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Executive Summary

Mitigating climate change is unavoidably linked to developing affordable low-carbon energy technologies that can be adopted around the world. In this report, we describe the evolution of solar
and wind energy in recent decades, and the potential for future expansion under nations’ voluntary
commitments in advance of the 2015 Paris climate negotiations. These two particular low-carbon
energy sources—solar and wind—are the focus of our analysis because of their significant, and possibly
exceptional, expansion potential.
Technology differs from the static picture we might implicitly assume. Deploying a technology
coincides with and engages a variety of mechanisms, such as economies of scale, research and
development (R&D), and firm learning, which can drive down costs. Lower costs in turn open up
new deployment opportunities, creating a positive feedback, or ‘multiplier’ effect. Understanding
this aspect of technology development may help support collective action on climate change, by
lessening concerns about the costs of committing to reducing emissions. The deployment of low-carbon
energy technologies that are necessary to accomplish greenhouse gas emissions cuts, helps bring about
improvements and cost reduction that will make further cuts more feasible.
Among low-carbon electricity technologies, solar and wind energy are exemplary of this process.
Solar and wind energy costs have dropped rapidly over the past few decades, as markets for these
technologies have grown at rates far exceeding forecasts. In the case of solar energy, for example, the
cost of reducing emissions by replacing coal-fired electricity with photovoltaics has fallen 85% since
2000.
Getting these technologies to their current state of development was a collective accomplishment
across nations, despite minimal coordination. Public policies to stimulate research and market growth
in more than nine countries in North America, Europe, and Asia—including the U.S., Japan, Germany,
Denmark, and more recently, China—have driven these trends. Firms responded to these incentives by
both competing with and learning from one another to bring these low-carbon technologies to a state
where they can begin to compete with fossil fuel alternatives. Technology has improved as a result of
both research and successful private-sector commercialization efforts.
Commitments made in international climate negotiations offer an opportunity to support the
technological innovation needed to achieve a self-sustaining, virtuous cycle of emissions reductions
and low-carbon technology development by 2030. As a way to achieve emissions reductions, solar and
wind technologies are already in a cost competitive state in many regions and are rapidly improving.
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We posit that the more that parties to climate negotiations are aware of the state of these technologies,
and especially the degree to which technology feedback stands to bring about further improvements,
the more opportunity there will be for collective action on climate change.
These are our summary findings. We make several specific observations about the development of
solar and wind energy:
• Over the past four decades wind electricity costs have fallen by 5% per year and solar electricity
costs have fallen by 10% per year, on average. Since 1976, photovoltaic (PV) module costs have
dropped by 99%. For the same investment, 100 times more solar modules can be produced today
than in 1976. Wind capacity costs fell by 75% over the past three decades.
• Solar is now nearly cost-competitive in several locations, and wind in most locations, without
considering the added benefit of pollutant and greenhouse gas emissions reductions. When these
external costs are considered, the cost competitiveness improves substantially.
• Over the last 15 years, the cost of abating carbon from coal-fired electricity with solar in the U.S.
has dropped by a factor of seven. Over the last 40 years, the cost has fallen by at least a factor of 50
(given a flat average coal fleet conversion efficiency in the U.S. during this period).
• Wind and solar installed capacity has doubled roughly every three years on average over the past
30 years. These growth rates have exceeded expectations. For example, the International Energy
Agency 2006 World Energy Outlook projection for cumulative PV and concentrated solar power
(CSP) capacity in 2030 was surpassed in 2012. The Energy Information Agency 2013 International
Energy Outlook projection for cumulative PV and CSP capacity in 2025 was surpassed in 2014.
• Countries have traded positions over time as leaders in solar and wind development. Japan,
Germany, Spain, Italy, and most recently China have led the annual installed capacity of solar since
1992. Japan was the leader in cumulative capacity in the first decade and Germany led in the last
decade. Since 1982, the U.S., Denmark, Germany, Spain and recently China have led annual wind
installations. Over this period the U.S., Germany and China traded off as the countries with greatest
cumulative installed wind capacity. In per capita terms Denmark has dominated wind installations.
Sweden and Denmark have led in per capita cumulative wind R&D. Switzerland and the U.S. have
invested the most per capita in solar R&D. The U.S. has invested more cumulatively than any other
nation in both wind and solar R&D between 1974 and the present day.
• Current climate change mitigation commitments by nations in advance of the 2015 Paris climate
negotiations could collectively result in significant further growth in wind and solar installations. If
countries emphasize renewables expansion, solar and wind capacity could grow by factors of 4.9
and 2.7 respectively between the present day and 2030.
• Based on future technology development scenarios, past trends, and technology cost floors, we
estimate these commitments for renewables expansion could achieve a cost reduction of up to 50%
for solar (PV) and up to 25% for wind. For both technologies this implies a negative cost of carbon
abatement relative to coal. Forecasts are inherently uncertain, but even under the more modest cost
reduction scenarios, the costs of these technologies decrease over time.
From these observations and modeling estimates, we also draw several broad implications for
climate change mitigation efforts:
• Negotiations as opportunity-building rather than burden-sharing. The potential for reducing emissions in the long-term can grow with global collective efforts to achieve near-term emissions
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cuts. Climate negotiations may provide an opportunity for nations to take advantage of this multiplier effect and drive down the cost of mitigating carbon emissions by 2030. The cost of mitigating
carbon can fall faster if countries increase and sustain over time their commitments to deploying
renewable and other clean energy technologies. As today’s commitments are strengthened, the
potential emissions reductions that can be made in the post-2030 period may also increase.
• Importance of knowledge-sharing and global access to financing. Two challenges should be
addressed if renewables growth is to reach its full potential. The upfront costs of renewables can
be significant, while the variable costs are low. Equitable financing for all nations will be critical
for allowing the global growth of these technologies. Knowledge sharing to bring down the ‘soft
costs’ of these technologies, which includes all investments required for onsite construction, will
be equally important. Knowledge-sharing and public policy incentives to stimulate private sector
development of exportable combined software and hardware systems to reduce construction costs
around the world can help support the global growth of clean energy.
• Growing need for technologies that address renewables intermittency. As their generation
share grows, intermittency will limit the attractiveness of wind and solar technologies, particularly
beyond 2030. Further development of energy storage and other technologies, such as long-distance
transmission and demand-side management will be needed to reliably match supply with demand.
The current electricity share of solar and wind in most nations, and natural gas back-up generation,
leaves time for these other technologies to develop. Lessons learned from developing solar and wind
energy can be applied to the development of these other technologies, particularly energy storage.
• Historical legacy. Developing clean energy is a measurable historical legacy for the nations that
take part, with the potential for immeasurable benefit to humankind. Parties to the United Nations
Framework Convention on Climate Change represent an all-inclusive gathering of nations that has
arguably already left its mark by encouraging commitments by a handful of them to drive down the
cost of clean energy. Further progress is within reach.

1. Introduction

Expectations about the amount of emissions reduction achievable are influenced by views on how
technology will or will not develop. Parties to climate talks make assumptions, often implicit, about
how easily low-cost, scalable clean energy can be deployed. These assumptions can strongly impact
negotiations, but despite their important role in the discussion, views about technology are often not
directly discussed or tested. In the absence of readily available information to the contrary, mental
models of technology costs may take a static view. At other times, technology dynamics are taken into
account but in a limited way, with performance assumed to change linearly with time.
One major aim of this report is to bring to these discussions a dynamic, nonlinear viewpoint
that is more consistent with how technologies really evolve. This more realistic behavior centrally
affects the prospects for meeting global climate targets. We describe how technology dynamics impact
renewables costs, and the possible implications for the costs of cutting emissions pre- and post-2030.
The introductory section below reviews a few key topics that form a backdrop for our analysis.
Mechanisms for reducing greenhouse gas emissions and the role of technology

Emissions cuts can be implemented by a variety of mechanisms: (1) direct control in the form of a
cap or tax, (2) indirect control through clean energy or technology performance standards, coupled
by demand side management [1], and (3) enabling policies including renewable portfolio standards,
technology subsidies, and research and development (R&D) funding. No single policy instrument is
best in all situations [2]. Direct control may be most economically efficient in theory, allowing the
market to determine how and when technologies are deployed to meet climate goals [3]. However,
in practice other policies can address distributional impacts, promote and reward innovation in the
presence of knowledge spillovers, enable coordination across actors, reduce administrative costs, and
promote action where direct control is not politically feasible [4].
Regardless of the implementation strategy, low-carbon energy will necessarily play a major role
in achieving the reductions in global greenhouse gas (GHG) emissions needed to reach the climate
change mitigation goals set by most nations. Other mitigation options include reducing energy demand
and mitigating GHGs from agriculture, waste and land-use change, but none will be sufficient alone to
achieve the low levels of GHG emissions required to limit the increase in global mean temperature to
2 C. Even with extreme demand-side efficiency measures, very-low-carbon energy technologies would
be required to meet a significant fraction of global demand by 2050—one study finds that 60-80%
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low-carbon energy is required for the U.S. [1]. The cost of low-carbon energy will therefore greatly
influence the cost of mitigating climate change.
Several low-carbon energy technologies available today could support long-term emissions reduction cuts while meeting demand, but none have yet displaced fossil fuels to capture a majority share.
The two low-carbon options emphasized in this report are solar and wind energy, both intermittent
renewable energy sources. These technologies do not have the largest market share of very-low-carbon
technologies, and they have barely made a dent in global emissions thus far, but they have shown faster
growth in recent years than other options. Market growth has been supported by and has contributed to
falling costs, with particularly rapid cost declines observed for solar. High growth rates have likely
been achieved because of several characteristics of wind and solar photovoltaics, including the flexible
scale of installation, and a more even distribution of growth potential across nations than alternatives
such as nuclear energy, hydroelectricity, bioenergy, and concentrated solar power. This growth potential
is determined by energy resource availability and a variety of other factors, including the effect on local
water resources, land-use impacts on local populations, workforce expertise required for expansion,
and a variety of perceived risks [5].
For these and other reasons outlined in the report, we focus our investigations on wind and
solar among the set of very-low-carbon technologies. A large further expansion potential in these
technologies alone could have a significant impact on the prospects for emissions cuts. We emphasize,
however, the importance of investing in a variety of low-carbon technologies, beyond solar and wind,
given the inherent uncertainty about the future, and difficulty in predicting future technology winners.
Relying at least in part on carbon-focused policy instruments will allow the market to select the most
economically efficient option at any given time.
This report concentrates on very-low-carbon energy technologies for electricity but does not deal in
depth with other end-use sectors. Recent research suggests that electricity may play an increasing role
in transportation [6], and may offer near-term opportunities for the decarbonization of personal ground
vehicle travel to meet intermediate emissions reduction targets (to 2030) [7, 8]. Further development
of energy technologies and systems is likely to be required for longer-term emissions reductions
in personal and commercial ground transport [9]. Air transport and shipping also require further
advancement of low-carbon alternatives. Direct heating remains an important end-use sector that has
traditionally received less attention. Home energy systems, combining solar energy, electric vehicles,
and both passive and active heating and cooling may offer a growing set of solutions as interest in these
systems increases over time, especially when combined with increased urbanization [10, 11].
Climate change negotiations and clean energy technology development

The climate is a shared global resource whose preservation requires collective action [12, 13]. The
upcoming Paris climate negotiations present an opportunity to coordinate national and multinational
efforts to mitigate climate change [14, 15]. As negotiations have progressed over the course of meetings
on five continents spanning more than two decades, discussions have reflected a growing sophistication
about options to enable emissions cuts [16]. However the impact of technology innovation on the cost
of mitigating climate change, and the opportunity to use international climate change negotiations as a
platform to collectively influence technology innovation, has not been fully exploited. While the ability
to predict technology development over time is inherently limited, growing evidence of fast rates of
technological improvement and explanations of the drivers of this improvement provide some insight.
It is clear that the experience that has accumulated in the development of clean energy technologies,
and expectations about future improvement potential should begin to more directly inform international
climate negotiations.

11
Climate negotiations provide a unique opportunity to explore prospects for the collective development of clean energy technologies. The negotiations are impressively inclusive, with the United Nations
Framework Convention on Climate Change (UNFCCC) having 196 parties [17]. Climate negotiations
have arguably already played a role in supporting the development of clean energy technologies. While
it is difficult to measure this effect, policies supporting clean energy in various regions and nations
were likely spurred in part by the negotiations’ contributions to growing international recognition of
climate change. Even though a global deal has not yet been reached, these more limited successes in
raising awareness of the problem have almost certainly supported the growth of clean energy markets
and technology development.
We propose that a deeper understanding of energy technology innovation can also help the negotiations. Technologies have improved over time in their ability to transform raw materials into more
valuable resources. This technology innovation has been a primary driver of economic growth and
rising atmospheric concentrations of GHGs since the onset of industrialization. The central question
in the context of climate change mitigation—and other sustainability challenges—is whether we can
now harness technology innovation but adjust its course to do more with less environmental impact, all
while supporting economic activity. Recent progress in renewable energy is now widely recognized,
yet renewables still provide less than 4% of global electricity. Explicitly addressing questions around
the growth potential of these and other low-carbon energy technologies can inform the international
debate on climate change mitigation. The potential for global cooperation under the umbrella of climate
negotiations may be enhanced by recognition of past observed and future potential technological
improvement.
Toward this end, our report addresses the following questions:
• How have solar and wind energy technologies evolved in recent decades? (Chapter 2)

• What countries have contributed to the development of these technologies? (Chapter 2)

• How might solar and wind energy installations expand with nations’ Intended Nationally Determined Contributions (INDCs)? (Chapter 3)
• Under projected future installation levels, how might the costs of these technologies change?
(Chapter 4)
• In sum, what lessons about renewable energy technology evolution are most salient for climate
change negotiations? (Chapter 5)

2. Historical trends in photovoltaics and wind energy conversion

2.1

Historical growth in installed capacity and research
The expansion of solar power, here confined to PV, and wind power has been a result of the efforts of
many different nations, with different countries taking the lead in capacity additions and research and
development (R&D) spending over time. Here we provide a brief overview of historical support for
PV and wind from different countries, illustrating the shifting global dynamics that have driven these
technologies forward.
Over the last two decades, global PV deployment has increased steadily in terms of both annual
installations and cumulative capacity (Figure 2.1). Individual countries, in contrast, have seen much
more dramatic year-to-year changes in annual installations, often due to policy intervention. Historically,
a small group of countries has consistently led the world in annual PV capacity additions. From 1992–
2003, Japan led the market with consistent growth in residential PV deployment. From 2004–2012,
Germany was the primary driver for PV with its national Energiewende policy, which called for—and
realized—a massive expansion in renewable energy generation (principally wind, biomass, and solar).
Spain and Italy took the lead for one year each, peaking in 2008 and 2011, respectively, before dropping
off. Inconsistent deployment in those countries is attributable to policy changes as well, with rapid
growth spurred by premium feed-in tariff regimes followed by market contraction in response to a hasty
policy retreat, tariff cuts, the introduction of capacity quotas, and the global financial crash. Since 2013,
China has been the world leader in PV installations.
Although we highlight the leaders in annual installation, we note that many other countries have
contributed significantly to PV capacity additions and hence to experience-related declines in PV
module and system prices (see Appendix). Indeed, because the PV module market is global, all
countries’ contributions to stimulating markets are important. As an example, the U.S. has never led the
world in annual PV installations or cumulative capacity, yet the U.S. PV market has grown consistently
since 2000 and contributes meaningfully to the global market. Furthermore, this simplified leaderboard
obscures important upstream contributions to global cost reductions, such as public support for R&D
and commercialization. We examine R&D funding trends in more detail later in this report.
Observed PV installation trends are similar when normalized to each country’s population (Figure
2.1, Appendix) or economic output (see Appendix). One exception is that Australia supplants Japan as
the global leader in the early years in both cases, and Japan (not China) leads in annual installations in
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Figure 2.1: Installed capacity of photovoltaics (PV) in different countries over time. (a) Annual installed
capacity of PV in GWDC per year, differentiated by country, for the ten countries with the highest
cumulative installed capacity in 2014 [18, 19, 20]. (b) Cumulative installed PV capacity in GWDC for the
same ten countries. Decommissioned projects are not subtracted from the total. (c), Annual leader in
annual PV installation. (d), Annual leader in cumulative PV installation.

recent years.
Figure 2.2 shows the corresponding annual and cumulative installed capacity of wind power
worldwide. The early market for wind power was driven by the U.S., which held the lead in cumulative
capacity until it was overtaken by Germany in 1997. The rapid growth of wind power in China since
2009 has positioned it as the current worldwide leader in installed wind capacity. While the U.S.,
Germany, and China have been the largest drivers of total wind generation capacity, Denmark has
dominated in wind deployment per capita and per GDP, and currently produces the equivalent of
roughly 40% of its electricity demand in wind power.
R&D on wind and PV technologies has similarly been the result of efforts across many nations, and
has been led on an absolute scale by many of the same countries that have been leaders in deployment.
The appendix shows the annual and cumulative spending on publicly-funded PV and wind R&D
across the ten IEA member countries with the highest current cumulative R&D spending on these
technologies. The U.S. has been the global leader in cumulative R&D spending on each of these
technologies throughout the entire observed period, carried by a significant surge of funding beginning
during the 1973 oil crisis and reaching a peak during the 1979 oil crisis. The U.S. has been a frequent
leader in annual R&D funding since then, with Germany and Japan often taking the lead for PV and
Italy and the UK taking the lead for wind. R&D funding for PV and wind per capita and per GDP,
shown in the Appendix, tell a somewhat different story. Wind per-capita and per-GDP R&D funding
has been nearly entirely dominated by the Nordic countries, primarily Denmark and Sweden. Norway
and the Netherlands (breaking the Nordic-only pattern) also led by these metrics for a few years. PV
R&D funding per capita and per GDP has primarily been led by Switzerland, with the U.S., Germany,
and other countries taking the lead at various times.
The global expansion in the deployment of wind power, and particularly in the deployment of
solar power, has consistently outstripped projections. Figure 2.4 shows a series of ‘reference scenario’
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Figure 2.2: Installed capacity of wind power in different countries over time. (a) Annual installed wind
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capacity in 2014 [21, 22]. (b) Cumulative installed wind capacity in GW for the same ten countries.
Decommissioned projects are not subtracted from the total. (c) Annual leader in annual wind installation.
(d) Annual leader in cumulative wind installation.

projections from the International Energy Agency’s (IEA’s) World Energy Outlook reports for the
worldwide cumulative electric generation capacity of fossil, nuclear, wind, and solar power alongside
actual historical capacity [24, 25, 26, 27, 28, 29, 30, 31]. While fossil generation capacity has largely
followed projections, and nuclear generation capacity has significantly undershot projections, wind and
solar capacity have consistently overshot projections. Indeed, IEA projections have been continuously
revised upward to capture solar and wind growth: the WEO 2006 projection for wind capacity in 2015
was surpassed in 2010, and the projection for solar capacity in 2030 was surpassed in 2012. While the
‘reference scenario’ projections do not capture the effect of the significant deployment policies that
have driven wind and solar adoption, even the IEA’s ‘New Policies’ and ‘450 ppm’ scenarios have had
to be consistently revised upwards to account for the previously unexpected growth in deployment of
these technologies. Projections from the U.S. Energy Information Administration (EIA) have been
similarly low; the EIA’s International Energy Outlook 2013 projection for cumulative solar capacity in
2025 was surpassed the year after the release of the report, in 2014 [32, 33, 34].
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The rapid global growth of wind and solar power has been driven by several reinforcing developments
not fully accounted for in the IEA and EIA reference case scenarios. The observed growth has been
driven by strong policy support for renewables adoption in the form of subsidies and renewable portfolio
standards and by a rapid decline in the cost of these technologies (Figure 2.5). The real cost1 of PV
modules has fallen by roughly 99.4% over the past four decades, from ⇠ 104 $/W in 1976 to ⇠ 0.67
$/W in 2014. The cost of wind-generated electricity has fallen by roughly 74% over the past three
decades, from ⇠ 261 $/MWh in 1984 to ⇠ 67 $/MWh in 2014.
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Figure 2.5: Global capacity and price history of photovoltaics and wind. a,b, Global installed capacity
of PV in GWpeak over time [35]. c,d, Global average PV module price in $/WDC plotted over time (c)
and against cumulative installed PV capacity (d) [35]. e,f, Global installed capacity of wind in GWpeak
over time [36, 37]. g,h Global average wind turbine price plotted over time (g) and against cumulative
installed wind capacity (h) [38]. i,j, Global average levelized cost of energy (LCOE) from wind plotted
over time (i) and against cumulative installed wind capacity (j) [36, 37, 39]. Trend lines in b and f are fit
according to the equation Capacity(t) = Capacity(t0 )ebt . Trend lines in d, h, and j are fit according to
the equation Price(t) = Price(t0 )Capacity w .

