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ALCOHOLS ~ ITS USE, ENERGY AND ECONOMICS - A BRAZILIAN OUTLOOK
ABSTRACT

A survey is made of the state of the art of the production ethancl
from sugarcane and other crops and the problems and constrains involved
on its use as an automotive fuel, The inproved efficiency of modified internal
conversion engines running on pure alcohol are discussed as well as pollution
problems.

It is shown that these problems are not aggravated by the use of
ethanol. The energy balance for the production of ethanol from sugarcaue;
cassava, sweet sorghum and wood - taking into account agricultural aﬁd
industrial energy expenses -~ are compared in Bfa;il'and in the United Statés.'
Costs of ethanol from different crops are avaluated and the conclusion
reached that in present Brasilian conditions it is US$12.69/GJ when produced
from sugarcane. Gasoline cost in Brazil is US$12.19/GJ ex-refinery. Considering
that ethanol when used as an octane booster has an efficiency 257 higher than
gasoline, the final conclusion is that ethanol has reached the breakeven

point as compared with gasoline in Brazil.
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1. INTRODUCTION

Any assesément of the energy needs of the world population.by the year
2000 shows the insufficiency of the present energy resources. The continuai
population growth, the larger "per capita' energy consumption expected in the
future mainly in developing nations, and the finite oil resources have been
the chief. source of worldwide concérn, sﬁecifically after the oil crisis in
1973, |

A historical analysis of the main sourcés of energy used by the developed
countries shows the possibility of eil beiﬁg.replaced by some other SOurce_of..
enérgy in the near future, This has alfeady happened with wood and coal, aé |
can be seen in Fig. 1. Several anaiyses performed in the last twO'decédes
showed that oil would be replaced by the intensive useé of nuclear fuels.(l_s)
After se#eral accidents with the operation of nuclear reactors and the strong
public opinion consensus taken against their use, particﬁlarly the incident
at Three Mile Island, several reviews of the world's energy future have beéﬁ
published which predict new sources; mostly in renewablé energy.(4_6)

In man§ deveioping countries thé renewable sources still supply-most of
the energy usedras can be seen from Table 1.. The crescent search for tech— .
nology that allows fhe utilization of renewable sources in an economical way,
even in developed counﬁfies, is explained By fhé lack of large quantities of.
fossil fuels (except cdal) and by the large'concefn with the environment.
Pollution can bé avﬁi&ed for all products, except for the C02; it's conceﬁtfa:
tion level in the atmosphere is continually growing and will be a serious pro-

(7

blem in the near future.
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The technical difficuity for the production of alternate fuels is quite

small as was proven historically with the use of alcohols by Germany(a) and

(9 o)

Japan and water gas by several developed and underdeveloped countries
during the second World War (Sweden, Brazil, etc.). The ecomical difficulty
was unsurmountable up to 1973 as evidenced by the efforts of coal gasification ,

developed in South Africa(ll)

for more than a decade, but as the oil price in-
creases the problem nears a solutlon. Countries with little or no oil and with
large areas of unused land have a greater possibility of producing alternate
fuel derived from biomass at costs véry competitive with present day oil priceé.
In Brazil, where a large ethanol program based on sugar cane is being developed
costs of alcohol have probably reached the b;eakeven point, as we intend to
show in this paper. Even when the ethanol cost is still higher than gasoline,
the continuous trade deficit of many less developed, non-oil prodUCiﬁg countrieé o
does justify the gasoline replacement by an indigenous preoduct. Another im~
portant reason to compete economically with gasoline is the surplus of graiﬂ
crop, particularly corn in the Uniﬁed States, which is the main feedstock for
the production of the ethanol, sold in a 10% blend with gas under the name of
"gasohol". It is necessary to keep in mind that the price a consumer can pay
for fuel is not necessarily the same price a country can afford to pay.

All efforts for the economical production of fuels from biomass afe
directed to improvements in the c¢rop yield and reduction in energy costs of
the industriél processing of the feedstock. Photosynthetic average yields
for supar cane.in Brazil is apprﬁximately 0.2%. Tﬁis nﬁmbef caﬁ be increased

' : . _ o Sy
four fold as shown by the sugar cane productivity in Australiaslz) Hawaii,(l“)
(14) and a few specific cultures in Brazil(l5)

Puerto Rico . Nevertheless,
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special care must be taken to avoid excess energy utilization in fertilizers
and artificial irrigation. The industrial costs can be significantly reduced

if new techniques for the distillation'process(l6-18)

are used.

Since wood is a very interesting feedstock, mainly because of it's extreme
low agricultural energy requirements, all technologies capable of transforming
this product in any liquid fuel should be utilized., In this paper we try to
analyze it's use as a feedstock for ethanol production. The
wood energy value ig high and the price is low enough so that even beforé the

quadruplication of oil prices by 1973 it was used largely for heating purposes,

competing with oil, even in the United States.

2, FEEDSTOCKS

2A) Sugar Cane
Up until now the ethanol derived from sugar cane is the most intense,
commercially exploited, fuel alternative. The main reasons for this are:

1) Brazil is the leading nation in the production'of fuels derived from R
biomass, with a total annual production in 1979 6f 3.5 billion liters(lg)
(equivalent to 60,000 barrels of oil/day);

2) The well~developed sugar industry in this country, which is the latgést'
world pfoducer éxporter, underwent a severe crisis due to the low internationai
price of sugat when the National Alcohol Program (PNA) i.e. the program for
the use of ethanol as a fuel fof automobiles, was proposed.in 1975 by the
federal government. This fécf immediately triggered the interest of the
sugar producers who were able to bring a'léfge idle fraction.of”fhe'distili_

eries into full operation and detour a signifiéént amount of sﬁgar cane beer
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from the sugar market to the ethanol production (approximately 0.7 billion
liters/year of this product are being produced using this method),(zo)

3) The technology required to convert sugar cane into alcohol is quite
simple and requires equipment that can be built in many of the developing
countries; |

4) The total amount of capital required to operate an ethanol processing
plant is very small when compared with all the other fuel alternmatives. The
typical cost of a distillery with a 120,000 1/day capacity is not precisely
known, since different authors quote different figures, as can be seen from

(21)

Table 2, but a reasonable number is 10 million dollars, An economical
feasible unit of synthetie fuel from coal or oil shale requires large scale
production (over 50,000 barrels/day) and capital investment oveér a billion

dollars.(zz)

Even a methanol plant, using biomass as a feedstock, requires a -
large scale plant, with a capacity of handling 2,000 tons of wood /day to
become economically competitive; this translates into a cost of 300 million

dollars.(23)

Furthermore, ethanol distilletries in Brazil can be delivered
and put into operation twelve months after the order is placed, which is a
very short time span as compared with any other investment in energy.
Developing nations,in which the shortage of capital is the bottleneck of the
industrial growth, are vefy appreciative of the two aforementioned factors.
5) Ethanol. iz a very common product and its effect on man is very well
known., It is accepted by the human organism even in large concentratlons in
the atmosphere (1000 ppm)sgé)
therefore the possibility of‘inducing diseases is qulte small, Since it is an

organic product, very little impact on the environment is expected

6) It is the only commodity that can be immediately produced on a large

b

that 1s, two times higher than gasoline (500 ppm),‘
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commercial scale to replace gasoline; old cars ran with this fuel and it is
still used in race cars when large engine power is the main goal,

The classical process used to produce ethylic alecohol from sugar cane re-
quires a unit with a flow chart shown in Fig. II.

Sugar cane is harvested and immediately transported to small size distil-
leries when compared with the o0il refining complexes, The most common units
in Brazil are able to produce 120,000 1/day and the largest ones, 1 million
1/day. Sugar cane is received and washed to remove stones and soil dust; then,
chopped and crushed in milling machines (very few plants use the diffuser

so well accepted by the sugar beat processing industries in Europe), The

milling precess of sugar cane is performed by at least two sets of three stain-

less steel cylinders; the fiber is dampened again in water and goes through
another milling operation. The extracted produet, beer, is then dilluted in |
water up to one paft of sugar to ten pafts of water.

The beer is kept refrigerated in large stainless steel containers threugh
water-cooling to avoid temperatures from going above 30—3500, during the time
required for efficient fermentation. (Generally twelve hours for economical
reasons; a ldnger time span produces more alcohol, but since thé efficiency of
the yeast decreases significantly when a 7 or 8% per volume of alcohol is
achieved, it then requires up to 36 hours to obtain alcohol in concentrations
of 9 to 10%.}

The alcohol-water mixture undergoes distillation. A maximum of 95.50GL
can be obtained; the residual water is then removed by means of mixture with
benzene and the alcohol is submitted to a mew distillation (retification),
where benzene Is recovered and water. free alcohol 1s obtained.

