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Summary: A feasible way to avoid the risk of energy decline and to combat climate change is to build a worldwide, 100%
renewable energy mix. Renewable energy can be scaled up to the range of 12 electric terawatts (TWe) if 10% of continental
shelves are exploited with floating turbines to depths as low as 225 m, 5% of continents with ground turbines, and 5% of the
main deserts with concentrating solar power (CSP) farms. However, a globally electrified economy cannot grow much above
12 TWe without approaching the limit of terrestrial copper reserves. New photovoltaic silicon panels do not use silver metal-
lization pastes and could contribute up to 1 TW of decentralized residential power. Hydroelectricity has a potential of 1 TW
but a fraction of this would have to be sacrificed for energy storage purposes. Hydro, CSP, wave energy and grid integration
at continental scales may be sufficient to fit supply to demand, avoiding intermittency. The renewable energy mix would have
an energy return on energy invested about 18, which is 25% lower than the estimated present one. That should be sufficient to
sustain an industrialized economy provided that the substitution of electricity for fossil fuels is done intelligently.
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Energia para una sociedad post-carbono sostenible

Resumen: Una forma posible de evitar el riesgo de declive energético y luchar contra el cambio climdtico serfa construir
un sistema energético global 100% renovable. Un sistema de energia renovable (ER) se podria escalar hasta el rango de 12
terawatios de electricidad (TWe) si el 10% de las plataformas continentales fueran explotadas con molinos flotantes hasta
profundidades de unos 225 m, 5% de los continentes con turbinas terrestres, y el 5% de los principales desiertos fueran
utilizados para estaciones de concentracion solar (CSP). Sin embargo, una economia electrificada a nivel mundial no puede
crecer muy por encima de 12 TWE sin acercarse al limite de las reservas globales de cobre. Los paneles fotovoltaicos (PV) de
silicio mds recientes no utilizan metalizaciones de plata y podrian contribuir con hasta 1 TW de energia residencial descentra-
lizada. La hidroelectricidad tiene un potencial de 1 TW aunque una fraccién de ello tendria que ser sacrificado con fines de
almacenamiento de energia. Hidroelectricidad, CSP, energia de las olas y redes integradas de escala continental pueden ser
suficientes para ajustar la oferta a la demanda, evitando la intermitencia. El nuevo mix eléctrico tendria una Tasa de Retorno
Energético (TRE) de alrededor de 18, un 25% menos que la TRE actual estimada. Eso deberia ser suficiente para sostener una
economia industrializada, siempre que la sustitucién de los combustibles f6siles por electricidad se haga de forma inteligente.
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INTRODUCTION

Some of the major challenges that the present world
economy faces are energy security, sustainability, deg-
radation of natural resources and climate change im-
pacts. There is rising evidence pointing to the proximi-
ty of a peak in global oil supply (Mearns 2011, Murray
and King 2012, Chapman 2013, Garcia-Olivares and
Turiel 2013) and other authors forecast that the peak of

fossil fuel production may occur within a few decades
(Leggett and Ball 2012, Garcia-Olivares and Ballabre-
ra-Poy 2014, PleBmann et al. 2014 ). This is a signif-
icant risk to energy and human security and makes it
urgent to find viable substitutes for fossil fuels. Some
authors have studied the pros and cons of potential ener-
gy alternatives (Heinberg 2009, Jacobson and Delucchi
2011, Garcia-Olivares et al. 2012) and their conclusion
is that, given the limits of nuclear reserves and their as-
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sociated environmental problems, a promising way to
face the risk of uncontrolled decline of energy supply
is to build a global completely renewable energy (RE)
mix. The transition to a post-carbon society based on
a renewable mix has also been defended as a means
to combat climate change, and to combat the environ-
mental degradation and “externalities” produced by
an economy based on fossil fuels (IPCC 2011, Singer
2011, Barzantny et al. 2009, Lehmann and Nowakow-
ski 2014, Creutzig et al. 2014).

The materials required to deploy a 100% RE mix
are essentially steel, concrete, aluminium, copper,
nickel, lithium, platinum and nitrates (Garcia-Olivares
et al. 2012). Silver can be replaced by aluminium in
concentrated solar power (CSP) mirrors and by copper
and nickel in last-generation crystalline silicon pho-
tovoltaics (PV) (Garcia-Olivares 2015a), neodymium
may be avoided by using electromagnets in generators,
and nitrates may be synthesized from nitrogen by using
a fraction of the energy supplied from the CSP stations.
Present reserves of Fe, non-metallic minerals, Al, Cu,
Ni and Pt are sufficient to initiate such an RE transition,
but they may constrain the growth of an RE mix over
a mean power of 12 TW (Garcia-Olivares et al. 2012).
In particular, Garcia-Olivares et al. (2012) showed that
a wholly electrified economy consuming 11.5 TWe at
the end uses is technically possible but it would use
about 330-380 Mt of copper, which amounts to 50% of
the present reserves (700 Mt according to USGS 2015).
This means that such a renewable deployment would
be possible, but that further growth for other industries
that depend on copper would be catastrophic. Thus, a
100% renewable economy cannot be based on an ex-
ponentially growing consumption of materials. And
given that dematerialization is apparently not able to
progress at an exponential pace in the present econom-
ic system, a steady-state economy would be the nec-
essary complement to the 100% renewable mix, even
under business-as-usual premises (Garcia-Olivares and
Ballabrera-Poy 2014).

Other authors are optimistic regarding technology
and consider that the use of breeder reactors, fusion or
some other technological novelty could indefinitely
postpone primary energy decline. Thus, any limitation
that renewable resources may pose would be overcome
by future technological innovations. This hope is not
credible however, because new technologies and en-
ergy systems take about 50 years to diffuse throughout
the economy (Fouquet 2010). Therefore, the new ener-
gy systems that will replace fossil fuels in 50 years are
most probably those that are currently being tested, i.e.
renewables.

Some studies (Heinberg 2009, 2014) have warned
of the urgent necessity for an RE transition, and
have also emphasized the enormous difficulty that
it involves. These difficulties are of three kinds: (i)
the wide social consensus and enormous economic
investment required before fossil fuel decline causes
economic damage; (ii) the difficulty of obtaining lev-
els of power with renewable sources that are similar to
what the present mix produces; (iii) the difficulty of
fully replacing the services that the current economy

provides with other equivalent services provided by an
electrified economy.

