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Self-sufficiency, climate change and increasing geopolitical risks have driven
energy policies to make renewable energy sources dominant in the power

production portfolios. The initial boom in the mid-2000s of global photo-
voltaic installations demonstrated the feasibility of the ambitious renewable
energy targets. However, this rapid scale-up has introduced challenges,
including price volatility and system integration issues. This communication
calls the attention to these emerging challenges and offers quantitative
insights on how rapid adoption of a more diversified photovoltaics deploy-

ment strategies can mitigate price volatilities, reduce fossil fuel dependence
and steer Europe towards a forward-thinking sustainable energy pathway. The
analysis reveals that as innovative bifacial photovoltaic systems are incorpo-

rated on a large-scale disruptive scenario, four main patterns emerge: eco-
nomic value of solar production increases, base-load electricity price
decreases, sun-rich countries expand their solar contributions, whereas
nations with ample grid interconnections enhance their energy imports from
neighbouring countries. It also underscores the importance of maintaining
photovoltaics an attractive option for energy investors and traders in the
future. Establishing this groundwork is critical since a successful integration of
large-scale solar systems contributing to decrease price volatilities in Europe
and US will carry significant repercussions for global energy policy

formulation.

To increase energy independence and accelerate the transition to cli-
mate neutrality the most recent global and European climate targets
for 2040 request countries all over the world to scale-up clean energy
investments. The European Commission’s Solar Strategy
Communication' of 2022 calls for about 450 GW (AC current) of PV
system capacity additions between 2021 and 2030 (Given the current
trend of installing 1.25 to 1.3 times the AC capacity in DC, this would
bring the total nominal photovoltaic (PV) capacity in the European
Union (EU) approximately at 720 GWp). To reach the increased

ambition targeted by the REPowerEU plan?, deployment of RES and PV
must be accelerated. The target of reaching 720 GWp by 2030 is par-
ticularly ambitious when compared to the current installed capacity of
268 GWp’.

Nevertheless, achieving such ambition targets appears to increase
further the current challenges. The electricity grids are ageing all over
the world: in Europe and US one third of the assets are more than 40
years old and this share in the European Union (EU) will exceed 50% by
2030 in ref. 4. This poses a great challenge to integrate more

Regional Centre for Energy Policy Research, Corvinus University of Budapest, Budapest, Hungary. 2Renewable and Appropriate Energy Laboratory, University
of California, Berkeley, USA. 3Joint Research Centre, European Commission, Ispra, Italy. *Elpedison SA, Athens, Greece. °European Dynamics Luxembourg

S.A., Luxembourg, Luxembourg. - 'e-mail: sandor.szabo@ec.europa.eu

Nature Communications | (2024)15:6681


http://orcid.org/0000-0003-3808-4492
http://orcid.org/0000-0003-3808-4492
http://orcid.org/0000-0003-3808-4492
http://orcid.org/0000-0003-3808-4492
http://orcid.org/0000-0003-3808-4492
http://orcid.org/0000-0003-3942-4137
http://orcid.org/0000-0003-3942-4137
http://orcid.org/0000-0003-3942-4137
http://orcid.org/0000-0003-3942-4137
http://orcid.org/0000-0003-3942-4137
http://orcid.org/0000-0002-5655-4462
http://orcid.org/0000-0002-5655-4462
http://orcid.org/0000-0002-5655-4462
http://orcid.org/0000-0002-5655-4462
http://orcid.org/0000-0002-5655-4462
http://orcid.org/0000-0002-5264-4081
http://orcid.org/0000-0002-5264-4081
http://orcid.org/0000-0002-5264-4081
http://orcid.org/0000-0002-5264-4081
http://orcid.org/0000-0002-5264-4081
http://orcid.org/0000-0001-5417-5875
http://orcid.org/0000-0001-5417-5875
http://orcid.org/0000-0001-5417-5875
http://orcid.org/0000-0001-5417-5875
http://orcid.org/0000-0001-5417-5875
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50762-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50762-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50762-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50762-7&domain=pdf
mailto:sandor.szabo@ec.europa.eu

Article

https://doi.org/10.1038/s41467-024-50762-7

Renewable Energy Sources (RES), but inevitable grid investments will
lead to a smarter, more digitalised system that will enable large-scale
RES integration in the long term. A recent study’® calculated a con-
servative benchmark of over 1 TWp for the PV capacity potential in the
EU on rooftops (560 GWp), vertical bifacial PV along roads and rails
(403 GWp) and floating PV (157 GWp) on reservoirs (which can also be
bifacial). Building-integrated PV (BIPV) and agrivoltaics® create even
bigger potentials for bifacial PV applications, facilitating the develop-
ment of net-zero buildings and enabling the dual use of land, respec-
tively. As the future portfolio is expected to be a distribution of a
mixture of optimal and vertical bifacial PV deployment with transient
orientations following the available infrastructure (e.g. highways, BIPV,
agrivoltaics), in the modelled scenarios different levels of vertical
bifacial PV deployment were modelled.

Many US states and local governments have set specific targets for
solar and wind energy capacity installations. For example, California
has set a goal of achieving 100% carbon-free electricity by 2045 leading
to 148 GW of renewable energy buildout in two decades’. By incenti-
vizing rooftop solar installations, investing in large-scale solar farms,
and implementing supportive policies, California aims to harness solar
PV as a primary source of renewable energy.

Decarbonisation plans gave global momentum to solar energy to
become a prevalent electricity source®. However, stakeholder groups
have voiced quite diverging visions on whether solar PV should be the
dominant component of the future electricity generation portfolios.
While there is a general consensus that achieving clean and secure
energy systems requires rapid and extensive deployment of PV’ and
that renewable technologies are ready to scale up to multi-TW levels',
and there are hundreds MW size bifacial PV projects realised
worldwide", there are differing perspectives on the role PV should
play. Some groups highlight that the primary threat to reach carbon
neutrality in the energy sector is posed by stop-and-go policies that
slow the deployment of RES™. These perspectives also draw attention
to the negative prices experienced in the EU and USA wholesale power
markets in recent years. They point out that conventional PV systems,
which generate electricity mostly in the hours around noon, put
downward pressure on wholesale prices. If the current trend of
installing usual PV systems continues, the value of the PV electricity
sold in the wholesale markets could reach zero or even negative levels
with increasing frequency. This devaluation of the economic value of
solar electricity imposes risks on further PV deployment, the estab-
lishment of Power Purchase Agreements (PPAs) with large consumers,
and on the deployment of merchant solar systems that do not require
public financial support.

Moreover, projections for negative prices introduce insecurity for
both regulatory bodies and investors, hindering the scale-up of the
required investment needed for climate change mitigation strategies.
These strategies cannot afford to lose momentum in the transition to
clean energy, especially in counties/regions leading the deployment of
solar and wind such as Australia, China, EU, and the USA. A slowdown
would have detrimental effects on the global value chains also affect-
ing the rest of the world.

Several studies have addressed the effects of price signals in either
stimulating or hindering new investments”. A recent US analysis
emphasised that these price signals provide investors important
location-specific information to where (nodes or locations) PV
deployment can create more value'*”. A spatial analysis for Germany
concluded that the strong fiscal support for RES combined with mar-
ginal cost bidding has led the more frequent occurrences of negative
prices in the day-ahead markets. The analysis also identifies demand-
side markets (e.g. green hydrogen production, battery storage, and
load shifting) as potential solutions to address market dysfunctions”.
Another study, based on statistical analysis of the German market,
revealed that renewables, with their low marginal costs and subsidised
remuneration, had a strong price suppression effect on the spot power

markets. Consequently, fossil power plants experienced reduced
profit margins and lacked incentives to invest'.

