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Abstract
Scenarios for the future of renewable energy through 2050 are re-
viewed to explore how much renewable energy is considered possible
or desirable and to inform policymaking. Existing policy targets for
2010 and 2020 are also reviewed for comparison. Common indica-
tors are shares of primary energy, electricity, heat, and transport fuels
from renewables. Global, Europe-wide, and country-specific scenar-
ios show 10% to 50% shares of primary energy from renewables by
2050. By 2020, many targets and scenarios show 20% to 35% share
of electricity from renewables, increasing to the range 50% to 80%
by 2050 under the highest scenarios. Carbon-constrained scenarios
for stabilization of emissions or atmospheric concentration depict
trade-offs between renewables, nuclear power, and carbon capture
and storage (CCS) from coal, most with high energy efficiency. Sce-
nario outcomes differ depending on degree of future policy action,
fuel prices, carbon prices, technology cost reductions, and aggregate
energy demand, with resource constraints mainly for biomass and
biofuels.
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Primary energy:
energy available
from coal, oil, gas,
and biomass before
burning or
conversion to other
forms; heat from
nuclear fuel
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INTRODUCTION

Renewable energy has grown rapidly in recent
years. Overall, renewables produced 16.5% of
world primary energy in 2005. The share of
world electricity from renewables was 19%,
mostly from large hydropower (hydro) and
the rest from other sources such as wind,
biomass, solar, geothermal, and small hydro.
In addition, biomass and solar energy con-
tribute to hot water and heating, and biofuels
provide transportation fuels. Although large

hydro is growing at modest rates of 1% to 2%
annually, most other renewable technologies
have been growing at rates of 15% to 60%
annually since the late 1990s. It is this group
of technologies that is projected to grow the
fastest in the coming decades, making renew-
ables a highly significant and potentially ma-
jority share of world energy (1–4).

Attention has become more focused on
the future of renewables for a variety of en-
vironmental, economic, social, and security
reasons. There is a growing body of litera-
ture describing that future, including policy
targets, socioeconomic and technology sce-
narios, carbon-constrained scenarios, and fu-
ture social visions. Policy targets for future
shares of renewable energy are described for
regions, specific countries, states or provinces,
and cities. Shares of renewable energy are also
described in scenarios that show future en-
ergy consumption on the basis of analytical
models or projections. Some scenarios project
forward using assumed growth rates or fu-
ture technology shares on the basis of pol-
icy, technology, economic, or resource factors.
Other scenarios project backward from spec-
ified future conditions or constraints, such as
limits to global carbon emissions, stabiliza-
tion of atmospheric CO2 concentration, min-
imum or maximum energy consumption per
capita, and sustainable land use. Scenarios can
explore technologies, costs, policies, invest-
ments, emissions, time frames, social appro-
priateness, and shares relative to fossil fuels
and nuclear energy.

Scenarios are part of the broader literature
on renewable energy, which includes current
technical-economic opportunities, resources,
constraints and barriers of many forms, inte-
gration strategies, policy experience, and rec-
ommendations for the future (5–17). Many of
the policy prescriptions found in this broader
literature are common to policy frameworks
or road maps that accompany renewable en-
ergy scenarios. Most studies show that geo-
graphic resources do not constrain aggregate
amounts of renewables, with the possible ex-
ception of biomass and biofuels. “Renewable
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energy flows are very large in comparison
with humankind’s use of energy. Therefore,
in principle, all our energy needs, both now
and into the future, can be met by energy
from renewable sources” assert Johansson &
Turkenberg (18). Rather, cited constraints to
renewables commonly include (a) costs rela-
tive to conventional fuels; (b) intermittent and
variable output relative to society’s need for
constant energy flows; (c) the geography of
where energy is needed versus where renew-
able energy is most available; and (d ) an array
of institutional, social, and economic barriers.

This review focuses on global energy sce-
narios (19–36); Europe-wide energy scenarios
(37–48); and scenarios for individual coun-
tries, including the United States (49–55),
Japan (56, 57), and China (58–62); and other
developing countries (63–69). Some global
scenarios also give individual country cases.
European scenarios show the largest amount
of future renewables, which is no surprise,
because Europe currently leads the world in
most metrics of renewables development, in-
cluding investment, installed capacity, indus-
try size, policy action, and use of policy tar-
gets (3, 4). Chinese targets and scenarios also
project high growth and large amounts. Some
of the reviewed studies focus primarily on the
role of renewables, but most are not renew-
ables specific. Some works provide broader
perspectives from which to understand the
future (70–72). Also relevant is literature on
emissions scenarios, including the Intergov-
ermental Panel on Climate Change (IPCC)
Special Report on Emissions Scenarios (73) and a
greenhouse-gas emissions database with over
700 scenarios (74).

The approach of this review is exploratory.
It uses the scenario literature to ask the
question: How much renewable energy can
we expect or plan to have in the future?
The scenarios presented were selected be-
cause they are the most recent, prominent,
and comprehensive, although length and lan-
guage limitations preclude many country-
specific scenarios. The focus is on the re-
sults of scenarios—the lowest, moderate, and

highest levels of the renewables use in com-
ing decades. By broadly examining both pol-
icy targets and scenarios together, something
that is rare in the literature, targets can appear
as “stepping stones” to scenario futures, and
conversely scenarios can inform target setting.

SCENARIOS, MODELS,
AND PARAMETERS

McDowall & Eames (75) offer a typology
of energy future studies, categorizing them
as either descriptive or normative. Under
descriptive studies, “forecasts” predict likely
futures from current trends, using extrap-
olation and modeling; “exploratory scenar-
ios” emphasize the drivers of possible fu-
tures, without specifying a predetermined
end state; and “technical scenarios” explore
technology possibilities and configurations,
emphasizing the feasibility and implications
of different options. Under normative stud-
ies, “visions” elaborate desirable and plausi-
ble futures, emphasizing benefits; “backcasts”
start with a predetermined end point—a de-
sirable (or constrained) future—and then in-
vestigate the pathways and technology con-
figurations leading there; and “road maps”
prescribe sequences of policies and measures.
Most of the studies reviewed here are sim-
ply called scenarios, although they represent a
balance among primarily technical scenarios,
backcasts, and visions according to the typol-
ogy of McDowall & Eames.

Scenarios are an important tool for dealing
with complexity and uncertainty about the fu-
ture. They allow exploring alternative futures
and can “provide insights to energy planners,
influence the perceptions of the public and
the energy policy community, capture cur-
rent understanding of underlying physical and
economic principles, or highlight key emerg-
ing social or economic trends,” note Craig
et al. (76). However, scenarios are not predic-
tions. Attempts to forecast energy futures have
historically underestimated the importance
of surprise and uncertainties. Rather, scenar-
ios could be seen as “if. . .then” queries: If
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policies accelerate the growth of renewables,
what is the difference between situations with
and without policies? If renewables’ costs
decline, how will markets shift investment
patterns? If CO2 emissions should be stabi-
lized, what combinations of renewables and
other technologies will achieve stabilization?
These questions must be answered under a set
of conditions, interrelationships, and/or con-
straints for population, economic growth, en-
ergy demand, technology changes, technol-
ogy and fuel costs, environmental emissions,
and changes in the structure of the economy.

Modeling tools are commonly used to
carry out scenario analysis, with a range of
software tools available (77–79). Categories
of models include techno-economic, partial
and general equilibrium, simulation, opti-
mization, and end-use accounting (78, 79).
The entire economy may be modeled, or just
the energy system or energy demand. The
International Energy Agency (IEA) World
Energy Model, used for the World Energy Out-
look (WEO) (21, 26), has been refined over
more than a decade and comprises 16000
equations defining interrelationships among
energy, economy, technology, investment, re-
sources, and environment. MARKAL is a
common cost-optimization tool that iden-
tifies least-cost mixes of energy technolo-
gies and fuels to meet energy demand within
specified constraints (22, 66, 68). LEAP is
a common accounting tool for energy plan-
ning that tracks energy consumption, con-
version, and production under a range of as-
sumptions (62, 80). European Commission
(EC) studies use the energy modeling tools
Green-X, PRIMES, and POLES, among oth-
ers (20, 37–39, 46). Four U.S. studies use
the NEMS modeling tool and variants (51–
55). Greenpeace & European Renewable En-
ergy Council (EREC) (19) scenarios use the
MESAP/PlaNet and MESSAGE modeling
tools together. The IPCC (73) uses AIM,
MINICAM, MESSAGE, MARIA, ASF, and
IMAGE modeling tools, and reports sep-
arately on the results of each applied to
common “story lines,” with different results

depending on the model used. In general, the
modeling approach has a significant impact on
both data requirements and results (but these
are not within the scope of this article).

Beyond the models themselves, many
consider scenario construction to be some-
thing of an art, requiring skill at making
good simplifying representations of social
and economic dynamics and not just writ-
ing energy-balance equations or characteriz-
ing technological change (81). From this per-
spective, scenario construction is best done
collectively, drawing upon diverse perspec-
tives as Shell and the World Business Council
for Sustainable Development (WBCSD) have
done (25, 27, 32, 35).

Scenario Parameters

Most scenarios use parameters that include
some combination of population, gross do-
mestic product (GDP), energy intensity and
demand, fuel costs, carbon prices, technology
costs, and degree of policy action. These pa-
rameters could be considered the drivers for
renewable energy and other energy technolo-
gies. Parameters may be based on story lines of
socioeconomic conditions, expectations about
technological change, policy drivers, pro-
jected growth rates, or other considerations.
Below are some parameters from the global
and European scenarios.

Population. The IEA WEO (21) projects
8.1 billion people by 2030, with an average
population growth of 1% each year through
2030, although population growth is expected
to increase faster at 1.1% in earlier years
(2004–2015) and to slow down to 0.8% in later
years (2015–2030). Many studies use and ex-
tend these figures to 2050. By 2050, a com-
mon projection in several studies is about
9 billion (19, 22, 25, 27). IPCC (73) scenarios
give a range from 8.3 to 11.3 billion in 2050,
with most scenarios projecting about 9 billion.
For Europe, most recent scenarios share sim-
ilar assumptions, with population constant or
marginally increasing to 470 million by 2030,
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up from 453 million in 2000 (38). After 2030,
some scenarios show a decrease to 430 million
in 2050 (20, 45).

Gross domestic product. The IEA WEO
(21) projects world GDP will grow an aver-
age 3.4% per year from 2004 to 2030, com-
pared with 3.2% from 1980 to 2004. An-
nual GDP growth is projected in two stages:
4% from 2004 to 2015 and then 2.9% from
2015 to 2030. China, India, and other devel-
oping countries are expected to continue to
grow faster than these averages. Per capita
GDP grows from $9250 to $17,200 and total
GDP increases 2.4-fold from $58 to $140 tril-
lion (2004 to 2030), using 2005 dollars on a
purchasing-power parity basis.1 Many other
energy scenarios use the IEA projections.
Greenpeace & EREC (19) assume a 3.4-fold
increase to 2050 (using a 2.7% per year aver-
age). IPCC (73) scenarios show world GDP
increasing between 1.5-fold and 4.8-fold from
1990 to 2050. For Europe, most scenarios
project continued modest growth of ∼2%
(20, 38).

Energy demand and intensity. Energy in-
tensity reflects both changes in the structure
of the economy and improvements in en-
ergy efficiency. In the IEA’s Energy Technol-
ogy Perspectives (ETP) (22) “ACT Map” sce-
nario, energy-efficient technologies reduce
global energy consumption by 24% in 2050
compared to the reference scenario. The
Global Wind Energy Council (GWEC) &
Greenpeace (23) “high-efficiency” scenario
projects 39% lower electricity consumption
in 2050 compared to a reference scenario. In
the Greenpeace & EREC (19) “revolution”
scenario, energy intensity decreases threefold
owing to energy efficiency, and world en-
ergy demand in 2050 is about the same as in
2003 despite economic growth. The German
Advisory Council (28) scenario also shows
global energy intensity falling threefold but

1All money amounts are in U.S. dollars.

