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Solar energy captured by), lnts through photosynthesis is not only the prime 
source of all of the world's foodstuffs but also is important in the generation of 
fuels. The main role of agriculture has always been the production of foods and 
fibers for mankind. In recent years, however, as a consequence of the oil crisis 
and the depletion of the world resources of fossil futels, plant cultivatior aimed at 
fuel production has been considered as a feasible alternative energy source, especi
ally in tropical coutries where solar energy is abundant. 

This paper analyzes the problem of fuel production from plants, on the basis 
of information drawn from the literature and from case studies conducted in 
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Brazil. Special reference is made to the production of charcoal and the production 
of alcohol and vegetable oils to replace gasoline and Diesel fuel in internal combts
tion cngines. Tihe potentialities and socio-economic implications of energy farming 
are discussed. 

Because diveisified plant communities are more stable than monocropping 
systems in terms of prevention of soil degradation by erosion and leaching. agro
forestry is the safest and the most attractive system for the combined production 
of food od energy from plants in the humid tropics. Agroforestry is especially 
interesting in the establishment of perennial energy crops, because it provides earlier 
cash returns. 

1. 	INTRODUCTION 

The energy problems of mankind Jiav never deserved so much attention 
and discussion as in the present days. It has been well known for many 
years that these problems would become critical in time, due to increas
ing world population and energy cotsumption per capita. As a conse
quence of the oil crisis which emerged in 1973, a new challenge was 
imposed on countries dependent on fossil fuel imports: the search for 
alternative sources of energy. One promising source is undoubtedly solar 
radiation, which is not only abundant, but also inexhaustible. 

Solar radiation can be captured either as calotic energy or as electro
magnetic energy. The processes for collecting solar energy as heat have 
thus far received more attention, thermal devices of various types being 
cotmmonly employed for drying, building conditioting and refrigeration. 
The present work will deal only with electromagnetic collection of solar 
energy, more specifically with the utilization of solar energy via photo
synthesis, the oldest and most important natural way of "harvesting the 
sun." 

2. 	 POTENTIAL CROP PRODUCTIVITY IN THE 
TROPICS 

It is well known that solar radiation is the environmental factor which 
sets the limit of potential biological productivity of a given region. Many 
undesirable environmental factors, such as plant diseases and pests, low 
soil fertility, moisture deficits and/or excesses, etc. often prevent the 
full realization of the agricultural potential of a region. These negative 
factors, however, can in mtany cases be economically controlled by man, 
especially when growing highly valued crops. Since no economical way 
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of increasing 	solar radiation under field conditions is yet known, this 
factor becomes theoretically "the most critical one in defining the poten. 
tial plant productivity in any region. 

Because plant growth in tie tropics is so much enhanced by the 
abundant solar radiation, responses to cultural practices like fertilizer 
application, irrigation and others, tend to be much more pronounced in 
tropical than .in temperate climates. Of course, during summer days 
temperate zones may receive practically the same amount of solar energy, 
or even more 	than in the tropics, and plants in these regions also respond 
proportionally to cultural practices. The favorable period of growth in 
temperate climates is limited, however, to a relatively short season, 
whilst in the 	tropics favorable conditions occur almost throughout the 
year. Thus it can be expected that increases in crop yields due to ade
quate cultural practices should as a rule be greater in tropical than in 
temperate or cold regions. 

Figure I illustrates the above theoretical considerations concerning 
the potential productivity of tropical zones. In this figure the distribu
tion of incident solar energy as a function of latitude is plotted against 
estimates of potential biological productivity. Unfortunately, the infor
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FIGURE 1. Approximate values of potential primary productivity in relation to 
tie latitude. 



50 R. AIA'NI 

marion.on photosynlthetic efficiency in the tropics is meager. The data 
presented in Figure I wcei obtained considering a fixation of incident 
energy of I%to the latitude of' 500 and one of 2% to tiletropical lati
tudes (100-20°). The iclual values h'uld so Iar are geically lower and 
avertc 0.5-11,*;. hu a Iew Isolated cases ate knowni of highly e'ficient 
crops like sugar cane, in which an annual ptituay plt uctivity exceeding 
90 tOls OL d 1matter per hectare have beell recorded.1 

Tliese coniideratitons lead t the conclusion that a higher crop produc
tivitv can be obitained in Iopical regions than in temperate, provided 
suitalble plant material and adequate cultural practices are adopted. 

3. ENERGY CROPS 

Because of the oil crisis and of the piogressive decline of fossil resources. 
plant cultivation for the purpose of fuel production has been considemd 
in recent years, as an additional role for agriculture in certain regions. 
As pre'.icusly mentiontd. this alternative is particularly interesting in 
tropical countries havijig lhugo ild aVailahility. II such countries the 
available land can be exploited with a special type of agriculture dedi
cated to the piodtUctiOti Or suibstalnce' MIiclh can Ic conomically trans
forlcd into fuels. The "energy crops" chosen bor this kind of agriculture 
ate characterized by an ability to prodtce large quantities of carbohy
(iates (celllose, sltach, sugars) or oils. Some crops which are able to 
produce hydrocarhoiis also dcseCrvc attcntion. :although their energetic 
output is lower thai that of thu species which yield carbohydrates and 
oils. The proble1 off'ul IpoduclIion from these various energy crops 
is analy;'ed :itthe lb6llouiing sections. 