If a future post-carbon society is capable of sus-
taining an industrial developed economy, it must solve
problem (ii) and it must find a way to implement the
appropriate process substitutions summarized in (iii).
The problem described in (i) is essentially a political
problem. It involves presenting the renewable transi-
tion to the stakeholders as an option that solves some
of the sustainability problems mentioned above and
does not cause such high social opposition as other
alternatives such as nuclear energy; and it also requires
that this option receive enough support and no strong
opposition from these stakeholders.

Problems (ii) and (iii) also involve political deci-
sions and power relationships in the process of being
solved, and require a technical analysis to decide
whether they have feasible solutions. In this paper, we
focus and discuss the technical aspects of the problem
(i1) and in a complementary article (Garcia-Olivares
2015b) we study problem (iii).

The realization of this 100% RE transition depends
on many political variables. The present analysis must
be considered as a technically feasible proposal that
can be made from the scientific-technical world to
politicians and stakeholders and that, to be implement-
ed, requires political will and popular support. In this
regard, it can be considered as a piece of “post-normal
science” as defined by Funtowicz and Ravetz (1993)
and “foresight knowledge” (Frame and Brown 2008).

The manuscript is organized as follows. The next
section reviews the present discussion on the limits of
RE and the most promising sources of RE, and con-
cludes that a mean production of 12 TW power is fea-
sible with an RE mix based mainly on wind, CSP, PV
energy and hydroelectricity. The role of PV residential
sources and its possible integration with centralized RE
sources in large smart grids are analysed. Then, another
section studies the variability of RE sources and some
technologies capable of mitigating it, and emphasizes
the importance of hydro and CSP sources to match sup-
ply to demand. Another section discusses the concept
of energy return on energy invested (EROEI), and the
possible limitations that a low EROEI of renewables
may impose on a future RE mix. The final section
summarizes the main conclusions obtained from the
analysis.

THE POTENTIAL OF RENEWABLES AND A
GLOBAL 100% RENEWABLE MIX

Several studies show that solar, wind and hy-
droelectricity are the RE technologies best suited to
become alternatives to fossil fuels (Heinberg 2009,
Jacobson and Delucchi 2011, Garcia-Olivares et al.
2012). Jacobson and Delucchi (2011) concluded that
11.5 TW of mean annual electric power would be
sufficient to supply the services that 17 TW of fossil
fuels are capable of providing. This was based on the
greater efficiency of electricity in electric motors and
heating, some probable energy-conservation mea-
sures, and energy savings coming from petroleum
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refining. However, Roadmap (2010) estimates that
energy-conservation measures will be compensated
for by approximately equal expenditures of hydrogen
and gas production for transport, and maintenance of
a larger electrical infrastructure, at least in Europe. If
the last estimate is right, 12 TWe of future energy input
to the end uses would be equivalent to the secondary
energy input to these sectors in 2008. De Castro et al.
(2011, 2013) consider it implausible that 11.5 TWe or
12 TWe may ever be produced with RE because they
estimate the world potential of wind and solar power
to be 1 TW and 2-4 TW, respectively. However, these
estimates are probably too conservative for the reasons
commented on below.

Global wind potential

The global wind potential estimate by De Castro et
al. (2011) rightly pointed out the need to use top-down
approaches that are able to conserve the total energy
flow. However, it is not a consistent top-down esti-
mate, since it presupposes that the power that a wind
farm is able to remove from the wind field has to be
a fraction (“small”) of natural dissipation in the low-
er 200 m of the atmospheric boundary layer (ABL),
which is not accurate. Miller (2011) also assumes that
wind farms cannot increase ABL dissipation, arguing
that the atmosphere is already at its maximum rate of
dissipation according to the maximum entropy produc-
tion (MEP) principle. It is not generally accepted that
the MEP is a universal principle for non-equilibrium
systems (Grandy 2008) or the climate system (Pascale
et al. 2012). But, even if it were, MEP states that the
non-equilibrium flow self-organizes in such a way that
the rate of entropy production tends to be the maximum
one compatible with prescribed thermodynamic forces
and boundary conditions (Ziegler 1983, Niven 2009).
An example of thermodynamic force in the atmosphere
is mechanical stress. The introduction of a layer of tur-
bine blades over the Earth’s surface increases the stress
close to the surface boundary and can thus be consid-
ered to be a new boundary condition and thermody-
namic force. Therefore, the dissipation should change
to a new maximum.

In fact, if a new sink of mechanical energy appears
in the atmosphere, produced by an extensive layer of
windmill blades, the deformation of the wind field
increases above the upper blades, as does the momen-
tum and energy that flows vertically into it (see, for
instance, the large eddy simulation study of this pro-
cess made by Calaf et al. 2010). The increased drag
makes the force balance within the ABL slightly more
sub-geostrophic, and hence increases the work done by
the mesoscale pressure gradient on the wind field. As a
result, a larger fraction of atmospheric potential energy
is transformed into kinetic energy to compensate for
the increased loss of kinetic energy. This process is of
course unable to compensate 100% for the increased
loss of kinetic energy and, for this reason, the wind
decreases in speed close to the layer of the mills. The
only way to precisely simulate this second part of the
process is to resort to models of synoptic scale such as
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Table 1. — Surface of areas of continents and respective continental
shelves with depths between 0 and 225 m.

Region Continental ~ Shelf surface area
g surface area (km?) (km?2)

1. Europe 10180000 2146909

2. India, Arabia, Somalia 7652217 968340

3. Asia except 2 36926783 5784000

4. North America 24709000 2320860

5. South America 17840000 2691390

6. Africa 30221532 1484362

7. Australia and New Zealand 7960704 2484500
Total 135490236 17880361

atmospheric global circulation models (AGCM). Thus,
to precisely quantify the speed decrease over the blade
layers we should ideally use a large eddy simulation
model of the wind farm nested within an AGCM or,
at least, an AGCM with some idealized model of the
blade layer. Adams and Keith (2013) reviewed the
predictions of several AGCMs of the alteration of the
large-scale wind field by large wind farms, and their
conclusion was that power production tends to saturate
at a value of 1 W per square metre of surface for wind
farms larger than many hundreds of km?. For individu-
al wind farms the mean power removed may be larger
than this, and figures of 4-7 W m2 are frequently ob-
served, but the asymptotic potential for surface cover-
age tending to infinity goes down to the value of 1 W
m~2 of electrical extractability.

Continental areas, aside from deserts and moun-
tainous terrain, are used to great extent for economic
activities, and combining these activities with wind
power extraction will not always be possible. This is
not the case with continental shelves, which offer good
wind potential. Colonizing continental shelves down
to 225 m depth with foundations and floating offshore
windmills seems feasible in the next few decades, since
the Hywind project of Siemens and StatoilHydro has
already succeeded in anchoring turbines 220 m off the
east coast of Karmgy, Norway. Table 1 shows the sur-
face area of continental shelves with depths between 0
and 225 m, calculated from the ETOPO1 global relief
model (Amante and Eakins 2009), as well as the sur-
face areas of the respective continents. Only latitudes
with no ice in winter were considered to quantify shelf
surface.

