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Abstract 

The costs of wind power have declined to levels on par with or below those of conventional sources in 

many parts of the world. Wind power has become one of the fastest-growing sources of new 

electricity generation. We take stock of wind power cost evolution over the past 20 years, review 

methodologies commonly used for cost assessment, discuss the potential for continued cost 

reduction, and identify anticipated cost and value drivers. Our scope includes both onshore and 

offshore wind technologies. We draw from a vast body of literature on these topics to highlight key 

trends, approaches, and limitations. Further, we discuss strategies for wind power assets to enhance 

their marginal economic value to the broader power system and consumers. We identify a myriad of 

factors that are expected to influence the future cost and value of wind power, including siting, project 

scale, turbine size, operational synergies, commodity prices, advancements in turbine technologies, 

enhanced management of the wind resource, and novel control technologies that provide value for 

the electricity grid. Because the common methods for forecasting future costs each have their own 

strengths and weaknesses, we find the best insights are elicited from a combination of methods. 

Overall, researchers and analysts anticipate further sizable cost reductions for onshore and offshore 

wind. Midrange forecasts for levelized cost of energy in 2050 are generally between $20 and 

$30/MWh for onshore wind and $40 and $60/MWh for offshore wind, a reduction to approximately half 

of today’s levels. Optimistic forecasts anticipate these levels as early as 2030.  
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The levelized cost of energy (LCOE) has decreased significantly over the past several decades 

and recent trends continue to show cost reductions. This article explores forecast methods, 

expectations, and factors that may influence the cost of wind energy in the future. 

  



1. INTRODUCTION 

Wind power is one of the fastest-growing sources of electricity generation globally (Koebrich 

et al. 2020, IRENA 2020). In 2019, the cumulative global capacity of onshore and offshore wind 

reached 651 GW, an increase by a factor of four over the preceding 10 years (GWEC 2020). Such 

growth has occurred as the costs of wind energy in many parts of the world have declined to levels on 

par with or below those of conventional electricity generation technologies (Lazard 2020). Lower cost 

levels have been driven by improvements in system performance and longer project lifetimes as well 

as decreases in the cost of capital, project capital costs, and operation and maintenance (O&M) 

expenditures (Wiser and Bolinger 2019a; Stehly and Beiter 2019). Looking ahead, the cost of wind 

energy is widely expected to decrease further while the value that wind energy can provide to the 

broader power system comes increasingly into focus. Key drivers of future cost and value include 

project siting and scale, turbine size, operational synergies, commodity pricing, and technology 

innovation (e.g., advancements in turbine technologies, enhanced understanding and management of 

the wind resource, and novel control technologies that provide value for the electricity grid [Veers et 

al., 2019]).  

We discuss the cost of wind energy primarily in terms of the levelized cost of energy (LCOE) 

(Sidebar 1), a commonly used metric that represents the total cost to build and operate a wind power 

facility over its financial lifetime (i.e., capital recovery period), discounted to present value, and 

levelized by the lifetime energy generation (Aldersey-Williams and Rubert, 2019). LCOE is a 

simplified metric that allows for direct comparison of projects with different cash flow profiles and 

capital recovery periods. The method of calculating LCOE varies between studies, depending on the 

perspective taken (e.g., a high-level international comparison versus investment in a specific project) 

and the level of detail of the available data (Aldersey-Williams and Rubert, 2019; Schwabe et al., 

2011). Notwithstanding its limitations,1 LCOE is employed to evaluate trends in the unit cost of 

generation sources across regions, technologies, and over time. Understanding individual LCOE 

components (such as capital [CapEx] and operational [OpEx] expenditures, capacity factor, and the 

cost of financing) is equally important and often a relevant input to cost and energy sector modeling. 

                                                      
1 LCOE does not capture all the factors that affect investment decisions regarding wind energy. Financial 
incentives such as tax credits or grants are not necessarily included in the calculation of LCOE. By evaluating 
only costs and energy production over the full plant lifetime and not considering the value of the electricity 
production, LCOE fails to distinguish relative grid-value between, for example, variable and dispatchable 
generation resources. Additionally, other social and environmental impacts are not accounted for by this metric. 



Each of these LCOE components vary by project, market, and over time. While our focus in this 

article is on LCOE, we refer to the relevant literature for further details and data on CapEx, O&M, 

energy production, and the cost of financing. 

 

 

Sidebar 1: The Levelized Cost of Energy 

In simplified form, Short et al. (1995) define LCOE as shown in Eq. 1:  
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where LCOE ($/MWh) is the levelized cost of energy, t is the year starting at t = 0, T is the capital 

recovery period (i.e., the economic lifetime of the plant), d is the discount rate, Qt is the amount of 

electricity produced in year t, and Ct is the total expenditures incurred in year t. Solved for LCOE and 

populated with more detailed cost and performance parameters, this yields Eq. 2 (NREL 2020a):  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  
𝐿𝐿0  ∗  𝐿𝐿𝐶𝐶𝐶𝐶 +  𝐿𝐿&𝑀𝑀

8760 ∗  𝑁𝑁𝐿𝐿𝐶𝐶
 

where C0 is the overnight capital cost ($/kW), O&M ($/kW-year) are the fixed operation and 

maintenance expenditures, CRF (%/year) is the capital recovery factor (which converts the capital 

cost into an annuity and accounts for cost of finance), and NCF (%) is the net capacity factor (i.e., the 

ratio of the system's predicted or actual net electrical output to the nameplate output). The LCOE 

formulation in Eq. 2 does not include any expenses for interest during construction, which is typically 

added to C0 if construction is not completed within one year, yielding CapEx. LCOE can be expressed 

in real or nominal terms.2 Real LCOE yields a constant dollar, inflation-adjusted value while nominal 

LCOE reflects a current dollar value (NREL 2020a). Nominal LCOE is higher than LCOE expressed in 

real terms. The choice between real and nominal LCOE depends on the purpose of the analysis with 

long-term studies typically favoring to express LCOE in real terms (Short et al. 1995).3 An overview of 

alternative LCOE calculation methods can be found in Aldersey-Williams and Rubert (2019). 

                                                      
2 In Eq. 2, the distinction between real and nominal LCOE is made by the choice of a nominal or real 

CRF. 

