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Introduction

Consistent monitoring of research and innovation (R&l) progress is essential to ensure that European R&l
policies are delivering meaningful results. It also allows for timely adjustments to policy focus or the direction
of activities within the R&l community. This is particularly important in the photovoltaic (PV) sector, which is
known for its rapid innovation cycles, with new technologies able to move from development stages (TRL 5-
7) to market readiness in under five years.

Tracking R&I developments helps identify breakthroughs across all technology readiness levels. To support
this, the European Technology and Innovation Platform for Photovoltaics (ETIP PV) has proposed a set of
Key Performance Indicators (KPIs) that reflect the leading trends in PV research and innovation in Europe.
These KPlIs are part of the regularly updated Strategic Research and Innovation Agenda (SRIA).

In 2024, ETIP PV began revising its SRIA to assess progress against the KPIs set out in the 2023 edition.
Expert input was gathered to inform the update and evaluate how the sector is advancing. The SRIA structure
organises KPIs around five core challenges, each representing a key area where coordinated R&I efforts can
unlock the full potential of PV:

- Challenge 1: Performance Enhancement and Cost Reduction through Advanced PV
Technologies and Manufacturing

- Challenge 2: Lifetime, Reliability and Sustainability Enhancements (through Advanced
Photovoltaic Technologies, Manufacturing and Applications)

- Challenge 3: New Applications through Integration of Photovoltaics (for Diversified and Dual-
Purpose Deployment and Enhanced Value)

- Challenge 4: Smart Energy System Integration of Photovoltaics (for Large-Scale Deployment
and High Penetration)

- Challenge 5: Socio-Economic Aspects of the Transition to High PV Contribution.

Each challenge includes specific objectives and roadmaps, with tailored KPls that help the PV R&l community
focus its efforts and measure progress. These roadmaps typically relate to technical priorities for components
or features of PV systems. The KPIs were developed through a series of expert workshops and stakeholder
consultations. These sessions were organised according to the priorities of ETIP PV’s Working Groups and
adapted to different formats, ranging from research conferences to dedicated in-person and online
workshops. Based on the outcomes of these consultations, the ETIP PV Working Groups reviewed the inputs
and drafted the updated SRIA accordingly.

As part of this report, the ETIP PV has also assessed the current status of the proposed KPIs as of 2025.
While most of the KPIs are set with a target horizon of 2035, this interim review provides insights into early
progress and identifies areas where further effort is needed. This assessment serves as a foundation for
continued monitoring and refinement of the SRIA, ensuring that European PV research remains aligned with
long-term goals and responsive to emerging challenges. For each Challenge, the KPIs are outlined and
assessments are described (when available).

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
are however those of the author(s) only and do not necessarily reflect those of the European Union or European Climate, Infrastructure and
Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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Challenge 1: Performance Enhancement and Cost Reduction through Advanced
PV Technologies and Manufacturing.

Roadmap 1: Silicon PV Modules

KPI

2035 Target

Assessment 2025

Manufacturing
capacity

30 GW silicon-based single junction
from materials to modules and
value chain production in the EU

KPI not currently on track to be reached
(only around 2 GW cell manufacturing in
Europe mid-2025, and 14 GW of module
capacity'). Unclear investment framework
to reach 100 GWp (see ETIP PV White
paper on PV manufacturing 2023 and 2024)

Bottlenecks: EU equipment
competitiveness (price, output, uptime,
opex, thin wafers)

>45% of EU materials in value
chain (BOM & equipment)

As of 2025 KPI not on track: Overall
negative trends in the supply of EU
materials & components to the PV value
chain.

- Polysilicon: 1 EU Manufacturer Wacker
with capacity representing up to around
50% of EU demand (peak capacity of
32GW, but producing below full capacity as
of 2025 due to low profitability of polysilicon
production in the PV sector). Bankruptcy of
the main EU companies processing
polysilicon into ingots & wafer.

- Glass: 2025 — bankruptcy of the last EU
manufacturer of solar glass

- Silver paste: Remaining industrial capacity
located in Europe, with global consolidation
of the sector that may lead to negative
trends for European production.

- Encapsulants: Limited production capacity
in Europe. Ongoing efforts to develop a
market based on material recovery.

- Equipment:

e Modules manufacturing: EU has
capacities to supply its domestic
industry, however large market
share of non-EU equipment which
is more cost-competitive in CAPEX

e Ingots & wafer: no suppliers of
European equipment that is market
competitive

" SolarPower Europe EU Solar Manufacturing Map

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
are however those of the author(s) only and do not necessarily reflect those of the European Union or European Climate, Infrastructure and
Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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10-100 MW of advanced
concepts/equipment in pilot
production

100MW production facility from Oxford PV
in Brandenburg for tandem PK-silicon PV

Performance &
reliability
sustainability &
circularity (aligned
with challenge 2)

High-performance and sustainable
PV with LCoE of 25 €/ MWh (in
medium irradiance level
1300kWh/m2a) Utility

LCOE: on track with rapidly decreasing
costs, and KPI on track for utility PV
provided the interest rate environment
improves (See ETIP PV LCOE Factsheet)
For integrated PV applications, costs are
still above the 50EUR/MWh mark, but the
environment is rapidly improving in agriPV.
Residential systems are on the right trend.

>25,5 % module efficiency

Technology is on track to deliver 25.5%
module conversion efficiency with long
lifetime. Current global best practices reach
24.4% for Si modules.?

Record lab cell efficiency 27.4%,
demonstrate the potential for further
efficiency increases at the production level.3

40 years lifetime

Module lifetime of 30 years in 2025 and
expected to reach 40 years by 2035.4

Supply chain and
materials (in
agreement with
Critical Raw
Materials Act)

Reduce/suppress CRM including
In, Si, Ag, Bi

Emergence of demonstration scale
recycling lines and raw materials
substitution in European PV.

Reduction of silver per cells is expected to
continue as it plays a strong role in the cost
of the cell, new developments in pastes and
screens will support this reduction.’

Si usage for cells has been reduced during
the last 20 years, about 2.0g/Wp in 2024
(increased efficiencies, thinner wafers).

Roadmap 2: Perovskite PV modules

KPI

2035 Target

Assessment 2025

Manufacturing
capacity

>45% of EU materials in value
chain (BOM & equipment)

Early stage, no robust local supply chain
yet.

10-100 MW of the whole value
chain in pilot production

Commercial pilot lines emerging but not
scaled

Performance &
reliability

Single junction Perovskite LCOE <
single junction Si LCOE

There is currently no single junction
perovskite product available in the EU
market. However, R&l trends & global

2 https://taiyangnews.info/topmodules/top-solar-modules-listing-june-2025

3 Fraunhofer ISE, Photovoltaics Report, May 2025

4 VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16™ edition, 2024 results, April 2025. https://www.vdma.eu/en-

GBl/international-technology-roadmap-photovoltaic

5 VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16" edition, 2024 results, April 2025. https://www.vdma.eu/en-

GB/international-technology-roadmap-photovoltaic
6

Fraunhofer

ISE, Photovoltaics

Report, May 2025.

https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-Report. pdf

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
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Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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sustainability &
circularity (aligned
with challenge 2)

industrial investments point to the
achievement of this KPI in 2035

>23 % module efficiency

Record lab cell efficiency 26.9%7

25 years lifetime (demonstrated by
accelerated indoor testing)

Accelerated tests promising but field
validation pending. A major R&l challenge
lies in solving remaining challenges linked
to the stability and reliability of perovskite
cells

Supply chain and
materials (in
agreement with
Critical Raw
Materials Act)

Reduce/suppress In

Ongoing research into Indium-free Pk solar
cells, with challenges in terms of
performance

Roadmap 3: Thin

Film (non-perovskite) PV modules

KPI

2035 Target

Assessment 2025

Manufacturing
capacity

>45% of EU materials in value
chain (BOM & equipment)

As of 2025, limited production of thin films
in Europe.

Performance &
reliability
sustainability &
circularity (aligned
with challenge 2)

Single junction CIGS LCOE <
single junction Si LCOE

Bottlenecks: upscaling with low cost and
high efficiency

20 % module efficiency

CIGS and CdTe are mature and
commercially available thin film
technologies which show lab cell record
efficiencies of 23.6%?2 and 22.6%?°,
respectively. Current commercial CIGS and
CdTe modules have aperture efficiencies in
the range of 13-15% and 18-19%
respectively.

25 years lifetime (demonstrated by
accelerated indoor testing)

Commercially mature technologies (e.g.
CIGS) have proven lifetimes of 25 years.
Emerging technologies (organic,
kesteride...) are only starting to consider
lifetime testing.

Supply chain and
materials (in
agreement with
Critical Raw
Materials Act)

Reduce/suppress In, Ag

Technologies not reliant on Indium are only
at low TRL in Europe, and are not yet on an
industrialisation pathway.

