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Abstract 

The global wind power market has been growing at a phenomenal pace, driven by favorable 
policies towards renewable energy and the improving economics of wind projects. On a going 
forward basis, utility-scale wind power offers the potential for significant reductions in the 
carbon footprint of the electricity sector. Specifically, the global wind resource is vast and, 
though accessing this potential is not costless or lacking in barriers, wind power can be 
developed at scale in the near to medium term at what promises to be an acceptable cost. 

Introduction 

The challenges of combating global climate change are enormous, and there is no single panacea. 
Instead, as suggested throughout this book, an assortment of technologies will need to be 
deployed, infrastructures reconfigured, and behaviors altered to slow and ultimately reverse 
rising carbon dioxide emissions. 

Renewable energy has helped meet the energy needs of humans for millennia, and the world's 
renewable energy resources are enormous. Though truly comparable data on renewable resource 
potential do not exist, Table 1 shows that the world's resource potential far exceeds global 
primary energy supply, currently around 470 Exajoules (EJ), and that this potential has barely 
begun to be tapped (IPCC 2007b). In principal, at least, dramatically increased use of renewable 
energy could go a long way towards reducing energy-sector carbon emissions. 

Table 1. Global Renewable Technical Potential and Use1 

Energy Source 

Hydro 
Wind 
Biomass 
Geothermal 
Solar Electricity 
Ocean 

Estimated Available Energy 
Resource (EJ/yr) 
62 
600 
250 
5,000 
1,650 
7 

Annual Use of Energy 
Resource in 2005 (EJ) 
25.8 
0.95 
46 
2 
0.23 
insignificant 

Source: IPCC (2007b); simplified by authors 

1 Other efforts to compile resource potential for a variety of renewable sources, with sometimes stark differences 
from those shown here, include de Vries et al. (2007), Hoogwijk (2004), Johansson et al. (2004), REN21 (2007), 
UNDP (2000), WBGU (2004), and World Energy Council (2007). Continued work is needed to develop resource 
potential estimates that use a common methodology and that are therefore truly comparable. 
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Unfortunately, however, renewable resources are often diffuse, location dependent, and variable. 
The diffuse and location dependent nature of the resources sometimes makes them prohibitively 
expensive to employ, while resource variability creates concerns about grid integration and 
system reliability. In part as a result of these factors, recent growth in the use of renewable 
electricity - though significant - is not on the scale needed to make a large dent in the climate 
problem. At the end of 2006, for example, aggregate worldwide renewable electricity capacity 
stood at 980 GW, predominantly from hydropower plants (Table 2). This is up from 943 MW in 
2005, but represents a year-on-year growth of just 4%. In total, renewable electricity met 18.4% 
of global electric power demand in 2006. If one excludes large hydropower, however, this figure 
drops to just 3.4% (REN21 2008), hardly a dent given the enormity of the challenge that climate 
change presents (IPCC 2007a).2 Clearly, for renewable energy to be a significant contributor to 
reducing global carbon emissions, a step-change in growth is required. 

Table 2. Global Installed Renewable Energy Capacity 
Generation Technology 
Large Hydropower 
Small Hydropower 
Wind 
Biomass 
Geothermal 
Solar Electricity 
Ocean 

Installed Capacity (end of 2006) 
770 GW 
73 GW 
74 GW 
45 GW 
9.5 GW 
8.2 GW 
0.3 GW 

Source: REN21 (2008) 

The aim of this chapter is to discuss the important role that wind power could play in achieving 
carbon emissions reductions, as well as some of the barriers to that outcome. Wind power is a 
mature, zero-emission technology that offers an immediate option for reducing the carbon 
footprint of the electricity sector. In good wind resource regimes, its costs are comparable to 
fossil-fuel generation, adequate wind resources are available throughout the globe, and there are 
no insurmountable technical barriers to dramatically increased deployment of this technology. 
Along with other important near-term strategies, increased deployment of wind can help buy 
time as newer technologies are developed (e.g., low-cost solar, carbon sequestration, biofuels) or 
as other technologies seek greater public acceptance (e.g., nuclear power). And, because wind 
power represents a relatively low-cost carbon abatement option, its potential for carbon 
emissions reductions extends beyond the near term. Indeed, wind offers at least one important 
"wedge" for reducing carbon emissions (Socolow and Pacala 2006), and the analysis presented 
in this chapter suggests that a significant expansion of wind deployment can be achieved at what 
many would consider to be an acceptable cost. 

