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Feasibility of Large-Scale 

Biofuel Production 


Does an  enlargement of scale change the picture? 

Mario Giampietro, Sergio Ulgiati, and David Pimentel 

Biofuels are widely seen as a 
feasible alternative to oil. In- 
deed, in 1995 the Clinton Ad- 

ministration proposed amendments 
to the Clean Air Act that would re- 
quire gasoline sold in the nine most 
polluted US cities to contain addi- 
tives from renewable sources, such 
as grain alcohol. This move, even if 
blocked by a three-judge panel of the 
US Court of Appeals in Washington, 
DC (Southerland 1995), has helped 
to focus attention on the question of 
whether research and development 
in biofuel production from agricul- 
tural crops should be increased (e.g., 
Abelson 1995). In Europe, similar 
fiscal and regulatory provisions have 
already been introduced (Chartier 
and Savanne 1992, Sourie et al. 
1992). These policies assume that 
biofuels have the potential to reduce 
current dependence of industrialized 
societies on rapidly disappearing fos- 
sil energy stocks and that biofuels 
are desirable from an ecological point 
of view. But are these assumptions 
correct? 

Although abundant scientific lit- 
erature is available on various biofuel 
production techniques, attempts to 
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Large-scale biofuel 
production is not an 

alternative to the current 
use of oil and is not even 

an advisable option to 
cover a significant 

fraction of it 

provide a comprehensive evaluation 
of large-scale biofuel production as 
an alternative to fossil energy deple- 
tion are few and controversial. The 
complexity of the assessments in-
volved and ideological biases in the 
research of both opponents and pro- 
ponents of biofuel production make 
it difficult to weigh the contrasting 
information found in the literature. 
Moreover, the validity of extrapo- 
lating results obtained at the level of 
the individual biofuel plant or farm 
to entire societies or ecosystems has 
rarely been explicitly addressed in 
the literature. In this article, we at- 
tempt to provide such a comprehen- 
sive assessment of the feasibility of 
large-scale biofuel production by criti- 
cally reviewing the existing biofuel 
literature from a broad perspective. 

What are biofuels? 
A biofuel is any type of liquid or 
gaseous fuel that can be produced 
from biomass substrates and that 
can be used as a (partial) substitute 

for fossil fuels. Common examples 
are ethanol, methanol, and biodiesel. 
Ethanol alcohol can be obtained bv 
yeast- or bacteria-mediated fermen- 
tation of sugar crops, such as sugar- 
cane, sugarbeet, and sweet sorghum, 
or of starchv crom, such as corn and 

L * 

cassava. It can also be obtained, al- 
beit at lower yields, from cellulose, a 
sugar polymer from woody crops, 
through acid or enzymatic hydroly- 
sis followed by fermentation. Metha- 
nol can be obtained from wood or 
woody crops by means of a wood 
gasification process followed by com- 
pression and methanol synthesis 
(Ellington et al. 1993, Wyman et al. 
1993). Finally, biodiesel fuels can be 
obtained from oil crops, such as soy- 
bean, rapeseed, sunflowers, and palms, 
by extracting the oil with suitable sol- 
vents or through mechanical pressing 
and then converting the oil into diesel 
fuel by a transesterification process 
(Shay 1993). 

Ethanol is a good substitute for 
gasoline in spark-ignition engines 
(Marrow et al. 1987, Parisi 1983); 
methanol can also be used as a sub- 
stitute for gasoline. Of course, exist- 
ing vehicles cannot run on 100% 
etLanol or methanol fuel unless en- 
gines are modified substantially. 
However. gasoline and biofuel mix- ," 
tures in a proportion of 85% and 
15%, respectively, can be used with 
only minor adjustments to the en- 
gine. Performance tests indicate that 
biodiesel can be a good substitute for 
diesel oil in compression-ignition en- 
gines (Shay 1993). 

Research is still in Drogress to 
L " 

improve the chemical and industrial 
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Table 1. Typical biofuel ~roductionsystems from agricultural crops. straints because they are invisible at 
the small scale of the laboratory, indi-

Ethanol in 
Ethanol in (sub)tropical 

Indicators of performance Biodiesela temperate areas areas 

Gross energy yield (GJ . ha-' .yr-') 
Net energy yield (GJ . ha-' .yr-I) 
Output-input energy ratio 
Net to gross ratio (F"lF1) 
Water requirement (t .ha-l . yr-') 
Energy throughput (net MJIh) 

Best-performing system 
Land requirement (halnet GJ) 
Water requirement (tlnet GJ) 
Labor requirement (hlnet GJ) 

oilseed rape 
0.100 
500 
4 

corn-sorghum 
0.033 
170 
1 

sugarcane 
0.020b-0.014L 
200"200' 
4h-0.6' 

^Trans-methylesterfrom oil seeds (sunflower, rapeseed, or soybeans). Sunflower and soybean 
systems have net energies close to  or less than zero. 
hLow-input production, as in the Brazilian ProAlcohol Project (Giampietro et al. 1997a). 
LHigh-inputproduction, as reported in Pimentel et al. (1988).  

aspects of biofuel production pro-
cesses in attempts to reduce energy 
inputs and increase the overall fuel 
yield. Typical yields and output-in-
put ratios have been discussed in 
detail elsewhere (Giampietro et al. 
1996a)'and are summarized in Table 
1. Other assessments are available 
(CCPCS1991, CNR-PFE 1979, ERL 
1990, IEA 1994),as are general stud-
ies on evaluation procedures for en-
ergy from biomass (Herendeen and 
Brown 1987, Lyons et al. 1985, 
Pellizzi 1986). 

Evaluating biofuel production 
We propose that the feasibility of 
biofuel production as an alternative 
to oil be analyzed by relating the 
performance of the biofuel energy sys-
tem to the characteristics of both the 
socioeconomicand environmentalsys-
tem in which the biofuel production 
and consumption take place. Specifi-
cally, biofuel can substitute for fossil 
energy only if the large-scale pro-
duction of biofuel is biophysically 
feasible (i.e., not constrained by the 
availability of land and fresh water 
sources for energy crop production); 
environmentally sound (i.e., does not 
cause significant soil degradation, 
air and water pollution, or biodi-
versity loss); and compatible with 
the socioeconomic structure of soci-
ety (i.e., requires labor productivity 
that is consistent with the existing 
labor supply and per capita energy 

'S. Ulgiati, unpublished manuscript. 

consumption in society). The latter 
two conditions imply that the biofuel 
system must deliver a sufficiently 
large amount of net energy to society 
per hour of labor employed in the 
cycle of biofuel production to make 
the process economically convenient 
for society while generating a suffi-
ciently low environmental loading 
per unit of net energy supplied to 
keep the process environmentally 
sound. 

Data in the literature on modern 
biofuel systems can be used to esti-
mate the biophysical requirements 
per unit of net energy supply to soci-
ety. Depending on the production 
system, these requirements, per 
gigajoule (1gigajoule = l o 9joules) of 
net energy, are 0.015-0.100 ha of 
arable land, 200-400 t of fresh wa-
ter, and 0.6-5.5 hours of labor. A 
com~ar isonof these values with ac-
tual iand and fresh water availability 
and existing socioeconomic con-
straints-such as the energy con-
sumed by society per hour of labor in 
the primary sectors of the economy-
for several different countries indi-
cates whether biofuel ~roduct ionon 
a large scale is feasible. As we show 
in this article, this approach indi-
cates that biofuels are unlikelv to 
alleviate to any significant extent the 
current dependence on fossil energy. 
Moreover, with current technologies, 
biofuels do not decrease the environ-
mental impact per unit of net fuel 
delivered to society. Available analy-
ses of biofuel production tend to 
overlook these biophysical con-

vidual farm, or plant that is ;sed in 
most assessments. 