It is evident that there is a pressing need for a significant shift in
financial conditions” to incorporate the risk of cost overruns'® and
risk-adjusted costs of RESY. Simultaneously, the PV deployment must
embrace disruptive patterns as opposed to standard approaches.
Over the next few decades, society will face dramatic changes as
climate change and the electrification of several sectors (i.e. trans-
port, heating, and cooling, industry) will lead to a significant rise in
power demand®. With the simultaneous rise of energy demand,
energy returns on investment need to be taken into account for
renewable and storage technologies”. The number of prosumers will
increase leading to a profound transformation of the utility sector*.
Alternative options to mitigate the integration hurdles and low PV
electricity value rely either on storage options and emerging tech-
nologies that convert renewable electricity into chemical energy
carriers, a concept known as Power-to-X (P2X). Battery storage is a
promising option that has recently gained momentum as reflected in
the successful competitive tenders to deploy utility-scale battery
energy storage systems (BESS). Still, the selected systems typically
refer to 2 to 4-hour duration BESS, which can only partially transfer
the excess solar generation to the evening peak, especially when the
PV deployment reaches the set targets”. Long-duration storage
technologies have not reached yet the market maturity required to
achieve economy of scale and support the integration of large
capacities of RES, at least not in the short term. Accordingly, system
stability requires long-duration storage, which presently lacks mar-
ket readiness. Concerning P2X utilisation of excess solar PV genera-
tion, these options require interplay with other markets (industry,
electromobility, etc.) that makes their implementation less efficient
and more complicated/time consuming.

This study considers the potential of novel deployment practices
for PV to quickly reshape the European electricity sector. The pro-
posed deployment options, such as vertical bifacial PV, create added
value of the PV production to extend the production time of PV elec-
tricity to periods where it is more valuable to the consumers and easier
to be dispatched. From system integration point of view, vertical East-
West facing PV systems offer bigger potential compared to inclined
South facing PV. Such setup typically produces 30% in the 3 midday
hours in contrast to the South facing PV that produce nearly 70% of its
output in the midday (calculations based on measurements* and
PVGIS®). This difference is higher than the one between off-shore and
on-shore wind systems, indicating the potential role vertical systems
can play. Vertical bifacial PV installations offer a fast, no regret option
that decreases land use competition and mitigates PV system inte-
gration issues. Bifacial module requires negligible added cost com-
pared to usual PV modules (by replacing the back cover to transparent
one) extending the range of PV applications to options that minimise
land use changes and can produce electricity in a strikingly different
pattern.

Results

Reshaping the energy landscape

Achieving the global target established at COP28 to triple renewable
power capacity by 2030 significantly relies on creating favourable
conditions for this expansion. Over the past decade, the reshaping of
the energy landscape was characterised by massive investments, par-
ticularly in the solar PV and wind-based electricity generation tech-
nologies. While PV deployment scaled up in unprecedented volumes,
future growth scenarios are even more ambitious®. To date, increased
PV generation has helped alleviate the mid-day peak demand. How-
ever, accelerating PV deployment to fast-track the transition to climate
neutrality>” faces rising challenges. One challenge arises from the
prevailing solar PV business approach, which focuses on maximising
the total generation by designing PV systems with “optimal”
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orientation and tilt. This concentration of production around midday

creates system integration, technical, and market problems:

i. High PV-based electricity generation that exceeds demand creates
challenges in the transmission/distribution network operation. So
far, integrating the solar PV output in the power system has been
feasible in regions such as the EU, US, and China, primarily due to
their ability to integrate the relatively low PV capacities within the
existing transmission and distribution networks. However, several
regions (including several EU Member States, states in USA,
regions in China and Australia) face or will soon face solar output
exceeding demand at noon.

ii. Despite advances in supporting RES integration such as a more
precise forecasting of PV systems’ generation and remote control
of their operation, production imbalances remain and exacerbate
with increased PV capacities.

iii. Furthermore, given that the technological and market maturity of
storage and its regulatory framework are still taking shape, above
a certain level of installed capacity, transmission system operators
(TSOs) need to intervene and implement stringent measures
during periods of high RES output. These measures include cur-
tailing excess solar energy generation, adjusting dispatch sche-
dules, activation of demand response mechanisms, and imports’
restrictions. Such interventions carry significant economic
repercussions such as substantial network expansion costs, dis-
tort the operation of the internal electricity markets, and hinder
efforts to decarbonise energy systems?.

iv. Additionally, connection agreements for small- and medium-scale
PV systems at the distribution level are often delayed or denied
due to local capacity constraints faced by the distribution system
operators (DSOs)%.

v. Wholesale market price cannibalisation occurs as the growing
integration of renewable energy sources with zero marginal costs
leads to devaluation of their market worth thereby diminishing
investment incentives in solar PV*°. This effect becomes more
pronounced with the continued expansion of PV deployment,
pushing sunny time periods wholesale prices to zero values®” or
even negative values'®. Consequently, the presence of low-value
power output threatens the economic viability of merchant PV
systems and imposes a significant risk factor when signing into
RES PPAs’.

Continuing to focus on uniform installations of “optimal-orien-
ted” PV arrays would exacerbate all five challenges and would under-
mine future revenue generation by depressing midday wholesale
prices to zero or negative range, making the required future devel-
opment of merchant PV systems less feasible, and subsequently
imposing significant economic burden on consumers.

Financing PV systems is an important aspect of achieving large
scale deployment of solar systems, as they are very capital-intensive
investments. Financing depends on the type of investment, in which PV
systems can generally be categorised depending on size and applica-
tion (residential and commercial). See financial options for Small
Systems, Medium Systems and Commercial-scale systems in the
Financing Scheme chapter below. The concept of vertical bifacial PV of
this paper, mainly refers to medium and commercial systems.

Alternative deployment options in the EU
The target of reaching 720 GWp by 2030 is particularly ambitious
when compared to the current installed capacity of 268 GWp. Some
analysts even anticipate that with the growing adoption of electro-
mobility, heat pumps for less carbon-intensive space heating, and
green hydrogen for industrial processes, the demand for PV in the EU
could even exceed 1 TW by 2030 in ref. 32.

In the long-term, several promising options support the deploy-
ment of solar PV: investments in grid infrastructure and demand-side

response (DSR), storage (standalone batteries or hybrid RES systems)
link the production with other demand sectors and market mechan-
isms enhancing system adequacy.

Optimised Grid Infrastructure Investments: Prior to extensive grid
expansion or upgrades, it is recommended to streamline the design of
PV and RES systems. This approach helps minimise the capital-
intensive nature of grid investments, as highlighted by ENTSO-E’s
estimate of EUR 600 billion™,

Integration with Demand-side Response (DSR) and Electro-
mobility: DSR presents significant potential to complement solar PV
deployment by enhancing grid stability and maximising the value of
solar energy. Through DSR technologies, consumers can adjust their
electricity usage patterns to align with solar generation peaks, thus
increasing the value of PV-produced electricity. Large European
industries have already implemented this approach, often participat-
ing in capacity markets.

Linking Production with New Demand Sectors (Sector Coupling):
Exploring links between PV production and emerging flexible demand
sectors, such as electrolysis for green hydrogen (P2X), is a promising
option*. However, widespread implementation of this concept faces
challenges, with current capacity falling short of ambitious targets set
by initiatives like the EU Hydrogen Strategy with an electrolyser
manufacturing capacity of 3.9 GW by late 2023 compared to the
17.5 GW 2025 target. Parallel approaches are needed to address PV
deployment challenges until P2X technologies scale up.

Market-based Frameworks for Long-term Sustainability: Long-
term measures should aim to establish market-based frameworks for
RES systems to operate without public subsidies to foster long-term
sustainability and innovation. Apart from societal costs, public sub-
sidies distort market dynamics, leading to inefficient allocation of
resources and hindering innovation by shielding renewable energy
providers from market pressures. While Contracts for Difference
(CfDs) can support PV investments by sharing risk®, they require
public support, distort market dynamics, and fail to address low-value
issues during peak-production times.

Renewable Power Purchase Agreements (PPAs): PPAs are con-
tracts between producers and consumers, often facilitated through
intermediate electricity suppliers. These agreements represent a
priority mechanism for the EU (revised Renewable Energy Directive
2023/2413%) in its efforts to facilitate the supply of clean and afford-
able power while reducing reliance on energy imports. PPAs can
incorporate CfDs in commercial terms without introducing market
distortions. However, the uptake of PPAs, especially for solar PV, has
been slower than anticipated due to investor concerns about the
future low value of produced energy.