2 To achieve stabilization at 535-590 ppm C02-equivalent, for example, the IPCC (2007a) estimates that C02 
emissions must peak from 2010-2030, and then drop to -30% to +5% of 2000 levels by 2050. A number of 
governments have expressed the desire to keep concentrations of C02 well below this level, requiring even-more 
dramatic reductions in C02 emissions, and some scientists have called for stabilization levels as low at 350 ppm 
(Hansen et al. 2008). 
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This chapter begins with an overview of the global wind power market, emphasizing historical 
growth trends, cost comparisons, and forecasts for future growth. To assess the feasibility of 
achieving even-higher levels of wind power penetration, the chapter then highlights an analysis 
of the technical and economic viability of wind energy meeting 20% of US electricity needs by 
2030. Similar analyses conducted on a global basis are summarized, and the potential role of 
wind in meeting world-wide electricity needs is discussed. The chapter ends with a summary of 
what is needed to achieve these higher levels of wind power deployment. Though wind power is 
the exclusive focus of this chapter, many of the other renewable energy sources may also play 
important (and in some cases leading) roles in combating climate change; hydropower, 
geothermal, and solar electricity are discussed further in Chapters XX, YY, ZZ. 

The Global Wind Power Market 

Wind energy has been used for millennia, but the use of wind to generate electricity on a 
commercial scale only began in earnest in the 1980s. Since California's initial foray into large-
scale wind deployment in the early-1980s, wind power has come a long way. 

Today, a standard, land-based wind turbine stands on a tower of 60-100 meters in height, with a 
rotor diameter of 70-100 meters, and a power capacity of 1.5 to 3 MW. Turbines installed 
offshore can be even larger. Leading global wind turbine manufacturers include major industrial 
firms such as Vestas, General Electric, Gamesa, Enercon, Suzlon, and Siemens (BTM 2008). 
Increasingly, the developers and owners of wind projects are major electricity utilities and 
investment firms. 

Global wind power capacity is growing at a rapid pace and, as a result, wind power has quickly 
become part of the mainstream electricity industry. In 2007, roughly 20 GW of new wind 
capacity was added globally, yielding a cumulative total of 94 GW (Figure 1). Since 2000, 
cumulative wind capacity has grown at an average annual pace of 27%. The vast majority of this 
capacity has been located on land; offshore wind capacity surpassed 1 GW at the end of 2007, 
with accelerated growth expected in the future, especially in Europe (BTM 2008, GWEC 2008). 
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Source: Earth Policy Institute, BTM Consult, American Wind Energy Association 

Although European countries such as Germany, Denmark and Spain have led the charge over 
most of the past decade, the US became the fastest-growing wind power market in 2005, 
followed by European stalwarts Germany and Spain, as well as the up-and-coming Asian 
markets in China and India (Table 3). With major development now occurring on several 
continents, wind power is becoming a truly global electric generation resource. 

Table 3. International Rankings of Wind Power Capacity 
Incremental Capacity 

(2007, MW) 
United States 
China 
Spain 
Germany 
India 
France 
Italy 
Portugal 
United Kingdom 
Canada 
Rest of World 
TOTAL 

5,329 
3,287 
3,100 
1,667 
1,617 

888 
603 
434 
427 
386 

2,138 
19,876 

Cumulative Capacity 
(end of 2007, MW) 

Germany 
United States 
Spain 
India 
China 
Denmark 
Italy 
France 
United Kingdom 
Portugal 
Rest of Wo rid 
TOTAL 

22,277 
16,904 
14,714 
7,845 
5,875 
3,088 
2,721 
2,471 
2,394 
2,150 

13,591 
94,030 

Source: Wiser and Bolinger (2008) 



In both Europe and the US, wind now represents a major new source of electric capacity 
additions. From 2000 through 2007, wind was the second-largest new resource added in the US 
(5% of all capacity additions) and EU (30% of all capacity additions) in terms of nameplate 
capacity, behind natural gas, but ahead of coal (Figure 2). In 2007, 35% of all capacity additions 
in the US and 40% of all additions in EU came from wind power (Wiser and Bolinger 2008, 
EWEA 2008). 

Figure 2. Relative Contribution of Generation Types to Capacity Additions in the US and EU 
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As a result of this expansion, some countries are already successfully utilizing wind as a 
significant contributor to overall electricity supply. Denmark, for example, generates roughly 
20% of its electricity from wind, while Spain is at 12%, Portugal at 9%, Ireland at 8%, and 
Germany at 7% (Figure 3). On a global basis, however, wind is still an emerging player, serving 
1.2% of total worldwide electricity needs (Wiser and Bolinger 2008). 
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Figure 3. Approximate Wind Power Penetration in the Twenty Countries with the Greatest 
Installed Wind Capacity 
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Source: Wiser and Bolinger (2008) 

Though the wind capacity installed by the end of 2007 is able to contribute just 1.2% of US 
electricity supply, the US is one of the most dynamic markets for wind. The US has led the world 
in wind capacity additions for three years running (2005-2007). The 5.3 GW of wind installed in 
2007 represented 27% of the worldwide wind market in that year, and was more than double the 
previous US installation record set in 2006. Cumulatively, at the end of 2007, nearly 17 GW of 
wind capacity was installed in the US. And, with at least 225 GW of in-development wind 
projects in transmission interconnection queues at the end of 2007, the US wind market is poised 
for continued strong growth in the years ahead (Wiser and Bolinger 2008). 