In this article, we analyze the net 
energy requirements of the process 
of biofuel production, as shown in 
Figure 1. This analysis is based on 
the net-energy approach proposed 
by Odum (1971)and Slesser (1978), 
and used by Cleveland et al. (1984) 
and Hall et al. (1986),among others. 
Several aspects of the analysis de-
serve special attention: 

The ratio between net and gross 
biofuel production. Large-scale 
biofuel production must fulfill the 
obvious condition that the energv-.,, 
yield ratio (or output-input ratio) of 
the entire process be higher than unity; 
otherwise, biofuel will not be a fea-
sible alternative to oil. In Figure 1,this 
condition means that F1 > (F2 + F3 + 
F4),where F1 is the amount of biofuel 
output generated in the production 
process and F2, F3, and F4 are the 
various energy inputs required by 
the urocess in the form of fuel en-
ergy. In addition, the ratio between 
the gross output of biofuel (F1)and 
the fuel consumed in the process (F2+ 
F3 + F4) must be sufficiently high to 
prevent'an excessive demand ofvland 
and labor per unit of net fuel deliv-
ered to societv. What is considered 
sufficiently hiih depends on land and 
labor constraints. For example, when 
the output-input energy ratio (Fl l  
[F2 + F3 + F4]) equals 1.5, the ratio 
between net (F") and gross output 
( F l )of biofuel (F"IF1) is 0.33. That 
is, the net supply of 1L of biofuel to 
society requires a gross production 
of 3 L of biofuel. When the output-
input energy ratio is only 1.2, the 
ratio between net and gross output 
of biofuel (F"IF1)is 0.16, and conse-
quently, the net supply (F")of 1L of 
biofuel requires a gross biofuel pro-
duction ( F l )  of 6 L. Therefore, a 
reduction of 20% in the output-
input energy ratio, from 1.5 to 1.2, 
doubles the land, water, and labor 
demand per unit of fuel delivered 
to  societv. 

Difference in quality of energy out-
puts. In most biofuel production sys-
tems, the residues (e.g., the straw 
that is left after harvesting grain 
crops) andlor byproducts (e.g., the 
soybean cakes left after pressing oil) 
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of the energy crop can be recovered 
and used in some fashion. The eross" 
energy content of these residues or 
byproducts (H in Figure 1) is fre-
quently accounted for as an output 
in the energy balance of the biofuel 
production process and then simply 
added to the biofuel energy produced 
(e.g., Da Silva et al. 1978, Stout 
1990, TRW 1980).This accounting 
method obviously increases the cal-
culated overall energy efficiency of 
the process, but it is misleading be-
cause ethanol, residues, and byprod-
ucts differ in quality. 

Differences in energy quality of 
fuels relate to one or more of the 
following characteristics of the fu-
els: their thermodynamic properties, 
such as the characteristics defined by 
exergy analysis (Ahern 1980, Pillet 
et al. 1987); their technical conve-
nience, such as transportability, ho-
mogeneity for handling, and avail-
able devices for energy conversion; 
and the types of emission (especially 
of particulates) after combustion. For 
example, the quality of a fuel deliv-
ered to society in the form of straw 
residues is much lower than that of 
liquid biofuel endproducts, such as 
ethanol, because of a lower score on 
all three characteristics. 

A similar problem exists with the 
accounting of byproducts, such as 
soybean and sunflower cakes, that 
have other. nonfuel uses. such as 
animal feed. It is m i s ~ e a d i h ~to add 
the energy content of these byprod-
ucts, or the fossil energy that would 
have been required to produce an 
equivalent amount of animal feed, to 
the liquid biofuel energy output be-
cause liauid biofuels and animal feed 
are simply different things. 

Indeed, in large-scale biofuel pro-
duction, byproducts should be con-
sidered a seriouswaste disvosal vrob-
lem (and, most probably, an energy 
cost) rather than a positive event in 
terms of energy output. For example, 
to supply 10% of the energy con-
sumption of the United States (325 
GJ per capita per year), large-scale 
production of ethanol fuel would 
generate approximately 3.7 t of dis-
tiller's dark grains, the byproduct of 
ethanol production from corn and 
sorghum (0.83 kg/L ethanol), per 
capita per year (TRW 1980). This 
quantity of byproduct is more than 
37 times the 98.5 kg of commercial 

livestock feed that is used per capita 
per year in the United States (USDA 
1992). 

~ i i a l l ~ ,certain energy inputs in 
the process of biofuel production, 
such as the energy needed for the 
construction of the machinery and 
plant (F2 in Figure I ) ,  require high-
quality liquid fuel; low-quality fuels, 
in the form of residues or byproducts, 
cannot be used. These energy inputs 
must therefore be subtracted from 
the gross flow of liquid fuel (F1)that 
is vroduced for societv. 

t h e  energy costs of ;sing byprod-
ucts. Although the energy content of 
byproducts is readily accounted for 
in the gains of the biofuel production 
process, the costs involved in recov-
ering and using the byproducts (F3 
in Figure I) ,  such as labor and en-
ergy requirements to harvest, dry, 
bale, transport, store, and prepare 
agricultural byproducts for the 
burner (e.g., briquetting), are gener-
ally ignored. Similarly, losses in en-
ergy value of byproducts due to 
changes in moisture content and their" 
decay during storage are neglected. 
These costs and losses deserve more 
attention because they can seriously 
affect the convenience of large-scale

L, 

use of biomass in terms of energy, 
economics, and labor. 

Accounting for inputs in energy 
crop production. The assessment of 
energy demand in the agricultural 
production of the energy crop used 
to generate biofuel (F4in Figure 1)is 
another source of controversv. Ni-
trogen fertilizer or other inputs with 
large embodied energy costs are 

sometimes omitted or underesti-
mated in the assessment of agricul-
tural energy consumption in biofuel 
production systems. Clearly, how-
ever, overlooking the high energy 
demand of nitrogen fertilizer input 
increases the apparent efficiency of 
biofuel production. Even when no 
nitrogen fertilizer is applied, energy 
crop production depends on crop 
rotation or leaving land fallow, or it 
depletes nutrient stocks in the soil. 
In these cases, one must either ac-
count for the area used in rotation or 
left fallow in terms of an increased 
land requirement or somehow di-
rectly account for the difference be-
tween the nitrogen taken out with 
the harvested biomass and the natu-
rally occurring nitrogen fixation in 
the soil during the period of the crop 
cycle. For example, nitrogen in the 
amount of approximately 180 kg/ha 
is removed from the soil when har-
vesting sugarcane (Helsel 1992),  
only approximately one-sixth of 
the quantity of nitrogen fixed by 
natural processes. 

Yields and conversions used in the 
assessment. Yields and conversion 
factors used to evaluate large-scale 
biofuel production should refer to 
real research or commercial data and 
not, as is often found, to theoretical 
conversions, maximum achievable 
yields, or exceptional results obtained 
in experimental plots. Certainly, as-
sumptions and models about pos-
sible future improvements in biofuel 
production technology deserve at-
tention. However, starting with an 
overall assessment of the process in 
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real terms helps to place such as-
sum~t ionsin a more realistic con-
text. For example, the maximum 
yield in the literature for sugar from 
sugarcane is 15.7 tlha (Buringh 
1987). As noted by Buringh, such a 
value has little to do with the average 
yield of sugar from sugarcane cur-
rentlv obtained worldwide. which is 
less ihan 6 tlha. ~ o r e o v l r ,large-
scale production of energy crops will 
undoubtedlv result in an ex~ansion 
of energy crop monocultures, which 
could ultimately reduce yields be-
cause of increased pest problems, 
diseases, and soil degradation. The 
approach followed by many biofuel 
proponents-that is, starting with 
maximum achievable crop yields 
multivlied bv theoretical conversions 
that b e  asslmed to be achievable in 
the near future-is unlikely to pro-
vide sound data for ~ o l i c vdecisions. 

Accounting for labor in the assess-
ment. In contrast to most studies, we 
consider labor not as an energy input 
but rather as another crucial Daram-
eter that  is needed to  examine 
whether the proposed biofuel system 
is compatible with the present socio-
economic structure of society. On 
the basis of data for the labbr re-
quirement in the energy sector per 
unit of net energy delivered to soci-
ety, we assess the aggregate labor 
requirement of a hypothetical en-
ergv sector based on biofuel and com-

"2 

Dare this value to the labor that is 
available for the energy sector, given 
the present socioeconomic charac-
teristics of society (Giampietro et al. 
1993. 1996b). We assume that the 
energy cost of supporting humans in 
society is already accounted for by 
the requirement of energy consump-
tion per capita at the societal level. 