Exajoule (EJ or
1018 joules):
measures large
quantities of primary
energy; million tons
oil equivalent
(mtoe = 0.042 EJ) is
also a common unit

still results in a doubling of energy demand by
2050. Other studies show energy intensity de-
clines of twofold to 4.8-fold by 2050 (25, 73).
Overall, projected world energy consumption
by 2050 ranges from 560 to 1600 exajoules
(EJ), compared to 480 EJ in 2004. In Eu-
ropean scenarios, projected energy growth is
lower, with primary energy 55–90 EJ by 2030,
compared to 73 EJ in 2005.

Fossil fuel and carbon prices. Scenarios
differ in assumptions about fossil fuel prices.
IEA scenarios show oil prices remaining in
the $48–$62 (per barrel) range through 2030,
with natural gas prices tracking due to con-
tinued oil-price indexation. In contrast, the
Greenpeace & EREC (19) scenario expects
oil prices to reach $95 by 2030 and $110
by 2050. EIA projects $54 in 2025, revised
from $33 projected a year earlier (51). Sce-
narios also differ in assumptions about carbon
prices with common values $7 to $15 (per ton
CO2) in 2050 and higher values up to $50 (19,
22). European scenarios show a wide range of
carbon prices under the European Emission
Trading Scheme, from 5 to 20 (per ton
CO2) under low- or least-cost scenarios (37,
38, 44) and up to 65 under another predic-
tion (44). Thus carbon prices have become
a wild card in European scenarios, particu-
larly because prices were fluctuating greatly
in Europe in 2005/2006. (All preceding prices
are given in 2004–2005 dollars or euros.)

Renewable energy technology costs. IEA
studies have projected renewable energy tech-
nology cost reductions to 2010 and 2025
(13–15). Most policy-intensive scenarios show
continued cost reductions through 2050.
IEA’s ETP (22) projects that solar photo-
voltaic (PV) electricity costs will decline to
6–30 cents per kWh (from 18–50 cents to-
day); onshore wind, to 3.5–20 cents (from 4–
22 cents); and offshore wind, to 6–18 cents
(from 6.6–22 cents). Small and large hy-
dro, biomass, and geothermal decline slightly.
Others project declines of wind power to 3.5–
5 cents per kWh, solar PV to 5–9 cents,
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Carbon
stabilization:
leveling of
atmospheric
concentration of
CO2, CO2
equivalents, or
annual CO2
emissions by a future
year

and concentrating solar thermal power (CSP)
to 5–8 cents (19, 23). The European Solar
Thermal Technology Platform (ESTTP) (41)
shows solar heating capital costs per kW-
thermal of capacity declining almost threefold
from 1100 to 400 (2005–2030). IEA’s ETP
(22) shows reduced biofuel costs from the
introduction of cellulose-to-ethanol technol-
ogy and increased crop yields under one sce-
nario. Some scenarios include learning curves
in their models, which project future cost re-
ductions on the basis of past history and cumu-
lative technology production over time (82).

Carbon stabilization and emissions con-
straints. A number of scenarios set atmo-
spheric CO2 stabilization levels of either
450 ppm (19, 28), 500 ppm (20), or 550 ppm
by 2050 (25, 30). Other scenarios constrain
cumulative CO2 emissions by 2050, starting
from a base year, or reduce annual emis-
sions relative to 1990 levels. For example, one
Chinese scenario constrains cumulative car-
bon emissions from China to 66 gigatons (Gt)
between 1995 and 2050 (59). The Greenpeace
& EREC (19) scenario constrains global an-
nual carbon emissions to 11 Gt CO2 by 2050.
A carbon constraint of 80% of 1990 emis-
sions by 2050 appears in German and Dutch
scenarios (83, 84).

Policy action. There is wide recognition that
policies have underpinned renewable energy
development over the past decades and that
the need for policies will continue well into
the future. Therefore, both the degree of pol-
icy action and the description of policies are
central to scenarios. Reference scenarios typ-
ically envision low levels of policy action. The
IEA’s WEO (21) reference scenario “does not
take into account possible, potential, or even
likely future policy actions” and thus shows
“how energy markets would evolve if govern-
ments do nothing beyond what they have al-
ready committed.” In contrast, the “alterna-
tive policy” scenario “analyses the impact of
a range of policies and measures that coun-
tries are considering adopting or might rea-

sonably be expected to adopt” (21). Existing
policy targets can serve as points of departure
for higher levels of policy action and higher
future targets. This is particularly true in sce-
narios for Europe, where considerable politi-
cal attention is currently directed to policy tar-
gets. Reference scenarios tend to project less
than full implementation of targets, whereas
policy scenarios envision full implementation
and more as well as continued increases in tar-
gets and mandates.

Scenarios envision a wide range of new
and strengthened policies (8–11). Electric
power policies include feed-in laws, port-
folio standards, guaranteed grid access, net
metering, and distributed generation poli-
cies. Biofuel policies include blending man-
dates and tax exemptions. Building policies
include integration of solar hot water and
solar PV into new construction. Economic
incentives include tax credits, subsidies, and
tax exemptions. Research and development
policies (leading to reduced technology costs)
include direct funding, technology coopera-
tion agreements, joint ventures, and demon-
stration programs. Financing policies include
loans and grants. Other policies include di-
recting international development assistance
to renewables, reducing subsidies for fossil fu-
els and nuclear power, incorporating external
costs into energy prices, removing market and
institutional barriers, strengthening human
resources, restructuring or liberalizing en-
ergy markets, and enacting appliance, build-
ing, and vehicle efficiency standards and other
efficiency measures. Some European scenar-
ios also envision strengthening the European
Emission Trading Scheme and carbon pric-
ing as well as enacting post-Kyoto emission
reduction targets.

CURRENT AND FUTURE
SHARES OF RENEWABLE
ENERGY

Targets and scenarios tend to be summarized
in terms of the share of primary energy, elec-
tricity, or transport fuels from renewables,
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Table 1 Share of world primary energy from renewables—four types of accounting (2004)a

Excluding traditional biomass
Including traditional

biomass
Hydro

(EJ)
Nonhydro
renewables

(EJ)

World
primary

energy (EJ)

Renewables share
of primary

energy

Traditional
biomass

(EJ)

Renewables share
of primary

energyb

BP method 28.9 6.8 438 8.2% 44 16.5%
IEA method 11.0 5.0 418 3.8% 44 13.0%

a“BP method” and “IEA method” refer to accounting methodologies for calculating primary energy by BP and the International Energy
Agency, respectively; see text for explanation. Figures calculated from 2004 data by BP, REN21 Renewable Energy Policy Network for the
21st Century, and IEA (1–4, 21). Total renewables equal hydro plus nonhydro renewables plus traditional biomass.
bBoth total world primary energy and total renewables increase by the amount of traditional biomass.

although there are alternative indicators and
portrayals found in the literature; some are
discussed below. However, one quickly con-
fronts a fundamental but mostly unacknowl-
edged problem: The term “share of primary
energy from renewables” is ambiguous and
causes confusion because there are actually
four different ways to define the phrase (see
Table 1). Each way is legitimate but uses
a different accounting method. In 2004, re-
newables provided 80 EJ of global primary
energy (16.5% share) according to the “BP
method” but only 60 EJ (13% share) accord-
ing to the “IEA method” if traditional biomass
is included. Excluding traditional biomass,
the numbers become 36 EJ (8.2% share) ac-
cording to the BP method and 16 EJ (3.8%
share) according to the IEA method. (There
are also other accounting differences be-
tween BP and IEA statistics of world primary
energy.)

BP uses its method in its annual Statistical
Review of World Energy (1). The BP method
is also used in the REN21 Renewable Energy
Policy Network for the 21st Century (REN21)
Renewables Global Status Report (3, 4) and in
other prominent portrayals of renewables in
the global energy balance, such as the 2000
World Energy Assessment (6) by the UN Devel-
opment Programme [which later changed to
the IEA method for its 2004 update (5)], and
it has been used by analysts in the literature
for at least the past decade (55, 67, 85). Most
agencies and governments around the world

Traditional
biomass:
unprocessed
agricultural residues,
fuel wood, and
animal dung burned
in stoves or furnaces,
typically in rural
areas

now use the IEA method. Although the IEA
method appears to be much more common in
the scenario literature, authors often do not
explain which method is used. This causes in-
compatibility across scenarios and makes reli-
able comparisons difficult if not impossible. It
also distorts the numbers. The share of renew-
ables for a scenario using the IEA method will
become significantly higher if the BP method
is applied.

The basic accounting problem is how to
count the primary energy associated with re-
newable electricity. For electricity from fossil
fuels, primary energy is the energy input to
a power plant to generate the electricity. For
electricity from nuclear, the convention has
been to count the nuclear heat input (equiv-
alent to fossil fuel primary input) to gener-
ate the electricity. Because renewables (except
biomass) do not require a power plant, the
IEA method simply counts the electricity it-
self as primary energy. The BP method counts
the “equivalent primary energy” of fossil fuels
needed to generate the electricity. The dif-
ference between the two methods is the en-
ergy loss (waste) in a power plant, which is
usually about two thirds of the energy input.
The correction required is to multiply renew-
able electricity by the inverse of typical power
plant efficiency to get equivalent primary en-
ergy; BP uses a correction factor of (1/0.38),
or 2.6.

A simple way to understand the issue is to
compare hydro and nuclear in the reported
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Terawatt-hour
(TWh): measures
large quantities of
electricity, equal to
one billion kilowatt
hours (kWh); kWh
more commonly
measures
consumption

Final energy:
energy consumed by
a building, factory, or
car, counting the
energy value of
actual electricity,
gasoline, coal, or gas
used

share of primary energy. In 2004, hydro and
nuclear produced roughly equal amounts of
electricity worldwide, 2740 terawatt-hours
(TWh) for nuclear and 2810 TWh for hydro
(86). BP reports the share of world primary
energy from nuclear as 6.1% and from hydro
as 6.2%. The IEA reports the share of primary
energy from nuclear as 6.5%, equivalent to
BP given other accounting differences (e.g.,
different assumed conversion efficiencies and
inclusion of traditional biomass). But the IEA
reports the share from hydro as only 2.2%.
This 2.2% share for hydro is cited widely (5,
87). When compared with 6.5% from nuclear,
it appears that nuclear contributes three times
as much useful value to the energy system as
hydro, when in fact the useful value (kWh pro-
duced) of nuclear and hydro is exactly equal.
Thus, the IEA method perceptually distorts
the contribution of hydro to the world energy
system. This is also true for wind and solar,
which fall into the same analytical category,
but not for biomass where physical energy in-
puts can be counted in a way similar to that for
fossil fuels. Geothermal is sometimes treated
like nuclear. (This review reports renewables’
shares as given in source material without cor-
rection or notation as to whether they are
based on the IEA or BP method. A reader
may discern the method used in some scenar-
ios with a close reading and may presume the
IEA method in ambiguous scenarios.)

Another problem in reporting primary
energy shares of renewables concerns the
treatment of traditional biomass in develop-
ing countries. Worldwide, traditional biomass
represents about 9% of primary energy con-
sumption (3), yet many scenarios do not spec-
ify whether traditional biomass is included
or excluded, making it difficult to judge the
share and growth of other forms of renew-
ables. Further complicating the picture is
that IEA statistics do not separate traditional
biomass from modern biomass (for large-scale
power and heat, gasification), so primary en-
ergy shares of renewables reported by the
IEA either include traditional biomass or ex-
clude all forms of biomass (called combustible

renewables and waste) (88). Some authors
have advocated future targets and scenarios
for new renewables only, excluding traditional
biomass by arguing that at least a portion of
traditional biomass is not sustainable (because
it can lead to deforestation and can also be
a major cause of indoor air pollution, among
other things) and therefore should not be con-
sidered renewable (89). (This review reports
renewables’ shares as given in source material
without any correction for traditional biomass
and mostly without notation as to whether tra-
ditional biomass is included.)

Share of primary energy remains the dom-
inant indicator for most scenarios (Table 2).
Four alternative indicators are gaining in-
creased use in studies and policy discus-
sions.

1. Share of final energy. Few statistics are
available for this indicator, and few sce-
narios use it. (Scenarios often show
share of final energy by end-use sector
and sometimes by final biomass or solar
heat use, but not by renewable shares of
final electricity consumption.) This in-
dicator counts the energy value of elec-
tricity equally for all forms—fossil, nu-
clear, and renewables, but in statistical
practice, this is difficult to do.

