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We use the concept of Energy Return On energy Invested (EROI) to calculate the amount of the available
net energy that can be reasonably expected from World oil liquids during the next decades (till 2040).
Our results indicate a decline in the available oil liquids net energy from 2015 to 2040. Such net energy
evaluation is used as a starting point to discuss the feasibility of a Renewable Transition (RT). To evaluate
the maximum rate of Renewable Energy Sources (RES) development for the RT, we assume that, by 2040,
the RES will achieve a power of 11 TW (10'2 Watt). In this case, by 2040, between 10 and 20% of net
Keywords: energy from liquid hydrocarbons will be required. Taking into account the oil liquids net energy decay,
EROI we calculate the minimum annual rate of RES deployment to compensate it in different scenarios. Our
study shows that if we aim at keeping an increase of 3% of net energy per annum, an 8% annual rate of
RES deployment is required. Such results point out the urgent necessity of a determined policy at
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Fossil fuels different levels (regional, national and international) favoring the RT implementation in the next
0il liquids decades.
Net energy © 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

URR (Ultimate Recoverable Resources)

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The necessity of a global transition to sources of renewable
energy production, or Renewable Transition (RT), has now a rele-
vant place in the political agenda as illustrated by the recent
commitment of G7 countries and the EU for a future sustainable
energy security supply (EC news, may 2015) [1]. But even before
this commitment, the last years have seen a very active debate
about the need, and feasibility, of the RT in energy policy research.
Currently, in climate forums, there is a general agreement that, in
order to avoid the climate change most damaging effects and keep
the global temperature under manageable limits, the RT must not
be delayed anymore. In other words, although some scenarios
consider the possibility to extract enough fossil fuels to keep the
economic growth and maintain the system in the same way than
today [2], the environmental and climatic impacts of keep
increasing the GHG emissions would produce in the future disas-
trous consequences.

On the other hand, the feasibility and pace of the RT has been
also a subject of intense debate regarding the necessary resources
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to be deployed to achieve a 100% global renewable energy system.
The debate has focused basically on the amount of energy that
could be produced by means of renewable sources [3] and whether
renewable energy (mainly wind and solar) can fulfill, by itself, the
present and future world energy demands given the inherent
variability of renewable energy sources [4,5]. The global renewable
potential estimated by different studies ranges between a few
Terawatts (TW) [6,7] to the more than 250 TW [8], depending on
the methodology used for the calculation.

A second crucial question in this debate is about the re-
quirements in terms of available materials and fossil fuels [9—12].
Previous literature concluded that, in general, except from some
critical elements the availability of raw materials required by the RT
implementation would not be a limiting constraint. However, it has
been found that the full implementation of any RT would require
significant increase of raw material production [13], which could be
a challenge for the mining industry if other economic or industrial
sectors demanded additional material production.

Altogether, the transition to a renewable energy production mix
is not a matter of a simple substitution, but the result of huge in-
vestments of capital, materials and energy. Following this vein, a
subject that still urges to be studied in detail is how much energy
would be available for fully implementing the RT in a period during
which all or most of fossil fuels will be phased out.

0960-1481/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Such study has to take into account the rate of decline of the net
energy available from current fossil fuels. To do so, two factors need
to be further investigated and understood. The first one concerns
the amount of net energy that the industrialized society would be
able to extract from fossil fuels if only the geological constraints are
taken into account. That is, how much fossil fuel net energy we will
have at our reach? As it is going to be illustrated below, the non-
renewable nature of fossil fuels (at the time scale of a few de-
cades) results on a continuous reduction of the amount of net en-
ergy for discretionary uses. The second factor to be addressed, in
connection with the reduction of the geophysically available fossil
fuel net energy, is the pace of development of renewable resources
that is required to balance such decrease of fossil fuel energy
production.

In this study, we will not consider all the fossil primary energy
sources (including gas or coal), but we will focus only on oil liquids
because: i) oil (and particularly crude oil) is a key fuel for global
transportation (as it accounts about the 94% of the total energy
used for transport [14,15]: and, in turn, transport is a key factor in
our globalized economy, thus the behavior of oil liquids production
is crucial in economic terms for his role on connecting the flows of
goods and services worldwide; and ii) this is the resource whose
availability has been studied the most, and whose future produc-
tion evolution, despite the well-known debate [16,17], has reached
the largest consensus among the research community. At present
the debate is no longer centered on the fact that curves with a
maximum and posterior depletion should be used to represent/
forecast the oil liquids production behavior, but on the assumptions
on Ultimately Recoverable Resources (URR, thus the amount of
resources estimation that can be potentially recoverable, on a given
date, plus those quantities already produced therefrom) quantifi-
cation, on the specific strategies to fit and forecast the production
(Sorell et al., 2010 [18—20], and on the dependence of peak oil on
prices [21].

The environmental burden, in terms of greenhouse (GHG)
emissions associated to the geological depletion of conventional oil,
has been revised by Berg and Boland (2013) using recent updates of
remaining reserves estimations. The results indicate that, even if
the concentration levels of GHG would be lower than previous
forecasts by the IPCC (SRES2000), the concentration levels still
would surpass the critical threshold of 450 ppm when those re-
serves are used. The introduction of other fossil fuels for a potential
transition to oil substitutes, implies an increase of the environ-
mental concerns, as non-conventional oils and synthetic coal-to-
liquids fuels could raise upstream greenhouse (GHG) emissions
significantly [18] !). Coal is environmentally more GHG polluting
and its intensive development in the future, as a substitute of oil,
would also have deep environmental implications [22—24]. How-
ever, a careful analysis of its availability and climate/ecological
impacts is required; in addition, coal production is submitted to
depletion as well and forecasts indicate that reserves will run out
fast [25—27]. Natural Gas has also been suggested to be a valid
resource to support future energy needs [28]. On the other hand,
natural gas presents similar environmental problems as oil liquids,
mainly related to GHG emissions [29], and its depletion is not either
in a distant future [30]. identifies five local pollutants (PM2.5, NOx,
SO,, VOCs and NH3) and one global emission (CO;) generated by
fossil fuel and traditional bioenergy uses which have health effects
(arising from outdoor exposure and indoor exposure) and effects on
agriculture. The costs derived from health effects are not supported
by the producer but for the public sector, and the effects on

1 We are not formally considering the increasing environmental burden associ-
ated with depletion, as it was examined by Refs. [18] and [20].

agriculture cannot be detected by the producers, but they cause a
lower global crop productivity that can be quantified. In both cases
the costs are externalized out the production process. The total
external costs estimated by IRENA for the base year 2010 amounts
between 4.8% and 16.8% of global GDP (or USD 3 trillion-USD 10.5
trillion). The wide range is a result of significant uncertainties for
costs associated with air pollution, as well as the assumption about
carbon prices. The same report concludes that a doubling of the
present renewable share would reduce externalities by USD
1.2—4.2 trillion per year in comparison to current policies. However,
markets are unable to translate these costs into correct pricing
signals and, therefore, a transition away from oil would require an
active support form governments.

Due to such sustainability issues, the assumption here analyzed
is to assume that, if there is a decline in the net energy coming from
oil, and as a consequence, the future global transport and many
other economic sectors appear to be in compromise [31], electricity
coming from Renewable Energy Sources (RES) should keep the
global net energy supply. The approach followed in this paper is
first to estimate the time evolution of the net energy provided by
the oil liquids, combining the production forecasts by the Interna-
tional Energy Agency (IEA) with the projections about Energy Re-
turn On energy Invested (EROI) of oil liquids. This choice is
complemented with two models of Hubbert curves with different
estimations of Ultimately Recoverable Resource (URR) [32] and
[33]. Three models for the tendency of the EROI decline during the
next decades have been used (e.g. Refs. [34,35]. Next, assuming that
RES will be used and intensively deployed between 2016 and 2040
in order to fill the energy gap between predicted demand and the
decreasing oil liquid net energy production, we evaluate the growth
rates in the RES implementation in two different scenarios of global
energy supply: a plateau of constant net energy production and a
3% annual growth in the total net energy supply till 2040.