From small- to large-
scale assessments 
The performances of three of the 
most~commontypes of biofuel sys-
tems from agricultural crops are sum-
marized in Table 1.These three sys-
tems are biodiesel production from 
oilseed crops, ethanol production 
from crops grown in temperate ar-
eas, and ethanol production from 
crops grown in tropical and sub-
tropical areas. The ranges of values 
listed for these systems are based on 
biophysical inputs and outputs re-

ported in the literature for variants 
of these three biofuel systems. Val-
ues found in the literature have been 
standardized by using a single set of 
energy equivalents for the biophysi-
cal inputs and outputs instead of the 
original conversion factors, which 
differed among the various studies. 
A critical appraisal of the assessments 
found in the literature is provided else-
where (Giampietro et al. 1997a).The 
performances in Table 1 do not in-
clude energy costs for pollution con-
trol nor long-term energy costs to off-
set soil erosion because the relevant 
data are not available. We address 
these factors in a subsequent section. 

The performances of the biofuel 
systems are evaluated on the basis of 
the ratio of net to gross energy yield 
(FS/F1in Figure 1)and the require-
ments of arable land, fresh water, 
and labor per unit of net energy 
delivered. The assessments are de-
rived from data at the individual 
farm or biofuel production plant 
level. To extrapolate to a larger scale, 
we need to consider the impact of the 
production system on the larger eco-
system and the compatibility of the 
production system with the socio-
economic system in which the biofuel 
production takes place. Both aspects 
of the production system can be 
evaluated on the basis of the demand 
for environmental services (environ-
mental loading) and labor require-
ment per unit of energy delivered. 

Including the ecosystem. On a small 
scale. it is virtuallv im~ossibleto 
define an environmental loading for 
a biofuel production system per unit 
of net energy delivered. Environmen-
tal loading is, by definition, scale 
dependent: How many plants are 
operating in a particular area? How 
big are the production plants? What 
are the thresholds for economies of 
scale and decreasing returns of a 
biofuel energy system? Moreover, 
when the scale of biofuel vroduction 
is enlarged, pollution, soil erosion, 
and other adverse environmental im-
pacts can exhibit nonlinear behav-
ior. So far, studies on the environ-
mental impacts of biofuel production 
have focused on immediate environ-
mental effects, such as the effluents 
of ethanol plants as potential sources 
of pollution (e.g., Bevilacqua et al. 
1981, Hunsaker et al. 1989). 

Pollution by effluents. Distillery 
waste, the principal component of 
effluent from ethanol plants, has a 
biological oxygen demand (a stan-
dard measure of pollution) after five 
days (BOD,) of 1000-78,000 mg1L 
and hence poses a serious waste dis-
posal problem (de B a z ~ aet al. 1991, 
Frings et al. 1992, Hunsaker et al. 
1989,Mishra 1993).Approximately 
10-14 L of stillage waste (distillery 
waste) are generated per liter of gross 
production of ethanol (F l ) .  This 
value is not affected by the type of 
biomass used in the fermentation 
because it relates to the amount of 
liquid removed during the distilla-
tion from the fermented broth, and 
the level of alcohol cannot be raised 
due to  physiological limits: a higher 
concentration of alcohol will inhibit 
the yeast (Coble et al. 1985). 

In tropical Brazil, the effluent 
problem is already evident. A Brazil-
ian distillery producing ethanol from 
sugarcane in the amount of 300,000 
Lld (actually261,000 Lld, given that 
F"IF1 = 0.84), which is the equiva-
lent of the energy consumed by ap-
proximately 40,000 Brazilians (Table 
2), releases a pollution load that is 
equivalent to the domestic sewage of 
a city of 2 million people (assuming 
a sewage load of approximately 
70,000 mg BOD, per person per day; 
Rosillo-Calle 1987). 

Things are much worse when etha-
nol fuel is produced in temperate 
areas, where the F"lF1 ratio is lower 
(Table 1).For example, if F"IF1 = 
0.34, the delivery of one net liter of 
ethanol (F") implies the production 
of 2.94 L ethanol at the plant ( F l )  
and hence a production of approxi-
mately approximately 38 L stillage. 
Under these conditions, the 325 GJ 
of commercial energy used per US 
citizen per year (Table 2), which is 
equivalent to more than 15,000 L 
ethanol (Fa) ,would imply the gen-
eration of approximately 1500 kg of 
stillage per US citizen per day. In this 
way, each American would daily gen-
erate the pollution equivalent of the 
sewage of more than 800 people, 
assuming the same sewage load of 
70,000 mg BOD, per capita per day. 

The energetic cost of treating this 
pollutant is significant and should 
be included in the assessment of en-
ergy inputs in the biofuel production 
process. However, none of the stud-
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Table 2. Land and water demand in large-scale biofuel production compared to availability (expressed on a per capita basis). 

Commercial Arable land Fresh water Land demand Water demand Total arable Biofuel water 
energy consumption available withdrawal for biofuel for biofuel land demandf/ demandlcurrent 

Country (GJ/yr)= (ha)b ( t l ~ r ) ~  (ha) (tlyr) supply ratio withdrawal ratio 

Burundi 1600' 1.8 
Egypt
Ghana 

4200' 
1200' 

9.4 
2.5 

Uganda 1600' 1.4 
Zimbabwe 6200' 2.9 
Argentina 13,200' 2.1 
Brazil 9800' 3.0 
Canada 74,300d 8.7 
Costa Rica 7000' 8.o 
Mexico 9200d 7.6 
United States 55,200d 14.6 
Bangladesh 600' 1.8 
China 5000' 7.2 
India 2400' 2.2 
Japan
France 

22,800d 
27,700d 

148.3 
17.6 

Italy 19,2OOd 24.3 
Netherlands 34,300d 112.0 
Spain 14,8OOd 6.5 
United Kingdom 26,3OOd 43.6 
Australia 43,2OOe 1.5 

'Data from UN (1991). 
bData from WRI (1992). 
cReferring to low-input sugarcane system (Table 1) .  
dReferring to corn-sweet sorghum system (Table 1). 
'Referring to high-input sugarcane system (Table 1). 
T h e  total arable land demand equals the biofuel land demand plus the arable land for food security. The demand for arable land for biofuel 
production was obtained by dividing the energy consumption per capita (GJlyr) by the land demand (ha1GJ) of the biofuel energy system under 
consideration. For countries that depend heavily on food imports (all countries with less than 0.5 ha arable land per capita), the arable land 
demand for food production is assumed to be equal to the entire arable land in the country. For net food-exporting countries, we estimated 
the demand for arable land for food production on the basis of the ratio between food exports and internal consumption: 80% of total arable 
land in France, Uganda, and Zimbabwe, and 50% in Argentina, Australia, Brazil, Canada, and the United States. 

ies we examined provided data on 
this energy cost and it is, therefore, 
not included in the performances 
listed in Table 1.Nevertheless, some 
idea of the magnitude of the energy 
cost can be obtained. Assuming aBOD5 
of approximately 30,000 mg/L (typi- 
cal of distillery waste), 1kg of BOD5 
must be removed per liter of net 
biofuel produced (30 g/L x 38 L for 
ethanol in temperate areas). With an 
approximate cost of 1k w h  per kg of 
BOD, removed (Trobish 1992), the 
cost of controlling the pollution gen- 
erated by one net liter of ethanol 
produced would be 10.5 MJ (1 
megajoule = lo6joules) of fuel equiva- 
lent, or approximately 50% of the 
energy supplied per liter of ethanol. 
Including this cost among the inputs 
in the biofuel production process sig- 
nificantly decreases the estimated F*/ 
F1 ratio and dramatically increases 
the demand for land and water that 
is reported in Table 1. 

Because none of the known etha- 
nol systems can afford to spend 50% 
of their net output in pollution con- 
trol, intensive wastewater treatment 

is never considered in the literature as 
a method for dealing with the stillage 
waste that is generated by the biofuel 
production process. Instead, environ- 
mentally friendly alternatives are usu- 
ally proposed, such as concentrating 
stillage for use as animal feed, using 
stillage as fertilizer, or recovering 
methane from anaerobic fermenta- 
tion of stillage. However, little or no 
reliable information exists on the 
feasibility of these alternative solu- 
tions on a large scale (e.g., their energy 
costs and labor demand). As noted 
earlier, the supply of byproducts for 
use as animal feed from large-scale 
biofuel production would far outweigh 
demand. As for using stillage as fertil- 
izer or recovering methane from it, 
any handling of wastewater from 
stillage will increase the demand for 
both high-quality energy and human 
labor, ultimately lowering the F"/Fl 
ratio. That is, it will increase the 
demand for land, fresh water, and 
labor per unit of energy delivered by 
such a biofuel system. 

