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Abstract
Planning the appropriate renewable energy (RE) installation rate should balance two partially
contradictory objectives: substituting fossil fuels fast enough to stave-off theworst consequences of
climate changewhilemaintaining a sufficient net energyflow to support theworld’s economy. The
upfront energy invested in constructing a RE infrastructure subtracts from the net energy available for
societal energy needs, a fact typically neglected in energy projections.Modeling feasible energy
transition pathways to provide different net energy levels we find that they are critically dependent on
the fossil fuel emissions cap and phase-out profile and on the characteristic energy return on energy
invested of the RE technologies. The easiest pathway requires installation of RE plants to accelerate
from0.12 TWp yr

–1 in 2013 to peak between 7.3 and 11.6 TWp yr
–1 in the late 2030s, for an early or a

late fossil-fuel phase-out respectively in order for emissions to staywithin the recommendedCO2

budget.

Background

The 21st Conference of the Parties (COP21) has high-
lighted the need for a rapid transition away from fossil
fuels in order to maintain the emissions of greenhouse
gases below a level considered to have an acceptable
probability of being safe, leading to a temperature
increase not greater than 2 °C or even 1.5 °C. While
the goal is clear and ambitious, the methods for
attaining it are not. The nationally determined con-
tributions submitted prior to the conference are
insufficient to maintain emissions under the target
level and the current mainstream scenarios presented
rely on, controversial, late century negative emissions
(Anderson 2015a, 2015b). In addition to the need of
reducing greenhouse emissions, a second fundamental
target that is implicit in the COP21 agreement is that
these reductions should be obtained while offering
sufficient available energy for humankind, especially
for developing countries that are ascending the energy
availability ladder. As a tool to assist planning towards

a sustainable energy transition (SET), we develop a
net-energy based model that precisely quantifies the
energy transition trajectory, i.e. the rates at which
society should install renewable energy (RE) in purely
physical terms. In these terms, the desired RE installa-
tion rate, is fully determined by four factors: the net
energy demand over time, the carbon emissions limits,
the profile of the fossil fuel phase-out, and the RE
technology characteristics—especially the value and
form of its energy return on energy invested (ERoEI).
By avoiding the complications and implicit assump-
tions of economic-driven models, we exhaustively
map a wide-range of possible transition trajectories
and assess their relative desirability. The trajectory
selected as desirable can then serve as a clear mech-
anism for setting RE energy policy targets.

SET implies the development of a new energy
paradigm to cover all the energetic needs of human
societies, relying on RE and supported by a more effi-
cient infrastructure for its storage, transmission and
use. A physical frame for SET could be stated as: the
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rate at which society should deploy alternative energy
resources over time in order to deliver a desired level
of net available energy for a given phase-out profile of
the fossil resources. Such an approach offers the fol-
lowing advantages: (i) it is transparent as it removes
the veiling complications of prices, costs, climate
damage function estimations and projected economic
energy intensity, (ii) it provides unambiguous results
that can be used for energy system planning and
benchmarking, and (iii) it accounts for the energy and
resource investment required for a transition imple-
mentation putting crucial emphasis on the technolo-
gies’ energetic costs and their ability to scale in a way
that is not obscured by monetary economics
assumptions.

Despite their large number, all Integrated Assess-
ment Models (IAM) use monetary economics for cost
optimization when meeting emissions constraints
either as bottom-up or as general or partial equili-
brium economic models. Bottom-up approaches start
with an estimate of the cost of RE technologies and
summing up the costs in various scenarios of gradual
substitution that can satisfy the established limits to
emissions also used by (Jacobson and Delucchi 2011).
These assessments run into difficulties relying on eco-
nomic models from forecasting the long-term prices
of energy resources in a market economy to assuming
equilibrium dynamics (Rosen and Guenther 2015)
and do not account for the crucial issue of the avail-
ability of physical resources necessary for the con-
struction of the new infrastructure in terms of energy
and materials referred to as ‘energy cannibalism’ by
(Pearce 2008). On the other hand, market equilibrium
models rely on constant elasticity of substitution func-
tions that are ill-suited to model complete technologi-
cal transitions. As a result, forecasts based on
economics tend to be biased by contemporary condi-
tions and misjudge ‘surprises’ (Craig et al 2002) lead-
ing to consistent underestimation of RE deployment
by past forecasts that carries on unabated. For exam-
ple, a typical low representative concentration path-
way (RCP), overwhelmingly relies on biomass,
nuclear, negative emissions from carbon capture and
storage (CCS) along with energy efficiency (van Vuu-
ren et al 2007, 2011) overstating the potential of these
options to scale and underestimating their relative
costs against RE. A further problem in these assess-
ments are the variable, and sometimes unrealistic,
assumptions about the possibility of maintaining eco-
nomic growth assuming an unrealistic dissociation
between the energy and the economic systems (Steckel
et al 2013). Physics-based approaches present an alter-
native by offering a simpler frame focusing entirely on
the physical requirements to meet a desired energy
level per capita under constraints.