Capacity Mechanisms in Redesigned Electricity Markets: Capacity
mechanisms in the redesigned electricity market offer significant
advantages to secure system adequacy and, simultaneously, support
investment in power generation. The recent reform*” of the market
design makes capacity mechanisms a permanent feature of the market,
and such market integration minimises potential distortive effects.
However, the potential benefits that capacity mechanisms can bring to
PV investment remain modest given the technology’s limited capacity
to ensure supply adequacy and secure sufficient revenue in capacity
tenders.

In the short term, it is crucial to identify quick, no-regret options
capable of accommodating the unparalleled scale-up penetration of
PV technology. The present paper explores such a no-regret option:
the potential benefits of installing large quantities of PV systems in a
more diversified and sustainable manner. This strategy capitalises on
several factors, including the adoption of new module technologies
like bifacial modules, and innovative installation practices such as non-
standard orientation, vertical PV, and tracking systems”. Research
indicates that vertical PV systems equipped with bifacial modules can
generate up to 15% more electricity than conventional systems™,
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Vertical installation also addresses the sensitive issue of limited land
availability for PV deployments, enabling the utilisation of a broader
range of areas, including applications in agricultural land and green-
houses, a concept also known as agrivoltaics®. Additionally, these
systems can be integrated into linear infrastructures like highways**°
and incorporated into building structures as building-integrated PV
(BIPV) solutions.

To further advance the development of PV systems at even higher
shares, it requires solutions that can effectively manage solar output
variations and alleviate the growing challenges associated with
mounting balancing and integration. While storage-based solutions
are expected to play a significant role in the long term, this paper
highlights the opportunities presented by emerging PV technologies
and innovative system designs to minimise the overall costs of system
transformation. It presents a model-based approach aimed at illus-
trating the diverse impacts of deploying high shares of diversified solar
PV installation.

Financing schemes for different types of solar PV systems

Solar PV systems can generally be categorised depending on size and
application (residential and commercial). Each type may have different
financing and contractual considerations:

Small systems. These are typically designed to power individual
homes or small businesses. Financing for small systems often involves
specific residential loans, net-metering and net-billing options (with
physical or virtual connection). In that sense small systems may sign
contracts with solar installers, financing companies, or utility compa-
nies to establish net-metering or net-billing arrangements.

Medium systems. Medium-sized systems are typically larger than
residential systems and often serve small to mid-sized businesses or
community installations. Financing options for medium systems may
include commercial loans or PPAs tailored to the specific needs. Such
agreements may involve negotiations with commercial financing
entities to secure various services, including solar PV system installa-
tions, energy efficiency measures, storage and energy management,
and maintenance services. This broad range of energy solutions and
financing terms are provided by energy service companies (ESCOs).

Commercial systems. Commercial-scale systems are designed to
meet the energy needs of larger businesses, industrial facilities, or
institutions. Financing for commercial systems may involve commer-
cial loans, leases, third-party ownership models, or direct investment
by the business.

The concept of vertical bifacial PV in this paper mainly refers to
medium and commercial systems, including the case of community
energy systems. Each type of system has its own considerations
regarding financing, contractual agreements, and regulatory require-
ments, tailored to the size, application, and specific needs of the cus-
tomer or entity installing the solar PV system.

Modelling the impacts of vertical bifacial PV on the European
Power Market

The present analysis employs the European Power Market Model
(EPMM)*, which is a unit commitment dispatch optimisation model.
Recent applications of EPMM address various energy policy issues
relevant to the RES deployment, such as cross-border RES exchange in
the Central and South Eastern Europe energy connectivity (CESEC)
countries*’, and the impact of carbon taxation tools like the carbon
border adjustment mechanism (CBAM) on RES deployment* with rich
representation of technological progress*. The primary model
objective is to satisfy the electricity consumption needs at the lowest
system cost, considering the characteristics of available power plants

and cross-border transmission capacities in the European power
system.

The modelling process minimises electricity demand costs,
encompassing factors like start-up and shut-down costs, production
costs (fuel and CO, emissions), and RES curtailment. EPMM adopts a
bottom-up approach, covering both conventional and renewable
generation and, as well as energy storage. The grid representation
employs a simplified Net Transfer Capacity approach, enabling it to
capture commercial electricity trade among the covered European
countries. There are a number European-level models for analysing
energy market development (PRIMES* AERTELYS*¢, POTENCIA*) but
the EPMM was selected in this innovative PV deployment assessment
as it captures the required hourly resolution and auxiliary market
details for the modelling. The model simultaneously optimises
operations for all 168 hours of a typical week, to determine power
plant operations and their production levels. It runs for each week of a
given year, considering a representative weather pattern that includes
wind and solar irradiation data. EPMM is capable of endogenously
modelling 41 electricity markets in 38 countries across the European
Network of TSO for Electricity, ENTSO-E, network, providing a com-
prehensive view of the European electricity landscape.

EPMM fits within the broader framework of Operation Decision
Support tools*®**° that classifies various energy and power sector
models. It adopts a bottom-up approach, covering both conventional
and renewable generation as well as energy storage.

It is important to highlight, that the present analysis exclusively
focuses on grid-connected PV systems and does not encompass PV
capacities dedicated to hydrogen production and industrial processes.
The reason for this exclusion is the considerable uncertainty whether
these PV installations will be connected to the grid or operated as
dedicated stand-alone systems. Figure 1 gives a simplified depiction of
the model’s input and output components.

The analysis in this paper presents a limited comparison of the
impact of the modelled higher penetration of bifacial PV systems,
assuming that all other important variables remain unaffected. This
means the other flexibility options (e.g. increasing transfer capacities
between countries, higher level of storage and demand side options)
are kept at their reference pathway, which means the dynamic inter-
actions with these options are kept limited in the analysis. This is a
strong assumption, as the modelling is applied for the next 15 years. As
these other options would affect wholesale prices and market values of
production, the comparison remains rather static, but it still indicates
the range of potential contribution of the bifacial technology to the
power sector transformation.

Modelling framework for baseline scenarios

The European Power Market Model covers the interconnected Eur-
opean Network of Transmission System Operators for Electricity and
neighbouring countries characterised by significant energy trade. This
coverage includes the EU 27 member states, the United Kingdom (UK),
Switzerland, the six Western Balkan countries (WB6), Turkey, Ukraine,
Moldova, Norway and Belarus.

Fuel prices play a pivotal role in shaping the generation mix,
determining the competitiveness of the fossil-based generation plants,
such as coal and natural gas-based units, in contrast to modern RES. In
addition, the CO, price of the Emission Trading Scheme (ETS) is an
important driver over the composition of the generation mix within
the EU 27. It is worth noting that neighbouring countries trading with
EU Member States benefit from tax advantages, as they are exempt
from paying the ETS carbon price. This exemption leads into a more
carbon-intensive generation mix in the bordering countries.

Exogenous coal and Title Transfer Facility (TTF) gas prices within
the EU, alongside the trajectory of ETS carbon pricing were used in the
assessed scenarios. It should be acknowledged that gas and coal prices
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Fig. 1| Simplified scheme of the model’s input and output components. Com-  Subsequently, the model identifies new equilibriums within the energy markets,
parative analysis involving two different sets of input data related to PV production  revealing the consequential effects on several key aspects. These include altera-
across the European countries: the uniform installation (100% optimal monofacial)  tions in electricity generation portfolios, influences on wholesale pricing dynamics,
and the alternative option (diverse orientation / bifacial). The method incorporates PV output curtailments tendencies, and induced substitutions in fuel usage and
various portfolio compositions, examining scenarios incorporating a spectrum of  reductions in CO, emissions.

PV production levels, spanning from 0% to 50% inclusion within these portfolios.
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Fig. 2 | Total annualised system cost range at various PV and wind capacity levels, 2040.

differ country by country within the model, reflecting the varying
transportation costs associated with these commodities.

Various sources were assessed and used for the modelling: e.g.
Gas price (EGMM modelling, ICE INDEX*°), Coal price (World Bank®’;
and IEA WEO®), CO, price (IEA WEO** and EU***), and their exact
values are included in Supplementary Data 1-5.