Driving the growth both in the US and globally are a number of factors, including promotional 
policies (Haas et al. 2008, Lewis and Wiser 2006, Meyer 2007). In the major European markets, 
including Germany and Spain, aggressive feed-in tariff programs have been predominant, 
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offering wind power owners standardized and known payment streams (Mendonca 2007). In 
other markets in Europe, the US, and elsewhere, renewables portfolio standards (RPS) have 
come into vogue, requiring electricity suppliers to meet a specified and growing percentage of 
their load with renewable electricity (van der Linden et al. 2005). And, in many countries, a 
mixed set of policies has been used to good effect, including RPS programs and tax incentives in 
the US; RPS, feed-in tariffs, and tax incentives in India; and RPS, feed-in tariffs, and auctions in 
China. In many countries, the current reality and/or future prospect of carbon regulations has also 
helped motivate wind development. 

Though promotional policies differ, and healthy debate exists over the relative merits of different 
approaches, a key finding is that policy continuity and market stability are of utmost importance. 
The US market, for example, has been hampered by the boom-and-bust cycle to wind project 
development caused by short-term extensions of that country's production tax credit (PTC) for 
wind (Wiser et al. 2007).3 More generally, experience also shows that promotional policies must 
generally be backed by other, enabling policies, such as proactive transmission planning for 
wind, and siting and permitting procedures that allow development to proceed without undue 
impediments. 

Of equal importance to the aforementioned policy drivers has been the improved underlying 
economics of wind power relative to fossil fuels, which is - in part - dependent on wind project 
performance and installed costs. In the US, wind project performance has improved with time. In 
2007, for example, wind projects in the US produced power with an average capacity factor of 
just over 31% in aggregate. Those projects installed prior to 1998, however, maintained an 
average 2007 capacity factor of just 22%, while those projects installed from 2004 through 2006 
averaged 34%, a significant improvement in project performance over time (left-most graphic in 
Figure 4). These performance improvements may be attributable to several factors, including 
improved turbine design, larger turbines on taller towers, and improved siting and operations. 

Trends in the installed cost of wind projects are more mixed. Specifically, the average installed 
cost for wind projects in the US has increased significantly since the early 2000s, from 
$l,300/kW in 2001 to roughly $l,700/kW in 2007 (right-most graphic in Figure 4), and to more 
than $2,000/kW in 2008 (real 2007$).4 These cost pressures are not, however, unique to wind; 
the installed cost of other generating technologies has increased by a similar magnitude (Chupka 
and Basheda 2007). Moreover, even at more than $2,000/kW in 2008, installed costs remain 
well below the $4,000/kW average seen in the early 1980s. 

3 Since 1994, the PTC has offered new wind projects in the United States a 10-year, inflation-adjusted tax credit that 
stood at $20/MWh in 2007. The PTC has often been extended for relatively short periods of time, however, 
imposing significant uncertainty to the market. 
4 Increases in the installed cost of wind projects since the early 2000s are due to numerous factors, including the 
weakening of the US dollar, increased materials and energy input prices, and an overall demand for wind turbines 
that exceeds available supply. 
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Figure 4. Trends in the Performance and Installed Cost of Wind Projects in the US, By Date of 
Commercial Operation (COD) 
Source: Wiser and Bolinger (2008) 

Figure 5 presents data on the resulting historical average price of wind power in the US, from 
1990 to the present, both with and without the federal PTC. The figure also provides data on the 
annual fuel and variable operating cost of natural gas plants over this period, conservatively 
assuming that wind operates to conserve fuel and variable O&M, but that it does little to offset 
the need for new dispatchable power plants to maintain electricity reliability.5 Finally, the figure 
provides data on the price of a flat block of power across the numerous wholesale market trading 
hubs in the country from 2003 through 2007; these data are lower than the average cost of 
operating natural gas plants because natural gas is not always the marginal resource. 

Though clearly a simplified approach to comparing the economics of different energy sources, 
Figure 5 nonetheless shows that, since 2000, wind power with the PTC has often been 
economically competitive with other sources of electricity in the US. Even without the PTC, the 
cost of wind has not been far out-of-line with fossil-fueled generation. Moreover, though a 
confluence of factors has put upward pressure on wind power prices since the early 2000s, those 
cost pressures have affected other generation technologies as well. As a result, the relative 
economic position of wind has not changed dramatically over this period. 