The almost 100°GL alcohol is then stored and large energy and mdnefary
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costs are required for it, Alcohol distilleries from sugar cane work only a
fraction of the year (160-180 days) requiring the build-up of large stocks
to supply the market all year around, These costs are included in our

economical evaluations in section 6.
The flow sheet from Figure II shows that commexcial processing plants

have electricity and steam prdduction stations, fed by the sugar cane bagasse,

the fiber material which went through the milling machines. The bagasse, with

a moisture content of 507 by weight, can be immediately burned to.produCe

(25)

steam. Up to now the most common units used super-heated steam under low.
pfessure (21 atm), since the largest necessity of the plant is low quality
energy required to heat the bottom of the distillation tower to = 100%¢, Any
increase in pressure will decrease the amount of steam required to produce
work (operation of crushing and milling ﬁachines, tr&népbrtation belts, etc)
but does not have any positive effect in the energy required for the distilé
lation. Even working at modest pressures the autonomous plant (that is, tﬁé
one designed for alcohol production only) does not use all the available ba-
gasse as a fuel for boilers; 1/3 of the total amount is usually unused.(zs)-
The utilization of this excess bagasse as fuel for high pressure steam
boilers capable of drivipng electrical genmerators, is under investigation.(26)

The main drawback is the inability to produce electric power continuously.-

The sugar cane is harvested only during part of the year and the selling price

of such intermittent power is very low. This is a typical situation in Brazil,

where there is no shortage of electric energy; in other countries even an
intermittent source of electricity can be very valuable if the harvesting

season coincides with the low rainfall time. ' Another possible use of the
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bagasse requires the use of other crops (sweet sorghum or cassava) to extend
the working season of the industrial plamt, In this extended period the excess
bagasse, stored from the sugar cane harvest season, would supply the energy
requirements together with some wood, The stock keeping of bagasse is a nor-
mal practice of the paper industry in Brazil,

The alcohol is now being produced by autonomous and annexed distilleries.
The annexed distilleries are extemsions of the sugar processing units, bullt
to displace part of the feedstock from sugar to alcohol commodities, These
units were built very quickly and for a low price since they used the same
basic instaliation for the processing of sugar. The first autonomous dis-
tilleries, that is, the one designed specifically for the production of
alcohol, came into operation in the begintiing of 1977,

B) Ethanol from other crops

The possibility for use of othet feedstocks in ethdnol production has
been frequently investigated. Table 3 presents the energy costs in Brazil for
some of the ﬁost promising crops.

Cassava, often considered a source of ethanoi, does not compete with sugar
cane when checked through an eneérgy balance. The fundamental reason is the -
difficulty of using the aerial part of the crop as a fuel for the generation of
steam and electricity. The aerial part has large amounts of moisture ( > 72%)
and cannot be used as fuel for boilers without a drying process(zs) Sweet
sorghum is a very competitive crop, mainly because it can provide two harvests
per year in most of the_tropical areas. Unfortunately some genetic iimprove~ -
ments in this culture are still required in order to grow ‘the plant in areas

(27)

with large insulation. Table 3 also presents'aﬂ-enefgy evaluation for

Sy



corn crop. The corn stover can be used as a fuel for the ethanol processing
industry, but it's amount, as will be discussed in section 5, 1s not sufficient
to supply all the energy required.

The use of corn as a feedstock for ethanol deserves a more detailed analy-
sis; corn in the United States together with sugar cane in Brazil are being usea
in commercial application; the alcohol is supplied in the United States only

through the Gaschol (a blend of 90% unleaded gasoline and 107 ethanol).
3. THE USE OF ETHANOL AS AN ALTERNATIVE FUEL .

3A The Engine Efficiency

The use of ethanol or methanol as a substitute for gasoline was -

analyzed several times and determined to be an extremely bad option, sincé their
energy content was considerably less than gasoline; 5100kcal/l for ethanol,
3800 kcal/l for methanol and 7300 kcal/l for gasoline. Nevertheless if we are e
willing to use these alternative fuels for an internal combustion engine it is -
incorrect to compare them with gasoline solely by means of the energy content.
Other factors must be taken into account and they usually enhance the alcohols
figure of merit.

Figure 3 shows that compression rates as high as 1:12 can be used with
alcohols as a fuel; gasoline fueled engines do not go over 1:8 in countries
where a high quality product does exist and can beé as low as 116 in some develop-
ing countries like Brazil. A higher compression rate signifies higher thermal
efficiency which can reach values as high as 40%(28) which 1s 50% better than
what is usually achieved in an Otto engine fueled by gasoline (of course high
compression rates also means higher friction loss and it is the general concen—

sus that compression rates up to 1:16 or 1718 used in conventional Diesel en-
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gines are the best we can have, as far as efficiency is concerned; neverthe-

less the Volkswagen Diesel car engine is designed to run with compression rates.

as high as 1t23 ).

The heat of vaporization for ethanol and methanol are much higher than
the iso-octane (which will be used to simulate gasoline). They are 922 and
1167 kj/kg réspectively and only 307.7 kj/kg for iso-octamne. This higher value
for the heat of wvaporization yields differences of 3.4% in the heat of com—
bustion of liquid and gaseous ethanol, 5% in the heat of combustion of methanol
and only 0.7% in iso-octane, as shown in Table 4. The heat of combustion used

to compare fuels is the lower one, when water produced from the reaction is in

the gaseous form. Furthermore these values must be corrected for initial temp-

eratures which vary according to the technique used to feed different fuels in
the engine. This difference in the combustion heating can be recovered in at
least three forms:

1) by utilization of the heat embodied in the exhaust gasesj liquid
ethanol has only 60% of the energy content of iso-octane and will require 5.72
times more heat to evaporate the amount of ethanol that will supply the same
heat of combustion as iso;octane. Efficient use of the exhaust gases is more
easily accessible in the case of ethanol than in iso-octane, yielding a better
overall efficiency. The same is true for methanol(zg).

2) performing an adiabatic evaporation of the fuel. 1In this condition
the airmfuel mixture cools down and, from the practical point of view, a temp-
erature of 0°C can be obtaingd (lower temperatures are impractical since air
always has some amount of moisture that will freeze and impair the fuel feed-.
ing lines). The same technique when used in iso-octane, agsuming the same

percentage fraction of the heat of refrigeration used for ethanol, will cool
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down the air iso-octane blend only 3°c. This decrease in temperature changes
the energy density of the fuels, as shown in Table 5. Therefore, the use of
an injection fuel system for liquid fuel will allow the use of an ethanol~
air mix at 0°C that has 8.7% more energy density than the iso-octane air
mix at 22°C (3.687 vs 3.413 MJ/m3). This fact is also an advantage for

(29) This is one of the main reasons for the use of ethanol or

methanol .
methanol as a fuel in racing ¢ars; they yileld more power for the same volume
of the engine.
3) using catalysis to crack ﬁéthanol at tempefatufés gagily achieévable
with the exhaust gas of the sutomobile. By the cfacking méfhdd,'Caqun'mdﬂOxide
and hydrogen can be obtained. This improves the energy economy by 18%.(30)
The excess weight produced by the.extra-volume of the fuel tank désigned
to carry alcohols; can be as much as 4% of the.total car weight and conse- _
quently increases the fuel consumption by 2%.(31):iﬁis 15 definitely a draw- : T
back for ethanol utilization, but since thére is an excess power produced
(8.7%), this should allow a reduction in size and weight of the engine when |
comparad with gasoliné fueled mototrs; also thé ﬁdtal amount of fuel require&
for the same road extension is less than what would be ‘evaluated from the
ratio of the heat content. A combination of these two facfors should: result
in an Improvement of 1% and 3% with compression ratios 6f 8.2 and 12, ré~ -
spectively.(Bz)
Modern automobiles use lean mixtures so that the amount of pollution i1s
reduced and the efficlency is increased, The large fuel to air composition

that we are allowed to use when operating an ethamol fueled car (see Fig. 3)

yields a much easier flexibility for this fuel to handle léaner mixtures.
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It is quite possible that an overall fuel economy of 2% will result.(33)

Table 6 compares all the advantages in efficiencies of an ethanol and
gasoline engine.

As a final conclusion 1 liter of ethanol, with 5100 kcal of energy, has
a performance index in an internal combustion engine equivalent to a gasoline
of 6375 kecal/l, that is, its heat of combustion value has to be increased by

25% in order to make a compatrison with gasocline. This means that the heat

content of gasoline is éggg = 1.22 times the heat content of ethanol for the
same volume. This corresponds with results obtained with a fleet of more

than 2,000 cars in commercial operation in BraZil.(34)

3B) The pollution aspect

Very precise flame temperatures in an intefnal:comﬁusﬁibn éngiﬁé  :
can be evaluated only if we assume no.gas dissoeciation. Bébausejﬁhéfe 15 5.“
significant dissociation in the temperature range of operation of these en~
gines, a reasonable amount of energy is absorbed by these processes lowering
the flame temperature evaluated under that simple condition. Iso-octane
burning at a stoichiometric ratio should produce températur‘es around 2440K

and methanol only 2190K.(35)

As a result of lower temperatﬁre,.Nox éomPOunds,
which are products of reactions mostly dependent of kinetics, (and then an |
exponential function of the temperature) will be produced in much smélier
quantities.

Organic compound found in the engine exhaust are mainly unburned fuel

and aldeh&des. In order to identify the factors affecting these emissions

(36) (37)

several investigations were performed by General Motors and Volkswagen

using methanol. The main conclusion is that if enough care is taken in the

preparation of the fuel, the amount of unburned fuel emission can be reduced
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by 80 or 907%, bringing the emission level to almost the same value found for
gasoline. The amount of aldehydes were also brought down almost an order of
magnitude when compared with the standard intake system, reaching a level four
times higher than that of gasoline.

Carbon monoxide emission depends primarily on the air-fuel ratio, In a
lean fuel-air mixture its amount is much less than in a rich mixture as seen
from Figure 4. They also depend strongly on the fuel preparation and correlate
with the unburned fuel emission. So as the.enginé starts on éold days, when
a rich fuel operation is required, the athount of.60-¢an be higher than with
gasoline and may require catalytic oxidafidn éd,ﬁéfform.With.the_ﬁ.S. standards.