3.1 Carbchydrate Producing Crops 

The most interesting piaits having a high carbohydrate storage capacity 
in tropical countries are sugar cane, cassava and eucalyptus In Northeast 
Brazil there is also some interest in the native paln "babatqu" (Orb 'ygnia 
speciosa) which occurs ini large natural stands, especially in the State of 
Maranlhiio where this palit is found in an area exceeding 10 million 
hectares. 2 Sugar cante and cassava are tudoubltedly tile most appropriate 
energy crops for the productiol of ethanol, while eucalyptus is mainly 
recommended lor the preparation of firewood and charcoal. 

http:marion.on
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Comparative data on annuml field production and the yields of ethanol 
from the principal carbohydrate producing crops are given in Tables I 
and II. 

Because of their higher yielk-:; when compared with other crops, cas
sava and sugar cane are the plats selected to support the initial stages 
of the Brazilian Plan for Alcohol Pr-,duction. As shown in Table Ill,f 

this plan is programing an increasing production of ethanol to be used 

TABLE I 

Estimated Annual Production of Various Carbohydrate Sources 
in Brazil (Menezes et al., 1977)2 

Production Productivity (ton/ha)Carbohydrate 
source (million tolls) Raw Material* Carbohydrate 

Sugar cane 95 45 (80) 5.7 
Cassava 26 13 (25) 4.3 
Sweet potato 2 15 (25) 4.1 
Maize 17 1.4(3.0) 1.1 
"Babaqu" 140 (?) 10 (?) 1.7 
Sweet sorghum (?) 25 (35) 3.9 
*Data on productivity represent the Brazilian national average obtained with the use 
of traditional cultivation methods; numbers in brackets are the average productivitiCs 
which can be reached with improved cultural practiL.s. 

TABLE 11 

Ethanol Production from the Main Carbohydrate Sources in 
Brazil (Menezes, et al., 1977)21 

Ethanol Production* 
Carbohydrate Raw Material 

source (ton/ha) /ton I/lha 

Sugar cane 45 67 3,015 
Cassava 13 180 2,340 
Sweet potato I5 125 1,875 
"Babaqu" 10 86 860 
Sweet sorghum 25 85 2,125 
*Industrial production, which correspond3 to 77%of the theoretically expected yield. 
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TABLE III
 

Area Required by the Brazilian Plan for Alcohol Production with
 
Estimated Ethanol Production and Number of Families which 

will Benefit from the Program (J. G. da Silva, 1978) 1 

Required 

Phase 
Alcohol Production 

"lru)cI (106 I) 
Areaa 

(I,000)ha) 
No. of families 

receiving benefitsb 

First 1975-1980 
Second 1980-1990 
"lltird 1990-2000 

2,000 
23,000 
45,000 

677 
7,784 

15,231 

43,312 
486,544 
951,937 

TOTAL 70,000 23,692 1,480,793 
ahe following figu: res wCre considered: (I) ethanol production from sugar cane:
 
3,546 1/ha year: (2)ethanol productir-n from cassava: 2,532 l/ha year.


hModule; of 16 ha rer family.

aand bi isconsidered that half of the ethanol is produced from cassava and half from
 

sugar cane. 

initially in a 20% mixture with gasoline and ultimately to replace this fuel 
in internal combustion engines. It is expected that an annual production 
of 70 billion liters of ethanol will be reached by the year 2000 to meet 
the projected demand )'or that year. The plan will benefit about 1.5 mil
lion families and will operate on approximately 24 million hectares. 
TIhis area corresponds to 2.3,c of the country's total area (850 million 
ha). or 7%r of the arabic land (340 million ha). It is estimated that the 
area to be used for food and fiber production will be of approximately 
Io million leclares by the year 2000." 

Cassava's cottributiotn to the Brazilian Plan for Alcohol Production is 
still relatively small, si;nce the flst industrial platt for this purpose has 
just started operating. In addition, alcohol production front sugar cane 
is more traditional and crop techlnology is MUIch more advanced than in. 
the case of cassava. Cassava, however, shows a few advantages when. 
compared to sugar cane such as lower soil fertility requirement, lower 
cost of production and the possibility of storing the raw material. 

The production of alcohol from wood can be economically feasible 
mnder certain conditions. In Brazil, however, eucalyptus has been planted 
with the purpose of charcoal production to be used as a reducer in the 
iron industry. The Brazilian Smeltery Plan is programing a considerable 
expansion within a period of 4-5 years with an annual target of 30 
million tons of iron. To mecet this target, an annual importation amount
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ing 24 million tons of coke would be required, although this can be 
partly satisfied with charcoal. To comply with the demand for charcoal 
several areas are being cultivated with eucalyptus. In the State of Minas 
Gerais. for example, rcforestation %villcover an area which will render 
3.6 million Ions (15 million m 3)of charcoal per year. Almost 2 million 
ha of cucalyptus will be need-d in this State to produce 10 million tons 
of iron. Several by-products are obtained (uring wood combustion like 
methanol, acetic acid and combustible gases which significantly reduce 

4
 
the cost of charcoal protltction . 

Alcohol yields from the "babaqu'" palm arc very low. The starch 
content of its fruit mesocarp is small when compared with other carbo
hydrate producing crops, but this is compensated by the large areas 
existing in Brazil which produce about 140 million tons of fruits per 
year (Table 11). In addition, other products cal be obtained from this 
palm such as oil from tile seeds and combustible gases and charcoal from 
the pericarp (Table IV). The cost of harvesting and transport of the 
fruits is the main difficulty limiting immediate exploitation of' "babaqu" 
isan energy crop. 