" In fact, a large number of studies have shown that wind does have some "capacity value", though the level of that 
value depends on many factors. 
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Figure 5. Comparative Economics of Wind, Natural Gas, and Wholesale Electricity Prices in the 
United States 
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Source: Prepared by Berkeley Lab based, in part, on data from EI A, NREL, and Wiser and Bolinger (2008) 

Given all of these trends, wind capacity additions are likely to continue at a rapid clip, both in the 
US and globally. Several studies have tried to predict future global wind capacity under what 
might be considered business-as-usual (BAU) conditions, where existing policies are maintained 
but not dramatically expanded. Figure 6 presents the results of several of these studies. Though a 
considerable range exists, reflecting the inherent uncertainties in such predictions, it appears that 
300-700 GW of wind might be expected on a global basis in the 2015 to 2030 timeframe in a 
BAU scenario. To put this in context, 300 GW of wind in 2015 represents more than 3% of total 
expected worldwide electricity supply for that year, while 700 GW by 2030 represents roughly 
6% of expected supply. 
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Figure 6. Projections for Global Wind Capacity Growth 
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Simply assuming that wind offsets the use of new natural gas and coal power plants in equal 
proportions, global wind power capacity installed at the end of 2007 was already saving roughly 
34 million metric tons of carbon equivalent (MMTCE) annually. Installed capacity of 300-700 
GW would raise this figure to 130-300 MMTCE/yr. Though meaningful, even this growth is 
modest relative to what would be needed in a deep carbon-reduction scenario (IPCC 2007a), and 
relative to wind's resource potential. The chapter therefore now turns to an analysis of the 
feasibility of achieving much higher levels of wind penetration. To provide a detailed example of 
such analysis, the next section focuses on the feasibility of achieving 20% wind power 
penetration in the US. A later section summarizes similar studies conducted on a global basis. 

20% Wind Electricity by 2030 

In 2008, the US Department of Energy, in collaboration with its national laboratories, the wind 
industry, and others, completed a major analysis of the. technical and economic feasibility of 
wind power meeting 20% of the nation's electricity supply needs by 2030 (US DOE 2008). As 
discussed below, that study finds that there are no insurmountable technical barriers to achieving 
20% wind penetration by 2030, and that the economic costs of doing so are likely to be modest. 

The key questions addressed by this analysis included: 

■ Is it technically feasible to achieve 20% wind by 2030? 
■ Does the nation have sufficient wind resources and land area? 

10 



■ What are the technology and manufacturing requirements, and are they achievable? 
■ Can the electric network accommodate 20% wind, and how? 
■ What are the likely costs and benefits of achieving 20% wind penetration? 

Previous studies that have estimated the potential and costs for rapid wind energy deployment in 
the US have shown divergent results.6 These results are the product of differing input 
assumptions and differing treatment of wind power in capacity expansion models. Modeling 
wind presents a unique challenge (Neuhoff et al. 2008). As a variable and non-dispatchable 
generation resource, wind's distinctive characteristics require changes to modeling algorithms. 
The nation's most robust wind resources are often located at a distance from load centers, so how 
new transmission is modeled is of critical importance. And because wind resources are not 
uniform across the nation, an appropriate modeling tool must incorporate geographic detail that 
can capture the nature of the underlying wind resource. Many previous efforts to evaluate wind's 
potential have largely ignored these details, or have instead relied on crude approximations or 
supply constraints that intend to loosely account for wind's unique characteristics. Though these 
approaches are often taken in the name of simplicity, their application can impose poorly 
documented and potentially unrealistic constraints and costs on wind generation that other 
generation sources do not face. 

Though no modeling tool is perfect, the analytic backbone of the US DOE report was the Wind 
Energy Deployment Systems (WinDS) model.7 WinDS is a capacity expansion model of the US 
electricity system. It uses a detailed geographic information system (GIS) representation of the 
nation's wind resources and their proximity to existing transmission infrastructure and load 
centers. By dividing the country into 358 distinct regions, the model uniquely represents the 
geographic variation of wind resources, infrastructures, and loads. WinDS also models seasonal 
and diurnal wind resource variations that, combined with statistical algorithms, address the 
variable nature of wind energy and that allow the model to incorporate the costs of integrating 
wind power into electric grids. In sum, WinDS provided a means of estimating the location of 
wind installations, the transmission infrastructure expansion requirements of those installations, 
and the composition of generation technologies needed to maintain reserve capacity 
requirements while meeting projected electricity demand. 

To isolate the impacts, costs, and benefits of producing 20% of the nation's electricity from wind 
by 2030, two scenarios were contrasted. In one scenario, annual wind energy capacity and 
generation growth is prescribed such that wind supplies 20% of total US electricity generation by 
2030 (20% Wind scenario). The other scenario assumes no additional wind capacity after 2006 
(No New Wind scenario). In both scenarios, conventional generation technologies compete for 
the nation's residual supply needs. To uniquely identify the costs and impacts of increased wind 
deployment, the modeling assumed no new policy incentives (e.g., carbon mitigation policies) 
and that the PTC was not available after 2008. Underlying the model were a large number of 
assumptions about the future cost and performance of electric generation technologies. Also, to 
efficiently accommodate the unique characteristics of wind, the analysis assumed that the 
electricity grid is operated within large, regional markets. New transmission lines are "built" by 

6 For some examples, see: Cryts et al. (2007), EIA (2008b), Hoogwijk et al. (2007), Key (2007), Kutscher (2007), 
Kyle et el. (2007), and Short et al. (2004). 
7 See: http://www.nrel,gov/analysis/winds/ 
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WinDS as needed at costs that vary regionally. These latter assumptions for grid operations and 
transmission expansion, while not infeasible, would require the removal of significant 
institutional barriers to market integration and new transmission investment. For a complete 
account of the many assumptions behind the model, the reader is referred to the final report of 
the project (US DOE 2008). 