2. Share of electricity. This indicator is
common in many scenarios, and statis-
tics are available for many countries
(Table 3). In 2005, renewables pro-
vided about 19.5% of world electric-
ity production of 17500 TWh (1–4).
Large hydro accounted for about 16.2%
and other renewables about 3.3%. Some
scenarios separate large hydro from new
renewables, allowing sharper focus on
future increments of new renewables,
which are growing much faster than
large hydro (66, 80).

3. Share of low-temperature heat. This in-
dicator is rarely used in scenarios but is
becoming more important as biomass,
solar, and geothermal increase their
contributions to heating and hot wa-
ter. A surrogate is the thermal capacity
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Table 2 Share of primary energy from renewables—policy targets and scenariosa

Region/
country 2004 actualb

2010 policy
targetsc

2020 policy targets
or scenariosd Up to 2050 scenariose

References for
scenarios

World 3.8% or 8.2% or
13.0% or 16.5%

— 5%–15%
low/reference

10%–15% low/reference 19–22, 32, 73, 87,
142

15%–20% medium 25%–30% medium 22, 29, 30, 32, 33,
73, 87

25% high 40%–50% high 19, 25, 28–30, 31,
33, 35, 36

Europe
(EU25)

6.5% 12% 10% reference/
carbon constrained

15%–20% reference (by
2030)/carbon
constrained

20, 21, 46, 47

20% target 30%–40% policies (by
2030)

37–40, 43, 46–48

23% revolution 50% revolution 45
United
States

4.2% — 7% reference 8% reference 21, 51, 52, 54, 55

20% revolution 50% revolution 19
Japan 1.2%f 3%f — 6% (2030) reference

17%/22% (2030)
25%/50% (2050)
high/community

21, 56, 57

China 7.5% 10% 16% target 20%–30% policies 19, 58–62
Brazil 41% — 30% high — 63
India 39% — 30%–35% policies 15%–30% policies 21, 65
Mexico 10% — 20%–30% high — 64
Thailand 6% 8% — —
Germany 3.9% 4% 10% target 50% advanced 83
Netherlands 2% — — 80% policies 84
Poland 4.7% 7.5% 14% target — 99
Spain 6.2% 12.1% — —

aPolicy targets and 2004 actual are from International Energy Agency (IEA), REN21 Renewable Energy Policy Network for the 21st Century, and
European Commission publications (2–4, 12, 63, 88, 93–94), supplemented by data from scenarios cited. Most targets and scenarios count (or are
presumed to count) renewable electricity according to the IEA method (see text); but the numbers would be higher if the BP method were applied.
Targets or scenarios may not specify which method is used. Most global scenarios include traditional biomass, but some country targets and
scenarios do not (e.g., the numbers shown for Thailand and China exclude traditional biomass). “Policies” means policy-intensive; “reference” also
means “baseline.”
bWorld actual 2004 depends on the accounting method used; see Table 1 and the text. For comparison with most targets and scenarios, the 13%
actual (IEA method with traditional biomass) should be used. Estimates for Europe actual 2004 vary from 5.6% to 7.5%.
cThailand target for 2011.
dNo world policy targets exist; the Mexico scenario is for 2025.
eMost scenarios in this column are for 2050, except the world (29) for 2040; and the following are for 2030: world (21), Europe (21, 38–40, 43),
United States (21, 51), and Japan (21, 56).
fJapan’s 1.2% share in 2004 and 3% target in 2010 exclude large hydro and geothermal. The share in 2004 including those sources has been reported
as either 3.4% or 5.2%.
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Table 3 Share of electricity from renewables—policy targets and scenariosa

Region/
country

2005
actualb

2010 policy
targets

2020 scenarios or policy
targetsc Up to 2050 scenariosd

References
for scenarios

World 19% — 15%–20% low/reference 15%–25% low/reference 19, 22

20%–25% medium 30%–40% medium 20, 22, 23

35%–40% high 50%–80% high 19, 25, 29

Europee (EU25) 14% 21% 15%–20% reference 20%–25% reference (by 2030) 20, 21, 38–40,
43, 47

25% carbon constrained 30% carbon constrained 20

30% policies 45%–60% high (by 2030) 20, 25, 38–40,
43, 46, 47

35% revolution 70% revolution 45

United Statesf 8% 5%–30% state
targets

5%–33% state targets 9%–11% reference
11%–15% alternative (by 2030)

21, 51

20% advanced and blueprint 50% highg 25, 49, 52, 53, 55

30% revolution 80% revolution 50

Japana 0.4% actual
+ 10%
large hydro

1.35% target +
large hydro

11% reference 11% (2030) reference
33%/41% (2030)

high/community

21, 56

50% high 25

China 16% — 15%–25% reference 15% reference (by 2030) 21, 60

35% policies 20%–40% policies
advanced/alternative

21, 25, 58–62

— 50% revolution 19

Asia-Pacific
regionh

16% — 17% reference
39% accelerated

17% reference
50% accelerated

67

Latin America
region

— — — 33% reference
90% revolution

19

Brazila 5% — 22% high — 63

Indiai 11% 5%–10% state
targets

18% reference
27% policies

12%–25% reference
40% high mitigation (by 2035)

21, 61, 66, 67

Mexico 16% — 15% high — 63

Germany 10% 12.5% 20% target — —

South Korea 1% 7% — — —

aPolicy targets and 2005 actual figures are from International Energy Agency (IEA), REN21 Renewable Energy Policy Network for the 21st
Century (REN21), and European Commission (EC) publications (2–4, 12, 63, 88, 93, 94), supplemented by data from scenarios cited. Most targets
and scenarios include large hydro, but some may not. The scenarios for Brazil and Japan’s target of 1.35% by 2010 exclude large hydro.
bThe Europe actual is for 2004. The Asia-Pacific region actual is for 2000. Figures are rounded to nearest whole percent.
cThe Asia-Pacific region scenario is for 2025.
dMost scenarios are for 2050, except world (29) for 2040, and the following are for 2030: Europe (21, 38–40, 43), United States (21, 51), and Japan
(21, 56).
eThe EC in 2006 anticipated an actual 18% share of electricity by 2010.
fPolicy targets are given equivalent to state-level renewable portfolio standards (RPS) policies in most U.S. states; no national-level target exists.
California in 2005 proposed 33% share by 2020, up from 20% RPS by 2017 (http://www.newrules.org, viewed 1/31/07).
gThe World Business Council for Sustainable Development (25) scenario for 2050 of 50% is for Canada and United States combined.
hAsia-Pacific region includes Australia, Brunei Darussalam, Canada, Chile, China, Chinese Taipei, Hong Kong, Indonesia, Japan, Korea, Malaysia,
Mexico, New Zealand, Papua New Guinea, Peru, Philippines, Russia, Singapore, Thailand, United States, and Vietnam.
iIndia has national policy targets of 10% of new capacity added from 2003 to 2010, 15% of total capacity by 2032, plus RPS policies in several states
that serve as state targets.
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Table 4 Share of transport energy from renewables (biofuels)—policy targets and
scenarios

Region/country
2008–2015 policy

targetsa
Up to 2050 scenarios with references in

parentheses
World — 3% low (22)

15% med (22, 25)
25% high (22)

Europe (EU25) 5.75% energy share 6%–7% by 2030 reference (40, 43)
14%–26% by 2030 alternative (40, 43)
21% by 2050 (25)

France 10% energy share —
Germany E2 —
United Statesb E10 in 3 states 25% (25)
Brazil E25
China E10 in 9 provinces
India E10 in 13 states/territories
Philippines E10 (proposed)
Thailand E10

aSource for policy targets: Renewable Energy Policy Network for the 21st Century (REN21) (3–4). E2, E10, and E25
refer to a blending mandate for blending all gasoline with 2%, 10%, or 25%, respectively, ethanol, which would
result in a smaller share of transport fuels, taking into account other fuels not affected by the mandate, such as diesel
and aviation fuel. Data on transport energy shares of biofuels implied by these blending requirements are often not
readily available. Blending requirements for biodiesel are also appearing in several countries, typically B2 or B5; see
REN21 (3–4).
b2050 scenario is for the United States and Canada combined.

installed, expressed as GWth. No statis-
tics are available for a world total, and
this indicator exists only for a few coun-
tries. Europe’s share is about 7%.

4. Share of transport energy from renew-
able fuels. This indicator is becoming
more common in scenarios as biofuels
production has grown rapidly in recent
years and new policy targets and man-
dates have been enacted (Table 4). No
statistics are available for a world total.
Europe’s share is about 1%.

GLOBAL SCENARIOS

Ten of the most prominent and recent global
scenarios are described below. These are sum-
marized in Tables 2–4 along with several
other global scenarios reviewed (29–31, 36).

1. The IEA’s World Energy Outlook 2006
(21) provides an often-cited reference
scenario for 2030 that predicts 720-

EJ world primary energy supply (up
from 480 EJ in 2004) of which renew-
ables are 100 EJ (14%). Electricity in
2030 is 33,800 TWh (up from 18,200
TWh in 2005) of which renewables are
7100 TWh (21%). The alternative pol-
icy scenario includes additional policies
to support renewables that are con-
templated or expected but not yet en-
acted. This scenario shows renewables
achieving 16% of primary energy and
26% of electricity by 2030 with gains in
biomass, wind, solar, and geothermal.

2. The IEA’s Energy Technology Perspectives
(22) gives several scenarios that go be-
yond the World Energy Outlook and that
differ on pace of cost reductions and
technology development. The ACT
Map scenario shows aggressive pol-
icy action, energy intensity reductions,
and technology cost reductions through
deployment and learning. Biofuels
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Carbon capture
and storage (CCS):
removal of carbon
from power plant
emissions or fuel and
injection into
geological
formations or oceans

becomes a viable transportation fuel
with increased crop yields and commer-
cial cellulose-to-ethanol technology.
Carbon capture and storage (CCS)
becomes viable, and nuclear power
increases significantly. Three variations
of ACT Map are a low-renewables case
with slower cost reductions, a low-
nuclear case, and a no-CCS case that as-
sumes CCS remains commercially un-
available. Under ACT Map, the share
of primary energy for renewables is
24% by 2050, compared to 11% in
the reference scenario, and the share of
electricity is 31%, compared to a 15%
reference. A separate “TECH Plus” sce-
nario envisions even higher technology
progress for renewables, nuclear, hy-
drogen fuel cells, and advanced biofuels
with renewables’ share of primary en-
ergy reaching 30% by 2050.

3. The German Advisory Council on
Global Change’s (28) “exemplary path”
scenario achieves 450 ppm CO2 at-
mospheric stabilization. The scenario
places several additional constraints on
energy beyond carbon, including re-
strictions on land use for biomass en-
ergy crops, limits on urban air pollution
levels, avoidance of nuclear power, and
achieving a minimum economic output
per capita for all countries. This sce-
nario shows supply of 620 EJ of renew-
ables in 2050 (up from 80 EJ total in
2004) of which 288 EJ is solar PV, 135 EJ
is wind, and 100 EJ is modern biomass.
Renewables reach 50% of primary en-
ergy supply by 2050.

4. A World Business Council on Sustain-
able Development’s (25) scenario envi-
sions 50% of electricity from renew-
ables by 2050. Nuclear power triples
by 2050, and CCS from coal becomes
commercial after 2025, such that by
2050, half of world’s coal power gen-
eration uses CCS. Hydrogen becomes a
fuel for vehicles after 2025, attaining a
25% share of vehicle transport fuel by

2050. Solar PV grows by an sustained
annual average of 20% through 2050,
spurred by distributed generation and
local energy storage, to become 15% of
world electricity consumption—one of
the highest estimates for solar among
global scenarios. Wind and geother-
mal grow by an annual average of 11%
through 2050 to increase 160-fold, and
hydro doubles.

