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involved in the production and coilsumption of ethanol. The eim-0 flows on whS,iclh thc 
carbon numbers are based are dctailed in the Appendix. 

Corn production in the U.S. required 19.41 x 106 kJ/ha in I378 (see Appendix €or 
details). Although this is 21 -3% higher than comparable reqirirements in Wisconsin, data 
from Wisconsin (Wcinblatt e t  al. 1982) illustrate how this energy was allocated: field 
operations and farm vehicles, 35.4% (mostly as diesel fuel and gasnlinc); grain handling and 
drying, 5.8% (mostly liquifid petroleum [LP] gas with some electricity); fertilizer, 52.2% 
(88.5% natural gas and 11.5% electricity); and other, 6.5% (including irrigation, pesticides, 
and miscellaneous). By 1987 fertilizer me had increased, hut liquid fuel consumption lnad 
decreased an estimated 29.4%. In 1987 an ayerage hectarc of U.S. corn required 5.73 x 106 
kJ of direct fuel expcnditures, 12.52 x 106 kS QE energy embodied in feriilizcr, and another 
1.25 x lo6 kJ of miscellaneous energy inputs as pesiicides, etc.  his hectare yieAded, on 
average, 7.49 metric tons of corn (119.4 bu/acrc), which could be converted to ethanol at a 
volumetric rate of 3'92 L/metric ton (2.5 gal/bu). The total energy input to corn in 1987 was 
thus 1951 x l d  U/ha or 8.85 x 106 J/kg of ethanol (25.1 x lo3 Btu/gal). Of this, 
approximately 2.fiA) x 106 J/kg was liquid fccls, 5.03 x 106 J k g  was natiaral gas, 0.67 x PO6 S/kg 
wax coal, 0.22 x 106 Jkg was from non-fossil-based electricity, and 0.33 x 106 J/kg was "other" 
(scc Table 1). This breakdown assnmes that 75% of the elcctricichjl was derived from coal 
burning at a heat rate of 10,960 KjkWh (10,400 BtaakWh) and 25% was froni non-fossil 
sources leg., hydro, nuclear), also based on this hcat rate. We have used fertilizer-usc data 
from the US. Department of Agriculturc (198th) and have asstamcd (after Wcinblatt e t  al 
1982) that the cncrgy invested in fertilizer is 72,265, 12,920, and 9945 kJkp of N, P@,, and 
K20,  respectiveiy. Both higher and lower values have been published for the cncrgy content 
of fertilizer, and lower values have been projccted for the flltlire, but these values seem to 
be near the co~~selpsi.'as for current production. 

"he largest energy consumption during the conversion of corn to ethanol Is in clectrk 
power for milling arrd direct k a t  for distillation. Aveiage data are dilficult to obtaiir arrd the 
technology has irnprovcd with time. A variety of published sour'ccs suggest total energy 
consumption for thc conversion process in the range of 11,130 to 16,700 k J L  (40,000 to 
60,OOO Btu/gal) (see Appendix) and our information from a major local producer (P. Herman, 
personal cornmimication, 19%) falls irn this range as well, Values at the local facility fall short 
of the minimum possible because: the plant i s  optimized for production of corn syrup and 
ethatsol is treated as a swing product, i.e., production varies as the dcmand for corn syrup 
changes. It is probably true in most operating plants that production is optirnizcd for multiple 
or  alternate prodilcts. The encrLq for the conversion process includes approximately 0 32 
kWh of electricity PCF liter an the remainder is process heat from fossil fuel burning- 
assumed here to be mal (sec Table 1). We use a total of 11,130 k J L  but recognize that the 
current value caulld often be 50% largcr. (Carbon dioxide generated during fcraentathn is  
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Table 1. Energy consuniption and CO, emissions in ethanol production 
(lo6 J per kg ethanol unless shown othenvise) 

-̂I_ _____._ 

Total Liquid Natural Coal" Non-fossil- OthcP 
energy he1 gas generated 

electricity 

Agriculture 

Direct uses 
Fertilizer 
Other 
Subtotal 

Milling and 
Conversion 

Total Energy 

2.60 2.60 
5.68 5.03 0.49 0.16 
0.5'7 0.18 0.M 0.33 
8.85 2.40 5.03 0.67 8.22 0.33 

14.11 3 . w  1.10 
9.nd 

22.96 2.60 5.03 3.97" 1.32 0.33 
9.71* 

C (as CO,) 
(kg Ckg ethanol) 

C [as CO,) 

0.4'71 0.058 0.069 0.098" 

15-86 

0.007 
O"2.39 

(kg C/109-J ethanol) (8.10 allocated to ethanol)" 
(7.76 allocated to co-products)" 

"Assuming that 75% of electricity is from coal-fired generating plants and the other 

'Energy ernImdied in pcsticides and for irrigation and miscellaneous uses. 
"Coal-fired electricity. 
dCoal-generated process lieat. 
'Allocation based on product value. 

