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Life cycle analyses of renewable energy sources focus on static accounting of energy and green house
gases balances. In this work, we introduce a conceptual framework and a mathematical model to
simulate the time evolution of the energy balance of energy conversion technologies. This approach
complements static energy return analyses. It is based on a few technical parameters that describe
a standard conversion module, a set of deployment objectives, and assumed growth rates for deploy-
ment. It is independent of working details of the conversion technology. A set of equations is formulated
and solved to model the deployment of the new technology. It allows for evaluation of gross and net
produced energy and for estimation of required investments. The model is applied to photovoltaic
electricity in Brazil, wind electricity globally and in Brazil, and sugar cane bioethanol. The main
conclusions are: (i) photovoltaic electricity, because it requires large energy investments, leads to
negative net production of electricity for many years, i.e., for an extended period it is an energy sink and
not source; (ii) wind electricity is an attractive option is terms of net electricity production; (iii) sugar
cane bioethanol is an attractive option for liquid fuels production for the world.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The aim of this paper is to discuss what limitations do energy
considerations impose on the deployment of any new energy
conversion technology. Our view of the problem may be summa-
rized as follows. On one end, there is a primary energy source,
preferably renewable, such as, for example, solar, wind, or biomass.
On the other end, a set of standard conversion modules (simply
“modules”) delivers one of the two main energy vectors e elec-
tricity or liquid fuels e, from the given primary energy source. The
energy produced by these standard modules is used for three
purposes: (1) for consumption, by being fed into the existing
distribution systems (which we refer to as “the grid”), as electricity
or transportation fuels; (2) to keep the standardmodules producing
energy, in part providing for the energy costs of their operation and
maintenance and, in part, in cases such as biomass, to provide the
energy needed to produce and deliver the energy feedstocks; and
(3) to deliver the energy needed to manufacture newmodules and,
thus, to increase the supply of either electricity or transportation
fuels, up to the limits of the primary source being considered. In
practice, normally, we are not dealing with a closed system, so that
the energy produced by the modules will be delivered to the grid
and energy will be taken from the grid, in different forms, as
as, SP, Brazil.
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needed, to supply items (2) and (3) above. But, for energy
accounting purposes, the new technology will add to the total
energy supply only if the sum of (2) and (3) does not exceed the
total energy produced by the modules. Otherwise, the new tech-
nology will be a sink and not, as desired, a source of energy. In order
to ensure that the new technology will be a net source of energy,
the questions we address in this paper are: (a) what is the appro-
priate description of the dynamics of the system; (b) what are
acceptable values for the relevant parameters for the conversion
modules and deployment strategies; and (c) how do deployment
strategies impact the final results?

These are crucial questions, unfortunately often overlooked [1].
The fact that a new source of renewable energy is showing
a healthy growth and providing a substantial total output does not
mean that it is actually contributing to the solution of the energy
challenge. The analogy with the balance sheet of a company may
help us understand this very easily. In each year, over a period of
time, the company may be growing and having large revenues. And
yet, the costs of carrying on the business may be such that at the
end of the period the company shows a net loss on its balance
sheet. In the same way that growth and revenues are not, per se, an
indication of the soundness of a business, energy output by a new
renewable energy technology is not an indication of its contribu-
tion to solve the energy supply challenge.

No new energy technology can be deployed endogenously, i.e.,
without consuming some of the existing supply of energy, just like
any new energy business cannot be set up without a financial
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investment from existing wealth. It is only at later stages of
deployment that the new technology may become a net energy
source and also provide a positive return on the financial invest-
mentmade. In fact, energy and financial investments are decoupled
in the normal course of business. A moneymaking energy company
may very well be an energy sink business and, vice-versa, an
investor may lose money on a perfectly good net energy source. In
this paper, we concentrate on the energy balance side, assuming
that all other factors needed to deploy the new technology, such as
appropriate materials, technical solutions, financing, subsidies,
etc. are in infinite supply. In this sense, we discuss the best-case
scenario for its deployment. The introduction of any one of these
other factors into the discussion will only contribute to make the
results worse.

As we desire to look at very basic principles, there is no need to
go into the details of the conversion technology. The same approach
may be applied to any form of primary energy and any technology
of conversion devices. All conversion technologies, as shown below,
can be described by a small set of parameters and all deployment
strategies by an equally small number of objectives. However, there
are infinite paths for attaining these objectives, given an initial
condition for the technology. These paths can only be defined once
the neglected factors are taken into account: availability of
economically viable technical solutions, investments, subsidies,
market and social barriers to deployment, environmental consid-
erations, and so on. In other words, either planning (forecasting,
scenario building) or history (analyzing past decisions) is needed
for a complete solution. In this work, we shall assume some
reasonable deployment paths that can be described in a mathe-
matically simple form.

As this work extends a previous one [2], we recall briefly the
conceptual framework, analyze the parameters, develop a simple
mathematical model, which embodies the framework, and then
proceed to apply the general approach to three particular exam-
ples: photovoltaic electricity, wind electricity, and Brazilian bio-
ethanol from sugar cane.

2. Conceptual framework

The basic premises of our approach are as follows:

(i) The energy conversion technology is supposed to be based on
standard modules (modules, simply), which convert a given
primary energy source into either electricity or liquid fuels.
The technology itself is treated as a black box.

(ii) Each module is characterized by a certain number of intrinsic
technological parameters. These are:
a) Z e the total energy output by one module in one year

under standard conditions. This may be taken simply as
a scale parameter and is set equal to 1 in the equations
below. However, all numerical simulations take into
account the appropriate energy scale.

b) q(t)/Z e a time dependent energy payback time for the
module total energy cost, from materials extraction to
manufacturing to fully functional unit to decommission-
ing, expressed in terms of the number of years of operation
of one module, under standard conditions, required to
supply said energy. (By setting Z ¼ 1, only q will appear in
the equations, but we should remember its meaning.)
Energy payback times may be difficult to evaluate, espe-
cially for complex installations, but in this work, we shall
wherever possible take numbers from the existing
literature.

c) T e the lifetime, i.e., number of years before the module
conversion efficiency drops to 1/e of its original out-of-
the-box efficiency (left unspecified). This parameter
determines the rate of loss of efficiency of the modules,
represented by:
3 ¼ exp �
T

(1)

The deployment of the new technology aims at achieving
�
1
�

certain objectives, which may be described by three parameters, as
follows:

(iii) K e the number of years the deployment of the new tech-
nology is expected to last, that is, before the new technology
enters the mainstream supply of the world’s total primary
energy supply with an equilibrium growth rate.

(iv) P e the desired increase in energy output from the new
technology as a multiple of the output in year one.

(v) Req e the desired equilibrium growth rate at the end of K years
of deployment.

Finally, a deployment path is characterized by a choice of growth
rate, which determines the energy needed to manufacture new
modules and to fuel, operate and maintain the existing modules.

(vi) In each year k, a fraction f(k) of the energy produced by the
new technology is used to produce new modules. The fraction
1 � f(k) is fed into the grid (i.e., is available to consumers).

(vii) Also, in each year a fraction h(k) of the energy produced by the
new technology is required to produce “fuel” (i.e., raw primary
energy) for its own use in the following year, as well as to be
spent in the conversion processes.
2.1. The mathematical model

Within the conceptual framework described above, we can
write equations for a simplified model to describe the time evolu-
tion of the system. More complex mathematical models can be
envisaged, but this simple model embodies all of the essential
elements of the theory.

