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Executive summary 

The EU’s path to a net zero society relies on scaling up net-zero technologies. However, there is 
concern that the large-scale deployment of these technologies might lead to burden shifting, both in 
terms of outsourcing emissions of greenhouse gases (GHG) and other pollutants when the 
manufacturing of these goods occur outside the European Union, or by transferring pressure from 
climate change to other environmental impacts, in particular towards more localised impact categories 
such as water and land use. To evaluate these global impact potentials, this study assessed five 
technologies central to the green transition: wind and solar power, batteries and hydrogen for energy 
storage, and carbon capture, using life cycle assessment. The findings highlight that even when 
considering the impacts over the full life cycle, these technologies are largely beneficial and critical to 
reducing greenhouse gas emissions compared to fossil-based technologies. While doing so, they also 
provide co-benefits for particulate matter formation and ecotoxicity. The findings also point to 
potential trade-offs for certain technologies and impact categories, in particular material intensity 
(minerals and metals), land and water use. These trade-offs reflect areas where improvement is 
needed to further reduce the environmental burden of these technologies. The seven categories of 
global impact potentials that were evaluated through the Environmental Footprint (EF) Method 
covered: 

• Climate Change (kg CO2 eq.). 

• Ecotoxicity (CTUe). 

• Human Toxicity (CTUh). 

• Land Use (Pt). 

• Material Resources (minerals and metals) (kg Sb eq.). 

• Particulate Matter Formation (disease incidence). 

• Water Use (m3 -world equivalents).  
 

Wind and solar 

Wind and solar power are effective in cutting GHG emissions and other pollutants. Both onshore and 
offshore wind and mono-crystalline solar PV have far lower climate impact potentials than those 
associated with the current European electricity mix, and even lower when compared to fossil-based 
generation. Their global impact potentials are also lower when it comes to human toxicity, ecotoxicity 
and particulate matter formation than the current EU mix. However, their global impact potentials are 
higher for land, water, and material resource use. Solar Photovoltaic (PV) shows higher global impact 
potentials across most categories compared to wind power, except in toxicities and resource use, 
where onshore wind can exceed it due to large infrastructure requirements. The impact potential from 
PV is mostly due to the open ground construction for most impact categories and can be attributed to 
the production of silicon for water use. When it comes to wind turbines, the tower, turbine and 
foundations drive the impacts. The sensitivity analysis showed that geographical parameters, such as 
less impactful mining and manufacturing processes of these technologies, higher solar irradiation, and 
lower carbon-intensive electricity mixes during the operation of these installations, together with 
extending the lifetime of installations and improving efficiency through higher capacity factors, can 
significantly reduce their footprint. 
 

Batteries and hydrogen storage 

In an EU energy system where electromobility is deemed to replace oil combustion in transport, 
storage will be essential to allow clean electricity to fuel vehicles and to facilitate the integration of 
variable solar and wind technologies into the electricity grid. Batteries (such as Lithium Iron Phosphate 
(LFP) and Nickel Manganese Cobalt (NMC)), and hydrogen systems (green H2 produced through 
Alkaline Water Electrolysis (AWE) and Proton Exchange Membrane (PEM)) play this role. Batteries are 
critical for reducing emissions of the transportation sector whereas Hydrogen is helpful to decarbonize 
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certain industrial sectors.  Energy efficiency (round-trip efficiency for batteries and power-to-power 
efficiency for H2) is a critical driver of environmental costs. Higher energy efficiency of batteries makes 
their global environmental impact potential lower than that of hydrogen. Therefore, batteries should 
be prioritised over hydrogen when the application allows, such as for transportation. For both batteries 
and hydrogen production, the electricity used for recharge/production is the largest driver of impact 
in all impact categories. This makes decarbonizing the electricity mix crucial, as cleaner electricity 
directly reduces storage-related impacts.  For NMC batteries, mining and processing of lithium, nickel, 
cobalt and manganese are also significant drivers for material resources, PM formation and water use 
whereas copper production drives the ecotoxicity impact for LFPs and NMCs. NMC batteries perform 
worse than LFP due to their reliance on critical materials, although the difference is limited and could 
vary depending on producers.  
 

Carbon capture 

For specific industrial activities carbon capture is likely necessary. However, it is energy intensive. 
Monoethanolamine (MEA)-based carbon capture shows potential for reducing CO₂ emissions, but its 
environmental impacts are strongly tied to high energy demand during operation. Unlike other 
technologies, this study did not include infrastructure construction, decommissioning, or CO₂ transport 
and storage, due to lack of open data. This means actual impacts are likely higher. Efficiency 
improvements, such as reducing solvent degradation, energy penalties, and increasing capture rates, 
are essential for carbon capture to play a sustainable role. Carbon capture is therefore relevant for 
industrial processes where alternatives such as material substitution, electrification, or process 
changes are not yet viable. However, it is relevant to consider the full life cycle impact of applying this 
technology for each individual case.  
 

Mitigation potential in the EU 

The deployment of these technologies under the EU Climate Law, aiming for 55% emission reduction 
by 2030 and net zero by 2050, brings large environmental gain potentials in the next decades but also 
trade-off potentials for land, water and the use of materials such as metals and minerals. Scenario 
analysis compared the EU electricity sector with and without the penetration of these net-zero 
technologies. Results confirm that deploying wind and solar, supported by hydrogen and batteries and 
carbon capture (CC), cuts greenhouse gas emissions significantly even when considering full life cycle 
impacts and not only the operation phase. It also makes large co-benefits possible, like reduced 
particulate matter and ecotoxicity. Yet these gains come with additional global pressure potentials on 
land, water, and mineral and metal use.  
 
The takeaway is clear: Net-zero technologies do deliver large climate and non-climate benefits - but 
they are not impact-free. Targeted interventions would help reduce the estimated global impact 
potentials, including those associated with upstream mining and manufacturing processes. Without 
strategic planning, today’s solutions could create tomorrow’s resource challenges.   
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1 Introduction 

As the world struggles with the pressing need to mitigate climate change and reduce reliance on fossil 
fuels, various green energy technologies are crucial in the global energy transition. To address this 
challenge, the European Union is taking decisive action through the Net-Zero Industry Act (NZIA), 
which focuses on the introduction and scaling up of clean energy technology manufacturing in the EU. 
This act is part of a broader strategy that includes the Critical Raw Materials Act and Electricity Market 
Design Reform (Nicolai and Munchmeyer, 2024). Collectively, these initiatives aim to strengthen 
domestic, low-carbon manufacturing of clean technologies, which are projected to generate a market 
exceeding 600 billion euros by 2030 (European Commission, 2024e). 

The Net-Zero Industry Act specifically targets the reduction and offsetting of industrial carbon 
emissions by prioritizing strategic net-zero technologies. These technologies are chosen based on their 
readiness for rapid scale-up, their contribution to decarbonization, and their ability to enhance the 
resilience of the energy system. The Act's ambitious goal is that EU’s manufacturing capacity for net-
zero technologies meets at least 40% of annual deployment needs by 2030 (European Commission, 
2024d). Significant investments are being directed towards these technologies to ensure the EU 
remains competitive in the global market while making energy systems more secure, affordable, and 
sustainable. 

As part of the Net-Zero Industry Act, the European Union has identified several key net-zero 
technologies to prioritize, ensuring rapid scaling, decarbonization, and enhanced resilience of the 
energy system (European Commission, 2024e). Among these, the prioritized technologies include 
batteries and energy storage, solar photovoltaic (PV) and solar thermal, onshore wind and offshore 
renewables, electrolysis and fuel cells, carbon capture and storage (CCS), sustainable biogas and 
biomethane, grid technologies, and heat pumps and geothermal energy. Batteries and storage 
technology are crucial for reducing oil demand in road transport, while they deliver also benefits for 
the integration of intermittent renewable sources like wind and solar power into the electricity grid. 

Solar PV and solar thermal technologies are essential, with solar PV being one of the most scalable 
renewable energy options and solar thermal systems offering effective solutions for heating 
applications. Furthermore, the EU emphasizes the importance of onshore wind as a cost-effective 
renewable energy source, while offshore wind, along with tidal and wave energy, is expected to 
contribute significantly due to its higher capacity factors and vast potential (European Commission, 
2023c, 2024b). Sustainable biogas and biomethane, derived from organic waste, provide renewable 
alternatives to natural gas, supporting heating, electricity generation, and transport fuels in a circular 
economy (European Biogas Association, 2024). CCS technologies are crucial for reducing emissions 
from hard-to-abate sectors and are necessary for meeting global climate goals. Electrolysis and fuel 
cells play a central role in producing and utilizing green hydrogen, using renewable energy to split 
water into hydrogen and oxygen, and converting hydrogen into electricity. Additionally, modernizing 
grid technologies is essential for accommodating increased renewable electricity generation and 
ensuring its reliable and efficient distribution, with smart grids, enhanced transmission lines, and 
advanced grid management systems being key components. Heat pumps and geothermal energy 
systems are highly efficient for heating and cooling buildings, providing constant and reliable sources 
of renewable heat and reducing reliance on fossil fuels. 

As the importance of moving towards sustainable energy technologies is evident, it becomes also of 
importance to understand the environmental benefits and drawbacks in a structured assessment. Life 
Cycle Assessment (LCA) is an internationally recognized methodology aimed at assessing the potential 
environmental impacts associated with a product system or activity in a defined system over a defined 
lifetime (ISO, 2006). LCA assists in quantifying potential environmental impacts over the value chain of 
the defined system, pinpointing to main (foreground or background) processes that contribute to the 
identified impact indicators. The aim of the present working paper is to conduct an LCA study focusing 
on five energy technology classes, in order to benchmark and compare their environmental 
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performance, identify key drivers and trade-offs, and support informed discussion on their role in 
energy system transitions.  For each class, the most representative technologies with high Technology 
Readiness Level (TRL) are considered. 

The structure of this ETC report is organized as follows: 

LCA methodology provides an overview of the Life Cycle Assessment framework, detailing its four 
iterative phases while also addressing key components such as the functional unit, background 
databases, and Life Cycle Impact Assessment (LCIA) methods. 

Scope of assessment dives into each energy technology class and outlines which technology sub-class 
is considered for the LCA study. It also puts out the scope and boundary of LCA for each technology 
sub-class. 

LCA results present the life cycle impacts for the five technologies and interpret the significance of the 
findings in the context of other studies. 

Sensitivity Analysis displays the range of environmental impacts for the different technologies given 
changes in key parameters.  

Mitigation potential showcases how the deployment of these technologies helps reducing 
environmental impacts in certain areas.  

Conclusion summarizes the carried-out work in this working paper, as well as recommendations to 
policy makers. 
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2 Methodology 

Life Cycle Assessment (LCA) is an internationally standardized and systematic method used to estimate 
the potential environmental impacts of a product, process, or service throughout its life cycle. This 
comprehensive approach includes defining a system of interlinked activities (unit processes) including 
stages that can extend from raw material extraction, manufacturing, and distribution, to use, 
maintenance, and eventual disposal or recycling. Through LCA, energy and resource use, as well as 
environmental emissions, are identified and quantified to assess the overall potential environmental 
impact. The methodology is particularly useful for identifying system sensitivity to changes and 
pinpointing environmental 'hotspots'—areas within the life cycle that contribute the most to 
environmental burdens. By highlighting these critical areas, LCA helps stakeholders make informed 
decisions to optimize resource use, minimize environmental impacts, and explore opportunities for 
more sustainable practices. 

To conduct a robust LCA study, practitioners must cycle through four iterative phases to ensure 
consistency, accuracy, and transparency in the outcomes: (I) goal and scope definition, (II) construction 
of the life cycle inventory (LCI), (III) calculation of life cycle impact assessment (LCIA) results, and (IV) 
interpretation of results. 

• Goal and Scope Definition: This phase establishes the foundation of the LCA by clearly 
stating the purpose, audience, and context of the study. The goal defines why the LCA 
is being conducted (e.g., to inform decision-making or support policy), while the scope 
details the system boundaries, data sources, functional unit, and the impact assessment 
methods to be employed. The functional unit—a key concept in LCA—serves as the 
reference point for all data and calculations, ensuring that results are comparable and 
meaningful. 

• Life Cycle Inventory (LCI): One of the most resource-intensive phases, LCI involves 
collecting and compiling data on all inputs (materials, energy, water, etc.) and outputs 
(emissions, waste, etc.) across each stage of the life cycle. Accurate and comprehensive 
data collection is essential, as it forms the foundation for subsequent impact 
assessment calculations. Practitioners must rely on a variety of data sources, including 
industry reports, scientific literature, and LCA databases, to gather the necessary 
information. 

• Life Cycle Impact Assessment (LCIA): In this phase, the results of the LCI are connected 
to specific environmental impact categories using established LCIA methods, such as 
CML (1), ReCiPe (2), EF (3), or IPCC (4), to assess potential impacts like global warming, 

 
(1) CMLs (Centrum voor Milieukunde Leiden) Impact Assessment method is developed by the University of 
Leiden, the CML method focuses on mid-point impact categories like global warming potential (GWP), 
acidification, and eutrophication. It is widely used for assessing environmental burdens at specific points in the 
cause-effect chain. 
(2) ReCiPe provides a comprehensive method by assessing both mid-point and end-point impacts. It allows users 
to track impacts from the cause of the environmental burden (e.g., emissions) to their final consequences (e.g., 
damage to human health or ecosystems). ReCiPe is particularly versatile as it can be adjusted to focus on either 
specific impacts or overall damage across various categories. 
(3) The Environmental Footprint (EF) method was developed by the European Commission to standardize 
environmental impact assessments across sectors. It focuses on a wide range of mid-point impact categories, 
such as climate change, resource depletion, and biodiversity loss, providing comprehensive and policy-relevant 
results. EF is widely used in studies aligned with EU sustainability goals, helping to identify environmental impacts 
and trade-offs across life cycle stages. 
(4) IPCC (Intergovernmental Panel on Climate Change) is commonly used for assessing global warming potential, 
the IPCC method focuses on the impact of greenhouse gases over specific time horizons (e.g., 20, 100, or 500 
years). It is especially relevant for studies centred on climate change and energy technologies. 
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eutrophication, and human toxicity. The choice of LCIA method depends on the goal 
and scope of the study, and the results provide insights into how different life cycle 
stages contribute to overall environmental performance. 

• Interpretation: The final phase evaluates the results considering the study’s goals, 
considering uncertainties, data quality, and the overall reliability of the findings. This 
phase ensures that the conclusions drawn from the LCA are well-grounded and can be 
effectively communicated to stakeholders for decision-making. Interpretation also 
provides opportunities to refine the model, identify key areas for improvement, and 
make recommendations for more sustainable practices. 

In an LCA study, the system boundary defines the processes and activities included in the analysis, 
determining which life cycle stages are assessed and how far upstream or downstream the analysis 
goes. Commonly used system boundary approaches include cradle-to-grave, which covers the full life 
cycle from raw material extraction (cradle) to disposal or recycling (grave); cradle-to-gate, which 
includes processes from raw material extraction to the point a product leaves the factory gate, 
excluding use and end-of-life phases; and tank-to-wheel, which focuses solely on the operational 
phase, particularly for fuel use in transportation systems. In the current LCA work, we adopt a cradle-
to-grave approach when possible. 

A key element of the goal and scope definition is the functional unit, which serves as the reference 
point for quantifying all inputs and outputs within the system under study. The functional unit ensures 
consistency and comparability across LCAs by relating all results to a clearly defined, measurable 
function of the product or service. For instance, in energy technology assessments, the functional unit 
might be defined as the generation of 1 megawatt-hour (MWh) of electricity. Choosing an appropriate 
functional unit is crucial, as it directly influences data collection, system boundaries, and how the 
environmental impacts are reported, ensuring that the results reflect the system’s performance.  

As mentioned, the choice of LCIA method depends on the study's goal and scope, as different methods 
emphasize various environmental impacts. For example, the IPCC method focuses on climate-related 
assessments, while broader studies may use ReCiPe or CML. We modelled this study using the 
Environmental Footprint (EF) method. The EF method, developed by the European Commission, is 
particularly relevant due to its comprehensive approach across multiple impact categories, such as 
climate change, resource depletion, and human health (European Commission, 2024a). The 
Commission Recommendation (EU) 2021/2279 endorses the EF method to measure and communicate 
the life cycle environmental performance of products and organizations (European Commission, 2021), 
making it suitable for studies aimed at meeting regulatory sustainability goals. Its detailed sector-
specific recommendations and wide range of impact categories ensure a holistic and policy-relevant 
assessment, supporting more informed decision-making by identifying trade-offs between 
environmental concerns.  