Energy crop production. Long-
term implications for the agroeco- 

system cultivated for fuel crops are 
seldomly addressed in assessments 
of the ~erformance of biofuel svs-
terns, e;en though a rough idea'of 
the size of the problem can easily be 
obtained. The commercial energv", 
consumed per US citizen is approxi- 
mately 325 GJ/yr. The best-perform- 
ing biofuel system for temperate ar- 
eas, ethanol produced from corn and 
sorghum (Table 1) would require 
11.7ha of fuel cropland per capita to 
generate sufficient ethanol fuel to 
L, 

meet annual commercial energy de- 
mand. This amount is more than 15 
times the arable land currentlv avail- 
able per US citizen. Assuming an 
average pesticide consumption of 3.5 
kglha (for corn) and 2 kg/ha (for 
sweet s ~ r g h u m ) , ~  such a biofuel pro- 
duction system would result in the 
use of approximately 31 kg of pesti- 

ZEstimated on the basis of an insecticide appli- 
cation rate in the United States for corn of 1.12 
kg/ha and a herbicide (predominantly atrazine) 
application rate of 3.83 kglha. For sorghum, 
the average treatment with insecticides is 0.96 
kglha, and the average herbicide treatment is 
1.29 kg/ha (Pimentel et al. 1992). 
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Figure 2. Correla- GNP I capita (US$) Labor in agriculture (.h) tm ~ ~ ~ ~ Y ~ ~ ~ E $ $ ~ ~ , " ~Indeed, a correlation analysis (Fig- 
tions between Bio- I-, - ure 2 )  of the energy throughput con- 
Economic Pressure sumed by society per hour of labor in 
(BEP) and several in- tan the primary sectors of the economy 
dicators of socioeco- and 24 classic indicators of socio- nomic development. 

10 - economic development for a sample BEP is defined as the , 
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BEP BEP BEPratio between the to- of more than 100 countries has con- 
tal energy consumed Infant mortality (per 1000) Phones Ithous. populat. Life expectancy (years) firmed this trend (Pastore et al. 1996). 
by a society in a year m 

(in megajoules) di- 
vided by the total 
amount of working 
time in the same year 
(in hours). BEP should w tm tav 
be considered a con- 
straint derived from 
the socioeconomic characteristics of a 
techniques in the primary sectors. 

cide per capita per year, or a total of 
more than 8 million metric tons. This 
amount is almost 20 times the current 
use of pesticide in the United States. oreo over. the ex~ansion of mo- 
nocultures that woulh be required to 
obtain the high yields necessary for 
economic viabilitv of the biofuel svs- 
tem is likely to aggravate problems 
of soil erosion, pollution from nutri- 
ent leaching, and overdraft of under- 
-around water-all of which are al- 
ready threatening current food 
supplies (Ehrlich et al. 1993, Kendall 
and Pimentel 1994, Pimentel et al. 
1995). For instance, soil erosion rates 
for corn and sunflower, both row 
crops grown on 2-5 % sloping land, 
are approximately 20 t ha-I . yr-l, 
assuming that the corn residues stay 
on the land. Approximately 4 kg of 
nitrogen are lost per ton of fertile 
soil eroded, which represents an in- 
crease in energy demand of approxi- 
mately 6000 MJIha to produce the 
equivalent amount of fertilizer. In ad- 
dition, at least 2 kg of phosphates and 
410 kg of potassium are lost with this 
soil. The removal of croD residues 
(e.g., straw) from the fields for use as 
energy input in the biofuel production 
process may dramatically increase the 
erosion rate (La1 1995). Soil erosion 
associated with sugarcane production 
is among the highest in the world, and 
including its costs in any analysis of 
biofuel production would reduce the 
favorable performance of the tropical 
ethanol system that is considered in 
Table 1. For instance, Edwards 
(1993) reports erosion rates of 380 t . 
ha-l .yr-l on cane fields in Australia, 
and rates of 150 t . ha-' .yr-' are not 
uncommon. 

5 92 

\:.2 ?r:.-..
B), 

I*  . , 

~ m n  10 Im tm ~ m n  w tm rav ~ m n  
BEP BEP BEP 

society on the feasibility of production 

Yet another agronomic implica- 
tion of fuel crop monocultures is an 
adverse impact on biodiversity. 
Clearly, hypothesizing a smaller frac- 
tion of energy coverage by biofuel 
(e.g., 15% of total energy consump- 
tlon) would reduce this and other 
effects on agroecosystems, but the 
picture would still be gloomy. 

Including the socioeconomic system. 
To analyze the compatibility of a 
biofuel energy system with the charac- 
teristics of the society, we examined 
energy consumption at the societal 
level per unit of labor in the primary 
sectors of the economy-in particular, 
the energy sector. The energy sector is 
defined as that part of the economy 
that ~erforms all activities involved in 
supplying energy to society-that is, 
procuring, processing, and distrib- 
uting energy (Holdren 1982). 

Technological development of a 
society accelerates energy through- 
put in the primary sectors of the 
economv because i t  increases the 
average per capita consumption of 
energy (from less than 1GJIyr in de- 
veloping countries to approximately 
325 GJIyr in the United States) and 
decreases the percentage of total 
human time that is allocated to work 
in the primary sectors of the economy 
(from 10% in poor developing coun- 
tries t o  4% in developed countries; 
Giampietro et al. 1997b, Pastore et 
al. 1996). The latter change results 
from an absorption of labor by the 
expanding service sector and a re- 
duction in the labor supply due to 
progressive aging of the population, 
a longer education period, and a 
lighter work load for the labor force. 

The western standard of living is 
based on a throughput (at the level 
of society) of more than 500 MJ of 
commercial energy per hour of labor 
in the primary sectors of the 
economy. Given that the work sup- 
ply in the energy sector of industrial- 
ized countries is generally less than 
5 %  of the work force in the primary 
economic sectors, it is evident that 
the energy sector needs to achieve an 
energy throughput in the order of 
10,000 MJ per hour of labor. For 
example, in Italy, with a population 
of 57  million, only 7.3% of the total 
of 499 billion hours of human time 
available were spent doing paid work 
in 1991. Of this yearly labor supply, 
60% was absorbed by the service 
sector, 30% by the industrial sector, 
and 9% by agriculture, fishery, and 
forestry, leaving a tiny I%, or 360 
million labor-hours, to run the en- 
tire energy sector (ISTAT 1992). 
Total energy consumption in Italy 
that year was 6,500,000 TJ (1 
terajoule = 1012 joules), implying that 
in 1991 the Italian energy sector de- 
livered almost 18,000 MJ of energy 
throughput per hour of labor in that 
sector. This throughput was achieved 
with the almost exclusive use (more 
than 90%) of fossil energy sources. 

Thus, a developed society requires 
that the energy throughput per hour 
of labor in the energy sector range 
from 10,000 to 20,000 MJIh. These 
levels are well beyond the range of 
values achievable with biofuel, that 
is, 250-1600 MJIh (Table 1).This 
mismatch is the primary reason why 
processes of biofuel generation, so 
optimistically assessed in feasibility 
studies, do not pass the economic 
test in the real world. 

Large-scale biofuel production 
in 21 countries 

An evaluation of large-scale biofuel 
production, including both socioeco- 
nomic and ecological constraints, 
requires that the characteristics of 
the biofuel system be checked against 
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Table 3. Labor demand in large-scale biofuel production compared to potential labor supply. 

