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Preface

This study was commissioned by Ecomagination of General Electric and carried out by the Joint
Institute for Strategic Energy Analysis. It describes recent trends in renewable electricity (RE)
costs and technology improvements. RE technologies, led by wind and solar photovoltaics, have
accounted for roughly half of all new capacity additions around the world since 2011. This
research highlights how RE costs have declined to the point of being increasingly competitive
with many traditional generation options, even without incentives.
This study focuses on costs and brief technology assessments; it does not consider the many
complex market and policy issues that influence deployment of technologies. It also restricts
itself to RE costs at the busbar, or point of departure from the power plant. Transmission and
integration costs are complex, highly site-specific, and beyond the scope of this study.
The authors calculate the levelized cost of electricity generation for three regions of the world as
the technologies are understood today, and based on expected changes over the next decade. Of
course, no one knows how costs will actually change over that time, so the results should be
considered as one view of the future. The estimated costs used in this study were taken from a
combination of literature reviews and expert interviews.
The technology assessments in this study also come from a combination of materials from
published literature and from expert interviews with scientists at the National Renewable Energy
Laboratory in late 2014.
Finally, the authors present case study “snapshots” of RE deployment trends in two countries:
China and the United States. While there are many other interesting stories to tell about RE
deployment around the globe, the authors chose these two because of their sizes, dynamism, and
unique policy environments. Although an analysis of market and policy effects on RE is beyond
the scope of this study, these case studies provide real world context for the RE technology
trends described throughout the paper.
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Executive Summary

A sophisticated set of renewable electricity (RE) generation technologies is now commercially
available. Globally, RE captured approximately half of all capacity additions since 2011. The
cost of RE is already competitive with fossil fuels in some areas around the world, and prices are
anticipated to continue to decline over the next decade. RE options, led by wind and solar, are
part of a suite of technologies and business solutions that are transforming electricity sectors
around the world.
Renewable deployment is expected to continue due to:
•

Increasingly competitive economics

•

Favorable environmental characteristics such as low water use, and minimal local air
pollution and greenhouse gas (GHG) emissions

•

Complementary risk profiles when paired with natural gas generators

•

Strong support from stakeholders.

Despite this positive outlook for renewables, the collapse in global oil prices since mid-2014 and
continued growth in natural gas supply in the United States—due to the development of low-cost
shale gas—raise questions about the potential impacts of fossil fuel prices on RE. Today, oil
plays a very minor role in the electricity sectors of most countries, so direct impacts on RE are
likely to be minimal (except where natural gas prices are indexed to oil). Natural gas and RE
generating options appear to be more serious competitors than oil and renewables. Low gas
prices raise the hurdle for RE to be cost competitive. Additionally, although RE emits far less
GHG than natural gas, both natural gas and RE offer the benefits of reducing carbon relative to
coal and oil (see Section 4.1 for more detail on the GHG intensity of electricity technologies).
However, many investors and decision makers are becoming aware of the complementary
benefits of pairing natural gas and renewables to minimize risk of unstable fuel prices and
maintain the reliability of electricity to the grid. Even relatively low natural gas prices in North
America over the past five years have not significantly impacted the deployment of RE, and it
thus appears that both natural gas and renewables have opportunities to continue growing in the
near- to mid-term.
This report examines cost reduction and technology improvement trends for a suite of RE
generation options, and illuminates other factors that may influence their deployment through
2025.
Cost Trends
Over the past few decades, technological advancements have led to notable cost and performance
improvements for some RE options, particularly land-based wind and solar photovoltaics (PV).
The combination of technical and cost competiveness advances along with innovative financing,
deal structuring, and business models for solar PV has opened the market to new producer and
consumer segments, and more generally has made renewables increasingly cost competitive in
many regions.
RE costs have declined dramatically over the past decades—some up to nearly 80% since
2009—with the most significant improvements in wind and solar PV (see Section 2 for more
v
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detail). Cost reductions are likely to continue as markets expand and technologies improve. The
levelized cost of electricity 1 (LCOE) of solar PV dropped by 50% between 2010 and 2014 alone,
making PV increasingly competitive in both the residential and utility markets. Today, onshore
wind LCOEs fall either within the range or below those of new fossil fuel power generation.
Figure ES-1 shows the unsubsidized LCOEs for wind, centralized utility-scale solar PV, natural
gas combined-cycle, and coal in the United States, Germany, and China for the year 2014, and
projections for 2025 based on 2014 estimates of changing costs.

Figure ES-1: Unsubsidized LCOE ranges (2014$) calculated for the United States, Germany, and
China in 2014 and 2025
Source: JISEA calculations. See Figure 3 in main body of text.

These levelized costs are for plant level “busbar” power and do not consider the potential need
for new transmission infrastructure or other integration costs. Integration cost methods are not
1

LCOE represents the per-kilowatt hour cost of building and operating a generating plant over an assumed financial
life and utilization rate, including capital costs, fixed and variable operation and maintenance costs, financing costs,
fuel costs, and return on investment.
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consistent across studies and are still evolving; therefore, it is difficult to compare integration
costs across technologies. The LCOE ranges are wide because RE costs vary by region within a
country based on solar and wind resource. 2 For example, the highest LCOE values in solar PV
reflect regions with low solar resource, such as in northern Germany. Likewise, fossil fuel prices
vary across countries and within them. In the United States, Germany, and China, solar and wind
are either currently competitive or are expected to become competitive with new fossil
generation, on average, by 2025 based on our assessment.
Technology and Integration Trends
Growth in RE installations around the globe has been robust since 2004. Cumulative global wind
power capacity expanded from 48 GW in 2004 to 318 GW at the end of 2013, while solar PV
grew from 2.6 GW to 139 GW over the same time period. Record growth continued in 2014
(REN21 2014).
Wind technology improvements have centered on higher towers, longer blades, advanced
materials, and use of intelligent communications to increase the energy output per unit of
investment. Likewise, solar technologies have improved through steady engineering and
manufacturing advances, greater economies of scale, and fundamental advances in materials
research.
With the increased penetration of RE, grid operators are faced with a new challenge: integrating
these often variable resources into the grid. New developments in near-term wind and solar
forecasting, faster planning cycles, expanded control areas, transmission expansion, demand side
flexibility, and flexible generators are helping to address this challenge. Research, and an
increasing experience base, suggests that integration of variable renewable generation,
particularly wind and solar electricity, of 30% of annual energy demand is readily feasible in
most locations around the world with the upper limits varying based on system flexibility,
market design, grid management and operations and other factors.
Other Key Insights
RE market development is increasingly being driven by the many benefits of renewables,
including energy security, resiliency, and the minimal impact renewables have on the
environment. Most RE options provide cleaner and less water-intensive power than traditional
generation. In addition, renewables are readily scalable, and can be rapidly deployed in both
centralized and decentralized markets. Figure ES-2 summarizes some of the key economic and
technical characteristics of RE options and compares them to natural gas combined-cycle
(NGCC), nuclear, and coal generators. Some of these ratings are admittedly dynamic and
subjective (siting and social acceptance, technology innovation opportunities); others are more
quantifiable and stable (water impacts, GHG emissions). This figure does not attempt to capture
other market and policy issues—such as the feasibility of finance—that go beyond the scope of
this study.

2

Some of the best resource sites, particularly for onshore wind, may lead to even lower LCOEs than reported here.
See section 2 for more detail.
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Figure ES-2: Comparison of select technical characteristics of global electricity generation
options
Source: JISEA

Sophisticated energy planning and investment decision-making often seek to balance short- and
longer-term risks. In the case of electricity generation, risks that directly affect project economics
include fuel supply, demand and price changes, a price on carbon, electricity price changes,
construction and capital costs, operating and maintenance costs, and decommissioning and
waste. Increased RE in a portfolio of generation resources offers many potential optimization
benefits in these contexts. For example, one key driver of electricity generation economic
attractiveness is fuel price risk. RE technologies have risk profiles that are different than (but
complementary to) most conventional resources because they have low operational costs and are
immune to fuel price risk. Electricity generation from fossil fuels is vulnerable to fuel price
volatility. Adding renewables to a portfolio can help hedge some of this risk. In addition,
different renewable technologies may have complementary risk profiles. For example, an
electricity portfolio with wind and solar can help hedge the risk of variable generation because
wind and solar resources tend to be prevalent during different times of the day.
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Globally, RE continues to benefit from transparent long-term pricing, low or reduced water
intensity, use of domestic resources, and contribution to local, regional, and global policy goals
of meeting renewable energy and environmental standards. Financial incentives and subsidies are
less likely to play a substantial role in the expansion of RE going forward than they have
previously, given increasing cost competitiveness within the current economic structures. Indeed,
in many locations, many RE technologies are already cost competitive with new conventional
generating sources even without financial support. However, a subsidy-free world does not imply
a policy-free environment. Moving forward, energy policies may focus more on enabling
integration, alternative market designs (such as one that values flexibility), and operational
advances.
Countries all over the world are incorporating more RE and transforming their electricity sectors.
Some of the countries with the most notable investment in RE since 2004 include Australia,
Brazil, Canada, China, Denmark, France, Germany, India, Italy, Japan, Mexico, the Philippines,
South Africa, the United Kingdom, the United States, and many others. This report briefly
explores two of these countries, the United States and China, which provide real world context
for the RE technology trends described throughout the paper. The case studies illustrate that
increased competitiveness of RE options may substantially contribute to local and national
goals—which would reflect strategic industrial policy, energy security and fuel diversification,
and air pollution mitigation drivers—and may lead to continued strong expansion of RE and
contribute to the transformation of the power market dynamics in China and the United States.
Advancements in RE technologies and experience gained from decades of learning have
dramatically changed electricity markets worldwide. Growing concerns about the water intensity
and GHG emissions from the electricity industry have illustrated the need for alternative
electricity options that are clean, reliable, and affordable. With the reductions in costs and RE
innovations that have occurred over the past decade, RE is better positioned than at any time in
history to provide increased value to customers, utilities and system operators, and contribute to
the new wave of electricity systems solutions.
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1 Introduction

Economists and scientists describe several “energy eras” through which societies have
progressed over time (Channell et al. 2013). Biomass, wind, solar, and water were some of our
earliest forms of energy. We used them to heat and cook, propel ships, and dry and grind grains.
Coal, oil, and natural gas—the fossil fuels—drove the industrial revolution and still make up the
bulk of energy use in most countries today. The ability to control nuclear fission led to a rapid
growth in nuclear electricity starting in the 1960s, and nuclear electricity continues to play an
important role in several countries. Starting in the 1970s, oil price shocks and environmental
concerns brought a renewed emphasis to harnessing our natural, renewable resources. RE options
have become major contributors in the latest energy era.
Growth in RE installations around the globe has been robust since the early 2000s. Global wind
power capacity expanded from 48 GW in 2004 to 318 GW at the end of 2013, while PV grew
from 2.6 GW to 139 GW (REN21 2014). Record growth continued in 2014. Figure 1 illustrates
this trend for most forms of RE generating capacity worldwide since 2000. While the total
capacity of non-hydro renewables remains low as an overall percentage of total electricity
generating capacity, new wind and solar capacity additions are growing especially quickly,
accounting for 56% of all new growth in total power sector capacity installations in 2013
(REN21 2014). 3

Figure 1. Global renewable power installed capacity
Note: PV only includes grid-connected capacity. CSP includes concentrated Photovoltaic.
Source: NREL 2014a

Despite this positive outlook for renewables, falling global oil prices and the abundance of
natural gas in the United States are changing market dynamics. Consequently, some question the
fate of renewables and whether the blossoming “renewable electricity era” is a short-term
trend—similar to what happened in the 1980s when oil prices plummeted—or a permanent
transition that would make RE the preferred option. Today, oil plays a small role in the electric
3

Globally, there are over 5200 GW of installed electrical generating capacity, so non-hydro renewables account for
just over 10% of the total (REN21 2014).
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power sectors of most countries; however, natural gas prices are sometimes indexed on oil and
low natural gas prices make it more challenging for renewables to be cost competitive. However,
natural gas is sometimes considered a complement to renewable sources of generation rather
than a competitor. 4
This brief report does not pursue a detailed analysis of how changing market dynamics such as
falling oil prices or natural gas abundance will impact the market for renewables. Rather, the
focus is on examining recent RE cost reduction trends and technology improvements, providing
insights into the potential role of RE in the coming decade.

1.1 Historical Background

RE options including wind, biomass, hydro, and solar were the first forms of energy that humans
exploited, and they remain important in many countries. Hydropower has played perhaps the
most import role among renewable options since 1900 and was especially notable in helping
countries bring electricity to the masses (Kellert 1997). In China, for example, small hydropower
brought energy access to some 300 million rural residents and enabled notable rural development
(IPCC 2011; Li et al. 2015). Today, however, wind and solar are driving transformation in many
countries, while geothermal, biomass, and hydropower make key contributions in others.
For much of the 20th century, electricity markets across the globe were fairly predictable, even if
they grew rapidly. 5 Vertically integrated utilities—sometimes owned by the state—had natural
monopolies to generate, transmit, and distribute electricity from large, centralized generating
stations to end users. Many industrialized countries gradually shifted from a heavy reliance on
hydropower to coal, oil, nuclear, and natural gas. But the oil price and availability shocks of the
1970s and growing concerns about environmental impacts associated with fossil fuel use and
nuclear accidents, especially, added at least some pressure for change. Many industrialized
countries also began to experiment with market reforms and restructuring of electricity markets
to introduce competition in generation and distribution. Technologies evolved, starting with the
gas turbine, and put new pressure on business models to change. Niche markets for “green”
power emerged and have grown into serious competitors with traditional sources, initially in
northern Europe, California, Hawaii, and island nations, where imported petroleum is
prohibitively expensive.
In the mid-2000s, when oil and natural gas prices were both high and volatile, RE began to hit its
stride in many countries. Wind, especially, grew rapidly in both developed and developing
countries. By 2010, prices for PV were in steep decline, leading to very strong growth in many
regions of the world. Still, coal, natural gas, and nuclear continued to grow strongly in at least a
few select nations. On top of this, the North American shale revolution began transforming the
outlook for natural gas (and oil) in that region and beyond. Perhaps surprisingly, the emergence
of abundant, relatively low-cost natural gas has not to date slowed renewable power growth.
Finally, ever-growing concerns about climate change are leading to new costs or investment risks
for carbon-intensive generating fuels and further incentivizing low-carbon options.
4

See Lee et al. 2012 and Cochran et al. 2014 for more background on the complementary nature of natural gas and
renewables.
5
For more background on the history of the electricity sector and current challenges, see, for example Eurolectric
2013; Smil 2010.
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One thing is now clear: the once staid electric utility industry is now undergoing considerable
change in Europe, the United States, and other regions of the world, with renewable generation
uptake, traditional business models, systems operations, and long-term planning changing as
never before.