" Green, Martin A., et al. “Solar Cell Efficiency Tables (Version 66).” Progress in Photovoltaics: Research and Applications, vol. 33, no.

7, Jul. 2025, pp. 795-810. https://onlinelibrary.wiley.com/doi/10.1002/pip.3919

8 Keller, J., Kiselman, K., Donzel-Gargand, O. et al. High-concentration silver alloying and steep back-contact gallium grading enabling
copper indium gallium selenide solar cell with 23.6% efficiency. Nat Energy 9, 467—478 (2024). https://www.nature.com/articles/s41560-

024-01472-3

® First Solar module Datasheet, 2023; National Renewable Energy Laboratory 2024 (available at: www.nrel.

gov/pv/cell-efficiency.html)

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
are however those of the author(s) only and do not necessarily reflect those of the European Union or European Climate, Infrastructure and
Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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Roadmap 4: Tandem PV Modules

KPI

2035 Target

Assessment 2025

Manufacturing
capacity

1 GW EU total production

Investments from most major global PV
manufacturers are underway to develop
tandem perovskite solutions and bring
products to market in the coming 5 years.

>45% of EU materials in value
chain (BOM & equipment)

See Silicon PV and Perovskite PV.

European equipment manufacturers are
proactively looking to bring to market some
of the first machines allowing for large scale
tandem PV production.

100-500 MW of the whole value
chain in pilot production

100MW production facility from Oxford PV
in Brandenburg for tandem PK-silicon PV

Other European manufacturers planning
pilot production of tandem PV in the short
term.

Performance &
reliability
sustainability &
circularity (aligned
with challenge 2)

LCOE <25 €/MWh in medium
irradiance level 1300kWh/m2a)
Utility

The technologies are expected to achieve
long-term performance stability comparable
to single junction technologies, with clear
advantages in terms of LCOE and the
environmental footprint to be achieved
thanks to efficiency benefits

>25 % module efficiency

OxfordPV certified perovskite-silicon
tandemen with 26.9% efficiency by
Fraunhofer ISE™.

2030: 30 then 2035: 50 years
lifetime (demonstrated by
accelerated indoor testing)

Tandem modules stability on a positive
trend. More research needed to
demonstrate stability at scale as products
enter demonstration production or market
availability.

Supply chain and
materials (in
agreement with
Critical Raw
Materials Act)

Reduce/suppress CRM including
In, Si, Ag, Bi

Ongoing efforts to reduce CRM
dependency linked to the Silicon PV value
chain, with specific challenges linked to the
PK layer (e.g. low temperature
metalisation...)

Roadmap 5: Other Tandem Technologies

KPI

2035 Target

Assessment 2025

Manufacturing
capacity

>45% of EU materials in value
chain (BOM & equipment) for single
junction thin film organic/kesterites

As of 2025, other tandem technologies than
Perovskite/silicon remain at lab scale with

10 https://www.oxfordpv.com/news/oxford-pv-debuts-residential-solar-module-record-setting-269-efficiency

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
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Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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>45% of EU materials in value
chain (BOM & equipment) for
tandem perovskite on perovskite

>45% of EU materials in value
chain (BOM & equipment) tandem
/V based

Performance &
reliability
sustainability &
circularity (aligned
with challenge 2)

< single junction Si LCOE for single
junction thin film organic/kesterites

< single junction Si LCOE for
tandem perovskite on perovskite

Supply chain and
materials (in
agreement with
Critical Raw
Materials Act)

Reduce/suppress In, Ag for tandem
perovskite on perovskite

limited perspective for industrialisation in
the short to medium term.

Roadmap 6: Balance of System (BoS) and energy yield improvement

systems in the way of 40 years, similarly to
PV modules or construction materials.

Inverters should achieve operational
lifetimes of at least 25 years.

KPI 2030 Target Assessment 2025
Components BOS components should contribute to the Market oversupply and cost pressures have
general objective of making PV the most led to a decrease in the cost of BOS within
competitive energy source and achieve a LCOE.As of 2025, LCOE estimates for PV
LCOE of 0.025 EUR/kWh and 0,05 in Europe stand at 0,035-0,15 EUR/kWh for
EUR/kWh for IPV all PV technologies, broadly on track with
the LCOE objective of the KPI (F.ISE,
2024™M),
Operational BOS components should secure BOS systems have technical lifetime
Lifetime operational lifetimes of complete PV consistent with PV systems, commercial

lifetimes that may extend past PV modules
when mounting structures are maintained in
the event of revamping for instance (where
the changing modules size does not
prevent it).

Inverters lifetime 15 years, currently not on
track to achieve 25 years'2. Rapidly
evolving service needs from inverters in the
framework of PV market uptake means that
the industry is not currently focusing on
longer lifetime.

! https://www.ise.fraunhofer.de/en/publications/studies/cost-of-electricity.html
2 \VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16'" edition, 2024 results, April 2025. https://www.vdma.eu/en-
GB/international-technology-roadmap-photovoltaic
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Integrated
systems

BOS should be available as the core
element of PV integrated PV systems,
enabling the integration of PV everywhere:
Low-cost adapted durable mounting
structures, cabling and electrical
components (e.g. PV connectors, DC
switchgears, further safety components,
etc.) for small to large PV systems.

Maijor efforts ongoing for the
standardisation & the creation of sound
market rules for integrated PV modules.
Market uptake of Agri-solar solutions are
ongoing, with the establishment of
incentives & regulatory frameworks across
Europe'3. For other PV integration
technologies (BIPV, floating...) structuring
European funded projects'# are currently
helping to establish a standardised
framework that eases market uptake.

The European Commission issued
recommendation’® on Innovative renewable
deployment that provide regulatory
guidance on trajectories to follow for the
industry.

Roadmap 7: Digitalisation of PV manufacturing

KPI

2030 Target

Assessment 2025

Digital Twin

Digital twins available in all sections
(equipment, product, etc.); development of
digital twins for the full production, as basis
for the self-learning factory

Limited digitalisation so far. However,
increased accessibility and reduced cost of
smart fab technologies will enable the
progressive digital transformation of
manufacturing, with data integration,
intelligent systems and automation.'®

Data generation

Development of intelligent, self-sufficient
multi-sensors for the acquisition of relevant
machine and production data and suitable
applications of the generated data

European machine tools makers deliver
digitised innovative equipment, however
small scale of companies & market lead to
an environment where introducing new
products to the market may represent an
excessive risk."”

All European manufacturing projects for PV
in 2025 are defined by a high level of
automation to be able to reach
competitiveness with data acquisition at the
heart of this process.

Al-based data
analysis

Development of Al-based software that
automatically analyses the large volumes of
data during production for correlations and
effects and uses them to derive
improvement measures for increasing cell

Introduction of Al tools to support the PV
manufacturing process, in close liaison with
O&M tools, especially to deliver better fault
prediction (see challenge 2, see Trust PV
project, see SUPERNOVA project).

13 https://www.solarpowereurope.org/insights/thematic-reports/agrisolar-best-practice-guidelines-version-2-2

4 Calls HORIZON-CL5-2023-D3-01-03 and HORIZON-CL5-2023-D3-01-02 for floating PV and BIPV/IIPV respectively.

15 https://commission.europa.eu/document/download/46bd7ddc-02e8-45e8-856¢-
986ab6ecefa00_en?filename=C 2025 4024 1 EN ACT partl v7.pdf

16 VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16" edition, 2024 results, April 2025.
https://www.vdma.eu/en-GB/international-technology-roadmap-photovoltaic

7 ETIP PV White paper on PV Manufacturing 2024.
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efficiency, solar cell reliability, system
uptime and productivity. productivity (data
mining of measurement data, image
analysis methods).

The building blocks for Al-based data

analysis for PV manufacturing are firmly in
place, full-scale integration is still emerging.