25% is from non-fossil generatirig plants (e.g., hydro, nuclear). 



To determine the net contribution of CO, to the atmosphere that resdts from the 
production and use of ethanol from coin grain, one must examine the energy i 
thc production of corn and for the process of converting corn into etharacsl. 
the wnversion process is ~ s ~ ~ ~ ~ t ~ ~ ~  to be 1.6 to 2.5 times greatcr than that 
Pr 
(6 

n of corn. About 2.6 x I@ U are used, on average, lo 
tubu')), and 4.4 x lo6 to 6.2 x I@ H are used in the 

on 8987 data; with 1988 data the estimate 
ght-induced reducfiaim in corn yields.) A X 

23,450 kJ, so the energy input lo produce a liter o f  ethanol p 
1101% of the energy contained in a liter of ethanol (Tablc A- 
is from coal (60 t~ 69%, assuming that 75% of  t e electricity is genesated with mal). 

uce a metric ton 

ushcl of corn i s  56 
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Corn can be run through either a dry or wet milling process to p r o d i ~ r ~  ethano:. (It i s  also 
pssible to use a whole-grain milling process.) About 7.5 x lo6 metric tons of corn weye usmi  
to produce ethanol in the 1% month period beginning Septemhcr 1, 1986, of which about 40% 
was dry milled and 60% wet milled (USDA 1 9 8 8 ~ ) ~  Emergj consumption in thc two milling 
processes is quite similar and for this analysis they are asslimed to be thc same (Weinblain et  
al. 1982). (Othcr recent repo~ts have not distimguished between cnergy consumptioar in thc 
two processes [National Advismy Panel on Cost-EEectiveness of Fuel Ethanol Production, 
1987; U.S. Department of Agriculture 1988bJ.) 

In this study it is assumed that whcncrer electricity is  mcd, 10,9643 kJ of primary 
energy were required to produce 1 kWR of electricity (10,400 BtulkWh). Ethanol contains 
23,450 k9L; diesel fuel, 38,955 kJ/L; gasoline, 34,780 kJ/P,; 1 . 2  gas 26,430 kJ/L: and natural 
gas, 38,020 kJ/m3. 

The energy consumption figures for corn are estimated €or an average unit of land in 
the United States. There are wide regional differences in the consunmption of energy per unit 
of corn produced, primarily a result of the amount of energy that is  used for irrigation. Most 
corn is produced without irrigation. It was estimated that in I978 it required almost three 
times as much energy to produce a urnit of corn in Kansas as it did in Wisconsin (Weinblatt 
et al. 1982). Energy consumed also depcmds on the crop rotation sqtrence. In the @orla 
Belt, whcre tlic majority of corn is produced irr the United States, if cor11 follows soybca ,~~,  
then machinery requirements and use of insecticides and nitrogen fertilizer are reduced. For 
example, in Iowa about 34 kg less nitrogen fertilizer per hectare is required (DufCy 1987). 

Two c~mprehensive staidics on energy ilse in U.S. agriculture wcrc made in the 1970s 
for the yearts 1974 and 1978 (U.S. Deparinient of Agric~ilt~arc 1980, Fcderal Eacrgy 
Administration and US. Department of Agricdiuas: 13’74). Since tbcsc studies wcrc done, 
crop production has changed, becoming more cnergy-efficient a d  more cost-efficiznt. 
Output has increased and encrgy consumption has decreased. Corr-n yiclds averaged 4.5, 6.3, 
and 7.5 rnctric tonsha (72, 101, and 119 ’OPIJEXXC) in 1974, 1978, a i d  1387, rcspcctiveiy 
(USDA 1986d). Total energy consumption for crop production was 1.89 x IO’g J (1.79 qbads) 
in 1974 and 1.92 x lo1’ J (1.82 quads) in 1978. 

