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Abstract

Tackling climate change is an urgent challenge. It calls for the EU to step up its action to show global
leadership by becoming climate-neutral by 2050 in all sectors of the economy. This requires compensating, by
2050, not only any remaining CO, but also any other remaining greenhouse gas emissions, as set out in the
Communication ‘A Clean Planet for all - A European strategic long-term vision for a prosperous, modern,
competitive and climate-neutral economy’ and as confirmed by the ‘European Green Deal’ Communication.

To complement the existing policy framework, several European Green Deal Initiatives have been adopted and
other initiatives are under preparation. Among the adopted initiatives is the Regulation (EU) 2020/852 (the
‘Taxonomy Regulation’) on the establishment of a framework to facilitate sustainable investment which
provides appropriate definitions to companies and investors on which economic activities can be considered
environmentally sustainable.

Inclusion or exclusion of nuclear energy in the EU taxonomy was a debated subject throughout the
negotiations on the Taxonomy Regulation. While there are indirect references in the regulation to the issue of
nuclear energy (including on radioactive waste), co-legislators ultimately left the assessment of nuclear
energy to the Commission as part of its work on the delegated acts establishing the technical screening
criteria.

The Technical Expert Group on Sustainable Finance (TEG), which was tasked with advising the Commission on
the technical screening criteria for the climate change mitigation and adaptation objectives, did not provide a
conclusive recommendation on nuclear energy and indicated that a further assessment of the ‘do no
significant harm’ aspects of nuclear energy was necessary.

As the in-house science and knowledge service of the Commission with extensive technical expertise on
nuclear energy and technology, the JRC was invited to carry out such analysis and to draft a technical
assessment report on the ‘do no significant harm’ (DNSH) aspects of nuclear energy including aspects related
to the long-term management of high-level radioactive waste and spent nuclear fuel, consistent with the
specifications of Articles 17 and 19 of the Taxonomy Regulation.

This report is the result of that JRC analysis.



Executive summary

To reach the objectives of the European Green Deal, it is fundamental to direct investments towards
sustainable projects and activities with clear assessment of their co-benefits and risks for human health and
the environment. The Taxonomy Regulation (Regulation (EU) 2020/852), on the establishment of a framework
to facilitate sustainable investments, sets out the conditions, including environmental objectives, that an
economic activity has to meet in order to qualify as environmentally sustainable. It also sets the framework
for the development of an EU classification system (“EU Taxonomy”) of environmentally sustainable economic
activities for investment purposes.

The European Commission established a Technical Expert Group (TEG) on sustainable finance in July 2018 to
develop recommendations for technical screening criteria for economic activities that can make a substantial
contribution to the climate change mitigation or adaptation objectives, while avoiding significant harm to the
four other environmental objectives of the Regulation:

— sustainable use and protection of water and marine resources;
— transition to a circular economy;

— pollution prevention control; and

— protection and restoration of biodiversity and ecosystems.

In June 2019, the TEG provided preliminary recommendations for a first set of economic activities, together
with the associated technical screening criteria, that should deliver a substantial contribution to climate
change mitigation and adaptation, while not significantly harming any of the other environmental objectives.

In its assessment of nuclear energy as part of its review on energy generation activities, the TEG concluded
that nuclear energy has near to zero greenhouse gas emissions in the energy generation phase and can be a
contributor to climate mitigation objectives. While consideration of nuclear energy from a climate mitigation
perspective was therefore warranted, the TEG could not reach a definite conclusion on potential significant
harm to other environmental objectives, in particular considering the lack of operational permanent
experience of high-level waste disposal sites. Therefore, nuclear energy was not included at this stage in the
EU Taxonomy. Instead, the TEG recommended that more extensive technical work be undertaken on the “do
no significant harm” (DNSH) aspects of nuclear energy.

During the summer of 2020, in agreement with the Directorate-Generals for Energy (DG ENER), for
Environment (DG ENV), for Research and Innovation (DG RTD), for Climate Action (DG CLIMA) and the
Secretariat-General of the European Commission, the Directorate-General for Financial Stability, Financial
Services and Capital Markets Union (DG FISMA) requested JRC to carry out this “more extensive technical work
on the DNSH aspects of nuclear energy” as recommended by the TEG.

The JRC conducted a review to assess nuclear energy generation under the “do no significant harm” (DNSH)
criteria, considering the effects of the whole nuclear energy life-cycle in terms of existing and potential
environmental impacts across all objectives, with emphasis on the management of the generated nuclear and
radioactive waste. This report presents the result of this extensive review.

For practical and editorial reasons, the report is divided into two distinct parts (Part A and B), supplemented by
several annexes.

Part A is titled “Review of the state-of-the-art to assess nuclear energy generation under the “do no
significant harm” (DNSH) criterion” and deals with the review of the environmental impacts corresponding to
the various lifecycle phases of nuclear energy and comparison with the environmental impacts of other
electricity generation technologies, such as coal, oil, gas, and renewables (including hydropower).

Part B is titled “Specific assessment on the current status and perspectives of long-term management and
disposal of radioactive waste” and deals with the state-of-the-art and DNSH aspects of radioactive waste
management, focusing on the final disposal of high-level radioactive waste and spent nuclear fuel.

During the preparation of this report, the need for a detailed overview of the relevant legal and regulatory
framework became evident. This has been included as an annex entitled “Legal and regulatory background of
nuclear energy” (Annex 1). It is a common background document for parts A & B of the report, outlining the
main elements of the associated nuclear and environmental legal and regulatory frameworks.

This report will be reviewed by Member States’ national experts on radiation protection and waste
management appointed by the Scientific and Technical Committee under Article 31 of the Euratom Treaty, as



well as by experts on environmental impacts from the Scientific Committee on Health, Environmental and
Emerging Risks (SCHEER).

Policy context

To reach the objectives of the European Green Deal and to meet the EU’s climate change mitigation and
energy-mix targets for 2030, it is fundamental to direct investments towards sustainable projects and
activities with clear assessment of their co-benefits and risks for human health and the environment. To
achieve this, a common language and a clear definition of what is ‘sustainable’ is needed. This is why the
action plan on financing sustainable growth called for the creation of a common classification system for
sustainable economic activities, or an “EU taxonomy”.

The EU Taxonomy is a classification system, establishing a list of environmentally sustainable economic
activities. This EU-wide classification system will mean that the EU has a uniform and harmonised way of
determining what economic activities can be regarded as sustainable. This is essential in order for the EU to
become the first climate-neutral continent by 2050, as well as to mitigate biodiversity loss and other
increasingly urgent environmental challenges. This system is being developed through delegated acts and will
be published in two batches: one on the climate-related objectives and one on the other four environmental
objectives mentioned above.

The Taxonomy Regulation (REGULATION (EU) 2020/852) empowers the Commission to adopt delegated and
implementing acts in order to establish the actual list of environmentally sustainable activities along with the
associated technical screening criteria for each environmental objective. Although nuclear energy has been
recognised by the TEG as “climate-neutral energy”, the compliance with the “do no significant harm” criteria of
the nuclear energy life-cycle, and in particular the disposal of radioactive waste, requires further
considerations.

Key conclusions

— The protection of people and the environment in countries with nuclear installations relies on the
existence of a solid regulatory framework that oversees the safety and environmental impacts of these
installations. The achievement and maintenance of a high level of safety during the lifetime of nuclear
facilities and the duration of related activities requires a sound governmental, legal and regulatory
framework, which includes regular safety reviews and strict monitoring and reporting.

— The EU and its Member States have developed and established a comprehensive regulatory framework to
ensure the safety of nuclear installations, in line with international requirements and recommendations
for enhancing requlatory systems for the control of nuclear installations throughout their lifetime. As
contracting parties to the Convention on Nuclear Safety and to the Joint Convention on the Safety of
Spent Fuel Management and on the Safety of Radioactive Waste Management, the EU and its Member
States commit to a set of obligations and safety on a global scale, including those relating to their
legislative and regulatory framework and regulatory bodies.

— The detailed assessment of the impacts of nuclear energy in its various lifecycle phases shows that all
non-radiological effects and potential impact indicators are dominated by the mining & milling phase,
except the greenhouse gas (GHG) emissions, where Nuclear Power Plant (NPP) operation gives the largest
contribution (see Figure 3.3.1-12 of Part A and Tables A.2-1 and A.2-2 in Annex 2).

— The analyses did not reveal any science-based evidence that nuclear energy does more harm to human
health or to the environment than other electricity production technologies already included in the
Taxonomy as activities supporting climate change mitigation.

— The comparison of impacts of various electricity generation technologies (e.g. oil, gas, renewables and
nuclear energy) on human health and the environment, based on recent Life Cycle Analyses (LCA)
presented in Chapter 3.2 of Part A, shows that the impacts of nuclear energy are mostly comparable with
hydropower and the renewables, with regard to non-radiological effects.

— For nuclear energy, its impact on water consumption and potential thermal pollution of water bodies
must be appropriately addressed during the site selection, facility design and plant operation phases.

— With regard to potential radiological impacts on the environment and human health, the dominant
lifecycle phases of nuclear energy significantly contributing to potential radiological impacts on the



environment and human health are: uranium mining and milling (ore processing); NPP operation
(production of electricity by means of nuclear fission reactors); and reprocessing of spent nuclear fuel.

Related analyses demonstrate that appropriate measures to prevent the occurrence of the potentially
harmful impacts or mitigate their consequences can be implemented using existing technology at
reasonable costs.

Management of radioactive waste and its safe and secure disposal is a necessary step in the lifecycle of
all applications of nuclear science and technology (nuclear energy, research, industry, education, medical,
and other). Radioactive waste is therefore generated in practically every country, the largest contribution
coming from the nuclear energy lifecycle in countries operating nuclear power plants. Presently, there is
broad scientific and technical consensus that disposal of high-level, long-lived radioactive waste in deep
geologic formations is, at the state of today’s knowledge, considered as an appropriate and safe means
of isolating it from the biosphere for very long time scales.

Similarly, carbon capture and sequestration (CCS) technology is based on the long-term disposal of waste
in geological facilities and it has been included in the taxonomy and received a positive assessment. The
Taxonomy Expert Group therefore considers that the challenges of safe long-term disposal of CO; in
geological facilities, which are similar to the challenges facing disposal of high-level radioactive waste,
can be adequately managed. There is already an advanced regulatory framework in place in the
communities for both carbon dioxide storage and radioactive waste management (see Annex 1). In terms
of practical implementation, there is currently no operational geological disposal for carbon dioxide or for
radioactive waste.

Most of the LCA consulted are comprehensive, and include in their results the contribution of the disposal
phase to the overall environmental impacts from both radiological and non-radiological aspects.

From a non-radiological aspect, the disposal phase contributes only slightly to the overall greenhouse gas
emissions, use of land, and generation of technological waste. It does not contribute (the results are zero
or negligible) to those indicators representative of the impacts to the Taxonomy Regulation objectives of
sustainable use and protection of water and marine resources, pollution prevention and control, and
protection and restoration of biodiversity and ecosystems.

With regard to the transition to a circular economy, the raw materials used to build the multiple
engineered barriers of the disposal facilities (e.g. copper) cannot be recovered. The amounts needed are
small, in particular when compared with the world production and the long timeframes of the disposal.
Some materials resulting from the construction of facilities, e.g. part of the rock excavated to construct
the tunnels of a crystalline rock repository, can be commercialized.

Measures to ensure that radioactive waste does not harm the public and the environment include a
combination of technical solutions and an appropriate administrative, legal and regulatory framework.
Although there remain contrasting views, it is generally acknowledged, that the necessary technologies
for geological disposal are now available and can be deployed when public and political conditions are
favourable. No long-term operational experience is presently available as technologies and solutions are
still in demonstration and testing phase moving towards the first stage of operational implementation.
Finland, Sweden and France are in an advanced stage of implementation of their national deep geological
disposal facilities, which are expected to start operation within the present decade.

The radiological impact of nuclear energy lifecycle activities, including radioactive waste management
and disposal, is regulated by law in the Member States, setting the maximum allowed releases and
radioactivity exposure to the professionally exposed groups, to the public and to the environment.
Respecting these limits, establishing the boundaries below which no significant harm is caused to human
life and to the environment, is a precondition for any nuclear lifecycle activity to be authorized and is
subsequently monitored by independent authorities.

Provided that all specific industrial activities in the whole nuclear fuel cycle (e.g. uranium mining, nuclear
fuel fabrication, etc.) comply with the nuclear and environmental regulatory frameworks and related
Technical Screening Criteria, measures to control and prevent potentially harmful impacts on human
health and the environment are in place to ensure a very low impact of the use of nuclear energy.

An important outcome from the report is the demonstration of the development of appropriate Technical
Screening Criteria (TSC) for nuclear energy-based electricity generation according to the approach
practised by the TEG in their work. The TSC published here are preliminary proposals, illustrating that
adequate criteria can be compiled to ensure that the application of nuclear energy does no significant



harm to human health and the environment. The process for developing the relevant TSC tables is
outlined in Chapter 5 of Part A and some illustrative Technical Screening Criteria (TSC) for selected
lifecycle phases of nuclear energy are given in Annex 4.

Main findings

The comparison of environmental impacts of various electricity generation technologies on human health and
the environment, leads to the following main findings:

Average lifecycle GHG emissions determined for electricity production from nuclear energy are
comparable to the values characteristic to hydropower and wind (see Figure 3.2-6 of Part A);

Nuclear energy has very low NOy (nitrous oxides), SO, (sulphur dioxide), PM (particulate matter) and
NMVOC (non-methane volatile organic compounds) emissions. The values are comparable to or better
than the corresponding emissions from the solar PV and wind energy chains (see Figure 3.2-8 and -18 of
Part A);

With regard to acidification and eutrophication potentials, nuclear energy is also comparable to or better
than solar PV and wind (see Figure 3.2-9 and -10 of Part A);

The same is true for freshwater and marine eco-toxicity (see Figure 3.2-11 of Part A); ozone depletion
and POCP (photochemical oxidant creation potential, see Figure 3.2-19 of Part A);

Land occupation of nuclear energy generation is about the same as for an equivalent capacity gas-fired
power plant, but significantly smaller than wind or solar PV (see Figure 3.2-15 of Part A).

Some areas where utilization of nuclear energy needs special attention were also identified:

Potential thermal pollution of freshwater bodies: Large inland nuclear power plants utilizing once-through
cooling systems withdraw a large amount of water from the river or lake used as ultimate heat sink for
normal plant operation. When the heated-up cooling water is returned to the water body, it represents a
significant thermal pollution potential that must be handled adequately. In order to avoid harmful
thermal pollution effects, the maximum discharge temperature of the condenser cooling water, as well as
the maximum temperature of the freshwater body after mixing have to be strictly controlled. Water
withdrawal options and the avoidance of excessive thermal pollution must be carefully analysed during
the site selection process.

