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.RESUME 

Le rayonnement energetique du soleil doit etre assez dense et important pour rendre son exploitation economique
ment rentable. Malheureusement !es radiations a ondes courtes du soleil. source la plus abondante d'energie renouve-
lable. est caracterisee par un flux diffus et temporaire. ~ 

Ainsi. nous avons besoin d'un systeme pour maitriser le soleil qui fonctionnerait sur de grandes surfaces. 

Chez les plantes vertes. les mecanismes qui recoltent et stockent l'energie, croissent et s'entretiennent d'eux-me
mes; automatiquement. On dit que cette capacite unique doit etre pleinement utilisee . et des strategies sur la produc
tion d'energie a partir de la biomasse en sont au stade de discussion . On a mis en evidence un systeme energetique 
ou le methanol est obtenu a partir de bois de saule. 

La balance energetique est hautement positive. et les resultats initiaux indiquent que le modele aura des applications 
pratiques. 

On developpera : 
le flux de l'energie solaire 
les plantes vertes qui piegent « l'energie verte r. 
les resultats sous climat tempere 
cas du saule - aspect sylvicole - combustible de haute qualite obtenu a partir du saule 

- conclusion. 

Waterpower, wind and firewood have their origin in 
the sun. The solar driven processes have certain uni
que advantages among the world energy sources if the 
availability in the long run and the environmental kind
ness are considered. At present there is an amazing 
gap between the physical potential and the actual use of 
the renewable energy from the sun. The average in
come flux of the solar radiation is more than 10,000 
times greater than the statistically documentated 
consumption of the primary energy in the world 
(1,2). However, 80-90 percent of the energy consump
tion is now filled with nonrenewable resources, mainly 
with oil and coal (2). 

The excess of the sunshine exists also on national 
basis. The developing countries share the greatest 
potentials, but the industrialized world is not lacking op
portunities either. as shown in Fig 1. Even the most 
densely populated countries with high standard of living, 
like the Netherlands or U.K .. do not consume more than 
1-2 percent of the energy received from the sun. Evi-

. dently , the physical shortage would not limit the activi-

ties in utilizing the solar radiation. The key factors are 
the feasibility and the economics. 

STREAMS OF THE SOLAR ENERGY 

Unlike the other energy sources , the renewable 
energy is essentially based on streaming processes . Of 
all the energy flows , a large and rapid river contains the 
greatest energy flux density. In addition. many rivers 
contain rather constant fluxes and if not. the problem 
can be solved by damming . The cycle of water 
concentrates the solar energy into the rivers. Niagara, 
for example, is estimated to produce a potential energy 
flux of 4.400 MW . 

The kinetic energy of the wind is created by the 
stream of air. The average velocity of the near surface 
wind in the world, 5.85 m s - 1 (3), causes an effect of 
130 W through one square meter of a vertical windfac
cing area (4). If all the wind energy were extracted 
winds would cease blowing. This strange phantasy 
restricts the potential of the average wind effect. "The 
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energy extracted in one square meter will not appear in 
another square meter to be extracted again" (5). Re
sembling the cycle of water, the process of wind col
lects and concentrates the energy, although the energy 
flux density of the wind is far below that of river. 

Interesting is that the average effect of the wind al
most equals to the energy flux density of the solar ra
diation whine has an annual world average of 
200 W m - 2 (horizontal soil surface) (1 ). The total 
energy flux of the solar radiation, however, is greater 
than that of the wind by a factor of 50 (5). 

A crucial but largely ignored limitation in the solar ra
diation is the diffuseness (6). The sunniest part in the 
world is the Red Sea area with an average solar flux 
density of 280 W m - 2 . Even there, an area of almost 
1,600 hectares is needed to cover the energy effect of 
Niagara. In order to obtain this energy effect in terms 
of electricity the present photovoltaic cells should in fact 
cover a much larger area. 

Hydropower, wind and solar energy are compared in 
Table 1. Differencies in the energy flux density under 
favourable conditions explain why the renewable energy 
is preferably extracted from the flow of water instead of 
more abundant resources wind and sun. 

Another limitation in using the solar energy is the 
temporal variation. The intermittent and diurnal varia
tions can be levelled out by numerous energy storing 
systems although there is a cost gap to be spanned (7). 