The technological and cost dynamics of wind turbines are complex and warrant a detailed discussion.
As shown in Figure capacity-cost-wright, the global average levelized cost of electricity (LCOE) from
wind (measured in cost per watt-hour) has fallen more rapidly than the global average wind turbine cost
(measured in cost per watt of capacity), which has oscillated around 1500 $/kW since 1996—rising
slightly in the late 2000s and falling after 2010. The rise in turbine prices in the late 2000s was due
to a number of factors including rising materials, labor, and energy prices, increasing manufacturer
profitability and demand growth, and variations in exchange rates and warranty provisions [40], but the
general trend reflects changes in wind turbine properties designed to lower the cost of energy produced
at the expense of higher (or at least constant) capacity cost.
Figure 2.6 illustrates some of the details behind these cost dynamics for turbines installed in the
United States since 1998 [41, 42]. Average hub heights have increased from ⇠ 60 m in 2000 to ⇠ 80
m in 2014, enabling improved access to higher and more consistent wind speeds at higher altitudes.
Average rotor diameter and turbine capacity have roughly doubled over the same time period; since the
specific power (measured in watts of turbine capacity per square meter of swept rotor area) scales with
the rotor diameter squared, average specific power has roughly halved. All else being equal, a decline
1 All

dollar values in this report are given in 2014 U.S. dollars unless stated otherwise.
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in specific power leads to an increase in capacity factor, as the greater amount of power captured by
the oversized rotor (particularly at low wind speeds) increases the fraction of time during which the
comparatively smaller generator is operating at its rated capacity [43]. The increase in average capacity
factor of wind projects installed in the United States has been counterbalanced since the mid-2000s by
an increased build-out of lower-quality wind sites, resulting in a mostly flat average capacity factor
among new projects installed since 2004 (although the capacity factors have still been increasing when
differences in wind energy density at different project sites are corrected for [41].
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Figure 2.6: Trends in wind turbine parameters in the United States since 1998. a, Average hub height
(blue circles) and rotor diameter (red squares) of wind turbines installed in the U.S. in a given year over
time [41]. b, Average specific power (left axis, orange circles), measured in watts per square meter of
swept rotor area, and average nameplate turbine capacity in MW (right axis, green squares) of wind
turbines installed in the U.S. in a given year over time [41]. c, Average capacity factor of wind projects
installed in a given year (blue squares)[41] and of the nationwide fleet of wind projects (purple circles)[42]
in the U.S. over time. d, Averaged levelized cost of wind energy (LCOE) in the U.S. in USD2010/MWh as
a function of wind speed for projects installed in 2002–2003 (blue squares), 2009–2010 (green triangles),
and 2012–2013 (red circles) [42].

The most salient features resulting from these trends in turbine properties have been a marked
decrease in the LCOE of wind power generated in low-resource sites (Figure 2.6 d), and a corresponding
expansion of the geographic extent within which wind generators can be operated economically. In
2002–2003, wind energy produced in a class 2 wind resource area in the U.S. was roughly twice as
expensive as wind energy produced in a class 6 resource area. By 2012–2013, that ratio had dropped
to a factor of 1.6 [42]. Future increases in hub heights and decreases in specific power are expected
to further level the playing field for wind generators in areas with different levels of wind resource,
facilitating access to this resource across the nation and the globe [43].
Today, wind energy is cost-competitive, or nearly so, with natural gas- and coal-fired power plants
in many regions when competitiveness is measured by the levelized cost of energy (LCOE) (Figure
2.7). Globally-averaged onshore wind electricity costs are estimated to be lower than central estimates
for many other energy sources at the global level. Photovoltaics falls within the range of estimated
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costs for natural gas and coal electricity at the global level but still significantly above central estimates
for the costs of these technologies. When a carbon tax of $100/ton CO2 (below the current imposed
carbon tax in Sweden [44]) is applied, PV is competitive with natural gas or coal fired electricity at the
global level. When external costs of air pollution are considered, the competitiveness of PV compared
to natural gas or coal fired electricity increases significantly as well (see Section 4.2).
500

LCOE [$/MWh]

World
Max
Central
Min
400

Region
Max
Central
Min

300

200

CSP (world)
CSP + storage (world)
CSP (China, India)
CSP (Middle East)
CSP (USA)
CSP (Europe)

PVutility (world)
PV (China, India)
PV (South America)
PV (USA)
PV (Europe)
PV (Africa)
PV (Middle East)

Windoffshore (world)
Windoffshore (China, India)
Windoffshore (Europe)
Windoffshore (USA)

Windonshore (worl)
Windonshore (China, India)
Windonshore (USA)
Windonshore (Europe)
Windonshore (Africa)

Hydro (world)
Hydro (China, India)
Hydro (South America)
Hydro (USA)
Hydro (Africa)
Hydro (Europe)

Geothermal (world)
Geothermal (USA)

Biomass (world)
Biomass + Ctax (world)
Biomass (China, India)
Biomass (Africa)
Biomass (South America)
Biomass (USA)
Biomass (Europe)

Nuclear (world)
Nuclear (USA)

NGCC (world)
NGCC + CCS (world)
NGCC + Ctax (world)
NGCC (USA)
NGCC (Australia)
NGCC (UK)
NGCC (Japan)
NGCC + CCS (USA)

0

Coal (world)
Coal + CCS (world)
Coal + Ctax (world)
Coal (China)
Coal (USA)
Coal (Australia)
Coal (UK)
Coal + CCS (USA)

100

Figure 2.7: Global and regional average levelized cost of electricity (LCOE) in $/MWh for different
generation sources. Black and white symbols represent central values for 2012–2014, red triangles
represent maxima, and blue triangles represent minima. Data are average values taken, where available,
from IPCC AR5 WGIII, IRENA 2015, EIA 2015, and World Energy Council 2013 [45, 46, 47]. “Ctax”
refers to a carbon price of $100/ton CO2 , and is taken from IPCC AR5 WGIII [45].

2.3

Determinants of technology cost reduction and implications for emissions
It is evident that many technologies improve with time and experience. A striking fact about this
improvement is that it is, to a significant extent, predictable. A long-recognized observation known as
Wright’s Law states that the cost of a technology will fall with its level of deployment according to
a ‘power-law’ formula [48]. In intuitive terms, this observation implies that every 1% increase in the
deployment of a technology is associated with a fixed percentage decrease in its cost. The percentage
decrease is a number that varies between technologies, for example due to differences in technology
design characteristics, and is usually measured from historical data. Technologies that are modular and
small-scale are may improve more quickly, though a wide variety of other factors also affect the rate of
cost decline [49, 48]. What is important is that the act of deploying the technology itself is what helps
bring down costs.
The cost of a technology can decrease for many reasons. One important reason is that producers gain
experience (‘learning’) as they produce the technology. This experience leads to improved designs and
production methods that help lower costs. However, experience is not the only important mechanism;
costs are clearly driven down for other reasons as well. Scale economies yield cost reductions from
increasing the scale of manufacturing, and work independently of accumulated production experience.
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Research and development also drive down costs independent of production experience. Technologies
can also receive spillover benefits from production techniques first developed in other industries.
Separating the effect of these mechanisms is often very difficult. While the amount of cost reduction
can show a remarkable degree of predictability, there are limits to this predictability [50]. In addition to
having a strong systematic component to their evolution, technologies also display a significant amount
of randomness. Cost reductions are also bounded by ‘cost floors’ that are determined by the costs of
their raw materials inputs and other constraints (see Box 1). Nevertheless, technology evolution can be
predicted well enough to forecast future technology costs [50]. In particular, using various formulas,
one can forecast how much the cost of a technology will fall with a given level of deployment (see
discussion in Section 4.1).
This aspect of technology evolution—systematic improvement with increased deployment—increases
the importance of thinking strategically about what technologies to invest in. Investment in a technology
is not like investment in a financial asset. While one hopes after investing in an asset that its value
will increase, the act of investing itself will not change the value of the asset. In contrast, investing in
technologies drives up deployment of the technology, which drives down costs and further increases
the deployment potential of the technology. The result is a multiplier effect, where an initial level of
deployment opens up new opportunities for deployment.
Another consequence of technology dynamics is that too much diversification across technologies
can defray the benefits of the multiplier effect. In financial investing, there is a tradeoff between
diversification and concentration. Concentration causes one to focus on assets with the highest expected
returns, while diversification spreads out risk. In selecting a portfolio of technologies, the multiplier
effect creates an additional force favoring concentration: The more heavily one invests in a technology,
the greater the returns [48]. Nonetheless, uncertainties in forecasts still call for some diversification.
In this report we apply these insights from technology evolution research to solar and wind energy
technologies. We also use models from this literature to project future technology costs (see Section
4.1).
In the case of low-carbon energy technologies, technology improvement can act as a multiplier
of emissions reduction. The magnitude of this effect can be large. The reduction in the costs of
photovoltaics between 2000 and 2014, for example, caused the cost of abating carbon through the use
of this technology to fall by 85%. The abatement cost here is based on a comparison of coal electricity
and photovoltaics installed in the U.S. Further details are given in Section 4.3.
Box 1: Why focus on solar and wind energy?
Solar and wind energy stand out as two of the most promising energy technologies for mitigating climate
change, based on their low carbon intensity and cost improvement potential [51]. However, any technology
entails social, economic, and environmental impacts [5] that may affect its suitability for large-scale deployment. In this box, we assess solar and wind in terms of their carbon intensity, past cost improvement, and
growth and also their future scalability potential, including energy resource size and materials scalability.
Carbon intensity
Like other renewable energy technologies and nuclear electricity, PV and wind electricity have lower carbon
intensity than fossil fuel-fired electricity. Fossil fuel-fired electricity is one to two orders of magnitude more
carbon intensive than electricity from renewables and nuclear when life cycle emissions are taken into account.
Direct emissions, which result from the combustion of fuels, comprise the majority of the life cycle emissions
for fossil fuel-fired electricity. For renewable energy technologies, life cycle emissions are dominated by
indirect sources. These are emissions that are released during operations upstream and downstream in the
supply chain, such as manufacturing, transportation, construction, and decommissioning. As the carbon
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intensity of the electricity generation mix and transportation decreases, the indirect emissions of renewables
have the potential to decrease even further.
Carbon capture and storage (CCS) has often been cited as an attractive technology that can help defer
climate change by reducing the carbon intensity of fossil fuels and buy time to develop other options
[52, 53, 54]. CCS has the potential to reduce the life cycle greenhouse gas emissions of fossil fuel-fired
electricity by 75% on average [55, 56]. However CCS does not bring the carbon intensity of coal- or natural
gas-fired electricity down to a level that is comparable to PV, wind or other renewables [56]. There is also
uncertainty around issues such as the time that the captured CO2 would remain trapped in reservoirs [52]
and the capacity of the reservoirs [57]. There are also open questions about the feasibility of building and
operating CCS at large scales globally since applications have been at demonstration stage [54]. Considering
its high carbon intensity as well as the technical and economic uncertainties, we do not focus on CCS in this
analysis.
Past cost improvement and growth
PV and wind have experienced sizable growth and cost decline in recent years. Figure 2.5 shows the global
cumulative deployment and cost of PV modules and wind electricity. PV module cost has fallen 10% per
year over the past 40 years and the cost of wind electricity has decreased by about 5% per year over the
past 30 years. The deployment levels for PV and wind have increased by about 29% and 22% per year on
average, respectively. These dramatic improvements have been possible due to public policies incentivizing
the growth of markets and industry efforts in response to these incentives to improve these technologies and
reduce their manufacturing costs. Publicly funded research has also supported the early-stage development of
these technologies.
Although other low-carbon energy technologies have also experienced improvements, their costs have not
improved as rapidly as those of PV and wind or their capacity growth rates have not been as high. Nuclear and
hydroelectricity, for example, have experienced lower rates of cost decline than PV or wind. Hydroelectricity
is a mature technology; its cost has decreased only 1-3% with every doubling of cumulative capacity since
the 1970s [58]. It already has a significant share (⇠ 15%) in the global electricity generation mix; however,
environmental and social concerns may constrain its future deployment [59]. Nuclear electricity is the second
largest low-carbon energy technology in the global electricity generation mix after hydro (⇠ 11%); however,
its capital costs have been following an increasing trend [60, 61] and safety risks are causing countries to
revise their future plans especially after the Fukushima accident [61].
Geothermal and biomass electricity have not grown as rapidly as PV or wind. Global installations have
grown only by 10% per year on average since the 1970s (as opposed to 20-30% per year for wind and PV)
[60, 59], although geothermal electricity cost has decreased significantly (5% per year in 1980-2005 [60]).
Overall global geothermal electricity capacity is still at a relatively small scale (10 GW as of 2010) and
not evenly distributed geographically due to local geothermal resource conditions as well as other technical
and economic factors such as availability of water, financing, and infrastructure [59]. The current scale
of electricity generation from biomass is larger than geothermal; as it provides about 1% of the world’s
electricity [59]. However, electricity generation biomass and renewable waste grew much slower than PV and
wind, only by 4% per year on average since 1990.
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Figure A: Cost of coal electricity, fuel cost component, and price of coal. The total cost of coal
fired electricity (black diamonds, with y-axis on the left), the fuel cost = price of coal + price of
transporting it to the plant per kWh generated (dark blue dots, with y-axis on the left), and the price of
coal at the mine (light blue triangles, with the y-axis on the right). The cost of coal electricity has
fluctuated over the past four decades without a clear trend up or down. (Reproduced from McNerney
et al. 2011 [62]).
Over time, technologies can hit cost floors that are determined by the costs of input commodities and
other limits to cost improvement. In the case of coal-fired electricity in the U.S., for example, ever since
improvements to the fleet average thermal efficiency stopped around 1960, the fuel cost component of coal
electricity has fluctuated around a constant value, without a clear upward or downward trend (Figure A). The
fuel cost in this case would impose a cost floor on future cost decreases of coal-fired electricity, even if the
improvement in thermal efficiency were to reach 100%. Because of the large contribution of commodity
costs to the total cost of coal- and natural gas- fired electricity, these can be considered commodity-like
technologies [62]. This behavior is similar to the behavior of long-term prices of other commodities including
agricultural products and raw materials such as metals (Figure B-panel a).
All technologies will eventually be bounded by the costs of input commodities, and will eventually
enter a commodity-like regime. However, before reaching this point, technology costs have been shown to
evolve following a trend in time or with accumulated experience [50]. Figure B-panel b shows that not only
energy technologies but also many other technologies follow regular trends as opposed to the commodities.
In addition to their exceptional record of past cost improvements, PV and wind have the potential for further
improvements since they are not yet close to their cost floors, unlike coal and natural gas electricity.
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Figure B: a, Normalized price of selected commodities between 1960 and 2014. Commodity prices
fluctuate around a more or less stable mean value over time. Metal price data has been obtained from
U.S. Geological Survey Historical Data [63]. Other commodity prices have been obtained from World
Bank [64]. b, Normalized price of selected technologies over time. All data have been obtained from
the PCDB database [60]. (Prices have been normalized, where the first year’s price is equal to 1.
Years on the x-axis show t t0 ,where t is the actual year (e.g. 2007) corresponding to each price data
point, and t0 is the starting year of the price data.)
Future scalability potential
The scalability of a technology can be defined as its ability to grow in size without exceeding certain thresholds.
In the case of energy technologies, the size of the energy resource and materials availability are important
determinants of whether an energy technology can be scaled up to provide a significant share of global
electricity generation.
a. Energy resource size
Resource availability is expected to support further expansion of solar and wind energy. Solar has
by far the largest resource size among renewable energy sources. The estimated size of the solar energy
resource ranges between 1,000 and 100,000 EJ/yeara [56], sufficient to satisfy all of the global electricity
need (approximately 90 EJ/yr today [65] and 100 EJ/yr in 2030 [66]). Wind and other renewable sources
could also supply a significant portion if not all of global electricity demand individually, based on a
range of resource size estimates. The estimated sizes of each of geothermal, wind, hydro, ocean, and
biomass energy range between 10 and 1,000 EJ/year [56]. As technology advances, the technical potential
of renewable energy sources is expected to increase even more. Another important factor to consider
is the geographical distribution of energy resources, since the distribution will determine where each
technology has a higher deployment potential. Solar and wind energy resources vary across the world
(see the Appendix for resource maps), but all countries have significant expansion potential for solar and
wind energy conversion relative to current levels of deployment, even those that are more limited in their
solar and wind resource [56]. The projections of possible renewables growth under INDC commitments
(Section 3) fall well within assessments of solar and wind resource availability in these locations [67, 68].
If considering other renewable resources, the expansion potential is even greater. In fact, in all regions of
the world, the combined size of renewable energy sources has been estimated to be sufficient to supply
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the yearly electricity demand [56]. Managing the integration of intermittent renewables at large scale can
pose several challenges that are discussed further in Section 4.3 and Box 2.
b. Materials scalability
Materials availability is an important determinant of scalability. Low-carbon energy technologies
will need to meet their materials requirements in order to contribute a larger share of global electricity and
achieve significant emissions reductions. Several studies have shown that PV, wind and other sources of
low-carbon electricity generation can be more materials-intensive than fossil fuel-fired electricity [69, 70].
However material requirements do not pose a scalability constraint on large-scale deployment for most of
the PV and wind technologies.
Wind turbines are constructed from various metals and other material commodities such as fiberglass.
Figure C-panel a compares the current global annual production of the wind turbine materials to the
quantity of materials that would be required between now and 2030 to deploy enough wind capacity to
supply 5%, 8.9%, 50% and 100% of global electricity generation in 2030, where 8.9% is the fraction
of electricity generated by wind in 2030 based on INDCs (Section 3). Figure C-panel a shows that the
material requirements exceed current annual production only for fiberglass. For other materials, the
current annual production could support the projected wind deployment levels based on INDCs (8.9% of
the electricity in 2030) or even higher deployment. Currently wind turbines represent a small portion of
the total demand for each commodity. As the wind turbine industry demands more of these materials,
the suppliers are likely to respond and increase availability because these materials are abundant and
produced as primary products, and have established supply chains serving a variety of end-uses [70, 68].
In addition, rare earth materials availability does not appear to be a limitation to the growth of wind energy
because of a sufficient supply of these materials and the fact that only a small fraction of wind turbines
utilizes them [71, 72].
Like wind turbines, PV systems depend on materials for energy conversion as well as for other
functions. Figure C-panel b and Figure C-panel c compare the current global annual production of the PV
materials to the quantity of materials that would be required between now and 2030 to deploy enough PV
capacity to supply 1%, 3.8%, 50% and 100% of global electricity generation in 2030, where 3.8% is the
fraction of electricity generated by PV in 2030 based on INDCs (Section 3). PV technologies require
commodity materials for functions such as encapsulation, environmental protection and support, including
base metals such as aluminum and copper and other commodities such as flat glass, plastic, concrete, and
steel. Figure C-panel b indicates that there is not a materials constraint for PV from the BOS materials
perspective, except for flat glass for high levels of PV adoption. Overall, the projected PV deployment
levels based on INDCs (3.8% of global electricity generation in 2030) and even higher deployment can be
supported by the current annual production levels. As in the case of wind, these materials are abundant
and can likely respond to rising demand.
For some PV technologies, however, active cell materials might encounter availability constraints
(Figure C-panel c) [73, 74, 75]. The current commercial thin-film PV technologies (CdTe and CIGS)
require rare materials such as tellurium and indium. Unlike commodities, these materials are produced in
small quantities (on the order of hundred metric tons a year) as byproducts of more abundant materials.
To support higher levels of thin-film PV deployment, the production of these rare materials would require
growth rates that have not been observed in the history of any metal [75] and it is not clear whether the
supply of byproducts can respond easily to increases in demand. On the other hand, crystalline silicon
(c-Si) PV, which has about 90% market share globally, is unlikely to run into materials constraints since
silicon is abundant. Substituting a more abundant material for the silver electrodes will be important for
c-Si PV to reach its full growth potential [75].
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Figure C: Wind (a) and PV BOS (b) and PV cell (c) material requirements versus current global
annual production of each material. Material requirements are the quantities that would be required
between now and 2030 to deploy enough capacity to supply 5% {1%}, 8.9% {3.8%}, 50% and 100%
of global electricity by wind {PV}. The 8.9% and 3.8% cases are the values we estimate for 2030
based on INDCs (Section 3). The wind and PV capacities in 2030 are estimated by assuming 5%
{1%}, 8.9% {3.8%}, 50% and 100% of the 30,000 TWh global electricity generation [66] is provided
with 30% {15%} capacity factor for wind {PV}. For panel a, material intensities are average values
for current turbines: 90 t/MW for steel, 14 t/MW for fiberglass, 17 t/MW for iron, 1.7 t/MW for
copper and 1 t/MW for aluminum [40]. For panel b, material intensities for PV BOS are current
average values: 50 t/MW for flat glass, 9.7 t/MW for plastic, 63 t/MW for concrete, 73 t/MW for steel,
8.5 t/MW for aluminum, and 5 t/MW for copper [68]. For panel c, material intensities are current
average values without taking material losses into account: 2000 t/GW for silicon and 25 t/GW for
silver [68], 60 t/GW for cadmium, 60 t/GW for tellurium, 8 t/GW copper, 15 t/GW indium, 5 t/GW
gallium, and 40 t/GW for selenium [75].
a The range in the estimates is due to various assumptions about land availability, economic constraints, and technical
constraints such as capacity factors and energy conversion efficiencies across different studies.