Commercial energy Total Total labor force Potential Biofuel labor Biofuel labor demand 

Country 
consumption
( l o 6GJ/yr)" 

population 
(106)h 

(as percentage 
of population)' 

labor supply 
( l o 6h/yr)* 

demand 
( l o 6h/yr) 

(as percentage 
of supply) 

Burundi 
Egypt
Ghana 
Uganda 
Zimbabwe 
Argentina 
Brazil 
Canada 
Costa Rica 
Mexico 
United States 
Bangladesh 
China 
India 
Japan
France 
Italy 
The Netherlands 
Spain 
United Kingdom 
Australia 

aData from UN (1991). eReferring to low-input sugarcane system (Table 1) .  
hData from WRI (1992). 'Referring to corn-sweet sorghum system (Table 1 ) .  
'Data from ILO (1992).  gReferring to high-input sugarcane system (Table 1 ) .  
*Assuming a common workload of 2000 hlyr. 

the following data: availability of tries have a per capita consumption sugarcane, can be used in areas where 
arable land. fresh water. or other of more than 100 GJIyr, and devel- sugarcane cannot be produced. 
limiting natural resources (e.g., nu- oping countries have a per capita For biofuel production systems in 
trient supply) as far as they are used in consumption of less than 20 GJIyr. both developed and developing coun- 
the biofuel production system; aver- ~ e n s e l dDo~ulated countries were tries, we used the technical param- 
age per capita energy consumption defined as hLving less than 0.1 ha of eters listed in Table 1for the ethanol 
in society; and available supply of arable land per capita, and sparsely biofuel system based on corn and sweet 
labor time and its distribution over ~ o ~ u l a t e d  sorahuh. These Darameters are based countries were defined as 
the various economic sectors. having more than 0.5 ha of arable on The following optimistic (indeed, 

We used readily available data for land per capita. We further distin- unrealistic) assumptions: no soil ero- 
the national level to assess compat- guished among countries that are net sion for the yields of 7500 kglha of 
ibility with large-scale biofuel pro- exporters of food (i.e., Argentina, corn grain3 and 80,000 kglha of sweet 
duction, although any other level Australia, Brazil, Canada, France, sorghum (wet weight of the total bio- 
(e.g., regional or global) for which Uganda, United States, and Zimba- mass; 80% of the weight is water), 
data are available could also be used bwe) and those that are net food no major losses of byproducts dur- 
for such an evaluation. We chose for impdrters (the other 13  countries). ing storage and transportation, and 
the evaluation the best-performing For those developed countries in no energy charge for pollutants gen- 
biofuel production system, given cli- the sample whose climate is temper- erated by this biofuel system. 
matic conditions, from those pre- ate and whose energy throughput 
sented in Table 1.  We also made the per hour of labor is high, we consid- Ecological side of the analysis. The 
assumption that biofuel will be the ered the highly mechanized ethanol demand and supply of arable land 
only energy source in society. The biofuel system based on corn and and fresh water are provided in Table 
ecological part of the analysis fo- sweet sorghum (see the upper value 2 for the 21 selected countries. The 
cused on arable land and fresh water of the performance range listed for data in this table indicate that none 
constraints. and the socioeconomic ethanol in temperate regions in Table of the biofuel technologies consid- 
part focused on the labor supply for 1).For developing countries, where ered in our analysis appears even 
the energy sector. tropical or subtropical climatic con- close to being feasible on a large 

We evaluated a total of 21 coun- ditions exist and more labor-inten- scale due to shortages of both arable 
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tries; these include both developed sive production is common, we con- land and water for fuel crop produc- 
and developing countries and both sidered ethanol biofuel production tion. This conclusion is true for both 
densely and sparsely populated coun- based on sugarcane, similar to that developed and developing countries. 
tries. We defined the level of devel- developed in Brazil in the ProAlcohol 

3The corn grain yield of 7500 kglha is dry opment of a country based on the project (Pereira 1983, Rosillo-Calle weight. The corn stover dry weight equals 
aGerage per capita consumption of 1987). We assumed that sweet sor- 7500 kglha. Thus, the total biomass of corn 
commercial energy: Developed coun- ghum, processed in a similar way as is 15,000 kglha dry weight. 
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Moreover. the conclusion would be 
even gloomier if pollution control 
measures (which would decrease the 
output-input energy ratio of the pro- 
duction process) or trends in popu- 
lation growth and loss of arable land 
(which would reduce the available 
arable land per capita and endanger 
food security) were included in the 
analysis. 

In addition, the proposed use of 
arable land to farm for fuel is implic- 
itly based on the hypothesis that suf- 
ficient arable land can be spared from 
food production. Our analysis shows 
that this hypothesis is unrealistic for 
large-scale biofuel production. In- 
deed, many densely populated coun- 
tries are unable to supply their inter- 
nal demand for food without relying 
heavily on fossil energy stocks for 
the production of fertilizers and pes- 
ticides. 

Socioeconomic side. Table 3 com- 
pares the labor demand of the 
biofueled energy sector and the la- 
bor supply available. We estimated 
the labor supply as the economically 
active population, as described by 
the International Labour Office (ILO 
1992). but we also included the un- ,, 

employed. This assumption takes into 
account the potential positive effect 
of biofuel production on employ-
ment, although it ignores the poten- 
tial problem that many unemployed 
people in developed countries may 
not want to live in rural areas and 
work in the agricultural activity of 
producing feedstock for ethanol dis- 
tillation. In fact, many European 
countries are currently experiencing 
both high unemployment (more than 
10%) and, at the same time, a shortage 
of labor supply in the agricultural sec- 
tor. To express the labor supply in 
hours, we applied a common work- 
load per worker of 2000 hlyr. 

Socioeconomic constraints on 
large-scale biofuel production are less 
severe in developing countries than 
in develoved countries (Table 3). For 
example,;f ~ u r u n d i ,  Ghana, uganda, 
Bangladesh, China, and India only 
had more arable land, then they could 
fuel the activities of their society 
with biofuel, because up to 10% of 
their labor force could be allocated 
to the energy sector without disturb- 
ing the economic process. However, 
biofuel is a realistic source of energy 

in these poor countries only because 
commercial energy demand is low 
(less than 15 GJIyr per capita). Given 
the characteristics of biofuel pro- 
duction (Table 3) ,  however, these 
countries would have to resort to 
fossil fuels if they were to undergo 
rapid economic and technological 
development. Indeed, an energy sys- 
tem that would improve the socio- 
economic condition of developing 
countries would be one that enables 
these societies to decrease the per- 
centage of total time allocated to 
labor (by increasing life expectancy 
at birth and education), to decrease 
the labor force in the primary sectors 
in favor of the service sector, and to 
increase per capita energy consump- 
tion. Conversely, basing the energy 
sector of a developing country on 
biofuel means locking that societv " 
into a low s tandard  of living 
(Giampietro et al. 1993,1997b). The 
low density of energy flows, both per 
hectare and ver hour of labor. that 
can be achievkd with biofuel makes a 
100% supply of energy by biofuel 
imvossible even in Australia. a de- 
veloped country with a large amount 
of arable land per capita, or in Bra- 
zil, a sparsely populated country with 
a relatively low energy consumption 
per capita. 

Nonlinear behavior of biophysical 
requirements. Thus far in this ar-
ticle, we have examined the theoreti- 
cal feasibility of large-scale biofuel 
production by multiplying the crop- 
land, water, and labor demand per 
unit of net energy delivered in small- 
scale biofuel svstems with the total 
energy that is consumed in society. 
We thus arrived at the total require- 
ments for land. water. and labor for 
a biofueled society. 

However, in practice, assessments 
of requirements for biofuel produc- 
tion turn out to be more complex. 
The fact that the biofuel production 
process is an autocatalytic loop-in 
the sense that a fraction of the biofuel 
generated by the system must be used 
to run the biofuel production system 
itself-implies a nonlinear behavior 
of land, water, and labor require- 
ments in response to changes in tech- 
nical coefficients of the production 
process. Land and water require-
ments refer to energy consumed in 
the production of biofuel rather than 

to energy delivered to society; there- 
fore, these requirements are ampli- 
fied by an increase of the internal 
loop of energy use. 

Indeed, at a fixed level of energy 
consumption in society, small fluc- 
tuations in the overall output-input 
energy ratio of the biofuel production 
process can generate large fluctua- 
tions in total biophysical require- 
ments. Such fluctuations are espe- 
cially likely when the output-input 
ratio is close to 1.0, as is the case for 
the vast majority of current biofuel 
systems. In this situation, any assess- 
ment of requirements of land, water, 
and labor for the biofuel system are 
unreliable. Small fluctuations in the 
efficiency of the production process 
may easily result in the production 
system running into biophysical con- 
straints (that is, requirements sur-
pass availability). This situation typi- 
cally occurs when new activities 
aimed at pollution control are added 
to the biofuel production system, 
thus lowering the output-input en-
ergy ratio of the overall production 
process. 