The seasonal variation is a more difficult pro
blem. This is most significant in the temperate zones 
near the high latitudes. Finland, for example, has to 
use 60 percent of oil in space-heating during winter. 
Unfortunately, three quarters of the solar energy falls 
outside the heating season . 

GREEN PLANTS CAPTURE 
AND STORE SOLAR ENERGY 

When realizing the two major limitations in the solar 
energy utilization, the following conclusions emerge: (i) 
the system should be e.flSY to spread over wide areas, 
and (ii) the system should be able to store the energy . 

The green plants have a few advantages over any ar
tificial solar energy collectors . First, they have a self
regulative ability to grow and cover wide areas. They 
build efficient solar quanta collectors automatically . 

The foliage also maintains itself selfregulatorily. In a 
stand of full coverage, the unefficient old leaves are re
placed by vigorous new leaves and the stand keeps 
continuously a leaf area which may be even tenfold 
compared to the respective soil surface area. 

The plants are also able to store the energy; the phy
tomass-stems, leaves and roots-acts as sto
rage. The photosynthesis contains in principle the 
energy conversion chain from electromagnetic radiation 
through electrical energy to chemically bound 
energy . It is worth notifying that the nature utilizes the 
advantage of the electricity, but only instantaneously. It 
is the chemical bond which stores the energy for longer 
periods . 

It could be possible to create a photosynthesis imita
tor which generates hydrogen and oxygen from water 
with a simpler set of chemicals that the plants def' (8). 
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The imitator would give up the complexity of the green 
plant to reproduce itself , and just carry out the solar 
quanta collection and conversion. Unfortunately, the 
price of this artificial plant is the loss of self-regula
tion . It will be difficult to build photosynthesis imitators 
over thousands of hectares to collect notable energy 
yields. 

Plants convert solar radiation into stored carbo-hydra
tes rather efficiently . Conversion ratios as high -as 
0.04-0.05 are achieved in crops with record yields (9). if 
the energy gain is calculated including roots. These are 
average figures over a whole year, and refer to a pro
cess which not only binds but also stores the energy . 

Nigh cover a great proportion of time providing no 
energy input. and part of the captured energy is needed 
for respiration. \Ne can therefore conclude that instan
taneous conversion ratios of fast growing crops match 
those of the best photovoltaic cells , which are of the 
order 0.10-0.15 (10) 

ENERGY FARMING 

Energy farming is a discipline on cultivated plants and 
husbandry in which the solar radiation is collected and 
converted into biotic energy of the phytomass. The aim 
is to obtain high energy yields by selecting, breeding and 
raising fast-growing crops. 

For avoiding competition with the food production the 
land for energy farming must be sought in different 
areas than the cereal crop growing zones. There are 
many possibilities. 

The tropics with a reasonable rainfall allows the high
est yields. The most high-yelding agricultural crop in 
the world has been reported to be the sugarcane 
(11 ). It has also the advantage in form of the stored 
energy; sugar is easily fermented to ethanol. 

In the wet tropics, a sugarcane-ethanol system could 
yield (gross production) up to 8,000-9,000 kg ha-, a_, 
ethanol (12). However, although sugarcane as a C4 -

plant is moderately efficient in water use ( 13). the rain
fa 11 requirements restrict the suitable growing 
areas. Generally , the yields would not be economically 
profitable without irrigation in the areas where the rair1-
fall is less than 2,000-2,250 mm annually (14). 

Another sugar crop, pineapple, is adapted to the drier 
tropics. Due to the crassulacean acid metabolism (13) 
the pineapple crop utilizes the soil water twice as effi
ciently as sugarcane. The annual rainfall requirement is 
only about 1,000 mm, but the ethanol yields would be of 
the same order as with sugarcane (12). Such a rainfall 
is received over wide areas in the tropics. The Cerrado 
of Brazil w ith approximately 170 millions hectares has 
been mentioned as a suitable pineapple growing area. 

The tropical forests offer a multitude of unexploited 
possibilities of environmentally lenient high-yielding 
energy-forestry. The "giant ipil-ipil" (Leucaena leucoce
phala) is a good representative of both the potential as 
well as the problems so far involved in the use of tropi
cal tree species in energy-forestry (15). 

