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ABSTRACT

The expansion of renewable energies, crucial for reducing emissions and transitioning to a decarbon-
ized energy sector, has broad implications. We study how large-scale renewable energy, particularly
wind and solar, impacts wholesale electricity prices, carbon emissions, and market competition. After
reviewing current trends in renewable adoption, we focus on the Iberian electricity market. Using the
methodology of Petersen, Reguant, and Segura(2024), we analyze impacts on prices and emissions on
detailed hourly data from the wholesale electricity market for 2016 to 2022. Results show that a GWh
increase in wind or solar generation reduces CO2 emissions between 200 and 300 tons, and prices by
an average of 2e/MWh and 4e/MWh, respectively. By examining the evolution of traditional companies’
market shares, we show that as renewable penetration increases, market concentration decreases.
The study is complemented by discussing local effects of renewable developments, and challenges to
increasing renewable development such as cannibalization, volatility, and intermittency.

Keywords: Renewable energy, Energy transition, Carbon emissions, Electricity prices, Market competition

1. Introduction to amore electrified system based on safe and

clean energy production centered around re-
newable technologies. This decarbonization
process has broad socioeconomic implica-
tions. The expansion of renewables not only
contributes to sustainability, it also reshapes
electricity markets, alters the energy mix, and
influences local economies.

The current climate, geopolitical, and econom-
ic context has positioned at the center of the
debate the need to transition towards a car-
bon-neutral economy. To achieve this goal, de-
carbonizing the energy sector stands as one of
the main challenges. Reducing emissionsin the
energy sector not only involves a more efficient
use of resources, it also implies transitioning The goal of this study is to provide an overview
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of the current trends in renewable adoption,
its contribution to energy consumption, and
the impacts on the electricity market and the
economy. We focus on large-scale renewable
energy investments, particularly wind and so-
lar power, and examine how increases in gen-
eration affects prices, emissions, and compe-
tition using the Iberian electricity market as a
case study. To provide a complete analysis, we
combine a review of existing studies with the
analysis of detailed emissions and wholesale
electricity market data.

The  European Green deal has set
the target of reducing emissions by
556% relative to 1990 levels by 2030.
We start by contextualizing the role of renew-
able energies, especially wind and solar, in
achieving this goal. In Europe, although wind
and solar productionrepresent 20% of electric-
ity generation, fossil fuels still account for 70%
of total energy consumption. Focusing on Ger-
many, France, and Spain, the three European
countries with the largest amounts of installed
renewable capacity, we show that, although
wind and solar energy plays an increasing role
in electricity generation, substantial differenc-
es in the energy mix will require different solu-
tions to reach netzero. These challenges have
been underlined during the energy crisis, with
some countries facing stricter constraints to
reduce their emissions.

The expansion of renewables has been pro-
moted by strong state support policies and
substantial reductions in development costs.
However, we show that countries display dif-
ferences in adoption that cannot be fully ex-
plained by differential renewable potential or
deployment costs, suggesting the existence
of additional obstacles limiting their expansion
potential. These obstacles include complex
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and prolonged permitting processes, grid con-
gestion, supply chain constraints, and social
opposition. Thus, the European Union is incen-
tivizing member states to implement reforms
in order to accelerate permitting, improve grid
infrastructure, and modify auction designs.

The expansion of renewables, can impact elec-
tricity markets by reducing emissions and pric-
es. As wind and solar penetrates the market
with close to zero marginal costs, technolo-
gies reliant on fossil fuels, with higher marginal
costs, are displaced from the electricity mix. To
analyze the marginal impact of wind and solar
production on carbon emissions and wholesale
electricity prices in the Iberian electricity mar-
ket, we adapt the methodology of Petersen et
al. (2024) and use detailed hourly data for the
period from 2016 to 2022.

Consistent with findings in other countries, wind
and solar deployment significantly reduce car-
bon emissions, with wind showing a larger effect
(Callaway, Fowlie, and McCormick, 2018; Cullen,
2013; Sexton, et al., 2021). We show that in the
Iberian market, although the impact of emis-
sions becomes less pronounced as fossil fuel
production is displaced, each additional GWh of
wind production is estimated to reduce emis-
sions by 200 to 300 tons of CO,. We also show
that, each additional GWh of wind and solar gen-
erationreduces prices by an average of 2e/MWh
and 4e/MWh, respectively, with this effect being
larger as renewable production increases. The
downside of such reductions for the long-term
viability of renewable projects is the so-called
“cannibalization effect”, for which increased
renewable penetration reduces revenue for re-
newable producers and potentially disincentiv-
izes further investments in these technologies.

Apart from the direct effect of renewables on
prices and emissions, the deployment of wind

EIX8|Infraestructures i gestio sostenible del territori | 2



Renewable energy development:
Current landscape, impacts, and goals

and solar energy has altered the underlying
market structure, increasing competition and
reducing market power of traditional genera-
tors. Using data on market participation, we
compute concentration indices for the Iberian
market since 2017. The evolution of those indi-
ces shows that market concentration has de-
creased over time as renewables entered the
mix. This negative correlation between incum-
bent market shares and renewable generation
becomes particularly evident when looking at
intraday patterns. During hours of peak solar
production, market share of traditional firms
decreases by 20 percentage points.

Last, we provide an overview of potential so-
cioeconomic effects on the regions where
renewables are being deployed. To do so, we
review existing studies analyzing the impact of
renewables onlocal employment and finances.
These studies indicate that renewable invest-
ments hold a substantial potential to promote
local employment, specially in the case of so-
lar. However, there is a mismatch between lo-
cal workforce skills and the requirements of
renewable projects, limiting the positive ef-
fects for the community (Fabra, et al., 2024).
Regarding municipal finances, Serra-Sala
(2024) shows that wind farm development has
a significant and sustained positive impact in
municipal revenue, with benefits persisting
throughout the wind farm’s operational life.

The rest of the paper is organized as follows.
Section 2 contextualizes the role of renewa-
ble energies in the electricity sector. Section
3 provides an overview of current trends and
targets in adoption. Section 4 analyzes the
impact of wind and solar generation on car-
bon emissions and wholesale electricity pric-
es. Section b discusses the effects on market
competition. Section 6 provides an overview of
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potential socioeconomic impacts at the local
level. Last, section 7 concludes.

