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HIGHLIGHTS

e Cost assumptions from 40 studies on 4 supply and 1 storage technology were systematically analysed.
e Recent projections reveal significant cost reductions compared to the older studies.

e Utility-solar PV and battery CAPEX and LCOE projections are overly pessimistic.

e CAPEX spread is driven by outdated data, learning rates, and regional soft costs.

e Many LCOE projections use arbitrary rates, ignoring region-specific costs and risks.

ARTICLE INFO ABSTRACT
Keywords: Cost projections of renewable energy technologies are one of the main inputs for calculating energy transitions.
Cost projection Previous studies showed that these projections have been overestimated. In this study, we update the assessment

Capital expenditures
Levelised cost of electricity
Renewable energy

of cost projections, comparing over 40 studies and 150 scenarios, between 2020 and 2050 of the main renewable
energy technologies: utility-scale solar photovoltaics, rooftop solar photovoltaics, onshore and offshore wind,
and Li-ion batteries. Generally, all studies reviewed expect a strong reduction in the levelised costs and capital
expenditures, though with different reduction levels. While the revised cost projections have improved and are
more aligned with historical trends, they are still too pessimistic. Most cost projections for 2050 are in the same
ballpark as costs already observed today. Notably, the investment costs for utility-scale photovoltaics in the U.S.
for 2050 are projected to be 30 % higher than current costs. We also observed a large disparity between cost
projections, particularly for solar photovoltaics and offshore wind, where the most optimistic investment cost
projections are up to four times lower than the most pessimistic. In the case of levelised costs, this dispersion can
somewhat be explained by underlying issues such as arbitrary discount rate assumptions that fail to account for
local costs of capital and risks. To sum up, global renewable energy technology costs are decreasing faster than
what studies assume, highlighting an ongoing pessimism in cost projections.

1. Introduction additions reached 88 % of all global power capacity additions in 2022
[11]. The cumulative global installed capacity of RE has risen sharply in

Decarbonising the energy industry through the implementation of recent years from around 1.7 TW in 2014, to 2.5 TW in 2019, and a
sustainable Renewable Electricity (RE) systems is one of the main pillars projected 4.5 TW by the end of 2024. As we build out more RE capacity
of the fourth industrial revolution [25]. Renewable power capacity (economy of scale) and as efficiencies improve (technological progress),
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costs decline (learning curves) [69]. In addition to declining costs of RE
systems, incentives, climate goals and carbon prices have also pushed for
infrastructure expansion [5,68].

Cost projections of RE technologies are one of the main inputs for
energy system modelling tools [20,83]. However, based on the com-
parisons made between current and previous cost projections, it can be
observed that most studies overestimate the cost of RE technologies
[51]. Projections overestimate the costs of wind power and solar pho-
tovoltaics (PV) by excluding existing flexibility strategies like dis-
patchable renewables, demand response, and grid expansion, and by
adding inflated integration costs due to low spatial and temporal gran-
ularity [19]. Many energy models assume that technology costs evolve
independently, but in practice, they decline with increased cumulative
capacity due to the learning curve effect [101]. Utilising inaccurate
learning curves for cost trends in RE technologies have also resulted in
the overestimation of costs [19].

Early studies assessing the accuracy of cost projections for RE tech-
nologies often focused on limited variations of technologies in a single
region. For example, studies examining onshore wind in the United
Kingdom [15], and single-axis tracking solar PV, onshore wind, and
offshore wind in the United States (U.S.) [7] all found that the cost
projections and assumptions available at the time were overestimating
actual costs. These cost overestimations can result in inaccurate and less
impactful decisions regarding the decarbonisation of the energy sys-
tems, as it is highly influenced by projections of the technology costs
[23,103]. Beyond these limited case studies, there has been only one
study comprehensively examining cost projections at a both global and
regional scale [105]. This study systemised about 20 studies published
before 2019 on cost projections for selected RE technologies and
compared them with the actual costs of RE systems on a global and
regional scale. The results overwhelmingly indicated that most available
cost projections overestimate the real cost of RE systems.

Despite the contributions of these works, their technological reso-
lution remains low. For instance, in [105], solar PV (the main technol-
ogies today as measured by yearly capacity deployed) was lumped into a
single category—instead of differentiating between the main types like
rooftop and utility-scale. This is particularly important due to the sig-
nificant differences in the cost components between these two cate-
gories. Another limitation of the previously published analyses is that
they are now outdated, given the fast pace of RE developments.

In this work, we will address the shortcomings by providing an
updated cost analysis for the main RE technologies, including solar PV at
utility and rooftop scale, wind on and offshore, as well as the widely
commercialised Li-ion batteries. We will look at Levelised Cost of Elec-
tricity (LCOE) and Capital Expenditure (CAPEX) projections for different
integration scenarios across the globe from the most recent publications
and reports and compare them with observed real market data.
Concretely, our contributions are:

e To compile an up-to-date database of cost projections of the main RE
technologies;

e To measure how the cost projections differ from or agree with each
other;

e To detect possible changes in trends when compared to previous
studies;

e And to compare the cost projections to currently observed costs in
markets.

In total, this study systematises and analyses the cost assumptions of
the main RE technologies from 40 studies across diverse geographical
regions and over 150 scenarios, for 4 electricity supply and one major
storage technologies. To our knowledge, this would make it the most
comprehensive and updated analysis of the RE technologies’ cost
projections.

The upcoming section contains the methodology and a list of reports
and studies used for the cost comparison. The third section is dedicated
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to the results of the analysis of the LCOE and CAPEX projections. Then
we will discuss the results in Section 4, and our conclusions will follow in
Section 5.

2. Methods

This work will systemise and analyse cost projections for RE tech-
nologies from leading publications and compare them to real costs. This
work focuses on the most common RE technologies, which are utility-
scale PV, rooftop PV, onshore and offshore wind, and Li-ion batteries.