The different LCIA methods do not account for all environmental impacts, and some might be 
overlooked because of the way these impacts are computed. Environmental impacts which are not the 
consequences to the stressors which are accounted for, are often omitted. For windfarms, these 
include impact due to noise, hydrodynamics effect (for offshore wind), bird collisions and 
displacement, overall ecosystemic impacts on the environment. Another limitation of LCA is that it 
focusses on marginal impacts (per functional unit), whereas some environmental impacts emerge only 
at high scale with possible cumulative impacts of multiple net-zero projects that cannot be 
extrapolated from marginal effects (5). Radioactivity (although not relevant here) also falls out of the 
scope of the given assessment. For clarity purposes, the choice is made to present the LCA results for 

 
(5) For offshore windfarms, the cumulative effects are the subject of a vast body of literature, see for a summary 
and an overview: Brignon, J.-M., Lejart, M., Nexer, M., Michel, S., Quentric, A., & Thiebaud, L. (2022). A risk-based 
method to prioritize cumulative impacts assessment on marine biodiversity and research policy for offshore wind 
farms in France. Environmental Science & Policy, 128, 264–276. https://doi.org/10.1016/j.envsci.2021.12.003 



 

ETC HE Report 2025/17 11 

seven impact categories: Material resources – minerals and metals (kg Sb eq.), Climate change (kg CO2 
eq.), Human toxicity (CTUh), Ecotoxicity (CTUe), Particulate Matter (disease incidence), Land use (Pt), 
and Water use (m3 world eq. deprived). The selection of impact categories was done after an initial 
screening of all impact categories, in which the most critical categories were identified for each 
technology, ensuring that their predominant environmental challenges were captured, as well relevant 
impact categories in the EU policy context. 

LCA relies on various databases that provide detailed, sector-specific information on the 
environmental impacts of different materials, processes, and products. Some of the most widely used 
LCA databases include ecoinvent (6), GaBi (7), and the International Reference Life Cycle Database 
(ILCD) (8). These databases are essential for conducting accurate and reliable assessments, as they 
supply the necessary data to model the environmental impacts at each life cycle stage. Among them, 
ecoinvent is often favoured for its transparent, comprehensive global database, which offers region-
specific data across a wide range of sectors. Ecoinvent also provides consistent, well-documented 
information that is regularly updated, making it particularly reliable for energy technology 
assessments. In this study, ecoinvent v3.8 is used, using the cutoff method for the allocation of end-
of-life impacts.  In this approach, materials that are recycled at the end of life do not receive credits 
for the avoided impacts of producing secondary materials, meaning that recycling benefits are not 
accounted for in the results. 

The results of the LCAs are then compared to comparable studies when possible. 

To analyse how the impact of the five net zero technologies can vary, a sensitivity analysis is developed. 
First the critical parameters for each technology are determined. Then, realistic ranges for each of the 
parameters are defined, under three cases, baseline, optimistic, pessimistic (values listed in Annex 1). 
This analysis allows us to understand which parameters the impacts are most sensitive to and 
therefore prioritize actions for decreasing the environmental burden of the technologies.  

Finally, to understand the mitigation potential of the five net zero technologies, the impact of 
electricity generation under the JRC’s POTEnCIA Clean Energy Technology Observatory (CETO) scenario 
is calculated and compared with a counterfactual scenario (see details further below). The CETO 
scenario is an energy scenario developed by JRC encompassing different sectors and aligned with the 
European Climate Law. It is based on different EU regulations, including the NZIA (Neuwahl et al., 
2024). In this scenario, EU emissions are decreased by 55% by 2030 (compared to 1990) and reach net 
zero by 2050. The CETO scenario includes many sectors where the technologies belonging to the NZIA 
are crucial, such as industry, transportation and electricity generation. For this report, the choice was 
made to focus on the electricity generation sector, as the five technologies which are the focus of the 
report are important to the decarbonization of that sector. The CETO scenario provides information 
on electricity generation from 2000 to 2050, with years prior to 2024 corresponding to historical data. 
This information is given for each year and each technology, including net electricity generation, 
efficiency, rate of use (capacity factor), and emissions captured. All of these are used to calculate the 
life cycle impact of the EU electricity sector from 2000 to 2050.  

To analyse the benefits and drawbacks linked to the penetration of the five net zero technologies, 
environmental impacts are also calculated in a counterfactual scenario. In the counterfactual scenario, 
the electricity mix is held constant after 2025, while net electricity delivery remains identical to that in 
CETO. For both scenarios, the life cycle impacts are calculated for each technology and each year, using 
the developed life cycle inventories for the five NZIA technologies, and the default ecoinvent 
inventories for the remaining ones (coal, oil, gas and biogas, biomass, solar thermal and hydropower). 
The inventories are adjusted each year based on efficiencies and rates of use provided by the CETO 
scenario.  The direct electricity inputs to the technologies’ operation phase are updated annually using 

 
(6) https://ecoinvent.org/ 
(7) https://lcadatabase.sphera.com/ 
(8) https://eplca.jrc.ec.europa.eu/ 



 

ETC HE Report 2025/17 12 

the electricity mix year (i.e. hydrogen production in 2030 uses electricity with the 2030 mix). The 
inventories for fossil power plants are adjusted when carbon capture (CC) is put in place, by reducing 
direct CO₂ emissions in proportion to the capture rate specified in the CETO scenario, while accounting 
for the associated efficiency penalty through increased fuel use. In this analysis, technological change 
is partially accounted for through efficiency and capacity factors improvements, as provided by the 
CETO scenario. However, the underlying LCIs for technologies are based on representative present-
day configurations. As a result, the analysis does not capture the emergence of fundamentally new 
technologies, major changes in material composition, or the decarbonization of energy mixes outside 
the EU, which could further reduce the environmental impacts of material supply chains. A summary 
of changes included and excluded in the scenarios is described in Annex 1 – Mitigation potential.  
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3 Scope of assessment 

In this section, we provide a brief overview of five energy technology classes – wind, solar photovoltaic, 
battery, hydrogen, and CC – focusing on technologies with a high Technology Readiness Level (TRL). 
The overview includes general information about the current state of each class, its expected future 
projections, and highlights the most prominent technologies, from which we have selected one to two 
representative subclass technologies for the LCA study. In the LCA assessment, we have clearly defined 
the system boundary and functional unit for each inventory, ensuring consistency and transparency 
across the different technologies analysed. 

3.1 Wind 

Wind power is emerging as a crucial and clean energy solution with the potential to decarbonize 
various sectors, including power generation, industry, and transportation. In 2022, the global installed 
wind capacity reached approximately 900 GW, with the EU accounting for 24% of the total (Global 
Wind Energy Council, 2023). By 2030, this capacity is projected to surge to 2 TW (Global Wind Energy 
Council, 2023; IEA, 2024g), with the EU targeting over 500 GW as part of its 2030 objectives (European 
Commission, 2023d). This significant growth is expected to result from advancements in turbine 
technology, the expansion of wind energy projects both onshore and offshore, and supportive policies 
aimed at reducing carbon emissions. 

Wind energy can be harnessed through two main approaches: onshore and offshore wind turbines, 
each offering distinct advantages (9). Onshore installations, with widespread deployment and proven 
cost-effectiveness, are more affordable to deploy and maintain, making them accessible to smaller 
players (Nathanael et al., 2024). Offshore wind projects are often funded by large utilities or 
investment funds, and in addition have 2 to 4 times higher levelized cost of energy (Stehly et al., 2023) 
(10). The latest cost analysis of the International Renewable Energy Agency indicated that the levelized 
cost of energy for offshore wind (0.079 USD/kWh) was approximately twice that of onshore wind 
(0.034 USD/kWh) (IRENA, 2025). However, the stability of hour-to-hour energy output from offshore 
turbines is generally higher due to consistent wind conditions. Onshore wind, despite being more 
affordable and widely adopted, tends to experience more variability in energy output. From 2022 to 
2030, approximately 300 GW of new wind capacity is expected to be installed in Europe (European 
Commission, 2023a).  

Projections for turbine sizes in 2030 indicate significant advancements in both onshore and offshore 
configurations, reflecting their respective TRLs (S&P Global, 2023). The global weighted average 
turbine sizes in 2022 were approximately 3 MW for onshore and 6,2 MW for offshore wind turbines. 
By 2030, these capacities are expected to increase to 5,5 MW for onshore and 16,5 MW for offshore 
turbines, signalling technological progress in both segments. 

In this LCA study, we focus on the production and use of two wind energy technologies: a 4,5 MW 
onshore wind turbine and a 15 MW offshore wind turbine, in line with the figures reported by the 
Technology Collaboration Programme IEA Wind Annual Report (2023). Corresponding assumptions 
about capacity factors are indicated in Annex I. We conduct a cradle-to-grave LCA, covering life stages 
from raw material extraction (cradle) through to the production processes and the use of wind turbines 
in energy generation as well as the end-of-life treatment of wind turbines. 

 
(9) This study focuses on horizontal axis wind turbines, which are considered the most efficient, reliable, and cost-
effective design for both onshore and offshore installations. 
(10) Levelized cost of energy is a metric used to evaluate the cost of generating electricity over the lifetime of a 
power plant. It considers the total costs, including capital, operational, and maintenance expenses. The levelized 
cost of energy for onshore wind installations is $39/MWh while for fixed-bottom offshore and floating 
substructure offshore are $95/MWh and $145/MWh, respectively (Stehly et al., 2023). 
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Inventory data for the 4,5 MW wind turbine are sourced from ecoinvent but have been modified and 
disaggregated using the work of (Vestas, 2017; Tremeac and Meunier, 2009). Data for the 15 MW 
offshore wind turbine are sourced from (Moussavi et al., 2023). A detailed description of both wind 
turbine technologies is provided in Table 3-1. The analysis examines the life cycle of 1 kWh of electricity 
from wind energy, encompassing processes such as component manufacturing, civil work including 
foundation and site preparation, as well as operation and maintenance throughout the lifetime of the 
wind turbine. 

Table 3-1: Characteristics of the two wind power technologies 

Specification/Assumption Unit Onshore Offshore 

Rate power (capacity) MW 4,5 15 
Lifetime Year 20 25 
Electricity production kWh/year 11 826 000 63 072 000 
Rotor diameter m 112 236 
Hub height m 94 143 

 

The system boundary (see Figure 3.1) encompasses the extraction, processing, and transport of raw 
materials, along with the manufacturing of wind turbine components, operation, and end-of-life 
management. It also includes civil engineering activities related to the construction of foundations and 
the installation of turbines. 

Figure 3.1: System boundary for the LCA of onshore and offshore wind turbines operation 

 

3.2 Solar photovoltaic 

Solar photovoltaic (PV) technology encompasses a diverse range of processes and applications related 
to the development, manufacturing, and utilization of solar cells to convert sunlight into electrical 
energy. Solar PV plays a crucial role in enabling clean and sustainable energy solutions across various 
sectors, including residential, commercial, and utility-scale power generation. By 2030, global solar PV 
capacity is projected to grow from 1,5 TW in 2023 to ca. 4 TW, reflecting a significant increase as the 
demand for renewable energy intensifies (IEA, 2024g). The EU’s strategy aims to increase installed PV 
capacity from 260 GW in 2023 to 600 GW by 2030 (European Commission, 2024c). 

Solar PV technologies can be classified into crystalline silicon, with monocrystalline (16-18% efficiency) 
and multicrystalline (22% efficiency – record in lab environments, but lower efficiency than 
monocrystalline in average), and thin-film PV, which includes amorphous silicon (a-Si) (14% efficiency), 
cadmium telluride (CdTe) (about 22% efficiency), and copper indium gallium selenide (CIGS) (23% 
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efficiency), while concentrated PV uses lenses or mirrors to focus sunlight onto high-efficiency cells for 
higher conversion rates (Salameh et al., 2021). 

In terms of Technology Readiness Level (TRL), crystalline silicon PV technologies, particularly 
monocrystalline and multicrystalline, are the most mature and widely deployed, dominating the global 
market due to their relatively high efficiency and established manufacturing base (IRENA, 2019; 
GlobalData, 2018). Thin-film technologies, such as cadmium telluride (CdTe) and amorphous silicon, 
are also commercially available and are seeing increased adoption due to progressively lower costs 
and flexibility in installation. However, they tend to have slightly lower efficiency than crystalline silicon 
(Korvus Technology, 2025). Another drawback of thin-film technologies is that they typically contain 
cadmium, a carcinogenic substance released during manufacturing process, although lifecycle 
emissions are low (Freedom Solar Power, 2023). Emerging technologies such as perovskite have the 
potential to become a cheaper and environmentally friendly alternative, but are still under 
development (Energy Sustainability Directory, 2024).  

In this LCA study, we focus on the production of solar PV energy using mono-crystalline silicon as the 
dominant technology today (Maysun Solar, 2025). We conduct a cradle-to-grave LCA, covering life 
stages from global raw material extraction (cradle) through the production processes until the end-of-
life of panels that are treated for material recovery. The analysis examines the life cycle of producing 
1 kWh electricity from mono-crystalline silicon PV panels, encompassing processes such as single 
crystalline silicon, single-Si wafer, front and back metallization paste, photovoltaic cell and panel, as 
well as installation, operation and end-of-life treatment of the panels. The system boundary (see Figure 
3.2) includes the extraction, processing, and transport of raw materials, as well as the manufacturing 
of PV components. Following the mining of raw materials, such as quartz sand for silicon PVs, several 
processing and purification stages are undertaken to produce solar-grade silicon, a highly energy-
intensive process. Other raw materials include those used for encapsulation and balance-of-system 
components, such as silica for glass, copper ore for cables, and iron and zinc ores for mounting 
structures (11). Some limitations regarding modelling the fate of pollutants might arise from e.g. the 
extreme persistence of PFAS in protection membranes and nanomaterials.  

Figure 3.2: System boundary for the LCA of mono-crystalline silicon photovoltaic production 

 

 
(11) https://iea-pvps.org/wp-content/uploads/2020/01/IEA-PVPS_Task_12_LCI_LCA.pdf  

https://iea-pvps.org/wp-content/uploads/2020/01/IEA-PVPS_Task_12_LCI_LCA.pdf
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The production of bulk silicon PV devices (after the manufacturing of solar-grade silicon) is divided into 
three key stages: wafer, cell, and module. In the wafer stage, solar-grade single-crystal silicon ingots 
are sliced into wafers approximately 0.2 mm thick. In the cell stage, a p-n junction is created through 
dopant diffusion, and electrical circuits are formed using metallization pastes. Finally, in the module 
stage, the cells are interconnected both physically and electronically and encapsulated with glass and 
plastic layers. This manufacturing process relies on a combination of semiconductor deposition 
techniques followed by module fabrication steps like encapsulation. 

Once the mono-crystalline silicon PV panels are manufactured, they are installed at a hypothetical 
open site with an area of approximately 3000 m². The installation includes auxiliary equipment 
necessary for electricity generation, such as inverters, mounting structures, and cabling. It is assumed 
that the site has a maximum power output of 570 kWp, with an expected annual yield of 1509 
kWh/kWp of electricity. Over the 30-year lifetime of the site, an average degradation of 10.5% in panel 
efficiency is assumed, accounting for gradual wear and tear in performance over time. 

Here, the construction of the LCI of monocrystalline silicon is in accordance with IEA PVPS Task 12: PV 
Sustainability (IEA, 2023b). 

3.3 Battery 

Battery technology encompasses a diverse range of processes and applications related to the 
development, manufacturing, and utilization of batteries as energy storage devices. Batteries play a 
crucial role in enabling clean and sustainable energy solutions across various sectors, including 
transportation, renewable energy integration, and grid stabilization. By 2030, global battery storage 
demand should grow sixfold to 1,200 GW to limit global warming to 1.5°C, accounting for 90% of 
overall energy storage growth, with battery storage surpassing pumped hydro as the dominant 
technology (IEA, 2024a; Marjolin, 2023). European battery cell demand is likely to exceed 1 TWh per 
year by 2030 (Link et al., 2025). Electric vehicle (EV) batteries will dominate the market, and they are 
expected to grow by a factor of eight or more by 2030 (IEA, 2024c). Achieving climate and renewable 
energy goals will require a significant scaling up of battery technology, driven by the integration of 
renewable energy and rising EV adoption. 

