal efficieney, coal use, oxygen requirements and eapital investment
(McGeorge, 1976; Chow et al,, 1977). The higher operating pressure of the Texaco
gasifier compared to the others contributes to the higher overall thermal efficiency in
methanol synthesis. Other pressurized gasifiers (for example pressurized Winkler)
would be expeeted to give similar overall process efficiencies. Commercial-scale
Texaco coal-gasifieation units are now being built in the U.S. for demonstration

purposes.

IThe KBW gasifier i3 also a near-commercial gasifier. It is a newer design than the
Koppers-Totzek (K-T) system. KBW has a different heat transfer system and increased
capacity compared to K-T, but the gas composition and energy efficiency are similar.
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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, the latter coals are
found primarily in the West.

For the liquefaction step, the ICI low-pressure synthesis was selected because it is an
established process, and it is the most popular for commereial methanol synthesis. It is
a good example of typical technology. Lurgl, Mitsubishi Gas Chemicals (MGC), Haldor-
Topsoe and Wentworth also offer commercial methanol technology. Chem Systems is
developing a methanol technology, but as it is not commereially 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 oxygen plant.

The ICI methanol synthesis is used in many eommercial installations throughout the
world. In late 1979, there were 24 commercial methanel plants in operation and five in
design or construction using the ICI technology. This compares to seven operating Lurgi
methanol plants (plus four under econstruction) 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, tail-gas treatment, and coal preparation, are all standard
established processes and may be considered 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.

4.4.2 Energy Consumption

The primary energy balance is based on the conversion of eastern bituminous coal to
fuel grade methanol. The coal composition used in the analysis had a higher heating
value (as received) of 11,340 Btu per pound, 6.4 percent free moisture, and 4.5 percent
sulfur (McGeorge, 1976).

The only significant energy input to the process is coal. The electricity used in the
process is generated in the plant. The coal is used primarily in the gasifier but some is
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also used to fuel the boiler, Char from the gasifier and fuel gas generated in the
process are also burned in the boiler. Waste heat is recovered wherever feasible. It is
estimated that 5.5 tons of 11,340 Btu/lb bituminous coal will be required per thousand
gallons of methanol produced.

There is also a small amount of diesel fuel consumed by bulldozers in the coal storage
area. For a plant consuming 10,000 tons of eoal 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).

A sulfur byproduct is obtained in the process. The energy credit, which is based upon
fuel consumption data for sulfur mining in the 1977 Census of Mineral Industries, is
3444 Btu per pound sulfur’.

4.5 Results

The net energy and liquid fuels balance for producing 1000 gallons of methanol from
coal is presented in Exhibit 4-1.

Based on the previously stated assumptions and feedstock characteristies, the energy
input to the methanol manufacturing process is caleulated to be 5.5 tons of 11,340
Btu/lb bituminous coal per thousand gallons of methanol produced, or 1.94 Btu of total
energy input per Btu of methanol produced. All energy requirements of the Texaco
gasifier and ICI methanol synthesis process are supplied by the coal. The only other
identified energy-consuming element is the bulldozers which are required for coal
handling and storage. For reasons presented in Seetion 4.1, energy consumed in coal

IThe 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 e corresponding
reduction in sulfur mining.

Although most analyses take an energy credit at the heating value of sulfur (3,990
Btu/1b), this analysis uses the fuel required for a typical Frasch sulfur mine as the
credit. This is fuel not consumed in sulfur mining and thus available to the rest of the
economy because 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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mining has no net effect on the reduction in available energy resulting from methanol
conversion. Since energy consumed in transporting coal out of the mine is part of the
energy consumed in mining, and since a minemouth location has been assumed for the
methanol plant, coal transport does not appear as an energy-consuming element. (The
energy requirements for transporting coal to a non-minemouth plant are discussed in
Section 4.3)

The primary product of the proeess is 1000 gallons of methanol. In addition, for the
particular coal used in this analysis, 440 pounds of by-produet sulfur is produced. The
energy credit for this sulfur is taken as the energy required for Frasch mining of sulfur
or 0.024 Btu of total energy per Btu of methanol

Overall, the net energy consumed by the methanol production process is 1.91 Btu per
Btu of liquid fuel produced. 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 pereent.

‘The net change in each form of available energy is shown on the bottom line of Exhibit
4-1 in conventional units, This information is also presented in Exhibit 4-2, where the
changes are expressed in conventional units, in Btu, and in "gallons of methanol
equivalent”. This last measure expresses a given quantity of fuel in terms of the
number of gallons of methanol required to provide the same energy. (In interpreting this
measure, it should be borne in mind that a gallon of methanol contains only about half
as much energy as a gallon of gasoline.) The same information is presented a third
time, graphically, in Exhibit 4-3.

It can be seen from Exhibit 4-3 that the primary effect of the process is to convert 5.5
tons of coal {124.7 million Btu) into 1000 gallons of methanol (64.35 million Btu). As a
result of the sulfur credit, there are small increases in available natural gas and motor
gasoline, There is also a small decrease in available distillate. The overall effect is a
net decline in total energy (58.8 million Btu) but a substantial net inerease in liquid
fuels (84.34 million Btu).

The components of change in available liquid fuels are shown graphically in Exhibit 4-4.
One thousand gallons of methanol (64.35 million Btu) is produced. However, because of
very small amounts of liquid fuels econsumed by the bulldozers (20,000 Btu) and saved
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° EXHIBIT 4-2: ALTERNATIVE MEANS OF EXPRESSING
e ENERGY CHANGES RESULTING FROM THE PRODUCTION OF
1000 GALLONS OF METHANOL FROM COAL

n
_ Change in Available Energy
e Conventional . Gallons of 1
e Units MMBtu .Methanol Equivalent
ar Methanol + 1,000 gal + 64.35 + 1,000
Motor Gasoline + 0.013 gal + 0,002 + 0.03

ap Distillate - 0.11 gal - 0.015 - 0.2
g Natural Gas + 1,460 cu ft + 1.49 + 23

e Coal ¥ 5.5 tons - 124.74 - 1,939

Net Liquid Fuels + 64.34 + 999.8

it Net Precious Fuels + 65.83 .+ 1,023

131 Net Energy - 58.90 - 916

o

e 1

is One "gallon of methanol equivalent® is defined to equal 64,350 Btu.
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EXHIBIT 4-3: ENERGY INPUTS AND OUTPUTS
FOR COAL CONVERSION
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EXHIBIT 4-4: NET LIQUID FUELS
FOR COAL CONVERSION
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because of the sulfur credit (7000 Btu), the net increase in liquid fuels is only 64.34
million Btu (about 999.8 gallons of methanol equivalent),

The components of change in available precious fuels are shown graphieally in Exhibit
4-5. Sinece the sulfur eredit is primarily natural gas and no natural gas is eonsumed, the
net increase in precious fuels (55.8 million Btu) is slightly larger than the increase in
liquid fuels,

The components of change of total energy are shown graphically in Exhibit 4-6. In
order to produce 1000 gallons (64.35 million Btu) of methanol, 124.8 million Btu of coal
and diesel fuel are required. The energy credit for the sulfur by-product is 1.6 million
Btu, leaving a net decrease in total energy of 58.8 million Btu, which is the energy
equivalent of 914 gallons of methanol.

It may be seen from these exhibits that converting coal to methanol is an effective
means of increasing the availability of liquid fuels. The net increase in liquid fuels is
virtually equal to the amount of methanol produced. Furthermore, if the by-product
sulfur results in a reduction in sulfur mining, a small amount of natural gas is also
saved. A moderate amount of energy is lost in the process (equsl to about 91 percent of
the methanol produced), though this is less than the energy Jost in converting coal to
electricity.

35



ENERGY
OUTPUT

ENERGY
INPUT

EXHIBIT 4-5: NET PRECIOUS FUELS
FOR COAL CONVERSION
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EXHIBIT 4-6: NET ENERGY CHANGES
FOR COAL CONVERSION
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5. SUMMARY AND CONCLUSIONS

Exhibit 5-1 presents a tabular summary and comparison of the energy inputs and outputs
for producing 100 million Btu of aleohol from representative versions of the three
alternatives studied: ethanol from grain, methanol from cellulose, and methanol from
coal. One hundred million Btu corresponds to 800 gallons of gasoline and, as the table
indicates, to 1188 gallons of ethanol or 1554 gallons of methanol. The energy inputs and
cutputs are expressed in conventional units in the top half of the table and in thousands
of Btu in the lower half,

An examination of the figures in the lower half of the table reveals that the most
significant energy differences in the three processes results from differing require-
ments for coal and natural gas. The cellulose process (methanol from silviculture
biomass) requires relatively little coal, which, for this feedstock, is primarily used to
generate electricityl. Methanol from coal, on the other hand, requires very
substantial amounts of coal, which is used as process fuel and as a feedstock as well as
for electricity generation. (This process also results in small increases in the
availability of natural gas and motor gasoline resulting from the energy credit for the
sulfur by-product.) Ethanol from grain requires more moderate amounts of coal (for
process fuel and for electricity) but substantially more natural gas than the other two
processes; most of the natural gas is for nitrogen fertilizer used to increase grain
yields.

The overall use and generation of energy by the three processes is summarized in the
last three columns of Exhibit 5-1 and displayed graphically in Exhibit 5-2. All three
processes produce substantially more liquid fuels than they consume. The net increase
in liquid fuels is greatest for methanol from coal (which requires virtually no liquid
fuels), but the energy content of the petroleum consumed by the other processes is only
seven to ten percent of that of the alechol produced.