1.2 Drivers of Greater Penetrations of RE

Renewable energy has become an increasingly attractive option for electricity generation as a
result of technology innovations, ongoing concerns over energy security, environmental impacts
associated with traditional energy use, and dramatic cost declines. Such factors, combined with
finance and business model innovations, are driving the growth of RE, opening the market to
new producer and consumer segments globally. These characteristics are expected to continue
incentivizing innovation and supporting increased market penetration of RE options over the
coming decades.

Figure 2. Record solar cell efficiencies by technology
Source: NREL 2015

First and foremost, technology innovations have improved performance and efficiencies
significantly and, in combination with economies of scale, have driven down cost to ranges that
are competitive in many locations. Most recently, this has been especially true for wind and
solar. Wind turbine sizes in the United States increased from an average of 75 kW in the 1980s
to 1.86 MW in 2013 (Wiser and Bolinger 2014). Over the same time period, fleet capacity
factors 6 increased from below 22% to 32% (Wiser and Bolinger 2014). Solar PV technologies
6

Capacity factor is the percentage of actual power generation in a year compared to the maximum potential. A 5kW residential solar system, for example, might have a capacity factor of 20%, meaning that it generates 8,760 kWh
of power each year compared to the maximum potential of 43,800 kWh.
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also improved significantly, leading solar power to be one of the fastest growing energy sources
globally. Record cell efficiencies for crystalline silicon (the largest market share PV technology)
improved from about 16% in 1980 to 25% in 2014 (see Figure 2).
The technically- and scale-driven cost improvements have led to more economically attractive
investment options, opening the market to new producer and consumer segments, and more
generally making RE more cost competitive with fossil fuels. In the face of rising electricity
prices and volatile fuel prices creating uncertainties for conventional generating facilities, the
value proposition for adopting renewables is increasingly grounded economically as well as
environmentally.
For example, the LCOE of solar PV dropped by 50% between 2010 and 2014, which has made it
increasingly competitive at the utility scale (IRENA 2015). Total installed costs of utility-scale
PV fell by 29% to 65% (depending on location) in that same time period, resulting in electricity
prices of US$0.08 per kWh (without financial incentives) for the most competitive utility-scale
projects (see Section 2 for more detail). While LCOE is only one metric used for investment
decisions that must account for resource diversification, regulation and policy goals, as well as
market design and dispatch decisions, the comparative cost of electricity generated from new
fossil fuel power plants typically ranges from US$0.045 to US$0.14 per kWh (without
incentives). As the least cost source of electricity available today, onshore wind LCOEs fall
either within the range or lower than for fossil fuels, where the most competitive wind projects
globally deliver electricity for roughly US$0.05/kWh without financial incentives (IRENA 2015;
see Section 2 for more detail). 7
As renewable technologies become economically competitive at both distributed and utility
scales and market structures mature, rapid year-on-year growth of RE deployment unfolds
(IRENA 2014). Rapid deployment coupled with high learning rates 8 for some of these
technologies has engendered a cycle that is expected to continue driving down costs, making
renewable power generation increasingly competitive with fossil fuels even without financial
support (IRENA 2015).
Furthermore, energy security concerns and the historical impacts of oil and natural gas price
swings have increasingly focused attention on renewables. Investment in more RE can help
establish diverse and stable generation portfolios because the risk profile of RE is different but
complementary to some conventional generation technologies (Lee et al. 2012). RE technologies,
with the exception of biomass power, have very low fuel and maintenance expenses and thus
they have predictable long-term costs. These traits complement fossil power generation options,
which tend to have lower upfront capital but higher (and volatile) operational costs due to
uncertain fossil fuel prices. Often, these costs (and their inherent uncertainties) are passed
through to the end-user.
While some commentators have declared traditional natural gas price volatility a thing of the past
in North America due to the shale gas revolution, gas prices continue to experience notable
seasonal and regional fluctuation (Spence 2012; Khan 2014). Prices are lower and perhaps less
7
8

Some of the best resource sites, particularly for onshore wind, may lead to even lower LCOEs.
Learning rates refer to the reduction in costs with increasing deployment of a technology.
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volatile than in the past; however, gas prices are still unstable and unpredictable. Furthermore,
environmental policy and regulation could impose additional costs on exploiting such resources,
which leaves producers with an additional source of uncertainty. Because renewables generally
have zero fuel costs and thus little to no uncertainty associated with operating costs, diversified
energy portfolios comprised of both renewables and conventional generation help minimize the
risk associated with generation cost escalation (Lee et al. 2012).
From an environmental standpoint, renewables offer GHG and conventional air pollution
emission reduction and lower water resource needs. Renewables have been a primary tool for
reducing GHG emissions from the power sector over the long-term, and are integral to some
countries’ efforts to clean up other air pollution as well (see NREL 2012a, for example).
As power systems continue to evolve, increasing RE generation has the potential to substantially
reduce CO2 emissions. The reduction becomes even more significant if RE generation displaces
coal instead of natural gas. For example, IPCC (2011) and Cochran et al. (2014) summarize a
wide variety of global simulations with very high levels of RE penetration; emissions of carbon
dioxide are generally inversely related to RE penetration. If concerns about the negative impacts
of climate change increase over the coming decades, RE options will likely become increasingly
attractive low-carbon energy alternatives.
Furthermore, increasing RE can reduce water withdrawals and consumption, which is
particularly relevant in water-constrained regions. For example, in 2000, electricity generation
accounted for about 50% of total United States water withdrawals from lakes or rivers; and,
although most of the water is recycled, about 9% of the water is consumed, which is the
equivalent of about 68 billion liters of water usage per day (DOE 2008). Electricity generation
from thermal sources, including nuclear, natural gas and coal, is significantly more waterintensive. Increasing renewable penetration in the United States to 80% by 2050 could result in a
50% reduction in water consumption from electricity generation (NREL 2012a). Although some
RE generation consumes water—i.e., bio-power and concentrating solar power for cleaning and
the power generation cycle— further investment in solar PV and wind generation has the
potential to substantially reduce future water usage. This is particularly beneficial for dry and
arid regions such as the Middle East, northern China and the southwestern area of the United
States, where water shortages are already a major concern (see Section 6 for international case
studies).

1.3 Challenges of Greater Penetrations of RE

Although RE, particularly variable wind and solar PV, faces challenges related to integration
within existing power systems, such challenges have been less onerous than originally estimated.
Wind and solar electricity have variable output, which increases the difficulty of operating the
real time power system as their penetration increases. However, the historical record suggests
that these are not fundamental limitations. System operators have dealt with variability since the
early days of the power grid and implemented solutions so that lights turn on when needed, air
conditioners run when it’s hot, and we have warm water as needed. Generation sources such as
steam turbines can respond to changes in power demand. In other words, they are dispatchable.
The introduction of variable generators has driven the need for changes in system operation
procedures, advances in forecasting of clouds and wind, and further advances in enabling
demand to respond dynamically to power system needs and price signals (see Section 5 for more
details).
5
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Whether on land, sea, or on top of a building, siting for renewable power systems is subject to
“the eye of the beholder.” Wind turbines can visually impact a landscape. Solar panels can
change the look of a house or building. In some cases, the addition of solar or wind has led to
value enhancements for the property owner (Hoen et al. 2013; Hoen 2012), but other situations
have highlighted concern for aesthetics or other impacts such as wildlife. Research over the past
decades has highlighted avian, radar, and property valuation issues and shown that active and
early community engagement is key to successful project development and balancing
stakeholder concerns (Devine-Wright and Howes 2010).
Another limitation to widespread RE deployment is related to high upfront capital costs and the
need in some markets for incentives that impact public spending. However, as highlighted in this
report, market developments since 2004 are rapidly improving system economics at all scales.
Continued improvements in cost-competitiveness are expected to lead to renewables accounting
for 69% to 74% of new power capacity added worldwide by 2030 (BNEF 2013). As RE
technologies have improved and new business models have developed, countries around the
globe have been diversifying their electric generation portfolios and markets for cleaner,
renewable resources have continued to expand. Additionally, as we have seen in many regions
around the world, some renewable technologies are already competitive with conventional
energy sources even without government incentives (IRENA 2012).
This report is organized as follows. Section 2 evaluates the current and future cost estimates for
RE options and compares them with conventional options in three distinct regions of the world.
Section 3 explores innovations driving the substantial growth in RE over the past two decades
and how these innovations could change through 2025. Section 4 outlines environmental drivers
(GHG and water attributes especially) that add further weight to the growing benefits of RE
Section 5 discusses some of the best practices followed in integrating variable RE into the grid.
Finally, Section 6 presents case studies for the United States and China exploring recent RE
trends in two countries with contrasting market dynamics.
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2 Economic Competitiveness: Moving Beyond
Incentive Reliance

One popularized myth about RE is that it is simply too expensive. This section aims to demystify
that myth. While there is often little disagreement about the environmental benefits of various
renewable technologies, there is less agreement about whether renewable technology is
economically efficient. RE may have been too expensive in the past; however, with innovations
in RE technology and cost improvements since 2004, RE options are becoming competitive with
conventional electricity in many regions throughout the world.

2.1 LCOE: Recent Improvements and a Focus on Wind and Solar PV

The metric most commonly used to characterize economic “competitiveness” between
renewables and other traditional forms of electricity generation is levelized cost of electricity
(LCOE). 9 The LCOEs of leading technologies such as solar PV, wind, and others have been
declining with reduced capital costs, economies of scale, improved capacity factors, and
increased technology efficiency (REN21 2014; Feldman et al. 2014; Wiser and Bolinger 2014).
Leading the accelerated renewables market growth is utility-scale solar PV and wind energy –
the LCOEs of PV and wind have fallen most significantly, by more than 50% since 2009 (Lazard
2014; IRENA 2015).
Figure 3 compares unsubsidized LCOEs (in 2014$) by region and technology for 2014 with
projected changes in 2025. The estimates were calculated using the National Renewable Energy
Laboratory’s (NREL) System Advisor Model. 10 The range of LCOEs accounts for differences in
fuel costs, capacity factors, and other location-specific factors. Input assumptions were gathered
from recent studies and are provided in Appendix A. In the United States, the unsubsidized cost
of solar PV and wind energy fell below $90 per MWh in 2014 in some locations, indicating that
those renewable generation technologies could be cost-competitive with new baseload power
from coal (which ranges from $63 to $129 per MWh) in some cases. Peaking power prices tend
to be even higher, and estimates indicate that peak-coincident (e.g. producing at the high demand
times of day, albeit not “dispatchable”) centralized utility-scale solar PV is now competitive for
peak energy relative to fossil fuels in many regions without subsidies (e.g. Jorgensen et al. 2014,
IRENA 2015). In Germany and China, wind energy is often competitive with conventional
technologies, and by 2025, both solar and wind are anticipated to be more competitive in the
United States, Germany, and China.

9

LCOE represents the per-kilowatt hour cost of building and operating a generating plant over an assumed financial
life, including capital costs, fixed and variable operations and maintenance costs, financing costs, fuel costs, and an
assumed utilization rate (EIA 2014c). In other words, an LCOE is the constant price at which electricity would have
been otherwise sold in order for the production facility to break even—with a specified return on investment—over
the project’s lifetime, assuming full capacity operations (Heal 2009).
10
For more on the System Advisor Model, please visit https://sam.nrel.gov/.
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Figure 3. Unsubsidized LCOE ranges (2014$) calculated for the United States, Germany, and China
for 2014 and 2025
Source: Natural gas and coal prices from EIA 2014a; Quandl 2014; BNEF 2014a; BNEF 2014b. Capital
costs from NREL 2015; BNEF 2014b; Lazard 2014; REN21 2014; IEA 2013; Philibert et al. 2014;
Feldman et al. 2014; TCDB 2014; EIA 2013; EIA 2014c; Mai et al. 2014; Fraunhofer 2013. See Appendix
A for all input assumptions.

A key driver of RE attractiveness is the absence of fuel price risk. Renewables such as solar and
wind generation technologies have zero fuel costs and relatively small variable operation and
maintenance (O&M) costs, so their LCOEs are roughly proportionate to estimated capital costs
and the cost of financing. However, LCOEs for technologies with high fuel costs are determined
by both fuel cost and capital costs, which not only impose additional costs but also an additional
uncertainty regarding fuel prices—particularly on a multi-decadal basis reflective of the
technology’s economic and operational life. Electricity generation from fossil fuels is more
vulnerable to fuel price volatility. This not only impacts revenue streams for investors but also
electricity prices faced by ratepayers because fuel price increases (or decreases) can be passed
through to customers.
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The costs of integrating these variable sources of RE into the grid so that the grid operate reliably
are not included in these estimates. Estimating the causality and magnitude of these costs is
complicated and regionally specific. An increasing number of integration cost studies are
available, especially in the United States and Europe. Integration studies strive to economically
account for the unique characteristics of variable RE generation such as lower average and
decreasing marginal capacity value for wind and the high correlation of solar production profile
with peak demand, as well as many other power system requirements. However, the methods for
calculating integration costs are still evolving and not consistent across studies, which creates
difficulties when comparing integration costs across technologies (Milligan et al. 2011). In
general, integration costs are considered modest (less than $5 per MWh) at renewable
penetration levels below 20% or 30%, although actual costs are system-specific and dependent
on the existing level of variable renewable generators in the system (IPCC 2011, Porter et al.
2013).
Also not included in these LCOE comparisons are the external environmental costs, which are
often far higher for conventional technologies than for renewable options due to the large
amounts of GHG emissions produced from fossil fuels (see Section 4.1 for more detail on the
GHG-intensity of electricity technologies). These costs to the environment are difficult to
calculate due to uncertainties. However, including external environmental costs in the LCOE
may significantly increase the cost competitiveness of renewables. For example, the United
States government estimates that the social cost of carbon (SCC) 11 ranges from $12 per ton of
carbon to $116 in 2015, depending on the discount rate used. The SCC is expected to increase to
a range from $22 to $204 per ton by 2040 (Interagency Working Group on Social Cost of Carbon
2013).
Analysis of anticipated continued cost reductions for wind and solar PV in a few countries
illustrates possible increasing cost competitiveness for wind and solar PV. For example, Figure 4
through Figure 9 compare wind and solar PV to NGCC on an LCOE basis through 2025 using
renewable cost assumptions and natural gas prices for each country (LCOEs were calculated
using NREL’s Solar Advisor Model; see Appendix A for details). Rather than offer a single point
estimate for LCOE, the graphs display the range of typical potential LCOE for each generating
option. These are busbar (i.e., at the power station) levelized costs and do not consider the
potential need for new transmission infrastructure or other integration costs.