The next subsection will elaborate on the reasons why we chose
CAPEX and LCOE for our analysis, as well as on the selection process of
the considered publications. Subsection 2.2 will provide insights into the
challenges we faced when systematising the data and the resulting as-
sumptions we made.

2.1. Analysed indicators

Energy system models present the economic results using two main
indicators — CAPEX and LCOE. There are advantages and disadvantages
associated with each of these indicators.

CAPEX is an indicator of the total investment cost for an energy
technology. The CAPEX generally includes equipment and infrastructure
costs (e.g., battery pack, container, thermal protection systems, civil
structure, etc.), installation costs (e.g., engineering, startup, and
commissioning), and electrical infrastructure and interconnection costs
(e.g., cabling, inverters, transformers, management systems, etc.) [102].
Although a higher capital requirement is one of the main challenges of
RE integration compared to that of conventional generation like fossil
fuel power plants, the required capital for installation of RE plants has
reduced remarkably due to technology improvements and public
incentivisation in recent years [35,106]. CAPEX consists of a higher
portion of financial planning for RE, and therefore, is a significant cost
factor as it is not constrained to regional volatility and is computation-
ally convenient for comparisons as it needs fewer assumptions.

LCOE is a cost indicator that is calculated based on performance-,
investment-, operation-, and uncertainty-related costs [88]. LCOE is
calculated by dividing lifetime costs (CAPEX, operation, and mainte-
nance) by the lifetime electricity produced for each technology in a
specific region. This metric, although more complex, provides compre-
hensive and clear economic outputs that are suitable for decision-
making in grid expansion [22]. However, the dependence on regional
and local criteria in the calculation such as discount rates unique to each
country, access to RE sources and markets, accessibility to cost-effective
RE technologies, neglecting system integration costs, and other possible
endogenous cost factors can lead to low-quality comparisons of this
index between countries.

2.2. Selection process and sources

We selected reports and journal publications that focused on RE cost
projections, based on the following criteria:

e Long-term energy scenarios: including at least one long-term en-
ergy scenario. This scenario should include plans for the mix of en-
ergy sources.

e Cost indicators: including two key cost indicators — CAPEX and
LCOE.

e Publication date: released from the year 2020 onwards to effec-

tively provide an update respective to Xiao 2021.

Spatial focus: focusing on the international and/or national scale of

energy system scenarios, trying to cover the U.S., Europe, and

countries in Asia and Africa.

RE technology costs: considering the costs of RE technology. Spe-

cifically, these costs should be reported for projects within the same

range of generation/storage capacity.
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Projections were selected based on the abovementioned criteria from
the available academic, state-owned, or non-governmental databases
and repositories and are listed in Table 1. The inflation is handled by
normalising the costs to the value of the U.S. dollar in the year 2023.

This resulted in 40 studies across diverse geographical regions and
over 150 scenarios. These scenarios refer to conservative, moderate, and
advanced insights on the development of RE technologies. Scenarios
categorised as “conservative” reflect cases where the estimations have
the lowest reduction rate for the future. This is somewhat similar to a
case we might call “business-as-usual”. In these scenarios, cost projec-
tion models are not predicting large reductions in future costs due to
limited technological advances, limited incentivising regulations, and/
or limited uptake of technology utilisation. Conversely, “Advanced”
scenarios are the most optimistic. These scenarios are expecting ad-
vancements in technology efficiency, supporting regulations, and higher
uptake rates for technology implementation. “Moderate” scenarios are
somewhere in between, reflecting a moderate level of improvement in
the aforementioned parameters.

The LCOE and CAPEX projections are extracted from the studies in
Table 1 until the year 2050 due to the common choice of 2050 as the
final year in most RE transition scenarios. We compared our data with
historical global market values from the International Renewable En-
ergy Agency [50] for utility-scale solar PV, as well as onshore and
offshore wind power. IRENA collects cost information from large energy
projects around the world to estimate price ranges. They also use a
weighted average to report the typical global costs for two key in-
dicators: LCOE and CAPEX. For rooftop solar, we used data from Lazard
[56-64] where residential systems are assumed to be 0.005 MW and
commercial/industrial systems are 1-5 MW. For battery storage, we used
data from BloombergNEF [10], which covers systems with capacities
ranging from 0.5 MW to several megawatts. LCOE trends are compared
with the real LCOE and auction values in the market, and the CAPEX
trends are compared with the total investment values for each RE
technology. The cost data for PV, and wind technologies used in this
study are available online [50]. All the extracted data in this study is
converted to USD and adjusted for inflation to the year 2021.

2.3. Challenges and assumptions

We aimed to have a cost projection for all technologies in each of the
world regions. As not all studies provided cost projections for all tech-
nologies, we resorted to using multiple reports for a given region. For
instance, Sens et al. [86] includes the European costs for onshore wind,
offshore wind, and utility-scale PV but excludes rooftop PV. For that
reason, we included studies such as ([13,32] for the rooftop PV tech-
nologies in Europe.

There are around 20 national-scale reports used in this study that
consider the cost indicators’ trends for the USA, United Kingdom, China,
European Union, India, Germany, Brazil, Australia, Egypt, Iran, Japan,
Turkey, Singapore, and Thailand, while the others will discuss
internationally.

To create a thorough cost review, we made simplifications where
reports lacked clear cost data. This included averaging RE cost indicators
when only the lowest and highest ranges were given and assuming “PV”
plants were utility-scale.

2.4. Data availability

The resulting database is available on [98]. In short, it comprises the
CAPEX and LCOE projections mentioned in Table 1. Each sheet shows a
given technology from our paper.