Batteries can be classified into several types based on their chemistry, including lithium-ion, lead-acid, 
nickel-metal hydride, and emerging technologies like solid-state and flow batteries. Lithium-ion 
batteries dominate the market due to their high energy density, long cycle life, and relatively low self-
discharge rate (IEA, 2024d). Lead-acid batteries remain prevalent –constituting the largest volume in 
weight (Joint Research Centre, n.d.) especially due to their use in conventional vehicles in the 
automotive sector, and in industrial applications; while nickel-metal hydride batteries are typically 
used in hybrid electric vehicles and portable electronics. 

Lead-acid batteries lower energy density, shorter cycle life, and environmental drawbacks limit their 
suitability for many contemporary and future applications, even though these are still relevant in 
specific applications prioritizing cost-effectiveness over weight considerations (Sunflx, 2026). Based on 
their Technology Readiness Level (TRL), lithium-ion batteries, particularly Nickel Manganese Cobalt 
(NMC), and Lithium Iron Phosphate (LFP), are suitable alternatives widely deployed in electric vehicles 
and energy storage systems (IEA, 2024d). NMC batteries are known for high energy density, while LFP 
batteries offer lower costs and higher thermal stability. NMC is the main technology in European and 
Northern American EVs whereas LFP dominate the Chinese market (IEA, 2024e). Emerging 
technologies like sodium-ion and redox flow batteries are at lower TRLs but are gaining attention due 
to their potential to reduce reliance on critical minerals like lithium, cobalt, and nickel. Graphite 
remains the primary anode material for lithium-ion batteries, with potential future advancements in 
lithium metal anodes. 

In the present LCA work, we focus on LFP and NMC batteries. For NMC, nickel, cobalt, and manganese 
chlorides with a molar ratio of 8:1:1. The functional unit of the study is 1 kWh of battery cell (with 
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energy densities of 120 Wh/kg for LFP and 150 Wh/kg for NMC), and the analysis follows a cradle-to-
grave LCA approach, covering all life stages from the extraction of raw materials to the cell assembly 
and recycling of batteries at the end-of-life stages. The system boundary, shown in Figure 3.3, 
encompasses the extraction, processing, and transport of raw materials, as well as the manufacturing 
of key battery components. Here, the construction of the LCI of the two battery technologies is in 
accordance with the work of Jiang et al. (2022), with the cathode composition adjusted from a 1:1:1 
molar ratio to 8:1:1 to reflect the most common NMC variant currently in use.  

The LFP and NMC battery cells are composed of five main components: cathode, anode, separator, 
electrolyte, and cell container. The cathode includes an aluminium foil collector coated with a positive 
electrode paste, primarily consisting of LiFePO4 for LFP and LiNi1/3Co1/3Mn1/3O₂ for NMC as the 
active material, along with binder and conductive black carbon. The anode uses a copper foil collector 
covered with negative electrode paste, made from graphite, carbon black, and a small amount of 
binder. Solvents, such as N-methyl-2-pyrrolidone for the cathode and deionized water for the anode, 
are used to form electrode slurries, which are evaporated after being applied to the collectors. Once 
manufactured, the cathode and anode electrodes are cut, wound with a separator to form cell stacks, 
and assembled into the cell container. After the tabs are welded, the cell is filled with electrolyte, 
washed, and sealed. 

Figure 3.3: System boundary for the LCA of LFP and NMC battery cell operation 

 

3.4 Hydrogen 

Hydrogen technology encompasses a wide range of processes and applications related to the 
production, storage, distribution, and utilization of hydrogen as an energy carrier. Hydrogen is 
emerging as a versatile and clean energy carrier with the potential to decarbonize parts of industry, 
transport, and power generation. In 2020, global hydrogen end-use demand was around 90 megatons 
(Mt) (Hydrogen Council and McKinsey & Company, 2021; IEA, 2024f), of which less than 1 Mt was low 
emission. By 2030, demand for clean hydrogen - defined as renewable or low-carbon hydrogen with 
carbon sequestration - is expected to reach 140 Mt (in a net-zero scenario). Even though it is ambitious 
to see an increase of 50 Mt by the end of this decade, it is seen as a necessary action to reach net-zero 
emissions by 2050 and limit global warming (Hydrogen Council and McKinsey & Company, 2021; IEA, 
2024f). In Europe, the REPowerEU Strategy has set a target of producing 10 MT of renewable hydrogen 
by 2030 (European Commission, 2022), with a 40GW electrolyser capacity under the EU Green Deal 
(European Hydrogen Observatory, 2025). 

Hydrogen can be produced through several methods, including steam methane reforming (SMR), 
autothermal reforming (ATR), electrolysis, biomass gasification, and even thermochemical processes 
(NETL, n.d.). SMR and ATR are the most common methods used at present, relying on hydrocarbon 
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feedstocks like natural gas, while electrolysis utilizes electricity to split water molecules into hydrogen 
and oxygen. Biomass gasification involves the conversion of organic materials into hydrogen-rich gas, 
and thermochemical processes use heat to drive chemical reactions that ultimately yield hydrogen, 
like sulphur-Iodine cycle, hybrid sulphur cycle, and iron oxide cycle. 

In terms of TRL, electrolysis, SMR and ATR are among the highest-rated hydrogen technologies. 
Electrolysis, particularly proton exchange membrane (PEM) electrolysis, has gained traction due to its 
ability to produce hydrogen using renewable electricity sources (Bernuy-Lopez, 2023). SMR and ATR, 
although widely deployed, are less environmentally friendly as they majorly rely on fossil fuels and 
produce carbon dioxide as a byproduct. There has been an effort to incorporate carbon capture and 
storage technologies (CCS), and the use of biomethane, to reduce greenhouse gas emissions. 

In the present LCA work, we focus only on green hydrogen technologies, that is – hydrogen produced 
from renewable sources of energy, which fall under electrolysis. Alkaline water electrolysis (AWE) and 
proton exchange membrane (PEM) are the technologies that are considered. In this investigation, we 
conduct a cradle-to-gate LCA, where the life stages from the extraction of raw materials (cradle) 
through the operation phase and the end-of-life treatment of installation materials are covered, but 
not transport infrastructure and H2 storage. The JRC (2024) indicates that delivery contributes 
substantially to the GHG footprint of compressed hydrogen, whereas its contribution is comparatively 
lower for higher-density hydrogen carriers such as methanol, ammonia, and SNG. 

The system boundary for hydrogen technologies in this study includes the extraction, processing, and 
transport of raw materials, as well as the manufacturing of electrolyzer components, operation and 
treatment of main components. The electrolyzer system consists of a stack (H₂-producing unit), 
balance of plant (12), power electronics, and electricity source for electrolysis. The functional unit 
chosen is both per kWh electricity and per kg of hydrogen produced, considering the efficiency of 
electrolysers, with oxygen treated as an emission since it is vented rather than utilized as a co-product. 
Using both functional units allowed comparison with other energy technologies as well as with 
literature values which are commonly expressed in terms of mass of hydrogen. Figure 3.4 illustrates 
the system boundary for hydrogen production using the two electrolysis technologies. Here, the 
construction of the LCI of the two hydrogen technologies is in accordance with the work of Krishnan 
et al. (Krishnan et al., 2024), using the work of Carlo D’Angelo et. al and Zhao et. al in addition for the 
construction stage (Zhao et al., 2020; D’Angelo et al., 2023).  

  

 
(12) The balance of plant in hydrogen production includes all auxiliary systems and components that support the 
main production system, such as an electrolyser or reformer, ensuring efficient, safe, and reliable operation. 
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Figure 3.4: System boundary for the LCA of 1 kg hydrogen production via two different 
technologies: AWE and PEM 

 

The stack specifications for the designs of the technologies are based on Krishnan et al (2024). AWE 
and PEM systems have a focus on the current state-of-the-art stacks. AWE and PEM stacks consist of 
multiple cells, each with a specific rated power, connected in series to form a stack. Each cell is 
composed of several components, which are detailed in Table 3-2. 

Table 3-2: Characteristics of the two hydrogen technologies. 

 Unit AWE PEM 

Stack size MW 2,2 0,67 
Cells per stack Cells/stack 230 150 
Stacks per GW Stacks/GW 455 1493 

 

PEM electrolysers use a solid polymer electrolyte membrane to conduct protons from anode to 
cathode (e.g. Nafion). During this process, water is converted into hydrogen and oxygen, with 
hydrogen forming at the cathode and oxygen at the anode. Uses noble metal catalysts (Iridium, 
Platinum) (Bosch, n.d.). 

AWE electrolysers use a concentrated potassium hydroxide (KOH) or sodium hydroxide (NaOH) 
electrolyte. Hydrogen is produced at the cathode and oxygen at the anode in cells separated by a 
diaphragm that prevents gas mixing but allows ion conduction. Uses non-precious catalysts (Ni-based 
electrodes) (NHGT, 2024). 

3.5 Carbon capture 

Carbon capture, utilization, and storage (CCUS) technologies play a pivotal role in reducing CO2 
emissions across various industrial sectors. In 2022, the global captured CO2 capacity was reported at 
45 MtCO2 per year (IEA, 2023a). Projections indicate that to reach the net-zero target by 2050, an 
additional 980 MtCO2 per year capturing capacity will be needed. The NZIA includes the legally binding 
target to store at least 50 million tonnes of CO2 yearly in EU geological sites by 2030 (European 
Commission, n.d.). Among different CCUS technologies, Post-Combustion Carbon Capture (PCCC), is 
one of the most mature technologies (Rezaei et al., 2023). Other technologies with some pilots in the 
EU include Direct Air Capture (DAC) and oxyfuel. PCCC is typically achieved through four main methods: 
chemical solvent absorption, membrane separation, adsorption, and cryogenic separation (Kammerer 
et al., 2023). Each of these technologies focuses on separating CO2 from flue gases, with chemical 
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solvent absorption being the most commercially advanced and widely deployed due to its high 
efficiency and technological maturity. 

The amine-based chemical absorption process, used since the 1930s for CO2 removal, is the most 
mature and widely deployed post-combustion carbon capture technology, with a Technology 
Readiness Level (TRL) of 8-9 (Chao et al., 2021; Rochelle, 2009; Rezaei et al., 2023). CO2 is absorbed by 
amines, forming a carbonate salt, though challenges like high energy consumption (2.5 – 3.5 GJ per 
tonne of CO2), solvent degradation, and potential airborne toxic emissions persist. Despite these 
issues, amine systems are commercially proven at large scales, supported by a well-established supply 
chain and heat integration options that reduce energy use (Rezaei et al., 2023). Capture costs range 
from US$50 – 120 per tonne of CO2, depending on site conditions. While newer technologies like 
adsorption and membranes show promise, amine absorption remains the leading solution for large-
scale CO2 capture (Kammerer et al., 2023). 

In this LCA study, the focus is on chemical solvent absorption, particularly using monoethanolamine 
(MEA), which is considered a benchmark technology for CO2 capture. In this investigation, we had 
aimed to conduct a full LCA; however, we were forced to limit the dimension to the operation phase 
of the carbon dioxide capture process, including the supply chain of raw materials used by the process 
(e.g. MEA) but excluding construction of carbon capture infrastructure, the transportation and storage 
of captured CO2, the decommissioning of the infrastructure at the end of its lifecycle, and potential 
CO2 leakage from storage facilities. This is due to the limitation in availability of publicly available 
inventories in the reviewed recently published literature (Giordano et al., 2018). Operational energy 
demand and solvent production are, however, the dominant hotspots in MEA CCUS systems (Tao and 
Brander, 2024). Figure 3.5 presents the simple system boundary of the MEA technology which this 
study covers. Other lifecycle phases, such as plant construction, or infrastructure for transporting and 
storing CO2 were not included due to lack of available data and would make the environmental impacts 
higher.  

Figure 3.5: System boundary for the LCA of carbon capture using the MEA technology 

 

The geographical scope of this assessment is Europe, based on the use of European electricity mixes 
and inventory data where available, and the temporal scope aims to represent current technology 
conditions. Where data for 2024/2025 were unavailable, the most recent foreground and background 
datasets were used. This results in some uncertainty related to data quality and temporal 
representativeness. The scenario analysis presented in the Section 6 of this report aims to explore the 
implications of future deployment and scaling of the assessed technologies.  
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4 LCA results 

A snapshot of the total environmental scores of the assessed lifecycle impacts is presented in Error! 
Reference source not found.. It is important to note that there are significant differences in the system 
boundaries and functional units across the various technologies. The two wind technologies (4.5MW 
and 15MW), mono-crystalline silicon PV, and battery technologies (LFP and NMC) cover the full 
lifecycle, with a functional unit producing 1 kWh of energy. In contrast, the hydrogen technologies 
(AWE and PEM) assess both the production of 1 kg of hydrogen and 1 kWh of energy, excluding the 
transportation and storage of H2, and the MEA carbon capture technology only considers the operation 
phase, with a functional unit of capturing 1 tonne of CO2.  

The functional unit chosen for the different technologies fulfils distinct technical roles: wind and solar 
technologies are focused on electricity production, hydrogen and battery technologies address energy 
storage, and carbon capture technology is designed for the removal of carbon emissions.  

Error! Reference source not found. presents the investigated LCA results side-by-side. It should be 
stressed that while their impact results are presented within the same table, this does not imply that 
product systems with different functionalities should be directly compared. Even when their functional 
units share the same metric (e.g., kWh), the specific purpose and context of their application must be 
carefully considered to ensure an accurate and meaningful interpretation of the results. Furthermore, 
energy production technologies (especially intermittent like wind and solar) also require storage 
technologies, and cannot be used in isolation. 

To improve comparability with other energy technologies, the results for the assessment for hydrogen 
production technologies have been expressed in terms of energy content across the study, but in terms 
of mass in the following section, when results are compared with literature values. 

There are significant uncertainties associated with the impacts presented in Error! Reference source 
not found., because of the choice and assumptions that were made in the modelling as well as the 
inherent limitations of LCA. One should keep in mind that the results are not fully representative of 
each technology, but rather of the specific case study that was modelled. Nevertheless, they allow for 
consistent comparison within specific technology groups (production technologies or storage 
technologies) and identifying the main hotspots for different environmental impact categories. 

Compared to the European average electricity mix, the renewable energy systems analysed in this 
study, such as wind and PV, have relatively low environmental impacts per kWh of electricity produced. 
It is worth mentioning that while PV may have lower impacts in a few specific impact categories, 
offshore wind generally shows lower overall impacts.  

For the case of offshore wind energy, the foreground system requires infrastructure installation on 
land (e.g., a converter, cables, transformation stations, and other industrial equipment). This 
contributes to land occupation and other impacts. However, these impacts are not solely from the 
foreground system; the background processes also contribute. For instance, producing copper wire 
involves factory construction, which occupies land, and land use or transformation is required for other 
background processes as well. 