11

For more information on the SCC, see IPCC 2007; EPA 2013; Interagency Working Group on Social Cost of
Carbon 2013.
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Figure 4. United States utility-scale solar PV LCOE compared to NGCC
Source: JISEA calculations. See Appendix A for input assumptions.
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Figure 5. Germany utility-scale solar PV LCOE compared to NGCC
Source: JISEA calculations. See Appendix A for input assumptions.
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Figure 6. China utility-scale solar PV LCOE compared to NGCC
Source: JISEA calculations. See Appendix A for input assumptions.
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Figure 7. United States wind LCOE compared to NGCC
Source: JISEA calculations. See Appendix A for input assumptions.
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Figure 8. Germany wind LCOE compared to NGCC
Source: JISEA calculations. See Appendix A for input assumptions.
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Figure 9. China wind LCOE compared to NGCC
Source: JISEA calculations. See Appendix A for input assumptions

In each case examined, wind and solar bands either already overlap with NGCC LCOE ranges or
the RE technologies become competitive before 2025.
Going forward, RE is expected to be less reliant on financial incentives and subsidies given
increasing cost competitiveness within the current economic structures. At the same time, a
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subsidy-free world does not mean policy-free. Future policies may focus more on enabling
integration and market design (such as one that values flexibility), and operational advances.
The use of LCOE alone for evaluating economic competitiveness can be misleading because it
does not consider costs and risks of conventional technologies, such as fuel price volatility and
environmental externalities, or the value of risk hedging more generally. These factors make
renewables even more cost-competitive, if not the least-cost option, in many situations. On the
other hand, accounting for integration costs for variable RE, including capacity value and
transmission infrastructure needs, while moderate, allows for more complete economic
comparisons.

2.2 Looking Beyond LCOE

Electricity capacity expansion planning and policymaking has traditionally relied upon least-cost
analyses. But when considering the broader energy landscape, investment decision-making
generally goes beyond a simple least-cost analysis because numerous factors and risks offer
additional value propositions, particularly in energy markets. More sophisticated energy planning
and investment decision-making applies portfolio optimization techniques as investors and
policymakers seek to balance costs, reliability, and risks in order to maximize prospective returns
on investment and to meet reliability objectives (Bachrach et al. 2003; Gross et al. 2007). 12
While costs are certainly relevant, risks and prospective investment returns are also critical
components, and they are particularly relevant for RE technology options.
In the case of electricity generation, risks directly affecting project economics include fuel
supply, demand and price changes, a price on carbon, electricity price changes, construction and
capital costs, operating and maintenance costs, and decommissioning and waste (Lee et al.
2012). A price on carbon could pose a significant risk to electricity generation, particularly
conventional technologies, due to the large amount of GHG emissions from burning fossil fuels
(see Section 4.1 for more detail on the GHG-intensity of electricity technologies). Other risks
that affect the economics of electricity generation include contract structure, credit, and the
weighted cost of capital risks (Blyth 2006).
RE, particularly wind and solar, is often capital-intensive and requires significant upfront
investments, but RE has low operational costs. Cost profiles are generally fixed over time, and
RE has no fuel price risk. Further, analysis indicates that wind is primarily a fuel saver that can
add significant economic value (See Lew et al. 2011, and Lew et al. 2013) while the economic
value of solar depends on penetration levels, peak coincidence and many other factors (Jorgensen
et al. 2014). These characteristics add value to RE use but are not captured in standard LCOE
calculations 13 (Awerbuch 2000; Bolinger et al. 2004; Bush et al. 2012; Jenkin et al. 2013).
Lastly, revenue streams, which are not captured in LCOE estimates, are critical to profitmaximizing entities. Electricity price fluctuations present risks to net revenue and determine
12

Ultimately, energy expansion planning and investment optimization seeks to minimize risk and provide certainty,
reducing the variance of expected future costs and portfolio risk. For more detail, see Awerbuch 2004; Bush et al.
2012; Jenkin et al. 2013.
13
Adding fixed cost renewables to a fossil energy portfolio increases the value of a portfolio of assets by offsetting
(hedging) fossil fuel price risk.
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

returns on investment (Gross et al. 2009; Roques et al. 2006; Bush et al. 2012; Jenkin et al.
2013). The level of exposure to these prices varies among technologies; typically, RE generators
enter into long-term contracts that provide a large degree of price certainty (although there is still
some revenue uncertainty due to year-to-year variations in output). In contrast, merchant natural
gas generators only sell power when they can operate profitably and often sell only into higherpriced hours, such sale volumes can be volatile which in turn can affect profitability. Even in
cases in which both are merchant generators, adding RE to a generation portfolio may reduce
some risks to cash flows and profitability. These effects are important to consider while
evaluating investment options and relative value of renewable (or other) generating options.
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3 Assessing Technology Trends

This section highlights key trends in technologies that have improved the course of select RE
options, and describes how additional advances or breakthroughs could occur over the next
decade. Although a detailed description of each renewable technology is beyond the scope of this
study, this section defines the technologies when necessary; for more detail on RE technologies,
see references in Appendix B. Most of the improvements in technology since the 1980s have
been evolutionary in nature, rather than revolutionary, meaning they have occurred in a gradual,
albeit rapid, step-by-step fashion. Revolutionary breakthroughs still have the potential to occur
both in generation technologies themselves and associated technologies like storage.

3.1 Wind Energy

Humans have exploited wind energy for thousands of years, but the modern era of the wind
power plant truly emerged beginning in the early 2000s (Logan and Kaplan 2008). Technological
advances have allowed wind turbines to grow in size and complexity and generate electricity at a
declining cost.
Since 2004, the wind industry has witnessed steady technological advancements. Cost reductions
and performance improvements that have led wind power to be competitive with conventional
generation sources in many regions. Today, wind power is the largest non-hydropower RE
source globally. At the end of 2013, wind generation accounted for at least 5% of total electricity
consumption in at least ten countries, as illustrated in Figure 10. These percentages continued to
rise in most countries through 2014.

Figure 10. Wind generation as a percentage of total electricity consumption by country
Source: Wiser and Bolinger 2014

Larger rotor diameters and taller towers enable greater energy capture and increased electricity
production. In 2013, the average hub height was 80 meters, which is a 45% increase from 19981999 (Wiser and Bolinger 2014). The average rotor diameter of turbines installed in the United
States has increased from just over 50 meters in 2000 to 80 meters in 2008 and 97 meters in
15
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2013. In 2014, 80% of turbines had a rotor diameter of at least 100 meters. Furthermore, in 2014,
the average turbine size was just under 2 MW (AWEA 2015). For land-based wind power plants,
larger turbines allow plants to tap wind resources at lower wind speed sites in a cost-effective
manner. Tapping lower-quality wind sites opens up much larger resource areas that were
previously not cost-effective. Even though more turbines are being installed in lower-quality
wind resource sites, larger turbine designs are increasing capacity factors for plants located
within a given wind resource class (Wiser and Bolinger 2014).
Increased blade and nacelle size and weights have raised logistical issues including shipping and
transport by rail or truck that currently limit the size of land-based wind turbines in some
locations. Many existing roads, bridges, and other transport infrastructure were simply not
designed to accommodate increasingly large towers, blades, and nacelles. Modular components
and on-site manufacture and assembly could lead to larger wind turbine sizes. 14
Although wind generation in the United States is currently based entirely on land-based
technology, offshore wind has become prominent in Europe. In 2014, 11 European countries had
74 offshore wind plants with over 8 GW of capacity. In 2014, the largest offshore wind turbine
was 8 MW, and the average offshore turbine size was 3.7 MW. This distance of the turbines
from the shore has also increased. In 2014, the average distance was 32.9 kilometers, and
average water depth of offshore turbines was 22.4 meters (EWEA 2015). Offshore wind
installations do not have the same logistical constraints as those on land: they can be
manufactured near large shipping ports and the installation vessels can handle bigger equipment.
Improvements in design and manufacturing that allow larger wind turbines components are
likely to lead to giant 10-MW and 15-MW turbines by 2020, primarily for use in offshore wind
power plants. Interest in floating offshore wind energy is growing rapidly worldwide. Floating
technology would enable deployment of offshore wind projects in deeper water sites where the
wind resource is generally stronger and more abundant but is not accessible with current
technology.
Reducing the balance of plant (BOP) costs – everything except the wind turbine and installation
costs – has become increasingly important over the last several years because these costs
constitute a large portion of the total costs for wind plants. BOP costs account for approximately
35% and 70% of costs for onshore and offshore wind, respectively (Zipp 2012). Increasing
turbine size reduces infrastructure requirements and the cost of servicing each turbine. Costs of
wind power are expected to decrease by 15-30% compared to levels in 2010 with continued
technology improvements, cheaper materials (for towers or floating platforms of offshore wind
turbines), and non-magnet generators, which decrease consumption of expensive rare earth
minerals (REN21 2013; Lantz et al. 2012).
3.1.1 Wind Technology Developments
Larger turbines, longer blades, and taller towers have contributed to wind energy performance
improvements and cost reductions over the past three decades (Robichaud 2014). Improved wind
forecasting, data gathering, and computation have also led to more efficient operation and
integration of wind turbines (Hodge 2013).

14

For more information on the challenges of transporting large wind turbines, see Cotrell et al. 2014.
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The wind industry has experimented with different blade shapes and materials that have
increased wind capacity factors, reduced noise impact, and increased the ease of transporting the
blades (Dykes et al. 2014). Although wind turbine blades are predominantly constructed using
fiberglass with a balsa core, more advanced materials are being introduced, such as carbon fiber
and sophisticated engineered cores. The proportion of labor in the total manufacturing cost
continues to decline as automated manufacturing processes are implemented (James and
Goodrich 2013).
The dominant drive technology today is the three-stage gearbox with geared doubly fed
induction generator that does not use permanent magnets. Variable-speed technology is
universally used for utility-scale turbines because variable-speed turbines can extract more
energy from low wind speeds and structural loads are reduced at higher wind speeds. Rotor
speed is controlled using blade pitch and power electronics to alter the frequency of the generator
field. Major manufacturers are marketing direct drive alternatives, which eliminate the need for a
gearbox and use neodymium-based magnets (Wiser and Bolinger 2014). Permanent magnet
synchronous generators with improved efficiency based on rare-earth materials have begun to be
used in conjunction with high-speed gearbox designs as well as direct-drive, gearbox-free
turbines.
Advances in manufacturing, computational tools, and controls make larger turbines possible at
only modest increases in weight and cost (NREL 2013a). These advances are expected to
continue to foster improvements in the ability to integrate wind power output into the grid.
Intelligent Turbine Control Systems
Intelligent turbine control systems allow turbines to operate in such a way that structural loads
that would be expected to increase with larger rotor size do not (Ela et al. 2014). Computational
science and intelligent controls now enable a sophisticated balance between energy capture and
structural loads.
Power Plant Control Systems
A modern wind power plant can have 200 turbines at 3 MW each, totaling 600 MW of capacity,
comparable to a conventional power plant. Near-term advances in voltage control systems and
wake reduction in large power plants will help to control ramping up and ramping down and
maximize energy output (Churchfield et al. 2014). These large power plants of the future will be
designed to react to signals from grid operators, allowing accommodation of increased
penetration on the grid.
Design Simulation Tools
Steady advances in the accuracy and capability of computer-aided engineering tools have
enabled significant advances in wind turbine technology and reliability. This simulation
capability leads to improved performance and reduced costs and enables significant innovations
to be deployed, such as swept rotor blades and sophisticated wind plant control schemes.
Advanced Sensors
The wind industry is also using more remote sensing devices for wind resource assessment,
including SODAR and LIDAR (sonic detection and ranging and light detection and ranging,
respectively) technologies (IEA Wind 2013). For example, LIDAR—a laser sensor that measures
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wind resources at different heights—could be used as a cheaper substitute for meteorological
(met) towers to characterize wind resources. Accurate, reliable wind characterization is a crucial
hurdle to secure financing for projects in most countries. Met towers are expensive, so it is
common for wind plants to have only one for the entire project. The use of remote sensing could
reduce costs as well as increase performance by measuring the production and loss of each
turbine.
Wind turbines could also use “look-ahead” LIDAR, which points forward and signals to the
turbine when gusts of wind are approaching instead of pointing up to measure wind in the
atmosphere. “Look-ahead” LIDAR allows turbines to respond prior to receiving the wind, which
reduces wear on the turbine, enables turbines to operate more smoothly, increases the life of the
turbine, and increases the capacity factor. Improvements in information technology, such as the
technologies mentioned above, offer significant potential for turbine reliability and lifetime
improvements as well as reductions in maintenance costs by measuring the performance of each
component.
3.1.2 Expanding into Lower Wind Regimes
One challenge that has limited the development of wind plants is that the highest-quality wind
tends to be far from densely populated cities (Figure 11). Building transmission lines can be
expensive and challenging. However, through 2025, there is potential to mitigate this challenge
(Cohen et al. 2008). First, developing more integrated grids enables system operators to transmit
wind power over a larger area (see Section 5 for more detail). Second, future innovations could
enable more wind turbines to be located in low-speed sites (Dykes et al. 2014). This would
expand the potential sites to include areas that are closer to large cities and allow for a greater
distribution of wind turbines. Some improvements that would help this are larger rotors and
bigger blades—which increase the turbines’ capture area—and controls that would rate machines
for low-wind sites.
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Figure 11. New technologies can efficiently harvest wind in more areas of the United States
Source: NREL 2014b

Offshore Wind
Offshore wind 15 offers another potential area for continued growth because it offers greater and
more constant wind speeds, as well as proximity to large cities. The offshore wind industry
currently faces challenges including high costs, the need for developing materials that can
withstand the harsh ocean water conditions, and methods for servicing turbines. Additionally, the
process of anchoring offshore wind turbines to the ocean floor is challenging in deeper waters;
developing floating offshore turbines could lead to greater deployment in many regions of the
world (Figure 12). Much of the innovations in wind power over the past five years have been
driven by offshore wind in order to mitigate the challenges. For example, direct-drive generators
have been tested for offshore wind in order to increase reliability of turbines and eliminate
moving components that require maintenance. Most of the largest wind turbines are designed for
offshore use because larger turbines help decrease costs associated with maintenance and
maintenance. Lastly, there have been cost-reducing innovations with information technology
systems that signal to the operators when components need maintenance (ECN 2014). While
offshore wind has grown recently, the market is still relatively small compared to onshore wind.
Greater advancements in performance and component reliability and continued reductions in
15

For reports detailing the trends in offshore wind technology, see Appendix B.
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capital costs and maintenance costs are anticipated to enable greater deployment of offshore
wind (REN21 2013).