3. Results

In this section, we will first analyse the investment costs of the
selected RE technologies (utility PV, rooftop PV, onshore wind, offshore
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wind, Li-ion batteries) in section 3.1, followed by the levelised costs of
electricity in section 3.2. In each section, we will compare the cost
projections from the diverse studies that we have compiled between
each other and to observed market costs.

For each technology and economic indicator, we will use similarly
structured plots, like Fig. 1. Their x-axis shows the scenario year and the
y-axis the cost ranges. In the case of CAPEX, this is the cost per installed
capacity (US $/kW), and in the case of LCOE, this is the cost per energy
generated (US $/MWh). Each plot shows several cost projections from
the studies we included in the present work. Each study might have
several scenarios, indicated in the shaded areas, generally categorised as
conservative, moderate, and ambitious emission targets. These cost
projections are compared to historic costs, plotted in black.

3.1. Investment costs

3.1.1. Utility-scale solar PV

According to Fig. 1, the solid black line with grey shading repre-
senting actual average CAPEX with ranges has a sharp decline in the
global average required investment for solar PV plants, with an average
of 500 $/kW by the end of 2023 (Fig. 1). Compared to the referenced
reports projected costs, the actual CAPEX is lower than the projected
costs for almost all of the reports for the same year. In comparing future
projections to known costs today, we found that the average assumed
projection for 2030 indicates a cost range of 350-1050 $/kW, where
recent data on required investment for utility-scale PV plant in-
stallations in regions like Germany [86] and India [47] demonstrate that
their CAPEX falls below or within this range. If this reducing trend in
actual CAPEX data continues, in upcoming years actual CAPEX values
could be lower than projections for 2050. This is a clear indication that
the cost projections do not reflect the recorded falling trend in the actual
CAPEX. The average cost projections for utility-scale PV in 2050 could
range from 160 to 630 $/kW according to the projections, diverging by a
factor of around 4.

In the short term, Egypt has the highest projected cost, estimated at
around $1600 per kW for 2025 [37]. On the contrary, [96] presents the
lowest projected costs from a global perspective among the studies for
the same year. Overall, most of the studied reports project an expo-
nentially damping trend for CAPEX, suggesting that their assumptions
do not account for significant decreases beyond 2030.

3.1.2. Rooftop PV

Market investment costs for rooftop PV technology are showing a
decreasing trend from 2015 onwards. Until the beginning of the year
2023, it is observed that the actual CAPEX of this technology has
decreased to 883 $/kW on average (Fig. 2). Limited predictions
currently exist for the average investment cost of rooftop solar PV in
2030, with estimates varying from 530 to 1010 $/kW on average. The
trendlines do not indicate a significant breakdown in investment costs
for rooftop PV systems beyond 2035. For instance, projections for
Singapore suggest that the cost trend will stabilise after 2034, main-
taining at approximately 560 $/kW. Looking ahead to 2050 and opting
out the outliers, global forecasts for investment costs in rooftop PV range
from 330 to 685 $/kW, diverging by a factor of approximately 2.

The projections from [52,67] remain as upper and lower outliers,
respectively. Historical data from 2015 reveals a notable trend wherein
the investment cost per kW for rooftop PV plants decreased at a faster
pace than all projected trendlines. This observation indicates the po-
tential for rooftop PV’s CAPEX to dip even below the lowest projections
in upcoming years if the observed rate of reduction persists.

3.1.3. Onshore wind

For onshore wind technology, the current cost range is between 770
and 2100 $/kW (Fig. 3). Cost projections for the year 2030 is expected to
be around 940-1660 $/kW, showing a narrower range compared to the
current costs for onshore wind. Comparing projections to the actual



Table 1

Analysed academic papers and public reports in this study.

Reference Title Geographical Published Considered technologies
seope year CAPEX LCOE
Utility- Rooftop Onshore Offshore Li-Ion Utility- Rooftop Onshore Offshore
scale PV PV wind wind Battery scale PV PV wind wind
771 2023 Annual Technology Ba.se'hne (ATB) .Cost and Us. 2023 v v v v v v v v v
Performance Data for Electricity Generation
[48] World Energy Outlook 2023 f;;;pe’ China, 5005 v v v v v
iti . [
[14] Energy transition for Japafl. Pathways towards a 100 % Japan 2023 v v v v v
renewable energy system in 2050
Levelized cost estimates of solar photovoltaic electricity United
70 202.
70l in the United Kingdom until 2035 Kingdom 023 v 4
[74] The potential role of a hydrogen network in Europe Europe 2023 v v v v 4
Reflecting the energy transition from a European
[18] perspective and in the global context—Relevance of solar ~ Europe 2023 v v v v v
photovoltaics benchmarking two ambitious scenarios
Capital expenditure and levelized cost of electricity of
[86] photovoltaic plants and wind turbines — Development by ~ Germany 2022 v v v v v v
2050
Assessment and determination of 2030 onshore wind and
[49] solar PV energy targets of Tiirkiye considering several Tiirkiye 2022 v v
investment and cost scenarios
Levelized Cost of Electricity- Renewable Energy
1551 Technologies (Fraunhofer ISE) Germany 2021 Y 4
1371 Acc‘elerated growth of'renewables fand gas power can Egypt, Brazil 2021 Y v
rapidly change the trajectory on climate change
[84] Proyecciones de costos inversién y LCOE Chile 2021 v
Combined solar power and storage as cost-competitive
[671 and grid-compatible supply for China’s future carbon- China 2021 v v
neutral electricity system
[40] GenCost 2020-21 — Consultation draft Australia 2021 v
[72] Plano Nacional de Energia 2050 Brazil 2020 v v v
Assessment of a cost-optimal power system fully based on
1381 renewable energy f.or VIran by 2050 - A§h1evmg zero Iran 2020 Y v Y v v Y
greenhouse gas emissions and overcoming the water
crisis
[32] Fact sheets about photovoltaics Europe 2020 v v
[87] Update of the Solar PV Roadmap for Singapore Singapore 2020 v v
[21] Cus'fomer economics of residential PV-battery systems in Thailand 2020
Thailand
1731 An evalu§t19n of energy storage cost and performance Us. 2020 v
characteristics
[43] Gre.enhouse gas consequences of the China dual credit China 2020 v
policy
Impact of weighted average cost of capital, capital
[971 expenditure, and other parameters on future utility-scale ~ Europe 2020 v 4
PV levelised cost of electricity
Estimating the Cost of Grid-Scale Lithium-Ion Battery
[28] Storage in India Energy Technologies Area Lawrence India 2020 v
Berkeley National Laboratory
[29] Energy Transition Outlook 2023: A global and regional World 2023 v Y
forecast to 2050
[ Accelerating the Renewable Energy Revolution to Get World 2023 v v v