We will assume three scenarios of increasing sur-
face occupation by wind turbines. In the low occupation
scenario, wind turbines will occupy 10% of shelves and
5% of continents; in the medium occupation scenario,
they will occupy 25% of shelves and 10% of conti-
nents; in the high occupation scenario they will occupy
50% of shelves and 20% of continents. Table 2 shows
the wind potential obtained for the three scenarios for
the seven regions defined in Table 1.

Global solar potential

Regarding solar potential, using subtropical deserts
may be crucial since their capacity factors (CF) may
be as high as 0.9 (Trieb 2006), and these surfaces are
largely unused. Garcia-Olivares et al. (2012) showed
that only a minor fraction of the subtropical deserts
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Table 2. — Wind potential in three scenarios of increasing occupation of continental and shelf surfaces.

Region Low Power (TW) Medium Power (TW) High Power (TW)
Europe 0.7 1.6 3.1
India, Arabia, Somalia 0.5 1.0 2.0
Asia (except prev.) 2.4 5.1 10.3
North America 1.5 3.0 6.1
South America 1.2 2.5 4.9
Africa 1.7 34 6.8
Australia, New Zealand 0.6 1. 2.8
GLOBAL 8.6 18.0 36.0

Table 3. — Solar power extracted from CSP stations in different regions if 5 TWe were to be produced globally.
Region Solar production (TW) Area used (km?) Area of desert (106 km?) Fraction of desert used
Europe, Maghreb 0.7 93478 9.0 0.01
South America 0.25 31510 0.14 0.23
North America 0.9 130000 0.69 0.19
Middle East 0.3 39718 1.55 0.03
India 0.4 47346 0.2 0.24
Asia except India 1.85 321196 0.63 0.51
Australia 0.4 54949 1.35 0.04
South Africa 0.15 16652 0.98 0.02
Total 4.95 734849 14.54 0.05

would have to be used in order to produce 9.2 TW
worldwide with CSP. To be precise, the production of
0.7 TWe with CSP would require 1% of the surface
area of the Sahara, i.e. 93478 km?, or a square box with
approximate dimensions of 306x306 km. Other highly
insolated deserts such as the Atacama, Arabian and
Syrian, Kalahari, Australian, Thar, Gobi, Sonoran, Mo-
have and Chihuahuan deserts, have similarly important
potential (Table 3). High-voltage direct current con-
nections between 2000 and 5000 km in length would
be needed in some cases, producing electrical losses
greater than 10%. This loss does not preclude the use
of this technology, but it does force the solar field in-
stallation to be 10% larger than it would be without the
long-distance connections.

De Castro et al. (2013) argue that CSP deployment
may be limited by the use of silver in mirrors (30x103
t per kWe). Given that present reserves of silver are
520000 t, to produce 8 TWe with CSP in deserts would
require roughly 46% of the reserves, which may strong-
ly perturb the market and future availability of silver.
However, aluminium-coated mirrors could replace
silver mirrors if this metal becomes expensive. If we
convolve the reflectivity of a silver (and aluminium)
commercial mirror (see https://www.thorlabs.de/new-
grouppage9.cfm?objectgroup_id=890) with the solar
spectrum at the Earth’s surface, the integrated reflec-
tivity obtained for aluminium is 14% lower than that of
silver. This lower performance could be compensated
for by oversizing the solar fields by 14%. This does not
seem a serious limitation for a future deployment of
CSP, given that the world subtropical deserts are many
times larger than the area required for CSP production.
The main problem associated with this technology may
be that it requires a major investment in electrical inter-
connectivity and super-grids which would not be easily
affordable in the short term.

Thus, even the totality of the 12 TW that Garcfa-
Olivares et al. (2012) consider compatible with metal
reserves could be supplied with CSP in a post-carbon
economy if this technology were the only RE source

available. Table 3 shows the solar potential for differ-
ent regions if 5 TW of solar power (4.95 TW for the
main continents) were to be extracted from deserts.
The expected consumptions of each region, relative to
the global consumption, are assumed to be 0.14 (Eu-
rope and Maghreb), 0.05 (South America), 0.18 (North
America), 0.06 (Middle East), 0.08 (India), 0.37 (Asia
except India and Middle East), 0.08 (Australia) and
0.03 (South Africa) (Garcia-Olivares et al. 2012).

In Asia (without India and Middle East) there are
no large subtropical deserts, but the Tibetan Plateau
has great solar potential that could be exploited with
a combination of PV and CSP stations (Kawajiri et al.
2011, Ummel 2010). We have assumed 25% of that
region to be available as “area of deserts” in the 4%
column of Table 3. As can be seen, Asia would need to
use 1/8 of the Tibetan Plateau to supply its solar energy
demand, which could put great pressure on the local
economy of Tibet. A way to avoid that pressure would
possibly be to supplement a fraction of the large East
Asian solar demand with electricity imports from Aus-
tralian deserts.

Photovoltaic potential

Until recently, the scaling-up of PV energy to the
terawatt range was not feasible because crystalline
silicon PV used about 8.2 g of silver per m? of panel
(Grandell and Thorenz 2014), so the production of a
few terawatts would exhaust global silver reserves.
However, in recent years several new technologies that
succeed in avoiding the use of silver in solar modules
have come onto the market (Garcia-Olivares 2015a).
These developments, and the recent sharp decrease in
panel prices, are opening the door to a rapid and wide
spreading of PV energy. The latter study estimates that
up to 1 TW of PV power could be installed in urban
regions without perturbing land use; this is 8% of glob-
al power (12 TW), which we take to be feasible. To
achieve this, 12.5% of world urban surface area would
have to be used for PV panels, requiring an increase
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in the present availability of suitable roofs, which
is currently as low as 2% (La Gennusa et al. 2011).
Away from municipal areas, space is restricted by farm
use. However, if 300000 km? were used for a global
utility-scale PV installation, one additional TW could
be obtained with a power density of 3.3 We m2 (De
Castro et al. 2013). This surface would be similar to
the one used for populated area (Schneider et al. 2009),
276000 km?, but is three orders of magnitude smaller
than the continental surface area. Thus, it should not
be a problem to adapt 0.1% of the continental surface
area for this new use in areas not used for agriculture.
Thus, in addition to roof panels, each municipality
could have associated solar PV farms of a similar areal
extent to itself. Governments and municipalities would
play an important role in regulating the land use for
economic activities and the use of urban space for PV
installation.