Water consumption: A general feature of power plants utilizing a specific thermal cycle to convert heat to
mechanical energy (energy of the turbine) is the need for continuous cooling. While water consumption is
very low for once-through cooling, technologies using recirculation cooling, evaporative cooling towers or
pond cooling usually consume a significant amount of water to compensate for losses due to
evaporation. Water consumption characterizing these cooling technologies remains comparable to
concentrating solar power and coal, for both recirculation and pond cooling (see Figure 3.2-7 of Part A).
During site selection, the available water resources and the potential environmental effects of excessive
water consumption must be carefully analysed and an optimal solution must be implemented.

In addition to the analysis of state-of-the-art lifecycle assessment results, the impact of ionizing radiation on
human health and the environment (see Chapter 3.4) and the potential impact of severe accidents (see
Chapter 3.5 of Part A) have been discussed extensively. The corresponding main findings are as follows:

The average annual exposure to a member of the public, due to effects attributable to nuclear energy-
based electricity production is about 0.2 microsievert, which is ten thousand times less than the average
annual dose due to the natural background radiation (see Figure 3.4-1 of Part A).

According to the LCIA (Life Cycle Impact Analysis) studies analysed in Chapter 3.4 of Part A, the total
impact on human health of both the radiological and non-radiological emissions from the nuclear energy
chain are comparable with the human health impact from offshore wind energy.

Potentially harmful effects of ionizing radiation to professionally exposed personnel are prevented by
strict radioprotection measures, monitoring and limiting occupational doses. The ALARA (as low and
reasonably achievable) principle is applied also to optimize plant maintenance works for minimizing
worker’s radiation doses.

With regard to public exposure in case of accidents, severe accident fatality rates and maximum
consequences (fatalities) are compared in Figure 3.5-1 of Part A. The current Western Gen |l NPPs have a



very low fatality rate (=5-10-7 fatalities/GWh). This value is much smaller than that characterizing any
form of fossil fuel-based electricity production technology and comparable with hydropower in OECD
countries and wind power (only solar power has significantly lower fatality rate).

Severe accidents with core melt did happen in nuclear power plants and the public is well aware of the
consequences of the three major accidents, namely Three Mile Island (1979, USA), Chernobyl (1986,
Soviet Union) and Fukushima (2011, Japan). The NPPs involved in these accidents were of various types
(PWR, RBMK and BWR) and the circumstances leading to these events were also very different. Severe
accidents are events with extremely low probability but with potentially serious consequences and they
cannot be ruled out with 100% certainty.

After the Chernobyl accident, international and national efforts focused on developing Gen Ill nuclear
power plants designed according to enhanced requirements related to severe accident prevention and
mitigation. The deployment of various Gen lll plant designs started in the last 15 years worldwide and
now practically only Gen Il reactors are constructed and commissioned. These latest technology
developments are reflected in the very low fatality rate for the Gen Il EPR design (=8-10-10
fatalities/GWh, see Figure 3.5-1 of Part A). The fatality rates characterizing state-of-the art Gen Ill NPPs
are the lowest of all the electricity generation technologies.

The consequences of a severe accident at a nuclear power plant can be significant both for human health
and the environment. Very conservative estimates of the maximum consequences of a hypothetical
severe nuclear accident, in terms of the number of human fatalities, are presented in Chapter 3.5 of Part
A and are compared with the maximum consequences of severe accidents for other electricity supply
technologies.

While the number of human fatalities is an obvious indicator for characterising the maximum severity of
accident consequences, nuclear accidents can lead to other serious direct and indirect impacts that might
be more difficult to assess. Whereas the public is well aware of the devastating consequences on
property and infrastructure, as well as on the natural environment, from historical cases of anthropogenic
catastrophes, the disaster and risk aversion might be perceived somehow differently for nuclear related
events. Evaluating the effects of such impacts is not in the scope of the present JRC report, although they
are important for understanding the broader health implications of an accident.

The analyses outlined in Chapter 3 of Part A revealed some potentially harmful impacts of nuclear energy
on human health and the environment. The implementation of specific measures, such as careful site
selection, appropriate facility design and construction, as well as rigorous operation and waste
management practices, as required by the applicable regulatory and legislative provisions, ensure that
these potential impacts remain within established limits. Some of the impacts belonging to the three
“dominant” lifecycle phases (mining & milling, NPP operation and reprocessing) need particular attention
and management (see details in section 4.4 of Part A).

On the current status and perspectives of long-term management and disposal of radioactive waste and
spent fuel, it can be stated that:

Radioactive waste is generated during all stages of the nuclear energy lifecycle. A basic ethical
requirement is the principle that the activities of today shall not cause negative impacts and shall not
impose undue burdens on future generations. Radioactive waste management and in particular waste
disposal aims at meeting this principle.

The impact associated with the construction and operation of radioactive waste handling, transportation,
storage and disposal facilities is essentially of conventional, non-radiological nature, and different studies
estimate it as a small share of the overall impact of the entire fuel cycle.

Although the geological disposal concepts can vary, the environmental impacts are dominated by the
activities related to excavating the tunnels and building the multiple engineered barriers. The
environmental impact analysis of the disposal facilities includes a description of the measures
implemented to mitigate specific effects. Mitigation measures are considered also in the mining of raw
materials needed to construct a repository (e.g. metals and bentonite for the engineered barriers) to limit
the environmental impact of the disposal phase.

The long-term potential impacts of radioactive waste relevant to the “do no significant harm” criteria, are
of a radiological nature. Due to its potential to cause harm, radioactive waste and spent fuel must be
managed aiming at radionuclide containment and isolation from the accessible biosphere for as long as
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the waste remains hazardous. The maximum radioactive dose limits to humans and to the environment
due to waste management activities and disposal facilities are set by the relevant regulations.

In terms of volume, the largest fraction of the radioactive waste comes from the operation and
decommissioning of nuclear power plants and associated nuclear fuel cycle activities. This is generally
very low or low level waste.

A significant portion of the potential radioactive waste is in fact non-radioactive or very slightly
radioactive (primarily originating from decommissioning activities). If allowed by the national legal and
regulatory framework, materials with radioactivity levels below clearance thresholds can be removed
from regulatory control through a clearance process, i.e. it is no longer considered as radioactive waste
and can be reused, recycled, or further managed as conventional waste. Some materials or equipment
that cannot be removed from regulatory control can anyhow be authorised to be reused or recycled
maintaining the regulatory control.

Uranium mining and milling also produces large amounts of very low-level waste due to formation of
waste rock dumps and/or tailings. These dumps and tailings are located close to the uranium mines and
the related ore processing plants and their environmentally safe management can be ensured by the
application of standard tailings and waste rock handling measures.

In terms of radioactivity, the main contributors are spent fuel and high-level waste. These materials
contain long-lived radionuclides which remain radioactive over a very long time - up to a hundred
thousand years or more, encompassing many generations.

The radioactive waste is collected and characterised to determine its physical, chemical and radiological
properties, and then sorted and segregated depending on the management route, which depends on the
properties of the waste and national strategy. Radioactive waste is treated and conditioned in preparation
for disposal. Storage is a necessary step to allow for the decay of short-lived radionuclides, and to collect
and accumulate a sufficient amount of radioactive waste for treatment, conditioning or disposal. Storage
also ensures the safety of radioactive waste until the disposal facility starts its operation.

The safety of radioactive waste and spent fuel during storage before disposal is ensured by adequate
passive safety features (containment, shielding, etc.), but also relies upon active monitoring and control
by the operators of the facilities.

Very low and low level waste, as well as certain intermediate level waste are disposed of in surface or
near surface disposal facilities that isolate the waste with engineered and natural barriers for a period of
typically 300 years, after which the radioactivity has decayed to harmless levels. On such a timescale, the
behaviour of the engineered barriers is well known and predictable, and they are considered sufficiently
reliable. As part of the licensing process, the safety demonstration must prove that during the first 300
years, the doses to the public caused by any foreseeable circumstance (including extreme natural events
and human intrusion) are kept below the limits established by the reqgulatory authority.

Disposal of very low and low level waste in surface and near surface facilities is an industrial reality, and
facilities have been constructed and operated in many countries. Some of them have completed their
operation and have entered the institutional control phase. The mechanisms and processes put in place
are robust, allow for the identification of non-safe situations and provide for the improvement of the
safety of the disposal.

Intermediate level waste that cannot be disposed of in surface or near surface facilities shall be disposed
of at greater depths, in geological disposal facilities.

For high-level radioactive waste and spent fuel, there is a broad consensus amongst the scientific,
technological and regulatory communities that final disposal in deep geological repositories is the most
effective and safest feasible solution which can ensure that no significant harm is caused to human life
and the environment for the required timespan. The final disposal of spent fuel and radioactive waste in
a repository foresees its emplacement in a multi-barrier (engineered and natural) system in a stable
geologic formation several hundred metres below ground level. The specific configuration of the
repository depends on the characteristics and radioactivity content of the waste. The multi-barrier
configuration of the repository prevents radioactive species from reaching the biosphere over the time
span required. In the absence of releases of radioactive species to the accessible biosphere, there is
neither radiological pollution nor degradation of healthy ecosystems, including water and marine
environments.
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The safety of deep geological repositories during operation includes active monitoring and control. The
long-term safety of radioactive waste in the geological repository, especially after its closure, must not
depend on any institutional control and must be based on inherent passive features. Passive features
include engineered and natural barriers that do not require continuous supplies to active systems (e.q.
electricity), periodic maintenance, replacement of parts, or permanent surveillance. In the case of a deep
geological repository for final disposal of spent fuel and high-level waste, the structures of the facility
and the natural media must perform their containment functions without external interventions for as
long as necessary.

The implementation of a deep geological repository to ensure that radioactive waste does not harm the
public and the environment is a stepwise process, which includes a combination of technical solutions and
a strong administrative, legal and regulatory framework. Each step is taken based on a documented
decision-making process, in which relevant scientific and technical state of the art, operational
experience, social aspects and updates in the legal and regulatory framework are incorporated.
Compliance must be ensured and demonstrated for all the steps subjected to active monitoring by the
operators and also for the very long-term duration associated with the final disposal of long-lived and
high-level waste and spent fuel (post-closure phase). This process allows making decisions that are
flexible, and allows deciding among different options for the way forward.

With the partial exception of the so-called natural analogues (i.e. sites where natural nuclear reactors
occurred billions of years ago), there is no empirical evidence generated by a radioactive waste disposal
facility that has gone through the pre-operational, operational, and post-closure stages for the entire
timeframe foreseen (up to a hundred thousand years or more for a deep geological repository). For this
reason the safety of the disposal during the post-closure phase is demonstrated by a robust and reliable
process which confirms that dose or risk to the public are kept below the established limits under all
circumstances during the time scales of interest and in the absence of direct human monitoring and
control.

The safety demonstration includes calculations and models of the behaviour of the engineered barriers
under different circumstances, of the release and transport of the radioisotopes through the barriers, of
the effects of climate events, including extreme hydrogeological, seismic and other phenomena, and of
the impacts on the human life and/or the environment of potential releases of radionuclides from the
waste. The models and calculations represent the state of the art of the knowledge generated by several
decades of study and research on all relevant properties and mechanisms that affect the entire disposal
system. The analysis is underpinned by the application of the natural laws that govern the long-term
behaviour of the geological bedrock and the evolution of the relevant external factors (e.g. the climate).
The safety demonstration is thoroughly reviewed independently and critically by the regulatory authority,
and the authorisation procedure includes the involvement of the local communities in the decision making
process.

The safety demonstration involves scenario analysis, model representation and developing an
understanding of how likely, and under what circumstances, radionuclides might be released from a
repository, and what would be the consequences of such releases for humans and the environment. A
challenging feature of these studies is the very long timeframe and the complexity of the phenomena
that govern the safety functions, as well as the treatment of uncertainties in the scenarios, in the models,
and in the data. The safety demonstration provides quantitative indicators that are compared to the
requirements of the regulations. The results can be expressed in terms of dose to humans as a function
of time covering the reference case, which must yield values well below regulatory limits as illustrated in
Figure 5.2.4-4 of Part B, and including what-if scenarios that consider very unlikely extreme
circumstances, which might yield higher doses.

The research, development and demonstration (RD&D) carried out in support of safe radioactive waste
management, including disposal, is a key component of each National and International Programme.
Given the long timescales and socio-political dimension, RD&D provides primarily the scientific basis for
implementing safe radioactive waste management solutions, whilst also contributing to building
stakeholder trust, public acceptance, and training for the next generations of experts.

A significant research effort has been devoted to maximising the fraction of spent nuclear fuel that can
be recycled in nuclear reactors and reducing the long-term radiotoxicity of HLW to be disposed of in the
geological repository. Both aims are relevant to the environmental objective "Transition to a circular
economy, waste prevention and recycling". Due to the fact that fast reactors allow multiple (re)cycling of
the fractions of fuel/waste not consumed/burned, the final result of iterating this process would be an

12



almost complete use of the fuel and an increasingly reduced fraction of long-lived species (mostly in
terms of the minor actinides content) in the irradiated fuel. Although essentially all steps of this process,
also known as partitioning and transmutation, have been demonstrated at laboratory scale, the
Technology Readiness Level is not yet corresponding to industrial maturity.

— A variety of tools and approaches is used to provide scientific evidence in support to safe disposal of
radioactive waste. Representative waste forms, including real spent fuel and vitrified high-level waste,
are studied in hot laboratory facilities to determine the relevant properties and behaviour of the waste
exposed to combinations of simulated environmental features. Tailor-made analogues are used to
investigate single effects and reactions. The study of natural analogues can yield very valuable
information, for example, on the migration of radionuclides across a geological formation. Experiments
carried out in underground research laboratories allow acquiring knowledge and data on the properties of
the host rock and their impact in the migration of radionuclides. All the experimental data and knowledge
are used to develop and validate models using state of the art codes. Modelling is extensively used to
understand behaviours and trends observed experimentally and to obtain prediction capabilities for
complex systems.

Quick guide

Part A describes relevant aspects to assess nuclear energy generation under the “do no significant harm”
(DNSH) criteria and deals with the review of impacts corresponding to the various lifecycle phases of nuclear
energy.

The structure of Part A of the report is the following:

— Chapter 1 contains the introductory part, outlining the motivation and objectives of the JRC report. It also
describes the report’s structure and the approach for its development.

— Chapter 2 introduces the basic processes, advantages and limits of lifecycle analysis. The purpose of this
chapter is to provide information on the methodology, applicability, merits and limitations of the currently
used LCA procedures, in order to highlight what can be expected from an LCA and what is beyond its
scope.

— Chapter 3 constitutes the main body of Part A. First, it provides a concise comparison of the impacts of
various electricity generation technologies: coal, oil, gas, hydropower, nuclear and renewables on the six
environmental objectives of the Taxonomy (see subchapter 1.3.2) with the aim of illustrating the
magnitude of the impacts of nuclear energy in comparison with the other electricity generation methods.