Challenge 2: Lifetime, Reliability and Sustainability Enhancements (through
Advanced Photovoltaic Technologies, Manufacturing and Applications)

Roadmap 1: Refuse and Rethink, Reduce

KPI Target value 2030 Current value & assessment 2025
Energy required to < 8 kWh/kg 11 kWh/kg

produce MGS

Electricity for SoG silicon | <40 kWh/kg 49 kWh/kg

Electricity for Cz ingot < 25 kWh/kg 32 kWh/kg

Wafer thickness

100-140 uym depending on
wafer size and type

150 pm (p-type)

145 pym (n-type, TOPCON 2G12)
140 ym (n-type, TOPCON <M10)
130 ym (n-type, SHJ)

Kerf losses

45 pm

55 ym

Carbon footprint for a PV
system including all
components (modules,
BOS) manufacturing,
transportation and
installation

Mono-c-S:

(lifetime to 40 years)
<12 gC0O2-eq/kWh
<17 gC0O2-eq/kWh
<28 gC0O2-eq/kWh

PV tandem system
<12 gCO2-eq/kWh,

Monocrystalline silicon (PERC/TOPCON)
20.9% [57]

20 gC0O2-eq/kWh (2300 kWh/m2, PR =
0.85, 30yrs)

27 gC0O2-eq/kWh (1700 kWh/m2, PR =
0.85, 30yrs)

46 gC0O2-eq/kWh (1000 kWh/m2, PR =
0.85, 30yrs)

36 gCO2-eq/kWh (1331 kWh/m2, PR =
0.83, 30yrs)

Monocrystalline silicon (PERC/TOPCON)
in average Europe (1331 kWh/m2, PR =
0.83)

37.7 gC0O2-eq/kWh (China)
21.3 gC0O2-eq/kWh (Germany)
15.9 gC0O2-eq/kWh (Norway)

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
are however those of the author(s) only and do not necessarily reflect those of the European Union or European Climate, Infrastructure and
Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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Thin film single junction
<12 gCO2-eq/kWh

TF: 14-46 gCO2-eq/kWh

CED (MJ/Wp)

<10 MJ/Wp mono-Si

12.9 MJ/Wp mono-Si (PERC/TOPCON)

EPBT (non-renewable
EPBT)

< 0.65 yrs for mono in
Southern Europe

Monocrystalline silicon (PERC/TOPCON)
20.9%

IEA PVPS Task 12 + ecoinvent + CHINA

0.56 years (2300 kWh/m2, PR = 0.85,
30yrs)
0.75 years (1700 kWh/m2, PR = 0.85,
30yrs)
1.28 years (1000 kWh/m2, PR = 0.85,
30yrs)

1.00 years (1331 kWh/m2, PR = 0.83,
30yrs)

EROI electricity
kWhe/kWhpe

Monocrystalline silicon 20.9%
IEA PVPS Task 12 + ecoinvent + CHINA

15 (2300 kWh/m2, PR = 0.85, 30yrs)
11 (1700 kWh/m2, PR = 0.85, 30yrs)
6.4 (1000 kWh/m2, PR = 0.85, 30yrs)
8.2 (1331 kWh/m2, PR = 0.83, 30yrs)

EROI primary energy
kWhpe/kWhpe

77grid=0-3

Monocrystalline silicon 20.9%
IEA PVPS Task 12 + ecoinvent + CHINA

49 (2300 kWh/m2, PR = 0.85, 30yrs)
36 (1700 kWh/m2, PR = 0.85, 30yrs)
21 (1000 kWh/m?2, PR = 0.85, 30yrs)
27 (1331 kWh/m?, PR = 0.83, 30yrs)

Primary raw material
usage for BOS i.e.,
concrete and steel

Reduction by at least 3% (4%
reduction by 2030 and further
6-7% by 2050)

Note that efficiency is a (additional)
general lever for reduction of usage per
Wp or kWh.

Primary raw material
usage

Silver: 50% reduction by 2035

Indium:
Indium-free SHJ by 2035
18 kg/MWp (CIGS)

Reduction of Plastic, glass, Al,
and Cu, by at least 3%
(respectively 3%, 4%, 4%, 2%

Silver: 20 kg/MWp (PERC), 47 kg/MWp
(SHJ)

Indium: 6 kg/MWp (SHJ), 111 kg/MWp
(CIGS)

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
are however those of the author(s) only and do not necessarily reflect those of the European Union or European Climate, Infrastructure and
Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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WQ Photovoltaics

reduction by 2030 and further
7%, 6%, 6%, 7% by 2050)

Acquisition of PV
materials from European
producers

Increase silicon metal by 20%
(Norway, 6% global share in
2019), and silver by 30%
(Poland, 20% global share in
2019)

In 2024, following significant growth in
silicon metal production globally, the
market share of European production
decreased. Currently this KPI is not on
track.

For silver, Poland remains the only
European country with significant
production, only equivalent to a third of
the total demand from the PV sector, but
exceeding the needs of the European
demand for PV in 2025.

Roadmap 2: Reuse, Repair and Refurbish

KPI Target Value 2035 Assessment 2025

% repair/reuse after EoL of | >50% Very low percentage of reused

first life PV modules currently. Due mainly to a lack
of standardised testing protocols and
reusability criteria, a lack of regulatory
and warranty issues. As such this KPI
is currently not on track.

Years of operation for >10 years Definition of a standardisation

reused modules framework for the reuse of modules is
ongoing (e.g. IEC Technical Report TR
63525).

Cumulative lifetime Si =40 years PK-PV systems (single junction or

minimum _ tandem) are still at demonstration

Pk = 25 years

Tandem Pk-Si = 25 years

stage, without a proven technical
lifetime.

For Si-PV modules, there are
manufacturers delivering products with
a 40 years warranty on the market as
of 2025, with a market norm that is
rather 25-30 years.

Milestone

Demonstrate increasing amount of repair/reuse up to 50-
60% and implementation of clear cost-effective triage
protocols in the EoL sector for first life PV < 15 years

Currently PV systems are seeing very
small shares of repairs & reuse as
such actions are not cost-competitive
with replacement in 2025.

Limited reuse applications for the
replacement of failing modules in
plants that are not planning a

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
are however those of the author(s) only and do not necessarily reflect those of the European Union or European Climate, Infrastructure and
Environment Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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revamping/repowering in the short
term.®

Roadmap 3: Recycle and Recover

KPI

Target Value 2030

Assessment 2025

Recycling of kerf

recovery of about 40% of pure
silicon (8N purity)

recovery of about 40% of pure
silicon (8N purity)

Ongoing efforts in EU-funded
projects, including ReSilex,
FORESI, ICARUS, and with
commercial start ups (e.qg.
nanopow)

Recovery of polymers from PV
module waste for chemical
recycling

>90% recovery of PET,

PET>90% possible because
actual processes are available
at industrial level

>99% PVF, PVDF

PVDF, PVF: >99% (pyrolysis
today): huge environmental &
economical impacts

>70% EVA

EVA> 70% low TRL today with
huge technical challenge for
PV 4 PV. The low economic
value of secondary EVA makes
the development of a
commercial value chain
challenging.

Ongoing efforts in EU-funded
projects, including EVERPV

End-of-Life recycling rate
(EOL-RR)

Silicon (>98%, 6N)

Silicon (>98%, 6N)

Silver (>98%, 3N)

Silver (>98%, 3N)

Indium (>3N), >95%

Indium (>3N), >95%

Copper (>95%, 3N)

Copper (>95%, 3N)

Ga (95%; 3N)

Ga (95%; 3N)

Delamination: material
recovery after deframing and
deboxing

>98%

Commercial actors in the
European market claiming 98%
materials recovery through
delamination®

18 Trust PV: https://trust-pv.eu/reports/re-use-of-pv-modules-and-circular-business-models/

19 https://solar-materials.com/

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
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Photovoltaics
Glass recovery 100% with antimony E#u:rt:gr?)? ihp;?;i?é?isﬁ?ir:;n?oon
traceability ensure recovery (EVERPV)
Ecodesign criteria (ratio of ~80% Currently recycled materials

have a low presence in PV
products, with the exception of
aluminium & steel for BOS &
mounting structures.

recycled material)

Roadmap 4: Technologies for sustainable manufacturing

KPIs Target Value 2035 Assessment 2025
IAssociated carbon emissions (for <200 kgCO2eq/kWc 400-600 kgCO,eq/kWc2°
example using the French CRE ECS
method):

Renewable electricity used in 100 % Depends on region

manufacturing (%)

Reduction in Indium >70 % Ongoing efforts to reduce
indium, notably use for HJT
cells in g/W. Overall the
industry focus on TopCon in
2025 means average reduction
in indium consumption.

IAmount of silver in solar cells: <7 mg/Wp Silver reduction occurred and
<10mg/Wp will be continued. PERC: 9
mg/W, TOPCon: 13.5 mg/W,
SHJ: 16.7 mg/W on average?'

\Wafer thickness <120 mm 145-150 pum for p-type mono
wafer PERC, 130-140 um for n-
type mono wafer TOPCon?2

Use of recycled materials: global value [? % The use of recycled materials in
in weight of PV module the PV value chain is limited,
with challenges in glass
recycling for PV
(standardisation of antimony-
free glass as a solution), and
lack of robust value chain for
silicon. Aluminium for frames
may come indiscriminately from
recycled or raw materials.

Use of recycled materials: silicon ? %

Reduced use of energy 30 % The energy embedded in the
manufacturing of a silicon PV

20 Reichel et. al., CO2 Emissions of Silicon PV modules — Impact of module design and production location, September 2022.
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/conference-paper/wcpec-8/Reichel 5DV234.pdf

21 VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16™ edition, 2024 results, April 2025. https://www.vdma.eu/en-
GB/international-technology-roadmap-photovoltaic

22 VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16™ edition, 2024 results, April 2025. https://www.vdma.eu/en-
GB/international-technology-roadmap-photovoltaic
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module is in the range 2.7-4
kWh/Wdc23

Reduced use of water 50 % Significant focus on reducing
the use of water in plants, with
studies evaluating a potential of
79% reduction in water use for
PV manufacturing.

