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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 @ 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 requlatory 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 reqular 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 regulatory 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 requlatory 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 Il 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 Il nuclear
power plants designed according to enhanced requirements related to severe accident prevention and
mitigation. The deployment of various Gen Il plant designs started in the last 15 years worldwide and
now practically only Gen Ill 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 reqgulatory 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 regulatory 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.g.
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
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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 vyield 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;
o 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 - Description of legal and reqgulatory 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
question. 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 regulatory 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 reqgulatory 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;

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 (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 - lllustrative 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

20



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
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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
Safety Glossary: Terminology Used in Nuclear Safety and Radiation Protection, 2018 Edition,
https://www.iaea.org/publications/11098/iaea-safety-glossary-2018-edition)

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

6 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 I1SO

23



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 1ISO 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 concerns 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 (LCI) approach began to
gain importance across the USA and Europe.

During the 1970s, many companies worldwide developed similar methods of LClI 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 (1ISO) 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-
91C/1974

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.

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.

ZTS

oon
\p/

A

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 resuilts.
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 (CO,)
Nitrogen Dioxide (NO3)
Methane (CHa)
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 (S0,) Accumulated Exceedance

Nitrogen Oxides (NO,)
Hydrochloric Acid (HCL)
Hydrofluoric Acid (HF)
Ammonia (NH,4)

(Acidification Potential)

Eutrophication

Phosphate (P0O,)
Nitrogen Oxide (NO)
Nitrogen Dioxide (NO3)
Ammonia (NHa4)

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 (505) RiskPoll

Matter/ Respiratory
inorganics

Nitrogen Oxides (NO,)
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
ISO014040 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 LCI results.

Looking at the impact coverage, the EDIP97 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 (50,, NO,, 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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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.
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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’ (MEEuUP). 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
14044:2006 (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), 1ISO 14041:1998 (LCA-Life Inventory Analysis), 1ISO 14042:2000 (LCA-Impact Assessment) and
ISO 14043:2000 (LCA-Interpretation).

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

— 150 14067:2018 (Greenhouse gases — Carbon footprint of products — Requirements and guidelines for
quantification). The standard is part of the 1ISO 14060 series, which provides guidelines for quantification,
monitoring, reporting and verification of greenhouse gas (GHG) emissions. The I1SO 14067 describes the
methodology for quantification of the carbon footprint of a product, based on the LCA specified in 1SO
14040/44.

— 150 14025:2006 (Environmental labels and declarations — Type Il 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.

2.3 References for Chapter 2
[2-1] Life cycle assessment: Principles and practice, SAIC, EPA/600/R-06/060, May 2006.
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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.

12 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 (1%). LWRs represent an even greater proportion of the installed capacity of reactors
under construction (949%, 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.

Some of which are included in the Taxonomy

14 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.q. 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).

6 See footnote 15

Organisation for Economic Cooperation and Development

18 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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1% 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
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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
22 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).
2 Details conducted under the ASSET project:
https://ec.europa.eu/energy/sites/ener/files/documents/2018 06 27 technology pathways - finalreportmain2.pdf

21
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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%

EU28, LCOE in 2030

200
180
M Solids-fired
160 m CCGT
140 . ' m Other oil/gas
'; 120 A Nuclear
= 100 L ® Biomass
e 1 u
0 3 ' Hydro
® Wind
60 y Y
20 Solar
= Power mix
20
0 « T )

Installed New
capacities capacities

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].

25 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
0.12% uranium oxides (Us0s). 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, 17]. 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% UsOg 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 0.1% [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 12%.

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

(i) 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 (m3*MWh)2°
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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 SO: 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
(S0.), nitrogen oxides (NO,), nitrogen monoxide (NO), nitrogen dioxide (N,O), and other various substances.
Acidification potential is usually characterized by S0,-equivalence (g SO,-eq/kWh,). 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 POj; -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.
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.

3> 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) 2.

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.
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Figure 3.2-9. Acidification and Eutrophication potentials of electricity generation technologies
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Data from: [3.2-9], [3.2-23], [3.2-8]

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?2a) 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.