There are two basic options to determine the installed renewable
capacities in the EPMM model. It can either use its endogenous
investment module for planning capacity expansion, based on mini-
mised overall energy system costs to satisfy the projected demand
growth, or renewable capacity deployment could be based on the
official national trajectories outlined in the National Energy and Cli-
mate Plans (NECPs). The endogenous investment module was used in
the analysed scenarios, as the NECPs show low ambitions presently
compared to the EU targets. This would give a static snapshot of the
current politically driven decision, while the endogenous investment
module, with the given range, provides a more economically rational
decision, based on the assumed dynamic development of capital costs.
However, the endogenous investment module has its uncertainties as
shown later in this section. A visual representation of these installed
capacities and their total cost ranges can be found in Fig. 2 and Fig. 3.
Total costs include the annualised investment cost of new capacities
and the short-term operational costs, such as fuel, CO, and O&M costs.

The figure illustrates that the cost curve is relatively flat in a
substantial range of variable Renewable Energy Sources (VRES) capa-
cities in 2040 reaching minimum at 875GW PV and 539 GW wind
generation. Therefore, detailed results are shown in the following
sections for three sets of PV capacities, staying at the central PV value,
and also for a +- 2% total cost range, showing the uncertainty in the
estimates. This gives a lower estimate of 649 GW and a higher estimate
of 1178 GW PV capacity range, providing the range of uncertainties in
the modelled investment decision and it is depicted in the following
figure. Figure 2 demonstrates that the steepest cost increase happens,
when both wind and PV investments are at low level, suggesting that
sluggish investment in VRES could prevent reaching a cost optimal
development in the EU power sector.

Simulation effects of varying vertical bifacial PV deployment
Several sensitivity scenarios were introduced, each representing var-
iations to the base scenarios. These variations involve an increased

share of vertical bifacial PV installations. It is important to note that, in
the base case, no investments in vertical bifacial PV module are
assumed, implying that all PV installations are the typical inclined
south-facing PV type. In contrast, the five sensitivity scenarios were
modelled with increasing shares of vertical bifacial panels, ranging
from zero to 50% shares in 10% increments by the year 2040. It is worth
emphasising that, across all modelled scenarios, wind generation is
kept on a consistent growth pathway, with its share expected to rise to
539 GW by 2040. Figure 4 illustrates alterations in the generation mix
across scenarios when including PV shares of 0 and 50% deployment of
vertical bifacial PV technology.

In the context of the energy transition process, an important
policy question is to what extent conventional generation, including
gas, coal and nuclear, is impacted by the integration of a more diver-
sified PV portfolio, including both standard and vertical bifacial mod-
ules. When examining the transformation of the overall electricity mix
in the EU, varying impacts are observable based on the different
capacities of vertical PV installations. The model output clearly shows
an increase in solar generation by 2% and 3.6% in 2030 and 2040,
respectively (Reference PV scenario). This increase exceeds 5.3% in the
high PV scenario, clearly showing the potential of the vertical system.
Notably, a substantial increase in the electricity injected into the grid is
evident with higher vertical PV utilisation, primarily replacing gas and
nuclear generation. Figure 4 shows that while the variations in the
overall power production levels among scenarios and deployment
levels remain relatively minor, the impact of the high PV deployment
scenario on conventional technologies, particularly gas and nuclear, is
substantial. The “50/50” setup leads to nearly 12% gas substitution as a
result of different orientation and this is clearly remarkable as a no
regret option not entailing significant system cost increase (within the
+-2% range) in terms of supply security, greenhouse gas emissions,
cost, and price fluctuations. The sizeable 12% reduction in gas con-
sumption attributed to different orientations is definitely remarkable
and represents a promising no-regret option. The main reason for
having only a minor coal replacement effect can be attributed to the
fact the that coal is already phased out almost completely in the system
by 2040. Furthermore, some replacement of nuclear power (mostly
the ageing capacities) indicates that countries with high share of
nuclear capacities may encounter difficulties in exporting their
production.
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The change in production level in the EU is smaller than the
change in consumption, due to the increased net export of the EU to
outside regions in the bifacial heavy scenarios.

The next sections will elaborate on the power sector impacts on
curtailment, wholesale prices, and system costs, which demonstrate
even more pronounced impacts than the substitution levels.

Impact of vertical bifacial PV technology deployment on
curtailment

Generation curtailment refers to the reduction in power generation
that occurs when there is an excess of electricity on the grid. Cur-
tailment levels, particularly for weather-dependent electricity gen-
eration is an important indicator for assessing both the present and
future electricity systems. These levels exhibit a strong correlation
with the integration cost of RES generators, such as addressing the
need for balancing energy, especially in the typical case the need of
curtailment occurs after the day-ahead market closure and therefore
it requires the activation of capacity/energy in the balancing market.
Moreover, they also indicate the negative influence of high PV and
wind penetration on the wholesale electricity prices. Nonetheless, it
is evident that these adverse effects could be substantially scaled
down. In the long term, addressing this issue can be achieved
through strategies like increasing the share of demand response
mechanisms including heating and transport sector”, expanding
storage capacity, or enhancing hydrogen production capabilities.
However, in the short term, the prevalence of this situation is
expected to increase, signing for the imperative need for increasing
the deployment of flexibility solutions.

Figure 5 compares the energy output of standard PV installation
with the various percentages of East-West bifacial PV systems. In prin-
ciple, typical inclined south faced PV systems generate slightly higher
amounts of energy than the East-West bifacial PV. However, the mod-
elling output reveals that the actual PV energy that is fed in the power
system increases as the share of East-West bifacial PV system increases
that is mainly due to the lower occurrence of curtailments. The figure
shows that, for 2040-high PV scenario, by increasing the share of bifa-
cial PV panels from 0% to 50% of the capacity allocation, total curtail-
ments can be reduced from 234 TWh to 131 TWh in the Reference PV,
while 562 TWh to 406 TWh in the High PV case. The difference in the
first case is equal to Belgium’s present power production level, while in
the latter case is comparable to Poland’s power generation.

The results illustrate that with higher PV penetration, aligning
more closely with the recent EU policy commitments, east-west faced
vertical PV panels can play a favourable role to achieve a more
balanced and more integrated power system in the EU by 2040. They
have the potential to reduce curtailment levels, thus reduce the overall
balancing costs for the whole power system.

Effects on baseload price dynamics
Another important aspect to consider is the influence of wholesale
electricity prices. It is well-known phenomenon that a high penetration
of PV and other weather-dependent RES generation can result in
reducing wholesale electricity prices, often referred to as the merit
order effect®. While it can be advantageous from the perspective of
consumers, it can have adverse effects on other producers responsible
for reserve capacity and balancing services to the power system.
Nonetheless, as the levelized cost of electricity (LCOE) for RES con-
tinues to decrease, a new equilibrium should emerge. This equilibrium
of the market electricity prices would be determined by the interplay
between declining LCOE (energy costs) and raising integration costs,
signalling the necessary requirements for balancing power needs and
technology solutions. Consequently, it becomes crucial to conduct a
carefully analysis of the price impacts.

Figure 4 row 3 further illustrates the development of wholesale
electricity prices under various shares of vertical bifacial PV. We can

observe that as the share of vertical PV increases, the weighted
average wholesale prices decrease. The weighting factor used is
the yearly consumption of each modelled country. Additionally, it is
worth noting that the differences in the wholesale price impacts are more
pronounced in 2040 than in 2030, due partially to lower system costs,
substitution of the more expensive resources and the curtailments.

The PV market values (the average price PV producer could
receive in their respective production hours) show a significant dete-
rioration. The market values range between 50% and 19% of the base-
load prices in the low and high PV case. The low PV market value is
close to previous estimates®, while the second value (high PV case) is
considerably lower since much higher deployment of PV is assumed
compared to the estimation®.