Decentralized PV production versus centralized
RE production

Many roof panels could be owned by households or
belong to small-scale energy cooperatives. Thus, de-
centralized PV production could enhance people’s em-
powerment and autonomy from large energy producers,
reduce energy poverty and take us closer to a situation
of enhanced energy access for common people that has
been called “energy democracy” (Scheer 2012). These
are good arguments that common people and social
movements should use to persuade governments to
support decentralized production and self-consump-
tion. Governments of many countries (e.g. Germany
and Denmark) have done so in the last decade by sub-
sidizing RE. A combination of support to basic R&D
and market subsidies seems to be the optimal policy to
minimize the risk of supporting technologies that are
not the best ones in the long run and, at the same time,
to obtain most benefits from RE over time (Koseoglu
et al. 2013, Garcia-Olivares 2015a).

However, to be stable, a 100% renewable mix cannot
be completely based on decentralized production. PV
self-producers need some degree of interconnection with
other producers, at a regional scale at least (Lehmann
and Nowakowski 2014, Peter 2015). In addition, there
are good arguments in favour of centralized stations and
electric super-grids. First, industries like aluminium,
iron, cement and ammonia need stable, high supplies of
power at certain points. Second, since storage of elec-
tricity in batteries is currently expensive and material-in-
tensive, PV production alone cannot avoid intermittency
in production and is unable to meet nocturnal demand.
Storage can be arranged more easily through reversible
hydroelectric plants or CSP stations with heat storage.
These systems are cheaper than batteries because water
and heat are more easily stored in large quantities than
electricity. Therefore, a 100% renewable mix would
have to include CSP stations with heat storage and re-
versible hydroelectric power stations (Garcia-Olivares
et al. 2012). However, as we have seen, both hydroelec-
tricity and CSP require specific geographical conditions
and far-reaching interconnections. Smart grids could
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be used to integrate decentralized local production and
large-scale facilities that would be required for certain
energy-intensive industries. This would take best ad-
vantage of both systems: local autonomy offered by
residential PV and a stable supply offered by regional
interconnection with other (small and large) producers
of RE (Garcia-Olivares 2015a).

Indeed, governments and municipalities could play
an important role in regulating the feeding into the grid
of residential PV production, the control of the whole
smart grid, the policy of self-consumption incentives,
and public investment in research and development
of new RE systems. However, the implementation of
these regulatory measures may require the nationaliza-
tion of large electric grids and the “municipalization”
of local grids (Garcia-Olivares 2015a).

Hydroelectricity and geothermal potential

Hydroelectricity has little margin for future in-
crease because the most appropriate valleys have al-
ready been used to build hydroelectric dams. Jacobson
and Delucchi (2011) estimated that only 30% of new
power, up to 1 TW, could possibly be installed world-
wide. Despite their limited contribution to global pow-
er, hydroelectric dams will be enormously important in
a post-carbon economy as a means of energy storage
(see sections below).

Large-scale geothermal power systems are cur-
rently limited to tectonically active regions, where the
vertical gradient of temperature is large. These high
heat-flow regions include the “Ring of Fire” in the
Pacific, the area off the coasts of Indonesia, the Phil-
ippines, Japan, New Zealand, Central America and the
West Coast of the USA, and rift zones such as Iceland
and East Africa. These areas could benefit from major
development of the technology for domestic consump-
tion (IEA 2008, p. 393). For instance, the USA has an
estimated enhanced geothermal system potential of
100 GWe, as do parts of China and India. An enhanced
geothermal system is able to provide electricity and not
only heat energy and can be used to provide non-inter-
mittent electricity to the grid. In the European Union,
this technology has the potential to supply 5% of de-
mand in a future post-carbon society (Roadmap 2010).
However, the choice of where to exploit this technolo-
gy is controversial, because typically 20%-45% of the
energy produced is used for pumping.

If in the future about 500 GWe were installed across
the globe, this could contribute 4% to the total RE pro-
duction of 13.5 TW.

Ocean energy

Ocean energy can be obtained by means of wave
attenuators, turbines that extract power from currents
and tides, and ocean thermal energy converter systems.

To illustrate the potential of marine currents, we es-
timate the power that could be extracted in the Strait of
Gibraltar by exploiting Mediterranean Outflow Water,
which is an almost permanent gravity current of dense
waters that leave the Mediterranean from its lower lay-

SCI. MAR., 80S1, September 2016, 257-268. ISSN-L 0214-8358 doi: http://dx.doi.org/10.3989/scimar.04295.12A



262 * A. Garcia-Olivares

ers, reaching maximum speeds of more than 0.73 m s~
at depths of 275-325 m at the Espartel sill, 25 km from
Spain and 15 km from Morocco (Calero Quesada et
al. 2014). The surface layers have less energy potential
due to the presence of high-frequency internal waves
and periodic tidal flow reversals.

The kinetic energy of the water current can be con-
verted into mechanical energy using turbines, which
may have horizontal or vertical axes. Examples of
vertical axis turbines are the Savonius, Darrieus, Gor-
lov and hybrid Savonius-Darrieus turbines (Alam and
Igbal 2010).

The power output of a hybrid turbine can be esti-
mated by the following expression:

P=05pVI[A, Cp+ (Ag=A) Cpal (D)

where A is the area swept by the Savonius rotor (height
Hs times diameter 2Rs, m?), A, is the area swept by the
Darrieus rotor (m?), Cp, (Cpy) is the power coefficient
of the Savonius (Darrieus) rotor, and p is the water den-
sity (about 1030 kg m=3). The expression outside the
brackets in (1) corresponds to the kinetic energy flow
of the current.

Cp is a function of the tip speed, A=0R/V, where
V is the water speed, o the angular velocity and R the
radius of the rotor. Cp reaches a maximum when A=0.8
for the Savonius and A=5.8 for the Darrieus (Cp is 0.18
and 0.3, respectively). Therefore, As/Ad=Rs/Rd=1/5
gives good performance for both turbines. The mean
kinetic energy in the layer 275-325 m depth over the
Camarinal sill is 1800 W m2 (Calero Quesada et al.
2014); therefore, assuming turbines with height Hd=10
m, Hs=0.3 Hd, and diameter 2R=0.8 Hd, the power
obtained using Equation (1) is P=144 kW.