When one looks at the net production of precious fuels (which include natural gas as
well as liquid fuels), greater differences arise. When methanol is derived from
silvicultural biomass, the energy content of the petroleum products and natural gas

1!n all the analyses it has been assumed that electricity requirements would be met
entirely through increased use of coal-fired generators.
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consumed equals only about twelve percent of that of the methanol produced; and when
methanol is derived from coal, because of the energy eredit for the sulfur by-product,
the net change in the available energy from precious fuels actually exceeds that of the
methanol produced, In the case of ethanol from corn, however, for every 100 Btu of
ethanol produced, about 57 Btu of natural gas and petroleum products is consumed,
leaving a net increase of only 43 Btu. The ethanol process is thus significantly less
effective in inereasing the availability of precious fuels than the other alternatives.

The differences between the three feedstock alternatives are even more striking when
one considers changes in the availability of all forms of energy. On this basis, cellulose
feedstocks are the only ones capable of yielding net increases in available energy — for
silvieultural biomass: about 59 Btu per 100 Btu of methanol produced. The use of coal,
a nonrenewable feedstock, of course results in the consumption of substantially more
energy than is produced -- though the energy consumed is solid and that produced is
liquid, Similarly, when grain is purchased on the open market for use as a feedstock,
the energy of the fossil fuels consumed (predominantly coel and natural gas) exceeds
that of the ethanol produced. (As discussed in Chapter 2, it is expected that work now
underway at Iowa State University will reduce somewhat the estimated requirements for
fossil fuels, primarily those for natural gas.)

On the basis of these results, methanol from cellulose would appear to be the most
attractive of the alternatives from a net-energy standpoint. The cellulose results
highlighted in Exhibits 5-1 and 5-2 are for silvicultural biomass, though the results for
other cellulose feedstocks are fairly similar (see Chapter 3). Those for forest residues
are slightly more favorable, while those for grain residues are somewhat less favorable.
The results for grain residues are in part dependent upon the amount of residues
collected per acre, a figure that will vary with crops, crop yields, tillage methods,
erosion-control requirements, and the willingness of individual farmers to sell their
residues to a methanol faecility.

The other two feedstocks studied, grain and coal, can be used effectively to increase
supplies of liquid fuel, though use of coal and (to a lesser extent) grain will result in a
reduction in total energy available. The use of corn also results in a fairly signifieant
requirement for natural gas, resulting in net precious-fuel benefits which are appre-
ciably smaller than the liquid-fuel benefits. Accordingly, unless little value is placed on
the natural gas consumed, from the standpoint of net liquid and gaseous fuel benefits
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(and ignoring other considerations, such as cost, fuel characteristics, or the effects on
exports and food prices), the production of ethanol from grain would appear to be a less
desirable way of producing alcohol fuel than the prodduction of methanol from either
coal or cellulose,
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acre

billion

British thermal unit
barrel

degrees Centigrade
cubic foot
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hour
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BTU CONVERSION FACTORS

Fuel Units " HHY
Coal Btu/ton 22,500, 0002
Distillate ‘ Btu/gal 140, 000
Electricity Consumption Btu/kwhr 3,413
Ethanol Btu/gal 84, 200
LPG : Btu/gal 85,000
Lubricatirig 0il Btu/gal - 145,000
Methanol ‘ . . ~ Btu/gal 64,350
Motor Gasoline Btu/gal. . 125,000
Natural Gas - Btu/cu £t 1,020
Petrochemicals Btu/gal, 125,000
Residual Fuel 0il Btu/gal 150, 000

ELECTRICITY CONVERSION FACTOR

Fuel ' Btu's consumed/Btu electricity produced

Coal 3.05

%When no specific coal characteristics were known, the energy content of a "standard

ton" of conl (22,500,000 Btu) was used. Other values were used when more appropriate
and are indicated in footnotes,

.
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1 acre
1 bbl
. 1 Btu
1 ouft
1 gal
1D
1 mile
1 psi
1 ton
273.15 + 5/9(F-32)
27315+ C

1 acre

1 bbl

1 Btu _

1 bu barley

1 bu eorn

1 bu grain sorghum
1 bu oats

1 bu wheat

1 psi

1 square mile

81 CONVERSION FACTORS

OTHER CONVERSION FACTORS

vi

4046.8564 square meters

158,98284 liters
1054.35 joules

0.028316847 cubic meters.

3.7854118: liters
453.592 gf.-ams
1609.344 meters
0.0680460 etmospheres
907184,.74 grams
degrees Kelvin
degrees Kelvin

0.40468564 ha
42 gal

252 calories
48 b

56 b

56 b

32 b

60 1b

6895 pascals
640 acres
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'**-AGRICULTURAL CROP RESOURCEST‘

Carbohydrates for ethanol productmn, in concept. San be cbtained from any crop
containing starch or sugac. If a significant volume of ethanol is to be obtained for fuel,
however, it must be obtained fmm sources which are eanable of supplying large volumes
of carbohydrates at relatively low "Gosts The agrlcultural I‘EbQUPGES with the greatest
apparent potential are the grains. '

In this appendix, estimates are developed of present energy requirements for producing
five grains (corn, grain sorghum, winter wheat, barley and oats) and of energy
requirements for inereasing production of two of these grains (ecorn and grain sorghum).
The estimates of ‘energy requirements for ethanol production presented in the body of
this report are based on the estimate of energy required for inereasing corn production
developed in Sections A.2 and A.4, below, Brief discussions are also included in this
appendix of the overall potential for increasing erop land and for increasing grain
production for conversion to ethanol. '

Al Energy Presently Used in Grairi Production

Various authors have estimated the quantity of energy consumed in-“grain production.
Each has approached the question in a slightly different way, reflecting their own views
and chosen assumptions, In addition to individual attitudes, the different approaches
reflect the various methods of producing grain, in which planting rates, fertilization
rates, tillage practices, drying methods, and need for irrigation may vary aceording to
climate, soil, latitude, ete. These variations naturally effect the amount of energy
consumed in producing the erop. |

The baseline data for est1matmg the encrgy presently used in producing grain crops in

. the United States was taken from Energy and U.S. Agriculture: 1974 Data_Base,

Volumes 1 and 2 (USDA, September 1976 and April 1977). In this study, an agricultural
enel;g'y accounting model was developed to accomodate energy data in a systematized
framework. The model contains five major dimensions: energy, geography, commodity,
time, and function, The energy sector consists of econsumption, by crop, of gasoline,
diesel fuel, fuel oil, LP gas, natural gas, electricity, and the energy invested in



-producing and transyortiiji’g' fertilizers and pesticides: The fifty states represent‘h‘:;‘.he
geographic dimension, with over 70 erop and livestock commodities being detailed in
the study. The funetional breakdowh'includes all energy-using operations which occur
on the farm for crop or livestoek productxon purposes as well as a share of other energy
consumed by farms (e g., "farm auto” and "farm pickup™.

. A subsequent USDA study by Torgerson and Cooper (1980) (Energy and U.S ereulture-
1974 and 1978) revised the 1974 estimates and also updated them to 19?8 levels to
reflect ch_ang&s;m fuel usage due to changing technology, energy eonsew_atmn mea-
sures, reai- petroleum prices, ete. The resulting estimates of national exiergs{“ponsump-—
tion in 1978 for all erops ere presented in Exhibit A-t. It can be seen that the Jargest
single component of energy use in erop productioh is fqr fertilizers, which account for
approximately 33 percent of total Btu usage, Natipnﬁl'ly, the second largest enél‘gy
consumer is irrigation, which accounts for approximately éo percent of total usege.
Howe\rer, usage for irrigation varies substantially betﬁeen states -- such usage is
negligible in some states {e.g., Wisconsin) while it is the dominant energy eonsumer in
other states (e.g., Arizona and New Mexico).

For consistency with data presented throughout this report, the estimates of total
energy requirements for each operation shown in Exhibit A~1 were derived from data on
fuel requirements shown in the table and the Btu conversion factors used throughout
this study (see page v), and so differ somewhat from those provided in the sourcé. In
~ particular, the energy requlrr=d for eleetricity has been estlmated as 10,400 Btu coal per
kwhr of electricity consumed.

Ehergy identified in Exhibit A~1 as being derived from petroleum products represents
gbout 45 percent of the total. In addition, about 7 percent of the energy invested in
fertilizer and pesticides is from petroleum products, (The USDA reports do not provide
an explieit breakdown of the sources of energy used for producing and transporting
fertilizer and pestisides, though an approximate breakdown will be developed later in
this appendix.) Overall, petroleum products provide about 49 percent of total agricul-
. tural energy requirements. Natural gas provides about another 33 percent of these
energy requirements, primarily in the form of energy "invested" in fertilizer.

A comparison of national energy use for erop production in 1974 and 1978 is shown in
Exhibit A-2. During this period, there was a substantial increase in the production of
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most major_crops, though not in acreage planted, Energy consumption inereased 6.2

percent o{'éi'all, and energy consumption per aecre increased 4.4 percent. Most of the

inerease occurred in the use of diesel fuel and invested energy. The increase in diesel

- fuel consumption is partly due to a switch from gasoline to diesel fuel, but overall the

increase in eonsumption of petroleum products accounts for more than half the increase

. in energy eonsumption, The inerease in" invested energy primarily results from
‘incTessed fertilizer usage. " o

The 1978 estimates and the revised 1974 data base did not provide the detailed energy
consumption for each crop which was ineluded in the original 1974 estimates.

+ Therefore, to estimate ussge for specific grain crops grown in each state, it was - '

necessary to disaggregate the 1978 data, whiech was reported only foi all erops in the
state. This disaggregation was accomplished in the foltowing manner:

1. . The first step was to identify and select the states that were representa-.

tive of (a) low energy, (b) medium energy, and (e) high energy consumption
per bushel of gféin produced for the five selected grains: corn, grain
, sorghum, winter wheat, barley, and oats. Three states were selected for
=77 each crop based upon the data presented in the 1874 detailed study. The
selection criteria consisted of a ecombination of the number of acres
planted to the specified erop, the energy consumed per acre, and the crop

yield per acve.