In the report by Weinblatt ct a!. (1382), energy consumption per iinli ;area for 
Wisconsin is eshratcd for 1978. Wc assume that, cxccpt for irrigation, the distribution of 
energy used for corn production in Wisconsin is typical for thc United States. Fkki 
operations and farm vehicles (using diesel, gasosine, and a small arnourat of 1 2  gas) accounted 
for 35.4% of total ewrgy consumption; grain handling and drying (using T,P gas and a small 
amount, 596, of ct~icity) accounted for 5.8%; fcrtilizeis accniiilted Tor 52 2%, and others 
(irrigation, pesticides, and miscellaneous) accoiuratcd for 4.4%. Liquid fuels accounted for 
about 41% of total energy cnnsumpticat Fertilizers and liquid fuels tcgcther acco~mtcd €or 
93.6% of total eiiergy consumption for corn in Wiscrsnsin. Irrigation accouiitcd for only 14% 



nduction in 197s. $Rerefore, fertilizers and liquid fuels 
will be the primary focus in upda 

production in the United States. Adjusting this to rekleci thc changc 311 corn ac 
U.S. relative to other C~QPS> we estimate that corn used 29.7% ~1 total emxgy 
1978. On a per-hectare 
value for Wisconsin EQP 
upward by 21.3% to re  
Between 1978 a 
calculated on a 
adjusted for the change in the area 
W/ha (257 x 10' Btu/acrc) in wisco 
reflect the 1J.S. average and downward by 29.4% to 
1978 and 1987, liquid fucl c ~ ~ ~ ~ r n p i ~ ~ ) ~  is calculate 
cstirnated at 6.4% of 19.661 x 10'" kJ or 1-25 x IO6 kJ/ha. 

c estimate of energy c ~ ~ u ~ p ~ ~ ~ ~ ~  for mrn p 
"he 1974 USDA study indicates that corn uscis 27.9% of total ~ T P C S  

is, this represents 1 i s  is 21.3% higher LftlaxB 9h.c 

1987 ~ ~ ~ u ~ ~ ~ - ~ ~ ~ ~  ase in ~ ~ r ~ ~ u ~ ~ ~ ~ ~  feela 
nergy basis, ~ ~ ¶ u ~ ~ - ~ u e ~  use fcll 31.7% 

Year 

1978 1987 



25 to 50% and that a new phosphoric acid process promises cncrgy savings. For this report 
we used the data from Wcinblatt e t  al. (1982). Energy data also need to be divided into thc 
various fuel sources. Although Weinhlatt et al. do not provide a breakdown betweca natural 
gas and electricity use for fertilizers, Dvoskin et al. (1978) do. Their data indicate that 2.65, 
64.66, and 61.23% of the energy for N, P,B,, and K.@ is from cl.cctricity and the nemairader 
is from natural gas. Fertilizer used on the average hectare or corn contains 12-52 x lo6 B ~ J  of 
energy, of which '11.09 x lo6 k9 (88S%) is from natural gas and 1.43 x IO6 kJ (11.5%) i s  to 
produce electricity. About 85% of the energy for fertilizers is for nitrogen fertilizers, 

The amount and type of energy used Ec~r the production of corn is summarized in Table ,A-3. 
The total is 19.51 x lo6 W/ha (7.49 x lo6 Btulacre), only slightly less thaii the 19.87 and 19.61 
x lo6 kJha used in '1934 and 1978, respectively. The mix of energy soucccs has chmged, 
howcver, with more natural gas and less liquid fuels being conswned. In 1987 corn yields 
averaged 7.49 metric tomsha (119.4 bu/acrc). Energy i i s ~  therefore averaged 2.W x lo6 
kJ/metric ton. 

Table A-3. Energy consumption for the productiori of corn (millions of kJha hectarc) 

'Total Liquid Natural 
energy fuel. gas Electricity Other 

Liquid Fuel 5.73 5.73 
Fertilizers 12.52 11.09 1.43 
Other" 1.25 0.52 0.73 

Total 19.51 5.73 11.09 1.95 0.73 

"Energj embodied in pesticides and for irrigation and miscellaneous uscs. 