Figure 12. Potential evolution of offshore wind turbine anchoring schemes
Source: Musial and Ram 2010

The global wind industry is expected to continue growing strongly in the coming decade.
Technology advancements and engineering know-how are largely responsible for the declining
costs and expanded deployment, but financial and market innovations contribute as well.

3.2 Solar PV

The deployment of solar PV panels has grown enormously over the past five years. PV
manufacturers have made great strides in reducing costs and improving performance, and the
past few years in particular have been characterized by rapid growth. With continued
proliferation of installations, cost improvements, and innovative business and financing models,
solar markets around the world are shaking the established order of the electricity industry and
attracting the support of new consumer market segments as well as the investment community.
Utilities are working towards solar PV’s integration into the larger electricity market and
considering new business models to help offset revenue losses that can accompany customersited distributed generation.
In 2013, over 38 GW of new PV came on-line across the world, surpassing total wind
installations for the first time (Figure 13). Europe remains the leader in cumulative installed PV
capacity, but growth there has slowed in the past few years compared to other regions due to
decreasing incentives. In 2013, China led the world in new PV capacity additions, adding over
11 GW (see Section 6.2), and Japan, the United States, India, and the Middle East also currently
see very strong growth (EPIA 2014).
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Figure 13. Annual solar PV installed capacity by region
Note: Forecasts, in black, are from the Medium Scenario.
Source: EPIA 2014

A detailed description of PV technology is beyond the scope of this discussion, but a few words
are in order. Commercially deployed PV technology currently falls into two general classes:
wafer-based crystalline silicon and thin-film cells that contain either copper indium/gallium
disulfide (CIGS), cadmium telluride (CdTe), or other “designer” chemical elements, or simple
thin-film silicon. Through 2014, crystalline silicon has been the most common type of PV, with
90% of all solar PV installations made from crystalline silicon (Feldman et al. 2014). However,
some thin film technologies are popular in countries such as Japan owing to unique market
conditions. Other types of emerging PV cells include dye-sensitized cells, organic solar cells, and
printed versions of existing inorganic thin film technologies (Friedman et al. 2014; NREL 2012b;
NREL 2011a). Finally, novel PV technologies are under development (e.g., quantum dots) based
on new materials, devices, and conversion concepts (NREL 2013b). Their outlook is unclear, but
these technologies are potentially disruptive if breakthroughs occur. These technologies offer
long-term potential but the conversion efficiencies of these next-generation materials need to
improve substantially, as well as their expected lifetime, and scalable manufacturing processes
need to be designed to produce them to effectively compete with existing technologies. Given
the time that is required to scale a new technology above the gigawatt level, they are unlikely to
significantly impact the solar market by 2020.
Since 2010, the cost of crystalline modules has decreased by approximately 75% to 80% as
shown in Figure 14 (Feldman et al. 2014). Furthermore, with a high learning curve 16 of about
20%, greater expansion of the industry is expected to lead to lower prices, moving solar towards
competitiveness with fossil fuels in more regions around the world. Competitiveness of solar
power is measured by determining if the price of solar power is at “grid” parity, which can be
16

The learning curve represents the amount of cost reduction for every doubling of deployment. For more on the
solar learning curve, see Nemet 2006.
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different in the wholesale markets or at the retail (or “socket”) level. Solar power is at grid parity
when the cost of generating electricity from solar is less than or equal to the wholesale price of
electricity; similarly, socket parity is achieved when the price of solar power is equal or less than
the retail electricity price. Today, solar energy is already at socket grid parity with incentives in
locations in Europe, Japan, various islands, and parts of the southwestern United States. Solar PV
is expected to be competitive in more regions with and without incentives as the solar market
continues to mature (Channell et al. 2013).
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Figure 14. Average solar PV module prices by technology, 2010-2014
Source: pvXchange 2014

Reductions in solar PV manufacturing costs—particularly in China—have been driven by more
significant investment in the supply chain and greater economies of scale (Goodrich et al. 2012).
Solar PV is still an advancing technology, and many opportunities remain for continued cost
reductions and performance improvements. Technically, most commercially available solar
modules achieve 90% of their theoretical maximum and new designs for new materials systems
and multi-junction cell structures, and even panels that incorporate new quantum structures
indicate tremendous room for technical advancement at the cellular and modular level. System
configurations and advancements in power electronics, integration with advanced forecasting
and software solutions offer even greater opportunities. Many estimates of future costs have been
offered; for example, Philibert et al. (2014) project that by 2025, the cost of an average solar
module will decrease by an additional 30%.
An additional factor increasing competitiveness of solar is the cost of capital. Here, new
financing solutions are evolving, opening up access to new sources of lower cost capital, which
in turn can increase the competitiveness of solar solutions. Innovative business models can help
to overcome the access to capital barrier. Leasing (versus selling) solar systems has opened up a
new class of customers in areas of the United States. For example, the introduction of a solar
lease financial model and third-party system ownership has helped transform the residential solar
market. Innovative financing mechanisms have enabled adoption of solar PV to consumers who
cannot or choose not to invest $20,000 or more in upfront capital, and have opened the door for
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an otherwise restricted market segment. Continued reduction in the cost of financing
substantially reduces the cost of solar PV (Feldman et al. 2014). The cost and deployment of
solar PV may also be affected by an oversupply of PV modules in countries such as China and
developments in net-metering regulations; however, analyzing these complex market and policy
issues is beyond the scope of this study.
As the costs of solar PV are likely to continue to decrease, reducing balance of system costs
becomes increasingly important. Balance of system costs—or “soft” costs—are costs associated
with installing PV panels, including cost of labor, permitting and commissioning, and land
acquisition (Friedman et al. 2013). Reducing soft costs is challenging because they include costs
from many components and depend on region as well as financing options. For example, soft
costs are higher in the United States than in Europe and for residential systems relative to utilityscale systems (Feldman et al. 2014). In the short term, in order to reduce balance of system costs,
the solar industry could use graphite mountings instead of steel and manufacture cheaper
electronics (REN21 2013). Additionally, in the 2020s, there is the potential for deployment of
smart inverters and utilizing substitutes for rare materials in manufacturing solar cells (NREL
2014c).
The solar PV industry has also experienced major technology innovations that have greatly
improved system performance. Solar modules that are tested in labs are only about 3% more
efficient than commercially manufactured modules. Other innovative technological
improvements have increased the efficiency of manufacturing silicon with a process called
fluidized bed reactor (FBR) technology, which enables polysilicon to be produced with less
energy than traditional methods and reduces wastes associated with the production process
(Register 2014). Furthermore, continued changes in orientation and improvements in solartracking devices of solar modules can increase energy output of PV (EIA 2014e), which could
enhance the attractiveness of overall system economics.
Although the majority of deployed solar panels today are silicon-based, thin film solar cell
technology has also improved. The price of silicon was very high between 2005 and 2008 due to
market imbalances; this sent strong signals for firms to invest in additional silicon-based
manufacturing capacity and resulted in rapidly falling prices as these new sources of supply
came on-line. Thin film technologies thus had a harder time capturing more market share
compared to initial estimates. However, thin-film options may still achieve larger penetrations
moving forward. The solar industry could differentiate thin-film from silicon by developing thinfilm in different forms such as a thin-film that can be sprayed on different surfaces.
Another potential venue for innovation is to create high efficiency modules that are cheap
enough to compete with silicon. The solar industry is experimenting with gallium arsenide cells,
which are high efficiency, thin-film cells—with the highest proven efficiency of 45%. Today, the
manufacturing process for gallium arsenide cells requires cells to be grown very slowly, which is
not conducive to scaling or mass production. In order for gallium arsenide to be competitive
through 2025, a new process could be developed that enable cells to be grown more quickly and
on a larger scale. Lastly, over the longer term, the solar industry could explore the potential to
develop tandem cells, which are two solar cells on top of each other. This would double
efficiency and could be suited for the existing silicon infrastructure.
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Solar PV faces its own set of challenges, but continued innovation can help to break these
barriers. For example, integrating variable solar power into the grid is often cited as a challenge
for load management. Greater penetrations of variable RE put pressures on the grid, which could
limit the potential of the renewable resources, particularly for distributed PV solutions. However,
utilities and other key stakeholders have developed tools that have improved analysis, software,
and technology for overcoming integration challenges (see Section 5 for more details).
Additionally, improvements and cost reductions for battery storage might also help mitigate grid
pressures. By 2018, solar PV with battery storage is expected to increase from 90 MW to 900
MW, globally (Wilkinson 2014). Distributed generation is a much more efficient way to deliver
electricity to where it is needed; however, increasing distributive generation to a TW scale
requires substantial innovations in the utility business model, PV grid integration strategies and
the cost of energy storage.
Despite the challenges associated with solar PV, significant performance improvements and cost
reductions now make PV competitive with conventional energy in many markets. Solar is often
an economically attractive energy option at all scales—residential, commercial, and utilitylevel—even without incentives. Furthermore, with continued innovation to overcome
technological, regulatory, and market barriers, the solar PV industry is expected to reach grid
parity in markets around the globe.

3.3 Concentrating Solar Power

Concentrating solar power (CSP) technologies produce heat through the use of mirrors and
concentrated sunlight, which is then used to produce electricity. Unlike other solar energy
technologies, CSP allows demand to be met even when the sun is not shining since it can
incorporate thermal energy storage. Although CSP technologies are currently not as competitive
as solar PV power, there are many opportunities for CSP growth moving forward Jorgensen et al.
2013).
There are four main technologies used in CSP: parabolic troughs, solar towers, parabolic dishes,
and Linear Fresnel Reflectors (Richter et al. 2009). Each technology—shown in Figure 15—
generates power by collecting heat from the sun and using that thermal energy to drive a thermoelectric power cycle, such as a steam turbine.
Parabolic troughs (technology A in Figure 15) are the most commonly used as well as most
mature CSP technology today. Parabolic troughs use curved trough-like mirrors to concentrate
the sun’s rays onto a tube that carries a heat transfer fluid. The solar-heated fluid can be stored
for later use or sent to a heat exchanger to generate steam for a steam turbine or generator.
Parabolic trough technology has been produced on a large-scale and multiple plants of 50-MW
or larger are in service around the world. Parabolic troughs also can be integrated with other
energy systems such as natural gas plants or energy storage in order to provide more reliable
power to the grid, which highlights an additional avenue for potential market growth. However,
the heat-transfer fluid that parabolic troughs use is oil-based, which limits the temperature that
can be achieved. Alternative heat transfer fluids could boost operating temperature and
efficiency. Currently, the industry is conducting tests on the use of molten salt as a heat transfer
fluid, which could increase the efficiency of parabolic trough plants and reduce the cost of
energy storage for those facilities.
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Figure 15. The four types of CSP
a) parabolic trough, b) linear Fresnel Reflector, c) central receiver, and d) dish system
Source: IPCC 2011

Solar towers, also called central receivers, are another type of CSP technology (technology C in
Figure 15). Power towers use hundreds of sun-tracking mirrors—called heliostats—to focus the
sun’s rays on a central receiver at the top of the tower. A molten salt or water/steam heat transfer
fluid flows through the receiver. Solar towers are more efficient than parabolic troughs, because
they are able to work at higher temperatures. In 2014, the U.S. Department of Energy’s SunShot
Initiative identified molten salt power towers as the lowest-cost CSP technology type due to its
combination of low-cost energy storage and good thermal-electric efficiency. In the future,
supercritical CSP plants, which operate at higher pressure, would enable further efficiency
improvements (NREL 2014d; REN21 2013; Neises and Turchi 2014). The limiting factor of
solar towers is that they are more complex and less proven than the parabolic trough technology.
Reductions in costs, such as with cheaper heliostats, are still needed to be competitive with PV
systems on a cost per kWh basis.
The next type of CSP is parabolic dish systems (technology D in Figure 15), which use reflectors
shaped in a dish to focus the sun’s rays into a receiver and heat gas or a liquid to run a Stirling
engine or turbine. Parabolic dishes are inherently dry-cooled, so they use less water than other
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types of CSP, which are often wet-cooled, although dry cooling is possible. Because parabolic
dishes are individual units, they can be readily mass-produced. The biggest hurdle for parabolic
dishes is they do not offer thermal energy storage and so much compete directly with PV systems
that are less complex and have lower maintenance costs. Today, there are no large-scale
parabolic dish plants.
Lastly, Linear Fresnel Reflector (LFR) systems utilize flat mirrors that reflect the sun’s rays onto
long linear receivers that contain water (technology B in Figure 15). Concentrated solar rays turn
the water into steam. These LFR systems are cheaper, but also less efficient, than parabolic
troughs due to the use of flat mirrors. The LFR technology is relatively new and is not widely
used to date.
One of the main challenges that the CSP industry faces is that it is currently not as economical as
solar PV, which makes it difficult for CSP to achieve “learning by doing” benefits by deploying
at scale. Solar PV is not only cheaper than CSP, but each module can be installed individually
instead of the whole plant simultaneously, which means that PV has less risk than CSP. CSP’s
biggest edge is its ability to incorporate thermal storage. Thermal storage can provide a unique
differentiating factor that enables dispatchability and economic optimization for site and market
specific applications. 17 Thermal storage would allow a managed flow of energy from CSP,
which would increase reliability as well as improve the economics (Denholm and Mehos 2011).
Smaller CSP systems with thermal storage could provide peak electricity to the grid.
Further economic attractiveness of CSP is expected to be largely driven by achieving higher
efficiencies and economies of scale. Efficiency gains can be realized by the development of new
heat transfer fluids and the evolution of new, supercritical power cycles. There are several
opportunities for CSP integration with other energy systems. For example, CSP systems can be
integrated with fossil fuel plants in hybrid operation that offers firm capacity and dispatchable
power on demand. For example, General Electric has developed a system, called the “Flex
Efficiency 50”, which integrates a combined cycle power plant with CSP steam turbine
technology (GE 2011). Integrated energy systems such as FlexEfficiency 50 could offer many
benefits to energy consumers, utilities and grid operators. Not only does integration with other
energy sources such as natural gas open a potential avenue for CSP technology deployment, it
also could increase grid reliability as it allows for flexible power generation.

