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A critical review of global
decarbonization scenarios: what
do they tell us about feasibility?
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Dozens of scenarios are published each year outlining paths to a low carbon global
energy system. To provide insight into the relative feasibility of these global decar-
bonization scenarios, we examine 17 scenarios constructed using a diverse range
of techniques and introduce a set of empirical benchmarks that can be applied to
compare and assess the pace of energy system transformation entailed by each
scenario. In particular, we quantify the implied rate of change in energy and car-
bon intensity and low-carbon technology deployment rates for each scenario and
benchmark each against historical experience and industry projections, where
available. In addition, we examine how each study addresses the key technical,
economic, and societal factors that may constrain the pace of low-carbon energy
transformation. We find that all of the scenarios envision historically unprece-
dented improvements in energy intensity, while normalized low-carbon capacity
deployment rates are broadly consistent with historical experience. Three scenar-
ios that constrain the available portfolio of low-carbon options by excluding some
technologies (nuclear and carbon capture and storage) a priori are outliers, requir-
ing much faster low-carbon capacity deployment and energy intensity improve-
ments. Finally, all of the studies present comparatively little detail on strategies
to decarbonize the industrial and transportation sectors, and most give superficial
treatment to relevant constraints on energy system transformations. To be reli-
able guides for policymaking, scenarios such as these need to be supplemented
by more detailed analyses realistically addressing the key constraints on energy
system transformation. © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Avariety of recent studies conclude that avoiding
extreme climate change outcomes may require
near-total decarbonization of the world’s energy
system during this century, with 50-90% reductions
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in energy-related CO, emissions required by 2050.178
Projected economic and population growth means
that by mid-century, the global energy system must
deliver roughly twice as much energy as today, while
simultaneously achieving very deep reductions in CO,
emissions.” ! This is an unprecedented undertaking.

A number of organizations and researchers
have published prospective scenarios for 21st century
low-carbon energy system transformations designed
to stabilize atmospheric concentrations of CO, or
projected global temperature increases at acceptable
levels. This study reviews 17 such decarbonization
scenarios drawn from 11 studies in 12 publications.
These studies are selected so as to include diverse
examples of four different general approaches to
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developing low-carbon energy scenarios, including:
top—down scenario-based back-casting!?~1¢; top—
down integrated assessment modeling!”~!?; bottom—
up energy systems modeling?®?!; and bottom—up
techno-economic assessments.>2%3

Prior studies have conducted detailed
inter-model comparisons of dozens of scenarios pro-
duced by various integrated assessment models (IAMs)
of the energy—climate—economic system.”18.2% These
studies help the modeling community compare and
calibrate different IAM formulations, illuminate for
policy makers the points of agreement and divergence
between these models, and identify the impact of
different model assumptions or formulations on key
results. Our purpose here is complementary and dif-
ferent. First, we assess a set of scenarios constructed
using a diverse range of methods, including IAMs but
also several other influential studies constructed using
different methods (i.e., scenario-based backcasting,
bottom-up studies, etc.). Second, we focus on what
these studies usefully tell us about the feasibility of
various decarbonization strategies. The benchmark-
ing methods introduced herein and the results of
this scenario comparison can both helpfully inform
policy makers and provide useful historical, empirical
comparators for the scenario building and modeling
community.

‘Feasibility” can of course be interpreted or
defined in a number of ways (see, e.g., pp. 8 and
13 in chapter 6 of Ref 7). For example, physical
constraints, such as limits on the concentration of
atmospheric CO, consistent with certain mean aver-
age temperature stabilization targets or limits on nat-
ural resource availability, may render some scenar-
ios physically impossible and thus infeasible. Beyond
these hard physical constraints, however, policy mak-
ers must contend with additional feasibility consid-
erations, including the rate of physical transforma-
tion of energy systems (e.g., infrastructure turnover
and deployment), economic implications, social accep-
tance of the technologies underpinning decarboniza-
tion efforts, political feasibility, and interactions with
other societal objectives. While judging a particular
scenario ‘feasible’ or ‘infeasible’ is ultimately a sub-
jective interpretation, our aim here is to quantify and
illuminate several key metrics that can assist policy
makers and others in assessing the feasibility of var-
ious decarbonization strategies.

To this end, we introduce a set of empirical
benchmarks that can be applied to compare and assess
the pace of energy system transformation (explicitly or
implicitly) entailed by the results of any global decar-
bonization scenario. Importantly, these metrics are
agnostic as to the underlying model formulations or

94 © 2014 John Wiley & Sons, Ltd.
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methods. In particular, the bulk of this study is devoted
to quantifying the implied rate of change in energy and
carbon intensity and low-carbon technology deploy-
ment rates for each scenario and benchmarking each
against historical experience and industry projections,
where available. In addition, we examine how each
study addresses the key technical, economic, and soci-
etal factors that may constrain the pace of low-carbon
energy transformation.

A CRITICAL REVIEW OF GLOBAL
DECARBONIZATION SCENARIOS

This study reviews 11 studies proposing a range of
global decarbonization scenarios intended to stabilize
atmospheric CO, levels or global temperature rise
to acceptable levels, implying 50-90% reductions in
global CO, emissions by mid-century.

While there is no generally accepted typology of
decarbonization scenarios,” we classify these studies
as examples of four general approaches to developing
low-carbon energy scenarios.

1. Top—down, scenario-based back-casting
methods!?~1¢ begin by selecting a proposed
target for final decarbonization and generally
preselect a portfolio of eligible low-carbon
technologies. These studies then construct a
scenario of energy system transformation that
complies with the final decarbonization target.