Due to the geographical distribution of the land area 
the main part of the world's energy farming area must 
be sought in the northern hemisphere. Here the low 
evapo-transpiration results in an excess of water over a 



large zone, although the annual rainfall is usually below 
1,000 mm . Moist soil accumulates humus and forms 
peat. The peatlands are largest in Siberia and Canada. 

The northern peatlands can be regarded as one of the 
most remarkable energy farming areas wait ing for the 
clearing for cultivation . With present machinery a pro
per drainage of the peatlands is easily arranged and the 
excess of water is no more a problem. 

The total area of the peatlands in the world has been 
estimated to be at least 230 millions hectares (16). Part 
of it belongs to the tundra zone, but if every other hec
tare of the world peatlands cou ld be utilized , the area 
still equals for instance to the present agricultural area of 
the U.S. (17) . 

ENERGY CROP IDEOTYPE 
IN SEASONAL CLIMATE 

In the boreal zone the growing season is short but 
rather favourable. There is plenty of solar radiation 
available due to the long summer day, and the daily 
temperatures are moderate. The winter is severe . 
There is no need of sparing water. 

The ideotype should have an efficiently photosynthesi
zing foliage ready in the spring waiting for the tempera
tures high enough for carbon fixation. The crop should 
maintain a high growth rate during the whole summer . 
The wintering until the next growing season should be 
safe . Obviously no present, conventionally grown crop 
meets all these requirements . 

Conifers have their evergreen needles ready in the 
spring , but their period of high growth rate is strongly 
reduced by the winter hardening process in the latter 
part of the summer. This process is shorter in deci
duous trees, but they must establish their foliage again 
after every winter . Certain annual hay plants, like Italian · 
ryegrass (Lolium multiflorum) can photosynthesize with 
high efficiency until the autumn frosts, but they must 
start from the seed every spring. The ideotype is doom
ed to be a compromise. 

Some additional properties for the ideotype can be 
listed. The crop must be easily established. A clonal 
propagation is preferable due to the genetic homogenity . 
Once established the crop should sprout from the roots 
after the harvest. The roots must endure several cut
tings and winter safely. 

CASE WILLOW 

Promising clones for northern energy farming can be 
found in the genus Salix. There are about 300 willow 
species in the world (18). Most of them cross freely in 
the nature an9 the number of hybrids is overwhelming . 
At present they are wild plants, and as such they are 
suitable to start with the energy crop breeding. 

Energy willow farming was developed in Nordic coun
tries in mid seventies . ' It has its modern origin in the 
concept of mini-rotation forestry (19). In the begining 
the aim was only to produce more raw material for the 
wood industry, using methods as intensive as in the 
agriculture. 

The f irst field experiments in Finland and Sweden 
were established in 1973. Promising results were ob-

tained at once. A Danish willow clone, Salix cv. 
"Aquatica" produced in the latitude of the arctic circle a 
dry matter (DM} yield of about · 1 O tons ha-, already in 
the first summer (20). 

In the later experiments more willow species have 
been screened both in Finland and in Sweden . The 
annual yields have kept their high level. The biggest dry 
matter yield reported (21} has been 32 tons ha-• DM per 
year which includes the harvested stemwood only. 

The energy willow farming can be divided in two 
groups according to their wintering ability. If the clones 
used are completely frost resistant they are grown like 
any other deciduous crop; the rotation cycle will vary 
between 2-5 years . If the shoots do not winter but the 
stumps and roots do, one year rotation is used. 

So far it is not sure which one of the two practices 
will result in highest yields. In a many-year rotation the 
dormancy reduces autumn photosynthesis , but in early 
summec the foliage develops rapidly on already existing 
shoots . Applying one-year rotation the early season 
growth is slower . However , when there is_ no need of 
winterhardening, the leaves continue carbon fixation at a 
high rate to the autumn frosts . The active period of the 
willow in one-year rotation lasts until October . The pe
riod is about one month longer than that of birch . 

In central and southern parts of the Nordic countries 
the 2-3 years rotat ion will p(obably give the highest 
yields. Moreover , many-year crops seem to produce a 
more energy-rich and structurall y better fitted shoots for 
the cutting devices of the future harvesting machines 
(22) . 