Putting things in perspective. The 
country analyses presented in Tables 
2 and 3 are not intended to represent 
an actual scenario of a world that is 
powered entirely by biofuel, but 
rather to put the process of large- 
scale biofuel production in a realistic 
perspective. Even if we were to adopt 
different assumptions-for instance, 
that biofuels will be used to meet 
only 15% or 30% of the total com- 
mercial energy requirement-the 
nature of the problems indicated by 
our evaluation of biofuel production 
requirements would remain more or 
less the same for developed and de- 
veloping countries, and for densely 
and sparsely populated countries. 

Can technological progress 
change the picture? 
Extensive research has been con-
ducted in the last few decades to 
improve technological processes to 
produce biofuels. Excellent reviews 
have been provided by, among oth- 
ers, the International Energy Agency 
(IEA 1994), Johansson et al. (1993), 
Klass (1993) ,  and Wright and 
Hohenstein (1994). In general, inno- 
vations appear to aim at two main 

BioScience Vol. 47 No. 9 594 



Table 4. Methanol production from wood biomass. goals: improving the efficiency and 
speed of the bioconversion process, 
most notably by direct production of 
hydrocarbon fuels from biomass, and 
enabling the use of biomass. such as 

u 

wood and herbaceous crops, as raw 
material for biofuel to overcome 
shortages of arable land. As far as " 
the first goal goes, thermochemical 
biomass liquefaction is still far from 
the commercial stage (Stevens 1992). 
The second goal mav be closer to 
hand. Two pGtential ioncrop candi- 
dates appear to be feasible in the 
medium term (OTA 1993, Wright 
and Hohenstein 1994): herbaceous 
energy crops, which are perennial 
grasses such as switchgrass, and 
short-rotation woody crovs. which 

L 2 


typically consist of a plantation of 
closely spaced (from 2 to 3 m apart 
on a grid) trees that are harvested on 
a cycle of 3-10 years. Both herba- 
ceous energy crops and short-rota- 
tion woody crops produce large 
auantities of biomass-straw. wood. 
dark, and leaves-without the need 
for intensive human management: 
The former regrow from the remain- 
ing stubble, t i e  latter from the re- 
miining st;mps. The produced bio- 
mass is composed principally of 
cellulose and lianin. which can be 
used as feedstocvk (raw material) to 
generate electricity directly or can be 
converted to liquid fuels or combus- 
tible gases (OTA 1993). 

~ l r h o u ~ hvaluable information on 
the expected performance of these 
new biofuel production technologies 
is available (IEA 1994, Johansson et 
al. 1993), values for the entire set of 
parameters required for a compre- 
hensive assessment. such as we have 
carried out for more established 
biofuels, are not yet available. In 
general, published studies do not 
assess the labor demand and/or all of 
the biophysical inputs required for 
the entire production process for 
these new biofuels. Our analysis of 
these new technologies is, therefore, 
limited to general features. 

Can woody biomass escape arable 
land constraints? Methanol produc- 
tion from wood is a relativelv new 
biofuel production system for which 
data are rapidly becoming available. 
This system is considered to be prom- 
ising because methanol production 
from wood may avoid the dilemma 

Characteristics of the process 

Fertilizer input (as N, P,Oj, K,O) 
(kg .ha-' . yr-') 

Pesticide application (kg . ha-' . yr-') 
Energy input in wood production 

(MJIt gross methanol produced) 
Energy input in wood production (MJIha) 
Energy inputs for wood harvesting and handling 

(MJIt gross methanol produced) 
Energy inputs at the plant (F2) 

(MJIt gross methanol produced) 
Wood yield (kg . ha-' . yr-') 
Heat equivalent of wood (MJIkg) 
Energy density of wood biomass production 

for fuel ( Q )  (MJ . ha-' . yr-l) 
Conversion efficiency of wood biomass 

into methanol (FlIQ) 
Netlgross methanol supply (Fa/F1) 
Net methanol supply (F" jh (GJIha) 

"IEA (1  994); equivalent to 22.5 kg N, 4.5 kg P,O,, and 13.5 kg K,O per ton of methanol produced. 

bTypical value for US equivalent to 0.09 kg pest~cide per ton of methanol produced (Hohenstein 

and Wright 1994). 

'Based on 2247 kg of wood per ton of methanol (Ellington et al. 1993) and energy conversion 

factors for fertilizer and pesticide inputs reported in Helsel (1992). 

dF3 = F411.2, after IEA (1994). 

eEllington et al. (1993). 

'Estimated after Ellington et al. (1993) considering a smaller F3 than in intensive tree farming. 

gBased on 2247 kg of wood per ton of methanol produced (Ellington et al. 1993) and listed 


Conventional wood Short-rotation 
production woody crops 

none 

none 
0 

0 
data not available 

assessments of energy inputs. 
hF" (GJIha) = Q x FlIQ x F"lF1. 

of whether to grow food or energy 
crops when arable land is a limiting 
factor. The (nonarable) land require- 
ment for a methanol/wood biofuel 
system depends on the yield of wood 
biomass per hectare of land and on 
the efficiency of the process by which 
wood biomass is converted into 
methanol (Fl /Q) .  At present, wood 
biomass production systems can be 
classified into conventional wood 
production, with low yields per hect- 
are, and short-rotation woody crops, 
with high yields per hectare. 

In conventional wood production, 
a harvest of 2500 kg . ha-' . yr-' 
(considering the entire area in rota- 
tion) would be ecologically compat- 
ible and achievable without external 
inputs where water is not a limiting 
factor. Based on data for the conver- 
sion of wood into methanol (Ellington 
et al. 1993), conventional wood pro- 
duction delivers a net density of 
methanol to society (F'" in Figure 1) 
of 12.2 GJ . yr-I . ha-l (Table 4) .  To 
put this number in perspective, if the 
325 GJ of energy required per US 
citizen per year were to be produced 
exclusively by this biofuel system, 
approximately 27 ha of wood-pro- 
ducing area would be needed per 

capita-an area of wood cultivation 
of almost 7000 million ha, or more 
than 20 times the entire area of for- 
est and woodland present in the 
United States (WRI 1994). Thus, even 
if all US forest and woodland were 
harvested for biofuel production, not 
even 5% of the current US energy 
demand would be covered. 

In biomass production from short- 
rotation woody crops, yields are re- 
ported to be much higher than in 
conventional forestry, ranging from 
approximately 10,000 kg/ha a t  
present to a projected 12,500 kg/ha 
in the near future (IEA 1994). How- 
ever, these higher yields imply higher 
energy costs because of the necessity 
of using fertilizers. The reported 
yields are based on nitrogen inputs 
of 50-100 kg - ha-' .yr-', along with 
phosphate and potassium fertilizers 
(IEA 1994). Moreover, yields of 
10,000-12,500 kglha on marginal 
land and without amvle nutrients 
and water use are probably unrealis- 
tic. If these woody crops are culti- 
vated on marginal land to avoid com- 
petition with food production on 
arable land. the estimated nitrogen 
demand of 100 kglha seems too &w 
for the expected yields. 
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Nevertheless, for our assessment 
of methanol production from short- 
rotation woody crops we used the 
optimistic values for biomass pro- 
duction found in literature (Table 
4).  Accounting for the fertilizer and 
pesticide inputs and using the wood 
demand of 2247 kg per ton of gross 
methanol reported by Ellington et al. 
(1993), we find that 2.7 L methanol 
have to be ~ r o d u c e d  ver liter of net 
methanol dglivered toLsociety (an F'.'/ 
F1 ratio of 0.37). 

Therefore, using energy inputs in 
the form of fertilizers and vesticides 
in short-rotation woody crops in- 
creases the yield per hectare but de- 
creases the efficiency of the process. 
The F"IF1 ratio is much lower in 
short-rotation woody crops (0.37) 
than in conventional wood produc- 
tion (0.55: Table 4 ) .  The idea behind 
the LultiGation o'f short-rotation 
woody crops is the same as for high- 
input agriculture: saving land by us- 
ing more energy inputs, such as fer- 
tilizers and pesticides. Indeed, the 
F"IF1 ratio for methanol production 
from short-rotation woody crops 
(0.37) is close to that for ethanol 
production from corn and sweet sor- 
ghum (0.34). 