Estimates made for the amount of ene~g-y consaaaacd during the conversion of corn 
grain into ethanol include enei-gy consumption for all the necessary steps fi om grillding 
through drying the feed by-products arid distillation. Estimates made for the ammnt of 
energy conisumed in the process of converting corn into ethanol have vaiicd widely. Data are 
difficult to obtain, thc technology has improved over time, and encqy use has decreased over 
time. Some estimates of total eimgy consumption are listed. They i ~ d u d e  dectricity, which 
is assumed to require 10,96Q kT/kWln (10,4W BtukUPh). The Officc of Trchnology 



Assessment lists energy consurn 
kWh of eleclrieityll (U.S. Co 
(1982) list energy consumption at 97,125 k9/L (61,S 
(59,800 Btu/gal) lor wet milling, including 0.34 kWh far either miling 
and Culberson (1983) indic 

growss. Data fro 
(55,000 to &a,ooO Bhu/gal), i 
and 18,580 to 13,378 k J L  
a wet milling prwcss. I r e  r e National Adwki 
Effectiveness of Fuel Ethanol 

a $ ~ ~ t e ~ ~ ~ - ~ ~ ~ - ~ ~ ~  plans 
average plant has cncr 

In this study, it is a that kkwcera i 8,130 aod 
E ckctricily, are reqiuircd of steam and 0.32 
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In a paper preseratcd at the 1989 National CornTcrenc;:: on "Clear h i r  Issues arid 
America's Motor Fucl Yjusiness" S. $. Ho of hots Oil Company (110 1989) reported that 
be had reviewed our paper and "found a number of errors and questionable assunytioiis 
which lead to erroneous mnclusions." According to €Io, the inajor criers are five: 
(1) misrepresenting coin ykld, (2) misrepresenting process energy for the corn-to-ethaiaol 
comersion, (3) giving "very large and erroneous CO, credits" for ethanol by-products, 
(4) inconsistent use of higher and lower fuel heating values, and (5) assuming that C20, 
emissions from electric power gencratiorn are at 7S% of the aatc that warild prevail if all 
electric power were generated by coal combustion. ,qthough we wmtc in opening thai ;he 
energy input to ethanol fiom coxn "is highly variable for at least three p h c i p a l  reasons; 
(1) geographic variability in corn yicld and agricultural practice, (2) tcmporal variahiiity irr 
corn yield, due largely to differences in weather; and (3) tennporal changes dLae to cirangcs in 
process and yroccss efficicnq," arid in closing that "we urgc again that this nua-nker 5e used 
with great care;" and in between provided a wide range of valucs for corn yie!d arid 
energy and their impact on our calculation, i t  is worth examinimg Ho's comments in d 
not ill order). 

H s  notes that our cnrn yield was based on tlw 1987 pcak of 7.43 metric tom per 
"hawestcd" hectare ( 1  19.4 bush& pcr "harvested" acre) whcrcas hc wouV choose a 5-ycar 
mean yield oT 5.65 metric tons per "p1;sn:d' hectare (90 Isushels pcr "planted" acre). Ab thc 
time of our calculatiorn we chosc data for the axst recently ccmpleted year, 1987, rernuniziiig 
that 19% and 1987 wcre peak years but that mean yields had been increasing with time. I h t a  
from 1968 to 1989 reveal a linear increase with time of 0.10 metric tons pcr hectare per year 
(1.5 bushels per acrc per year) with the best fit line passing through 7,lO metric tons pcr 
harvested 1nec:ase ( 1  13.3 bushels per hai-vcsted acre) in 1989. The 5-year m e m  for 1985-1989 
is  '7.00 metric tom per harvested hectare (111.6 b u s i ~ l s  per hawcsted acre) (including thc 
very poor drought year of 1988). Xis's insistence on using " p h ~ t d '  arm does rot 
acknowledge that over the last five years only 89.4% of planted 2 x 3  has b 
grain. Of the remaining area, 9.8% was for silage and forage (1.0% was abandoned) and it 
does not seem appropriate to average these in at zero yield. Although '7.49 metric tons per 
hcctare (119 bushels per acre) is admitted!y a high yield for corn, four of the last five ycass 
have exceeded 7.31, and 7.49 does not seem inappropriate for the near future. The point of 
130 and othcrs is well takcw that if corn planting were to bc drzmatically expanded for etharrcl 
production, that decreasing land quality at the margin could result in sclme decrcase in mean 
yield. Although the breakdown does iiot seem to match perfectly, the total energy input to 
corn production (on a basis of cncrgy input per unit volume of ethanol) €01 110's calculations 
and for ours match very well oncc adjusted for differences in corn yickd. 