3. Commitments under countries’ climate pledges (INDCs)

Countries’ GHG emissions reductions pledges in advance of COP21 have been assessed largely in the
context of limiting the global mean surface temperature increase [76]. Also important are their potential
implications for expanding low-carbon energy, considering that technology innovation resulting from
expanding clean energy markets can reduce the costs of cutting emissions. Here we focus on the
possible growth in solar (PV) and wind installations under countries’ voluntary pledges.
Collectively, current GHG emissions reduction pledges offer an opportunity for substantial clean
energy expansion. If the top emitters (China, U.S., EU-28, India, Japan) achieve significant shares of
proposed emissions cuts by decarbonizing their electricity sectors, with sizable contributions from the
expansion of solar (PV) and wind capacities, global cumulative 2030 solar (PV) capacity could reach
4.9 times current capacity, and wind capacity could reach 2.7 times current capacity. Projections are
inherently uncertain, particularly for developing countries where reliable data sources are more scarce.
However, estimates of future market sizes can serve as benchmarks for the order of magnitude of wind
and PV market growth under current GHG mitigation targets, and the resulting implications for the
potential cost competitiveness of these electricity sources.

3.1

Emissions reduction targets: Theory and practice of INDCs
The core idea behind the Lima Call for Climate Action in 2014 was to expand the scope of global
climate governance, as well as to increase its transparency. To achieve this, the Lima call invited
countries to submit written statements of intended climate policies for the post-Kyoto period (their
INDCs) by March 2015 [77]. The goal was to collect information on intended but not binding emissions
reduction goals to allow quantitative assessments of expected GHG emissions cuts over time.
To date 131 of 193 UN member countries have submitted their pledges to the United Nations
Framework for Climate Change, covering roughly 90% of global GHG emissions in 2010 [78]. Among
them are the biggest current emitters: China, the U.S., the European Union, India, Russia, Japan,
and Korea. However, several developing countries and Gulf states have not put forward any pledges,
including Iran, Pakistan, Yemen, Malaysia and Venezuela (see Figure 3.1), while others have presented
their targets as contingent on international financing support.
INDC pledges show considerable structural variability. Countries have formulated INDCs as
percentage reduction targets relative to historical emissions levels or future business-as-usual levels
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Figure 3.1: Countries that submitted INDCs prior to November 10, 2015, color-coded by structure
of their INDC. The majority of countries has defined GHG mitigation targets relative to future BAU
emissions levels (green, BAU). The second largest group of countries has set targets relative to historical
emissions levels (blue, Year) and relative to historical carbon intensities of economic activity (orange,
GDP).

and as targets to reduce the carbon intensity of economic activity. These approaches have different
implications for the range of possible 2030 emissions levels, making comparisons of intended efforts
more complex. Both China and India, currently the largest and fourth largest GHG emitter, respectively,
target reductions of the CO2 and GHG intensity of their GDPs relative to that of 2005. Depending on
realized economic growth trajectories, actual 2030 economy-wide GHG emissions vary by as much
as 2,400 Mt CO2 -equivalents (in the case of India), which is on the order of the county’s entire GHG
emissions in 2010. Similar conclusions hold for countries that announced GHG mitigation targets as
percentage cuts relative to BAU emissions in 2030 (see Figure 3.1)—with intended BAU levels largely
unspecified, GHG emissions pathways are uncertain. Pledges may be based on national energy policy
frameworks with more specific language on sectoral GHG mitigation targets and their timelines, but
are often not stated explicitly in INDCs.
Despite the uncertainties in future GHG emissions pathways, however, even moderate emissions
reductions pledges provide opportunities for substantial expansions of low-carbon electricity generating
capacity. To assess current pledges through the lens of low-carbon energy development opportunities in
the post-Paris period, we analyze expected changes in the electricity generation capacities of major
economies under their submitted INDCs through the year 2030. The analysis is based on the assumption
that mitigation strategies are applied to all economic sectors to achieve economy-wide GHG mitigation
targets, even if INDCs specify no concrete targets for the electricity sector.

3.2

INDC-based capacity expansions: Model
Estimates for clean energy expansions under different INDCs are based on a combination of electricity
and energy technology demand forecasts (see Figure 3.2 below). The relationship between electricity
demand growth and economic growth is assumed to vary over time, reflecting different country-specific
stages of economic development and electricity intensity thereof.
For the ‘no-policy’ case, GHG emissions are estimated based on a forecast of generation shares in
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2030, assuming no policy in support of renewable energy sources is in place, and that present market
shares equal future market shares. The target GHG budget is derived from economy-wide ‘allowed’
CO2 or GHG emissions estimated based on the INDC (where central estimates are based on mid-range
percentage reductions), using an estimated 2030 share of electricity emissions in total emissions. This
share is based on reported present-day shares and expected decarbonization rates of different economic
sectors over time [19]. The difference between expected and intended power sector emissions in 2030
defines the emissions to be reduced through increased generation from non-fossil power sources. The
high- to low-carbon shift is then attributed to different generator types based on the median of a range
of 2030 scenarios, including data from IEA, BNEF and EIA, and taking into account existing national
policy targets for the expansion of individual sources.
As indicated in the country-specific assessments below, results are sensitive to assumptions about
electricity and economic growth, changes in capacity factors of different generators over time, decarbonization rates of different economic sectors, as well as emissions factors of different electricity
sources. The impact of changing input parameters on results is demonstrated in more detail in the
Appendix.
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Figure 3.2: Modeling expected installed solar PV and wind generation capacity for different components
of a country’s Intended Nationally Determined Contribution.

3.3

INDC commitments: Challenges and opportunities in major world economies
Overall, INDC-based clean energy capacity expansions could increase the share of solar PV and wind
in the capacity mix of current top GHG-emitting economies from 13% today to an estimated 33% in
2030 (including China, U.S., EU, India and Japan), corresponding to a 17% energy share of wind and
solar PV generation cumulatively in 2030. Globally, we estimate that solar PV could contribute 3.8%
of the global electricity mix in 2030, and wind power could provide 8.9%, based on IEA’s estimated
electricity demand in 2030 [66], if a 4.9 and 2.7-fold expansion of solar PV and wind capacity is
realized by 2030 (see Figure 3.3). While achieving these shares requires aggressive expansion of
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clean energy, particularly in developing nations, the scale of INDC-based projections is similar to
other scenarios reflecting renewable energy targets in response to ambitious climate policies. The
International Energy Agency for instance projects a 29% share of wind and solar PV capacity in total
capacity for the same group of top emitters, based on a scenario with accelerated climate ambition and
renewables deployment [19].
Among the largest economies analyzed in this report, China plays a key role in both global clean
energy expansion and in global emissions growth. As shown in the top left panel of Figure 3.4, China
alone could contribute 32% of expected cumulative solar and wind power capacity additions between
2014 and 2030. This could happen if, for example, China were to achieve a 60–65% reduction in CO2
intensity of its GDP by through aggressive solar PV and wind capacity expansion—roughly quadrupling
the cumulative wind and solar PV capacity between 2014 and 2030—in addition to moderate nuclear
and hydro capacity expansions, corresponding to a factor 1.5 increase of nuclear and hydro capacity
cumulatively between 2014 and 2030. At the same time, China emitted roughly one third of global
GHG emissions in 2013, and is expected to increase its GHG emissions by roughly one third by 2030
under its INDC.
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Figure 3.3: Scenarios for solar and wind capacity expansion. Black circles represent actual cumulative
installed capacity of PV (a), wind (b), and concentrated solar thermal power (CSP) (c). Colored circles
represent installed capacity in 2030 according to different projections and scenarios from IEA, IRENA,
and this work.

The European Union put forth the most ambitious emissions mitigation target when compared
against a 1990 baseline. The corresponding 11% share of global wind and solar PV capacity additions
between 2014 and 2030 is comparatively smaller, however. Apart from largely flat expected electricity
demand in the 2014–2030 period, this also reflects individual EU countries’ early investments in solar
PV, wind and hydropower, resulting in a larger share of non-fossil sources in present-day cumulative
generation capacity (more than half of 2014’s capacity, compared to slightly over one third in the U.S.
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for instance) and corresponding to smaller energy infrastructure transformations required to achieve
power sector GHG mitigation targets.
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Figure 3.4: Solar PV and wind generation capacity for INDC-based high renewables scenario (a);
emissions reduction pledges and expected economy-wide emissions levels if INDCs are realized (b)
(India’s emissions could be 10-35% lower if its low-carbon power capacity target shown in (a) is
reached); Shares of different electricity sources in terms of installed power capacity in 2014 and 2030 (c);
Contributions of different generation types to cumulative electricity generation in 2014 and 2030 (d).

China, on the other, hand is projected to lead in terms of cumulative power generation from
renewable energy sources. In 2030, if the renewables expansion scenario studied here is realized, China
would supply roughly one third of its electricity demand from renewable sources (14% from wind and
solar PV), only slightly below the EU’s estimated 35% renewables share in 2030 (20% from solar PV
and wind generation).

3.4

INDC commitments: Country-by-country assessment
China

China’s ongoing transition from a manufacturing-oriented to a more diversified, service-oriented
economy introduces uncertainties to projections of economic growth and electricity demand in the near
and long term. Current estimates for GDP growth in the 2020 to 2030 period range between 3 and 5%
per year [79, 80], and the impact of these projections on future emissions pathways is reinforced by
China’s choice of setting an intensity target for CO2 emissions mitigation: a 60–65% reduction of GDP
CO2 intensity from 2005 levels by 2030 [81].
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While different economic growth trajectories have strong implications for the upper and lower
bound of China’s estimated CO2 emissions in 2030, expected low-carbon generation capacity additions
are relatively constrained to a 200–235 GW range for solar PV capacity by 2030 and to a 325–370
GW range for wind by the year 2030 (assuming a mid-range reduction of carbon intensity, i.e. 62.5%
from 2005 levels). This is because a CO2 -intensity target leads to a power sector emissions budget that
scales with GDP, allowing more CO2 emissions for higher growth rates.
Achieving the estimated capacities by 2030 will require ambitious wind and solar PV deployment,
but in the context of China’s national energy policy it should be noted that implied growth rates (CAGR)
between 2014 and 2030 are below those corresponding to the country’s short-term wind and solar PV
deployment targets. Meeting the stated goals of 200 GW wind capacity and 100 GW solar PV capacity
by 2020 would correspond to annual capacity growth rates of roughly 10 and 24% for wind and solar
PV over the next 5 years, as compared to a roughly 7 and 14% growth until 2030 to reach INDC-based
wind and solar PV capacities by 2030.
Overall, however, estimated capacity additions are highly sensitive to assumptions about the shares
of different economic sectors in cumulative CO2 emissions in 2030. Estimated 2030 solar PV and
wind capacities vary as much as 30% from the central estimate for a 5% change of the electricity’s
percentage contribution to overall GHG emissions. Similarly important is the emissions factor of
coal-fired power plants in 2030, where a 10% increase or decrease of per-kWh emissions leads to a
roughly 20% deviation of cumulative estimated solar PV and wind capacity expansions from the central
estimate presented in Figure 3.4. These results highlight the importance of improving data availability
on emissions factors and sectoral energy use to inform the debate on detailed plans for climate policy
implementation. This is especially important in light of recent, albeit preliminary, reports on possible
underreporting of China’s coal consumption in the past [82] as well as overestimations of emissions
from coal use in the 2000–2012 period [83].
India

India targets a 33–35% reduction of the GHG intensity of its GDP from 2005 levels by the year 2030
[84]. The country’s INDC also defines a goal for the power sector, which is to increase the share
of installed non-fossil capacity to 40% by 2030 from currently 30%. In addition to this fractional
target, India aims to install 100 GW of solar PV and 60 GW of wind capacity by 2022. These power
sector-specific targets and the economy-wide target do not reflect the same pace of GHG emissions
mitigation. A 34% GHG intensity reduction by 2030 would not, for a range of assumptions on the
share of power sector emissions of total emissions, require substantial shifts from fossil to non-fossil
electricity generation. This is because the power sector GHG target would be roughly 5–40% larger
than the GHG emissions associated with India’s 2030 Business as Usual power generation mix in 2030.
In this scenario, the share of different generation sources in cumulative generation is held constant
between 2014 and 2030, corresponding to a ‘no policy’, coal-heavy development of India’s power
sector.
Meeting the 40% low-carbon generation capacity target, however, would substantially alter India’s
electricity infrastructure. For a range of assumptions regarding the share of 2030 power sector GHG
emissions in economy-wide emissions, a 40% non-fossil capacity target would correspond to a 40–60%
reduction of GDP intensity between 2005 and 2030, as opposed to the INDC-based target of a 33–35%
GHG-intensity cut.
In a scenario where India’s solar (PV) and wind installation targets are realized, reaching the
targeted 40% capacity share by 2030, India would expand renewables generation capacity by a factor 3
between 2014 and 2030. The central estimates of 100 GW solar PV capacity and 60 GW wind capacity
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by 2030 are roughly 30 times and 3 times India’s current solar and wind installed capacity, respectively.
Both capacity targets, but particularly the solar PV target, have been critically discussed in the context
of potential financing barriers to large scale deployment [85], in addition to grid integration challenges
[86]. Thus, central capacity and generation estimates for India in 2030 are based on achieved but
delayed expansions of solar PV and wind to target levels, reaching 100 GW of solar PV and 60 GW of
wind by 2030 instead of 2022.
Potential financing barriers, as well as the implications of sectoral and economy-wide targets
mentioned earlier, are important to consider in the context of COP21 negotiations: India has presented
the 40% non-fossil capacity target as contingent upon international financial support. Thus, an
ambitious, financially cooperative Paris agreement may yield substantial build-outs by 2030, while
the (non-conditional) GHG intensity target leads to capacities equivalent to a no-policy, coal-heavy
scenario.
U.S.