2.  Following the selection of the states, the next step was to determine the
amount of enet;gy consumed by type (gasoline, diesel fuel, LP gas, ete.)
and by commodity for each.state during 1974. The information wes
obtained from Volume 1 of Energy and U.S. Agrieulture: 1974 Data Base,

3.  The same data source was then used to determine the ratio between total

energy consumed by type for all crops grown in the state, and the amount
of energy consumed by type that could be attributed to the specific erops
under investigation in that state. For__éxample, the data revealed that in
Ohio approximately 40 percent of the total gasoline consumed for crop
production in 1974 was utilized for corn; 38 percent of the diesel fuel; 76
percent of the LP gas; ete.

o) —— e b rmmes
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4. Volume 2 of the 1974 date base was then used to obtain an overview, on
an aggregated national basis, of the amounts and type i energy used, by
operation, for each of the crops being investigatcd in 1974. The
operations were preplant, plant, cultivate, harvest, irrigate, ete,

5. The information from the preceding steps was then analyzed, tabulated,
and the results used to provide & reasonable indication of_ the energy
consumed, by type and operation, for each of the selected states and
erops during 1874.

6. In order to update and project the 1974 data to 1878, the aforementioned
USDA study providing 197¢ data (Torgerson and Cooper, 1980) and USDA's
annual summary of crop production for 1978 were reviewed. Using the
information from these sourceé, the total amount of energy ccusumed in
1978 was estimated by type and crop for each of the selected states. The
estimates were based upon the ratios developed in Step 3 above, aug-
mented by best judgment decisions which included sueh factors as trends
in energy conservation, shifts in fuel utilization, more efficient equip-
ment, and changes in the number of acres planted to a crop.

7. Finally, the totals developed during the previous step were prorated by
operatioﬁ (preplant, plant, cultivate, ete.). These estimates were based
upon data from the 1974 tables, ﬁs;ing all of the previously developed
information as a basis, tables were created containing estimated 1978
consumption of energy for each of the selected crops and states.

The estimates of total agricultural energy used per acre by crop for selected states are
summarized in Exhibit A-3 and presented in more detail in Exhibits A-4 through A-18.
The crops, in Sequence, are: corn, grain sorghum, winter wheat, barley, and oats. The
first state indicated for each crop is a state having low energy utilization per bushel,
followed by medium and high energy utilization states. e

In Exhibit A-3, the estimates of total agricultural energy used are compared to the
energy content of the ethanol produced. To offset the possible effects of unusually high
crop yields for 1978, the latter estimates are based on three-year average yields for
1977-1979. It can be seen that, for each crop, substantial differences exist in
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agricultural energy requirements, primarily as a result of irrigation requirements, In
Arizona {grain sorghum) and New Mexico (barley) the energy required to grow the grains
exceeds the energy content of the ethanol produced (without considering either the
edditional energy' required for processing and distillation or the energy value of by-
products). The energy of the ethanol, however, is in liquid form, while most of the
energy consumed for production in these two states is in the form of natural gas or
electricity. |

The detailed breakdown shown in Exhibits A-4 through A-18 shows energy consumption
by type of fuel and by type of ‘é'j,eration. For energy invested in fertilizers, the levels

required for production assumed in the USDA studies are:

Nitrogen 31,100 Btu per pound

Phosphate (P205) 5,560 Btu per pound
Potash (K,0) . 4,280 Btu per pound

Ethanol yield per acre is highest for corn and second highest for grain soi-ghum. The
yields for the other three erops are appreciably lower because of lower grain yields per
. acre (particularly in the case of wheat) and {except for wheat) low weights per bushel.
For commercial ethanol production, corn would appear to be the most attractive grain

in areas which are suitable for corn preduction, and grain sorghum would appear to be

most attractive in most other grain-growing areas.

.- A2 Energy Requirements for Increased Grain Production

Estimates of th;a energy requirements of increased grain production can be derived from
an interregione! linear programming model developed at Iowa State University (ISU).
- This model is designed to determine the response of U.S. asgricultural production to
various energy supply and priee conditions and to changes in demand for major export
crops, :

The model has recently been adapted to determine the effects of the use of corn or
grain sorghum for ethano! production, The results of this adaptation were not available
in time to be incorporated into the present report, Instead, the estimates of increased
energy\-produetidn developed here are based on data from an earlier application of the
ISU model by Dvoskin and Heady (1976), We plan to update the present report with

23



more current ISU results in the near future. Preliminary information indicates that the

updated estimates of energy requirements are likely to be lower than those developed
here, ' " ‘

The results ot‘Atwo of the runs of the Dvoskin and Heady version of the ISU model are
summarized in Exhibit A-19. The first of the rums, labeled "normal production™ in the
exhibit, represents the projected long-run adjustment of agricultui-al production if real
energy prices double relative to their 1974 level and exports remain "normal”. The
second run, labeled "expanded production", represents the corresponding results if grain
exports increase substantially. The level of exports for these two Scenarios were
obtained by Dvoskin and Heady from OBERS Series E' projections for 1985 (U.S. Water
Resources Couneil, 1975). The OBERS projections show a total of 2.9 billion bushels of
corn grain, grain sorghum, wheat, barley, oats and soybeans exported under normal
conditions and 4.5 billion bushels under high export conditions.

As can be seen from Exhibit A-19, increasing exports was estimated to stimulate an

increase in production of these six erops by 23 pereent, from 12.2 billion bushels to 15.0

billion bushels, The increase is accomplished primarily as a result of increasing land
use, increasing fertilization, and decreasing use of corn silage. Land used for the erops
analyzed increases by six percent. Of_ 20,7 'minion acres of new cropland, 37 percent
requires irrigation. Irrigated cropland inereases by 43 percent, and energy required for
irrigation by 50 percent. B

An even greater increase in energy consumption is due to increased fertilization
required to achieve higher crop yields per aere. Nitrogen used in fertilizers ineroeses

by 62 percent, and both nitrogen used in commercially produced fertilizers and energy -

consumption for obtaining such nitrogen more than triple. (Noncommereial sources of
fertilizer are menure and legume crops such as alfalfa and soybeans,)

A relatively large (31 percent) increase also oeeurs in energy consumed for transporta-
tion. This inerease is due, in part, to the substantial inerease in exports assumed in the

high production seenerio. - Using inereased production locallj‘-' for ethanol conversion
would be likely to produce a smaller increase in energy used for transport. -

Overall, energy 'eonsu}ilption increases by about 35 percent, with iﬁ'éreased use of.

nitrogen fertilizers aceounting for about two-thirds of the increase.
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EXHIBIT A-19: EFFECT OF CRCP PRODUCTION LEVEL ON ENERGY USE

Normal High

Production Production Percent
Level o Level Increase
‘roduction _
Corn grain . 5,800 MM bu 6,599 MM bu 13.8%
*Grain sorghum 1,044 v 1,375 ¢ 31.7
Wheat . . 1,708 » 2,307 ¢ 35.0
Barley 1,046 1,124 7.5
Oats 953 1,014 6.4
Soybeans 1,613 7 - 2,566 % 594
Subtotal 12,165 MM bu 14,985 MM bu 23.2%
Hay 343 MM tons 374 MM tons 9.0%
Silage 126 ¢ 74 " -41.3
Sugar beets 34 oL 4 " -
Cotton 11 MM bales i1 MM bales -
.and Used ’
Unirrigated 320,026 ‘M A 341,988 MA 3.9%
Ircrigated - 17,805 " 25,615 ¢ 43.1
| Total 346,931 M A 387,603 MA 6.0%
litrogen _ . .
_Total used o 6,520 Mtons _ 10,554 Mtons 61.9%
' From commercial sources 1,829 ~ R 1 573 " 204.7
nergy Sources e
Diesel fuel 5,207 MM gal 5,964 MMgal  10.3%
LPG e G280 W 7490 ™ 18.4
Natural gas L 152,966 MMeuft 400,458 MMouft 161.8
Electricity ..~ 8,915 MMkwhr 13,025 MM kwhr _ 46.1
Total (1}~ 1,085.2 T Btu 1,449.3 T Btu 36.1%
. rsifyUses@ | ,, - |
Fuel for machinery .. 680.7 T Btu 732.¢ TBw 7.5%
Pesticides 20,8 1 - 313" 5.0
Nitrogen fertilizers (3) 1245 @ 379.2 204.6
Nonnitrogen fertilizers 28.0 » 31.8 " 13.6
Crop drying ' 51.3 " 56.8 " 10.7
Irrigation : . 118.4 » 178.0 " 50.3
Transportation 67.9 v Ba.0 v 31.1
Total (2) _ 1,100.6 T Btu 1,482.1 T Btu 34.7%

g g . T

1) * Based on Btu conversicn factors stated at front of this volume.
) As derived by Dvoskir and Heady model meorporatmg conversion factors of
T 140,000 Btu/gal of diesel fuel, 94,500 Bti/gal of LPG, 1,067.5 Btu/eu ft of natural
__. . @ss, and 10,560 Biu of fuel used per kwhr of elzetricity consumed.
“3) ~ Commercial nitrogen fertilizers oniy."

v iources Dvoskin and Heady, 1976. 25
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Additional data on Jand and energy use for corn and grain sorghum are shown in Exhibit
A-20, (Corresponding data for barley and oats were not derivable from the source.) For

both eorn and grain sorghum, expanded produection is accomplished by inereasing both

acreage and yields, Largely because of the inereased fertilization required for the
higher yields, for both crops, energy use on both a per acre and a per bushel basis is
higher in the expanded production scenario than in the normal production scenario. In
the case of corn, national average energy consumed in u.e normal production scenario is
65,500 Btu per bushel produced - only slightly higher than the USDA estimate of 60,900
.Btu/bu for Wisconsin, a state with low energy requirements per bushel (see Exhibit A-

18). However, average energy consumed rises to 79,100 Btu/bu in the expanded
production seenario, '

Of more significance for the present study is the energy required to expand production,
which is shown in the last column of Exhibit A-20. To inerease corn production by 799
million bushels, 142 trillion Btu are required - 178,000 Btu per bushel of increased
production, | |

This estimate is appreciably larger than the estimate of 114,000 Btu per bushel of
production used in a study published by the U.S. Congress Office of Technology
Assessment (OTA) (1979). The latter figure, howe\)er,-presumes that the entire inerease
in corn production will be ol_)tained-ftjom use of rﬁarginal land. The role of inereasing
fertilization of existing land is not considered in the OTA analysis.