110 envisions thal VJC have used higher and lower licating values (HHV and IHV, 
respcctively) inconsistently in order to make CO, emissions from ethanol appear lowcr with 
respect to gasoline. In fact, we have used higher heating valucs throughout our calculations. 
Whether higher or lower heating values arz used in these calculations is niercly a matter of 
accounting convention and the only important consideration is consistency. If one inveillocks 
encrgy inputs according to the higher heating values of thc fuels, it is appropriate that these 
be converted to CO, emissions using factors for CO, per unit eaergy on a SXN basis 
Whether or not the difference between MHV and LHY is accessibk to motor vchiclcs, the 
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use of C02-per-unit-energy conversion factors based on L 
if the fuel input inventory was based on fuel WHV- Although thc difference is small, even 
using Ho’s statement (p. 6) non an energy content basis al 
slightly more energy (80 MBtu) to produce than the am 
incorrect if the energy inputs to  ethanol were based on 
Although we can not for certain from his circulated manu 
committed this error. s confusion with our numbers results 
currently uscd as a fuel supplement in gasoline engines. Our cal 
of liquid fiicl production and cmnpared ethanol with a me 
(e-g., the calculation was based on crude oil) without ~ ~ p l y ~ n g  
Ho correctly asserts that if the ~ ~ ~ ~ p a r ~ o n  is to be with ga 
value for gasoline should bc used ~ 2 ~ . 4 ~  kg C/dO’” J on a N 
giving ethanol additional credits for improved combustion efficiency 
enhancement. This is certainly the comparison o f  primary CUKPG 

of the calculation through end-use is a valuable addition. Mo’s 
adjustments in fuel blending practice and carburetor adjustm 
benefits if optimized for ~ t h a n o l - b ~ e n ~ ~ d  motor fuels, Neithe 
longer-term potential CO:, implications of cthanol as a tra 
engine. (Likewise, neither we nor Ho have tried to evaluate fugitive emissions of other 
greenhouse gases relatcd to  either gasoline or ethanol productkm and c o ~ s ~ m p t ~ ~ ~ ~ ) ~  

The Congressionall Research Service (Scgal 1989) ~iscd our numbers to ecmstrrpct a 
direct comparison between ethanol and gasoline as motor fuels. e unfortunate stcp is that 
we did not communicate sufficiently with the Congressional Res ch Service stdf and their 
calculation--based wer heating values--did not convert our number for production inputs 
to ethanol to an bash. Mad they done so, their conclusion that “ethanol yields 24 
percent as much CQ, as gasoline on a volume basis, or 37 percent as much CO, 
on an energy content basis” would have read 27% and 41% respectively, and th 
of CO, emissions for a 10% ethanol blend with respect lo 1 % gasoline would have rea 
3.9% rather than 4.296, on an energy content basis. Considering the other unccrlainties in 
these eahlations,  this becomes an important, but not numerically significant, d ~ s t ~ n c t ~ o ~ ~  

will exaggerate C 

o objects, also, to our converting electricity to CO, at 75% the rate that 
electricity from coal. Data from the Energy ~ ~ ~ a r ~ a t i ~ n  ~ d ~ i ~ ~ s ~ r ~ ~ ~ ~ i ~  CI 

(US. DOE 1989) show that far the 5-year period 19 
generated in the U.S. as foilows: coal=SA.4%, petroleum= 

some CO, is emitted during nuclear fuel rnlining and p r ~ ~ ~ i n g  
percent of emissions 
technologies have en 

charging total elcctricity at 75% of t 
small e x ~ ~ ~ ~ e ~ a t ~ o ~  DE the CO, attributable to eihanol in I 
dependent an nuclear- or hydro-elcctricity, the CO, ~ t t r ~ ~ u t a ~ ~ e  to et 

Ho asserts that we have u s 4  ~ ~ r e ~ s a ~ a ~ ~ y  ~ Q W  numbers fobs c 
corn-to-ethancd convetsican process. Our text tes seven earlier an 
on a range ~~~~~~~~~ by the Nationaj Advisory aneB o n  Cosa-E&Xt 

most of the values from the other studies, In our ~a~~~~~~~~~~ ”we 
Btu/gal) (the low end of this rangc), but recognix 