Aspects on willow husbandry. The energy willow 
has the advantage of the clonal propagation. The crop 
is established using cuttings. After the first harvest the 
willows will coppice 5-20 shoots per one cutting, de
pending on genetic differences between the clones . 

The planting density connected with the coppicing 
ability has a clear effect on the yield . The main rule 
holds that the bigger the number of vigorous shoots, the 
bigger the yield w ill be (23) . As a practical compromise, 
we aim at shoot number 30 per one square meter in 
one-year crops . With this a full coverage is established 
within 30 .days in the spring . 

As a husbandry method, a special row cultivation can 
be recommended in such a manner that ordinary trac
tors can operate later on without damaging the stools . 
The planting as well as harvesting are cheaply mechanis
ed. 

The ash plays ari important role in the recircu lation of 
the nutrients (22). Actually, if the energy crop yield is 
burned in a heating plant, main part of the nutrients can 
be returned to the plantation in the ash. Nitrogen esca
pes to the atmosphere; minor potassium losses have 
also to be compensated . t 

Here and later on a practical example of Salix cv. 
"Aquatica" cultivation with a moderate stem yield of 12 
tons ha - 1a - , DM , or 197 GJ in energy terms (24) will be 
used. The leaves which contain a considerable amount 
of circulating nutrients fall annually as litter to the 
ground. 

The ash and nitrogen content in the stems of the 
energy willow are 2.5 and 0.75 percent, respectively. 
Thus the removals are 300 kg ha -, for ash and 90 kg 
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ha-' for nitrogen . At least these amounts should be 
returned to the wil low plantation annually to maintain 
the nutrient balance. 

Nitrogen is fixed to the ferti lizer from the atmospheric 
resources using a certain amount of energy. It has 
been estimated that the whole chain of nitrogen from 
the atmosphere through the factory to the field needs 
an energy input of 77.0 MJ per one nitrogen kilogram as 
fe rtilizer (25). The nitrogen fertilization of 90 kg ha-, 
will thus require an energy amount of 6.9 GJ. There
fore a part, in this example 3,5 percent, of the gross 
energy yield must be reserved to keep the nitrogen cy
cle going between the atmosphere and the energy 
plantation . 

The nitrogen fertilization seems somewhat high. If a 
suitable peatland is selected for the energy willow, the 
nitrogen dose can be reduced to the half. The ferti le 
bottom peat contains often more than two percent ni
trogen in its dry matter . In a cultivation layer of 30-
50 cm, there are nitrogen reserves for 100 years energy 
farming if reliable means to mobi lize the nitrogen are 
found out. 

The ash ferti lization has a central role also in the nitro
gen mobi lization. It has been found in Finnish peatland 
fertilization experiments that the activity of bacteria. es
peacially with ammonifiers increases dramatically after 
the ash ferti lization. As a result, the nitrogen mobiliza
tion speeds up. Due to this effect we can reduce the 
nitrogen fert ilization. However. some mineral nitrogen 
is needed as a booster for the early summer growth, 
when the temperature is too low to maintain a high 
activity of bacteria. 

The fertilization is one of the biggest parts of the 
energy inputs in the energy willow husbandry. Since · 
the willow plantations are stil l in an experimental scale 
we estimate the other inputs needed on the basis of 
information from a resembling husbandry w ith other 
crops (Table 2). The total agricultural input in the 
energy willow may be of the order 20 GJ ha -, a -, . This 
level corresponds for instance with the intensive Popu
lus "tristis" husbandry of Zavitkovski (25), but without 
irrigation . 

High-Grade fuel from energy willow. The energy 
willow system can work as an energy amplifier in terms 
of high-grade fuel. We choose met hanol as the alcohol, 
since the present technology converts methanol from 
wood more efficiently than ethanol. 

As a basis for the calculation we use a recent plan to 
convert Finnish peat fuel into methanol (28). With mi
nor adjustment the proposed plant accepts also any 
other form of the phytomass than peat as a feedstock. 
The approach and notations are from Weisz and Mars
hall (29). 