Looking at the energy storage technologies shows that they impose varying levels of environmental 
pressure across multiple impact categories. PEM technology demonstrates the highest impact across 
nearly all categories. LFP and NMC, by comparison, exhibit lower impacts, with NMC showing slightly 
higher impact. The energy for storage is modelled using the European average electricity mix in this 
analysis and contributes significantly to the overall environmental footprint of the energy carriers. The 
higher environmental footprint of hydrogen compared to batteries is mainly due to the higher energy 
efficiency of batteries compared to hydrogen. 
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Table 4-1: Environmental impact score of assessed technologies at current technology level 

Category European el-
mix (high 

voltage) / kWh 

(13) 

Coal plant 
/ kWh 

Gas plant 
/ kWh 

Onshore  
4,5MW  
wind / 
kWh 

Offshore 
15MW 
wind / 
kWh 

Mono- 
crystalline  
silicon PV / 

kWh 

LFP  
battery 
/ kWh 

NMC  
battery 
/ kWh 

 AWE 
hydrogen 

/ kWh 

PEM 
hydrogen 

/ kWh 

MEA 
CC 

/ ton CO2 

Climate Change (kg 
CO2-Eq)  

3,77E-01 1.07E+00 4.31E-01 1.66E-02 7.37E-03 2.37E-02 4.72E-01 5.32E-01  1.21E+00 1.39E+00 3.77E+02 

Ecotoxicity (CTUe) 8,17E+00 3.89E+01 1.01E+00 2.56E+00 7.19E-01 1.87E+00 1.65E+01 2.22E+01  2.93E+01 4.36E+01 1.21E+04 

Human Toxicity 
(CTUh) 

7,77E-09 1.48E-08 7.23E-10 3.82E-09 1.06E-09 1.89E-09 1.57E-08 2.10E-08  2.53E-08 2.95E-08 8.01E-06 

Land Use 
(dimensionless - Pt) 

1,21E+00 1.53E+00 1.19E-01 1.52E-01 3.17E-02 3.91E+00 1.80E+00 2.01E+00  3.77E+00 4.34E+00 1.21E+03 

Material Resources – 
minerals and metals 
(kg Sb-Eq) 

3,85E-07 3.52E-07 1.43E-07 2.73E-06 6.28E-07 1.23E-06 4.85E-06 8.76E-06  1.46E-06 3.52E-06 4.24E-04 

Particulate Matter 
Formation (disease 
incidence) 

5,98E-09 2.47E-08 2.02E-09 1.63E-09 5.96E-10 1.91E-09 2.53E-01 4.19E-01  1.96E-08 2.33E-08 6.78E-06 

Water Use (m3 world 
eq. deprived) 

2,20E-01 8.07E-02 2.72E-02 6.96E-03 4.25E-03 9.53E-01 4.72E-01 5.32E-01  6.66E-01 7.62E-01 2.24E+02 

 
(13) An ecoinvent process representing a market group for electricity, high voltage, in European Network of Transmission Systems Operators for Electricity. This dataset 
combines national high-voltage electricity market mixes of ENTSO-E member countries, weighted by electricity trade flows, to reflect average electricity supplied to the 
European transmission grid. 
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MEA carbon capture technology, although crucial for reducing emissions, still faces high energy 
demands, which can significantly impact the overall efficiency of power plants or increase energy use 
at processes not focused on power generation, such as cement production. For instance, in a coal or 
natural gas-fired power plant, the energy required for MEA regeneration reduces the plant’s net 
efficiency. Moreover, it is important to note that the environmental impacts associated with 
supporting infrastructure, such as pipeline construction for CO₂ transport, booster stations to prevent 
pressure drops, and injection infrastructure for storage wells, are not included in our assessment. 
These additional components would further contribute to the overall environmental impacts. 

In the following section, each of the investigated technologies will be examined in detail, providing an 
analysis of their environmental impacts. This assessment will consider the system boundaries of each 
technology, allowing for a comparison of their respective contributions to environmental impact 
categories. 

4.1 Wind and solar 

Figure 4.1 compares the environmental impacts of two wind technologies: 4.5 MW onshore wind and 
15 MW offshore wind, in addition to solar energy (Mono-Si PV), and coal and gas, alongside the 
European electricity mix. Onshore and offshore wind and PV show lower environmental impact for 
Climate Change, Ecotoxicity, Human toxicity and Particulate Matter Formation than the average EU 
electricity mix and coal production. Gas production has a higher global warming impact and PM 
formation but presents a relatively low impact for the other categories. Wind technologies also show 
significantly lower impacts for land and water use, but higher material resources onshore. PV panels 
show higher impacts for these three categories.  

Mono-Si PV demonstrates significantly lower impacts than the European mix in most categories, 
particularly climate change, ecotoxicity, human toxicity, and particulate matter formation. However, 
the impacts of Mono-Si PV are notably higher in land and water use, and material resources, due to 
the resource-intensive manufacturing processes of PV panels as well as the requirement of 
transforming land for installation of PV technology. The impacts of PV are also higher than both wind 
turbine technologies, except for human toxicity, ecotoxicity, and material resources, where onshore 
wind has a higher footprint.  

Onshore wind generally has higher impacts than offshore wind, with notable differences in human 
toxicity, ecotoxicity, material resources, and particulate matter formation. These patterns indicate that 
while offshore wind demands more resources and energy for installation, it has a comparatively lower 
environmental footprint per unit of output. Onshore wind displays higher impacts in all categories due 
to relatively lower capacity, lifetime, and annual electricity production. This comparison highlights the 
substantial sustainability benefits of both wind technologies over the European mix, with offshore 
wind offering further reductions in long-term environmental impacts despite its higher initial resource 
needs. 

It is important to note that the material resource impact category considered in this study focuses on 
the use of minerals and metals, and does not account for fossil non-renewable resources, which would 
be substantially more relevant when assessing alternative non-renewable energy technologies. 
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Figure 4.1: Comparison of environmental impact between electricity generation technologies and 
European electricity mix (high voltage) to generate 1 kWh electricity 

 

4.1.1 Contribution analysis wind technologies 

Expanding the LCA of 15 MW offshore and 4.5 MW onshore wind turbines by its contributing 
foreground processes sheds light on the contributions of various components across multiple 
environmental impact categories. For both technologies, the tower and turbine dominate most impact 
categories. However, notable differences emerge between the two. In the 15 MW offshore wind (see 
Figure 4.2), the submarine cables and foundation may contribute significantly to categories like land 
use, ecotoxicity and material resources. These contributions reflect life-cycle impact potentials 
associated with material production and installation, rather than with site-specific ecological effects, 
which can vary greatly depending on design, installation practices and local environmental conditions. 
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Figure 4.2: Contributions of processes to environmental impact categories for 15MW offshore wind 

 

In contrast, for the 4.5 MW onshore wind (see Figure 4.3), the foundation and site parts play a more 
prominent role generally across impact categories, being the dominant parameters for categories like 
climate change, land use, and particulate matter formation. The operation phase contributes 
minimally to both cases, while the plant setup (installation) is only a small contributor. This suggests 
that while both technologies face environmental challenges, the offshore wind's infrastructure-related 
impacts (tower & turbine) are more pronounced compared to onshore wind, where the environmental 
burden is more evenly distributed among components of the tower and turbine, foundation and site 
parts. 

The analysis of the top background processes contributing to environmental impacts for the 15 MW 
offshore and 4.5 MW onshore wind technologies reveals several key trends. Both technologies are 
heavily influenced by energy-intensive materials, including plastics, coal, steel, and copper, which 
dominate across multiple impact categories. For the 15 MW offshore wind, processes related to 
material production and marine logistics play a significant role, highlighting the environmental burden 
associated with transporting and installing offshore infrastructure. Onshore wind, while sharing many 
similar processes, shows a higher contribution from land preparation and construction activities. The 
frequent appearance of fuel consumption for machinery in both technologies underscores the 
environmental costs of installation and maintenance. These findings emphasize the importance of 
improving material efficiency, decarbonizing construction and maintenance machinery, reducing 
energy use in component manufacturing, and optimizing transportation and installation methods to 
mitigate the environmental impacts of wind energy. 

It is worth highlighting that key biodiversity impacts, such as bird collision and other consequences on 
the fauna, are not included in this assessment, as they fall out of the scope of a typical LCA.  
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Figure 4.3: Contributions of processes to environmental impact categories for 4.5MW onshore 
wind 

 

4.1.2 Contribution analysis solar photovoltaic 

Given that this analysis focuses on a single solar PV technology, we will proceed directly to examining 
the contributing foreground processes associated with the operation of 1 kWh of electricity generated 
by mono-crystalline silicon PV panels over their entire lifespan. Figure 4.4 presents the LCA of 1kWh 
mono-crystalline silicon photovoltaic (PV) technology, breaking down the contribution of various 
foreground processes across a wide range of environmental impact categories. The manufacturing of 
the panel (dark navy bar) and open ground construction (brown bar) dominate in most categories, 
particularly in climate change, ecotoxicity and human toxicity, particulate matter formation, and land 
use, contributing over 50% to the total impact. Other significant contributors include electric 
installation, manufacturing mono-crystalline silicon cell, and production of mono-crystalline silicon 
(solar-grade silicon refinement and ingot production), which play a notable role in categories such as 
ecotoxicity, human toxicity, and water use. The remaining processes show relatively very little impact 
across categories with the exemption of metallization paste which shows considerable impact in the 
material resources impact category. This pattern highlights that the major environmental impacts are 
driven by the material production and manufacturing processes for the PV panels, emphasizing the 
resource and energy-intensive nature of producing silicon-based photovoltaics. 
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Figure 4.4: Contributions of processes to environmental impact categories for production of 1 kWh 
electricity over the full lifecycle of mono crystalline silicon 

 

Analysing the top background processes for generating 1 kWh from mono-crystalline silicon PV 
technology reveals significant environmental contributions from energy-intensive materials and 
processes. Iron sinter, hard coal, coke, and copper anode appear frequently, reflecting the high impact 
of steel production, coal-based energy, and copper use in PV panel manufacturing. Additionally, 
blasting, sea freight transport, and diesel usage in machinery underscore the environmental impacts 
of raw material extraction, long-distance transportation, and construction. These findings emphasize 
the need to improve material efficiency, reduce reliance on carbon-intensive energy sources, and 
optimize logistics to lower the overall environmental footprint of PV technology. Addressing these 
upstream processes will be crucial for future improvements in renewable energy sustainability. 

4.2 Batteries and hydrogen storage 

Figure 4.5 compares the LCA of 1 kWh of energy storage for LFP and NMC battery technologies with 
hydrogen produced by AWE and PEM technologies (in terms of the energy contained in hydrogen), 
across various environmental impact categories, and considering the differences in system boundaries 
as discussed during the Scope of the assessment. 
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Figure 4.5: Comparison of environmental impact between energy storage technologies to store and 
deliver 1 kWh 

 

First, it is important to mention that, although there is no direct fossil-fuel equivalent for batteries or 
hydrogen, these technologies can deliver substantial climate benefits in comparable applications. For 
example, battery electric vehicles typically have lower life-cycle greenhouse gas emissions than 
conventional cars, with the magnitude of the reduction depending strongly on the electricity mix used 
for charging (Hawkins et al., 2013). Likewise, using low-carbon hydrogen in primary steelmaking can 
substantially reduce emissions relative to conventional blast-furnace production (Vogl et al., 2018).  

When compared to each other, the two hydrogen-based options generally exhibit higher 
environmental impacts compared to batteries due to lower energy efficiency. The round-trip efficiency 
of the modelled batteries is around 90%, while for hydrogen systems coupled with fuel cells, power-
to-power efficiency is only about 30% for PEM and 34% for AWE.  

Comparison of battery storage technologies 

The NMC battery shows higher environmental impacts in all categories, particularly in material 
resources and water use, where its contribution is notably larger. The lower exhibited impacts 
associated with the LFP battery are likely due to the less harmful and more abundant materials used, 
like iron, which require less energy for extraction and processing compared to the metals used in NMC 
batteries. These results highlight that while NMC batteries offer higher energy density, their 
environmental footprint is larger than that of LFP batteries. 

Recycling is included in the LCI of NMC and LFP batteries, but the environmental benefits associated 
with the substitution of raw materials are not accounted for. While recycling can reduce material 
requirements during production, any benefits from processes such as hydrometallurgical recycling are 
excluded from this assessment. This exclusion reflects a strictly attributional approach, which focuses 
only on direct lifecycle impacts without considering consequential effects or material substitution. 
Furthermore, the impacts of recycling infrastructure are also not included. Consequently, although 
both battery types have end-of-life recycling potential, these advantages are not reflected in their 
environmental impact profiles, which instead emphasize resource consumption during production and 
operation phases. 

Comparison of hydrogen storage technologies 

Overall, PEM technology exhibits higher environmental impacts across all impact categories studied, 
particularly in material resource consumption and ecotoxicity, indicating a more resource-intensive 
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process compared to AWE. The substantial gap in impacts related to material resources, land 
occupation, and ecotoxicity is significantly attributed to the manufacturing phase of PEM technology. 
Specifically, the use of materials with high environmental footprints, such as gold, platinum, and 
titanium, during manufacturing has significantly contributed to the disparity between AWE and PEM 
technologies.  

AWE technology, on the other hand, shows lower impacts across all categories. These differences 
suggest that while both technologies have environmental implications, PEM technology is more 
resource and energy-intensive, making AWE a more environmentally favourable option for hydrogen 
production for the impact categories included in this assessment. However, the higher efficiency of 
PEM technology may justify its use in scenarios where performance outweighs environmental 
concerns (14). 

4.2.1 Contribution analysis battery technologies 

Looking deeper and dissecting the environmental impacts of the two battery technologies reveals that 
for the LFP battery (see Figure 4.6), the major contributor is the operation phase. The high 
environmental burden associated with the operation phase of the LFP battery is directly tied to the 
use of low-voltage European electricity mix during charging. Additionally, it is assumed that the 
charging and discharging efficiency of the battery is 95%, further influencing the overall environmental 
performance. Manufacturing processes like the aluminium mix, electrolyte, copper mix, positive 
electrode paste (including binder, additives, solvent, etc.), and battery cell production, have a smaller 
but considerable influence in impact categories such as ecotoxicity, human toxicity, material resources 
or particulate matter formation. 

Figure 4.6: Contributions of processes to environmental impact categories per 1 kWh of energy 
discharged by an LFP battery over its entire lifecycle  

 

 
(14) 
https://encyclopedia.pub/entry/10867#:~:text=As%20can%20be%20seen%20in%20Table%201%2C%20PEM%2
0electrolyzers%20provide,membrane%20provides%20higher%20proton%20conductivity. 
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Similar to the LFP battery, the environmental impacts of the NMC battery are largely concentrated in 
the operation phase and a few critical components (see  

Figure 4.7). Key contributors include the operation cycle, battery cell, precursor materials, and positive 
active material, which significantly impact multiple categories such as ecotoxicity, human toxicity, 
material resource depletion, particulate matter formation, and water use.  

Figure 4.7: Contributions of processes to environmental impact categories per 1 kWh of energy 
discharged by an NMC battery over its entire lifecycle 

 

Analysing the top five background processes for both LFP and NMC811 battery technologies reveals 
key contributors to their environmental impacts. For the LFP battery, electricity use is the dominant 
factor, alongside raw material extraction processes like blasting and byproducts like red mud from 
aluminium production. Similarly, for the NMC battery, electricity plays an even larger role, with 
additional significant contributions from cobalt oxide and coal processing. Both batteries rely heavily 
on energy-intensive processes and generate industrial byproducts, emphasizing the environmental 
impacts associated with material sourcing, energy consumption, and chemical use. Optimizing energy 
use and reducing the reliance on high-impact materials like cobalt in the cathode part for NMC 
batteries are essential steps to improving their sustainability. 

4.2.2 Contribution analysis hydrogen technologies 

The LCA of AWE and PEM hydrogen technologies, broken down by their foreground processes, is 
presented in Figure 4.8 and Figure 4.94.9. For AWE technology, the operation phase is the primary 
contributor to environmental impacts, accounting for over 90% of the total in most categories. This is 
largely attributed to the significant amount of high-voltage electricity required to produce 1 kWh of 
hydrogen. While deionized water is also used during operation, electricity consumption is by far the 
dominant factor driving the impact. Exceptions to this pattern include material resource consumption 
where the construction phase and Balance of Plant (BoP) & Process Equipment (PE) play smaller but 
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noticeable roles. Overall, the environmental footprint of AWE technology is heavily influenced by its 
energy demands during operation, with the other lifecycle stages contributing only marginally. 

Figure 4.8: Contributions of processes to environmental impact categories for production of 1kWh 
using hydrogen produced via AWE over its entire lifecycle 

 

In contrast, the PEM technology shows a more varied distribution of impacts across its lifecycle phases, 
even though the operation phase is still dominant for most impact categories. The construction phase 
has significant contributions in categories such as ecotoxicity, material resource consumption and 
particulate matter formation, indicating that the manufacturing of PEM components is more resource-
intensive compared to AWE. Overall, while the AWE technology is more operation-heavy in its 
environmental impact, PEM technology demonstrates a more even distribution of burdens across both 
construction and operation phases, reflecting the more complex infrastructure and materials required 
for PEM hydrogen production. 