5. Shell produced three scenarios, with
the original 1996 “sustainable develop-
ment” scenario showing 50% of world
primary energy from renewables by
2050 (35). That scenario was widely
cited for a number of years. Subse-
quently, Shell’s “spirit of a new age”
in 2001 showed a future energy sys-
tem emerging by 2030, which employs
hydrogen and fuel cells and limits the
growth of renewables (with hydrogen
initially produced from fossil fuels using
carbon sequestration) (32). Renewables
attain a 28% share of primary energy
by 2050. Complimenting that scenario
was “dynamics as usual,” with a con-
tinuing dominant role for electricity,
hybrid vehicles, advanced biofuels, and
renewables attaining a 33% share of
primary energy. Then in 2005, “low-
trust globalization,” “open doors,” and
“flags” scenarios were envisioned with
(a) varying fortunes of globalization,
regulation, and markets and with (b) re-
newables reaching either 280 or 330 EJ
by 2025 (27).

6. The Greenpeace & EREC (19) revo-
lution scenario envisions the complete
phaseout of nuclear power, drastically
lower energy demand through energy
efficiency improvements, no carbon
capture and storage, and attainment of
450 ppm CO2 atmospheric stabiliza-
tion. The result is a 50% primary energy
share for renewables by 2050 and an ag-
gregate energy demand in 2050 that is
the same as 2003, even as population
increases 1.4-fold and GDP increases
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3.4-fold. Electricity share is 70% re-
newables with the rest mainly natural
gas. The share of electricity from coal
falls to 9% by 2050, from 35% in 2003.
The study assumed annual growth rates
for wind power of 26% through 2010,
20% for 2010–2020, 7% for 2020–2030,
and then below 5%. Growth rates of so-
lar PV are 36% through 2010, 25% for
2010–2020, 14% for 2020–2030, 7% for
2030–2040, and then below 5%.

7. The GWEC & Greenpeace (23) “ad-
vanced” scenario envisions aggressive
policies and cost reductions leading to
34% of world electricity from wind by
2050 in a high-efficiency case where
electricity consumption in 2050 is only
1.7-fold higher than 2003. (Without
high efficiency, the advanced scenario
for 2050 shows a 21% share of electric-
ity and world electricity consumption
2.8-fold higher than 2003.) Under the
advanced scenario, by 2020, wind power
costs fall to US3.5 to 4.5 cents/kWh
at good sites, and installed capacity
reaches 1000 gigawatts (GW) (from
75 GW in 2006). Installed capacity ex-
ceeds 2000 GW by 2030 and 3000 GW
by 2050.

8. The EC’s World Energy Technology Out-
look (WETO)–2050 (20) study devel-
oped “carbon constraint” and “hydro-
gen” scenarios. The carbon constraint
scenario works backward from stabi-
lizing atmospheric CO2 concentration
at 500 ppm by 2050, using renew-
ables, nuclear power, and carbon cap-
ture and storage. Early action is as-
sumed in developed countries, with
later action in developing countries.
The hydrogen scenario assumes a de-
liberately optimistic series of technol-
ogy breakthroughs that increase cost-
effectiveness. World primary energy
reaches 920 EJ in the reference sce-
nario and about 800 EJ in both the
carbon-constrained and hydrogen sce-
narios. The reference scenario predicts

Gigawatt (GW or
109 watts):
measures large
amounts of electric
power capacity; a
typical power plant is
about one GW

15% primary energy and 21% electric-
ity from renewables by 2050, which in-
creases to 18% to 20% primary energy
and 30% electricity in the carbon con-
straint and hydrogen scenarios.

9. The International Institute for Applied
Systems Analysis and the World Energy
Council (33) developed six scenarios in
the 1990s, showing different levels of
global economic development and en-
ergy use. Scenarios A1–A3 show high
economic growth, with A3 the most
sustainable case showing a shift to re-
newables, nuclear, and natural gas. Sce-
nario C is high growth for developing
countries and uses carbon and energy
taxes that promote renewables and effi-
ciency; C1 sees a phaseout of nuclear
power, whereas C2 sees development
of the next generation of socially ac-
ceptable reactors, which limits renew-
ables. Primary energy share from re-
newables ranges from 22% to 40% by
2050 among the six scenarios, with sce-
nario C1 showing the highest.

10. The IPCC’s Special Report on Emis-
sions Scenarios (7, 73) used six differ-
ent models and four story lines, result-
ing in 40 scenarios. The scenarios differ
in population, economic development,
and energy intensities, but they also dif-
fer because different models produce
different results for the same condi-
tions. The A1 story line envisions rapid
economic development equalizing rich
and poor, whereas A2 sees less growth
and slower change. Story lines B1 and
B2 envision high environmental con-
sciousness, and B2 is policy intensive
with policies and business influenced by
environmental concerns and movement
toward local self-reliance and commu-
nity. Total primary energy supply ranges
from 640 to 1600 EJ by 2050, and re-
newables range from 70 EJ to 440 EJ.
The primary energy share of renewables
is highest for the subscenario A1T and
the B1 scenario, i.e., 16% to 35%, with
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large technological change and reduc-
tions in renewables’ costs for the A1T
subscenario.

In summary, by 2050, renewable energy
varies from 70 EJ to 450 EJ primary energy
supply according to most of the global sce-
narios reviewed (Figure 1), with a few even
higher. This compares with a range of total
primary energy from the same scenarios of
600 to 1600 EJ. Global scenarios for share of
primary energy by 2050 can be grouped into
three categories: low (15%), medium (25% to
30%), and high (40% to 50%) (Table 2). For
the share of world electricity by 2050, refer-
ence scenarios show 15%, medium scenarios
30% to 40%, and high scenarios 50% to 80%
(Table 3) with total generation from renew-
ables ranging from 7200 to 37,000 TWh (Fig-
ure 2). The few scenarios showing the share of
transport energy from biofuels in 2050 show
a wide range, from a low of 3% to a high of
25% (Table 4).

The IEA ETP (22) reference scenario
is one of the lowest for renewables with
11% primary energy share by 2050. In con-
trast, several global scenarios show a 50%
share by 2050, including Shell’s sustainable
development, Greenpeace & EREC’s “rev-
olution,” the Germany Advisory Council’s
exemplary path, WBCSD’s scenario (25),
the EREC’s (29) “advanced international
policies scenario” (by 2040), the Aitken
et al. (30) “10%/20%/50%” scenario (with
10% by 2010 and 20% by 2020), and the
Stockholm Environment Institute & Global
Scenario Group’s “great transition” (31). One
of the earliest was the Johansson et al.
(36) “renewables-intensive global energy sce-
nario,” which envisioned, back in 1993, a 46%
share by 2050. Other global scenarios fall
between the IEA reference and these 50%
scenarios.

CO2 emissions by 2050 in the global sce-
narios range from 10 to 100 Gt (per year).
(In 2004, CO2 emissions were about 26 Gt
from fossil fuels.) The low and reference sce-
narios show emissions in the range of 60 to

100 Gt, whereas the medium scenarios show
20–30 Gt, and the high scenarios (19, 25) show
10 to 12 Gt. For the IEA ETP (22), emissions
are 58 Gt for the reference scenario, 26 Gt for
ACT Map, and 21 Gt for TECH Plus. IPCC
(73) scenarios show a wide range of emissions,
from 30 to 100 Gt, corresponding to total en-
ergy consumption from 640 to 1600 EJ, and
a range of renewable energy shares from 9%
to 35%. In the EC’s WETO (20) carbon con-
straint scenario, emissions stabilize between
2015 and 2030 and then decrease, but by
2050, emissions are still 25% above the 1990
levels.

EUROPE TARGETS
AND SCENARIOS

Renewable energy in Europe is closely con-
nected to issues of climate change, secu-
rity of supply, import dependency, market
competitiveness, sustainability, and future en-
ergy development. Directives of the European
Commission have established aggressive pol-
icy targets for shares of primary energy (12%),
electricity (21%), and transport fuels (5.75%)
from renewables by 2010, as well as a solar hot
water target (100 million m2 of collector area).
All European Union (EU) countries also have
individual targets for share of electricity, rang-
ing from 3.6% to 78%, which together should
achieve the 21% EU target. The increases in
electricity shares from 1997 are typically 5%
to 10% for most EU countries. Several coun-
tries also have targets for share of primary en-
ergy by 2010, including the Czech Republic
(5% to 6%), France (7%), Germany (4%),
Latvia (6%), Lithuania (12%), Poland (7.5%),
and Spain (12.1%). During 2005–2006, the
European Commission prepared a “green pa-
per,” road map, and “biomass action plan” on
strategies to achieve these targets and go be-
yond them, proposing targets of 20% primary
energy and 10% of transport energy by 2020
(3, 4, 90–95).

During 2005–2006, there were a large
number of new energy scenarios published
for Europe, primarily for 2030, including
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IPCC — highest

Berndes et al. — highest (biomass only)

Shell — dynamics as usual

IIASA/WEC — highest

Shell — spirit of the coming age

Johansson et al.

IEA ETP — TECH+

IPCC — median

EC WETO — carbon constrained

EC WETO — reference

2004 actual per IEA method

EREC — advanced policies (2040)

Greenpeace — revolution

IEA ETP — ACT Map

Berndes et al. — lowest (biomass only)
IIASA/WEC — lowest

IPCC — lowest
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Figure 1
World primary energy from renewables in 2050
(EJ) as shown by various scenarios by Berndes
et al. (112), European Comission (EC) (20),
European Renewable Energy Council (EREC)
(29), Greenpeace & European Renewable Energy
Council (19), International Energy Agency (IEA)
(22), IIASA/WEC (33), IPCC (73), Johansson
et al. (36), Royal Dutch/Shell (32). Actual for 2004
from References 1–4.

scenarios by the Directorate-General for En-
ergy and Transport (DG-Tren) (38, 39),
Directorate-General for Environment (DG-
Env) (37), the European Parliament Com-
mittee on Industry, Research and Energy

WBCSD

EREC — advanced policies (2040)

Johansson et al.

EC WETO — carbon constrained

EC WETO — reference
IEA ETP — TECH+

IEA ETP — ACT Map

IEA ETP — reference

2004 actual

Greenpeace — revolution

Greenpeace — reference
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Figure 2
World electricity from renewables in 2050 (TWh)
as shown by various scenarios by European
Commission (EC) (20), European Renewable
Energy Council (EREC) (29), Greenpeace &
European Renewable Energy Council (19),
International Energy Agency (IEA) (22),
Johansson et al. (36), World Business Council for
Sustainable Development (WBCSD) (25). Actual
for 2004 from References 1–4.

(ITRE) (40), the Greens/EFA group of the
European Parliament (43), the European En-
vironment Agency (44), Greenpeace (45),
WWF/Wuppertal (47), and Ragwitz et al.
(46) of the Fraunhofer Institute. These add
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to many other Europe-wide and individual
country scenarios (83, 84, 96–100).

European reference scenarios expect that
current trends in energy and economy will
remain nearly the same, including existing
barriers and grid restrictions. Climate poli-
cies, energy efficiency improvements, and
technology developments are included, but
policy targets may not be met, and post-Kyoto
measures have not been taken. Primary en-
ergy supply grows very little, to around 80 EJ
by 2030, compared to 73 EJ in 2005, owing
to improvements in energy intensity, even as
the GDP continues to increase. The share of
renewables grows from around 7% in 2005 to
11% to 13% by 2030 according to most sce-
narios (38–40, 43, 46, 47). Electricity share
increases modestly from 14% in 2005 to 18%
to 29% in 2030.

Policy-intensive alternative scenarios are
featured in most studies. These generally fall
into categories of (a) high efficiency, (b) high
renewable energy, and (c) combined energy
efficiency and renewable energy, depending
partly on the mix of policies that primarily
promote efficiency, renewables, or both. DG-
Tren (38, 39) studies consider all three sepa-
rately, whereas the ITRE study (40) consid-
ers two of the three, and most studies only
focus on the combined scenario. The high-
efficiency scenarios show less energy demand
but also smaller shares of renewables, but
the opposite is true for the high renewables
scenarios. Combined scenarios have lower
demand and higher renewables. Stable con-
ditions for investments and technology de-
velopment and gains in energy intensity re-
sult from full implementation of relevant EU
directives and policies, along with active na-
tional policies, including targets, research and
development, market incentives, training, car-
bon pricing, and international climate policy.
These scenarios can be considered high alter-
natives for renewables with ambitious strate-
gies and policies.