2. Contribution of renewable energy

to electricity production and the en-
ergy mix

To counteract climate change, the European
Green Deal has set the target to reduce emis-
sions by 55% relative to 1990 levels by 2030.
Moving toward a cleaner energy system in-
volves phasing out fossil fuels from the ener-
gy mix and increase reliance on clean energy
sources. In this context, electricity production,
where renewable technologies such as wind
and solar hold significant weight, stands as a
critical pillar to decarbonizing the energy sys-
tem.

Simultaneously to increasing the share of re-
newables in electricity generation, promoting
electrification is essential. Electricity is the
energy source where renewables contribute
most significantly. Thus, increasing electric-
ity consumption at the expense of fossil fuels
is a key strategy to increase the share of clean
energy in the overall energy mix. This section
describes the contribution of renewable ener-
gy sources, particularly wind and solar, to the
electricity mix of European countries and ex-
amines their role in total energy consumption.
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Figure 1: Electricity generation by energy source
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Notes: Own elaboration with data from EMBER and the Spanish
transmission sytem operator (REE).

Figure 1illustrates the evolution of the electric-
ity mix composition over the last decade for a
selection of regions. At the European level, 55%
of electricity generation comes from nuclear en-
ergy and renewable sources, while gas and coal
remain significant contributors, accounting for
20% and 16% of the mix, respectively. Although
the share of electricity produced from gas and
coal has remained stable, coal use has signifi-
cantly declined, offset by an increase in gas. In
contrast, the weight of renewable energy sourc-
es has grown rapidly, with wind and solar energy
rising from 11% of electricity production in 2014
t022% in 2022.

While European electricity production is shift-
ing toward a cleaner mix, it only accounts for
only 23% of Europe’s total energy consumption.
Looking at the overall energy mix, which includes
energy consumed in sectors beyond electricity
generation, renewable energies' accounted for
18% of total energy consumption, whereas coal

1 In this case renewable energies take into account all sources that reple-
nish themselves naturally, including biomass, biogases, renewable waste,
hydropower, or wind and solar energy.
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(13%), 0il (37%), and natural gas (21%) collectively
represented 70% of the energy consumed in Eu-
rope.?

The weight of renewable energiesin the electric-
ity mix is shifting over time and across countries
(Figure 1). In Germany, the traditional Europe-
an leader in renewable energy deployment, the
phase-out of nuclear power has implied a strong
reliance on fossil fuels, particularly coal and gas,
as renewable capacity expands. With wind and
solar energy accounting for 40% of electricity
generation, the substantial weight of renewables
in the electricity mix contrasts with the contri-
bution of coal and gas. Although the combined
share of coal and gas has declined over the past
decade, it still accounts for 47% of Germany's
electricity production.

In contrast, France's electricity mix is dominated
by nuclear power, accounting for 63% of its elec-
tricity generation. Although the share of wind and
solar has increased from 4 to 12 percent over the

2 See https://ec.europa.eu/eurostat/web/interactive-publications/ener-
gy-2024
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last decade, it remains significantly lower than
the European average. France’s energy strategy,
dominated by strong state support for nuclear
power, allows for electricity generation with mini-
mal fossil fuel input. While over the last decade the
share of gas has slightly increased, the use of coal
has remained residual.

Spain's electricity mix sits between that of Germany
and France. Wind and solar account for a significant
share (33%), but electricity generation still depends
heavily onnuclear power(20%)and fossil fuels(33%).
While the participation of wind energy has steadi-
ly increased since the 2000s, rapid expansions in
solar capacity over the last years have significantly
increased its share in the mix. Over the last decade,
coal participation has declined from 15% to 3%,
replaced by a 12 percentage point increase in gas
participation. Although Spain has a more diversified
electricity mix, regional disparities and infrastruc-
ture limitations have created significant variations
across different areas, with some of them diverging
sharply from the national profile. In Catalonia, elec-
tricity production, while still dependent on gas im-
ports, is dominated by nuclear power (56%), leaving
wind and solar with an 8% contribution.

The need to accelerate the energy transition be-
comes more evident when examining total energy
consumption across countries. Wind and solar con-
tribution to the overall energy mix ranges from 9.7%
in Spain, to 3.29% in France, while the contribution
of fossil fuels (coal, oil, and gas) ranges from 45%
in France, to 78% in Germany. Differences in fossil
fuel reliance reflect differences in industrial needs
and heating demands, as well as varying degrees of
electrification across countries. On one hand, elec-
tricity consumption as a share of total energy con-
sumption ranges from 19.6% in Germany to 25.3%
in France. On the other hand, the share of nuclear
power in the energy mix lays below than 1% in Ger-
many, 13% in Spain, and 40% in France, explaining
differences in fossil-fuel reliance across countries.®

3 See https://www.iea.org/countries/spain for Spain, https://www.iea.org/
countries/france for France, and https://www.iea.org/countries/germany for
Germany.
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3. Trends in renewable energy
adoption

We are immersed in an energy transition that
is gaining momentum. With development costs
decreasing and governments positioning re-
newable energy as the key pillar in decarboniz-
ing the energy sector, the global energy land-
scapeiswitnessingunprecedented expansions
inrenewable energy capacity. Since 2018, glob-
al solar and wind capacity has more than dou-
bled, and 2023 has seen the largest increase in
renewable electricity capacity to date. During
2023, the additions in global renewable capac-
ity, estimated to be 507 GW, were almost 50%
higher than total new capacity installed during
2022 (IEA, 2023).

Global efforts to achieve climate neutrality by
2050 are illustrated by multilevel commitments
such as the 2023 COP28 target to triple the
world’s installed renewable energy capacity to
11,000 GW by 2030. In this context, the develop-
ment of solar photovoltaic and wind energy, the
leading renewable technologies, is expected to
grow substantially, accounting for 92% of the
total projected increase in renewable capacity
by 2030. At the European level, the Green Deal
aims to increase the share of energy produced
from renewable sources to 42.5% by 2030.
Achieving this goal translates to atotal renewa-
ble capacity of 1,236 GW to be installed by 2030,
more than the double the current installed ca-
pacity.