3 Note that the distinction between real and nominal LCOE is different from the choice between a real 

(i.e., cash flows denominated in real terms) and a nominal (i.e., cash flows denominated in nominal 



 

In this article we take stock of the past, current, and future cost of wind energy. We discuss 

recent and more distant historical trends in the cost of wind energy (Section 2). Further, we review 

methodologies commonly used for cost assessment, both for current and future costs, and highlight 

factors that affect the accuracy of these predictions (Section 3). We also discuss the growing 

importance of the value of wind energy and strategies that are employed to enhance the technology’s 

value within the power system (Section 4). We conclude with brief reflections on the observed trends 

of the past four decades of reduced cost of wind energy and what this legacy may hold for the 

industry going forward. 

Although our focus is primarily on cost, we recognize that this metric alone is not the only 

driver for the deployment of a technology. Other factors contribute to its ultimate efficacy, utilization, 

and societal acceptance. As existing and new wind energy systems continue to be used as sources of 

electricity generation, it is important to identify, understand, and—where possible—mitigate adverse 

impacts for its continued use and successful integration into environmental and social contexts. 

Beyond cost, other notable topics that will impact wind energy’s future and are not addressed in detail 

in this article include potential wildlife impacts, conflicting land and ocean uses, viewshed issues, 

disposal and recycling of decommissioned projects, community acceptance, and sustainable sourcing 

of materials.   

 

  

                                                      
terms) discount rate. Regardless of whether the real or nominal LCOE method is chosen, the most 

economical option will not change as long as all options are evaluated using the same method (Short 

et al. 1995).  



2. QUANTITATIVE TRENDS IN THE HISTORICAL COST OF WIND ENERGY  

Worldwide growth in wind energy installations has been accompanied by decreasing LCOE. 

Although policy measures (e.g., feed-in tariffs, renewable portfolio standards, and tax incentives; see 

Polzin et al., 2019 for further details) have been and continue to be significant drivers of installations, 

the cost of wind energy has become economically competitive with conventional generation sources 

in many regions of the world (IRENA, 2020; Lazard, 2020). The rate of cost decreases has not been 

entirely steady, however, and in some periods, costs remained level or increased (IRENA, 2020; 

Lantz et al., 2012; Wiser and Bolinger, 2019a). In the past 5 years (2014–2019), on the other hand, 

cost decreases have been especially rapid and have outpaced analysts’ projections, with LCOE 

decreasing by 28% to 36% on land and 28% to 49% offshore (IRENA, 2020; Jansen et al., 2020; 

Lazard, 2020; Wiser et al., 2020a). 

Historical trends in the cost of wind energy have been driven by changes in the main 

components of LCOE: energy production, capital costs, operating costs, cost of financing, and lifetime 

(Blanco, 2009; Short et al., 1995) (Sidebar 2). Several research entities and consultancies collect 

historical data on LCOE components, such as CapEx, OpEx, capacity factor, cost of financing, and 

project lifetimes for various countries (IEA Wind Task 26, 2020; Wiser et al., 2020a, Musial et al., 

2020; Wood MacKenzie, 2019; IRENA, 2020; Lazard, 2020; BNEF, 2020; Vieira et al., 2019; Ioannou 

et al. 2018; Kost et al. 2018; Durstewitz et al. 2017; Wallasch et al. 2019; Wiser et al. 2019c; Wiser et 

al. 2019d; Hamilton et al. 2020; Staffel and Green 2014). Energy production is influenced by the site-

specific wind resource as well as technical design choices such as specific power.4 Technological 

choices can have a large influence on both costs and performance, which might exert opposing 

pressures on LCOE. For example, tower capital costs increase with height, but a taller tower can 

reduce LCOE if the increase in energy production enabled by access to higher wind speeds farther 

above the ground outweighs the additional cost (Lantz et al., 2019; Wiser et al., 2020b).5 Capital costs 

also vary independently from turbine design with fluctuations in labor rates or commodity prices, such 

as the price of steel, in turn impacting LCOE. Furthermore, these costs may be subject to economies 

of scale with larger projects benefitting from quantity discounts or a more efficient spread of fixed 

                                                      
4 Specific power is the ratio of rated power output to rotor swept area. 

5 The value of this trade-off depends on site-specific conditions such as wind shear. 



costs (e.g., management expenditures) (Junginger et al., 2005; Wiser et al., 2016);6 however, the 

magnitude of these impacts varies significantly in the literature, ranging from the absence of a 

statistically significant impact on project costs to a 50% reduction in balance of system costs (Maness 

et al., 2017; van der Zwaan et al., 2012). O&M expenditures include insurance and land or ocean 

lease payments, as well as the costs of management, maintenance, and repairs. Because the initial 

capital and installation costs make up a relatively large fraction of the total cost of wind energy when 

compared to conventional generation sources with higher fuel costs, the terms under which the initial 

investment is financed have a sizable effect on LCOE. Financial terms are affected by prevailing 

market rates (e.g., debt rates), the perceived risk of the investment, and the type of investors, as well 

as jurisdiction-specific policies and tax structures. The discount rate applied to future cash flows from 

electricity-generating assets is often considered equivalent to the weighted-average cost of capital 

(WACC), which typically varies in the range of 3–11% for onshore projects and 6%–13% offshore 

(both in nominal and after-tax terms) among Organisation for Economic Co-operation and 

Development (OECD) countries (Egli et al., 2019; Feldman et al., 2020). Steffen (2020) reports 

WACC for several non-OECD countries to be approximately 3% higher on average for onshore wind 

applications. The capital recovery period sets the period over which LCOE is calculated. Although the 

capital recovery period refers specifically to the time to recover the initial investment, it is often aligned 

with the technical lifetime over which turbines are designed to operate. Historically, a design life of 20 

years has been a typical assumption (UNEP, 2016); more recent estimates extend project lifetimes to 

25 years and even beyond a 30-year lifetime for offshore wind turbines (IRENA, 2020; Lantz et al., 

2013; Stehly et al., 2018; IRENA, 2016; Wiser and Bolinger, 2019b).   

  

                                                      
6 Larger plant sizes can result in an adverse impact on total wake losses, which is typically mitigated 

by layout optimization and innovative control algorithms.   