Reduced waste/scrap: to be defined X % Continuous improvement in the
manufacturing process to
deliver high quality and
minimise waste in the
production stages, notably with
support from digital
monitoring?*

Design for recycling in PV modules: - Specific manufacturers
lannouncing progress on design
for recycling of PV modules,
with continuous R&I progress to
improve recyclability by
design2®

Reliability >40 years (Si PV) Si PV 30 years
>25 years (Pk)

>25 years (CiGS)
>30 years (tandem)
Carbon footprint < 12 gC0O2-eq/kWh Mono-Si 42.9 gC0O2-eq/kWh
Multi-Si 44.0 gCO2-eq/kWh
CIS 35.4 gCO2-eq/kWh
CdTe 25.5 gCO2-eq/kWh 26

Roadmap 5: Eco-labelling and energy-labelling

KPI Target value 2035 Assessment 2025

Lifetime in Eco-design 40 years for PV modules PV modules — 30 years (Task12

15 years minimum for all — PV Sustainability Standards)

electronic / electro-mechanical
components of the inverter,
including the software needed for
the full function of the device.

23 https://docs.nrel.gov/docs/fy240sti/87372.pdf
24 Example of such system: https://arxiv.org/abs/2411.02997
2 https://www.pv-magazine.com/2024/09/24/trina-solar-presents-fully-recyclable-645-w-pv-module-with-20-7-

efficiency/
% |EA PVPS Task 12, Environmental life cycle assessment of electricity from PV systems, 2021 Data update. https://iea-pvps.org/wp-
content/uploads/2022/11/Fact-Sheet-IEA-PVPS-T12-23-L CA-update-2022.pdf
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PV module Degradation rate in
Eco-design

0.4%/year

0.5% annually (Task12 - PV
Sustainability Standards)

Delivery of the spare parts

Within 15 working days within
Europe

Common best practices within
Europe of 15 WD delivery targets
advertised by spare parts
providers?’.

Update of Life Cycle Inventory
database

Every year

Prevailing best practice in Europe
currently is 5 years update of the
LCI database

Milestones

Design for deconstruct strategies of tandem technologies, to separate
top from bottom cells, and facilitate EoL management

Still at low TRL, as tandem
technologies are still being
defined for full size cells.

part

At least each individual printed circuit board and disconnectable
component of the inverter must be provided as an independent spare

Not yet achieved.

Annual update of the LCI database, including harmonization among
the various reference publishers (IEA, ecoinvent, GABI ...)

Prevailing best practice in Europe
currently is 5 years update of the
LCl database (Task12 - PV
Sustainability Standards)

Roadmap 6: Quality assurance to increase lifetime and reliability

KPI

Target value 2035

Assessment 2025

Proven lifetime of PV modules
through extended testing

40 years for Silicon based

technology

Silicon PV is typically with 30
years commercial lifetime with
some manufacturers proposing
40 years warranties.

25 for perovskite

Perovskite PV lifetime of 25 years
has not been demonstrated in
2025.

25 for CIGS

Availability of specific
manufacturers have a 25 years
output warranty for CIGS
modules.

30 then 40 for tandem Si-
perovskite

No commercial warranty of 30
years for tandem
silicon/perovskite module on the
market in 2025.

27 See SolarPower Europe O&M Best Practice Guidelines V6.0, 2025
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Accuracy of yield assessments
for new technologies and novel
system design with uncertainty (1
sigma)

<5%

Mature technologies fall within
the 5% uncertainty on yield
assessment, however this is not
the case for new technologies
(e.g. perovskite and perovskite
tandems)

Milestone

sequential stress tests

Establishment of European testing capacities for combined or | Ongoing work on the definition of

combined sequential stress tests
at R&l level and within industry
(e.g. SolarPower Europe Life
Cycle Quality Workstream)

Roadmap 7: Quality assurance to increase lifetime and reliability

issues identified (root-cause
analysed) and recovered or
isolated,;

KPI Target value 2035 Assessment 2025

Inspected PV plants using 20 MW/day 20 MW/day has not been fully

(semi)-automatic EL/PL able to realized by 2025, ongoing efforts in

detect microcracks standardization, technological
integration, and automation are
contributing to improvements.

inspected and analysed PV 6 MW/h Widespread availability of

plants using aerial IR (referring commercial aerial IR services, with

to low-altitude IEC compliant individual actors claiming 100

detailed IR inspection) GW/year inspections globally.
Achievement of the KPI is on track.

failures or underperformance >90% Performance metrics like availability

and performance ratio are well
tracked, and root-cause analysis is
practiced

Cost Priority Number of PV
system (total cost of O&M,
insurance, warranty, etc.)

<10 Euro/kWplyear

Around 9 Euro/kWp/year28

Diagnostic accuracy for
automated aerial IR imagery:
false negatives/positives

<10%

Commercial actors and researchers
are demonstrating on specific sites
the possibility of inaccuracies in

diagnosis <10%2°

2 |RENA, Renewable Power Generation Costs in 2023, September 2024. https://www.irena.org/Publications/2024/Sep/Renewable-

Power-Generation-Costs-in-2023

29
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Diagnostic accuracy: modelled /
calculated power loss for
automated IR imagery

>95%

Prototype systems like ASPIRE
show promising error rates (1-3%
in controlled environments), but
overall diagnostic accuracy remains
under the 95% threshold (EPJ
Photovoltaics)

On PV plant level, common
annual performance ratio (PR)
including periods of
unavailability and after
correction for expected
degradation in the field.

85% for residential and small
commercial plants and 90% for
other plants

Estimate put PV plants
performance ratio in the 80-90%
range (Fraunhofer ISE
Photovoltaics Report 2024)

Proven system energy output
per year; (verified by
extrapolating performance loss
rate analysis and defining
contribution at single component
level,)

at least 80% of initial level for
40 years by 2030 PV module
degradation 0.4%/y

Around 0.5%/year3°

Cost reduction on today’s per-
schedule preventive or
corrective O&M as a result of
reducing failures and limiting
unnecessary O&M tasks and
predictive maintenance

by 10-15%

Size of large-scale PV
performance database

50 GW included in the
database with at least 3 years
of average operational time by
2030 and 100 GW with at least
7 years of average operational
time by 2035

Ongoing work at the European level
to standardize data collection on
performance for large scale PV to
facilitate the consolidation of large
databases (e.g. SUPERNOVA
project)

Roadmap 8: Bankability, warranty and contractual terms

KPI

Target value 2035

Assessment 2025

Typical WACC of utility scale PV

Reduced by 1 % compared
to base level

Fluctuation in WACC in 2025 linked
to higher overall cost of financing in
the economy and profitability
challenges in the PV sector.

O&M costs

Reduced by 33% thanks to
optimisation in contracts

33% O&M cost reduction has not
been fully realized in 2025. Ongoing

30 VDMA, International Technology Roadmap for Photovoltaics (ITRPV) 16™ edition, 2024 results, April 2025. https://www.vdma.eu/en-
GB/international-technology-roadmap-photovoltaic
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efforts in standardization,
technological integration, and
contract optimization are contributing
to significant cost savings.

Challenge 3: New Applications through Integration of Photovoltaics (for Diversified

and Dual-Purpose Deployment and Enhanced Value)

Roadmap 1: PV in buildings

KPls Target Value Year Assessment 2025
Standardisation
Ongoing
standardisation work
Fire Defined standards for fire safety 2030 for BIPV and fire
characterisation safety (IEAPVS Task
15, Increase Project,
Seamless PV...)
Enhanced harmonisation at European and Limited progress. Still
National level on BIPV building component fragmented across
approval, enhanced harmonisation on countries
Building Code | characterisation methods for BIPV modules and 2030
systems and higher transparency and guidance
for manufacturers to navigate through existing
standard
Building and district Energy Matching indicators Ongoing work towards
the optimization of
improvement through optimal “PV in buildings” BIPV systems in
system design: urban/district
Ener annual building electricity demand coverage > environment and
Indi:atgcx's 50 %, building 2030 stakeholder
engagement towards
electricity self-sufficiency > 30 %, building the integration of BIPV
electricity self-consumption > 80 % while technologies in
keeping addressing "BIPV competitiveness" building planning &
indicators investments.3!
Cost
EU projects working
on manufacturing,
Increase manufacturing flexibility and mass including mass
Manufacturing o 2030 customisation (MC2.0)
customisation approaches. : -
and improvements in
manufacturing
(Seamless-PV)

31 https://iea-pvps.org/wp-content/uploads/2023/08/Report_IEA-PVPS_T15-16-2023-Guide-for-Tech-Innovation-Systems-Analysis-for-
Building-Integrated-PV.pdf
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Evolving investment
framework with the
introduction of building
codes mandating
minimum renewables
% in buildings & a PV
rooftop mandate

) ) improving the case of
Development of BIPV cost-effective solutions BIPV systems for

supported by advanced economic and business 2027 specific building types.

models for investors with PBT < 10 years.
PBT dependent on

location and
Systems installation type.
Ranging from less
than 5 years for roof
installations to 30
years for North-facing
facades®2

NPV dependent on
location, local
subsidies and

2030 installation type. NPV
generally positive in
Europe, except for
North-facing fagade3?