3% (Calculated according to the CML 2001 Impact Assessment Methodology providing ‘midpoint’ impact indicators.

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

%8 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

(iii)  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 98.49% 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)

4 See Chapter 3.3.5 for more information on open and closed fuel cycles and the material content of spent LWR fuel.
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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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Data from [3.2-9], [3.2-26] and [3.2-23]

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 metals are 100%
recyclable, concrete is 79.4% recyclable, etc.). For nuclear energy, the fact that a proportion of the materials
become too activated for reuse is taken into account in the assessment, and this proportion, which is less than
5%, is excluded. However, the central estimates for the other technologies do not take into account the
recoverability or ease of recovery of the materials for recycling. This is taken into account in the sensitivity
analyses, which explore the effect on the recyclability of the materials if current UK demolition recycling rates
are considered for the major components. As the authors point out, decommissioning an offshore wind farm
typically involves leaving a mass of steel in the seabed to reduce cost and minimise disruption to benthic life,
and for typical solar PV modules, solar glass coated in metal oxides makes up a large part of total mass and
this may pose recycling difficulties. Consequently, the high potential recycling rates calculated for wind and
solar may be difficult to achieve in practice and this is reflected in the range of values resulting from the
sensitivity analyses (also shown in Figure 3.2-14).

Recycling rates for coal, gas and nuclear are similar, with the limits being due largely to the extensive use of
concrete, which is considered only 79.4% recyclable. The rate for nuclear is slightly lower also due to the
small proportion of activated materials that are not recyclable.
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Figure 3.2-14. Potential material recyclability
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Stamford & Azapagic [3.2-9], as well as Treyer & Bauer [3.2-23], also calculated the land occupation of the
various technologies. The data are shown in Figure 3.2-15, along with the land use data calculated by
Poinssot et al [3.2-8] for the nuclear energy chain.

Figure 3.2-15. Land occupation
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Lifecycle land occupation of coal power is significantly greater than the other technologies. The second largest
is solar PV. According to Stamford & Azapagic [3.2-9], for solar PV, 95% of the land occupation is associated
with the production of the metals for the manufacture of the panels and 5% for the panel manufacturing
sites. The authors assumed installation of panels on roof spaces, which does not therefore contribute to the
land occupation as this space is not in competition with other potential uses. Solar farms would be expected
to have a greater land occupation. Land occupation by offshore wind (Stamford & Azapagic), nuclear and gas
are negligible. Onshore wind (Treyer & Bauer) has greater land occupation.

With regard to water usage of different energy generation technologies, this has already been discussed in
Chapter 3.2.3 above and will not be repeated here.

Also important under the environmental objective related to the transition to a circular economy are the waste
streams from the different energy technologies that require storage in repositories.

Waste streams were considered and compared in the NEEDS project [3.2-10], in this case using two separate
indicators, one for chemical wastes and one for radioactive wastes. The indicators are given simply in units of
m> of waste requiring storage/disposal*! in a repository per unit of electricity generated (m3/kWh), and so it
does not provide any measure of the potential harm to humans or nature, neither does it reflect the
confinement time necessary to prevent future damage to the environment. The comprehensive comparisons
are shown in Figures 3.2-16 & 17 (from [3.2-10]).

It can be seen that nuclear energy produces relatively small quantities of chemical wastes requiring storage,
even compared to renewable technologies. Of course, nuclear energy produces the largest amount of
radioactive wastes*?. Radioactive waste quantities produced by the European Fast Reactor (EFR) are
considerably less than for the European Pressurised-water Reactor (EPR) as the fuel is recycled so spent fuel
assemblies do not go into the waste stream. In volumetric terms, the amount of radioactive waste produced
by nuclear energy operated on the basis of PWRs (EPR) is somewhat less than the amount of chemical waste
requiring storage/disposal in a repository produced by some fossil technologies and comparable with (slightly
higher than) the amount of chemical waste from some solar PV technologies.