One of the missing points in the current discussions about the
necessity of the RES deployment is the rate at which they need to
be developed and at what time they must be operational. The
objective is to give some guidance to policy makers to plan more
accurately the rate of development of the RES.

The paper is structured as follows. In section 2, methods, we
introduce the concept of EROI, and we carefully review the IEA
projections in terms of available energy, which are the primary data
in this study. The projections obtained for the scenarios proposed
are discussed in section 3, which is devoted to the presentation of
results and to analyze the energy requirements for RT and rates of
RES deployment. In section 4, we discuss the main results, and in
section 5 we show the conclusions and the policy implications
derived from this work.

2. Methods
2.1. Energy Return On energy invested

The EROI is a concept introduced by Charles Hall [36] based on
the initial ideas used by Odum [37] to account for the use of energy
in ecosystems. Therefore, EROI accounts for what might be called
useful or net energy. The EROI is given by the ratio between the
energy obtained from a particular energy production technology
during its life span and the total energy invested during the whole
life cycle of the technology; it can be expressed as:

e = Ep/ E;, (1)

where & is the EROI, E, the energy produced and E; the energy
invested to obtain Ep. We define the net energy gain of the system

(En):
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En = Ep—Ei (2)
If we express the net energy (E,) as a function of e we obtain:

e = Ep/ (Ep—En), 3)

En = Ep(1-1/e). (4)

So, for a given constant amount of energy produced, the net
energy tends to zero as the EROI reduces to one. Unless otherwise
stated, eqs (1)—(4) must be calculated by accounting energy bal-
ances over a period of time not shorter than the full life-cycle of the
system. Also note that the energy investment has to include all
energy costs for manufacturing the materials prior to the deploy-
ment of the system, the energy costs of the deployment, the energy
costs associated with the system's operation and maintenance, and
eventually the costs associated to the decommissioning of the
system. This conventional view of the EROI [38,39] is hence static
and is adequate to deal with systems (and even societies relying on
those systems), which are stationary. However, this view can pose a
serious problem when the EROI of a given energy source is not
constant [34]. For instance [40], and [23] found that the EROI for oil
production in US is related to the level of production and the level
of effort (drilling effort) in time. Thus, EROI does not decline
steadily in the short term, but both studies find an overall negative
trend over decades. In this work we take, for shake of simplicity, a
long-term view of the EROI decline and we will suppose, as a
simplification, such steady decline already used in Ref. [34].

Due to the non-linear relationship between net energy and
ERO], a falling EROI could pass unnoticed until its value gets close to
1, where further reductions would have a significant impacts on the
available net energy [35,41,42].

2.2. IEA projection in terms of gross energy

The starting data to estimate the evolution in terms of gross
energy come from the Annual World Energy Outlook (WEQ) reports
issued by the International Energy Agency (IEA) which estimate the
evolution of the global production of different liquid hydrocarbons.
The data for 2013 and the predicted oil production for 2013—2040
come from Table 3.6 of [43]. These values have been combined with
the data from Ref. [44] for the years prior to 2013; in both cases the
figures correspond to IEA reference scenario (New Policies). This
scenario is taken as the reference of the future oil primary pro-
duction (Fig. 1a and b).

As the categories of produced volumes of all liquid hydrocarbons
do not completely correspond between [44] and [43]; some ho-
mogenization has been required. In Ref. [44] there was a category
called “Processing Gains” (PG), which is absent in Ref. [43] This
corresponds to increases in volume of liquid hydrocarbons after
being processed in refineries. The refined fuels may have more
energy than the input hydrocarbons because of the upgrading
taking place in the refinery, which combines the oil with an addi-
tional input of natural gas. Notice however that, according to the
Second Law of Thermodynamics, the sum of energies of oil and the
employed gas is always greater than the energy of the refined
products. We have thus decided to completely disregard this
category to avoid double accounting if oil and gas are considered
separately, because in fact it does not represent a real increase in
the energy of the input liquid hydrocarbons. In addition [43],
contains a category, “Enhanced Oil Recovery” (EOR), which was not
present in Ref. [44]. We have considered the criterion, maybe too
restrictive, that EOR is being employed exclusively in fields that are
already in production, and so we accumulate this entry with that of
“Fields already in production”. This simplification is debatable, not
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Fig. 1. a) Evolution of the produced volume of all oil liquids, according to the IEA in the
“New Policies” scenario according to [43] (data from 2000 to 2011 taken from Ref. [44].
Black, conventional crude oil production from existing fields (2013); cyan, conven-
tional crude oil production coming from fields to be developed; dark blue: conven-
tional crude oil production coming from fields yet to be found; magenta, production of
natural gas liquids; yellow: production of non-conventional oil other than Light Tight
0il (LTO); red: LTO. The units in y-axis are millions of barrels per day (Mb/d). b)
Evolution of the produced volume of all oil liquids, according to the IEA in the “New
Policies” scenario, according to [44]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

only because some fields experience EOR since the beginning of
their production, but also because some fields starting to produce
at present would probably be submitted to EOR within the 25-year
time span of the IEA forecast.

Fig. 1a and b shows clearly that the IEA accounting records a
peak of conventional crude oil production (represented by the sum
of areas shadowed in black, cyan and blue) some time around 2005.
Moreover, the EIA data anticipates a second peak by 2015 if the
fields yet to be developed ramp up their production (which seems
unlikely in the scenario of relatively low oil prices that started in
July 2014 and are still underway during the third quarter of 2015),
and a slight decline since 2015 onwards; conventional crude oil
production would go from 70 Mb/d in 2005 to 65 Mb/d in 2040. The
main drive of this decay is the decline of the conventional crude oil
production from already existing fields, which is about 3% per
annum during the whole period 2015—2040.
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With the inclusion of other sources of liquid hydrocarbons, the
IEA estimates that, by 2040, the global production of liquid hy-
drocarbons would be, in volume, 100.7 Mb/d according to its
reference scenario. It is worth noticing that the 100 Mb/d mark was
also given for the end of the projected period of the [44] central
scenario (see Fig. 1b); although in the case of [44] the end of the
projected period was 2035. The estimated production for 2035 in
Ref. [43] is very close, 99.8 Mb/d. This coincidence in the expected
value of the total volumetric production in both WEOs, at about
100 Mb/d by 2035, is even more striking taking into account the
different shapes of the curves derived from Refs. [43] and [44] (see
Fig. 1a—b).

In Table 1 we summarize the differences between both sce-
narios. Table 1 shows that the figures published in the [EA scenarios
do not correspond to free forecasts but to forecasts with pre-
defined production targets. For instance, the large difference dur-
ing the first years of the forecast in the category “Fields to be
Developed” (FTD) in Ref. [43] (up to 4.3 Mb/d) is later compensated
by a much slower increase by 2035, year at which [44] scenario
outpaces that category of [43] by 7 Mb/d. This very large increase in
the early years of [43] with respect to those of [44] cannot be
explained by the two-year difference in the onset of the category
(FTD in Ref. [44] starts in 2013 while in Ref. [43] starts in 2015). This
large deviation at the beginning of the forecast period cannot be
explained either by the assignment of EOR to the “Existing fields”
category in Ref. [43]; because other attribution of EOR should in-
crease “FTD” in Ref. [43] even more with respect to 2012. Besides,
the positive deviation in “Existing Fields” and the negative one in
“FTD” by 2035 cannot be justified by a possible excessive attribu-
tion of EOR to “Existing fields” (the deviations are +8 Mb/d in
Existing fields and —7 Mb/d in Fields to be developed, while
maximum EOR is 5.8 Mb/d). It is also worth noticing that [43] has a
considerable stronger reliance on the evolution of LTO fields but
there is not PG category in 2012. Even if we disregard the variations
on the other categories, (possible “approximation errors”), the
observed differences in “Existing Fields”, “FTD”, “LTO” and “PG” are
quite significant, but strikingly the difference between [43] and
|44] totals are very similar, as shown in the last column of Table 1.