One of our citations is ?.@e a U S  

fossil=72.1%), hydrtbelectric-z la.x%, nuclear= 16.796, other=0.4 

d plant (Morlimen 1989). It i s  abo true that all energy 
issions embodied in physical plant, hut this is a [a 

for which we have charg balance, it appears 
nts ~r~~~~~~~ resulks in a 
s. For caunt-ries 

value could often be 50% larger.” 
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Agriculturc study which. suggests that current state-of-the-art plants have only 65% of thc 
energy cost per kg of ethanol as does the current average plant. It scems likely to 13s that an 
expanding ethanol industry wogll2 mcrc nearly resemble current state of the- art thaan cmrrent 
average piants., Our tour of a modern ethanol facility suggests that great strides have alieady 
becn achieved toward maximizing energy-use e€€iciency but the plant wc visited is optimized 
for production of corn syrup and ethanol i s  treated as a swing product ai: the dcmand for corn 
syrup fluctuates. €Is's statement i s  that "conversion of corn to ethanol requires 57 MDtu 
(20,110 kJ/kg) energy equivalent .€or process energy ...I' a value which is withia, although npcx 
the high side, of the range WE cited. 

Telephone ii~tervie-m with a tiumbcr of individuals and coiporatians involved in the 
ethanol fuel business find that enrrgy consumption numbers for existing plants are most often 
held as proprietary information. Vitually all we have talked to acknowldge that CT- ' -B 
consumption would be reduced significantly 'a€ state-OF-the-art techmdogy were hl ly  employed 
We believc that 14,110 kTkg (40,OOO Btu/gal) ethanol--including k 3  finishing of by-prodi:cts-- 
is  not being achieved in existing, q iaa t ing  plants but is within design l h h  for an energj- 
effuient, current plant with superior maintenancc, and is an achievable target for 2 growing 
industry. The top end of our cited range, 21,165 U/kg (60,oCw) BtuJgal), i s  clearly an upper 
limit and should be csrisidered a worst-case for energy-conscious future plants. 

In responding io thc diffeilcncc between the value we chase tn use for e n q g  use irn 
conversion and that chosen by 1x0, the U.S. Renewable Fuels Association (1989) has declined 
to releasc proprietary ddta but has choscn to carry out their calculatiorrs using thc average 
of Ho's value and ours, Le., 17,110 kJ/kg (48s,500 Btu/gal). Based on qualitative discussions 
with other industry sources, we belicve this i s  a rerrsonalhle value to represent the bcst of 
current practice in the Urmitcd States. In retrospect, we feel that wc would h a w  done better 
in our original calculatiot-ns if we had used a range of values rather thaw selecting an optimum 
value and trying to verbalize the uncertainty involved. With this perspective we have revised 
our calculations below to show 1'9,110&- 3 , m  kJkg  (48,500 f 8,500 Btu/gal) as the energy 
requirement for conversion of corn to ethanol. It should be noted that if this efficient facility 
depends on a power plant that co-generates steam and electricity then, in the currernt 
situation, this probably means a higher fiaction of coal-fired electricity--although a gas-ahrcd 
system would linear1 sorne~vhat lower C8, emissions. 

The final question posed by Ho, and one raiscd in our original text and by other 
readers as well, is how best to assign ericqy inputs (and CO, emissions) among the v;lrRnus 
products which erinenge from an ethxioi production plant. Our initial suggestion wz;s that this 
could be done on thc basis cf product value, and since 51.1% of the cost of coil1 (1981-19PXi 
average) was born by ethanol, we mssigiwd 51.1% of process CO, cmissioas to tliil: cthatrol 
stream. Our cited refcrence had obzcwcd that "nnuch contioversy ova the cost of ethanol 
production is due tn i t s  dependace  on highly variable  COR^ and by-product pikes" ( U S .  
Department of Agriculture 1988b, p . 9 ,  arid it is clear that haw one chooses to assign by- 
product credits will grcatly affect assigned C 0 2  eiiGs%intTs. Mo gives the ethanol conversion 
process two credits, on@ of 1060 kJkg (3W Rtu/pl) of ct'rranol for the mere content of 
fusel oil and aldehyde.. pioduced, a i d  one of 2470 kJ/kg (CiOOQ Btu/gal) of ethanol for ihe 
energy that would be iequirzd in the production of soy$earr rncal to provide prote;~i 
equivalent to that of the DDGS (distillcr's dried giain plus solublcs) pmduced as an ctkaiiol 