Under the alternative scenarios, renew-
ables reach a primary energy share of 20%
to 24% by 2020 in the FORRES (46), WWF

(47), DG-Env 20% (37), and EREC (48)
scenarios. By 2030, renewables reach 17%
to 21% under the medium European Envi-
ronment Agency (EEA) (44) and IEA (21)
scenarios, and 26% to 39% under the high
DG-Tren (38, 39), Vision (43), and ITRE (40)
scenarios. By 2050, renewables reach 50% un-
der the Greenpeace (45) scenario. Primary en-
ergy demand decreases by 13% to 18% by
2030 in most scenarios and by 36% by 2050
under the Greenpeace scenario.

Electricity share in alternative scenarios
increases from 14% in 2005 to 30% to 60%
by 2030 in the alternative scenarios. By 2050,
renewables’ electricity share increases to 45%
under the WBCSD (25) scenario (mostly wind
and solar power) and to 70% under the Green-
peace & EREC (19) scenario. [Despite the
high share, the Greenpeace scenario does
not have significantly more total power gen-
eration from renewables than some of the
other scenarios because total electricity de-
mand is lower in the Greenpeace scenario (see
Figure 2).]

Studies differ greatly in projected shares
of biofuels. There are accounting problems
that make some cross-scenario comparisons
incompatible, as some studies use share of to-
tal transport-sector energy and some use share
of road transport fuels. ITRE (40) and Vision
(43) reference scenarios give biofuels 6% to
7% of the total transport-sector energy de-
mand by 2030 and 14% to 26% in the alter-
native scenarios. The WBCSD (25) puts bio-
fuels share at 21% in 2050.

For low-temperature heat production, the
current share of renewables in Europe is 6% to
7%, and ∼90% of that is from biomass (92).
Scenarios do not provide many specific fig-
ures for low-temperature heat, but some put
the share at 14% to 20% by 2030. Scenar-
ios show that renewables in the heating sector
(particularly biomass and solar) are important
in achieving high shares of primary energy
under alternative scenarios. The European
Solar Thermal Technology Platform (41) en-
visions that 50% of Europe’s low-temperature
heating, hot water, and cooling needs could be
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met by renewables by 2030. One goal of the
Platform is a new building standard by 2030
that would require 100% solar heating for new
buildings and 50% solar heating retrofits for
existing buildings.

The EC’s WETO (20) hydrogen carbon-
constrained scenario for Europe is different
than most other alternative scenarios. A delib-
erately optimistic series of technology break-
throughs increase the cost-effectiveness of hy-
drogen technologies and lead to significant
hydrogen use in transport. Nuclear energy is
used to produce hydrogen starting after 2030
and provides one third of total energy de-
mand by 2050. Renewables produce almost
half of the hydrogen by 2050, although renew-
ables’ primary energy share by 2050 remains a
modest 20%.

Radically different European scenarios
also exist in the literature: some focus on
the complete phaseout of nuclear power or,
conversely, high levels of nuclear; some fo-
cus on CO2 stabilization (e.g., at 450 ppm)
or on limits to per capita CO2 emission (e.g.,
3 tons CO2/person in 2050); some have dra-
matically higher energy prices; and some have
high carbon-market prices. Renewables gen-
erally increase with decreasing nuclear under
carbon-constrained scenarios and also with
higher energy and carbon prices (37, 40,
44, 45).

CO2 emissions in Europe are 3.8 to 4.5 Gt
by 2030 in reference scenarios and 2.1 to
2.6 Gt in alternative scenarios. (In 2005, EU-
25 emissions were 3.8 Gt from fossil fuels.)
For 2050, Greenpeace & EREC (19) give
5.3 Gt in the reference and 1.2 Gt in the revo-
lution scenario, whereas the WWF (47) gives
4 Gt in the reference and 2.5 Gt in its policies
scenario.

COUNTRY-SPECIFIC TARGETS
AND SCENARIOS

In addition to the many global and European
scenarios, there are a growing number of
country-specific scenarios. A sample of these
sceanarios is reviewed in this section, starting

with country-specific policy targets that can
often serve as stepping stones to longer-term
scenarios.

Country Policy Targets

By 2006, more than 50 countries and 32
states/provinces around the world had some
type of policy target for future shares or
amounts of renewable energy (3, 4). Most tar-
gets are for 2010 or 2020. Targets exist at
national, state/provincial, and municipal lev-
els. Most targets are for shares of primary
energy, electricity, and transport fuels (some
of these are shown in Tables 2–4). Many
individual countries are also enacting road
maps or strategies in conjunction with tar-
gets, such as New Zealand and South Africa
(101, 102).

Some countries have opted to target spe-
cific amounts of added renewable power ca-
pacity by a future year (there is usually no
accompanying figure for implied share of re-
newables). Prime examples in this category
are Brazil (3.3 GW to be added by 2006),
the Dominican Republic (0.5 GW added by
2015), India (10% of new capacity additions
through 2012), and the Philippines (4.7 GW
added by 2013). Other countries have pol-
icy targets for specific amounts of final en-
ergy (electricity and/or heat) from renew-
ables. Examples are Australia (9.5 TWh/year
by 2010), New Zealand (8.3 TWh/year
by 2012), Norway (7 TWh/year by 2010),
South Africa (10 TWh/year by 2013), and
Switzerland (3.5 TWh/year by 2010).

Like Europe, China has a comprehensive
set of targets. The overall target is 16% of
primary energy from renewables by 2020 (up
from 7.5% in 2005). There are also targets
for individual technologies by 2020, includ-
ing hydro (300 GW), wind and biomass power
(30 GW each), solar PV (1.8 GW), solar
hot water (300 million m2), biofuels (15 mil-
lion liters/year), biogas and biomass gasifica-
tion (44 million m3/year), and biomass pellets
(50 million tons/year) (3, 4). All technology
targets reflect threefold to 20-fold increases
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from 2005 in the amount of renewable energy
or capacity.

United States

The EIA Annual Energy Outlook (51) projects
primary energy in the United States will in-
crease by 1.1%/year through 2030 in the ref-
erence scenario. By 2030, renewables’ share
will be 8% (10–11 EJ total), compared to 6%
in 2004 (6 EJ total). In a “high economic
growth” scenario, renewables remain about
the same as the reference scenario. Higher
amounts of renewables from previous years’
projections are the result of higher expected
energy prices, more policy action, technology
improvements, and lower energy consump-
tion. The 8% share is reached 10 years ear-
lier in the Interlaboratory Working Group’s
“advanced” scenario (55).

The EIA projected electricity genera-
tion share for 2030 remains constant at 9%
(560 TWh) in the reference scenario and
increases to 11% in a “high renewables”
scenario (640 TWh), compared to a 9%
share in 2004 (360 TWh). The high renew-
ables scenario projects greater use of wind,
biomass, and geothermal. Other scenarios
show much higher shares. Both the Interlab-
oratory Working Group (55) and Clemmer
et al. (53) show a 20% share by 2020. A study
led by Kutscher (49) says that 50% of elec-
tricity from renewables by 2030 is possible
with lower demand from energy efficiency,
but even a 40% share is possible for the EIA
reference scenario. Similarly, the WBCSD
(25) shows renewables’ electricity share (for
both United States and Canada) going from
17% in 2002 to 50% in 2050. Greenpeace &
EREC (50) show an 80% share by 2050, as
renewables’ power capacity grows eightfold
from 110 GW in 2004 to 890 GW in 2050.

CO2 emissions in 2050 in the Greenpeace
& EREC (50) study are 8.4 Gt in the reference
scenario and 1.6 Gt in the revolution scenario
(U.S. emissions in 2003 were 5.6 Gt CO2).
The revolution scenario shows a dramatic re-
duction in per capita CO2 emissions from

19.2 tons/person in 2003 to 3.7 tons/person
by 2050. The Kutscher study (49) shows about
a 2-Gt CO2 reduction possible by 2030 from
greater renewables, plus another 2.5 Gt from
efficiency, reducing CO2 emissions in 2030 to
3.6 Gt, compared to a reference scenario of
8 Gt.

Japan

The Citizens’ Open Model Projects for
Alternative and Sustainable Scenarios
(COMPASS) (56) developed a “revival”
scenario, which focuses on economic and
environmental sustainability under continued
economic growth. Total primary energy in
2030 is only 5% higher than 1990 levels,
the primary energy share from renewables
reaches 17% (up from 3.4% in 2004), and
the electricity share reaches 33% (up from
10% in 2005). Beyond revival, a “switchover”
scenario envisions a new paradigm of reduced
consumption and community orientation,
coupled with local use of renewable energy.
In the switchover scenario in 2030, total
primary energy is 30% below 1990 levels,
the primary energy share from renewables
reaches 22%, and the electricity share reaches
41%. This COMPASS reference scenario
is almost identical to the Long-Term Energy
Supply and Demand Outlook of the Ministry
of Economy, Trade, and Industry (MITI)
(M. Ohbayashi, personal communication).
For the reference scenario, primary energy
increases by 20% over 1990 levels, primary
energy share from renewables is 6%, and the
electricity share is 11%. This is similar to the
IEA’s WEO (21) reference scenario for Japan.

Two other studies also go well beyond
the MITI reference scenario. The WBCSD
(25) envisions large-scale development of
biomass, wind, and distributed solar PV,
with 50% of electricity from renewables by
2050. The National Institute for Environ-
mental Studies (57) gives two scenarios for
Japan: “Doraemon,” which envisions technol-
ogy breakthroughs and continued centralized
energy production, and “Satsuki and Mei,”
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which emphasizes decentralization, commu-
nity, and self-sufficiency. The first scenario
projects mostly nuclear, hydrogen, and car-
bon capture and storage, with about 25%
of primary energy from renewables by 2050.
The second scenario projects much greater
use of renewables, almost 50% of primary en-
ergy by 2050, particularly from biomass and
solar PV.

China

The China Energy Research Institute &
Lawrence Berkeley Laboratory (62) consid-
ered three scenarios to 2020 for China, all
with the same GDP growth but differing in
urbanization rates, technology development,
and policies for energy supply and efficiency,
among other factors. The “ordinary effort”
scenario shows less priority on environment
than implied by ongoing and expected gov-
ernment plans, and the “promoting sustain-
ability” scenario fulfills expectations. A “green
growth” scenario represents extra effort in
energy efficiency and renewables. By 2020,
energy consumption doubles to 90 EJ (from
42 EJ in 2000) under ordinary effort, whereas
energy consumption only rises to 67 EJ un-
der green growth. Renewables’ power capac-
ity under green growth is 200 GW of large
hydro, 30 GW of wind power, and 40 GW of
small hydropower, comparable to actual pol-
icy targets enacted.

The Chinese Task Force on Energy Strate-
gies and Technologies’ (59, 61) “advanced
technology” scenario relies heavily on coal
gasification, which expands from 0% in 2000
to 60% of primary energy by 2050 (accompa-
nied by a reduction in coal combustion to only
8%). At the same time, primary energy share
of renewables increases from 7% to 18%.
Because of energy intensity improvements,
while the economy expands 13-fold by 2050,
primary energy only increases 3.5-fold, from
42 EJ in 2000 to 135 EJ in 2050, accompa-
nied by a ninefold increase in renewables from
2.8 EJ to 24 EJ. Similarly, a Tsinghua Uni-
versity scenario shows primary energy from

renewables at 28% by 2050, with economy
and energy projections to 2050 updated from
the Task Force scenario (58). Although en-
ergy use increases 3.5-fold in China, primary
energy share increases 4-fold, leading to a
14-fold increase in renewables by 2050. The
WBCSD (25) scenario envisions 38% of elec-
tricity from renewables by 2050, with 1000
GW of wind capacity. Kroeze et al. (60) show
24% share of electricity by 2020 for a refer-
ence scenario and 37% for a policy scenario.

CCS in the IEA’s ETP (21) ACT Map
scenario has a significant impact on total
Chinese CO2 emissions from power gener-
ation. The carbon intensity of power genera-
tion falls from 1100 in 2003 to 800 in 2050
(gCO2/kWh) under the reference scenario,
but it falls to 500 with CCS under the ACT
Map scenario.