The total energy produced in the k-th (k > 1) year is given by:

EðkÞ ¼ Nðk� 1Þ þ 3ðk� 1Þ Eðk� 1Þ (2)

The first term in (2) represents the energy generating capacity
added in year k by themodulesmanufactured in year k� 1, whereas
the second term represents the existing energy generating capacity
due to all previously installed modules, reduced by the factor e
representing their diminished performance with age. The initial
condition is given by:

Eð1Þ ¼ Nð0Þ (3)

where N(0) is the number of modules manufactured initially,
employing the kick-start energy drawn from exogenous sources.

The total number of new modules produced in the k-th year,
assumed installed and operational in the following year, is given by
the energy fraction dedicated to produce new modules divided by
the energy necessary to produce one module:

NðkÞ ¼ f ðkÞ EðkÞ
qðkÞ (4)

All other energy costs, including “fuel” costs, are considered
proportional to the total energy produced, with a proportionality
constant that may vary with time:
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CðkÞ ¼ hðkÞ EðkÞ (5)

The energy fed to (f þ h < 1) or withdrawn from (f þ h > 1) the
grid in the k-th year is given by the total energy produced, minus
the fraction dedicated to manufacturing new modules and that
needed to operate, maintain, and fuel existing modules:

SðkÞ ¼ ð1� f ðkÞ � hðkÞÞ EðkÞ (6)

and its total, after K years, is given by:

SK ¼
Xk¼K

k¼1

SðkÞ � E0 (7)

where E0 is the energy used to produce the first N(0) modules. E0
represents, thus, the total energy “debt” of the new source, at the
beginning of the deployment period. By taking E0 explicitly into
account, we put all sources, old and new, on the same footing.

It may be useful to convert energy-generating capacity into
investment capital costs. In this work, this conversion is done in the
following way. From eqn. (4), we determine the number of modules
N(k) manufactured each year. The scale parameter Z defines the
total annual energy output of one of these modules. From the
energy output and the assumed utilization factor for the technology
in question, we can evaluate the generating power required. For
different technologies, we can usually find in the literature at least
ranges of the capital costs per installed unit generating power, from
which we can, finally, estimate the required investment for the
manufacture and installation of the N(k) new modules in the k-th
year. Hence:

IðkÞ ¼ Z NðkÞ KðkÞ (8)

where I(k) is the annual investment required to deploy the new
technology and K(k) is the corresponding capital cost (US$ per peak
kWof generating capacity). Similarly, the net present value (NPV) is
defined by:

NPV ¼
X
k

IðkÞ
ð1þ rðkÞÞk

(9)

where the sum covers the deployment years and r(k) is the
assumed annual discount rate at the k-th year.

Eqns. (1)e(9) represent ourmodel approach. A deployment path
of the new technology, over the period of K years, is defined by the
set of parameters {e(k), q(k), f(k), h(k); k ¼ 1 to K}. That is, the
deployment is specified by the lifetime and energy payback time of
the modules (technology-dependent), the fraction of the energy
output that is invested each year to produce new modules (a
political, financial, and economic decision), and the fuel and
maintenance energy costs (a parameter embodying very complex
information, which includes feedstock production, process tech-
nology, and plant efficiency).

2.2. Analysis of the parameter space

In this Section, we discuss the information needed to set up and
solve the equations described in the previous Section.

2.2.1. Intrinsic parameters
In the present approach, we need not go into theworking details

of the conversion technology. All we need are three numbers: the
nominal annual energy output of the standard module (Z), the time
it takes to generate the energy necessary for its cradle to grave life
cycle (q), and its lifetime (T).
The nominal annual energy output of the standard module is, in
effect, an arbitrary energy scale choice, which may or may not
represent an actual physical module, as long as we can assume that
the energy payback time and the lifetime scale linearly with the size
of themodule. This is not necessarily true (in fact, there is no reason
to expect it to be) and a more careful analysis of any particular
conversion technology will require taking the nonlinearities of the
manufacturing system into account. But, this implies going into the
details of the technology, which is not the aim of this paper.

The energy payback time is an essential parameter. It is quite
difficult to assess, because it is dependent not only on the conver-
sion technology, but also on the availability of the primary source. It
must be defined with respect to some standardized conditions.
There are many studies for photovoltaic [3e8] and wind energy
[9e12] that allow us to estimate values for energy payback times of
the respective conversion modules. However, studies for bio-
ethanol plants are less common, one of the reasons being that the
“conversion modules” in this case are much more complex than for
photovoltaic or wind energies. Wewill provide a rough estimate for
payback times, as shown in the appropriate Section below.

Finally, we assume in this work an exponential decay of the
conversion efficiency of the modules. This is, clearly, a very rough
approximation. It is known, for instance, that some photovoltaic
systems tend to have a time dependent efficiency, which decreases
fairly fast initially and then tends to staymore or less constant [2]. A
more complex mathematical model than the one presented here is
necessary to incorporate actual lifetime efficiencies, but the theo-
retical framework of our discussion is not affected.

2.2.2. Deployment objectives
Deployment objectives for a new energy technology may be set

by national policies or suggested by global needs. The only intrinsic
limits that they face are related to resource availability (and,
naturally, the laws of physics, although these are sometimes
ignored by policy makers and enthusiastic proponents of new
technologies). They are constrained, however, by practical limits,
ranging from financial to environmental and regulatory consider-
ations. For political reasons, these objectives tend to be presented
rather simply in official announcements: x GW of power from the
new technology within y years.

In this paper, we treat deployment objectives in a similar way.
We take as a baseline the present day supply of energy by the
technology under consideration, either at country or world level.
The deployment period, K, and the increase in output by the end of
this period, P, are chosen on the basis of stated policy goals for the
technology or published forecasts by specialized agencies.

Finally, we must also specify the desired gross equilibrium
growth rate at the end of the deployment period, which should, at
least in theory, correspond to the replacement rate of modules that
reach the end of their useful life plus the desired net growth rate of
the energy supply by the new technology.

These numbers give us the initial and final points of the
deployment trajectory, but nothing is said, as yet, about the actual
path to be followed. This is discussed in the next Section.

2.2.3. Deployment paths
The deployment path is history (and planning) dependent.

There is no way to predict accurately a contingent deployment
path. In this paper, we adopt simple mathematical dependences for
the function f(k), which describes the fraction of energy output
which is diverted each year to produce new modules for the
following year. This corresponds to defining the deployment
trajectory for the growth rate of energy output, given the desired P-
fold increase in output over K years and the final equilibrium
growth rate.
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In addition to the energy needed to produce new modules, the
energy spent for fuelling, operating, and maintaining the modules
needs to be accounted for along the deployment path. This is the
role of the parameter h(k). It should be remarked that it has no
impact on the growth rate, which is solely determined by f(k), but it
is essential for the proper computation of the net energy produced
by the new technology. If this cost is too high, it will impact unfa-
vorably on the net energy delivered to the grid. Normally, for solar
and wind sources, we expect h(k) to be small, since only operation
and maintenance costs need be taken into account. The primary
energy is cost-free. However, for biomass especially for cultivated
feedstock and for some conversion processes, it can represent an
excessive burden on the new technology.
3. Results

It is interesting to have an elementary analytical solution for
eqns. (2)e(7), even if it proves itself far from the optimum path, as
we shall see. If we make the assumption that f(k) ¼ f and h(k) ¼ h
are constants in any number of years (which we will assume from
year 1 to year K), during this period eqns. (2)e(4) have a closed
solution, given by:

EðkÞ ¼
�
3þ f

q

�
Eðk� 1Þ ¼

�
3þ f

q

�k�1

Eð1Þ; for 1 < k � K

(10)