For 25.4 kg (1 b m k d )  of corii the pincipal by-19roducts frnm tlre we8 milling pioc~?.cs 
are gluten meal, (60% pro;ein) 1.13 kg at $2f;R,lmetnic tow (2.5 pounds at $235/:on) .. N-W; 
gluten feed ( 2  1% protein), 3-67 kg at $113 .SO/metric ton (12.5 pounds ai $103/ton)=$O 64; 

by-produc 1. 
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and corn oil, 0.73 kg at $0.54/kg (1.6 pounds at $0,24S/pound)=$ 
the 1981-1986 averages from the US. Department oEAgriculture (1YSb) and th 
cover 48.9% of the cost of the corn. Thc Archers Daniels Midland Annual R 
lists 18 additional products from corn processing but thcse tb 
dominate the economics and the ass flows. A l ~ ~ o ~ g h  etha 
primarily as a livestock protein supplement and displacc 
some corn as well. The analysis of the U.S. Department 
that (p.36) "The primary cffects of changes in ethanol prtduc 
adjustments between the production and use of corn 

suggest that a large ethanof program w 
increase ethanol production costs. 

reflection, for this calculation, i t  d 
The question thcn locuscs on t 
product market rather than o 
relationship between dollar and 

iculturc (1 98%) conclu 

Whereas our initial calculation of 

by 110 and by D. Bartus at the EPA 
lete CO, accounting for all processing of all 

results in a by-product crcdit which is considerably 1 
considerations. This, too, is not a fully satisfactory 
allocate CO, emissions among products but assum 
primary objective and then gives a CO, credit 
product substitutes; but it does seem to be an a 

Recognizing that it would require a full. programming model tu evaluate the comptete 
replacement of ethanol by-products, for this calculation we take the s i ~ ~ l i ~ y ~ n ~  a ~ s ~ m p t ~ ~ ~ ~  
that ethanol by-products substitute only for soybean meal and on a protein asis alone. Thcrc 
are some counterbalancing effccts since, fur example, producing soybean meal yicldi; an excess 
of vegetable oil while, in the opposite direction, wc are taki o credit for the feed value 
of ethanol by-products in cxccss of thcir protein content. is expected to prociluce a 
minimum by-product credit. 

Taking the sam 
3-36, 13.17 and 23.53 
respectively, produces 
is taken as 2.27 mctric tonshccta 
Agriculture 198 the farming cn 
values in Table 
(41,240 ~ t u ~ ~ h e ~ ~  of which 524 
steam. If a kg oC soybeans yields 11.792 kg 
content then it takes 0.721 kg of soybeans to 
from one kg of ethanol, and the by 

1)- This is allocated as 
h r  steam, 3% U from ekcirici 
ources, and 116 kJ o 
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Table B-I. Energy consumption for the production of soybeans (rnilliom of kJ/ha) 

Total Liq en id Natural 
energy €uel gas Electricity Other 

Liquid Fuel 3.26 3.26 
Fertilizer 0.65 0.39 0.26 
Other 0.67 0.03 0.10 0.18 0.36 

Tcltd 4.58 3.29 0.49 0.44 0.36 

kJ/kg ethanol is equivalent to 0.057 kg Ckg ethanol or 1-90 kg C/109 .I cthanol and 

Calculations sent to us by David Bartus of the U.S Environmental Protection a4geaicy 
led us to discover a typographid error in reporting application r a t a  for fertilizers in oiic 
original draCt. On pagc 10, text line 6, thc application rates of nitrogen, P2O5 and K,O slnolald 
have been shown as 148 kgha (1321b/acre), 68 kg/ha (611b/acre), and 95 kgha (85 Ibs/acrc) 
respectively. A! subseqiicnt ca!cul$tioas in the original text were based on these values. In 
rechecking these values we were rextliilded that these are mean application rates for areas 
over which fertilizer was applied and do not include consideration of the fraction of corn 
planting which received no fertilize1 ai all. In fact, only 96% of the area planted in corn 
reccives nitrogen fertilizer? 83% receives phosphorous, and 75% receives ptassiuii1 ( U S  
Department of Agriculture 1988m). 'Table B-2 show reducsd valucs for etvgy USC foi 
fertilizer beeausc it is  now bascd 011 Fertilizer use for all harvested acics, not just foi those 
areas that were actaally fcrtilieed. 

Note that values used for liquid fucl use in agiiculture during 1987 ('Table A-2) wac 
originally estimated from 19% and earlier data. Nnw that 1987 data are auai$ab!e, (U.S. 
Department of Agriculture 198%); the valucs are in fact 4.7% less than wc had estimated and 
thc mmbers in 'i'ablc 'Ts-2 reflect this change also. 