Sidebar 2: Wind Energy Cost Components 

 

Figure 1. Capital and O&M expenditures as % of LCOE for onshore (left) and offshore (right) 

reference projects. Reproduced from Stehly and Beiter (2019). 

Note: Expenditures of LCOE expressed in % after converting CapEx and OpEx to $/MWh using the 

net capacity factor and fixed charge rate (real) reported in Stehly and Beiter (2019). 

CapEx (including turbine, balance of system, and soft costs) and OpEx for onshore and offshore wind 

power plants are shown in Figure 1. For onshore wind plants, the turbine expenditures make up 

approximately half of the LCOE, with O&M representing 25%–30%. Another 16% of total LCOE 

comprise balance-of-system costs, which include all parts of the wind plant except the turbines 

including foundations, electrical infrastructure, access roads, etc. Soft costs make up the remaining 

6% and include construction financing and contingency funds. Depending on local requirements, 

funds may be allocated at the outset of a project to cover the eventual cost of decommissioning. In 

contrast, the cost of the turbines represents a smaller portion (less than 20%) of the LCOE for an 

offshore wind power plant, whereas O&M and balance-of-system costs make up a larger fraction, with 

O&M representing approximately one-third of the total and soft costs around 10%. Balance-of-system 

costs are considerably higher for offshore applications because of expenditures for (fixed-bottom or 

floating) substructures, array cables linking individual turbines, and the export cable from the offshore 

wind site to cable landfall (Stehly et al., 2018; Stehly and Beiter, 2020). Figure 1 incorporates the cost 

of capital within the wedge for each component. The contribution of financing costs to the total LCOE 



varies widely depending on the cost of capital for a given project, with published values of financing 

costs ranging widely from approximately 10% to 60% of LCOE (Waissbein et al., 2013; Egli et al., 

2019; Böttcher, 2020).  



2.1 1980–2000 

The 1980s and 1990s saw a great deal of growth for the wind industry, both in terms of globally 

installed capacity as well as in deployed turbine sizes. As the worldwide installed wind energy 

capacity increased from 8 MW in 1980 to 18 GW in 2000 (Wind Energy International, 2018), the 

global capacity-weighted average LCOE for onshore wind decreased from $308/MWh to $142/MWh 

(IRENA, 2020) (Figure 2).7 Cost decreases were a result of both improved performance and 

reductions in capital costs relative to generating capacity. Globally weighted average capital 

expenditures decreased from $5.18/MW in 1983 to $2.22/MW in 2000 (IRENA, 2020). Manufacturers 

were able to reduce costs as they gained experience and benefitted from economies of scale in the 

volume of turbines being produced. The turbines were also becoming larger, leading to a decrease in 

the per-unit cost of capital ($/kW) and operational expenditures ($/kW-year) for a given power output. 

Turbine nameplate capacities increased from approximately 100 kW in the 1980s to more than 1 MW 

in the early 2000s while typical rotor diameters and hub heights increased from 20 m to 70 m over the 

same period (Lantz et al., 2019). Taller towers provided access to higher wind speeds and larger 

rotors, which increased the area available for energy capture.  

 

 

Sources: GWEC, 2020; IRENA, 2020; Wind Energy International, 2018 

                                                      
7 All costs in 2019 USD, unless indicated otherwise. 

Figure 2. LCOE relative to total installed capacity (1983‒2019) 



 

2.2 2000–2020  

Onshore wind energy 

The cost of onshore wind energy continued to decline until 2002 or 2003, when a variety of factors 

contributed to increases in capital costs in much of the world for the next several years. One factor 

was an increase in commodity prices for key raw materials used in the production of wind turbines, 

including steel, copper, cement, and carbon fiber (Blanco, 2009). Manufacturing costs were also 

driven upward in this period by increases in energy prices and labor costs. Favorable market 

conditions, particularly in the United States, and strong demand for wind turbines in the mid-2000s 

outpaced manufacturers’ ability to supply them, creating upward pressure on prices (Bolinger and 

Wiser, 2011). One regional exception to the general increase in turbine costs in this period was 

China, where industrial policy in the period 2006–2010 promoted the entry of new turbine 

manufacturers into the market who were able to ease supply constraints that drove price increases 

elsewhere (Lantz et al., 2012; Yuan et al., 2015). Turbine prices in China decreased relatively steadily 

from around $1,600/kW in 2000 to $530/kW in 2019 (IRENA, 2020). The global financial crisis of 

2008–2009 reversed the upward growth of turbine capital costs. Energy and steel prices dropped, and 

orders for new turbines moderated, resulting in more competition between turbine manufacturers 

(Moné et al., 2017). The average price for onshore turbines outside of China peaked around 

$2,000/kW in 2009 before decreasing to approximately $830/kW in 2019 (IRENA, 2020). In the last 

five years (2014-2019), total capital expenditures decreased 9-18% (IRENA, 2020; Wiser et al. 

2020a). Lazard (2015, 2020) reports a global average CapEx reduction from 1,250-1,700 $/kW in 

2015 to levels of 1,050-1,450 $/kW in 2020.8 

Despite increasing capital costs between 2003 and 2009, the levelized cost of onshore wind 

energy decreased from $142/MWh in 2000 to $53/MWh in 2019 (IRENA, 2020). The decrease was 

partially attributable to improvements in energy production that were obtained through the installation 

of taller towers and larger rotors with lower specific powers (Duffy et al., 2020). Average capacity 

factors increased by over 60% in this period, starting from approximately 22% in 2000 and growing to 

nearly 36% in 2019 (IRENA, 2020). Reductions in costs of financing also contributed significantly to 

                                                      
8 The range is indicative of the “low” and “high” case in Lazard (2015, 2020). 



lower LCOE. Egli et al. (2019) found that decreases in the cost of capital between 2000 and 2017 

were responsible for 24% of the decrease in LCOE for German onshore wind power plants. Similarly, 

Duffy et al. (2020) attributed 25% of the decrease in LCOE in Europe and the United States between 

2008 and 2010 and 2014 and 2016 to reductions in WACC, with decreases in operating expenses 

playing a smaller role. 

Offshore 

Although the first offshore wind farm was installed in 1991, most of the growth in installed capacity 

offshore has taken place since 2000 (Kaldellis and Kapsali, 2013). Total installed costs for offshore 

wind plants are between two to three times the equivalent costs of onshore wind plants but tend to 

produce a higher energy yield because of more favorable wind regimes offshore (IRENA, 2020). 