Resulting CO, emissions

All these developments are similarly reflected in the reductions of CO,
emission achieved in the scenarios. As the proportion of vertical PV
increases, CO, emissions decrease since higher PV production dis-
places fossil-based power generation. After the big drop in the CO,
emission we can observe (Fig. 5) relatively modest changes in emis-
sions, primarily because fossil-based generation already accounts for a
very low share in the scenarios beyond 2030.

Total system costs

The total system cost of the future power system is one of the most
important system indicators of the model. It inherently encapsulates
the measure of total social welfare, as it calculates the producer sur-
plus (including both wholesale market and balancing market compo-
nents), therefore reflects a more holistic approach beyond merely
focusing on the generators profit. Additionally, it considers consumer
surpluses, reflecting the prices consumers bear for services in the
power sector. This measure also integrates the transmission system
revenues, which also partly reflects the network costs and benefits. It is
essential to note that the EPMM model does not incorporate dis-
tribution system operator-level costs and benefits. Furthermore, the
total costs also include the cost related to power generation invest-
ments, thereby accounting for the increased costs associated with
larger PV panel deployment.

Looking at the development of total cost under the various
scenarios and years, it becomes evident (Fig. 5 rows 3 and 4) that the
increased share of PV deployment leads to a reduction in the total
cost of the power system. This decreasing trend reflects the
investment requirements of the current EU decarbonisation policy,
where the most significant pressure on the power system occurs
during the first decade, marked by the strongest growth in RES
developments.

Furthermore, it is noteworthy that the rising proportion of verti-
cally oriented PV deployment results in a decrease in the total cost of
the power system: In the 2040 Reference PV scenario, there is a
decrease of 3 billion Euros when increasing the vertical module share
to 50%. In the 2040 High PV scenario, the decrease is more significant,
amounting to 3.8 billion Euros.

Over the longer-term, the European power system becomes more
sustainable both economically and environmentally. The future sys-
tem is characterised by lower CO, emissions, and reduced reliance on
imported fossil fuels, and it will be more sustainable in economic term
as well, characterised by reducing total system cost and decreasing
wholesale electricity prices.

Effects of integrating vertical bifacial PV on fossil fuel
substitution at country level

When examining at the impacts at higher granularity, at country level,
it becomes evident that there are significant variations in how the EU
Member States’ electricity portfolios are impacted by the varying
shares of PV installation modalities. The only consistent change across

Nature Communications | (2024)15:6681



Article

https://doi.org/10.1038/s41467-024-50762-7

1500

1000

50

o

60

4

o

2

o

400

300

200

10

o

60

4

o

2

o

Total PV production [TWh]

Average baseload price [€/MWh]

CO, emissions [Mt]

Wind annualized investment costs [bn€]

%0-00T

%0S-0S

2030

%0-00T

%0S-0S
%0-00T

%0S-0S

2040
REF PV

%0-00T
%0S-0S

Total curtailment [TWh]

400

300

200

100 I
, B _

Average PV market value [€/MWh]

30
20
” T
0

Total operational costs [bn€]

40
20
0

PV annualized investment costs [bn€]

20
15
10
5
0

%0-00T
%0S-0S
%0-00T
%0S-0S
%0-00T
%0S-0S
%0-00T
%0S-0S

2040

2030 High PV

Fig. 5 | Power sector impacts of varying share of bifacial PV panels- PV production, generation curtailment, baseload prices, avoided CO, emissions and total system

operational costs, 2040.

all countries is a slight increase in the overall electricity consumption
due to the lower prices as indicated by the continuous lines on Fig. 6.

The shares of natural gas in the national portfolios decrease in
almost all countries, although to a varying extent, determined the

share of natural gas in the generation portfolio of the Member States.
One important factor determining the fuel substitution effect is the
available net transboundary transfer capacity. In countries where these
connection capacities are more available and can further increase their
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PV shares would increase their export. In contrast, countries with lover
PV potential might use import or other renewables. Mediterranean
countries experience significant gas substitution levels, with Spain,
Italy and Greece due to the increases PV production and export part of
this excess. Countries with nuclear capacities generally face reduction

of nuclear-based generation, as these capacities are curtailed more,
e.g. in France, Romania, Hungary.

In Poland, a higher share of vertical PV results in more technolo-
gical changes, natural gas and coal-based generation being reduced in
the portfolio, while other renewables and import increases.
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Development of electricity prices at country level

In the development of electricity prices, a clear tendency is evident
across Europe with the higher share of Vertical bifacial PV: in almost all
EU Member States, there is an increase in low-price periods and a
decrease in the duration of high-price periods. Simultaneously, the
prolonged duration of low-price segments extends across most low-
price categories. This extension is a direct result of the increased
deployment of Vertical Bifacial PV, which effectively stretches the
periods of cheaper PV production.

As a result of these changes, consumer surpluses generally
increase, due to that the positive price effects are effectively trans-
ferred from producers to consumers. The initial starting price dis-
tributions vary significantly among countries. Italy, Greece, Hungary,
and Romania are characterised by substantial shares of these high-
price segments, while France, Sweden, Finland, and Portugal have
lower shares of these high price periods. In most countries, the high-
price segments are reflecting the significant gas consumption and/or
high import needs. The higher the import rate, the larger the high-
price segments in recent years (prior to the crises imports were con-
siderably cheaper). For this group of countries, the installation strat-
egy does potentially decrease their reliance on imports further (as
depicted in the effects in Fig. 7) and consequently decrease the price
pressure as well.

Discussion

As the global PV production heads toward 1 TW production capacity, it
is paramount to proactively address potential risks to sustain investor
confidence and momentum. Many countries are at the verge of
encountering counterproductive marks in PV integration, including
zero or negative prices, large-scale curtailments, and abrupt regulatory
and network operation policies. Until storage capabilities, demand-
response and flexibility systems become more widespread, keeping up
the momentum of PV installations in novel deployment forms can

100%

90%

80%

70%

60%

50%

40%

Price distribution [%)]

30%

20%

10%

0%

w000t
w0505

% wosos NN

o oo N

R viosos [

w0001 [ —
™ siosos N

o001

o %ooor
M osos [

o 000t
7 siosos [

il
>
=z
=
|w)

M 05 M 5-25 25-50

o %ooor

® viosos [
o oo I —

O

50-75

serve as a bridge to bolster investors’ confidence and mitigate mar-
ket risks.

Mitigating the price drops in spot markets due to more
balanced daily massive PV production over extended periods is
crucial for maintaining investor confidence and the positive
investment environment that has fuelled the PV industry’s growth
over the past decade. The results show, that favouring vertical
bifacial systems reduces peak PV production, and ensues a pro-
duction profile that covers a larger number of hours, which helps
solar-based production maintain higher market value. The deploy-
ment of innovative PV concepts like vertical bifacial PV leads to a
more balanced production curve compared to the high peak bell-
shaped PV generation currently observed in most EU countries. This
process already started with the deployment of building integrated
and East-West facing PV systems as well as with the agrovoltaics,
which could be further scaled up with the bifacial technology. This
shift from established approaches also offers easier integration into
the EU power system (transmission and distribution), reduces the
required grid investments, and enables cross-border trade of solar
power for extended periods. These developments can reduce
overall system costs and therefore increase societal benefits by
avoiding the collective cost of curtailed energy and over-
dimensioned grid investments.

The model analysis unveils two prevailing trends in case this dis-
ruptive approach is widely adopted: countries with large solar
resources are increasing their PV shares, while others (such as Austria,
Germany and Belgium) with strong interconnection capacities are
boosting imports from neighbouring countries.

Furthermore, this shift has a significant impact on the substitution
of gas-coal-nuclear energy in the near future, as demonstrated by the
applied model. The displacement of conventional generation extends
to a larger number of hours within the day compared to traditional PV
system installations, further reducing dependence on imported fuels
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across 15 European countries.
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and GHG emissions. The total costs development underlines that the
substantial increase in variable RES capacities is cost efficient due to
the reducing fuel and CO, cost by substituting away fossil-based
generation in the European generation mix. The continuing dynamic
investment cost reductions of variable RES technologies are key driver
for the projected capacity expansion pathway.