Man' other foiest species, besides eucalyptus, will contribute to the 
production Of energetic substances in tropical regions. It is worth men
tioning, for example, the excellent results obtained with G(nelina arborea 
and l'inis caribea inthe Brazilian Amazon. The "Jari Agroflor l"has 
implanted, inthe past 10 years. about 60,000 ha of Gmelina and 30,000 
ha of Pints caribea. Tile first plantings have averaged at- anlnual wood 

3productivity of 30 m of Gmelina and 27 ill 3 of Pintus per ha. These 
levels of productivity come near to the highest commercial wood produc-

TABLE IV 

Energetic Utilization of "Babaqu" 
(Carioca and Soares, 1978)2 

Productivity Cnide Oil Equivalent 
Fuel (tonl/ha) (toll) %Energy 

Charcoal 13.5 10.8 30.1 
Gas 18.9 11.3 35.9 
Ethanol 13.6 8.3 27.6 
Oil 4.3 0.8 5.4 
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tivity in tile world anid clearly demiostrale (lie enormous potentiality 
of the Amazon Region with respect to commercial wood production. 

3.2 Oil Producing Plants 

The African oil pali (I:Iawis guicuensis) is undoubtedly the lost efficient 
oil producing plant in tile world in terms of oil yield per unit cropp.d 
land. This crop can easily render 4-5 tons of oil per ha/year under eco
logically favorable conditions and with the use of adequate cultural 
practices. Other species which are also cultiva ted for oil production such 
as soybe:n (Gli-ct, max), peanut (..rachis hIpogea), and castor bean 
(RiciFtus conuumnis) are much less productive. The coconut palm (Cocos 
1t1c(/,,'~a) caln also ploduce laIrge quatiities of oil but does not compare 
with the oil palm in average figures. 

Fuel production fiom palm oil is much simpler than ethanol produc
tion from Carbohydraltes. The oil contained by fruit pressing is mainly 
constituted of triglycerides Formed by file eserification of fatty acids 
with glycerine. By heating (30-10°C) tihe oil for a few hours iii tle 
presence of a monoalcohol mnd hydrochloric acid, the fatty acids can 
be reesierified and give ilI) an equal amount of oil which is fusible at 
lower temperatures and can be used as motor fuel in Diesel engines. 
The nlollo:Ilcolol can he either methanol or cilimol and is partially 
recoveml d in the process. The productioll of methyl esters following 
alcoholisis of the oil palm triglycerides is lore interesting because, as 
opposed to tie casC whV ethl esters are pi epaired, the methyl esters 

6 7are nturally separated d .fia' l tlitillajtion is In t necessary .' 

The processes for obtaining ethyl :lcoliol from suar cale and cassava 
are compared, in Tfables V and VI, with the extr:ction of palm oil, from 
which an equal alnouit of' motor fuel call be prepared by alcoholisis 
and reesterification as described above. As shown in these tables, fuel 
production from oil palm is a very simple process which has the follow
ing advantages when compared to alcohol production from carbohydrates: 

1. higher fuel yield; 

2. saccharification, fermentation and distillation processes are not 
necessary; 

3. 	smaller process heat requirement especially because distillation is 
not needed; 

3 



TABLE V
 

Industrial Processes in the Production of Fuels from Sugar Cale, Cassava and Oil Palm
 

SUGAR CANE 

(Barreto. 1977)26 

CASSAVA 

Harvesting Harvesting 

Crushing 

Heat 

Washing
Peeling 

Grinding 
Cooking 

Preparation of must 
Fermentation 
Distillation - Heat --

Saccharification 
Preparation of must 
Fermentation 
Distillation 

OIL PALM 

Harvesting z 

I 

Crushing 
Pressing 
Purification 
Stabilization 

> 

> 

Alcoholisis 
and 

E EReesterification 
ETHNOL ETHANOL ESTERS OF FATTY ACIDS 
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TABLE VI 

Average Fuel Production from Sugar Cane, Cassava and Oil Palm 

SUGAR CANE CASSAVA OIL PALM 

50 ton/ha 15 ton/ha 20 ton/ha 
(stalks) (roots) (fruits)

I 	 I I 
Sugar Starch Oil 
4 ton 4.5 ton 4 ton 

Alcohol 	 Alcohol Esters of fatty acids 
2.8 ton 	 2.5 ton 4 ton 

4. 	smaller volumes are handled. Alcohol production from sugar cane 
and cassava involves the manipulation of an cnormous volume of 
fermented material, the end-product (ethanol) corresponding only 
to 10% of such material.' Each kilogram of fuel as obtained from 
palm oil, oi the other hand, results floma the reaction of I kg of 
vcgatal oil with 1.85 g of alcohol and 20 g of acid-, 

5. no pollutant residues are formed as in ie case of alcoholic fer
mentation. On the contrary crop residues from oil extractioll call 
b! used for feeds or to he readily applied to the soil as fertilizer. 
Their use as fertilizer would consist in a further advantage in that 
mineral nutrients would be perfectly recycled since the oily ma
tcrial removed from the field is composed solely of carbon, hy
drogen and oxygen which originate in the water and in the air. 
Nutrient recycling in the cases of sugar cane and cassava cannot 
be readily performed due to the acidic nature of the industrial 
residues and to the large volume of water to be transferred back 
to the field; 

6. 	 as opposed to the cropping patterns of sugar cane and cassava, oil 
palm fruits are produced throughout the year and this allows for 
more efficient use of the industrial plant. 

(N 
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Provisional data show that the Brazilian demand for gasoline and 
Diesel oil could be satisfied with the annual production of approximately 
20 million tons of palm oil. Tie arch needed would be, theorctically 4 
to 5 million hectares, which is equivalent to nearly 0.5% of the country's 
total area. 