If we assume an 80% efficient conversion to elec-
tricity and a capacity factor CF=0.8, then to obtain 100
MWe we would need to cover about 2.1 km of the chan-
nel width with turbine installations at depths between
275 and 325 m. However, 100 MW may be supplied
by an offshore wind farm with 111 turbines of 3 MW
and CF=0.3. A wind farm requires lower investment and
has simpler engineering and maintenance costs than an
underwater installation. In addition, wind farms are scal-
able to the terawatt range, whereas marine turbines need
to be placed in locations with intense currents (1 to 2 m
s71), which are limited to very particular geographical lo-
cations, such as the Gibraltar Strait and the western parts
of the oceanic gyres. Furthermore, major exploitation of
planetary current systems raises concerns about poten-
tial perturbations of global climate (Hagerman 2007).

The same problem applies for large-scale exploita-
tion of ocean thermal energy conversion (OTEC).
OTEC gets its largest efficiencies (3%-4%) only in
tropical waters, where temperature gradients between
surface and intermediate waters are maximum. Ac-
cording to Nihous (2007), the available potential is 2.7
(secular scale) to STW (short term) if 16x10° m3 s-!
(16 Sv) of intermediate water were pumped to surface.
However, a flow of 16 Sv has the same order of magni-
tude as the overturning circulation, so it could disturb
pelagic ecology and the global climate. As an example,

intermediate waters have CO, concentrations of about
2300 pmol-CO, per kg of water, a concentration larger
than at the surface (about 1950 pmol kg). Thus, the
pumped flow has the potential to add, through degas-
sing, 253 t s~! of CO, to the atmosphere, which is 24%
of the anthropogenic CO, input in 2011 (see http:/
en.wikipedia.org/wiki/List_of_countries_by_carbon_
dioxide_emissions). This degassing could be avoided
with carbon capture techniques, but it would decrease
the energetic efficiency of OTEC, which is already
at the limit of what is implementable. Therefore, it is
probable that in the near future marine turbines and
OTEC will not be used at large-scale, but only at par-
ticular locations, as a local complement to the main RE
resources, i.e. wind, solar and hydro.

Wave energy can be more easily extracted than ma-
rine current energy. Australia, Atlantic Europe and Chile
each have about 5000 km of coast with a mean wave
flow of above 50 kW m~! (Hagerman 2007). Wave ener-
gy converter devices have the potential to convert about
10% of inshore flowing wave energy into electricity by
using designs that simultaneously respect maritime tran-
sit and protected zones (Behrens et al. 2015). Therefore,
100% coverage of 5000 km of shoreline in any of these
regions could supply 25 GW of electricity. This is one
order of magnitude below the power that wind or solar
energy are capable of supplying to the South American
region, but it may be a valuable supply to meet demand
in coastal regions. In addition, wave energy may con-
tribute to dampening of the variability of wind power
production, since wind and waves are not generally cor-
related except during thunderstorms.

A 100% renewable mix for a post-carbon economy

In conclusion, a 100% RE mix of 12 TW of mean
power could be provided by combining PV, CSP, wind,
hydroelectricity, small contributions of geothermal and
marine energy, and occasional back-ups from stations
fired by gas and hydrogen obtained from renewable
sources. Perhaps 1 TW could be obtained from roof
panels, 1 TW from utility-scale PV, 1 TW from hydro-
electricity, and 9 TW from CSP and wind energy.

Even in a scenario of low shelf and continent occu-
pation, wind power alone is capable of supplying al-
most the full 9 TW total, and CSP alone is also capable
of supplying this power provided subtropical deserts
are integrated into continental high-voltage direct cur-
rent grids (Garcia-Olivares et al. 2012). The concrete
share of the two technologies in a future post-carbon
economy will depend on the evolution of their re-
spective costs and on political decisions. However, a
minimum share of CSP will be necessary to grant safe
management of RE power intermittency, as we will
discuss in the following section.

MITIGATION OF INTERMITTENCY

Among the most delicate issues regarding a 100%
RE mix are the mitigation of intermittency in supply
and the fitting of supply to demand. Electricity supplied
by a combination of wind and solar power is less inter-
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mittent than that supplied by one RE alone (Roadmap
2010). In addition, the production of CSP with storage
from subtropical deserts is not intermittent on the scale
of hours to days, and could be used as a base load for
the grid, with minor contributions from enhanced geo-
thermal systems. Given that the base load is roughly
75% of the total mean power in industrialized econo-
mies, about 9 TW would have to be produced with CSP
if it alone was going to provide the base load of a 12
TW economy. The grid operator could reduce this high
contribution from CSP if the base load were provided
by a combination of all renewables on average days
(as in the figure on page 63 of Jacobson and Delucchi
2009) and by CSP alone on days of very low wind and
PV production. Also, future developments of electric-
ity storage systems will probably add a rising fraction
of power usable as base load. Frequency regulation
(scale from seconds to hours) is the most sensitive
part of the grid stability. In a 100% RE grid it could be
provided by ramping up/down hydroelectricity, stored
CSP or pumped hydro storage; ramping down other RE
generators and storing the electricity in heat, cold or
hydrogen instead of curtailing (Jacobson et al. 2015).

Nevertheless, power supplied by renewable sources
may be relatively intermittent during periods of high
cloudiness or high pressure, which normally last 2-3
days (MIT 2015, p. 6). This 3-day variability may be
mitigated by (i) sufficient geographical interconnec-
tion (Czisch 2008); (ii) use of hydroelectric power to
smooth out supply (Czisch and Giebel 2007, Czisch
2008); (iii) using reversible electric vehicle recharging
as grid storage (Kempton and Tomic 2005); (iv) using
electric storage systems such as water pumping, air
compression, batteries, and hydrogen production and
storage; (v) using smart demand-response management
and weather prediction to better match inflexible loads
to the power supply (Delucchi and Jacobson 2011); and
(vi) installing fast-response power plants (of hydrogen
or natural gas) as last resort back-ups.

The first two methods alone are able to solve the
problem for/in many regions. For example, the total
hydropower storage capacity of the European grid
system is more than 180 TWh (Eurelectric 2013). If
30% additional hydro capacity were developed in
a post-carbon economy, we would have 234 TWh,
which would be equivalent to six days of future con-
sumption of energy in Europe (1.68 TW). Moreover, a
complete fall of RE supply is practically impossible if
the grid interconnection has a continental size. Czisch
(2008) shows how monthly variability can be com-
pletely matched in a European grid that also includes
northern Russia, Kazakhstan, southern Morocco and
Mauritania. Dedicating hydro plants to the prevention
of power shortages from other RE production would
alter their routine operation and diminish their steady
power generation, but could almost completely solve
the intermittency problem of an RE mix in the EU. In
a future post-carbon economy this use of hydroelec-
tric power will be the norm, unless the cost of other
energy storage technologies decreases substantially.
The optimal way to combine CSP, interconnection and
hydro storage depends on many geographical details,
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but Czisch (2008) shows that the problem can be es-
sentially solved by interconnection, sufficient CSP,
and backup supplied by hydro and biomass stations.