2. Top—down integrated assessment modeling
approaches utilize integrated models of the
climate and economic systems of varying
detail.>17=1% These studies establish a norma-
tive decarbonization constraint and use the
model to develop a cost-effective portfolio of
technologies to comply with that constraint, or
they use the model to perform a cost-benefit
analysis to determine the economically efficient
evolution of global energy technologies and
CO, emissions. By constraining the portfolio of
available technologies, IAMs can also used to
explore the feasibility of alternative technology
pathways and the sensitivity of model results to
the availability of specific technologies.>®

3. Bottom—up  energy  systems  modeling
approaches use relatively detailed representa-
tions of the energy system to construct scenarios
capable of achieving normative decarbonization
goals.?%?! These models are generally very
data-intensive and allow consideration of tech-
nical constraints in the energy systems as well
as some degree of economic assessment.
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A critical review of global decarbonization scenarios

4. Bottom-up technical or techno-economic
assessments start with comparative rankings
of various decarbonization technologies and/or
opportunities.”>*3 Technologies can be ranked
on abatement cost alone (e.g., McKinsey), or
on some other set of criteria, which may not
include costs at all (e.g., WWEF). Highly ranked
technologies are then deployed to develop the
decarbonization scenario.

Note that this taxonomy distinguishes scenar-
ios based on the method of scenario construction,
rather than the purpose for which that scenario is
constructed. Irrespective of method, scenarios can be
constructed for a variety of purposes, including, iden-
tifying the least-cost pathway to accomplish a specific
CO, stabilization target, exploring the technical feasi-
bility or economic cost of certain pathways, describing
the expected results of policies, or exploring the sen-
sitivity of scenario results to specific key assumptions.
Where possible, we therefore also note the intent for
which the scenarios were constructed (see Table 1).

While important differences exist between the
methodological approach, level of detail, and motivat-
ing objective of each approach to constructing decar-
bonization scenarios, these key distinctions are often
lost outside of the relevant research communities. This
is particularly true when such studies enter into public
discourse and policy making debates, where only the
headline conclusions receive the bulk of attention. Fur-
thermore, within each category of scenario methods,
we find a range of resulting energy system transfor-
mation rates and treatments of constraints to change.
When it comes to feasibility, we find that the choice of
scenario construction method itself is much less impor-
tant than the specific scenario assumptions.

As such, this study conducts a cross-comparison
of decarbonization scenarios selected to include
notable examples from of each of these four scenario
construction approaches and to span a range of
decarbonization strategies—i.e., studies employing a
diversity of technology portfolios, different degrees of
emphasis on energy efficiency improvements versus
supply decarbonization and so on. To facilitate this
cross-comparison, this study uses a set of metrics that
are agnostic to the underlying scenario construction
methods and are selected to aim focus at the pace of
energy system transformation envisioned by selected
studies and the varying treatment of key constraints
on such transformation therein.

Table 1 lists the decarbonization studies and
scenarios reviewed by this study, along with their
classification based on the taxonomy described above.
This table also lists each scenario’s CO, emissions

© 2014 John Wiley & Sons, Ltd. 97
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target, assumptions about energy demand growth
and energy and carbon intensity improvement rates,
and the low-carbon technologies considered by the
scenario.

Notably, all of the studies reviewed primar-
ily focus on the transformation of the electricity
sector, even though CO, emissions from electricity
and heat generation accounted for only 41% of all
energy-related emissions in 2010.27 Transportation
and industrial emissions added together account for
another 42% of energy-related emissions, essentially
equal to electricity and heat generation, but as we
will see, most of these studies provide much less
consideration of decarbonization options for these
sectors. This likely reflects a general consensus in the
climate mitigation literature that the near-complete
decarbonization of electricity generation along with
electrification of other sectors (e.g., heat and trans-
port) will play an integral role in reducing global
energy-related CO, emissions, particularly through
the first half of the century.”3

The remainder of this section compares key
metrics for energy system transformation for each
study on a consistent basis, whenever sufficient detail
has been provided to allow for valid comparisons to
be made. Because of this limitation, not every study
is included in each comparison. For uniformity and
to allow comparison across studies, we convert and

wires.wiley.com/climatechange

present all energy quantities in terawatt-years (TW-yr)
and power quantities in terawatts (TW) or gigawatts
(GW). Carbon emissions are presented consistently in
gigatonnes of carbon dioxide (Gt CO,).

CO, EMISSIONS TARGETS

While business-as-usual (BAU) projections see global
CO, emissions reaching 57 Gt/year by 2050, 2!
the surveyed studies all propose strategies for deep
decarbonization, on the order of 50-90% below
current levels by 2050 (see Table 1 and Figure 1).

As expected given the nature of global decar-
bonization scenarios, meeting even the least demand-
ing of the emissions targets (i.e., the WEO 450
or the CCSP targets) would represent a significant
departure from the historical trajectory of carbon
emissions, which have increased by 2.4%/year for
the period 1965-2009.27 The implied reductions in
carbon intensity (CO, emitted per unit of GDP)
range from 4-5%/year (WEO 450, CCSP, WWF)
to over 10%/year (Jacobson & Delucchi, EMF22
ETSAP-TIAM). For comparison, global carbon inten-
sity was reduced by 0.9%/year from 1990 to 2008,
despite significant policy efforts in some countries.?’

The CO, targets in these studies are met by
implementing two strategies: (1) reduction in total
primary energy demand (TPED) and (2) reduction

60 1 Actual
--m-- |EA reference A
55 1 --&-- Greenpeace/EREC P
--+-- Jacobson & Delucchi /”
50 1 --#-- Worldwatch o
) ®-- Brook ,/"
24 ~-+-- CCSP
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K] Sy
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FIGURE 1| CO, emissions targets of the global climate stabilization studies reviewed (see Table 1 for key to sources). Dashed lines are for clarity

and do not imply emissions trajectories.
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FIGURE 2| Projected total primary energy demand for the climate stabilization scenarios reviewed (see Table 1 for key to sources). Dashed lines

are for clarity and do not imply energy trajectories.

in the carbon intensity of energy supply. In the
following sections, we assess the rates of energy
system transformation associated with each of these
strategies.