H significant amounts of grain are grown for ethanol production, the energy for the
increased production may be presumed to be similar to those derived from a comparison
of the two scenarios presented in Exhibits A-19 and A-20. Some differences, however,
will exist. In particular: ' ‘

1. the increases in production that will oceur will be concentrated in the
grains that are most likely to be used for ethanol: eorn and grain
sorgﬁum; rather than distributed among several grains and soybeans as had
been assumed in the simulation from which these results were derivedl;
and

llndeed, since high protein feeds, such as DDG and gluten meal, are by-products of the
ethanol conversion process, some reduction in demand for soybeans may result,
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2. since the increesed production will be used loeally (for ethanol) rather

than exported (as assumed in the simulation), fuel requirements for

transportation will be somewhat lower than indicated in the exhibitsl.

An appropriate correction for the second effect can be readily accomplished by
assuming that transport fuel requirements per ton of produetion in the high-produeticn
scenario will be approximately the same as in the normal-production seenario. This

correction will be incorporated in the tables presented in the concluding seetion of this

appendix.

The effect of the different distribution of the production increases among the various
erops, however, is more complex and would require a new simulation run in order to be
incorporated fully into the results.2 1t may be observed, however, that regardless of
which crops will be produced in greater quantity, the increased production will be
accomplished through a combination of increased acreage planted, disproportionate
increases in the use of irrigated land, and increased ferti';'tiization of all 1and used. Since
corn and grain sorghum require relatively less land and more fertilizer than soybeans or
the other grains, if only production of eorn and grain sorghum are to be increased, less
land and more fertilizer will be required than shown in Exhibit A—193. Since fertilizer

is the most significant energy-using element in the analysis, concentrating the increase -

in production on corn and grain sorghum is unlikely to result in total energy
requirements per bushel of increased production whiech are any»lower than those shown
in Exhibit A-20.

1The Dvoskin and Heady analyses include all transport of grain, including transport to

export terminals., By contrast, the USDA studies on which the results of the previous .. .

subsection are based include only transport in farm trucks to local elevators.

2Sw::h simulations are presently being performed at Jowa State University of the Dvoskin ' ,
and Heady model. The results of these simulations, however, will not be availeble in .

time to be incorporated into the present study.

3’I‘his trade-off between land and fertilizer becomes even more pronounced when one
considers the effect of the feed by-produets which, in part, will result in reduced
demand for suybeans (see Section B.3 of Appendix B). Reduced production of soybeans
wili permit changes in the normal corn/soybean/alfalfa rotational pattern. These
changes, in turn, will permit inereased corn production without any further inerease in

land used, but (because of reduced planting of a erop which is host to nitrogen-fixing .
bacteria) with a substantial increase in commercial-fertilizer requirements. The energy

. eredit for the feed by-products is estimated in Section B.5.
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For the purposes of the present study, it will be assumed that, (except for the
transportation correction discussed previously) total energy requirements for increased
corn and lgrain sorghum production are those given in Exhibit A-201 The distribution of
total energy requirements over energy sources will be derived (in Section A.4, below)
primarily from data in Exhibit A-19; accordingly it is likely that natural gas reguire-
ments will be underestimated while other energy requirements will be overestimated.

A.3 The Potential for Obtaining Ethanol From Increased Grain Production

Production of grain and soybeans under the two scenarios shown in Exhibits A-19 and A~
20, above, differ by about 2.8 billion bushels, If 2.8 billion bushels of corn and grain
sorghum were to be converted to ethanol, about 7.5 billion gallons of ethanol would be
produced, This estxmate does not represent the pnfentlal production of ethanol from
grain under the “expanded production" sc:enano. Since eonversion of grain to ethanol
produces feed by-products, ethanol productmn w;ll result in sosme reducflon in the
demand for grain and soybeans for feed, Data presented in Appendix B (Seetlon B.3)
indicate that the feed by-produets resulting from conversion of a bushel of eorn to
ethanol are capable of replacing about 0.31 bushels of corn and soybeans. Taking this
by-produci into account, it can be determined that an overall production inerease of 2.8 |
‘ billion bushels could provide enough corn to yield about-10.5 billion gallons of ethanol.
-~ The energy content of this volume of ethanol, 890 trillion Btu, represents about 4.5
percent of the 20,3 quadrillion Btu of liguid transportation fuels econsumed annually.

The 2.8 million bushel inerease in grain and soybean production used in the "expanded
E . production”. seenario does not represent the limit of the nation's ability to increase
grain prodtiction. In this scenario, cropland used inereases by 20.7 million acres over
usage under "normal production." However, if the entire inerease is produection -
consisted of ecorn (or corn and grain sorghum), as observed previously, appreéiably less .
new eropland would be required, A greater increase in productlon can be achieved
either by inerease new cropland above this reduced level and/or. by inereasing.
fertilization.

Las previously observed it is expected that lower estimates of these energy require-
ments will be obtained from new analyses presently being performed by ISU.
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The increase in eropland need not be limited by the 20,7 million~aere inerease shown in
Exhibit A-19, The U.S. Department of Agriculture Soil Conservation Service (SCS)
condhgted 8 land inventory survey in 1877. On the basis of this survey, SCS estimated
the péfential for converting pasture and rangeland, forests, and other land into eropland
given commodity price relationships and development and production ecosts that
prevailed in 1976, These estimates are presented in Exhibit A-21. Potential cropland

was classified four ways, depending on the ease of conversion and environmental
pestrictions: '

¢ - Land rated as having "zero potential" has virtually no eropping potential
and consists primarily of land with very poor soil eharaeteristies for erop
production. o

®  Land classified as "low potential" indicates that convzision is unlikely in

the foreseeable future because of existing development problems.

. "Medium potential® land includes areas that could be converted in the
long-run with adequate care to minimize any environmental degradation.
This category includes land that is poorly drained, subject to wind or
water erosion, or that could produce only lower-yielding erops.

e  Land with "high potential” for conversion is described as having low or no
conversion costs and situated in a loeality where similar land had
undergone conversion in prior years. These lands would be expected to
convert to cropland over the next 10-15 years if economie conditions were
to continue about as they were in 1976,

It can be seen from Exhibit A-21 that 36.2 million acres have been identified as having |
high potential for econversion to eropland, and another 90.8 million acres as having
medium potential, Such an inerease in eropland could permit grain production to
increase by several times the 2.8 million bushel figure used above. The total potential

for deriving ethanol from grain may thus be several times the 10.5 billion gallon
estimate presented gbove,

It should be observed, however, that the Dvoskin and Heady analysis indicates that even
the moderate increase in production levels studied under the “expanded production"
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EXHIBIT A-21: POTENTIAL FOR CROPLAND OF 1977 PASTURE,
FOREST, AND GTHER LAND, BY STATE

Medivm

High Convarsion Zeto
Stata Potential Porancia} Unlikaly Poreatial’ Toral
w‘ auvencsevwvovoenes J0AIS ~ v rarwmeecvervroeonen
Alabana 1,084 3,083 7,828 12,923 24,498
Arizons 155 216 3,625 34,327 38,323
Arkanaas 637 2,63 "B,203 7,868 20,402
Californis aono 2,009 5,023 30,591 35,425
Colorade 363 2,369 7,570 19,856 3,260
Counecticut 23 ] 306 1,420 1,838
Dalaware 28 87 1A 194 495
Tlorida 1,127 2,334 1,022 8,754 23,427
Georgia 2,120 ° 3,620 8,484 11,502 28,716
Hawaid 39 62 - 343 2,674 3,318
_ 1daho 528 916 . 1,727 9,328 12,486
Illinois . B2 1,385 2,414 3,228 7,809
Indiana - B804 1,008 2,068 2,509 6,789 .
Tows. 700 1,488 2,144 2,771 7,103
Raasas 3,893 3_.673 5,593 9,622 20,781
Rentucky 1,302 1,801 2,93 11,011 17,050
Louigiana 1,129 1,864 6,222 10,683 19,948
Maine 2% 286 9,093 8,621 18,02¢
Marviand 145 . 382 1,116 1,465 3,109
Massachusarts 33 144 76k 2,353 3,294
Michipgan 56 1,409 5,750 21,790 19,510
Minnesora 1,108 2,845 8,516 9,239 21,688
Missisiippd 1,306 2,491 £.934 10,319 19,050
Misgouri 2,226 4,395 7,154 10,881 24,656
Montans 1,339 6,360 11,264 22,306 49,269
Ssbraska 1,083 2,871 7,260 14,9186 26,130
. Nevada S0 23R 1,669 7,212 9,169
New Harpshire 27 sy 1,998 2,080 4,320
New Jersey 116 310 701 1,482 2,609
Kaw Mexice 434 B22 8,638 37,985 &,919
Hew York 358 1,352 4,569 14,258 20,337
North Carolina 1,398 3,661 5,932 $.001 18,992
Korth Dakoara 964 1,898 4,581 , 6,568 14,031
Ohio - ' 328 1,39 3,490 4,360 9,272
Oklahoas 1,683 4,139 7,564 15,483 28,84%
. Oregen 325 262 3,062 18,549 25,778
Pannsylvania 270 . 1,160 4,328 12,536 18,204
Rhode Island S 8 54 294 an
South Carelina 629 1,635 6,128 4,307 12,69-
Souzh Dakota 1,0% 4,403 7.602 13,328 26,423
Tannessee 1,428 2,351 3,626 10,428 17,233
Texss 3,53 10,737 46,960 65,280 126,501
Utah p k) 447 1,166 12,347 14,033
Veruont 45 168 $31 3,420 h,614
washington 306 1,049 R 31 Y ) 15,665 20,471
Nest Virginia (T3 ass To1,302 10,493 11,247
Viszonsin 618 2,061 7,582 8,583 18,824
Hyoming 253 1,688 5,064 22,038 29,043
Caribdern 78 150 1) 1,160 . 1,843
Total 36,215 90,774 268,422 587,902 983,313

Souree: USDA, 1979,
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scenario would result in a doubling of productiop: costs. Thus it appears that potential
produetlon levels of ethanol from grain will be relatively modest unless significant
advances are made in inereasing grain yields inexpensively or appreciable declines occur
in exports or domestic consumption of grain (beyond those resulting from the substitu-
tion of ethanol by-products for grain).