The opportunity that renewable technologies of-
fer to produce clean energy while enhancing en-
ergy independence has made them the most vi-
able option for decarbonizing the energy sector.
Furthermore, the decrease in costs that these
technologies have experienced over the last dec-
ade has boosted their competitiveness, making
them anincreasingly attractive option compared
to fossil fuels. Figure 2a illustrates the evolution
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of the levelized cost of energy (LCOE) for wind
and solar PV since 2010.“ While the cost of wind
energy has steadily declined, solar energy has
seen a sharp improvement in competitiveness,
with a 90% reduction in costs since 2010.

Figure 2: Cost and price of the main technologies
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Notes: Own elaborationusing datafromIRENA, OMIE, and MIBGAS. In
Panel A, the left vertical axis represents the cost of wind, solar, and
gas. Theright vertical axis represents the cost of batteries.

4 The levelized cost of energy (LCOE) is defined as the total cost of cons-
tructing and operating a plant, divided by the total energy generated over its
lifetime.
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The unprecedented rise in gas prices in 2021
(Figure 2b) further enhanced the competitive-
ness of renewables relative to fossil fuels and
demonstrated that these technologies not only
provide a cheaper and cleaner energy source
but also a more stable and reliable one. Ulti-
mately, wind and solar energy depend only on
meteorological factors, which are more pre-
dictable than the geopolitical uncertainties af-
fecting fossil fuel prices.

Figure 3: Evolution of newly installed capacity
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Notes: Own elaboration with data from IRENA and the Spanish trans-
mission system operator (REE).

Oespite the global trends in renewable deploy-
ment, growth has been uneven across regions
and countries. While Europe has been one of
the initial leaders in the energy transition, Chi-
naaccounted for56% of the global expansion in
solar PV and wind adoption in 2023 (IEA, 2023).
Europe’s historical progress has been driven by
supportive public policies, increased concerns
about energy security, and the increasing com-
petitiveness of renewable energy compared
to fossil fuels alternatives. However, supply
chain limitations, delayed policy responses,
and a changing macroeconomic environment
marked by rising inflation and interest rates,
threaten to decelerate the transition in this re-
gion. In contrast, China's renewable power ex-
pansion is being stimulated by the availability
of locally manufactured equipment and low fi-
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nancing costs, positioning the country as a key
player in the global acceleration of renewable
energy adoption.

Focusing on the European context, the Euro-
pean Commission has set ambitious targets
under the Green Deal: reaching 592 GW of solar
PV and 510 GW of wind capacity by 2030. Meet-
ing these goals will require substantial growth
in renewable capacity across member states.
As of 2023, the European Union had installed
260 GW of solar PV capacity and 240 GW of
wind capacity.

While multilevel agreements set benchmarks
for the energy transition, specific policies
and targets are decentralized at lower region-
al levels, leading to significant differences
in renewable energy adoption across terri-
tories. Figure 3 focuses on Germany, Spain,
and France, the three European leaders
in terms of installed renewable capacity.
New solar installations have seen rapid growth
across all three countries. As of 2022, Germa-
ny keeps leading the adoption of both wind and
solar renewable deployment. In Spain, aside
from a slowdown in 2020 due to the Covid-19
crisis, annual installations of large-scale solar
power have averaged around 4 GW, with wind
installations at a minimum of 1GW per year.

Differencesinrenewable development exist not
only between countries but also within them.
In Spain, although renewable development at
the national level is progressing rapidly, there
are substantial disparities across regions, with
Catalonia ranking last in large-scale renewable
investment. As shown in Figure 3, investment
in Catalonia over the past six years has been
virtually nonexistent, resulting in a lost decade
for transitioning to a more sustainable and de-
centralized model. Importantly, the lack of new
development in this region is not due to less
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ambitions energy policy targets or a lower po-
tential for these technologies(Figure 4).

According to PROENCAT, the Catalan energy
plan toward 2050, the goal is set at 12 GW of
installed renewable capacity by 2030 (5 GW of
wind and 7 GW of solar), and 62 GW by 2050.
This goal contrasts with the 1,300 MW of wind
and 736 MW of solar capacity installed at the
end of 2022. Although the trend in new devel-
opment appears to be increasing, with 300 MW
of wind and 100 MW of solar energy installed in
2022, the current situation is still very far from
achieving the established goals.

Differences in renewable energy deployment
across European countries cannot be attrib-
uted solely to renewable energy potential. For
instance, despite Germany's relatively low wind
potential (Figure 4), it leads Europe in installed
capacity (Figure 3). The mismatch between re-
newable potential and adoption indicates that,
beyond meteorological and geographical fac-
tors, political, administrative, and economic
factors play a significant role in shaping renew-
able energy adoption.

The IEA(2024) has identified several obstacles
limiting renewable capacity expansion in Eu-
rope, leading the agency to estimate that total
renewable energy capacity will fall 11% short
of the REPowerEU targets for 2030. These ob-
staclesinclude complex and prolonged permit-
ting processes, grid congestion, supply chain
constraints, and social opposition. Specially,
delays in permitting and limited development
areas have led to project cancellations and
construction delays.
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Figure 4: Renewable potential by technology

15
(1]
a ] h i '
oo
Wit PV ool P land PV ioial

B cermary [l France [l Speis | Cotaloria

im

Potential relative to EU average
m

Notes: Own elaboration with data from the Energy and Industry Ge-
ography Lab.

Another relevant factor slowing down wind de-
velopment is inadequate network capacity and
complicated grid connection procedures due
to the geographical distribution of wind poten-
tialand the inherent variability of this resource.
First, wind production centers are often lo-
cated far from demand centers and require of
adequate transmission infrastructure to de-
liver energy to the grid. Second, the variabil-
ity in wind production, which depends on me-
teorological factors, implies that as installed
capacity increases, the electricity grid must
implement balancing mechanisms to integrate
these variable sources while ensuring network
stability. Consequently, network limitations
have created long queues, increasing costs for
developers and delaying project timelines.