In March 2015, the U.S. was among the earliest parties to submit an INDC, targeting an economy-wide
GHG reduction of 26–28% below 2005 levels by the year 2025 [87]. This target is less ambitious
than the U.S. short-term target outlined prior to the United Nations Climate Change Conference
in Copenhagen in 2009 (a 30% cut from 2005 levels by 2025), but essentially reinforces intended
long-term GHG emissions pathways: The intended 14–17% reduction below 1990 GHG emissions
corresponds to a linear interpolation between the U.S. Copenhagen pledge for 2020 (17% GHG cut
below 2005 levels by 2020) and the country’s long-term national goal, targeting an 83% cut below
2005 levels by 2050.
Importantly, however, two targets relevant to clean energy expansion prospects were not announced
until after the INDC submission. This includes the Environmental Protection Agency’s final Clean
Power Plan rule, as well as the U.S.-Brazil joint statement on climate change, which targets a 20%
share of electricity generation from non-hydro renewables in both countries by the year 2030. There
are important differences between these targets: A 20% share is almost twice as much as projected
in both EPA’s main Clean Power Plan scenarios, assuming rate-based or mass-based compliance [88].
Thus, prospects for wind and solar PV capacity expansions depend on how—and given remaining legal
challenges, if—the Clean Power Plan (CPP) is implemented by individual states.
In its final version, the CPP targets a 32% reduction of power sector CO2 emissions from 2005
levels by 2030. While the plan specifies state-specific CO2 emissions rates (in lbs CO2 /kWh) to be
achieved across regional power plant fleets by 2030, states can choose individual combinations of
various decarbonization strategies, including coal-to-gas switching, supply- and demand-side energy
efficiency and increased substitution of renewables and nuclear for CO2 -intensive electricity sources.
Realizations of the same CO2 mitigation target by 2030 can, depending on assumed electricity demand
growth, have different implications for wind and solar PV capacity expansions by 2030: The EPA’s
main compliance scenario assumes supply and demand-side energy efficiency improvements, leading
to flat electricity demand between 2014 and 2030 and a projected non-hydro renewables capacity
of 171-174 GW cumulatively in 2030 (roughly 32 GW of PV and 117 GW of wind capacity, in a
scenario where present shares of non-hydro sources are kept constant) [88]. In a scenario with slightly
elevated electricity demand growth through 2030, in line with IEA’s estimates for 2030 U.S. electricity
demand, we estimate that meeting a 20% share of non-hydro renewables with PV and wind exclusively
would lead to installed solar PV and wind capacities by 2030 in the range of 95 to 160 GW (129 GW
central estimates) and 210 to 270 GW (242 GW central estimate), respectively, for a range of electricity
demand levels in 2030. These numbers are based on extrapolating the economy-wide target for 2025 to
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the year 2030, resulting in a 39% economy-wide GHG reduction goal. Results are therefore sensitive
to assumptions regarding the contributions of different sectors to achieving the economy-wide GHG
mitigation target, as well as to emissions factors of coal-fired power generation electricity sources;
however, estimated solar PV and wind capacities are on the order of 110 GW for solar PV and 230 GW
for wind in 2030 for lower bound coal emissions factors under the INDC-based economy-wide GHG
target. 1
EU-28

Among the top ten emitters globally, the European Union has put forward the most aggressive GHG
mitigation target with respect to 1990 emissions—a 40% reduction by the year 2030 is more than
twice as high a percentage compared to the intended U.S. reduction from 1990 GHG emissions [93]. It
should be noted however that EU-28 GHG emissions have already been exhibiting a downwards trend
since 2004 [94]. The additional, INDC-specific effort can be quantified as increasing the rate of GHG
mitigation from 1.7% per year in the 2004-2012 period to 1.8% per year in the 2012-2030 period.
The E.U.’s INDC specifies no specific targets for sectoral GHG mitigation or renewables capacity.
It is expected however that domestic climate and energy policy will be guided by the 2030 framework
for climate and energy that, in addition to the 40% GHG mitigation target, aims at a 27% share of
renewable energy consumption and at least 27% energy savings compared with the business-as-usual
scenario.
We estimate that applying the economy-wide GHG mitigation target for 2030 to the electricity
sector may involve higher generation shares of renewable energy than targeted in the 2030 framework,
depending on assumptions regarding electricity demand and energy efficiency improvements. Depending on the realized economic growth trajectory, installed solar PV and wind capacities may reach
130–170 GW and 180–230 GW under the INDC, corresponding to a 33–37% share of total capacity,
and a 19–22% share of wind and solar PV generation in total electricity generation in 2030. Renewables
(including wind, solar PV, biomass and geothermal energy) in this scenario would cumulatively provide
a 32 to 35% share of total electricity generation. Results are similarly sensitive to coal emissions factors,
where estimated capacity expansions vary by roughly 10% for a 10% variation of emissions factors.
Japan

While a leading nation in solar PV development in the 1990s and 2000s, Japan’s GHG mitigation policies
are expected to face new challenges following the 2011 Fukushima nuclear disaster [95, 96]. Instead of
a 25% cut below 1990 GHG emissions by 2025 originally targeted in Japan’s Copenhagen pledge, the
country’s submitted INDC aims at a 26% GHG reduction from 2013 levels (which corresponds to an
18% reduction below 1990 GHG emissions), largely due to a downwards revision in intended nuclear
generation by 2030.
And while even the revised target has the potential to support substantial clean energy expansion,
solar PV and wind capacity additions will depend on the role of nuclear power and natural gas-fired
generation in Japan’s electricity mix. If the government’s plan to increase the share of nuclear generation
1 Overall, the Clean Power Plan represents a critical building block of the overall U.S. strategy to meet the INDC-based
GHG mitigation target. However, additional mitigation efforts may be required to align sectoral CO2 and economy-wide
GHG mitigation pathways, depending on realized decarbonization rates in different economic sectors, as well as on emissions
pathways of other GHGs apart from CO2 . Methane emissions along the natural gas supply chain [89], for instance, introduce
uncertainties as to whether the electricity sector’s contribution to economy-wide GHG mitigation can be reliably achieved on
the basis of current methane mitigation policies [90]. More ambitious mitigation efforts may be required given that substantial
power sector natural gas consumption is projected by EPA for the 2015–2030 period [88], and building on recent findings that
measurement-based emissions estimates tend to exceed emissions factors assumed in current emissions inventories [91, 92].
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to 22% by 2030 is realized (as stated in the INDC and consistent with the country’s Basic Energy Plan),
Japan’s solar PV and wind capacity in 2030 in a high-renewables scenario is estimated to increase to 65–
120 GW and 28–45 GW (114 and 35 GW central estimates) in order to meet the economy-wide GHG
mitigation target, for a range of possible electricity demand levels, emissions factors and power sector
decarbonization rates. In contrast to the government’s INDC scenario, this is assuming a significant
shift away from coal and natural gas, doubling the share of wind and solar PV generation as compared
to the government scenario. Meeting only half of the government’s nuclear generation target on the
other hand would require substantial expansions of natural gas fired generation capacity—as most
large-scale hydropower sites have been developed [97]—or large-scale energy storage investments to
manage wind and solar PV penetration levels beyond 30–40% of installed capacity.
Other countries

Among the largest developing economies, the countries with no or relatively low expected INDC-based
wind/solar PV growth include Russia, Indonesia and Mexico. For Russia, the majority of the intended
GHG cut (25–30% below 1990 levels by 2030) is expected to be covered by land use changes and
forestry. Even if the 25–30% cut were to be achieved without accounting for forestry GHG emissions
sinks, projected power sector GHG emissions in 2030 would be below the GHG cap and thus would
not require notable shifts to low carbon generation.
In the case of Brazil, prospects for solar (PV) and wind power expansion hinge on the realization
of its target to reach a 23% share of non-hydro renewables in the electricity mix by 2030. Given the
already low GHG emissions intensity of power supply (due to a 75% share of renewables in generation
today), the BAU electricity mix projection corresponds to masses of estimated 2030 power sector GHG
emissions below the power sector GHG emissions budget derived from the economy-wide GHG target.
Indonesia’s target to reduce GHG emissions 29% below BAU GHG emissions in 2030 leads to a
similar result. The INDC-based power sector budget exceeds estimates of 2030 power sector GHG
emissions in a no-policy scenario (where the carbon intensity of the generation mix is held constant).
This means that no additional shifts from high- to low-carbon generation would be necessary, while
allowing large scale expansions of coal generation capacity under Indonesia’s pledge. However, the
country targets a 23% share of renewable energy in total energy consumption by 2025 [98], which is
positioned in the INDC as a key component of Indonesia’s decarbonization efforts. And while a 23%
target has been termed overambitious in a 10-year time frame [98], given the country’s nascent solar
(PV) and wind market scale of 15 MW and 1 MW, respectively, any progress made can be a building
block for more substantial expansions in the post-2020 and -2030 period. By that time, countries with
large expected future energy demand growth like Indonesia may benefit from further cost reductions
due to solar (PV) and wind market expansions globally.

4. Projected cost reduction under INDCs

Our primary tool for projecting the future cost dynamics of photovoltaics and wind power is Wright’s
Law. We first describe the fundamentals of Wright’s Law, including its range of applicability and
limitations. We then apply this analysis to the capacity cost of PV modules and inverters and to the
wind levelized cost of energy (LCOE). For PV balance of system (BOS) costs, where location-specific
factors make a global analysis inappropriate, we describe different scenarios for future cost evolution
based on expert projections from the literature [99]. We then convert PV system prices to LCOE,
discuss the sensitivity of our results to various assumptions, and compare our LCOE projections for PV
and wind to the current LCOE of fossil generation sources.

4.1

Forecasting technological progress
Equations, Theory, and History

Performance curves are empirical relationships between a technology’s performance and prevalence
[49, 50]. The most well-known example of a performance curve is the experience curve, which
relates the cost of a technology (a measure of performance) to its cumulative production (a measure of
prevalence). This relationship is the basis for the most widely used approach to forecasting technology
costs, and the approach with the best empirical support [50].
The experience curves of many, though by no means all, technologies have been observed to
approximately follow a power-law functional form [100, 101, 102]. When they do, they are said to obey
Wright’s Law [48, 103]. According to Wright’s Law, costs (c) decrease according to the cumulative
production of the technology (y) raised to a power (b):
c(y) ⇠ y b .
Various theories have been proposed for Wright’s Law. The apparent connection between cost
and cumulative production has led to the following interpretation: Cumulative production serves as a
proxy for the amount of experience (hence the name) that a firm or industry has gained with producing
the technology. As experience is acquired, changes are made to the design of the technology or to
its production process, resulting in cost reductions. As we discuss further below, it is not necessary
to adopt this interpretation to make use of the Wright’s Law model. One can use this model as a
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forecasting tool, without assuming that experience or learning is the driving force behind observed cost
reductions.
Wright’s Law is not the only model for technology cost evolution. Another example is a generalized
version of Moore’s Law [104] applied to the costs of technologies. Moore’s Law is distinguished from
Wright’s in that it uses time as the predictive factor. In this model, the cost of a technology (c) decreases
exponentially over time (t) at some rate (a):
c(t) ⇠ e

at

.

Technologies can at times appear to follow more than one of these models simultaneously. For
example, a technology can appear to obey both Wright’s Law and the generalized Moore’s Law when
the technology’s production rate is growing exponentially. Although the predictive performance of
both models can be similar, they are not exactly the same. Models show measurable differences in how
well they predict the future costs of technologies, as has been shown through hindcasting on historical
technology cost data [50]. Generally speaking, the most accurate model is also the one that is the most
widely used: Wright’s Law. For this reason we base our forecasts of solar and wind energy technologies
on this model.
Even though a technology’s cost may trend in a way that follows Wright’s Law, there is still a
significant degree of randomness in the evolution of technology costs. To capture this, we augment the
basic Wright’s Law model above with statistical noise, et :
c(yt ) ⇠ yt b + et ,
By incorporating uncertainty, this augmented model allows us to construct error envelopes around
our forecasts.
The apparent relationship between cost and cumulative production in experience curves has led
many to view observed cost reductions as deriving mainly from gains in experience. This in turn has
led other researchers to question the hypothesis that experience, however interpreted, is the real cause
of observed cost reductions [105, 106, 107]. Our view is in line with this critique. Many mechanisms
contribute to reducing the cost of a technology besides experience and learning, including economies
of scale, research and development, and technology spillover [108, 105, 109, 110, 111, 112, 107]. For
our purpose here, we take an agnostic view toward what the actual drivers of cost reduction in solar
and wind energy technologies are. We treat the Wright’s Law model, in the augmented statistical form
above, as a forecasting tool. We think of cumulative production as correlating well with a variety of
processes that conspire to drive costs down.
To apply this model, we have to decide how to measure the cumulative production of energy
technologies. Different countries have produced different amounts of these technologies, leading to
different totals of cumulative production when measured by country. For PV modules and wind turbines,
we argue that the best measure of cumulative production is not country-specific, but global. PV modules
and wind turbines are products with global markets, and historically there are many instances of firms
in one country building off of technological development in other countries [113, 114]. This suggests
that the processes driving cost reduction—whether experience, scale economies, R&D, spillover, or
anything else—correlate best with the combined cumulative production of all countries.
The Wright’s Law forecasting model can be applied to the cost of PV modules because of the
characteristics of this technology. As a manufactured good, module design improvements or production
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process improvements can spread from one firm to another, or from one country to another. The
processes that lead to cost reduction accumulate globally. In contrast, PV BOS costs do not share
these characteristics. BOS costs are dominated by the costs of on-site construction and financing,
including labor, permitting fees, site inspection and preparation, and other administrative fees. BOS
costs also depend on local taxes. These costs are highly location-dependent, and the processes which
lead to reductions in these costs are hard to transfer between countries. Because of this, it would be
inappropriate to use Wright’s Law to model BOS costs. Instead we use expert elicitation, drawing from
expert projections from [99].
Forecasting technological progress using Wright’s Law

In this work we use Wright’s Law to model the historical costs and forecast future costs of PV and
wind technologies. We make several data and modeling decisions in order to achieve a robust analysis.
The choice of appropriate axes—that is, the variables used to represent ‘performance’ on the y-axis
and ‘experience’ on the x-axis—is an important feature of Wright’s Law. Detailed discussions can
be found in the literature on the proper application of Wright’s Law to energy technologies and other
technologies; here, we seek only to describe the features relevant to our global analysis of PV and wind
energy.
There are four natural choices for the y-axis, or ‘performance’ variable: the cost or price of
generating capacity (in $/W), or the cost or price of electricity (in $/MWh) amortized over the lifetime
of the generation project. Cost, where available, is generally preferred over price as the y-axis variable,
as unit cost is less sensitive to exogenous market dynamics and variations in supply and demand than
unit price. However, a manufacturer’s direct costs are often not publicly available, and one player’s
price (here, the manufacturer) is simply another player’s cost (here, the installer or electricity customer).
Price is therefore often used, both because it acts as a proxy for cost and because it is more directly
related to the costs to the consumer. From a climate policy perspective, the most appropriate metric for
comparison is the cost of electricity, or LCOE, as the difference in cost between a unit of electricity
generated from a desirable source with low carbon emissions (such as wind or PV) and a unit of
electricity generated from an undesirable source with high carbon emissions (such as coal without
CCS) represents the fee or subsidy required to make the desired source economically competitive (see
Box 2).
In the case of PV, the full system cost incorporates BOS components that vary widely by location
and that would not be expected to evolve at the same learning rate as the PV module and inverter.
Since the LCOE cannot be directly differentiated into costs resulting from each component, and since
PV LCOE is highly dependent on insolation levels (which are unaffected by learning), we use the
market price of PV modules and inverters in $/W as the y-axis ‘performance’ variable for these two
components. For modules and inverters, the capacity cost in $/W directly captures cost reductions
resulting from learning, such as improvements in efficiency, reductions in manufacturing costs per unit,
and reductions in materials intensity. For BOS, we take BOS prices in $/W reported in the literature for
different regions and apply different assumptions, described in detail below, about how these prices
will evolve. We then combine the module, inverter, and BOS prices into an overall system price, which
we convert to LCOE (for a given level of insolation) to enable comparison to the cost of electricity
from other energy sources.
In the case of wind power, the system price in $/W does not capture the full effects of learning, as
developments in wind turbine properties have led to decreased energy cost ($/Wh) for a given wind
resource density through improvements in capacity factor, at the expense of higher system prices ($/W).
The LCOE for wind is also somewhat less closely tied to resource density than the LCOE for PV, given
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the development of turbines with high hub heights and low specific power that enhance energy capture
and push down energy cost in low-wind areas. We therefore use LCOE ($/Wh) directly as the y-axis
‘performance’ variable for wind.
There are three natural choices for the x-axis, or ‘experience’ variable: cumulative generation
capacity in watts, cumulative energy generation in watt-hours, or the number of generation units (PV
modules or wind turbines) installed. The x-axis variable should quantify the form of experience that
could plausibly lead to improvements in performance (i.e., to reductions in cost per unit produced).
For PV and wind, the large majority of the lifetime cost of a project results from the initial capital
expenditure associated with the installation of the project; there is no recurring fuel cost, and operations
and maintenance expenses are much smaller than for other energy generation technologies. In this
case generation capacity, or the number of generation units, are better proxies for ‘experience’ than
cumulative energy generation, since they correlate more directly with experience in installation, the
largest contributor to project costs. Cumulative generation capacity is generally preferable to the
number of generating units, since the capacity of generation units has increased over time and since
data on generation capacity are more readily available. Here, we use global cumulative capacity in
watts as the x-axis ‘experience’ variable for both PV and wind.
Although the data requirements of the model we use are simple, care must be given to analyzing
the data. For each technology, we test the robustness of the learning rate by changing the length of
the dataset. In this way, we examine how well Wright’s Law will perform when making projections
into the future. We use time-series data that are as long and up-to-date as possible, in order to obtain
learning rates that most fully represent the technological progress in PV and wind.
We also calculate an error envelope around the projected cost that is generated by Wright’s Law.
The error envelope is calculated based on a model by Nagy et al. [50] that measures how well Wright’s
Law and other performance curves predict the future costs of technologies. The parameters of the error
model are estimated by using hindcasting on a large dataset of the historical cost and production of
many different technologies including wind and PV.
It is also important to consider thresholds such as commodity cost floors that could limit technological progress. (See Section 4.2 and 4.3 for more detail on cost floors.) We also explore other
functional forms involving separating commodity costs. We conclude that the use of a single-factor
model (Wright’s Law), whose formulation is shown in the equations above, is a suitable method for
predicting future costs. See the Appendix for details on the modeling decisions.