The conventional (exponential) yearly growth rate g may be
calculated from:

g ¼ Log
�
3þ f

q

�
(11)

where Log is the natural logarithm (base e).
With (10), we can perform the sum in eqn. (7), to write for the net

energydeliveredby thenewtechnology to thegridduring this period:

SK ¼ ð1� f � hÞe
gK � 1
eg � 1

Eð1Þ � E0 (12)

However, we can do better than this simple solution. The
general Ansatz we adopt in this paper for f(k) is a polynomial
expansion:

f ðkÞ ¼ feq þ
XN
j¼1

cjðK � kÞj (13)

As there are not enough conditions to determine the large
number of coefficients required to have a complete series expan-
sion (for this we would need to specify a full history), we have to
make do with the three postulated conditions: the deployment
period K, the desired P-fold increase in output, and the equilibrium
growth rate R. These three parameters, as we have seen, charac-
terize the deployment objectives. Two of these parameters (K and R,
which appears as feq) are already built into eqn. (13). The third, P,
can be used to specify one of the coefficients. Hence, we can have
a closed solution if we simplify the polynomial Ansatz to:

fnðkÞ ¼ feq þ cnðK � kÞn (14)

The coefficient cn is determined, either analytically or numeri-
cally, by requiring that:

EðKÞ ¼ P Eð1Þ (15)

and it is directly related to the initial rate of growth of the new
technology. We will now analyze very briefly the meaning of this
Ansatz.
For n ¼ 0, we have a constant exponential growth rate, because
a number of new modules proportional to the total number of
existing modules is added each year (this is the case discussed
above). In this case, the first term in eqn. (14) cannot usually be
interpreted as the equilibrium growth rate, unless we are prepared
to deploy the new technology at this rate. This is rarely the case for
a new technology, which needs to expand as fast as possible
initially. Barring exceptional circumstances, at the end of the
deployment period, this choice will lead to a large discontinuity in
the growth rate. But an abrupt mismatch between manufacturing
capabilities and market needs is an undesired situation.

For n > 0, at the end of the period of deployment, the growth
rate is equal to the equilibrium rate and all of its derivatives, except
the n-th, are zero. The larger the value of n, the higher the initial
growth rate and the “flatter”, more equilibrium-like, it will look as
we approach the end of the deployment period. The higher the
value of n, the faster the new technology will approach the desired
final output energy, but, other factors will come into play to limit
the initial growth. Balancing these considerations, for the numer-
ical examples given in this paper, we expect that a reasonable value
of n, capable of representing approximately a real life situation, will
be a small number.

In the case of the linearly varying f(k), we write:

f ðkÞ ¼ feq þ K � k
K � 1

�
f ð1Þ � feq

�
¼ aþ bk (16)

where feq is calculated from eqn. (11), assuming a desired steady
state growth rate after the new technology has been deployed. In
this case, eqns. (2) and (7) also have a closed form solution, albeit
a not very transparent one:

EðKÞ ¼ bK�1
GðK þ 3þa

b

�

G
�
1þ 3þa

b

�Eð1Þ (17)

where G is the gamma function.
Although we can also evaluate eqn. (7) in a closed form, the

result is even less enlightening than eqn. (17). However, we can
simplify it to a very convenient expression, of general validity
(independent of the k-dependence chosen for f(k)):

SðKÞ ¼ ð1� hÞETOT � qNTOT � E0 (18)

where ETOT is the total (cumulative) energy output over the
deployment period and NTOT is the total (cumulative) number of
modules produced during the same period.

Eqns. (12) and (18) are crucial for our argument, as we require
that the net energy exchange with the grid be positive, i.e., that the
new technology does not behave as a sink, but as a source of energy.
Conceptually, the analysis is the same for all cases, only the algebra
is a bit different.

Requiring that S(K) > 0, leads to a condition for the maximum
allowed payback time of the modules that will still result in a total
net positive energy transfer from the new technology to the grid. If
the payback time exceeds qc, the new technology, even though it
may have a large energy output in each year, will be a net energy
sink, i.e., will actually lead to a reduction in the total energy
available for consumption.

ðaÞ qc ¼ ð1� hÞ�egK � 1
�

ðeg � 3Þ�egK � 1
�� ðeg � 1Þz

1� h
ðeg � 3Þ

ðbÞ qc ¼ ð1�hÞETOT�E0
NTOT

(19)

The approximate expression in (a) is valid for long lifetimes and
large values of P. As expected, (b) reduces to (a) when f(k) is
a constant.



Fig. 1. Two different growth paths for the deployment of photovoltaic electricity in
Brazil up to 2030: Path 1 e slower initial growth falling linearly to the equilibrium
value (5%/year) at the end of the period; Path 2 e faster initial growth, falling faster to
the equilibrium value at the end of the period. Deployment parameters: 125,000-fold
increase in output in 21 years.
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In what follows, we apply our model to photovoltaic electricity,
wind electricity, and bioethanol from sugar cane.

3.1. Photovoltaic electricity

Photovoltaic electricity is a very promising renewable source.
The primary energy resource e solar radiation e is practically
infinite on the scale of human needs (solar radiation provides a few
thousand kWh per m2 per year, depending on the location).
However, the conversion modules are still too inefficient and
expensive for massive deployment, although, mostly thanks to
governmental subsidies, photovoltaic electricity is gaining ground
in some countries (especial applications are not considered).
Consequently, there is an intense R&D effort in many countries for
the development of new technological solutions to the challenge of
converting solar radiation directly into electricity [13].

In a previous paper [2], we considered two cases, with distinct
deployment objectives: one for the global supply and one for the
recently announced policy of the government of India for photo-
voltaic electricity. For the global case, we considered a goal of
10,000 TWh of photovoltaic electricity by 2050 (roughly a 1000-
fold increase with respect to 2007). In this case, there is an initial
period of about 13 years during which energy will have to be
imported from existing sources in order to reach the stated goal. For
the Indian case [14], we considered the recent announcement of
a 20 GW of photovoltaic electricity production by 2020 [15]. Given
the currently installed base (3 MW), this would mean an approxi-
mately 6.700-fold increase in output in 11 years. The simulations
show that deploying photovoltaic electricity under these condi-
tions will demand external energy in excess of that produced by the
new source itself.

In the present work, we will report on a simulation appropriate
to describe the Brazilian case.

3.1.1. Intrinsic parameters
As already discussed, there are in the literature many studies

[see, for instance, refs. 3e8] concerning what we have called
intrinsic parameters, mainly lifetime and energy payback time of
photovoltaic facilities. For conventional, Si-based, modules, life-
times are of the order of 20e30 years [5]. For energy payback times,
we will take the values suggested by Perpiñan et al. [7], which vary
between 2.5 and 4 years for full installations, depending on latitude
and location. As Si-based solar modules are the most common ones
used today, we take these parameters for our simulations. We will
assume that one standard module has a generating capacity of
20 MWp. This value is chosen for convenience, as the standard
module merely sets a scale, but also because it is roughly equal to
the total installed capacity in Brazil in 2009.

3.1.2. Deployment objectives
The “Empresa de Pesquisa Energética/EPE (Energy Research

Company)” of the Brazilian Ministry of Mines and Energy forecasts
for 2030 a demand of electricity varying from a lower value of
847 TWh to a higher value of 1248 TWh, depending on economic
growth rates during the 2008/2030 period [16]. They consider that,
by 2030, the penetration of photovoltaic electricity in the domestic
market will be negligible. However, they have been known to
underestimate demand in the past and it is quite possible that, with
the growing official and public awareness of the need to reduce
greenhouse gases emissions, therewill be a greater demand for this
generation technology. We will assume a modest 0.5% penetration
by 2030, that is, anything between 4.3 TWh and 6.3 TWh. So, we
will run simulations with 5 TWh of output by 2030, with a utiliza-
tion factor of 2000 h per year (2.5 GWp). The present installed basis
is a meager 20 MWp in isolated systems and 160 kWp connected to
the grid [17]. So, wewill assume a generation of 40MWhper year in
2009. This means a large 125,000-fold increase in 21 years.