Other Developing Countries

There are very few energy studies that look
at developing countries as a group. One such
effort was the “RECIPES” project on renew-
able energy markets in developing countries,
sponsored by the EC Research D-G (63).
During 2005–2006, the project collected data
on 114 countries and wrote over 2000 pages of
project reports. The study constructed future
projections on the basis of estimates of market
potentials. The “maximum” scenario for the
group of 114 countries shows a tripling of pri-
mary energy from renewables in these coun-
tries by 2020, from 7.7 EJ in 2003 to 23 EJ in
2020, with the primary energy share increas-
ing 3% to 9%; however, the primary energy
share increases to 4.5% by 2020 under the ref-
erence scenario. The project also studied 15
countries in detail, creating technology-by-
technology scenarios to 2020 for Argentina,
Brazil, Colombia, Mexico, Peru, Cameroon,
Ghana, Niger, South Africa, Uganda,
China, Pacific Islands, India, Indonesia, and
Thailand. For South Africa, the maximum
scenario shows electricity from renewables
growing from 1% in 2003 to 5% by 2020.
For Brazil, renewables increase, but the share
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declines from 74% to 65% as the electricity
demand doubles.

Country-specific studies for developing
countries tend to be less accessible. An excel-
lent study for Mexico was done by Manzini
& Martı́nez (64), who envision 20% to 30%
of primary energy from renewables by 2020,
under “conservation” and “sustainability” sce-
narios. Many country-specific studies have
been developed primarily for carbon emis-
sions purposes. For example, Van Buskirk (65)
analyzed CO2 emissions for Eritrea in East
Africa through 2050 under different scenarios
of efficiency and renewables. By 2100, CO2

emissions grow 25-fold under the reference
scenario but only fivefold under a “very high”
renewables’ scenario.

For India, Ghosh et al. (66) show new re-
newables increasing from less than 1% in 2000
to 5% of power generation by 2035 for the ref-
erence case and to 20% for “high mitigation.”
Large hydro maintains the same share in 2035
as in 2000—about 20%. With large hydro,
the total share of renewables in power gen-
eration increases from 20% in 2000 to 40%
in 2035. The high mitigation scenario shows
a cumulative 530 megatons (Mt) carbon re-
duction from renewable electricity from 2000
to 2035. Kroeze et al. (60) show an 18% share
of electricity by 2020 under a reference sce-
nario and 27% for a policy-intensive scenario
that substitutes renewables for coal. A TERI
renewables-intensive scenario (68) shows less
than 5% primary energy from renewables by
2030.

Some global studies provide regional
breakdowns. The GWEC & Greenpeace (23)
scenario for 2100 GW of wind power by 2030
shows 200 GW of this in Central and South
America, 50 GW in Africa, and 130 GW in
South Asia. The Greenpeace & EREC (19)
scenario shows renewables’ share of primary
energy in Latin America increasing from 28%
in 2003 to 70% by 2050 and the share in
Africa increasing from 47% to 58%. The
IEA’s WEO (21) gives scenario results indi-
vidually for Brazil, China, and India. The al-
ternative policy scenario shows the share of

electricity from renewables, excluding large
hydro, increasing in Brazil from 4% in 2003
to 8% in 2030, in India from 1% to 6%,
and remaining stable at 85% in Brazil even
as total electricity demand doubles by 2030.
Brazil continues to rely on large hydro, build-
ing 66 GW of new capacity by 2030, and the
share of biofuels in road transport fuel dou-
bles from 14% in 2004 to 30% by 2030 in the
alternative policy scenario.

Another multicountry study was done
by the Asia-Pacific Energy Research Center
(APERC) for the Asia-Pacific region (which
is a mixture of 21 developed and developing
economies) with three scenarios for electric-
ity in 2020 and 2050 (69). Under the refer-
ence scenario, policy development is slow, and
electricity in the Asia-Pacific region increases
from 7500 TWh in 2000 to 39,000 TWh in
2050, with 6800 TWh of renewables (17%
share). The “accelerated development” sce-
nario envisions vigorous policy development
and capital investment prior to 2010, and
the “delayed deployment” scenario envisions
a 10-year delay, post-2010. In the acceler-
ated development scenario, renewables grow
to 50% of power generation by 2050, with
50-year average annual growth rates of 9%
for biomass, 11% for solar PV, and 13% for
wind.

Country “100% Scenarios”

A number of country-specific scenarios have
envisioned a 100% share of energy from re-
newables, some of these dating back three
decades. These include a 1980 scenario by
the Union of Concerned Scientists for 100%
in the United States by 2050 (103), a 1978
study by a group of research institutes for
100% in France by 2050 (104), a 1977 study
by Johansson & Steen for 100% in Sweden by
2015 (105), and a 1981 study by Häfele et al.
at the International Institute for Applied Sys-
tems Analysis (106) for 100% in Europe by
2100. More recently, the German parliament
created a scenario for a 95% share in Germany
by 2050 (107). A Japanese study envisions
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a 100% future (108). A Netherlands policy-
intensive and carbon-constrained study (to
80% of 1990 levels) gives an 80% share (84).
The International Network for Sustainable
Energy is providing country-based sustain-
able energy visions for 100% renewables by
2050 (109). And Sørenson (110) based a low-
energy zero-carbon global scenario on 100%
renewables. Most 100% scenarios give large
shares to solar PV, wind, and solar thermal
power, and most imply large shares (i.e., 30%
to 50%) of distributed generation. A few show
very large shares of biomass, such as 60% to
70% shares of primary energy in the Dutch
and Swedish studies.

MUNICIPAL POLICY TARGETS
AND SCENARIOS

Many cities are adopting future targets
of 10% to 20% of electricity from re-
newables (Table 5). Examples are Adelaide,
Australia; Cape Town, South Africa; Freiburg,
Germany; and Sacramento (California),
United States. Targets typically aim for
some year in the 2010–2020 time frame.
Some targets are for a share of total energy

consumption, such as Daegu, Korea, with
a target of 5% by 2012, and Tokyo, which
has proposed a target of 20% of total energy
consumption from renewables by 2020 (up
from 2.7% today) to be formally adopted by
2008 as part of the city’s environmental plan.
Other city targets address installed capacity,
such as Oxford, United Kingdom, and Cape
Town, South Africa, both targeting 10% of
homes with solar hot water by 2010 (and
solar PV as well in Oxford). Barcelona, Spain,
is targeting 100,000 m2 of solar hot water by
2010. Some local governments in the United
Kingdom are requiring on-site renewables for
all new buildings over specific size thresholds
(3, 4).

Urban planning that incorporates future
clean-energy visions is gaining hold in many
cities, often with participation from a vari-
ety of stakeholders. Göteborg, Sweden, is an
example of a city creating a long-term vi-
sion through a project called Göteborg 2050.
That project is a collaborative effort between
universities, the city government, and the
city’s energy utility. It includes research, sce-
nario development, strategic planning, dia-
logue with the public, and demonstration

Table 5 Selected municipal policy targets for renewablesa

City
Share of electricity
from renewables Other types of targets

Adelaide, Australia 15% by 2014 —
Barcelona, Spain — 100,000 m2 (70 MWth) of solar hot water by

2010
Cape Town, South Africa 10% by 2020 10% of homes with solar hot water by 2010
Chicago, United States — 20% of city government electricity

consumption by 2006
Daegu, Korea — 5% share of all energy consumption by 2012
Freiburg, Germany 10% by 2010 —
Gwangju, Korea — 2% share of all energy consumption by 2020
Oxford, United Kingdom — 10% of homes with solar hot water and/or PV

by 2010
Sacramento, United
States

20% by 2011 —

Tokyo, Japan — 20% share of all energy consumption by 2020
(proposed)

aSource: REN21 Renewable Energy Policy Network for the 21st Century (3–4).
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projects. In Japan, where renewable energy
policy has been quite active at the local level,
800 local governments have laid out future
urban visions over the past 10 years with sup-
port from a national government program.
These Japanese cities are creating advanced
and unique visions taking into consideration
their local characteristics and incorporating
renewable energy into their visions.

Cities are also establishing CO2 reduction
targets. For example, London announced a
target to reduce carbon dioxide emissions by
20% by 2010, relative to 1990 levels, and by
60% by 2050. New York City set a target
in 2002 for a 20% reduction by 2010 from
1995 levels; this was supplemented by a “U.S.
Mayor’s Climate Protection Agreement” in
2005 targeting a 7% reduction from 1990
levels by 2012. During 2005 and 2006, New
York City was joined by more than 200 other
U.S. cities, representing a combined popu-
lation of 41 million people, which made the
same agreement.

TECHNOLOGY PATHWAYS

Six themes in energy scenarios related to fu-
ture technology pathways for renewables re-
cur regularly.

1. Long-term potentials and growth rates
of wind, biomass, biofuels, and solar
heating

2. Centralized versus distributed electric-
ity supply and particularly the role of
distributed solar PV

3. Hydrogen combined with renewables
4. Electric vehicle technology
5. Advanced energy storage technologies
6. Nuclear power and carbon capture and

storage

Long-Term Potentials and Growth
Rates

Scenarios reveal a wide variation in assess-
ments of long-term technology potentials and
growth rates for renewable energy technolo-
gies, even for established technologies like

wind and biomass power. Biofuels present the
greatest uncertainties. More speculative tech-
nologies, such as solar thermal power, are of-
ten ignored entirely.

Wind power. Many scenarios show wind
power becoming a major source of electricity.
GWEC & Greenpeace (23) show wind power
becoming 29% of global power generation by
2030 (5200 TWh of wind power) and 34% by
2050 (7900 TWh). Greenpeace & EREC (19)
show about the same (7200 TWh) but with
a 23% share owing to higher electricity de-
mand. IEA’s ETP (22) ACT Map shows about
one third of that amount (2400 TWh), with
an 8% share. (In 2005, wind power generated
124 TWh.) European scenarios show shares
from 10% to 26% by 2030 (38, 39, 43). High
annual growth rates accompany these projec-
tions. GWEC & Greenpeace (23) give growth
rates above 20% through 2015, becoming
17% through 2020 and 10% through 2025
(and below 5% thereafter). (From 2000–2006,
annual growth rates were 25% to 30%.) Some
scenarios show wind power becoming con-
strained by grid-integration issues, although
studies show that technical measures exist to
strengthen grids and allow high shares (10,
111). Cost reductions and policies play key
roles in scenarios. For Europe, the role and
share of off-shore wind are also factors, con-
sidering technology, siting, acceptance, and
cost barriers. Some European scenarios show
more than half of all wind power coming from
off-shore installations by 2030.

Biomass. Berndes et al. (112) found widely
different conclusions in the literature about
the possible contribution of biomass to fu-
ture global energy supply by 2050, ranging
from 100 EJ to 400 EJ. (In 2004, traditional
biomass was 44 EJ, and modern biomass was
5 EJ.) Fischer & Schrattenholzer (113) give
a range of 375 EJ to 450 EJ. Greenpeace
& EREC (19) give up to 100 EJ. One rea-
son for different conclusions is that two cru-
cial parameters—land availability and energy
crop yields—are subject to widely different
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opinions. Availability of land, as well as for-
est and agricultural residues, relates to the in-
teraction of biomass energy with other land
uses (e.g., food production, biodiversity, and
soil and nature conservation), and synergies
occur between different uses. Berndes et al.
(112) conclude that such interactions and syn-
ergies need to be better understood and mod-
eled in order to better analyze the prospects
for biomass. One of the highest scenarios for
biomass use shows 70% of primary energy
from biomass in the Netherlands by 2050,
mostly for heating (84). European scenarios
for 2030 show the share of low-temperature
heat from biomass ranging from 3% to 27%
(43).

Biofuels. The IEA (14) projects 120 billion
liters/year of ethanol production by 2020, or
3% of road transport fuel, and 25 billion
liters/year of biodiesel, if policies accelerate.
(In 2005, ethanol was 33 billion and biodiesel
4 billion.) The IEA’s ETP (22) scenarios show
a range of biofuel shares by 2050, from a
3% reference scenario to 13% and 25% for
ACT Map and TECH Plus. The WBCSD
(25) projects a 15% biofuels share worldwide
by 2050, and 25% for the United States and
Canada. For Europe, the EC biomass action
plan recommended a European target of 10%
share by 2020 (95), and a research report en-
visioned a 25% share by 2030 (114), whereas
other scenarios see a marginal contribution
of biofuels to primary energy (37). Scenarios
also differ on the development of advanced or
“second generation” biofuels—such as cellu-
lose to ethanol, biomass to liquids, or biogas.
These fuels are expected in many scenarios
by 2020, but only with further technology de-
velopment (32, 37). Enzyme cost reductions
and improvements in pretreatment are mile-
stones to commercialization (14). Regulatory
limits on biofuel imports are a factor in some
European scenarios.