It is hard to believe that during the two-year period going from
2012 to 2014 the production conditions have really changed so
much but, surprisingly, lead to the same round figure of 100 Mb/
d total produced volume in 2035. It is thus evident that a produc-
tion goal has been fixed externally and that the categories are
worked according to some loose constraints to attain the produc-
tion goal. This implies that the prediction values by the IEA should
be taken with a bit of caution, as they may be too optimistic about
the future of the production of the different categories of liquid
hydrocarbons. Indeed, these data do not introduce constraints
based on geology or thermodynamics, but consider the energy

Table 1

Differences in expected produced volumes of liquid hydrocarbons according to
category between [43] and [44] (WEO 2014 — WEO 2012); all figures expressed in
Mb/d. The labels are as follow: “Existing”: Conventional crude oil from already
existing fields; “TBD”: Conventional crude oil from fields to be developed; “TBF":
Conventional crude oil from fields yet to be found; “NGL”: Natural Gas Liquids;
“LTO”: Light Tight Oil; “Other”: Other non-conventional; “Total”: The sum of all
previous columns; “Total-PG”: As the “Total” column, but subtracting the category
“Processing Gains” from Ref. [44].

Existing TBD  TBF NGL LTO Other Total Total (-PG)
2015 2.1 -03 0.1 -13 1.1 -04 13 -1.1
2020 -1.9 4.2 -07 -10 24 -06 24 -0.5
2025 -26 43 0.7 -08 2.1 -0.7 3.0 0.5
2030 2.0 -1.0 14 -04 29 -1.1 3.8 0.8
2035 8.0 -70 0.7 -07 27 -0.9 2.8 -0.2

necessary for a forecasted level of economic activity.

The evolution in the production of liquid hydrocarbons shown
in Fig. 1a and b refers to the volume (millions of barrels per day) of
the oil production. To estimate the resulting gross energy, we need
to translate the produced volumes into units of energy (barrels of
oil equivalent, boe), because not all of the liquid fractions have the
same amount of energy per unit volume. By doing so, we will obtain
an estimate of the gross energy of the produced liquid hydrocar-
bons. All the conversion factors we will estimate for oil liquids to
gross energy here are supposed constant along time, which follow
our criteria of giving an optimistic calculation for the IEA forecast.

To estimate the energy content of Natural Gas Liquids (NGL) we
assume that the fractions of ethane, propane and butane in the world
NGL production are the same that the one observed in the US NGL
production, i.e. 41% ethane, 30% propane, 13% natural gasoline, 9%
isobutene and 7% butane (https://www.energyandincomeadvisor.
com/ngl-price-update-the-lighter-end-of-the-barrel/).

The energy contents of these fractions are approximately the
following (https://www.neb-one.gc.ca/nrg/tl/cnvrsntbl/cnvrsntbl-
eng.html): 18.36 GJ/m° (ethane), 25.53 GJ/m> (propane), 28.62 GJ/
m> (butane), The enthalpy of combustion of propane gas include
some products losses, for example where the hot gases including
water vapor exit a chimney (known as lower heating value)
is —2043.455 kJ/mol, which is equivalent to 46.36 M]/kg. Low
heating values of ethane, butane, isobutene and natural gasoline
are 47.8, 45.75, 45.61, and 41.2 MJ/kg, respectively.

The density of liquid propane at 25 °C is 493 kg/m>. Propane
expands at 1.5% per —12.22 °C. Thus, liquid propane has a density of
approximately 504 kg/m? at 15.6 °C and 494 kg/m3 at 25 °C [45].
We assume the following densities for ethane, propane, butane,
isobutane and natural gasoline (kg/m?): 570, 494, 599, 599, 711.

Strictly speaking, ethane should not be considered as an energy
resource since it is almost completely used to produce plastics,
anti-freeze  liquids and detergents (http://www.eia.gov/
todayinenergy/detail.cfm?id=5930). However, the IEA statistics
regularly includes this fraction of the NGLs in its concept “all lig-
uids” and so we do in this work. Therefore, the energy projections
discussed in this work can be considered optimistic estimations.

Light Tight Oil (LTO) denotes conventional oil containing light
hydrocarbons, which has been trapped by a non-permeable, non-
porous rock such as shale [46] and its energetic content should be
not much lower than conventional crude oil.

[47] assumes the same energy content for synthetic oil coming
from oil sands and for crude oil. We will assume the same energy
content also for other non-conventional oils.

High heating value (HHV) per unit of mass is relatively constant
for different type of oils (around hy, = 45.54 J/kg), due to the fact
that most HCs fractions in oil are close to the molecular formula
(CH3)p, where CH;, is the basic building module of linear HCs. Thus,
to calculate the HHV per volume unit hy (J/m?) of unconventional
oils we will use the following formula:

hy = 45.54 p (5)

where p is the fuel density after upgrading, which is related to the
API degrees, a measure of how heavy or light a petroleum liquid is,
compared to water [48]:
141.5
P=bw {API ¥ 131.5]’ 6)

where py, is water density (1000 kg/m?>).

According to [49]; the upgrading of bitumen (with 8° API) to
syncrude (with 31—33° API for the “syncrude sweet blend”) is made
in two steps. A first partial upgrade produces a pipeline quality
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crude of 20—25° API. The second (full) upgrade produces a final
product, which is similar to conventional oil. An alternative to the
first step is to dilute the bitumen with natural gas liquids to produce
“dilbit” with 21.5° API approximately. By assuming a final product of
32° API in all the cases, the oil density of upgraded bitumen is
865 kg/m3.

The upgrading of kerogen is different to the one of bitumen, but
the final product is an oil of 30° API approximately [50], or 876 kg/
m3.

We assume that the mean density of upgraded unconventional
oils is the average of the last two densities, i.e. 870.5 kg/m3. Ac-
cording to US Oil (2014) the apparent density of an standard oil
barrel of 159 L and 1 BOE of energy content (HHV) is 845.5 kg/m3.
Thus, the energy content of one barrel of unconventional oil is
practically equal to that of a standard oil barrel.

With these assumptions, the aggregate gross energy contribu-
tion of all liquids and their components as they evolve along time
can be obtained, and they are represented in Fig. 2. We can observe
how total gross energy of oil liquids is growing to a total amount of
95.3 Mboe/day in 2040 with a decay of Crude QOil (with 29 Mboe/
day in 2040) compensated by the categories of “Fields to be Found”
(FTF) and FTD.

2.3. 0il production

We made an alternative estimation of the all liquids evolution
with the help of a Hubbert fit of historical gross energy production
that uses [51] estimation of the Ultimately Recoverable Resource
(URR).

The historical data of production has been taken from The Shift
Project data portal,> which take them from Ref. [52] and the US EIA
historical statistics.

For future world consumption, the historical oil data has been
adjusted using a combination of two “Hubbert” functions of the
form:

2 TSP data portal is an information platform that provides immediate and free
access to a wide range of global energy and climate statistics, http://www.tsp-data-
portal.org/.

fugie=& ) (1 - flugye &0
C[l+estt)]? [14ewn)?

(7)

Where Pis the annual production of oil liquids, u is its ultimately
recoverable resource (URR), f the fraction of u that belongs to the
first logistic function, g1 is the growth rate parameter of the two
logistic functions, and t;, the year of peak production of the two
logistics.