A.4 Energy Requirements for Grain Production - Suniinary

In the preceding sections, estimates of energy presently used in grain produetion ahd of
energy required to inerease grain production were presented. These estimates were
obtained from separate sources and were presented in somewhat different formats. In
this seetion, modified versions of some of these estimates are presented in a third
format which provides greater information about the fuels used and which is consistent
with that used elsewhere in this report, These estimates are presented only for the two
grains most likely to be used for ethanol produeticn: corn &nd grain sorghum.

In Exhibit A-22, estimates are presented of current energy usage for producing and
transporting corn and grain sorghum in states with low energy use per bushel of grain,
These estimates have been derived by modifying those previously presented (in Exhibits
A-3 and A-6) in four ways:

1. As is the case throughout this study, it has been assumed fhat all
electricity will be derived from ecal. ' ‘

2. Estimates of the actual fuuis used for producing end".transporting ferti-
lizer have been developed from information presented in Exhibit A-23,
(The estimates shown for soybeans are used in Appendix B.).

3. Estimates of the fuels used for producing and transgorting pesticides have
been developed from information in the Handbook of “Energy Utilization in
Agriculture (Pimentel, 1980).

4.  Additional gasoline use for transporting: grain to the ethanol conversioﬁ
plant has been incorporated into the estimates. The original sources
(USDA, 1976 and 1977; '."Tprgerson and Cooper, 1980) included fuel
_eonsumed by farm trucks in transporting grain to the elevator. However,
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typieal hauls to e commereial plant, which might be eapable of producing
30 million gallons of ethanol per year, would generally be longer than
those from the farm to the elevator. It is assumed in Exhibit A-22 that

" the average haul to an ethanol plant is ten miles longer than to an
elevator, It is also assumed that grain is hauled in farm trucks averaging
5.4 miles per gallon of gasoline empty and 4.3 miles per gallon with a
twelve-~ton load (derived from Knapton, 1981).

The resulting estimates of energy consumption, shown in Exhibit A-22, represent
average cobsumption, by fuel type, for producing and transporting corn and gf&in
sorghum in states where production of these grains is relatively energy efficient. In the
case of corn, the estimates were derived for Wisconsin, but they are reasonably
appropriate for Indiane, Illinois, Iowa, Michizan, Minnesota, and Ohiol. As can be
‘determined from Exhibit A-3, due primarily to irrigation requirements, energy con-
sumption per bushel of corn is about 60 percent higher than this in Nebraska and 185
percent higher in Kansas. In the case of grain sorghum, the estimates were derived for
Missouri, but they are reasonably representative of many areas where irrigation is not
required. : '

It has been observed that the estimates shown in Exhibit A-22 represent current energy
requirements for growing corn and grain sorghum in areas where energy requirements
for growing these grains are low,  If significant amounts of ethanol are to be produced
from grain without reducing either exports or present meat and grain eonsumption, then
~ total grain production must be increased. As observed in Seetion A.3, energy
o requirements for increased grain production are substantxally hxgher than they are for
present production,

Estimates of energy and fuel requirements for inereasing corn end grain sorghum
production are presented in Exhibit A-24. These estimates have been derived from the
estimates of energy requirements for inereased production from Dvoskin and Heady
(1976) presented previously in Exhibit A~20. The derivation involved the distribution of
the energy requirements among fuel sources (using data in Exhibit A~19) and one further

: 1D&u:a from Pimentel (1980) indicates that, among these states, corn production is most
energy efficient in Ilinois, where overall energy requirements are 20 percent below
those in Wisconsin; and least energy efficient in Minnesota, where overa]l energy

requirements are about 17 percent higher than in Wiseonsin,
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adjustment in estimated requirements for transportaf.ion fuel. The derivation involved
the following steps.

1. For each of the four energy soureces shown in Exhibit A~19 (diesel fuel,
LPG, natural gas and eleetricity), the increase in consumption between
the two secenarios was obtained.

2. The increase in diesel fuel ecnsumption was then reduced from 557 million
gallons to 482 million gallons. The reduced value corresponds to the
increase in diesel fuel consumption which would have been shown if
transport fuel requirements per ton of production (exclusive of silage) had
been held constant. (The dats in Exhibit A~19 correspond to & 13 percent
inerease in such fuel consumption per ton., As has previously been
observed, .this increase is largely due to the assumption that in the
original analysis the increased production would be transported to ports
for export. This modifieation is designed to prodﬁee estimates of
transport fuel requirements which are raore appropriate for grain used for
ethanol produetion.)

3.  For each of the four energy sources, the increase in consumption obtained
above was divided by the total estimated inerease in energy donsum.ptlion.
(388.1 trilien Btu, from Exhibit A-19) and multiplisd by the estimated
energy required per bushel of-ingreased production for each of the two
crops (from Ekhibjt, A-20%. "(Because of the adjustment made in Step 2,
the resulting ééﬁma‘tes of total energy required per bushel are reduced
" from those shown in Exhibit A-20; for corn, the reduction is from 177,000

Btu/bu to 173,300 Btu/bu.)

4. For consistenecy with other study results, the resulting estimate of
electricity reguirements was restated in terms of coal required for
generating electricity.

5. Since Dvoskin and Heady did not provide separate estimates of gasoline
and residual fuel requirements, the resulting estimates of diesel fuel
requirements were assumed to represent gasoline and residual fuel re-
quirements as well as distillate requirements. These estimates were
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therefore distributed among gasoline, distillate and residual fuel on the:‘.:.
basis of relative energy content of the volumes of these fuels presently -
used for grﬁin-prqduetion (obtained from Exhibit A-22).

The resulting estimates of en'érgy and fuel requirements per bushel for increasing corn
and grain sorghum productio‘.%\. are shown in Exhibit A-241, Overall energy requirements
are about two and one-half t-imesf"as large as those shown in Exhibit A-22 for present
production. Most of the differépee i's'in natural gas requirements, which are more than
four times as high as those in the earlier exhibit. As has been previously observed, this
difference is primarily due to" higher fertilization to incresse grain yields, ~ The
estimates of coal requirements for increased produ=stion are more than twice as large as
those for present produetion, and the estimates of LPG are more than fifty percent
higher. These differences are primarily the result of the inereased use of irrigated land
when production is increased,

Natural gas accounts for about 68 percent of the energy required to increase grain
productionz. Petroleum products account for about 21 percent, a‘pd coal (primarily for
generating electricity) for about 11 percent. "

1as previously observed, it is expected that lower estimates of these energy require-
ments will be obtained from new enalyses presently being performed by ISU. '

2G‘uematic engineers have reeently begun; to investigate the possibility of developing
nitrogen-fixing bacteria that would be associated with corn plants, If such bacteria are

developed, a significant reduction.in tiie natural gas requirements for growing corn will
resutt. '




APPENDIX B

ETHANOL FROM GRAIN

Processes for the conversion of grain to ethanol are generally divided into those that
use dry milling and those that use wet milling. In this appendix, both dry milling and wet
milling technologies are considered. There are many variations possible fupon these two
major approaches, and the sensitivity to some of these variations is explored,
Nevertheless, consideration of every ethanol technology currently being offered is
beyond the scope of the study.

In general, the wet milling processes consume slightly less energy per gallon ethanol

than dry milling processes. The wet milling processes also require higher investment
and produce more co-products along with the ethanol.

B.1 Dry Milling

Dry milling technology is relatively strajghtforward, As the name implies, the milling
or size reduction of the grain is done in the absence of water. The entire kernel of
grain is reduced in size, usually to pass through a 20 mesh screen without ény attempt
to separate the various components of the grain. In wet milling the grain is separated
into the stareh, gluten, and germ Eiuring the milling operation,

B.1.1 Process Selection

There are several vendors of proprietary dry-milling ethanol technology. These include
ACR, Buckau~-Wolf, Katzen Associates, Vulean-Cincinnati, and Vogelbusch. In addition,
a number of engineering firms will design dry milling aleohol plants using various
combinations of proprietary and nonproprietary technology. While there.are & number
of differencés between the technologies offered by various vendors, the energy
consumption is most affected by the choice of the distillation system, by the use of
cogeneration, by the choice o7 the evaporation system, and by the quantity of water
which must be evaporated (which may be influenced by the use of recyele in the
process). S

The design chosen for analysis in this study is ve*; similar to the design used in the U.S.