Solar thermal power. Most scenarios ig-
nore this technology or mention it but do
not make a distinction between solar ther-

mal power and solar PV when presenting
shares of solar power. Some scenarios do show
large increases after 2020 or 2030 explicitly
for solar thermal power. The Greenpeace &
EREC (19) revolution scenario shows 10% of
world electricity from solar thermal power by
2050 (2900 TWh). Several European scenar-
ios show shares of solar thermal power com-
parable to wind power by 2030 (40, 46, 47).

Solar heating and cooling. There are very
few policy targets or scenarios that specifically
address solar heating and cooling. The IEA’s
ETP (22) scenarios do not distinguish renew-
able heating (they only show heat from tra-
ditional renewables as part of the buildings
sector). The ESTTP (41) “solar thermal vi-
sion” sets a goal of 50% of all low-temperature
heating and cooling coming from solar in
Europe by 2030, led by the “active solar build-
ing,” which is 100% heated and cooled by
solar thermal energy—envisioned as the new
building standard by 2030. That vision also
includes technologies for seasonal heat stor-
age, commercial use of solar-assisted cool-
ing (which is not yet in widespread commer-
cial use), solar district-heating systems serving
groups of buildings, and an array of architec-
tural innovations and practices. China’s target
of 300 million m2 of solar hot water by 2020
represents a quadrupling of capacity and could
lead to more than a third of China’s house-
holds with solar hot water by 2020.

Distributed Power Generation

Most scenarios assume that the electricity sys-
tem will remain highly centralized or do not
address the issue of distributed power gen-
eration. However, most advanced scenarios
for Europe and some global scenarios do
envision distributed generation becoming a
prominent part of power systems (19, 25,
32, 49). And a survey of European experts
found a large consensus about the trend to-
ward a more decentralized electricity sup-
ply, estimating a 30% share of decentral-
ized power by 2020 (42). Many scenarios
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envision solar PV as a primary form of
distributed generation from renewables, al-
though European scenarios also include large
shares of biomass (in combined-heat-and-
power plants) and geothermal power. Thus
the share of distributed generation from re-
newables depends on solar PV technology
advances and cost reductions.

Bradford (115) argues that the share from
solar PV also depends on fairer cost compar-
isons and that solar PV is much closer to be-
ing competitive with conventional power if
compared on the basis of delivered electric-
ity or peak power costs. Under a decentral-
ized paradigm, renewables have an advantage
because they compete with the end-user cost
of power rather than centralized generation
costs, avoiding transmission and distribution
costs.

Bradford presents a radical distributed so-
lar PV future in the following three phases
(which are based on these advantages and
an extrapolation of technology cost curves):
(a) rapid growth from 2005 to 2020 when in-
stalled costs (per watt) decline to $2.50 (from
$7 in 2005) and solar PV capacity rises to
240 GW (from 5 GW in 2005), (b) “displace-
ment” from 2020 to 2040 when costs fur-
ther decline to $1.60 and capacity increases
to 6900 GW, and (c) dominance beyond 2040
when costs decline to $1 and solar PV provides
35% of global electricity. An EC research re-
port envisions a similar trajectory with 1000
GW of solar PV by 2030 (116).

Many studies offer visions and details of
decentralized systems using a combination of
small-scale renewables along with microtur-
bines, fuel cells, stirling engines, and other
emerging technologies, many providing both
power and heat (11, 49, 72, 117–123). Also
included in this category is the literature
on “building-integrated PV” that merges en-
ergy and architecture (124–126). In a dis-
tributed future, central power grids become
more limited, and more users produce their
own power. Distributed sources become con-
nected through “intelligent grids” that opti-
mize flows and make least-cost decisions. A

three-stage transition to distributed genera-
tion was suggested by the IEA, according to
share of total power generation (127). At first,
marginal shares pose few issues other than
interconnection. Later, increasing shares re-
quire utilities to monitor and control gen-
eration sources and conduct real-time op-
timization. Finally, a majority share means
that microgrids and community energy sys-
tems dominate, with local distribution utili-
ties becoming coordination agents rather than
controllers.

Hydrogen Combined
with Renewables

McDowall & Eames (75, p. 1245) review
the hydrogen futures literature and conclude
that “most studies see the ultimate hydrogen
economy as fuelled entirely by renewables,
with electricity and hydrogen as the domi-
nant, and largely interchangeable energy car-
riers.” But transitionally at least, until 2030–
2050, studies envision hydrogen from nuclear
and fossil fuels (some with carbon sequestra-
tion). Shell’s “spirit of the coming age” (32)
shows hydrogen infrastructure emerging after
2030 with natural gas as “bridge” to hydrogen
from renewables after 2050. Some scenarios
limit renewables-produced hydrogen because
of high projected electricity demand that re-
quires the renewable electricity (40). Oth-
ers show hydrogen from renewables emerg-
ing only after power grids are strengthened
to accommodate intermittent and distributed
renewables (28). Many European and global
scenarios do not show significant hydrogen
production until after 2030 (129).

Scenarios show hydrogen primarily used
as a transport fuel and reflect high uncer-
tainty or variation depending on factors such
as commercial viability of fuel-cell technol-
ogy, hydrogen distribution options, hydrogen
storage media, and gaseous versus liquid fuel.
The IEA’s ETP (22) ACT Map scenario
shows a minimal contribution from hydro-
gen, whereas TECH Plus envisions cost re-
ductions in fuel cells and other technology
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breakthroughs making hydrogen 9% of trans-
port energy by 2050. The EC’s WETO (20)
hydrogen scenario shows 13% of world fi-
nal energy from hydrogen by 2050, produced
from nuclear (40%) and renewables (50%).
The WBCSD (25) scenario shows widespread
use of fuel-cell vehicles by 2050 and 25% of
world transport energy from hydrogen (in-
cluding 17% in China, 27% in the United
States/Canada, 32% in Europe, and 100% in
Japan), with renewables-produced hydrogen
in some countries.

Hydrogen infrastructures could be cen-
tralized or decentralized, employing local
renewable electricity and biomass for de-
centralized hydrogen production or large-
scale renewables, e.g., wind and solar ther-
mal power, for centralized production (130).
Hoffman (131) ponders whether hydrogen is
inherently a centralizing technology. In some
scenarios, such as Shell’s spirit of the com-
ing age (32), hydrogen supports a continued
centralized energy paradigm. Others, such as
Rifkin (132), envision hydrogen as a decen-
tralizing technology that promotes commu-
nity energy systems. But neither centralized
nor decentralized hydrogen visions are practi-
cal or desirable, according to some, who ques-
tion and even denounce the current hydro-
gen “fashion” (121, 133–135). They claim that
visions of hydrogen combined with renew-
ables deceptively hide an agenda—hydrogen
from nuclear and fossil fuels—or that such
visions force renewables into current energy
paradigms rather than create new paradigms
better suited to renewables.

Electric Vehicle Technology

Beyond long-term visions of renewables-
produced hydrogen for transport, most sce-
narios only discuss the contribution of biofu-
els to the transport sector. A relative “blind
spot” in the literature is the direct contri-
bution of renewable electricity for transport.
There has been growing interest in hybrid
gasoline-electric vehicles, including so-called
“plug-in hybrids” in which the battery can be

recharged from an external source such as re-
newable electricity. Plug-in hybrids could al-
low shorter trips to be made entirely on re-
newables, with stored gasoline used for longer
trips. There has also been a resurgence of in-
terest in electric-only vehicles, following the
demise of earlier models in the 1990s.

A growing number of authors envision a
future with transport technology closely tied
to electric power and renewable electricity
rather than liquid or gaseous fuels (49, 121,
135). This future also includes potential use of
electric vehicle batteries as mediums for elec-
tricity storage, for example charging a car at
night and then using the power during the
day or selling it for peak power prices. Wind
power is a ideal match for electric vehicle tech-
nologies, argue several authors, because vehi-
cles can be charged with cheap off-peak wind
power, and because battery charging is ideally
suited to intermittent wind power. Automatic
control of battery charging and discharging
through the grid also fits into “smart grid”
or “virtual power station” visions (19, 117–
119, 122, 123). The key barrier remains bat-
tery technology. Ongoing technology devel-
opments may accelerate beyond what some
prognoses have suggested (5).

Advanced Storage Technologies

Energy storage is a key enabling technol-
ogy for integration of renewables, concluded
the European Commission (136). The survey
of experts by European Energy Delphi (42)
shows that many believe energy storage will
be used widely by the early 2020s to sup-
port renewables. But very few energy sce-
narios address the storage issue specifically.
An optimization model by Wuppertal (137)
shows that high amounts of renewables can
be integrated into electricity systems if suffi-
cient storage/balancing options are available.
A number of energy storage technologies have
the potential to shape the use of renewable en-
ergy, including centralized storage to stabilize
power grids containing large shares of inter-
mittent renewables, local distributed storage,
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and storage onboard vehicles. Some scenarios
envision advanced battery storage in homes
to compliment local solar PV generation
(25, 49).

Presently, pumped hydro is the main com-
mercial form of large-scale electricity stor-
age, and some studies consider expanded
use of pumped hydro in conjunction with
wind turbines (10, 138). Conventional battery
technologies (e.g., lead-acid, nickel-cadmium,
and nickel-metal-hydride batteries) offer in-
adequate performance, but new technologies
show promise, including those with lithium
(e.g., lithium-ion, lithium-polymer, lithium-
metal-polymer, and lithium-sulfur batteries),
those for high temperatures (e.g., sodium-
sulfur and sodium-nickel-chloride batteries),
and flow batteries (e.g., vanadium-redox and
zinc-bromine batteries). Other forms of en-
ergy storage include flywheels, electric ca-
pacitors, compressed air storage, and ther-
mal heat storage. Different storage timescales
(seconds, minutes, hours, and days) achieve
different purposes: smoothing wind power
output, load following, peak power dispatch,
averaging of hourly and daily variations in
wind and solar, and vehicle energy storage (49,
137, 139–141).

Nuclear Power and Carbon Capture
and Storage

For carbon-constrained scenarios, the degree
of nuclear power and carbon capture and
storage (CCS) technologies used also deter-
mines how much renewables are needed to
reduce carbon emissions. European scenar-
ios show widely diverging futures for nuclear.
Reference scenarios show some EU countries
phasing out nuclear but others making new
nuclear investments, depending on technol-
ogy costs and policies, with electricity share
from nuclear decreasing to 17%–19% by 2030
(compared to 28% in 2005) (38). Alternative
scenarios show a complete nuclear phaseout
in Europe, with no new plants built and its
electricity share falling to 4%–9% in 2030

and zero in 2050 (43, 45, 47). Highest is a
EC’s WETO (20) scenario showing 45% of
European electricity from nuclear by 2050,
along with CCS for half of all power plants.

Many global scenarios envision nuclear re-
taining roughly the same electricity share as
today (15%), which means increasing at the
same rate of world electricity demand, and
at the same time showing large increases in
CCS (22, 25). The IEA’s ETP (22) ACT
Map scenario, which leaves nuclear at a 17%
share by 2050, shows CCS for half of all coal-
fired power plants worldwide. An alternative
“ACT no CSS” scenario, which assumes CSS
never becomes commercially available, com-
pensates with higher levels of renewables and
nuclear. Similarly, the WBCSD (25) scenario
shows a 12% share for nuclear along with
CCS for half of all coal power capacity world-
wide by 2050, and CCS plants start to become
widespread by 2025. Some scenarios show an
even higher share for nuclear, 30% or more
(84, 142). Highest is a EC’s WETO (20) sce-
nario showing 38% electricity share for nu-
clear along with CCS for two thirds of power
generation globally (compared to its refer-
ence scenario of 25% nuclear and 12% CCS).
At the other extreme, some global scenarios
envision the complete elimination of nuclear
power by 2050 and, consequently, high lev-
els of renewables (19, 28). Saddler et al. (143)
show that it is possible to achieve a 50% re-
duction in CO2 emissions by 2040 in Australia
without nuclear or CCS.