The next section of Chapter 3 is devoted to the assessment of the environmental and human health
impacts characterizing the individual lifecycle phases of nuclear energy. The following LC phases are
discussed:

e Uranium mining and uranium ore processing;
e (Conversion to uranium hexafluoride (UFg) gas;
e Enrichment of uranium;

e Fabrication of UO; nuclear fuel;

e Reprocessing of spent nuclear fuel;

e Production of MOX fuel;

e Nuclear power plant operations (this includes construction, electricity generation and long-term
operation of NPPs, as well as NPP decommissioning and site remediation);

e Management and disposal of radioactive and technological waste (in Part A only the related
lifecycle analysis results are discussed).

This impact assessment uses results from adequate lifecycle emission analyses (LCAs) carried out for
electricity generation by means of various nuclear reactor types. The assessment discusses the “open”
and “closed” fuel cycles, as well. The applied impact indicators are described in subchapter 1.3.2.
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Subchapter 3.4 (Impact of ionizing radiation on human health) provides a brief overview of possible
effects of ionizing radiation on human health, in order to put into perspective the anticipated effects of
radioactive releases from various nuclear facilities.

Subchapter 3.5 is devoted to the assessment of the impacts resulting from potential severe accidents,
also containing a comparison with other electricity generation technologies.

Using the conclusions of the analyses outlined in Chapter 3, Chapter 4 provides a concise overview of the
impact assessment results and formulates recommendations on the compatibility of nuclear energy with
the basic principles and objectives of the Taxonomy. This section also uses some results of the analysis
performed in Part B, dealing with the assessment of the impacts of radioactive waste management and
disposal.

Chapter 5 provides illustrative — preliminary — TSC tables for some lifecycle phases. Here only those LC
phases were selected which provide dominant contribution to at least one of the impact categories used.
The DNSH sections in these TSC tables were completed using the data and recommendations outlined in
Chapter 4. The following lifecycle phases are covered in this section:

e Uranium mining and ore processing;
e NPP operation (electricity production);
o Reprocessing of spent nuclear fuel,

e Storage and disposal of radioactive waste (including interim storage and disposal of spent
nuclear fuel).

The following annexes are relevant to Part A:

Annex 1 - Description of legal and regulatory framework of nuclear energy.
Annex 2 — Summary of LCA results for all lifecycle phases of nuclear energy.
Annex 3 — NACE codes corresponding to main LC phases of nuclear energy.
Annex 4 - Illustrative TSC tables.

Annex 5 - lonising radiation: definitions, units, biological effects and radiation protection.

Part B describes relevant aspects of the management of radioactive waste, with particular attention on the
long-term management of spent fuel and high-level waste, along the lines envisaged by the Terms of
Reference of the present Report.

The structure of Part B of the report is the following:

Chapter 1 presents the objectives, main principles and a summary of the legal framework of the
management of radioactive waste and spent fuel.

Chapter 2 highlights the typologies and the classification of radioactive waste generated during the
various steps of the nuclear fuel cycle described in part A, and summarizes the current global and EU
radioactive waste and spent fuel inventories.

Chapter 3 presents the strategies and technologies available for the management of radioactive waste,
focusing especially on the processes rather than in the details of the technologies.

Chapter 4 presents the different aspects of interim storage of radioactive waste and spent fuel as a
necessary step prior to disposal.

Chapter 5 is dedicated to the final disposal of radioactive waste and spent fuel. It addresses the surface
and near-surface disposal of low-level short-lived radioactive waste and provides a schematic description
of the main geological disposal concepts for HLW and spent fuel in Europe. The rationale and conceptual
approach, the tools and criteria informing the validation and the implementation of deep geological
repositories are described, together with specific safety criteria, and features associated with the safety
case and long-term performance assessment.

Chapter 6 describes the strong contribution of R&D to the development and the implementation of the
long-term solutions for the management of radioactive waste, including a historical perspective, the main
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scope of current research efforts, how research is organised in the EU, main actors, tools, trends, and
future perspectives.

The following annexes are relevant to Part B:
— Annex 1 - Description of legal and regulatory framework of nuclear energy.

— Annex 6 - Long-term radioactivity and radiotoxicity of radioactive waste
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PART A

Review of the state-of-the-art to

assess nuclear energy generation

under the “do no significant harm”
(DNSH) criterion
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1 Introduction, motivation, approach and structure

1.1 Introduction

According to the Final Report of the Technical Expert Group (TEG) on Sustainable Finance (March 2020, see
Ref. [1-1]):

“The EU’s Action Plan on Financing Sustainable Growth (March 2018) called for the creation of a
classification system for sustainable activities or Taxonomy. In May 2018, the European Commission
issued a proposal for a regulation which sets out the obligations for investors and the overarching
framework for the Taxonomy (Proposal for a regulation on the establishment of a framework to facilitate
sustainable investment — hereafter, Taxonomy Regulation (TR)). This will be supplemented by delegated
acts containing the technical screening criteria.

The TEG was asked to develop recommendations for technical screening criteria which respond to the
framework set out in the TR. The TEG mandate has been to focus on economic activities that can make a
substantial contribution to climate change mitigation or adaptation, while avoiding significant harm to the
other environmental objectives.

In December 20189, the co-legislators reached political agreement on the overarching Regulation.”

Note that the Taxonomy Regulation has been officially adopted in June 2020, see Ref. [1-2].

1.1.1 Deliberations of the Taxonomy Expert Group on nuclear energy

Nuclear energy was not included in the EU Sustainable Finance Taxonomy [1-1] for various reasons, but in the
Technical Annex [1-3], the TEG outlined also positive considerations on nuclear energy, acknowledging that it
can certainly contribute to climate change mitigation. As an explanation for not including nuclear energy into
the Taxonomy, the section TEG deliberations on nuclear energy of [1-3] states the following:

“The TEG assessed nuclear energy as part of its review on energy generation activities. Nuclear energy
generation has near to zero greenhouse gas emissions in the energy generation phase and can be a
contributor to climate mitigation objectives. Consideration of nuclear energy by the TEG from a climate
mitigation perspective was therefore warranted.

The proposed Taxonomy regulation and thus TEG’s methodology for including activities in the Taxonomy
explicitly includes two equally important aspects, Substantial Contribution to one environmental objective
and Do No Significant Harm (DNSH) to the other environmental objectives.

Evidence on the potential substantial contribution of nuclear energy to climate mitigation objectives was
extensive and clear. The potential role of nuclear energy in low carbon energy supply is well documented.

On potential significant harm to other environmental objectives, including circular economy and waste
management, biodiversity, water systems and pollution, the evidence about nuclear energy is complex and
more difficult to evaluate in a taxonomy context. Evidence often addresses different aspects of the risks
and management practices associated with nuclear energy. Scientific, peer-reviewed evidence of the risk of
significant harm to pollution and biodiversity objectives arising from the nuclear value chain was received
and considered by the TEG. Evidence regarding advanced risk management procedures and regulations to
limit harm to environmental objectives was also received. This included evidence of multiple engineered
safeguards, designed to reduce the risks. Despite this evidence, there are still empirical data gaps on key
DNSH issues.

For example, regarding the long-term management of High-Level Waste (HLW), there is an international
consensus that a safe, long-term technical solution is needed to solve the present unsustainable situation.
A combination of temporary storage plus permanent disposal in geological formation is the most
promising, with some countries are leading the way in implementing those solutions. Yet nowhere in the
world has a viable, safe and long-term underground repository been established. It was therefore
infeasible for the TEG to undertake a robust DNSH assessment as no permanent, operational disposal site
for HLW exists yet from which long-term empirical, in-situ data and evidence to inform such an evaluation

for nuclear energy.
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Given these limitations, it was not possible for TEG, nor its members, to conclude that the nuclear energy
value chain does not cause significant harm to other environmental objectives on the time scales in
guestion. The TEG has therefore not recommended the inclusion of nuclear energy in the Taxonomy at this
stage. Further, the TEG recommends that more extensive technical work is undertaken on the DNSH
aspects of nuclear energy in future and by a group with in-depth technical expertise on nuclear life cycle
technologies and the existing and potential environmental impacts across all objectives.”

During the summer of 2020 — after compiling an appropriate Terms of Reference document — DG
FISMA of the European Commission (in agreement with DGs ENER, ENV, RTD, CLIMA and the
Secretariat-General) requested JRC to carry out this “more extensive technical work on the DNSH
aspects of nuclear energy” as recommended by the TEG.

1.2 Main tasks defined in the Terms of Reference document

The Terms of Reference (ToR) document defines the following main tasks to be implemented (see Ref. [1-4]
for details):

“Conduct a review of the state-of-the-art to assess nuclear energy generation under the “do no significant
harm” (DNSH) criterion.”

“The assessment should consider the effects of the whole nuclear life cycle on the existing and potential
environmental impacts across all objectives. As per the TEG recommendations, special attention should be
given to impacts on the objectives relating to circular economy, pollution and biodiversity criteria; but
ensuring the protection of water and marine resources is also very important and should be considered.”

“For this task it is deemed relevant to consider the process followed by the TEG to determine the technical
screening criteria.”

“After establishing that a given activity could make a substantial contribution to the climate objectives, the
TEG screened activities that could risk doing significant harm to one of the four (non-climate)
environmental objectives. It followed a full life-cycle approach, to avoid errors such as considering an
activity sustainable with a negative effect during a given stage (upstream or downstream).”

“..the Final Report of the TEG [1-1] includes comments on the impact that other energy sources (i.e. solar
PV, wind power, hydropower) have on the four environmental objectives, which should be used as a
minimum basis for the nuclear energy assessment:

- Protection of water and marine resources (water deterioration, changes to hydrological regimes)
- Transition to a circular economy (production and end of life management of materials and components)

- Pollution prevention and control (high emissions to air, water and land compared to thresholds included
in current regulation)

- Protection and restoration of biodiversity and ecosystems (impacts on areas with high biodiversity values,
disturbance or collision of animals)”

“..The technical assessment should gather and present evidence that helps evaluating the existing
problems the pros and cons of existing and proposed solutions with a specific focus on the risks and
nature of potential environmental impacts over the timescales' commensurate with long term nuclear
waste management, treatment and storage.”

The structure of the report and the approach selected by the JRC to carry out the analyses envisaged in the
Terms of Reference are outlined in subchapter 1.3.

1.3 Structure and approach

The ToR prescribed that “the JRC should draw on its broad range of technical experts to produce one in-
depth report assessing nuclear energy under the “do no significant harm” criterion”. For practical and
editorial reasons during the development of the JRC report it was decided to deliver the report in two separate
parts (Part A and B), supplemented by several annexes, among them a common annex describing the legal

! Safe long-term management of radioactive waste must ensure that potential environmental impacts over the decades,
centuries and even millennia following the closure of a deep-geological repository are acceptable.
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and regulatory framework of nuclear energy, including the long-term management of spent fuel and high-
level radioactive waste.

Part A is titled Review of the state-of-the-art to assess nuclear energy generation under the “do no significant
harm” (DNSH) criterion and it deals with the review of impacts corresponding to the various lifecycle phases
of nuclear energy.

Part B is titled Specific assessment on the current status and perspectives of long-term management and
disposal of radioactive waste and it deals with the state-of-the-art and DNSH aspects of radioactive waste
management, focusing on the final disposal of high level radioactive waste and spent nuclear fuel.

During the preparatory work the need for a third — legal — part became obvious for the authors. Entitled Legal
and reqgulatory background of nuclear energy, it is a common background document for the two parts dealing
with the technical issues.

It outlines the main elements in the associated legal and regulatory frameworks, with focus on regulating
nuclear safety, the associated environmental impacts, nuclear safeguards and security in the EU. Its main
purpose is to recall that the EU has established the necessary legal and regulatory framework to ensure the
safe and secure operation of nuclear facilities, and the appropriate limitation of environmental and other
impacts of nuclear energy.

It is attached to the present document as Annex 1.

1.3.1 Structure of Part A
The structure of Part A of the report is the following:

— Chapter 1 contains the introductory part, outlining the motivation and objectives of the JRC report. It also
describes the report’s structure and the approach for its development.

— Chapter 2 introduces the basic processes, advantages and limits of lifecycle analysis. The purpose of this
chapter is to provide information on the methodology, applicability, merits and limitations of the currently
used LCA procedures, in order to highlight what can be expected from an LCA and what is beyond its
scope.

— Chapter 3 constitutes the main body of Part A. First, it provides a concise comparison of the impacts of
various electricity generation technologies: coal, oil, gas, hydropower, nuclear and renewables on the six
environmental objectives of the Taxonomy (see subchapter 1.3.2) with the aim of illustrating the
magnitude of the impacts of nuclear energy in comparison with the other electricity generation methods.

— The next section of Chapter 3 is devoted to the assessment of the environmental and human health
impacts characterizing the individual lifecycle phases of nuclear energy. The following LC phases are
discussed:

e uranium mining and uranium ore processing;
e conversion to uranium hexafluoride (UFs) gas;
e enrichment of uranium;

e fabrication of UO; nuclear fuel;

o reprocessing of spent nuclear fuel;

e production of MOX fuel

e nuclear power plant operations (this includes construction, electricity generation and long-term
operation of NPPs, as well as NPP decommissioning and site remediation);

e management and disposal of radioactive and technological waste (in Part A only the related
lifecycle analysis results are discussed).

This impact assessment uses results from adequate lifecycle emission analyses (LCAs) carried out for
electricity generation by means of various nuclear reactor types. The assessment discusses the “open”
and “closed” fuel cycles, as well. The applied impact indicators are described in subchapter 1.3.2.
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— Subchapter 3.4 (Impact of ionizing radiation on human health) provides a brief overview of possible
effects of ionizing radiation on human health, in order to put into perspective the anticipated effects of
radioactive releases from various nuclear facilities.

— Subchapter 3.5 is devoted to the assessment of the impacts resulting from potential severe accidents,
also containing a comparison with other electricity generation technologies.

— Using the conclusions of the analyses outlined in Chapter 3, Chapter 4 (Summary DNSH assessment for
nuclear energy and recommendations) provides a concise overview of the impact assessment results and
formulates recommendations on the compatibility of nuclear energy with the basic principles and
objectives of the Taxonomy. This section also uses some results of the analysis performed in Part B,
dealing with the assessment of the impacts of radioactive waste management and disposal.

— Chapter 5 (lllustrative Technical Screening Criteria for selected lifecycle phases of nuclear energy)
provides illustrative — preliminary — TSC tables for some lifecycle phases. Here only those LC phases were
selected which provide dominant contribution to at least one of the impact categories used. The DNSH
sections in these TSC tables were completed by using the data and recommendations outlined in Chapter
4. The following lifecycle phases are covered in this section:

e uranium mining and ore processing;
e NPP operation (electricity production);
e reprocessing of spent nuclear fuel;

e storage and disposal of radioactive waste (including interim storage and disposal of spent
nuclear fuel).