If these costs savings are effectively passed on to consumers
through enabling regulatory framework and market-based tools such
as Contracts for Difference (CfDs), it would enable price reductions
across various consumption categories. This would include the
extension of low-price periods and -to a lesser extent- a partial
reduction in high-price periods due to peakshaving. By largely sub-
stituting import-based production, mainly gas based generation at the
end of the modelling period, the EU can achieve a more self-reliant and
independent electricity portfolio.

The new forms of diverse deployments offer opportunities not
only to increase employment in the already robust installer segment
but also to create a market niche for PV module industries (bifacial
modules, tracking systems, vertical mounting systems on roads and
railways). Additionally, it can generate income for farmers, especially if
vertical PV installations could obtain easier permission and connection
terms for agrivoltaics.

The scalability of such diversified PV electricity has huge
implications for hydrogen production (including transport), for
other energy reserves, and for the performance potential for heat
pumps and wind - PV complementarities. While hydrogen valleys
are not analysed in this article, they hold promise for further
research. An additional area for future analysis is the inclusion of
battery storage within the proposed concepts. As batteries’ cost
reduces and the market maturity of the technology increases, PV
system setups could be coupled with behind-the-meter storage. The
merits of such hybrid systems would be further extended as their
production could be extended earlier/later during the day and
minimised in mid-day in way that compensates for the peaking
production of traditional solar PV systems. Equally importantly,
hybrid systems would have the potential to provide ancillary ser-
vices and actively participate in the balancing markets, creating an
additional revenue stream for PV.

The findings also have important implications on the perfor-
mance of the US Inflation Reduction Act*® and the EU flagship
industrial initiatives, namely the European Commission’s permit-
ting package, EU Solar PV Industry Alliance, the EU large-scale skills
partnership, and the EU Solar Rooftops Initiative. The proposed
permission process, which targets a maximum duration of
3 months, can potentially be further reduced for lower-impact
installations like vertical PVs. If this market segment develops
rapidly, it can create opportunities for a new European PV manu-
facturing industry, presenting a sizeable market niche and driving
the need for improved skill education.

Methods

General model description

The EPMM is a 168-hour unit commitment and economic dispatch
model covering the electricity systems of 41 European countries shown
in Fig. 8. It simultaneously determines the equilibrium values of the
wholesale electricity and reserve markets for each hour and market,
taking into account the projected weather-dependent renewable
generation, the electricity demand, the reserve requirements for each
countries, and the technological constraints and costs (minimum
operating and off-time, minimum/maximum load level, start-up / shut-
down costs, variable costs of generation) for electricity generation and
transmission. Using these inputs, the model predicts the operating
status of the power plants every hour of the week (covering almost

3,500 power plants), the volume of generation at the operating units,
the amount of capacities set aside for upward-regulation and down-
ward-regulation, the operation of reservoir hydropower plants, the
flows on all cross-border interconnectors, and the wholesale market
price of electricity and the price of the upward and downward reserve
capacities in each country.

There are 41 countries modelled in EPMM: in these countries
(indicated with an orange background in Fig. 8) prices are derived from
the demand-supply balance, while on outside markets (indicated with
yellow background) we assume exogenous prices.

There are three types of market participants in the model: pro-
ducers, consumers, and traders. All of them behave in a price-taking
manner: they take the prevailing market price as given and assume that
their actions have a negligible effect on this price.

The EPMM models 3500 power plant units operated with 12 dif-
ferent fuels: natural gas, coal, lignite, heavy fuel oil (HFO), light fuel oil
(LFO), nuclear, biomass, geothermal, hydro, wind, solar, and tide and
wave. Each plant has a specific marginal cost of production, which is
constant at the unit level. In addition, generation capacity is con-
strained at the level of available capacity. Renewable technologies are
modelled in an aggregated way.

Power flow is ensured by 110 interconnectors between the coun-
tries, where each country is treated as a single node, thus no domestic
power system constraint is taken into account. NTC values are used to
indicate trading possibilities, seasonal differences are included in the
modelling based on historical data from ENTSO-E Transparency Plat-
form. Future investments are based on data from ENTSO-E’s latest Ten-
Year Network Development Plan (TYNDP). NTC values, cost char-
acterisation of VRES technologies (e.g. investment costs, fix costs,
annualised costs), emission factors are presented in the Supplemen-
tary Data 1-5.

Consumers are represented in the model in an aggregated way:
by different price-sensitive demand curves for each modelled
market. The inverse relationship between prices and the quantity
consumed is approximated by a downward sloping linear function.
Traders connect the production and consumption sides of a market,
through exporting electricity to more expensive countries from
cheaper ones.

Taking into account the short-term marginal cost for all available
power plant units merit order curves are calculated for each market.
With the demand curve and the constraints on international trade all
input parameters are set. After this process, the model maximises total
welfare of the whole assessed region. The model provides the equili-
brium (wholesale) electricity prices for each market, the trade on each
interconnector and the production of each power plant unit as output
as shown in Fig. 9.

Supply side of the model

As perfect competition is assumed when the supply curve is formed in
the model all units provide their production on a marginal cost basis.
To calculate marginal costs unit specific CO, emission cost, energy tax
(if any), fuel cost and variable OPEX are summed up.

For all given technologies (e.g. OCGT, CCGT, thermal) commis-
sioning date defines the efficiency, the self-consumption and the
variable OPEX cost for all units. Using the fuel prices as an input total
fuel costs are calculated taking into account the above parameters.
CO, costs are based on the calculated emission level and the CO, quota
prices, and all these costs are then added to the total energy tax paid
and the variable OPEX.

It is important to note that only short-term marginal costs are
considered, the model does not analyse whether long-term opera-
tion is profitable or not. It is possible, that some units remain
operational even if they provide electricity in a few hours per year.
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Power plant units are available until the end of their (pre-defined)
lifetimes.

In the case of renewable power plants (biomass, geothermal,
hydro, wind, solar, tidal), we calculate zero marginal cost on the
product market, production depends only on availability. This is
estimated based on historical production data from previous years
(2006-2017). Renewable production (at a predetermined cost) can
be curtailed. In the case of participation in the reserve market, we
assume linear growth for wind and solar, with wind plants partici-
pating in the downward regulation up to 25% of their production
and solar plants up to 15% of their production by the mid-2030s. The
situation for hydropower is specific. With the exception of run-of-
river plants, all hydropower plants (reservoir and pumped storage)
optimise their production and reserve market participation for a full
week, taking into account as a limit the maximum available pro-
duction expected based on historical production data from pre-
vious years. These are used to determine the reserve market prices,
while the marginal cost of the product market is zero on the
supply curve.

A regression model is used to forecast the future level of required
reserve capacities: based on 5 years (2017-2022) and 16 countries of
data (AT, BE, CH, CZ, DE, DK, ES, FR, HR, HU, NL, PL, PT, RO, RS, SI, SK),
upward and downward reserve requirements are forecast for each
modelled country and each modelled hour, as a function of system
load and weather-dependent renewable generation capacity.

Demand side of the model

Demand per country is an exogenous input to the model. Historical
data are used to assume a specific demand pattern for each modelled
country over the year, and assumptions are made about the actual
level of demand based on forecasts from international institutions,
literature and strategy documents. Between years, the initial demand
path is unchanged, but it is endogenously shaped by (pumped) storage
and demand side management (DSM) in each modelled year. For DSM,
based on literature, it is assumed that by 2050, 25% of the average
hourly consumption in a given year can be reallocated to other hours,
and 10-10% of this amount can provide for upward and downward
reserve capacity services. Between 2020 and 2050 we assume linear
growth.

Equilibrium

Based on the capacity and marginal cost values of the generating units,
and considering which units are in reserve, the supply function is
determined for each modelled hour in each country. Demand can be
met from neighbouring countries in addition to domestic supply, up to
the limit of cross-border capacity. In the model, each market (country)
is represented by a node, and the cross-border capacities are repre-
sented by estimated NTC (net transfer capacity).

Solar irradiation and PV production input data
The PV production data for the different modules were downloaded
from the Joint Research Centre EC PVGIS tool”’.