Figure 3.2-16. Chemical waste volumes from different electricity generation technologies*®
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4l This is the volume occupied in the final repository or underground deposit.

42 Note that the radioactive wastes associated with the non-nuclear technologies shown in the figure mainly reflect the fact that
nuclear energy is part of the energy mix supplying the different technologies with part of their energy needs.

4 For the key to the technologies, refer to footnote 35.
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Figure 3.2-17. Radioactive waste volumes from different electricity generation technologies*

Radioactive waste

1.2E-08
1.0E-08 {JT] o
BDE
OCH
8.0E-09 OFR
S
x B6.0E-09
5
E
4.0E-09
2.0E-09
0.0E+00 - aulis-ual mo_mn =" aal mo O mer mern [T
o [ [&] (2] w - w w = w [ w () w o H = (=24 o =
n.u.n.U(Jl'-\-UL)gUtUUoIE%EgEEEEEEE
w | w o |0 oogogoaoummmugﬁaggag
2|3 sl |Q|w|=]| 2 oo L|a = | 3|3
4 812(g|8|c|% S|2/S|8|elgla|e|2|2|2|F 8
2% 2|5 |1e|2 ||| |§ ol 2| Z|P|Z |52 |50
O x - x o |l0 | = o = [s] o oL@ e
a |9 o | ? (S e Y @ |l= s | o
g & e g °|8|¢ 29
Q G| E z
=
Nuclear Fossil iom| Fossil |Biomass Solar ind

Source: [3.2-10]

Note that some countries (e.g. France) do not consider spent fuel to be waste. Spent fuel comprises large
amounts of recoverable uranium and plutonium that can be used in fast breeder reactor fuel. While fast
breeder reactors are not deployed yet on a large-scale commercial basis, they are very much an option for the
future for some countries, and so the uranium and plutonium within the spent fuel is considered a valuable
resource. Poinssot et al [3.2-8] calculates the total amount of radioactive waste requiring geological disposal
at about 1.5 m3*/TWh. for the current French nuclear fleet with plutonium recycled once in MOX fuel. This
strategy reduces the amount of waste requiring geological disposal, which is almost an order of magnitude
less than the amount shown in Figure 3.2-17. This reflects the fact that spent fuel elements (including spent
MOX fuel elements) are not included in the waste stream in France.

In summary, there is no evidence that nuclear energy does more harm to the transition to a circular economy,
including waste prevention and recycling, than other energy technologies included in the Taxonomy. However,
with regard to radioactive wastes specifically, clearly nuclear energy produces larger quantities than other
generation technologies. Radioactive waste and its management will be discussed in detail in Part B of this
report.

3.2.5 DNSH to pollution prevention and control

In accordance with article 17 of the Taxonomy Regulation, an economic activity shall be considered to cause
significant harm to pollution prevention and control where:

(i) that activity leads to a significant increase in the emissions of pollutants into air, water or land, as
compared with the situation before the activity started.

Pollutants having a specific impact on water and marine resources are discussed in Chapter 3.2.3 and will not
be considered again here. This section will deal with other pollutants and some of the related sustainability
indicators used to characterise their impacts on human health and the environment. A number of such
indicators for comparing chemical pollution and its potential impacts have been used in lifecycle assessments
in the literature. The more common ones include direct emissions of particulate matter (PM), nitrous oxides
(NOy), sulphur dioxide (50,) and non-methane volatile organic compounds (NMVOC), as well as impact
indicators for ozone layer depletion, photochemical smog, human toxicity potential and human health.

4 For the key to the technologies, refer to footnote Error! Bookmark not defined.
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Indicators to measure the potential for radiation effects on health and environment have also been developed
and compared.

Direct emissions of NO, and SO, were discussed in Chapter 3.2.3 (Figure 3.2-8), where it was seen that
nuclear energy compares very favourably to a range of other electricity generation technologies, including
renewables. Figure 3.2-18 [Ref 3.2-11] compares PM and NMVOC data for the lifecycle of the same range of
(heat and) electricity generation technologies and clearly shows that nuclear energy, based on current
Generation Il power plants, has very low emissions of these substances compared to fossil fuel technologies
and is comparable with renewable technologies. Fossil fuel technologies have the largest emissions of both
PM and VOC.