Back to the Holocene

(continued on next page)
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Table 1 (continued)
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Reference  Type*  Title Geographical Published Considered technologies
scope year
CAPEX LCOE
Utility- Rooftop Onshore Offshore Li-Ion Utility- Rooftop Onshore Offshore
scale PV PV wind wind Battery scale PV PV wind wind
(o1 R Lithium-Ion Battery Pack Prices Hit Record Low of $139/ World 2023 v
kwh
[39] Battery market forecast to 2030: Pricing, capacity, and World 2022 v

supply and demand
[94] R Financial Incentives for Hydrogen and Fuel Cell Projects ~ World 2022 v
Low-cost solutions to global warming, air pollution, and

[52] J . . . World 2022 v v v 4 v 4 4 v
energy insecurity for 145 countries
It Is Still Possible to Achieve the Paris Climate Agreement:
1921 J Regional, Sectoral, and Land-Use Pathways World 2021 4 4 4 4
Cost reductions in renewables can substantially erode the
[41] J value of carbon capture and storage in mitigation World 2021 v v v
pathways
Full energy sector transition towards 100 % renewable
[13] J energy supply: Integrating power, heat, transport and World 2021 v v v v v
industry sectors including desalination
(7] J Estimating long-term global supply costs for low-carbon World 2021 Y
hydrogen
- . o o S
[104] J E)fpert elicitation survey predicts 37 % to 49 % declines in World 2021 v
wind energy costs by [72]
9] R New Energy Outlook 2021 World 2021 v
Battery cost forecasting: A review of methods and results
71 J with an outlook to 2050 World 2021
[46] R Levelized Cost of Electricity Calculator World 2020
[31] R Battery Energy Storage Lifecycle Cost Assessment World 2020
Summary
161 J Projecting .the' COmpetlthl:l I'Jetween Energy-Storage World 2020 v
Technologies in the Electricity Sector
[81] Prf)Jectmg @e price of l1t.h1um-1on NMC battery packs World 2020 v
using a multifactor learning curve model
[16] R BP Energy Outlook: 2022 edition World 2020 v v

" R: Reports, white papers, and state/corporate documents, J: Journal papers and academic studies.
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Fig. 1. Utility-scale PV CAPEX projection trendlines and ranges compared to
the actual cost trend and range (solid black line with no markers, and grey
shaded area)
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Fig. 2. Rooftop PV CAPEX projection trendlines and ranges compared to the
actual cost trend and range (solid black line with no markers, and grey
shaded area)
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Fig. 3. Onshore wind CAPEX projection trendlines and ranges compared to the
actual cost trend and range (solid black line with no markers, and grey
shaded area)
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CAPEX and its range, it is evident that almost all the projections have
been within the global cost range since 2015. However, the falling rate
for cost trends tends to be milder than that of the actual CAPEX, high-
lighting the potential issues in cost assumptions for projections. Antic-
ipating a reduction in the CAPEX rate based on studies, the median
investment cost range for onshore wind technology is expected to be
approximately 820-1570 $/kW in 2050, diverging by a factor of two.

Recent data on the required investment for onshore wind in-
stallations in China and India [48] indicate the lowest CAPEX, sug-
gesting a more cost-effective option compared to other regions. Cost
trends for both are expected to remain relatively stable until 2050, with
only a marginal reduction rate of 10 % during the studied timeframe.
Projection for Japan [14] is an upper outlier until the year [16]. The
trend for Japan shows that projections for the year 2030 are almost half
of what they have considered in 2020, recording the highest reduction
rate among all other studies.

3.1.4. Offshore wind

Regarding offshore wind, the CAPEX projections for the year 2023
exhibited a range from 2600 to 5700 $/kW, being in the ballpark of the
observed cost range (Fig. 4). With Germany [86] reflecting the lowest
point and Japan [14] incurring the highest capital cost. Looking ahead,
the anticipated reduction in CAPEX suggests that by 2030, the cost range
will span from 1700 to 3700 $/kW. Unanimously, all studies project a
decremental trend in capital costs during the studied timeframe,
resulting in a projected cost range of 1300-2900 $,/kW in 2050. In short,
the cost projections for offshore wind technology showcase a consistent
trend of reduction, signalling positive advancements in cost-
effectiveness.

None of the projections assessed in this study seem to be outliers
compared to the expected cost range for this technology. However, the
overall average CAPEX for offshore wind technology in the current
market (which is around 3500 $/kW) is considerably higher than that
for onshore tech (~1300 $/kW), differing by almost 3.