Not surprisingly, the study finds that reaching 20% wind would require a dramatic increase in 
wind capacity. In particular, based on assumed improvements in wind project performance over 
time, and an assumption that transmission to access the nation's lowest-cost wind resources can 
be built at will (if cost-effective), 305 GW of wind capacity would be needed by 2030 (Figure 
7).8 WinDS analysis projects that more than 50 GW of this capacity would be installed offshore. 
From 2018 to 2030, roughly 16 GW of wind would need to be installed annually, compared to 
the 5.3 GW added in 2007. 

Figure 7. Annual and Cumulative US Wind Capacity Installations in 20% Wind Scenario 
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Source: Derived from US DOE (2008) 

Though surely a daunting challenge, the analysis finds that the US has vast wind resources, far 
exceeding what is needed to achieve 20%. Considering busbar economics alone, for example, 
and ignoring transmission and integration costs, Figure 8 provides a supply curve for wind using 

8 If transmission could not be so-readily constructed, or if state policies shifted development towards less-cost-

effective locations, then the aggregate amount of wind capacity needed to achieve 20% wind would increase, as 
would the incremental cost of achieving that target. 



cost and performance assumptions from 2007, segmented by wind resource class and by onshore, 
shallow offshore, and deep offshore wind potential. Even assuming that the PTC is not available, 
the study find that roughly 8,000 GW of wind is potentially available at busbar generation costs 
of less than $85/MWh. This far exceeds the 305 GW of wind required in the 20% Wind scenario. 
Moreover, though not shown in the figure, even if the cost to connect to the existing transmission 
system or to connect to nearby load centers is considered, over 600 GW of wind generation 
potential still remains available at a cost of less than $100/MWh.9 

Figure 8. The Supply Curve for Wind in the United States with Today's Technology 
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The analysis also shows that there are no fundamental physical limitations to raw material 
supplies (e.g. sand, cement, iron ore), though the potential for shortages of processed materials 
like fiberglass or steel does exist and may have to be overcome. This level of growth would also 
require a substantial labor force. A key challenge would be to maintain downward cost pressure 
on installed wind project costs while the industry rapidly expands. 

The study further concludes that, although sufficient land area exists, siting challenges will be 
significant. Figure 9 illustrates the potential location of the 305 GW of wind needed to achieve 

9 This 600 GW figure is extremely rough because it assumes that 10% of all existing transmission capacity is 
available for wind delivery, and completely ignores the very-real possibility of new, longer-distance transmission. 
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20%, based on the economic optimization routine used by WinDS.10 As shown, WinDS adds 
wind capacity in almost every state; development in the Southeast is limited due to limited on
shore wind resource potential." Siting this quantity of wind capacity will pose a significant 
challenge, and the land area requirements are not insubstantial. Assuming that the projected land-
based wind turbines are all located in one wind plant, for example, that plant would cover a 
square roughly 225 km (140 miles) on a side, or roughly 0.5% of total US land area. Only 2-5% 
of this area would be occupied by turbine towers, roads, etc., with the balance available for other 
uses such as farming or ranching. Nonetheless, concerns about wildlife impacts, aesthetics, and 
other factors will surely need to be addressed to achieve this level of capacity additions. 

Because the best wind resources tend to be long distances from population centers, expansion of 
the nation's transmission infrastructure is an essential precondition for achieving high levels of 
wind penetration. Figure 9 presents one broadly suggestive scenario for the wind energy transfer 
between regions, based on WinDS output. The 20% Wind scenario projects the addition of 
approximately 12,000 miles of new transmission lines at a discounted cost of about $20 billion. 
Although the $20 billion cost estimate is not prohibitive from the perspective of the overall 
electric sector, the institutional barriers to planning, siting, and recovering the cost of this 
quantity of new transmission lines are not insubstantial, and transmission expansion may pose 
the most significant challenge to achieving high levels of wind generation. 

10 The wind capacity levels projected by WinDS in each state depend on a variety of assumptions. In reality, the 
distribution of the 305 GW across states would differ from WinDS projections, and would depend, in part, on 
state policies used to promote or restrict wind energy. 
1' Alaska and Hawaii were not included in the study, but each state possesses ample wind resources and is expected 
to install wind capacity in the future. 
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Figure 9. Installed Wind Capacity by State in 2030, and New Transmission Needs 

Source: Derived from US DOE (2008) 

Importantly, the study also concludes that the integration of 20% wind into US electricity 
markets is both technically and economically feasible. In contrast to many other sources of 
electricity, wind power is inherently variable and non-controllable. In addition, though 
forecasting techniques are improving, there are limits to the level of those improvements. 
Despite these characteristics, a growing number of studies indicate that high levels of wind 
penetration can be accommodated as part of interconnected power systems. Though 
accommodating wind requires modifications to power systems planning and operations, the costs 
imposed by these changes are generally found to be below $10/MWh for wind penetrations of up 
to 20%. Spatial diversity in wind plants, wind output forecasting, control area coordination, 
liquid real-time markets, and quick-ramping fossil assets can all help alleviate the inherent 
variability in wind generation. 