ENERGY RETURN OF A 100% RENEWABLE
MIX

The EROEI is defined as:
EROEI=E,_,/E,, 2)

where E_, is the energy that an energy technology (e.g.
a PV panel or all the PV panels of a country) provides
over the whole useful life of the technology, and E;,
is the energy input required during the life cycle of
the technology. The effective EROEI of a complete
economy can also be obtained by averaging the EROEI
of its energy technologies. The effective EROEI of an
economy should be high enough to sustain economic
activity different to the energy production itself. Some
authors consider 10 as the minimum EROEI value that
any economy should have to avoid the risk of erosion
of important social activities (Heinberg 2009).

When the EROEI of PV is calculated, the numerator
of (2) is electrical energy provided by the PV industry,
but the denominator of (2) is mostly energy invested in
the making of the panels, which is essentially energy
from fossil fuels. Another definition widely used is the
‘EROEI primary energy equivalent’, EROEIpg .. This
evaluates expression (2) using for the numerator the
net energy output over the PV system’s lifetime but ex-
pressed in terms of its ‘primary energy equivalent’, and
not directly as electricity. The conversion is normally
done on the basis of the ‘life cycle energy conversion
efficiency’ of the current electric grid (M), 1.€.

EOUT—PE—eq:EOUT/ MNgrid

where, for instance, 1,,=0.29 for the USA, and 0.31
for the EU-27 (Raugei et al. 2012).

The resulting expression is useful for estimating
how much primary energy is virtually ‘returned’ to
society (i.e. preserved for alternative uses) per unit of
primary energy invested in the technology, given the
composition of the current electric grid. But it is also
useful for estimating the EROEI of renewable sources
that produce electricity as output (i.e. PV, CSP, wind
and hydro) in a future post-carbon economy in which
essentially all the processes would consume electricity.
Indeed, the resulting expression is:

EROEIPE_eq = Eout / ngrid Ein

and the denominator is approximately the energy E;,°!
that would have been used if the input energy were
electrical energy instead of fossil fuel energy:

EROElp o = Eyy / Eip! (3)
where E;,¢=nE,,, with 1 being the future conversion

efficiency of thermal energy to electricity, which is
assumed to be close to the present one (Nyiq)-
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A strong disagreement exists between different
groups about the EROEI of the PV energy. According
to Carbajales-Dale et al. (2015), it ranges between an
EROEIpg_ o (EROEI primary energy equivalent) of 19
for a mono or multi-crystalline silicon PV (the Fth-
enakis group at Brookhaven) and an EROEI of 2.45
(Prieto and Hall 2013) for the Spanish PV industry.
The analysis by Prieto and Hall (2013) is very de-
tailed and uses data from the Spanish PV industry.
The value obtained by them for the EROEI of Spanish
PV must be considered a realistic estimation of the
figures that can be expected in present PV installa-
tions at national scale.

The argument of Prieto and Hall for using EROEI
and not EROElg 4 is that “if we would pretend to use
electricity from renewables to replace the fossil fuels
used for these global activities, likely through an ener-
gy carrier like the eternal hydrogen promise, the pre-
tended multiplication factor used by Carbajales et al.
(2015), would immediately operate in the reverse form
and become a division factor, probably in the order of
3, with respect to the direct use of fossil fuels of today.
That is why we did not employ this “correction factor”
used by Carbajales et al. (2015)” (http://energyskeptic.
com/2015/tilting-at-windmills-spains-solar-pv/).

This is a convincing argument if PV installations
were to be used to produce the fuels that the present
economy requires (a fleet of 1000 million vehicles
with fuel hydrogen cells, fuels for industrial heating,
combustion engine-driven industrial machines, and so
on). However, it is not a convincing argument if we are
studying a future PV system in an electrified post-car-
bon economy in which hydrogen use is small relative
to direct electricity use.

If the fraction () of electricity that must be used for
hydrogen fuel production is known, the following ex-
pression can be used to calculate the effective EROEI
of a post-carbon economy (EROEIp):

EROEl,c = [(1-00) (fw/Ew + fpy/Epy+fesp/Ecspt fu/En) +
+ fp /Eg]™ 4)

where f refers to the share of the renewable sources
in the mix (W, wind; PV, photovoltaics; CSP, concen-
trating solar power; H, hydroelectric; B, biomass), E
refers to the EROEI of the renewable sources, and o is
the fraction of generated electricity that is used for hy-
drogen production. The factor 2.1 is the ratio between
the electricity required for producing and transporting
a given mass of hydrogen and the low heating value
content of that mass (Bossel 2005).

EROElIpg ¢, is used instead of EROEI in (4) given
that the effect of hydrogen production is explicitly
accounted for. The EROEl ., of PV in Spain would
be 8 if we transformed the corresponding value of the
EROETI obtained by Prieto and Hall (2013). Given that
this figure is in the lower range of published estima-
tions, let us take it as a conservative value for EROEI
of PV production in a post-carbon society.

Let us assume that 4 TW will be supplied with wind
energy, 7 TW with solar energy (1 TW from home PV,

1 TW from ground PV, and 5 TW from CSP) and 1 TW
with hydroelectricity. Currently installed turbines have
an EROEI of about 20 and CSP stations of about 18 if
salts for energy storage have to be synthesized (Garcia-
Olivares et al. 2012); hydroelectric EROEI is about 84
(Hall et al. 2014), and solar PV EROEI is taken as 8.
In 2005, 1.47 TW of biomass was used for energy pur-
poses. We assume that this consumption will remain
in a future post-carbon society, so the total renewable
power production (including biomass) will be 13.5 TW
and the share of biomass in the renewable mix will be
10.9%. Gagnon reports an EROEI of 27 for biomass
wastes, but this figure decreases to 5 if biomass has to
be hauled 20 km. We will take an EROEI of 20 as an
intermediate figure for biomass.