3.1.5. Li-ion battery storage

For Li-Ion battery storage technology, the cost projections for recent
years have been higher than the observed costs in the global market for
the year 2023 (Fig. 5). The average projected cost range for energy
CAPEX in the year 2030 is estimated to be within 125-180 $/kWh with
the projections for the U.S. from NREL [77] and for the global market
from IEA [46] are the upper outliers, and the global market forecast
from BloombergNEF [10] is the lower outlier. Looking ahead, the
anticipated reduction in energy CAPEX suggests that by 2050, the cost
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Fig. 5. Stationary Li-Ion BESS energy CAPEX (4-h) projection trendlines and
ranges compared to the actual cost trend and range (solid black line with
no markers)

range will span from 75 to 115 $/kWh, except for the average cost
expectation for the U.S. which landed on almost 200 $/kWh.

It is visible that all datasets exhibit a reduction in investment costs
throughout the studied period. Notable outliers in the cost projections
for this technology are data for the IEA’s global perspective and the
NREL’s projection for the U.S. [46,77], being higher than the majority of
projected cost ranges during the studied timeframe.

3.2. Levelised costs

3.2.1. Utility-scale PV

The current LCOE of utility-scale PV systems is lower than the
anticipated costs of the majority of studies, indicating the fact that most
of the analysed projections are overestimating the LCOE for this tech-
nology. The solid black line, representing real LCOE data, demonstrates
a notable decline in the global average levelised cost for solar PV plants,
reaching 50 $/MWh in 2022 (Fig. 6). Interestingly, the dashed black
line, depicting auction prices for solar PV energy, suggests more prom-
ising cost reduction prospects, giving the sense that real market prices
might be lower than expected LCOE values in upcoming years. The
anticipated LCOE projection for solar PV in 2030 ranges from 25 to 60
$/MWh. The average cost projections for utility-scale PV in 2050 are
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expected to range from 15 to 30 $/MWh, diverging by a factor of 2.
While current studies generally show proportional alignment be-
tween real LCOE and auction prices, their damping behaviour in the
coming years indicates that these projections may not account for
further decreases beyond 2030. The highest cost projection is attributed
to the [52], which also assumes a limited potential for cost reduction
compared to other studied reports. Conversely, data from Iran [38]
presents the lowest projected values among the studies. Overall, all the
studies expect a reduction in CAPEX in upcoming years, though being
conservative on the reduction rates compared to the actual cost trend.

3.2.2. Rooftop PV

The actual LCOE trend for rooftop PV technology reveals that
although there was a sudden rise in 2017, the levelised cost for rooftop
PV plants continued to decrease (Fig. 7). The actual average LCOE re-
mains higher than the highest projections, which could be the result of
the high dispersion of region-specific cost data inclusion in the calcu-
lation of global average LCOE for rooftop PV. Projections for the year
2024 were around 80-186 $/MWh, which were in the observed LCOE
range for the same year. Limited projections currently exist for the
average LCOE of rooftop solar PV in 2030, with estimates varying from
57 to 160 $/MWh. Looking ahead to 2050, global forecasts for levelised
costs in rooftop PV range from 36 to 86 $/MWh diverging by a factor of
around 2, which is more promising due to narrower cost ranges (around
50 $/MWh for 2050) compared to the initial years of the studied time-
frame (around 100 $/MWh).

On the outliers, China [67] is showing the lowest expected LCOE
during the projection timeframe in this study. Although all reports
suggest an overall downward trend in LCOE, the trendlines do not
indicate a significant breakdown in LCOE for rooftop PV systems beyond
2030. The projected decrease rates beyond this point appear more
moderate.

3.2.3. Onshore wind

For onshore wind technology, the projected LCOE range for 2023
was estimated to be around 35-60 $/MWh (Fig. 8). The upper threshold
of the expected levelised cost for onshore wind installations belongs to
Europe [48], while the lowest estimation belongs to the U.S. [77].
However, almost all are above the average observed LCOE, illustrating
an underestimation of the cost reduction potential for this technology.
Anticipating a reduction in the LCOE rate based on studies, the median
cost range for onshore wind technology is expected to be approximately
28-55 $/MWh in 2030. This decremental trend in LCOE for onshore
wind technology will persist until the end of the studied timeframe, and
the average levelised cost projections for onshore wind technology are
expected to reach a range of 22-50 $/MWh by 2050, diverging by a
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Fig. 7. Rooftop PV LCOE projection trendlines and ranges compared to the
actual cost trend (solid black line with no markers)
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Fig. 8. Onshore LCOE projection trendlines and ranges compared to the actual
cost trend (solid black line with no markers), and auction values (dashed black
line with no markers)

factor of slightly more than 2.

Exceptions are IEA’s cost trend for India, China, and Europe [48] that
is expected to remain relatively stable until 2050, with only a marginal
reduction of 5 $/MWh at maximum. Most studies show decreasing
levelised costs throughout the studied period, though some outliers,
such as [52] have shown considerably higher cost expectations for this
technology.

3.2.4. Offshore wind

For offshore wind, recent LCOE estimations exhibited a range from
45 to 125 $/MWh, with Iran [38] reflecting the lowest point and [52]
incurring the highest cost (Fig. 9). It is noteworthy that cost projections
closely align with the actual LCOE. For instance, the observed LCOE for
2022 was around 80 $/MWh, which is obviously inside the expected
levelised cost range. Looking ahead, the anticipated reduction in LCOE
suggests that by 2030, the cost range will span from 40 to 120 $/MWh.
Unanimously, all studies project a decremental trend in levelised costs
during the studied timeframe, resulting in a projected cost range of 30-
105 $/MWh in 2050.

In short, the cost projections for offshore wind technology showcase
a consistent trend of reduction until the end of 2050. There are no
specific outliers in the assessed projections, and all the trendlines tend to
not deviate largely from the expected global average LCOE range.