As a result. the fourfold increase 
in wood biomass yield per hectare 
for short-rotation woody crops com- 
pared with conventional forestry re- 
sults in only a 2.5-fold decrease in 
land requirement per unit of net 
methanol biofuel ~ r o d u c e d .  The 
higher requirement for inputs in 
short-rotation woody crops offsets 
the potential gain of this biomass 
production system by lowering the 
F*/F1 ratio. If control measures for 
the environmental problems that in- 
tensive, large-scale production of 
short-rotation woody crops are likely 
to  cause are included, the resulting 
increase in the internal energy de- 
mand would probably translate into 
even more severe increases in land 
and labor demand, because the out- 
put-input energy ratio of this pro- 
cess is already 1.58 (determined by 
the value F'VF1 = 0.37). 

Methanol vroduction from short- 
rotation woody crops thus does not 
appear to  represent a major break- 
through in terms of avoiding arable 
land constraints. A net supply of 
32.8 GJ of methanol per hectare 
would imply a land demand of 1 0  ha 

of short-rotation woody crops per 
US citizen, assuming that methanol 
is the only energy source in the United 
States. This land demand is equiva- 
lent to  more than 2500 million ha of 
short-rotation woody crop mono-
culture, or eight times the size of all 
present US forests combined, and an 
annual release of approximately 
970,000 t of pesticide, which is more 
than three times the current pesti- 
cide application in the United States. 
Even assuming a less important role 
for methanol in the US energy sector 
(e.g., 30% of the total energy de- 
mand) would not significantly change 
the overall picture. 

Labor demand in methanol biofuel 
production. Data on labor input in 
the production of short-rotation 
woody crops are not available in the 
literature, so we cannot determine 
whether  the energy throughput  
achieved Der hour of labor in this 
system of methanol production meets 
the expectation of an energy sector 
of a modern society (i.e., more than 
10,000 MJIh). Compared with con- 
ventional forestry, short-rotation 
woody crops are more labor inten- 
sive (Betters et al. 1991). A reduction 
of labor invut would reauire intensive 
mechanization, but mechanization 
would have adverse environmental 
i m ~ a c t sand would further increase 
the energy requirements for harvest- 
ing operations (causing a decrease in 
the F"IF1 ratio through higher en- 
ergy investment in the internal loop). 

When considering large-scale 
methanol biofuel production, pollu- 
tion control and recycling within the 
production system are necessary to  
keep the process environmentally 
friendly. As a general trend, adding 
~o l lu t i oncontrol measures to  a Dro- 
huction process increases the labor 
requirement per unit of net energy 
supply, even in the case of fossil 
energy power plants. For example, 
installing an t ipol lu t ion  devices 
(scrubbers) required an increase in 
the number of workers of 27  units 
out of a total of 194 workers in a 
675-MW coal-fired vlant in New 
York State.4 Limiting environmental 
impacts through recycling of natural 

4J.  I. Fiala, 1993, personal communlcatlon. 
New York State Electric & Gas Corporat~on, 
Binghamton, NY. 

flows can also dramatically increase 
the labor requirements of an energy 
system. When the energetic return of 
recycling-that is, the energy gain 
obtained by recycling divided by the 
extra labor required-is lower than 
the minimum labor requirement per 
net gigajoule imposed by socioeco- 
nomic constraints, recycling should 
be considered a service and, there- 
fore, a cost (Giampietro et al. 1997b). 
Indeed. it has been shown repeatedly 
that when economic development 
provides access t o  fossil energy 
through the market. time-demand- " 
ing activities with a low energy re- 
turn are abolished. For example, 
a ~ ~ r o x i m a t e l vhalf of the 7 million 
dfiiesters for biogas (gas produced at 
the home and farm level through fer- 
mentation of organic wastes) in China 
have reportedly been abandoned as 
commercial energy has become increas- 
ingly available in rural areas (Stuckey 
1986). Similar economic vroblems due 
to the low density of biigas are expe- 
rienced in the United States (Frank 
and Smith 1987, Schiefelbein 1989). 

Obstacles to  improving biofuel pro- 
duction from woody and herbaceous 
biomass. An energy input made of 
woodv and/or herbaceous biomass. 
because of its physical nature, is of 
much lower quality than a fossil en- 
ergy input. Moreover, because bio- 
mass is generated by biophysical pro- 
cesses operating at a large scale (e.g., 
at  the ecosystem level), it is very 
difficult to change the overall char- -

acteristics of such production. 

Poor intrinsic reliability o f  bio fuel 
supply. To remain viable, any biofuel 
system operating at an output-input 
energy ratio close to  1.0 must be able 
to  maximize energy crop yields and 
optimize the use of every single 
byproduct. Consequently, perfor- 
mance of such a biofuel system is 
susceptible to natural perturbations, 
such as climatic fluctuations and 
outbreaks of pests or diseases, and to  
socioeconomic perturbations, such 
as price fluctuations and strikes. 

For instance, the moisture con- 
tent of herbaceous energy crops can 
dramatically affect their caloric value 
and the possibility of storing them 
for use as an energy source later on 
in the year (Belletti 1987, Bludau 
1989). Complete drying of straw and 
other herbaceous crops consumes 
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high-quality fuel, which would fur- 
ther lower the energetic performance 
of the system. Therefore, these crops 
are normally dried naturally in the 
field or elsewhere in the open air 
(Apfelbeck et al. 1989). This ap- 
proach is successful only when the 
entire drying period is free of rain 
and low in humidity (Bludau 198 9) .  
Such climatic conditions are rare in 
temperate areas, making this solu- 
tion unreliable in northern Europe, 
Canada. and the northern United 
States. In warm tropical areas, con- 
versely, intense biological activity 
induced by high temperature may 
reduce the quantity and quality of 
herbaceous crops that are left too 
long in the field. 

Improving energy efficiency 
through genetic research. Some re- 
search on trees and alternative en- 
ergy crops aims to improve the den- 
sity and reliability of the supply of 
biomass by genetic improvement of 
cultivated trees and by specific 
changes obtained through biotech- 
nology. We believe that the potential 
improvements through this approach 
are limited. Major advances in agri- 
cultural ~ roduc t ion  were obtained 
during t i e  Green Revolution by re- 
allocating energy use within plants 
(i.e., by increasing that part of the 
plant structure or function that is 
useful to  humans), but the goal of 
increasing tree biomass produced per 
hectare would reauire an increase in 
the efficiency of xphotosynthesis at 
the ecosystem level-that is, a rear- 
rangement of the flows of nutrients 
and-water in entire ecosystems on a 
large scale (Giampietro 1994, Hansen 
1991). This objective is overambi- 
tious given the present state-of-the- 
art in biotechnology. Technological 
improvements achieved in the Green 
Revolution that increased yields per 
hectare induced. as a side effect. a 
dramatic reduction in the energy out- 
put-input ratio of crops (i.e., they 
decreased marginal return of input 
application). Such a solution has been 
accepted for food crop production 
by modern society because increas- 
ing supplies of food was seen as 
worth an increase in expenditures of 
fossil energy. However, such a 
tradeoff would be unacceptable for 
energy crop cultivation. 

Environmental obstacles to the 
production of woody energy crops. 
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Little research has been done on the 
long-term environmental impacts of 
woody energy crops, even-though 
these energy crops are likely to  gen- 
erate environmental problems that 
are similar to  or worse than those 
ex~eriencedwith conventional food 
anh cash crops. The few studies avail- 
able have been short term, small scale, 
and of limited scoDe iOTA 1993). z \ 

One possible long-term problkm 
is loss of biodiversity and the disap- 
pearance of entire natural communi- 
ties when energy crop monocultures 
spread onto adjacent nonarable land. 
Intensive production of trees and 
other sources of cellulose Doses the 
same risks to biodiversity as cultiva- 
tion of conventional energy crops. 
Assessments of the ~ o t e n t i a l  biofuel 
yield of short-rotation woody crops 
seldom pay attention to  the potential 
long-term environmental effects of 
such a strategy (Ferm et al. 1989, 
Verma and Misra 1989). Indeed, the 
potentially serious environmental 
impact of intensive harvesting for en- 
ergy production have, in general, been 
overlooked in the research agenda of 
most countries (Dyck and Bow 1992). 