Figure 3.2-18. Cumulative lifecycle emissions of NMVOC and PM2.5 per unit of energy generated for current heat and
electricity supply technologies*
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Ozone Depletion Potential (ODP) represents the potential of depletion of the ozone layer due to the emissions
of chlorofluorocarbon compounds and chlorinated hydrocarbons. The ODP of the different contributing
substances are converted to an equivalent quantity of CFC-11 and the indicator is expressed in units of pg
CFC-11 eq/kWh.

Photochemical Oxidant Creation Potential (POCP) or photochemical smog is caused by the creation of ozone
from volatile organic compounds (VOCs) and nitrogen oxides in the presence of sunlight. Although ozone is
critical in the high atmosphere to protect against ultraviolet light, low-level ozone is implicated in impacts as
diverse as crop damage and increased incidence of asthma and other respiratory complaints. POCP is usually
expressed relative to the oxidant creation potential of ethylene and is expressed using the reference unit, g
CoHa EQ/kWh

The ODP and POCP calculated by Stamford & Azapagic [3.2-9] and Treyer & Bauer [3.2-23] for several
electricity generation technologies, and the POCP of Poinssot et al [3.2-8] for nuclear energy, are provided in
Figure 3.2-19.

Nuclear energy is the best performer in both categories. According to the authors of [3.2-9], the calculated
ODP upper bound of 73 pg CFC-11 eq/kWh coming from the sensitivity studies for nuclear energy is
anomalous. It results from considering the impact of enriching fuel using the diffusion process, but is based

4 Data from Bauer, 2008; Viebahn et al., 2008; Ecoinvent, 2009; traditional biomass use not considered. Figures for coal and gas
power chains with CCS are valid for near-future forecasts (Bauer et al., 2009).
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on United States Enrichment Corporation (USEC) diffusion plants, which were still using Freon as coolant. This
is no longer relevant, as USEC’s diffusion plants are no longer operational.

Figure 3.2-19. Ozone Depletion & Photochemical Oxidant Creation potentials of electricity technologies
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Human toxicity potential (HTP) is a measure of the effect of toxic substances on human health considering all
exposure routes for all chemicals for an infinite timeframe. Important contributing substances include heavy
metals as well as particulate matter, SOx and NO, emissions, volatile organic compounds (VOC) and
chlorinated organic compounds among others. The indicator used to categorise human toxicity potential is
measured in 1,4-dichlorobenzene equivalent/kWh.

There is some variability in the published data comparing HTP for nuclear energy with other energy generating
technologies. Data from several recent studies are compiled in Figure 3.2-20. Stamford & Azapagic [3.2-9]
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provide central estimates plus ranges corresponding to sensitivity analyses while Santayo-Castelazo [3.2-27]
provides minimum and maximum values corresponding to the ranges of assumptions for the different
technologies.

Figure 3.2-20. Human toxicity potential of different electricity generation technologies*®
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The general trend observed in Figure 3.2-20, with the exception of the Stamford & Azapagic result for
nuclear, is that of the five technologies considered, gas has the lowest HTP followed by nuclear, then solar PV,
wind and coal/oil all having higher values of HTP. The central estimate of Stamford & Azapagic for nuclear
energy is high compared to the values obtained by other authors, although their lowest estimate from the
sensitivity studies is well aligned with the data from the others. These sensitivity studies considered the
recycling of plutonium in MOX fuel (from 0% to 8% MOX) and varying proportions of fuel enriched by gaseous
diffusion (from 0% to 309%). The authors report that heavy metals, including arsenic and chromium, the bulk
of which comes from the uranium mining and milling operations, contributes substantially to the HTP.
Plutonium recycling in MOX fuel will reduce the need for fresh uranium from mining operations, thereby
reducing the related contribution to the HTP. Poinssot et al [3.2-8], also report that the main contributor (99%)
to HTP for the nuclear energy chain is mining, but has molybdenum as the main source, followed by selenium
and vanadium. There are clearly some discrepancies between the methodologies with regard to the
characterisation of the contribution of the different elements to the toxicity potential. Stamford & Azapagic
specifically point out that there is currently disagreement between LCA impact methodologies over HTP
results, with CML and IMPACT2002+ methodologies giving higher HTP values for nuclear and solar PV,
whereas Eco-Indicator 99, EDIP2003 and RECIPE methodologies all show coal as having the highest human
health impact. The data of Treyer & Bauer [3.2-23] is calculated according to the RECIPE methodology.