A good estimate of u (Ultimately Recoverable Resource) is
important in reducing the number of free parameters in the fit to
only g and t,. The total petroleum resource estimated to be recov-
erable from a given area (which differs from the total “oil in place”,
since not all may be recoverable) is the ultimately recoverable
resource (URR) for that area. At any point in time, the URR is
equivalent to the sum of cumulative production, remaining re-
serves, and the estimated recoverable resources from undiscovered
deposits - normally called “yet-to-find” (YTF) [53].

In our fit, URR is just the area of the curve, and it strongly
constrains the curve shape so decreasing the uncertainty of g and ¢,
After obtaining these two parameters the resulting function is used
to forecast future production rates.

The URR for oil liquids has been estimated by Refs. [51,54] to be
3 x 10'2 boe, about 400—420 Gtoe. Taking the largest value,
17580 E]J are obtained for the parameter u. A nonlinear best Mean
square root fit with R> = 0.999 is obtained for the following pa-
rameters: f = 0.07, g; = 0.049, t; = 2021, g = 0.155, t; = 1977. To
compensate possible pessimistic bias an alternative URR of 4 x 1012
boe has been also used in the fitting. This figure is close to the upper
value used by Ref. [32] for the URR of conventional oil, which has
been considered to be larger than the actual URR with 95% prob-
ability [55].

Fig. 3a shows the two fits obtained until 2050 and Fig. 3b
compares the total energy projection obtained with IEA data (gray
continuous line) with the one obtained from the pessimistic Hub-
bert fit (black dashed line) and the optimistic Hubbert fit (gray
dashed line). The projections of IEA and pessimistic fit have a
similar evolution within an error bar of 5—10 EJ/yr from 2010 to
2021. After 2021 the IEA projection continues its growth and
markedly separates from our pessimistic fit, which declines. This
projection would be consistent with a URR larger than 3 Tboe, for
instance an URR = 4 Tboe would be amply capable to feed a sus-
tained increase of oil production until 2040. However, when the FTF
are removed from the IEA fractions, the IEA projection so modified
(dotted line) becomes closer to the pessimistic fit with an error of
5—10 EJ/yr until 2035. After that year, the two curves separate due
to their different decay rate, which is linear for IEA and exponential
for the fit. The black continuous line in the figure corresponds to the
historical data from TSP portal used for the Hubbert fits.

3. Results
3.1. Net energy in a global economy based on fossil fuels

From Fig. 2 of gross energy estimation, we can estimate the net
energy using the definition of EROI. As a first approximation, we
have assumed that EROI is different for each type of hydrocarbon
but constant in time, so we have obtained the estimates of net
energy production for the 5 types shown in Fig. 2. We have
assumed EROI = 20 for existing fields of conventional crude oil [42].
For fields to be developed, we have assumed that an EROI of 10, half
the value for existing fields, which is a compromise between the
EROI from non-conventional oil and the EROI for existing fields
[56]. We have estimated the EROI for natural gas liquids taking into
account an EROI of 10 reported for natural gas and the energy
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Fig. 3. a) Fit of historical data of oil, coal and gas production to a Hubbert curve with a
URR parameter obtained by Ref. [51] with dashed line, and by Ref. [32] with pointed
line (see text). b) Total energy along time according to: SPD (black continuous line), [EA
(gray continuous line), I[EA without the fraction “fields to be found” (dotted line), our
Hubbert fit (dashed line) and the estimated following Kaufmann and Shiers (dashed-
doted line).

needed to separate the NGL fractions; the result is EROI = 7.7.
Finally, for non-conventional oil we assume that 80% of it is
“mined” and 20% “in situ” exploitation, with EROIs of 2.9 and 5
respectively [57]. The combined EROI of non-conventional is esti-
mated by averaging the gross energy inputs for each unit of pro-
duced energy, what implies that the combined EROI is estimated as
the inverse of the average of the inverses of both types of EROI,
namely:

€un = [0.8(2.9)_1+0.2(5)—1]—1 =32

Light Tight Oil is energetically expensive to extract [57], but has
no need of upgrading; thus, we assume for it the same ERO], 5, as
for tar sands without upgrading [57]. Fields to be found are
assumed to be at high depth and/or sea locations and having the
same EROI. The EROI used for each liquid is resumed in Table 2.

The net energy for every oil liquid fraction is displayed in
aggregate form in Fig. 4. We can see that, since 2015, the aggregate
net energy available from oil liquids is almost constant, reaching a
value slightly higher than 80 million barrels of oil equivalent (in net
energy) per day by 2040.

A more precise calculation on net energy requires that EROI of

Table 2
EROI of the different oil liquids considered to calculate the results in Fig. 2.
Crude Oil TBD TBF NGL NCO LTO
EROI 20 10 5 7.7 32 5

each non-renewable resource will decrease during the next de-
cades because depletion tends to increase the energy invested in
extraction (E;j in eq. (1)) [34]. proposed two functional de-
pendencies for EROI decrease with time, linear (hereafter L model)
and exponential (hereafter E model), for pessimistic and optimistic
cases, respectively:

e(t) = e2013 — 6(t — 2013) (8)

(t) = 3013 — €Xp (ﬂ) (9)

The parameter e3¢13 is the initial value of EROI at the reference
year 2013. In what follows we will assume & = 0.25 year~! (in the L
model) and T = 43 year (in the E model). Those values correspond
to the scenario of intermediate exponential variation and gradual
linear variation, respectively, in the work of [34]. It should be
noticed that the minimum value that (t) is allowed to take is 1. For
EROI values below 1 the hydrocarbon will no longer be a source but
a drain of energy and hence we assume that its production would
be discontinued.

Fig. 5a shows the net energy obtained when L model, eq. (8), is
used. Net energy is the same than in Fig. 4 until 2015 and after that
year it decreases as shown in Fig. 5a. Fig. 5b represents the net
energy obtained when E model, eq. (9), is used.

As shown in Fig. 5a—b, both models predict a peak of net energy
approximately at 2015, with an uncertainty of a few years because
the time resolution of data is 5 years. The decline is quite sharp in
the case of the linear function. In addition, for this model (Fig. 5a),
all the sources, except conventional crude oil from existing fields
and fields to be developed, are completely depleted (in terms of net
energy) by 2030. In the exponential decay model (Fig. 5b) the
decline estimated after 2015 is smoother and takes the net energy
from 80 to 70 Mboe/d by the end of the period.

A different model for the future evolution of oil EROI was pro-
posed by Ref. [58] and consists in a quadratic decline of EROI as a
function of the fraction of Ultimately Recoverable Resource (URR)
that has not been extracted (R((t)). The remaining fraction of total
oil can be calculated for each year from the area of the corre-
sponding Hubbert curve displayed in Fig. 2-a. Then the EROI for the
different oil components is modeled in the following way:
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&j(t) = kiR{(t)P t > 2013 (10)

where k; = [£j(2013)- e«;]/R{2013)P, for component j of oil and ¢ is

the year. This expression predicts that the oil EROI takes its
observed value at 2013 and tends asymptotically to zero in the long
term. [33]; see Supplementary Material) obtained p = 3.3, a value
providing an appropriate fit to the observed decay of EROI between
1900 and 2010, and it is the value used in this work. The estimation
for the net energy obtained with this potential model (hereafter P
model) is displayed in Fig. 5c. It can be appreciated how the forecast
for this model gives a more optimistic approach than the two
previous, with a slow decay of all net energy liquids including a
small growth of net energy around 2020-25 with a final value
around 75 Mb/d.