Several advantages are indicated.in favor Qé.mefhanol Qrfethanol such as:

a) The elimination of lead emission: a Significant ﬁbllutioh_product from
conventional gasoline; b) the reduction of cardiﬁogehic an&_f@kic'pfépéfties of
the aromatic compounds; c) the absence of particulate and sulfur-éomp;uﬁdsa

Extensive study is still required for a final comparison betweéﬂ.polluQ
tion of alcohols and gasoline. Nevertheless, for a 10% blend as is being used .
in the U.S.A., very little change in the pollution pattern of pure gaSOliﬁé |
should be expected since the accessible measurements never showed an increase
in any pollutant larger than an order of magnitude when cdmpared with gasolina,
if appropriate care with the mixture preparation was taken. Unfortunately up
until now a reliable measurement of the pollution pattern of 100%Z ethanol

fueled cars in Brazil was not available.

4, THE NATIONAL ALCOHOL PROGRAM

As was alreédy described in the introduction, just after the fourfold

increase in oil price, 1.e. at the second semester of 1974, the Brazilian
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government prepared a ﬁrogram for the replacement of all oil derivatives to
be accomplished in four steps. Table 7 shows the goals set for each step at
that time. A time limit was determined for the first of the four steps. It
would be possible to replace 20% of all gasoline in use in the country by
1980 by addition of ethamol. The use of gasoline-ethanol blends has been
common in Brazil since 1950 and in some cases blends containing as much as

16% of ethanol were used in some cities.(gs)

From this previous observation.
it appears feasible to use conventional gasoline engines to run with a higher
level of ethanol, even if the total efficiency was reduced. The second stage
of the program,.the complete replacement of gasoline by ethanol, would requiré.
research and technical changes to reach good performance. Furthermore, eco-
nomical problems would have to be solved since the oil refineries were de-
signed to supply a market with an almost non-existent seasonal fluctuation,
demanding almost the same amount of gasoline, Diesel oil and fuel oil. The
reduction in gasoline deménd would not be accomplished by the existing oil
refineries without imposing restriction on the supply of Diesel oil and fuel
oil. The third phase imposed even more difficulties, since it would require
not only a change in the oil refining structure but also technical development
very hard to assess at that time as Diesel engines had never used any alcohol
blend hefore.

Research performed in several models of Otto engines at Centro Tecnologico
de Aeronautica em Sao Paulo(3g) as early as 1976 showed that the 20% ethanol-.
gasoline blend would not indicate any'significant decrease in the eﬁgine
efficiency, nevertheless the heat value of ethanol was only 60% by weight of
that from gasoline. Such an amount of alcohol would work as a gasoline booster

improving gasoline octane. Presently there are several publications about tests
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(40) (41

performed by oil companies, car manufacturers

(42,43)

and govermment offices
of many countries, assessing the performance of automobiles fueldd by
alcohol blends of 10 to 20%. The results are very controversial and the best.
we can learn is that if there is any change in performance it is at most a
2% wvalue,

To enhance the ethanol production in Brazil, a large economic program
was developed. The federal government supplied 80% of the capital (and in
some less developed areas, 90%) and private enterprise 20% or less. The .
federal mortgage had to be returned to a negative inﬁerest rate, i.e, interest
and monetary correction below therofficial index of inflation. With this
added advantage, the industrial background of the country was already dévelbbed
enough to accept any orders for new distilleries. Until now, (February,
1980), more than 250 new units have received fﬁnds from the government énd _
| (44)

nearly 200 are already in commercial operation. - Thé most common unit has:

a production capacity of 120,000 1/day with a cost very near ten million

dollars.(zl)

By the end of 1980 the total production of ethanol should reach
the goal set in 1975 (4 billion liters/year) and from this total, a little
over 3 billion would be produced by the units installed under the National
Alcohol Program at a cost of two billion dollars. Another part of the eco- -
nomical program was the Indirect subsidy received by the alcohol through the
elimination of the taxation that was applied to the price of gasoline and re~
sponsible for an over price of almost 30% of its final price to the consumer
as can be seen In Figure 5., It is worthwhile to note that gasoline was always
overpriced to compensate for Ehe lower prices. of Diesel oil (used only for

commercial applications) and the fuel 0il (used only in industrial applications).

The present price of some oil products are shown in Table 8.
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With all this preferential treatment, the price of ethanol, since 1975,

has always been lower than gasoline, independent of the higher production cost

(at least up to the last increase in crude o0il price). Presently as we will
try to indicate in section 6, the real price of both products seems véry simi-

lar with a small advantage for ethanol.

In 1979, the success of the PNA was so obvious, mainiy because of the con=

stant increase in oil price, that the federal government set an upper limit
for the accomplishment of another phase of the program, but less ambitious
than the one proposed in 1975. An agreement between the car manufacturers

and the government was performed for the production of 900,000 new cars, 100%

of which would be fueled by alcohol in the next three years (80-82), plus the

retrofiting of 280,000 gasoline cars to run also with the new fuel. The go#—
ernment.guarantees the fuel supply up to a level of 10.7 billion liters/year
(~ 210,000 barrels/day) by the vear 1985;(45) a total amount of 5 billion dol-
lars will be available to private investors in new distilleries.

The main conclusions drawn from a fleet of 100% ethanol fueled cars are
as follows:

a) engine modifications are very small, the most important being the.
change in compression ratios from 1:6 to 1:12; the carburetor has to be re-
designed since the stoichiometric fuel to air ratio for alecohol is quite difh_
ferent from gasoline; an additional system for the cold start is required on |
days in which the temperature drops below 10%¢. (41)_Kits for the rétrofiting.
of gasoline enginés to run with a 100% efhanol fuel are alréady available.(46)

b) the ethanol consumption, per liter, is 20%Z higher than with gasoline,

even after the compression ratio 18 Increased; (41)

The reasons for the modifications listed in a) are the follpwing: aleohol
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* *k .
has an octane ratio RON '; Mo of 98. This allows a higher compression *

ratio and better thermodynamic efficiency. The change in the carburator can

be understood through the comparison of -the reaction for oxidation of gasoline
(iso~octane as an example) and ethanol, described in simplified form, respectively

as _ ‘ -

CBH18 + 12.5 02 —_— 8CO2 + 9H20

and CZHSOH + 3 02

—> 200, + 31,0
and listed by molar and weight base in Tébie 9. _Aé-éaﬁ'be.séen; the étoichio- .
metric air to fuel tatio by weight is of.the oiderrqf_gilz.fér ethanol and |
15.31 for gasoline. The auxiliary sysﬁém fbf cold s;;ft:uéeé:é-éﬁali gasdiine-
tank or an electric héé£é£ with the purpo;e of:produciﬁé d1é6hol vapor to ful-
fill the requirement to feééh étar;ing mixture, Table 10 shows" the Bdilipg:_
temperature and vapor préssﬁfe for efhaﬁol;'iSO—oéfaﬁe aﬁa gésbiiﬁé. Aé can
be seen, gasoline has a.iérge range df products with different mblecularIWeight
and different boiling ﬁdinté. The compound with low m&lecular weights yields . .}
enough vapor pressure to permit prompt ignition even in a cold eﬁvifohment,
Ethanol with a much lower vapor pressure than gasoline requires some addi-
tional process to achieve this same performaﬁce.

The goal set for 1985 will impose seﬁeral difficultiés for the.oil re-
fining industries if the éroduétioﬁ of Diesel oil.énd fuel oil'wili have €0
be achieved. Ioday; ﬁhe cbuntry aiready pfoéégges mbre gésoline than ié‘¢6ﬁh
sumed and the excess 1s sold in the intérﬂétidﬁai markét. The market ié ve£§. 

small, mainly for a low qualify product as the one produced, As it i

*RON -~ Research Octane Number

**MON - Motor Cectane Number
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unlikely to discover a larger market, another possibility which is under con-
sideration is the exportation of alcohol tﬁ be used as an octane booster in
countries where environmental concerns limit the use of lead. This solution
is quite interesting from the,energy point of view. The American market,
(see Table 11), demands that 46% of the oil be éonverted into gasoline. The‘
average energy required for processing a barrel of crude oill is 740 MJ(47)
distributed among several operations. (See Figure 6). Reforming and alkyla-
tion are mainly conducted to obtain high quality lead free gasoline. Signi— -
ficant energy economy can be obtained if medium quality gasoline is used in
place of the high octéne gasoline, TFigure 7 shows that the apparent consump-
tion decreases with the increase in the octane number, but the real consumption
preseﬁts a minimum energy cost for different octane numbers as a function of
the total amount of lead, since the energy required for processing high quality
gasoline also increéses; Even more beneficial is the conclusion obtained from
Figure 7a which clearly indicates that lead free gasoline Fequires a real cori— .
sumption of 600kcal/l0km over what isirequired for the productioﬁ_of the same’
octane gasoline with a lead contéent of 0.6g/1.

Figure 8 obtained for methyl alcohol is neveftﬁeless a reasqnable indi~
cator for ethanol and shows that the addition of 10% alcohol to gasoline in-
creases the octane level by three numbers, which is'the same effect ds the
addition of 0.3g/l of lead. From this figure and from Figure 7a) approximately
400kcal/10km could be saved (this number is obtained by extrapolation
from data from Figure 7aa‘— in the case of minimum gas éonsumptidn with 0.42/1
of lead, 11250kcal/10km is necessary and the minimum for a gas with 0. 15g/l
of lead ig 11650kcal/10km} Then a mlxture with 9 liters of medlum gasollne plua 3

liter of alcohol ean yield an energy savings of 11, 500kcal (3,600 + 7,800) in
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the real consumption of oil less the costs for the production of 1 liter of
alternative fuel. For the typical case of Brazil, this figure is not bigger
than 2,000kcal as we will show in section 6. Therefore the real economy is
9500kcal; meaning that the use of one liter of alcohol displaces at least
two liters of gasoline.