400 T T T T T —@— NREL ATB 2023 (US)
—&— [EA WEO 2023 (EU)
~—®— IEA WEO 2023 (IN)
—@— IEA WEO 2023 (CN)

Sens et al. 2022 (DE)
—@— Ghorbani et al. 2020 (IR)
—A— Wiser et al. 2021 (World)
| —A— Bloomberg NEF 2020 (World)
—A— British Petroleum 2020 (World)
—&— Jacobson et al. 2022 (World)
Actual LCOE

w

a

S
L

w
=]
S

N}

@

=}
T
L

N

o

S
T
L

o
o

100 -

Average LCOE with ranges in 2023 USD/MWh

o
=]

——

0 . . . . . .
2015 2020 2025 2030 2035 2040 2045 2050
Scenario year

Fig. 9. Offshore wind LCOE projection trendlines and ranges compared to the
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4. Discussion
4.1. CAPEX projections agree with the overall trend of cost reductions

Most cost projections agree on the current costs. For 2024, this can be
observed in all the figures shown earlier, as all projections are within the
grey area (representing the range of actual costs). This is an improve-
ment compared to [105], where cost projections showed larger differ-
ences even to current market costs.

The studies also agree that the CAPEX for all the technologies will
drop in the future. However, the average cost reduction throughout
different scenarios varies strongly:

e Utility-scale PV: between 24 % (for Europe [74]) and 89 % (for a
global study [41])

e Rooftop PV: between 25 % (for Europe [74]) and 88 % (for China
[671)

e Onshore wind: between 7 % (for Europe [92]) and 60 % (for Japan
[14D)

e Offshore wind: 9 % (for Europe [74]) and 79 % (for a global study
[41D

e Li-ion batteries: 28 % (for China [43]) and 89 % (for a global study
[71D).

In short, almost all investment cost projections agree with the cur-
rent costs and predict future reductions—though at different levels.

4.2. CAPEX projections still too pessimistic

Our findings show that the projections are conservative regarding
the scale of potential cost reduction, which is in line with what [24] say.
The recorded growth rates for the share of RE in the energy mix are
considerably higher than what was estimated previously [66], contrib-
uting to these conservative approaches. Considering the case of utility-
scale PV CAPEX as an example, the observed cost evolution until 2024
exceeded most of the cost reduction scenarios and is steeper than the
available investment cost projections trendlines until 2050. Notable is
the investment costs for solar PV modules and Li-ion stationary battery
storage have almost halved within the year 2023. Today’s observed
CAPEX for utility-scale PV is less than 500 $/kW [100].

Exogenous factors that cause supply chain disruptions can have
short-term impacts on the actual cost trends, such as the case of solar PV
where module prices rose slightly in 2021 and 2022. Nonetheless, cost
reductions continued in the long run due to the rapid market response to
level up the supply of manufacturing material, scaled-up manufacturing
capacities, and technological improvements.

Rooftop PV, onshore wind power, and stationary battery energy
storage CAPEX have maintained their downward trend since 2015.
CAPEX for Li-ion battery storage is also around 100 $/kWh (4-h) [82], a
more than 60 % reduction from 2023. These numbers are already lower
than most projected costs for 2030. However, the case is different for
offshore wind power. Offshore wind power technology has longer lead
times and has more project complexity compared to its onshore coun-
terpart [89]. The CAPEX for this technology remains volatile due to the
relatively smaller market compared to onshore wind power, regional
complexities in offshore wind farm projects, and regional supply chain
bottlenecks [4]. Overall, though, technology costs continued to fall
despite volatility.

Our analysis of cost projections for RE technologies shows that newer
studies have reduced estimations compared to previous studies that
included data from reports published before 2020 [71,105]. Take the
CAPEX of utility-scale PV for Europe as an example: [74] are using the
cost assumptions provided by [26], while [92] are using the cost pro-
jections provided by [91], which in turn is using data from [36]. The
main difference between the cost data for the two projections is their
learning rate assumptions on the individual system components. [26]
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assumes a learning rate of 25 % for PV modules, 20 % for inverters, and
10 % for the balance of the plant to develop the CAPEX projection based
on the actual cost data from 2023. [36,91] are assuming a short-term
learning rate of around 10 % and a long-term rate of 19-23 % for the
PV modules, and 19 % for inverters. We took the case of the U.S. as a
clear example of this observed deviation and will elaborate on this next.

Fig. 10 shows the CAPEX projections provided in the published
Annual Technology Baseline (ATB) reports of the U.S. National
Renewable Energy Laboratory (NREL) since 2015. The 2015 ATB esti-
mated the average CAPEX for utility-scale PV to be 1500 $/kW (2024
USD) in the year 2050 [76]. Conversely, the latest report from 2024
anticipated an average of 700 $/kW (2024 USD) for the same year [78],
a 53 % cost reduction. The same is true for the onshore wind technology
CAPEX projection for 2050, which dropped from 2200 to 1200 $/kW
(2024 USD). For offshore wind technology, it fell from 5900 to around
3300 $/kW (2024 USD).

The above shows that the updated cost projections have improved
compared to previous years. Although historical costs have experienced
ups and downs due to factors like supply chain disruptions and changes
in raw material prices, long-term projections—based on simpler sce-
nario designs and considering far fewer variables than real-world cost
trends—still show less cost reduction compared to what has actually
happened.

4.3. CAPEX projections have a large spread

In this subsection, we will discuss the outliers identified in Section 3,
to explain the spread between cost projections.

Starting with the outliers of utility-scale PV CAPEX projections
(recall Fig. 1), Egypt [37] has a high estimated cost due to the lower
learning rates and limited installed capacity. Europe [92] has the highest
values among the available projections. We suspect this is due to the use
of outdated cost assumptions from the year 2015.

The global forecast for rooftop PV systems from [52], and for the U.S.
[771 are the upper limit outliers in Fig. 2. The reason for higher cost
expectations for this specific technology in [52] is the lower learning
rate (around 9 %). For the U.S., the rooftop PV CAPEX is particularly
high due to the higher soft costs (e.g., labour cost, sales) [2], resulting in
limited installed capacity compared to utility-scale PV [63]. On the
other hand, projections for rooftop PV CAPEX in China [67] are the
lowest due to the significant installed capacity (more than 250 GW)
partly driven by the presence of nationwide incentives since 2011.