With thcx. leiigthy rceonsidemtions, we have rccalculatcd our original Tablc 1 arid 
prescsst t k e  resailts in Table B-2. The net CO, emissions from the pcduction and 
consumption of ethanol fuels are shown to be 18.08~2.4? kg (X09 J, prior to assignmerit of 
by-product eredits. This is 14% higlrer than origir~ally rcported but is still marginally lower 
than thc comparabk value for gasoline, even widhisut by-product or pzrfonnw 
upper bound of this calculation is ncariy identical to the net CO, enlissions valiar: for 
gasoline. Our eariisi cornmcnts about uncertainty arid variability are no less applicable POW 

and tlacsc numbers should nni be iiscd vritlaosat that awareness. We point out again, thai 
these calculations are bascd at the margin of the current energy systen: a& that the 18.08 kg 
C/109 J could be seduced to 12.71 Kg C/109 J if natural gas were used to fire a steam/clcctric 
co-gemration facility Tor conwxsion of corn to ethaa?ol, 0 1  to m a r  5 Kg C/109 J if thai facility 
were rueled with uranium, W S ~ ,  01 other Sicmass grown on a sustained-yicld basis. 

the etfiancsl by-product crcdit. 



With conservative CO, credits €or ethanol by-products, based on CO, emissions from 
production and processing of alternate livestock protein, the CO, emissions a t t r ~ ~ ~ t a b ~ c  to 
the production and combustion of ethanol fucls at the margin of the current e 
sum to an estimated 16.18 kg C/lOy J. Without evaluating how the fuels will 
is 73 percent of the comparable value for an average slate of refined liquid p 
crude oil or 79 percent of the comparable value for gasoline, 

a CQ,-free source of energy and that the net CO, contribution is a significant fraction o 
associated with refined petroleum products". Despite numerical revisions bascd on revi 
responses to our initial computation, we continue to believe that, even at the margin of 
current practice, the we of ethanol as a replacement or su~p~emen ta l  fuel does result in a 
net dccrease in CO, emissions. If ethanol is vicwed alternatively as merely an energy carrier, 
it provides a low-CO, path for deriving a liquid transportation fuel from coal. To look further 
from current practice, net CO, emissions attributable to ethanol could be seduced 
significantly if process heat and electricity were obtained f ~ ~ m  natura s rather than from 
coal burning, and even further if nuclear or biomass fuels were u in the conversion 
process. 

To conclude, we reiterate from our original text "that ethanol from corn i s  not now 
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Table B-E. Energy Consrimption and CO, Emissions in ethanol prodaction 
(lo6 J per kg Ethanol Unless Shown Othenvkc) 

..._. 
Now-fossil- 

Coal" electricit9 Otherb 
Total liquid Natural geirnerated 

efiergy fuel gas 

Energy ~~~~~~~~~~~~ 

._._ ~ ....._.____I-. ........_. 

Agriculture 
Dircct uses 2.m 2.19 
Fertilizer 5.33 4.79 0.41 0.13 
BLhH 0.57 0.18 0.043 0.33 
Subtotal 8.38 2.49 4.79 0.58 0.19 0.33 

Milling and 1'7.ilk 3.00' 
Conveission 

3.30" 1.10 
12.71 * 

Total Energy 25,492 3.W 2.49 4-99 3.88" 1.29 0.33 
12.7Id 

C (as CO,) 0.5383.- .073 0.056 0.066 O.W@ 
(kg Ckg ethanol) 031L3d 

C (as CO,) 18.082 2.47 
(kg C/109 J) 

RY-ProdUCt 1.W 
credit (kg C/109 J) 

Total net 16.18-3- 2.47 
carbon emission 
attributable to 
ethanol (kg C/109 J) 

0.007 

"Assuming that 75% of electricity is  from coal-fired gcneratiing plants and the other 

bEncrgy embodied in pesticides and for irrigation and miscellaneous uscs. 
"Coal-fired electricity. 
dCoal-genemted process heat. 
'We do riot imply that ihis is the only source of uvccrtainty in thzse calcrrlations, but 

rather that this nu rhc r  alone cannot be attributed to geccirally mccPpied, published soul CCS.  

25% i s  from non-fossil generating plants (c.g ~ hydiu, nuclear). 
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