The following annexes are relevant to Part A:

— Annex 1 describes legal and regulatory background of nuclear energy.

— Further Annexes contain supporting materials, numerical tables, etc, as follows:
e Annex 2 - Summary of LCA results for all lifecycle phases of nuclear energy
e Annex 3 - NACE? codes corresponding to main LC phases of nuclear energy
e Annex 4 - Illustrative TSC tables

e Annex 5 - lonising radiation: definitions, units, biological effects and radiation protection.
1.3.2 Details of the approach selected

1.3.2.1 The specificities of nuclear energy

Industrialisation has undoubtedly brought great benefits to mankind. Among them, the access to reliable
sources of electricity has resulted in very high living standards and increased life expectancy. However, all our
industrial activities have an environmental footprint, from the greenhouse gases emitted in the production of
concrete, steel and other materials required for construction, to the diesel emissions from the trucks used to
transport materials, to the chemical emissions from industrial processes and the destruction of natural
habitats to make way for industry, to name but a few examples. In fact, all human activities have an
environmental footprint, including those linked to basic survival needs, such as farming. In many cases the
environmental impact has generally been tolerated, or not identified as a priority requiring immediate action,
on the basis that the benefits are considered to outweigh the disadvantages. However, it has now become
evident, especially in relation to the potential damages caused by climate change, that some industrial
activities cannot continue as they are and that we need to start doing things in a more sustainable way.

All electricity generation technologies, like other industrial activities, interact with our environment. They do so
in different ways (for example by emitting different pollutants or by using different natural resources) and to
different extents, some much more than others. Nuclear energy is no exception. In Chapter 3.2 of this report,
nuclear electricity generation is compared with some other electricity generation technologies with regard to
different environmental impact categories.

2 NACE = Statistical classification of economic activities in the EC
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What sets nuclear energy apart from other electricity generation technologies is its association with ionising
radiation® and radioactive substances® an association which attracts considerable public attention.

A nuclear power plant is an electricity production facility utilizing the nuclear fission process that generates
heat from the nuclear fuel. The heat is then transferred to the coolant medium and converted to electricity
through appropriate technological processes (usually by using a steam turbine driving an electric generator,
see Figure 1-1).

A simplified scheme of an NPP can be depicted as a conventional power plant, where the “boiler” part applied
for combusting gas, oil, coal, biomass, etc. has been replaced by a nuclear reactor, accommodated in specially
constructed reinforced buildings forming the so called nuclear island of the NPP. Outside of the nuclear island
the applied equipment and the characteristic technological processes do not essentially differ from those in
conventional power plants, i.e. the main steam system, the turbine with its auxiliaries, the condenser, the
cooling water inlet and discharge works, the generator, the transformers, the electric switchyards and the
power transmission lines are the same in both cases.

Fundamental differences exist between the fuel extraction/production and waste treatment in a conventional
power plant and an NPP, therefore no analogies can be used to develop appropriate Technical Screening
Criteria (TSC) for these NPP lifecycle phases.

Figure 1-1. Operating scheme of the two most widely used reactor types

Boiling Water Reactor Pressurized Water Reactor

Turbine Electric Steam
Generator Gemerator Turbine Electric
y Generator

Source: Nuclear Energy Institute (NEI), https://www.nei.org/home

The front-end of the nuclear fuel cycle (uranium mining and milling, conversion, enrichment and nuclear fuel
manufacturing) is an entirely nuclear-specific activity, which must be handled separately and must have a
unique TSC set. The same is true for the back-end of the nuclear fuel cycle, where the so called “closed” and
“open” cycles must be distinguished and separately handled. In the closed cycle reprocessing of spent nuclear
fuel (SF) is performed, with or without fabrication of MOX® fuel. In the open cycle no reprocessing takes place
and after a temporary storage period the SF is to be disposed at a final disposal facility.

The major difference between nuclear and conventional power plants is the presence of radioactive materials
in the NPP during its operation and decommissioning phases. The irradiated nuclear fuel is highly radioactive,
and during reactor operations waste containing radioactive nuclei is also generated. Radioactive nuclei are
primarily created in the nuclear fuel as fission products from the fission process, but structural materials of
the reactor may also become radioactive through neutron activation, induced by neutrons escaping the fuel.
Radioactive nuclei may emit alpha, beta or gamma radiation, or even neutrons, depending on the type of
radioactive decay involved. All these radiation types have harmful effect on humans and the biota, although
to a different extent and the nature and severity of harm depends on the intensity of ionizing radiation.

Any radiation capable of displacing electrons from atoms or molecules, thereby producing ions. Some examples are alpha, beta,
gamma, x-rays, neutrons, and ultraviolet light. High doses of ionizing radiation may produce severe skin or tissue damage
(http://www-naweb.iaea.org/nafa/aph/resources/nuclearglossary-APH.pdf).

Material designated in national law or by a regulatory body as being subject to regulatory control because of its radioactivity (IAEA
Safet: Glossary: Terminology Used in Nuclear Safety and Radiation Protection, 2018 Edition,
https://www.iaea.org/publications/11098/iaea-safety-glossary-2018-edition)

5 In contrast to the UOX (uranium oxide) fuel — which is currently the most widely used nuclear fuel type - the MOX (mixed
oxide) fuel also contains plutonium oxide, which is mixed with uranium oxide (see Chapter 3.3.6 for details).
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Radiation levels above certain - scientifically established - thresholds are definitely harmful and therefore in
an NPP appropriate measures are taken to protect the operating personnel, the public and the environment
from the harmful effects of radioactive materials. The appropriate protection is ensured by the design of the
facility, by operation and maintenance rules, strict measures for controlling the discharge of radioactive gases
and effluents, as well as legal instruments and regulations, including overarching regulatory supervision
during all lifecycle phases of the NPP. Radiation protection and discharge control generally relies on the
application of the ALARA (as low as reasonably achievable) or ALARP (as low as reasonably practicable)
principle, which is an internationally acknowledged method to minimize the radiation effects of NPP
operation®.

The amount and impact of ionising radiation from the nuclear power lifecycle will be discussed further in
several chapters of this report. Chapter 3.4 describes the impact of radiation on human health and the
environment; Chapter 2.4 of Part B and Annex 6 describes radioactivity and radiotoxicity, as well as the main
natural radionuclides and those present in radioactive waste; Annex 5 illustrates ionising radiation definitions,
units, biological effects and basic principles of radiation protection..

1.3.2.2 The environmental objectives of TEG

The Taxonomy Expert Group applies the following six environmental objectives, which correspond to those in
the Taxonomy Regulation (see [1-3]):

— Climate change mitigation;

— Climate change adaptation;

— Sustainable use and protection of water and marine resources;
— Transition to a circular economy, waste prevention and recycling;
— Pollution prevention and control;

— Protection of healthy ecosystems (protection and restoration of biodiversity and ecosystems).

1.3.2.3 DNSH assessment of economic activities

The “Do No Significant Harm” (DNSH) analysis is an integral part of any sustainability analysis, since one
cannot declare an activity “compliant” if it supports one of the objectives but undermines other objectives.

The DNSH analysis is to ensure that the technical screening criteria (TSC) and the Taxonomy itself do not
include economic activities undermining any of the environmental objectives. The approach applied by the TEG
focused on identifying practices and criteria through which potential harm to environmental objectives can be
mitigated. In cases where the TEG could not identify practices or criteria to mitigate an identified potential
harm, then the activity was not included in the Taxonomy (see Ref. [1-3] for more details). In addition, Ref. [1-
6] provides descriptions of the Taxonomy usage and also contains some examples for DNSH analyses.

In our understanding the Taxonomy is not a tool for assessing the safety of the related industrial facilities or
to provide an in-depth analysis of their predicted environmental impacts. These issues must be appropriately
covered by the safety analysis report and the Environmental Impact Assessment (EIA) of the facility. The main
function of the DNSH analysis in the frame of the Taxonomy is to define the conditions under which economic
activities are considered not to be detrimental to the achievement of the various environmental objectives of
the Taxonomy. The criteria applied in the DNSH assessment must be based on an adequate and thorough
analysis of the potential environmental impacts of the economic activity under investigation, in order to
ensure that the conditions for its acceptance/rejection will be defined appropriately.

The TEG used the following approach to perform the DNSH and define TSC associated with specific industrial
activities. First the corresponding lifecycle impact assessment has to be reviewed and the potentially
significant environmental impacts occurring during the whole life cycle have to be identified. After having
identified the potentially harmful effects thorough the whole lifecycle, it has to be decided whether these
impacts can be successfully prevented or mitigated or not. If not, then the activity cannot be part of the
Taxonomy, it has to be eliminated.

If there are viable and well-proven practices or criteria which are applicable to mitigate the impacts then the
activity can be included in the Taxonomy, provided that the realized installation applies the mitigating

5 See e.g. https://www.radiation-dosimetry.org/what-is-alara-and-alarp-principle-definition/ for explanations
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practices or fulfils the criteria. According to the nomenclature of the Taxonomy, these conditions are
formulated as Technical Screening Criteria (see [1-3] for many examples).

The applicable mitigation practices are known to the experts working in the specific industry, while the criteria
can be derived from the relevant EU Directives, standards, the BAT (Best Available Technologies) Reference
Documents or other acknowledged reference documents (see e.g. Refs. [1-7] and [1-8] as examples).

1.3.2.4 Development of technical screening criteria

Our approach to define TSCs for the individual nuclear energy lifecycle phases basically followed the process
taken by the TEG for developing the TSCs (see Ref. [1-3]). Potentially harmful impacts of nuclear energy
based electricity generation were identified by using results from relevant LCAs (lifecycle analyses) and by
analysing the underlying technological processes. The selected analyses covered all lifecycle phases of
nuclear energy and treated both open and closed fuel cycles. In order to characterize environmental and
human health impacts, internationally acknowledged and widely used impact indicators were applied.

The following internationally accepted impact indicators were used to characterize the non-radioactive
impacts of nuclear energy:

— green-house-gases emissions (GHG);
— atmospheric pollution (SO« and NO,);
— water pollution;

— land use;

— water consumption and withdrawal;

— production of technological waste;

Moreover, the following impact indicators were used to take into account the nuclear-specific impacts of
nuclear energy (these are the so-called “radiological impacts”):

— gaseous radioactive releases;
— liquid radioactive releases;
— solid radioactive waste production.

Additional, internationally applied impact indicators were also used, such as acidification and eutrophication
potentials, photochemical ozone formation potential, eco-toxicity and human toxicity, resource use) to
facilitate the comparison of results published in various studies. When available, particulate matter emissions
are taken into account, because these can also contribute to radioactive contamination e.g. by dusting. The
analysis also reviewed relevant legal aspects and regulations, focusing on EU Directives and industry-specific
standards.

The above described analyses were documented in Chapter 3.3 of Part A, constituting the “Do No Significant
Harm” (DNSH) analysis section of our study.

By using the results and conclusions of the above analyses, one can derive and synthesize data and other
information (e.g. applicable standards or relevant best available techniques) required to fill in the
corresponding DNSH sections in the TSC tables defined for the various lifecycle phases of nuclear energy. The
following TEG environmental objectives are addressed in the TSC tables:

(2) Adaptation = climate change adaptation;

(3) Water = protection of water and marine resources;

(4) Circular Economy = transition to a circular economy;

(5) Pollution = pollution prevention and control;

(6) Ecosystems = protection and restoration of biodiversity and ecosystems.

The fulfilment of the first environmental objective ((1) = Climate change mitigation) is determined from the
magnitude of the associated GHG emissions and the Taxonomy uses it to decide whether a specific electricity
generation technology can be included into the Taxonomy or not. The final TEG report [1-1] states that “Any
electricity generation technology can be included in the Taxonomy if it can be demonstrated, using an 1SO
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14067 or a GHG Protocol Product Lifecycle Standard compliant Product Carbon Footprint (PCF) assessment,
that the life cycle impacts for producing 1 kWh of electricity are below the declining threshold”. (The threshold
is currently set to 100g CO../kWh). Note that the ISO 14067 standard is focusing on the determination of the
carbon footprint of a product, and it is fully consistent with the 1ISO 14040 and ISO 14044 international
standards on life cycle assessment (LCA).

During the development of the TSC the relevant non-nuclear criteria were complemented by criteria
accounting for the radiation protection and radioactive emission control aspects of nuclear energy.

The relevant EU directives and regulations - together with the national laws and regulations in effect — are
considered as legal obligations to be compulsory satisfied in the EU and their fulfilment is a minimum
condition.

1.4 References for Chapter 1

[1-1] Financing a Sustainable European Economy, Technical Report, Taxonomy: Final report of the Technical
Expert Group on Sustainable Finance, March 2020

[1-2] Taxonomy Regulation: Regulation (EU) 2020/852 of the European Parliament and of the Council of 18
June 2020 on the establishment of a framework to facilitate sustainable investment, and amending
Regulation (EU) 2019/2088

[1-3] Taxonomy Report, Technical Annex, Updated methodology & Updated Technical Screening Criteria, March
2020

[1-4] Terms of reference for a technical assessment implemented by the JRC on Nuclear energy under the “Do
no significant harm” criterion, EC document ARES(2020)3473004, 2 July 2020

[1-5] Radiation effects and sources, United Nations Environment Programme, ISBN 978-92-807-3517-8,
2016.

[1-6] Using the Taxonomy, Supplementary Report 2019 by the Technical Expert Group on Sustainable Finance,
2019

[1-7] T. Lecomte et al.: Best Available Techniques (BAT) Reference Document for Large Combustion Plants;
Report EUR 28836 EN, JRC Science for Policy Report, 2017

[1-8] Directive (EU) 2015/2193 on the limitation of emissions of certain pollutants into the air from medium
combustion plants
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2 Lifecycle assessment: methods, benefits and limitations

This chapter introduces the basic processes, advantages and limits of life cycle analysis (LCA). The purpose of
this chapter is to provide information on the methodology, applicability, merits and limitations of the currently
used LCA methods, in order to highlight what can be expected from LCA and what is beyond its scope.

The information outlined here helps the Reader to understand the main steps of the LCA process and
facilitates the proper interpretation of the details and conclusions of the technical assessments outlined in
Chapter 3.

2.1 Brief overview of LCA

2.1.1 Short history of LCA

The idea of life cycle analysis (LCA) emerged in the 1960s from concemns about the environmental impacts of
alternative products. In the late 1960s, an internal study for a well-known beverage company in the USA,
comparing the impacts of its packaging products, laid the foundations for current methods. The study
considered not only the use but also production, transportation and disposal of the product [2-1]. Although the
analysis primarily focused on a single-use beverage package, the life cycle inventory (LCl) approach began to
gain importance across the USA and Europe.