TOTAL PRIMARY ENERGY DEMAND,
ENERGY INTENSITY, AND
HISTORICAL BENCHMARKS

Global TPED stood at 16.4 TW-yr in 2010 with fossil
fuels supplying more than 80% of demand.?’ On
average, TPED grew 2.6% annually over the 44 years
from 1965 to 2009; as the global population doubled
over this period, TPED tripled.30°

Reference, or BAU, scenarios, project TPED
will grow more slowly, roughly doubling over the
next 40years?! with an annual growth of approxi-
mately 1.4%. Non-OECD countries are responsible
for roughly 90% of the projected growth, with China
and India alone accounting for more than half of the
increase in energy use.3’

Figure 2 illustrates the projected TPED assump-
tions in each of the scenarios, together with the IEA
Reference BAU scenario® for comparison. Most sce-
narios assume demand reduction strategies will sig-
nificantly reduce the growth of TPED over the next
20-40 years. TPED projections depend on both the

Volume 6, January/February 2015

growth in demand for energy services and in changes
in the energy intensity of the global economy (i.e.,
improvements in energy productivity or efficiency).
Many studies assume reductions in TPED in the range
of 30-40% relative to BAU scenarios, thereby requir-
ing much greater annual rates of improvement in
energy intensity than have been experienced in the last
40 years.

As Figure 2 illustrates, projected TPED varies
widely across the scenarios, which fall roughly into
four groupings. The first group (Brook, EMF22
ETSAP-TIAM and IEA reference scenario) projects
continued growth in TPED at roughly recent rates.
The second group (IEA WEO 450 and Blue Map,
GEA Supply and Mix, WWE, and EMF22 MiniCAM
Base scenarios) projects more modest growth (~1.2%
annually), leading to a roughly 30% reduction relative
to the reference case by 2050. The third group (GEA
Efficiency and CCSP MiniCam) sees TPED remaining
roughly flat through 2050, increasing by only 10-15%
from 2010 levels. Finally, the fourth group (Green-
peace/EREC, Worldwatch, and CCSP MERGE and
IGSM scenarios) envisions absolute declines in global
TPED through 2050. Jacobson & Delucchi also envi-
sion absolute declines in energy consumption to 2030,
but present projections of end-use energy rather than
total primary energy.
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FIGURE 3| Global trends in energy intensity, past, and projected (sources: Refs 31, 32, and the various studies reviewed herein).

Figure 3 illustrates the implied ranges of rates of
improvements in energy intensity (TW-yr/$GDP) for
‘Group 1’ studies projecting sustained BAU growth
rates in energy demand and ‘Group 4’ studies pro-
jecting absolute declines in global TPED, and com-
pares these rates to historical annual changes in global
energy intensity, which declined by 0.8 %/year on aver-
age over the last 40 years.

Even the ‘Group 1’ scenarios require sus-
tained improvements in energy intensity of —1.5 to
—1.8%year, matching the highest annual rates seen
over the last 40 years. Furthermore, the ‘Group 4’
scenarios require sustained declines in energy intensity
of —3.4 to —3.7%year, roughly double the most rapid
rates observed over the past 40years. These rates
fall far outside the range of historical experience and
also significantly exceed the fastest sustained rates of
energy intensity decline observed in any individual
OECD nation from 1971 to 2006.33

DECARBONIZATION OF ENERGY
SUPPLY, LOW-CARBON TECHNOLOGY
DEPLOYMENT, AND HISTORICAL
BENCHMARKS

Figure 4 presents the breakdown of projected TPED
by major categories of supply. It illustrates the very

100 © 2014 John Wiley & Sons, Ltd.

different approaches taken to meet the desired emis-
sions reduction. ‘Group 4’ studies (e.g., Jacobson
& Delucchi, Greenpeace/EREC, Worldwatch) adopt
a strategy of very large rates of demand reduction
combined with very heavy reliance on renewables and
massive electrification, and they specifically exclude
certain technologies from consideration. Others (e.g.,
EMF22, GEA, CCSP, WEO 450, IEA Blue Map)
include a broad mix of all available options and less
stringent demand reductions.

Figure 5 compares projected electricity generat-
ing capacity in each study for the year 2030. The
actual mix of installed generating capacity for 2009
is provided for comparison.

The studies all project a significant expansion of
installed electrical generating capacity as well as major
changes in the mix of generating sources, driven both
by a shift to lower-carbon technologies and fuels and
by increased electrification of the transportation, heat,
and in some cases, industrial sectors. In general, the
studies project an increase in electricity’s share of final
demand from the current 17% to the 30-50% range,
continuing a 20-year trend. Jacobson & Delucchi is
outlier in this regard, as they exclude every option
except wind, solar, hydro, and ocean energy; as a
result, 100% of energy demand is supplied by elec-
tricity or electrolytic hydrogen in their scenario.
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The feasibility of the rates of new generating
capacity additions implied can, in part, be assessed by
benchmarking against historical experience.? Figure 6
presents normalized annual capacity addition rates
for total power system capacity as well as individual
power generation technologies since 1965.30:29:34=37
Capacity addition rates are smoothed as a 3-year
rolling average and normalized by global GDP (in
constant dollars) in each year, so as to account for
the growth of the overall global economy.” Total
global capacity increased from ~725 to ~5330 GW
from 1965 to 2011, and grew at an annual rate
of between 2 and 6% over this period. Normalized
capacity additions of individual energy sources was
typically less than 1.5 GW/year/$T of GDP while the
total global capacity grew at between 1.5 and 3.5
GW/year/$T of GDP (Individual technology ranges
were: coal 0.6-1.6 GW/year/$T of GDP, gas 0.2-1.6,
nuclear 0-1.0, hydro 0.1-0.8, wind 0-0.6 and solar
PV 0-0.2).