The top background processes for producing 1 kWh of hydrogen via the AWE technology highlight the 
dominance of high-voltage electricity and coal-based energy, with significant contributions from lignite 
ash and sea freight transport. This indicates the heavy reliance on fossil fuels and logistics in AWE’s 
environmental impact. For PEM technology, key contributors include diesel use in construction, high-
voltage electricity, and resource-intensive processes such as blasting, and copper production. Both 
technologies show significant impacts from energy use and material sourcing, with AWE’s impacts 
affected more by energy use, and PEM’s impacts also strongly affected by energy and resource 
extraction. Optimizing energy sources, improving material efficiency, and refining logistics are crucial 
to reducing the environmental burden of both technologies. 
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Figure 4.9: Contributions of processes to environmental impact categories production of 1kWh 
using hydrogen produced via PEM over its entire lifecycle 

 

4.3 Carbon capture 

Given that this analysis focuses on carbon capture (CC) technology, we will proceed directly to 
examining the contributing foreground processes associated with the operation of 1 ton capture CO2 
by MEA technology. Figure 4.10 illustrates the LCA of CC across various environmental impact 
categories. Solvent regeneration, which is the most energy intensive process, is the dominant 
contributor across nearly all categories. The monoethanolamine input also plays a notable role in a 
few categories, such as material resource consumption. The compression phase, which also requires 
energy, represents around 5% of the impact in many categories, whereas the amine reclaimer waste, 
containing the contaminants removed from the solvent, is responsible for a third of the ecotoxicity 
impact but is not significant in any other category. Overall, the most significant environmental impacts 
stem from the energy demands of the process, followed by the monoethanolamine input needs of the 
CC. 

A detailed analysis of the key background processes contributing to the environmental impacts of 
capturing one tonne of CO2 using MEA technology reveals that high-voltage electricity and the carbon 
capture reactor are the primary drivers. The energy-intensive nature of the process and the significant 
environmental footprint of the reactor are highlighted by their frequent appearances in the 
assessment. Monoethanolamine usage also plays a major role due to solvent degradation over time, 
piperazine is an option being investigated to replace MEA as a solvent (U.S. National Energy Technology 
Laboratory, 2018). In addition, the presence of coal-related byproducts such as hard coal ash and 
lignite ash underscores the environmental burden associated with the continued reliance on fossil fuel 
energy. To mitigate these impacts, improving energy efficiency, shifting to renewable energy sources, 
and enhancing both solvent and reactor performance are critical strategies for reducing the overall 
environmental footprint of this carbon capture process. With the current technology assessed, nearly 
380 kg of CO2-equivalent are emitted for the capture of one ton of CO2, but this is largely dependent 
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on the energy source (e.g. 47 kg in the case of Sweden and 990 kg in the case of Poland, see Section 
5.1 Sensitivity Analysis - Figure 5.5).  

Figure 4.10: Contributions of processes to environmental impact categories for capturing of 1 
tonne CO2 via MEA during the operation 

 

 

4.4 Comparison with literature studies 

The results from this study are compared with values from literature as part of the interpretation of 
results, to evaluate potential deviations. This analysis shows that the results obtained are consistent 
with state-of-the-art values regarding their Global Warming Potential (GWP). This impact category was 
selected for the comparison as the most common category evaluated across existing LCAs, normally 
assessed following the IPCC methodology and therefore comparable with the results of this study. 

The results obtained in this research are aligned with literature, supporting the robustness of this 
study. However, some uncertainties from this research might arise from data quality, as has been 
discussed for the different technologies. In addition, different methodological approaches can explain 
the variation of results, for instance system boundaries, allocation methods, or the geographical 
location where the technology is evaluated, which can pose a significant influence in the results of the 
analysis.  

Due to the lack of literature references, carbon capture has been excluded from this comparison.  

The different studies used in the literature review are summarized in Table 4-2. These included a range 
of technology configurations. It is important to note that the LCAs used for comparison do not 
necessarily rely on the same technical assumptions or system configurations as those applied in this 
study: 

- Onshore and offshore wind: capacity ranges in literature <20kW (small) to >5000 kW (large). 
Lifetime assumed 20-25 years (Mendecka and Lombardi, 2019). 

- Mono-Si PV: minimum carbon footprint (Fukurozaki et al., 2013) → 1.2 kWp and 30 years 
lifetime. Maximum carbon footprint (Kim et al., 2014) → 100 kWp and 30 years lifetime. 
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- Batteries: literature review covered includes both NMC and LFP battery chemistries (Gutsch 
and Leker, 2022), with 2550 - 10250 cycles to the EoL.  

- Hydrogen: the studied literature review shows worldwide PEM and AWE LCA studies, with a 
variation in production capacity of more than five orders of magnitude between scenarios   
(Wilkinson et al., 2023). Lifetimes reported for electrolysis installations ranged 9 to 60 years 
(in scenario analysis). 

Table 4-2: Literature sources 

Technology References 

Onshore Wind (United Nations Economic Commission for Europe, 2022; Vestas, 2017; Mendecka 
and Lombardi, 2019) 

Offshore Wind (United Nations Economic Commission for Europe, 2022; Mendecka and 
Lombardi, 2019; Allekotte and Garrett, 2024) 

Mono-
crystalline 
Silicon PV 

(United Nations Economic Commission for Europe, 2022; Fukurozaki et al., 2013; 
Luo et al., 2018; Kim et al., 2014) 

LFP Battery (Ahmadi et al., 2017; Oliveira et al., 2015; Baumann et al., 2017; Vandepaer et al., 
2017; Raugei et al., 2020; Le Varlet et al., 2020; Carvalho et al., 2021) 

NMC Battery (Baumann et al., 2017; Raugei et al., 2020; Le Varlet et al., 2020; Carvalho et al., 
2021; Stougie et al., 2019) 

AWE 
Hydrogen  

(Reiter and Lindorfer, 2015; Suleman et al., 2016; Battista et al., 2017; Zhang et al., 
2017; Valente et al., 2020; Delpierre et al., 2021; Kerscher et al., 2021; Aydin and 
Dincer, 2022) 

PEM Hydrogen  (Reiter and Lindorfer, 2015; Burkhardt et al., 2016; Zhang et al., 2017; Bareiß et 
al., 2019; Siddiqui and Dincer, 2019; Al-Qahtani et al., 2021; Delpierre et al., 2021; 
Kerscher et al., 2021; Aydin and Dincer, 2022; Hermesmann and Müller, 2022; 
Rumayor et al., 2022; Schropp et al., 2022; Weidner et al., 2023; Zhang et al., 2022) 

 

Figure 4.11: Comparison of GWP results for wind and solar technologies with literature values 
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Figure 4.12: Comparison of GWP results for battery technologies with literature values (excluding 
electricity for charge) 

 

Notes: HS home storage; GS grid storage. 

Figure 4.13: Comparison of GWP results for hydrogen technologies with literature values (FU: kg 
H2) – Studies marked with a cross used grid electricity, diamond – renewable or nuclear 
electricity  
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5 Sensitivity analysis 

To analyse how the impact of the five net zero technologies can vary, a sensitivity analysis is developed. 
First the critical parameters for each technology are determined. Then, potential quantifiable 
parameters are defined as well as realistic ranges for each of the parameters. 

5.1 Technology parameters 

The first part of the assessment focuses on technology parameters under three cases, baseline, 
optimistic, and pessimistic. The analysis allows us to understand which parameters the impacts are 
most sensitive to and therefore prioritize actions for decreasing the environmental burden of the 
technologies.  

Table 5-1: Parameters and quantifiable variables for the sensitivity evaluation. The specific values 
for each scenario can be found in Table A1.1 (Annex) 

 
Parameter (Quantifiable) variables LCI case ranges 

Wind WT efficiency Capacity factor (%) (onshore/offshore) 25 - 40 / 45 - 60 

Operational lifespan Design life (years) 20 - 30 

Electricity mix Electricity intensity Various mix 

Turbine size Turbine ratings (MW) (a) 

Solar Module efficiency % of sunlight converted to electricity 19.5 - 30 

Module lifespan Degradation rates (years) 30 – 50 

Irradiation  Irradiation (kWh/m2/year) 1055 - 1886 

Electricity mix Electricity mix Various mix 

Battery Cycle life Number of charges/discharges 1000 - 5000 

Round-trip efficiency Percentage % 90-95 

Energy density Gravimetric energy density (Wh/kg) 300-550 

Electricity mix Electricity mix Various mix 

Hydrogen Electrolyser efficiency kWh electricity per kg H2 produced 60-80 

System durability Hours of operation 80k-100k 

Fuel cell efficiency Percentage % 55-70 

Energy source Source of electricity Various mix 

CC Electricity mix Electricity mix Various mix 

CO2 capture efficiency Capture rate 85-99 

Energy penalty % extra energy use 10%-35% 

Lifespan Years of operation (b) 

(a) Because turbine size is indirectly related to the WT efficiency it was decided to exclude it from the 
assessment.  

(b) Due to a lack of data, this parameter was excluded. 
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Because most impact categories respond similarly to changes in the analysed parameters, only the 
categories that exhibit distinct sensitivity patterns are discussed in the following section (Figure 5.1 to 
Figure 5.5). A complete set of sensitivity results for all technologies and impact categories is provided 
in Annex 2.  

Figure 5.1: Sensitivity analysis of wind onshore and offshore technologies (GWP) 

 

 

Note: The scale for the y-axis is different for onshore and offshore wind. 

Figure 5.1 indicates a strong influence of the capacity factor both for both onshore and offshore wind 
generation, showing that improvements in performance over time lead to lower environmental 
impacts per unit of electricity produced. The capacity factor is driven by turbine performance and site 
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conditions, i.e. wind speed and availability. Lifetime exhibits a linear influence on the environmental 
performance of both technologies. The influence of the electricity mix is comparatively small, and 
differs between onshore and offshore wind due to electricity use included explicitly in the onshore 
inventory, whereas in the offshore inventory electricity consumption is largely embedded in upstream 
material production.  

Figure 5.2: Sensitivity analysis of mono-Si PV (GWP, land use) 

 

Note: The pessimistic case can in some cases yield lower impact than the baseline case when the pessimistic 
case accounts for slow innovation, but still a change from the business as usual (baseline) case.  

Figure 5.2 shows that the lifetime and irradiation pose the most influence for the sensitivity of the 
mono-Si PV system both for climate change and land use impacts. An ultra-low degradation of solar 
cells (~0.2%/yr) has the potential to halve these impacts in comparison to the pessimistic case. Making 
products last longer and careful site selection are therefore key in decreasing the impact per functional 
unit.  

Module conversion efficiency is another significant parameter that can decrease these impacts by 
approximately a third. While the pessimistic case considers only incremental gains with respect to the 
baseline case, the optimistic case evaluates new tandem cell technologies achieving 30% conversion 
efficiency. 

A decarbonized electricity mix can further decrease the environmental impact due to global warming 
from the manufacturing of solar panels when comparing e.g. ENTSO-E, Polish (mainly based on fossil 
sources) and Swedish (with a high percentage of nuclear, hydropower, wind, and other low carbon 
electricity sources) (IEA, 2024b).  

As seen during the contribution analysis in Figure 4.4, potential land-use impacts in the assessed 
system are primarily driven by the open-ground construction phase; under these assumptions, 
variations in the electricity mix do not contribute significantly to this impact category. However, 
alternative installations on existing national infrastructures could reduce additional land occupation. 
A recent report from JRC calculated that the potential to scale up solar PV systems on already existing 
national infrastructure could exceed 1 terawatt (TW), larger than the total PV capacity for 2030 in the 
EU Solar Energy Strategy (Kakoulaki et al., 2024). 
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Figure 5.3: Sensitivity analysis of battery LFP and NCM technologies (GWP, material resources) 

  

 

Figure 5.3 shows that the global warming potential is highly sensitive to the electricity mix, a key 
parameter in the energy conversion. This is very relevant in the impact of the environmental and 
climate benefits of these technologies. While parameters such as energy density, round-trip efficiency, 
and lifetime remain relevant, their influence on climate change impacts is secondary compared to the 
contribution from electricity production. 

Conversely, the impact of material resources is only moderately affected by the electricity mix, but 
lifetime and energy density have a higher effect on this impact. Lifetime and energy density affect 
material consumption as less material is required per functional unit. In the contribution analysis for 
batteries displayed in Figure 4.6 and Figure 4.7, it is observed that material resources impact is 
significantly influenced by the copper mix or precursor materials, in comparison with the global 
warming impact which is almost entirely dependent on the electricity mix and operation phase. NCM 
batteries depend more strongly on material resources than LFP batteries, displaying a higher sensitivity 
to this impact.   

Regarding the electricity mix, note that while the pessimistic case considered for the climate change 
impact is the Polish electricity mix, with high content of fossil fuels, for material resources the baseline 
case (ENTSO-E mix) has a higher impact, with energy technologies that might be more strongly 
dependent on critical or scarce materials. 
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Figure 5.4: Sensitivity analysis of AWE and PEM hydrogen technologies (GWP, ecotoxicity) 

 

 

Figure 5.4 shows the sensitivity of the climate change and ecotoxicity impact for hydrogen 
technologies, which is expressed per 1 kWh. As a storage technology, the energy provided has a strong 
influence on the overall contribution to the environmental impact of the functional unit. 

The electrolyser and fuel cell efficiency have a moderate effect on both global warming and ecotoxicity 
impacts. Advanced systems that could achieve ~ 80% electrolyser efficiency (40 kWh/kg H2) and 
improved catalysts for fuel cell efficiency reaching ~ 70%, can decrease both carbon footprint and 
ecotoxicity impacts. 

Lifetime considerations do not hold a relevant influence for global warming since most of this impact 
is caused during the operation phase rather than from the influence of infrastructure. For ecotoxicity 
impacts in the PEM technology, as the construction phase holds considerable ecotoxicity impacts (see 
Figure 4.9), lifetime also shows a variation on ecotoxicity for PEM technologies, which is less sensitive 
for the AWE technology. 
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Figure 5.5: Sensitivity analysis for Carbon Capture (GWP) 

 

The electricity mix is also a key parameter for the sensitivity of carbon capture systems represented in 
Figure 5.5, linked to solvent regeneration. Both the CO2 capture rate and the energy penalty also 
strongly influence the assessment results, being able to substantially decrease the environmental 
impact under a rapid innovation case considering highly efficient capture process (~ 10% energy 
penalty) and near-total capture with new solvents (~ 99% capture rate). 

 

5.2 Cross-cutting parameters 

Criticality and strategic parameters transversal to all technologies are the risks in raw material supply, 
geographic sourcing (locations) and End-of-Life (EoL) recycling rate, as well as the electricity mix. While 
the electricity mix has been modelled before in the technology parameters, the rest of parameters will 
be discussed qualitatively in the respective subsections.  

5.2.1 Onshore and offshore wind 

The deployment of wind power relies on critical raw materials such as Rare Earth Elements (REEs), 
including neodymium, praseodymium, dysprosium, and terbium. Production of these materials is 
highly concentrated, with China controlling over 90% of global processing and magnet manufacturing  
for use in turbine generators (Carrara et al., 2025). Similarly, balsa wood, a key material component 
for turbine blade cores, is almost exclusively sourced from Ecuador (Carrara et al., 2025). This high 
geographic concentration raises concerns about potential supply security, market volatility, and 
environmental impacts associated with extraction and processing.  

Recycling wind turbines remains technically challenging. The composite material used in blades are 
difficult to process, and full disassembly is generally not feasible (Cairns, 2025). In contrast, turbine 
foundations vary significantly in recyclability: offshore installations rely primarily on steel, which can 
be efficiently  recycled in closed –loops, while onshore foundations are largely concrete-based, offering 
limited circularity potential (Jiang et al., 2025). 



 

ETC HE Report 2025/17 42 

5.2.2 Mono-Si PV 

Mono-crystalline silicon (Mono-Si) PV panels rely on key materials such as silicon, aluminium and 
copper -  materials classified by the European Union as Critical Raw Materials (CRMs) or, in the case of 
copper, as strategic  (European Commission, 2023b). The PV supply chain is highly concentrated in 
China, creating risks for supply chain resilience and exposing the sector to geopolitical vulnerabilities 
(Cui et al., 2025), in addition to significant environmental pressure from production.  

Despite the strategic importance of PV, end-of-life management remains limited: only about 10% of 
PV modules are recycled worldwide, largely due to insufficient  regulation and unfavourable economics 
(Lunardi et al., 2018). This underlines the need for stronger policy frameworks and industrial 
innovation to enable circularity in the solar sector. 

5.2.3 LFP and NCM batteries 

The main difference between LFP and NMC batteries is cell chemistry. However, both chemistries 
contain elements that are considered critical due to their global demand (lithium in LFP and lithium, 
cobalt and nickel in NMC). Among these, cobalt is the most critical for the manufacturing of batteries 
(Muralidharan, 2024). 