Because Brazil is the world's greatest castor-oil producing country, 
the castor-oil plant (Ricints commtnis) has also been considered as an 
alternative energy source. In fact, some buses in the capital city Brasilia 
are presently using as fuel, on an experimental basis, a mixture of 
cthanol and castor-oil. 

3.3 Hydrocarbon Producing Plants 

Some plants are able to store solar energy in the form of very reduced 
carbon compounds: the hydrocarbons. Tiis is the case, for example, 
with the rubber-tree (Ileea brasiliensis)whose latex consists of an 
aqueous emulsion containing approximately 30% hydrocarbons, mainly
polyterpenes made of 1,000-5,000 isoprene units forming a long chain. 
Iirough special chemical treatments it is possible to crack these chains 
to obtain hydrocarbons similar to those found in gasoline. This process, 
however. would not be caserecommended in the of Ilevea hydrocarbons
due to their high industrial value as clastomers. There are, however, 
many other plants, especially in the family of the Euphorbiaccac, that 
also produce hydrocarbons which can be transformed into fuel and 
which do not have Such a high economic value tis the latex obtained 
from the rubber-tree. One such species is presently being studied in 
Brazil with a view to fuel production. It grows in the arid zones of 
Northeastern Brazil where it is commonly known as "aveloz" (ElKphorbia
timwlli) and is used for fencing. The plant produces a latex formed of 
low molecular weight terpenes and terpenoids which can be converted 
by "cracking into a gasoline-like fuel as well as into ethylene for indus
trial purposes.' 

The essential oils produced by sonic plants also contain a considerable 
quantity of hydrocarbons (terpenes and terpenoids) which can equally 
be transformed into motor fuel. One promising species that is being
studied in Brazil for this purpose is Croton sonderianus, the "marmeleiro 
preto," a wide-spread invader of the Northeastern region. Unfortunately, 
no information is available concerning its agronomical potentiality, but 
it is estimated that this plant can produce about 200 tons fresh weight 



Fuels 

ALCOHOL 
ALCOHOL 
ALCOHOL 
ALCOHOL 
ALCOHOL 
HYDROCARBONS 
TERPENES 
OILS 

(Triglycerides) 
TERPENOIDS 

TABLE VII
 

Annual Fuel Production from Various Sources in Relation to
 
their Average Productivity in Brazil 

Source 

SUGAR CANE (Sacchantim officinanin) 

CASSAVA (Manihot escdenta) 

"BABACU" (Orbi-gnia speciosa) 

SWEET POTATO Iponoca bataras) 

SWEET SO RGI IUM (Sorghunm saccaratus) 

"AVELOZ'" (F-uphorbia tinicalli) 

"MARMELEIRO" (Cruton sonderianus) 

OIL PALM (Elacisguincensis) 


KEROSENE TREE (Ocotea barcellensis) 


+Estimated yields, not supported by experimental work. 

ton/ha 

45 
12 
3 

15 
25 
? 
? 
20 

? 

Productivity 

I/ha 1/ton 

3,015 67 
2.160 180 

240 80 
1.875 125 
2.125 85 

640/3,200+ ? 
400/2.000+ 10 

4.000 200 

? ? 
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of bioniass per hectare. Preliminary observations have shown that tile
 
oil content corresponds to 1%of the bioniass ol a fresh weight basis.
 
Consequently, Iwo tons of essential oils could be obtained per lieclaie.
 
The oils are obtained orom the whole plant lissues tlrotiph steam exlirac
lion followed by condensat ion and water seplaration. 9
 

As a curiosity it is worllimentioning a native tree of the Amazon
 
Region locally called "kerosene tree" or "hum nlamori" (0ctc'abarec
lensis), from which the Indians extiact an oil having a strong terebinthite
 
scent that can be used as a fuel lor domnestic ptlrpose instead of kero
sene. 10 The oil is extracted by making a hole ill the main trunk. ULb
 
fortunately no reliable information is available regarding 'le potential
 
productivity or cultural characterislics of this curious oil producing tiee.
 

Table VII summarizes general information on ile energetic potentialities
 
of the main plants mentioned in this paper.
 

4. THE CHALLENGES OF ENERGY FARMING 

Energy farming will be particularly interesting for countries which are
 
largely dependent on fossil fuel importation and possess an extensive area
 
of' arable land. These countries will have the opportunity to decide
 
whether or not to keep importing fossil fuels. Even if the pioduction of
 
fuel from vegetal matter is marginally more expensive thaln tile importa
tion of fossil fuels, it may remain an attraclive proposition when thue
 
advantage of additional rural employment is considered. The choice be
tween fossil fuel importation and internal fuel generation from plant 
sources will be depending then on the internal economic policy of the 
country. 

With tie decrease in fossil energy reserves, however, the fulure eco
nonic picture becomes more and more complex and new problems may 
be imposed. In view of the need to feed all increasing opulhation, it is 
believed that land occupatioll ill the future will have to be pirogramnlied 
more carefully, taking into consideration tie critical eqIlilibrilnil between 
lood production and energy farming. 

With regard to the food-and-people relationship it is important to 
consider future trends in [lie use of animal and vegetal foods. Because 
of the increasing popuhaticii pressure it is believed that a wider compe
tition will occur between tillable and grazing land. Plants are the ftida. 
mental link in the trophic chain of a balanced ecosystem, and their 

K> 
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PRIMARY BIOCONVERTERS SECONDARY BIOCONVERTERS 
SOLAR 100% -y . PLANTS40 HERBIVORESI CARNIVORESENERGY
 

1% 0.1% 

SOILC' ~ -4MINERALS " - " ..: 

RETURN ._=7:_!yT0AT URINEDECAY,AMI.D 
SOIL "FECES',.
 