% Nuclear: Stamford & Azapagic [3.2-9]: future UK PWR; Santoyo-Castelazo [3.2-27]: Swiss PWR & BWR; Wang et al [3.2-28]: existing

gen. Il Chinese PWR; Treyer & Bauer [3.2-23]: European Pressurised-water Reactor (EPR); Poinssot et al [3.2-8]: current French
reactor fleet. Wind: Stamford & Azapagic [3.2-9]: offshore; Santoyo-Castelazo [3.2-27]: both onshore and offshore; others: onshore.
Data of Wang et al (nuclear and wind only). See also footnote 33.
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This point is also illustrated in Figure 3.2-21, which presents end-point human health impacts for selected
energy technologies calculated by Hirschberg et al [3.2-29] based on lifecycle impact analysis using the
ReCiPe method*’. The indicator resulting from this analysis is measured in units of DALYs (Disability Adjusted
Life Years = years of life lost + years lived with a disability) per unit of electricity generated. The effects
included are climate change (presented separately in Figure 3.2-21 - light gold bars), and human toxicity,
ionizing radiation, photochemical oxidant formation, and particulate matter formation (presented together -
dark gold bars). Note that ionizing radiation is not included in the human toxicity potential data presented in
Figure 3.2-20. Stamford & Azapagic [3.2-9] calculated the radiation health effects separately, also in units of
DALYs per unit of electricity generated, and these are also shown in Figure 3.2-21 (blue bars)*®. For nuclear,
they represent about one-third of the total human health impact (including radiation effects) calculated by
Hirschberg et al (2016), although comparisons should be made with caution due to the different
methodologies used by the two sets of authors.

Also shown on the figure are mortality data calculated by Hirschberg et al for the same technologies using an
Impact Pathway Approach (IPA) based on methods developed in the European Union-funded ExternkE research
project [3.2-30]. The mortality impacts are quantified in terms of Years of Life Lost (YOLLs) per unit of
electricity generated.

Figure 3.2-21. Human health and mortality impacts from different electricity generation technologies
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Data from [3.2-29] and [3.2-9]

The authors note that the results of IPA and LCIA are not directly comparable. The approaches to estimation
differ considerably, with LCIA results depending on the choice of a particular LCIA-method and to a higher

47 The LCA calculations were made for three different social perspectives called Hierarchist (H), Egalitarian (E) and Individualist (). The

results presented here are only for the Hierarchist perspective, which can be interpreted as a kind of balanced compromise between
the other two more extreme perspectives. The absolute results vary appreciably depending on the chosen perspective, but the
ranking of the technologies is little affected, except for gas, whose impact is in the same range as nuclear and renewables under
the Egalitarian perspective but considerably worse under the other perspectives. The Egalitarian perspective is less dominated by
impacts due to climate change [3.2-29].

Radiation health impacts calculated by Stamford & Azapagic [3.2-9] are included for all technologies except hydro, but as the values
are very low compared to nuclear, they do not register on the graph when plotted using the same scale as the LCA data of
Hirschberg et al (2016).
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extent on subjective elements related to the various social perspectives while not allowing simulation of site-
specific effects (as opposed to IPA). The health impact estimators have different scopes, i.e. YOLLs derived
using IPA are a subset of DALYs generated using LCIA. The estimates based on LCIA cover not only health
impacts of major pollutants but also the highly uncertain ones caused by the climate change; the latter are
not included in IPA-estimates. However, while the absolute values calculated using the different
methodologies are not comparable, the ranking of the different technologies is very similar for both
methodologies.