For onshore wind technology (Fig. 3), projections for Japan [14] and
Europe [92] are the upper outliers. [14] starts the projection with higher
observed costs in 2020, but it declines rapidly as the installed capacity is
expected to increase until 2035. The slight increase in CAPEX after 2035
is due to an expected disruption in the growth of installed capacity,
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where wind installed capacity declines beyond 2035 in a low-demand
scenario.

Outliers in battery CAPEX (Fig. 5) are the projections for the U.S.
[77]1, Europe [74], and the global projection from the IEA [46]. Pro-
jections for the U.S. are high because, in addition to the common cost
components mentioned in Section 2.1, they also include other costs such
as levies, integration, permitting, regulatory, and land costs. The same
applies to the case of [74] as they have accounted for battery system
regulatory costs in their projection for battery CAPEX. The reason for
higher values in the IEA study is that they use the available cost as-
sumptions and data from [85], which applies a learning rate of 16 % on
average on the historic battery costs from 2015. While this learning rate
is not necessarily inaccurate, the projection is based on higher assumed
costs for 2015, thus limiting the expectations for cost reduction.

The most common reasons for misrepresenting the investment cost
reduction potential of RE technologies relate to learning rate un-
certainties [95], limited or outdated empirical cost data (e.g., for Li-ion
batteries [46], ambiguity of system boundaries and regional factors
determining the cost reduction potential of multi-component technolo-
gies [34,54] (e.g., for rooftop PV [52,67,77]).

The lack of transparency in data and methods reporting is an addi-
tional challenge. From 40 studies and 150 scenarios evaluated, only a
handful of them reported their cost-forecasting methods. Almost all used
a learning curve as their main method (e.g. [38,42,52,92,961), with one
study [14], merging learning curves with an expert surveying method,
and a limited number only using multi-component learning rates (e.g.,
[46,74,77]).

4.4. LCOE projections agree with the overall trend of cost reductions

Similar to what we observed for CAPEX (Section 4.1), most LCOE
projections are within the actual cost range (the grey area in Fig. 1 to
Fig. 9) for the year 2024.

They also agree that the LCOE for all the technologies will drop in the
future. The projected average cost levels for 2050, compared to current
costs, are expressed as percentage reductions as detailed below:

e Utility-scale PV: between 4 % (for a global study [52]) and 74 % (for
Iran [38])

e Rooftop PV: between 30 % (for a global study [52]) and 63 % (for the
U.s. [77]1)

e Onshore wind: between 8 % (for Europe [48]) and 55 % (for Egypt
[37D

e Offshore wind: between 16 % (for a global study [52]) and 65 % (for
China [48])

In short, almost all levelised cost projections agree on current
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expectations and future reductions—though with different levels of
intensity.

4.5. LCOE projections are still too pessimistic

Although cost projections for all technologies are in line with actual
cost ranges at the beginning of the studied timeframe, they have either
underestimated (utility-scale PV, onshore, and offshore wind) or over-
estimated (rooftop PV) the actual cost reduction pace. Considering the
case of utility-scale PV as an example, the observed reduction rate of
levelised costs until 2024 exceeded most of the cost reduction scenarios.
In fact, by the end of 2023, the LCOE for solar PV has dropped to one-
third of its initial cost earlier in the year.

Our analysis of cost projections for RE technologies demonstrates
that newer studies have reduced estimations compared to previous
studies that included data from reports published before 2018 [105].
Take the LCOE of utility-scale PV for the U.S. as an example. The 2015
ATB report from the NREL estimated the average LCOE for utility-scale
PV to be 91 $/MWh (2024 USD) in the year 2050 [76]. Conversely, the
latest report from 2024 anticipated an average of 21 $/MWh (2024 USD)
for the same year [78], a 77 % reduction. The same is true for the
onshore wind technology LCOE projection for 2050, which dropped
from 51 to 26 $/MWh (2024 USD). For offshore wind technology, it fell
from 134 to around 75 $/MWh (2024 USD). This is evidence of updated
cost assumptions and attributions incorporated into cost projection
models.

In short, the more recent LCOE projections exhibit improved accu-
racy compared to previous versions, though they still fail to completely
capture the historical trend of cost evolution in certain RE technologies
for future scenarios—which is in line with our findings for CAPEX
projections.

4.6. LCOE projections also have a large spread (2 to 3x)

Estimating LCOE is more complex than estimating capital costs, as
various underlying factors must be considered, such as assumptions on
electricity generation profiles, discount rates, and project lifetime. The
inclusion of these additional parameters usually results in a different
evolution trend for LCOE compared to the CAPEX of the same technol-
ogy. For example, in Section 3.2, the utility-scale PV LCOE trendlines in
Fig. 6 show a high estimation from [52], reflecting a higher levelised
cost of delivered electricity. This projection includes infrastructure-
related costs (e.g., transmission, storage), often excluded from other
studies [99]. Similarly, the same study seemingly provides higher
onshore wind LCOE because it accounts for these system-level costs. In
contrast, the LCOE forecast for rooftop PV systems in China [67] is the
lowest, driven by expectations of rapid installed capacity growth and
reduced CAPEX - partly due to the nationwide incentives.

Further complicating the comparison of LCOE is the fact that ca-
pacity or plant factors are often based on highly dissimilar assumptions
across studies or are excluded altogether. In systems with increasing
shares of RE, the marginal energy value tends to decrease, also known as
generation devaluation [65]. The declining correlation between elec-
tricity supply and demand leads to lower prices and, in the extreme, to
increased curtailment, which lowers the capacity factor [27]. Therefore,
overall LCOE increase, as shown in [14] on Japan’s PV and onshore
wind.