Nevertheless, physical approaches can be overly
simplistic. A prior approach identified discrete effi-
ciency and energy measures, ‘wedges’, that produce
equivalent emissions reductions and stacked them

cumulatively (Pacala 2004, Davis et al 2013). While
useful in breaking down the emissions problem mak-
ing it tractable and ‘mind-sized’, it did not account for
the depletion profile of fossil fuels and also overlooked
the energy investment for constructing the wedges
that is subtracted from the gross energy flows becom-
ing unavailable for alternate productive uses.

Providing sufficient RE to support all global
energy needs to make fossil fuel use redundant and
strand the right amount of reserves also provides an
alternative to the climate-economy trade-off mental-
ity. A physical SET viewpoint refocuses from the eco-
nomics of carbon mitigation to the energetics of a
planned energy substitution process. The physical per-
spective retains economic implications by recognizing
the tight correlation of economic output and energy
availability (Brown et al 2011) (see figure S1) and by
considering the energetic costs of extracting and deli-
vering useful energy carriers from energy resources as
measures of their comparativemerit.

A fundamental advantage of physical SET is that it
acknowledges ‘energy cannibalism’, i.e. accounting for
the energy necessary to build the substitute infra-
structure and power the transition. As the transition
progresses, fossil fuels are replaced by RE to the point
that the energy system relies 100% on the latter. The
transition is therefore determined by the rate of RE
installations that can substitute the fossil fuel contrac-
tion but also by the energy investment needed to sup-
port this rate as defined by the energy return on energy
investment (ERoEI alternatively EROI Brandt and
Dale 2011) of the technologies available for harvesting
the alternative resources (Lambert et al 2014) (see SI
section 1). While conventional energy statistics track
gross energy, the crucial metric for sustaining socio-
economic metabolism is net energy, the energy made
available from a resource after subtracting the energy
expended in its extraction, upgrade and distribution
(Huettner 1976, Carbajales-Dale et al 2014). When the
ERoEI is large and the investment is operational i.e.
concurrent with the energy harvesting, like in fossil
fuels and biomass, the net or gross distinction is of
limited consequence (Pickard 2014) because in this
case the net energy availability is very close to the gross
output and time synchronized. It becomes critical
though when ERoEI is lower, the investment is capital
intensive, as in the case of technical RE like wind or
solar, and the rate of installation is high (Dale and Ben-
son 2013). In this case the front-loaded energy invest-
ment noticeably reduces net energy availability. The
decreasing quality of the fossil fuel resources, as a
depleting stock requires additional energy for extrac-
tion and refining (Hall et al 2014).

To account for these dynamic effects, we build a
global energy-balance model (NETSET) that we use to
map the potential transition trajectories against a clear
definition for what constitutes a SET of all primary
energy sources. We develop these models around the
reasoned assumption that alternative options
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including CCS from fossil fuels, nuclear, hydro and
bioenergy have limited scale-up potential (see SI
section 2). The following sections define SET, intro-
duce the physical global energy transition modeling
framework (NETSET), and present the key results of a
mapping exercise for the available transition
pathways.

Methodology: defining andmodeling the
energy transition

To respond to what is the appropriate rate and
schedule to make the energy transition sustainable we
need to define the sustainability of the transition. We
refine three normative statements or guidelines draw-
ing from resource economics, (Daly 1996), (Hart-
wick 1977) presented previously (Sgouridis and
Csala 2014) and discussed in the SI section 3:

I. the impacts from energy use during SET should
not exceed the long-run ecosystem carrying and
assimilation capacity

II. per capita net available energy should remain
above a level that satisfies societal needs at any
point during SET and without disruptive discon-
tinuities in its rate of change

III. the rate of investment in building RE harvesting
and utilization capital stock should be sufficient
to create a sustainable energy supply basis without
exhausting the non-renewable safely recoverable
resources.

Such bounding implies that SET depends on three
critical parameters: the rate at which fossil fuels can be
safely combusted, the net energy society requires to
function and its tolerance to its change, and the char-
acteristic EROEI of the substitute RE infrastructure
portfolio.