3.2. Renewable transition and rates of deployment of RES

In the previous sections, all the models considered show the net
energy decay for liquid hydrocarbons during the next 25 years. In
this section we will analyze the pace of development of RES to
compensate this net energy decay. Two limiting rates of RES
deployment will be studied here, namely the maximum and the
minimum rates for a time period going from 2015 to 2040. In the
context of this work, we just want to identify any possible con-
straints that the decline in available net energy from liquid hy-
drocarbons would impose on the RES deployment. Regarding the
maximum rate, we want to know if a full replacement of all energy
sources by RES is possible during the period. Regarding the mini-
mum rate of RES deployment, we want to assess the necessary
growth rate in RES development, under the different scenarios, to
be able to keep pace with the world energy demand once liquid
hydrocarbon decline is accounted.

3.2.1. Energy cost of the new infrastructure required for taking
profit of a 100% renewable system

Implementation of a RT satisfying all the energy needs of hu-
manity would involve using a fraction of the non-renewable energy
production to build and maintain the energy production and
transmission infrastructure, to extract and process materials (pro-
specting resources and investment in mining), to restructure the
heavy industrial sector (among others, restructuring the automo-
tive industry) and to develop unconventional industrial and agri-
cultural activities. To evaluate the order of magnitude of the total
net energy required for the RT we estimated the energy required for
some of the main changes in infrastructures necessary for such RT.
We have considered the 2015 economic cost (in dollars), multiplied
by the energetic intensity (0.57 Mboe/$15) of World industry.

We have considered energetic costs of (Table 3 shows the pa-
rameters used):

i) the interconnection between distant areas (using the dis-
tances estimated in Ref. [46] and fabrication of electrical
vehicles. The costs from electrification of railroad transport
have not been calculated since, to be conservative, we have
assumed that the transport model would remain being
automotive-based. In fact, basing transport mainly on elec-
tric trains would save probably an important fraction of the
cost estimated. Our estimations give for this sector: 118.6
Gboe (10° barrels of oil equivalent),

ii) Domestic heating and cooling: we consider a mean domestic
surface of heating and cooling of 20 square meters per per-
son in the world and we study two main areas: tropical and
temperate zones. We take the 45% of World population living
in tropical areas and 55% living in temperate areas for the
period 2015—2040. The total cost estimated for this sector is:
1.17 Gboe.

iii) Mining and processing of copper and iron. We will need to
produce a total of 5398 Mt (10® metric tons) of iron and steel,
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Table 3
Parameters used in the estimation of energy cost of RE infrastructure.

Parameter Units Value Reference

Length of HVDC connections km 33300 [10]

Total power transmitted TW (102 W) 10 1-2 TW from local and regional photovoltaics [59]

Cost of HVDC lines $ MW~ Tkm™! 500 [60,61]

Industry energy intensity Koe/$15p* 0.081 (https://www.wec-indicators.enerdata.eu/industry-
energy-intensity-world-level-trends.html

Number of motorcycles, light andheavy vehicles millions 270 /584 [240 [10]

Price of a electric motorcycle, car and truck euros 5000 /20000 /90000 Authors’ estimations from 2015 marketprices in Spain

Area of a 4-people home m? 80 Based on: http://reneweconomy.com.au/2013/how-big-is-
a-house-average-house-size-by-country-78685

Power needed for home heating at W/m? 100 /O http://www.clickrenovables.com/blog/como-calcular-la-

temperate latitudes and tropics potencia-las-necesidades-de-combustible-y-el-ahorro-

que-obtienes-con-una-instalacion-de-biomasa-caso-
practico-y-comparativa/

Population in temperate latitudes and tropics millions 4263 [3487 Mean estimated for 2015—2040 based on [62]; “medium
scenario”

Price of an electric combiboiler 8 kW euros 1283 Based on the price in Spain of the Gabarron CMX-15
combiboiler

Price of a heat pump for 12 kW of heating euros 1559 Based on the price in Spain of the Meeting MD30D

Mass of steel in RE devicesand vehicles Million tonnes 5398 Based on [10]

Energy for industry steel production GJ/t 22.7 Based on: [63,64]

Energy for iron mining GJ/t 1GJJt [13]

Mass of copper in RE devices and vehicles Million tonnes 330 [10]

Energy for mining and processing of Cu GJ/t 33 [13]

2 Koe: kg of oil equivalent; $15p: dollars at constant exchange rate, price and purchasing power parities of the year 2015.

with an energetic cost of 22.7 GJ/t for mining and producing
steel and 23.7 GJ/t for iron mining and production, which
considering ovens (regular and of electric arch) used by steel
industry gives a total of 238 EJ (108 J) for iron and 10.9 EJ for
copper, which is a total amount of 40.7 Gboe.

These costs together give a total cost of 160.5 Gboe for such
necessary changes, which should be taken into account during the
evaluation of the energetic costs of RES development (installation
and maintenance). This amount of required energy, 160.5 Gboe, is
quite impressive: if the transition were to take 25 years this would
imply an average energy flux of about 17.6 Mboe/day. Just to have a
reference, such energy expense compared to the net energy
annually provided by liquid hydrocarbons would represent 22% in
2015 and up to 44% -in L model-by 2040; compared to the total
amount of primary energy currently consumed in the world this
would represent a bit more than 7%. However, this expense should
not be accounted the same way as the cost for implementing the
new renewable systems, because what it implies is a shift in the
uses assigned to energy. Indeed, some of the required changes will
imply an increase of energy consumption with respect to the pre-
sent consumption patterns and somehow an actual cost, but at the
same time some new activities will imply a decreased consumption
of energy and materials with respect to those activities replaced by
them. Thus, evaluating the net cost of the transition in terms of the
required infrastructures implies carrying a very detailed study on
the many affected sectors, which exceeds by far the frame of the
present work.

3.2.2. Impacts of considering coal, gas and biofuels to compensate
oil depletion in transportation

We analyze in this subsection the transition scenario of using
gas and coal to compensate the oil net energy depletion. We only
consider the effect that will have the oil depletion in the global
transport. In this line, we analyze two main aspects: the effect of oil
depletion in transportation and their substitution by oil and gas
and the use of biofuels to compensate such depletion.

If coal and gas energy will be used by transport sector to support
the RT, filling the decay in oil net energy, then we can consider two

cases: 1) energy coming from coal and gas or only from gas and 2)
energy coming from renewable electricity. For these estimations
we considered the potential model for EROI decay. We consider
that the EROI decay for gas will be the same than for oil liquids and
that for coal it will be constant.

1) Oil decay compensated by using coal and gas or only gas to
produce electricity with which to power the transport. We will
assume that the vehicles fleet is already 100% electricity-
powered. The efficiencies would be: about 0.42 for the elec-
tricity production and transmission [14] and 0.67 for the plug-
to-wheel efficiency of a battery vehicle [65]. This gives an effi-
ciency of 0.281 for the process primary energy production to
wheel. In contrast, the current efficiency well to wheel of a
gasoline vehicle would be 0.92 x 0.16 = 0.147. Here, we have
considered that refining self-consumption and transport of fuels
use 8% of the primary oil [14] and that the tank-to-wheel effi-
ciency of an internal combustion vehicle is about 0.16 [65,66]. If
we divide this efficiency by the previous one the result is a 0.52
factor. Thus if we consider the oil depletion substitution by coal
and gas then the sum of the two fuels must be greater than 0.52
of the oil decline. If, due to environmental reasons, coal is
avoided and we only substitute the oil depletion by gas then the
gas production must be 0.52 greater than the oil decline (see
Fig. 7).

2) 0Oil decay compensated by using renewable electricity and bat-
tery cars. We will assume an efficiency of 0.93 (7% of losses) for
the electricity transmission of a future grid connecting renew-
able stations and consumption points [10]. Using the plug-to-
wheel efficiency given above for battery vehicles (0.67) the
production-to-wheel efficiency obtained is 0.623. The ratio of
the well-to-wheel efficiency of an internal combustion vehicle
(0.147) and the previos figure (0.67) is 0.236. Thus, if only
renewable electricity and vehicles with batteries are used then
the increase of renewables must be at least 0.236 times the oil
decline (Fig. 7).