During the 1970s, many companies worldwide developed similar methods of LCI comparisons aiming at
energy analysis, environmental resources requirements, emissions as well as waste generation. The focus
shifted to concerns on limitations of energy resources and materials in a broader sense. However, the
increased interest required a common theoretical framework. Between 1970 and 1975, in the USA, the
Environmental Protection Agency (EPA) developed a protocol for quantifying releases to the environment and
for characterizing the use of resources of products, standardized as Resource and Environmental Profile
Analysis (REPA)’. In parallel, the environmental dimension and life cycle measures became an integrated part
of all areas of European Commission Policies following the establishment of the Directorate-General for the
Environment in 19738

Over time, the life cycle concept has proven to be a suitable tool for environmental comparison of product
value chains around the world. However, its assumptions and techniques have evolved in a non-harmonized
manner. Therefore, in the 1990s, the International Standards Organization (ISO) formally created the 14000
series of standards that cover life cycle assessment methods. In 2002, to support life cycle thinking more
practically, the United Nations Environment Programme (UNEP) together with the Society of Environmental
Toxicology and Chemistry (SETAC) established the Life Cycle Initiative. The Initiative provides a global
platform for the tools, data and indictors supporting the development of scientific consensus and exchange of
best practices®. Consequently, in 2005, the European Platform on Life Cycle Assessment!® was established.
The initiative implements the International Life Cycle Data (ILCD) system to promote the availability,
exchange and use of quality-assured life cycle data, methods and studies.

Today, the LCA is a widely accepted method supporting decision makers in capturing the overall
environmental impacts associated with any given activity, from raw material acquisition, through the
production and use phases, to the final disposal of all residuals back to the earth.

2.1.2 Scope and main steps of LCA

The goal of LCA is to quantify the potential environmental impacts of a given product (or activity) during its
entire lifespan. To ensure consistency of such assessments, ISO 14040:2006 (Environmental management —
Life cycle assessment — Principles and framework) lays down a systematic standardized approach consisting
of four basic steps, as described in Table 2-1.

For example: Resource and Environmental Profile Analysis of Nine Beverage Container Alternatives: Final Report, EPA/530/SW-
91(C/1974

8 For example: Directive 85/339/EEC of 27 June 1985 on containers of liquids for human consumption, which provided measures
related to the production, use, recycling, refilling and disposal of liquid food containers

See: https://www.unenvironment.org/explore-topics/resource-efficiency/what-we-do/life-cycle-initiative

See: https://eplca.jrc.ec.europa.eu/
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Table 2-1. Framework for life cycle assessment

Goal Definition and Scoping:

Sets the frame of the analysis and defines all the detailed aspects, such as:

— Purpose and method;

— System boundaries;

— Data requirements for all inputs and outputs across all stages of product life cycle;

— Organization of results.

L4

1l
<

Life Cycle Inventory:

Collects all relevant data of the process flows, such as:
— Materials;

— Energy;

— Emissions;

— Waste;

and assesses how these flows affect the environment.

Life Cycle Impact Assessment:

Calculates the potential impact on human health and environment, as well as
addressing resource depletion. The phase consist of 4 steps:

— Selection and classification of the relevant impacts according to the impact
categories;

— Characterization of the potential impact using science-based conversion factors;
— Normalization of the potential impacts in a manner that allows comparison;

— Weighting according to the most important potential impacts.

Life Cycle Interpretation:

Analyses and interprets the results of the life cycle assessment in order to answer
questions outlined in the goal definition and provides comprehensive conclusions or
recommendations. Other elements to be considered in the analysis include:

— Assumptions and data, including engineering estimates;
— Sensitivity analysis associated with each alternative and its relative magnitude;
— Consistency check;

— Limitations and constraints of the analysis.

Source: elaborated from [2-1] and [2-2].

2.1.3 Benefits and limitations of LCA

LCA allows decision makers to compare and to select the product or process that result in the least impact to
the environment and human health, when deciding between two or more options. It provides a holistic view on
the environmental impacts through all life cycle stages and thus identifies hotspots that point to possible
improvements in the process to achieve environmental benefits.

The method is widely recognized and the framework for conducting the assessment builds on internationally
accepted standards. However, the scope and the implemented impact assessment method can vary between
studies and hence the comparability of the resulting data is often limited. The scope defines which activities
or processes actually relate to the system being analysed and guides the data collection effort. In fact, the
data collection is the most time and resource consuming phase of the LCA as it requires a large amount of
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data. If not enough data are available, assumptions, engineering estimates, and decisions need to be made
based on the stakeholders values. Frequently, the information gathered is based on empirical experience
following the use of the products. Some products have been thoroughly studied, while others less so. For
example, performing the LCA on new technology systems that are still in the research and development phase
can be challenging [2-3].

Several methods for the quantification of the impacts have been developed focusing on different impact
indicators (see Chapter 2.2.1). All assumptions and scenarios must be clearly reported along with the results.
In addition, it is important to realize that not all environmentally relevant information can be quantified. In
this case, the LCA represents benefits or drawbacks of each alternative. The final interpretation of the results
is essential for a better understanding of the environmental and health impacts associated with each
alternative. It should be noted, that it does not determine which alternative is better. Rather, the results reveal
which alternative performs better on certain impacts.

Further special attention needs to be paid to the allocation of recycling as part of the life cycle approach [2-4].
Another noteworthy issue is that LCA only considers impacts related to the normal and abnormal operation of
processes and products. Hence, the assessment does not cover impacts from accidents!* or spills. Finally,
depending on the system boundaries, it usually excludes social and other workplace related aspects, such as
workplace-exposure and indoor-emissions [2-2].

2.2 Life Cycle Impact Assessment (LCIA)

2.2.1 The most common LCIA methodologies

As presented in Table 2-1, the Life Cycle Impact Assessment (LCIA) determines the relative impact of the
potential to cause harm to humans and environment. There are a number of scientifically based methods for
calculating the impacts, which usually consist of four steps [2-5]. The first step selects the impacts on human
health, the natural environment, and the availability of natural resources that will be considered as part of the
overall LCA. Impacts are divided into impact categories. The most common impact categories are climate
change, ozone depletion, photochemical ozone formation, respiratory inorganics, ionising radiation,
acidification, eutrophication, human toxicity, ecotoxicity, land use and resource depletion. The purpose of the
categories is to classify identified inventory items. Table 2-2 provides examples of different inventory items
and their linkage to the impact categories.

In the second step, the impact of each emission or resource consumption is quantitatively modelled. The
framework uses characterization factors to convert the inventory results into representative indicators
determining impact scores. This generally provides two different types of indicator, so-called mid-point and
end-point impact indicators. Mid-point indicators characterise contributions to the different environmental
issues at some intermediate point in the cause-effect chain, whereas end-point approaches go a step further
with the aim of assessing the actual damage resulting from these contributions.

ISO 14040:2006 states that these first two steps are mandatory for each LCIA. The next step is optional and
is called normalisation. Normalisation associates impact scores with a common reference. This facilitates
comparison between impact categories. The last step, which is also optional, is weighting, which assigns
relative weights to the different impact categories and ranks them according to their perceived importance or
relevance. This step may be necessary when comparing between different alternatives to evaluate trade-off
situations.

Since the early 1990s many LCIA methods have been developed and their scope has evolved over time. The
assessments focused primarily on the burden associated with emissions to the environment and resources.
Later the cost assessment was included, considering the complete supply chain, and today the assessment
may be supplemented by impact categories focusing on social aspects. Another difference among LCIA
approaches is the different geographical scope or different fields of applications. The International Reference
Life Cycle Data System (ILCD) reviews the existing methods in its Handbooks and develops a set of
recommendations for their use. With regard to the ILCD analysis, Table 2-2 presents the most suitable
method for each category in the European context and the following paragraphs briefly describe the purpose
of the different methods. Relevant information and references to each method can be found in [2-9] along
with recommendations on the use of the methods for each category in [2-8].

1 Usually leakages, spills and other types of releases potentially caused by accidents are not included as part of the normal life cycle

inventory since they are fundamentally different in nature from the production or operation related normal and abnormal operating
conditions that LCA relates to. Work on Life Cycle Accident Assessment is still under development (see Ref. [2.1-2] for more details).
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Table 2-2. Commonly used LCIA categories, examples of inventories linked to each category and recommended methods
for quantification of the impacts with their respective characterisation factor

Impact category

Examples of inventories

Recommended method by ILCD

Climate change

Carbon Dioxide (CO3)
Nitrogen Dioxide (NO;)
Methane (CH.)
Chlorofluorocarbons (CFCs)

Baseline model of 100 years of the
IPCC

(Global Warming Potential)

Stratospheric  Ozone | Chlorofluorocarbons (CFCs) EDIP99

Depletion Hydrochlorofluorocarbons (HCFCs) (Ozone Depleting Potential)
Halons
Methyl Bromide (CHsBr)

Acidification Sulfur Oxides (S0y) Accumulated Exceedance

Nitrogen Oxides (NOy)
Hydrochloric Acid (HCL)
Hydrofluoric Acid (HF)
Ammonia (NHg4)

(Acidification Potential)

Eutrophication

Phosphate (PO.)
Nitrogen Oxide (NO)
Nitrogen Dioxide (NO,)
Ammonia (NH4)

Accumulated Exceedance
(Eutrophication Potential)

Photochemical Smog

Non-methane hydrocarbon (NMHC)

ReCiPe (Photochemical Oxidant
Creation Potential)

Terrestrial Toxicity

Toxic chemicals with a reported lethal
concentration to rodents

USEtox (Comparative Toxic Unit for
ecosystems)

Aquatic Toxicity

Toxic chemicals with a reported lethal
concentration to fish

USEtox (Comparative Toxic Unit for
ecosystems)

Human Toxicity

Total releases to air, water, and soil

USEtox, (Comparative Toxic Unit for
humans)

Resource Depletion

Quantity of minerals used
Quantity of fossil fuels used

CML 2002 (Resource Depletion
Potential/Scarcity)

Land Use Quantity disposed of in a landfill or other | SOM (Soil quality indictor)
land modifications
Water Use Water used or consumed Ecopoints 200 (Water Shortage
Potential)
Particulate Sulphur Dioxides (S0,) RiskPoll

Matter/ Respiratory
inorganics

Nitrogen Oxides (NOy)
Solid and liquid particulates

Non-methane volatile organic compounds
(NMVOCQ)

(Intake fraction for fine particles)

lonising radiation,
human health

Routine atmospheric and liquid releases in
the nuclear fuel cycle

Dreicer et al. 1995 [2-6] (Human
exposure efficiency relative to *°U)

lonising radiation,
ecosystems

Radioactive releases to freshwater and its
sediments

Garnier-Laplace et al. 2006 [2-7]
(Comparative toxic unit for
ecosystems)

Source: elaborated from [2-1] and [2-8].
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2.2.1.1 Methods covering different impacts

The method that marked a milestone in the development of LCIA in Europe is based on the CML 1992 LCA
Guide & Backgrounds, developed by the Leiden University’s Centre of Environmental Science (CML) in the
Netherlands. This method is known as CML2002 and provides best practices for indicators within the
IS014040 series of standards. The method includes approximately 800 substances, often with
characterisation factors for more than one impact category. The database contains global normalisation
factors as a baseline but without the weighting method. The Eco-indicator 99 method has further advanced
the approach to simplify the interpretation and weighting of results. The method proposes single-point eco-
indicator scores that can be used in decision making. Subsequently, the ReCiPe method integrates and
harmonises both of the above approaches in a consistent framework. Although this method has not yet been
published as a single document, most impact categories have been described in peer-reviewed journals.
Likewise, IMPACT 2002+ combines previously used approaches, and links all types of life cycle inventories via
14 midpoint categories to four damage categories: human health, ecosystem quality, climate change, and
resources. In this way, the method ensures a comparative scope of LCIA. IMPACT 2002+ today provides
characterisation factors for almost 1500 different LCl results.

Looking at the impact coverage, the EDIPS7 method is unique in a sense that it implements the classical
emission-related impact categories and resources, as well as the working environment. The method covers
seven categories: Monotonous repetitive work, noise, accidents, cancer, reprotoxic damage, allergy and
neurotoxic damage due to occupational exposure to chemicals. Another method introducing unique features is
EPS, developed in Sweden in 1990. It was the first method that used monetisation. It produces category
indicators expressed in monetary terms, such as the Willingness to Pay (WTP). In addition, this method
integrates Monte Carlo analysis and thus covers the uncertainties of the modelling results.

2.2.1.2 Methods focusing on specific impacts

There are approaches scrutinizing a specific category of impacts (see examples in Table 2-2). For example, all
LCIA methodologies have a Climate Change impact category, and they all use the Global Warming Potentials
(GWPs) developed by the Intergovernmental Panel on Climate Change (IPPC). The GWP is the ability to absorb
additional heat in the atmosphere over time caused by greenhouse gases. The increase of greenhouse gases
in the atmosphere is expressed in terms of CO, equivalents. There is broad consensus on the use of the IPCC's
GWPs over 100 years to characterize the category of climate change. However, it can be considered a
midpoint of the cause-effect chain. Figure 2-1 shows the use of complementary methods to define the
endpoint impacts caused by the release of emissions into the atmosphere.

USEtox is a model that specifically focuses on characterisation factors for human toxicity and freshwater
ecotoxicity in LCIA. Its development evolved through a scientific consensus among various developers and LCA
practitioners with the support of the UNEP-SETAC Life Cycle Initiative. Another example is EcoSense, which
supports the assessment of the impacts and damages of airborne pollutants from single point sources in
Europe (502, NOy, primary particulates, NMVOC, NHs and a selection of toxic metals). It covers the impacts on
photochemical ozone formation, acidification, eutrophication, and respiratory inorganics. Furthermore, the
RiskPoll model has been developed to simplify the understanding of the assessment of the impacts and costs
of damage due to primary and secondary particulate matter (PM) emissions. The model is based on a detailed
and thorough review of epidemiological evidence and is applicable on all continents.

The method of Accumulated Exceedance includes a spatially differentiated approach providing European
country-dependent characterisation factors for acidification and terrestrial eutrophication. This approach
allows comparison of values within the impact category. Another specified method is Soil Organic Matter
(SOM), which defines a framework for assessing land use impacts in LCA. The impacts are defined as an
indicator of soil quality and, site-specific data are needed for its determination. An alternative resource-
oriented model is ecological footprint (EF). The EF analysis considers biologically productive land and water
area to produce all consumed products and to absorb generated waste by fossil fuels and nuclear fuel
consumption.
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Figure 2-1. The impact pathway of emissions into the atmosphere
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Source: [2-8]

For the category of ionising radiation, ILCD distinguishes between damage to human health and the
ecosystem. Figure 2-2 shows the approach for quantification of the impact on human health. The method is
described by Frischknecht et al. 2000 [2-10] and analyses Disability Adjusted Life Years (DALY) caused by
routine releases of radioactive material into the environment. The method is compatible with the human
toxicity category and used in Ecoindicator 99, IMPACT 2002+, ReCiPe and Ecopoints 2006. The framework
enables the provision of separate fate and exposure intermediary results based on work carried out by Dreicer
et al. 1995 [2-6]. This is based on the assessment of 14 routine atmospheric and liquid discharges in the
French nuclear fuel cycle. The data have been generalised for site-independent assessment and are therefore
valid on a global scale. Regarding ecosystem damages, ILCD recommends the approach developed by Garnier-
Laplace et al. in 2006 [2-7]. The model converts the radiological doses to the corresponding concentration in
the corresponding medium. It only addresses the effects caused by the release of radiation into freshwater
and its sediments. However, the method is fully comparable and consistent with methods used for ecotoxicity,
such as the USEtox framework.