NMC accounts with a higher circularity score than LFP batteries, due to the higher material recycling 
ratios (Picatoste et al., 2024), and the lower value of materials in LFP batteries (IEA, n.d.). Current 
supply from mining is not sufficient to provide metals to cover for the  growing battery demand, and a 
more circular system is needed (World Economic Forum, 2025).  

The supply chain for batteries is dominated by a few countries: lithium is extracted primarily from 
Australia and Chile, nickel from Indonesia, and cobalt from Democratic Republic of Congo (IEA, 2025). 
The processing and manufacturing of the cell components is dominated by China (Henze, 2022).  While 
NMCs are the dominant battery cell in the EU, LFP could be relevant from a security perspective as less 
reliant on scarce materials. 

5.2.4 AWE and PEM hydrogen 

The criticality of raw materials depends on the type of hydrogen technology studied: while nickel 
needed for the AWE electrolyser is quite abundant, platinum required in the PEM’s technology is much 
scarcer, which raises also its economic costs (Backurs et al., 2025). The production of platinum is 
concentrated in South Africa (approx. 70% of platinum supply) (Rystad Energy, 2023). 

The recycling of these materials can bring an economic value of up to 2.15 B € per decade for PEM and 
0.98 B € per decade for AWE technologies (Matz et al., 2024). 

China leads the ranking in installed electrolyser capacity and manufacturing capacity for electrolysers. 
Other regions which are notably increasing their production capacity are the European Union, India, 
and the Middle East (IEA, n.d.).  

5.2.5 Carbon Capture (MEA) 

The location of CC is generally in areas with high industrial emissions. An analysis performed in the 
United States did not find particularly relevant supply chain or material constraints (Suter et al., 2022), 
however, this might change with a broader adoption of CC or competition for raw materials with other 
uses.  
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6 Mitigation potential 

Figure 6.1 shows electricity generation over time in the counterfactual and the CETO scenario. The 
CETO scenario shows high penetration of renewable energy, in particular PV, onshore and offshore 
wind, in line with the Renewable Energy Directive. To compensate for the intermittency of these 
technologies, the CETO scenario highlights the deployment of stationary storage, mainly batteries. In 
parallel, this scenario shows the phase out of fossil sources of electricity, with the remaining being 
equipped with CCS. Total electricity production also rises and nearly doubles between 2025 and 2050 
to support the electrification of other sectors and meet the EU targets of net zero emissions by 2050.  

In the counterfactual scenario, the electricity production is identical to the CETO whereas the share of 
each technology in the electricity mix from 2025-2050 is equal to 2024.  

Figure 6.1: EU Electricity generation over time 

 

The penetration of the different renewables (PV, Wind), as well as storage technologies to compensate 
for the intermittence of PV and Wind power (Batteries, Hydrogen) lead to drastic decrease in GHG 
emissions, all while doubling electricity production in the CETO scenario. The counterfactual scenario 
shows how a similar production with today’s mix would lead to 5.1 times higher global warming 
potential in 2050.  

The decrease in climate change impact is the main goal of introducing and developing the net zero 
technologies into the European mix. The climate change impact of the electricity sector decreases 
dramatically (Figure 6.2), but this development also leads to co-benefits in other impact categories. In 
particular, the CETO scenario shows much lower impacts than the counterfactual one for Particulate 
Matter Formation and Ecotoxicity, as shown in Figure 6.3 and Figure 6.4. Phasing out fossil fuels can 
therefore decrease the number of respiratory diseases in the EU.  

The health benefits are more mixed when it comes to toxic chemicals. The human toxicity impact is 
indeed of similar magnitude for both the counterfactual and CETO scenarios, as shown in Figure 6.5. 
The mining and chemical processes required to manufacture net-zero technologies offset the benefits 
gained from avoiding toxic emissions associated with fossil fuel combustion and supply chain. 

Finally, it is important to keep in mind that the development of these technologies might increase 
some environmental burdens which should be kept in mind. In particular, the water and land use 
footprints of the electricity sector are expected to rise, mainly driven by the development of PV (Figure 
6.6 and Figure 6.7). Material resource impacts are also expected to increase, reflecting the resource-
intensive manufacturing of net-zero technologies (Figure 6.8). In the Environmental Footprint (EF) 
method, this impact category excludes fossil fuels, which are instead accounted for under “Energy 
Resources” (showing trends similar to Climate Change). As a result, net-zero technologies are not 
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necessarily more resource-intensive overall than fossil-based technologies, but they rely more heavily 
on metals. 

Figure 6.2: Climate Change impact over time  

 

Figure 6.3: Particulate Matter Formation impact over time  
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Figure 6.4: Ecotoxicity impact over time  

 

Figure 6.5: Human toxicity impact over time  

 

Figure 6.6: Land use impact over time  
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Figure 6.7: Water use impact over time  

 

Figure 6.8: Material resources impact over time  

 

 

The CETO scenario also presents significant benefits over the counterfactual one in all the impact 
categories which are not presented in the report: eutrophication to all compartments (terrestrial, 
freshwater, marine), acidification, energy resources, and ionizing radiation.  

The analysis of environmental impacts of electricity generation in the EU is conducted with today’s LCI. 
If some of the future changes are captured by the model’s parameters, such as the rate of use (capacity 
factor) or the efficiency of the technologies, it is important to note that major technological 
developments are not accounted for. For example, if a new battery chemistry such as sodium ion (Na-
ion) or solid-state batteries were to replace NMCs and LFPs, the impacts for batteries might look very 
different. Only the direct electricity inputs to foreground processes are updated each year to reflect 
the evolving electricity mix. For background processes, such as material mining or refining, the 
electricity inputs remain constant and do not capture the energy transition occurring in the EU and 
globally. One could therefore expect climate change impacts to be further reduced due to the 
worldwide decarbonization of energy systems, but such an analysis was beyond the scope of this study 
and would require a full prospective LCA (Sacchi et al., 2022). The consequences of this transition on 
the grid were also outside of the scope of the analysis. As conventional fossil fuel resources are 
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depleted, extraction shifts to unconventional fuels, whose extraction typically entails higher 
environmental burdens, such as increased water use and risks of soil and water contamination (e.g. 
hydraulic fracturing) (Vengosh et al., 2017). These additional impacts are not accounted for and could 
further increase the benefits of the Net Zero technologies.  

The electricity sector was chosen for this mitigation potential analysis because it encompasses all five 
technologies which are the focus of this report, but it is worth noting that for some of them, electricity 
generation is not the main application. Batteries and hydrogen play a bigger role in the decarbonation 
of the transportation sector whereas CC is also developed for decarbonizing the industrial sector. 
Understanding the benefits and drawbacks of the penetration of these technologies for non-energy 
sectors would require a dedicated analysis.  
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7 Conclusions 

The environmental impact assessment of five net-zero technologies, in this investigation, reveals 
distinct differences in their environmental burdens. Renewable energy systems, such as wind and PV 
solar, show lower environmental impacts per kWh compared to the European average electricity mix 
for most environmental impact categories. The investigated technologies, including wind energy (both 
onshore and offshore) and mono-crystalline solar PV underscore their status as renewable energy 
generators with minimal emissions during operation. Their environmental burdens are more 
associated with material consumption and energy and land use. Moreover, as variable renewables, 
they necessitate complementary storage capacity, with wind especially dependent on it due to its 
higher variability and lower predictability. Mono-crystalline solar PV impact is generally higher than 
both wind turbine technologies studied, however onshore wind exceeds the impact from Mono-Si PV 
regarding toxicities and material resources. 

Because of the intermittent nature of renewable energy and the limitations of electricity as an energy 
carrier, storage technologies are required for the European energy transition. It is therefore important 
not to overlook the environmental impacts of battery (LFP and NMC) and hydrogen production (AWE 
and PEM) technologies. Mining and processing of raw materials, including lithium, nickel, copper, and 
cobalt, influence the lifecycle impacts of battery technologies, while the energy-intensive processes 
required for hydrogen production, especially through electrolysis, contribute to high energy 
consumption. For both technologies, the impact is predominantly driven by the energy source for 
production/charging, highlighting that they are only valuable when combined with low-carbon 
electricity. Due to the higher energy efficiency of batteries, these display a lower impact than hydrogen 
per functional unit, except when looking at material intensity. Within the energy system, batteries and 
hydrogen serve different functions: batteries are favoured for short term storage, whereas hydrogen 
is an energy carrier more suited to high energy-density applications, such as heavy transportation, 
industrial applications, and long-term storage.  

The MEA carbon capture technology, despite its potential to significantly mitigate CO2 emissions to the 
atmosphere, presents substantial environmental impacts due to its high energy consumption during 
the operational phase. Note that the current LCA of this technology only evaluated the operation 
phase, missing a full model accounting for other critical phases such as the construction of carbon 
capture infrastructure, the transportation and storage of captured CO2, the decommissioning of the 
infrastructure at the end of its lifecycle, and potential CO2 leakage from storage facilities. These 
unassessed stages will introduce additional environmental burdens related to material use, energy 
demand, and emissions. As a result, the findings from the LCA of MEA technology capture only a 
portion of the environmental impacts, which is strongly related to the operational energy consumption 
and solvent degradation. The full environmental footprint remains unexplored in this analysis. This 
limitation underscores the need for comprehensive LCAs that account for the entire lifecycle of carbon 
capture systems to provide a complete understanding of their environmental implications and to guide 
future improvements.  

The sensitivity analysis evaluates technology and cross-cutting parameters to improve understanding 
of critical variables for the impact results of a technology. Because wind and solar technologies’ 
environmental impact is strongly related to resource consumption, an increased lifetime decreases the 
need of raw materials per functional unit and its associated impact. Capacity factor for wind turbines 
and irradiation for mono-crystalline silicon are other significant parameters to decrease the impact.  

A key parameter for storage technologies is the source of electricity mix, as their environmental impact 
is more tied to electricity consumption. For categories such as hydrogen’s ecotoxicity, the impact of 
construction also holds a strong influence, being more sensitive to lifetime as the material demand will 
decrease per unit produced, especially with the PEM technology, with higher material resource impact. 
Energy-density and round-trip efficiency (for batteries), and electrolysis and fuel cell efficiency (for 
hydrogen) are other relevant parameters for the environmental impact.  
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The impact of carbon capture is also significantly influenced by the electricity mix, linked to solvent 
regeneration. Enhancing energy efficiency, minimizing solvent degradation, and addressing the 
impacts across the entire system are essential steps toward making MEA carbon capture more 
sustainable. Improving CO2 capture rate and energy penalty can also strongly decrease its associated 
environmental impacts.    

The scenario analysis demonstrates that the integration of NZIA technologies into the EU electricity 
sector delivers substantial climate benefits. The significant reduction in the global warming potential 
of electricity generation is primarily driven by the expansion of wind and solar power, supported by 
hydrogen and battery storage. This transition is complemented by co-benefits such as lower 
particulate matter emissions and reduced ecotoxicity, although human toxicity impacts remain largely 
unchanged. At the same time, the deployment of these technologies introduces trade-offs, particularly 
related to land and water use as well as the demand for critical raw materials. The increasing land use 
is mainly driven by PV development. It is therefore important to consider solutions which can reduce 
this impact, such as the deployment of PVs on rooftops, existing infrastructure or degraded land. The 
high material footprint of NZIA technologies underlines the importance of efficient recycling to reduce 
resource dependency and limit extractive pressures. On the other hand, fossil fuels also show high 
extractive footprints. Addressing these challenges will be essential to avoid burden shifting and to 
ensure that the transition to net-zero society achieves balanced sustainability outcomes.  

A limitation of this study is that not all impact categories are captured, and current LCA methodologies 
do not yet fully address several potentially relevant impact pathways for net-zero technologies (e.g., 
biodiversity impacts such as bird collisions from wind turbines), which were excluded. Consequently, 
as impact assessment methods evolve, and as technologies themselves develop, this analysis should 
be reassessed to reflect methodological and technological advances. 

Overall, the study underscores the importance of considering both the lifecycle impacts and the 
specific functional roles of each technology. Improving energy efficiency, minimizing resource 
extraction, and advancing sustainable production processes will be critical in mitigating the 
environmental impacts of net-zero technologies and ensuring their alignment with global 
decarbonization goals.  Our report highlights the key role of the net zero technologies in reducing 
environmental pressures, but also point out that there is no such thing as free energy, and that even 
the best energy sources come with an environmental cost.  
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List of abbreviations 

 

Abbreviation Name Reference 

 

ATR Autothermal reforming  

AWE Alkaline water electrolysis  

BoP Balance of Plant  

CC Carbon Capture  

CCS Carbon Capture and Storage  

CCUS Carbon Capture, Utilization, and Storage  

CdTe Cadmium telluride  

CETO Clean Energy Technology Observatory  

CIGS Copper indium gallium selenide  

CML Centrum voor Milieukunde Leiden  

DAC Direct Air Capture  

EEA European Environment Agency www.eea.europa.eu 

EF Environmental Footprint  

ETC/HE European Topic Centre on Health and 
Environment 

 

EV Electric vehicles  

F.U. Functional Unit  

GWP Global Warming Potential  

ILCD International Reference Life Cycle 
Database 

 

IPCC Intergovernmental Panel on Climate 
Change 

 

LCA Life Cycle Assessment  

LCI Life Cycle Inventory  

LCIA Life Cycle Impact Assessment  

LFP Lithium Iron Phosphate  

MEA Monoethanolamine  

Mt Megaton  

NMC Nickel Manganese Cobalt  

NZIA Net-Zero Industry Act  

PCCC Post-combustion carbon capture  

PE Process equipment  

PEM  Proton Exchange Membrane  

PV Photovoltaic  

SMR Steam Methane Reforming  

TRL Technology Readiness Level  

 
 
  



 

ETC HE Report 2025/17 51 

References 

Ahmadi, L., et al., 2017, ‘A cascaded life cycle: reuse of electric vehicle lithium-ion battery packs in 
energy storage systems’, The International Journal of Life Cycle Assessment 22(1), pp. 111-124 (DOI: 
10.1007/s11367-015-0959-7). 

Allekotte, L. and Garrett, P., 2024, ‘Life Cycle Assessment of electricity production from an offshore 
V236-15 MW wind plant’,. 

Al-Qahtani, A., et al., 2021, ‘Uncovering the true cost of hydrogen production routes using life cycle 
monetisation’, Applied Energy 281, p. 115958 (DOI: 10.1016/j.apenergy.2020.115958). 

Arrigoni, A., et al., 2024, Environmental life cycle assessment (LCA) comparison of hydrogen delivery 
options within Europe,. 

Aydin, M. I. and Dincer, I., 2022, ‘A life cycle impact analysis of various hydrogen production methods 
for public transportation sector’, International Journal of Hydrogen Energy 47(93), pp. 39666-39677 
(DOI: 10.1016/j.ijhydene.2022.09.125). 

Backurs, A., et al., 2025, Water electrolysis technologies: comparison of maturity, operational and cost 
efficiency,. 

Bareiß, K., et al., 2019, ‘Life cycle assessment of hydrogen from proton exchange membrane water 
electrolysis in future energy systems’, Applied Energy 237, pp. 862-872 (DOI: 
10.1016/j.apenergy.2019.01.001). 

Battista, F., et al., 2017, ‘LCA evaluation for the hydrogen production from biogas through the 
innovative BioRobur project concept’, International Journal of Hydrogen Energy 42(19), pp. 14030-
14043 (DOI: 10.1016/j.ijhydene.2016.12.065). 

Baumann, M., et al., 2017, ‘CO2 Footprint and Life-Cycle Costs of Electrochemical Energy Storage for 
Stationary Grid Applications’, Energy Technology 5(7), pp. 1071-1083 (DOI: 10.1002/ente.201600622). 

Bernuy-Lopez, C., 2023, ‘Electrolysis technologies and LCOH: current state and prospects for 2030’ 
(https://hydrogentechworld.com/electrolysis-technologies-and-lcoh-current-state-and-prospects-
for-2030). 

Bosch, n.d., ‘Proton exchange membrane (PEM) water electrolysis for green hydrogen production’, 
Bosch Hydrogen Energy (https://www.bosch-hydrogen-energy.com/pem-electrolysis/) accessed 25 
November 2025. 