CONCLUSIONS

Globally, low or reference scenarios show the
share of primary energy from renewables in
the range of 10% to 15% by 2040–2050,
medium scenarios show a 25% to 30% share,
and high scenarios show a 40% to 50% share.
Total energy consumption in 2050 varies sig-
nificantly among the scenarios, from 600 EJ
to 1600 EJ. The amount of primary en-
ergy from renewables ranges from 100 EJ to
450 EJ for most scenarios, or an increase of
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1.2-fold to sixfold from 80 EJ in 2004.
Reference scenarios show the share of elec-
tricity from renewables is about 15% by 2040–
2050, medium scenarios show a 30% to 40%
share, and high scenarios show a 50% to 80%
share, compared to 19% in 2005. The few sce-
narios giving share of transport energy from
biofuels in 2050 show a wide range, from 3%
to 25%.

For Europe, low or reference scenarios
show primary energy share higher and sooner
than global scenarios, at 15% to 20% by
2030, with policy-intensive scenarios show-
ing a 30% to 40% share by 2030 and up to
50% by 2050. (These compare to 6.5% actual
in 2004, a 12% target by 2010, and a 20%
proposed target by 2020.) Electricity share is
20% to 25% in low or reference scenarios and
45% to 60% in policy-intensive scenarios by
2030, and up to 70% by 2050. (These com-
pare to 14% actual in 2005 and a 21% target
by 2010.) Transport fuel share is 6% to 7% in
low or reference scenarios and 25% in policy-
intensive scenarios by 2030. (These compare
to an EU-wide target of 5.75% by 2010.)

For individual countries and states/
provinces, there are many targets and scenar-
ios for a 15% to 25% share of primary energy
and a 20% to 35% share of electricity by 2020.
Scenarios for 2050 show up to a 50% share of
primary energy and a 50% to 80% share of
electricity under policy-intensive or advanced
scenarios. China’s target for 16% share of pri-
mary energy by 2020 (up from 7.5% in 2005)
represents the largest amount of renewables
for any individual country.

Factors affecting scenario outcomes in-
clude aggressiveness of policy action, cost
competitiveness driven by technology devel-
opment and fuel price changes, and aggregate
energy demand. Other factors include carbon
prices, speed of capital stock replacement, and
business strategies. Reference scenarios envi-
sion partial implementation of existing poli-
cies, continued reliance on traditional fuels,
and stable to modestly increasing fuel prices.
Policy-intensive or advanced scenarios envi-

sion aggressive policies and targets, signifi-
cant technology cost reductions, increased so-
cial motivation, higher fuel prices, and high
growth rates for renewables over decades.
Many scenarios show large reductions in ag-
gregate energy demand from energy effi-
ciency that allows renewables to supply nearly
a majority share. In many scenarios, factors af-
fecting biofuels tend to differ from those cited
above, with resource constraints, uncertain-
ties about commercial viability of cellulose-
to-ethanol technologies, and oil prices influ-
encing scenarios.

Carbon-constrained scenarios depict
trade-offs between renewables, nuclear, and
carbon capture and storage, along with
increases in energy efficiency. With carbon
constraints added to scenarios, technology
development, social acceptability of nuclear,
and relative costs become overriding factors
affecting renewables’ shares. Some scenarios
manage to satisfy carbon constraints with
large amounts of renewables and no nuclear
or carbon capture. Hydrogen for transport
is envisioned in some scenarios—produced
from fossil fuels or nuclear starting around
2030 and then later from renewables—but
still may only account for modest (10% to
30%) shares of transport fuel by 2050.

Distributed generation from renewables,
especially solar PV, plays an important role
in some scenarios. Three different visions for
the future of power generation might be char-
acterized as (a) continued centralized elec-
tric power with bulk renewables feeding into
grids; (b) coexisting centralized and decentral-
ized electricity, with smart power grids and
two-way power transfer with electric vehicles
or other storage devices to take advantage of
peak-demand pricing and to smooth intermit-
tent renewables; and (c) radical decentraliza-
tion with community energy systems predom-
inating.

The future of renewables appears promis-
ing to many. Scenarios attempt to show
possible futures and implications of differ-
ent choices and conditions. Cost reduction
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and technology development—from method-
ical incremental improvements to paradigm-
shifting surprises—will be important, but ul-

timately, the decisions of business managers,
policy makers, and households will determine
those futures.

SUMMARY POINTS

1. Common indicators of renewable energy futures are shares of primary energy and
electricity, but shares of final energy, low-temperature heating, and road transport
energy are also important.

2. Global renewable energy scenarios show a 10% to 50% share of primary energy
by 2050, with many policy-intensive scenarios projecting 40% to 50%. European
policy-intensive scenarios project 45% to 60% by 2030.

3. Wind and biomass power feature strongly in most advanced scenarios, but there are
large differences in projections for distributed solar PV, solar thermal power, solar
and biomass heating, advanced biofuels, and the role of energy storage and electric
vehicle technologies.

4. The IEA’s World Energy Outlook (21) shows the lowest shares of renewables, whereas
the EC and private-sector scenarios show significantly larger shares, and advocacy
groups and industry associations show the highest shares.

5. Carbon-constrained scenarios work backward from atmospheric stabilization of CO2

at 450–550 ppm by 2050 and depict trade-offs between renewables, nuclear power,
and carbon capture and storage. Global CO2 emissions vary from 10 to 100 Gt by
2050 across the range of scenarios reviewed.

6. Scenarios differ in treatment of renewables depending on degree of future policy ac-
tion, fuel prices, carbon prices, technology cost reductions, aggregate energy demand,
feasible power grid integration, and modeling approach, with resource constraints
mostly significant only for biomass and biofuels.

FUTURE ISSUES

1. The indicator “share of primary energy” suffers from multiple definitions that make
comparisons across countries and studies difficult; better transparency and dual-
method reporting are needed.

2. More understanding and transparency are needed to explain how different modeling
approaches and assumptions affect data requirements and scenario results, including
the quantitative effects of policies.

3. Scenarios should more explicitly cover the role of low-temperature heating and cool-
ing from renewables, including solar hot water and heating, advanced biomass tech-
nologies, geothermal heat pumps, and integrated “green building” architecture.

4. Scenario research should better explore the role of distributed generation and partic-
ularly distributed solar PV as well as the potential of electric vehicle technology and
advanced energy storage to affect renewable futures.
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Cambridge, MA: Ballinger

107. German Bundestag. 2002. Nachhaltige energieversorgung unter den bedingungen der
globalisierung und liberalisierung. Rep. Enquette Comm. Berlin

108. Lehmann H. 2003. Energy Rich Japan. Aachen, Ger.: Inst. Sustain. Solut. Innov.
109. Int. Netw. Sustain. Energy. 2006. Global Vision 2050—100% Renewables. Hjortshoj, Den.:

INFORSE
110. Sørensen B. 1999. Low energy consumption scenarios. Presented at IPCC Expert Meet.

Mitig. Stab. Scenar., Copenhagen, 2–4 June. Roskilde, Den.: Roskilde Univ.

www.annualreviews.org • Renewable Energy Futures 237

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
7.

32
:2

05
-2

39
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

B
 W

up
pe

rt
al

 o
n 

07
/1

6/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV325-EG32-07 ARI 14 September 2007 20:6

111. Int. Energy Agency. 2005. Variability of Wind Power and Other Renewables: Management
Options and Strategies. Paris: IEA

112. Berndes G, Hoogwijk M, van den Broek R. 2003. The contribution of biomass in the
future global energy supply: a review of 17 studies. Biomass Bioenergy 25(1):1–28

113. Fischer G, Schrattenholzer L. 2001. Global bioenergy potentials through 2050. Biomass
Bioenergy 20(3):151–59

114. Eur. Comm. Dir.-Gen. Res. 2006. Biofuels in the European Union: a vision for 2030 and
beyond. Rep. EUR 22066. EC, Brussels

115. Bradford T. 2006. Solar Revolution. Cambridge, MA: MIT Press
116. Eur. Comm. Dir.-Gen. Res. 2006. A vision for photovoltaic technology. Rep. EUR 21242,

EC, Brussels
117. Dunn S. 2000. Micropower: The Next Electrical Era. Worldwatch Pap. 151, Washington,

DC
118. Borbely A-M, Kreider JF. 2001. Distributed Generation: The Power Paradigm for the New

Millennium. New York: CRC
119. Lovins AB. 2002. Small is Profitable. Snowmass, CO: Rocky Mt. Inst.
120. Patterson W. 2003/2004. Keeping the lights on. Work. Pap. 1–3. Chatham House, London
121. Brown LR. 2006. Plan B 2.0: Rescuing a Planet Under Stress and a Civilization in Trouble.

New York: Norton
122. Eur. Comm. Dir.-Gen. Res. 2006. Smart grids: vision and strategy for Europe’s electricity

networks of the future. Rep. EUR 22040. EC, Brussels
123. Eur. Comm. Dir.-Gen. Res. 2005. Towards smart power networks: lessons learned from

European research FP5 projects. Rep. EUR 21970. EC, Brussels
124. Eiffert P, Kiss GJ. 2000. Building-integrated photovoltaic designs for commercial and

institutional structures: a sourcebook for architects. Rep. NREL/-KB27252-025. Natl.
Renew. Energy Lab., Golden, CO

125. Eiffert P. 2003. Guidelines for the economic evaluation of building-integrated photo-
voltaic power systems. Rep. NREL/TP-550-31977. Natl. Renew. Energy Lab., Golden,
CO

126. Int. Energy Agency. 2002. Potential for building integrated photovoltaics. PV Power Syst.
Prog. Rep. PVPS T7-4., IEA, Paris

127. Int. Energy Agency. 2002. Distributed Generation in Liberalized Electricity Markets. Paris:
IEA

128. Deleted in proof
129. Ramesohl S, Merten F. 2006. Energy system aspects of hydrogen as an alternative fuel

in transport. Energy Policy 34(11):1251–59
130. Dunn S. 2001. Hydrogen Futures: Toward a Sustainable Energy System. Worldwatch Pap.

157, Washington, DC
131. Hoffman P. 2001. Tomorrow’s Energy: Hydrogen, Fuel Cells, and the Prospects for a Cleaner

Planet. Cambridge, MA: MIT Press
132. Rifkin J. 2002. The Hydrogen Economy. New York: Tarcher/Putnam
133. Romm JJ. 2004. Hype About Hydrogen: Fact and Fiction and the Race to Save the Climate.

Washington, DC: Island
134. Heinberg R. 2004. Power Down: Options and Actions for a Post-Carbon World. Gabriola

Island, BC, Can.: New Soc.

This is a politically
oriented treatment
of imperatives,
barriers, and
possibilities, with a
strong critique of
the status quo. 135. Scheer H. 2007. Energy Autonomy: The Economic, Social, and Technological Case for

Renewable Energy. London: Earthscan

238 Martinot et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

00
7.

32
:2

05
-2

39
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 U

B
 W

up
pe

rt
al

 o
n 

07
/1

6/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV325-EG32-07 ARI 14 September 2007 20:6

136. Eur. Comm. Dir.-Gen. Res., Dir.-Gen. Transp. Energy. 2003. Clean, safe and efficient
energy for Europe: impact assessment of non-nuclear energy projects implemented under
the Fourth Framework Programme. Rep. EUR 20876/2, EC, Brussels

137. Eurosolar. 2006. Proc. First Int. Renew. Energy Storage Conf.: Towards Energy Autonomy
with the Storage of Renew. Energies, Sci. Park Gelsenkirchen, Ger. Bonn: World Counc.
Renew. Energy Eurosolar

138. Rechsteiner R. 2006. Management of renewable energies and storage systems: the Swiss
case. See Ref. 137

139. Lund PD, Paatero JV. 2006. Energy storage options for improving wind power quality. Pre-
sented at Nordic Wind Power Conf., 22–23 May, Espoo, Finl.
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