This calculation could be repeated for blends with 20% of ethanol with
the final conclusion that 1 liter of alecohol displaces 1.8 litérs of gas.
This result is also derived from data shown in Figures 7 aﬁd.B from where we
see that the real ccnsuﬁption of gas doeé_ﬁdt teduce linearly with the in-
crease of the lead content. Following ﬁhis Eféﬁa, but in the other extreme,
pure ethanol replaces only 0.8 liters Of_géSOline, as was stated in section 3A.:_
So the net energy savings for tﬁé WOrlé wduld_be;th'times bigger if aléohol
gas blends are used, instead of 106%'élcdhol fﬁélé&-éér35 '

A third option for Brazil would be the use of etﬁanoi'in_Dieééi'engines:
together with the replacement of a part of the fuel 0il by some other feed- -
stock suitable as a boiler fuel. The use of ethanol-Diesel blends has been _ 

(48,49)

under investigation in the last three years and engines have.already

run with bIEnds as high as 707 ethanol;(so)

The largest difficulty is due to
the high resistance presented by-alcohols to selfuignitidn when cdmpressed, -
which is measured technically by the cetane numbéer of the fuel. A.posSible¥ 

solution is the increase  of the cetane number of alcohol‘through the addition '

of chemical products with explosive behavior like amyl nitrate.
'5. THE ENERGY BALANCE FOR THE PRODUCTION OF ETHANOL
Seyeral pa?érs deal wiéh thé pfoblém of asséss&ﬁgitﬂe aﬁbﬂﬁf éf enérgyn
exﬁep@ed_ip.ethépol.prodﬁctibnl Tﬁe éuésiion.i; faf.ﬁbfe iﬁﬁértéﬁﬁ, éiﬁcé tﬁe
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basis of the discussion is the amount of oil reéquiréd to generate the alcohol.
If a large amount of energy derived ffom 0il is required, we can conclude that
alcohol is a net oil consumer instead of an oll alternative,

Several sources of biomass can be used for ethanol production. In this
paper we will analyze the ones that are under commercial use or that have a
higher chance of becoming used in the near future. They are sugar cane,
cassava, sweet sorghum, corn and wood.

5~I Ydields and Productivity

To carry an energy balance it is neéessary to assess the ethanol
and by-product yields from the feedstocks.
A)  Sugar Cane
Sugar cane is practically thé only commercial source of ethanel in
Brazil mainly because it can be produced very easily by traditional fermenta-
tion techniques and the high energy value of the bagasse. Table 12 shows
typical composition of the most common species of sugar cane planted in the
southeast part of Brazil,
The classical fermentation process for hexoses (glucoses and ffuctﬁses)
and sucrose are described by equations A and B respectively.
CGH1206 —_— ZCZHSOH + 2C02 + heat
180g ————>  92g (64.3ml at 15°C)

OH + 4C0, + heat

C1aflpg0yy + B0 ——==> Gyl ;06 + Cgly 506 ? 4C,Hy 2
glucose fructose ' 184¢
360g

‘A practical evaluation of the total amoiint of etlanol obtained must
assume an extraction efficiencdy of 95% for the mono and dissacarides sugars’
from the crop and also a 95% efficiency ih the fermentation process. This

@A)

~(B)



means that 1t of sugar cane, with an average composition shown in Table 12
yields 90 l;ters of ethanol. Using the typical productivity for commercial
crops listed in Table 13 we arrive to 4700 liters of ethanol/ha—yearf

B) Cassava

This feedstock 1is being used in only one commercial plant for techni-

cal and economical reasona. The starch requires one more processing stage
than sugar cane to yield ethanol; a preliminary hydrolysis is required. The
technique used is enzimatic hydrolysis carriéd by two different enzymes:
alfa-amilose and amilo=glycosidase. The forﬁer transforms starch in oligosa-
carides and the latter transforms this product int¢ glucose. The theoretical
efficiency is described in Eq. C

Starch -———3 Glucose ——> Ethanol o @)
100g 130.7g 84.1ml at 15°C

since a) 85% of starch undergoes hydrolysis,
b) 95% yields dextrines which will produce glucose
c¢) 95% is the practical efficiency for alecohol fermentation, a more

realistic yield is Eq. D: Starch —— % Glucose «——p Ethanol. (@)
100g - . 105.5g 64 .5ml .

¥rom figures presented in Table 14 and gquatibns A, Band D, 1t of roots
yields 181 liters of ethanol, or 2260 liters/ha-year if we use the average
productivity from Table 15.

C) Sweet Sorghum

This crop is not used in commercial applications in the countty and ali
results presénted in Table 16 were obtained from experimental crops. It is
possible to transform 1t of stem in 78.5 liters and 1t of grain in 39§ 1iters
of ethanol, yielding an average production of 6106 liters/ha-year 1f two

harvests per year are assumed, as shown by_Téble.lﬁ:and_l7,

This figure is well above the average 3600 liters/ha~year commercially obtained in
Brazilian distilleries. Inefficient sugar extraction and unavoidable losses asso-
ciated with large scale production should be the reason for the lower figure.
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D) Wood
The commercial use of wood as a feedstock for ethanol is presently
very rare since several more stages are necessary than when using sugar cane.
Cellulose, the largest component of wood is completely converted in glucose
through hydrolysis, but the presence of other components (hemicellulose and
lignin) pose some difficulty in the use of wood.

Several acid hydrolysis processes are available.(Sl) At present, only the
Soviet Union has approximately 40 plants under operation for the production of
protein for animal feeding and ethanol using the dilluted sulfuric acid pro;
cess(sz)(Scholher process). Brazil is now interested in commercial exploitd-
tion of wood as a source of ethanol and intends to put in operation a few
units as big as 100,000 liters/day in fhe next two years.

Enzymatic hydrolysis still-is_under:laboratory-bench scale but some
variations are.already under consideration for commercial application in the.
U.S.A.(SB)

The main product from acid.hydroiysis is glucose. Since a fraétion of
the hemicellulose yields pentosanes as shown in Table 18, hardwood with a
larger hemicellulose fraction than softwood; produces larger quantities of
pon-fermentable sugars which can be recovered for cattle feed. An ecbndmicai
evaluation of wood hydrolysis must assume that only glucose and manoses are
fermentable sugars. We must also take into account that: _

a) acid hydrolysis is able to convert 73%, by weight, these polysaccﬁéridES (54)

b) the amount of cellulose plus‘hémicellulose is on the average 704 by
weight in wood

then 1 ODT of wood yields 233 liters of:ethanOI.-

Large areas of Brazil have undergone-refofestatioﬁ in the last twenty
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years to supply feedstocks for the paper industry and reliable data for wood
yields are available and displayed in Table 19. These figures yield 2750 and
3400 liters of ethanol/ha year for Eucalyptus and Pinus respectively.

E) Corn

It is not used in Brazil but in the U.S8.A. is the most common

feedstock for ethanol production which is the reason for it's inclusion in
this paper.

As with cassava, the starch from corn must undergo hydrolysis before the
fermentation process. Table 20 shows typical coﬁposition for corn grains.
The crop residue, called stover, has a moisture content of 157 and is producéd;

(55)

in large quantities. Unfortunately, tillage practices require that 80%

of this material be kept in the 5011(55) énd it's transportation to a pro-
cessing plant would require extra energy, since the stover is ﬂét a by—p?dduct
of the corn grain. This yields 1170 t/ha of feedstock appropriate for boilers,
with a heat content of 16GJ/t.

Table 21 lists typical productivity for corn grain in the U.S. and Brazil.

(56) that

Assuming that one bushel of corn yields 2.6 gallons of ethanol,
figure translates in yields of 2100 and 970 1/ha year in both countries, re
spectively,

5-IT Agricultural Expenses

Table 3 presents the energy required for the exploitation of several
crops in the southeastern part of Brazil., Sweet sorghum was included using
experimental data, since it is not yet exploited on a commercial scale in
Brazil.

The energy listed includes direct and indirect expenses; so the ehergy

built-in a liter of Diesel oil is assiimed to bé 10% higher than its heat value
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47 57
since this is the minimum energy required by the oil refining industryg »27)

More acciuraite evaluations can be made with the utilization of input-output

(58)

matrix already available for the Brazilian economy. Labor energy is sys-

tematically neglected in the energy evaluation following the prescription of

(59)

some energy schools. However, even in a developing country like Brazil,
the human expenses in agricultural production is never larger tham 5% and
it's inclusion does not. charige our results.

The main conclusion derived from Table 3 is that the least enmergy inten-

sive crops are wood (Eucalyptus and Pinus) with a consumption four times less

than any other crop analyzed and seven times less than sugar cane. Using the

productivity in alcohol/ha-year listed in Section 5-I, it is possible to assess

the energy per liter of alcohol required in the agricultural phiase for several.

feedstocks. The result is presented in the last column of Table 21. The

expenses account for soil preparation, plantation, harvésting and transportation

of the feedstocks up to a distance of 20km from the farm.

5-II1 Industrial Expenses

The conversion of biomass in ethanol is made by several techniques -

as was discussed in Section 5-I. To evaluate these energies, a complete flow

sheet of the plant is required together with a reliable way for computing

the built-in energy in the equipment and buildings. The case of sugar cane is.-.

the easiest one to evaluate since many industrial units are in operation. It .

is more difficult to prepare a detailed analysis for the other feedstocks,.

nevertheless important conclusions can be drawn from the sugar cane flow sheet .