Department of Energy (DOE) report, Grain Motor Fuel Alcohol Technical and Economic
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Study (Katzen, 1979). This design was selected because it is in the public domain and
because it is one of the more energy efficient designs available. Those portions of the

. _published design which were not considered to be commerecially proven state-of-the-art

were replaced with proven technologies. The technologies changed were the drying

. system for the distillers dark grains (DDG) and the flue-gas desulfurization system used

in conjunection with the coal-fired boiler,

The design selected for analysis ineludes vapor recompression evaporators, use of high
pressure steam in extraction turbines to provide shaft power to the evaporator
compressors, and a cascaded azeotropic distillation system for ethanol purification.
The distillation systém is similar to a double effeet evaporator in energy consumption.
Overall, the design selected consists of proven technologies and is econsidered to be very
energy efficient. A '

B.1.2. Procegs Daecription

I8

Exhibit B-1 is a simplified block flow diagram of the proéess gteps in the manufacture
of ethanol from corn based on a typieal, eurrently available dry milling technology.
Corn is received in bulk by rail or truck and is stored in a grain elevator or storage bins,
Grain is removed from storage and transferred to a surg‘é hopper, which feeds the
process plant as required, |

Grain from the surge hopper is first cleaned to remove sand, tramp m:.‘etal, and light
dusty (cob & chaff) materials. It is then ground to the required size in a hammer mill,

The ground corn is then conveyed to a precooker where it is mixed with water and

recycled stillage at about 150 F. The corn slurry is then coocked for about 1.5 minutes
at 350 F in & continucus cooker.

The cooked mash is then cooled to abcut 145 F in & series of flash coolers which operate
at progressively lower temperatures. After eooling, an enzyme (amylase} is added to

;sonvert starceh to sugar. This enzymatie hydrolysis is known as saccharification,

.In the design considered for this analysis, amylase is produced in the ethanol

fééility. This is economie only for large scale plants, Most smaller-seale ethanol plants

would purchase commercial enzymes, Manufacturers of commereial enzymes contacted -

during this study were unable to provide data on the energy consumed in enzyme.
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manufacture except to indicate that energy eost was small compared to other costs, By
including enzyme manufacture in the ethanol plant, we have attempted to account for
energy invested in enzymes. As can be seen in the data presented in the next section,
the energy invested in enzyme manufacture is indeed small, though the energy required
to produce commereial enzymes may be slightly different. |

Following the saccharification, the mash is eooled to about 80 F. Chemical nutrients
and yeast are added and the mixture is allowed to ferment in bateh fermenters.

Continuous fermentation has been bropésed and has been demonstrated on pilot seale -

and in some commercial operations. Changing from bateh to continuous operation
might improve the economies but would have little effeet on the energy requirements.
During the fermentation, the mixture is kept between 77 and 90 F. Carbon dioxide
released by the fermentation is exhausted to the atmosphere through a condenser,
whieh removes entrained liquid and returns it to the fermenter.

Upon completion of the fermentation, the aleohol is purified end recovered in a series
of distillation eolumns, The bottom stream from the first ecolumn, which is known as
the stripping column, eontains water and suspanded and dissolved organic materials.
The: solids are removed by centrifugation. The liquid is then concentrated by
evaporation, recombined with solids, dried, and sold as distillers dark grains (DDG). The
evaporation and drying of DDG is one of the major energy econsumers. Nevertheless,
recovery of this byproduet is essential to the overall economies of ethanol manufacture
from grain. DDG contains most of the protein orlgmally present in the grain. It is sold
as animal feed. '

The evaporation system seleected for this analysis is a vapor recompression evaporator
with the compressor driven by a steam turbine. Exhaust low pressure steam from the
turbine is used to provide process heat. This cogeneration of shaft power and process
- heat improves the energy efficiency of the overall process but requires additional
capital investment. Other typical designs use multiple-effeet evaporators, which also
reduce steam consumption, The choice of evaporation system in a plant depends on e
detailed economie comparison. Such a comparison is beyond the scope of this study.

The concentrated stillage from the evaporator i dried in a steam tube dryer using

steam from the boiler. This makes it possible to use coal as the only fuel. Gas-fired
dryers, which directly contact hot combustion gases with the wet distillers grains, are
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used in many designs. One published design (Katzen, 1978} uses combustion gas from a
coal-fired boiler for drying. Sinee the DDG will be used as animal feed, we are
concerned that the components of fly ash from coal combustion may contaminate the
DDG, To our knowledge, no DDG dried directly with coal eombustion gases'is sold in
the United States,

The overhead from the stripping column contains a mixture of water, ethanol, and

impurities, These inelude both low boiling impurities (ester-aldehyde) and high boiling

impurities (fusel ofl). This mixture is sent to the rectifying column. In many designs,

" the stripping and rectifying columns are combined into a single columa, :In the design

used for this study, it wes assumed that the ester-aldehyde would be recovered and
recycled to boilers for use as fuel within the plant. The quantity of ester-aldehyde

produced depends upon the way in which the fermentation is operated. It is generally
small, \

In the rectifying column, ethanol is concentrated to about 95 percent by volume and
sent to a dehydration column where it is further concentrated to anhydrous (99.5
percent) ethanol by azeotropie distiltation, In azeotropic distiuation, a dehydrating
agent (such. as benzene, ethyl ethé:‘-,* or other hydroearbon) is ,,add_éd to remove the
water. Fusel oil, which is removed from an intermediate plate of the rectification
eolumn and separated by deeantation, is combined with the product aleohol. This fusel
oil contributes slightly to the energy content of the liquid fuel., There are small
dehydrant losses during the azeotropic distillation. This small dehydrant loss was not
included in the net energy balance bacause it is believed that most of the loss goes with
the liquid fuel produet.

The distillation columns are casecaded so that the overhead condenser from the
rectifying ecolumn is the reboiler for the dehydration eolumn. This eoncept, which is

~similar to double effect evaporation, has been used in the petroleum refining and

petrochemical industries for years, It is fairly new to ethanol production, however.
Among others, Katzen and Vulean-Cincinnati use this concept in their proprietary
ethanol purification designs. This concept offers significant energy savings over the
conventional ethanol purification. Both Katzen and Vulean-Cineinnati distillation

* systems require about 21.5 pounds steam per gallon anhydrous ethanol.
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Proeess steam at 600 psig, 600 F is generated in a pulverized coal-fired boiler equipped
with cyclones and a double alkali flue-gas desulfurization system. The cleaned flue gas

. .is reheated by 50 F with steam befcre discharge to the stack, The overall boile:f."”‘
efficiency was taken as 86 percent, which is typical of pulverized coal boilers with’

rated capacities above 200,000 pounds per hour {MeKee, 1979). This would be suitable

only for large ethanol plants, The impact of plant size is discussed under the section on
sensitivity analysis, . :

3;1.3 Proecess Chemistry

The chemistry of grain fermentation is complex, but the basic coneepts and overall

reactions are simple. The major reasctions reduce starch to sugar, which is then
fermented to ethanol.

Starch is first gelatinized by cooking. The starch is then hydrolyzed to sugars by
enzymes. '

(CBHIOOS)n + nH20 {_l-fj:_n CBH1206

The hydrolysis or saccharification usually oceurs in two steps. First the molecular
weight of starch is reduced by random cleavage catalyzed by amylase, followed by
conversion of the resulting malto-dextrins to glucose by the enzyme amyloglucosidase.

The sugar is then converted to ethanol and carbon dioxide by yeast in the fermentation
step. The overall reation is

GGI-I.“()‘5 - 2 CZH50H +2 (302
There are many intermediate reactious_._,‘____‘_.jl‘ﬁere .a're also sumé’“side reactions in which
various impurities, especially higher aleohols, are formed. The impurities are made
from amino aeids, sugars and other éarﬁohydrates.

= gl
TN
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- .producing lime is shown in/Exhibit B-2.

B.1.4 Energy and Materials Consumption

The material and energy consumption for the dry-mihing ethanol process are: - "

Corn 0.388 bushels/gal ethanol
Coal 0.0022 ton/gal or 0.566 Btu/Btu
Eleetricity ~ L.31 kwhr/gal or 0.162 Btu/Btu
Makeup Azeotroping

Agent - 0.00018 gal/gal
Lime 0.00012 ton/gal

The coal used was assumed to be an Hlinois No. 6 with 12 percent moisture and a higher

heating velue as received (wet) of 10,630 Btu/lb (12,080 Btu/lb dry basis). The sulfur

content was 3.3 percent on a moisture free basis. Estimated energy consumption for.

Wil o
. SN

In addition, about 0,02 (formerly oius) gallons gasoline are eonsumed per gallon ethanol
as a denaturant (27 CFR 212.13, FR 8417, Jan 81), This gasoline is not included in the
overall energy balance because it is neither added nor removed from the fuel available

for transportation. It is merely diverted temporarily from the gasoline pool to make
the fuel grade ethanol unfit to drink, -

Similarly, the makeup azeotroping agent (benzene or other hydrocarbon) may be iénored
in the energy balance because the losses will end up in the fuel. Furthermore, the total
energy content of the azeotroping agent is small as ean be seen from the data above.

The energy in the various steps of the dry milling process is summarized in Exhibit B-3.
Most of the energy is consumed as process steam generated by burning coel, The most

energy intensive steps are the distillation of ethanol and the concentration and drying
of DDG (distillers dark grains).

The output from the process is fuel grade ethenol and DDG. The DDG by-product
amounts to 7,08 Ib per gallon ethanol (Katzen, 1979). Small amounts of higher alechols

(fuel oils) produced in the fermentation are blended with the ethanol and ineluded in the
ethanol volume.

Sludge from water treatment and a small amount of light ends from the distillation are
burned.as qiaf{gp fuel, thereby reducing the coal eonsumption slightly.
T 45
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The moist sludge from flue gas desulfurization is about 0.85 1b per gallon ethanol. It
has been assumed that this sludge would be landfilled adjacent to the plant with
negligible energy penalty for loading, transporting, and dumping.