BIPV system NPV > 0 including installations
(assuming 10-15 year)

Technology

Improved aesthetic options with higher colour EU-funded projects
availability, improved and stable colours, working on aesthetics,
enhanced efficiency for coloured PV at including Increase.
reasonable cost Aesthetics and visual
Aesthetics 2030 aspects play a key role
in the IEA PVPS Task
15 Multi-Dimensional
Evaluation of BIPV
Installations3*

Reduced weight and improved flexibility with Ongoing work to adapt
wind load capacity necessary. standardisation
Weight & 2030 frameworks with
Flexibility requirements for
stricter wind load

capacities®®

Semi-transparent options for solar window Semitransparent PV
for solar windows
2030 available at
demonstration level

Solar
Windows

(TRL5-7)

%2 Gholami, Hassan, and Harald Nils Restvik. “Economic Analysis of BIPV Systems as a Building Envelope Material for Building Skins
in Europe.” Energy, vol. 204, Aug. 2020, p. 117931. https://www.sciencedirect.com/science/article/pii/S0360544220310380

3 Gholami, Hassan, and Harald Nils Restvik. “Economic Analysis of BIPV Systems as a Building Envelope Material for Building Skins
in Europe.” Energy, vol. 204, Aug. 2020, p. 117931. https://www.sciencedirect.com/science/article/pii/S0360544220310380

3 |EA PVPS Task 15, Multi-Dimensional Evaluation of BIPV Installations, Factsheet, July 2024. https:/iea-pvps.org/fact-sheets/fact-
sheet-multi-dimensional-evaluation-of-bipv-installations/

35 https://iea-pvps.org/wp-content/uploads/2024/12/IEA-PVPS-T15-24-2024-REPORT-BIPV-Standardization.pdf
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Shadow resilience for a wider range of Definition of Safeguard
applications Limits states to
Performance 2030 prevent thermal stress

in modules due to
partial shadowing3®

Improved circularity: reuse through assembly Ongoing research to
and disassembly improvements, LCA driven address end of life
design, operating lifetime > 35 years collection and

recyclability of BIPV
components and
Circularity 2030 alignment with the
requirements for EOL
in the building sector
(e.g. Increase, open
call in the 2026-2027
Horizon Europe WP).

Data
Reduction in project costs thanks to BIM integration
Digitalisation BIM/digitalisation, Improved value chain process 2030 promoted in IEA PVPS
g thanks to design for Manufacturing and design and EU projects
for Installation
Roadmap 2: Vehicle Integrated PV
KPls Target Value Year Assessment 2025
Standardisation
Methodology defined for accurate Fraunhofer ISE has developed a
comparisons of systems in terms system for comparing different
of additional power generation on approaches to Vehicle-Integrated
Performance a daily or monthly basis to help 2030 Photovoltaics (VIPV), focusing on
Rating Methods | with customer understanding and aspects like energy yield, safety,
comparisons. This must include and integration into various
differentiated use cases and \vehicle types. Methodology not
understandable to customers. standardised.
Standards for Safety and Reliability Safety qualification programme for
Homologation to guide Road registration process | 2027 |VIPV modules proposed by c
in multiple countries. Fraunhofer ISE and TNO%’ §
In 2025, definition of :
. Shared and safe protocols defined standardisation framework for ]
Vehicle Power . o . ) L =
Management for mput to \(PM for efficient 2030 |defining VPM, adapting existing c
charging while parked. EV standards to VIPV g
specificities. g
w
Cost g
36 ibid
37 Markert, J.; Kutter, C.; Newman, B.; Gebhardt, P.; Heinrich, M. Proposal for a Safety Qualification Program for §
Vehicle-Integrated PV Modules. Sustainability 2021, 13, 13341. g
2
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Manufacturing concepts
compatible with existing

“Complexity of manufacture” is the
top technical bottleneck.38

integration and pilot studies.

Manufacturing automotive supply chain 2028
requirements and processes
including safety and traceability.
Passenger Car: <800 EUR/m2 2025 [The cost of VIPV systems,
i manufacturing and installation
Passenger Car: <500 EUR/m2 2030 osts, are expected to fall by as
: much as 60% by 2030
System Additional Passenger Car: <250 EUR/m2 2035 o Dy
Cost Commercial Vehicles: <400 2028
EUR/m2
Commercial Vehicles: <200
EUR/m2 2035
Technology
Development of power conversion Ongoing work with various
electronics suited for dynamic industrial actors developing such
BOS irradiance and vehicle integration, 2030 [systems for commercialisation by
and gamification of technology 2030.
use.
Theoretical and real world Ongoing study at lab scale
validation of impact on battery
Battery Impact longevity, recyclability and 2035
temperature management.
Improved recyclability, repairability, Ongoing research work at TRL 3-
reusability, and recoverability to 5 on defining
exceed EU ELV requirements at recyclability/repairability/reusability
Circularity component level. 2035 pathways for VIP_V components.
Regulatory consideration and
business models opportunities are
also being explored by actors in
the field.
Investigation of integration of new ITandem and perovskite
PV technologies into vehicle technologies expected to
. ) oo . 39
New Technologies env_lronment (i.e. .thln fllm_ 2035 dominate by 2030.
resistance to partial shading, Pb-
free perovskite, (semi-
)transparency, tandems, etc.)
Data
Demonstrate and validate on-road Commercial demonstration &
On-road performance and reliability in 2028 esting of VIPV systems ongoing,
various environments. with continuing R&l
Large fleet modelling with grid Growing number of studies
Grid/Infrastructure 2030 |looking at the interaction between

high shares of EVs and high share

3 IEA PVPS Task 17, Expert Survey on Technical Requirements of PV-powered Passenger Vehicles, 2024.
https://iea-pvps.org/key-topics/expert-survey-on-technical-requirements-of-pv-powered-passenger-vehicles/

3 IEA PVPS Task 17, Expert Survey on Technical Requirements of PV-powered Passenger Vehicles, 2024.
https://iea-pvps.org/key-topics/expert-survey-on-technical-requirements-of-pv-powered-passenger-vehicles/

Funded by the European Union, under the Horizon Europe programme, Grant agreement number 101075398. Views and opinions expressed
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of PV in the grid® with limited
large scale assessment of VIPV
impacts as an emerging
technology modelled at vehicle
not system level.

Roadmap 3: Agrivoltaics and landscape integration

KPls Target Value Year Assessment 2025

Standardisation

Fraunhofer ISE and

Providing tools for easy design and JRC highlight early-
Tools integration of PV solutions for such new 2030 stage tools;
applications (e.g. software’s) harmonisation still

lacking across EU#!

Still fragmented; some
national pilots (e.g.
Germany, France)
show progress

Permitting processes definition and
Permitting standardisation (educated guesses to 2030
science)

Cost

Overhead Agri-PV still
30-80% more
expensive, interspace
systems closer to
parity with ground
mounted*?

Progress towards high-volume low costs
Manufacturing process for reliable integrated products with 2030
costs <1.5x cost of “utility” PV

Ongoing efforts to
understand the

. Installation systems that minimize impact on interactions between
Installation : 2030
land and production. crops and PV systems
considering all
metrics*®
Technology
Solutions that result in minimal or increased Some crops show
plant yield (> XX %) stable or improved
PV ayrilglglant 2035 yields under PV (e.g.

lettuce, berries); crop-
specific results vary

40 https://www.nature.com/articles/s44287-025-00181-7

41 Chatzipanagi, A., Taylor, N. and Jaeger-Waldau, A., Overview of the Potential and Challenges for Agri-Photovoltaics in the European
Union, Publications Office of the European Union, Luxembourg, 2023.
https://publications.jrc.ec.europa.eu/repository/handle/JRC132879

42 Fraunhofer ISE, Agrivoltaics: Opportunities for Agriculture and the Energy Transition, February 2024.
https://www.ise.fraunhofer.de/en/publications/studies/agrivoltaics-opportunities-for-agriculture-and-the-energy-transition.html

43 See for instance SolarPower Europe Agrisolar Best Practices 2, TNO work on AgriPV...
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Environmental impact evaluation and Biodiversity benefits
methodologies that can improve permitting observed (e.g.
T . time. ollinators, soil
Blodiversity 2030 pmoisture)' need for
standardised
assessment tools
Studies to understand social aspects of agri- Ongoing work on
PV, food supplies, etc. public acceptance,
Social 2030 including ETIP PV
White Paper on Agri-
PV
Mountin Low cost and circular mounting system Innovations in tracker
9 technology. 2030 systems and recycled
Systems

materials emerging**

Data

Availabilities of studies
at research level for
doing such
modelisations*5
currently limited
availability for
commercial actors of
tools for a unified
assessment of these