Planning an energy supply system that transitions
from fossil fuels to REwhilemeeting net energy targets
(SI equation (4)) forms a dynamic problem because, as
discussed in the background section, current RE
investments subtract from the available energy today
and shape future energy availability. NETSET as a phy-
sical energy-balance model bridges the constraints
articulated by the first two sustainability statements
with the stock-flow dynamics of the third allowing us
to map the space of SET-compliant energy system tra-
jectories (SI section 4). Fundamentally, the rate of
change of installed capacity of an energy resource
should cover the rate of change in energy demand,
end-of life retirement of older equipment, and the
investment necessary for building future expansions
(SI equation (5)). For RE, this means that they should
cover the gap between the demand and the supply
from non-scalable resources and the fossil-fuel with-
drawal (SI equation (6)) critically factoring in the

additional supply of energy necessary to expand the
energy system in the future through back-casting (SI
equation (7)) and any improvements possible due to
the learning curve (SI equation (3)). In this calculation,
the ERoEI, operational lifetime of RE, and resource
quality availability are central. Once estimated, annual
RE installation rate becomes a simple but defining
parameter of the transition that serves as a clear mea-
sure for planning purposes.

In order to derive the constraints related to the first
guideline, we focus on GHG emissions. While the
long-run carrying capacity is a broader theme affecting
both fossil and RE sources, fossil emissions are pre-
sently the limiting factor compared to RE impacts (SI
section 3). The IPCC reports a probabilistic carbon
emissions cap with uncertainty stemming from differ-
ent climaticmodels.We investigate the implications of
the minimum, average and maximum levels that may
restrict warming to below 2 °C (510, 990, 1505 Gt CO2

respectively) (IPCC 2014). These provide a cumulative
limit which can, in turn, be met by the different fossil
fuel phase-out strategies shown in figure S2: an early
peak and gentler phase-out slope, a substitution of
more carbon-intensive fossil fuels (e.g. coal) with less
intensive ones (e.g. natural gas), or a delayed peak that
forces a very steep phase-out afterwards.

Similarly, future energy demand depends on
assumptions for the energy intensity of the economy
and the infrastructure needed to store and use RE, but
also on the level of convergence between developed
and developing economies. Even the large resource
base offered by renewable resources cannot provide an
infinitely growing supply of energy (Ayres 1996).
Therefore, all our scenarios assume an eventual stabili-
zation of desired energy per person. In terms of gross
average power per capita, estimates range from a low
1400W (Jacobson and Delucchi 2011), 2000W as a
lower limit for a high-income society (Marechal
et al 2005), up to 10 000W (Pickard 2014, Trai-
ner 2014). A study of a deep, yet still partial dec-
arbonization, for the state of California modeled the
transition from 6570W/person in 2010 to 3800W/
person by 2050 with aggressive energy efficiency (Wil-
liams 2012) but without accounting for energy embo-
died in imported goods or the energy used to build the
RE infrastructure. Figure S3 shows the range of poten-
tial demand trajectories we investigate. As a note on
semantics, we express all primary energy use in power
terms based on Watts (W) (SI equations (4)–(9)).
When translating this into installed nameplate capa-
city through capacity factors, we use Watts peak (Wp)
(equation (9)).

The primary contributions of this work, are: (i) a
detailed, net-energy basedmodel that can quantify any
global net energy transition trajectory while capturing
the upfront energy investments necessary, (ii) amap of
possible transition trajectories that result from a com-
bination of a range of final demand and composite
ERoEI of the RE system, and (iii) a relative valuation
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index of the difficulty of a given trajectory. The first
contribution provides a tool to plan the transition
when the ERoEIs of individual technology options are
known while the second offer insights of how do the
transition trajectories vary depending on key assump-
tions and the third highlights the easier trajectories.
The results section showcases the methodology for
developing detailed transition trajectories for any set
of assumptions on net primary energy requirements,
fossil fuel phase-out strategy, and the RE portfolio
ERoEI. Given the inherent uncertainties, any such tra-
jectory is but a cross-section of a larger transition land-
scape. We map this landscape of SET trajectories for a
range of: demand, ERoEI, fossil-fuel phase-out strate-
gies (early peak, switch to natural gas, and late peak), as
they all significantly impact the required RE installa-
tion rates.