FIGURE 2. Relative efficiency of the primary ()patlls) and secondary bioconverters 
(herbivores and carnivores) of a natural ecosystem in cap ituringL solar energy. 
(Adapted from "Man in the Living Environment." 'lihe Institute of Ecology, 1972). 

World population in " Man- equivalents 

--. ...-...... .
 
M aon.. -.. .. . -"''I- "":TI. 7 71
 

Carttle ,-1 •.. ..7-,,,--..1....... ...
 

Hogs----------
Poultry----. ..
 

Horses + Mules_..
 

SheepTotalShee ....... corresponding to
population
 

Buffalo .18.2 billion people
 
Goats_____ (1970)
 

Camels 

1 2 3 4 5 6 7 8 

Billion " people" 

FIGURE 3. Estimated world "population" based on protein consumption of animal 
competitors to man anu expressed in terms of "man-equivalents." (Adapted from 
1). 
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ability to store solar energy is at least 10 timcs greater than that of the 
herbivores and 100 times that of tl~e carnivores (Figures 2). In other 
words, even the herbivores, which are considered the most efficient 
animals in terms of land occupation, need at least 10 times morc land 
in order to store the same amount of energy as plants would do. Thus, 
animals may be viewed, under certain circumstances, as competitors to 
man, and this is illustrated in Figure 3 which compares the protein con
sumption of man and of the livestock in the world. This figure is coin
puted on the basis of an average man (70 kg), who requires a daily 
protein intake of 70 grams, the data being expressed in terms of "man
equivalents." It call be observed in this figure that the cattle biomass is 
twice that of man. By adding up all the living mass of livestock it can 
be concluded that there are more than 18 billion "people" in today's 
world, or 5-fold the real "human" population." r 

Of course, animal proteins are much more complete for man's nutri
tion than those found in plants. The great majority of cultivated plants 
have an inadequate content of sulfur containing amino acids which are 
essential to a man's balanced diet. Plant breeders have tried to develop 
varieties having a high content of these amino acids and some maize and 
sorghum varieties are actually relatively rich in lysine. It is known, how
ever, that animal products will constitute, for many years to come, in
evitable supplements to man's diet. But there are more adequate ways 
of producing and consuming animal proteins than the prevailing one. 

With respect to the consumption of animal food, it is worth mention
ing the cases of the United States of America, Canada, France and 
Germany where the annual output of cereals per caput is about 1,000 
kg and 900 kg are destined to animal feed. On the other land in China, 
where some 200 kg of cereals are annually produced per caput, only 
40 kg are used in livestock feed and the remaining 160 kg are directly 
employed in man's diet.12 

In fact, a substantial part of mankind hazardously eats an excessively 
high proportion of animal food, with serious economic and possibly also 
health consequences, as can be inferred by the higher incidence of heart 
diseases and cancer in countries where excezsive meat is consumed. 

With regard to increasing the production of animal protein, the pre
vious reasoning leads to the conclusion that, in the future, it would be 
inefficient to use potentially tillable land to raise animals, especially 
with the precarious methods employed inl many countries, notably in 
the tropics. Animal food production should be restricted to marginal land 
with no practical value for arable purposes. 

7 
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Special forage plants are being selected and ameliorated for poorer 
atnd drier soild than tihose suitalle for food crops. It is also believed that 
the nethods selected I'r future )rodtlction of animal protein will have 
to rely on betier managenent practices pioviding adequate recycling tf' 
animal and vegetal wastes. Because fish can be fed with crop and animal 
residues, fish culture is a particularly pronisitg activity with respect to 
iiit riett recycling. Figure 4 shows an integrated farming system designed 
for the cocoa recion of Southeast Bahia to recycle plant and alimal 
wastes. Ina brief description, the system aims to generate energy in the 
form of methane througi anaerobic digestion of a mixture of' cacao pod 
husks and cattle mantnre. Steers are fed in confinenent with pod husks. 
Energy from biogas can be used for several purposes, including to dry 
cocoa, and the digester elluent can be used either as fertilizer or to feed 
fish. It is expected that the rev'enues tObtained with biogas, steers, fer
tilizers, fish and also the cacao jelly which can be made of' the pulp 
juices obtained by pressing the beans followiitg mechanical pod breaking, 
ws'ill far compensate the expenscs with whole fruit transportation. Itis a 
current practice to break cacao pods manually in the bushc , leaving the 
po husks to decay in tile field. This is not good mi nagement because 
the heaps of pod husks are a source of' inoculum' for tile dissenination 
of cacao disases. Some fiures have already been obtained experimen
tally. Thus, a farm producing 20 tois of dry cocoa would also produce 
133 tons fresh weight of pod husks and 5,555 I of pull) juices. From 
the 1atter 3,888 kg of jelly call be prepared. In isolated processes, the 
pod husks would either render 5,320 m3 of biogas or would be sufficient 
to feed 2 lots of 7 steers each annually. since cacao is harvested for 8 
montls per year in Blahia and the met hod is recommended to fatten 
steers with initial liveweight of approximately 220 kg foi a period of 4 
months. 'his diet is supplemnen ted with 300 g of a 16,',protein concen
trate per antimal per day, producing liveweight gains of 840 g/animal/day 
(Llaosas, Marques Pereira e Soares--published). The system, however, 
proposes to share the p)od husks as explained above, ina proportion 
which will vary according to the energy needs of' the f'armn. Over 300,000 1 
of digester sludge with 24,000 kg of' solids would be available, if all pod 
husks were used for biogas generation, which could be employed either as 
f'erili-er or for fish culture. 