Burkhardt, J., et al., 2016, ‘Hydrogen mobility from wind energy – A life cycle assessment focusing on 
the fuel supply’, Applied Energy 181, pp. 54-64 (DOI: 10.1016/j.apenergy.2016.07.104). 

Cairns, R., 2025, ‘Wind turbines are tough to recycle. This firm wants to transform them into micro 
homes’, CNN (https://www.cnn.com/style/wind-turbine-blade-made-tiny-home-hnk-spc) accessed 29 
September 2025. 

Carrara, S., et al., 2025, ‘Deep dive on critical raw materials for wind turbines in the EU’, JRC 
Publications Repository (https://publications.jrc.ec.europa.eu/repository/handle/JRC141759) 
accessed 29 September 2025. 



 

ETC HE Report 2025/17 52 

Carvalho, M. L., et al., 2021, ‘Life Cycle Assessment of Stationary Storage Systems within the Italian 
Electric Network’, Energies 14(8), p. 2047 (DOI: 10.3390/en14082047). 

Chao, C., et al., 2021, ‘Post-combustion carbon capture’, Renewable and Sustainable Energy Reviews 
138, p. 110490 (DOI: 10.1016/j.rser.2020.110490). 

Cui, C., et al., 2025, ‘Policy-driven transformation of global solar PV supply chains and resulting 
impacts’, Nature Communications 16(1), p. 6742 (DOI: 10.1038/s41467-025-61979-5). 

D’Angelo, S. C., et al., 2023, ‘Absolute Sustainability Assessment of Flue Gas Valorization to Ammonia 
and Synthetic Natural Gas’, ACS Sustainable Chemistry & Engineering 11(50), pp. 17718-17727 (DOI: 
10.1021/acssuschemeng.3c05246). 

Delpierre, M., et al., 2021, ‘Assessing the environmental impacts of wind-based hydrogen production 
in the Netherlands using ex-ante LCA and scenarios analysis’, Journal of Cleaner Production 299, p. 
126866 (DOI: 10.1016/j.jclepro.2021.126866). 

Energy Sustainability Directory, 2024, ‘Are There Promising New Materials for Solar Cells That Could 
Have a Lower Manufacturing Footprint than Silicon?’ (https://energy.sustainability-
directory.com/learn/what-are-the-efficiency-trade-offs-between-thin-film-and-crystalline-silicon-
panels-at-standard-temperatures/) accessed 24 November 2025. 

European Biogas Association, 2024, ‘EBA concerned with the ENVI Committee’s vote excluding 
biogases from the Net Zero Industry Act’ (https://www.europeanbiogas.eu/eba-concerned-with-the-
envi-committees-vote-excluding-biogases-from-the-net-zero-industry-act/). 

European Commission, 2021, Commission Recommendation (EU) 2021/2279 of 15 December 2021 on 
the use of the Environmental Footprint methods to measure and communicate the life cycle 
environmental performance of products and organisations 
(http://data.europa.eu/eli/reco/2021/2279/oj) accessed 24 November 2025. 

European Commission, 2022, ‘Hydrogen’ (https://energy.ec.europa.eu/topics/eus-energy-
system/hydrogen_en) accessed 24 November 2025. 

European Commission, 2023a, COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN 
PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE 
COMMITTEE OF THE REGIONS European Wind Power Action Plan. 

European Commission, 2023b, ‘Critical raw materials’ (https://single-market-
economy.ec.europa.eu/sectors/raw-materials/areas-specific-interest/critical-raw-materials_en) 
accessed 29 September 2025. 

European Commission, 2023c, ‘Delivering on the EU offshore renewable energy ambitions’ 
(https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52023DC0668). 

European Commission, 2023d, ‘Immediate actions for the European wind power industry’ 
(https://ec.europa.eu/commission/presscorner/detail/en/ip_23_5185) accessed 18 December 2024. 

European Commission, 2024a, Environmental footprint methods: precise ways to measure 
sustainability, Publications Office of the European Union. 

European Commission, 2024b, ‘Offshore renewable energy’ 
(https://energy.ec.europa.eu/topics/renewable-energy/offshore-renewable-energy_en). 



 

ETC HE Report 2025/17 53 

European Commission, 2024c, ‘Solar energy’ (https://energy.ec.europa.eu/topics/renewable-
energy/solar-energy_en) accessed 18 December 2024. 

European Commission, 2024d, ‘The Net-Zero Industry Act: Accelerating the transition to climate 
neutrality’ (https://single-market-economy.ec.europa.eu/industry/sustainability/net-zero-industry-
act_en). 

European Commission, 2024e, ‘The Net-Zero Industry Act explained’ 
(https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-
deal/green-deal-industrial-plan/net-zero-industry-act_en). 

European Commission, n.d., ‘Life Cycle Assessment & the EF methods’ (https://green-
forum.ec.europa.eu/green-business/environmental-footprint-methods/life-cycle-assessment-ef-
methods_en) accessed 26 November 2025a. 

European Commission, n.d., ‘The EU’s 2030 carbon storage target’ (https://climate.ec.europa.eu/eu-
action/industrial-carbon-management/eus-2030-carbon-storage-target_en) accessed 25 November 
2025b. 

European Hydrogen Observatory, 2025, ‘EU Hydrogen Strategy under the EU Green Deal’ 
(https://observatory.clean-hydrogen.europa.eu/eu-policy/eu-hydrogen-strategy-under-eu-green-
deal) accessed 24 November 2025. 

Freedom Solar Power, 2023, ‘Thin Film vs. Silicon Solar Panels: What’s the Best for You?’ 
(https://freedomsolarpower.com/blog/thin-film-vs-silicon-solar-panels-whats-the-difference) 
accessed 24 November 2025. 

Fukurozaki, S. H., et al., 2013, ‘Energy Payback Time and CO2 Emissions of 1.2 kWp Photovoltaic Roof-
Top System in Brazil’, International Journal of Smart Grid and Clean Energy 2(2), pp. 164-169 (DOI: 
10.12720/sgce.2.2.164-169). 

Giordano, L., et al., 2018, ‘Life cycle assessment of post-combustion CO2 capture: A comparison 
between membrane separation and chemical absorption processes’, International Journal of 
Greenhouse Gas Control 68, pp. 146-163 (DOI: 10.1016/j.ijggc.2017.11.008). 

Global Wind Energy Council, 2023, ‘Global Wind Report 2023’ 
(https://gwec.net/globalwindreport2023/). 

GlobalData, 2018, Solar PV Module, Update 2018 – Global Market Size, Competitive Landscape and Key 
Country Analysis to 2022. 

Gutsch, M. and Leker, J., 2022, ‘Global warming potential of lithium-ion battery energy storage 
systems: A review’, Journal of Energy Storage 52, p. 105030 (DOI: 10.1016/j.est.2022.105030). 

Hawkins, T. R., et al., 2013, ‘Comparative Environmental Life Cycle Assessment of Conventional and 
Electric Vehicles’, Journal of Industrial Ecology 17(1), pp. 53-64 (DOI: 10.1111/j.1530-
9290.2012.00532.x). 

Henze, V., 2022, ‘China’s Battery Supply Chain Tops BNEF Ranking for Third Consecutive Time, with 
Canada a Close Second’, BloombergNEF (https://about.bnef.com/insights/clean-energy/chinas-
battery-supply-chain-tops-bnef-ranking-for-third-consecutive-time-with-canada-a-close-second/) 
accessed 30 September 2025. 



 

ETC HE Report 2025/17 54 

Hermesmann, M. and Müller, T. E., 2022, ‘Green, Turquoise, Blue, or Grey? Environmentally friendly 
Hydrogen Production in Transforming Energy Systems’, Progress in Energy and Combustion Science 90, 
p. 100996 (DOI: 10.1016/j.pecs.2022.100996). 

Hydrogen Council and McKinsey & Company, 2021, Hydrogen for Net-Zero: A critical cost-competitive 
energy vector (https://hydrogencouncil.com/wp-content/uploads/2021/11/Hydrogen-for-Net-
Zero.pdf). 

IEA, 2023a, ‘CCUS: Net Zero Emissions Guide’ (https://www.iea.org/reports/ccus). 

IEA, 2023b, Life Cycle Assessment of Crystalline Silicon Photovoltaic Module Delamination with Hot 
Knife Technology (https://iea-pvps.org/wp-content/uploads/2023/07/Report_IEA-PVPS_T12-25-
2023_LCA-PV-Recycling-Hot-Knife.pdf). 

IEA, 2024a, Batteries and Secure Energy Transitions 
(https://iea.blob.core.windows.net/assets/cb39c1bf-d2b3-446d-8c35-
aae6b1f3a4a0/BatteriesandSecureEnergyTransitions.pdf). 

IEA, 2024b, ‘Countries & Regions’, IEA (https://www.iea.org/countries) accessed 1 October 2025. 

IEA, 2024c, ‘Global EV Outlook 2023: Prospects for electric vehicle deployment’ 
(https://www.iea.org/reports/global-ev-outlook-2023/prospects-for-electric-vehicle-deployment). 

IEA, 2024d, ‘Global EV Outlook 2023: Trends in batteries’ (https://www.iea.org/reports/global-ev-
outlook-2023/trends-in-batteries). 

IEA, 2024e, Global EV Outlook 2024 (https://www.iea.org/reports/global-ev-outlook-2024) accessed 
18 December 2024. 

IEA, 2024f, ‘Global Hydrogen Review 2024: Executive summary’ (https://www.iea.org/reports/global-
hydrogen-review-2024/executive-summary). 

IEA, 2024g, ‘Renewables 2023: Executive summary’ (https://www.iea.org/reports/renewables-
2023/executive-summary). 

IEA, 2025, ‘Critical Minerals Data Explorer – Supply’, IEA (http://www.iea.org/data-and-statistics/data-
tools/critical-minerals-data-explorer) accessed 30 September 2025. 

IEA, n.d., ‘Electrolysers’, IEA (http://www.iea.org/energy-system/low-emission-fuels/electrolysers) 
accessed 30 September 2025a. 

IEA, n.d., ‘Recycling of Critical Minerals’, IEA (http://www.iea.org/reports/recycling-of-critical-
minerals/executive-summary) accessed 30 September 2025b. 

IEA Wind, 2023, ‘IEA Wind TCP Annual Report’ (https://iea-wind.org/wp-
content/uploads/2024/11/IEA_Wind_TCP_Annual_Report_2023_ExecutiveSummary_251124_k1.pdf
) accessed 24 November 2025. 

IRENA, 2019, FUTURE OF SOLAR PHOTOVOLTAIC: Deployment, investment, technology, grid integration 
and socio-economic aspects (https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2019/Nov/IRENA_Future_of_Solar_PV_2019.pdf). 



 

ETC HE Report 2025/17 55 

IRENA, 2025, ‘Renewable Power Generation Costs in 2024’ 
(https://www.irena.org/Publications/2025/Jun/Renewable-Power-Generation-Costs-in-2024) 
accessed 6 February 2026. 

ISO, 2006, ISO 14040. Environmental management - Life cycle assessment - Principles and framework, 
International Organization for Standardization, Geneva, Switzerland. 

Jiang, P., et al., 2025, ‘Revealing material requirements and environmental impacts of Canadian wind 
energy development using dynamic material flow analysis’, Resources, Conservation and Recycling 215, 
p. 108094 (DOI: 10.1016/j.resconrec.2024.108094). 

Jiang, S., et al., 2022, ‘Environmental impacts of hydrometallurgical recycling and reusing for 
manufacturing of lithium-ion traction batteries in China’, Science of The Total Environment 811, p. 
152224 (DOI: 10.1016/j.scitotenv.2021.152224). 

Joint Research Centre, n.d., ‘RMIS - Raw materials in the battery value chain’, RMIS - Raw Materials 
Information System (https://rmis.jrc.ec.europa.eu/bvc#/) accessed 24 November 2025. 

Kakoulaki, G., et al., 2024, ‘Communication on the potential of applied PV in the European Union: 
Rooftops, reservoirs, roads (R3)’, EPJ PHOTOVOLTAICS (DOI: 10.1051/epjpv/2023035). 

Kammerer, S., et al., 2023, ‘Review: CO2 capturing methods of the last two decades’, International 
Journal of Environmental Science and Technology 20(7), pp. 8087-8104 (DOI: 10.1007/s13762-022-
04680-0). 

Kerscher, F., et al., 2021, ‘Low-carbon hydrogen production via electron beam plasma methane 
pyrolysis: Techno-economic analysis and carbon footprint assessment’, International Journal of 
Hydrogen Energy 46(38), pp. 19897-19912 (DOI: 10.1016/j.ijhydene.2021.03.114). 

Kim, B., et al., 2014, ‘Evaluation of the environmental performance of sc-Si and mc-Si PV systems in 
Korea’, Solar Energy 99, pp. 100-114 (DOI: 10.1016/j.solener.2013.10.038). 

Korvus Technology, 2025, ‘The Difference Between Crystalline and Thin Film Solar Panels Explained’ 
(https://korvustech.com/crystalline-vs-thin-film-solar-panels/) accessed 24 November 2025. 

Krishnan, S., et al., 2024, ‘Prospective LCA of alkaline and PEM electrolyser systems’, International 
Journal of Hydrogen Energy 55, pp. 26-41 (DOI: 10.1016/j.ijhydene.2023.10.192). 

Le Varlet, T., et al., 2020, ‘Comparative life cycle assessment of lithium-ion battery chemistries for 
residential storage’, Journal of Energy Storage 28, p. 101230 (DOI: 10.1016/j.est.2020.101230). 

Link, S., et al., 2025, ‘Feasibility of meeting future battery demand via domestic cell production in 
Europe’, Nature Energy 10(4), pp. 526-534 (DOI: 10.1038/s41560-025-01722-y). 

Lunardi, M. M., et al., 2018, ‘A Review of Recycling Processes for Photovoltaic Modules’, in: Solar Panels 
and Photovoltaic Materials, IntechOpen. 

Luo, W., et al., 2018, ‘A comparative life-cycle assessment of photovoltaic electricity generation in 
Singapore by multicrystalline silicon technologies’, Solar Energy Materials and Solar Cells 174, pp. 157-
162 (DOI: 10.1016/j.solmat.2017.08.040). 

Marjolin, A., 2023, ‘Lithium-ion battery capacity to grow steadily to 2030’ 
(https://www.spglobal.com/market-intelligence/en/news-insights/research/lithium-ion-battery-



 

ETC HE Report 2025/17 56 

capacity-to-grow-steadily-to-
2030#:~:text=In%20the%20US%2C%20LFP%20batteries,resources%20of%20the%20critical%20miner
als.). 

Matz, L., et al., 2024, ‘Resource-Efficient Gigawatt Water Electrolysis in Germany—A Circular Economy 
Potential Analysis’, Circular Economy and Sustainability 4(2), pp. 1153-1182 (DOI: 10.1007/s43615-
024-00345-x). 

Maysun Solar, 2025, ‘Monocrystalline Replacing Polycrystalline: The Technology Trends of PV Modules 
in 2025’, Professional Distributed PV Module Manufacturer (https://www.maysunsolar.com/blog-
monocrystalline-vs-polycrystalline-solar-panels-2025-trends/) accessed 24 November 2025. 

Mendecka, B. and Lombardi, L., 2019, ‘Life cycle environmental impacts of wind energy technologies: 
A review of simplified models and harmonization of the results’, Renewable and Sustainable Energy 
Reviews 111, pp. 462-480 (DOI: 10.1016/j.rser.2019.05.019). 

Moussavi, S., et al., 2023, ‘Environmental life cycle assessment of a novel offshore wind energy design 
project: A United States based case study’, Renewable and Sustainable Energy Reviews 185, p. 113643 
(DOI: 10.1016/j.rser.2023.113643). 

Muralidharan, N., 2024, ‘Battery Giga Factories and their Critical Raw Materials Problem’, The Energy 
Consortium (https://energyconsortium.org/battery-giga-factories-and-their-critical-raw-materials-
problem/) accessed 29 September 2025. 

Nathanael, J., et al., 2024, ‘Challenges in managing emergency offshore: A comparison of offshore and 
onshore perspectives’, Journal of Loss Prevention in the Process Industries 88, p. 105275 (DOI: 
10.1016/j.jlp.2024.105275). 