Offshore wind capital costs were close to $3,000/kW between 2000 and 2007, rising sharply to more 

than $5,000/kW in 2008. The increase in cost was partially driven by physical site characteristics: the 

capacity-weighted average distance to shore and water depth of projects commissioned in 2008 were 

both higher than in any previous year (Musial et al., 2019; Schwanitz and Wierling, 2016; Voormolen 

et al., 2016). After a peak in 2013, capital costs began declining again, reaching $3,800/kW in 2019 

(IRENA, 2020). Between 2014-2019, total capital expenditures decreased 8-31% (IRENA, 2020; 

Wiser et al. 2020a). Lazard (2015, 2020) reports a global average CapEx reduction from 3,100-5,500 

$/kW in 2015 to levels of 2,600-3,675 $/kW in 2020.9 Economies of size10 have motivated continued 

upscaling of offshore wind turbines, with rated turbine capacities of the latest global deployments now 

exceeding 10 MW. The higher capital costs are partially offset by increased power production 

offshore, where global average capacity factors are approximately 8% higher than on land. Figure 2 

indicates that LCOE for offshore wind is comparable to onshore LCOE at the equivalent level of global 

installed capacity, suggesting both technologies can leverage comparable learning effects (albeit 

other studies find diverging learning rates for onshore and offshore wind technologies). The global 

                                                      
9 The range is indicative of the “low” and “high” case in Lazard (2015, 2020). Note that consideration 

of offshore export cable system expenditures this CapEx estimate is not reported in Lazard (2015, 

2020). 

10 Economies of size pertain to a reduction in the per unit cost of CapEx [$/kW] and OpEx [$/kW-yr] 

for the same energy production. 



average LCOE for offshore wind in 2019 was $115/MWh, more than twice the 2019 LCOE for 

onshore wind (IRENA, 2020). To date, worldwide floating offshore wind installations are limited to 13 

projects, representing 84 MW of capacity (Musial et al., 2020). Estimated LCOE for commercial-scale 

floating projects in 2019 ranged between $95/MWh and $175/MWh, with significant reductions 

expected as the industry develops (Beiter et al., 2020, Musial et al., 2020). 

The range of cost estimates for wind energy  

In any year, focusing on the global capacity-weighted average LCOE conceals a wide range of 

variation in costs between projects and regions. The historical high and low LCOE values in Figure 3 

(onshore) and Figure 4 (offshore) represent the 5th and 95th percentile range of costs globally (IRENA, 

2020). In 2019, these costs extended from $38/MWh to $107/MWh on land and $88/MWh to 

$157/MWh offshore. Variations in LCOE arise because of physical site characteristics such as (mean) 

wind speed and ease of access; prevailing commodity price, labor rates, land and lease prices; 

access to finance; general ease of doing business; regulation; the support and tax incentives for 

renewables; the allocation of transmission costs (Noonan et al., 2018); and lastly, because of different 

LCOE calculation methodologies (see e.g., Aldersey-Williams and Rubert 2019).  

 

Figure 3. Range of LCOE estimates for onshore wind (2010–2050)  

Source: Chart reproduced with data from DNV GL (2020), NREL (2020b), IRENA (2020), IEA (2020), 

and BNEF (2020). 



 

 

Figure 4. Range of LCOE estimates for offshore wind LCOE (2010‒2050) 

Source: Chart reproduced with data from DNV GL (2020), NREL (2020), IRENA (2020), IEA (2020), 

BNEF (2020) and Wood Mackenzie (2019). 

 

Figure 3 and Figure 4 also include a range of LCOE projections from international 

consultancies and research institutions for onshore and offshore wind to 2050. In general, there is 

broad agreement across this group of projections that LCOE is most likely to continue to decrease 

over the coming decades. Nevertheless, there are differences in the rate of the decrease and the 

magnitude of the anticipated reduction. In the next section, we review methodologies that are used to 

project future LCOE trends and explore the differences between them. 

 

3. ANTICIPATED TRENDS IN THE FUTURE COST OF WIND ENERGY  

Looking ahead, the potential for continued cost reductions remains sizable (Dykes et al., 2017; Veers 

et al., 2019) (Figures 3 and 4). Such opportunities could foster even greater wind power deployment 

and facilitate increased use of wind energy. Ultimately, however, the role that wind energy plays will 

depend on the relative cost competitiveness of wind power and the value that can be extracted from 

its production. Here, we explore the challenges associated with predicting the future cost of wind 

energy, discuss the various methods used to forecast future costs and factors that could accelerate or 



slow the pace of change in wind energy costs, summarize potential sources of persistent variability in 

costs around the globe, and highlight the importance of relative cost differences. 

3.1 Challenges in predicting the future cost of wind energy  

Estimating the future cost of a power system asset is inherently challenging. This is particularly 

evident for wind power costs because of the sector’s dynamic evolution from a niche to a mainstream 

power source over a relatively short time span of approximately 20 years. In 2015, a seminal 

elicitation of 163 global experts about future onshore and offshore wind costs was conducted (Wiser 

et al., 2016a). A retrospective comparison shows that experts underpredicted the realized cost 

reduction considerably for both onshore and offshore wind. Estimates made by other organizations at 

that time similarly underpredicted the realized cost reduction over the past 5 years (see e.g., 

IRENA,2016]; NREL, 2015; and U.S. Department of Energy, 2015). Several reasons make it hard to 

ascertain future costs. First, anticipating technology choices and innovation trends, regulatory 

conditions, and siting environments are inherently uncertain. Second, the interdependencies between 

cost drivers and their impact on LCOE are highly complex and nontrivial to capture in bottom-up 

engineering models or via other means. Third, industry experts who arguably have the most detailed 

understanding of possible cost reduction opportunities may also consider those insights commercially 

sensitive. Finally, there are several macroeconomic or policy factors (commodity prices, interest and 

exchange rates, policies that create demand) that can influence both costs and price for wind energy 

as well as other sources of electricity generation. Nevertheless, estimates of the future cost of wind 

energy offer critical information for an array of stakeholders including researchers that study the future 

of the power system 10, 20, and 30 years into the future, investors discerning whether and how much 

to invest in wind energy technology and plants, decision-makers and policymakers focused on 

achieving their power sector objectives, research and development (R&D) managers attempting to 

maximize their return on investment from specific research opportunities and many others.  