Another means of improving the prodtction of animal protein is the 
utilization of vegetal protein concentrates extracted froin crop wastes as 
a feed for non-ruminants. Since ruminants cn utilize plant ingredients 
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FIGURE 4. Integrated farming system for cacao farms in Bahia: I-harvesting cacao pods; 2 -transporting the whole fruits: 3-podbreaking machine; 4-pressing the beans to obtain pulp juices: 5-cocoa drying; 6-preparing cacao jely; 7-pod husks: 8-cattle fattening; 9-biogas generation; 10-using biogas for lighting, cooking and other purposes: I I-and 13-using digester effluent as fertilizer: 12-fish culture with digester sludge. 
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such as cellulose and others that uman's gastric system cannot digest, 
they considerably broaden tie basis for human existence through their 
low-key competition." The noi-ruminants, on the other hand, exert ait 
high degree of competition to man but could be usedl as biological con
V'Crters of low qualily to highClquality protein if fed with crop wasles. 

T11e next probleni refers to the selection of the areas to be used in 
the process of capturing solar radialion witi energy crops. It seems logi
cal that the chosen land will b' that of nargilr,t (qualificatioll for the 
production of foods, where the soils present some problems lor plant 
growth. This is the case, for example, of the oxisols and ullisols which 
are abundant in the tropics and can be successfully exploited with crops 
having low requirements like cassava, eucalyptus and many other woody 
plants of great energetic potential. Agroforestry will play a role in these 
areas, especially to avoid soil degradation, as discussed in the following 
section. 

Large scale fuel production from bionass is undoubtedly a new chal
lenge to mankind which will inevitably cause socio-economical chiangfs. 
One of its possible consequences may be the redistribution of rural and 
urban population. Because of the large contingent of man-power presently 
engaged in industrial activities around the majority of the big cities in 
thle world, a great deal of energy is consumed in these cities, mainly 
with miass transportation. It is expected, however, that the present rate 
of rural exodus will be limited or restrained due to the additional land 
occupalion for energy farming. It is possible, therefore, that the equili
brium between rural and urban populations is restored in the near future 
thus, alleviating the energy demand of the large cities. 

"Ilie production of fuels froln bionuass is an enormous hope with 
respect to the futire of tropical countries. The abundant Fossil fuel re
sources existing in the past provided the necessary stimulus for the rapid 
agricultuaral development in the temperate regions of tile world. In spite 
of the difficulties met by man in temperate zones, where climatic condi
tions are unfavorable for himself and for the plants during great part of 
the y'ear, agriculture in these regions is more developed than in the 
tropics. Taking into consideration the fossil fuel depletion in the world 
and the enormous potential biological productivity of tropical regions, 
it is believed that a more balanced wealth distribution will occur in the 
'-iure a. a consequence of fuel production froni biomass and that an 
economical equilibrium between temperate and tropical regions will 
hopefully be reached. 
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5. ENERGY FARMING AND AGROFORESTRY 

The previous sections were found necessary to introduce the reader to 
the Brazilian plans for energy production from biomass. In the present
section tie major subject of this paper is discussed, viz., the potential
role of agroforestry in energy farming in tile humid tropics, with special 
reference to the Southeast o'f the State of Bahia. Due to the Cxtensive 
period of high intensity rainfall in these regions, it is pertinent to think 
tlt trees are - important ecological component of agricultural systels
aiming to pro.,de satisfactory soil protection. Multiple cropping with 
trees as tie dominant component is consequently one of the safest 
systems of land use allowing permanent and remunerative cultivation in 
humid tropical regions. This argument, of course. does not rule out ' 
energy farming in solecrop systems for these regions, providing the crops
chosen give sufficient soil protection. The proposition is put forward 
only to emphasize the advantages of multicropping over nmonocropping, 
as recognized by several authors.' 3 '' s 

Agroforestry is a new name for an old concept involving multiple 
cropping, with the integration of woody perennials and crop plants
(or grasses), and sometimes animals, on the same unit of land., 6 A typi
cal characteristic of an agroforestry community is, therefore, that it
 
invo\,es two or more species, at least 
one of which being a woody peren
nial. 

From the ecological point of view agroforestry communities show 
multiple advantages over the conventional agricultural methods. Agro
forestry systems simulate the natural forest and are considered much 
more efficient than solecrop systems with regard to the prevention of 
soil degradation by erosion and leaching caused by direct rain impact.' 7 

An agroforestry approach to energy farming can involve a wide range
of combinations of var~ous species of plants and animals. It seems 
reasonable, however, to distinguish three basic typ-s of system which 
seem more promising for energy farming in Southeast dlhia, a region
with no definitie dry period, with high temperatures (mean annual of 
about 23.5 0 C) and a total rainfall of around 1,700 mim: 

1. Food crop production under perennial energy crops; 

2. Rotation of trees for fuel and food crops ("taungya" system); 

3. Commercial crops shaded by perennial energy crops. 
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5.1 	 Food Crop Production under Perennial 
Energy Crops 

In this type o1" agrol'orestry approachi to enei:gy faming, food crops are 
produced. on a temporary and subsidiary basis, during the period of 
imniaturity of perennial energy crops stch as oil palm and many other 
multipurlpose species able to piroduce lare quantities of carbohydrates 
or oils. The diflerence with the I'ollowing case is that the tree crops here 
are exploited for many years l'0r holr fotod alld lerifgy production. 
whereas in "tanmi ya" s.stenrs the trees are harvested in shorter periods 
of tie anld ale solely used as fuel. 