3.4 Geothermal

Geothermal energy taps reservoirs of steam or hot water from beneath the earth’s surface to
generate electricity. Although traditional hydrothermal geothermal is considered a mature
technology, and therefore recent improvements have been incremental, continued technology
advancements could increase efficiency, decrease the risk associated with identifying and
developing geothermal resources, and expand its capabilities, potentially opening new locations
for resource exploitation.
A number of challenges have limited the growth of geothermal. Geothermal power is still
relatively expensive due to high capital costs and drilling expenses. Additionally, there is high
17

Solar PV with battery storage also has the potential to offer these services, although electric batteries are much
more expensive than thermal energy storage systems.
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uncertainty regarding whether the resource will be wet or permeable enough to produce an
adequate amount of energy prior to development, which poses substantial risk for project
developers and their financiers. In the medium term, technology advancements that decrease
exploration and resource development (drilling) risks or provide incentives for geothermal
development in more locations, as well as cost reductions, could enable further deployment.
Despite the challenges and high risk involved with geothermal, there have been several
technology improvements that have the potential to reduce costs. First, the utilization of
techniques from the oil and gas industry such as directional drilling could help reduce costs and
increased access to geothermal resources (Augustine 2011, REN21 2014). Second, geothermal
can be used in integrating energy systems, which has an even greater potential in the future. For
example, geothermal energy has the ability to provide flexible, dispatchable power to the
electricity grid, which could increase the reliability of a grid that utilizes other variable RE
resources (Linvill et al. 2013). Geothermal also could be utilized in combined heat and power cogeneration plants in order to increase the cost-effectiveness of geothermal. Efforts to define “best
practices” for geothermal exploration and to develop new exploration technologies are helping to
reduce the risk involved in the exploration phases of development (GeothermEx 2013; Harvey et
al. 2014; Phillips et al. 2013). Lastly, additional reduction in costs can be achieved with cheaper
drilling techniques, improving its economic attractiveness even further.
Through 2025, continued technology improvements would enhance access to geothermal
resources. One technology that could significantly increase access to geothermal resources is
Enhanced Geothermal Systems (EGS), which is a technique that fractures underground rock to
increase the permeability, enabling energy extraction from areas that are otherwise too dry or not
permeable enough for conventional geothermal techniques. EGS techniques can also be used at
conventional hydrothermal fields to increase production. Recent successes at EGS demonstration
projects have resulted in the United States’ first sustained EGS reservoir creation demonstration
and the first commercial EGS project to supply electricity to the grid. 18 EGS would not only
increase the potential sites for geothermal, but also decrease economic risk.

3.5 Bio-power

Bio-power falls into two main categories: direct combustion, often mixed with coal, or
gasification, where the biomass is gasified by a number of techniques to produce a syngas that
predominately consists of carbon monoxide and hydrogen. The syngas can be combusted in a
modified gas turbine. Although the bio-power industry is very large and mature, technology
improvements have slowed over the last ten years. Furthermore, Bio-power technology is not
expected to improve substantially through 2025. This does not mean that bio-power use won’t
grow, as there may be opportunities to offset additional coal combustion in co-fired applications.
Other developments could also occur that would increase the penetration of bio-power in the
electricity industry. First, biomass is one of the few renewable sources of energy that can be
transported without storage. Common fuels for bio-power include solid biomass such as wood
chips, landfill gas, and organic municipal waste. Currently, outside of northern Europe, there is
only a relatively small market for importing and exporting wood pellets, and this market could
grow substantially over the next ten years (REN21 2014).
18

For more detail about current EGS projects in the United States, visit http://energy.gov/eere/geothermal/enhancedgeothermal-systems-demonstration-projects
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Next, although gasification plants have faced challenges associated with the technology, thermal
gasification could be utilized in greater amounts in the future in countries such as China.
Thermal gasification produces syngas from organic waste, which can then be converted into
electricity. Cities in China have very limited land resources to devote to landfills; thus, larger
markets for gasification and waste-to-energy plants could develop (IEA 2014). Gasification has
high capital costs and doesn’t always run reliably. Therefore, technology improvements through
2025 would help increase the deployment of gasification.
Lastly, greater utilization of bio-power in combined heat and power plants and integrated
systems would both increase the efficiency and mitigate GHG emissions. Bio-power has the
potential to be used in multi-purpose systems that would greatly improve its performance.

3.6 Ocean Energy

Most of the technologies that produce energy from ocean tides or waves are still in their
development or demonstration stages. However, there is a potential for ocean energy
deployment, in certain markets (Jimenez and Tegen 2015). Currently, there are five main ocean
energy technologies: tidal rise and fall (barrages), tidal/ocean currents, waves, temperature
gradients, and salinity gradients (IPCC 2011; DOE – EERE 2014). However, as of 2014, tidal
rise and fall is the only mature technology. In 2011, South Korea built the largest ocean tidal
plant, which has a capacity of 250 MW.
There are many challenges with ocean energy technology that are the subject of increasing
RD&D effort. Some of the costs can be reduced over time by increasing scale and learning from
operation; additionally, technology improvements and cheaper materials are expected to
contribute to increased cost competitiveness. Some technologies that are being tested in ocean
energy are buoy devices that operate pumps or drive electric generators, turbines similar to
onshore wind turbines with direct-drives, and systems that work well in low-current waters
(REN21 2014; DOE – EERE 2014). Greater improvements in reliability, capacity factors, and
costs are expected to be realized within the next ten years.

3.7 Synthesis of RE Technology Trends

Figure 16 qualitatively summarizes some of the key economic and technical characteristics of
RE options, and compares them to conventional generation sources. While the assessment of
many of these characteristics is admittedly dynamic and subjective, we provide this example as a
means to catalyze discussion and debate over even better metrics.
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Figure 16. Comparison of select technical characteristics of global electricity generation options

Current costs for many of the RE options may still be less favorable than the traditional options,
but most are moving in a positive direction based on recent cost trends. Additionally, many of
the currently uneconomic renewable technologies show strong potential for technology
innovation that could bring down costs. Lifecycle water and GHG emission characteristics are
less subjective, and generally favor renewable options with the exception of CSP for its
relatively high water use. Dispatchability is another characteristic that variable renewable
generation options currently do not possess, but conditions are improving either through
technology (advanced electronics for wind and PV, for example) or through changes in system
operations (improved forecasting of wind and solar or enlargement of balancing areas and
shorter dispatch windows). Renewable options in general have favorable scalability
characteristics, and can be constructed at relatively small scale without losing economies of
scale. Finally, and perhaps the most subjective measure, siting and social acceptance varies
widely among the generating options, especially depending on where the boundaries are drawn
around the projects. Siting NGCC plants, for example, is not a difficult process in most parts of
the world, but if the production and supply of natural gas is included in this metric it can be more
difficult to evaluate as many communities have expressed objections to hydraulic fracturing.
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Similarly, CSP and hydro projects can face strong public opposition for the potential wildlife and
ecosystem impacts they may create.
As the cost gap between renewable generation options and other technologies continues to
tighten, the environmental and scalability traits are likely to become more important in market
decision-making.

30
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

4 Environmental Attributes of RE

Not only is RE increasingly competitive in regions around the world, but it also provides
solutions for growing concerns about the environment. For example, renewable energy helps
reduce GHG emissions and water use.

4.1 The Role of RE in Reducing GHG Emissions

The energy sector is the largest source of GHG emissions globally, accounting for 26% of all
GHG emissions (IPCC 2007). As climate change concerns increase, it becomes increasingly
important to mitigate GHG emissions from all sources including the power sector.
Over the past several decades, thousands of life cycle analyses have been conducted; these
analyses calculate the amount of GHG emitted from a technology throughout each step of the
technology’s lifetime—including the GHG emissions associated with extracting materials,
manufacturing components, building the plant, O&M, and decommissioning and disposing of the
plant (Sathaye et al. 2011). GHG emission generation levels vary by electricity technology as
does and the point in the technology’s life cycle at which most GHG emissions occur.
Furthermore, emissions from RE are generated upstream, during the manufacturing of the
components and extracting materials, whereas fossil fuels generate most associated GHG
emissions during fuel combustion process and nuclear generates most associated GHG emissions
upstream or during plant decommissioning (Sathaye et al. 2011).
Figure 17 shows life cycle GHG emissions across technologies. The estimates were gathered
from hundreds of studies that provide high quality and transparent findings. The high and low
values represent the range of estimate from the studies.
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Figure 17. Life cycle GHG emissions
Source: Sathaye et al. 2011

RE such as wind, solar (PV and CSP), hydropower, and ocean generate only minimal emissions.
A wind plant generates on average 12 grams of CO2-eq/kWh throughout its lifetime, and a solar
PV plant (crystalline silicon) generates 45 grams of CO2-eq/kWh. In contrast, a coal plant
generates 980 grams of CO2-eq/kWh and a combined-cycle natural gas plant generates 450
grams of CO2-eq/kWh. Bio-power generates more emissions than the other renewable options,
although methodological uncertainties in how to treat land-use change introduce great
uncertainty. Only the highest estimates for bio-power begin to approach the lowest estimates for
fossil fuels. Additionally, with techniques such as carbon capture and sequestration (represented
by the orange diamonds in Figure 17), bio-power has the potential to remove more GHG
emissions than it produces.
The rate of which power sector GHG emissions decrease will depend on how much RE is
deployed and what other sources the RE displaces. For example, because coal generates the most
GHG emissions out of all the technologies, displacing coal by increasing renewable and natural
gas generation would decrease GHG emissions (Cochran et al. 2014).
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4.2 Renewables and the Energy-Water Nexus

Energy planning and projects are increasingly at the intersection with water and natural
resources. This “nexus” is becoming an integral component of global discussions ranging from
national security to sustainable development (CEM 2014). The power sector is particularly
vulnerable to changes in water resources, especially those that are already occurring and are
likely to intensify with climatic change (DOE 2013). In the United States, for example, the
power generation sector withdraws more water than any other sector, leaving operations heavily
dependent on available water resources and reliability vulnerable to changes in water resources
(Maupin et al. 2014; Kenny et al. 2009). Such vulnerabilities are not only incurred directly
because of operational requirements (Huertas 2007; NETL 2009) but also indirectly due to water
requirements throughout power plant equipment life cycles and fuel supply chains (Meldrum et
al. 2013). These concerns are no exception for the energy-water nexus in regions around the
globe.
Demand for water and energy is increasing globally, with many regions experiencing resource
shortages already. Furthermore, regions that are experiencing large growth in energy demand,
such as China and India, are also experiencing large increases in water demand, which has social,
economic, and environmental impacts. Additionally, water scarcity can threaten energy
production, increase operation costs, and threaten economic activity. Clean energy and improved
efficiency in both water and energy systems can help to reduce water and energy use. (Field et al.
2014)
All electricity generation technologies use water throughout their life cycles, but water
withdrawal and consumption factors vary across and within fuel technologies. Recent research
that harmonized currently available data found that total life cycle water use across generation
technologies seems to be lowest for solar PV and wind and highest for conventional coal
technologies and nuclear (Meldrum et al. 2013; Macknick et al. 2012a). Significant volumes are
required for the fuel cycles of coal, natural gas, and nuclear power plants. On the other hand,
non-thermal renewable generation technologies have no water requirements associated with fuel
extraction, and use almost no water for operational purposes, but require water for construction
and manufacturing.
Figure 18 depicts estimated total life cycle water consumption and withdrawals for various
generation technology pathways. Life cycle water use estimates capture aggregate impact on
water resources given spatial and temporal characteristics of resource demand and availability.
Estimates are calculated by summing water use factors for relevant stages with consistent
performance parameters and consistent definitions for each life cycle (see Meldrum et al. [2013]
for more detail on methodology). Based on median values, these figures ignore variation within
each life cycle stage, which could be significant in some cases. Figure 18 suggests significant
variability with respect to technology choices (Meldrum et al. 2013).
Across all generation technologies, operations dominate life cycle water use with the exception
of solar PV, wind, and dry-cooled thermoelectric technologies (Meldrum et al. 2013). On the
other hand, water use for solar PV is largely dominated by manufacturing relative to other life
cycle stages. For example, estimates of water withdrawals for solar PV power plant equipment
life cycle range from 1 to 1600 gal MWh-1 with a median of 94 gal MWh-1 (Meldrum et al.
2013). However, water use for operations is minimal (Meldrum et al. 2013) as few operators
actually wash PV panels in practice (DOE 2012). For wind, the median water withdrawal is 26
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gal MWh-1 with consumption around 1 gal MWh-1 (Meldrum et al. 2013). Because wind turbines
require no fuel and little washing or maintenance, operational water use is minimal. Coal power
plant cooling requires hundreds of gallons of water withdrawals and consumption per MWh, on
the other hand, and water use factors vary substantially by cooling technology. Water for natural
gas operations is roughly one-half to one-third that for coal (Meldrum et al. 2013).
It is also useful to consider life cycle water use relative to other potential impacts or power sector
vulnerabilities, such as land-use or GHG emissions. Figure 19 provides a graphical comparison
of life cycle water use, emissions, and land use for electricity generation technologies. As shown,
most RE—in particular wind and solar PV—use very little water and emit almost no GHGs;
however, they tend to use more land than conventional energy.
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Figure 18. – Life cycle water consumption and withdrawals in power generation technologies
Source: Meldrum et al. 2013
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Figure 19. Life cycle emissions, water use, and land use comparisons for electricity generation
technologies
Note: Low and high estimates reflect a range of published analyses.
Source: NREL 2014e

Looking forward, the impact on water use of transitioning to a state of the world that is
characterized by a less carbon-intensive electricity sector is unclear. The impacts depend on the
choice of technologies because water requirement profiles vary widely. While non-thermal
renewables such as solar PV and wind have the lowest water consumption factors, CSP
technologies and coal facilities with carbon capture sequestration (CCS) require the highest
water consumption values (Macknick et al. 2012b). At the same time, the future of the electricity
sector itself remains vulnerable to water scarcity.
Demand for water and energy are both increasing globally, but clean energy and improved
efficiency in both the water and energy sectors could help build economy-wide resilience.
Identifying individual and cumulative impacts of power plants on water resources as well as the
vulnerabilities of power plants to changes in water resources will be required for effective
integrated energy and water policy planning as both sectors continue to evolve.
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5 Putting it All Together: Grid Integration

As penetration of RE increases through 2025, grid integration will become increasingly more
important in managing electricity demand and supply. Renewable resources such as wind and
solar provide energy at variable intervals and quantities; the variable supply creates new
challenges for planning and operating electricity grids, especially when high percentages of
variable generation are utilized. 19
From 2015 to 2020, anticipated innovations in grid monitoring, forecasting, and control
technologies, combined with new operational practices, could allow higher amounts of RE and
distributed generation (DG) of all types to be managed within the integrated energy system. To
accommodate increasing amounts of RE (and DG RE, as well as smart infrastructure and
demand management options), power systems become increasingly characterized by operational
flexibility, diverse fuels and technology, sophisticated and instantaneous system analysis
capabilities, and faster response times (Horbaty and Huber 2012). Within these advanced
systems that have greater contributions of RE, maintaining reliability is anticipated to be
achieved by system-wide advances and also technical advances of variable RE systems that
provide more grid services. These advanced RE systems offer a more compelling cost/benefit
value proposition to developers, grid operators, and customers. Even in the absence of new RE
technologies, grid operation is likely to need to change due to aging infrastructure, the changing
generation mix, the need for greater resiliency, cybersecurity concerns, and other factors. An
increased reliance on automation, advanced controls and sensors in grid integration, smart grid,
and operations may, however, also increase security and resiliency vulnerability.