(58)

evaluation, as shown in Figure 2. The input-output Brazilian matrix was

used to assess energy built-in in capital goods, operation, maintenance and

fuel. - Table 22 presents the results for a typical unit, with an anpual capa- '
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city of 18 million liters, and assuming an average life of 20 years. As can

be seen, the energy expenses are almost due to the fuel required. Fuel is

such a large part of the total expenses that is is almost useless to make

an accurate assessment of all the other energies. So for a modest precision

we can use the fuel energy, usually computed as kg of steam/liter of ethanol

as a good means for comparison between different crops. Operational costs are
not expected to vary from one feedstock to another but the case of wood deserves
a more careful analysis. Table 23 quotes fuel costs for the biomass under
analysis.

A comparison drawn between Tables 3 and 23 clearly shows that industrial
expenses are at least 3 times larger than the omes in agriculture in the case
of corn and almost 50 times more for wood. The amount of energy is so large
that it is almost impossible to use mobel fuels (0il, natural gas and electricity)
in the ethanol processing. This is the main reason for the success of sugar
cane as a source of ethanol: as a by-product of the beer, large quantities of
fiber are available to be used as a fuel for steam and electricity generation.
From Table 12, the amount of dried fiber is 110kg per t of harvested biomass.
In practical application, fibers with 507 moisture content (which means a -
heat value of 1800kcal/kg) are used as boiler feed. Each kg of bagasse pro-
duces 2.4kg of steam which yields 5.9%g of steam/liter of ethanol. This
amount of steam is more than enough for the industrial processing. Any ex-
cess of bagasse is undesirable since an extra cost will have to be added for
the return of bilomass to the farm.

The present day efficilency of the:steam system in Brazil is quite modest .
as can be noticed when compared with the U.SS60) The consumption of steam 1is.-

the same, but in Brazil there is no drying of the sillage, since it is pumped:.
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back to the soil as a fertilizer. Sillage drying is responsible for 1/3 of
the total energy cost. Many improvements can be added to the plant, if better
distillation techniques already available will be introduced in industrial
plants and a market for unuséd bagasse is developed.

Other feedstocks like cassava and corn do not compete with sugar cane
either because their by-products are unsuitable as a fuel or the amount of
fiber is small._ Wood could be used as a feedstock for ethanol and fuel for
boiler. One fraction would undergo hydrolysis and the other would supply
the energy. Table 23 shows the amount of energy required as being much higher
than for sugar cane. Plants in operation in Russia require 25kg of steam and

turn-key Switzerland plants require 1l3kg of steam.(él)

Even for such high
figures, a reasonable amount of wood can be used for hydrolysis because of
the large heat value of wood together with the small amount of moisture (20%).
Figure 9 displays how the wood production would be split for both applications.
It is obvious now that this technique of soil partition can be used for
any other crop. This improves the energy balance for cassava and corn. Also
shown in Fig. 9 is how a hectare has to be divided to accomodate cassave and'
wood, and corn and wood in such a way that the processing plant will be self-
gufficient. Table 24 lists the amount of ethanol produced from several crops
using a self—sufficient hectare and the total energy required from external
sources for the agricultural and industrial bhase. It is important to stress
that all numbers for the industrial processing of cassava, corn, and wood are
less reliable than the one for sugar cane, nevertheless it is clear that the
agricultural expenses afe now the major fraction of expenses for all crops but
wood, where the coste for operation, maintenance and capital goods are very

similar to the agricultural costs. The last column of Table 24 shows the enérgy
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costs/liter of ethanol, which have to be compared with results available for

the oil industry. In the U.S.A., the extraction and refining of high quality
7,62

gasoline is very near 2000kca1/1.(5 ,62)

5-IV The Situation in the United States

The energy balance must always be analyzed for each country. So,
results found in Brazil can not be easily extrapolated for other countries and
as we intend to show are not good for developéd countries.

Table 21 presents agricultural expenses for some crops in Brazil and the
U.S. As a general trend, the yield is larger in the developed country, but
the amount of energy required is much higher in such 4 way that the energy
expenses per t of biomass is smaller in the developing country. This is a
natural behavior of the technclogical improvement, since more powerful tractors
are available, mechanized harvesting i1s a common practice and large amounts of -
fertilizer are used to improve the yield.

The analysis for corn shows that even under the self hectarerpractice,
and the assumption that expenses for operation, maintenance and capital good
in the industry are neglected (which is a good approximation as discussed in
Section 5), the amount of energy required for the production of 1 liter of
ethanol in the U.S. is 4.58Mcal and only 1.88Mcal for Brazil. To emphasize
this issue, Figure 10 shows a comparison between the amount of oil required to

produce alcohol in Brazil and the U.S.

6. THE ECONOMICAL PROBLEM

The evaluation of the production of ethanol will be made for only two -
feedstocks: sugar-cane and wood; even so we reclaim calculations to bé more.

precise for sugar cane which is being used extensively in Brazil.
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Sugar Cane -

The evaluation is more realistic for the souﬁheastern part of the
country where data is available for the evaluation of the 1976/77 harvest.(ZI)
The size of the investments and of the agricultural yield are presented in
Fig. 11 for a hectare of soil exploited in a 4 year span. Table 25 presents

the costs for sugar cane for three different interest rates.

The capital costs for a distillery have two major components: the fixed
investment and the working capital. Working capital includes feedstock ex-
penses and ethanol storage. Table 2 deplcts a variation of a factor of 2 in
the estimated costs of distilleries. We decided to choose for our base case
the price quoted for one of the largest distillery's producers (Zanini S.A.):
107 dollars for a processing plant of 120,b00 1/day, which means 3600 dollars /GJ
of ethanol. This price is by far more ;galistic of the present day market
since it is quoted for an autonomous unit and for a large program of fuel re-
placement, autonomous distilleries being the largest fraction both presently
and in the future. Taking this into account, we conclude that the cost re-~
lated with this investment will be in a range between $1.55/GJ up to $3.20/GJ
varying with interest rate and pay back time, as shown in Table 26. Operation -
(21) '

costs represent $2.20/GJ.

As was shown in section 5~I, one hectare produces 226/GJ year of biomass
(assuming 18GJ/ODT )and yields 4700 liters of ethanol or 99GJ. There is a bagasse
excess that will not be considered in the economical evaluation since it is not
being used in present day operation. The conversion efficiency of biomass to e-
thanol is 43.77, that is, to produce 1 GJ of ethanol it is necessary to buy 2.3GJ
of feedstock. The cost for sugar cane is $3.04/GJ(ad&iﬁg_éome value to the soil

and assuming an interest rate of 6%7), meaning that the cost of feedstock will
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add to $6.96/GJ. The othér costs are also quoted in Table 27.

Wood
Figure 12 presents the magnitude of fixed investments required

for typical Eucalyptus plantation carried in the state of Sao Paulo. Assuming
the same interest rate as for sugar cane (6%) we arrive to a cost of $27.60/0DT
or $1.55/GJ. Including the land cost, this price will increase to $1.75/GJ;
this is a consequence of the high cost'of land in the state of Sao Paulo and
is characteristic of a very small fraction of the area of the country.' For
wood farms developed in areas faf away from urbaﬁ centefs, Ehe soil priée
decreases significantly and we obtain the same price for the féedstock with
or without the addition of cost of land. It is important to notice that this
cost estimate is much higher than the cost of wood sold.preSently iﬁ small
farms; it is very easy to find wood at a priﬁe of $16.5/0DT (intlﬁding lbéding;
unloading and transportation to a distance as far as 120 km) - this gives a
cost of 2$1.00/GJ. We believe that this price is more realistic than the
previous estiméted cost of large scale wood farms and we will use it in our
final evalvation. The total expenses for producing ethanol from wood by aéid.
hydrolysis are sﬁown in Table 28 for an interest rate of 6% per year. As in
the case of sugar cane, the cost of feedstock is the major component of the
final product. This 1s a consequence of the low efficiency in converting wood
to ethanol due to:

a) low yields obtained due to the presence of hemicellulose and lignin
in the raw material

b) significant fraction of wood is used as a fuel for the processing
unit. This 1s a necessity under the assumption of the self-sufficient hectare.

and the use of Llignin in the pig iron industry.
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The Cost of Gasoline vs Ethanol

It is imperative to make a comparison between our previous cost
evaluation of ethanol and the present day cost of gasoline., To achieve this
we will use data from Ref. 62 which is good for the American market;

As shown in Fig. 13,.it is necessary to start with 1.12GJ of oil to
produce 1 GJ of gasoline. Furthermore, .12GJ from external scurces, which " -
is most commonly obtalned from natural gas has to be used. To be coherent
with our previous analysis for ethanol it is important to add capital and
operatien costs. Instead of going through all these calculations we use
another route well established for the ptoduction costs of refined oil pro-
ducts in the U,S5.A., - they cost 1.64 times more tﬁan the raw material(sa)
which means that gasoline is produced at a cost of $10.50/GJ assuming $35/
barrel for the oil. 1In the case of Brazil, the industrial efficiency is
probably lower (a general trend observed when comparing developed and develﬁ-
ping countries) and a higher price is most likely., There are no present
.reliable costs published by the state owned oil ¢Ompany.~ but for December,
1978 it was quoted as $6.00/GJ before tax. An indirect evaluation can be
carried using the consumer's selling prices which are listed for today's
market in Table 8. From these prices, 15% has to be subtracted as the
cost of distribution and market network ($6.00/barrel)plus the tax of 26.7%
over the final price of gasoline, as shown in Fig. 5. This gives a value
for the oil derivates ex-refinery of $28.59/barrel(when the average price of
crude oil was $22.00/barrel). However, the high price of gasoline in Brazil

is something of an artifact, since there are taxes added to cover the liow

* .
cost of diesel and fuel o0il. Comparison with other countries suggest that

*Diesel is generally 10% less expensive than gasoline ex-refinery and fuel
oil 33%Z as expensive. -
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this spread is very atypiéal and represents a political, not an economic,
price of gasoline. Using the spréad in price typical from free market economy
we arrived to a price of $12.19/GJ for gasoline ex-refinery.