4.2

Photovoltaics projected costs
We differentiate the system price of PV into three main components: the PV module, the inverter,
and BOS. We make the simplifying assumption that PV deployment directed toward meeting INDC
targets will be dominated by ground-mounted utility-scale PV systems, which are more economical and
demonstrate less variability in costs across different nations than residential and commercial systems.
PV module

Figure 4.1 displays the relationship between price and installed capacity for PV modules [35]. Fitting
Wright’s Law over the entire range of the available data, from 1976 to 2014, a learning rate of 21.6%
is observed. To make a projection for the future cost of PV modules, we assume that global average
module costs will continue to evolve in a manner such that this learning rate stays constant through the
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Figure 4.1: PV module price versus installed capacity. PV module prices in $/Wpeak and cumulative
capacity in GWpeak are from ITRPV 2015 [35]. The best-fit line represents a learning rate of 21.6%.
Capacity values for 2030 according to different projections and scenarios are shown on the x-axis and
translate into expected module costs in 2030 on the y-axis. The projected PV module costs are obtained
by the Wright’s Law model (black dotted line) and the error envelope (gray shaded area) is obtained
by the error model by Nagy et al. [50]. The cost in 2030 is expected to deviate from the forecast by
approximately ±25%. The error model is explained in more detail in the Appendix. (Reproduced with
permission).

year 2030.1
Given this relationship between module price and cumulative PV capacity, a projection for module
price in 2030 may be generated from a projection for cumulative 2030 PV capacity. A range of different
projections for 2030 PV capacity are plotted along the x-axis of Figure 4.1, with their associated
projected module costs on the y-axis. For the central ‘INDC bottom-up’ scenario considered in this
study, with 858 GW of PV installed in 2030, we obtain a module cost of $0.53/W—roughly 20% lower
than the 2014 average module cost of $0.67/W. According to our error model, the estimated PV module
cost in 2030 is expected to vary from our forecasted value by ± 25%. This is the ‘expected error,’ not
the maximum possible error. The details of the model and how we define the expected error can be
found in the Appendix.
As discussed in Box 1, the cost of any technology is ultimately constrained by the cost of irreplaceable commodity inputs. For the crystalline silicon PV modules that currently account for more than
90% of the PV market, the primary irreplaceable commodity input is the silicon within the solar cell
1 There

are many alternative assumptions that could influence the choice of fitting range or the mechanics of the fit.
If experience is assumed to depreciate over time, we might choose to exclude data from the very early years of module
production from the fitting range; or if we had performed this analysis ten years ago, the last ten years’ data would be excluded.
Sub-components of the module price, such as the price of silicon, could also be independently modeled. To minimize the
number of fitting parameters and avoid subjective assumptions, we use a one-factor model over the entire range of available
data. We discuss the impact of alternative approaches in the sensitivity analysis later in this section and in the Appendix.
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itself. The cost of silicon multiplied by the material intensity of silicon in a PV module (measured in
grams per watt) therefore represents a floor for the PV module cost. Apart from a large price spike
in the mid-2000s, both the price of silicon and the silicon intensity in PV modules have been steadily
decreasing, and the total cost of the silicon in a PV module stands between $0.10-$0.15/W. This cost
floor is sufficiently low compared to the projected 2030 module price of $0.46/W that it does not
represent a constraint in our analysis.
Inverter

We analyze the cost dynamics of PV inverters using the same experience method as for the PV
module. Figure 4.2 displays the cost of residential-scale (<20 kW) inverters from SMA, as reported by
Fraunhofer 2015 [99], plotted against the cumulative global installed capacity of PV. Industry-wide data
on inverter prices is more sparse than data on module prices, but in a competitive market the cost trend
for other suppliers should be similar. A learning rate of 18.9% is observed over the 23 years of available
data from 1990-2013. For the central ‘INDC bottom-up’ scenario discussed above, we obtain a 2030
price of $0.12/W. As in Fraunhofer 2015, we apply a scaling factor of -25% to the reported inverter
price to account for the economies of scale realized for the larger inverters used in utility-scale projects,
resulting in a final price of $0.09/W. As for PV module costs, we calculate an error envelope around the
projected inverter cost generated by Wright’s Law. The error envelope shows that the inverter cost in
2030 is expected to deviate from the realized cost by approximately ±40%. (The details of the error
model [50] can be found in the Appendix.)
BOS for Utility-Scale PV

PV BOS costs have become increasingly important with the rapid decline in module prices, and they
now constitute well over half of utility-scale PV system costs in most countries. Utility-scale BOS
typically includes hardware (e.g., inverters, trackers, racking, and wiring), engineering, procurement,
and construction (EPC; e.g., labor, permitting, inspection, and interconnection (PII)), and other costs
(e.g., financing, developer profit margin, and G&A). As described before, we consider inverter price
evolution separately, even though inverters are typically considered as a component of BOS.
As shown in Figure 4.3, current reported utility-scale BOS costs vary widely between countries,
and in some cases, between different data sources. Indeed, it has been observed for U.S. utility-scale
plants that empirical top-down price estimates and modeled bottom-up prices can differ significantly
[115]. We observe that the large developing markets of India and China achieve substantially lower
BOS costs than many developed markets, including the U.S., Japan, and Australia, potentially due to
lower labor costs and less stringent regulatory requirements.
The future evolution of utility-scale BOS costs is critical for the cost-competitiveness of solar PV
worldwide, yet remains highly uncertain. Figure 4.3 compares several potential 2030 endpoints for
BOS evolution. In particular, we consider the following bounding scenarios: (1) No progress: The
world-average BOS remains constant at current levels. (2) Best-in-class: Some or all countries approach
the current lowest BOS value of $0.61/W (India), perhaps through intentional sharing of policy and
deployment best practices between nations. (3) Expert projection: Individual BOS cost components
decrease according to expert projections from Fraunhofer 2015 [99]. It is difficult to assess the relative
likelihood of each cost evolution scenario; therefore, we consider all of them in our analysis of total
system price and levelized generation costs below.
PV System Cost Forecasts

The total cost of a PV system is the sum of the module, inverter, and BOS costs. In nearly all countries
today, BOS dominates the total system cost (Figure 4.4); as a result, the assumption made for BOS
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Figure 4.2: PV inverter price versus installed capacity. Inverter prices in $/W and cumulative PV capacity
in GWpeak are from Fraunhofer 2015 [99]. The best-fit line represents a learning rate of 18.9%. Capacity
values for 2030 according to different projections and scenarios are shown on the x-axis and translate
into expected inverter costs in 2030 on the y-axis. Note that inverter costs displayed here are for a <20
kW inverter; in the system prices to follow, the inverter price is scaled down by 25%, as in Fraunhofer
2015, to account for the economies of scale realized in the larger (>500 kW) inverters used in utility-scale
projects. The projected inverter costs obtained by the Wright’s Law model (black dotted line) and the
error envelope (gray shaded area) are obtained by the error model by Nagy et al. [50]. The cost in 2030 is
expected to deviate from the forecast within approximately ±40%. The error model is explained in more
detail in the Appendix.

cost evolution has the largest impact on the future system price. However, we note that the importance
of PV module technology improvements for further cost reductions should not be overlooked: Since
some BOS cost components vary with module area, improvements in module efficiency can have a
significant impact on system costs.
Here we consider five scenarios for utility-scale PV system cost in 2030:
1. 2014/2014 world average: No change in module, inverter, or BOS price (assumes current
world-average BOS) (‘constant module,’ ‘constant inverter,’ and ‘constant BOS’) - $2.10/W
2. 2014/2014 best-in-class: Constant module and inverter; convergence to the lowest observed
BOS price in 2014 (‘best-in-class BOS’) - $1.42/W
3. 2030/2014 best-in-class: Decrease in module and inverter prices to prices predicted by experiencecurve analysis (‘module experience’ and ‘inverter experience’); best-in-class BOS - $1.23/W
4. 2014/2030: No change in module price; inverter experience; decrease in BOS price according to
expert projection [99] - $1.08/W
5. 2030/2030: Module and inverter experience; expert BOS - $0.94/W
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Figure 4.3: Current and projected future BOS costs for solar PV. Left: Typical reported BOS costs
($/WDC ) in 2013 and 2014 are shown for utility-scale solar PV systems in different countries. Significant
variation exists both between countries and between data sources. BOS costs in the lowest-cost countries
(China, India, and Italy) are only one-third to one-half the costs in the highest-cost countries (U.S., Japan,
Australia). Furthermore, values reported by several international sources vary by up to a factor of 2.
Where the total system price was reported, BOS costs were calculated by subtracting the 2014 year-end
module price from the system price. Right: BOS cost projections—divided between hardware costs and
soft costs—are shown for 2020, 2030, and 2050. The 2030 value was estimated from the Fraunhofer
2050 projection by assuming a constant annual percentage decline between 2015 and 2050. The current
world weighted-average BOS value uses 2014 capacity additions as weights.
Sensitivity analysis – PV system price

Figure 4.5 shows the sensitivity of our central projections for the price of PV system components
in 2030 to various assumptions, where the total PV system price is equal to the sum of the module,
inverter and BOS, all measured in terms of $/WDC . We briefly describe the details of the sensitivity to
different assumptions here; a more detailed discussion can be found in the Appendix.
• Module/Inverter – Stochastic Wright: The Wright’s Law model provides a central estimate
for the cost for a given cumulative production level. To obtain error envelopes around the cost
projections, we use a statistical model developed by Nagy et al. [50]. This model estimates the
errors around the central projection based on both (a) how well Wright’s Law can predict the costs of
many different technologies including PV and inverters, and (b) fluctuations specific to the historical
cost and production data for PV and inverters. The error envelopes are shown along with the central
estimates in Figure 4.1. The Appendix provides more detail on the error model.
• Module/Inverter – Stochastic Moore: Although we use Wright’s Law to make projections in
this analysis, we also explored an alternative model, Moore’s Law. Moore’s Law posits that the cost
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of a technology decreases exponentially over time. We use Moore’s Law to make projections and
also provide error envelopes using the error model explained above that accounts for both (a) how
well Moore’s Law can predict the costs of many different technologies including PV and inverters
and (b) fluctuations specific to the historical cost and production data for PV and inverters. The
Appendix provides more detail on the error model and shows plots with central cost estimates made
by using Moore’s Law and the error envelopes.
• Module – Materials: While our central projections are based on a single-factor learning
model where experience (represented by cumulative global installation of PV systems) is the only
determining variable for unit cost, the price of commodity material inputs is exogenous to the
learning system and could act as an omitted variable, with an effect on module cost that is not
captured by the single-factor learning model. The price of polycrystalline silicon has varied widely
over the past four decades, dropping by nearly a factor of 10 from 1976 to 1998 before undergoing
a large price spike in the late 2000s due primarily to a supply shortfall. Here we performed a
regression analysis to disentangle the experience-induced module price decline from variations in
the price of polysilicon. Projecting the future module price then requires an assumption for the
future evolution of the price of polysilicon. Projections for the future cost of commodity materials
are inherently uncertain, so Figure 4.5 displays a range of values across different assumptions for
future polysilicon price dynamics. The lower value gives the projected module price assuming that
the median year-on-year price change of polysilicon from 2014 to 2030 is the same as the median
year-on-year price change between 1976 and 2014. The upper value gives the projected module
price assuming that the polysilicon price in 2030 is equal to the average polysilicon price between
1976 and 2014.
• Module/Inverter – Fitting Range: Stochasticity and the influence of omitted variables can lead
to variations in the observed learning rate over different data ranges. If experience is assumed to
depreciate over time, one may utilize only a more recent subset of historical data to project future
trends. The robustness of an analysis may also be tested by examining the projections that would
have been made had the analysis been performed at some past date, using only the data available up
to that date. Here, the lower value for ‘Module – fitting range’ utilizes data from the most recent
15-year window, from 2000-2014 (as might be done if experience is assumed to depreciate over
time), and the upper value utilizes data from 1976-2009 (as might have been done if this same
analysis had been performed five years ago in 2010). The upper and lower values are reversed for
‘Inverter – fitting range:’ The lower value utilizes data from 1990-2004 (as might have been done
if this same analysis had been performed ten years ago in 2005), and the upper value utilizes data
from the most recent 15-year window, from 1999-2013.
• Module/Inverter – 2030 Capacity: The use of Wright’s Law to project future prices for PV
modules implies that the projected price in 2030 depends on the projected PV capacity in 2030. A
higher projected capacity would lead to a lower projected price and vice versa. The range displayed
here shows the range of prices that would arise from the different projections shown in Figure 3.3.
The upper value corresponds to the ‘IEA WEO 2014 Current Policies’ projection, and the lower
value corresponds to the ‘IRENA Remap-E’ projection.
• Inverter – 25%: We use the same data and methods as described in Fraunhofer 2015 to make
projections for future inverter prices. The historical inverter price data in Fraunhofer 2015 is for
<20 kW inverters; utility-scale inverters at >500 kW capacity are assumed to be 25% cheaper due to
economies of scale. We use the -25% scaling factor in our central projection; the upper value shown
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here corresponds to the projected inverter price in 2030 without applying the -25% scaling factor.
• BOS: Our BOS projections are described in more detail in Figure 4.3, but are reproduced here
for comparison.
It is clear from Figure 4.5 that assumptions regarding the BOS price have the largest effect on total
system price, followed by assumptions regarding the PV module. Assumptions regarding the inverter
have the smallest effect on system price.
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Figure 4.4: Current and projected price breakdown for utility-scale PV systems in different countries
and under different cost reduction scenarios. Left: Current system price by country, assuming module
and inverter prices are the same between countries. Right: 2030 PV system price in 5 scenarios: (1) No
change in module, inverter, or BOS price (assumes current weighted-average world BOS, with 2014
annual installations by country as weights) (‘constant module,’ ‘constant inverter,’ and ‘constant BOS’)
(2) Constant module and inverter; convergence of all countries to the lowest reported BOS prices in 2014
(‘best-in-class BOS’) (3) Decrease in module and inverter prices to prices predicted by experience-curve
analysis (‘module experience’ and ‘inverter experience’); best-in-class BOS (4) No change in module
price; inverter experience; decrease in BOS price according to expert projection (‘expert BOS’) (5)
Module and inverter experience; expert BOS.
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Figure 4.5: Sensitivity of projections of PV system price components to assumptions. Purple lines
indicate 2014 prices for PV modules and inverters. Red and green horizontal lines indicate central
estimates for module and inverter price in 2030 based on Wright’s Law. Module price ranges are denoted
by red bars; inverter price ranges are denoted by green bars; discrete BOS price estimates are denoted by
blue lines. The assumptions leading to the upper and lower values for the module and inverter bars are
described in the text.
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Box 2: LCOE and Cost Competitiveness
The levelized cost of electricity (LCOE) is a commonly used metric for gauging the cost-competitiveness of
renewable and conventional generation technologies [116]. The LCOE is the real cost per unit energy delivered
of building and operating a generation facility over its useful life, including upfront capital costs, operating
expenses, and financing costs. Costs can also be classified as upfront investment (typically proportional to
capacity), fixed operations and maintenance (O&M; proportional to capacity), or variable O&M (proportional
to the amount of electricity generated). Generation technologies differ in how their costs are distributed
among these categories. For example, the cost of coal generation is divided roughly evenly between upfront
capital and variable O&M costs [62]. In contrast, the cost of solar, wind, and other renewable technologies is
dominated by upfront capital costs, with very low fixed and variable O&M.
While it is a simple way to compare the cost of electricity from different sources, LCOE is an imperfect
metric. The economic viability of a new generating facility depends on a number of elements not captured
in its LCOE, including existing transmission and distribution grid infrastructure, market prices, availability
of financing, and numerous policy factors. We do not attempt to address the plethora of issues governing
investment decisions. Instead, we focus on the LCOE of representative solar PV and wind projects and assess
their cost-competitiveness with thermal generators in individual countries and globally. However, in this box
we discuss limitations of LCOE when evaluating intermittent generation technologies (e.g., solar and wind)
against conventional dispatchable technologies (e.g., coal and natural gas).
Electricity demand, wholesale market prices, and the output of solar and wind generators all vary with
time. In the absence of energy storage, the value of solar electricity depends on the extent to which solar
generation is correlated on average with the market price of electricity (Figure A). A positive correlation
means that solar generation is more valuable than constant baseload generation, while a negative correlation
means that solar is less valuable than baseload. Figure A shows the variability in both resource availability
and wholesale electricity prices over 16 days at three different locations in the U.S., highlighting the typical
positive correlation of solar generation and negative correlation of wind generation with electricity price
[117, 118, 119, 120]. Indeed, at low solar penetration, solar tends to be positively correlated with market
prices, and hence is more valuable than the LCOE alone would suggest (by a so-called value factor of around
1.1). At higher penetrations, solar generators systematically reduce market prices during daytime hours,
reducing their own market value and making solar less competitive than the LCOE would suggest. For wind,
typical value factors are below 1 even at low penetrations and decline further with increasing penetration.
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Figure A: Hourly time series data for real-time locational marginal electricity price and capacitynormalized solar PV and wind power output for Palm Springs, CA, Plymouth, MA, and McCamey, TX,
for July 1, 2004 through July 16, 2004. To develop breakeven thresholds for renewable technologies,
a full year’s worth of historical real-time prices and resource availability are used to calculate the
overnight capital cost ($/W) of PV or wind, using a capital recovery factor based on 5% interest over
20 years, which equals the revenue in a representative year [121]. Solar generation was calculated
assuming a fixed-tilt PV system. Wind generation was calculated based on published performance
data for a Vestas V90-3MW turbine [122].
The location-dependent value of renewables due to time-varying generation is shown in the following two
figures, which compare different methods of calculating the value of renewables in five locations. In Figure B,
the upfront capital cost at which solar or wind breaks even (i.e., the net present value of a solar or wind project
exceeds 0) is calculated based on two different generation profiles: (1) the time-varying local hourly renewable
generation profile (blue) and (2) a constant average annual generation (i.e., using the annual capacity factor
and average electricity price) (red) for each location. Figure C shows the weighted annual-average electricity
price received by solar or wind generators due to their time-varying production, alongside the unweighted
annual-average electricity price.
For solar power, the resource is generally available when prices are higher than average, as shown by the
higher blue bars in Figure C. At low penetration, smaller solar cost reductions are thus required to break even
than would be expected for a baseload generator, as observed in Figure B. The converse is generally true for
wind, where the average wind electricity price is lower than the annual-average electricity price, seen in the
higher red bars in Figures B and C. Figures B and C were generated using hourly time series data for the
wind and solar resource and for the real-time locational marginal electricity price.
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Figure B: Breakeven thresholds for solar panel and wind turbine power capacity costs installed
in California, Massachusetts, Texas, and Denmark. To be profitable, the capacity costs of these
technologies need to fall below the values based on the solar and wind electricity price (blue bars).
The comparison demonstrates that assessing these technologies against the average electricity price
leads to error—typically underestimation in the case of solar, and overestimation in the case of wind.
The results shown are based on 2004 hourly resource availability and electricity prices in California,
Massachusetts, and Texas; and 2008 data on wind generation and electricity prices in East and West
Denmark. Denmark produced the equivalent of 19% of its electricity demand through wind energy in
2008 with approximately 2400 MW installed capacity in the West and 760 MW installed in the East.
In 2004, wind contributed less than 5% of electricity production in Texas (but surpassed 10% in 2014
[116]) and less than 3% in California. Wind in Massachusetts and solar in Massachusetts, Texas, and
California were all negligible in 2004, accounting for far less than 1% of total electricity production.
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Figure C: Solar and wind average selling price vs. average price for all generators. The annualaverage selling price of solar or wind (i.e., weighted by hourly generation) is shown in blue; the
unweighted annual-average electricity price is shown in red. For Texas, Massachusetts, and California,
resource and electricity price data are from 2004; for East and West Denmark, data are from 2008. In
general, at low penetration levels, solar generators receive annual-average prices above the unweighted
average market price—leading to higher breakeven capacity costs—while wind generators receive
annual-average prices below the unweighted average market price—leading to lower breakeven
capacity costs.
PV LCOE

We calculate the LCOE of utility-scale solar PV following the method of Reichelstein and Yorston
[123], adjusting for country-specific system prices and average capacity factors. We assume a system
life of 25 years, annual degradation of 0.5%, fixed O&M cost of 15 $/kWDC /yr, a weighted-average
cost of capital (WACC) of 7.5%2 , an effective tax rate of 40%, and an accelerated depreciation schedule
of 20%, 32%, 19.2%, 11.52%, 11.52%, and 5.76% in years 1–6, respectively.
In Figure 4.6, we show the calculated LCOE today for selected countries with widely varying solar
resource availability. The abundant resource availability in some countries (e.g., South Africa and Saudi
Arabia) compensates for their relatively high system prices, yielding low LCOEs. The two countries
with the lowest system prices—India and China—also have the lowest LCOEs, thanks to the relatively
high resource in both countries (see Appendix).
The five system price decline scenarios outlined above translate to the LCOE curves shown in
Figure 4.7. At the global-average capacity factor of 17.1%, the corresponding average LCOE values
are 157 $/MWh (Scenario 1: 2014/2014 world), 110 $/MWh (Scenario 2: 2014/2014 best-in-class), 97
$/MWh (Scenario 3: 2030/2014 best-in-class), 86 $/MWh (Scenario 4: 2014/2030), and 76 $/MWh
2 This

is the WACC assumed for OECD countries and China by IRENA in [39]
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Figure 4.6: Current average LCOE of utility-scale PV systems in selected countries. The average capacity
factor for each country was calculated by multiplying each country’s average global horizontal irradiance
(GHI) [124] by the calculated average ratio of capacity factor to GHI (3.9 ± 0.3 %/(kWh/m2 /day)) for
fixed-tilt PV systems simulated at 1563 sites in the northern hemisphere using NREL’s System Advisor
Model. This scaling factor corrects for the effects of temperature and other weather-related effects on
system performance.