5.1 Demand Side Flexibility

Demand side flexibility encompasses several emerging developments that change the traditional
picture of how utilities, generators, and customers deal with electricity demand. Figure 20
illustrates some of these forms of flexibility.
Demand response. Demand response encourages consumers to shift their energy use in ways
that help grid operations. These efforts can reduce peak demand for electricity. For example,
utilities may offer electricity at different prices at different times of the day or seasons of the
year. Real-time pricing, which uses new advanced meter technology, enables an even finer level
of price discrimination.
Active demand control. Active demand control (also called direct load control) refers to a
utility’s direct operational control over a customer’s use of electricity. Using special
communications devices, or less sophisticated measures, a utility can temporarily shut down
participating customers’ electrical appliances (such as air conditioners or water heaters). This
reduces demand at strategic times, helping to maintain grid stability.
Active demand control is used around the world at both consumer and industrial scales. Larger
industrial customers often have the option of taking interruptible service at a discounted rate. In
organized wholesale power markets, interruptible service is treated as a commodity that large
19

For more detail on the challenges and opportunities of integrating large-scale renewable electricity in the United
States, see Lew et al. 2013; NREL 2011b; NREL 2012a.
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customers can price and offer for hours they determine. Utilities select offers based on price and,
if selected, the load acting as a resource stands available to reduce the power it takes from the
grid as instructed by the system operator. Emerging technologies such as smart appliances
(refrigerators, washers, dryers) and energy management systems could take advantage of
embedded systems to provide active demand control or demand response, which could be
meaningful for grid operations when deployed at scale.

Figure 20. Grid flexibility, both supply side and demand side, increase with penetration of variable
resources.
Source: Denholm et al. 2010

5.2 Supply Side Flexibility

5.2.1 Improved Flexibility of Thermal and Variable Generation Plants
Technologies such as automatic generation control improve the ability of thermal power plants to
ramp up and down in response to small changes in the grid’s electrical frequency. New lines of
flexible natural gas combined-cycle plants that are better able to respond to dynamic grid
environments are entering the market. There is new research understanding the effect that
variable renewable generators have on the cost of operating existing thermal plants (Kumar et al.
2012; Cochran et al. 2012). Solar and wind plants are also becoming more controllable; newgeneration wind turbines incorporate active power controls that allow the turbines to participate
in frequency regulation (Aho et al. 2012).
5.2.2 Advanced Forecasting
Short-, medium-, and long-term wind forecasting is improving with advances in data, modeling,
and validation. Near-term wind forecasts tend to be more accurate than longer-term forecasts.
Forecasting for a single wind power plant one to two hours ahead can achieve accuracy levels of
approximately 5%-7% mean absolute error relative to installed wind capacity, but this
uncertainty increases to 20% for day-ahead forecasts (Lew et al. 2011). Solar forecasting, while
in its infancy, is also emerging. Improved forecasts allow for improved scheduling of other
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resources to reduce reserves, fuel consumption, and costs (Marquis et al. 2011; Florita et al.
2012). As more variable resources are added on the customer side of the meter, it is conceivable
that advanced load forecasting techniques will be needed to reduce the uncertainty in load
forecasting in the future.
5.2.3 Better Utilization of Existing Transmission Capacity
Scheduling dispatch at shorter intervals (5-15 minutes) can increase efficient use of the existing
transmission system. Many competitive wholesale markets have implemented sub-hourly
scheduling, but it has not been widely implemented in areas still served primarily by traditional
utilities. Constraints on siting and costs of new infrastructure can make this an attractive option.

5.3 Communication, Control, and Information Technology

Demand-side and supply-side flexibility depend on communication advances that enable greater
control and coordination across the grid. General Electric monitors a significant number of its
wind turbines worldwide from Schenectady, New York, and Salzbergen, Germany. In addition,
improved monitoring and control and interactive local energy management systems, allow
consumers to play an increasingly influential role in the future of energy systems (Kroposki et al.
2012).
5.3.1 High-Speed Digital Monitoring
This advancement enables grid operators to check the status of the electric power grid and its
elements in real time. The information can trigger an automated response or provide information
to the operator for a manual response. On the transmission system, syncrophasor measurements
are used to monitor grid stability.
5.3.2 Advanced Meters
Some advanced meters allow communication between the customer and the utility. Most
advanced meters provide high-resolution views of customer loads, typically in five-minute
intervals. Advanced meter deployment continues to increase.
5.3.3 Advanced Grid
The advanced, or smart, grid refers to a combination of technologies that lead to a more resilient,
secure, and flexible grid that accommodates engagement of consumers and the two-way flow of
electricity and information (GSGF 2012). These technologies can more effectively manage the
variable temporal aspects of demand and supply. Technologies that enable a smart grid are
embedded electronics in devices such as advanced meters or smart appliances, storage and a
wide variety of advanced measurement, communication, and control that enable collection of
real-time information and two-way communications over the internet between the utility, the
grid, grid operators, and customers. This concept, “the industrial internet” of “internet of things”
can include devices and communication that automate substations, or that interface with a
building’s energy management system or individual end use systems. A major barrier to smart
grid development is the development of standards and regulatory frameworks, which currently
lags the pace of technology development (GSGF 2012). Other barriers cited are cyber security
issues, consumer privacy and engagement, and the lack of incentive for or resistance from
utilities that face lost revenues and hence are exploring new utility business models.
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5.3.4 Microgrids
Microgrids are emerging as a strategy for large campus operations with high risk or highly
valuable operations (health care, military installations, data centers, industrial complexes) to
ensure the availability and reliability of power. Microgrids allow the integration and control of
multiple loads and onsite generators to optimize energy system operation at a single location.
During normal, grid-connected operations, microgrids can receive price signals and schedule
loads or onsite generators to avoid high electricity rates or to provide electricity to the grid.
During grid outages, microgrids enable decoupling from the utility to sustain critical loads using
onsite generation. At the end of the second quarter 2014, Navigant Research reports 4,393 MW
of microgrid capacity globally, an increase of over 20% since the end of 2012. North America
remains the leading market for microgrids, with 66% of the global total capacity (Navigant
2014). To fully realize interconnected macro and microgrids, researchers anticipate key advances
in complex algorithms and dynamic control systems for multiple distributed loads and
generators, including storage, complemented by design tools to optimize that accurately account
for cost, environmental impact, line losses, grid interconnectivity, reliability, use of waste heat,
and capacity for islanding, among others (Sioshansi 2011).
5.3.5 Virtual Power Plants
A virtual power plant is a concept in which multiple distributed generation resources are
aggregated and operated like a much larger central station plant. Virtual plants can also
communicate with controllable loads to adjust resources and loads in response to real-time
prices, network reliability conditions, or consumer choices for operating consumer-owned loads
(IEA 2008).

5.4 Grid Expansion and Geographic Management

5.4.1 Expanded Transmission Lines
Meeting increasing loads in major demand centers, while complying with federal, state and local
regulations, often drives the development of expanded or new transmission paths that can be
expensive and jurisdictionally complicated. As more transmission is added, increased security
concerns (including cybersecurity) must also be considered. 20 The cost of building new
transmission lines varies greatly based on terrain, population density, land ownership, land use,
and the size of the line itself. High-voltage direct current (HVDC) transmission can reduce the
energy losses and cost of moving very large volumes of power over very long distances.
5.4.2 Power Management Across Larger Balancing Areas
Managing supply, demand, and transmission over the largest possible area allows greater
geographic diversity of variable generation resources (including wind and solar) and adds
flexibility in grid operations (Kroposki et al. 2012). In addition, decisions to dispatch electricity
over shorter time frames (5-15 minutes instead of hour-ahead) can achieve benefits in terms of
lower system-wide costs and performance (Cochran et al. 2012).

20

For more information, see http://energy.gov/oe/services/cybersecurity.
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5.5 Energy Storage

Energy storage can provide additional system flexibility by storing energy for use when it is
needed and provision of ancillary services. The major drawbacks for energy storage are high
capital costs and geographic location availability for some large-scale technologies. From a
utility perspective, the ability to store and discharge 8-15 hours of energy is often considered the
most attractive scale for storage, although shorter periods are also very valuable in aiding
frequency regulation (Denholm et al. 2010).
The value of storage, like other flexible tools, increases with the penetration of variable
generation sources. Prior conventional wisdom suggested that energy storage in significant
quantities was required to integrate greater contributions of variable RE sources on the grid.
Many experts now articulate a more nuanced view: generally, storage is not essential at moderate
levels of variable renewables but becomes increasingly valuable as higher levels are achieved
(Denholm et al. 2010, NREL 2012a). Solutions are regionally specific, and other tools may be
more cost-effective in helping integrate variable renewables. For example, the RE Futures
analysis indicated storage levels of 30 to 100 GW or just 3%-7% of total generation capacity for
the contiguous United States under scenarios of 30%-80% RE generation (NREL 2012a).
5.5.1 Large Scale Grid Storage
Pumped hydropower and compressed air energy storage are currently the main utility-scale
options for storing energy. Pumped hydropower uses reservoirs at different elevations, pumping
water to the higher reservoir when the cost of power is low. The water is released to generate
electricity when demand is high, replacing the need to use the most expensive fossil-fuel plants.
Pumped hydropower is the only widespread energy storage technology in use today, with about
20 GW of capacity deployed in the United States, but no new sites have been developed since
1995.
Compressed air systems store energy by compressing air in underground storage caverns (such
as are left when salt formations are mined), and then recapturing some energy when the
compressed air is released and used in a gas turbine. These systems do require co-siting with a
natural gas plant and are used to boost the overall efficiency of the gas plant.
5.5.2 Distributed Storage
Batteries and flywheels have emerged as options for localized storage solutions, providing
energy or other grid services, within the last five years. Several megawatt-scale battery energy
storage systems have been sited with renewable energy plants to smooth short-term fluctuations
in output and provide localized solutions for transmission congestion or supply constraints.
Technology advancements, combined with significant new investments in gigawatt-scale
factories, in combination with analyses that indicate cost effective opportunities in several power
markets have led some to anticipate potentially 10s of GW market size by 2020. (Medina et al.
2014). Electric vehicles (EV) are being studied as energy storage elements for the grid in
vehicle-to-grid technology. As the number of EVs increases there is an opportunity for largescale distributed storage to interact with the grid. Another storage approach currently in the
research and development stage is renewably generated hydrogen. Excess electricity from wind
or solar is used to electrolyze water to hydrogen, which is then stored until needed to be used in
place of natural gas in engines or fuel cells (Antonia and Saur 2012).
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Because cost-effective, widely available, utility-scale energy storage technologies are still
maturing, the suite of “flexible grid” solutions described above are often the first to be
implemented. Both flexible grid solutions and storage solutions at all scales are beginning to
penetrate the marketplace today, and adoption is likely to expand rapidly from 2020-2025.
Furthermore, revolutionary innovations to energy storage could drastically change the landscape
and open up larger competitive markets.

6 International Case Studies

Since 2004, RE has experienced upward trends in investment, integration, and deployment
around the world. Countries with expanding renewable power shares include Australia, Brazil,
Canada, China, Denmark, France, Germany, India, Italy, Japan, Mexico, the Philippines, South
Africa, the United Kingdom, the United States, and many others. In this section, we focus on two
countries that offer case studies of recent RE market growth in different policy and investment
climates: the United States and China. Both countries are leaders in RE deployment, and both
have used innovative approaches to further expand the roles for RE. Other countries would also
offer unique lessons learned in the deployment of RE, and a deeper comparison of approaches
taken by different countries would be beneficial.

6.1 United States

The story of renewables in the United States, which falls behind only China in RE capacity
worldwide (REN21 2014), is one characterized by tremendous technological and business model
innovation. In the face of high and sometimes volatile energy prices, an uncertain policy
environment, an objective to engender a less carbon-intensive power sector, and domestic energy
security priorities, market-driven activities over the past decade have led to substantial
renewables performance and cost improvements. This has ultimately transformed the United
States energy outlook. Deployment of these technologies in the United States continues to
expand into new market segments as consumers and stakeholders alike recognize the vast array
of market and non-market benefits associated with investing in a high-renewables energy future.
The fundamental driver of rapid renewables deployment in the United States is that cost
improvements are making renewable power generation cost competitive with fossil fuels. Much
of this is driven by technological advancements improving performance and efficiencies. By
2013, the United States had 12.7 GW of biomass, 3.4 GW of geothermal, 82.8 GW of
hydropower, 60.2 GW of onshore wind, 12.1 GW of solar PV, and 0.9 GW of solar CSP of
cumulative installed power generation capacity. Over the past few years, the market has
experienced significant growth, and in the face of rising electricity prices while renewables
markets mature, this trend is expected to continue.
Onshore wind is cost competitive in many locations in the U.S. compared to new fossil fuel
options, and has also been a key component of overall least cost generation portfolios due to fuel
savings and long term stable prices. Much of this is attributed to the impressive technology
improvements that have increased capacity factors while installation costs have declined. In the
United States, the most competitive wind projects are delivering electricity for US$0.05 per kWh
without financial support (IRENA 2015). Although the wind market in the United States faced
policy uncertainty in 2013, which led the United States to experience only 1.3 GW of new
capacity additions that year, the wind market is expected to recover (IRENA 2015).
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Globally, the solar PV market took off in 2013—reaching 39 GW of annually installed
capacity—and the United States played a significant role in this shift. China, Japan, the United
States, and Australia together accounted for roughly two thirds of new solar PV capacity
additions in 2013. Since the year 2000, the United States has remained in the top three countries
for solar PV, adding 4.7 GW of new capacity in 2013 (IRENA 2015). Again, much of this story
can be attributed to significant cost improvements. The global average utility-scale LCOE for
solar PV was cut in half between 2010 and 2014 down to roughly US$0.16/kWh (IRENA 2015).
Similar cost reductions were experienced for residential PV systems, which have opened up the
market to new consumer segments. In California, for example, the LCOE for small residential
systems (0 to 4 kW) decreased by about 42% between 2008 and 2014 and by about 44% for
larger (4 to 10 kW) systems. Other parts of the United States experienced similar improvements
as these figures decreased by more than 50% (IRENA 2015). Figure 21 illustrates United States
PV installations and system prices from 2000 to 2013.