3.2 Summary of methods used and projections going forward  

There are four principal methods that have been developed to characterize future costs from 

wind power: expert elicitation; analysis and extrapolation of historical trends or learning rates; bottom-

up engineering analysis; and analysis or replication of auction bids. Each of these methods has 

advantages and limitations (e.g., data requirements, introduction of bias) that may influence the 

accuracy of cost projections. 



Expert elicitation seeks structured insights from subject-matter experts on cost reduction 

potential. A comprehensive study conducted on wind energy was reported in Wiser et al. (2016a). In 

that study, the authors utilized an online survey of 163 experts from wind energy markets around the 

world to estimate the potential for LCOE (inclusive of capital cost, capacity factor, financing costs and 

operations and maintenance costs) reduction from 2014 to 2050 with a focus on expectations for 

2030. The elicitation considered the LCOE (and constituent component) reduction potential for 

onshore wind, fixed-bottom offshore wind, and floating offshore wind. In their analysis, Wiser et al. 

found that experts predicted median LCOE reductions of approximately 24% (onshore wind), 30% 

(fixed bottom), and 25% (floating, relative to a 2014 fixed-bottom baseline) by 2030; greater LCOE 

reductions of 44%, 43%, and 45% were highlighted as possible under a low-cost scenario intended to 

reflect the 10% probability. A subset of respondents that were expected to have particularly detailed 

knowledge about future LCOE development showed even greater expectations for cost reduction, but 

still underestimated actual trends that have been observed since their responses were collected. 

Researchers and industry participants have also relied on analysis of historical cost trends, 

specifically learning rates, and the subsequent extrapolation of those rates as a means of estimating 

future cost reduction potential. Estimated historical learning rates are variable (Samadi 2018; 

Junginger and Louwen 2020). They are influenced by the time period studied, the geographic scope 

of the analysis, the specification of the learning curve, and whether one focuses on installed capital 

expenditures (CapEx) or LCOE. Recent LCOE-based learning rates for onshore wind have been 

estimated to range from 10%–20%, implying a 10%‒20% reduction in LCOE for every doubling of 

cumulative installed capacity (IRENA, 2018; Williams et al., 2017; Wiser et al., 2016a). A review of 

CapEx learning rates published between 1995 and 2016 by the European Commission Joint 

Research Center (JRC) (2018) indicates that learning rates for wind energy are reported at different 

system levels (e.g., a wind farm, wind turbine, or subcomponents) and geographical scope resulting in 

learning rates between -3% (very short time period considered; narrow geographical scope) and 

above 30% (learning rate at the subcomponent level or selected onshore wind markets) (Ibenholt, 

2002; Neij, 2008; Rubin et al., 2015; Trappey et al., 2013). Most of the data points range from 5% to 

20%, with onshore and offshore wind estimates between 4% to 14% and 10% to 12%, respectively in 

studies published in the period 2010‒2016. Notably, in their expert elicitation work, Wiser et al. 

(2016a) compared the predictions of experts to predictions resulting from analysis of historical 



learning trends and found relatively common forecast values from both methods, at least for onshore 

wind (Figure 5). In retrospect, however, it is apparent that both methods underestimated the actual 

cost reduction that occurred from 2014 to 2019—a period of accelerated cost reduction by historical 

standards for both onshore and offshore wind. Time will tell whether these methods underestimated 

actual cost reduction over the long term or whether the period of 2014‒2019 is unique and might be 

followed by a period of relatively slower cost reduction.  

 

 

Figure 5. Relative cost reduction expectation from historical learning and expert prediction 

Source: Reproduced with permission from Wiser et al. (2016a); “LR” refers to the estimated LCOE 

learning rate. 

A third approach to characterizing future costs is bottom-up engineering cost analysis. In this 

method, specific innovations are evaluated for their potential impact on turbine and plant design, 

manufacturing, installation, and operation. Innovations are evaluated for both their specific impact on 

the component in question and for their cascading impacts throughout the wind turbine and plant. For 

example, a particular tall tower technology would be assessed for its direct impact on total tower cost. 

In addition, the technology would be evaluated for its impacts on hub height and energy production. 

Impacts on installation costs and O&M are also considered to understand the combined impacts of 

the innovation on LCOE.  



One challenge that applies specifically to bottom-up engineering methods comes from the 

difficulty in characterizing new, emerging concepts that may not be fully designed and engineered. 

There is often significant uncertainty in the actual representation of the specific innovation in question, 

complicating the subsequent analysis of those concepts. Another challenge is how to represent the 

potential impacts of the innovation in question on the rest of the system, without doing a full re-design 

of all aspects of the wind turbine and plant. This issue is noteworthy because many system and 

component cost models are developed around today’s state-of-the-art technology, whereas future 

innovations will be applied in the state-of-the-art systems of the future. Appropriately characterizing 

and then modeling the impacts of a given innovation in a system that is consistent with how it might 

be used requires a robust working knowledge of wind energy systems and how they might change 

over time. Moreover, while effects on CapEx may be obtained from this approach, effects on annual 

energy output or operational expenditures are harder to find or derive. Some finesse and creativity in 

the set up and application of the cost models to the specific question is frequently necessary. All 

these factors introduce additional layers of uncertainty into the future cost characterizations and result 

in a wide array of potential bottom-up engineering approaches with different levels of fidelity applied to 

obtain the requisite confidence in a given result. If not executed thoughtfully and with a sizable 

appreciation for the challenges and nuances, the usefulness of the bottom-up engineering may be 

limited. Of particular significance in this method, which explores expected impacts on costs and 

performance, is the potential for an innovation to inversely affect cost and performance. Balancing 

these two major drivers of wind energy LCOE is critical to arriving at a complete understanding of 

innovation impacts on future costs.  