3.1.3. Deployment paths and results
We have performed simulations using the Ansatz eqn. (14) for

values of n ranging from 1 to 5. The quantities of interest to us are
growth rate, investments required, annual energy outputs, and
total energy output over the deployment period.

Fig.1 shows the necessary annual growth rates, for n¼ 1 (Path 1)
and n ¼ 5 (Path 2), to achieve the stated goal for Brazil. Path 1
corresponds to a linearly decreasing annual growth rate, whereas
Path 2 corresponds to an annual growth rate that decreases much
faster towards the assumed equilibrium value of 5%/year. Path 2
brings generating capacity forward in time, at the cost of higher
investments, both in energy and financially. For both Paths the
growth rates are very high over long periods, because the stated
goal of total electricity output of 5 TWh by 2030 is very ambitious in
relation to the present meager installed base.

Fig. 2 shows the annual gross and net electricity produced
during the deployment period. It indicates that Path 1 should be
discarded on the basis that the net electricity generated becomes
positive only after the 18th year of deployment. Path 2 is more
favorable as the transition to net positive electricity takes place on
the 11th year. Fig. 3 presents the accumulated energy balance. For
Path 1, at the end of the period, the net electricity generated is
essentially zero: 0.8 TWh. Until then, the growth has to be entirely
“financed” energetically from other sources. Photovoltaic electricity
during this period is a global energy sink. Path 2, on the other hand,
has a shorter breakeven time of 14 years and, by the end of the
deployment period, has produced 17.9 TWh of net electricity. So
faster initial growth is preferable, even though it comes at a price:
higher (financial) investments to deploy more modules initially.

Fig. 4 shows the annual investments that would be required
over the deployment period. In both panels, the upper curve
corresponds US$ 3.50 per Watt-peak and the lower curve to US$
2.50 per Watt-peak [18]. As technology progresses, we might
expect the actual investment curve to move from one to the other
of these limits. For Path 1, there is a peak of module production
around the 18th year, which points out, in case of locally produced
modules, to a significant production overcapacity. Similarly, for
Path 2, this peak occurs around the 10th year of deployment. In
both cases, in order to avoid overcapacity, it would be necessary
either to import modules for the peak periods or to gain foreign
markets through export of locally produced modules. From the
point of view of public policies and private investment, simulations



Fig. 2. Photovoltaic electricity in Brazil. Annual net and gross electricity production for
Path 1 (upper panel) and Path 2 (lower panel). Technical parameters: module lifetime:
30 years; energy payback time: 3 years; utilization factor: 22.8% (2000 h/year). Energy
operational costs: 15%.

Fig. 3. Photovoltaic electricity in Brazil. Accumulated net and gross electricity
production for Path 1 (upper panel) and Path 2 (lower panel). The total accumulated
net electricity generated is 0.8 TWh for Path 1 and 17.9 TWh for Path 2. Parameters:
same as in Fig. 2.

Fig. 4. Photovoltaic electricity in Brazil. Upper panel: annual investments required for
the deployment of new modules for Path 1 (low initial growth rate). Lower panel:
annual investments required for the deployment of new modules for Path 2 (high
initial growth rate). Capital costs are US$ 3500/kWp (High) and US$ 2500/kWp (Low).
Investments in constant million US$. Note that the end of deployment period annual
investment is the same for both paths as the assumed equilibrium growth rate is the
same, for the same capital cost per kW. Parameters: same as in Fig. 2.
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such as the ones carried out in this work could be very helpful to
plan for a more orderly development of the local production
capacity. Path 2, in terms of annual investments, is better than Path
1, because the maximum annual investment required is US$ 850
million (Path 2) versus over US$ 1.2 billion (Path 1). These values
are expressed in constant 2009 dollars.

Fig. 5 shows the cumulated investments over the deployment
period, in constant dollars, for the same values for peak Watt. For
the more appealing (in terms of net electricity) Path 2, these
investments vary between US$ 6.7 billion and US$ 9.4 billion,
expressed in constant 2009 dollars. The net present value for these
investments has been estimated at a discount rate of 5% per year:
US$ 5.3 and US$ 3.8 billion, respectively, for the higher and lower
capital costs. It is interesting to remark that, although Path 2
requires more investments (36%) than Path 1, both gross and net
electricity production are much higher. The total gross electricity
produced during the deployment period is twice as large: 44.7 TWh
for Path 2 versus 22.1 TWh for Path 1. The total net electricity for
Path 1 is practically zero (a mere 0.8 TWh), but for Path 2 it reaches
17.9 TWh.

In summary, although photovoltaic electricity has many
attractive features, it must be kept in mind that its deployment will
need to be subsidized in terms of energy for many years in order to
achieve sizeable market penetration. The most important techno-
logical advance for photovoltaic conversion modules would be
a significant reduction in energy payback times. Until then, high
growth rates of photovoltaic electricity, under the harsh light of
a dynamic energy balance appraisal, only mean that the technology
is a global energy sink and not an energy source. This fact should
not discourage the deployment of photovoltaic electricity, but it
should serve as a reminder that high growth rates can be illusory.



Fig. 5. Photovoltaic electricity in Brazil. Upper panel: accumulated investments during
the deployment period for Path 1 (low initial growth rate). Lower panel: accumulated
investments during the deployment period for Path 2 (high initial growth rate). Capital
costs are US$ 3500/kWp (High) and US$ 2500/kWp (Low). Investments in constant
million US$. The net present value of the total investments, discounted at 5%/year, are
for Path 1: 3.9 billion dollars and 2.8 billion dollars. For Path 2: 5.3 billion dollars and
3.8 billion dollars. The arrows next to the ordinate axis indicate these values. Although
Path 2 requires roughly 36% more in investments, it generates 2240% more net elec-
tricity during the deployment period. Parameters: same as in Fig. 2.
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Slower growth rates and a long time horizon are a more sensible
option for this renewable source.
Fig. 6. Two different growth paths for global deployment of wind electricity up to
2030: Path 1 e slower initial growth falling linearly to the equilibrium value (5%/year)
at the end of the period; Path 2 e faster initial growth, falling faster to the equilibrium
value. Deployment parameters: 22-fold increase in output in 22 years.
3.2. Wind electricity

Wind generated electricity is another very attractive renewable
source: the primary energy is free; the generators may be sited on
land or offshore; they are relatively environmentally benign; the
technology is not overly complex; in many countries good sites for
wind farms are not too distant from consumer centers (which is
both a plus and a minus, because of the social perception of wind
farms as noisy and not particularly beautiful compared with smelly,
CO2 belching, coal-fired plants) [19]; and costs are competitive in
relation to coal fueled generation, if all of the costs of the latter
were to be included. The market itself seems to consider wind
electricity as a better short-term promise than photovoltaic elec-
tricity, as witnessed by its present greater penetration.