Garcia-Olivares (2015b) estimated the electric-
ity necessary to produce hydrogen in a post-carbon
economy able to supply similar services to those of
the 2005 economy under different scenarios of trans-
port reorganization. According to that study, a post-
carbon economy will require hydrogen for chemical
reduction of iron, copper, tin and nickel, for fueling
fuel cells of ships and specialty vehicles, and for
aviation. That study also concludes that maintaining
the same activity level in the aviation sector would
require a disproportionate waste of electricity; that
use of fuel cells should be limited to 10% of the pre-
sent commercial fleet to avoid the deployment of the
platinum-palladium reserves; and that ammonia could
be produced either from hydrogen or from renewable
biogas or be completely avoided by moving to a fully
organic agriculture. If we use the scenario with zero
hydrogen-based production of ammonia, 10% of the
commercial fleet being powered by hydrogen fuel
cells, and a reduction in aviation activity to 50% of
its 2005 level, then 1.3 TW of electricity would be
required in the post-carbon economy for hydrogen
production. This is equivalent to 0.=0.11 in (4). Using
this parameter and those mentioned above, the value
obtained from (4) is EROEIp-=15.

We can compare this value with the effective
EROEI of the present fossil fuel economy. In this case,
an expression equivalent to (4) is the following:

+ fr /Eg+ f /Eg]™! (5)

where f refers to the share of the fossil fuel sources
(O, oil; C, coal; G, gas; H, hydro; N, nuclear; R, new
renewables; B, biomass).

Table 4 shows the primary energy produced from
different sources in 2005 (Grubler et al. 2012), their
share in the mix, and their EROEI estimated by dif-
ferent sources. Using this table and expression (5),
the EROEI of the present fossil fuel economy can be
estimated as EROEI=23. Thus, the EROEI of a future
100% renewable mix would be about eight units lower
than the present one. Approximately 37.5% of that de-
scent (3 units) would be caused by the abandonment of
coal, which has a relatively high EROEI (46), another
37.5% (3 units) would be caused by the introduction of
the low EROEI PV systems and 25% (2 units) would
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Table 4. — Primary energy produced from different sources in 2005
(Grubler et al. 2012), their share in the mix and their EROEI esti-
mated by different sources: a, Gagnon et al. (2009); b, Hall et al.
2014; c, based on Hall et al. (2014) and Vant-Hull (1985); d, based

on Gagnon (2008).
Fuel Energy (EJ) Share (%) EROEI
Oil 167.4 33.8 18.52
Coal 122.2 24.6 46.b
Gas 99.0 20. 18.52
Hydro 30.1 6.1 84.0
Nuclear 28.5 5.7 14.5
New renewables 2.3 0.5 19.¢
Biomass 46.3 9.3 20.4

derive from the future hydrogen production. Given
that the EROEI value used for PV was conservative
and that learning curves of RE systems are currently at
their beginning, the EROEI of a future RE mix would
probably increase a long time after its implementation.

The net useful energy, E,, available for supplying
to end uses is related to EROEI through the following
expression:

I
E=E|1-
g P[ EROEI] ©)

According to (6), the present economy uses 96%
of primary energy outside the energy sector, and in a
future RE mix the figure would decrease to 93%.

EROEI values above 10 (net energy above 90%)
are considered sufficient to sustain a complex society
(Heinberg 2009), so a 100% renewable post-carbon
society would be capable, in principle, of sustaining an
industrial developed economy provided the industrial
processes based on fossil fuels were replaced by elec-
tric processes.

DISCUSSION AND CONCLUSION

A future post-carbon economy is a feasible sustain-
able solution to the present challenges of energy secu-
rity and rising environmental impacts. Such a future
economy should be based on a mix of decentralized
and centralized renewable sources. Some studies have
warned of the necessity and difficulty of the transition
to such a society, and others even argue that such a
transition is impossible due to limitations of global RE
potential. The work presented here acknowledges the
political and economic difficulty of carrying out the
transition, but shows that it will probably not be lim-
ited by the RE potential, which is sufficient to supply
12 TWe globally if continental shorelines and highly
insolated deserts are exploited with currently proven
technologies. The present analysis can be considered
as a piece of assessment based on “foresight knowl-
edge” in the meaning of Frame and Brown (2008),
who developed the concept of “post-normal science”
(Funtowicz and Ravetz 1993). According to those au-
thors, foresight knowledge has a series of attributes,
namely that (i) it is non-verifiable (e.g. in a predictive
sense) because it does not give a representation of
an empirical reality, (ii) it contains a high degree of
uncertainty and complexity, (iii) it thematizes a coher-
ent vision of the future that includes an “anticipation
of the unknown”, (iv) it contains an action-oriented
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perspective (unlike normal science, which lacks such
a perspective), (v) it shares a hermeneutical dimension
with the social sciences and the humanities whereby
knowledge is subject to continuous interpretation (e.g.
alternative visions of “the future”), (vi) it is more than
merely future-oriented but attempts to combine norma-
tive objectives with socio-economic feasibility and
scientific plausibility, and (vii) it is trans-disciplinary
in its approach.

A future post-carbon society would be mainly
based on wind, onshore and offshore, CSP, residential
PV, utility-scale PV and hydroelectricity. To obtain
12 TWe, 10% of continental shelves would have to
be colonized with offshore turbines down to 225 m
depth, 5% of all the continents would be populated
with onshore turbines, 5% of the main insolated deserts
would be used for CSP farms, 12.5% of the populated
space would have roof PV panels installed, and an area
similar to that occupied by the populated space would
support utility-scale PV farms. Other combinations of
onshore wind, offshore wind, CSP and PV are possible
to achieve this global power production.

PV energy was considered by some authors to be
incapable of playing a large role in a future 100% RE
society because it was based on rare materials and has
very low EROEI values. However, recent develop-
ments avoid the use of silver in the metallization of
crystalline silicon cells, and so allow the scaling-up
of PV power to the terawatt range. The probable wide
deployment of residential PV panels will enhance resi-
dential autonomy and people’s empowerment and may
take societies closer to an “energy democracy” (Scheer
2012) with enhanced access to energy for common
people. This can be especially important for developing
countries, where the access of domestic shareholders to
a minimum energy consumption can make the differ-
ence between misery and poverty. However, to be sta-
ble, decentralized PV production should be integrated
with centralized production by means of smart grids at
regional and even continental scales. This would re-
quire international cooperation between, for instance:
Europe, Maghreb and Russia; China and Australia; the
South American countries; and the African countries.
In particular, CSP in deserts may make subtropical
countries 100% energetically self-sufficient.

Apart from desirability and availability, viability is
another crucial factor for a successful implementation
of a new energy mix (Giampietro et al. 2014). Viability
is related to constraints imposed by the internal me-
tabolism of an economy, e.g. labour force, resources
and net energy necessary for homeholders, govern-
ment and service sectors, or requirements of enough
space and water for agriculture. In addition, the new
RE mix should be compatible with the number of hours
per capita per year available in the paid work sector, a
figure normally about 1000, where 600-700 hours are
required by the service and government sectors (Gi-
ampietro et al. 2014).