(Scenario 5: 2030/2030). The actual LCOE may vary widely depending on the country- and locationspecific insolation. Indeed, in some high-insolation regions, solar PV may be cost-competitive with
conventional fossil generation even at current system costs.
Figure 4.9 shows the sensitivity of our central projections for PV LCOE in 2030 to various
assumptions. All of the cases shown here assume that module cost and inverter cost decline following
Wright’s Law. The horizontal lines represent different BOS assumptions using the world-average
capacity factor (17.1%); vertical lines of the same color use the same BOS assumptions. The parameters
for the ‘Module fitting,’ ‘Module materials,’ ‘Inverter fitting,’ ‘Stochastic Moore,’ and ‘Stochastic
Wright’ cases are the same as those described in Figure 4.5. The lower value for ‘capacity factor’
corresponds to the LCOE in a location with a capacity factor of 35%, equal to the maximum of the range
reported in IRENA 2015 (IRENA 2015 Figure 2.5); the upper value for ‘capacity factor’ corresponds
to the LCOE in a location with a capacity factor of 10%, equal to the minimum of the range reported in
IRENA 2015 [39].
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Figure 4.7: Levelized cost of electricity (LCOE) of utility-scale solar PV in 2030 for varying capacity
factors under 5 system price reduction scenarios. Vertical lines denote the average PV capacity factors
(based on average irradiance) for the world, UK, USA, and China: 17.1%, 11.6%, 18.5%, and 20.7%,
respectively. The LCOE of new coal and natural gas combined-cycle generation in the same countries is
shown for comparison. We note that the current world-average LCOE (2014/2014 world scenario) shown
here is calculated from the system cost as described above, and as a result does not match exactly the
value shown in Figure 2.7.

55

4.2 Photovoltaics projected costs

250

a

World

367

b

USA

Today

c

China

Today

150
100
50

Coal
Coal + Ext

PV

NGCC
NGCC + Ext

Coal
Coal + Ext

PV

NGCC
NGCC + CCS
NGCC + Ctax
NGCC + Ext

PV: 2014 module,
2014 world BOS
PV: 2014 module,
2014 best BOS
PV: 2030 module,
2014 best BOS
PV: 2014 module,
2030 BOS
PV: 2030 module,
2030 BOS

0

Max
Central
Min

Coal
Coal + CCS
Coal + Ctax
Coal + Ext

LCOE [$/MWh]

200

Figure 4.8: Comparison between PV LCOE projections and LCOE of fossil-fuel-fired generation. a,
Projections for global average LCOE of PV compared to current estimates of the LCOE of coal and
natural gas combined cycle (NGCC), coal and NGCC with carbon capture and sequestration (CCS), and
coal and NGCC with a $100/t CO2 carbon tax. Red triangles represent maxima; black circles represent
central estimates; blue triangles represent minima. A range of estimates of the external costs of air
pollution for these different electricity sources, added to their LCOE, are shown as empty boxes for PV
and empty symbols for coal and NGCC. b, Projections for the LCOE of PV in the United States compared
to current estimates of the LCOE of coal and NGCC in the United States. c, Projections for the LCOE
of PV in China compared to current estimates of the LCOE of coal in China. External costs from air
pollution are estimated by combining emission factors from ecoinvent [125] with cost factors from [126].
External costs from causes other than air pollution are not considered in these estimates. More details on
external cost calculations are provided in the Appendix.

56

Chapter 4. Projected cost reduction under INDCs

258

200

Capacity factor

Stochastic - Wright

0

2030 Fraunhofer

Poly-Si regression

50

2030 capacity

100

2014 module,
inverter, BOS

2014 best
(India)

Inverter fitting

150

BOS:
2014 World

Module fitting

Projected 2030 LCOE [$/MWh]

250

Figure 4.9: Sensitivity of PV LCOE projections to assumptions. All scenarios depicted here assume
module and inverter prices decline according to Wright’s Law, except for the purple dotted line, which
indicates the 2014 world-average PV LCOE from Figure 4.7. Horizontal lines represent central estimates
for three different BOS scenarios: constant 2014 BOS (dark red), decline to 2014 best-in-class (India)
(red), and decline to the 2030 projection from Fraunhofer 2015 (orange). Vertical bars of the same color
indicate the range of LCOE values arising from different assumptions regarding module and inverter cost
evolution and capacity factor, making use of the same three BOS assumptions. The assumptions leading
to the upper and lower values for the different bars are described in the text.
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Wind projected costs
As discussed in the previous section, because the system price does not capture the full extent of
learning for wind power, we apply Wright’s Law to the levelized cost of electricity for wind power.
Figure 4.10 displays the global average LCOE for wind against the cumulative global installed capacity
of wind generation [36, 39]. A learning rate of 13.3% is observed over the available range of data
from 1984-2014. For the ‘INDC bottom-up’ scenario described above, with 1014 GW of wind capacity
installed in 2030, we obtain a 2030 LCOE of 51 $/MWh, roughly 24% lower than the 2014 global
average LCOE for wind of 67 $/MWh.
We also show the error envelope around the projected LCOE that is generated by Wright’s Law
(Figure 4.10.) The error envelope is obtained by using a statistical model developed by Nagy et al. [50]
that measures how well models like Wright’s Law can predict the future costs of technologies. (For
details on the error model, please refer to the Appendix.) According to this model, the wind LCOE in
2030 is expected to vary by approximately ±20% from the forecasted value.
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Figure 4.10: Wind LCOE versus installed capacity. World average wind LCOE in $/MWh and cumulative
capacity in GWpeak are from BNEF 2013 and IRENA 2015 [36, 39]. The best-fit line represents a learning
rate of 13.3%. Capacity values for 2030 according to different projections and scenarios are shown on
the x-axis and translate into expected electricity costs in 2030 on the y-axis. The projected wind LCOE
is obtained by the Wright’s Law model (black dotted line) and the error envelope (gray shaded area) is
obtained by the error model by Nagy et al. [50]. The cost in 2030 is expected to deviate from the forecast
within approximately ±20%. The error model is explained in more detail in the Appendix.

As for the case of PV, it is important to verify whether our cost projections would be within the
range of the expected commodity-constrained cost floor for wind. As described in more detail in
the Appendix, we estimate the contribution to the total turbine cost of the three main wind turbine
commodity inputs—steel, fiberglass/resin, and copper—to be $0.06, $0.05, and $0.01/W, respectively,
for a commodity cost floor of roughly $0.11/W. While it is not possible to link this cost floor directly
with the projected LCOE, it is roughly 90% lower than the current world average turbine cost of around
$1.20-1.40/W, and safely below the range of our projections.
Figure 4.12 shows the sensitivity of our central projections for wind LCOE in 2030 to various
assumptions. We briefly describe the details of the sensitivity to different assumptions here; a more
detailed discussion can be found in the Appendix and in the discussion of Figure 4.5 above.
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Figure 4.11: Comparison between wind LCOE projections and LCOE of fossil-fuel-fired generation. a,
Projections for global average LCOE of wind compared to current estimates of the LCOE of coal and
natural gas combined cycle (NGCC), coal and NGCC with carbon capture and sequestration (CCS), and
coal and NGCC with a $100/t CO2 carbon tax. Red triangles represent maxima; black circles represent
central estimates; blue triangles represent minima. A range of estimates of the external costs of air
pollution for these different electricity sources, added to their LCOE, are shown as empty boxes for wind
and empty symbols for coal and NGCC. b, Current estimates of the LCOE of coal and NGCC in the
United States. c, Current estimates of the LCOE of coal in China. External costs from air pollution are
estimated by combining emission factors from ecoinvent [125] with cost factors from [126]. External
costs from causes other than air pollution are not considered in these estimates. More details on external
cost calculations are provided in the Appendix.

• Fitting Range: The lower value utilizes data from 1984-2004 (as might have been done if this
same analysis had been performed ten years ago in 2005), and the upper value utilizes data from the
most recent 15-year window, from 2000-2014.
• Capacity Factor: The range shown here represents the range of capacity factors reported in
IRENA 2015 (IRENA 2015 Figure 2.5), centered around IRENA’s world weighted-average onshore
wind capacity factor of 28%. The lower value corresponds to a capacity factor of 53%, and the
upper value corresponds to a capacity factor of 13%.
• LCOE Range: The range shown here represents the range of LCOE values reported in IRENA
2015 (IRENA 2015 Figure 2.5 [39]), scaled down by the cost reduction factor in our central Wright’s
Law based projection (-24%, from 67 $/MWh in 2014 to 51 $/MWh in 2030). The LCOE here
includes the contribution from a number of factors, including capacity factor, cost of capital, project
and labor costs, etc.
• 2030 Capacity: The range displayed here shows the range of LCOE values that would arise
from the different capacity projections shown in Figure 3.3. The upper value corresponds to the ‘IEA
WEO 2014 Current Policies’ projection, and the lower value corresponds to the ‘IRENA Remap-E’
projection.
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• Module/Inverter – Stochastic Wright: We use a statistical model developed by Nagy et al.
[50] to obtain error envelopes around the central cost projections made by using Wright’s Law. The
errors are calculated based on both (a) how well Wright’s Law can predict the costs of many different
technologies including wind and (b) fluctuations specific to the historical cost and production data
for wind. The error envelopes are shown along with the central estimates in Figure 4.10. The
Appendix provides more detail on the error model.
• Module/Inverter – Stochastic Moore: We also explored an alternative model, Moore’s Law,
to make projections. Moore’s Law posits that the cost of a technology decreases exponentially over
time. We use Moore’s Law to make projections and also provide error envelopes using the error
model explained above that accounts for both (a) how well Moore’s Law can predict the costs of
many different technologies including wind and (b) fluctuations specific to the historical cost and
production data for wind. The Appendix provides more detail on the error model and shows plots
with central cost estimates made by using Moore’s Law and the error envelopes.
• Steel Regression: Here we perform a regression analysis to determine the contribution of
the historical price of steel (the most significant commodity input, by weight, for wind turbine
manufacture) to the historical decline of wind LCOE, in the same manner as described above for
polysilicon in PV. Once again, assumptions regarding the future price dynamics of steel give rise to
a range of estimates for LCOE in 2030. The lower value gives the projected LCOE assuming that
the steel price in 2030 is equal to the world average cold rolled steel price between 1984 and 2011.
The upper value gives the projected LCOE assuming that the average year-on-year price change of
steel from 2014 to 2030 is the same as the average year-on-year price change between 1984 and
2011.
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Figure 4.12: Sensitivity of wind LCOE projections to assumptions. The purple line denotes the 2014
global average wind LCOE, and the blue line denotes the projected 2030 global average wind LCOE
according to the central-case Wright’s Law analysis described in the text. Blue vertical bars take the 2030
Wright’s Law projection as the central estimate. The assumptions leading to the upper and lower values
for the different bars are described in the text.

4.4

Implications of technology cost evolution scenarios for emissions abatement
Cost-competitiveness of wind and PV

The 2030 LCOE estimates shown above provide a basis for assessing the cost-competitiveness of solar
PV and wind electricity with conventional thermal generation. Figure 4.8 shows that new solar PV
generation at the world-average system cost and capacity factor is not economically competitive with
average new-build coal and natural gas combined cycle (NGCC) generation today.3 In most of our 2030
cost reduction scenarios, however, solar reaches costs comparable to coal and NGCC. World-average
costs for wind electricity are already competitive with fossil generation today. Further cost declines
toward our 2030 projections would make wind power the lowest-cost electricity source in many parts
of the world.
The findings above hold for global averages, but not necessarily for individual countries or locations:
For example, a country with abundant sunlight may have a much lower LCOE for solar PV than the
world average; similarly, a country without substantial domestic natural gas reserves may have a
significantly higher LCOE for NGCC than the world average. Thus solar may already be costcompetitive with thermal generation in some locations. We emphasize that these conclusions apply
to busbar costs only, as our analysis focuses on utility-scale plants. In locations where policy allows
distributed generation to be compensated at retail electricity rates, many solar PV and wind generators
3 Legacy

(fully amortized) plants can achieve much lower levelized operating costs than new generators.
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are already at retail grid parity today.
There are several major sources of uncertainty inherent in any comparison of electric generation
costs. For each parameter described below, variability tends to arise both from differences between
countries and from intrinsic uncertainty in parameter values, which may appear as discrepancies in
estimates from different sources.
Key sources of uncertainty for solar and wind cost estimates include the country-specific upfront
BOS and system costs for solar, the available energy resource and system placement (resource availability varies widely even within individual countries), the cost of capital, and subsidy support. Each of
these parameters can have dramatic effects on the cost-competitiveness of solar and wind. Furthermore,
we emphasize that at high penetration levels, the market value of intermittent generation without storage
will decrease, perhaps significantly (see Box 2).
Key sources of uncertainty for thermal generation cost estimates include fuel prices (particularly
for natural gas) and environmental regulation. The cost estimates for coal and natural gas apply to
the current regulatory regime; more stringent environmental regulations (e.g., particulate and CO2
emissions limits, or a price on carbon) would increase the cost of coal and gas generation by forcing
plants to install additional emissions controls and possibly implement carbon capture and storage
(CCS) systems. Uncertainty in the future cost and performance of CCS technologies further adds to
uncertainty in the future cost of thermal generation.
Technology improvement as a multiplier of emissions reductions

The projected decline in the LCOE of PV and wind has important implications for climate change
mitigation efforts. Compared to a case in which future cost declines are not taken into account, this
decline enables more ambitious renewable energy deployment commitments to be made for the same
level of investment. Figure 4.13 illustrates this effect for PV and wind, with several key assumptions:
We assume constant global capacity factors from 2015 to 2030 (17.1% for PV and 35% for wind)
and that the levelized cost of electricity for a given project (based on our central cost projections
described above) is applicable for the full project lifetime. We neglect the effect of project retirements,
as typical project lifetimes are longer than the 15-year horizon considered here. We assume that annual
deployment (GW/year) evolves with a constant annual percentage change to reach the cumulative target
in 2030. While these assumptions simplify the true picture, in which capacity factors and LCOE values
vary widely across the globe, this central case reveals general trends that would also apply in a more
detailed analysis.
Reaching 858 GW of PV and 1014 GW of wind in 2030 under these conditions would result in
the cumulative generation of an additional 8378 TWh of energy from PV and 18,003 TWh from wind
over the period from 2015 to 2030, on top of the energy produced by the existing generation fleet in
2014. At today’s average costs (157 $/MWh for PV and 67 $/MWh for wind), with no reductions in
LCOE, this energy would carry a gross cost (not subtracting the cost of displaced electricity that would
otherwise have been generated from other sources) of $1.32 trillion for PV and $1.21 trillion for wind
(symbolized by the red boxes in Figure 4.13). If projected cost declines are taken into account, however,
cumulative deployment levels of 1210 GW PV and 1207 GW wind could be reached by 2030 with the
same total capital outlay (symbolized by the blue shapes in Figure 4.13).
A similar effect can be observed when considering the cost of abating CO2 emissions through the
replacement of coal-fired electricity with electricity from PV or wind. Figure 4.14a shows the amount
of CO2 abated per dollar spent when a unit of energy from PV (red) or wind (blue) is used to replace a
unit of energy generated from the 2010 world average electricity mix (empty bar) or from coal (filled
bar) as a function of time. Emission intensities for electricity from PV (46 g CO2 /kWh), wind (12 g
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Figure 4.13: PV (a) and wind (b) deployment for a fixed investment under constant cost (red) and
experience-based cost reduction (blue) scenarios. Red circles represent historical LCOE values for PV;
blue circles represent historical LCOE values for wind. These results suggest that greater deployment can
be achieved if realistic cost declines are taken into account.

CO2 /kWh), coal (932 g CO2 /kWh), and the 2010 world average electricity mix (528 g CO2 /kWh) are
taken from IPCC AR5 WGIII and NREL 2013 [45, 127].4 The drop in LCOE of PV and wind has led
to a corresponding rise in carbon abatement per dollar from 2000 to 2014, and the experience-induced
cost declines projected in 2030 would increase carbon abatement still further.
The same effect can also be described in terms of the net cost of abating CO2 emissions by replacing
a unit of electricity generated from a coal-fired power plant with a unit of electricity generated from
PV or wind, as in Figure 4.14b. Here we have subtracted the world-average LCOE of PV and wind
in each year from the current world-average LCOE of coal (83 $/MWh, from IPCC AR5 WGIII [45]
and WEC 2013 [47]), implying a negative abatement cost for wind in 2014 and 2030 and for PV
in 2030 in the ‘2030 module / 2030 Fraunhofer BOS’ scenario. It is important to note that at high
penetrations of wind and PV, the amount of electricity that could realistically be generated by wind
or PV instead of by coal during hours of high wind or PV generation could be limited by economic
constraints, and that the value of wind or PV generation during such hours would drop. Put another way,
the associated integration costs that would be required in order for each MWh of energy generated by
wind or PV to be fully utilized—whether through energy storage, long-range transmission, or demand
response—could increase the associated CO2 abatement cost. It is beyond the scope of this analysis
to say whether the value decline of PV and wind at high penetrations would outrun the projected
cost decline at increasing deployment levels. Yet the general trend—that a dollar invested in carbon
abatement through the replacement of coal-fired electricity with electricity from PV or wind would,
through experience-related cost declines, result in an increase in the carbon abatement associated with
4 World-average wind LCOE values are from BNEF 2013 [36] for the year 2000;

from IRENA 2015 [39] for the year 2014;
and from our central projection, described above, for the year 2030. The world-average PV LCOE values for 2014 and 2030
are from are ‘2014 / 2014 world’ and ‘2030 / 2030’ scenarios, respectively, described above and shown in Figure 4.7. The
LCOE of utility-scale PV in 2000 is unavailable, since ‘utility-scale’ PV has only been observed since the mid-2000s, so our
value is generated using the 2000 module price of $4.82/W (from ITRPV 2015 [35]), a 2000 inverter price of $0.55/W (from
Fraunhofer 2015 [99]), and a BOS price of $2.25/W, at a world-average capacity factor of 17.1% and using other assumptions
noted above for the conversion of system price to LCOE. Values given here do not factor in the avoided cost of electricity
from coal or the world average generation mix (i.e., the LCOE of coal or average grid electricity is not subtracted from the
LCOE of PV and wind); actual CO2 abatement per dollar would thus be higher if these avoided costs were factored in.
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Figure 4.14: Evolution in CO2 abatement cost for wind and PV over time. a, CO2 abated per dollar
invested in energy from PV (red) and wind (blue) when these sources are used to replace energy from the
2010 world average electricity mix (empty bars) and from coal (filled bars). Data sources are noted in the
text. ‘2030 Fraunhofer’ and ‘2014 best’ represent the choice of 2030 BOS assumption for PV; all other
2030 assumptions (wind LCOE, PV module, PV inverter) use the Wright’s Law projections described in
the text. The cost of energy from coal or the average electricity mix is not subtracted from the LCOE of
PV and wind. b, Marginal cost of CO2 abatement by replacing electricity from coal with electricity from
PV (red) or wind (blue). Here the current world average LCOE of coal (83 $/MWh, from WEC 2013
[47]) is subtracted from the LCOE of PV and wind to provide the net cost of abatement. Considerations
regarding integration costs and the value decline of PV and wind at high penetration are described in the
text.