3.2.1. Intrinsic parameters
Wind turbines come in all sizes, from a few hundred W to

several MW of generating capacity. In this paper, we will assume
a “standard” 2 MW generator, which is a common component in
major wind farms. In the literature we can find several studies [see,
for instance, 6e9] concerning the intrinsic parameters, mainly
lifetime and energy payback time for such turbines. There seems to
be a general agreement about an expected lifetime of 20 years. The
energy payback time is variously estimated to range from a few
months [10] to one year [20]. We present simulations for one year
energy payback time. Shorter energy payback times lead to more
favorable situations, in terms of net energy produced.
3.2.2. Deployment objectives
In 2008, the total global installed generating capacity was

quoted as 120 GWp [21]. This is equivalent to sixty thousand 2 MW
modules, which we have defined as our standard. Assuming the
World Energy Outlook 2008 projected electricity consumption of
33,000 TWh in 2030 [22], a penetration factor of 20% for wind
generated electricity (6600 TWh), and a utilization factor equiva-
lent to 2500 h of full nominal power in a year, 2.64 TWp of gener-
ating capacity is required. Hence, in the 22 years between 2008 and
2030, the installed generating capacity will have to grow by a factor
of 22.

We also want to consider specifically the case of Brazil. At the
end of 2009, Brazil had 600 MWp of wind electricity generating
capacity and the Brazilian government accepted proposals for
additional 1800 MWp to be installed in the near future. As already
mentioned, the planning authorities forecasts for 2030 a demand of
electricity varying from a lower value of 847 TWh to a higher value
of 1248 TWh, depending on economic growth rates during the
2008/2030 period. We will assume a desired goal of 200 TWh of
wind electricity being generated in Brazil by 2030, starting from
a base of 1.5 TWh in 2009 (this value was estimated on the basis of
2500 h per year for full operation of the installed 600 MWp).

3.2.3. Deployment paths and results
As for the photovoltaic case, we have performed simulations

using the Ansatz eqn. (14) for values of n ranging from 1 to 5. First,
we show results for the global case (22-fold increase in output in 22
years of deployment, to reach 6600 TWh by 2030).

Fig. 6 shows the annual growth rates, for n¼ 1 (Path 1) and n¼ 5
(Path 2), to achieve the stated goal of a 20% penetration of wind
electricity by 2030. For Path 1, the annual growth rate starts at
about 25%/year and falls linearly to the equilibrium value of 5% at
the end of the period. For Path 2, there is an accelerated growth at
the beginning of the period (beginning at 70%/year and larger than
20%/year for the first 6 years), but afterwards the growth rate is
smaller than for Path 1.

Fig. 7 shows the annual gross and net energy output for both
Paths. It is interesting to note that the net energy output is always
positive, indicating that wind electricity can grow endogenously in
terms of energy. Compared with the photovoltaic case discussed
above, this is due to shorter energy payback times, in one hand, and
to the more modest goals of its deployment paths, on the other.
Fig. 8 shows the accumulated gross and net energy output: the total
accumulated net electricity generated is 41,980 TWh for Path 1 and
56,156 TWh for Path 2. Because growth is accelerated in Path 2,
even though more energy must be consumed to build more



Fig. 7. Global wind electricity deployment. Annual net and gross wind electricity
production for Path 1 (upper panel) and Path 2 (lower panel). Technical parameters:
module lifetime: 20 years; energy payback time: 1 year; utilization factor: 28.5%
(2500 h/year). Energy operational costs: 15%.

Fig. 8. Global wind electricity deployment. Accumulated net and gross wind electricity
production for Path 1 (upper panel) and Path 2 (lower panel). The total accumulated net
electricity generated over the deployment period is 41,980 TWh for Path 1 and
56,156 TWh for Path 2. Technical parameters:module lifetime: 20 years; energy payback
time: 1 year; utilization factor: 28.5% (2500 h/year). Energy operational costs: 15%.
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modules, since these modules come on line earlier, the overall net
electricity produced is higher than for Path 1. The price to pay is an
extra investment, as shown below. Fig. 9 is the same as Fig. 8, but
limited to the first 5 years of deployment. It shows that Path 2 is
borderline in terms of endogenous growth in the first year. In other
words, all other technical parameters being the same, the
maximum annual growth rate allowed for endogenous growth of
wind electricity is around 70%/year. Any higher growth rate will
require energy brought in from other sources.

In Fig. 10, we show the annual investment in the production of
newmodules, assuming (a) US$ 2500 per installed kWp and (b) US$
1500 per installed kWp. For Path 1, the investments grow regularly
up to the 19th year, reaching a peak of about US$ 700 billion (always
constant 2009 dollars, unless noted otherwise), for the higher
capital cost, and US$ 420 billion for the lower one. The investments
in the final deployment year, which could range from US$ 380
billion to US$ 640 billion correspond to the investments required to
keep the supply of wind electricity growing at 5% a year. That is,
they represent the capital costs of those new modules that replace
old ones and of those that contribute to the net growth of supply.
For Path 2, because the initial growth ismuch faster, the investment
has a first peak of about US$ 500 billion (respectively, US$ 300
billion for the lower capital costs) in the 6th year, then goes down
a little, before resuming growth, reaching a maximum of US$ 640
billion (respectively, US$ 380 billion) in the last year. It is interesting
that both Paths indicate an overinvestment in plant capacity, which
is smaller in the case of faster growth. The two curves (High) and
(Low) in each panel indicate the limits of investments corre-
sponding to the higher (US$ 2500/kWp) and the lower (US$ 1500/
kWp) capital cost per unit generating power installed. As tech-
nology progresses and accumulated production volume grows,
Fig. 9. Global wind electricity deployment. Accumulated net and gross wind electricity
production for Path 1 (upper panel) and Path 2 (lower panel) for the first 5 years. Notice,
for Path 2, the smaller amount of net electricity produced in the first few years due to the
higher self-investment in energy to produce more modules each year for faster growth
than in Path 1. However, wind energy, in this case, is still capable of growing endoge-
nously. Technical parameters: module lifetime: 20 years; energy payback time: 1 year;
utilization factor: 28.5% (2500 h/year). Energy operational costs: 15%.



Fig. 10. Global wind electricity deployment. Upper panel: annual investments required
for the deployment of new modules for Path 1 (low initial growth rate). Lower panel:
annual investments required for the deployment of new modules for Path 2 (high
initial growth rate). Capital costs are US$ 2500/kWp (High) and US$ 1500/kWp (Low).
Investments in constant million US$. Note that the end of deployment period annual
investment is the same for both paths as the assumed equilibrium growth rate is the
same, for the same capital cost per kW. Technical parameters: module lifetime: 20
years; energy payback time: 1 year; utilization factor: 28.5% (2500 h/year). Energy
operational costs: 15%.

Fig. 11. Global wind electricity deployment. Upper panel: accumulated investments
during the deployment period for Path 1 (low initial growth rate). Lower panel:
accumulated investments during the deployment period for Path 2 (high initial growth
rate). Capital costs are US$ 2500/kWp (High) and US$ 1500/kWp (Low). Investments in
constant million US$. The net present value of the total investments, discounted at 5%
per annum, are for Path 1: (a) 5.1 trillion dollars and (b) 3.1 trillion dollars. For Path 2:
(a) 6.2 trillion dollars and (b) 3.7 trillion dollars. The arrows next to the ordinate axis
indicate these values. Although Path 2 requires roughly 22% more in investments, it
generates 33% more net electricity during the deployment period. Technical parame-
ters: module lifetime: 20 years; energy payback time: 1 year; utilization factor: 28.5%
(2500 h/year). Energy operational costs: 15%.

Fig. 12. Two different growth paths for the deployment of wind electricity in Brazil up
to 2030: Path 1 e slower initial growth falling linearly to the equilibrium value (4%/
year) at the end of the period; Path 2 e faster initial growth, falling faster to the
equilibrium value (4%/year) at the end of the period. Deployment parameters: 50-fold
increase in output in 20 years.