B.2 Wet Milling

The following is an analysis of the energy balance for produection of ethanol from & corn
wet milling process. The selected process scheme includes produetion of byproduet
corn oil, gluten feed, and gluten meal.

It should be noted that each wet miller incorporates proprietary variations n'iﬁ-'the
process. The information given here is considered typical of current commereial
practice. From an energy use viewpoint, the water balance is a key item, If more:
water can be recyeléd and reused within the process, less must be evaporated and less
energy is eonsumed.

B.2.1 Process Deseription

The wet milling of eorn ijs more complex than dry milling. The wet milling seetion
includes several major steps: steeping; degermination, germ dewatering, and drying;.
fiber separation, dewatering, and drying; and the gluten separation from starch and’
drying. A simplified overall process flow diagram is shown in Exhibit B-4. The
following is a brief deseription of each major process step.

Shelled corn is received in bulk by either truek or rail. It is then stored and cleaned to
remove all large and small pieces of cob, chaff, sand, and other undersirable foreign
material. This seetion would use electric power to operate conveyors, sereens, and
aspirators, ' -

The cleaned corn is then steeped for about 30-5C hours at a temgerature of about 125 F.
Wash water from the starch separation is sent countercurrently to the steeping
qperatiari via fiber separation and degerminatiqn. The 802 concentration of about 0.1-
0.2 percent is maintained in the wash water bafore it enters the steeping operation,

After steeping, the eorn is degerminated in an attrition (cracking) mill. The mill gap is
adjusted to maximize recovery of germ and minimize breakage. Any oil liberated in the
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step is lost through absorption on the gluten. The germ is first separated from stareh, -
gluten, and fiber in a hydroeyclone and then washed, dewatered by pressing, and dried.
The electrieal power used for the dewatering machinery and the steam requirements of
the dryer are the major energy consumers of the seetion,

Corn ofl may be extracted from the germ by either mechanical or solvent. processes.
For this study, the extraction of oil by a mechanicil process is assumed. The energy
eonsumed in & mechanical process is mostly electric power, with very litile steam use.
The press eake from the corn oil extraction process is blended into the corn gluten feed.
A significant portion of corn oil in the germ is lost through the press eake. The eorn oil
recovery can be increased by adding a solvent extraction step. Solvent extraction
increases capital requirements and energy éonsumption. The additional energy require-
ments are mostly steam plus solvent losses. Recovery of additional corn o0il by solvent
extraction is usually economic only for very large corn oil plants.

The fiber is separated from the stareh and gluten by sereening., The fiber is then
washed and dewatered by means of screens and presses, respectively. Recycled water
is used to wash the fiber, thereby minimizing water consumption and overall evaporaton
requirements. The wet fiber is mixed with corn cleanings, the bottoms from the
exhaust steep-liquor/stillage evaporator, and press cake, and then dried to form the
gluten feed produet. The dewatering and drying operations are the major energy
consumers, -

‘Stareh and gluten are separated in a centrifuge. The separated gluten is dewatered by
filtration and dried to form the product known as gluten meal, The eentrifugation and
drying operations are the major consumers of energy in the section.

After deglutenization, the starch is washed and subjected to cooking and saccharifica-
tion. These operations are siinilar to those for the dry milling alcohol proeess. Flash
steam from cooking is used to heat the boiler feed water.

The saccharified solution is sent to the fermentation section, The fermentation is
conducted in bateh mode and is followed by eentrifugation to recover yeast., Most of
the yeast is recyeled while any excess produced in the fermenter is combined with the ‘

gluten meal. The clear fermentation beer is sent on to distillation, which is similar to
the dry milling case.
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Exhausted steep liqubr and clarified stillage from the stripper column are concentrated
in an evaporator. The concentrated slurey (about 45 percent solids) from the evaporator
_is then mixed with:press cake, wet fiber and corn cleanings to form the gluten feed.
The evaporator was i;ssumed to be a vapor recompression type with the compressor
driven by a steam turbine, ' E

Steam used in the process is mostly at 150 psig. Steam is generated at 600 psig, 600 F

in a pulverized coal boiler with a boiler efficiency of 86 percent. The boiler is equipped
with a double alkali flue gas desulfurization system.

The high pressure steam is then reduced to progess steam pressure through a turbine
whieh drives an electric generator., Part of the plant's electric power is provided by
this cogeneration.

A major difference between the wet and dry milling alcohol process is that in wet
milling nearly all of the nonfermentable components of grain are removed prior to the
cooking and saccharification. This means that the yeast can be easily recoved by
“eentrifuging the fermentation beer and can be reecycled. Another major difference is
the reuse of water. A portion of the stillage is centrifuged, and the clarified water is
recyeled to the cooking step. Water from the deglutenizing and stareh washing steps is
recycled to washing operations associated with fiber and germ separations, and to
steéping. The counter-current water flow and water reuse minimizes the evaporation
load and is the major reason that ethanol by wet milling requires iess steam energy than
dry milling,

B.2.2  Energy and Materials Consumption

The material and energy eonsumption for the wet milling ethanol process are:

Corn 0.388 bu/gal ethanol
Coal 0.00219 ton/gal or 0.553 Btu/Btu
Electricity 1.26 kwhr/ga! or 0,156 Btu/Btu
Makeup Azeotroping ,

Agent 0.00018 gal/gal
Lime 0.00012 ton/gal

. Sulfur Dioxide 0.0445 lbs/gal
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As in the dry milling case, the coal used was assumed ¢o be an Hlinois No. 6 with 12
percent moisture and a higher heating value as received {wet) of 10,630 Btu/lb (12,080
Btu/lb dry basis). The coal contained 3.34 percent sulfur, as received. As in the dry
milling process, the maketip azcotroping agent and the 0.02 gallon gasoline denaturant
per gallon ethanol may be excluded from the overall energy balance.

The energy consumed in various steps of the wet milling process is indicated in Exhibit
B-5. Most of the process energy is provided by burning coal to raise steam. In addition
to the electricity generated within the process, a significant quantity of electricity
must be purchased, | '

The cutput from the wet milling process are fuel.grade ethanol (99 5%), eorn oil, and
various animal feed products. The byproducts are:

Corn 0il . 0.60 1b/gal ethanol
Gluten Meal .+ 1.08 lb/gal

Gluten Feed 5.5 1b/gal

As in the'dry milling case, there is also about 0.85 lb/gal moist solids from the ﬂue gas
desulfurization which would be disposed of at an ad;acent 1andf111

B.3 »By-product Energy Credits - "

Both the dry and wet milling aleohol processes produce animal feed by-products and the
wet milling process produces corn oil. Corn oil competes with other vegetable oils,
including soy ofl, while the other products displace both soy meal and corn. It is
assumed that this displacement occurs in such a way that both protein supplied and
total weight of the feed remain constant. The typieal crude protein content of the
various feed producfs (F eedstuffs, 1981) are:

Corn 9%

Soybeans 38%

Soy Meal 44%

Distillers Dark Grains 27%
(DDG)

Gluten Feed 21%

Gluter Meal 60%
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EXHIBIT B-5: ETHANOL FROM CORN: ENERGY BALANCE FOR WET MILLING PROCESS

(b

Electricity® Coal Hp Steam
omsumption . Generation Consumed Torsiimed . Produced

: L Ste&m

Consumed Produced

(b)

Bty per Btu Btu per Btu Btu per Btu Btu per Btu Btu per Btu Btu per Btu Btu per Btu
Brocess Seetion Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol
Recelving, étorage
and Cleenings 0.005
Steeping 0.007 RS 0.009
Degermination,
Gérm Dewatering
. and Drying 0.018 0.028
Fiber Separation,
Dewatering, Mixing
and Drying 0.048 . 0.081 .
" Enzyme Mamufacture  0.038 71 L losmooom 0T e . 0.003
_ Gluten Separation B —
" " and Drying 8,01% 0.025
Starch Washing, .
. Cooking and . . - ‘
Saccharification 0.008 '0.053
Fermentation 0.006
Distillation and
Dehydration D.0D3 0.304
Steep Liquor and
Stitlape Evaporation 0.006 © 0.179 0.008 0,166
Corn Oil Extraction 0.008 ‘|
Elestricity Generation 0.075 0.408 0.378
Steam Generation
~ and Utilities 0.065 0.553 0.587
Flue Gas Reheat ' 0.010
Miseellaneous 0.00% 0.013
Total 8.156 : 0.553

{a) Electricity taken as {uel to generate, i.e., 10,400 Btu/kwh.
(b) Hp steam is at 600 psig, 600 F; Lp steam is at 150 psig, seturated.
- Energy steam taken os enthalpy above water at 0 C (32 F).
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The corn oil eredit is the energy to produce an equivalent amount of soy oil. The soy oil
and soy meal are produced by crushing soybeans and extracting the oil. Since the
erushing is performed primarily to obtain oil, all the energy of ecrushing has been
allocatea to the oil, Energy to grow soybeans, on the other hand, has been allocated to
“soy oil and soy meal on the basis of weight. The average energy to produce soy oil and
soy meal is shown in Exhibit B-6.

The energy used for milling, 3,723 Btu/lb oil, is eduivalent to 1,167 Btu/lb of soybeans
used. This is comparable to the 1,0352 Btu/lb value published by the Ameriean Soybean
Association (Eriekson and Dixon, n.d.) and is somewhat higher than the 751 Btu/lb.of
soybeans mill studied by Battelle (Devine, 1977). The latter study is based on a mill
with higher than average electricity use and use of purchased steam. When adjusted to
a fuel cohsurnption basis, the 751 Btu/lb converts to 1,120 Btu fuel per pound soybeans,
nearly the same as the 1,167 Btu/lb velue dgriveq from the Census data in Exhibit B-6.