Another option, as has been commented previously, is to use
biofuels to compensate the oil liquids decline in transportation
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[67—69], specially in the marine and air sectors, since batteries have
severe limitations in long distance and high power transport. A
mean fixed cost of transportation of bio oil by truck is 5.7$10/m3
(by $10 we mean USD of 2010). The energy consumed by the air and
marine transport in 2005 was 285 and 330 GWy/y (based on [14].
The [70] projected a demand of energy by the transport between
120 and 160 EJ/y in 2040 [70]. Taking 120 E]J/y as the more probable
figure, if a renewable transition is started, this figure is equivalent
to 3.8 TWy/y (1 TWy/y = 31.54 E]/y). The scale factor for energy
consumption between 2005 and 2040 would be 1.31. Assuming
that the scale factor is appropriate for both air and marine trans-
port, these sectors would demand 373 and 433 GWYy/y, respectively,
in 2040. We assume that both sectors would use mainly liquid fuels.
Assuming that 50% of the total demand of energy by these sectors
must be already supplied by bio-fuels in 2040, 403 GWYy/y of bio-
fuels should be produced and transported that year [71,72]. A
typical value of the lower heating value of Liquified Natural Gas
(LNG) apt to be transported by truck and ship is 20300 MJ/m3 (Wiki
‘Liquified Natural Gas’). Assuming that a small fraction of LNG will
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be transported by ship and adding by the inflation 2010—2017, the
final cost would be 4.4 x 10° USD or, using the energy intensity of
world industry (0.081 kboe/$15), about 3 Mboe of energy
embodied. This figure is three orders of magnitude lower than the
energy cost of renewing the air conditioning worldwide, four or-
ders of magnitude lower than renewing the vehicles fleet and five
orders of magnitude than building the new electric infrastructure
(see Section 3.2.1). Thus, the deployment of a gas transport grid
would be a relatively minor problem in the transition.

3.2.3. Constraints on the maximum rate of RES deployment

According to the U.S. Energy Information Administration [73],
the global annual total primary energy consumption from 2008 to
2012 was 512, 506, 536, 549 and 552 EJ (1 EJ = 10'® ]), which
correspond to an average power of 16.2,16.0, 17.0,17.4 and 17.5 TW.
To calculate the energy cost of the renewable transition, we assume
a goal of having 11 TW of average power by 2040, which implies
that, by that year, we should produce the equivalent to 155 Mboe
per day with renewable energy sources. These 11 TW are assumed
to be enough to replace 16 TW produced by non-renewable sour-
ces, if one implicitly assumes a gain in terms of efficiency when
using electricity as the energy carrier or equivalently some con-
servative policy to save energy [10,74]. We assume an EROI of 20 for
renewable sources, constant along time, both for wind and solar
concentration power [10]. Hence, to produce 155 Mboe per day we
would have to invest the twentieth part of the energy produced in
its construction and maintenance. We assume this investment will
be mainly provided by crude oil during that period, at a constant
pace. We start with a production of renewable energy that is today
13% of all primary energy, and we assume that 100% is reached in
2040. For the sake of simplicity, to assess the maximum rate of
deployment, we assume an implementation of RES, which grows
linearly with time.

Here, we consider the evolution in net energy from all oil liquids
in three scenarios, each one in agreement with each of our three
models (L, P and E) (Fig. 5a, b and c); a part of the available oil
energy will be directed (energy invested) to the renewable
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Table 4

Maximum energy required for RT in each of the three models of EROI decay: linear (L), exponential (E) and potential (P), expressed both as mboe/d and as % of total oil net

energy production required according to each model.

2015 2020 2025 2030 2035 2040
Model L: Amount of energy required (mb/d) 1.23 1.87 241 3.22 3.92 5.22
Model L: % of crude oil energy required 19 3.6 5.6 8.9 125 19.8
Model E: Amount of energy required (mb/d) 1.23 1.81 2.18 2.46 2.73 2.85
Model E: % of crude oil energy required 19 3.5 5.1 6.9 8.8 11
Model P: Amount of energy required (mb/d) 1.23 1.8 2.16 242 2.64 2.71
Model P: % of crude oil energy required 1.9 35 5 6.7 8.4 10.2

Table 5

Constant energy production scenario. Energy replacement time evolution (in mb/d and TWh) and percentage of RES growth for models L and P.
Scenario constant 2015-20 2020-25 2025-30 2030-35 2035—-40
Model L: Additional required power (Mb/d) 2.2 53 123 7.0 13.0
Model L: Additional required power (Twh/year) 1365 3288 7632 4343 8066
Model L: Annualized rate 13 2.8 5.6 2.6 4.1
Model P: Additional required power (Mb/d) 0 0 0.8 1.3 1.7
Model P: Additional required power (TWh/year) 0 0 502 816 1082
Model P: Annualized rate 0 0 0.5 0.8 1.0

deployment.

In all cases the implementation of RT will be feasible in terms of
available crude oil net energy. According to Table 4, the maximum
required percentage of produced crude oil net energy occurs in the
L model by 2040, attaining almost 20%; in contrast, with P model
just 10% is required by that year. The intermediate scenario (E)
requires 2.85 Mboe per day, which is 11% of the total 2040 net
energy of crude oil.

3.2.4. Constraints on the minimum rate of RES deployment

The second question addressed here deals with the minimal rate
of RES deployment required to fulfill the global net energy demand
at any moment, especially taking into account that the decline in
net energy may impose large annual rates of change. We start with
the amount of RES available in 2015, which we consider the same as
in the previous subsection: 13.9% of all primary energy, i.e. 31.3
Mboe/d or 19420 TWh (using the equivalence 1 boe = 1.7 MWh).
Then, we will calculate the necessary rate of deployment to
compensate the fall in net energy from liquid hydrocarbons. To
simplify the discussion, only L and P models will be used, which
represent optimistic and pessimistic cases. Two different future net
energy supply scenarios will be considered. In the first one, we will
assume that RES net energy production compensates in the long-
term tendency the net energy decay in liquid hydrocarbons: the
sum of RES and liquid hydrocarbon net energy is constant. We
acknowledge here that this is an oversimplification, as previous
studies have shown that there are short-term oscillations in the
EROI time evolution [23,40] that conducts always to total net en-
ergy decays. However, our objective is to focus in the long-term
tendency of EROI and to give some optimistic limits considering
the hypothesis of [34]. We will call this scenario of constant sum of
net energy of RES and oil liquids the constant scenario. In the second

one, we will assume that RES deployment not only compensates
the long-term net energy decay of liquid hydrocarbons but that it
provides an additional 3% yearly increase of net energy production
from the level given by liquid hydrocarbons from 2015 to 2040. We
will call this the growth scenario. This 3% growth can be understood
as a 2% of net energy growth necessary for the economic growth
plus a 1% due to the expected increase of global population, ac-
cording to the forecasts of UN (http://esa.un.org/unpd/wpp/
Graphs/). Notice that the growth scenario is in fact a quite opti-
mistic one, as the rate of growth is lower than the historical rates of
growth in oil production.