A final approach, analysis or replication of auction bids, is a method used to infer LCOE or 

cost components (Steffen 2020) from wind procurement. Several analyses have exploited power 

purchase agreement price data. Miller (2017) compared the LCOE of onshore wind projects with the 

reported power purchase agreement price to identify differences. Jansen et al. (2020) introduced a 

formal method to derive "harmonized expected revenue." Jansen et al. (2020) applied this method to 

recent European offshore wind auctions. The benefit of deriving LCOE from auctions is that prices 

from these events are often made available publicly and are part of a binding and (in many cases) 

well-documented contract (rather than an e.g., an estimate from a bottom-up engineering model or 

generic press reporting). However, auctions are limited in that they tend to be held for wind projects 



that are commissioned a few years later, so this approach provides only a short-term perspective of 

future costs. 

The literature detailing opportunities for future cost reduction comes from a variety of sources. 

The primary sources of publicly available future cost estimates tend to fall into three categories: 

modelers exploring the role that wind energy might play in the future of the power and energy sectors 

(e.g., EIA, 2021; NREL, 2020b, IEA, 2019; IRENA, 2020; Capros et al., 2019; Nijs et al., 2019; 

Simoes et al., 2014), consultants serving the wind energy or investor communities (e.g., BNEF, 2020; 

Wood Mackenzie, 2019; DNV GL, 2020), and researchers applying new innovative applications of the 

three core approaches described earlier (e.g. Wiser et al., 2016a). Notably, each of these sources 

must consider and reflect on the relevant feedback loops between cost trends and deployment. 

Across these many estimates, a broad range of future cost trajectories has been identified. For 

onshore wind, estimated LCOE reductions range from roughly 10% to almost 35% by 2035 and as 

much as 40% by 2050. A median estimate of approximately 25% by 2035 and 35% by 2050 can be 

elicited from this range. For fixed-bottom offshore wind, LCOE reduction estimates span from 35% to 

more than 50% by 2035 and from 45% to 65% by 2050 (Table 1). A median estimate of approximately 

45% by 2035 and 50% by 2050 can be elicited from this range. Under the conditions of good to 

excellent wind resource sites and economic conditions that are consistent with mature wind markets, 

this range of percentage cost reductions translates to midrange forecasts for LCOE in 2050 between 

$20 and $30/MWh for onshore wind (Figure 3) and $40 and $60/MWh for offshore wind (Figure 4). 

Relatively optimistic lower cost forecasts estimate these potential levels as early as 2030. 

Table 1. LCOE forecasts from various sources  

 Reduction compared to 2019, cumulative (in %) 
2025 2030 2035 2040 2050 

Onshore 
     

NREL (2020b) 7-24% 
 

15-49% 
 

20-61% 
DNV GL (2020) 11-19% 

 
29-40% 

 
36-47% 

IRENA (2020) 
 

21-53% 
  

47-72% 
IEA (2019) 

   
0-11% 

 

BNEF (2020) 
 

17-33% 
  

34-49% 
Wiser et al. (2016) 

 
24% 

  
35% 

 

Offshore 
  

 
  

NREL (2020b) 12-35% 
 

20-59% 
 

26-67% 
DNV GL (2020) 34-36% 

 
50-54% 

 
53-67% 

IRENA (2019) 
 

39-43% 
  

55-66% 
IEA (2019) 

   
47-54% 

 



BNEF (2020) 
 

22-41% 
  

37-51% 
Wiser et al. (2016) 

 
30% 

  
41% 

Note: Estimates expressed as cumulative percentage reductions compared to 2019. 
 

3.3 Factors that may speed up or slow down changes in the cost  

Several elements drive the observed range of expectations for future onshore and offshore 

wind costs described earlier. Perhaps the single largest consideration is the assumed pace of 

technology change, which is highly correlated with variables such as the rate of global deployment, 

cross-sector learning between onshore and offshore applications, public and private sector R&D 

investments, and the relative market certainty that decision makers perceive. For wind technology, 

change and cost reduction may come from the development of novel solutions to persistent 

challenges and from optimization of existing technologies more akin to modern-day advancements in 

internal combustion automobiles and commercial aircraft. The former category includes a number of 

well known innovations that have been introduced in recent years, such as improved materials and 

manufacturing techniques, novel load mitigation strategies, and array level optimization methods 

(Bortolotti et al., 2019; Fleming et al., 2016; Veers et al., 2003).  A multitude of potential innovations 

have the potential to reduce future costs; for example, the commercialization of floating offshore wind 

is will require developments in areas such as high voltage dynamic cables, novel and low cost 

installation methods, and serial production of floating platforms (James et al., 2018), and the entire 

wind industry demands scientific advances in characterization of flow physics; aerodynamic, 

structural, and hydrodynamic understanding of larger machines; and system-level integration into the 

power grid to become a primary supplier of the world’s electricity demand (P. Veers et al., 2019). 

Other factors that may drive different expectations around the rate of cost reduction include prevailing 

market regimes and conditions (e.g., auctions for wind energy, or wholesale power price levels), 

which may apply cost pressures upward or downward, depending on the specific details and the 

context in which they occur. Broader macroeconomic factors that fall outside of the control of the wind 

industry can also impact the rate at which costs are anticipated to change. Debt rates, which have 

been at historic lows for much of the past decade, represent a useful example of a macroeconomic 

variable that can have an outsized impact on wind LCOE. Specifically, a return to historical average 

debt rates could put upward pressure on wind energy costs, though would also influence other 

generation sources. 



3.4 Potential persistent differences and variations around the globe  

Although LCOE has consistently declined for both onshore and offshore wind in recent years for 

locations with comparable site conditions (e.g., wind resource regime), significant variation still exists 

between the costs of projects in different countries or regions. In 2014, the International Energy 

Agency (IEA) Wind Task 26 estimated onshore LCOE between $58/MWh and nearly $130/MWh 

using average project characteristics for different countries (Vitina et al., 2015). More recent empirical 

data summarized and reported by IRENA shows onshore wind energy values ranging from $38/MWh 

to $107/MWh (IRENA, 2020). Similarly, reported strike prices of fixed-bottom offshore wind projects 

with commercial operation dates between 2020 and 2024 range between $57/MWh and $118/MWh 

(IEA, 2019). Much of the variance between different countries can be attributed to the local conditions 

in which the projects are built. The most important parameter is typically the wind resource, with 

average wind speeds and wind shear varying significantly in onshore and offshore regions globally. 