Nevertheless, each trajectory represents a combi-
nation of options that pose different challenge to
society. For example, a higher per capita available
energy makes it easier for society to prosper than a
lower one and therefore is more desirable (Brown
et al 2011). Similarly, RE with higher ERoEI values is
more difficult to deploy than with lower ones as are
trajectories that require investment of a higher frac-
tion of the gross energy than those with lower. Finally,
a transition that draws more energy from the gross
available either in the form of a high peak or a high
average is costlier to society in terms of resource
expenditure. Since these four parameters are conflict-
ing in their desirable range, we define and estimate a
transition feasibility index (TFI) for each trajectory.
TFI is a composite measure of how ‘easy’ one trajec-
tory is for society to achieve relative to all others. It
relates the ease with the ERoEI, net energy demand,
and the peak and average intensity of RE installations
that form the basis of each trajectory (SI section 5).

Results

Figure 1 shows an example of a possible SET trajectory
that presents the details of all constitutive energy
resources for a 2000W net energy per capita demand
by 2100 and an initial weighted-average RE ERoEI of
20. The RE energy investment magnitude (the princi-
pal component of the difference between gross and net
energy) is evident as the notable hump above the net
energy demand shown as the dashed line in figure 1(a)
during the transition acceleration phase (2020–2060),
highlighting the role of fossil fuels as ‘seed’ of the
transition. Figures 1(b) and (c) respectively show the
RE installed capacity and installation rate. Figure S4
provides a close-up comparison of the historical
capacity additions compared to the model results and
the change of the composite ERoEI for this scenario.
Figure S5 shows another trajectory that is more
constrained and less smooth forced by lower initial
ERoEI assumptions (10) and the lowest carbon cap.

Given the wide possible range in both the ERoEI of
the RE supply and the net demand for energy, we com-
pile the SET-compliant trajectories of RE installation
rates and capacity into contour maps to illustrate the
impact of these parameters on the RE trajectories. The
isolines of figure S6 and S7 show the required RE
installed capacity for the range of power demand pro-
files in figure S3(b) and a wide range for scalable RE
ERoEI (6.7–60) respectively under the three fossil fuel
caps and the three fossil phase-out schemes. Each hor-
izontal cross-section (traced as a constant y-axis value
in figures S6 and S7) represents the RE installed capa-
city in a SET-compliant RE trajectory and the slope of
the contours represents the net capacity addition rate.
The actual installation rate, mapped in figures S8 and
S9, is larger as it accounts for the replacement of
decommissioned RE installations. In terms of year to
year capacity expansion rates, this implies that the his-
toric peak growth rates of cumulative installed capa-
city (at>30%) should continue until 2020 (see figures
S10 and S11) independent of trajectory and then, as
the installed base grows, slow down differentially but
not substantially remaining>10%until after 2030.

When adjusted for TFI, the fairly wide distribution
of transition trajectories narrows significantly as the
more feasible SETs form a thin band that gets nar-
rower and harder as the fossil-fuel phase-out is
delayed. The five-year delay in initiating the transition
reduces the TFI (of the figure 1 trajectory) by 22%
while a 50% cut in the emissions cap reduces its TFI by
43%. To make relative evaluation easier, figure 2 plots
in profile the SET-compliant RE installation rates in
TWp yr

–1 for all combinations of ERoEI and final
demand trajectory colored by their relative TFI value.
A lower ERoEI pushes higher installation rates earlier
by several years in response to the increased upfront
investment. Nevertheless, in the critical initial accel-
eration phase, capacity additions are more influenced
by the emissions cap and fossil phase-out. Looking at
the best TFI trajectory for the 990Gt CO2 cap (com-
paring the bold lines in figures 2(d) and (f)), the choice
of a late fossil fuel phase-out increases the peak instal-
lation rate by 60% peaking at 7.3 in 2035 instead of
11.6 TWp yr

–1 in 2038. Another indication of the
severe impact of the delay is that the peak occurs only
eight years after the start of the transition effort versus
15 years in the early phase-out scenario. This implies
an increase from the 2015 RE installations that were
around 0.12 TWp yr

–1 by a factor ranging from 60 to
97.While this result is dependent on the TFI specifica-
tion method, we note that across all scenarios with
demand less than 3000W/person, such delay implies
at least a 50% increase in the peak installation rate. The
early and fuel-switch phase out profiles offer a wider
range of easier paths than the delayed transitions pri-
marily because of their lower investment peaks. Cru-
cially, the lower 510Gt CO2 cap offers little slack
creating a very narrow and difficult SET trajectory
range that is penalized by the consistently high peak
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installation rate of around 10 TWp yr
–1 even for early

action. Although, if these peaks are reached then the
rest of the trajectory becomes feasible.