NETL, n.d., ‘Technologies for Hydrogen Production’, U.S. Department of Energy 
(https://www.netl.doe.gov/research/carbon-management/energy-
systems/gasification/gasifipedia/technologies-hydrogen) accessed 26 September 2025. 

Neuwahl, F., et al., eds., 2024, POTEnCIA CETO 2024 scenario: energy system modelling for clean energy 
technology scenarios, Publications Office, Luxembourg. 

NHGT, 2024, ‘AWE Hydrogen Production Theory and Electrolyzer Composition’, Hebei Nickel Hydrogen 
Green Energy Technology Co., Ltd. (https://nickelgreen.com/awe-hydrogen-production-electrolyzer-
composition/) accessed 25 November 2025. 

Nicolai, S. and Munchmeyer, M., 2024, ‘An EU industry fit for Net Zero’ (https://fsr.eui.eu/an-eu-
industry-fit-for-net-zero/). 

Oliveira, L., et al., 2015, ‘Key issues of lithium-ion batteries – from resource depletion to environmental 
performance indicators’, Journal of Cleaner Production 108, pp. 354-362 (DOI: 
10.1016/j.jclepro.2015.06.021). 

Picatoste, A., et al., 2024, ‘Comparing the circularity and life cycle environmental performance of 
batteries for electric vehicles’, Resources, Conservation and Recycling 210, p. 107833 (DOI: 
10.1016/j.resconrec.2024.107833). 

Raugei, M., et al., 2020, ‘What Are the Energy and Environmental Impacts of Adding Battery Storage 
to Photovoltaics? A Generalized Life Cycle Assessment’, Energy Technology 8(11), p. 1901146 (DOI: 
10.1002/ente.201901146). 



 

ETC HE Report 2025/17 57 

Reiter, G. and Lindorfer, J., 2015, ‘Global warming potential of hydrogen and methane production from 
renewable electricity via power-to-gas technology’, The International Journal of Life Cycle Assessment 
20(4), pp. 477-489 (DOI: 10.1007/s11367-015-0848-0). 

Rezaei, S., et al., 2023, ‘Emerging technologies in post-combustion carbon dioxide capture & removal’, 
Catalysis Today 423, p. 114286 (DOI: 10.1016/j.cattod.2023.114286). 

Rochelle, G. T., 2009, ‘Amine Scrubbing for CO 2 Capture’, (DOI: 10.1126/science.1176731). 

Rumayor, M., et al., 2022, ‘Prospective life cycle assessment of hydrogen production by waste 
photoreforming’, Journal of Cleaner Production 336, p. 130430 (DOI: 10.1016/j.jclepro.2022.130430). 

Rystad Energy, 2023, ‘Green hydrogen: technology breakthroughs’, Rystad Energy 
(https://www.rystadenergy.com/news/green-hydrogen-technology-breakthroughs-mean-iridium-
shortage-and-high-prices-wil) accessed 30 September 2025. 

Sacchi, R., et al., 2022, ‘PRospective EnvironMental Impact asSEment (premise): A streamlined 
approach to producing databases for prospective life cycle assessment using integrated assessment 
models’, Renewable and Sustainable Energy Reviews 160, p. 112311 (DOI: 
10.1016/j.rser.2022.112311). 

Salameh, T., et al., 2021, ‘Review of solar photovoltaic cooling systems technologies with 
environmental and economical assessment’, Journal of Cleaner Production 326, p. 129421 (DOI: 
10.1016/j.jclepro.2021.129421). 

Schropp, E., et al., 2022, ‘Prospective Life Cycle Assessment: a Case Study of Hydrogen Production with 
Water Electrolysis’, Procedia CIRP 105, pp. 92-97 (DOI: 10.1016/j.procir.2022.02.016). 

Siddiqui, O. and Dincer, I., 2019, ‘A well to pump life cycle environmental impact assessment of some 
hydrogen production routes’, International Journal of Hydrogen Energy 44(12), pp. 5773-5786 (DOI: 
10.1016/j.ijhydene.2019.01.118). 

S&P Global, 2023, 10 Cleantech Trends in 2023 (10 Cleantech Trends in 2023). 

Stehly, T., et al., 2023, ‘2022 Cost of Wind Energy Review’ 
(https://www.nrel.gov/docs/fy24osti/88335.pdf). 

Stougie, L., et al., 2019, ‘Multi-dimensional life cycle assessment of decentralised energy storage 
systems’, Energy 182, pp. 535-543 (DOI: 10.1016/j.energy.2019.05.110). 

Suleman, F., et al., 2016, ‘Comparative impact assessment study of various hydrogen production 
methods in terms of emissions’, International Journal of Hydrogen Energy 41(19), pp. 8364-8375 (DOI: 
10.1016/j.ijhydene.2015.12.225). 

Sunflx, 2026, ‘Lithium-ion vs. Lead-Acid Batteries’ (https://sunflx.com/en/powering-the-future-
lithium-ion-vs-lead-acid-batteries/) accessed 6 February 2026. 

Suter, J., et al., 2022, Carbon Capture, Transport, & Storage: Supply Chain Deep Dive Assessment (Final 
Report), USDOE Office of Policy (OP), Washington DC (United States) 
(https://www.osti.gov/biblio/1871493) accessed 30 September 2025. 



 

ETC HE Report 2025/17 58 

Tao, Y. and Brander, M., 2024, ‘A comparative prospective life cycle assessment of coal-fired power 
plants in the US with MEA/MOF-based carbon capture’, Journal of Cleaner Production 456, p. 142418 
(DOI: 10.1016/j.jclepro.2024.142418). 

Tremeac, B. and Meunier, F., 2009, ‘Life cycle analysis of 4.5MW and 250W wind turbines’, Renewable 
and Sustainable Energy Reviews 13(8), pp. 2104-2110 (DOI: 10.1016/j.rser.2009.01.001). 

United Nations Economic Commission for Europe, 2022, Carbon Neutrality in the UNECE Region: 
Integrated Life-cycle Assessment of Electricity Sources, United Nations. 

U.S. National Energy Technology Laboratory, 2018, ‘Evaluation of Concentrated Piperazine for CO2 
Capture from Coal-Fired Flue Gas’, netl.doe.gov (https://www.nationalcarboncapturecenter.com/wp-
content/uploads/2021/01/AECOM-and-University-of-Texas-at-Austin-Evaluation-of-Concentrated-
Piperazine-for-CO2-Capture-from-Coal-Fired-Flue-Gas-2019.pdf) accessed 25 November 2025. 

Valente, A., et al., 2020, ‘Prospective carbon footprint comparison of hydrogen options’, Science of The 
Total Environment 728, p. 138212 (DOI: 10.1016/j.scitotenv.2020.138212). 

Vandepaer, L., et al., 2017, ‘Environmental impacts of Lithium Metal Polymer and Lithium-ion 
stationary batteries’, Renewable and Sustainable Energy Reviews 78, pp. 46-60 (DOI: 
10.1016/j.rser.2017.04.057). 

Vengosh, A., et al., 2017, ‘Environmental and Human Impacts of Unconventional Energy Development’, 
Environmental Science & Technology 51(18), pp. 10271-10273 (DOI: 10.1021/acs.est.7b04336). 

Vestas, 2017, Life Cycle Assessment of Electricity Production from an onshore V112-3.45 MW Wind 
Plant (https://www.vestas.de/content/dam/vestas-com/global/en/sustainability/reports-and-
ratings/lcas/V1123%2045MW_Mk3a_ISO_LCA_Final_31072017.pdf.coredownload.inline.pdf). 

Vogl, V., et al., 2018, ‘Assessment of hydrogen direct reduction for fossil-free steelmaking’, Journal of 
Cleaner Production 203, pp. 736-745 (DOI: 10.1016/j.jclepro.2018.08.279). 

Weidner, T., et al., 2023, ‘Environmental sustainability assessment of large-scale hydrogen production 
using prospective life cycle analysis’, International Journal of Hydrogen Energy 48(22), pp. 8310-8327 
(DOI: 10.1016/j.ijhydene.2022.11.044). 

Wilkinson, J., et al., 2023, ‘Review and meta-analysis of recent life cycle assessments of hydrogen 
production’, Cleaner Environmental Systems 9, p. 100116 (DOI: 10.1016/j.cesys.2023.100116). 

World Economic Forum, 2025, ‘Battery circularity’, World Economic Forum 
(https://www.weforum.org/publications/powering-the-future-overcoming-battery-supply-chain-
challenges-with-circularity/) accessed 30 September 2025. 

Zhang, J., et al., 2022, ‘Life cycle assessment of three types of hydrogen production methods using 
solar energy’, International Journal of Hydrogen Energy 47(30), pp. 14158-14168 (DOI: 
10.1016/j.ijhydene.2022.02.150). 

Zhang, X., et al., 2017, ‘Life Cycle Assessment of Power-to-Gas: Approaches, system variations and their 
environmental implications’, Applied Energy 190, pp. 326-338 (DOI: 10.1016/j.apenergy.2016.12.098). 

Zhao, G., et al., 2020, ‘Life cycle assessment of H2O electrolysis technologies’, International Journal of 
Hydrogen Energy 45(43), pp. 23765-23781 (DOI: 10.1016/j.ijhydene.2020.05.282). 



 

ETC HE Report 2025/17 59 

Annex 1 Technical Annex 

The technical annex provides a concise summary of the literature search, data collection, and 
methodological approach used in the study. It outlines the use of the Web of Science to identify recent 
academic publications on life cycle assessment (LCA) and net-zero technologies. The annex describes 
the evaluation and adaptation of life cycle inventories (LCIs) to ensure relevance to European value 
chains, including adjustments for regional electricity mixes and sourcing. It also highlights the selection 
of an attributional LCA framework to analyse environmental impacts, ensuring a consistent and robust 
analytical approach. 
 
Literature Search and Review 
To establish a robust foundation for the study, a thorough literature review was conducted using the 
Web of Science database. The search focused on recently published academic publications in relevant 
journals, employing keywords such as "LCA", "life cycle assessment", and terms specific to net-zero 
technologies like mono silica crystalline, and offshore wind. The identified literature was screened to 
evaluate its structure and coverage, specifically for lifecycle inventories (LCIs). Further scrutiny was 
applied to the background processes used within the LCIs. When multiple sources of similar quality 
were available, preference was given to those aligned with ecoinvent background data to ensure 
consistency and comprehensiveness. 
 
Data Collection and Adaptation 
Some selected LCIs originated from non-European contexts, reflecting non-European value chains. To 
enhance their applicability to European systems, these LCIs were reconstructed to represent European 
value chains. This adaptation involved substituting products and processes with European equivalents 
wherever feasible. For manufacturing phases, a European electricity mix was utilized to better align 
with regional energy profiles. This adjustment ensures that the LCIs capture a more realistic 
representation of the environmental impacts associated with the European supply chain and 
production processes. 
 
Methodological Approach 
The study adopted an attributional LCA framework to quantify the environmental impacts of the 
chosen net-zero technologies, considering current production conditions, focused on capturing the 
environmental burdens associated with a specific product system, and providing clarity on current 
processes and systems rather than modelling potential future scenarios. 
 
The impact categories studied through the EF method (European Commission, n.d.) covered: 

• Climate Change (kg CO2 eq.), reflects the potential increase in average global temperatures as 
a result of GHG emissions.  

• Ecotoxicity (CTUe), expresses potential toxic impacts on an ecosystem, which may harm 
species and the functioning ecosystem, expressed in Comparative Toxic Unit for ecosystems 
(CTUe). 

• Human Toxicity (CTUh), reflects potential impacts on human health by absorbing substances 
from the environment, excluding direct effects from products. It is expressed in Comparative 
Toxic Unit for humans (CTUh), based on a model called USEtox.  

• Land Use (Pt), it measures the use and transformation of land on four soil properties: biotic 
production, erosion resistance, groundwater regeneration and mechanical filtration, 
expressed in points.  

• Material Resources – minerals and metals (kg Sb eq.). Extracting a high quantity of resources 
today will force future generations to extract lower quantity, due to limited amount of 
resources (minerals and metals). The amount of materials is converted into equivalent of 
kilogrammes of antimony (Sb). 
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• Particulate Matter Formation (disease incidence), measures the impacts on human health 
caused by the emissions of Particulate Matter (PM) and its precursors. The potential impact is 
expressed as the change in mortality due to PM (disease incidence per kg of PM2.5 emitted).  

• Water Use (m3 -world equivalents). The use of water can contribute to a decrease in available 
water for other uses, expressed in cubic meters of water use related to the local scarcity of 
water. 

 
Life Cycle Inventories 
The attached excel file contains the life cycle inventories for the different technologies that were 
considered in this assessment, and provides detailed information on modelling assumptions such as 
detailed quantities, producing regions assumed, and literature sources. European market conditions 
were prioritized in the modelling when the data was available. Ecoinvent v3.8 (cut-off) is used for 
background modelling.   
 
Sensitivity evaluation 
The parameters considered in the sensitivity evaluation are the following: 

Table A1.1: Optimistic, baseline, and pessimistic values for the sensitivity evaluation 
 

Variables Optimistic Baseline Pessimistic 

Wind 
onshore 

Capacity factor (%) (onshore/offshore) 40/60 30/50 25/45 

Design life (years) 30 25 20 

Electricity intensity SE ENTSO-E PL 

Solar % of sunlight converted to electricity 30 19.5 22 

Degradation rates (years) 50 30 25 

Irradiation (kWh/m2/year) 1886 1222 1055 

Electricity mix SE ENTSO-E PL 

Battery Number of charges/discharges 5000 1500 1000 

Round trip efficiency % 95 90 90 

Gravimetric energy density (Wh/kg) 550 300 400 

Electricity mix SE ENTSO-E PL 

Hydrogen Electrolyser efficiency % LHV 80 65 60 

Hours of operation 100 000 80 000 60 000 

Fuel cell efficiency % 70 55 50 

Source of electricity SE ENTSO-E PL 

CC Electricity mix SE ENTSO-E PL 

Capture rate 99 90 85 

% extra energy use 10 25 35 
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Mitigation potential  
The CETO scenario is used as input data for the amount energy generated, efficiencies, rates of use, 
lifetime, and carbon capture share for each technology.  The assumptions related to those parameters 
are therefore described in the CETO scenario’s report (Neuwahl et al., 2024).  
The following table describes which changes are made in the mitigation potential scenario and the 
counterfactual scenario.  
The Life cycle inventories evolve over time because of efficiency or rate of use improvements, but their 
processes are static. This means that breakthrough technologies are not accounted for and the 
feedback loop of the decarbonization of electricity is also not included. These would result in further 
decreasing the environmental impact of the EU electricity sector.  
 

Change / assumption CETO-based scenario Counterfactual 
scenario 

Example / explanation 

Electricity mix (EU) Changes over time 
(2000–2050) 

Frozen after 2025 Increasing wind/solar share.  
H2 is produced with the given 
year’s mix.  

Total electricity demand From CETO Same as CETO  

Electricity mix, input to 
foreground processes 

Time-varying Frozen after 2025 Electricity input to the 
production of PV.  

Electricity mix, input to 
background processes 

No (static)  No (static) Electricity input to steel 
production, which is used for a 
wind turbine.   

Efficiencies (by technology) Time-varying Frozen after 2025 Improved H2 power-to-power 
efficiency 

Capacity factors Time-varying Frozen after 2025 PVs with higher capacity 
factor 

Lifetime Time-varying Frozen after 2025 Batteries’ lifetime rises 

Carbon capture deployment Included No CCS added to fossil plants 

CC efficiency penalty Included No Higher fuel use with CCS 

Technological innovation 
(new techs/designs) 

No No No new battery technology 
(Na-ion…)  

Supply chain decarbonisation  No No No greener steel (EAF, etc.) 
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Annex 2 Additional figures 

The full results for the sensitivity analysis with the 7 chosen parameters are presented for each 
technology in the figures A2.1-A2.8 

Figure A2.1: Sensitivity analysis of wind onshore 
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Figure A2.2: Sensitivity analysis of wind offshore 
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Figure A2.3: Sensitivity analysis of PV 
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Figure A2.4: Sensitivity analysis of LFP battery 
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Figure A2.5: Sensitivity analysis of NMC battery 
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Figure A2.6: Sensitivity analysis of PEM Hydrogen 
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Figure A2.7: Sensitivity analysis of AWE Hydrogen 
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Figure A2.8: Sensitivity analysis of CC 
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