30



Figure 2-2. Framework for the quantification of the ionising radiation impact on human health
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2.2.1.3 Methods developed for EU policy making

LCA was originally used to support decision making in a business context. Over time, however, it has
developed into an important tool for policymaking. For example, Ecopoints 2006 (called often Ecological
Scarcity Method) was developed assuming an established environmental policy framework. The method was
originally applied to Swiss environmental targets, but the updated version takes into account developments in
European legislation. Another important method is ‘The Methodology study for Eco-design of Energy-using
Products’ (MEEuP). The method allows evaluating the eligibility of various energy-using products (EuP) over
their life-cycle under the Eco-design of EuP Directive 2005/32/EC. The quantitative assessment includes
specific impact assessment factors for inventory data and technical parameters for EuPs while ensuring
consistency within the existing legislation. In general, life cycle thinking plays an important role in supporting
different EU polices. Figure 2-3 shows some example policies with emphasis on life-cycle considerations.
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Figure 2-3. Examples of EU policies integrating LCA in the period between 1992 and 2015
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2.2.1.4 Methods used outside of Europe

Japanese experts developed the LIME method. Although based on various inputs from around the world, the
weighting reflects the environmental conditions of Japan, thereby limiting its use. Nevertheless, the
collaboration with LIME served as a basis for the development of the IMPACT 2002+ method.

In the USA, the EPA has developed an impact assessment tool — TRACI - which represents the conditions in the
USA. Similarly, LUCAS was developed as a method adapted to the Canadian context. It builds on existing
methods such as TRACI and IMPACT 2002+, which are re-parameterized and further developed to better
assess Canadian life cycle inventories.

2.2.2 The related ISO standards

ISO 14040:2006 (Environmental management - Life cycle assessment — Principles and framework) provides
a general description of LCA and presents the purpose of the assessment. This standard, together with ISO
140442006 (Environmental management - Life cycle assessment — Requirements and guidelines), specifies
the requirements for each of the four phases of LCA, as presented in Table 2-1. These two standards replace
the original series of 1SO standards focusing on each phase individually - 14040:1997 (LCA-Principals and
guidelines), 1SO 14041:1998 (LCA-Life Inventory Analysis), ISO 14042:2000 (LCA-Impact Assessment) and
ISO 14043:2000 (LCA-Interpretation).

In addition to 1SO 14040/44 there are other specific assessment frameworks for environmental assessment
on product level such as:

— 1S0 14067:2018 (Greenhouse gases — Carbon footprint of products — Requirements and guidelines for
quantification). The standard is part of the ISO 14060 series, which provides guidelines for quantification,
monitoring, reporting and verification of greenhouse gas (GHG) emissions. The ISO 14067 describes the
methodology for quantification of the carbon footprint of a product, based on the LCA specified in ISO
14040/44.

— 150 14025:2006 (Environmental labels and declarations — Type Ill environmental declarations — Principles
& procedures) specifies principles and requirements for developing environmental declarations using
predetermined parameters based on the ISO 14040 series of standards. The standard is intended for use
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in business-to-business communication to enable comparisons between environmental aspects of a
product or service products fulfilling the same function.
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3 Summary of results from state-of-the art LCA studies on nuclear
energy

3.1 Introduction

Each generation wants to exercise the right to enjoy the benefits of modern industrialized society. On the
other hand, there is a growing recognition of the need to implement measures to combat climate change, and
to do it without delay, because mankind does not have much time left for action. The principle of “sustainable
development” offers a viable solution for this dilemma: current generations can satisfy their economic/human
development needs and they can enjoy the blessings of modern technology without destroying the
environment and exhausting its resources, as well as without compromising similar rights of future
generations. The well-known Brundtland report!? defined sustainable development succinctly as meeting the
needs of the present without compromising the ability of future generations to meet their own needs.

However, nothing comes free and all industrial activities come with hazards which may cause environmental
damage if not controlled properly. Electricity generation activities are no exception, no matter the technology
applied. Some electricity generation activities do not inflict significant harm during the operation phase itself,
but rather during the associated upstream and downstream processes such as fuel mining, facility
construction and dismantling, waste treatment and disposal phases. Consequently, a complete lifecycle
assessment (LCA) is required in order to provide a full understanding of the impact of a particular technology
on sustainable development objectives. As mentioned in Chapter 2, sustainability assessments generally
address three pillars: economic development, social development and environmental protection. There is a
substantial body of literature available on the assessment of sustainability of various electricity generation
technologies. A significant number of sustainability indicators have been developed to facilitate comparison
between technologies. These indicators address, and are categorised according to, the three aforementioned
pillars.

The Taxonomy Regulation [3.1-1] sets up a framework for the development of an EU classification system
(“EU Taxonomy”) of environmentally sustainable economic activities for investment purposes. It establishes
six environmental objectives:

— climate change mitigation;

— climate change adaptation;

— the sustainable use and protection of water and marine resources;
— the transition to a circular economy;

— pollution prevention and control;

— the protection and restoration of biodiversity and ecosystems.

For an economic activity to be included in the EU Taxonomy, it must contribute substantially to at least one
environmental objective and do no significant harm to the other five (see also [3.1-2 & 3]).

In order to have an objective picture of the potential hazards and resource depletion characteristics of nuclear
energy compared to various other electricity generation technologies, and to place nuclear energy in the
overall impact landscape, Chapter 3.2 provides a concise overview of some representative lifecycle impact
assessment (LCIA) studies investigating the dominant electric power production methods. Although a
substantial body of literature exists on the assessment of sustainability of different electricity generation
technologies, not many studies address nuclear energy. Moreover, the review presented in Chapter 3.2 is
mainly limited to studies in which the lifecycle impact of nuclear electricity generation is assessed and
compared with other electricity generation technologies in the same study. This helps to ensure that
technologies are compared using the same assessment methodologies and consistent assumptions. In
addition, studies that review, compile and statistically compare results from many other sustainability
assessments are also considered.

As the objectives established in the Regulation are environmental objectives, the overview of existing
representative lifecycle impact assessment (LCIA) studies and sustainability assessments provided in Chapter
3.2 below deal predominantly with the sustainability indicators of the environmental protection pillar.

2 Qur Common Future, World Commission on Environment and Development (WCED), 1987, also known as the ‘Bruntland Report’.
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However, indicators from the other two pillars are compared where they address aspects of the
environmental objectives of the Regulation.

3.1.1 References for Chapter 3.1

[3.1-1] Regulation (EU) 2020/852 of the European Parliament and of the Council of 18 June 2020 on the
establishment of a framework to facilitate sustainable investment, and amending Regulation (EU) 2019/2088

[3.1-2] Financing a Sustainable European Economy, Technical Report, Taxonomy: Final report of the Technical
Expert Group on Sustainable Finance, March 2020

[3.1-3] Taxonomy Report, Technical Annex, Updated methodology & Updated Technical Screening Criteria,
March 2020

3.2 Comparison of impacts of various electricity generation technologies

Following a short review of nuclear energy’s current and projected share in electricity generation, this section
compares the environmental impact of nuclear energy with other generation technologies. The comparison is
organised according to the environmental objectives of the Taxonomy Regulation. Lifecycle impacts of nuclear
energy are reviewed in order, firstly, to assess its contribution to the climate objectives, namely, to climate
change mitigation. Having confirmed that nuclear energy can contribute substantially to climate change
mitigation, this section then goes on to compare nuclear energy with other electricity generation
technologies'® from the point of view of the requirement to do no significant harm to the four non-climate
environmental objectives:

— the sustainable use and protection of water and marine resources;
— the transition to a circular economy;
— pollution prevention and control;

— the protection and restoration of biodiversity and ecosystems.

3.2.1 Nuclear energy’s share in global and EU electricity generation

According to the International Atomic Energy Agency (IAEA) [3.2-1], at the end of 2018 there were altogether
451 nuclear power plant (NPP) units in operation all over the world with a total electricity generating capacity
of 396.9 GW. The LWR* type is dominant with 353.9 GW installed capacity!® (89% of total installed capacity:
71% PWR and 18% BWR), while about half of the remaining 11% is generated in PHWR units such as the
Canadian CANDU design. The rest is produced in gas-cooled reactors (2%), LWGRs (2%, also called RBMK) and
Fast Breeder Reactors (19%). LWRs represent an even greater proportion of the installed capacity of reactors
under construction (94%, of which 85% PWR and 9% BWR). For the near-term future, new investments are
expected to follow similar patterns.

Due to their dominance, LWR type nuclear power reactors figure predominantly in existing LCA analyses.

According to [3.2-2], in 2018 this almost 400 GW nuclear capacity delivered about 10% of the global
electricity supply. In 2017, the situation was similar, as illustrated in Figure 3.2-1 showing the relative
contributions of the various fuel types to the total electricity generated® in the world, the OECD'” countries
and the EU-28, based on data taken from [3.2-3] and [3.2-4].

According to the 2018 World Energy Outlook published by the International Energy Agency (IEA), in 2017 [3.2-
3], the total electricity generation of the world amounted to 25 640 TWh!8. As shown in Figure 3.2-1, the
worldwide share of nuclear was 10.4%. The combined share of low carbon generation technologies (i.e.

3 Some of which are included in the Taxonomy

4 Reactor-type acronyms introduced in this paragraph: LWR - Light Water Reactor; PWR- Pressurised Water Reactor; BWR - Boiling
Water Reactor; PHWR - Pressurised Heavy Water Reactor; LWGR - Light Water Graphite-moderated Reactor; RBMK (Russian
acronym) - Reaktor Bolshoy Moshchnosti Kanalnyy, "high-power channel-type reactor’, CANDU - Canada Deuterium Uranium.
Installed capacity is the maximum instantaneous output of electricity that an installation is normally able to produce, usually given
in units of Watts (W) or multiples thereof, e.g. kW, MW or GW. Electricity generation, on the other hand, refers to the amount of
electricity that has actually been produced over a specific period of time. This may be measured in Watt-hours (Wh) or, multiples
thereof, e.g. kWh, MWh, GWh or TWh (terawatt-hours).

16 See footnote 15

Organisation for Economic Cooperation and Development

8 See Table 1.4 in[3.2-3]
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renewables, hydro and nuclear) amounted to about 35% of the total world generation. The remaining 65%
was generated by the combustion of fossil fuels (coal, oil and gas), thereby contributing significantly to global
warming and emitting considerable amounts of other pollutants that are important from an environmental
and public health perspective.

Figure 3.2-1. Electricity generation by fuel type in 2017
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Globally nuclear accounted for about 30% of low carbon electricity, second to hydro’s 46%, whereas in OECD
countries, the corresponding figures were about 42% for nuclear and about 30% for hydro. The situation in
the EU-28 is particularly interesting, because the share of low carbon generation technologies in 2017
amounted to 56% of the total. Nuclear accounted for almost half (46%) of those low carbon sources (see
[3.2-4]). In the EU, the share of hydro is relatively low in the low carbon generation area (about 17%), but the
high share of wind and solar (which amounts to about 37%) somewhat balances the picture.

Figure 3.2-2. Low carbon electricity generation in advanced'® economies by source in 2018
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19 Advanced economies are the most developed countries having a GDP per capita above a certain threshold.
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The sectoral composition of low carbon electricity supply in the “advanced economies” is shown in Figure 3.2-
2, illustrating that nuclear — with its 2000 TWh delivered energy - is the most important low carbon electricity
supplier also in these countries and it accounts for about 40% of low carbon electricity (see [3.2-2] for
further details).

The above figures show that currently nuclear is producing at least 30% of low carbon electricity worldwide
and more than 40% in the advanced economies.

The electricity supply technologies presented in the Technical Annex to the Taxonomy Report emerged from
the investment needs specifically related to scenarios developed by the EC in order to meet the EU energy
and climate 2030 targets®°. These scenarios have been quantified using the PRIMES energy systems model?!.
The model simulates prospective energy consumption and energy supply in the EU. Figure 3.2-3 shows the
projection of the electricity generation by fuel under the core policy scenario - EUCO30 - adopting climate,
energy and transport policies for 2030 and the long-term milestone to reduce GHG emissions in the EU at
least by 80% in 2050%. The analysis presents an almost constant share of nuclear in the electricity supply
mix over the studied horizon.

Figure 3.2-3. Projection of the electricity generation by source in the EU

g 5000 Nuclear
'_
4500 Solids fired
4000 " 14% = Oilfired
3500 g Gas fired
3000 322 ii o 349, Biomass-waste
o fired
2500 12% 1o 207% Hydro
4%
2000 SRS ik 10%  =Wind
| 18% 7% 5%
1500 |IESE _ 17% Solar
25% = 13%
1000 | 2% 13% = Other RES
500
27%  23% 22% 22%
0 ¢

2015 2020 2025 2030 2035 2040 2045 2050
Source: Ref. [3.2-5]

The projected evolution of the energy system is highly dependent on technology assumptions. Figure 3.2-4
provides insights on the projected installed capacity of nuclear power plants in the EUCO 30 scenario. The
study envisages new build projects as well expectations on lifetime extensions (referred to in the graph as
retrofitting) reviewed by the relevant experts, industry representatives and stakeholders?.

20 The European Council agreed to the 2030 strategy with targets on reducing greenhouse gas emissions by at least 40%, increasing

the share of renewable energy to at least 27%, and achieving an energy efficiency improvement of at least 27%:
https://www.consilium.europa.eu/en/policies/climate-change/2030-climate-and-energy-framework/
http://www.e3mlab.eu/e3mlab/index.php?option=com_content&view=category&id=35%3Aprimes&Itemid=80&layout=default&lang=en
Since then, the Commission has set out its vision for a climate-neutral EU by 2050. This objective is at the heart of the European
Green Deal (https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal en).