Figure 7 shows total global installed genera-
tion capacity as a function of time, both histori-
cal from 1965 to 2010 and projected in the various
scenarios.
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As Figures 6 and 7 illustrate, most studies call
for expansion of global generation capacity at rates
consistent with historical experience,® envisioning
a roughly 50-100% cumulative increase in world
electric generating capacity by 2030 (an increase of
approximately 3000-5000 GW or a normalized rate
of 0.6-3.0 GW/year/$T of GDP). Three scenarios
(Worldwatch, Jacobson & Delucchi, and WWF) that
call for large percentages of wind and solar power
and exclude key baseload technologies [e.g., nuclear
and/or coal and gas with carbon capture and storage
(CCS)] are striking exceptions. These studies envision
a 4- to 10-fold increase in world generating capacity,
calling for 20,000-30,000 GW by 2030 and over
50,000 GW by 2050, a build-out approximately an
order of magnitude greater than the remainder of
the studies. These studies also envision a normalized
build-out of generating capacity in the range of 5-23
GW/year/$T of GDP, or 1.4-15 times faster than
historical experience. These unprecedented rates are
a consequence of both the relatively low-capacity
factors of wind and solar as well as increased demand
due to the assumed widespread electrification of the
economy.
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We now compare the requisite deployment rates
of specific low-carbon electricity generation technolo-
gies in each scenario with historical experience and
industry projections, where available. The studies gen-
erally provide projections by decade, and we assume a
linear growth in capacity for each decade.

Wind
Most studies assume annual deployments of wind
turbines in the range 50-100 or 0.5-1 GW/year/$T
of GDP. While these rates are roughly double the rate
of wind capacity additions from 2010 to 2012, they
compare favorably to normalized rates of capacity
addition for several other technologies (i.e., coal,
gas, nuclear, or hydro). Global annual wind capacity
additions more than doubled from 20.3 GW in 2007
to 44.8 GW in 2012, and the Global Wind Energy
Council projects global wind deployment rates will
increase to 70-120 GW/year by 2020 and 100-150
GW/year by 2030.38

Much more aggressive plans were presented by
three studies. Jacobson & Delucchi envision approx-
imately 500 GW/year to yield 19,000 GW in 2050.
WWF assumes 200-500 GW/year to attain 7200
GW in 2030. Worldwatch projects more than 200
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GWl/year to yield 4800 GW in 2030. These three
scenarios call for global wind deployment in the range
2-6 GWl/year/$ST of GDP, every year for the next
35years. Those rates are roughly 33-300% faster
than has been demonstrated historically for any single
technology. Indeed, at the middle and upper end
of this range, wind capacity additions alone would
exceed the historical normalized capacity addition
rate for all technologies combined (see Figure 6).

Solar

Only a few of the studies separately specify contri-
butions from solar photovoltaics (PV) and solar ther-
mal, so we combine both technologies here for ease
of cross-comparison. Apart from Jacobson & Deluc-
chi, WWE, and Worldwatch, the projected average
rate of solar capacity additions range from 50 to 150
GWl/year in the next decade and beyond (a normal-
ized rate of 0.7-2 GW/year/$T of GDP). This rate is
as much as five times the historical high of roughly
31 GW in 2012%° and would thus entail a continu-
ation of the rapid growth rates recently experienced
by the PV industry, as well as the establishment of a
viable, multi-GW-scale global solar thermal industry.
However, solar capacity additions at that rate would
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be within the normalized range that has been histori-
cally demonstrated for more conventional power gen-
eration technologies (see Figure 6) and consistent with
the more ambitious visions of the solar industry.4%-4!

However, both Jacobson & Delucchi and World-
watch call for building an average of more than 700
GWlyear of solar—reaching a total installed capacity
of 30,000 GW in 2050 and 18,000 GW in 2030
respectively. WWF envisions over 300 GW/year after
2030 as capacity grows to more than 8000 GW
in 2050. These three scenarios call for sustained
normalized solar deployment in the range of 3-8
GW/year/$T of GDP. As with the wind addition
rates envisioned by these studies, this solar capacity
addition rate would be higher than has been demon-
strated for any single technology in global history,
and on a sustained basis, would be more rapid than
total global power generation capacity additions (see
Figure 6).

Hydroelectric

Projected additions of hydroelectric power are univer-
sally modest compared with those for wind and solar.
The various scenarios envision an increase of roughly
300-600 GW in total capacity by 2030, an increase
of roughly 30-60% over 2008 capacity. Normalized
buildout rates are in the range 0.2-0.3 GW/year/$T of
GDP, consistent with historical hydropower capacity
addition rates of 0.2-0.8 GW/year/$T of GDP.3°

Geothermal

Geothermal’s 2012 contribution to global capacity
stood at approximately 11 GW with additions over
the last 20 years less than 0.01 GW/year/$T of GDP.>
Most studies project capacities increasing to 30-200
GW by 2030, with deployment rates in the range
0.01-0.1 GW/year/$T of GDP. In contrast, Jacobson
& Delucchi, Worldwatch, and WWF project much
larger increases in installed capacity: approximately
500 GW in 2050, 1000 GW in 2030, and 3000
GW in 2050, respectively, or 0.2-1.0 GW/year/$T of
GDP. Although these rates are modest compared to
those for other technologies (see Figure 6), they are
orders of magnitude greater than historical geother-
mal capacity addition rates. As another point of com-
parison, an MIT Energy Initiative study estimated
that an aggressive development plan making use of
enhanced geothermal techniques not yet demonstrated
at commercial scale could potentially yield a cumu-
lative installed capacity in the United States of 100
GW by 2050.4> Worldwatch calls for adding this much
geothermal capacity worldwide every 2 years between
now and 2030.
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Ocean