In response to these challenges, the Europe-
an Commission has released targeted guide-
lines, and member states have implemented
reforms to accelerate permitting, improve
grid infrastructure, and modify auction de-
signs. Although these measures help improve
wind deployment, further efforts are needed
to streamline permitting, enhance grid flexi-
bility with storage solutions, and mobilize new
investments in grid infrastructure and electri-
fication.
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4. The impact of renewable energies
on prices and emissions

The expansion of renewable energies signifi-
cantly impacts the structure of electricity mar-
kets on different fronts. In marginal electricity
markets, where the electricity price is deter-
mined by the marginal cost of the last energy
source entering the electricity mix, renewa-
bles, with marginal costs close to zero, have
the potential to significantly affect electricity
prices. Additionally, renewables contribute to
reducing emissions derived from electricity
generation by displacing fossil fuels from the
electricity mix. Furthermore, renewable en-
ergies have the potential to increase welfare
through improvements in consumer surplus,
not only due to their direct effect on electricity
prices but also by improving competition in the
market.

Petersen et al. (2024) estimate the impact of
wind energy on intermittency costs, prices, and
emissions by focusing on the Iberian electricity
market. More specifically, they exploit exoge-
nous variation in hourly wind forecasts and as-
sess the effect on emission by concentrating
on carbon dioxide. To determine the average
effect of wind generation on prices and emis-
sions, we estimate the following specification:

Vi = Bo+ BiW; tyX, +€.(1)

where Y, is the outcome of interest, W, is the
forecasted wind or solar energy in the market,
X.includes control variables, and € is the er-
ror term.® The results reported in this section
further include month-of-sample fixed effects
interacted with hourly fixed effects to control

5 Following the analysis of Petersen et al. (2024), control variables include
daily natural gas prices, hourly forecasted demand, temperature, temperatu-
re squared, and photovoltaic generation.
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for predictable fluctuation in market condition
that might not be captured by the control var-
iables. By estimating this equation using OLS
and clustering standard errors at the month
of sample level, the coefficient of interest, 8,
represents the marginal effect of a one GWh
increase in wind or solar generation on the out-
come of interest, prices or emissions.

4.1 Impact of renewable energies on emis-
sions offsets

As deployment of renewable energy increases,
fossil fuels required to meet electricity demand
are reduced. The economics literature consist-
ently finds that renewable energy for electricity
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generation lowers emissions by displacing tradi-
tionalfossilfuelsfrom the electricity mix. Focus-
ing on the USA, studies such as Callaway et al.
(2018); Cullen (2013); Kaffine, McBee, and Liesk-
ovsky(2013); Novan(2015); Siler-Evans, Azevedo,
and Morgan (2012) or Sexton et al. (2021) analyze
substitution patterns between renewable and
conventional energy sources. The results of
these studies show that increases in renewable
energy lead to reductions in pollution significant
enough tojustify the subsidies supporting these
technologies. However, reductions in emissions
due to renewable energy are not homogeneous,
as depend on the region, time of day, and base-
line electricity mix.

Figure 5: Impact of wind and solar deployment on emissions
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Notes: Adaptation of Petersen, Reguant, and Sequra(2024). Own elaboration with data from transmission system operation(REE)and the Iberi-

anmarket operator (OMIE)
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Consistent with findings in other countries, re-
newable energy production in the Iberian mar-
ket, particularly from wind and solar, signifi-
cantly contributes to reducing CO, emissions.
As shown in Figure 5, each additional GWh of
wind energyisestimatedtodecrease emissions
by between 200 and 300 tons of CO,. Although
this effect has become less pronounced over
time due to the decarbonization of the elec-
tricity market, the temporary increase in coal
usage during the gas crisis and reduced hydro
resources caused the marginal impact of wind
to rise again above 200 tons.

A key distinction between renewable technol-
ogies and traditional energy sources is that
renewables, especially wind power, rely on me-
teorological conditions that vary and cannot
be perfectly forecasted. Because electricity
generation must always match consumption,
in absence of sufficient storage options the
intermittency of renewable sources has to be
balanced with electricity generated from con-
ventional sources like coal or gas. Specially in
the case of wind generation, its variability af-
fects the operation of the electricity grid and
limits the potential of renewables to save emis-
sions, especially at high levels of wind penetra-
tion Dorsey-Palmateer(2019).

How intermittency affects emissions offset
varies across grids, as it depends on the gen-
eration mix and the capacity to shift to clean-
er sources to compensate for wind variability.
Studies such as Gutierrez-Martin, Silva-Alva-
rez, and Montoro-Pintado (2013); Kaffine, Mc-
Bee, and Ericson (2020), or Dorsey-Palmateer
(2019) examine how sudden increases or de-
creases in fossil fuel generation, known as cy-
cling,andtheinconsistentrampingupanddown
of power plants resulting from the variability of
renewable energies reduces the potential of
these technologies to offset emissions. Focus-
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ing on the USA, Kaffine et al. (2020) shows that
when the share of wind in the electricity mix is
between 10 and 20 percent, at mean values of
intra-hour wind intermittency, savings in CO,
emissions are reduced by an average of 6.5%,
and by nearly 10% at the highest levels of inter-
mittency.

In grids with high carbon reliance, intermitten-
cy in renewable generation can lead to further
emission reductions due to a shift from coal-
based production to gas. Gas-fired combustion
turbines and combined-cycle facilities are spe-
cifically designed to handle cycling. Thus, in-
creasesinintermittency canlead to a substitu-
tion of coal, the most polluting energy source,
for gas. Consequently, emissions can be fur-
ther reduced in regions with a mix of natural
gas and coal, allowing to switch between those
technologies to compensate for renewable in-
termittency (Dorsey-Palmateer, 2019).