Details conducted under the ASSET project:

https://ec.europa.eu/energy/sites/ener/files/documents/2018 06 27 technolo athways - finalreportmain2.pdf

21

22
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Figure 3.2-4. Evolution of the nuclear installed capacity in the EU
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Nuclear is the most capital-intensive baseload technology and therefore, as shown in the figure above,
retrofitting of the existing fleet is a favourable option in the mid-term. Extending the lifetime of the existing
nuclear generation capacities often involves significant works in order to replace ageing components and
improve safety to meet higher safety requirements and expectations of the regulatory authorities. However,
despite these additional costs, lifetime extension of existing plants remains an economically very attractive
option and one that is already implemented or planned in several EU Member States. Regarding new build,
some Member States are already undertaking, or are planning, the construction of new large nuclear power
plant projects. Moreover, there is an increasing interest in smaller scale nuclear power reactors, so-called
Small Modular Reactors (SMRs).

Figure 3.2-5 shows the generation costs of different technologies. Considering the existing capacities, nuclear
power represents the lowest generation costs in 2030. The cost increases when considering new installed
capacities, but nuclear remains competitive and close to the levelised cost of the current power mix. However,
as mentioned above, nuclear energy is highly capital-intensive, and this presents certain difficulties to
investors for financing the construction of new large nuclear power plants, which has become more
challenging in the last three decades, as energy markets have been deregulated. According to the IAEA?*, to
encourage nuclear development despite these difficulties, innovative approaches to financing and support
policies are being pursued, including partial investment or loan guarantees from the government.

24 https://www.iaea.org/topics/funding-and-finance
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Figure 3.2-5. Levelised cost of electricity in the EU%°
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3.2.2 Contribution to climate change mitigation

The Technical Expert Group (TEG), in its Taxonomy Report Technical Annex [3.2-6], clearly recognised that
nuclear energy has near-to-zero greenhouse gas emissions in the energy generation phase, and it did not
express any doubts that nuclear energy can make a substantial contribution to climate change mitigation, one
of the six environmental objectives of the Taxonomy Regulation. Consequently, it is not intended to dedicate a
significant part of this chapter to demonstrating the contribution of nuclear energy to climate change
mitigation. Nevertheless, the TEG report mentions only the electricity generation phase of nuclear energy,
whereas the whole lifecycle should be considered when assessing any particular technology’s contribution to
climate change mitigation. It is useful therefore, to illustrate by at least one typical comparison from the open
literature, how nuclear energy compares with other technologies with regard to lifecycle greenhouse gas
emissions.

Figure 3.2-6, from reference [3.2-7], is the result of a secondary research compilation of twenty-one
credible?® sources in which lifecycle GHG emissions of different electricity generation technologies have been
assessed.

The figure shows that lifecycle GHG emissions from nuclear energy are among the lowest of all the
technologies, comparable with (or slightly greater than) wind and hydroelectricity and lower than solar PV.
That this is typical of the results from other credible LCAs can be seen from references 3.2-8, 9, 10, 11
among many others.

Some variation can be seen in the values of GHG emissions for nuclear energy provided in the literature.
Among the reasons for the variations, assumptions regarding the fuel enrichment process and the grade of
uranium ore extracted in the mining stage can have a major impact on the assessed lifecycle emissions.
Enrichment via the gaseous diffusion process requires a significant amount of energy input, and if it is
assumed that this energy is supplied by burning fossil fuels, or even by the current energy mix, the resulting
GHG emissions for the nuclear energy lifecycle can be significant. It may be more reasonable when assessing
the climate mitigation potential of the nuclear energy chain to assume that the electricity required is
produced by the resulting nuclear power or a future decarbonised mix. More importantly, the gaseous
diffusion process has been phased out and replaced by the centrifuge enrichment process, which is up to 50
times less energy costly than the gaseous diffusion process [3.2-12, 13].

2 https://ec.europa.eu/energy/sites/ener/files/epc_report final 1.pdf

% Studies published by governments and universities were sought out, and industry publications used when independently verified.
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Figure 3.2-6. Lifecycle GHG emissions intensity of electricity generation technologies
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According to [3.2-14, 15], the current world mean production uranium ore grade in 2009 was of the order of
0.129% uranium oxides (Us0g). In general, the grades of exploitable metallic ores will fall globally as the higher
grade reserves are extracted first and are progressively depleted. As the grade of the available uranium ore
falls, a greater amount of energy (and other material inputs) will be required in the mining and milling stage
to extract the same amount of UsQs. If uranium ore grade declines by a factor of ten, then energy inputs to
mining and milling increase by at least a factor of ten [3.2-16, 171. Furthermore, it is generally accepted that
uranium recovery in the mining and milling stage decreases as ore grade falls, although it is recognised that
further work is needed to quantify this effect more accurately. In the lifecycle analysis for nuclear electricity
generation performed in [3.2-15], the estimated level of GHG emissions for the mining and milling stage was
1.3 gCO,-eq/kWh for an assumed ore grade of 0.15% UsOs. However, an assumed ore grade of 0.01% UsOs
resulted in significantly higher GHG emissions in the mining and milling stage, increasing the lifecycle GHG
emissions by about 26 gCO,-eq/kWh. Even lower ore grades result in correspondingly larger GHG emissions.
Some current LCA analyses provided in the literature have assumed lower grade ores than are currently
available or likely to be available on a reasonable time horizon, thus resulting in higher assessed GHG
emissions for the nuclear lifecycle. According to [3.2-15], current world uranium resources are projected to
remain above a grade of 0.01% UsOs for the next 50 years based on predicted nuclear power annual growth
rates of 1.9%.

Lifecycle GHG emissions for the existing French nuclear reactor fleet in 2010, at that time using the gaseous
diffusion process supplied by nuclear energy, was assessed to be 5.29 gCO,-eq/kWh [3.2-8]. Uranium ore
grades corresponded to the current production from the mining activities supplying the French fuel cycle,
which were all higher than 0.19% [3.2-18]. According to [3.2-8], nuclear power plants (including construction,
operation and decommissioning) are responsible for 40% of the lifecycle GHG emissions, uranium mining for
32% and enrichment 129%.

According to [3.2-10, 14], lifecycle GHG emissions for a future EPR (European Pressurised-water Reactor),
using the centrifuge enrichment process, have been estimated to be very similar to that estimated in the
above study, at 4.25 gCO,-eq/kWh.

According to the foregoing, lifecycle GHG emissions from nuclear electricity generation are comfortably within
the 100 gCO,-eq/kWh emissions intensity threshold proposed by the TEG for electricity generation, and will
remain so for at least the next 50 years, thereby satisfying the TEG definition for a substantial contribution to
climate change mitigation.
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From the wider system perspective, nuclear contributes further to climate change mitigation through synergy
with renewable energy technologies. In an interconnected electricity system, each power plant interacts with
others through the same grid. Nuclear is the major dispatchable low carbon source of electricity next to hydro.
Being used as baseload technology, it provides flexible operation to complement the intermittent renewable
energy sources. Thus, wind and solar deploy more efficiently. On the one hand, this avoids use of highly
carbon-intensive generation technologies often used for a backup. On the other hand, this integration,
together with the electricity storage, brings benefits to the electricity grid, by minimising short-term
disruptions.

3.2.3 DNSH to the sustainable use and protection of water and marine resources

In accordance with article 17 of the Taxonomy Regulation, an economic activity shall be considered to cause
significant harm to the sustainable use and protection of water and marine resources where that activity is
detrimental:

(i) to the good status or the good ecological potential of bodies of water, including surface water
and groundwater; or

(ii) to the good environmental status of marine waters.

Fresh water is a precious resource and its use needs to be managed sustainably. All energy generation
technologies consume water to some extent, but those based on thermal technologies, including nuclear
energy (as well as renewable technologies based on thermal energy, like concentrating solar power and
biomass), have relatively high water consumption requirements when compared to non-thermal renewable
technologies?’.

While water is consumed in all lifecycle stages of most energy technologies, for those based on thermal
energy, the vast majority is consumed as cooling water during the operation of the power plants. This is
particularly the case for nuclear energy [3.2-8]. The exception is biomass, for which, in addition to the water
consumed by the power plants, very large amounts of water may be consumed during the production of the
feedstock, depending on factors such as the type of crop, geographic location, local climate and crop
management techniques [3.2-11] For the nuclear energy lifecycle, while water consumption at the mining
stage is small in comparison to the operation of power plants, it nevertheless has to be carefully considered,
as mining and milling activities are often located in dry and arid areas where it is especially important to
preserve available water sources. Moreover, water consumption is strongly dependent on the mining practices
employed. In-situ leaching (ISL) techniques consume larger amounts of water than other mining techniques
[3.2-8].

Common sustainability indicators for water usage of energy generation technologies are water withdrawal
and water consumption. Withdrawal is the amount of fresh water removed or diverted from ground or surface
waters (even if some is returned), while consumption is the amount lost from the immediate environment
through evaporation, incorporation into products, take-up by crops, consumption by humans or animals or
otherwise removed.

For power plants based on thermal energy, the water consumption depends strongly on the chosen cooling
technology. Plants utilising once-through cooling withdraw large volumes of water but consume very little as
most of it is returned to the same watercourse with a higher temperature. The temperature increase or
absolute discharge temperature is subject to statutory limits. Many nuclear power plants are located at the
coast and use seawater for cooling in a once-through system. Such plants neither withdraw, nor consume,
significant amounts of fresh water. Nuclear power plants also commonly employ recirculating cooling, using
evaporative cooling towers, or pond cooling, both of which require make-up water to compensate for losses
due to evaporation. In both cases, water consumption is greater than for plants employing once-through
cooling technology.

Figure 3.2-7 [Ref 3.2-11] compares water consumption data for the operation phase of different electricity
generation plants, taking into account the use of different cooling technologies. The figure aggregates and
presents data from a large number of studies reported in the available literature.

27 The exception, regarding non-thermal renewable technologies, is hydropower, for which large quantities of water may be lost due to

evaporation from the surface of the hydroelectric reservoirs.
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Figure 3.2-728, Ranges of rates of operational water consumption by thermal and non-thermal electricity-generating
technologies (m*/MWh)?°
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It can be seen from the figure that while nuclear energy consumes significant amounts of water compared to
renewable technologies like solar PV, wind and ocean energy, it is comparable to or better than concentrating
solar power (CSP), hydropower and biomass®. These latter technologies are not excluded from the taxonomy,
nor is a particular cooling technology specified in the technical screening criteria for these technologies. The
water consumption associated with nuclear energy does not therefore constitute a reason for exclusion of
nuclear energy from the taxonomy. Water usage in the power generation phase of the nuclear energy lifecycle
is discussed further in Chapter 3.3.7 and in the related TSC in Chapter 5 and Annex 4.

In addition to water withdrawal and consumption, electricity generation may also affect the quality of both
fresh and marine waters through chemical, thermal and radioactive pollution.

A number of sustainability indicators for comparing chemical pollution and its potential impacts on water
ecosystems have been used in lifecycle assessments in the literature. The more common ones include direct

28 (CSP - Concentrating Solar Power; CC — Combined Cycle; CCS - Carbon Capture & Storage; IGCC - Integrated Gasification Combined

Cycle; PV - Photovoltaic

Based on a review of available literature. Bars represent absolute ranges from available literature, diamonds single estimates; N
represents the number of estimates reported in the sources. Refer to the original reference for further notes and information on the
methods and references used in the literature review.

Especially when taking into account water consumption for the production of feedstock.
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emissions of nitrous oxides (NO,) and sulphur dioxide (S0;), as well as impact indicators for acidification,
eutrophication and eco-toxicity (fresh water and marine eco-toxicity)>*.

Figure 3.2-8 [Ref 3.2-11] compares NO, and SO, data for the lifecycle of different heat and electricity
generation technologies and clearly shows that nuclear energy, based on current Generation |l power plants,
along with wind and hydro have relatively very low emissions of these substances compared to fossil fuel
technologies. Among the technologies included in the Taxonomy, natural gas, biomass and solar PV all have
more lifecycle emissions of both NO, and SO, than nuclear energy.

Figure 3.2-8. Cumulative lifecycle emissions of NOx and SOz per unit of energy generated for current heat and electricity
supply technologies®?
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Acidification potential refers to the compounds that are precursors to acid rain. These include sulphur dioxide
(50,), nitrogen oxides (NOy), nitrogen monoxide (NO), nitrogen dioxide (N0), and other various substances.
Acidification potential is usually characterized by SO,-equivalence (g SO,-eq/kWhe). Atmospheric emissions of
these acidifying substances can persist in the air for some days allowing their transport over very large
distances, and during which time they undergo chemical conversion into acids (sulphuric and nitric). Deposition
of the primary pollutants sulphur dioxide, nitrogen dioxide and ammonia (NHs), along with their reaction
products, leads to changes in the chemical composition of the soil and surface water. This process interferes
with ecosystems, leading to what is termed 'acidification'.

Eutrophication is the gradual increase in the concentration of phosphorus, nitrogen, and other minerals and
plant nutrients in aquatic ecosystems resulting in over-enrichment that can give rise to excessive growth of
algae and depletion of oxygen that supports healthy underwater life. The indicator for eutrophication potential
is expressed in grams phosphate equivalent per unit of electricity generated (g PO3™-eq/kWh.). Some
methodologies calculate freshwater and marine eutrophication potentials separately. As phosphorous is the
key limiting nutrient for freshwater eutrophication, its units are g P-eq/kWh, whereas for marine water,
nitrogen is most often the key limiting nutrient, so that the units of marine eutrophication are g N-eq/kWh.

Stamford & Azapagic [3.2-9], as well as Treyer & Bauer [3.2-23], in their lifecycle sustainability assessments
of electricity options for the UK and UAE respectively, compared a comprehensive range of mid-point

31 Some of these indicators (NOx, SO, acidification) are important not only in respect of water ecosystems, but also in relation to air
pollution, soil quality and terrestrial ecosystems.

32 Data from [3.2-19, 20, 21]; traditional biomass use not considered. Figures for coal and gas power chains with CCS are valid for
near-future forecasts [3.2-22].
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environmental impact indicators for several electricity generation technologies. The results for acidification
and eutrophication potentials are provided in Figure 3.2-9. Data of Poinssot et al [3.2-8] for nuclear energy
are also included in the figure for comparison:.

It can be seen that nuclear energy provides the lowest contribution to acidification compared to the other
technologies included in the comparison. With regard to eutrophication, nuclear energy also performs better
than the other technologies for the combined eutrophication indicator of the CML methodology as well as for
the freshwater eutrophication calculated according to the ReCiPe methodology. Only for marine
eutrophication, the ReCiPe methodology calculates a slightly higher contribution than natural gas and the
renewable technologies, while still almost an order of magnitude lower than oil-based electricity generation. It
can also be seen that the results of Poinssot et al [3.2-8], calculated with data of a completely different origin
and using their own methodology, compare extremely well with the results of the other investigators.
Importantly, they also provide a detailed breakdown of the contribution to each indicator from the different
phases of the lifecycle of the nuclear energy chain. Mining is responsible for 82% of the acidification
potential, while reactors (construction, operation and decommissioning) contribute the next biggest share at
8%. Regarding eutrophication, mining with 53%, enrichment 17%, reactor operation 14% and reprocessing
11% are the main contributors.