a subsequent dollar of investment—should hold until the point when the commodity cost floor of wind
and PV is reached (a point well beyond the timespan considered in this study, as noted before).
Costs of renewables integration

Due to the sometimes unpredictable and uncontrollable nature of renewable electricity generation,
large-scale renewable integration has additional costs not typically associated with traditional electricity generation. These costs arise when there is a temporal or spatial mismatch between electricity
generation and electricity demand. Forecast errors can lead to differences between available power and
commitments in the day-ahead market. Uneven resource availability can require costly transmission
grid upgrades. And anti-correlation between demand and renewable generation can lead to renewable
electricity being sold to the grid at times of lower-than-average prices. These factors can all lead to
declines in the value of renewables as their level of market penetration increases [128, 129]. Renewable
electricity, with its short-term variability, can also incur additional costs associated with ancillary
services that adjust for short-duration differences between supply and demand [130].
A range of technological and infrastructure solutions have been proposed to mitigate these integration costs of renewable energy. These solutions tend to focus on energy storage, improved transmission,
and demand management [131]. Bulk energy storage enables the temporal shifting of electricity
availability, allowing renewable generators to sell electricity at times of higher prices, thus raising the
marginal value of increased renewables capacity. Bulk energy storage does come with direct costs of
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its own, in terms of the new storage infrastructure and possibly additional transmission requirements.
A diverse set of storage technologies in various stages of development are expected to lower the cost of
electricity storage significantly. Many of the lowest cost technologies for bulk storage available today,
such as pumped hydro storage and compressed air energy storage, tend to be location-constrained. Other
storage technologies such as batteries do not have geographic constraints and have shown consistent
cost reductions over time [132].
To mitigate costs due to spatial mismatch, increased investment in transmission infrastructure
will allow for improved plant siting—i.e., locating renewables where resource availability is greatest,
regardless of the distance from load centers. Additional transmission infrastructure will also provide
natural smoothing of the short-term output of renewables [133]. Long-distance transmission can help
reduce power fluctuations in wind and solar output as more geographically distant sites will have lower
correlations in resource availability [134]. The adoption of storage or demand management techniques
is expected to require further transmission improvements as well [135].
Finally, demand management technologies and policies work to more closely match electricity
demand with electricity generation by incentivizing reductions in demand at times of lower resource
availability [136]. Matching demand and generation on both short and long time scales mitigates
both the loss in marginal value experienced by renewables at higher penetrations and the grid stability
concerns associated with variable generation. Some proposed demand management schemes aggregate
household or commercial loads and sell demand reductions to utilities [137].
Even with investments in bulk energy storage, additional transmission infrastructure, and demand
management, lower-carbon, combustion-based technologies such as combined cycle gas turbines
(CCGTs) can provide an important bridge toward widespread solar and wind integration. In the event
of longer-than-expected disruptions in renewable production or dramatic spikes in demand, CCGTs
can quickly spin up to meet demand, a capability that can obviate the need for investment in storage or
transmission infrastructure to cover these rare events [138, 139]. Targeted investment in natural gas
generation capacity will allow for faster widespread deployment of renewable technologies at lower
cost and with less risk of supply disruption.

5. Conclusions and Discussion

Our results demonstrate that stimulating technology innovation through climate policy can amplify
emissions reductions beyond the immediate gains that come from deploying a low-carbon technology.
As the past data on solar and wind energy demonstrate, this amplification effect can result in a
significantly decreasing cost of abating carbon as abatement efforts grow. Looking forward in time,
under voluntary mitigation plans submitted by nations in advance of the COP21 meeting (INDCs),
the growth in solar and wind energy could be significant, reaching a 3- to 4-fold increase in installed
capacity. While solar and wind energy technologies stand to continue to decline in cost over this period,
integration challenges will likely grow. We present a summary of our results here, and posit that climate
negotiations offer a unique opportunity to support the development of low-carbon energy technologies.
Furthermore, recognizing rates of technology development over time may help nations agree on a plan
to collectively reduce greenhouse gas emissions.
Recent technology development strengthens emissions reduction potential

The data demonstrate a significant decline in solar and wind energy costs that was driven by the efforts
of a few nations to support market growth and research in these technologies. Despite changing policies
over time in these nations, taken together as a group they supported incentives that industries responded
to, resulting in a steady growth in the markets of these technologies. Their effort was not coordinated
but its pattern resembles a relay race, with countries trading off the leader’s baton as efforts from
individual nations rose and fell. The cumulative result has been a decline in the cost of photovoltaics
unprecedented among energy technologies, and a substantial fall in wind electricity costs.
From 1976 to 2014, real costs of PV modules declined from ⇠104 $/W to ⇠0.67 $/W, a 99.4%
decrease. Wind electricity costs fell from ⇠261 $/MWh in 1984 to ⇠68 $/MWh in 2014, a 74%
decrease. On a globally averaged basis wind is now estimated to be competitive with fossil electricity.
In some regions such as China, coal- and natural gas-fired electricity remain less costly than wind.
Solar is competitive in some regions, though the global average photovoltaics cost of electricity is still
twice that of the central estimate for coal and natural gas electricity. However, when the estimated
external costs of air pollution are accounted for, both wind and solar energy costs are comparable to
coal.
Past trends illustrate the reinforcing effect that technology development can have on reducing
greenhouse gas emissions. For the same inflation-adjusted investment, 100 times more PV modules
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can be produced than 40 years ago. Accounting for full installation costs (including balance-of-system
components and inverter), roughly three times more low-carbon solar can be deployed than just 10
years ago. As nations have committed to growing markets for these technologies, the cost per unit
carbon avoided with solar and wind has dropped dramatically. While a causal relationship is difficult to
pin down, a variety of research suggests that this cost decline has been supported by design innovations,
scale economies in manufacturing and installation size, and improvements to production efficiency
[105, 140, 141, 48, 49, 107]. These firms have capitalized on growing knowledge over time from a
combination of public and private research.
Potential for sizable renewables expansion and further cost decline under INDCs

Under voluntary commitments submitted by nations in advance of the COP21 meeting, the global
installed capacity of wind and solar could grow significantly. In a renewables-focused scenario, global
installed capacity of solar would grow by a factor of 4.9, and wind by a factor of 2.7. Much of this
growth could happen in China, the U.S., India, and the EU. China’s wind and photovoltaics capacity
could grow by factors of 8 and 3, adding roughly one third of cumulative wind and photovoltaics
capacity additions between 2014 and 2030. At a global scale, it is estimated that wind and solar would
provide 8.9% and 3.8% of electricity under these scenarios.
We investigate various scenarios for future cost reductions under these projected expansions. These
scenarios are conditioned on past technology development trends and potential cost floors. Generation
costs vary significantly by location, but under a variety of scenarios the global average PV cost is
expected to reach within about 25% above to 6% below the average cost of natural gas- and coal-based
generation by 2030. These comparisons assume unimproving costs of NGCC and coal, as has been
observed in recent decades. In the fastest growth scenario that we studied, PV modules follow Wright’s
Law, and PV BOS costs reach projected declines due to improvements such as increasing module
efficiency and system size. In more modest cost decline scenarios, BOS costs fall but module costs
remain the same. Wind energy, if it sustains historical rates, stands to drop 24% in cost, and would cost
significantly less than other sources by 2030.
Projections into the future are inherently uncertain, but conclusions can be drawn that are robust to
these uncertainties. Under a wide range of cost evolution scenarios, wind and solar energy are widely
cost competitive with other sources by 2030. Even if wind costs remained constant this technology is
already widely competitive. China is an exception: Due to lower coal-fired energy costs in China, solar
and wind are both expected to have higher energy costs, even in 2030. However, when health impacts
of coal and natural gas are monetized and included in electricity cost estimates, solar and wind energy
in China are both expected to fall within the cost-competitive range.
The potential for technology development to amplify emissions reductions is evident in these
projections. The more that countries and firms commit to developing renewables, the faster the cost of
doing so is expected to fall. This translates to a decrease in the cost of reducing emissions with these
technologies over time. At today’s cost, reaching a global commitment of installing 1014 GW of wind
in 2030 would cost $1.32 trillion. If projected cost declines are taken into account, we estimate the same
investment would actually purchase 1207 GW—a 20% increase. Thus projected cost declines would
permit a 20% increase to emissions reductions commitments without changing total cost of deployment.
Taking into account cost declines for solar, a global commitment of 858 GW could be increased to 1210
GW, yielding a 40% increase to commitments without changing cost of deployment. Our projected
cost of abating CO2 emissions from a coal-fired power plant with wind is actually negative: -35 $/ton
CO2 . For solar, the projected abatement cost varies from +15 $/ton CO2 to -8 $/ton CO2 .
Growth to these levels will require addressing the intermittency of solar and wind as the market
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share of these technologies grows. Intermittency compromises the ability of energy supply to meet
demand, and can reduce the revenue of power plants. Storage technologies, long-distance transmission,
and demand response can all play a role in addressing these issues, but further development is required.
In the case of storage and long-distance transmission a key challenge is to reduce costs, while demand
side management will require innovation in information systems and incentive structures to encourage
participation.
Technology as pathway to consensus, negotiations as opportunity for technology development

Our results suggest that an awareness of technology development over time could change the way in
which the prospects for emissions cuts are viewed. As more effort is invested, technologies tend to
improve. This observation has significant implications for reaching consensus across nations at different
stages of economic development, which is one of the most difficult hurdles faced in the negotiations.
Falling low-carbon energy costs over time should enable a smooth transition to decarbonization by
nations at different levels of development. By the time the least developed nations are required to cut
emissions, technology development through a global collective effort should make doing so a benefit
rather than a burden. Early cooperation now to ease a future transition can be enabled by international
efforts to achieve equitable financing and knowledge sharing. In some cases, as evidenced by INDC
commitments in China, India, Costa Rica and Peru, nations with economies that are still growing
rapidly, perceive opportunity in transitioning to a low-carbon energy mix sooner rather than later.
While technology development may help build consensus, the platform of the COP meetings
can help support low-carbon technology development at a global level. This uniquely inclusive
gathering of nations, and the recent prioritization of climate change mitigation among many heads
of state [142, 143, 144, 145, 146], opens up powerful opportunities to address several technology
development challenges. These include reducing hardware costs [147, 148], supporting access to
favorable financing across nations [149], and sharing knowledge on the ‘soft costs’ of installation and
permitting [147, 150, 148] and successful ways to grow renewables industries. As seen in the historical
data we present, improvements to modular hardware—which can be manufactured in one location and
installed in another—are globally accessible. The case of PV illustrates this point. PV modules and
inverters have fallen in cost over the years, and these cost improvements have been accessible to all
through the global marketplace for PV modules. However the soft costs of installation, including labor,
permitting and on-site construction costs, still vary significantly across the globe [150].
Knowledge sharing and compiling best practices can help bring costs in different locations in sync
(though some variability may remain across nations). Knowledge sharing will itself require innovation.
In the public sector, this could come through the creation of incentives, for example. In the private
sector, it could come through information technology development. Other examples of technological
opportunities include storage hardware and home energy systems to achieve demand side management.
Both could play a significant role in supporting renewables integration. The platform of international
climate negotiations provides a unique opportunity to pursue these objectives given its inclusiveness
and high-level support.

We highlight the opportunity that climate negotiations offer for technology development, and the
role that technology can play in reaching consensus. Several recommendations emerge from our work:
• Nations should recognize the opportunity that these negotiations bring. Recent technology

improvement arguably shifts the development of energy technology to mitigate emissions from
burden to opportunity for governments and firms. Technology development can be seen as a return
to cutting emissions. Recognizing the size of these returns should help nations reach consensus.
• Market growth should be further stimulated by public policy. Knowledge sharing on policies
and the soft costs of technologies, including labor, permitting and installation, will be important.
Efforts to offer equitable financing will also be critical.
• Drawing lessons from policies that successfully grew PV and wind markets, technologies that can
support renewables integration should be incentivized. These include energy storage, long-distance
transmission, and demand side management.

Acknowledgements
We thank the International Policy Laboratory at MIT for funding this study. We also acknowledge the
DOE, NSF, and the MIT Energy Initiative for supporting a body of research that this report draws on.
We thank Robert MacCurdy, Patricio Zambrano-Barragán, and Gregory Nemet for their comments on
various sections of this report.

Bibliography

[1] Jessika E. Trancik, Michael T. Chang, Christina Karapataki, and Leah C. Stokes. Effectiveness
of a segmental approach to climate policy. Environmental Science & Technology, 48(1):27–35,
2013.
[2] Lawrence H. Goulder and Ian W. H. Parry. Instrument choice in environmental policy. Review
of Environmental Economics and Policy, 2(2):152–174, 2008.
[3] Robert W. Fri. The role of knowledge: technological innovation in the energy system. The
Energy Journal, pages 51–74, 2003.
[4] Carolyn Fischer and Richard G. Newell. Environmental and technology policies for climate
mitigation. Journal of Environmental Economics and Management, 55(2):142–162, 2008.
[5] O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler,
I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. von Stechow,
T. Zwickel, and J.C. Minx. IPCC, 2014: Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York,
NY, USA, 2014.
[6] David B Richardson. Electric vehicles and the electric grid: A review of modeling approaches,
impacts, and renewable energy integration. Renewable and Sustainable Energy Reviews, 19:247–
254, 2013.
[7] Marco Miotti, Geoffrey Supran, Ella Kim, and Jessika Trancik. Personal vehicles evaluated
against climate change mitigation targets. In review.
[8] Zachary Needell, Michael Chang, James McNerney, and Jessika Trancik. Potential for electrification of personal vehicle travel in the united states. In review.
[9] James H Williams, Andrew Debenedictis, Rebecca Ghanadan, Amber Mahone, Jack Moore,
William R Morrow III, Snuller Price, and Margaret S Torn. The technology path to deep
greenhouse gas emissions cuts by 2050: the pivotal role of electricity. Science, 335(6064):53–60,
April 2012.

[10] C Kennedy, N Ibrahim, and D Hoornweg. Low-carbon infrastructure strategies for cities. Nature
Climate Change, 4(May):343–346, 2014.
[11] Felix Creutzig, Giovanni Baiocchi, Robert Bierkandt, Peter-paul Pichler, and Karen C Seto.
Global typology of urban energy use and potentials for an urbanization mitigation wedge.
Procceedings of the National Acaedmy of Sciences, 112(20):6283–6288, 2014.
[12] Elinor Ostrom, Joanna Burger, Christopher B. Field, Richard B. Norgaard, and David Policansky.
Revisiting the commons: local lessons, global challenges. Science, 284(5412):278–282, 1999.
[13] Thomas Dietz, Elinor Ostrom, and Paul C. Stern. The struggle to govern the commons. Science,
302(5652):1907–1912, 2003.
[14] Jessica F. Green, Thomas Sterner, and Gernot Wagner. A balance of bottom-up and top-down in
linking climate policies. Nature Climate Change, 4(12):1064–1067, 2014.
[15] Matthew Ranson and Robert N. Stavins. Linkage of greenhouse gas emissions trading systems:
Learning from experience. Climate Policy, 2015.
[16] Joyeeta Gupta. A history of international climate change policy. Wiley Interdisciplinary Reviews:
Climate Change, 1(5):636–653, 2010.
[17] Joyeeta Gupta. The history of global climate governance. Cambridge University Press, 2014.
[18] International Energy Agency Photovoltaic Power Systems Programme. Trends 2014 in Photovoltaic Applications: Survey Report of Selected IEA Countries between 1992 and 2013.
Technical report, 2014.
[19] International Energy Agency Photovoltaic Power Systems Programme. 2014 Snapshot of Global
PV Markets. pages 1–16, 2015.
[20] S Kann, MJ Shiao, S Mehta, C Honeyman, N Litvak, J Jones, et al. US solar market insight
report: 2013 year-in-review-Executive summary. Boston, MA and Washington, DC: GTM
Research and Solar Energy Industries Association, 2014.
[21] Earth Policy Institute. Eco-Economy Indicators - Wind Power, 2014.
[22] Global Wind Energy Council. Global Wind Report 2014 Annaul Market Update. Technical
report, 2015.
[23] International Energy Agency. Online data service.
[24] International Energy Agency. World Energy Outlook 2006. Technical report, 2006.
[25] International Energy Agency. World Energy Outlook 2008. Technical report, 2008.
[26] International Energy Agency. World Energy Outlook 2009. Technical report, 2009.
[27] International Energy Agency. World Energy Outlook 2010. Technical report, 2010.
[28] International Energy Agency. World Energy Outlook 2011. Technical report, 2011.
[29] International Energy Agency. World Energy Outlook 2012. Technical report, 2012.

[30] International Energy Agency. World Energy Outlook 2013. Technical report, 2013.
[31] International Energy Agency. World Energy Outlook 2014. Technical report, 2014.
[32] U.S. Energy Information Administration. International Energy Outlook 2010. Technical report,
U.S. Energy Information Administration, 2010.
[33] U.S. Energy Information Administration. International Energy Outlook 2011. Technical report,
U.S. Energy Information Administration, 2011.
[34] U.S. Energy Information Administration. International Energy Outlook 2013. Technical report,
U.S. Energy Information Administration, 2013.
[35] Various contributors. International technology roadmap for photovoltaic (ITRPV). Technical
report, 2015.
[36] Bloomberg New Energy Finance. Global trends in renewable energy investment 2013. Technical
report, 2013.
[37] REN21. Renewable 2014 Global Status Report. Technical report, 2014.
[38] Bloomberg New Energy Finance. Bloomberg New Energy Finance Summit. Technical report,
BNEF, 2012.
[39] International Renewable Energy Agency. Renewable Power Generation Costs in 2014. Technical
report, IRENA, 2015.
[40] Mark Bolinger and Ryan Wiser. Understanding wind turbine price trends in the U.S. over the
past decade. Technical report, 2011.
[41] U.S. Department of Energy. 2014 Wind Technologies Market Report. Technical Report August,
DOE, 2015.
[42] National Renewable Energy Laboratory. IEA Wind Task 26: The Past And Future Cost of Wind
Energy. Technical report, 2012.
[43] U.S. Department of Energy. Enabling Wind Power Nationwide. (May), 2015.
[44] International Energy Agency. Energy policies of IEA countries Sweden 2013. Technical report,
2013.
[45] Intergovernmental Panel on Climate Change. Working Group III Contribution to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Technical report, 2014.
[46] U.S. Energy Information Administration. Levelized Cost and Levelized Avoided Cost of New
Generation Resources in the Annual Energy Outlook 2015.
[47] World Energy Council. World Energy Perspective - Cost of Energy Technologies. Technical
report, London, 2013.
[48] J. D. Farmer and J. E. Trancik. Dynamics of technological development in the energy sector. In
J. P. Onstwedder and M. Mainelli, editors, London Accord Final Publication, 2007.