4.2 Impact of renewable energies on prices

Studies in electricity markets of different coun-
tries have documented reductions in wholesale
electricity prices due to increases in renewable
energy production (Bushnell and Novan, 2021;
Gelabert, Labandeira, and Linares, 2011; Ketter-
er, 2014; Maciejowska, 2020; Woo et al., 201).
In marginal pricing systems, power plants with
different production costs offer electricity until
demand is met. At the point where the market
clears, the price is set by the last plant dispatch-
ing electricity and paid to all producers. As ener-
gy offers are ranked according to their offered
price, the expansion of renewable energies,
with marginal costs close to zero, displaces
plants typically based on fossil fuels, leading to
an overall reduction in electricity prices known
as the merit-order effect(SensfuB, Ragwitz, and
Genoese, 2008).
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In the Iberian market, the deployment of wind
and solar energy has also led to substantial re-
ductions in electricity prices. Figure 6 presents
the results of estimating Equation 1 on hourly
wholesale electricity prices from 2076 to 2022.
These results indicate that each additional
GWh of wind generation reduces wholesale
electricity prices by 2e/MWh (Figure 6a). This
effect, which has remained relatively stable
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over the lastyears, increased substantially dur-
ing the 2021-2022 gas crisis. The rise in elec-
tricity prices, primarily driven by higher gas
prices, resulted in greater reductions in whole-
sale electricity prices when gas-based power
plants were displaced by wind power. During
the crisis, each additional GWh of wind genera-
tion lowered wholesale prices by b to 6e/MWh.

Figure 6: Impact of wind and solar deployment on electricity prices
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Solar generation also has a significant impact
on electricity prices. Figure 6b shows that each
additional GWh of solar power reduces whole-
sale prices by 4e/MWHh. This price reduction
was even more pronounced before the gas
crisis. Since solar energy is primarily generat-
ed during daytime hours, it typically enters the
electricity mix when prices have historically
been higher. As the electricity mix shifts, peri-
ods where the lowest prices occur during day-
time hours have become more common, atten-
uating the marginal impact of solar energy on
prices thatare already close to minimum levels.

Other studies looking at the impact of renewa-
ble energy expansion on energy prices in mar-
kets like Spain and California have found similar
effects. Bushnell and Novan (2021) shows that
in the California market, growth of solar capac-
ity leads to an overall decline in daily average
prices. Although in aggregate terms, solar pro-
duction has a negative influence on prices, this
effect is not uniform across all hours. During
daylight hours, solar expansion lowers whole-
sale prices due to significant reduction in out-
put from natural gas generators and imports.
However, pricesrise during non-daylight hours,
particularly in the early morning and evening.
During those hours, ramp up and down cause
a shift in the type of gas plants generating en-
ergy, from more efficient combined cycle gas
turbines to more flexible but higher marginal
cost ones(Bushnell and Novan, 2021).

The reduction in electricity prices resulting
from increased renewable energy produc-
tion leads to a “cannibalization effect” through
which the growing penetration of renewable
technologies diminishes their own market val-
ue. Sustained reductions in electricity prices,
especially during periods of high renewable
generation, translate into reduced revenue for
renewable producers, undermining the profita-
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bility of these technologies (Hirth, 2013; Macie-
jowska, 2020; Pena, Rodriguez, and Mayoral,
2022).

Figure 7: Cannibalization in wholesale electricity prices
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Notes: Adaptation fromthe analysis of Petersen, Requant, and Sequ-
ra(2024). Own elaboration with hourly data from Spanish transmis-
sion system operator (REE)and the Iberian market operator (OMIE).

In the Iberian market, the large presence of re-
newables makes cannibalization likely to occur
frequently. Figure 7 illustrates average electric-
ity prices at varying levels of wind production
from 2076 to 2022. The patterns in this figure in-
dicate that as wind production increases, prices
decrease. From 2018 to 2020, coinciding with
a period of large wind capacity expansion, in-
creases in wind production were related to a de-
crease in prices. This trend indicates that, while
electricity prices decrease with higher wind pro-
duction, foragiven level of wind energy generat-
ed, the reduction in price intensifies over time.
This decreasing trend was interrupted during
the energy crisis of 2021and 2022, when a surge
in gas prices led to an unprecedented spike in
electricity prices. During this period, benefits
for renewable generators were significantly
larger than expected, with increases in wind
production having a considerably larger effect
on electricity prices than before.
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Although renewable penetration in the Iberian
market is substantial, hours with electricity
prices close to zero are still relatively infre-
quent. Hourly data from the wholesale electric-
ity market from 2016 to 2020 shows that prices
below 10 e/MWhare presentinaround 3% of the
time. Evenin 2020, when the Covid-19 crisis led
to high solar production and moderate electric-
ity demand, low prices were present from 3 to
b5 percent of the time and concentrated during
hours of peak solar production and maximum
wind generation.

Cannibalization effects can take place also in a
crossed form, when increases in the penetra-
tion of a technology decreases the market val-
ue of another renewable technology. Focusing
on hourly data in California from 2013 to 2017,
Prol, Steininger, and Zilberman (2020) show
that, while wind penetration negatively affects
solar values, the effect of solar penetration
on wind is positive. Since solar generation is
more concentrated around midday, high solar
production causes a price drop during those
hours, followed by a spike in the evening when
wind generation is still present and wholesale
pricesincrease due toramp up and down of gas
turbines.

Measures improving renewable flexibility such
as demand response, storage, and grid im-
provements can help mitigate reductions in
renewable competitiveness and investment
incentives due to cannibalization effects. Stor-
age and demand management allow transfer-
ring renewable electricity between periods of
low and high values, smoothing fluctuations in
hourly prices. At the same time, grid improve-
ments increasing connectivity help prevent
congestion and allows connecting regions with
complementary generation patterns. Thus, the
stronger the cannibalization effect, the higher
the value of flexibility measures.
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In the absence of improved flexibility, cannibal-
ization is often mitigated when producers have
the capacity to self-requlate energy produc-
tion on days with excess renewable generation.
This self-regulation, known as “curtailment”,
takes place when a producer strategically de-
cides not to generate renewable energy and af-
fect wholesale prices. When curtailment takes
place, participating companies are often more
actively involved in both the bidding and bal-
ancing processes, in which they have been able
to participate since 2016.

Market concentration, even among renewable
power producers, increases the capacity of
companies to regulate production. The current
market structure, in which small producers
receive a fixed price through power purchase
agreements (PPA), and intermediary actors as-
sume most of the risk in wholesale markets,
facilitates this self-regulation. Most of the re-
newable production is offered at the market
either through large generation companies or
intermediaries in the wholesale market with
substantial market shares.