The WinDS model considers the cost of integrating wind into electricity systems, as well as the 
cost of maintaining overall system capacity and reliability. One key output of the WinDS 
modeling is that the wind generation in the 20% Wind scenario offsets both coal and combined-
cycle natural gas (Gas-CC) usage (see right-most graphic in Figure 10), but also leads to a 
significant increase in quick-ramping gas combustion-turbine capacity (Gas-CT) to maintain 

12 For summary articles on this topic, see Gross et al. (2007) and Smith et al. (2007). 
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system reliability (see left-most graphic in Figure 10).13 The US DOE study concludes that 
additional storage is not strictly essential to achieving 20% wind penetration. Subsequent 
analysis confirms this result, but also finds that the economical use of storage could reduce the 
costs of maintaining grid reliability in high-wind penetration scenarios by, in part, reducing the 
need for gas combustion-turbine capacity (Sullivan et al. 2008). 

Figure 10. Electric Sector Capacity and Generation in 2030 
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At the heart of the analysis was an assessment of the economic feasibility of achieving 20% 
wind, and here the news is positive: if the significant institutional barriers can be overcome, the 
overall incremental costs of achieving 20% wind energy are projected to be relatively modest. 
Figure 11 shows the total estimated electric-sector costs for both the 20% Wind and the No New 
Wind scenarios, considering capital costs, fuel costs, operations and maintenance costs, and 
transmission costs (embedded in these categories are also resource adequacy and integration 
costs). The 20% Wind scenario requires a larger capital investment, but that investment is offset 
by reduced fuel costs. In aggregate, the 20% Wind scenario imposes an estimated net discounted 
incremental cost of over $40 billion.14 This implies an average incremental cost of wind 
(compared to the fossil generation deployed in the No New Wind scenario) of $9/MWh, an 
average increase in retail electricity rates of $0.6/MWh, and a bill impact for an average 
household of roughly $0.50 per month. Subsequent technical analysis has explored the sensitivity 
of this cost to differing input parameters, and has found the cost estimate be relatively robust 

Though, as shown in the right-most graphic in Figure 10, these gas combustion-turbine plants operate very 
infrequently. 
14 WinDS is used to estimate generation and transmission capital expenditures as well as fuel and O&M costs 
through 2030, while extrapolations of fuel usage and O&M requirements are applied from 2030 to 2050. A 7% real 
discount rate is used to estimate present value figures. 
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(Blair et al. 2008). In particular, if conservative assumptions are used, the estimated incremental 
cost of achieving 20% wind can, in the more extreme cases, more than double while, if more 
optimistic assumptions are used, aggregate electric-sector savings are sometimes predicted. 

Figure 11. Total Electricity-Sector Direct Costs (discounted at 7%/yr) 
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Of course, these direct costs are offset by a number of possible benefits, including lower fossil-

fuel prices, environmental improvement, reduced water consumption, rural economic 
development, and employment opportunities in the renewable energy sector. Perhaps most 
importantly, achieving 20% wind would reduce the carbon footprint of the US electricity sector. 
WinDS modeling shows a displacement of coal and natural-gas generation, yielding an annual 
reduction of 225 MMTCE by 2030, equivalent to roughly 20% of expected electricity-sector 
carbon emissions in 2030 in the No New Wind reference case (Figure 12). 
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Figure 12. Carbon Emissions Reductions Associated with 20% Wind Penetration 
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To put that figure in context, several legislative proposals were considered in the 110th US 
Congress to limit economy-wide greenhouse gas emissions. The Energy Information 
Administration evaluated three of these proposals (EIA 2007, 2008a, 2008b), finding that 
emissions reductions would come primarily from the electric power sector, and that electric-

sector emissions in 2030 would fall to just 15-60% of 2005 levels. As shown in Figure 13, the 
annual emissions reductions predicted to come from the 20% Wind scenario in 2030 represent a 
substantial down-payment towards even these aggressive emissions reduction targets. 
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Figure 13. Comparing the Carbon Savings from 20% Wind to Proposed US Climate Legislation 
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Moreover, it appears that the 20% Wind scenario represents a relatively low-cost option for 
reducing carbon emissions. If one allocates the full predicted incremental cost of achieving 20% 
wind ($40 billion plus) to the carbon savings predicted above, for example, one finds that the 
20% Wind scenario yields carbon reductions at under $13/tC02-eq.15 This figure is below the 
$20-80/tCO2-eq carbon price range that the IPCC (2007a) reports may be necessary by 2030 to 
achieve 550 ppm stabilization by 210016, and is also lower than the carbon prices of roughly $25-
60/tCO2-eq predicted by the EIA to be required in 2030 under climate legislation proposed 
during the 110th US Congress (EIA 2007, 2008a, 2008b). 

