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There is a growing perception by society of the risks of dramatic global climate changes due to anthropogenic greenhouse gases, in particular energy related emissions of CO2. This has spurred a renewed
interest in carbon free or carbon neutral technologies for converting sources of renewable primary energy
to electricity and to transportation fuels. However, it takes energy to produce energy, even when the
primary source is energetically cost free, such as solar or wind. The aim of this letter is to present a model
which allows the simulation of the energy costs of the deployment of a new energy technology. We show
that the new technology may actually be an energy sink, instead of an energy source, relative to the global
total primary energy supply (TPES) for many years or decades, depending on its intrinsic energy costs and
deployment path, even though stated aims for its gross energy output are achieved. As expected, the
energy payback time of the conversion devices, as well as fuel and maintenance costs are critical parameters. We illustrate the general model with simulations of the deployment of photovoltaic electricity, at
global and national levels.
Ó 2009 Elsevier Ltd. All rights reserved.
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In 2006, the total primary energy supply of the world was
11.741 Mtoe (million metric tons equivalent of oil), or 492 EJ
(1 EJ ¼ 1018 J) [1]. The growing perception of the risk of catastrophic
global climate change, brought about by increased concentrations of
greenhouse gases in the atmosphere, have spurred the search for
alternative, carbon free or carbon neutral, renewable, primary
energy sources [2]. Among these we have, as main candidates for
electricity generation, solar (thermal and photovoltaic), wind,
biomass, wave/tidal and geothermal sources [3]. Biomass may also
be used to produce renewable biofuels for transportation [4]. For
some of the primary sources and technical pathways considered,
such as wind, there are fairly well established technologies; for
others, however, such as photovoltaic electricity or biomass
conversion to biofuels there is need for further research, development, and demonstration [5–7].
Besides public policies and ﬁnancial investments, the deployment of any new energy technology requires energy investments to
produce conversion modules (photovoltaic modules, wind
turbines, bioethanol plants.) and, in some instances, feedstock
(biomass). Although there are many studies concerned with the
evaluation of energy payback times and total energy output from
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renewable energy sources, as for instance, for photovoltaic electricity [8–13], this work is not concerned with any particular
technology, but with general considerations, valid for any technology that may be considered to replace fossil fuels at the terawatts level. Only some key elements of the technology need to be
taken into account, as described below.
The implementation of any desirable new energy technology is
based on devices that can convert the original primary source
either into electricity or transportation fuels, in a carbon free or
neutral way. The manufacturing, installation, regular operation, and
fuelling of such devices involve an energy cost. The devices have
a ﬁnite lifetime, after which they must be decommissioned and
replaced, bringing in additional energy costs. A new energy technology has to be capable of producing enough energy to cover these
costs and to generate a surplus for external consumption. In this
letter we examine, under ideal circumstances, the deployment rate
for any new energy technology. We want to evaluate the net energy
output from the new technology to the existing energy infrastructure for distinct technology parameters, deployment goals,
and deployment paths. By net energy output, we mean the difference between the total energy output of the new technology and
the energy required to deploy it, either on a year-to-year basis, or
cumulated over the deployment period. As we shall see, the
assumptions made correspond to a very best-case scenario. Any
realistic deployment of the new technology will entail a reduction
of its net energy output with respect to the numbers we calculate.
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The basic premises of our approach are as follows.
(i) The technology is supposed to be based on standard modules
(modules, simply), which convert a primary energy source into
useful energy (for instance, solar or biomass into, respectively,
electricity or liquid fuels). The technology itself is treated as
a black box. Its internal workings are of no interest to our
argument. The module may be as small as a 100 W photovoltaic
module or as large as a half million litres a day bioethanol plant.
Any real supply system based on the technology in question
may be seen as a collection of such modules.
(ii) Each module is characterized by a certain number of parameters. These are:
(a) Z – the total amount of energy produced by one module in
one year. This is simply a scale and can be set equal to 1. In this
work, we will eventually take Z to be the total energy
produced by the new technology in year one and indicate the
desired goal of total energy output for the new technology
after a certain number of years as a multiple P of Z.
(b) q/Z – the energy payback for the module total energy cost,
from manufacturing to fully functional unit to decommissioning, expressed in terms of the number of years of
operation of one module required to supply said energy. (By
setting Z ¼ 1, only q will appear in the equations, but we
should remember its meaning.) It is clear that, at least for
technologies based on primary sources such as solar and wind,
a unique energy payback time cannot be deﬁned. A photovoltaic module in the Sahara, for instance, could have a shorter
payback time than exactly the same module in Germany,
depending on how it is installed. This illustrates some of the
difﬁculties involved in deﬁning and computing reliably energy
payback times. We can only speak of an average value for
a given module technology and for a given deployment
strategy. In this work, q will be treated as a free parameter.
(c) T – the lifetime, i.e., number of years before the module
conversion efﬁciency drops to 1/e of its original out-of-thebox efﬁciency (left unspeciﬁed). This parameter determines
the rate of loss of efﬁciency of the modules, represented by:


1
3 ¼ exp  :
T


(1)

For simplicity sake, we assume an exponential decay, but more
realistic descriptions of performance as a function of time can be
considered. However, given the weak dependence of our results on
T, for accepted values of T, we shall not worry about further
reﬁnements at this moment.
(iii) 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). We
allow for the possibility that f(k) > 1 in some periods, which
means that the new technology will actually draw energy from
existing supplies.
(iv) 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. Naturally, the cost of solar,
wind, and geothermal ‘‘fuels’’ is zero, but it is nonzero for
biomass fuel. Additional energy costs are incurred in converting the renewable feedstock into other forms of energy
depending on the technology, the nature of the feedstock and
processes, and the maintenance costs of the conversion
modules. All of these energy costs must be taken into account
when calculating the net energy exchanged with the grid, but
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they are irrelevant for calculating the total energy produced by
the new technology, which depends, in our model, only on the
number of standard modules and their age.
(v) K – the number of years the deployment of the new technology 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.
All factors of production and installation for the new technology
are considered inﬁnitely available, and there are no market barriers
for its introduction. Under these circumstances, only the endogenous energy factor may limit its deployment. Obviously, this is
a best-case scenario, in terms of deploying a new technology. Any
realistic situation will, necessarily, be less optimal than this one.
In order to deploy the emerging technology, a certain amount of
energy has to be invested initially from existing sources. After this
initial period, we expect the new technology to grow endogenously
in terms of energy. Naturally, for reasons other than total energy
supply, for instance, imminent and demonstrable anthropogenically induced climate catastrophes, it may be considered necessary
to subsidize energetically, for many years, a very promising new
technology, in order to accelerate its deployment. But, in the time
period considered, the net energy supplied by the new technology
may be zero or negative, thus defeating the purpose of increasing
the global TPES.
With the assumptions above, we can write the equations, which
describe the evolution of the system.
The total energy produced in the kth (k > 1) year is given by:

EðkÞ ¼ Nðk  1Þ þ 3ðk  1ÞEðk  1Þ

(2)

The ﬁrst term in Eq. (2) represents the energy generating capacity
added in year k by the modules manufactured in year k  1, whereas
the second term represents the existing energy generating capacity
due to all previously installed modules, reduced by the factor 3
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. It
is worth recalling that, throughout this discussion, the energy scale
is set equal to unity. An alternative interpretation of N(0) is to take it
to represent any given initial situation, not necessarily that of
a nascent technology.
The total number of new modules produced in the kth year,
assumed installed and operational in the following year, is:

EðkÞ
NðkÞ ¼ f ðkÞ
;
qðkÞ

(4)

where f(k) is the fraction of the total energy E(k) dedicated to the
production of new modules and q(k), the energy cost of each
module.
All other energy costs, including ‘‘fuel’’ costs, are considered
proportional to the total energy produced, with a proportionality
constant that may vary with time:

CðkÞ ¼ hðkÞ EðkÞ:

(5)

The energy fed to (f þ h < 1) or withdrawn from (f þ h > 1) the grid
in the kth year is given by the total energy produced in that year –
E(k) – minus the energy spent to manufacture new modules – f(k)
E(k) – minus the energy spent to maintain and operate the existing
modules – C(k):