Excessive curtailment can be mitigated with grid flexibility measures
[93]. However, only a limited number of studies have accounted for
these integration costs: [52] for global costs, [77] for the U.S., and [74]
for Europe, as mentioned in Section 4.3. For example, [52] factored in
transmission and storage. Considering system-level costs results in
higher LCOE.

The spread in LCOE projections comes from other assumptions
beyond technology costs. One of them is the discount rate [90]. By
definition, the discount rate significantly impacts the LCOE, especially
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for RE technologies (because they are capital-intensive). The discount
rate should capture the cost of capital, the risk of a project, and the
targeted financial return [79]. These elements are unique to a particular
region (e.g., the cost of capital in Sudan is higher than in Germany [30]),
project or technology (e.g., the risk of a well-established solar PV project
is lower than a wave power [3]), and stakeholders (e.g., profit expec-
tations of a private company are higher than a community-ownership
model [44]). Furthermore, these elements might evolve (e.g. interest
policies from central banks or decreasing risk profiles as technologies
mature), although forecasting long-term interest rates is not something
that can be done accurately to our understanding. It is worth noting that
even modest changes in the discount rate can have a sizable effect; for
instance, studies indicate that adjusting the rate by as little as 5 %-points
can lead to significant reductions in LCOE, sometimes by as much as 40
% [8,33,53].

Projections often assume uniform discount rates across RE technol-
ogies, likely to facilitate generalised comparisons [12,80] and due to
limited transparency in financial data specific to individual technologies
and regions [75]. However, in some regions, we observed the opposite:
that within the same region discount rate assumptions vary broadly. The
case of Iran, for example, has assumptions from 7 % [38] to 18 % [45].
This difference is because the system ownership model in [45] is a
community focusing on minimising energy costs, while in [38], the focus
is on designing a national energy system development plan with lower
financial return requirements (i.e., a welfare planning perspective).
Similarly, within Europe, [32] assumes a 10 % discount rate as the
Weighted Average Cost of Capital (WACC), while [48] considers an
average of 5 % for PV technology. We suspect these disparities are
present in many other regions and studies. The WACC for utility-scale PV
and batteries in the U.S. is assumed to be around 3 %, which is the lowest
compared to other technologies such as CSP (4 %) and geothermal (4 %)
[78]. Regarding the evolution of discount rates over time, [38] mention
that the current discount rates in Iran could be higher than what they
have assumed, but they expect it to drop with increasing deployments of
RE. Note that all the quoted rates here exclude expected capital gains
and are not inflation-adjusted.

To sum up, the broad spread in LCOE projections underscores the
need for greater transparency and context-specific assump-
tions—especially regarding discount rates, system integration costs, and
regional financial conditions—to ensure that LCOE estimates meaning-
fully reflect the true costs and risks of RE technologies across different
regions and deployment scenarios.

5. Conclusion

We systematised and analysed the cost assumptions of utility-scale
photovoltaics, rooftop photovoltaics, onshore wind, offshore wind,
and Li-ion batteries from 40 studies with over 150 scenarios across
diverse geographical regions. We compiled Levelised Costs of Electricity
(LCOE) and Capital Expenditures (CAPEX) into a database. Subse-
quently, we compared these values against observed market values.

Generally, projections have improved in following the actual cost
trends and indicated a reduction in the LCOE and CAPEX indicators
throughout the studied timeframe. However, there is a large spread
between projections, and almost all are still too pessimistic. More spe-
cifically, we found that:

- Compared to older studies, more recent projections show significant
cost reductions. For instance, the CAPEX projections for the U.S. for
2050 are 53 %, 48 %, and 44 % lower in a study conducted in 2024,
compared to the 2015 version for utility-scale photovoltaics,
onshore, and offshore wind technologies, respectively. The LCOE
projections for the same two studies are 77 %, 49 %, and 44 % lower
in the 2024 version for utility-scale PV, onshore, and offshore wind
technologies, respectively. While the projections have improved,
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they are still off: most projections for 2050 are in the same ballpark
as costs observed today (2024).

Utility-solar photovoltaics and batteries CAPEX and LCOE pro-
jections are particularly pessimistic. The costs that most studies
foresee for the year 2050 are already observed today or likely within
reach in the next couple of years.

Long-term estimates of CAPEX for both onshore and offshore wind
technologies are above the actual observed costs. In the case of
offshore wind technology, the projected cost reduction is slower than
the historical cost evolution trend, though observed costs suffer from
a large disparity.

The spread in CAPEX can largely be attributed to outdated cost as-
sumptions, and varying regional factors such as learning rates and
soft costs. Variations in system boundaries and assumptions, partic-
ularly for multi-component technologies like rooftop photovoltaics
and batteries, also contribute to misrepresented CAPEX reduction
potential.

The difference between the most optimistic and pessimistic LCOE
projections is as large as fourfold, particularly for solar photovoltaics
and offshore wind technologies. For the rooftop photovoltaics, and
onshore wind, a 2x disparity is observed. Unlike rooftop photovol-
taics, the majority of 2050 projections for onshore wind LCOE are at
least 10 % higher than current average market values. This raises
concerns about the reliability of LCOE comparisons across studies.
A significant portion of the LCOE disparities can be attributed to
differing assumptions about discount rates. Many studies apply
arbitrary rates, often failing to reflect region-specific costs of capital,
profit expectations, and technology-specific risks, leading to incon-
sistent LCOE estimates.

The case of solar PV and batteries is particularly concerning, as even
the most optimistic studies predict cost levels being achieved 10 to 15
years earlier than anticipated. As the saying goes, all models are wrong,
but some are useful—though in this case, the models missed the mark
entirely.
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