For each 5-year period, an annualized rate of RES growth will be
calculated:

i = (1+Ap; fri.)'P-1 (12)

where Apj is the decay + growth (if any) in liquid hydrocarbon
energy for the i-th 5-year period and r; stands for the amount of RES
at period i; then, we can estimate RES for the following period once
the annualized rated is known in the present period by means of
the formula:

I = Iiq(1-+)° = riq + Ap; (13)

The results of the constant and growth scenarios are shown in
Fig. 6a and b and Tables 5 and 6 The results for model L and P are
given, expressing for each 5-year period the requirements of energy
rate increase of RES to fulfill that mark. Fig. 6a shows the results for
the constant scenario, while Fig. 6b refers to the growth scenario.
As model L forecasts a faster decay, it consequently implies a higher
RES increase to compensate it. In the case of constant scenario
(Fig. 6a, Table 5), model L indicates that by 2040 RES should have

Table 6

Growing energy production scenario. Energy replacement, time evolution (in mb/d and TWh) and percentage of RES growth for models L and P.
Scenario growth 2015—-20 2020-25 2025-30 2030-35 2035—-40
Model L: Additional required power (Mb/d) 15 20 29.2 26.6 35.7
Model L: Additional required power (Twh/year) 9160 12345 18066 16453 22092
Model L: Annualized rate 8.05 7.46 7.6 5.05 5.27
Model P: Additional required power (Mb/d) 12.6 14.6 17.8 21 24.5
Model P: Additional required power (Twh/year) 7815 9060 11006 12993 15198
Model P: Annualized rate 7.01 6 54 5 4.6
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been increased by at least 105% from present value, passing from
19420 TWh in year 2015 to a minimum of 39814 TWh in year 2040,
while the minimum required raise would be of just 1.4% in the case
of model P, only 22460 TWh by 2040. The largest annualized rate of
growth is observed in model L for the period 2025—2030, when the
annual growth should be of at least 5.6% per year (Fig. 6a and
Table 5).

The situation is stringent in the case of the growth scenario
(Fig. 6b and Table 6), where the RES deployment must not only
compensate the net energy decay in the liquid hydrocarbons but
also produce an additional contribution to reach the proposed 3%
increase. The minimum annual rates of change are always above 4%
annual for all considered periods in both models L and P, and for
one period in model L this required minimum (again, 2015—2020)
is 8% per each of the five years in the period. Notice, however, that
each 5-year period in which the transition to RES is postponed,
implies a substantial increase on the required minimum of average
annual rate. So, for the full period 2015—2040 the average annual
rate in the growth scenario is 5.6% in model L and 3.8% in model P;
but if the transition is delayed to 2020 the required mean annual
rates of increase (for a period of 20 years) in RES deployment will be
of 8.3% (L model) and 6.9% (P model). If the transition is postponed
10 years from the present, the required mean annual rates (for all
the 15 years) will be 11.1% (L model) and 9.3% (P model).

4. Discussion

In this article we have used the IEA forecasts of the global pro-
duction of different liquid hydrocarbons [43] with three projections
of Energy Return On energy Investment (EROI or EROEI) to provide
estimates of the amount of net energy that will be available from oil
for discretionary uses in the next decades. Taking into account the
gross energy equivalences, the total gross energy will grow up to 95
Mboe per day till 2040. This quantity makes an adjustment of the
WEO forecast by around 5 Mboe per day less for the total volume.
When these IEA estimates are compared with two fits of a Hubbert
function (following [32] and [33], all projections have a similar
evolution within an error bar of 5—10 EJ/yr for the period
2010—2021. After 2021, IEA projects a continuous growth markedly
separating from our Hubbert fits, which decline. However, when
the “fields to be discovered” are removed from the IEA fractions, the
IEA projection evolves close to the Hubbert fit, with an error of
5—10 EJ/yr until 2035. This fact points out that IEA estimations
likely rely on the category “fields to be found” to fulfill the neces-
sary growth of production till 2040. This evidence casts a word of
warning on the rest of our analysis. That is, our results are more
optimistic than if more realistic projections had been considered.

An important point is that estimates of oil liquids evolution in
Ref. [43] did not consider how the production of gross energy
translates into net energy, that is, in energy available to society for
uses different of producing more energy. Our analysis taking into
account the EROI shows that the production of net energy stagnates
around 80 Mboe/d during the whole period till 2040. Studies on the
EROI evolution have shown that EROI may exhibit rapid oscillations
and short-term variability due to punctual investments and effi-
ciency improvements [56,75]. However such behavior does not
avoid a systematic decay at long term. It is on this context that we
have considered three scenarios to assess the potential future
evolution of liquid hydrocarbons, considering three smoothed
models of EROI: linear, exponential and potential.

Whatever the model used, the maximum of net energy pro-
duction is around 2015—2020. Only crude oil keeps its production
with almost no net contribution by any other source of liquids in
the EROI linear model by 2040, giving a total amount of around 39
Mboe/d in that year. The other two models lead to a significant

reduction in the production, 75 Mboe/d and 70 Mboe/d in the po-
tential and exponential model respectively, and quite different with
respect to the linear one in which all liquids still contribute to the
net energy by 2040. We see in this analysis that even in the most
optimistic model (potential) there is a reduction with respect to
[43] forecast in terms of the total World production of liquid hy-
drocarbon net energy, placing the projected growth of global total
gross energy supply under serious stress.

To overcome this problems the implementation of a RT requires
other energy investments that should be considered as a part of the
development of renewables: transport electrification, industry
adaptation from fossil to electric technologies, changes and
extension of the electric grid from the geographical renewable
production center to the end-users and consumers, energy storage,
small-scale energy producers, and industrial large-scale RES pro-
duction. Here we have made a rough evaluation of some of such
issues (mining, heating and cooling, electric grid installation and
transport electrification), which amounts to around 160.5Gboe, and
that has to be considered as a first estimation for future evaluations
and discussions of total energy requirements for a RT. Moreover, it
cannot be added directly to our estimations for RES energy re-
quirements for RT, as commented above, because the changes in
infrastructures must be evaluated per sector and with a more
precise calculation on how the required total energy will affect to a
new energy system based mainly on RES. A more detailed analysis
should be done to assess such issues, mainly calculating the net
energy decay from all the fossil sources. Such calculations are out of
the scope of the present work.

Focusing only in the oil liquids net energy decay we have
considered maximum and minimum rates of deployment of RES for
each model of EROI decline and, according to a scenario of total
replacement of non-renewable sources by 100% RES in 25 years
from now. The goal of this exercise provides an assessment of how
much energy from all oil liquids should be addressed assuming that
oil liquids are not replaced, but used as the main energy source to
implement the RT. These estimations are necessary if the energy
supply for transportation should be kept globally. We want to stress
that our analysis assumes that such energy coming from oil and
devoted to the transport is essential to be replaced and the more
sustainable way to do it is by RES. It is worth to note that the
practical implementation of such substitution is a more complex
mater whose study is out of the scope of this work. These rough
estimations give a maximum of 20% of the oil liquids total net en-
ergy by 2040 to be invested in RT in the worst case (Linear model).
These results evidence that the RT is feasible in terms of available
net energy, even in the most pessimistic scenario for maximum
development rates. However, such amount of required energy im-
plies huge economic and societal efforts.

On the other hand, the minimum development rates for RT are
calculated assuming that RES must compensate the decline in net
energy from all oil liquids under two hypothetical scenarios (con-
stant level and 3% growth) and for the two extreme EROI decay
models; the goal of this second exercise has been to assess the
minimum rate of deployment of RES in order to avoid problems
with the net energy supply at global scale. In the first case we show
that the RT is achievable but, depending on the EROI decay finally
taking place, may require in some periods to invest at least 10% and
up to 20% of all oil net energy available per year, which may
interfere with other uses of net energy by society. Those percent-
ages would be considerably higher if the decay of conventional oil
production is faster than what IEA expects, which is not implausible
given the questionable IEA data processing shown in section 2.
Regarding this second analysis, it shows that if we want to avoid
problems with global net energy supply, the RT cannot wait for
quite long, especially if a moderate increase in net energy supply
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(required to feed a healthy economy according to many economic
models) is to be expected: if the equivalent of a growth of 3% in net
energy from liquid hydrocarbons must be attained, new RES should
be deployed at a rate of at least 4% annual disregarding the EROI
model, and even reaching 8% during one of the periods in Linear (L)
model. Those rather important rates of RES deployment, which are
the required minimum to avoid problems with the global energy
supply, get substantially increased as the RT is postponed, and they
can go above 10% annual in just a decade from now. Our analysis of
both, constant and 3% required growth in the global net energy can
conduct to a short run reduction of the EROI within a long run
stabilization or growth [75].