As a final conclusion, aleohol, at least when used as an octane booster
where total efficiency is 25Z higher than gasoline, has already reached the

breakeven point as compared with gasoline in Brazil.
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TABLE I

PARTICIPATION OF DIFFERENT ENERGY SOURCES IN SEVERAL
COUNTRIES AS PUBLISHED BY UNITED NATIONS 1976

PRODUCED ENERGY {10'%9)

Coal and Hydro and Total "per
Country Lignin 0i1 Natural Gas Nuclear Biomass capita” (107J)
b.S.A. 17256 20950 21300 1770 615 2900
Brazil 82 86 32 267 867" 14.6
India 2920 367 37 133 2340 | 9.6
Sudan - - 1 | ~1 117 6.7
Sweden ' - 258 257 15 33.5

*This figure does not agree with the one published by "Balanco Energetico Brasileiro -
1978" prepared by Ministery of Mines and Energy, Brazil. The reason for the dis-
crepancy is:

a) large quantities of wood do not penetrate the commercial market

b) there is an incorrect evaluation of the wood energy in the publication of
the Ministery of Mines and Energy as was pointed out in Ref. 64; the wood
energy content is under-estimated by 50%. .




asLe 2f

PRICE OF ETHANOL DISTILLERIES QUOTED BY SEVERAL SOURCES

Annexed ' _ Autonomous
Capital | S Capital : . _
Source Investment cale Operating Season Investment (mgfggﬁ) Opezgg;gg-zgiion %%%
($/6d/day) (m3/day) (days/year) ($/6J/day) A (6{
4y (2 (3) (4)
Promon - '
(1977-78) - _— -— 4920 150 180 -—
Almeida : : '
(1976) 1720 120 | _ 180 1890 120 180 1,1
Average for
Authorized Brazii-
ian Projects N -
(end 1976) 1950 110 143 3615 154 164 1,85
Average for
Sao Paulo
Authorized |
Projects S
(end 1976) 2065 170 141 2680 165 154 1,3
Zanini, S.A, R 3570 120 - -
(1978) :

TFrom Ref. 21




TABLE 3%
EVALUATION OF THE ENERGETIC EXPENSES FOR SOME CROPS EXPLOITED IN BRAZIL

1
Crop Sugar Cane Cassava Sweet Sorghum Corn Eucalyptus |
Energetic (Mcal/ha yr.)_ (Mcal/ha yr.) (Mcal/ha yr.) {Mcal/ha yr.) {Mcal/ha/year)
Exnenses

Labor - | == --- -—-

Machinery! 402 | 279 787 65 28

Fue1? 229 1491 4217 987 428

Nitrogen (N)° 687 347 1665 580

Phosphorous (PZOS) 89 45 200 107 36

Potassium (KZO) 96 i 53 133 27

Lime 37 50 | 50 82

seed? 188 118 23 23

Insecticide 3 . 24 145 -—- {59

Herbicide 55 _ 24 96 69

Tota15 5}55 : EZ?I ;EI; : ZEZE 551

Tractors, trucks and other machines - éssuming a half-life of ten years for the tractor and other machines and five for
the truck.

Fuel energy value includes the expenses for its processing at the oil refinery.

These energy expenses are derived from the American economy, since until 1970, very 1ittle synthetic fertilizer was
produced in the country.

Data are evaluated assuming that sugar cane and sweet sorghum seeds require 30% more energy than a commercial equivalent crop.
The energy evaluation includes feedstock transportation up to a distance of 20 km for its processing,

From Refs. 65 and 66




TABLE 4+

HEAT OF COMBUSTION AHc AT 25°C FOR GASOLINE AND ETHANOL

Ethanol CZHSOH Liquid Fuel Gaseous Fuel
(MJ/Kg) (MJ/Kg)

Higher (H,0 liquid) 29.70. 30.62

Lower (H20 gas) 26.68 - 27.60

Methanol CHZOH
Higher (HZO liquid) 22.66 23.85

Lower (H20 gas) ' 19.92 21.10

%
Iso—-octane C8H18'
Higher (H20 liquid) 47.85 48.18

Lower (H20 gas) S 44,38 7 44,71

*Iso-octane is used as the standard hydrocarbon to compare fuel properties

+From 56 and 67




TABLE 5"

ENERGY DENSITY OF THE FUEL CHARGE

Gaseous :
Oxidant Liquid Fuel Gaseous Fuel
YoTume Energy Density Volume Energy Density
(m3/kg mol (MJ/m3) (m3/kg mol (MJ/ms)
of fuel) of fuel)

T = 25°¢C

Ethanol

+ Air 356.93 3.433 381.39 3.328

Iso-octane _

.+ Air 1487 .30 3.407 1511.61 3.378

T = 0%

Ethanol

+ Air 349.39 3.687
T = 22%
Iso-octane
+ Air 1496.38 3.413
I_

Assuming:

1) Air with 50% humidity

2} Air as an ideal gas at 25°C; ideal volume = 22.464 Titer/mol at 25°C and 1

atmosphere

3) Ethanol density p(25°C) = 0.789g/cm°

4) Iso-octane density p{(25°C) = 0.687g/cm3

5) Vol of CZHSUH (as a 1iquid) = .0669m3/kg mol

6) Vol of Cghlg (as a liquid) = .166m°/kg mol

+  From Refs. 56, 67 and 68.




TABLE &'

COMPARISON OF ETHANOL AND GASOLINE EFFICIENCIES

Compression Ratio

8.2
1) Compression Ratio 0
2) Increase in Efficiency

due to fuel injection + 8

3) Surplus of Power +1
4) Surplius of Fuel Weight -2
5) Use of Lean Mixture + 2
TOTAL + 9%

Compression Ratio
12
+ 16

+Adapted from Ref. 32




TABLE 77
GOALS PROPOSED BY THE NATIONAL ALCOHOL PROGRAM IN 1975

Production (liters/year) Area Required for the Sugar Cane
x 10° - Crop (x 1000 ha)

Scenario I 3 1100

Scenario II 16 4400

Scenario III 22 6000

Scenario IV 33 9000

(1) 20% ethanol biend in gasoiine plus 10g liters for industrial use.
(2) 100% ethanol to replace gasoline plus 109 Titers for induétria1 use,
(3) 100% ethanol to replace gasoline and 50% ethanol - Diesel or blend.

(4) 100% ethanol to replace gasoline and Diesel oil,

‘* From Ref. 69




TABLE 8T

RELATIVE COMPOSITION AND CURRENT COST (APRIL 1980}
OF THE MORE COMMON OIL DERIVATIVES IN BRAZIL

A B AxB
Di1 Derivatives Percent Fraction Amount per Cost
(%) Barrel ($1/1iter)
(liters)

Gasoline 26 36.4 .542 19.72
Diesel oil 32 44 .8 .25 11.2
Fuel oil 32 44 .8 125 5.6
LNG 6.5 9.1 .25 2.28
Others 3.5 _ 4.9 .25 1.23
TOTAL o o 140 40.03

Assuming the useful content of a barrel equal 140 liters. This is a
reasonable assumption since significant amounts of oil are expended for the
derivatives' processing.

Average price of oil at $22.00/barrel.

TFrom Ref. 19




TABLE 9

STOICHIOMETRIC RELATIONS FOR OXIDATION

Fuel — Ethanol Isooctane

Oxydent —= O2 Afr* 02 Air*
(moles) | (kg) [{moles) | (kg) (moles) | (kg) (moles) | (kg)

Fuel 1.0 1;0 1.0 1.0 1.0 1.0 1.0 1.0

Oxydent 3.0 2.087] 14.591 9.122 { 12.50 3.50 60.7 15.31

0.03% €03 equivalent molecular weight of air = 2
02 = 32 g; molecular weight = 46.10 g; molecular weight of isooctane =

8.76 g;

Assuming air with 50% humidity, 76.66% NZ’ 20.56% 02, 1,83% HZO’ 0.92% A
molecular weight of

114.20 g.
TABLE 10%
BOILING TEMPERATURE AND VAPOR PRESSURE OF SOME FUELS
MoTecular Boiling . Vapor Pressure*
Weight (g) Temp. (°C) (kPa)
Isooctane 114.2 39.3 15.5
Regular Gasoline (summer) 98 32-186 70
ReguTar Gasoline (winter) " " 90
Ethanol 46.1 78.3 15.2
4
37.8 °C

TErom Refs. 56 & 68.




PERCENT YIELDS OF REFINED PETROLEUM PRODUCTS
FROM CRUDE OIL IN THE UNITED STATES

TABLE 117

1967 1969 1971 1973
Gasoline 44..0 44.8 46.2 45.2
Jet Fuel 7.5 8.2 7.4 6.8
Liquified Gas 3.1 2.9 2.9 2.8
Kerosene 2.7 2.6 2.1 1.7
Distillate Fuel 0i1  22.3 21.7 22.0 22.5
Residual Fuel 0il. 7.7 6.8 6.6 7.7
petrochemical products 2.4 2.5 2.7 2.9
Naftas 0.8 0.7 0.7 0.7
Lubricant & Wax 2.0 1.9 1.8 1.7
Coke & Asphalt 6.0 6.1 6.4 6.5
Others 4.5 4.7 4.4 4.5
Deficit - 2.9 - 3.1 - 3.4 - 3.6

100.0 100.0 100.0 100.0
+

From Ref.