Wave and tidal generators are not currently commer-
cially viable and the installed base is essentially zero.
Despite this, Jacobson & Delucchi’s scenario assumes
we can build 1000 GW of installed capacity by 2050,
Worldwatch calls for roughly 300 GW by 2030, and
Greenpeace/EREC envisions 200 GW by 2050. The
other studies that specifically reference ocean power
suggest much lower capacities in 2030, between 3 and
60 GW.

While the global resource potential of wave
and tidal energy in locations likely to be developed
for energy production exceeds 500 GW,'3 scaling up
deployment of these immature technologies to tens of
GW/year will require extensive design, development,
testing, and evaluation, which can take many years.
For reference, the first 1 GW of wind power was
installed in California between 1981 and 1985, and
it took more than 25years to reach a total global
installed capacity of 100 GW.38

Nuclear
With the exception of Brook, none of the stud-
ies reviewed here calls for an expansion of nuclear
power comparable to those suggested for wind, solar,
or geothermal. Greenpeace/EREC and Jacobson &
Delucchi envision a complete phase-out of nuclear
power worldwide, while the remainder of studies
project 300-1000 GW of installed nuclear capacity
in 2030. Current capacity stands at approximately
400 GW.3° The required capacity additions in even
the most ambitious scenarios are consistent with the
15-40 GW/year (or 0.2-0.6 GW/year/$T of GDP) sus-
tained rate of deployment that has been demonstrated
by the nuclear industry historically (see Figure 6).
Brook presents a nuclear focused strategy, with
a total projected nuclear capacity of approximately
5400 GW in 2060, equal to one third of the scenario’s
projected global generation capacity. Brook compares
the required buildout to historical nuclear experience,
scaling the French experience from 1977 to 1989 on
the basis of capacity additions per year per unit of
GDP and claims that his required build rate of ~135
GW/year is feasible. Over the course of the buildout,
this would represent between 0.6 and 2 GW/year/$T
of GDP of capacity added per year, which is consistent
with the deployment rate envisioned for solar in the
bulk of scenarios and ranges from well below to
slightly greater than the historical rates achieved for
single technologies in the last 50 years.

Carbon Capture and Storage

With the exceptions of Jacobson & Delucchi, World-
watch, and Greenpeace/EREC, all the studies reviewed
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envision CCS installed on 5-40% of global power
generation capacity by 2050. Amongst the scenarios
reviewed, WWF calls for the greatest CCS capacity,
projecting roughly 1800 GW of coal power with CCS
by 2030, most of which is added after 2020. This
would require the addition of about 200 GW/year
(or approximately 2 GW/year/$T of GDP) of CCS
capacity during the 2020s. Other studies project the
addition of 10-50 GW/year, again with most capacity
additions occurring after 2020 (a maximum of ~0.3
GW/year/$T of GDP). Furthermore, WWF and the
three CCSP scenarios project more than 50 GW of
installed coal power with CCS by 2020.

In some of the studies that project out to 2050,
CCS is implemented in energy-intensive industrial
processes such as cement, iron and steel, pulp, paper,
and chemicals, in addition to coal, gas, and biomass
power generation. The WEO 450 scenario projects
fossil and biomass energy with CCS will supply 9%
of TPED in 2035. Among scenarios projecting out to
2050, the IEA Blue Map scenario projects CCS will
meet 12% of TPED; the three GEA scenarios project
14-25%; the CCSP studies project 19-27%; and the
WWEF scenario projects 26 %.

Over the long run, it can be argued that in
terms of drilling and completing wells and installing
compression and pipeline capacity, the CCS capacity
additions that these decarbonization scenarios call
for are close to the recent experience range of such
activities in the global oil and gas industries.* The
WWEF study, which calls for the highest rate of CCS
adoption is an exception. At the same time, however,
others, notably Smil,** have pointed out that such
comparisons only serve to highlight the enormity
of the undertaking implied by the scale of CCS
deployment envisioned in the bulk of scenarios.

Biomass

While Jacobson & Delucchi exclude all combustion
energy sources, renewable or otherwise, biomass and
waste figure in the energy mix for all other sur-
veyed scenarios, providing 10-28% of TPED (1.5-5.8
TW-yr) in 2030-2050. For reference, biomass and
waste provided approximately 1.6 TW-yr or 10% of
global TPED in 2008.3° With the exception of World-
watch (1-3 GW/year/$T of GDP), the implied growth
rate is consistent with historical energy technology
deployment rates (0.5-1.5 GW/year/$T of GDP).

In the case of biomass, however, the availability
of arable land to produce biomass feedstocks may
be a constraining factor. Estimates of the ultimate
global bioenergy potential of the planet (including
all land currently planted with food crops) range
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from 7 to 11 TW-yr.¥~* Biomass contributions to
decarbonization scenarios, where clearly identified,
range as follows: 2.8 (Greenpeace/EREC), 4.4 (CCSP
IGSM and IEA Blue Map), 4.6 (EMF22 MiniCAM),
and 5.8 TW-yr (EMF22 ETSAP-TTAM). The biomass
energy targets envisaged in these studies would thus
require 25-83% of the global bioenergy potential,
with uncertain impacts on agriculture. It is also worth
noting that these scenarios generally consider biomass
resources to be carbon-free, ignoring the indirect
carbon emissions associated with expanded land use
for biomass.*$72

TRANSPORTATION ENERGY

Transportation energy use was responsible for 22%
of energy-related CO, emissions in 2010, and decar-
bonization of the transport sector will be critical to
achieving climate stabilization objectives.?” The sur-
veyed studies overwhelmingly focus on electrification
of transport, principally by means of electric vehicles
and plug-in hybrid electric vehicles, as the best way to
decarbonize the sector.