Discussion

In every case, the trajectory of a successful SET consists
of a sustained acceleration in the rate of investment in
RE. For the 990Gt cap and the 2000W demand
trajectory, it implies sustaining the RE capacity growth
rates at around 30% yr–1 until 2020 and then gradually
slowing them down to 10% yr–1 in 2030 and towards
steady state around 2050 (see figure S10). In all cases,
the installation rates should increase by several orders
of magnitude within the next three decades. Our

results significantly diverge from the findings in the
IAMs literature relying on outdated cost assumptions
where the median estimate from 149 models is that
wind and PV generation will be around 25% of the
electricity, not primary energy, supply in the low
emissions scenarios with a max estimate of around
70% (e.g. seefigure 4 in Edenhofer et al 2013).

A peak in installation rates, but not cumulative
capacity, forms at the point where the energy demand
growth starts to slow down. Transition trajectories
that have a lower peak are harder as they assume an
economy that can operate at the lowest energy per
capita or very high ERoEI values for RE. A fuel switch
strategy helps in the second half of the century as it
lowers the capacity installed but not so much at the
acceleration phase from 2015 to 2035 (compare

Figure 1. (a) SET-compliant primary energy supply evolution (in PWh) for providing 2000 Waverage net power per capita by 2100 to
a population of 10.8 billion. Fossil fuel emissions complywith a 990GtCO2 cap peaking in 2020 and phased-out by 2075. The dashed
line represents the net available energy while the values above it the energy investment in building and operating the energy system
(‘seed’). (b)REportfolio installation rate profile (in TWp yr

–1). (c) Installed RE capacity (in TWp).
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figures 2(b), (e), (h) against (a), (d), (g)). Importantly,
further delays in the rise of RE investments cannot be
compensated by subsequent additional acceleration
because the decline in net energy from the carbon-
constrained fossil fuels would be insufficient to power
the transition without energetically impoverishing
society or exceeding the carbon cap if the carbon cap is
the average expected or lower as indicated by the very
low TFI throughout the entire range in figures 2(c)
and (f).

These transition patterns may seem aggressive but
they are in line with the time progression of past
energy transitions. Although those transitions were
partial, they typically were completed within several
decades (Fouquet 2010). However, a SET should
encompass the entire energy system while providing
sufficient net energy to sustain the global economy.
Therefore attaining SET depends not only on RE
installation but also on replacing a large part of the
present energy-utilizing infrastructure (from indus-
trial machines and vehicles to buildings and roads) to
match the new energy resources.

While present infrastructure systems are adapted
to specific energy carriers, for instance liquid fuels for
transportation, the technologies available for SET pro-
vide electricity, a high quality energy carrier. Replacing
the relatively low fossil fuel final energy conversion
efficiency would imply that an RE-based, electrified

economy should require lower levels of per capita pri-
mary energy for the same economic output. Since our
methodology focuses on primary energy supply an
objection can be raised that lower levels of primary
energy are realistically needed. We address this argu-
ment by mapping the SET trajectories for a wide range
of primary energy demand per capita that includes
values lower than even the most optimistic estimate
(see discussion in the methodology section). We also
note the need for oversizing an RE-based energy sys-
tem that runs counter to the increasing efficiency of
electrificationwhich is discussed below.

In SET, societies can adapt bymeans of restructur-
ing their productive infrastructure and, if not possible,
to use electricity to produce synthetic fuels. For
instance, modern agriculture relies on fossil resources
for mechanization and for the production of critical
fertilizers. Nevertheless, it is technically possible to
transform the agricultural infrastructure from one
using liquid fuels to one that uses electricity to a sig-
nificant extent (Bardi et al 2013). In other cases, e.g. in
aviation, synthetic drop-in fuels can be produced, but
with large associated conversion losses. Results from
network analysis indicate that future societal energy
intensity is likely to be higher if expected urbanization
trends materialize (Jarvis et al 2015) supporting the
historical connections of social complexity and energy
use (Tainter 2011). In summary, done on a global

Figure 2.Envelopes of SET-compliant RE installation rates over the RE composite ERoEI range of 6.67 to 60 (in 2014) and a per capita
net power demand range of 667–6000 W/person (in 2100), under early, early/partial and late fossil fuel phase-out strategies and for
three fossil emission caps: 510 (a)–(c), 990 (d)–(f), and 1505 (g)–(i)GtCO2. The transition feasibility index is a normalized composite
measure of the relative difficulty of each trajectory. The solid lines draw the highest TFI (most feasible) trajectory in each group.