47




TABLE 127
TYPICAL COMPOSITION OF SUGAR CANE EXPLOITED
IN THE SOUTHEAST PART OF BRAZIL

Component : % By Weight
Sucrose 12-16
Reducing Sugars (glucose and fructose) 0.2-1.5
Total Fermentable Sugars : 13-17
(expressed as % of glucose)
Fiber 9-13
Moisture 70-73

+From Ref, 54

* TABLE 13 |
TYPICAL YIELDS FROM COMMERCIAL CROPS OF SUGAR CANE
IN THE SOUTHEAST PART OF BRAZILT

. Yields
Number of Production _
Cycle Harvestings Total F{quction By HaEi%sting (t/ha/yr.) (t/ha/mo.)
4 3 180-240 60-80 45-60 4,3-5.7
210% 70% h2* : 5.0 %
_?From Ref. 54

*
Average




TABLE 147

TYPICAL COMPOSITION OF BRAZILIAN CASSAVA

Stem Components

% of stem by weight

total extractive material
Ash

Fiber

Moisture

0.2
0.9
23.0
75.9

Root Components

% of root by weight

o a)

b)
c)
d)

Total Fermentable Sugar

a-1) Starch (as % of glu~
cose)

a-2) Total amount of mono
and disaccharides (as
% of glucose)

a-2.1) Disaccharides
(sucrose)

a-2.2) Monosaccharides
(glucose)

a-3) Pentosanes

Fiber
Moisture
Others

26.1

1.4
68.2
4.3

11

27 5%
5%
3.5%

21.6

3.4
2.2

1.2

.
Average of commercial crops

't

From Ref. 70




- TABLE 1

5

YIELD OF COMMERCIAL CASSAVA CROPS IN BRAZILT

Cycle Production Yields
(Months) (t/ha) (t/ha/year)  (t/ha/month)

Roots 18-22 20-30 10-15 1.11-1.67
Average 20 25 12.5 1.25
Stem 1320 - 13-20 7.5-10 0.72-1.11
Average 16.5 8.75 0.83

+From Ref. 54

TABLE 16
AVERAGE COMPOSITION OF SWEET SORGHUM+
Stem Cbmponents % of Stem By Weight

Sucrose 9.0-12.0

Reducing Sugars 1.0- 4.0

Total Fermentable Sugars 12.0-16.5

(as % of glucose)

Fiber 14.0-17.0

Moisture 84.0-75.5

Grain Components

Starch 55 - 65

Total Fermentable Sugars i- 2

{as % of glucose)
Moisture 12 - 15

trrom Ref. 54




TABLE 177

YIELD OF SWEET SORGHUM (2 CROPS PER YEAR)

Cycle Production Yields
{month) {t/ha) (t/ha/yr) (t/ha/month)
Pfant Ratoon
Stem 30 -3 15-25 | 45-60  3.75 - 5.0
4 - 5%
Grain 3.5-6.5 0.29 - 0.54

2-4 15-25

« _
For each harvest

T

Adapted from Ref.

26 and 54.




TABLE 18

T

TYPICAL COMPOSITION OF WOO0D

Componenss Eucalyptus (% by weight) Pinus (% by weight) |
1) Cellulose 50 50
2) Hemicellulose 20 15
A) Hexosanes 2.5 9.6
a) Mananes 1. 7.0
b) Galactanes 1. 2.6
B) Pentosanes 17.5 5.4 | .
a) Xylanes 16.8 3.9
b) Arabanes 0.7 1.5
3) Lignin 25 30
4) Others 5 5
+
From Ref. 54
TABLE 197
TYPICAL YIELDS OF COMMERCIAL WOOD FARMS IN BRAZIL .
Production Eucalyptus Pinus
(m/ha) 430 655
(0DT/ha) 250 365
(0DT/ha/year) 11.8 14.6
cycle (years) 2 25

TFrom Ref, 54




TABLE 20

.1.

TYPICAL COMPOSITION OF CORN GRAIN

Components % By Weight
Starch 72.2
Protein 8.9
Total Amount of Mono— and Disaccharides 1.8

(as % of glucose)
Moisture 13.8
Ash 1.4
Others 1.9

o+
‘From Ref. 56




 TABLE 21

Yields, energy invested in agriculture (planting, harvesting and
transportation) and its ratio for some crops in the United States

and Brazil.

Yield (Y) Agricultural E/Y
Crop dry mt.ton Energy (E) (Mcal/dry/mt.ton)

ha.year (Mcal/ha/year)
U.5.A.
Sugar cane 6.212) 69001) 1111
Wheat 1.63% 20801 1276
Soybean 1.44%) 72501) 5035
Corn 4,90% 6596 | 1346
Forest logging 15.4 ' 570 ' . - 374
Eucalyptus - : o - ' -
Pinus — - ——
BRAZIL
Sugar cane 14.81 3018 204
Wheat | 1.06 1378 1305
Soybean 1.85 1882 1018
Corn 2.42 1951 : 806
Forest logging -—- - -—
Eucalyptus 11.95) 530 ‘ 45
Pinus 14.65) 427 29

Notes: 1) From ref. 75
2} From ref. 76
3) Average value from ref. 72, 73, 74 e 75
4) From ref. 77; includes only energy for harvesting
5) From ref. 54




TABLE 227

ENERGY REQUIRED FOR THE INDUSTRIAL CONVERSION OF SUGAR CANE
TO ETHANOL -- TYPICAL BRAZILIAN DISTILLERY

9
) 107 kcal
Industrial Expenses Energy (——SEEH;—-)
Capital Goods (average 1ife 20 years) 3.04
Operation 2.36
Maintenance Y ' 3.04
Fuel 88.23
Total 97.23
Productivity per Year (x 100 1) _ 18
Total Industrial Energy - A (A/B) 5.4 Mcal/1l
Alcohol Yields -~ B

TFrom Ref. 66




TABLE 23 |
INDUSTRIAL FUEL EXPENSES FOR THE PROCESSING OF SEVERAL FEEDSTOCKS

: Energy
Feedstock (kg of steam/1 of ethanol)
Sugar Cane 5.5
Cassava o 6.5
Sweet Sorghum 5.5
Corn ‘ 6.5%
. Euca1yptus} 2513
Pinus

¥ From Refs. 25, 61

This figure is evaluated for the Brazilian technology. In the United
- States, much more energy is required (see Ref.. 76) since stillage is
dried to be used as cattle feed.




YIELDS OF ETHANOL AND TOTAL ENERGETICS EXPENSES FOR SEVERAL CROPS

EXPLOITED UNDER THE ASSUMPTION OF SELF-SUFFICIENT HECTARE

ethanol is not available;

the single unit already in operation in Brazil was assembled to perform

technological investigation in parallel with the industrial operation; so it is overengineered,

Y thano] Land Fraction Used | Total Energy Req'd. Industrial Energy E E/Y
Crop ?1'ﬁn? for Eucalyptus in the Agricultural | Req'd. for Other Energy Total kcal
/ha (%) Phase Uses Than Fuel {Meal/ha/yr.) ——
Crop + Eucalyptus (Meal/ha/yr.)
(Meal/ha/yr.)

Sugar Cane 4700 0 3796 + 0 22041 6000 1280
Cassava 1790 21 1920 + 116 840° 2876 1605
Sweet Sorghum 6106 0 7316 + 0 28901 10206 1675
Corn 883 10 1756 + 55 4153 2226 2560
Eucalyptus 1700 39.5 333 + 218 7994 1340 790

1) From Ref. 66, all energy expenses are included, except the fuel used in the industrial processing.

2)  An evaluation of all the capital costs for an industrial plant using cassava as a feedstock to

The use of cassava for ethanol products requires one more step than sugar cane, since it is necessary

to perform the starch hyrolysis,
cylinders are not necessary.
by 10% of the total energy invested in capita] goods;
energy saved in the mills would be used in the hydrolysis machinery -- the total energy "built-in" in
the factory is taken the same as for the sugar cane based distillery,

of steam per liter of ethanol.

The extraction of the beer is much simpler, since large milling
The milling cylinders are responsible, in a sugar cane processing piant,
so it seems quite reasonable to assume that the

Fuel requirements are 6.5 kg

Data are not available for an assessment of the economical and/or energy evaluation of an ethanol dis-
The flow chart of the plant has to be very similar to a
so, accordingly with comment 2), we assume the energy costs equivalent to

tillery using corn as a feedstock, in Brazil.
unit that uses cassava;

the sugar cane distillery.

Typical cost for an ethanol plant that uses wood as a feedstock and acid hyr01y51s technique is

2.5 times bigger than for sugar cane.
for the first few units to be buiit in Brazil.

This number is not very re11ab1e, since it is the quotation
Little exper1ence is available presently to guar-

antee the construction of energy efficient units and it is not even clear if there will be a

continuous market for this kind of technoToqy in the future.

Nevertheless, the unit can operate

over 330 days per year, which results in a capital cost in liters/year very similar to the sugar

cane plant.

of. the sugar cane;

1 ' v

Because of the poor data available, we decided to use the same capital cost/l/year
that is 470 kcal/¥




TABLE 257 .