Detailed system modelling with comparable
Modelling methodologies for biodiversity, plant yield as | 2030
well as power generation.

factors
Roadmap 4: Floating PV
KPIs Target Value Year Assessment 2025
Standardisation Onshore |Offshore
Wholistic standards for system Lack of regulatory
design and installations based frameworks, EC
Legislation/Permits | on environmental (biodiversity), 2027 2030 guidance encourages
economic, sustainability and national framework for
social aspects. FP\/46 g
Currently limited e
Safety standards and system development of -§
Insurance standards to allow for 2030 2035 technical standards for =
insurance. (any type of) FPV §
systems. Ongoing é‘
@
)
E
4 Fraunhofer ISE, Agrivoltaics: Opportunities for Agriculture and the Energy Transition, February 2024.
https://www.ise.fraunhofer.de/en/publications/studies/agrivoltaics-opportunities-for-agriculture-and-the-energy-transition.htmi
4 https://etip-pv.eu/publications/etip-pv-publications/download/white-paper-agrivoltaics-in-european-countries-and =
4 European Commission, Communication on innovative technologies and forms of renewable energy deployment, July 2025. S
https://energy.ec.europa.eu/publications/communication-innovative-technologies-and-forms-renewable-energy-deployment_en i
4
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efforts in IEC TC 82
WG347
Cost
Onshore: Water savings and Lack of energy yield
other dual usage to enable assessment to
LCOE lower LCOE than terrestrial PV 2030 determine LCOE
systems
Current estimates put
costs for offshore
Offshore: 100% more than floating PV far above
terrestrial PV system with 2032 conventional PV
similar capacity CAPEX of 7.22M€/MW
CapEx & OPEX and an OPEX of 1.09
M€E/MW48
Onshore: 5% more than Cost premium around
terrestrial PV system with 2028 20% in Europe?*®
similar capacity
Technolog
Designing robust and reliable More data and studies
solar modules including coating, needed from FPV
PV Panels encapsulations, back sheet 2030 2035 projects
appropriate for being contact
with water, movement, and
salinity
30 years for PV modules Ongoing studies to
; o L o
Lifetime defined as 80% of |n|t|a_I ~ 2030 2035 demonstrate I_|fet|me_
performance (degradation = performance in floating
0,6%/year) PV systems®®
Designing new structure with \Wide array of
fully/partially recyclable commercial actors with
; 2030 . ;
materials. \various offerings for
floaters
Optimised structure including Start up and
Structure floater, mooring, and anchoring demonstration actors
systems for higher proposing various
performance, better heat 2035 structure solutions with
transfer and robustness in both no clear standardisation
near shore and harsh across the industry
conditions i.e. wave
categories 3 and 4.
Designing higher IP electronics Ongoing research to
Electronics for offshore applications. 2030  |petter understand IP
requirements for

47 |EA PVPS Task 13, Floating Photovoltaic Power Plants: A Review of Energy Yield,

pvps.org/key-topics/t13-floating-pv-plants-review-2025/

“8 https://www.icrepg.com/icrepq24/376-24-cordal.pdf

4 |EA PVPS Task 13, Floating Photovoltaic Power Plants: A Review of Energy Yield, Reliability, and Maintenance, 2025. https://iea-

pvps.org/key-topics/t13-floating-pv-plants-review-2025/

30 https://iea-pvps.org/key-topics/t13-floating-pv-plants-review-2025

Reliability, and Maintenance, 2025. https://iea-
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electronics in offshore
PV
Robust and reliable energy Ongoing work on
transmission technologies learning from offshore
2035 . :
(under water cable, hydrogen, wind and marine energy
etc.) sectors.
Studies about accessibility Ongoing studies
and energy equity for FPV assessing FPV socio-
Social and system deployments. leconomic impacts and
. 2030 )

Community industry focus on
addressing these
concerns®’

Optimisation of operation and No streamlined O&M
maintenance routines to practices. O&M costs
O&M decrease the frequency 2032 2035 |V variable depending
between failures, and on systems
maintenance (including
cleaning)
Data
Methodology for dynamic inputs Availability of academic
(i.e. irradiation, u-value, albedo, models for
losses, etc.) for performance performancelyield
. analysis compatible with prediction of Floating
Modelling commercial software like PV 2030 2035 PV systems.
syst. to be used for system
performance guarantee and
yield assessments.
Continued work ongoing
Data measurement and to deliver detailed data
management from different about irradiation, wind,
Data Logging climates zones and different 2030 2035 wave height about
technologies to be floating PV sites on the
implemented for digitalisation. long term to facilitate
modelisation52
Roadmap 5: Infrastructure Integrated PV
KPIs Target Value Year Assessment 2025
Standardisation
Framework and standardisation allowing No definition of 1PV in o
Safety & Europe, except for specific
. large scale development of 2028 ) .
Regulations . : cases (PV noise barriers or
infrastructure-integrated PV systems, Carports)s®

31 https://www.solarpowereurope.org/advocacy/position-papers/recommendations-for-onshore-floating-pv

52 ibid

5  Seamless-PV,

D2.2  Analysis  of

regulatory  frameworks

applicable to IPV

systems, November 2023.

https://www.seamlesspv.eu/?sdm_process_download=1&download_id=783&sdm_ignore logging=1
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including specific standards relating to
IIPV (safety, glare, etc.)

Cost

Development of cost-effective 1IPV
solutions supported by advanced
economic models, with a focus on

Improving: LCOE still higher
than standard PV due to
custom integration

improvement

LCOE . . ; 2028
business models (private/public
partnerships, concession, property
rights, etc.)
Payback time due to extra \Variable: Payback time
PBT (manufacturing, installation, operation) < 2032 depends on use case
50% of the lifetime of the regular (non-
PV) infrastructure.
Technology
Panels: European funded projects
- Reliable, robust and cost- (e.g. Increase, Seamless-
effective modules adapted to PV) exploring noise
specific environments cases reduction/safety features of
(e.g. integrated into the ground, IIPV solutions and
or next to roads/railways) improving reliability.
- Surface (front layer) of modules 2035
: resistance to damage due to
projections (stones, etc.), soiling
mitigation (from roads, graffiti,
etc.)
System Design - Cost effective aesthetic
solutions (e.g. transparency)
Mounting: Ongoing standardisation &
- Reliable, safe and cost-effective definition of best practices
mounting structures (e.g. for for mounting structures of
retrofit of walls/barriers, IIPV systems. No clear
overhead structures) 2035 mainstrem solutions®*
- Focus on exposure to damage
and cascading effects
(breakage, etc.)
- Cost effective aesthetic
solutions
Addressing the specific challenges of Ongoing studies to define
linear systems on long distances. the impact of long DC
Li . Electrical connections over long systems on reliability, at
inearity di . 2030 .
istances can cause losses and high early stage of issues
costs (of material, works and mapping.
installation).
Quantification of benefits related to Ongoing studies to define
decreased land use due to exploitation 2030 the benefits of infrastructure
. . of artificialized land (through LCA etc.) integrated PV at large
Clreullarity Enhanced circularity through scale, notably with regards
assembly/disassembly and maintenance 2030 fo reduced artificialisation of

4 https://iea-pvps.org/wp-content/uploads/2025/02/Building-Integrated-Photovoltaics-Technical-Guidebook.pdf
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land®5 and impact on the
energy system, as well as

Photovoltaics
Improved reliability towards operating
e ; ! 2030
lifetimes relative to regular infrastructure
. Synergy with energy sharing in the
Social ar!d neighbourhood around infrastructures 2030
Community

(e.g. noise barriers)

interaction with supporting
infrastructure (e.g.
railways®6)

Data

Dual use methodology/data
Digitalisation management to maximize usage and 2035
application/impact on grid.

Digitalisation of [IPV
systems follows the trends
of rooftop, BIPV and other
PV systems, to a higher
degree for larger systems in
industrial infrastructures.

Challenge 4: Smart Energy System Integration of Photovoltaics (for Large-Scale
Deployment and High Penetration)

Roadmap 1: More intelligence in distributed control

KPI

Target value

Assessment 2025

Forecasting tools for PV systems
to be widely available as a cloud
service

By 2027: day ahead accuracy of
95% for 95% of the cases.

Widespread availability of
online solar PV forecasting
tools from commercial
providers.

Ongoing research (e.g. Trust
PV project) to continue the
improvement of PV
forecasting accuracy,
including through the
introduction of Al
components®”

Forecasting tools for PV systems
to be widely available as a cloud
service with storage of 8% of
energy generated within the
planned day

By 2027: day ahead accuracy of
99% for 99% of the cases.