This subject would require a detailed study, but
the requirement of space and water of a 100% RE mix
are apparently viable (Jacobson and Delucchy 2011,
Garcia-Olivares et al. 2012). An RE mix will probably
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not increase the present demand for water and space
provided that biofuels production is strictly limited and
based on agriculture waste. As an example, CSP may
use fan cooling in arid regions and it practically avoids
the use of water, which cannot be said of present en-
ergy mining. On the other hand, net energy provided by
an RE mix to the end uses will be only 3% lower than
in the present economy according to the approximate
EROEI estimations laid out above. And regarding paid
work, labour productivity of wind and CSP systems are
as high as in the rest of industry, which will probably
not affect their viability.

The EROEI of biofuels has been reported to be
currently very low, though with great potential for im-
provement (Hall et al. 2011). A limited production of
them could be necessary to replace fossil fuels in future
aviation engines. However, land grabbing for biofuels
production has been reported in Africa and other re-
gions (Matondi et al. 2011) and it could lead to com-
petition with food production. To avoid the consequent
risks, governments should further regulate biofuels
production so that it does not affect food security.

The energy consumption of a future 100% renew-
able economy seems to have a cap of about 12 TW
due to limited copper reserves. Although reserves tend
to increase with time, responding to new demand and
rising prices, the increase cannot be expected to be
limitless. If the estimated reserve base for copper (10°
t) is assumed to be the future reserve in the next 50
years, 33-38% of copper reserves would still have to be
kept for the deployment of the new electric economy.
Therefore, the continuation of the customary exponen-
tial growth of energy would soon be impeded by the
rising scarcity of this metal.

A way to relax this limitation is to replace copper
with aluminium in electric generators, motors and
wires. Most of the consumption of copper in a post-
carbon economy will be for windings in generators and
electric motors (Garcia-Olivares et al. 2012). Squirrel-
cage motors frequently use aluminium instead of cop-
per for the conductive bars, though they are built for
low and medium power (a few kW) and outside the
range required by a power generator (MW). Another
possible development is the use of graphene and high-
temperature superconductors in electric generators,
motors and wires. The degree of savings in terms of
copper usage that these developments will produce is
difficult to assess. We cannot discard the possibility
that high-power motors and generators will be devel-
oped in the future that employ aluminium, graphene
or high-temperature superconductors instead of cop-
per. However, caution prevents us from counting on
them as a future solution and, even in the best case,
technological innovations take 40-50 years to expand
throughout the economy.

Lithium will also be used massively in the batteries
of electric vehicles and may become scarce. A way to
relax future limitations of lithium is to diversify the use
of metals in batteries. If the present world fleet of 10°
vehicles is to be transformed into electric vehicles, 8
Mt of lithium will be required, which is 59% of present
reserves (USGS 2015, Lithium). However, the entire

vehicle fleet does not have to be based on lithium
batteries, since nickel batteries Na-NiCl, (Zebra) are
proven technologies in the electric vehicle market. If
all batteries were based on nickel, 81% of nickel re-
serves would have to be used. But if 50% of electric
vehicles were based on each of these two batteries,
only 30% and 41% of reserves of Li and Ni would be
used, respectively. This would also require produc-
tion rates of Li 5-10 times larger than the present ones
(Garcia-Olivares et al. 2012). Currently, Li is mainly
produced by a few countries (Australia, Chile, Chine,
Argentina, Zimbabwe, Portugal and Brazil). The rising
price of Li could stimulate these countries to increase
their production, but it may cause environmental jus-
tice problems because Li extraction is difficult and has
a strong environmental impact. It is not clear whether a
system of global exportation of Li would be desirable
for producer countries in the future. If the answer to
this question is “no”, the vehicles fleet would probably
have to be reduced in a future RE economy.

A much more safe way to save copper, lithium and
nickel would be to replace private vehicles with trains.
About 30% of the copper needed for a 100% electric
economy goes to vehicle electrification, and only 3.3%
to electrification of the rail transport system (Garcia-
Olivares et al. 2012). However, electric trains are much
more efficient than private cars for transport of peo-
ple. One electric train of 1160 kW such as the S-448
of RENFE in Spain (http://www.renfe.com/viajeros/
nuestros_trenes/md448_ficha.html) is able to transport
237 seated passengers at 160 km h-! between two cit-
ies. A car, on the other hand, normally transports 1-2
persons with a power of, typically, 60 kW in the case
of electric cars. Thus, an intercity train transports eight
times more seated passengers per MW than a car (204
persons/MW vs 25 persons/MW). The ratio is larger if
passengers are standing, as in urban trains.

These developments may relax the above-men-
tioned limitations but it is implausible that they will
allow the exponential growth in the use of metals to
continue for long. Sooner or later, a 100% RE economy
with a level of energy supply in the range of 12 TWe
will need to adapt to a situation of stationary energy
consumption.

In a future 100% RE economy the emphasis on
adapting power supply to demand will have to be
relaxed and, instead, emphasis will be on intelligent
management of demand to adapt it to natural cycles
of RE production. The unpredictable variability of RE
production may be balanced with sufficient use of CSP,
hydro storage and regional grid interconnection. Ma-
rine energy will also contribute towards stabilizing RE
intermittency, though it will only be important locally.
OTEC has been claimed to have a global potential of a
few TW, but it would imply the pumping to the surface
of 254 t s7! of CO,, which is 20-24% of anthropogenic
emissions. Therefore, this technology will probably
only be important for tropical islands. Small contribu-
tions of geothermal and wave energy will probably be
important at specific geographical places, while energy
from marine currents is not expected to be competitive
with other energy sources. In contrast, wind energy of
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marine origin will be one of the main contributions to
the future mix, with up to 1 TW of global production.
A similar contribution (1 TW) may come from hydro,
residential PV and utility-scale PV.

The EROEI of some RE technologies has been re-
ported to be small, and this raises some doubts on the
capability of a future 100% renewable power system to
provide a sufficiently effective EROEI. However, an
economy with the mix that we have discussed above
would have an effective EROEI of about 15. This is
lower than the EROEI value estimated for the pre-
sent fossil fuel economy (23) but it should allow us,
in principle, to sustain a future stationary developed
economy. However, the energy transition should be
made efficiently since inefficiencies could take the
EROEI value close to the limit of 10 that some authors
consider incompatible with a complex economy.

The best way to adapt our economy for stationary
power production is not evident. It should be discussed
and planned in advance, since the ‘business as usual’
economic practice is not able to provide the enormous
investment and substitution that a stationary electrified
economy will require.
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