4.3 Overall welfare impacts

Given the significant reduction in prices and
emissions, the expansion of renewable gen-
eration has increased consumer welfare. How
does this compare to its costs? Several studies
have quantified the overall cost-benefit of re-
newable palicies in a variety of contexts. Sev-
eral papers in the European context account-
ing for reasonable costs of carbon find positive
welfare effects for solar (Abrell, Kosch, and
Rausch, 2019) and wind (Abrell et al., 2019; Liski
and Vehvildinen, 2020) in Germany, Spain, and
the Nordic electricity market.

Following the results from the same studyinthe
Iberian Peninsula highlighted before, Petersen,
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Reguant,and Sequra(2024)find that consumers
can be better off in the presence of subsidies
to large scale renewables despite its costs.
As renewables expand, reductions in market
prices benefit consumers, while negative
impacts are being endured by traditional power
producers, which see generation and prices
diminished. The overall public benefits of
these policies are further increased when one
accounts for the environmental benefits from
reduced emissions.

Anadditionalargument for renewable subsidies
often focuses on their market equilibrium
effects on the supply side. Several studies
have investigated how renewable subsidies
enhance technological learning (Bollinger
and Gillingham, 2019; Bradt, 2024; Myojo and
Ohashi, 2018)and innovation(Gao and Rai, 2019;
Gerarden, 2023) among solar installers and
manufacturers. Covert and Sweeney (2024)
and Anderson, Leslie, and Wolak (2019) study
similar economic forces in the wind industry.
While they do not focus onthe role of renewable
subsidies, Covert and Sweeney (2024) find
spillovers across firms that could provide a
justification for renewable subsidies.

5. The impact of renewable energies

on the structure of
the Iberian electricity market

The Iberian electricity market has traditionally
been dominated by vertically integrated
companies, with Iberdrola and Endesa, the
two largest companies, historically holding
a combined market share of above 70%.
Although the market keeps being relatively
concentrated, its liberalization in the late 1990s
and the entry of renewable energy producers
has helped increase competition. Renewable
energy production is typically characterized by
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having lower operational costs and being more
distributed than traditional fossil fuel plants.
These lower costs reduce entry barriers,
allowing new players, including smaller firms, to
enter the market and compete with incumbent
companies, thus increasing overall market
competition.

In the Iberian market, the growth of renewable
energies continues to increase competition.
Figure 8 illustrates the evolution of the Cb and
Herfindahl-Hirschman (HHI) indices. These
indicesare computedusingdetailed hourly data
of participation in the wholesale market from
REE and OMIE, covering the period from 2017
to 2022. The Cb index reflects the combined
market share of the five main incumbent
companies with traditionally the largest market
shares (Iberdrola, Endesa, Naturgy, EDP, and
Repsol). The HHI index is calculated as the
sum of the squares of each company’s market
share, scaled from 0 to 10,000, with 10,000
representing a monopoly with a 100% market
share.b

Over the last decade, the market share of the
five largest incumbent firms has decreased
by 10 percentage points, falling from over 60
percentin2017tojust above 50 percentin 2022
(Figure 8a). Excluding the potential impact of
self-consumption, thisoveralldeclineinthe Cb's
share masks a 15 percentage point reduction
in their non-renewable share, partly offset by
an increase in their renewable share from 12
to 16 percent. At the same time, the market
share of the renewable energy among non-Cb
companies has been increasing, shifting
market concentration dynamics toward a more
competitive landscape.

6 The classification of plants requires a complete mapping of companies
and their subsidiaries. The results in this section provide an approximation
of market concentrations and may contain minor errors if companies are not
fully classified.
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Figure 8: Evolution of concentration indices
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The potential of renewables to reduce market
concentration is further demonstrated by
fluctuations in market shares during periods
of high renewable generation throughout the
day. Figure 8b displays the hourly evolution of
the Cb index from 2017 to 2022. Independently
of the time of day, the patterns described in
this figure reveal a progressive decline in the
market power of incumbent companies over
the years. Focusing, on hours of peak solar
generation, the C5 has already reached values
below 50 percent, suggesting that during these
hours production of traditional companies are
no longer the primary market leaders. Large
renewable energy retailers now hold market
shares comparable to those of some traditional
producers.

As renewable generation increases, the lower
concentration within this sector helps reduce
total concentration in the electricity market.
Figure 8c shows the evolution of the HHI index
for overall electricity production, as well as a
breakdown by renewable and non-renewable
production. Although concentration indices in
the electricity market exhibit values that are
consideredlowfromacompetitionperspective,
total concentration has been decreasing over
time. In 2017, total market concentration had
an HHI index of 1,200, which has decreased to
1,000 points by 2022.

When comparing the renewable and non-
renewable sectors, renewable generation
shows significantly lower concentrationindices
than non-renewable generation. Both sectors
show a substantial drop in concentration
indices in 2018, coinciding with the expansion
of wind and solar capacity. This expansion has
reduced the HHI for non-renewable production
to approximately 1,200, close to the average
concentration level of the overall market at the
beginning of the period. Although renewable
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production tends to be more decentralized,
its HHI index is comparable to the market
average due tothe presence of large renewable
operators managing substantial market shares.

Concentration in the retailing sector, although
higher than in the generation sector, has also
experienced a slow but progressive decrease
(Figure 8d). This trend was reversed during the
2021 gas crisis, especially in the residential
sector. Purchases in the wholesale market are
primarily conducted by vertically integrated
companies participating in both electricity
production and retailing. The presence of
natural monopolies in distribution, with
exclusive rights to serve the residential sector
until 2011, makes market concentration in this
segment especially high.

Larger concentration in the retailing sector
is explained by the traditional monopoly
structure, with incumbent firms still having
over 80% of market share in their original
territories. Itisalso partially explained by higher
risks associated to this sector, especially when
companies are lacking enough diversification.
A lack of diversification can expose retailers
to significant financial risks during periods of
price spikes, as observed by the worsening of
the market shares for the new entrants during
the energy crisisin 2022.