The overall range of projected light-duty vehicle
(LDV) electrification across all reviewed studies is
broad, however, from as low as 5% in 2035 in the
WEO 450 scenario to 95% by 2050 in the case of
Jacobson & Delucchi. Five studies (IEA Blue Map,
Worldwatch, WWE, Greenpeace/EREC, and Jacobson
& Delucchi) assume that more than half of all vehicles
(including personal vehicles, rail, freight, air, and
shipping) will be powered by electricity or hydrogen
by 2050 or earlier.

In most cases, it appears that the percentage
of vehicles electrified is specified rather than being
based on any market-based fleet turnover analysis
or assessment of the economic, technical, or policy
conditions required to achieve this transformation.
While in some cases this reflects the limitations of the
underlying modeling or scenario construction meth-
ods, this is not a trivial omission given the technical
and infrastructural challenges and relatively long time
periods required for substantial vehicle turnover in
vehicle fleets. Belzowski and McManus®3 estimate that
20-40 years would be required for alternative LDV
powertrain technologies to increase their on-road
penetration by 50 percentage points in the USA,
approximately 30-40years to reach an equivalent
fleet penetration in Europe, and more than 44 years
in China and India. The growth of diesel LDVs also
provides a historical analogue. A significant fuel price
differential, together with the inherent fuel efficiency
advantage of diesel over gasoline engines led diesel
LDV sales to reach 50-70% of new sales in many

© 2014 John Wiley & Sons, Ltd. 105



Advanced Review

TABLE 2 | Treatment of Constraints on Energy System Transformation
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Technology Readiness

Economics

Integration Issues Social & Non-Cost Barriers

IEA Reference -
Ccsp -
EMF22 -
GEA +
IEA WEO 450 -
IEA Blue Map -
McKinsey
Worldwatch
WWEF
Greenpeace/EREC

+

+ X X + + + + + +

+ X X

Jacobson & Delucchi -

Brook - -

X —_

X
X —
+

+, treated explicitly; —, some discussion; X, omitted/ignored/minimal treatment.

EU countries by 2005. Despite these economic and
technical advantages and the maturity of the technol-
ogy platform, the total LDV fleet diesel penetration
only increased from 15 to 30% over a 10-year period
(1995-2005).3! The barriers to electric or hydrogen
vehicle penetration are significantly larger than those
facing diesel.>*

INDUSTRIAL ENERGY

Industrial fossil fuel use contributed 20% of global
CO, emissions in 2008, with 52% of that fraction
coming from combustion of coal, 26% from oil,
and 22% from natural gas. Industrial coal use is
concentrated in the cement industry and the iron and
steel industry.?”

In general, with the exception of the McKinsey
report, the studies contain very limited to no dis-
cussion of industrial mitigation options. McKinsey
identifies specific opportunities for the petroleum and
gas, cement, iron and steel, and chemicals sectors.
Several other studies (EMF22, IEA Blue Map, GEA,
and WWF) see a role for CCS and propose addi-
tional, more conventional options but fail to provide
a comprehensive assessment of emissions reduction
potentials. The GEA scenarios, e.g., conceptually
discuss and suggest improved energy efficiency and
adoption of best available technologies (including
greater combined heat and power use), optimization
of material and energy flows through systems design,
lifecycle product design and enhanced recycling,
further electrification, and CCS as options for indus-
trial decarbonization, but they provide no detailed
discussion comparable to the scenario’s treatment of
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electricity or even transportation sector decarboniza-
tion. It is striking that relatively little planning has
apparently occurred for the decarbonization of a
sector responsible for one fifth of global emissions.

KEY CONSTRAINTS ON ENERGY
SYSTEM TRANSFORMATION

Table 2 provides a high-level summary of the treat-
ment of key constraints on the transformation of the
existing energy system amongst the scenarios reviewed
herein. This section discusses the treatment of each of
these key categories of constraint.

Technological Readiness
Technological readiness—whether or not a given
technology will, in fact, be commercially available
at suitable performance levels within the study
horizon—is a threshold constraint for any decar-
bonization scenario. The low-carbon technologies
applied in these scenarios span a range of readiness.
Nuclear energy, wind energy, solar PV, and geother-
mal are in wide commercial operation today and are
readily scaleable. Other technologies, such as energy
storage (excluding pumped hydro), electric, plug-in
hybrid and fuel cell vehicles, ocean energy, and various
smart grid technologies, are commercially available at
demonstration or early commercial stages but require
substantial maturation and face significant technical
and cost hurdles to scale up.?!