Average monthly sum of global irradiation per square meter
received by the modules of the given system [kWh/m2/mo] data for
optimised and for East West facing vertical & bifacial PV mod-
ules (Fig. 10).

The data are presented in a database format in Supplementary
Data 1-5.
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Data availability study that can reproduce the results in any modelling languages are
Only openly available data were used in this study. These and any made available via Zenodo under accession link https://doi.org/10.
model equations used to produce the necessary data and figuresin this  5281/zenodo.12530393. Input data used throughout the study are
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provided in Supplementary Data 1-5. Output data of the applied model
displayed in Figs. 2-7 are provided in Supplementary Data 6.

References

1.
2.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

European Commission. Solar Energy Strategy. (2022).
Commission, E. REPowerEU, Affordable, secure and sustainable
energy for Europe. https://commission.europa.eu/strategy-and-
policy/priorities-2019-2024/european-green-deal/repowereu-
affordable-secure-and-sustainable-energy-europe_en (2019).
Jager-Waldau, A. Snapshot of Photovoltaics 2024. EPJ Photovoltaics
15, 21 (2024).

International Energy Agency. Electricity Grids and Secure Energy
Transitions. https://iea.blob.core.windows.net/assets/ea2ff609-
8180-4312-8de9-494bcf21696d/
ElectricityGridsandSecureEnergyTransitions.pdf (2023).

Kakoulaki, G. et al. European transport infrastructure as a solar
photovoltaic energy hub. Renew. Sustain. Energy Rev. 196,

14344 (2024).

Chatzipanagi, A., Taylor, N., Jaeger-Waldau, A. & others. Overview of
the Potential and Challenges for Agri-Photovoltaics in the European
Union. (2023).

Clean Energy, Jobs, and Affordability Act of 2022. (2022).

Nijsse, F. J. M. M. et al. The momentum of the solar energy transition.
Nat. Commun. 14, 6542 (2023).

Bogdanov, D. et al. Radical transformation pathway towards sus-
tainable electricity via evolutionary steps. Nat. Commun. 10,

1077 (2019).

Victoria, M. et al. Solar photovoltaics is ready to power a sustainable
future. Joule 5, 1041-1056 (2021).

Global Energy Monitor. Global Solar Power Tracker. https://
globalenergymonitor.org/projects/global-solar-power-

tracker/ (2024).

Haegel, N. M. et al. Photovoltaics at multi-terawatt scale: waiting is
not an option. Sci. (80-.). 380, 39-42 (2023).

Ambec, S. & Crampes, C. Negative prices for electricity. 1-10 https://
fsr.eui.eu/negative-prices-electricity/ (2017).

Seel, J., Millstein, D., Mills, A., Bolinger, M. & Wiser, R. Plentiful
electricity turns wholesale prices negative. Adv. Appl Energy 2021
4, 100073 (2021).

Prokhorov, O. & Dreisbach, D. The impact of renewables on the
incidents of negative prices in the energy spot markets. Energy
Policy 167, 113073 (2022).

Aust, B. & Horsch, A. Negative market prices on power exchanges:
evidence and policy implications from Germany. Electr. J. 33,
106716 (2020).

KlaaBen, L. & Steffen, B. Meta-analysis on necessary investment
shifts to reach net zero pathways in Europe. Nat. Clim. Chang. 13,
58-66 (2023).

Sovacool, B. K., Gilbert, A. & Nugent, D. Risk, innovation, electricity
infrastructure and construction cost overruns: Testing six hypoth-
eses. Energy 74, 906-917 (2014).

Szabd, S., Jager-Waldau, A. & Szabd, L. Risk adjusted financial costs
of photovoltaics. Energy Policy 38, 3807-3819 (2010).

van Ruijven, B. J., De Cian, E. & Sue Wing, I. Amplification of future
energy demand growth due to climate change. Nat. Commun. 10,
2762 (2019).

Sahin, H., Solomon, A. A., Aghahosseini, A. & Breyer, C. Systemwide
energy return on investment in a sustainable transition towards net
zero power systems. Nat. Commun. 15, 208 (2024).

Parag, Y. & Sovacool, B. K. Electricity market design for the prosu-
mer era. Nat. energy 1, 1-6 (2016).

Denholm, P. & Nate, C. W. B. Moving Beyond 4-Hour Li-lon Batteries:
Challenges and Opportunities for Long(er)-Duration Energy Stor-
ageitle. NREL (2023).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lopez-garcia, J., Urraca-valle, R., Kenny, R. P. & Sample, T. Com-
parison of the energy yield of vertical (E-W orientation) and tilted
(equator facing) bifacial PV module arrays. in 37th European Pho-
tovoltaic Solar Energy Conference (EUPVSEC) 7-11 (2020).
European Commission Joint Research Centre. PV GIS solar irradiation
tool. https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html (2023).
McKinsey & Company. Renewable-energy development in a net-
zero world. https://www.mckinsey.com/industries/electric-power-
and-natural-gas/our-insights/renewable-energy-development-in-a-
net-zero-world (2022).

Commission, E. Fit for 55. https://www.consilium.europa.eu/en/
policies/green-deal/fit-for-55-the-eu-plan-for-a-green-

transition/ (2022).

Solar Power Europe. It is not curtailment. It is wate. https://api.
solarpowereurope.org/uploads/FINAL_Solar_Power_Europe_Solar_
Energy Waste_Letter_August_2023_d9b2c2d2aa.pdf?updated_at=
2023-08-02T07:22:20.4697Z (2023).

Nicolai, E. & Menegatti, S. New challenges for DSOs in the energy
transition. EUI Florence School of Regulation. https://fsr.eui.eu/new-
challenges-for-dsos-in-the-energy-transition-more-grid-
investments-increased-network-planning-and-forecasting-of-new-
technologies/ (2023).

Pefa, J. I., Rodriguez, R. & Mayoral, S. Cannibalization, depredation,
and market remuneration of power plants. Energy Policy 167,
113086 (2022).

European Parliament. Regulation to improve the Union’ s electricity
market design (EMD). 1-4 (2023).

Chatzipanagi, A. & Jager-Waldau, A. The European Solar Commu-
nication—Will It Pave the Road to Achieve 1 TW of Photovoltaic
System Capacity in the European Union by 20307 Sustainability 15,
6531 (2023).

ENTSOE. TYNDP 2022 System Needs Study Opportunities for a more
efficient European power system in 2030 and 2040. https://
eepublicdownloads.blob.core.windows.net/public-cdn-container/
tyndp-documents/TYNDP2022/public/system-needs-report.

pdf (2023).

Bernath, C., Deac, G. & SensfuB, F. Impact of sector coupling on the
market value of renewable energies - A model-based scenario
analysis. Appl. Energy 281, 115985 (2021).

Beiter, P., Guillet, J., Jansen, M., Wilson, E. & Kitzing, L. The enduring
role of contracts for difference in risk management and market
creation for renewables. Nat. Energy 9, 20-26 (2024).

European Parliament. Directive (EU) 2023/2413 of the European
Parliament and of the Council of 18 October 2023 amending Direc-
tive (EU) 2018/2001, Regulation (EU) 2018/1999 and Directive 98/70/
EC as regards the promotion of energy from renewable sources.
Council of European Union. Proposal for a REGULATION OF THE
EUROPEAN PARLIAMENT AND OF THE COUNCIL amending Reg-
ulations (EU) 2019/943 and (EU) 2019/942 as well as Directives (EU)
2018/2001 and (EU) 2019/944 to improve the Union's electricity
market design. (2023).

Guo, S., Walsh, T. M. & Peters, M. Vertically mounted bifacial pho-
tovoltaic modules: A global analysis. Energy 61, 447-454 (2013).
G. Kakoulaki Communication on the potential of applied PV in the
European Union: Rooftops, reservoirs, roads (R3). EPJ Photovoltaics
15, 2 (2024).

Kakoulaki, G. et al. Potential for transforming the European trans-
port into a solar PV energy hub. Renew. Sustain. Energy Rev. 196,
14344 (2024).

REKK. European Power Market Model (EPMM). at https://rekk.hu/
modeling/power-market-modeling (2022).