6

Environ. Res. Lett. 11 (2016) 094009



scale, an RE-based energy system should employ (i)
certain overcapacity to reduce the impacts of daily
resource variability, (ii) mechanical, electro-chemical
and chemical storage (Lewis andNocera 2006) for grid
stability, seasonal variability, and as synthetic energy-
dense fuels, and (iii) replacement, modification and
expansion of infrastructure systems to support rising
incomes in the developing world and in order to make
them compatible with RE supply—e.g. electrification
of transportation systems and long-distance electricity
transmission. While we have provisioned an ERoEI
derating to account for storage needs as detailed in SI
section 2.1, our estimates still rely on average annual
power and they aremost likely conservative for a given
trajectory as actual installed RE power would need to
be higher to capture demand peaks and especially sea-
sonal variations reducing system efficiency and adding
to the energy investment required.

On the question of policy, given that there are sig-
nificant lead times and many infrastructure invest-
ment decisions taken today have useful lives and
impacts of several decades (Davis et al 2010), their con-
struction needs to account for SET already. Policy
mechanisms should be in place to commit to appro-
priate RE targets and prioritize the allocation of eco-
nomic resources from other activities to meet them.
Such long-term planning requires government direc-
tion towards specific but technology-agnostic RE
deployment targets. A critical aspect aiding such deci-
sions is that the targets themselves become a factor in
driving the economic competitiveness of the RE
alternatives.

Markets though are useful in deciding on the allo-
cation between technologies. Since economic activities
require energy to provide material wealth, real eco-
nomic growth is reliant on a corresponding increase in
the quality-adjusted energy supply (Ayres et al 2003).
This has implications for a financial system in which
debt is extended relying on the expectation that future
growth will permit its repayment; it cannot stay sol-
vent without securing an adequate energy supply to
support the expected future economic energy inten-
sity. We therefore propose a corollary, normative eco-
nomic statement for SET on par with the physical
ones: financial commitments of future consumption
(debt) should be limited by future energy availability.
Tying debt extension to RE investment itself could
provide a self-regulating incentive to the financial sys-
tem to actively pursue the energy transition
(Sgouridis 2014).

Conclusions

Since SET requires energy to construct the necessary
RE infrastructure and to integrate the mostly variable
RE resources in the energy system and since at present
the world’s energy derives primarily from fossil
resources, we need the energy from fossil fuels to

transition away from their use. This requirement is
analogous to ‘the sower’s strategy’ (Bardi 2014b), the
long-established farming practice to save a fraction of
the current year’s harvest as seeds for the next. Fossil
fuels are finite but we can ‘sow’ what these fuels
provide: energy and minerals to create the capital
needed for the transition (Bardi 2014a). Our work is
unique in providing a net-energy based modeling
framework for physically quantifying the energy trans-
ition and reconciling it with the fossil fuel phase-out
dictated by climate constraints. An energymetabolism
perspective simplifies a notable confusion in the
discussion of RE potentials (Verbruggen et al 2009) as
it can provide a range for the RE investment effort (the
‘seed’) and objectively inform policy formation by
back-casting on the appropriate SET trajectory for any
desired net energy availability.

Given the uncertainties in some of the critical
parameters, through a mapping of a range of possible
trajectories we show that the growth rates of RE instal-
led capacity should continue unabated at above
30% yr–1 until at least 2020 and then slowly ease but
still remain above 10% almost until 2030. In terms of
absolute installation rates, this acceleration implies an
increase from 0.12TW yr–1 in 2015 to 7.3TW yr–1 by
2035 (or a factor of 60) in RE installation rate if we are
to stay on the least difficult compromise trajectory.
This is robust across trajectories in early and fuel
switch transitions but delays in picking up pace may
lead to rates that exceed current by a factor of 95 and
more, making them rather impractical. The challenge
of a SET before the end of the 21st century under cli-
mate constraints is unprecedented in magnitude,
scope, and ambition. It is, nonetheless, doable if we
adopt a global ‘sower’s strategy’ and proactively invest
an appropriate amount of the fossil energy available
today into building a sustainable energy future with
concrete annual targets. In this respect, the currently
observed deceleration in RE deployment (28% growth
rate for PV in 2015 from a peak of 75% in 2011 and
17% for wind from a peak of 24.5% in 2010) begins to
diverge from early transition trajectories and should
be redressed.
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