Together with the hub height or the height at which the wind resource is harvested and the selected 

turbine model (International Electrotechnical Commission class), wind resource determines the 

capacity factor (CF) of a project. The JRC (Telsnig, 2020) shows that CFs differ significantly among 

European Union (EU) countries depending on their wind resource and turbine models applied (in 

terms of specific power). As shown in Figure 6, depending on the turbine model deployed, the 

resulting capacity factors for onshore wind locations range from 22% to 46% in southeastern Europe 

(low wind resource), 27% to 59% in western Europe (mid wind resource) and 48% to 74% in northern 

Europe (high wind resource).   



 

Figure 6. Selected onshore wind turbines (high to low specific power) and resulting capacity 

factors in three EU countries with diverging wind resources and hub heights (left: hub height 

at 100 m; right: diverging hub heights) (Telsnig, 2020) 

 

The magnitude of capital costs vary significantly between different countries for both onshore and 

offshore wind, primarily due to site-specific parameters such as transportation requirements, local 

content mandates, or land use limitations. India and China reported the lowest average installed costs 

in 2019, with values of $1,055/kW and $1,223/kW, respectively, compared with costs between 

$1,500/kW and $2,000/kW in Europe and North America (IRENA, 2020). The terrain complexity of 

onshore sites affects balance-of-system costs through the selection of cranes that can navigate the 

landscape and the cost of land development, whereas the distance to shore, water depths, and soil 

and terrain characteristics of offshore projects can drive the costs of the substructures and grid 

connection. Project designs will be customized to the local resource and geographic conditions, which 

may result in common region-specific topologies. For example, projects in the United States tend to 

be larger than those in the European Union, as larger plots of land are more readily available (Figure 

7). Related, projects in Germany have historically used larger turbines than those in the United States 

to maximize wind power output because of a combination of land constraints and a relatively less 

robust wind resource in many regions (IEA Wind Task 26, 2020). These regional meteorological and 



geographic conditions will continue to drive the design and cost of wind projects and result in 

customized topologies and variability in costs for projects in different countries.   

 

 

Figure 7. Average wind power plant capacity for onshore projects in the United States and the 

European Union between 2007 and 2018 (European Commission, Joint Research Centre, 2019; 

Wiser et al., 2020a). 

 

Along with the wind resource and terrain/ocean environment, local policies and financing structures 

can impact the cost and structure of wind projects. For example, the selection of vessels used for the 

installation and servicing of offshore wind projects in the United States is dictated by the Jones Act, 

which specifies that only domestic vessels can transport goods between ports, with subsequent cost 

implications. Moreover, the allocation of individual project costs varies between countries (for 

example, project developers are responsible for offshore transmission in the United States and the 

United Kingdom (UK), whereas this cost is borne by the government or utility company in other 

European countries, such as Denmark, Germany, France, and the Netherlands). Furthermore, the 

value or type of financial incentives, such as feed-in tariffs or premiums, renewable energy 

certificates, subsidies, or tax regimes, plays a significant role in the cost of energy. Competitive tender 

schemes, promoted under the European Commission's State Aid Guidelines for Environmental 

Protection and Energy 2014‒2020 (European Commission, 2014), have now become the most 



common support scheme for new wind projects in Europe. These market-based schemes have 

induced competitive pressure and resulted in a lower level of support for new projects in some EU 

member states compared with other support schemes applied in the past. The introduction of 

competitive tender schemes coincided with a 65% decrease in bid prices for tenders held in Denmark 

from 2010 to 2016 and in the UK from 2013 to 2017 (Telsnig and Vazquez Hernandez, 2019). In the 

United States, competitive power purchase agreements and offshore wind renewable energy 

certificates have been the primary procurement mechanisms for offshore wind, which have led to 

levelized, adjusted strike prices similar to those observed in Europe (Beiter et al., 2020; Musial et al., 

2020). 

3.5 The importance of predicting relative cost differences  

The task of projecting future costs is critical for investment, research and development, and energy 

system planning decisions. However, for energy modelers and planners, perhaps equally or even 

more important are the relative differences between wind technologies (i.e., onshore and offshore) 

and between competing energy generation technologies (e.g., wind, solar photovoltaics, natural gas, 

nuclear). This is the case because relative cost (and value; see section 4) differences inform the 

overall mix and market share of specific technologies.  

Characterizing the relative differences between technologies simplifies the challenge of 

projecting future costs by mitigating the impacts of macroeconomic factors that impact all energy 

generation technologies (albeit somewhat unequally). Furthermore, evaluating the relative differences 

and understanding the sensitivities and uncertainties related to key cost drivers helps inform the long-

term demand outlook for wind energy relative to other generation sources. Understanding the balance 

regionally and globally between onshore and offshore wind installations is also critical for prioritizing 

R&D and specific technology needs to best serve the addressable market. Similarly, it can inform 

whether very large, tightly clustered turbine arrays exporting power over long distances are sufficient 

to address societal demand or whether dispersed plant models that rely more on hybrid systems with 

solar photovoltaics and batteries are better suited to serve demand (e.g., Denholm et al. 2020; Ludwig 

et al. 2020). Such factors are also critical to informing the future estimated absolute costs of wind 

energy. 

4. THE GROWING IMPORTANCE OF VALUE  



LCOE is a critical determinant of the economic offering from wind energy. However, the economic 

viability (and the benefit to society) of a wind energy asset depends not only on costs but also on the 

economic value it provides to the broader power system and consumers (Joskow 2011). One type of 

value service, the “system value” has been defined as “the ability of any bulk-power system asset 

[such as wind energy] to contribute to meeting demand such that it avoids the cost of instead using 

other bulk-power system assets” (Wiser et al., 2017). The system value of a wind power asset is 

typically reflected in the market price(s) it receives for the provision of electricity services, such as 

energy, capacity, and ancillary services (Mills and Wiser, 2014). The realized prices (and hereby, 

valuation) for these electricity services from wind power vary by location and over time. This is 

because supply from wind power is variable, uncertain, and location-specific (Kondziella and 

Bruckner, 2016). To assess the overall competitiveness of wind energy, the monetized value of a 

wind power asset can be compared to its LCOE (Wiser et al., 2017).11  

Various metrics have been developed to quantify the value of wind power technologies 

(Ueckerdt et al., 2013; Hirth et al., 2015; Energy Information Administration, 2013; Heuberger et al., 

2016; IEA 2019; Lamont 2008). The captured prices (and hereby the system value) of wind power are 

determined by its coincidence with electricity load (Hirth 2013), its complementarity with other power 

system resources (Slusarewicz and Cohan 2018), and transmission constraints (Jorgenson et al. 