The agricultural input in high-grade fuel is denoted 
with A and the gross energy yield with Y 0 . The in
put-output ratio f expresses the efficiency of the crop 
and of the husbandry practised (f = NY0 ). In the 
example, A= 20.0 GJ, Y0 = 197 GJ, and f = 0.102. In 
other words, the energy input is 10 percent out of the 
crop energy output . 

Methanol can be produced by the partial combustion 
of the willow phytomass with oxygen and steam . The 
conversion plant is self-sufficient in energy. Part of the 
incoming willow yield is burned in a counter-pressure 

power plant. The electricity needed in the conversion 
process is thus created by the plant itself. 

The methanol plant is assumed to produce 359 grams 
methano l as output, for every kilogramm OM of the in
put. Thus the 12,000 kg of the willow going into the 
conversion, yield 4,310 kg methanol. Using the heat of 
combustion value 20.1 MJ/kg, the methanol output cor
responds G = 86.6 GJ (Fig. 2.) 

The energy willow-methanol system works as an 
energy amplifier (in high-grade fuel) since the output ex
ceeds the input. Part of the solar energy flux, 177 GJ 
for the hectare of our energy wil low has been converted 
into liquid energy form. The amplifying effect (GIA) is 
4.33. 

The fraction n expresses the efficiency of the metha
nol conversion, n=G/Y0, in the example n= 0.440. The 
net productivity N of the system is the difference 
between the output and the input N = G - A. in the 
exampl_e N = 66.6 GJ, or 3,310 kg ha -1 methanol. 

A capacity of 1,000 tons day -1 methanol for the fac
tory has been considered suitable. In the Finnish 
conditions this capacity could provide a mixture of 15 % 
methanol needed by all the one mil lion cars in the traf
fic . 

With the yield level of 12 tons ha -1 OM the area 
needed to satisfy the raw material demand of the fac
tory would be about 111,000 -ha. It is five percent out 
of the total area under agricultura l crops, and 0.6 percent 
of the forestry land in Finland. 

The calculations above are based on a moderate yield 
est imate and the present day methanol technology . 
Both of these system compronents can apparently be 
improved. 

In southern Sweden the yield level of 18 tons ha-• 
OM has been achieved on areas large enough for relia
ble calculation (22). Thermo-chemical processes deve
loped in Sweden for conversion of wood into methanol 
indicate outputs exceeding 50 percent in the energy ef
ficiency (30). Assuming both these improvements, the 
net productivity will more than double and exceed 
9,000 kg ha -1 methanol. 

The high net productivity of the energy willow
methanol system at a latitude corresponding Alaska is 
somewhat amazing (Table 3). The net product ion of 
ethanol from sugarcane yields in Louisiana 2,600 kg ha-• 
(31 ). Using the average U.S. corn yield of about 
5,700 kg ha-• as the yeld level, the net productivity of 
one corn hectare is only 410 kg ha - 1 ethanol (29). The 
use of corn as the raw material for liquid fuels seems 
thus less attractive activity and wasting of edible photo
synthates (32). 

The net productivity of the pineapple growing in the 
tropics is higher, about 6,800 kg ha - 1 in ethanol 
(13). This is of course due to the continous growing 
season. The conversion efficiency to ethanol is also 
much higher when sugar is used instead of corn starch. 

INTENSITY IN ENERGY FARMING 

Even a single species crops may be cultivated more or less 
intensive ly. Common characters of the agricultural inten
sity are the input-output ratio.f = NY 0, and the net energy 
yield W = YO - A. Two recent but conflicting views will be 
discussed. 
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Burwell (17) has found that the input-output ratio 
correlate's positive ly with the gross energy yield . He 
concludes that the energy input should be allocated to 
the traditional forestry where it gives the greatest rela
tive energy output. 

Fig. 3 . shows. however. that the relationsh ip 
between f and Y0 is not too dist inct. The suggested 
graph fails to predict the additional data. 

Parenthetically, a nature! stand of reed (Phragmites 
australis) has produced an annual yield of 11,500 kg 
ha 1 DM (33). Additiona l agricultural energy input to 
raise this crop seems inadequate . The harvesting trials 
have resulted in an energy consumpt ion of 5.2 GJ ha - 1 

(34). This is 2.7 percent of the gross energy yield. 