Other point that arises in such RT is that oil currently almost
does not affect the electricity production and, as RES produce
electricity, there are some minor impacts from Oil to the electricity
generation. Here we argue that Oil liquids net energy decay will
have strong impacts into the transportation system [76,59], since
this sector consumes approximately 28% of total secondary energy,
92% of it in form of oil derivatives [14,77]. The current global
economy requires an extensive and low price transportation sys-
tem to keep the industrial and raw materials flows to allow and
deploy the RES. This freight transportation relies basically in Oil. All
this net energy demand will have to be supplied with renewable
energy in a future post-oil economy. According to Garcia-Olivares
[59,76] a future post-carbon society could sustain a vehicles fleet
similar to that we have currently (about 10° vehicles) if an intelli-
gent restructuring of the transport were made. To manage the
limited reserves of platinum-palladium, fuel cell motors should be
reserved mainly for boats, ambulance, police and fire trucks, and by
10% of the present number of farm tractors. Other tractors should
be powered by batteries or by connection to the electric grid, and
similarly for other commercial trucks. This solution could be more
easily implemented if land transport were based on electric trains
for freight and passengers between cities and villages. Open field
work in farming, mining and construction sometimes requires high
power tractors that should also be supplied by fuel cell vehicles,
while other generic farming work could be done using many
smaller electric tractors which would recharge their batteries in the
grid. Thus, full connection of farms to the electric grid would
become necessary in the future economy. For similar reasons, any
project involving open field construction will have to plan for the
building of a connection to the grid. This reorganization of open-
field work is a major challenge but does not necessarily create an
insurmountable problem if there is political will to foster an energy
transition. Then, the decay in net energy of Qil liquids has neces-
sarily to be compensated with other energy sources, our work
shows how this compensation is not only necessary for the RT to a
post-carbon economy but also achievable if determinate and urgent
policies are implemented. The policy implications of this RT will be
discussed in the next section.

5. Conclusions

This work shows that the transition to a Renewable Energy
Supply system has to be defined taking into account the EROI of
available primary energy sources. The figures presented in this
work should be taken as optimistic/conservative estimates about
the needs for a future RT; actual required rates of deployment and
energy needs can be significantly greater that those presented here
if other factors are properly accounted.

5.1. Evolution of net energy for all oil liquids and their implication
for RT

In this work we have just analyzed the situation regarding oil

net energy, but the analysis should be extended to the rest of non-
renewable sources: coal, natural gas and uranium, even though we
expect their importance will be relatively lower in the particular
energy sectors in which oil has high impact (i.e. transportation). We
considered and initial estimation of the impacts of coal, gas and
biofuels for transport sector but further analysis are required at this
point. The work necessary for such detailed analysis is far beyond
the scope of this paper.

The hypothesis that this work manage is try to keep the current
energy production level (or to increase it) just replacing a non-
renewable energy source by other (RES) which is more sustain-
able in terms of CO;, emissions. Thus the main idea is to analyze if
the fossil fuel based economy could be partially supported in the
future by renewable energy sources. The deployment of RES will
have a double effect: will fill the gap of the net energy coming from
oil liquids and the need to keep/increase the energy production for
a healthy economy and also help to reduce GHG emissions. But
indeed conservation will be a crucial instrument in any viable RE
transition. As an example, the Energy savings 2020 report of the
European Union shows that 38% of energy could be saved in 2030
for the residential sector (relatively to a base case scenario) if a
“high policy intensity” scenario of saving measures were imple-
mented. For all final sectors this saving could be 29% of secondary
energy relative to the base case [78].

Taking our estimates on the net energy future decay into ac-
count, we have shown how current and future net energy avail-
ability in terms of oil liquids can allow a renewable transition. The
required minimum rates of RES development to fulfill the RT, are
feasible considering that during the last 5-years the global mean
RES development has been around the 5%, with 2012 having 8%
growth (according the data in REN21 [79] report). These rates of
RES development are also compatibles with the IEA forecasting of
5% RES mean growth for the next 5 years [80].

5.2. Necessary policies for the RT regarding oil liquids net energy

At this point, a question arises about how this necessary RT
should be supported, particularly taking into account the devel-
opment rates required to compensate the net energy decay of oil
liquids. Such rates require a continuous investment support to keep
the pace of RT. Many economists support some form of carbon fee,
such as a revenue neutral carbon fee and dividend plan, as a
market-based solution to the problem. The effort that has gone into
promoting carbon fee plans is laudable, and carbon pricing is
clearly one of the public policy levers that governments and reg-
ulators will need to use in the future. But a carbon tax alone will not
probably solve the problem: (i) it will not move quickly enough to
catalyze very specific, necessary changes, and (ii) a carbon fee and
dividend system would have to be implemented on a global level,
something that is hardly going to happen. Another possibility to
obtain the necessary investment capital to support the RT is to
develop financial instruments. Thus, instead on relying only in the
public financing of the necessary changes and infrastructures, an
additional support could come from private initiatives. For
instance, a financial instrument currently in use is the Yield Cos,
which allows private investors to participate in renewable energy
without many of the risks associated with it. However, they have
risks related to the payoff time of the investment within the reg-
ulatory framework that can influence it. Another related issue ari-
ses from the oscillations of the electricity price, which can affect the
consumers costs, paying more for the electricity of their solar
panels than they would for grid electricity.

Regardless on whether the investment is coming from private of
public sectors what is clear from the numbers we are managing
here is that a decisive effort from the policy side supporting the RT
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must not be avoided anymore. Particularly, in Europe, European
Commission launched main plans or strategies to promote low-
carbon socio-economy. One of them is the Strategic Energy Tech-
nology Plan [81], which aims to accelerate the development of low-
carbon technologies and promotes research and innovation efforts
to support EU's transformation in a low-carbon energy system.
However, such plans act as a general framework for more concrete
policy actions. The work developed here aims to give a set of values
estimated under optimistic assumptions, to stimulate a debate, and
also to warn about the future global net energy availability and the
urgency of more concrete and determined policies at all adminis-
trative levels (region, country and international) to support and to
enhance the implementation of RES.

5.3. Limitations and impacts of the RT

Finally, we cannot dismiss the side effect of the RT development
produced by the stress and constraints on critical raw materials
supply used in the implementation of RES as pointed out in several
reports [82,83] and discussed in the literature (e.g. Ref. [9];
Davidson et al., 2014). As showed by recent analysis a negative
feedback can be produced by the need of usual raw materials in
wind power technologies and solar cell metals (Elshkaki and
Graedel, 2014, 2015). Most of them are classified into rare earth
elements that appear as byproducts of more common materials.
The rate of RES implementation would imply more efforts to obtain
raw materials and in turn to produce an excess of co-products
having two negative impacts. First the oversupply of eventually
unnecessary host products may lower its prices and then discour-
aging life recycling of those metals, a situation that presently has
trapped the emerging economies strongly dependent on com-
modities but also the mining companies. A second negative feed-
back is the environmental impact associated to the extraction and
processing of huge quantities of raw material, being translated in
the best case into an increase of GHG emissions exceeding the
benefits of the RT savings and in the worse cases into an increase of
highly poisoning heavy metals and radioactive elements. This sit-
uation can only be surmounted by promoting research efforts to
develop green technologies less dependent on such materials and
by policies strongly encouraging material recycling.
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