15 Even in the more-conservative cases presented by Blair et al. (2008), carbon reduction costs rarely exceed 
$30/tCO2-eq. 
16 With induced technology changes, the IPCC reports prices from $5-65/tC02-eq. Again note that some 
governments and scientists have called for carbon stabilization at well below 550 ppm, presumably requiring even 
higher carbon prices. 
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The Potential Global Role of Wind Power 

The US is not alone in its potential for substantial increases in wind power supply. In fact, a 
growing number of studies have sought to document the world's wind resources. Reporting on 
other studies, the IPCC (2007b) identifies an aggregate worldwide onshore wind power potential 
of roughly 600 Exajoules (EJ), which is more than three times greater than current worldwide 
electricity supply.1 

The wind resource is not evenly distributed across the globe (Figure 14), however, and North 
America is particularly well endowed; two studies have estimated that North America hosts 
roughly 25% of the global onshore wind potential (Grubb and Meyer 1993; World Energy 
Council 1994), while another study finds that the US alone holds 22% of the world's potential 
(Hoogwijk et al. 2004). As such, the relatively low cost of wind as a carbon-reduction strategy 
for the US should not simply be assumed to hold in every region of the globe (Hoogwijk et al. 
2004). Nonetheless, ample technical potential exists in most regions to enable high levels of 
wind penetration, even excluding the potential for offshore wind. As such, the size of the 
resource potential, itself, is unlikely to pose a significant global barrier to wind power expansion 

Figure 14. The Global Wind Resource 

The US is also not alone in conducting analyses of the feasibility of achieving higher levels of 
wind power deployment. In part relying on the resource data presented above, analyses of the 
technical and economic feasibility of achieving high levels of wind power penetration have been 

17 Studies that have been conducted on the world's wind resource potential include: Archer and Jacobsen (2005), 
Fellows (2000), Grubb and Meyer (1993), Hoogwijk et al. (2004), World Energy Council (1994), and WBGU 
(2004). Recent studies have often found an onshore wind resource potential that exceeds that reported by the IPCC 
(2007b); the IPCC figure also excludes offshore wind energy, which would add to the technical potential estimates. 
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conducted in a number of countries and regions,18 as well as globally, using a diverse set of 
analytic tools and methods. A sample of recent global scenarios is summarized in Table 4. 

Table 4. Recent Global Wind Energy Deployment Scenarios 

Study Sponsors 
IPCC (2007b) 
IEA (2007)* 
IEA (2008) 
European Commission (2006)** 
Edmonds etal. (2007)*** 
Shell (2008)**** 
WBGU (2004)* 
Greenpeace and EREC (2007) 
Greenpeace and GWEC (2006)***** 
Greenpeace and EWEA (2005) 

Wind Power as Proportion of Global Electricity Supply 
7% by 2030 
8.4% by 2030 
9% (ACT Map scenario) or 12% (BLUE Map scenario) 
13% by 2050 
14% by 2035 
23% by 2050 
135 EJ by 2040 (13% of total energy supply) 
23% by 2050 
11-18% (moderate) or 21-34% (advanced) by 2050 
12% by 2020 

* 450 ppm carbon stabilization case 
** Carbon constraint scenario 
*** 550 ppm carbon stabilization scenario; penetration levels increase to 2095 
**** Approximate percentage for "Blueprints" scenario 
***** Penetration range within single scenario depends on assumed degree of energy efficiency 

The range of approaches used to generate these scenarios is great, making any comparison of the 
scenarios suspect. Additionally, as noted earlier, existing modeling tools often do a relatively 
poor job at estimating the technical and economic viability of high levels of wind penetration, 
due to the geographic and temporal characteristics of wind potential and production. As such, the 
global scenarios presented here should be considered - at best - indicative of wind's potential, 
and should not be used as an estimate of the "optimal" or "maximum" level of wind production 
that might be feasible on a global basis. 

Nonetheless, the summary of these scenarios provided in Table 4 suggests that wind penetration 
levels that approach 10% of global electricity supply by 2030 are feasible, and that aggressive 
policies and/or technology improvements may allow wind production to ultimately reach 20% or 
more of global supply. As with the US DOE analysis presented earlier, most of these scenarios 
are not predicated on the widespread use of electricity storage to manage wind's inherent 
variability. Other strategies (e.g., flexible, fast-ramping combustion turbines) can also be used to 
manage wind's variability, and storage will have to compete with these options. If wind 
penetration levels exceed 10-20%, however, complementary storage technologies may be 
required to minimize cost.20 Even at lower penetration levels, the availability of storage can ease 

In this book, for example, Chapter Y provides an assessment of the possible role of wind power (among other 
technologies) in meeting China's energy needs in both a business-as-usual and carbon-constrained future, while 
other chapters include some discussion of the role in wind in the UK (Chapter Z) and New Zealand (Chapter Y). 
19 For reviews of the renewable energy scenario literature more broadly, see Martinot et al. (2007) and Hamrin et al. 
(2007). 
20 At higher levels of wind penetration, wind output may need to be curtailed during some portion of the year. At 
this point, the value of storage increases significantly. A variety of studies have looked at wind power penetrations 
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the burden of integrating wind into electric power grids, though storage should only be deployed 
for this purpose if it is economical to do so relative to other integration strategies. 