The willow data are from the above example and from 
the experiments with the highest yield reported 
(21). The input-output ratio f = 0.1 has beenassumed. 

The obvious relationship between the original data · 
points exists maybe because the crops have been raised 
for other purposes than for energy production. The four 
energy-efficient exceptions are a promise to the plant 
breeding. It should be possible to breed special energy 
plants since the reed and the willow. for instance. ac
tually are still wild plants. 

Zavitkovski (25) defences an opposite view than 
Burwell. He shows that despite the higher f the net 
energy yield of the intensive tree farming exceeds that 
of the traditional forestry. He prefers high level of in
tensity since "it is net energy that counts". Social and 
economical realities tend also to favour the intensive 
cultivation in which the land is used effectively. Income 
received from plant stand is not proportional to the in
put-output ratio. but to the net yield. 

Moreover. methods with high net energy returns must 
be chosen , if ambitious national goals for the biotic solar 
energy are set. In U.S .. for example. the annual bio
mass production including food and fibre (in energy 
equivivalents) would provide only 25 percent of the cur
rent energy requirements (25). On the other hand, if 
existing agronomic techn~logy were applied to fast
growing trees. one third of the U.S. land area w ould 
satisfy all the energy requirements . 

To conclude , it seems possible to choose highly pro
ductive plant species and cultivation methods with a re
latively low energy input-output ratio. The ratio. ho
wever. should not be minimized at any cost. The crite
rious in selection of the bioenergy strategies shotJ!d not 
forget social and economical consideration . 

SOLAR ENERGY STRATEGIES 

One may argue that our view is ambivalent. We 
prefer green plants to more efficient art ificial means for 
collecting solar quantas. At the same time we defend 
the intensive energy farming against less effic ient tradi
tionnal forestry . 
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The input of material and iabour seems. however, to
lerable as long as the solar energy system uses the 
ability of the plants to grow and maintain automatically 
the structures for collecting, converting and storing the 
energy. As soon as artific ial technological solar strate
gies, like photovoltaic cells or photosynthesis imitators 
take over. an abrupt increase in the costs of building and 
maintaining the solar energy systems will occur. 

CONCLUSIONS 

There is a common objective that man should become 
less dependant on nonrenewable energy sources . Al
ternative paths are Plenty The proper selection of the 
most promising strategies could be helpful in concentra
ting future R & D efforts. Although the knowledge on 
the solar energy possibilities is still insufficient it is be
coming possib le to roughly separate "the promising" 
and " the less promising" strategies for the utilisation of 
the renewable energy (5). 

In our view the energy plantations belong to the pro
mising ones. In this paper we show that recent doubts 
about the energy balance of the biotic solar energy are 
based on either misleading generalizations or a special 
case where the production chain has not been optimized 
in energy terms . 

The product ion and utilization of the biomass energy 
cori,sists of a series of well established techniques. The 
principales of the different phases are already known but 
combining the details will take time. The combinations 
are many, depending on the climate and on the social 
structure, and on the level of techno logy and plant hus
bandry. The optimization of the biomass energy chains 
w ill be an endless task for systems analysi-s. In the 
practice . the production , transport , and industrial conver
sion processes will acquire more cooperation between 
different groups of people than is the case with the 
conventional energy sources . 

Our conclusions are based on calculations and small 
scale experiments rather than verifications in the prac
tice . Now as the framework is becoming clear, it is 
possible to start with planning practical applications. 
Fortunately , there is a plenty of conventionally grown 
biomass available for energy production . The methanol 
conversion, for example . could start using the phyto 
mass already existing . Meanwhile, there is still time to 
develop the techniques of the energy farming. 

On a global scale there will be no uniform type of the 
energy plantations . Local case studies are necessarily 
needed, although some general strategies may be
derived separately for the wet tropics, drier tropics and 
seasonal climate. rombining the energy farming to the 
food production may cause difficulties in the land area 
allocation. However. there is some hope left . Accor
ding to a recent estimate (35) there still is an area of 
1 .802 109 hectares on the globe possible to clear for 
cultivation. On this area the moderate net energy yield 
167 GJ ha -1a -1 of our example would sum up to 3.0 
1 020 J a -1. It is of the same magnitude than the pre
sent global energy demand. 
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