[49] J. McNerney, J. D. Farmer, S. Redner, and J. E. Trancik. Role of design complexity in technology
improvement. Procceedings of the National Academy of Sciences, 108(22):9008–9013, 2011.
[50] B. Nagy, J. D. Farmer, Q. M. Bui, and J. E. Trancik. Statistical basis for predicting technological
progress. PLoS ONE, 8:e52669, 2013.
[51] Jessika E. Trancik and Daniel Cross-Call. Energy technologies evaluated against climate targets
using a cost and carbon trade-off curve. Environmental Science & Technology, 47(12):6673–
6680, 2013.
[52] Soren Anderson and Richard Newell. Prospects for carbon capture and storage technologies.
Annual Review of Environmental Resources 2004, 29:109–142, 2004.
[53] Steven Chu. Carbon capture and sequestration. Science, 325(5948):1599, 2009.
[54] R. Stuart Haszeldine. Carbon capture and storage: How green can black be?
325(5948):1647–1652, 2009.

Science,

[55] Naser A. Odeh and Timothy T. Cockerill. Life cycle GHG assessment of fossil fuel power plants
with carbon capture and storage. Energy Policy, 36(1):367 – 380, 2008.
[56] T. Bruckner, I. A. Bashmakov, Y. Mulugetta, H. Chum, A. de la Vega Navarro, J. Edmonds,
A. Faaij, B. Fungtammasan, A. Garg, E. Hertwich, D. Honnery, D. Infield, M. Kainuma,
S. Khennas, S. Kim, H. B. Nimir, K. Riahi, N. Strachan, R. Wiser, and X. Zhang. Chapter 7
Energy Systems, In: Climate Change 2014: Mitigation of Climate Change. Contribution of
Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Technical report, Cambridge, United Kingdom and New York, NY, USA, 2014.
[57] Michael L. Szulczewski, Christopher W. MacMinn, Howard J. Herzog, and Ruben Juanes.
Lifetime of carbon capture and storage as a climate-change mitigation technology. Proceedings
of the National Academy of Sciences, 109(14):5185–5189, 2012.
[58] Edward S. Rubin, Ines M.L. Azevedo, Paulina Jaramillo, and Sonia Yeh. A review of learning
rates for electricity supply technologies. Energy Policy, 86:198 – 218, 2015.
[59] Intergovernmental Panel on Climate Change. Special Report on Renewable Energy Sources and
Climate Change Mitigation. Cambridge University Press, United Kingdom and New York, NY,
USA, 2011.
[60] Performance curve database (PCDB). http://pcdb.santafe.edu/. Accessed: 2015-11-10.
[61] International Energy Agency and Nuclear Energy Agency. Technology Roadmap: Nuclear
Energy. Technical report, 2015.
[62] James McNerney, J. Doyne Farmer, and Jessika E. Trancik. Historical costs of coal-fired
electricity and implications for the future. Energy Policy, 39(6):3042–3054, 2011.
[63] T. D. Kelly and G. R. Matos. Historical statistics for mineral and material commodities in the
United States (2013 version): U.S. Geological Survey Data Series 140, 2013.
[64] World Bank. World Bank Global Economic Monitor Database Commodity Price Data. http:
//data.worldbank.org/data-catalog/commodity-price-data.

[65] International Energy Agency. IEA Statistics: Electricity Information. Technical report, IEA,
2015.
[66] International Energy Agency. Energy Technology Perspectives 2014. Technical report, 2014.
[67] Xi Lu, Michael B. McElroy, and Juha Kiviluoma. Global potential for wind-generated electricity.
Proceedings of the National Academy of Sciences, 106(27):10933–10938, 2009.
[68] Massachusetts Institute of Technology. The Future of Solar Energy. Technical report, MIT,
2015.
[69] R. Kleijn, E. van der Voet, G. J. Kramer, L. van Oers, and C. van der Giesen. Metal requirements
of low-carbon power generation. Energy, 36(9):5640–5648, 2011.
[70] T.E. Graedel. On the future availability of the energy metals. Annual Review of Materials
Research, 41(1):323–335, 2011.
[71] Laxson, A and Hand, M.M. and Blair, N. High Wind Penetration Impact on U.S. Wind
Manufacturing Capacity and Critical Resources. Technical report, NREL, October 2006.
[72] Rene Kleijn and Ester van der Voet. Resource constraints in a hydrogen economy based
on renewable energy sources: An exploration. Renewable and Sustainable Energy Reviews,
14(9):2784 – 2795, 2010.
[73] C. Wadia, A. P. Alivisatos, and D. M. Kammen. Materials availability expands the opportunity
for large-scale photovoltaics deployment. Environmental Science & Technology, 43:2072–2077,
2009.
[74] Joel Jean, Patrick R. Brown, Robert L. Jaffe, Tonio Buonassisi, and Vladimir Bulovic. Pathways
for solar photovoltaics. Energy and Environmental Science, 8:1200–1219, 2015.
[75] Goksin Kavlak, James McNerney, Robert L. Jaffe, and Jessika E. Trancik. Metal production
requirements for rapid photovoltaics deployment. Energy Environ. Sci., 8:1651–1959, 2015.
[76] Glen P. Peters, Robbie M. Andrew, Susan Solomon, and Pierre Friedlingstein. Measuring a fair
and ambitious climate agreement using cumulative emissions. Environmental Research Letters,
10(10):105004, 2015.
[77] United Nations, Framework Convention on Climate Change. Decision -/CP.20 Lima call for
climate action. http://unfccc.int/files/meetings/lima_dec_2014/application/pdf/auv_cop20_lima_
call_for_climate_action.pdf, 2014.
[78] United Nations, Framework Convention on Climate Change. Synthesis report on the aggregate
effect of the intended nationally determined contributions. http://unfccc.int/resource/docs/2015/
cop21/eng/07.pdf, 2015.
[79] Fergus Green and Nicholas Stern. China’s new normal: Structural change, better growth and peak
emissions. Policy Brief, Grantham Research Institute on Climate Change and the Environment,
pages 1–64, 2015.
[80] International Monetary Fund. World Economic Outlook Update: July 2015. Technical report,
2015.

[81] United Nations, Framework Convention on Climate Change, United States of America.
Enhanced actions on climate change: China’s intended nationally determined contributions. http://www4.unfccc.int/submissions/INDC/Published%20Documents/China/1/China’
s%20INDC%20-%20on%2030%20June%202015.pdf, 2015.
[82] Buckley, Chris.
China burns much more coal than reported, complicating climate
talks. http://www.nytimes.com/2015/11/04/world/asia/china-burns-much-more-coal-thanreported-complicating-climate-talks.html?_r=0, 2015.
[83] Zhu Liu, Dabo Guan, Steven J. Davis, Philippe Ciais, Jin Bai, Shushi Peng, Qiang Zhang, Klaus
Hubacek, Gregg Marland, Robert J. Andres, Douglas Crawford-Brown, Jintai Lin, Hongyan
Zhao, Chaopeng Hong, Thomas A. Boden, Kuishuang Feng, Glen P. Peters, Fengming Xi,
Junguo Liu, Yuan Li, Yu Zhao, Ning Zeng, and Kebin He. Reduced carbon emission estimates
from fossil fuel combustion and cement production in China. Nature, 524:335–338, 2015.
[84] United Nations, Framework Convention on Climate Change, India. India’s intended nationally
determined contribution: Working towards climate justice. http://www4.unfccc.int/submissions/
INDC/Published%20Documents/India/1/INDIA%20INDC%20TO%20UNFCCC.pdf, 2015.
[85] Swarnalakshmi Umamaheswaran and Rajiv Seth. Financing large scale wind and solar projects:
A review of emerging experiences in the indian context. Renewable and Sustainable Energy
Reviews, 48:166–177, 2015.
[86] Karan Kapoor, Krishan Pandey, A.K. Jain, and Ashish Nandan. Evolution of solar energy in
India: A review. Renewable and Sustainable Energy Reviews, 40(3-4):475–487, 2014.
[87] United Nations, Framework Convention on Climate Change, United States of America. U.S.
cover note, INDC and accompanying information. http://unfccc.int/files/focus/indc_portal/
application/pdf/u_s_cover_note_indc_and_accompanying_information.pdf, 2015.
[88] U.S. Environmental Protection Agency. Regulatory Impact Analysis for the Clean Power Plan
Final Rule. Technical Report EPA -542/R, 2015.
[89] Environmental Protection Agency (EPA). Inventory of U.S. Greenhouse Gas Emissions and
Sinks, 2015.
[90] The White House. Fact Sheet: Administration Takes Steps Forward on Climate Action Plan by
Announcing Actions to Cut Methane Emissions, 2015.
[91] A. R. Brandt, G. A. Heath, E. A. Kort, F. O’Sullivan, G. Pétron., S. M. Jordaan, P. Tans, J. Wilcox,
A. M. Gopstein, D. Arent, S. Wofsy, N. J. Brown, R. Bradley, G. D. Stucky, D. Eardly, and
R. Harriss. Methane leaks from North American natural gas systems. Science, 342:733–735,
2014.
[92] Robert Harriss, Ramon A. Alvarez, David Lyon, Daniel Zavala-Araiza, Drew Nelson, and
Steven P. Hamburg. Using Multi-Scale Measurements to Improve Methane Emission Estimates
from Oil and Gas Operations in the Barnett Shale Region, Texas. Environ. Sci. Technol.,
49:7524–7526, 2015.

[93] United Nations, Framework Convention on Climate Change, Latvia and the European Commission on behalf of the European Union. Intended nationally determined contribution of the EU
and its member states. http://www4.unfccc.int/submissions/INDC/Published%20Documents/
Latvia/1/LV-03-06-EU%20INDC.pdf, 2015.
[94] European Environment Agency. Annual European greenhouse gas inventory 1990-2012 and
inventory report 2014. Technical Report 09/2014, 2014.
[95] Sanghyun Hong, Corey Bradshaw, and Barry Brook. Evaluating options for the future energy
mix of Japan after the Fukushima nuclear crisis. Energy Policy, 56(31):418–424, 2014.
[96] Takeshi Kuramochi. Review of energy and climate policy developments in Japan before and
after Fukushima. Renewable and Sustainable Energy Reviews, 43(3-4):1320–1332, 2013.
[97] The Federation of Electric Power Companies of Japan. Profile of Japan’s major power generation
sources, 2015.
[98] International Energy Agency. IEA Review, Indonesia 2015. Technical report, 2015.
[99] Fraunhofer Institute. Current and future cost of photovoltaics. Technical report, 2015.
[100] Lena Neij. Use of experience curves to analyse the prospects for diffusion and adoption of
renewable energy technology. Energy Policy, 25(13):1099–1107, 1997.
[101] A McDonald and L Schrattenholzer. Learning rates for energy technologies. Energy Policy,
29(4):255–261, 2001.
[102] Martin Weiss, Martin Junginger, Martin K. Patel, and Kornelis Blok. A review of experience
curve analyses for energy demand technologies. Technological Forecasting and Social Change,
77(3):411–428, 2010.
[103] T. P. Wright. Factors affecting the cost of airplanes. Journal of Aeronautical Science, 3(4):122–
128, 1936.
[104] G. E. Moore. Progress in digital integrated electronics. IEEE International IEEE International
Electron Devices Meeting, pages 11–13, 1975.
[105] John M. Dutton and Annie Thomas. Treating progress functions as a managerial opportunity.
The Academy of Management Review, 9(2):235–247, 1984.
[106] Graham Hall and Sydney Howell. The experience curve from the the experience curve from the
economist’s perspective. Strategic Management Journal, 6:197–212, 1985.
[107] Gregory F. Nemet. Beyond the learning curve: factors influencing cost reductions in photovoltaics. Energy Policy, 34(17):3218 – 3232, 2006.
[108] C. Goddard. Debunking the learning curve. IEEE Transactions on Components, Hybrids, and
Manufacturing Technology, 5(4):328–335, 1982.
[109] Arnulf Grubler, Nebojsa Nakicenovic, and David G Victor. Dynamics of energy technologies
and global change. Energy Policy, 27(5):247 – 280, 1999.

[110] Ger Klaassen, Asami Miketaa, Katarina Larsenb, and Thomas Sundqvistc. The impact of R&D
on innovation for wind energy in Denmark, Germany and the United Kingdom. Ecological
Economics, 54(2-3):227–240, 2005.
[111] T. Jamasb. Technical change theory and learning curves: Patterns of progress in electricity
generation technologies. Energy Journal, 28(3):51–71, 2007.
[112] William D. Nordhaus. The perils of the learning model for modeling endogenous technological
change. Technical report, National Bureau of Economic Research, 2009.
[113] Michael Dunford, Kyoung H Lee, Weidong Liu, and Godfrey Yeung. Geographical interdependence, international trade and economic dynamics: The Chinese and German solar energy
industries. European Urgan and Regional Studies, 20(1):14–36, 2012.
[114] Bart Verspagena Bart Verspagen. Measuring intersectoral technology spillovers: Estimates from
the european and us patent office databases. Economic Systems Research, 9(1):47–65, 1997.
[115] Mark Bolinger and Samantha Weaver. Utility-scale solar 2014: An empirical analysis of project
cost, performance, and pricing trends in the united states. Technical report, Lawrence Berkeley
National Laboratory, 2015.
[116] U.S. Energy Information Administration. Levelized cost and levelized avoided cost of new
generation resources in the annual energy outlook 2015. 2015.
[117] California ISO Website. http://www.caiso.com, 2013.
[118] Energy Reliability Council of Texas Website. http://www.ercot.com, 2013.
[119] ISO New England Website. http://www.iso-ne.com, 2013.
[120] National Solar Radiation Database. http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2010/, 2013.
[121] William Braff, Joshua Mueller, and Jessika Trancik. Value of storage technologies for wind and
solar energy. In review.
[122] Vestas Website. http://www.vestas.com, 2013.
[123] Stefan Reichelstein and Michael Yorston. The prospects for cost competitive solar PV power.
Energy Policy, 55:117–127, 2013.
[124] National Renewable Energy Laboratory. https://en.openei.org/datasets/dataset/solar-resourcesby-class-and-country.
[125] B.P. Weidema, Ch. Bauer, R. Hischier, Ch. Mutel, T. Nemecek, J. Reinhard, C.O. Vadenbo, and
G Wernet. The ecoinvent database: Overview and methodology, Data quality guideline for the
ecoinvent database version 3, 2013.
[126] Ian F. Roth and Lawrence L. Ambs. Incorporating externalities into a full cost approach to
electric power generation life-cycle costing. Energy, 29(12-15):2125–2144, Dec 2004.
[127] National Renewable Energy Laboratory. Life Cycle Greenhouse Gas Emissions from Electricity
Generation. 2013.

[128] Lion Hirth. The market value of variable renewables, The effect of solar wind power variability
on their relative price. Energy Economics, 38:218–236, 2013.
[129] Eric Hittinger, J. F. Whitacre, and Jay Apt. Compensating for wind variability using co-located
natural gas generation and energy storage. Energy Systems, 1:417–439, Aug 2010.
[130] Andrew Mills and Ryan Wiser. Changes in the Economic Value of Variable Generation at High
Penetration Levels: A Pilot Case Study of California. (June):1–111, 2012.
[131] Jay Taneja, David Culler, and Prabal Dutta. Towards Cooperative Grids: Sensor/Actuator
Networks for Renewables Integration. 2010 First IEEE International Conference on Smart Grid
Communications, pages 531–536, 2010.
[132] Björn Nykvist and Måns Nilsson. Rapidly falling costs of battery packs for electric vehicles.
Nature Climate Change, 2015.
[133] Tom Brown. Transmission network loading in Europe with high shares of renewables. IET
Renewable Power Generation, 9(October 2014):57–65, 2015.
[134] Cristina L. Archer and Mark Z. Jacobson. Supplying Baseload Power and Reducing Transmission
Requirements by Interconnecting Wind Farms. Journal of Applied Meteorology and Climatology,
46(11):1701–1717, Nov 2007.
[135] By Angelo Ferrante, Norela Constantinescu, and Joana Abreu Jackson. Lines of Convergence.
IEEE power & energy magazine, (January):52–59, 2015.
[136] B. Dupont, C. De Jonghe, L. Olmos, and R. Belmans. Demand response with locational dynamic
pricing to support the integration of renewables. Energy Policy, 67:344–354, 2014.
[137] Benjamin Biegel, Lars Henrik Hansen, Jakob Stoustrup, Palle Andersen, and Silas Harbo. Value
of flexible consumption in the electricity markets. Energy, 66:354–362, 2014.
[138] Carlo Carraro, Massimo Tavoni, Thomas Longden, and Giacomo Marangoni. The optimal energy
mix in power generation and the contribution from natural gas in reducing carbon emissions to
2030 and beyond. 2013.
[139] April Lee, Owen Zinaman, and Jeffrey Logan. Opportunities for synergy between natural gas
and renewable energy in the electric power and transportation sectors. Technical report, National
Renewable Energy Laboratory, 2012.
[140] Goksin Kavlak, James McNerney, and Jessika E. Trancik. Evaluating the changing causes of PV
cost reduction. Working paper, 2015.
[141] Luís M. A. Bettencourt, Jessika E. Trancik, and Jasleen Kaur. Determinants of the pace of global
innovation in energy technologies. PLoS ONE, 8(10):e67864, 10 2013.
[142] U.S. Department of Energy. SunShot Vision Study. Technical report, U.S. Department of
Energy, Washington, DC, 2012.
[143] Government of India, Ministry of External Affairs. Joint statement on climate change between
India and China during Prime Minister’s visit to China [press release]. May 15, 2015.

[144] The White House, Office of the Press Secretary. U.S.-China joint presidential statement on
climate change [press release]. September 25, 2015.
[145] German Bundestag. Act on the development of renewable energy sources. 2014.
[146] The White House, Office of the Press Secretary. U.S.-Brazil joint statement on climate change
[press release]. June 30, 2015.
[147] U.S. Department of Energy. SunShot Vision Study. Technical report, U.S. Department of
Energy, Washington, DC, 2012.
[148] International Energy Agency. Technology Roadmap, Solar Photovoltaic Energy. Technical
report, 2014.
[149] David Nelson and Gireesh Shrimali. Finance Mechanisms for Lowering the Cost of Renewable
Energy in Rapidly Developing Countries. Technical Report January, Climate Policy Initiative
(CPI), 2014.
[150] Kristen Ardani, Dan Seif, Robert Margolis, Jesse Morris, Carolyn Davidson, Sarah Truitt, and
Roy Torbert. Non-hardware (“soft”) cost-reduction roadmap for residential and small commercial
solar photovoltaics, 2013-2020. Technical Report NREL/TP-7A40-59155, National Renewable
Energy Laboratory, 2013.

This document was created based on the Legrand Orange Book LATEX template by Mathias Legrand,
downloaded from www.LaTeXTemplates.com under License CC BY-NC-SA 3.0.