Forecasting tools are at high
TRL and increasingly
commercially available.

Smart inverters to be supportive to
system control operations

By 2027: at least 5% of the
generated energy and 50% of
ground-based PV plant inverters to
be equipped with grid forming
functionality

Evolution of the regulatory
framework towards a strong
role for grid-forming inverters,
with lacking standardization &
definition at technical level.

35 https://publications.jrc.ec.europa.eu/repository/handle/JRC135062
36 https://www.ines-solaire.org/en/news/a-high-voltage-photovoltaic-system-for-railways/

57 TRUST-PV_Deliverable D5.2 v1.1.pdf
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Inverters to be more supportive for
local system voltage control
purposes

By 2027: at least 50% of new
installed inverters capable for full
P-Q control for voltage
management

Rapid growth of inverters
equipped with voltage control
functionalities on the market,
with a simultaneous
regulatory pressure towards
the adoption of such systems.

Grid forming capabilities of smart
inverters to be operational

By 2030: at least 90% to facilitate
building energy management
systems for improved security of
supply to all connected users.

KPI on track with current
technologies & market trends

Roadmap 2: Improved efficiencies by integration of PV-systems in DC-networks

KPI

Target value

Assessment 2025

Systems to be commercially
available for providing heating,
cooling and hot water directly from
DC powered systems relying on
PV as the source of energy

By 2027: efficiencies improvement
of 20% compared to AC
alternatives

Increased availability of DC
systems, especially linked to
energy storage, electric
vehicles.

The hybrid AC / DC systems in
buildings based on PV as the
energy resource.

By 2027: to be the norm in new
buildings with DC covering the
needs for heating, cooling, hot
water and e-Mobility

In 2025, limited number of
buildings with DC systems,
including between PV and e-
mobility infrastructure

The hybrid AC / DC energy
community systems resourced
primarily from PV systems.

By 2030: achieve 30% improved
efficiencies using DC as the prime
source for heating, cooling, hot
water, DC appliances and e-
Mobility

In 2025, energy communities
are making a limited use of
DC systems, with ongoing
research in that regard. Main
development focus on
industrial processes.

Roadmap 3: Hybrid systems including demand flexibility (PV+ Wind + Hydro with
embedded storage + batteries + green hydrogen/fuel cells or gas turbines etc.)

KPI

Target value

Assessment 2025

Hybrid RES solutions to be
developed for capturing the
benefits of low-cost PV systems
by absorbing the variability of the
solar resource

By 2027: offering an LCOE price of
the combined system lower than
the prevailing wholesale price of
several countries and islands in
Europe.

Existing cases of PV +
Storage systems delivering
lower LCOE than wholesale
price at residential level.

Hybrid RES solutions to be
developed using the added

By 2028: LCOE price of the
combined system lower than the

In 2025, the LCOE price of
combined PV+storage is 5-10
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benefits of storage systems
offering combined solutions with
PV systems

prevailing wholesale price of
countries and islands in EU.

c/kWh for utility scale and 9-
23 c/kWh for rooftop systems.
Wholesale electricity price
was 8c/kWh in Germany in
202458

Hybrid solutions to be developed
using in addition the flexibility of
load including storage systems
and EVs supported by the
advance features of smart
inverters

By 2030: grid to offer complete
systems serving energy
communities throughout the EU at
lower LCOE price from the country
average.

Ongoing development of
commercial and technical
solutions for complete PV +
storage systems at all scale,
including with an energy
community focus.

Roadmap 4: Aggregated energy and VPPs

KPI

Target value

Assessment 2025

A portfolio of tools to be available
for the functioning of aggregated
distributed generation

By 2027: capable of offering
collective services to the system in
an interoperable and harmonized
way.

VPP systems already
available throughout Europe
as commercial services.5®

Standardised operational models
of energy communities to be
available

By 2027: facilitating the setting up
and the operation of energy
communities and aggregated
assets (VPPs ) as defined in the
electricity directive and the
requirements of DSOs and TSOs

Clear regulatory framework
available.

The required hierarchical control of
the integrated grid to be
standardised

By 2030: facilitating the full energy
system and market integrated
operation of energy communities
and aggregated assets (VPPs) in
full compliance with the grid rules
and the requirements of DSOs and
TSOs.

Evolving control systems for
PV plants to comply with
requirements of VPP,
balancing and flexibility
markets. Regulatory focus on
delivering positive grid
services with Energy
Communities operation.

Roadmap 5: Interoperability in communication and operation of RES smart grids

KPI

Target value

Assessment 2025

58

https://aleasoft.com/fall-european-market-prices-2024-renewable-energy-gas/

https://www.ise.fraunhofer.de/en/publications/studies/cost-of-electricity.html

%9 E.g. With the Grid, a company finalist at the Solar Start up award 2023 https://withthegrid.com/
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Build a resilient, open automation
and control architecture for
inverter-based DER

By 2027 to be available and in
demonstration operational

Ongoing research and
demonstration.

Develop accessible source-based
reference implementation of an
open automation architecture for
PV based and grid-oriented ICT
solutions

By 2027 to be available and in
demonstration operational

Ongoing coordination efforts
within the PV sector to define
data collection processes &
taxonomies to support
interoperability and
automation®®

Develop a role-based access
management for inverter-based
DER

By 2027 to be operational

Fully interoperable advanced
(remote controllable) inverter
services with standardised and
safe/resilient communication
protocols

By 2030 to be operational

Effort on the direction of
standardization and/or
common application of ICT
open architecture and
protocol can be done
considering not only the
inverter connection but also
possible interaction and role
of PV with the whole smart
grid system

Challenge 5: Socio-Economic Aspects of the Transition to High PV Contribution

Roadmap 1: Acceptance of European PV deployment

KPI

Target value 2035

Assessment 2025

Availability of regulatory
framework for PV deployment

Comprehensive regulatory
frameworks established and
operational in key European
countries to support seamless
PV deployment

Partial progress: Most Member
States have adopted EU-level
directives (e.g. RED IlIl, EPBD),
but many still lack clear national
roadmaps and institutional
mechanisms. NECP updates are
ongoing but delayed in several
countries.8’

Wide adoption of best practices
for stakeholder engagement

Extensive adoption of
internationally recognised best
practices for stakeholder
engagement in the majority of

Growing adoption, especially in
large-scale and community solar
projects, but not yet uniform
across all Member States.

0 See Supernova project, ongoing work in SolarPower Europe Digitalisation Workstream.

6" CAN  Europe, Engaging

citizens and  local

communities in

the solar

revolution, April 2024.

https://caneurope.org/content/uploads/2024/04/Rooftop-Solar-PV-Report-Update April-2024.pdf
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European countries, ensuring
community and market
acceptance

Stakeholder participation in
NECP revisions was often poor
or non-existent. Only Lithuania
and France had satisfactory
multilevel dialogues.®?

Implementation and
diversification of solar PV
applications (agrivoltaics,
floating, rooftop, BIPV, ground
projects, etc.)

Significant implementation and
diversification of innovative solar
PV applications across various
geographical and socio-
economic contexts within Europe

Significant progress in rooftop,
agrivoltaics, and floating PV,
especially in countries like
France, the Netherlands, and
Germany. BIPV and urban
integration are emerging but still
niche.

Roadmap 2: Acceptance of novel true-cost pricing grid tariff schemes

KPI

Target value 2035

Assessment 2025

Level of consumer awareness
and understanding of load-based
grid tariffs, renewable energy
integration, and the benefits of
true-cost pricing.

Achieve a high level of consumer
awareness, with at least 80% of
electricity consumers
demonstrating understanding of
how their consumption patterns
impact the local grid and the
benefits of true-cost pricing.

Moderate awareness: While
awareness of renewable energy
and rooftop solar benefits is
growing, understanding of load-
based tariffs and true-cost
pricing remains low. Persistent
myths and lack of information as
barriers to adoption.

Share of countries within the
European Union that have
implemented load-based grid
tariffs at the household level. It
reflects the extent to which load-
based tariff models have been
adopted and integrated into
national energy policies and
regulatory frameworks.

Ensure widespread adoption of
load-based grid tariffs, with at
least 75% of countries within the
European Union applying load-
based tariff models at the
household level.

Limited implementation: Only a
minority of EU countries have
adopted dynamic or load-based
tariffs for households. Most still
rely on flat or time-of-use tariffs.
Grid investment and pricing
reform are lagging behind
renewable deployment.83

Share of consumers actively
adjusting their consumption
patterns in response to load-
based grid tariff models. It
reflects the effectiveness of
these tariff models in
incentivizing behavior change
and promoting grid efficiency.

Achieve a substantial increase in
consumer engagement, with at
least 50% of electricity
consumers actively adjusting
their consumption patterns in
response to load-based grid tariff
models.