Falcan, I. et al. Study on the Central and South Eastern Europe
energy connectivity (CESEC) cooperation on electricity grid devel-
opment and renewables. https://op.europa.eu/en/publication-

Nature Communications | (2024)15:6681

15


https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu-affordable-secure-and-sustainable-energy-europe_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu-affordable-secure-and-sustainable-energy-europe_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu-affordable-secure-and-sustainable-energy-europe_en
https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf
https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf
https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf
https://globalenergymonitor.org/projects/global-solar-power-tracker/
https://globalenergymonitor.org/projects/global-solar-power-tracker/
https://globalenergymonitor.org/projects/global-solar-power-tracker/
https://fsr.eui.eu/negative-prices-electricity/
https://fsr.eui.eu/negative-prices-electricity/
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/renewable-energy-development-in-a-net-zero-world
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/renewable-energy-development-in-a-net-zero-world
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/renewable-energy-development-in-a-net-zero-world
https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://api.solarpowereurope.org/uploads/FINAL_Solar_Power_Europe_Solar_Energy_Waste_Letter_August_2023_d9b2c2d2aa.pdf?updated_at=2023-08-02T07:22:20.469Z
https://api.solarpowereurope.org/uploads/FINAL_Solar_Power_Europe_Solar_Energy_Waste_Letter_August_2023_d9b2c2d2aa.pdf?updated_at=2023-08-02T07:22:20.469Z
https://api.solarpowereurope.org/uploads/FINAL_Solar_Power_Europe_Solar_Energy_Waste_Letter_August_2023_d9b2c2d2aa.pdf?updated_at=2023-08-02T07:22:20.469Z
https://api.solarpowereurope.org/uploads/FINAL_Solar_Power_Europe_Solar_Energy_Waste_Letter_August_2023_d9b2c2d2aa.pdf?updated_at=2023-08-02T07:22:20.469Z
https://fsr.eui.eu/new-challenges-for-dsos-in-the-energy-transition-more-grid-investments-increased-network-planning-and-forecasting-of-new-technologies/
https://fsr.eui.eu/new-challenges-for-dsos-in-the-energy-transition-more-grid-investments-increased-network-planning-and-forecasting-of-new-technologies/
https://fsr.eui.eu/new-challenges-for-dsos-in-the-energy-transition-more-grid-investments-increased-network-planning-and-forecasting-of-new-technologies/
https://fsr.eui.eu/new-challenges-for-dsos-in-the-energy-transition-more-grid-investments-increased-network-planning-and-forecasting-of-new-technologies/
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-documents/TYNDP2022/public/system-needs-report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-documents/TYNDP2022/public/system-needs-report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-documents/TYNDP2022/public/system-needs-report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-documents/TYNDP2022/public/system-needs-report.pdf
https://rekk.hu/modeling/power-market-modeling
https://rekk.hu/modeling/power-market-modeling
https://op.europa.eu/en/publication-detail/-/publication/434fb711-a5a4-11ec-83e1-01aa75ed71a1/language-en

Article

https://doi.org/10.1038/s41467-024-50762-7

detail/-/publication/434fb711-a5a4-11ec-83e1-01aa75ed71a1/
language-en (2022).

43. Patd, Z., Mezosi, A. & Szabo, L. Is border carbon adjustment the right
tool for the power sector? Clim. Policy 22, 502-513 (2022).

44. Barbrook-Johnson, P., et al. Economic modelling fit for the
demands of energy decision makers. Nat. Energy (2024).

45. Commission, E. et al. EU reference scenario 2020 - Energy, transport
and GHG emissions - Trends to 2050. (Publications Office, 2021).
https://doi.org/10.2833/35750.

46. European Commission et al. Technical support for RES policy
development and implementation - Delivering on an increased
ambition through energy system integration - Final report. (Pub-
lications Office, 2021). https://doi.org/10.2833/86135.

47. Mantzos, L., Wiesenthal, T., Neuwahl, F., & Rozsai, M. The POTEnCIA
Central scenario: An EU energy outlook to 2050. https://ideas.
repec.org/p/ipt/iptwpa/jrc118353.html (2019).

48. Després, J., Hadjsaid, N., Criqui, P. & Noirot, I. Modelling the impacts
of variable renewable sources on the power sector: Reconsidering
the typology of energy modelling tools. Energy 80, 486-495 (2015).

49. Ringkjgb, H.-K., Haugan, P. M. & Solbrekke, I. M. A review of mod-
elling tools for energy and electricity systems with large shares of
variable renewables. Renew. Sustain. Energy Rev. 96,

440-459 (2018).

50. ICE. Dutch TTF Natural gas Futures. https://www.ice.com/products/
27996665/Dutch-TTF-Gas-Futures/data?marketld=5614690&span=
3(2022).

51. World Bank. Commodity Markets outlook -price forcasts. (2022).

52. |EA. World Energy Outlook 2022. https://www.iea.org/reports/
world-energy-outlook-2022 (2022).

53. European Parliament. Decision (EU) 2015/1814 concerning the
establishment and operation of a market stability reserve for the
Union greenhouse gas emission trading scheme. (2015).

54. European Parliament. Regulation on the Governance of the Energy
Union and Climate Action. (2018).

55. Goke, L., Weibezahn, J. & Kendziorski, M. How flexible electrification
can integrate fluctuating renewables. Energy 278, 127832 (2023).

56. US Government. Inflation Reduction Act of 2022. (2022).

57. European Commission. PVGIS tool. at https://re.jrc.ec.europa.eu/
pvg_tools/en/tools.html.

Acknowledgements

We thank Tony Sample (Joint Research Centre (JRC)—European Com-
mission), for insightful comments on East West facing bifacial module
characteristics used in this article. M.M.G and F.F. are consultants for
JRC—European Commission. The views expressed are purely those of
the authors and may not in any circumstances be regarded as stating an
official position of the European Commission. No funding was used in
this research.

Author contributions

L.S. and S.S. Conceptualisation, Methodology, Writing manuscript, Data
interpretation. M.M.G. and A.J.W. Writing manuscript, Measurement
data validation. I.K.: Writing manuscript, Market data validation. A.M.:
Data collection and analysis, Data visualisation, Modelling. F.F.: Data
collection, Visualisation. All authors have reviewed and approved the
final version.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50762-7.

Correspondence and requests for materials should be addressed to
Sandor Szabo.

Peer review information Nature Communications thanks Pranda Pra-
santa Gupta and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:6681

16


https://op.europa.eu/en/publication-detail/-/publication/434fb711-a5a4-11ec-83e1-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/434fb711-a5a4-11ec-83e1-01aa75ed71a1/language-en
https://doi.org/10.2833/35750
https://doi.org/10.2833/86135
https://ideas.repec.org/p/ipt/iptwpa/jrc118353.html
https://ideas.repec.org/p/ipt/iptwpa/jrc118353.html
https://www.ice.com/products/27996665/Dutch-TTF-Gas-Futures/data?marketId=5614690&span=3
https://www.ice.com/products/27996665/Dutch-TTF-Gas-Futures/data?marketId=5614690&span=3
https://www.ice.com/products/27996665/Dutch-TTF-Gas-Futures/data?marketId=5614690&span=3
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html
https://doi.org/10.1038/s41467-024-50762-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Impacts of large-scale deployment of vertical bifacial photovoltaics on European electricity market dynamics
	Results
	Reshaping the energy landscape
	Alternative deployment options in the EU
	Financing schemes for different types of solar PV systems
	Small systems
	Medium systems
	Commercial systems

	Modelling the impacts of vertical bifacial PV on the European Power Market
	Modelling framework for baseline scenarios
	Simulation effects of varying vertical bifacial PV deployment
	Impact of vertical bifacial PV technology deployment on curtailment
	Effects on baseload price dynamics
	Resulting CO2 emissions
	Total system costs
	Effects of integrating vertical bifacial PV on fossil fuel substitution at country level
	Development of electricity prices at country level

	Discussion
	Methods
	General model description
	Supply side of the model
	Demand side of the model
	Equilibrium
	Solar irradiation and PV production input data

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