The key component technologies that make up
the CCS option (industrial carbon dioxide capture,
compression, pipeline transport, injection technology,
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enhanced oil or gas recovery storage, and monitor-
ing technologies) have been separately demonstrated
commercially for decades’® including through an inte-
grated industrial coal gasification facility located in
North Dakota utilizing CO, separation, compression,
pipeline transport, and final sequestration and moni-
toring in the Weyburn oil field in Saskatchewan. How-
ever, CCS for power at commercial scale is still in its
early days, with only two full commercial scale inte-
grated CCS power plant projects in North America
under construction as of 2014.%3

In general, the degree of commercial readiness of
these technologies, and the specific hurdles to be over-
come for each low-carbon energy technology, are not
well described in the studies examined (the IEA ETP?!
and the GEA' studies being notable exceptions).
One implicit conclusion from the above discussion,
although, is that deep energy system decarbonization
is likely to require an ambitious, focused agenda of
rapid innovation and improvement in every critical
technology area, even those commercially available
today, as well as substantial ‘demand pull’ efforts and
policies to ensure early demonstration, industry mat-

uration, scale-up, and ‘learning by doing’.2"-1°

Economic Costs

The relative cost of goods, services, and public poli-
cies heavily influences the decisions of consumers and
policymakers. The huge variance in the treatment of
the costs of implementation of the various decar-
bonization studies—from detailed evaluations of cap-
ital and operating costs to no discussion at all—is
therefore striking. Of particular interest is the incre-
mental investment that would be required to meet
aggressive carbon emissions targets by 2050. Where
such additional costs are projected, they range from
$350 billion to several trillion per year, based on a
wide range of assumptions.?

The IAM-based scenarios'”~"’ consider eco-
nomics by definition, but none report incremental
investment costs in an obvious way. Five of the
other studies provide incremental investment data that
can be compared here. Greenpeace/EREC project the
incremental cumulative investment to be $7 trillion by
2030, or $350 billion per year. The IEA WEO 450 Sce-
nario estimates the additional cumulative spending to
be $18 trillion through 2035, or an average of $720
billion per year. McKinsey estimates additional invest-
ment costs over the baseline of approximately $650
billion per year in 2020 and $950 billion per year
in 2030. The IEA Blue Map scenario would require
an incremental investment of $46 trillion from 2010
to 2050, or $1150 billion per year over the baseline
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investment. In the Energy Policy papers,'>'# Jacobson
& Delucchi state that ‘energy costs will be similar to
today’. However, in their Scientific American article,’®
they suggest that ‘overall construction cost for a WWS
system [the authors’ wind, water, and solar 100%
renewables scenario] might be on the order of $100
trillion worldwide, over 20 years, not including trans-
mission’. With the exception of the $100 trillion case
cited by Jacobson & Delucchi, the range of energy sys-
tem incremental investment is approximately 20-50%
over the baseline investment, or in the range of 1%
of global GDP. Finally, as noted below, none of the
studies seriously address the costs associated with inte-
gration of large amounts of variable generation.

Integration into Energy Systems

and Associated Infrastructural

and Operational Challenges

Several scenarios depend heavily on intermittent
power generation technologies, primarily wind, and
solar PV. Their technical feasibility therefore also
depends on their treatment of the various issues
related to integration of such variable sources into
power systems.>’

In general, those studies that acknowledge the
challenges associated with integrating large quanti-
ties of intermittent generation invoke the same set of
options. Broadly these are ‘smart grid’ and demand
response technologies for more dynamically balancing
electricity supply and demand, high-voltage transmis-
sion expansion and larger geographic balancing areas,
some kind of energy storage, and using excess gen-
eration to produce hydrogen as an intermediate fuel.
Only one study (Worldwatch) explicitly makes ref-
erence to the potential need for increased amounts
of flexible gas-fired capacity for load matching, and
only one study (Jacobson & Delucchi) notes the
importance of improved forecasting of variable power
production.

The Jacobson & Delucchi papers provide by
far the most detailed and comprehensive overview
of related work that has been done in the areas of
integration of dispersed variable resources, storage,
demand response, and vehicle-to-grid (V2G) technolo-
gies. The remainder of the papers that address inte-
gration issues essentially do so conceptually, simply by
referring to the need for one or more of the integration
methods discussed above. In general, these scenarios
do not include any detailed discussion of technology
status, development timeframes, infrastructure invest-
ment costs, or requisite policy frameworks needed to
prompt the development and large-scale deployment
of these technologies.
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All of these key supportive technologies have
their own research, development, and demonstration
gaps that must be addressed through a significant
expansion of current activities.>! The pace and cost
of technology development and deployment for these
supportive integration methods is therefore a critical
determinant of the technical feasibility of any scenario
relying heavily on intermittent electricity sources. To
illustrate this point, proper system-wide accounting
of the back-up generation and/or storage, additional
transmission, and ancillary services needed to inte-
grate large amount of intermittent generation could
increase the total per MWh costs of these genera-
tion sources by twofold or more at high penetration
levels.?$7¢1

The transformation of transportation energy
brings its own system integration challenges.
For example, requirements for modifications or
re-building of existing local electrical distribution sys-
tems for widespread vehicle charging and/or energy
storage are uncertain.’® Transitions to alternative
liquid or gaseous fuels such as ethanol or hydrogen
will require new production, storage, and distribu-
tion systems, with major infrastructure implications.
According to NREL, the expansion of the retail infras-
tructure for alternative fuels may pose greater issues
than fuel costs, resources, or production capacity.®?

Social Acceptability and Other
Noncost Barriers
For the most part, the studies examined do not address
social acceptability and noncost issues such as the
availability of key materials, land use, convenience,
labor, and governance constraints. However, these
constraints may be as significant as technical and eco-
nomic hurdles. Opposition to nuclear power is well
known, but opposition to large-scale wind farms, on-
and off-shore, as well as associated transmission, has
surfaced as a serious issue in Germany, the USA, the
UK, and other countries with large-scale wind energy
deployment. Likewise, large solar thermal plants or
centralized PV plants as well as run-of-the-river hydro-
electric plants have been the subject of opposition and
litigation in the USA and elsewhere. CCS has been the
subject of proposed bans in Germany and opposition
in principle by some in the USA.®? Areas with signifi-
cant energy demand are often densely populated, and
the level of infrastructure expansion required in nearly
all of these studies are likely to test the limits of social
acceptability; greater transparency in future studies on
the infrastructure footprint and its public acceptability
would be useful.