Pacala and Socolow (2004) and Socolow and Pacala (2006) describe a simplified scenario that 
may enable carbon dioxide stabilization at 500 ppm, initially requiring the displacement of 175 
billion tons of carbon (GtC) over 50 years, or seven "wedges" of 25 GtC each. Though 
decomposing the carbon problem into such "wedges" has limitations, it nonetheless provides a 
useful heuristic for highlighting the importance of different technology solutions - including 
wind - in combating global climate change. In particular, the high-penetration wind power 
studies presented in this chapter suggest that wind power may be able to deliver one of these 
seven wedges in the medium term. Specifically, assuming that the 20% Wind scenario presented 
earlier for the United States achieves and then maintains 305 GW of wind from 2030-2050, that 
scenario is estimated to deliver more than 6 GtC emissions reduction through 2050, and to do so 
at a cost below many other carbon reduction strategies. By 2030, the US electricity sector is 
expected to represent roughly 18% of global electricity generation. By simple extrapolation, if 
the world was also able to achieve a similar 20% wind penetration level, then global cumulative 
carbon emissions reductions from wind would exceed the size of a single 25 GtC wedge.21 

Conclusions 

The challenge of supplying energy reliably, securely, and economically, while also tackling the 
threat of climate change, is daunting. In concert with other technologies, however, wind power is 
ready today to begin confronting this challenge. Global wind resource potential is vast and, 
though accessing this potential is not costless or lacking in barriers, wind power can be 
developed at what many would consider to be an acceptable cost. 

To grow wind at scale, however, a "business as usual" path will not do. In addition to the 
common needs of other low-carbon technologies, such as stable, long-term promotional policies 
and placing an economic price on carbon emissions, the following actions are likely to be 
needed: 

1. Dramatically expanded transmission investments specifically designed to access remote wind 
resources. 

2. Larger power control regions, better wind forecasting, and increased investment in fast-
responding generating plants to more-effectively integrate wind power into electricity grids. 

3. Streamlined siting and permitting procedures that allow developers to identify appropriate 
project locations and move from wind resource prospecting to project construction quickly. 

in excess of 20% in certain regions, typically involving the use of storage, plug-in hybrid vehicles, demand response, 
and/or other technologies to manage the variability of wind power. For a sample of recent (and in some cases 
somewhat US-centric) examples, see: Benitez et al. (2008), Black and Strbac (2006), Cavallo (2007), DeCarolis and 
Keith (2006), Denholm (2006), Hoogwijk et al. (2007), Greenblatt et al. (2007), Kempton and Tomic (2005), Lund 
and Kempton (2008), and Leighty (2008). 
21 Clearly, this is a crude approach, as it assumes that the fossil generation offset by worldwide wind additions is 
similar to that estimated for the United States, and it ignores possible interactions between carbon reduction 
strategies. Nonetheless, the estimates provided here are reasonably consistent with the wind electricity wedge 
posited by Pacala and Socolow (2004) and Socolow and Pacala (2006). 
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4. Enhanced research and development to lower the cost of offshore wind power, and 
incrementally improve conventional onshore wind technology. 

5. Investments in technologies and practices that may enable even greater penetration of wind, 
including storage, plug-in hybrids, demand response, and hydrogen production. 

Long ago, Henry David Thoreau wrote: "First, there is the power of the Wind, constantly exerted 
over the globe... Here is an almost incalculable power at our disposal, yet how trifling the use 
we make of it. It only serves to turn a few mills, blow a few vessels across the ocean, and a few 
trivial ends besides. What a poor compliment do we pay to our indefatigable and energetic 
servant!"22 More than a century-and-a-half later, we are now able to both calculate and 
efficiently utilize the power in the wind - perhaps it is finally time to lean more heavily on this 
"indefatigable and energetic servant." 
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Text For Introduction 

In chapter 10, Ryan Wiser and Maureen Hand describe the potential contribution of wind 
power in combating the inexorable rise in carbon emission. The global wind power market has 
been growing at a phenomenal pace in recent years, driven by favorable policies towards 
renewable energy and the improving economics of wind projects. But, how much more wind 
power can be expected, how soon, and at what ultimate cost? 

Drawing upon a number of studies, the authors conclude that wind power is ready today for 
significant additional scale-up, thereby reducing the carbon footprint of the electricity sector. The 
technology has matured, and costs are, in good resource regimes, comparable to fossil-fuel 
generation. As such, the authors contend that the global wind resource is vast and, though 
accessing this potential is not costless or lacking in barriers, that wind power can be developed at 
scale in the near to medium term at what appears to be an acceptable cost. 
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