In the case otf oil palm, sore inteie;tirrg data drawn rotl the litera
tire slrowt e ,tertii role u1 agrtf'ore;StrV systcurS to stibsidize thc 
establishment of this rrnrhltiprirrupue crop. Iln ali agrof'orestry experiment 
performed by Sparraaji in Nigeria. oil palm was intercropped for as long 
as possible with mixed yams. mai/.e arnd cassava I'llowed by cocoyanis 
Is tire pahrshlade develO)ped. S arraajj to1irrd a rret increase in yield of 
paili fruit, as well as si'nificarrt productior of' the t'ood crops. Inter
cropping stinulated growth in tire early years alter planting, and there
after gave increased frit bunch pr. luction over a period of 12 years of 
harvesting.' A similar experirrrent is being carried out ini Bahia by the 
Cacao Research Center, in which 16 different species of forod crops Will 
be cultivated between rW 0wsot young oil l)alrirs durilng tire period of 
establisirhrret of this crop. Ford crops were selected according to local 
customs for both subsistence and earl' cash returs during the period of 
immaturity of the palm. A cooperative society was estabnlished in the 
area to assist the farmers with marketing of' the dif ferent crops and to 
process tire palm fruits either for 'ood or for fuel. II order to improve 
the ceonuoric position of snrlllhIoders. research on small scale plants for. 
oil extraction and orr replanting tmecornorric holdings with high yielding 
cultiva rs is currently being trdertaken. About 70% of the cropped area 
with oil i)alm in Bahia. which is estimated as 20,000 hectares, consists 
of siriallhoidirres and coirip!ises poor yielding iraterial or old stands. It 
is expected that all these facilities put together will encourage the farm
ers and launch the program of oil pali plantation fOr food and fuel 
production in Bahia. 

This kind of agroforestry can also he employed with other perennial 
energy crops. For both carbohydrates or oil producing plants, many of 
the species which will be examined in a following section could be con
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sidered. But oil palm, as already men(ioned, deserves special attention 
because it is the most efficient energy crop. Indeed, processing costs are 
around USS 45.00 per ton of palm. oil. Farm energy input is approxi

- - 1mately 3 X 106 kcal •ha I •year . wheicas the ,:ncrg'y output valies 
- - 1from 36 X 106 to 55 X 106 kcal • ha I •year . Theoretically nearly 

a 10-fold net energy gain can, therefore, be obtained. '[he energy balance 
will be more favorable with intercropping, because the cost of land clear
ing will be shared, tie amount of fertilizers applied to the growing palms 
can be reduced due to symbiotic fixation o!" nitrogen by some intercrops 
aid the net energy output of the intercrops will be added to that of 
the oil palm. 

5.2 Rotation of Trees for Fuel and Food Crops 

The energy shortage in the developing world is not only of liquid fuels 
but also of wood. The fuclwood crisis in these countries has now been 
quantified. A study of' 15 developing countries"9 has shown that the 
rate of fuelwood plantation will have to increase from 63,500 hectares 
to 670,000 hectares per year to avoid a shortage in the year 2000. In 
another study20 it has been estimated that if adequate measures are not 
taken, 3,000 million people will suffer a serious shortage of fuel wood 
in the year 2000. It is also estimated that 50 million liectares of new 
fuelwood plantations will have to be established until the yeam 2000 to 
alleviate the developing world energy crisis. 21 

As previously commented, Brazil has a solid program of reforestationl 
for energy production wili quite ambitious targets. Since this program 
is almost entirely devoted to charcoal production to be employed in the 
iron industry, and the large Amazonian reserves of wood are not acces
sible to most of the population, Brazil is also dependent on substantial 
quantities of fuelwood for cooking, food processing and industrial pur
poses. But fuelwood plantation is not an encouraging business except 
for companies elgaged in thc country's Smeltery Plan. There is a clear 
role for agroforestiy here, regardless of the size of the holdiig, to give 
sufficient incentives for farmers to become foresters. It is obvious that 
the most direct solutiol to the fuelwood crisis is a massive program of 
reforestation to achieve sustained yields of trees for fuel incombination 
with food crops. In fact, this combination is not a novelty. "Tatungya" 
is the system employed in many tropical countries where labor employed 
in forestation is permitted to cultivate food crops in between the tree 
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crop rows. during the caily years of establishment. In return for this 
facility, the labor keeps the plantation clear of weeds and looks after 

18the youiig trees. 

In Nigeria two types of taungya were reported22 and compared to 
direct planting wieCre no food crops are grown: "lDepartanicntal Taungya," 
where any f'ood crops produced are the property of the Forest Depart
went, with se, tlers being paid for their work, and "traditional tangya," 
where the food crops belong to the farmer. Departamental tauitgya costs 
the IWkptmtent N 117 per hectare ovei the two-year establishment 
period of the tice crop. Traditional Iaungya costs N 212.5 per hectare. 
Direct plalititig, howevei . costs a lot inoie: N 525 per iectare. It is ob
viots that the system is beneficial to the Department and to the farmer. 
Another advantage of itltercropping in the establishmient of energy forests 
is that fertilizers applied to the food crops are partly taken by the trees, 
which have deeper root systeoIs to recycle these ni trienits, and this 
alleviates the probleli of soil depletion or "soil inting." If legumes are 
used as intercrops the demald for nitrogen by the tree crop can be 
greatly reduced. 