2017). Other value and cost factors sometimes considered include wind energy transmission needs, 

the role of wind energy in reducing wholesale electricity prices via the “merit-order” effect (Ortner et 

al., 2016), and suppressing natural gas prices (Mills et al., 2018). Some research has compared the 

estimated value of wind power with its generation cost (i.e., LCOE) to determine economically viable 

areas for development (e.g., Mills et al., 2018; Wang et al., 2019; Brown et al., 2016; Beiter et al., 

2017; Rhodes et al., 2017; EIA 2013). This research generally finds that the economic viability of 

onshore and offshore wind can vary considerably by region. For instance, the value of offshore wind 

has been found to vary from $40/MWh to more than $110/MWh in various potential locations in the 

U.S. Northeast (Mills et al., 2018), often with significant seasonal variation (Wang et al., 2019). 

Because of its steadier wind resource, some studies have found offshore wind to offer somewhat 

higher system value than onshore wind (e.g., in northern Germany) (Ederer, 2015). 

                                                      
11 Some adjustments to the value metric, LCOE, or both may be needed for a direct comparison (see 
e.g., Beiter et al., 2019, Jansen et al., 2020). 



The marginal value of wind energy (and other variable renewable energy resources) has been 

found to decrease as wind penetrations grow (Das et al., 2020; Hirth, 2013; Mills and Wiser, 2014). 

As one example, the marginal economic value of onshore wind power was estimated to decline by 

$21/MWh (37% of the marginal value of wind at 0% penetration), as wind penetration increases from 

0% to 30% in the U.S. Rocky Mountain Power Area (Mills and Wiser 2014; Ueckerdt et al., 2013). 

Several strategies have been explored to increase the system value of wind power, or to 

moderate the decline in wind value as penetrations grow. As discussed in Brown and O’Sullivan 

(2020), some of the system-level options include aggregation over larger geographic areas (Mills and 

Wiser 2015), and growth in energy storage and price-responsive demand (Gorman et al., 2020; Mills 

and Wiser 2015; Bistline 2017). Energy sector coupling and the electrification of energy demand (e.g., 

electric vehicle charging, decentralized heat pumps, and district heating grids) might provide greater 

energy system flexibility, preserving the market value of wind energy (Bernath et al. 2021). Beyond 

these system-level options, wind technology manufacturers and developers have their own set of 

options to increase the value of their product. These may become more prevalent as wind 

penetrations increase and as wind power plants are increasingly exposed to varying power market 

prices (e.g., because of the phase-out of fixed-price support regimes) (Simpson et al., 2020). 

Examples of “value-tailored” design choices include high-capacity-factor (i.e., low specific power) wind 

turbines (Johansson et al., 2017; Dalla Riva et al., 2017; Hirth and Müller, 2016; Bolinger et al., 2020; 

Wiser et al., 2020b), low-wind speed turbines, overplanting strategies (Wolter et al., 2020), and 

hybridization (e.g., by incorporating solar photovoltaics or storage) (Dykes, 2020; Gorman et al., 

2020). Many of these choices entail higher LCOE (e.g., because larger blades are used) but can 

result in higher market prices, and hence deliver an improved economic offering of the wind power 

asset. Further, as the share of variable renewables increases in many power systems around the 

world, the provision of additional grid services and flexibility from wind power may become more 

important (Skytte and Bobo, 2018). These potential services from wind power include frequency 

response, regulating reserves, contingency reserves, ramping reserves, and capacity. Currently, 

these account for a relatively small share of revenue, but in the future they may play a larger role 

(Denholm et al., 2019).  

In assessing the broader cost and value of wind energy, factors beyond the power grid can also be 

considered (Benes and Augustin 2016). Within this frame, a wide array of potential economic, 



societal, and environmental impacts might warrant quantification, such as job creation and local 

economic development impacts (e.g., Kucharczak et al., 2016; Stefek et al., 2019), home property 

value implications (Sunak and Madlener, 2016), and environmental and health externalities (e.g., 

carbon emissions and pollutants, sound impact, shadow flicker) (e.g., Millstein et al. 2017), and 

conflicting use (e.g., viewshed, impact on wildlife). In a comprehensive assessment, Wiser et al. 

(2016b) associate wind power penetration levels of 35% in the U.S. electricity sector by 2050 with 

cumulative greenhouse gas benefits of $85‒$1,230 billion, air-pollution-related health benefits of $52‒

$272 billion, and an electric-sector water consumption decline of 23%.  

 

5. CONCLUSION 

There have been significant decreases in the cost of wind energy in the past decades. Onshore wind 

LCOE has decreased by more than 80% since the early 1980s. In the last 5 years, LCOE for both 

onshore and offshore wind has decreased by 30% or more. Over the same period, capital 

expenditures have decreased by 9-18% (onshore) and 8-31% (offshore), driven by turbine price 

declines, economies of size, technology innovation, and siting choices. Further reductions in LCOE 

are expected to continue for both onshore and offshore wind power plants, driven within the wind 

industry by improvements in technology, manufacturing, and operations. Future costs will also depend 

on policy, market factors, and broader macroeconomic trends. Evaluating the relative weight of the 

contributing elements and the rate at which they will drive change is a nontrivial task that has been 

addressed by several different estimation and forecasting methods that take contrasting approaches 

to discerning the most relevant drivers and trends. Midrange forecasts for LCOE in 2050 are between 

$20 and $30/MWh for onshore wind and $40 and $60/MWh for offshore wind. Relatively optimistic 

forecasts estimate these potential levels as early as 2030. In addition to LCOE, the wind industry has 

increasingly begun to consider other metrics that quantify value and explore methods of enhancing 

the value of wind energy. By incorporating diverse metrics and forecasting methods, a more holistic 

view of the contributions of wind energy to power systems and the broader social and environmental 

context can emerge. Current trends indicate decreasing costs and new opportunities for value 

creation as the global deployment of wind energy continues. 
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