Outlook for new biofuel production 
systems. In light of general trends in 
technological development of agri- 
culture, fisheries, and forestry, it 
appears that the density of flows of 
natural resources harvested by hu- 
mans can be augmented, both per 
hectare and per hour of labor, only 
by a more than proportional increase 
in the density of inputs used in the 
process (Hall et al. 1986)-that is, 
the higher the  intensity of the  
throughput, the lower the output- 
input ratio of the process. Similarly, 
the more the pattern of matter and 
energy flows in a managed ecosys- 
tem differs from natural patterns that 
occurred in the ecosvstem that was 
replaced, the highe; the expected 
environmental impact of human 
management (Giampietro 1997,  
Giampietro et al. 1992). Finally, the 
need for a high throughput per hour 
of labor in biomass ~ roduc t ion  calls 
for mechanization, which calls, in 
turn, for an expansion of monocul- 
tures to svnchronize the activities in 
the biomass production process. 

The combination of these factors 
suggests that technological improve- 
ments aimed at intensifying biomass 

flows to  overcome biophysical con- 
straints will, sooner or later, decrease 
the marginal return in the use of 
energy inputs, decrease the F"/Fl 
ratio, and increase environmental im- 
pacts. Because, as we have shown, 
large-scale biofuel production will 
be feasible only if the energy through- 
put per hectare and per hour of labor 
of current biofuel energy systems in- 
creases severalfold, it is unlikely that 
a massive adoption of short-rotation 
woody crops or herbaceous energy 
crops will represent a viable solution 
for biofuel production in the future. 

Biophysical limits to  large-scale 
production of biofuel, such as lim- 
ited supplies of land and water, en- 
dangered natural equilibria, and un- 
sustainable rates of deforestation and 
soil erosion, are difficult to  detect at 
the pilot plant scale. Therefore, tech- 
nological optimists, by considering 
onlv their own small scale of analv- 
sis, will continue to  claim to have 
dramatically increased the efficiency 
of the single step of the process that 
they are studying. By contrast, so-
cioeconomic constraints to  large-
scale production of biofuel are harder 
to  ignore: N o  " one can reasonablv 
expect that biofuels will achieve any- 
thing like the energy throughputs 
(on the order of 10,000 MJ) per hour 
of labor that are currentlv obtained 
by mining of fossil energy stocks. A 
shift to  biofuel systems with much 
smaller energy throughputs per hour 
of labor would require a dramatic 
setback in the standard of living, the 
population size, or both. All of these 
issues must be addressed in discus- 
sions of future scenarios of large- 
scale biofuel production. 

Humans already appropriate, di- 
rectly or indirectly, 40% of the pro- 
ductivity of the biosphere (Vitousek 
et al. 1986). To put the issue of large- 
scale production of biofuel in per- 
spective, the following questions need 
to  be answered. Are humans already 
overdisturbing the environment just 
to  produce food and forest products 
and to  maintain a certain lifestyle? 
Many indicators, including deforesta- 
tion, soil erosion, loss of biodiversity, 
ozone layer depletion, accumulation 
of carbon dioxide in the atmosphere, 
shortages of fresh water, and pollu- 
tion, suggest caution in using further 
resources (Brown 1980-1994). Is it 
conceivable to  augment our current 
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level of appropriation by severalfold 
to produce, via biological conver-
sion, the huge quantity of fuel that is 
current ly being consumed?  We 
strongly believe that, from an eco-
logical perspective, large-scale pro-
duction of biofuel from herbaceous 
grass or short-rotation trees would 
further destroy natural habitats with-
out improving the current unsustain-
able solution in which fossil energy 
stocks are depleted and greenhouse 
gases are accumulating. 

Biofuel production 
in perspective 
Despite the need for more reliable 
data on large-scale biofuel systems 
operating without fossil energy sub-
sidies, we believe that some conclu-
sions are warranted based on cur-
rent data on biofuel production: 

Large-scale biofuel production is 
not an alternative to  the current use 
of oil and is not even an advisable 
option to  cover a significant fraction 
of it. Biofuel systems appear to  be 
unable to  match the demand for net 
useful energy or the high-energy 
throughput per hour of labor typical 
of the energy sector of a developed 
society. First, none of the countries 
that we analvzed has sufficient land 
or water to rely exclusively on biofuel 
for energy security. The ratio of the 
demand for land to  available land 
ranges from 1.4 to  148 for the coun-.,
tries in our sample, and the ratio 
between fresh water demand and 
current  fresh water  withdrawal  
ranges from 3 to  104. Second, in 
developed countries an energy sector 
based entirely on biofuel would ab-
sorb from 20% to 40% of the work-
ing force, including the unemployed, 
which is not compatible with the 
current labor distribution over the 
various economic sectors. Third, the 
data on which the first and second 
conclusions are based do not even 
account for ecological costs. If the 
energy requirement for reducing the 
BOD, of effluents from ethanol plants 
to  acceptable levels (10  MJ per liter 
of net ethanol delivered) were in-
cluded, then land, water, and labor 
demand would increase dramatically. 
In addition, in the long term, the 
energy cost of soil erosion would 
further increase land, fresh water, 

and labor demand per gigajoule de-
livered through a reduction of biom-
ass yields. Meeting the current de-
mand for energy in the United States 
with ethanol from crops would ne-
cessitate a 20-fold increase in cur-
rent pesticide use. And destroying all 
existing forest and increasing pesti-
cide use threefold to  produce metha-
nol from short-rotation woody crops 
would not cover even 15% of cur-
rent US energy demand. 

Food and environmental security 
should be of greater concern to soci-
ety than energy security for a world 
population that is projected to  reach 
a plateau of approximately 8-12 bil-
lion. At present, less than 0.27 ha of 
arable land is available per capita for 
food production, and humankind is 
already using fossil energy to  reduce 
land demand for food security. Thus, 
using arable land for saving fossil 
energy is impractical. Heavy reli-
ance of the world economy on biofuel 
would make it impossible to  guaran-
tee food security because of the com-
petition for arable land and water. 
Moreover, biofuel production would 
result in more serious environmental 
impacts than are currently experi-
enced with the use of fossil energy. 

Biomass does have a role to  play in 
the energy security of modern soci-
ety, both in developed and develop-
ing countries, in terms of better en-
ergy efficiency of agriculture. Despite 
their importance for soil conserva-
tion and the high direct and indirect 
costs involved in their harvest, agri-
cultural residues and byproducts can 
contribute to a more efficient and sus-
tainable agricultural system. They can 
be used as energy inputs in all cases 
where their use is compatible with 
existing constraints (e.g., the direct 
firing of biomass with cogeneration). 
However, the recognition that there is 
room for a more rational and efficient 
use of biomass at the rural level has 
nothing to do with the idea of farming 
on large scale for fuel per se. Research 
into new processes of biofuel produc-
tion other than ethanol should avoid 
repeating the mistake with ethanol, 
in which declared yields and expec-
tations seem to have been inversely 
related to  the quantity of real data 
used in the assessment. 

The economic cost of biofuel, espe-
cially in developed countries, derives 
mostly from the labor demand per 

unit of energy throughput delivered. 
This cost is related to  the opportu-
nity cost of labor in the rest of soci-
ety. In developed countries, this cost 
is proportional to  the ability to  pro-
duce and consume goods and ser-
vices by using a large amount of 
useful energy and a small fraction of 
human time. Massive adoption of 
biofuel, with its much lower energy 
throughput per unit of labor than 
fossil energy, would reverse a basic 
trend conferred by technological 
progress-namely, reducing the frac-
tion of human time that can be allo-
cated to  the service sector. retire-
ment, and leisure. 

The non~ubs t i tu tab i l i t~of oil with 
biofuel is a major cause of concern 
because it does not provide an escape 
from the current unsustainability of a 
civilization that is based on depletion 
of fossil fuels. While fossil energy 
still lasts, alternative energy sources 
other than biofuel will need to  be 
developed, along with technologies 
that improve the efficiency of energy 
use and lifestyles that are more con-
sistent with sustainable natural  
cycles. 

If a major increase in energy effi-
ciency, a dramatic change in lifestyle, 
and implementation of energy re-
sources other than oil will enable 
humankind to  soon curb the energy 
requirement of a world population 
that will eventually stabilize a t  a size 
of approximately 8-12 billion, bio-
mass will be essential for other pur-
poses. Specifically, the biomass of 
natural ecosystems will be needed to  
provide life support to the human 
species by stabilizing the structure 
and functions of the biosphere. The 
diversity and health of natural com-
munities existing in different types 
of ecosystem all over the planet will 
be the most important "capital" 
available to  humankind to  achieve 
sustainability, because technology 
will never be able to  substitute for it. 
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