C. Gonçalves da Silva / Energy 35 (2010) 3179e3193 3187
learning by doing should lead to a reduction of capital costs. So, it
might be expected that the actual investment curve will move from
the higher to the lower curves as time progresses.

Fig. 11 shows the accumulated investment for both Paths. The
total investment may be as high as US$ 10 trillion (constant dollars)
for the higher capital costs. Of more interest is the net present value
of such investment. Assuming a 5%/year discount rate, the net
present value of the investments are, for Path 1, US$ 5.1 trillion and
US$ 3.1 trillion for, respectively, US$ 2500/kWp and US$ 1500/kWp
capital costs. For Path 2, the same numbers are US$ 6.2 trillion and
US$ 3.7 trillion. Although Path 2 requires roughly 20% more in
investments, it generates 33% more net electricity during the
deployment period. Depending on electricity rates, Path 2 might be
more profitable than Path 1.

Wewill now consider the case for deployment of wind energy in
Brazil, corresponding to 133-fold increase in output in 21 years of
deployment, to reach 200 TWh by 2030.

Fig. 12 shows the annual growth rates, for n ¼ 1 (Path 1) and
n ¼ 5 (Path 2), to achieve the stated goal of 200 TWh of wind
electricity supplied by 2030. For Path 1, the annual growth rate
starts at about 50%/year and falls linearly to the equilibriumvalue of
5% at the end of the period. For Path 2, there is an accelerated
growth at the beginning of the period, beginning at 150%/year and
dropping rapidly in the first decade, basically flattening out after
year 10. The equilibrium growth rate is the same as for Path 1, 5%/
year.

Fig. 13 shows the annual gross and net energy output for both
Paths. Fig. 14 shows the accumulated gross and net energy output:
the total accumulated net electricity generated is 921 TWh for Path
1 and 1490 TWh for Path 2. As for the global case, the accelerated
growth of Path 2 leads to higher net electricity produced than for
Path 1. Fig. 15 is the same as Fig. 14, but limited to the first 5 years of
deployment. It shows that Path 2 requires external energy during
the first 4 years of deployment.

Fig. 16 shows the annual investment in the production of new
modules, assuming (a) US$ 2500 per installed kWp and (b) US$
1500 per installed kWp. For Path 1, the investments grow regularly
up to the 18th year, reaching a peak of about US$ 25 billion, for the
higher capital cost, and US$ 15 billion for the lower one. For Path 2,
because the initial growth is much faster, the investment has a first
peak of about US$ 18 billion (respectively, US$ 11 billion for the



Fig. 13. Annual net and gross wind electricity production in Brazil for Path 1 (upper
panel) and Path 2 (lower panel). Technical parameters: module lifetime: 20 years;
energy payback time: 1 year; utilization factor: 28.5% (2500 h/year). Energy opera-
tional costs: 15%.

Fig. 14. Accumulated net and gross wind electricity production in Brazil for Path 1
(upper panel) and Path 2 (lower panel). The total accumulated net electricity generated
over the deployment period is 922 TWh for Path 1 and 1490 TWh for Path 2. Technical
parameters: module lifetime: 20 years; energy payback time: 1 year; utilization factor:
28.5% (2500 h/year). Energy operational costs: 15%.
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lower capital costs) in the 7th year, then goes down reaching
a minimum about 7 years later, before resuming growth, reaching
the equilibrium value of US$ 18 billion (respectively, US$ 11 billion)
in the last year. It is interesting that both Paths indicate an over-
investment in plant capacity, which is, as in the global case, smaller
in the case of faster growth. The two curves (High) and (Low) in
each panel indicate the limits of investments corresponding to the
higher (US$ 2500/kWp) and the lower (US$ 1500/kWp) capital cost
per unit generating power installed. We have already argued that it
might be expected that the actual investment curve will move from
the higher to the lower curves as time progresses.

Fig. 17 shows the accumulated investment for both Paths. The
total investment may be as high as US$ 311 billion for the higher
capital costs, Path 2. Of more interest is the net present value of
such investment. Assuming a 5%/year discount rate, the net present
value of the investments are, for Path 1, US$ 144 billion and US$ 86
billion for, respectively, US$ 2500/kWp and US$ 1500/kWp capital
costs. For Path 2, the same numbers are US$ 186 billion and US$ 112
billion. Although Path 2 requires roughly 30% more in investments,
it generates 61% more net electricity during the deployment period
(1490 TWh versus 921 TWh). Depending on electricity rates, Path 2
might be more profitable than Path 1.

In conclusion, since both the energy payback times are smaller
and the deployment objectives are more modest in terms of output
growth, wind electricity presents a much more attractive case for
rapid and extensive deployment of a carbon neutral source than
photovoltaic electricity. Although the overall cumulated invest-
ments in dollar terms are significant, the energy case is very
favorable. By 2030, we can envisage a 20% penetration of this
renewable source in the global electricity supply matrix. We chose
this number for the projected penetration because conventional
wisdom has it that it is a reasonable value to integrate an inter-
mittent source in the base load grid of a large country. At this point,
however, we must recall that in these simulations we are assuming
that energy is the only potentially limiting deployment factor. It
may not be possible to reach a 20% penetration factor for wind
electricity by 2030 due to many other factors: market conditions,
financial investments, production capacity, etc. What we have
show is that, at the global level, wind electricity may be deployed
endogenously in energy terms to reach this goal.

3.3. Bioethanol from sugar cane in Brazil

Brazil has a long, if troubled, history of commercial production
of sugar cane bioethanol [for a brief review and important data see
ref. 23]. Its recent origins date back to the first oil shock of the 70’s
and the country’s strategic decision to pursue energy security and
save hard currency, by becoming less dependent on oil imports.
One important thing to understand about the Brazilian bioethanol
industry is that it piggybacked on an old-established domestic
sugar industry. Even today, the majority of plants (ca. 58%) still
produce both sugar and bioethanol from the same feedstock. As
a result, not only oil prices, but also international sugar pricesmight
have an impact on the level of bioethanol production in Brazil. From
the mid-80’s onwards, falling oil prices and rising sugar prices
brought the growth of the bioethanol production to a halt. Short-
ages of the fuel at the pump turned consumers away from ethanol
cars, thereby leading to a downward trend of the biofuel industry.
What kept it from disappearing altogether was the mandatory
addition of bioethanol to gasoline, which today is between 20 and
25%. In other words, even “gasoline” engines in Brazil run on
a higher proportion of ethanol mix than flex-fuel vehicles in the
USA. By the late 90’s, the bioethanol industry got a second impulse
from technological progress embodied in car electronics, which
made possible “flex-fuel” engines capable of running on any
proportion of gasoline and ethanol. Since the consumer perceives
as an added value the possibility of choosing at the pump the fuel



Fig. 15. Accumulated (a) net and (b) gross wind electricity production in Brazil for Path
1 (upper panel) and Path 2 (lower panel) for the first 5 years. Notice, for Path 2, the
small negative amount of net electricity produced in the first three years due to the
higher self-investment in energy to produce more modules each year for faster growth
than in Path 1. Technical parameters: module lifetime: 20 years; energy payback time:
1 year; utilization factor: 28.5% (2500 h/year). Energy operational costs: 15%.