In spite of the large area of relforestation ini Brazil, little attention 
has been paid to species other tian eucalyptus and pine. The Cacao 
Research Center has been studying several tree species in Bahia for mnany 
years aild is now ina positioll to suggest sonC fast growing species to 
be used in this kind of energy farming besides eucalyptus, such as 
i'iathri'enia foliolosa ("vinh itico'), Cen trolobittm spp. ("putumuju") 
and Cordia ichotonia ("clarailba-parda"). 

5.3 Commercial Crops Shaded by Perennial 
Energy Crops
 

Sonie commercial crops such as cacao, pepper and coffee can be grown 
under the shade of taller trees. In the case of cacao, the practice is 
generally accepted as the safest way of managing the plantation, not 
because shade provides a low light intensity considered optimal for 
growth and yield, but due to its effects in counteracting unfavorable 
ecological conditions such as increased incidence of insect pests and low 
soil fertility. In fact, there is solid evidence that fully exposed cacao 
produces more than shaded cacao, but the practice of using shade trees 
is widely accepted by farmers and indeed recommended by research 
institutes dealing with the crop. In the traditional cacao farms in Bahia, 
for example, there are on average 79 + 25 shade trees per hectare. 3 

/,
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Soie species are particularly interesting from the cconoiical point 
of view as potential shade trees for cacao and other shade tolerant crops. 
especially if multistoreyed system !ire developed to promote a higher 
degree of (live rsi ficat ion as rccon elnded in agrolbrestry, T'he majo 
problem with many of these promising species of' potential ecoimmiic 
value is that there is little detailed knowledge abont them, especially 
with respect to their yielding capacity. Another problem is marketing 
of some of them: if large areas are planted, their price will deteriorate. 
unless an alternative use for them is found. And many could be alter
natively used as a source of carbohydrates or oils for fuel. 

One of the most important of these species is the peace palm (Gti
liehna gasipacs), also known as "pejybaye," "clhon taduro" or "puptla." 
Tlhis palm is very appreciated for its fruits and for its growing shoots or 
palm hearts. Peace palms have been found with more than 70 bunches 
per palm and 50'1' oil content in the fruit."1 Other promising palms are 
"buriti" (Ak.turitia flextiosa) and "batau," (Jess'niaspp.). Adult plants 
of the species .lessniapoly'carpacan render 30 kg of fruits per annum 
from which 22 kg of oil are extracted.1" Palms are especially interesting 
as a component of unultistoreyed systems because many of them tolerate 
moderate shade and also cast little shade over lower canopies, because 
of the "Venetian blind" shape of their leaves. In other vords. palns are 
of particular intercst as a medium canopy in mtltistoreyed systems if 
the top canopy does not throw excessive shade over them. Very tall 
trees, oi the other hand, make lateral light available to lower canopies 
and could be used as the top canopy in multistoreyed agricul t tire for 
energy production. One with a great promising Romre is the "piquii" 
(Ci:vocarrillostim), a large tree growing to over 40 on in height which 
is exploited for its fruits. Two types of oil can be extracted from the 
fruits of "piqui." "Copaiba" is another spcces of interest as a tall top 
component of multistoreyed systems. The most pi oductive species of 
"Copaiba" are Copaifrraofficinalis and Copaiftia langsdhorffli, both 
native of the Amazon region. Its oil, which is extracted by making a 
hole in the trunk, is produced at an average rate of 3 to 5 liters per 
annum, but some trees have been fotnd producing 20 to 30 liters.' 7 

Some smaller trees also deserve consideration in less diversified agro
forestry systems for energy productioll in combination with commercial 
crops. The jackfruit (Artocapus heterophr'lhts) is one of these. The tree 
reaches about 20 ill in height and can produce tip to 100 fruits per 
annum, some of them weighing 40 kg. They are the largest of all ctulti
vated fnuits. The edible pulp. which comprises about 30'' of lie fruit, 
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has a carbohydrate content of 23.4% fresh weight. Seeds, which con
stitute about 5%of the fruit, contain 38.4% carbohydrate ill fresh 
weig t.' 4 Breadfruit (..lrtocailms incisu) is a tree of the similar height 
alnd produhces .a101111d seedless fruit %%eighiugfitl I to 5 kg. Its edible 
p)rtionl, which constitutes about 70% of the fruit, also has a high car
bohydrate comnt of about 20% fresh weight. Mature trees yield up to 
700 fruits pC: year. :4 This species call yield up 1o ou1 ton of fruit per 
tree per anium." -Jenip:ipo" (-'Hi/hi /mc'r'c'znt) is :I South and Central 
\me lical tree glowing to 15-20 11 in height. Its fruits, of about 10 cut 

in diameler, tie used iln the l)reParaltiMo of alcOIholic drinks, and are 
produced in laLge quantities. In spite of the lack of detailed itforinai~mi 
on yield and oll accuIate content o1 c:tlh\ drates which Could be 
tralsformed into liquid fuels. these brief remarks ol jackfruit, bread
fiuit and "jeCipape1'' indicate the ptotential use of sUChu trees as perennial 
energy crops shading the cotmercial crops. 

It is worth repeatinig that the possihility of' growil;g these same trees 
in nLonocudlt rc for energy I'atmitug is not being excluded in this paper. 
lhe agroforestry atpltoach is plesculed because of economic and eco

logical reasons, particularly ill t1 case of cacao, where large plantations 
are normally shaded by trees of less economic value. 
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