Low engagement: Due to limited
rollout of load-based tariffs and
lack of smart meter penetration
in many countries (e.g. Bulgaria,
Greece, Lithuania), consumer
response remains low. The
Rooftop Solar PV Report
highlights that smart meter

rollout is uneven, with many

62 CAN  Europe, Engaging

citizens and  local

communities in

the solar

revolution, April 2024.

https://caneurope.org/content/uploads/2024/04/Rooftop-Solar-PV-Report-Update April-2024.pdf

8 1EA, World Energy Investment 2025, EU. https://www.iea.org/reports/world-energy-investment-2025/european-union
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Eastern EU countries below
20%.54

Roadmap 3: Citizen’s participation in PV Deployment

KPI

Target value 2035

Assessment 2025

Number of energy communities
or PV capacity installed

A significant increase in both
energy community deployed and
relative installed PV capacity is
expected by 2035

Moderate progress: As of
December 2023, Spain had 291
energy communities producing
electricity. France had 187
collective self-consumption
operations involving 2,200
consumers and 300 producers.
However, many countries still
lack enabling frameworks and
most energy communities are
small-scale.®®

Number of PV projects financed
in crowdfunding and number of
citizens investing in PV through
crowdfunding

Number of PV projects financed
and number of citizens investing
in PV projects through
crowdfunding is expected to
significantly increase by 2035

Growing but underreported:
dedicated platforms have been
created to support PV projects.
The trend is upward, but no EU-
wide statistics are available yet.

Number of aggregators active in
Europe

A significant increase in the
number of aggregators is
expected by 2035

Around 250 aggregators are
estimated to be operating in
Europe in 202456

Roadmap 4: Socio-economic dimensions impacting decisions to implement and use PV

technology

KPI

Target value 2035

Assessment 2025

PV-related calls incorporating
socio-economic analysis

Majority of PV-related call
including socio-economic
analysis and impact assessment

Horizon Europe calls with a
mandatory SSH component in
PV calls

PV projects assessing socio-
economic aspects using both
qualitative and quantitative
methods

PV projects incorporate a
balanced mix of qualitative and
quantitative socio-economic
assessments, ensuring holistic
evaluation

Growing focus of commercial PV
projects on addressing socio-
economic impacts, and definition
of best practices in various

% |RENA, Regional energy transition outlook: European Union, June 2025. https://www.irena.org/Publications/2025/Jun/Regional-

energy-transition-outlook-European-Union

8 CAN  Europe, Engaging

citizens and  local

communities in

the solar

revolution, April 2024.

https://caneurope.org/content/uploads/2024/04/Rooftop-Solar-PV-Report-Update April-2024.pdf

%6 https://www.marketgrowthreports.com/market-reports/virtual-power-plants-market-114527
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Horizon Europe funded projects
(e.g. Increase, Seamless PV...)

Quantification of Socio-Economic
Criteria

Implementation of robust
methodologies for socio-
economic quantification,
contributing to clearer and more
actionable insights

Ongoing work within the PV
community to define joint
methodologies for assessing
socio-economic criteria in PV67

Roadmap 5: Re-skilling and Upskilling in the PV sector

KPI

Target value 2035

Assessment 2025

Number of Skilled Workers in the
Solar Industry

Sufficient workforce to meet
industry growth and expansion
needs. Enhance re-skilling and
up-skilling programs, improve
STEM education, and promote
careers in the solar sector

More than 1 million solar jobs
expected by 202868

Cross-Border Recognition of
Qualifications

100% mutual recognition of solar
energy-related qualifications
across all EU member states.
Develop and implement an EU-
wide certification standard,
streamline recognition
processes, and promote
regulatory alignment

Solar training not standardised at
EU level. Ongoing initiatives,
such as the European Solar
Academy project

Roadmap 6: Gender equality

Types of activities/targets

Assessment 2025

Awareness and Cultural Change: Initiatives
should focus on raising awareness about gender
biases and stereotypes within the industry.
Educational campaigns and open discussions can
challenge existing norms and promote inclusivity.
By fostering a culture that values diversity, the
sector can attract and retain more women
professionals.

Clean energy sectors tend to employ more women
than fossil fuel sectors, but the share of women in
senior leadership remains low across most of the
energy industry. Promising increases in the
number of women pursuing education in fields
needed in the energy sector, which could foretell
future shifts. There has been a noticeable increase
in women entering STEM fields in recent years.5°
Cultural change remains uneven across regions
and industry segments.

67 https://etip-pv.eu/publications/etip-pv-publications/download/towards-sustainable-and-massive-deployment-of-phot

8 SolarPower Europe, EU Solar Jobs Report 2024, September 2024. https://www.solarpowereurope.org/insights/outlooks/eu-solar-

jobs-report-2024

8 1EA, World Energy Employment 2024, November 2024. https://www.iea.org/reports/world-energy-employment-2024
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Policy Improvements: National policies must
evolve to enforce equal opportunity practices and
eliminate gender-based discrimination. This
includes revising hiring and promotion processes
to ensure transparency and meritocracy, which are
crucial for advancing women's careers in STEM
and leadership roles within the PV sector.

The EU has adopted key directives on work-life
balance, gender balance in leadership and pay
transparency.

Workplace Practices: Companies should
implement fair workplace practices that support
work-life balance, such as maternity and paternity
leave, flexible work arrangements, and improved
facilities. These measures not only support gender
equality but also enhance overall employee
satisfaction and productivity.

PV companies are required to comply with
European policies with regards to fair workplace
practices.

Support Networks and Mentorship: Establishing
mentorship programs and support networks can
provide crucial guidance and encouragement for
women in the PV industry. These programs help
mitigate the challenges women face in a
predominantly male-dominated field and facilitate
career progression through networking
opportunities and skill development.

Industry associations and R&I centre are launching
mentorship programmes and women-in-energy
networks. These are helping to build community
and career pathways, though more support is
needed in technical and vocational roles.

Roadmap 7: Social Impact Assessment and S-LCA

KPIs Target value 2035

Assessment 2025

Number of jobs created in the
local community as a result of
PV manufacturing.

Annual growth rate of PV related
jobs in Europe, of 3% from 2023

EU manufacturing jobs in decline
due to closures and job cuts. If
ESIA targets of 30 GW of
European solar manufacturing,
the number of manufacturing
jobs is expected to increase.”®

Methodology definition for the
social screening of the PV
suppliers

association)

Selection and definition of a set
of indicators that are relevant for
the S-LCA of the PV supply
chain, from raw materials
extraction to final product. With
definition of specific
measurement methods and units
of measurement for each
indicator (e.g., fair wage, fair
working hours, freedom of

Ongoing work within the PV
sector to define a methodology
for social screening of PV
suppliers”, with various
initiatives at the academic level,
and among commercial actors
(e.g. Solar Stewardship Initiative)

0 SolarPower Europe, EU Solar Jobs Report 2024, September 2024. https://www.solarpowereurope.org/insights/outlooks/eu-solar-

jobs-report-2024

7! 'See ETIP PV White paper “Towards Sustainable and Massive Deployment of Photovoltaics: The Nexus of Socio-

Economic and Technological Challenges”
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Methodology definition for the
social screening of the PV waste

Selection and definition of a set
of indicators that are relevant for
the S-LCA of the PV waste
management operations. With
definition of specific
measurement methods and units
of measurement for each
indicator. (e.g., exposure to toxic
chemicals, fair working
conditions)

EU project undergoing research
on social LCA of PV recycling,
such as the ReSilex project.

Roadmap 8: Environmental, Social and Governance (ESG) framework

KPI

Estimated Target value 2035

Assessment 2025

Environmental: insights into the
carbon footprint, energy vyield,
resource & land use efficiency,
biodiversity, water usage and
waste management are mapped

Companies and organisations
evaluate and align with EU
requirements which is
contractually agreed upon,
monitored, and annually
reported.

Many companies now report
environmental metrics aligned
with EU taxonomy and CSRD
(Corporate Sustainability
Reporting Directive)

Social: number of jobs, records
of incidents, community
engagement initiatives, training
& development of community
and team, contributions to local
social projects or infrastructure.

Companies and organisations
evaluate and align with EU
requirements which is
contractually agreed upon,
monitored, and annually
reported.

Social metrics are increasingly
included in ESG reporting,
especially in large-scale PV
projects.

Governance: how the project is
adhering to local regulatory
demands & updates thereof,
level of transparency of all ESG
criteria, how Diversity Equity and
Inclusion are integrated, what
anti-corruption/whistleblowing
policies there are and supply
chain transparency with
matching factory audits and
know your counter party due
diligences of all stakeholders.

Companies and organisations
evaluate and align with EU
requirements which is
contractually agreed upon,
monitored, and annually
reported.

Governance frameworks are
being reinforced through CSRD
and EU supply chain due
diligence laws. DEI and anti-
corruption policies are
increasingly visible in corporate
ESG disclosures, though supply
chain transparency is still a
challenge. Industry initiatives
exist such as the Solar
Stewardship Initiative.
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