During the gas crisis, the vertical integration
of large groups, along with their diversified
portfolios that include technologies without
competition such as large-scale hydro and
nuclear power, has given them a substantial
advantage. This integration allowed them to
be protected from market volatility and absorb
fluctuations in gas prices in the aggregate
of the group. During those years, not only did
verticallyintegrated companieswith diversified
portfolios secure their market positions, large
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renewable producers with significantly lower
marginal prices were specially benefited from
increases in wholesale prices.

6. Local impacts of renewable energy
deployment

A characteristic differentiating large scale wind
and solar production from other sources of
electricity is its distributed nature. Renewable

energy facilities, located in areas where
renewable resources are concentrated, are
likely to have socioeconomic impacts that are
spreadacrosstheterritory. The development of
thistype of infrastructure, oftenlocatedinrural
areas, is often presented as an opportunity for
economic activity and employment creation.
Beyond the potential to generate employment,
renewable energy deployment can also
generate additional revenue for receiving
municipalities through expansions of the tax
base.

This section provides an overview of studies
analyzing the local impacts of renewable
energy deployment, with a particular focus on
employment and municipal finances. Existing
studies show that, although renewable energy
deployment has significant potential to
generate employment at an aggregate level,
the local effects tend to be smaller and vary by
technologytype(Fabraetal.,2024). Beyondlocal
employment effects, these projects contribute
to municipal finances by increasing revenue
from property taxes and capital income, which
can be reinvested into community services and
infrastructure (Serra-Sala, 2024).

6.1 The impact of renewable energy
deployment on the labor market

One significant dimension of the energy
transition is its potential impact on the labor
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market. In Spain, according to Martinez, et
al. (2023), employment growth in activities
related to the energy transition between 2015
and 2021 (10.6%) was similar to the overall
employment growth in the economy (10.9%).
At the national level, the main activities related
to the energy transition that contribute to
job creation include energy consulting and
secondary activities such as manufacturing
branches supplying inputs for the activities
directly related to the transition. From 2015 to
2022, secondary activities accounted for 34%
of energy transition employment, while energy
consultingaccounted for 26%. Jobs associated
with electricity, grid, and self-consumption
represented only 10% (Martinez et al., 2023).

The Spanish Integrated Plan for the Energy
Transition (PNIEC 2023-2030) has set the
goal of reaching 50 GW of wind energy and
37 GW of solar PV by 2030.” As renewable
capacity expands, the potential for job creation
within these sectors increases. However,
labor needs of wind and solar technologies
differ significantly along the lifetime of the
installation, both in terms of quantity and skill
levels.

Duringtheconstructionandinstallation phases,
labor needs are more reliant on mid and low
skilled workforce, creating opportunities for
local employment. This changes once the plant
becomes operational. During the operations
and maintenance phase, labor needs decrease
andare more concentrated amonghighly skilled
workers. This is particularly relevant for wind
energy, where approximately 66% of operations
and maintenance tasks are performed by
skilled workers and highly qualified engineers
with specialized knowledge in wind operations

7 See https://www.miteco.gob.es/content/dam/miteco/es/energia/fi-
les-1/pniec-2023-2030/PNIEC _2024 240924.pdf
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(IRENA, 2017a). In contrast, solar installations
require a larger proportion of on-site tasks
during the operations and maintenance phase,
many of which can be performed by a less
specialized workforce (IRENA, 2017b).

Although bothrenewable technologies have the
potential to create employment opportunities,
these are not necessarily at the local level. To
identify whether the development of renewable
infrastructure creates employment within the
region, Fabraetal.(2024)exploit the geographic
and temporal variation of Spanish wind and
solar investments over a 13-year period. Their
results point to substantial differences in the
creation of local employment between wind
and solar projects. While the development of
a wind farm does not have a significant effect
on local occupation, each MW of solar energy
installed in a municipality creates 1.5 jobs per
year during the construction phase and 0.7 jobs
per year during the operations phase.

To evaluate whether renewable deployment
impacts employment beyond the municipality
level, Fabra et al. (2024) analyzes employment
effects at the county level. While there are
no significant effects of wind deployment,
each MW of solar power creates 4.5 yearly
jobs during the construction phase and 3.5
yearly jobs during the operations phase.
These results indicate that solar investments
create employment opportunities not only for
residents in the host municipality but also for
those in nearby areas who commute to work at
the solar plant. In addition to analyzing broader
employment effects, the study compares the
effect on job creation and on unemployment
reduction. They find a larger increase in
employment compared to the decrease in
unemployment, which they argue it may be
attributed to a mismatch between the skills of
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residents in rural areas and those needed to
work at the solar plant.

The mismatch between local labor skills and
job requirements limits the potential positive
impact of renewable energy investments on
local employment and explain differences
in employment creating depending on the
technology. According to the report by IRENA
and ILO (2023) and the interpretation of Fabra
et al. (2024), construction, installation, and
maintenance of a wind farm involve a highly
skilled workforce and tasks that can be
performed remotely. In contrast, solar plants
require less specialized labor, which can often
be sourced locally.

6.2 Financial impacts of renewable infrastruc-
ture on host municipalities

The development of renewable infrastructure
can impact hosting regions by increasing
financial resources of receiving municipalities.
Thisgenerationofrevenueisespeciallyrelevant
as it can be used to compensate local negative
externalitiesthroughincreased public spending
or reductions in the tax burden. Most of the
empirical evidence on the effect of renewable
energy on municipal finances focuses on the
USA(Brunner, Hoen, and Hyman, 2022; Brunner
and Schwegman, 2022; Be Silva, McComb, and
Schiller, 2016). In the European context, Costa
and Veiga (2021) documents a positive impact
of wind farm development on the financial
resources of Portuguese municipalities, largely
driven by a special tax requiring 2.5% of wind
farm revenues to be paid to the municipality.

In the absence of specific taxes on renewable
facilities, the primary channels through
which municipalities can financially benefit
from renewable deployments are existing tax
instruments or capital investments in those
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facilities. In Spain, a large share of municipal
financial resources are generated by revenue
from the property tax, construction tax,
and the economic activities tax. While the
construction tax is an indirect tax paid during
the construction phase, the property tax and
the economic activities tax are paid annually,
creating a potentially long-lasting and stable
source of income to host municipalities.