The results presented here concern normal operation. Human health impacts of accidents are discussed in
Chapter 3.5

According to the information presented in the foregoing, pollution arising from the whole lifecycle associated
with the use of nuclear power for electricity production, and its effects on the environment and human health,
is low when compared to fossil-based energy sources and is comparable with, or better than, some renewable
technologies included in the Taxonomy. This includes health effects from radiation. Based on the above,
nuclear energy cannot be considered to do significant harm to pollution prevention and control.

3.2.6 DNSH to the protection and restoration of biodiversity and ecosystems

In accordance with article 17 of the Taxonomy Regulation, an economic activity shall be considered to cause
significant harm to the protection and restoration of biodiversity and ecosystems where that activity is:

(i) significantly detrimental to the good condition and resilience of ecosystems; or
(ii) detrimental to the conservation status of habitats and species, including those of Union interest.

Biodiversity is an essential factor for the well-being of the earth’s ecosystems. Loss of biodiversity is
regarded as a long-term problem negatively affecting the natural functioning of the ecosystems, which in
many cases (e.g. agriculture, tourism, etc.) poses a valuable or even essential commaodity for human society.

In the preceding sections, several LCIA indicators that characterise potential damage to biodiversity and
ecosystems have already been compared for different energy generation technologies. These include
indicators for acidification, eutrophication and ecotoxicity, among others. These will not be further discussed
here.

In this section, three further indicators used in the literature to characterise potential impacts on the
protection and restoration of biodiversity and ecosystems are compared for different electricity generation
technologies.

The first is terrestrial ecotoxicity. Terrestrial ecotoxicity potential (TETP), in general terms, refers to the impact
on non-human living organisms of terrestrial ecosystems resulting from lifecycle emissions of toxic
substances to air, water and soil. Similar to aquatic ecotoxicity potential, the indicator used to categorise
terrestrial ecotoxicity potential is measured in terms of mass of 1,4-dichlorobenzene equivalent per unit of
electricity generated. This indicator has been calculated and compared between different electricity
generation technologies by Stamford & Azapagic [3.2-9], using the CML 2001 methodology, and by Treyer &
Bauer [3.2-23], using the ReCiPe methodology.

Ecotoxicity potentials were also compared in the NEEDS project [3.2-10]. Here a single indicator was used
which quantifies the loss of species (flora & fauna) due to the release of ecologically toxic emissions 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 unit of electricity produced. It follows the methodology of the Life Cycle
Impact Assessment method Eco-indicator 99 [3.2-24] and covers complete energy chains.

The above two indicators are shown together in Figure 3.2-22. 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 the average world mix*®. The
data for Treyer & Bauer [3.2-23] relates to multi-crystalline Si panels.

The results of Stamford & Azapagic [3.2-9] and Schenler et al [3.2-26] both indicate that natural gas has the
lowest impact, followed by nuclear in second place. Solar PV, wind and coal are all more damaging, with the

4 Comprising 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)
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ranking depending on the indicator chosen and the type of solar panel technology assumed. The data of
Treyer & Bauer [3.2-23], calculated using the ReCiPe methodology, have significantly lower values all round
(the data represented by the bars in the chart have been multiplied by a factor of 10). The ranking is also
different, with nuclear energy having the lowest impact, followed by wind, gas, solar and oil.

Figure 3.2-22. Ecotoxicity
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The third impact indicator to be discussed in this section is biodiversity impact of land use, which has been
calculated in the NEEDS project [3.2-26]. Human land use, i.e. changing the natural state of land by human
activities, is one of the potential reasons for loss of biodiversity, i.e. loss of species. The indicator quantifies
the loss of species (flora & fauna) due to land use. It is given in terms of Potentially Disappeared Fraction of
species on 1 m? of earth surface during one year (PDFm?a) per unit of electricity produced. It follows the
methodology of the Life Cycle Impact Assessment method Eco-indicator 99 [3.2-24] and covers complete
energy chains. Data for the same set of electricity generation technologies are shown in Figure 3.2-23 from

[3.2-26]. The explanation of the minimum and maximum values is the same as for the NEEDS data in Figure
3.2-22.