Fig. 16. Deployment of wind electricity in Brazil to 2030. Upper panel: annual
investments required for the deployment of new modules for Path 1 (low initial
growth rate). Lower panel: annual investments required for the deployment of new
modules for Path 2 (high initial growth rate). Capital costs: (a) US$ 2500/kWp; (b) US$
1500/kWp. Investments in constant million US$. Note that the end of deployment
period annual investment is the same for both paths as the assumed equilibrium
growth rate is the same, for the same capital cost per kW. Technical parameters:
module lifetime: 20 years; energy payback time: 1 year; utilization factor: 28.5%
(2500 h/year). Energy operational costs: 15%.
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mixture that suits his tastes and pocket, the sale of flex-fuel cars
took off. The majority of domestically produced light vehicles in
Brazil come out of the factory as flex-fuel vehicles. In 2008, more
than half (in volume) fuel for light vehicles sold in the country was
bioethanol. As older, gasoline only, vehicles leave the fleet, this
proportion will increase, unless there is some radical change in
relative price between gasoline and bioethanol. The total produc-
tion of bioethanol, in 2008, reached 28.4 billion liters, placing Brazil
as the second largest producer in the world (behind the USA) and
largest exporter (5 billion liters).

In 2008, there were 165 plants producing only bioethanol and
252 plants producing both sugar and bioethanol registered by the
Brazilian Ministry of Agriculture. On the average, each plant pro-
cessed 1.36 million metric tons of sugar cane per crop year, but this
average does not reflect the broad spectrum of installed capacities.
The actual processing capacities vary between less than onemillion
metric tons a year to eight million tons a year. In the 2008/2009
crop year, the total production of sugar cane reached 567,5 metric
tons, that of sugar reached 31.36 million metric tons, and that of
bioethanol 28.42 billion liters [24]. The cultivated area was esti-
mated to be 5.98million hectares (Mha) in 2007 [25] and it grew by
15.7% the following year, according to the Sugar Cane Industry
Association (UNICA) [22]. The total area dedicated to sugar cane is
still less than 1% of the surface area of Brazil. The Association
forecasts for the 2015/2016 and 2020/2021 crop years, respectively,
829 and 1038 million metric tons of sugar cane. For the same years,
respectively, they forecast 46.9 and 65.3 billion liters of bioethanol.
We shall use the latter number in our study.

3.3.1. Intrinsic parameters
We begin by discussing the chosen standard module size. As we

have seen, the average processing capacity of a plant is 1.4 million
metric tons. However, economies of scale suggest that a processing
capacity of 2.5 million metric tons per year is actually better. We
shall choose this size as the standard module. It turns out that, if
this plant were used to produce both bioethanol and sugar at the
approximate average national partition rate (60% feedstock for
bioethanol/40% for sugar), it would be equivalent to a 1.5 million
metric tons plant producing only bioethanol. A typical Brazilian
bioethanol plant, in addition to producing bioethanol and sugar,
still has energy excess under the form of bagasse (sold to other
industries to burn for process heat) or electricity (produced as
cogeneration and sold to the national grid).

Unlike photovoltaic or wind, it is not easy to evaluate the energy
payback time of the standard module in this case. In the bioethanol
case, we are dealing with a module that is much more complex and
that requires investments for feedstock production. There is little
information in the literature about this parameter. We shall try to
estimate it indirectly, based on financial investments. The total
investments for a greenfield, 2.5 million metric tons a year, plant
have been estimated as follows [26]: US$ 47 million for sugarcane,
US$ 161 million for the industrial plant, US$ 58 million for vehicles
and agricultural implements, and US$ 12 million for land, totaling
US$ 278 million. On the other hand, the Brazilian “Empresa de
Pesquisa Energética (EPE)” indicates for the Brazilian economy, in
its preliminary national energy accounts for 2008 [27], an energy
intensity of 0.16 toe/$1000 GDP (metric tons equivalent of oil per
one thousand dollars of Gross National Product). At this conversion
rate, the investment in our standard module represents
1.86 � 1015 J (PJ). Since the energy intensity just quoted is heavily
biased towards services e which represent more than 50% of the
Brazilian GNP e this is probably an underestimate. For this reason,
we will use values for the energy investment in the construction,



Fig. 17. Deployment of wind electricity in Brazil to 2030. Upper panel: accumulated
investments during the deployment period for Path 1 (low initial growth rate). Lower
panel: accumulated investments during the deployment period for Path 2 (high initial
growth rate). Capital costs: (a) US$ 2500/kWp; (b) US$ 1500/kWp. Investments in
constant million US$. The net present value of the total investments, discounted at 5%/
year, are for Path 1: (High) 143 billion dollars and (Low) 86 billion dollars. For Path 2:
(High) 186 billion dollars and (Low) 112 billion dollars. The arrows next to the ordinate
axis indicate these values. Although Path 2 requires roughly 29% more in investments,
it generates 62% more net electricity during the deployment period. Technical
parameters: module lifetime: 20 years; energy payback time: 1 year; utilization factor:
28.5% (2500 h/year). Energy operational costs: 15%.

Fig. 18. Gross and net production of Brazilian sugar cane bioethanol according to
UNICA [ref. 24] projections to 2020. Technical parameters: module lifetime 20 years;
module size: 2.5 million metric tons of sugar cane processed per crop year, with 60%
dedicated to bioethanol production (from saccharose only, no use made of cellulose
derived sugars). Energy operational costs: 12%. Upper panel: annual volume of
production in billion liters. Lower panel: accumulated energy production in petajoules
(PJ). In both panels, the dashed represent gross production. The solid curves represent
net production for energy payback times of 0.4, 1 and 2 years, as indicated.

C. Gonçalves da Silva / Energy 35 (2010) 3179e31933190
deployment, and commissioning of a standard module for
conversion of sugar cane into bioethanol in Brazil that range from
1.9 to 3.8 PJ, or, from 0.76 to 1.52 GJ per metric ton processing
capacity.

The other piece of information needed to estimate the energy
payback time is the energy produced in a year by the module. We
estimate this number in two ways. First, by adding the total ener-
gies embodied in the ethanol, the sugar, and the excess electricity
produced by the plant. Second, by assuming that all the sugar cane
is processed into bioethanol and, to simplify matters, exclude the
electricity. The latter is a variable contribution, much dependent
upon the technology employed, but in any case represents a small
fraction of the total energy. In the first case, we will use standard
average values for the typical plant: for each metric ton of cane
processed we have, 40 L of ethanol (at 22 MJ/L), 65 kg of sugar (at
16.8 MJ/kg), and 4.9 kWh of electricity. These numbers add up to
1.99 GJ/ton. In the second case, one metric ton will produce 80 L of
ethanol, or 1.76 GJ/ton [21]. Given the uncertainties in our esti-
mates, these numbers are essentially equivalent. Compared with
0.76 or 1.52 GJ/ton of energy investment in the plant, the worst-
case energy payback time is 0.87 year and the best case, 0.38 year.
This estimate is avowedly crude, and amuch better onewould need
to be made. However, it seems that the energy payback time for
a standard module, capable of crushing 2.5 million metric tons of
cane per crop year in Brazil is less, perhaps even much less, than
one year. In this respect, sugar cane bioethanol is very similar to
wind electricity. In the simulations that follow, we will cautiously
consider a broad range of energy payback times from 0.4 year to 3
years, thus covering, with room to spare, the interval above.
For the lifetime of the standard module, we will take 20 years,
although this is, almost surely, an underestimate. But, assuming
a longer lifetime will not affect significantly our numbers for the
deployment objectives considered below.

3.3.2. Deployment objectives
For deployment objectives, we assume first (Case 1) that bio-

ethanol production will increase from 28.4 billion liters, in 2008, to
65.3 billion liters, in 2020, at an approximately constant rate. This is
based on the forecast by UNICA [22], as discussed above.