Other noncost constraints are perhaps less clear
but nonetheless relevant. For example, the studies

108 © 2014 John Wiley & Sons, Ltd.

wires.wiley.com/climatechange

which assume majority to near universal penetration
of electric vehicles in every region of the world fail to
acknowledge consumer attitudes and convenience fac-
tors that have so far limited market penetration. Like-
wise, significant governance constraints may limit the
safe expansion of nuclear energy in some regions or,
arguably, even CCS. More granular analysis of these
issues needs to be understood by decision-makers pur-
suing any of the scenario pathways.

CONCLUSION

Several key findings emerge from this review as fol-
lows:

First, the empirical benchmarks introduced
herein, including historical carbon intensity and
energy intensity improvement rates and normalized
energy technology capacity deployment rates, are
useful comparators to assess the relative feasibility
of global decarbonization scenarios. This kind of
benchmarking can (and should) both guide the sce-
nario building community in constructing and testing
actionable decarbonization strategies and help policy
makers interpret the results of such studies.

Second, all of the scenarios examined envi-
sion historically unprecedented improvements in the
energy intensity of the global economy (see Figure 3).
Since 1970, global energy intensity improved by
greater than —1.5%/year during only a handful of
years. Yet, even the least aggressive scenarios herein
entail sustaining worldwide improvements of —1.6
to —1.9% each year for the next four decades (and
beyond). Achieving these rates would require a sig-
nificant and discontinuous acceleration of worldwide
energy efficiency efforts. Future studies should more
closely examine the relative feasibility of the wide
range of energy intensity improvement rates envi-
sioned by global decarbonization scenarios.

Third, when normalized based on the scale of
global economic resources available, total electric-
ity capacity deployment rates are generally consistent
with historical experience (see Figure 6). However, the
decarbonization scenarios herein entail a wholesale
and immediate shift to low-carbon electricity deploy-
ment and the rapid scale-up of several less-mature
industries (i.e., solar PV and thermal, wind, and CCS).

Fourth, three studies stand out in this review as
exceptional: Jacobson & Delucchi, Worldwatch, and
WWE. Notably, these studies all aim to demonstrate
the feasibility of energy efficiency and renewable
energy-dominated decarbonization strategies and
thus normatively constrain the available portfolio
of low-carbon technologies by excluding, a priori,
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nuclear energy and/or CCS. To accomplish deep decar-
bonization with this limited portfolio, this group of
studies depends on sustaining global energy intensity
improvements for decades at a rate twice as fast as the
most rapid energy intensity improvement experienced
in any single year in recent history and roughly 3.5
times faster than the average global rate sustained
from 1970 to 2011 (Figure 3). Furthermore, these
studies call for normalized capacity additions of the
remaining eligible low-carbon energy technologies
of 5-23 GW/year/$T of GDP (Figure 6). In contrast,
normalized global generation capacity of all types
grew by just 1.5-3 GW/year/$T of GDP from 1965 to
2010. Given the multiplicity of feasibility challenges
associated simultaneously achieving such rapid rates
of energy intensity improvement and low-carbon
capacity deployment, it is likely to be both premature
and dangerously risky to ‘bet the planet’ on a narrow
portfolio of favored low-carbon energy technologies.

Fifth, these studies present comparatively little
detail on strategies to decarbonize the industrial and
transportation sectors, despite the importance of these
sectors. With multiple low-carbon electricity genera-
tion options and the possibility of wider electrification,
the power sector will invariably be central to global
decarbonization efforts. Nevertheless, reducing indus-
trial and transportation sector emissions will not be
accomplished through electrification alone, and decar-
bonization scenarios should focus greater attention on
the challenges associated with these sectors.

Finally, these studies tend to only superficially
address the key technical, economic, infrastructural,
and societal factors that may constrain a rapid energy
system transition or how such constraints can be
plausibly overcome. We recognize that detailed treat-
ment of these factors is beyond the scope and pur-
pose of many of these studies, which are intended to
address at a relatively high-level the scope and pace
of energy system transformation required under dif-
ferent assumptions or to suggest the portfolio of tech-
nologies necessary to decarbonize the energy sector.
However, this point may be lost on lay audiences and
the media through which these studies are reported.
To be reliable guides for policymaking, these types of
scenarios clearly need to be supplemented by more
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NOTES

7 For a complementary effort to develop historical
benchmarks for energy capacity expansion in decar-
bonization scenarios, see C. Wilson, et al. “Future
capacity growth of energy technologies: are scenar-
ios consistent with historical evidence?,” Clim Change
2013, 118: 381-395.

b Wilson et al. (2013) employ an alternative approach
to benchmarking capacity addition rates, which nor-
malizes capacity additions based on total primary
energy consumption. However, as energy inten-
sity of the economy declines over time, economic
growth partially decouples from energy consump-
tion. This implies that normalizing based on primary
energy consumption, as in Wilson et al. (2013), may
under-estimate the scale of societal resources available
to deploy energy infrastructure in the future while
simultaneously under-estimating the relative scale
of societal resources invested in historical capacity
additions. While the approach in Wilson et al. (2013)
normalizes the capacity addition rates to reflect the
growing scale of global energy systems, our approach
should better reflect the changing availability of soci-
etal resources to invest in energy infrastructure over
time. The practical result is that future deployment
rates will compare more favorably to historical capac-
ity addition rates under our normalization based on
global GDP than under normalization based on global
final energy consumption.

¢ This finding is consistent with Wilson et al. (2013)
despite differing methods for historical benchmarking.
4 In particular, any cost estimates are highly sensitive
to the choice of baseline relative to which incremental
costs are assessed.
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