The biodiversity impact of land use is calculated to be low for nuclear, wind and solar PV based on CdTe
panels. The impact from gas is an order of magnitude larger than nuclear and wind, with solar PV based on Si
panels higher again, and coal having the most damaging impact.
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Figure 3.2-23. Biodiversity impact of land use
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According to the information presented in the foregoing, nuclear energy compares favourably with competing
technologies with regard to its impact on biodiversity taking into account the whole lifecycle. There is no
evidence that nuclear energy does more harm to the protection and restoration of biodiversity and
ecosystems than other energy technologies included in the Taxonomy.

3.2.7 References for Chapter 3.2

[3.2-1] Nuclear Power Reactors in the World, 2019 Edition, IAEA, 2019

[3.2-2] Nuclear Power in a Clean Energy System, International Energy Agency (IEA), May 2019
[3.2-3] World Energy Outlook 2018, International Energy Agency (IEA), 2018

[3.2-4] BP Statistical Review of World Energy, 67t Edition, June 2018

[3.2-5] Capros, P., Kannavou, M., Evangelopoulou, S., Petropoulos, A., Siskos P., Tasios, N., Zazias, G., DeVita, A,
Outlook of the EU energy system up to 2050: The case of scenarios prepared for European Commission's
“clean energy for all Europeans” package using the PRIMES model, Energy Strategy Reviews, Volume 22,
November 2018, Pages 255-263.

[3.2-6] Taxonomy Report, Technical Annex, Updated methodology & Updated Technical Screening Criteria,
March 2020

[3.2-7] Comparison of Lifecycle Greenhouse Gas Emissions of Various Electricity Generation Sources, World
Nuclear Association, July 2011.

[3.2-8] Poinssot, C., Bourg, S., Ouvrier, N., Combernoux, N. Rostaing, C, Vargas-Gonzalez, M., Bruno, J.,
Assessment of the environmental footprint of nuclear energy systems. Comparison between closed and open
fuel cycles, Energy 69 (2014) 199-211

[3.2-9] Stamford, L. and Azapagic, A, Life cycle sustainability assessment of electricity options for the UK, Int.
J. Energy Res. 2012, 36, 1263-1290, September 2012

[3.2-10] Simons, A, Bauer, C, Heck, T., Final report on the quantification of environmental indicators for
sustainability assessment of future electricity supply options, NEEDS (New Energy Externalities Developments
for Sustainability) Project, Deliverable D6.1 — RS 2b, European Union 6™ Framework Programme Project No.
502687, 2008.

60



[3.2-11] Renewable Energy Sources and Climate Change Mitigation, Special Report of the Intergovernmental
Panel on Climate Change, Cambridge University Press (2011).

[3.2-12] Uranium Enrichment (Updated May 2020), World Nuclear Association, https://www.world-
nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-

enrichment.aspx

[3.2-13] Lecointe, C,, Lecarpentier, D., Maupu, V., Le Boulch, D., Richard, R, Final report on technical data, costs
and life cycle inventories of nuclear power plants, NEEDS (New Energy Externalities Developments for
Sustainability) Project, Deliverable D14.2 - RS 1a, European Union 6" Framework Programme Project No.
502687, 2007.

[3.2-14] Mudd, G., Diesendorf, M., 2010. Uranium mining, nuclear power and sustainability: rhetoric versus
reality. In: Sustainable Mining Conference, Kalgoorlie, Western Australia, August 2010, pp. 315-340.

[3.2-15] Norgate, T., Haque, N., Koltun, P., The impact of uranium ore grade on the greenhouse gas foot print
of nuclear power, Journal of Cleaner Production, Volume 84, 1 December 2014, Pages 360-367.