Figure 21. United States solar installations by market segment, 2000-2013
Source: SEIA/GTM Research 2014

As highlighted, cost and performance improvements over the past decade, along with the
introduction of innovative business models at the distribution edge, have played a critical role in
enhancing existing, and creating new, markets for renewables in the United States.
From a technological perspective, the history of the various technologies’ development paths
defines today’s electric generation portfolio, but the future trajectories may transpire differently.
Of the renewable generation portfolio contributions in 2013, the largest share came from
hydroelectric power (52%), followed by wind (32%), biomass wood (8%), biomass waste (4%),
geothermal (3%), and solar (2%) (EIA 2014b). However, while hydropower historically
comprised the largest portion of RE generation in the United States, non-hydropower renewables
generation surpassed it for the first time in 2014 (EIA 2014d).
This further corroborates the cost competitiveness improvements of some non-hydropower
renewable technologies, particularly wind and solar PV, which now offer new avenues for
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business model innovation and rapid market transformation. Nearly all hydroelectric capacity
was built before the mid-1970s, electricity produced from wood biomass largely occurs at
lumber and paper mills, and biomass is primarily used in waste-to-energy power plants, but the
wind and solar PV markets have seen significant growth since 2004.
Furthermore, the security of energy supply is an ongoing challenge for most economies around
the world considering the long-lasting impacts of potential disruption, and the United States is no
exception. Despite the current oversupply of crude oil and abundance of domestic natural gas,
the United States’ electric power system still faces security risks from global fossil fuel supply
dynamics, the capacity of infrastructure to meet growing electricity load, and fuel price volatility.
Renewables can help to reduce demand from conventional resources and diversify the domestic
portfolio, providing positive security benefits.
At the same time, natural gas is essential for facilitating and sustaining significant RE
deployment. Fast-ramping natural gas-generating units help meet demand when output from
variable renewables falls short, supporting the notion that natural gas and renewables are
complementary. In the face of the United States shale boom and relatively inexpensive natural
gas, the coupled growth of both renewables and natural gas offer significant energy security
benefits as they enhance supply capacity with domestic resources. Combined they can contribute
to system flexibility and significant infrastructure hardening through local generation.
Overall, despite federal incentive uncertainty and a sluggish domestic economy, RE markets
continued to surge in 2014, and RE is expected to account for roughly one-third of new
electricity generation added to the United States grid over the next three years (Worldwatch
Institute 2013). As renewable technologies become more and more competitive at both
distributed and utility scales, and market structures simultaneously mature, rapid year-on-year
growth of RE deployment is expected to continue (IRENA 2015).
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6.2 China

China—long facing severe environmental and social dislocations due to a heavy reliance on
coal—has begun to demonstrate a remarkable shift in power sector additions. Figure 22
illustrates that for the past two years, new coal (thermal) capacity has been less than the
combination of other non-emitting sources.
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Figure 22. Changes in China’s annual power sector deployments since 2001
Source: CEC 2013a; CEC 2013b; CEC 2013c; CEC 2014a; CEC 2014b; CEC 2015; GWEC 2014
Note: Thermal additions are primarily coal, but include a small amount of natural gas and biomass. 2014
estimate from CEC.

China has become a global leader in both manufacturing and deployment of both solar and wind
technologies, among others (see Figure 23 through Figure 25). China has also been a global
leader in hydro and solar thermal (hot water) deployment for decades—mainly to improve
energy access—but the country’s more recent entry into the high-tech wind and solar PV arena
has been driven by various reasons, including strategic industrial policy, energy security and fuel
diversification, and air pollution mitigation. These drivers have begun working in unison since
the early 2000s and have propelled China into its current leadership position in RE.
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Over the past three decades, China has engineered double-digit GDP growth that, in phases,
depended on expansion of energy-intensive industry and resulted in severe environmental
impacts (Rosen and Houser 2007; World Bank 2013). China now consumes nearly four billion
tons of coal each year, although average growth in energy demand is expected to slow to around
2 % annually thru 2035 (IEA new policy scenario, IEA 2014). Coal, making up more than 65 %
of China’s primary energy and 80 % of power generation, has gone through a consumption
growth averaging 8 % annually since 2001 (NBS 2014). In 2014, China pledged to reduce the
share of coal in the primary energy mix to 62% by 2020, but economic growth, vested interest
groups, and massive existing coal-related infrastructure make this transition a Herculean task
(State Council Office 2014). 21 Moreover, as a country already importing nearly 60% of its oil
and almost 30% of its natural gas, Chinese decision makers are focusing on using more domestic
resources.
Driven by the imperatives of energy security, air pollution control, and industrial advancement,
China started pursuing a low-carbon energy strategy in the mid-2000s. The Renewable Energy
Law in 2006 and NDRC’s Medium and Long-Term Plan for Renewable Energy Development in
2007 have accelerated the development of wind and solar PV, and set targets for their
deployment through 2020. The 12th Five-Year Plan for Economic and Social Development called
for $473 billion investment in clean energy from 2011 to 2015. In 2013 alone, China spent a total
of $56 billion on wind, solar, and other renewable projects, representing 26% of global
investment in renewables (REN21 2014). In addition to overall targets, the government
21

In September 2014, China’s National Development and Reform Commission, Ministry of Environmental
Protection, and National Energy Administration promulgated an Action Plan on Coal-Power Plant Emission
Reduction and Efficiency Upgrade and Retrofit (2014-2020). It requires new coal-fired power plants to consume
less than 300 g standard coal/kWh and retrofitted coal plants to consume less than 310 g standard coal/ kWh.

46
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

promulgated a series of guidelines, directives, and policies to promote solar PV and wind
deployment. The introduction of a feed-in tariff for solar PV in 2011, for instance, almost tripled
the installed capacity from 0.81 GW to 3.1 GW in one year (Hong et al. 2013). Furthermore,
China is working on renewable portfolio standards, which may be established as early as the end
of 2014 (Xinhua 2014). Strong government support, rapid market expansion, and plummeting
prices for renewables have become the buttress for China’s impressive renewable built-up.
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China’s rapid RE expansion plays an important role in mitigating the health and environmental
costs of coal. Coal and coal-related industrial processes account for about 60%-70% of China’s
SO2, 50%-60% of NOx, and 50-60% of small particulate matter (PM 2.5) emissions (Zhao et al.
2008). These were estimated to induce 670,000 premature deaths in 2012 (NRDC 2014). From
lost labor and the increased need for health care, air pollution was estimated to cost the Chinese
economy $112 billion, nearly 5% of its GDP, in 2005. (Matus et al. 2012) Therefore, meeting the
demand for coal with RE has notable impacts on GHG emissions, water, and local air pollution.
In 2013, wind and solar PV generated 143.9 TWh of power in China, avoiding roughly 150
million tons of CO2e emissions, 2.6 trillion tons of water that would have been used in power
plant cooling, 1.5 million tons of SO2, 0.4 million tons of NOx, and 30 thousand tons of
particulates. 22
RE development in China confronts a range of constraints from grid integration to financing.
China’s grid development lags far behind the expansion of renewables. Many large wind power
bases are hundreds of miles away from major cities and transmission lines. Weak transmission
grids, outdated dispatch methods, and low-accuracy forecasting have caused chronic curtailment
of RE generation. In 2012 alone, 20 billion KWh of wind power was curtailed – a financial loss
of US$1.6 billion (Zhao et al. 2012; Wang 2014). Policy consistency is crucial in attracting
investment, but China’s patchwork regulations on renewables have laid out an erratic path for its
development. The 2009 “Golden Sun Demonstration Projects” offered subsidies to PV projects
prior to project construction, which led to a number of scams, forcing the government to
discontinue the program in 2013 and reclaim the subsidies. An estimated US$1.14 billion in
subsidies given out from 2009-2011 were reclaimed, causing huge turmoil in China’s solar
industry (Xinhua 2013). Since then, the government has established a set of measures aimed at
promoting distributed PV, but lack of financing and cumbersome administrative procedures
hindered the progress.
China is determined to make a low-carbon transition marked by robust development of the
renewable energy industry. Looking forward, an effective national feed-in tariff and renewable
portfolio standards, along with sound technical and administrative standards for grid connection
can energize the market and sustain its growth vigor for decades to come.

22

Avoided GHGs emission calculated using the estimated mean life-cycle GHGs emissions for electricity
generation in China in 2007 (Ou et al. 2011). Avoided water use calculated using the estimated mean life-cycle
water consumption of pulverized coal plant with cooling tower (Meldrum et al. 2013). Avoided SO2, NOx, and
particulates calculated using estimated emissions in China’s coal power plants (Logan and Luo 1999).
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7 Conclusion

The landscape for RE has changed dramatically due to advancements in performance, significant
cost reductions, and the growing interest in renewables as a key component to achieve business
and public policy goals, including mitigating environmental impacts of conventional electricity
generation, energy security and economic growth. The technology advancements since 2004
have led to rapid decreases in the cost of RE and enabled greater deployment around the global.
Currently, RE such as wind and solar PV are competitive with fossil fuels in many regions of the
world.
Since 2009, the cost of RE has decreased between 29% and 78%, depending on the technology
(IRENA 2015, Lazard 2014). The most notable improvements have been for wind and solar PV.
The reductions in cost in addition to improvements in performance have led RE to be the some
of the most attractive energy sources in many regions around the world. Globally, the cheapest
wind technologies have fallen to US$65 per MWh and the cheapest solar PV technologies are
now around US$85 per MWh, unsubsidized.
The levelized cost of RE differs by region due to varying quality of resources, capital costs, and
balance-of-system costs. The competitiveness of RE depends on the levelized cost as well as
regional fossil fuel prices and power prices. In Germany, China, and the United States, solar PV
and wind generation is already competitive with natural gas electricity sources without incentives
or projected to become competitive before 2025.
Oil price reductions in 2014 and the low price of natural gas and abundant resources in North
America have led to some uncertainty about the future growth in RE. RE options are largely
immune to low oil prices, except in markets with oil-indexed gas prices, but low natural gas
prices make it more difficult for renewables to remain cost competitive. However, many
developers, utilities, grid operators, and other decision makers view natural gas as
complementary to RE, at least over the mid-term.
The cost competitiveness of RE is anticipated to increase in a growing number of locations
around the globe, owing to further decline in costs and improvements in technology
performance, through 2025. Furthermore, the increases in cost competitiveness are expected
progress along with the maturing of renewable markets and continued rapid year-on-year growth
of RE deployment.
New developments in near-term wind and solar forecasting, faster planning cycles, expanded
control areas, transmission expansion, demand side flexibility and flexible generators are helping
grid operators plan and operate power systems with variable resources. Integration of moderate
amounts of variable RE generation, particularly wind and solar electricity, can be readily
accomplished in most locations around the world through inexpensive changes in grid
management and operations. Furthermore, integration of more than 30% variable RE can also be
achieved in most power systems with additional, but likely more expensive, grid management
techniques and technologies.
RE technologies are not only often attractive from an economic standpoint, they are also the
preferred energy option from an environmental perspective. Natural gas generates more than 10
times as much GHG emissions as RE sources such as solar and wind, and coal generates more
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than 20 times the amount of GHG emissions generated by solar or wind. Additionally, water
consumption for conventional electricity generation is at least twice as much as from some
renewables. Concerns about the effects of a growing electricity industry on the environment have
been increasing, which has illuminated the importance of integrated cost-benefit analysis and
collaborative planning across the scopes of energy and the environment.
Given the increasing cost competitiveness of RE, financial incentives and subsidies are likely to
play less of a role in the expansion of RE going forward. However, a subsidy-free world does not
imply policy-free. Future policies may focus on enabling integration, market design, and
operational changes, which would help open the market to new segments and in new locations.
We are now at the threshold of a “RE era”, with a sophisticated set of technologies and
experiences gained from decades of learning and innovation. Over the next few decades, RE
options are anticipated to continue expanding owing to the many benefits they provide,
including: low water intensity, use of valuable and abundant domestic resources, and
contribution to local, regional, and national policy goals. Suppliers, developers, utilities, system
operators and other key stakeholders envision resilient, affordable, reliable and low emissions
power systems that incorporate technology advances, business model innovations, and changes
in market designs, management and operations to provide power with 21st century system
solutions.
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Appendix A: LCOE Inputs and Assumptions
Table A-1. Financial Parameters (2014-2025)
United States

Germany

China

20 years

20 years

20 years

Inflation rate

1.7%

0.9%

2.5%

Real Discount Rate

8.2%

8.2%

8.2%

Federal Income Tax
Rate

35.0%

30.0%

25.0%

State Income Tax
Rate

7.0%

0.0%

0.0%

Sales Tax

5.0%

19.0%

17.0%

Loan Term

18 years

18 years

18 years

Analysis Period
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Table A-2. Onshore Wind Assumptions for the United States

Total Capital Costs
($/kW) 23

Fixed O&M ($/kW-yr)

24

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

25

Delivered Fuel Price
($/MMBtu)

Levelized Cost of
Energy ($/MW) 26

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1700

1800

1830

2020

1440

1540

1810

2025

1370

1480

1790

2014

30

40

50

2020

30

40

50

2025

30

40

50

2014

--

2020

--

2025

--

2014

--

2020

--

2025

--

2014

51.2

44.2

32.3

2020

57.2

50.5

34.8

2025

60.1

53

36.3

2014

--

2020

--

2025

--

2014

51.60

65.40

94.60

2020

40.50

51.30

87.40

2025

37.50

47.50

83.00

23

Sources: NREL 2015.
Sources: low and medium cost scenario: Lazard 2014; high cost scenario: NREL 2015.
25
Sources: NREL 2015. These values are based on forward looking capacity factors for newest low speed turbines.
26
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
24
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Table A-3. Onshore Wind Assumptions for Germany

Total Capital Costs
($/kW) 27

Fixed O&M ($/kW-yr)

28

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

29

Delivered Fuel Price
($/MMBtu)

Levelized Cost of
Energy ($/MW) 30

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1700

1800

1830

2020

1440

1540

1810

2025

1370

1480

1790

2014

30

40

50

2020

30

40

50

2025

30

40

50

2014

--

2020

--

2025

--

2014

--

2020

--

2025

--

2014

27.5

24.9

22.3

2020

32

27.9

25.3

2025

34.7

30.3

27.1

2014

--

2020

--

2025

--

2014

96.60

116.30

137.30

2020

73.10

92.70

120.00

2025

65.00

82.90

111.20

27

Sources: NREL 2015.
Sources: low and medium cost scenario: Lazard 2014; high cost scenario: NREL 2015.
29
Source: NREL 2015. These values were calculated using half of the percentage increase of the fleet average to the
newest build in the United States. We don’t expect as much of an increase in capacity factors as the United States,
because of the lower resource in Germany.
30
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
28
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Table A-4. Onshore Wind Assumptions for China

Total Capital Costs
($/kW) 31

Fixed O&M ($/kW-yr)

32

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

33

Delivered Fuel Price
($/MMBtu)