The energy credits, for soy oil and soy-meal refieet an energy credit for soybean

=i prodietion | based on national average energy consumption per bushel in 1978. The

energy saved due to decreased production might differ from average energy consump-
tion; however, estimates of marginal energy consumbtidh were not available. The
difference between average and marginal energy consumption for soybean productidn is
unlikely to be as great as it is for corn (see Appendix A) because, unlike corn, inereases
-in soybean production are not obtained by increasing use of energy-intensive nitrogen
fertilizer,

The energy credits estimated for the various by-produets are shown in Exhibit B-7, It
may be observed that eredits for reduced corn production are predominantly for natural
gas (because of the use of nitrogen"fertilizer to achieve marginal changes in corn
production), while credits for soy meal are predominantly for petroleum produets, If
the various feed produets were to displace soy meal and corn in proportions other than
those assumed in this analysis, some shift would result in the amounts of petroleum
products and natural gas saved.

.B.4 Discussion and Sensitivity Analysis

For the processes selected for this study the energy consumed in the process is nearly
the same for both processes:
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Dry milling . Wet milling

" Coal T 0.57 0.55
Electricity Fuel 0.16 0.16
0.73 Btu/Btu of ethanol : 0.71 Btu/Btu of ethanol

/
I

These figures do not include the energy embodied in feedsfock or in bypmducts These

:values are-lower than the published value for one commercml process of 72,500
'Btu/gallon or 0.86 Btu/Btu (Bohler Brothers of An*erice, 1931) and higher than the

published velue of 0.65 Btu/Btu for a much quoted coneeptual de51gn (Katzen, 1979).
Both of these are dry milling processes, © The latter design incorporates energy
conservation features which we do not consider commereial state of the art. That
design differs from the one used in this study primarily in the method of drying DDG
and of desulfurizing flue gas. :

The largest consumers of process energy are the distillation and dehydration of the
ethanol to reduce water to 0.5 percent maximum and the recovery and drying of the

animal feed byproduets: DDG for dry milling, gluten feed and gluten meal for wet
milling,

The energy required for distillation is sensitive to the seleetion of the distillation
process and to the use of heat recovery whenever feasible. The designs selected for
this study use one of the most energy-effieiént distillation systems currently available. |
This energy efficiency is achieved by cascading the distillation eolumn so that the
condenser of one still becomes the reboiler for another., By this technique the steam
energy for distillation is reduced to about 0.30 Btu/Btu ethanol compared to .37 - 0.46
Btu/Btu for econventional azeotropie distillation (Black 1980). Extractive distillation
with gasoline is also an energy efficient com mermally available separatlon technigue—=m. o .
which consumes about 0.35 Btu/Btu, but extractive distillation.with ethylene glycol
consumes about 0.69 Btu/B tu (Bla'k, 1980), Other separation methods which are not
yet commercially available are discussed elsewhere in this report.

Since process heat is consumed as steam but derived from coal (or other fuel), the
boiler efficiency can have a significant impact on the overall energy balance. For this
study, a pulverized coal fired boiler with an overall efficiency* of 86 percent was

_ Selected. The pulverized coal boilers are economic only in larger sizes (about 200,000

*Overall boiler efficiency is defined as energy transferred to the steam divided by the
higher heating value of the fuel, 57 « .



pounds steam per hour or more} and are suitable for aleohol plants with capacities in
excess of 35 to 40 million gallons per year. Smaller plants would use either coel-fired
stoker boilers or oil or gas—f;rqq boilers. 'The _typig:a; boiler efficiencies (McKee, 1979)

are:

Stoker coal less than 50,000 1b/hr
Stoker coal 100,000 1b/hr steam
Pulverized eoal 200,000+ 1b/hr

0il 10,000 ~ 400,000 Ib/hr

Gas 10,000 - 50,000 lb/hr

Gas 100,000+ 1b/hr

These efficiencies were based on boiler manufacturer estimates for commercial units.
It may be possible to improve the efficiency of some units through eareful design and
operating control, although this may not be economic at the smaller sizes. One of the
reasons for the lower efficiency of stoker boilers is the large amount of exeess air

required for operation,

gallon of ethanol as & large aleohol plant.

Plant scale also has an impact on the mmount of energy saving equipment which ean
economieally be incorporated into the design. For example, the economie attractive-
ness of cogeneration decreases as plant size decreases. The analysis of the breakeven
size for cogeneration is beyond the secope of this study. In general, as alcohol plant size

80%
84%
86%
85%
81%

. 82%

decreases, unit energy consumption will inerease.

98

‘Because of the boiler limitations, a small alcohol plant with a coal-fired stoker boiler
and an identical design would be expected to consume 1.075 times as much coal per

"vra
L]

* For the recovery of the Eyproducts such as gluten mea‘i, gluten feed and germ, stéam- K
tube dryers were considered for the energy analysis. However, in some loecations thé'%_,m:‘.f:'
use of direct or indirect fired natural gas dryers might be fhx‘ore economical than the
steam-tube dryers, but the -impact on the overall energy balance for the ethanol
production would be very insignificant. The direct-fired natural gas dryers appear to be
a little more efficient then the steam-tube dryers by about 3-4 percentage points.
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The energy ért‘,ibodieﬁ in the manufggture of lime for the flue gas desulfurization system
is significant. The base ease assumes coel with 3.34 percent sulfur, and a double alkali

“urndesulf unzation system removing 90 percent of the sulfur dioxide and utilizing 5 pereent

stoxc-hlometmc- excess of lime. This system ‘eonsumes 0,00012 ton lime per gallon
ethanol, whieh has an embodied energy of 73.2 million Btu per ton. This is equlvalent to
8800 Btu per ganon ethanol.

Using the, double alkali desulfurization system, which was chosen for reliability and ease
of operation, this embodied energy is directly proportional to the sulfur econtent of the

e .coal and inversely proportional to the coal heating value, The sulfur content of coal

varies over a wide range and is more likely to affect overall energy.

" The energy embodied in lime is also sensitive to the fuel and the local environmental
 regulations, t natural gas were used there would be no need for flue gas desulfuriza-

‘tion. Similarly, if the plant were locaied in an area with lass restrictive regulations, a
lower fractlon of the sulfur would be removed, with a corresponding lower lime’
consumpt'on.
|",

F_ina_lly,' the energy embodied in lime use is also dependent on the flue-gas desulfuriza-
tion system selected. If a lime serubbing systém were selected, the stoichiometric
excess would be about 25 perecent, and the embedied energy in lime would be about 19
percent higher, On the other hand, if limestone were used instead of lime, there would
be none of the energy embodied in lime. wawer, there sre few desulfurization units
using limestone operating at less than electric utility scale.

Finally, if one used an ammonia écrubbing system as proposed by Katzen (1979) and used
the resulting ammonium sulfate solution as fertilizer, there would be no energy penalty.
There could be significant economic penalty, however, since a coneentrated nitrogen
fertilizer, ammonia, would be converted to a dilute nitrogen fertilizer, ammonium
sulfate, by the process. A market for the ammonium sulfate would have to be
establ_iﬁl‘?.ﬁgg '

B.5 Potential for'Reduced Energy Consumption

,Much research attention has been given to ethenol purification, since the distillation of
ethanel to meet the 99.5 percent fuel grade specification is a major process energy
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consumer. The processes under consideration are improved distillation, solvent
extraction, and absorption technologies.

The use of vapor recompression in distillation is a commereially available technology
that can reduce distillation energy consumption. To be economie, however, one needs a
supply of relatively inexpensive shaft power. This is best aecomplishéd by cogenera-
tion, The use of vapor recompression distillation would probably not be economic ina
design which already inecorporated cogeneration.

Efficient and economic solvent extraction depends upon the choice of the solvent,

While the literature abounds with extraction research studies, none has reached

commercial status. At pt:esent, A.D, Little is developing an ethancl extraction process

which uses liquid earbon dioxide as the solvent, Ethanol is recovered by flash

distillation of the solvent, followed by recompression and recyele of the earbon dioxide. .
It has been e.aimec'l:that this process can racover fuel grade ethanol from fermentation

beer with the expmdlture of only 8,000 - 10,000 Btu/gal, about one-third that’ for

conventional processes (Eakin, 1981). The economic and continued operabxhty of the

process remain to be demonstrated. '

Absorption is suitable for removing the last several percent of water for ethanol that
has been distilled from fermentation beer, There are two absorption systems that
appear promising: molecular sieves and corn meal. Both would replace the azeotropic
distillation. Molecular sieves are commercially available and may be used by some
- farm-scale ethanol plants; however no commercial ethanol plant is Xnown - e, ‘use this
technology. The sieves ean be used to absorb water preferentizily from a water—ethano]
mixture, The sieves are usually regenerated with hot gas (about 400 F), The estimated
energy required is 4,700 - 5,300 Btu per gallon, or sbout half the 9,400 Btu of
conventional‘azeot‘ropic distillation (Eakin, 1981). |

Cracked corn or corn meal can also be used as an absorbant to remove water from
ethanol (Ladisch, 1979). The technology is still being developed, hut it eppears that the
energy consumption to regenerate corn meal when drying from the azeotrope to fuel
grade is 600 Btu per gallon (Ladisch, 1530). Furthermore, the regeneration temperature
is Jow (120 C), which enhances the opportunity to use low grade heat. It is possible that
the overall process exjergy can be reduced by stopping the’ distillation with 10-15
percent water remaining and then drying by absorption on corn meal. '
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Another major energy consumer is the evaporation of stillage to recover DDG in the dry
milling process and the evaporation of steep liquor and stillage in the wet milling
process, There is a potential to reduce energy consumption by recuetion of the quantity
of water to be evaporated by higher water recyele. The reeyeling, however, can have
adverse impact on fermentation operations. This is an area for research.
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