We shall also look at Case 2 in which, by 2030, Brazil bioethanol
could be supplying approximately 5% of the world’s transport fuel
energy. According to the projections of the International Energy
Agency [see reference 20, p.172], this represents about 100 Mtoe
(million metric tons equivalent of oil), 4.2 EJ, or 190 billion liters of
bioethanol. At current average productivity levels in Brazil of 6500 L
per hectare, this means 29 million hectares. It is expected that,
given the historical rate of incremental productivity increases, and
the possibility of new technologies for cellulosic ethanol becoming
available commercially, that this productivity might reach 10,000 L
per hectare, thus reducing the area to 19 million hectares. This is
a perfectly reasonable number for Brazil [21].

In Case 1, we are looking at a 2.3-fold increase in 12 years. In
Case 2, we are looking at a 6.7-fold increase in 22 years.

3.3.3. Deployment paths and results
For deployment paths, in Case 1 we assume a constant growth

rate of 7.9%/year, whereas in Case 2, we examine the situation of
a higher initial growth rate, converging to the same 7.9%/year
growth rate at the end of the deployment period. Simulations show



Fig. 19. Simulated annual (upper panel) and accumulated (lower panel) investments
for the production of Brazilian sugar cane bioethanol according to UNICA [ref. 24]
projections from 2008 to 2020. Capital costs for 2.5 million metric tonnes of sugar cane
per crop year: US$ 278 million (High) and US$ 168 million (Low). The net present
values of the required investments, discounted at 5%/year, indicated by the arrow next
to the ordinate axes, are US$ 116 billion and US$ 69 billion, respectively, for High and
Low capital costs. Same technical parameters as in Fig. 18. Investments are assumed
independent of energy payback times.

Fig. 21. Gross and net production of Brazilian sugar cane bioethanol to supply 5% of
the world’s transportation fuel needs by 2030. Upper panel: annual volume of
production in billion liters. The total gross output in 2030 is 188 billion liters, however
the equivalent net output is 141, 117, and 93 billion liters only for, respectively 1, 2, and
3 years energy payback times as indicated on the full lines. The difference is trans-
formation energy coming from other sources. Lower panel: accumulated energy
production in petajoules (PJ): 44.75 EJ (gross) and 33.35 EJ, 27.35 EJ, and 21.32 EJ net,
respectively for 1, 2, and 3 years energy payback times. In both panels, the solid curves
(a) represent net production and the dashed curves (b), gross production. Same
parameters as in Fig. 20.
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that, for reasonable possible growth trajectories, the impact of
these different assumed growth rates is not very important, either
in production volumes or investments. For this reason, we show
only one possibility for each case.

Fig. 18 shows, for Case 1, in the upper panel, the net annual
volumes produced, for energy payback times ranging from 0.4 year
to 2 years. Naturally, the gross volume produced is independent of
energy payback time. The net volume is evaluated by converting
the energy needed to produce newmodules and operate the plants
into equivalent liters of ethanol and subtracting this value from the
gross amount. The lower panel in Fig. 18 shows, for Case 1, the
accumulated gross and net energies produced over the deployment
period. Even for a 2 year energy payback time the net production is
Fig. 20. Simulated growth path for Brazil supplying the world with enough bioethanol
to replace 5% of the gasoline being consumed by 2030. Technical parameters: same as
in Fig. 18, with energy payback time: 1 year. Deployment parameters: 6.7-fold increase
in output in 22 years.
largely positive, indicating the bioethanol is a real energy source,
capable of growing endogenously in terms of energy.

Fig. 19 shows the annual and accumulated investments required
for Case 1. We recall that the investments necessary for a 2.5 Mton/
year plant were estimated at US$ 278 million. But this plant
produces bioethanol for only 60% of the feedstock. It is to be
expected that, as bioethanol production grows, more and more
plants will be dedicated exclusively to bioethanol production. We
model this trend, in terms of financial investments, by a decrease of
the total investment in the plant, for the same processing capacity,
or similarly, by the same total investment, for 100% processing
capacity dedicated to bioethanol. In either case, the capital costs per
bioethanol production capacity decreases by 60%. We thus define
two module capital costs: US$ 278 million (High) and US$ 168
million (Low). The net present value of the total investments for
Case 1 are, discounted at 5%/year, US$ 116 billion (High) and US$ 70
(Low).

Fig. 20 shows, for Case 2, the simulated growth rate trajectory.
Fig. 21 shows the annual (upper panel) output, expressed in liters,
and accumulated (lower panel) output, expressed in energy units
(PJ). In both panels, we showgross output and net output for energy
payback times of 1e3 years. In Fig. 22, the annual and accumulated
investments in constant dollars are shown. For Case 2, the net
present value of the investments, discounted at 5%/year, amount to
US$ 352 billion (High) and US$ 211 million (Low). Spread over 22
years, this is a small investment to replace 5% of the world’s
gasoline consumption by bioethanol, or, in other words, to cut
down consumption by about 700 million barrels of oil per year.

The simulations presented in this Section show that Brazilian
sugar cane bioethanol is a very promising transportation fuel from



Fig. 22. Simulated annual (upper panel) and accumulated (lower panel) investments
for the production of Brazilian sugar cane bioethanol to supply 5% of the world’s needs
of transportation fuel by 2030. Capital costs for 2.5 million metric tonnes of sugar cane
per crop year: US$ 278 million (High) and US$ 168 million (Low). The net present value
of the required investments, discounted at 5%/year is US$ 352 billion, indicated by the
arrow next to the ordinate axes. Same parameters as in Fig. 20.
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renewable sources, whose supply can grow endogenously in terms
of energy, even for an energy payback time of 3 years, which seems
excessively high. This work points to the urgent need to have
a more careful assessment of the energy payback time for a typical
sugar cane bioethanol plant.

4. Discussion and conclusions

As a curiosity, this work also sheds some light into the distant
past and distant future. Although the history of a species that can
launch a thousand ships for a pretty face [28] is clearly not deter-
mined by energy alone, we could use the model in this work to
simulate the growth of the net energy output of a civilization based
on animal (including human) power, with its short module lifetime,
long payback times and high fuel consumption. It helps us to
understand the long time of slow growth that preceded the intro-
duction of the steam engine and fossil fuels in the 18th century.
Lookingat thedistant future,wecan see that thedreamof colonizing
other planets will be severely constrained by the need to generate
energy in place: all energy sources deployment will have to be
endogenous, that is f þ h < 1. Not an easy or, at least, quick task.

Our approach extends the current life cycle analysis and energy
investment returns in the sense that the time dynamics of the
energy balance is explicitly taken into account in a model mathe-
matical treatment that incorporates the main features of a general
conceptual framework. Our treatment has been kept simple on
purpose, to highlight the main results without the burden of
complex mathematics. More sophisticated equations, based on the
same conceptual framework, can be envisaged and should be used
to discuss in depth each particular case. In our approach, three
parameters are required, in addition to an overall energy scale: the
energy payback time, the lifetime of a standard conversion module,
and the fuel and operational (energy) costs. The time dependence
of energy output is evaluated by the simple recursion equation eqn.
(2). Both gross and net energy produced can be easily evaluated
(net energy is total energy generatedminus growth and operational
energy costs). As expected, the net energy is very sensitive to the
energy payback time of the conversion modules, with wind elec-
tricity and sugar cane bioethanol being favorable options and
photovoltaic electricity, in the short term, much less. Sugar cane
bioethanol is particularly favorable in Brazil because of the low
energy costs of the feedstock. It is also possible to estimate the
dollar investments required to deploy the technology, given the
objectives and expected growth rates. However, we do not attempt
to estimate final costs per unit energy delivered for the various
alternatives, because this would take us too far from the main
objectives of this work.
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