Levelized Cost of
Energy ($/MW) 34

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1340

1387

1531

2020

1292

1354

1499

2025

1267

1327

1472

2014

30

40

50

2020

30

40

50

2025

30

40

50

2014

--

2020

--

2025

--

2014

--

2020

--

2025

--

2014

31.1

29.6

26.7

2020

36.1

33.1

29.5

2025

39.2

35.7

31.2

2014

--

2020

--

2025

--

2014

73.40

83.50

107.50

2020

61.60

73.20

95.90

2025

55.90

67.40

89.40

31

Sources: low cost scenario: BNEF 2014b; medium cost scenario: BNEF 2014b, REN21 2014, and Lazard 2014;
high cost scenario: BNEF 2014b and IEA 2013.
32
Sources: low and medium cost scenario: Lazard 2014; high cost scenario: NREL 2015.
33
Source: NREL 2015. These values were calculated using half of the percentage increase of the fleet average to the
newest build in the United States. We don’t expect as much of an increase in capacity factors as the United States,
because of the lower resource in China.
34
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-5. Utility-Scale Solar PV Assumptions for the United States

Total Capital Costs
($/kW) 35

Fixed O&M ($/kW-yr)

36

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

37

Delivered Fuel Price
($/MMBtu)

Levelized Cost of
Energy ($/MW) 38

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1530

1900

2430

2020

1250

1600

2000

2025

1030

1380

1750

2014

11

15

20

2020

11

15

20

2025

11

15

20

2014

--

2020

--

2025

--

2014

--

2020

--

2025

--

2014

26.8

19.7

12.4

2020

32.0

23.7

14.9

2025

36.0

27.0

17.0

2014

--

2020

--

2025

--

2014

85.40

141.70

282.50

2020

61.40

102.70

200.10

2025

46.80

79.90

157.80

35

Sources: low cost scenario: Lazard 2014 and Philibert et al. 2014; medium cost scenario: REN21 2014 and
Feldman et al. 2014; high cost scenario: Feldman et al. 2014.
36
Sources: TCDB 2014; low cost scenario: EIA 2014c; medium cost scenario: Lazard 2014; high cost scenario:
Lazard 2014.
37
Sources: TCDB 2014; low cost scenario: REN21 2014; medium cost scenario: Lazard (2014); high cost scenario:
REN21 2014.
38
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-6. Utility-Scale Solar PV Assumptions for Germany

Total Capital Costs
($/kW) 39

Fixed O&M ($/kW-yr)

40

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

41

Delivered Fuel Price
($/MMBtu)

Levelized Cost of
Energy ($/MW) 42

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1450

1750

2050

2020

1200

1450

1650

2025

1030

1230

1430

2014

11

15

20

2020

11

15

20

2025

11

15

20

2014

--

2020

--

2025

--

2014

--

2020

--

2025

--

2014

11.7

10.3

9.7

2020

14.5

12.3

11.0

2025

17.0

14.0

12.0

2014

--

2020

--

2025

--

2014

188.40

255.90

317.70

2020

131.00

184.10

234.00

2025

99.30

141.80

192.00

39

Sources: low cost scenario: REN21 2014 and Lazard 2014; medium cost scenario: Lazard 2014; high cost
scenario: Philibert et al. 2014.
40
Sources: TCDB 2014; low cost scenario: EIA 2014c; medium cost scenario: Lazard 2014; high cost scenario:
Lazard 2014.
41
Source: Wilson 2013.
42
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-7. Utility-Scale Solar PV Assumptions for China

Total Capital Costs
($/kW) 43

Fixed O&M ($/kW-yr)

44

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

45

Delivered Fuel Price
($/MMBtu)

Levelized Cost of
Energy ($/MW) 46

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1430

1530

1630

2020

1150

1250

1350

2025

950

1050

1150

2014

11

15

20

2020

11

15

20

2025

11

15

20

2014

--

2020

--

2025

--

2014

--

2020

--

2025

--

2014

20.1

16.5

12.4

2020

24.0

19.5

14.9

2025

27.0

22.0

17.0

2014

--

2020

--

2025

--

2014

112.90

149.40

214.30

2020

80.00

108.10

154.30

2025

61.40

84.20

120.30

43

Sources: low cost scenario: Philibert et al. 2014; medium cost scenario: BNEF 2014b, Lazard 2014, and Philibert
et al. 2014; high cost scenario: BNEF 2014b.
44
Sources: TCDB 2014; low cost scenario: EIA 2014c; medium cost scenario: BNEF 2014b and Lazard 2014; high
cost scenario: Lazard 2014.
45
Source: BNEF 2014b.
46
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-8. Natural Gas CC Assumptions for the United States

Total Capital Costs
($/kW) 47

Fixed O&M ($/kW-yr)

48

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

51

Delivered Fuel Price
($/MMBtu) 52

Levelized Cost of
Energy ($/MW) 53

50

49

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1000

1090

1310

2020

940

1030

1250

2025

890

980

1200

2014

5

5.5

6

2020

5

5.5

6

2025

5

5.5

6

2014

2

3

4

2020

2

3

4

2025

2

3

4

2014

6280

6490

6890

2020

6180

6440

6840

2025

6100

6400

6800

2014

75

50

30

2020

75

50

30

2025

75

50

30

2014

3.72

4.74

5.05

2020

4.59

5.38

6.53

2025

4.84

6.23

8.12

2014

49.50

71.30

107.30

2020

54.30

74.60

116.40

2025

54.90

79.50

126.90

47

Sources: TCDB 2014; low cost scenario: Lazard 2014 and EIA 2014c; medium cost scenario: Mai et al. 2014 and
EIA 2014c; high cost scenario: Lazard 2014.
48
Sources: TCDB 2014; low and medium cost scenarios: Mai et al. 2014 and Lazard 2014; high cost scenario:
Lazard 2014.
49
Sources: TCDB 2014; low cost scenario: Lazard 2014; medium cost scenario: Lazard 2014 and EIA 2013; high
cost scenario: EIA 2014c.
50
Sources: low and medium cost scenarios: EIA 2013; high cost scenario: Lazard 2014. These values are based on
forward looking heat rates for new turbines.
51
Sources: TCDB 2014; low cost scenario: Lazard 2014; medium cost scenario: Mai et al. 2014; high cost scenario:
Lazard 2014.
52
Source: EIA 2014a.
53
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-9. Natural Gas CC Assumptions for Germany

Total Capital Costs
($/kW) 54

Fixed O&M ($/kW-yr)

55

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

58

Delivered Fuel Price
($/MMBtu) 59

Levelized Cost of
Energy ($/MW) 60

57

56

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1000

1090

1310

2020

940

1030

1250

2025

890

980

1200

2014

5

5.5

6

2020

5

5.5

6

2025

5

5.5

6

2014

2

3

4

2020

2

3

4

2025

2

3

4

2014

6280

6490

6890

2020

6180

6440

6840

2025

6100

6400

6800

2014

75

50

30

2020

75

50

30

2025

75

50

30

2014

9.72

12.13

14.15

2020

10.59

12.77

15.62

2025

10.85

13.63

17.22

2014

89.00

121.90

174.00

2020

92.90

124.10

181.80

2025

92.90

128.40

191.10

54

Sources: TCDB 2014; low cost scenario: Lazard 2014 and EIA 2014c; medium cost scenario: Mai et al. 2014 and
EIA 2014c; high cost scenario: Lazard 2014.
55
Sources: TCDB 2014; low and medium cost scenarios: Mai et al. 2014 and Lazard 2014; high cost scenario:
Lazard 2014.
56
Sources: TCDB 2014; low cost scenario: Lazard 2014; medium cost scenario: Lazard 2014 and EIA 2013; high
cost scenario: EIA 2014c.
57
Sources: low and medium cost scenarios: EIA 2013; high cost scenario: Lazard 2014. These values are based on
forward looking heat rates for new turbines.
58
Sources: TCDB 2014; low cost scenario: Lazard 2014; medium cost scenario: Mai et al. 2014; high cost scenario:
Lazard 2014.
59
Source: Quandl 2014.
60
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-10. Natural Gas CC Assumptions for China

Total Capital Costs
($/kW) 61

Fixed O&M ($/kW-yr)

62

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

65

Delivered Fuel Price
($/MMBtu) 66

Levelized Cost of
Energy ($/MW) 67

64

63

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

870

1000

1090

2020

810

940

1030

2025

760

890

980

2014

5

5.5

6

2020

5

5.5

6

2025

5

5.5

6

2014

2

3

4

2020

2

3

4

2025

2

3

4

2014

6280

6490

6890

2020

6180

6440

6840

2025

6100

6400

6800

2014

75

50

30

2020

75

50

30

2025

75

50

30

2014

5.72

8.13

10.15

2020

6.59

8.77

11.62

2025

6.85

9.63

13.22

2014

65.60

100.40

147.90

2020

70.70

103.60

157.00

2025

71.10

108.80

168.00

61

Sources: low cost scenario: TCDB 2014; medium cost scenario: Lazard 2014 and EIA 2014c; high cost scenario:
Mai et al. 2014 and EIA 2014c.
62
Sources: TCDB 2014; low and medium cost scenarios: Mai et al. 2014 and Lazard 2014; high cost scenario:
Lazard 2014.
63
Sources: TCDB 2014; low cost scenario: Lazard 2014; medium cost scenario: Lazard 2014 and EIA 2013; high
cost scenario: EIA 2014c.
64
Sources: low and medium cost scenarios: EIA 2013; high cost scenario: Lazard 2014. These values are based on
forward looking heat rates for new turbines.
65
Sources: TCDB 2014; low cost scenario: Lazard 2014; medium cost scenario: Mai et al. 2014; high cost scenario:
Lazard 2014.
66
Source: BNEF 2014b.
67
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-11. Coal Assumptions for the United States

Total Capital Costs
($/kW) 68

Fixed O&M ($/kW-yr)

69

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

72

Delivered Fuel Price
($/MMBtu) 73

Levelized Cost of
Energy ($/MW) 74

71

70

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1920

2930

3780

2020

1900

2910

3760

2025

1880

2890

3740

2014

40

50

60

2020

40

50

60

2025

40

50

60

2014

4

5

7

2020

4

5

7

2025

4

5

7

2014

8750

9750

10750

2020

8750

9750

10750

2025

8750

9750

10750

2014

85

75

65

2020

85

75

65

2025

85

75

65

2014

2.20

2.63

3.01

2020

2.22

2.98

3.76

2025

2.13

3.14

4.31

2014

62.80

93.60

129.60

2020

62.70

97.30

139.10

2025

61.40

98.80

145.60

68

Sources: low cost scenario: TCDB 2014; medium cost scenario: TCDB 2014, Lazard 2014, and EIA 2013; high
cost scenario: EIA 2013.
69
Sources: TCDB 2014; low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013; high cost
scenario: EIA 2013.
70
Sources: TCDB 2014; low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013, Mai et al.
2014, and Lazard 2014; high cost scenario: EIA 2013 and Mai et al. 2014.
71
Sources: low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013; high cost scenario:
EIA 2013 and Lazard 2014.
72
Sources: TCDB 2014; low cost scenario: EIA 2014c; medium cost scenario: Mai et al. 2014; high cost scenario:
Mai et al. 2014.
73
Source: EIA 2014a.
74
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-12. Coal Assumptions for Germany

Total Capital Costs
($/kW) 75

Fixed O&M ($/kW-yr)

76

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

79

Delivered Fuel Price
($/MMBtu) 80

Levelized Cost of
Energy ($/MW) 81

78

77

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1310

1920

3240

2020

1290

1900

3220

2025

1270

1880

3200

2014

40

50

60

2020

40

50

60

2025

40

50

60

2014

4

5

7

2020

4

5

7

2025

4

5

7

2014

8750

9750

10750

2020

8750

9750

10750

2025

8750

9750

10750

2014

85

75

65

2020

85

75

65

2025

85

75

65

2014

1.97

2.99

4.02

2020

1.99

3.34

4.77

2025

1.90

3.50

5.33

2014

50.40

79.60

130.20

2020

50.30

83.10

138.60

2025

49.20

84.40

144.90

75

Sources: low cost scenario: Mai et al. 2014 and Fraunhofer 2013; medium cost scenario: TCDB 2014 and
Fraunhofer 2013; high cost scenario: EIA 2013 and Lazard 2014.
76
Sources: TCDB 2014; low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013; high cost
scenario: EIA 2013.
77
Sources: TCDB 2014; low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013, Mai et
al. 2014, and Lazard 2014; high cost scenario: EIA 2013 and Mai et al. 2014.
78
Sources: low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013; high cost scenario:
EIA 2013 and Lazard 2014.
79
Sources: TCDB 2014; low cost scenario: EIA 2014c; medium cost scenario: Mai et al. 2014; high cost scenario:
Mai et al. 2014.
80
Source: BNEF 2014a.
81
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
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Table A-13. Coal Assumptions for China

Total Capital Costs
($/kW) 82

Fixed O&M ($/kW-yr)

83

Variable O&M ($/MWh)

Heat Rate (Btu/kWh)

Capacity Factor (%)

86

Delivered Fuel Price
($/MMBtu) 87

Levelized Cost of
Energy ($/MW) 88

85

84

Low Costs, High
Capacity Factors

Medium Costs and
Capacity Factors

High Costs, Low
Capacity Factors

2014

1000

1310

1920

2020

970

1290

1900

2025

960

1270

1880

2014

45

50

55

2020

45

50

55

2025

45

50

55

2014

4

5

7

2020

4

5

7

2025

4

5

7

2014

8750

9750

10750

2020

8750

9750

10750

2025

8750

9750

10750

2014

85

75

65

2020

85

75

65

2025

85

75

65

2014

.97

2.99

5.02

2020

0.99

3.34

5.77

2025

0.90

4.50

6.33

2014

40.50

76.60

127.90

2020

40.30

80.50

137.30

2025

39.10

82.10

144.60

82

Sources: low cost scenario: TCDB 2014; medium cost scenario: Mai et al. 2014; high cost scenario: TCDB 2014.
Sources: TCDB 2014; low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013; high cost
scenario: EIA 2013.
84
Sources: TCDB 2014; low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013, Mai et
al. 2014, and Lazard 2014; high cost scenario: EIA 2013 and Mai et al. 2014.
85
Sources: low cost scenario: EIA 2013 and Lazard 2014; medium cost scenario: EIA 2013; high cost scenario:
EIA 2013 and Lazard 2014.
86
Sources: TCDB 2014; low cost scenario: EIA 2014c; medium cost scenario: Mai et al. 2014; high cost scenario:
Mai et al. 2014.
87
Source: BNEF 2014b.
88
Unsubsidized levelized costs were calculated using the System Advisor Model. Values are rounded to the tenth of
a dollar.
83

78
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