To study the financial impact of renewable
investment on host municipalities, Serra-
Sala (2024) analyzes the evolution of Spanish
municipal budgets from 1994 to 2022. By
exploiting the temporal and geographical
variationinthewindfarmdeployment, thisstudy
shows that wind farm development results in
a substantial increase in municipal financial
resources, which is mainly used to increase
current expenditure and real investments.
This increase in revenue, partially driven by an
expansion of the tax base, is complemented by
revenue generated from capital income, as well
as an increase in tax rates targeted at these
infrastructures.

To provide a comprehensive analysis of this
impact, Serra-Sala (2024) decomposes the
increase in municipal revenue by its different
sources and examines its temporal dynamics.
The results indicate that, in aggregate, the
development of awind farm leads to an average
increase of 343 euros in revenue per capita.
The magnitude of this effect, representing
a 45 percent increase in revenue per capita,
has to be evaluated considering that affected
municipalities tend to be small and thus have
very limited budgets. When examining the
temporal dynamics of this effect, the study
shows that the increase in revenue is driven by
larger revenue from indirect taxes during the
construction phase (i.e. the construction tax),
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and a sustained increase in capital income and
direct taxes once the facility starts operating.

While  empirical evidence shows that
renewable energy infrastructure can generate
significant revenue for host municipalities,
limited competencies and resources available
to effectively invest in public goods may limit
the capacity to compensate for negative
externalities associated with these facilities.
Additionally, as the increase in revenue is
concentrated in the municipality where the
installation takes place, the lack of benefits
extending to the broader area can limit the
potential to mitigate local opposition to further
renewable investments.

7. Conclusion

The deployment of renewable technologies
stands as a central pillar in global efforts to
reduce carbon emissions and mitigate climate
change. As the integration of renewables
continues to grow, electricity markets and
energy mixes are reshaped. Beyond describing
current trends in renewable energy deployment,
we provide an overview of the impacts of
large-scale wind and solar investments on
market dynamics, wholesale prices, emissions,
competition, and the local economies hosting
these infrastructures.

One of the most direct effects of renewable
energy deployment is its impact on emissions.
We show that in the Iberian market, each
additional GW of wind or solar generation is
estimated to reduce emissions between 200
and 300 tons of CO,. However, intermittency in
renewable production, specially for wind, can
mitigate their potential in reducing emissions.
Existing literature documents how, in periods of
wind and solar variability, fossil-fuel plants need
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to increase output to meet demand, partially
offsetting reductions in emissions associated to
renewable production.

In addition to impacting emissions, the
integration  of  renewables  significantly
contributes to reduce electricity prices by
displacing of energy sources with higher costs.
The Iberian market is no exception. We show
that each additional GWh of wind and solar
generation reduces wholesale prices by 2e/
MWh and 4e/MWh respectively. These price
reductions, which become larger as the share
of renewable production grows, can lead to
the “cannibalization” of these technologies.
Althoughin the Iberian market, hours with prices
below 10e/MWh are present 3% of the time,
and thus still infrequent, policies promoting
an enhanced system flexibility become a
cornerstone as renewables continue to expand.
Measures targeting demand responses, energy
storage, or grid improvements increase system
flexibility and help absorb the surplus electricity
generated during hours of peak renewable
generation and stabilize price fluctuations,
secure returns to renewable investments, and
reduce dependence on fossil fuels to maintain
grid stability.

Beyond looking at the impact on prices and
emissions, we show that as renewables keep
integrating in the Iberian market, the market
share of the five largest incumbent firms in
the generation sector has fallen from above
60 percent in 2017 to just above 50 percent in
2022. Lower costs associated to wind and solar
installations, together with a more distributed
nature of these resources, improves market
competition by allowing new players to enter
the market. In hours of peak solar generation,
large incumbent companies, with market shares
falling below 50 percent, are no longer the

Amb el suport de
'E Naturgy ¥

Congrés dEconomia i 2
Empresa de Catalunya ;

Cop o uno economia més digital i sostenible 5

primary market leaders.

Although in the generation sector competition
keeps increasing, in the retailing sector,
concentration remains high, with a combined
market share of the incumbent firms around
80%. This larger concentration is partially
explained by incumbency advantages from the
previously reqgulated sector and from higher
risks associated to price volatility when lacking
enough diversification, together with search
frictions from households (Enrich et al., 2022).
These three effects give substantial advantage
to the main incumbents, as vertical integration
allows them to diversify across different energy
sources, spreading risk and reducing exposure
to market volatility. In Spain, these companies
still enjoy over 80% of the market share in their
territories.

We complement our analysis by reviewing
existing evidence on the local socioeconomic
impacts of renewable investments in Spain.
Fabra et al. (2024) study the local employment
effects of wind and solar projects and show that,
each MW of solar capacity installed increases
employment in the region by 4.5 jobs per year
during the construction phase, and 3.5 jobs per
year once the plant becomes operational. In
contrast, wind developments, which heavily rely
on workers with specialized technical skills, are
not found to have a significant effect. On the
financial side, Serra-Sala(2024) shows that wind
farmdevelopmentleadstoasubstantialincrease
in municipal resources through expansions
of the tax base complemented by increased
tax pressure on renewable infrastructures,
and revenue generated from capital income.
These infrastructures, commonly installed in
small municipalities with reduced budgets,
are found to increase municipal revenue per
capita in 343e, a 45% increase relative to pre-
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development revenue. Yet, positive impacts
of renewable development can be limited by
a mismatch of skills between the local labor
force and the installation needs, as well as by
the concentration of municipal revenue in the
localities where installation are developed.

Inconclusion,weshowthatlarge-scalerenewable
energy deployment offers significant benefits
in terms of reduced electricity prices, lower
emissions, and enhanced market competition.
However, renewable cannibalization, market
volatility, and intermittency, present challenges
requiring coordinated policies and regulatory
responses to sustain the economic viability
of renewable investments. Addressing these
challenges is essential for sustaining the pace
of renewable investments and keep advancing
in the transition to a decarbonized grid. From
this perspective, policies and further research
into regional disparities, storage solutions, and
effectivemarketdesignare crucialtomaximizing
the socioeconomic and environmental benefits
of low-carbon electricity.
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