ECONOMICAL EXPENSES FOR THE SUGAR CANE CROP

. E
(average energy value of bio- ffnfﬂ f.f f:} 226 GJ/year
mass) 1 TR
. 1,CRF_ L x s 12 (vID) $272/year
S %= 6% (VII) $135/year
(clearing & purchasing land e T k2 3.6% (VII) $82/year
levelized annual revenue) II ~ .~ - .7
. 1,CRF, S k=2 $105/year
S x = 6% $88/year
{purchased equipment Tevelized UX'= 3.6% $79/year
annual revenue) III S
. 1_CRF Cxi= 129 $217/year
¢ _ T x = 6% $166/year
{investment in planting leveli- x= 3.6% $147/year
zed annual revenue) IV
. ?bM TP
S x =128 $300/ year
(operating and maintenance o X o= 6% $298/year
costs) V ' Ll x o= 3.6% $297/year
.R=1CRF. + 1 CRF_+ ICRF_+T¥ x = 12% $834/year
a a b="b ¢ ¢ OM X = 6% $687/year
(total Tevelized annual revenue x = 3.6% $605/year
requirement)
. C (R/E) x = 12% : $3.95/64
x = 6% $3.04/GJ
x = 3.6% $2.67/GJ
. R x =12% $630/year
. X = 6% $565/year
(excluding land purchase) VI < = 3.6% $531/year
. C X = 12% - §2.78/GJ
\ X = 6% 2.50/Gd
(excluding Tand purchase) « = 3.6% $2.38/64

+From Ref. 21

E,
1

Defined as B =

=

i=1

Ei"' The energy output in i(th) year




IT)

I11)

Iv)

Vi)

VII)

Assuming a price of land equal to E.S. $1760/ha'c1ear1ng costs are
estimated to be about $500/ha.

From Ref. 78 there are about 12 days of tractor time and 7 days of
truck time per hectare over 4 years, or, in practice 42 months,
Because of maintenance, weather, and the timing of agricultural
cperations we estimate that one tractor can cover 50 ha and one truck
100 ha. We estimate a tractor to cost U.S. $20,000 and a truck U.S.
$15,000. Auxiliary equipment is estimated at U.S, $10,000 covering

100 ha. We therefore obtain an investment in equipment of U.s. $650iha
Harvesting is done by hand. Depreciation time is taken to be 10 years

25% of labor, fertilizer, machine operation, and other,
Includes harvesting and all other costs not stated earlier.

Excludes the land purchase investment (U.S. $1760/ha) plus the interest
accumulated on this investment during a six month period when land is
idle prior to planting.

A1l calculations are made for 3 different interest rates; 12% as suggested-
by Little and Mirrless (79) for a developing country iike Brazil; 6%

as our base case and 3.6% as the cost of money for a regulated 1ndusbry

in a developed country.




TABLE 267
CAPITAL INVESTMENT COSTS

Average life of 15 years 20 years
the distillery
| Cost {$/GJ)

Interest (%)

3.6
6.0
12.0

1.90 1.58
2.25 1.90
3.20 2.90

+

From Ref.

21




TABLE 277
PRODUCTION COSTS OF ETHANOL DERIVED FROM SUGAR CANE

($/GJ of anhydrous ethanol)

Fixed investment in distillery 2.25
Operation and Mainte-nance ' 2.20
Biomass input 6.99
By-product credit - 0.70 (1)
Working capital for operation 0.10

Sub-total 12.24
Product inventory 0.45 (I1)

Total 12,69

From Ref. 21

TUpdated to 1980 dollar value from data presented in Ref. 21. Assuming"
that the large devaluation of Brazilian money occurred in December, '
1978 (30%) was enough to offset the dollar inflation in 1978 and 1979.

(I) By-product credit is calculated as the difference between the cost
of direct application of stillage as fertilizer and the cost of
conventional fertilizers.

(I7) If alcohol is to be a major component of the energy supply system
for transport its supply must be constant over the year. This im~
plies an inventory equal to at least one half of the output of of
a distillery operating 165 days per year. This adds a significant
cost to the final product.




TABLE 28"

PRODUCTION COSTS OF ETHANOL DERIVED FROM WGOOD
(ACID HYDROLYSIS PROCESS)

($/69)
foed investment in processing
plant 3.72
Operation and maintenance 2.00
Biomass input (I ' 6.20
By-product credit (II) - 1.80
Total 10.12

TUpdate to 1980 doliar value from data presented in Ref. 21.
Assuming that the large devaluation of Brazilian money occurred

in
in

1)

11)

December 1979 (30%) was enough to offset the dollar inflation
1978 and 79.

The cost of biomass is evaluated under the assumption of self-

suficient hectare: 60% of wood undergoes hydrolysis. and 407 is

used as fuel for the industrial plant as suggested by the per-—

formance of the swiss factories and presented in fig. 9. 10DT

of wood yields 230 liters of ethanol, and 1 ha yields 12 ODT .
which means (12x230x0,6 = 1650) 1650 £/ha/year of ethanol.Since
the heat contend of ethanol and wood are 21GJ/m3 and 18GJ/0DT,

respectively, the hydrolysis process converts 216/GJ of | wood
(120DT x 18GJ/ODT) in 34,5GJ of ethanol with a conversion effi

ciency of 167.

The model assumed is such that lignin is a by-product.sold to
the pig iron industry. Lignin is produced at a rate of 1.54 GJ
of lignin/GJ of ethanol which means a credit od $1.80/GJ of
ethanol.




INPUTS {PERCENT)

ENERGY

100 %t%_\

\“'-—x,

60

50

40

30

20

TORICAL

Figure

From

1875

ref. 80

1923

1
T F
{IN USA
‘ [' l;."'j
S . NUCLEAR
ENERGY
TURAL
GAS

1950

PETROLE
AND

.

]

=

R )

1925 2000

w»




Figure 2

BLOCK ODIAGRAM - ETHANOL DISTILLERY

/
water Raw
— . lmat [mae?fay

| Ripp]
steam ] 7L ke

A — . AYbast
-
arbon }

Fermentation ._—m‘—\m'diouide
N,
Frectric] —m
: yeast recovery _ ,
Steam Distiltation _
| Stillage - JReturn to soil
- ‘ : transportation

Y

Steam

Electricity

Steam =Retification
Anhydrous
ethanol
storage 100GL
Sugar cane “ Steam Electric o Steam
e er o
bagasse Bon‘ o Generator distribution
Walt'er " o : Electricity
: - distribution
Water Water Water Water
treatment distribution} 7 ”
Electric

energy

bl




Figure 3

COMPARASION OF REGULAR GASOLINE AND ANHYDROUS ETHANOL

ENGINE POWER VERSUS FUEL TO AIR RATIO
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FIGURE 4
EMISSIONS vs FUEL AIR EQUIVALENCE RATIO
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Figure 5

PRICE STRUTURE OF GASOLINE IN BRAZIL T

Raw material
and
refining

49.30 %
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Distribution expenses _»
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From ref. 81




Figure 6
..[_
ENERGY EXPENDITURES IN THE DIFFERENT PHASES OF OIL PROCESSING

MISCELLANEOUS® 5.5
ISOMERIZATION 0.2

ALKYLATION 63
HE 2.
Hp 50, 4.2

- HYDROGEN TREATING 8.5
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ATM. DIST, 25.3
VAG,DIST., 9.3
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VISBREAKING 0.7
COKING 3,2
DELAYED 3.0
FLip 0.2
CATALYTIC 4.5

ECce 5.9
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HYDROCRACKING 4.5

(o) ENERGY DISTRIBUTION AMONG PROCESSES -

+ _
From ref. 82




FIGURE. 7 ~VARIATION IN APPARENT AND ACTUAL cousumpnon
WITH OCTANE NUMBER '

12000
LLead
Z— 11800 - (g/litre)
o =
X 0.15
< 3O 116007
a) :2 o>
O v g
o 2 o 11400 1
3= o4
11200 1
Nipgb——— 0.6
11000
. 2700
= p 0.15
x &
5% x 2300-
< - o O
n_ -
ZSHE> 195001
by S
— u’);:-’ (3] _
< 1100 4a
s E 10000J
L= x| |
W 5 T 9600*
¢y T =N
g =
a on
a. 2 w 9200 4 Y "+ Y T
<ToX 90 92 94 96 98 100
RESEARCH OCTANE NUMBER
+
From ref. 83




FIGURE 8- METHANOL IN OLEFINIC GASOLINE -RON RESPONSE
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Figure 9

LAND DISTRIBUTION FOR THE EXPLOITATION OF SOME CROPS
 UNDER THE ASSUMPTION OF SELF-SUFFICIENT HECTARE
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fiqure 10

ENERGY EXPENDITURES FOR ETHANOL DERIVED FROM CORN IN
UNITED STATE AND BRAZIL

U.S.

BRAZIL
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Figure M

TIMING_AND MAGNITUDE OF COST AND OUTPUTS OVER FOUR YEAR SUGAR CANE CYCLE

»
(423)

. _
Update to 1980 dollar value from data presented in Ref.Z21.

IN SOUTHEAST OF BRAZIL
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Assuming that the large

devaluation of Brazilian money occurred in December 1979 (30%) was enough to offset
the dollar inflation in- 1978 and 79.




Figure 12

COST AND_TIMING DISTRIBUTION OF INPUTS AND OUTPUTS IN AN EUCALIPTUS
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Update to 1980 dollar value from data presented in Ref.21. Assumiﬁg
that the large devaluation of Brazilian money occurred in

December

1979 (30%) was enough to offset the dollar inflation in 1978 and 79.




FIGURE

13

ENERGY GOSTS FOR THE PRODUCTION OF GASOLINE
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From ref. 62
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