% The data of Stamford & Azapagic [3.2-9], Treyer & Bauer [3.2-23] and Poinssot et al [3.2-8] are compared in several figures in the

remainder of Chapter 3.2. Some basic data relating to these studies is given below:

Stamford & Azapagic [3.2-9]:

LCIA methodology: CML 2001.

Electricity generation technologies: Coal, Natural gas (CCGT*), Nuclear (PWR*), Wind (Offshore), Solar PV*.

Nuclear energy: Future PWR for the UK operating on a once-through (open) fuel cycle. Centrifugal enrichment.

Data from Ecolnvent 2.2 database.

The ranges indicated in the figures represent the results from sensitivity studies. For nuclear energy, the sensitivity studies
investigated the use of MOX* and different mixes of gaseous diffusion and centrifuge enrichment (from 0 to 30% diffusion).

Treyer & Bauer [3.2-23]:

LCIA methodology: ReCiPe ‘midpoint’ impact indicators.

Electricity generation technologies: Qil?, Natural gas (conventional), NGCC* (current) 2, NGCC (future), CCS*, Nuclear (PWR)?, Solar PV
(building) 2, Solar PV (open ground), CSP*, Wind (Onshore) .

Nuclear energy: PWR (EPR*), Uranium extraction via 50% in-situ leaching, 30% underground mining, 20% open pit mining;
Centrifugal enrichment only; Once-through (open) fuel cycle.

Data from Ecolnvent 3.1 database.

Note regarding comparisons between the data from the above two references: Due to environmental conditions, the potential of
solar energy in UAE is high compared to the UK, whereas the potential for wind is low compared to the UK; this will have an impact
on the calculated indicators particularly for these two technologies.

Poinssot et al [3.2-8

LCIA methodology: NELCAS (CEA proprietary tool).

Electricity generation technologies: Nuclear (PWR).

Nuclear energy: Current French nuclear fleet; plutonium recycling in MOX fuel. Data from publicly available annual environmental
reports of the different French nuclear installations.

Refer to the original references for further information on data and assumptions.

* CCGT - Combined cycle gas turbine; NGCC - Natural gas combined cycle; CCS - Carbon capture & Storage; PV - photovoltaic; PWR
- Pressurised-water reactor; CSP - Concentrating Solar Power; MOX - Mixed-oxide (uranium & plutonium) fuel; EPR — European
Pressurised-water Reactor.

2 included in the comparisons in Chapter 3.2

None of the fossil-based technologies included in the comparisons in Chapter 3.2 include CCS.

44



Figure 3.2-9. Acidification and Eutrophication potentials of electricity generation technologies
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Acidification and eutrophication potentials were also compared in the NEEDS project [3.2-10], in this case
using a single combined end-point indicator® quantifying the loss of species (flora & fauna) due to the
release of substances to air, water, and soil. The indicator is given in terms of Potentially Disappeared
Fraction of species on 1 m? of earth surface during one year (PDFm?a) per kWh electricity produced. The
comprehensive comparison is shown in Figure 3.2-10 (from [3.2-10]).

Nuclear energy is represented by a current generation Ill PWR (European Pressurised-water Reactor) and a
future fast breeder reactor option based on the European Fast Reactor (EFR). Data are presented for Italy,
Germany, Switzerland and France, taking into account local conditions for each technology. Again, nuclear
energy can be seen to be one of the best performers for this specific indicator.

34 (Calculated following the methodology of the Life Cycle Impact Assessment method Eco-indicator 99 [3.2-24] and covering complete

energy chains.
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Figure 3.2-10. Results of the environmental impact indicator: Acidification and eutrophication>>
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Water ecosystems are also damaged by toxic chemical releases, including heavy metals, volatile organic
compounds (VOCs) and particles. Various ecotoxicity indicators have been used in sustainability assessments
to compare technologies in terms of the toxic damage potential of their lifecycle chemical emissions.

Freshwater aquatic ecotoxicity potential (FAETP) refers to the impact on fresh water ecosystems, as a result
of emissions of toxic substances to air, water and soil. Marine ecotoxicity refers to impacts of toxic
substances on marine ecosystems. Both indicators are expressed as grams 1,4-dichlorobenzene
equivalents/kWh (g 1,4-DCB-eq/kWh).

Stamford & Azapagic [3.2-9], as well as Treyer & Bauer [3.2-23], compared both fresh water and marine
ecotoxicity potentials® of several electricity generating technologies. The results are provided in Figure 3.2-
11.

With regard to freshwater ecotoxicity, nuclear energy is again the best performer according to Treyer & Bauer,
whereas the results of Stamford & Azapagic rank natural gas as best, with the other technologies fairly
evenly matched, although nuclear has the potential to be comparable with gas according to the sensitivity
studies. The data of Poinssot et al again compare very well with the data of Treyer & Bauer and the lower
bound data of Stamford & Azapagic. Concerning nuclear, the bulk® of the impact is due to metals such as
vanadium, copper and beryllium coming from uranium mill tailings. Regarding marine ecotoxicity, nuclear is
again ranked best (Treyer & Bauer — ReCiPe methodology) or second best (Stamford & Azapagic - CML
methodology?®) along with natural gas.

35 EPR - European Pressurised-water Reactor; EFR - European Fast Reactor; PC - Pulverised coal; PC-post CCS - Pulverized Coal with
post combustion Carbon Capture and Storage; PC-oxyfuel CCS - Pulverized Coal with oxyfuel combustion and CCS; PL - Pulverized
Lignite; PL-post CCS - Pulverized Lignite with post combustion Carbon Capture and Storage; PL-oxyfuel CCS - Pulverized Lignite with
oxyfuel combustion and CCS; IGCC-coal - Integrated Gasification Combined Cycle coal; IGCC-coal CCS - Integrated Gasification
Combined Cycle coal with CCS; IGCC-lignite - Integrated Gasification Combined Cycle lignite; IGCC-lignite CCS - Integrated
Gasification Combined Cycle lignite with CCS; GTCC - Gas Turbine Combined Cycle; GTCC CCS- Gas Turbine Combined Cycle with CCS;
IC CHP - Internal Combustion Combined Heat and Power; MCFC NG 0.25 MW - Molten Carbonate Fuel Cells using Natural Gas 0.25
MW; MCFC wood gas - Molten Carbonate Fuel Cell using wood derived gas 0.25 MW; MCFC NG 2 MW - Molten Carbonate Fuel Cells
using Natural Gas 2 MW, SOFC NG - Solid Oxide Fuel Cells using Natural Gas 0.3 MW; CHP poplar - Combined Heat and Power using
short rotation coppiced poplar; CHP straw - Combined Heat and Power using straw; PV-Si plant - Photovoltaic, ribbon crystalline
Silicon - power plant; PV-Si building - Photovoltaic, ribbon crystalline Silicon - building integrated (rooftop); PV-CdTe building -
Photovoltaic Cadmium Telluride - building integrated (rooftop); Thermal - Concentrating solar thermal — power plant.

% (Calculated according to the CML 2001 Impact Assessment Methodology providing ‘midpoint’ impact indicators.

57 More than 70% according to Stamford & Azapagic [3.2-9]; 99% according to Poinssot et al [3.2-8]

38 Note that the CML methodology produces significantly larger values for the marine ecotoxicity than the ReCiPe methodology. The
values calculated by Stamford & Azapagic have been multiplied by 10 to allow them to be reported on the same scale in Figure
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Figure 3.2-11. Aquatic ecotoxicity potentials of various electricity generation technologies
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Data from [3.2-9], [3.2-23], [3.2-8]

Aquatic ecotoxicity associated with nuclear energy would not therefore appear to constitute a reason for
exclusion of nuclear energy from the taxonomy as it is comparable with, or better than, other technologies
included in the Taxonomy. However, the dominant contribution of mining and milling to freshwater ecotoxicity
will be further discussed in Chapter 3.3.1 and in the related TSC in Chapter 5 and Annex 4.

With regard to thermal pollution of water bodies, nuclear power plants using once-through cooling systems
withdraw water and return it at increased temperature. Elevated temperatures in the receiving water bodies
can negatively affect aquatic ecosystems. There is little information on the assessment of thermal pollution
of water bodies in the lifecycle sustainability assessments in the literature. However, thermal pollution is

3.2-11. This is a feature of the methodology, as calculations made with the two methodologies using identical lifecycle inventory
data also exhibit such large differences in the results (Stamford [3.2-25]).
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tightly controlled and measures are taken to maintain temperature increases within acceptable limits in order
to avoid harm to the aquatic ecosystems. In periods of drought or heatwaves, it has sometimes been
necessary to reduce power or shutdown nuclear power plants in order to keep thermal pollution of water
bodies within the statutory limits. However, thermal pollution is not unique to nuclear energy and other
electricity generation based on thermal technology and using water for cooling have similar effects.
Compliance with EU water legislation is the guarantee of absence of significant harm.

Nuclear power plants may have to operate at reduced power or shut down in cases of extreme prolonged dry
weather or high ambient temperature, when cooling water intake levels become too low or when the limits on
the temperature of water returned to watercourses is exceeded. However, this does not pose any safety risk
and is a very rare occurrence, as very extreme weather conditions are taken into account in the design of the
plants.

There is no commonly used impact indicator specifically to characterise radiological pollution of water bodies.
The commonly used ionising radiation impact indicator characterises the human health impact of radiation
reaching the human body through all relevant pathways. This is discussed more in Chapter 3.2.5. Radiological
releases to the environment are subject to strict limits. More information on related EU legislation, including
the Euratom Basic Safety Standards Directive and the Euratom Drinking Water Directive is provided in Annex
1.

In summary, there is no evidence that nuclear energy does more harm to the sustainable use and protection
of water and marine resources than other energy technologies included in the Taxonomy. However, with
regard to this environmental objective, water consumption during the operation of nuclear power plants and
the contribution of uranium mining and milling to pollution of water bodies will be discussed further in
Chapters 3.3.7 and 3.3.1 respectively. Related TSC are discussed in Chapter 5 and Annex 4.

3.24 DNSH to the transition to a circular economy, including waste prevention &
recycling

In accordance with article 17 of the Taxonomy Regulation, an economic activity shall be considered to cause
significant harm to the transition to a circular economy, including waste prevention and recycling, where:

(i) that activity leads to significant inefficiencies in the use of materials or in the direct or indirect
use of natural resources such as non-renewable energy sources, raw materials, water and land at
one or more stages of the lifecycle of products, including in terms of durability, reparability,
upgradability, reusability or recyclability of products;

(ii) that activity leads to a significant increase in the generation, incineration or disposal of waste,
with the exception of the incineration of non-recyclable hazardous waste; or

(ii)  the long-term disposal of waste may cause significant and long-term harm to the environment.

Abiotic Depletion Potential (ADP) is an indicator frequently used in lifecycle assessments to characterise the
utilisation of natural resources. Abiotic depletion refers to the depletion of non-living (abiotic) resources such
as metals, minerals and fossil energy. The scarcity of the different natural resources used is a factor in the
calculation of the indicator. It is measured in kilograms of Antimony (Sb) equivalents reflecting the scarcity of
the different resources relative to the reference ore (antimony). Clearly, technologies having lower values of
depletion potential are better from the point of view of sustainability.

There is a paucity of published data comparing ADP for nuclear energy with other energy generating
technologies. Data from three studies are compiled in Figure 3.2-12. Stamford & Azapagic [3.2-9] provide
central estimates plus ranges corresponding to sensitivity analyses. This is the ADP-elements indicator
following the CML methodology and relates to the depletion of metal and non-metal mineral resources. The
data from the NEEDS project [3.2-26], also calculated according to the CML methodology, is however limited
only to the use of metallic ores, as is the data of Treyer & Bauer [3.2-23]. The latter is calculated according to
the ReCiPe methodology and is given in units of iron-equivalent instead of antimony-equivalent. Maximum
and minimum values from the NEEDS data are shown in the figure (dark and light bars). These maximum and
minimum values correspond only to national differences in the implementation of the different technologies,
except for solar PV. The minimum values for solar PV correspond to the use of CdTe panels, whereas the
maximum values correspond to the use of Si panels. Stamford & Azapagic consider PV panels according to
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the average world mix*°. The sensitivity analyses of Stamford & Azapagic investigated different end-of-life
recycling rate assumptions as well as different installation situations (on building facades and flat roofs
instead of slanted roofs). Solar PV shows relatively high sensitivity to the different assumptions.

Despite the differences in absolute values for Solar PV and wind, there is a clear ranking of technologies, with
nuclear and gas having the lowest ADP followed by coal/oil, solar and wind.

Figure 3.2-12. Use of natural resources
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Data from [3.2-9], [3.2-26] and [3.2-23]

In addition to the use of abiotic metals and mineral resources, the same authors also provide assessments of
fossil fuel resource use of the different electricity generation technologies. The respective data are shown in
Figure 3.2-13.

Nuclear and wind have very low fossil fuel use. The lifecycle of solar PV has a slightly higher fossil fuel usage
than wind and nuclear.

Of course, nuclear is the only technology with significant use of uranium resources. Current thermal reactor
technologies are only capable of utilising a small fraction of the potential energy contained in the mined
natural uranium. Advanced reactors utilising a fast-neutron spectrum operating in a closed fuel cycle40 would
be capable of extracting around 50 times more energy from the natural uranium, but these reactors are not
yet deployed on a commercial scale. The utilisation of uranium in current reactors in an open fuel cycle, in
which the spent fuel is disposed of in a final repository, therefore results in the disposal of plutonium and
uranium-238 that could potentially be used to generate energy in a future closed fuel cycle. However, for
every metric ton of natural uranium feed, only about 120-130 kg of enriched uranium fuel for use in current
reactors is produced. The remaining 870-880 kg end up as depleted uranium in the enrichment tails. This
depleted uranium is retained, and can be utilised in future advanced reactors. The already accumulated stocks
of depleted uranium, when used in a closed fuel cycle with advanced reactors, will be sufficient for several

39 98.4% Si panels of various types (mono-crystalline, multi-crystalline, amorphous and ribbon panels and laminates - refer to the

original reference for details) and 1.6% CdTe and CIGS (cadmium-indium-gallium-selenide)

40 See Chapter 3.3.5 for more information on open and closed fuel cycles and the material content of spent LWR fuel.

49



centuries of nuclear power generation at present global levels. Currently known reserves of uranium, used in
the same way, extend this time frame to a few millennia.

Figure 3.2-13. Use of fossil fuels
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Recyclability of materials is also an important factor when considering efficiency in the use of natural
resources. Stamford & Azapagic [3.2-9] also calculated the potential material recyclability ratios for the
different technologies. These are shown in Figure 3.2-14. The calculation is based on the inventory of the
different materials used in plant construction and their potential recyclability (e.g. most 