[3.2-16] Sovacool, BK,, Valuing the greenhouse gas emissions from nuclear power: A critical survey, Energy
Policy 36 (2008), 2950-2963.

[3.2-17] Lenzen, M,, Life cycle energy and greenhouse gas emissions of nuclear energy: A review, Energy
Conversion and Management 49 (2008), 2178-2199.

[3.2-18] Uranium Mining Overview (Updated May 2020), World Nuclear Association, https://www.world-
nuclear.org/information-library/nuclear-fuel-cycle/mining-of-uranium/uranium-mining-overview.aspx

[3.2-19] Bauer, C. (2008). Life Cycle Assessment of Fossil and Biomass Power Generation Chains. Paul
Scherrer Institut, Villigen, Switzerland.

[3.2-20] Viebahn, P., Kronshage, S., Trieb, F., and Lechon, Y., Final Report on Technical Data, Costs, and Life
Cycle Inventories of Solar Thermal Power Plants. European Commission, Brussels, Belgium, 2008.

[3.2-21] Ecoinvent, The Ecoinvent LClI Database, Data v2.2. Swiss Centre for Life Cycle Inventories,
Duebendorf, Switzerland, 2009.

[3.2-22] Bauer, C., Heck, T., Dones, R., Mayer-Spohn, O., and Blesl, M., Final Report on Technical Data, Costs, and
Life Cycle Inventories of Advanced Fossil Power Generation Systems. Deliverable n° 7.2 - RS 1a, European
Commission, Brussels, Belgium, 2009.

[3.2-23] Treyer, K., Bauer, C, The environmental footprint of UAE's electricity sector: Combining life cycle
assessment and scenario modeling, Renewable and Sustainable Energy Reviews 55 (2016) 1234-1247.

[3.2-24] Goedkoop, M. and Spriensma, R., The Eco-indicator 99: A damage oriented method for life cycle
impact assessment. PRé Consultants, Amersfoort, The Netherlands, 1999.

[3.2-25] Stamford, L., private communication, 2020.

[3.2-26] Schenler, W., Bauer, C., Burgherr, P., Hirschberg, S., Final report on indicator database for sustainability
assessment of advanced electricity supply options, NEEDS (New Energy Externalities Developments for
Sustainability) Project, Deliverable D10.1 — RS 2b, European Union 6" Framework Programme Project No.
502687, 2007.

[3.2-27] Santoyo-Castelazo, E, Sustainability Assessment of Electricity Options for Mexico: Current Situation
and Future Scenarios, PhD Thesis, University of Manchester Faculty of Engineering and Physical Sciences,
2011.

[3.2-28] Like Wang, Yuan Wang, Huibin Du, Jian Zuo, Rita Yi Man Li, Zhihua Zhou, Fenfen Bi, McSimon P.
Garvlehn, A comparative life-cycle assessment of hydro-, nuclear and wind power: A China study, Applied
Energy 249 (2019) 37-45.

[3.2-29] Hirschberg, S., Bauer, C., Burgherr, P., Cazzoli, E., Heck, T., Spada, M., Treyer, K., Health effects of
technologies for power generation: Contributions from normal operation, severe accidents and terrorist threat,
Reliability Engineering and System Safety 145 (2016) 373-387.

[3.2-30] ExternE: Externalities of Energy: Methodology 2005 Update, Edited by Peter Bickel and Rainer
Friedrich, European Commission, 2005.

61


https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-enrichment.aspx
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-enrichment.aspx
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-and-fabrication/uranium-enrichment.aspx
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/mining-of-uranium/uranium-mining-overview.aspx
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/mining-of-uranium/uranium-mining-overview.aspx

3.3 Detailed assessment of the impacts of nuclear energy in its various lifecycle
phases

Open and closed nuclear fuel cycles

In order to understand the various technological processes in the lifecycle of nuclear energy, one must first be
familiarized with the commonly used nuclear fuel cycle types of today. Basically two fuel cycle types are used
today, the “open” and the “partially closed”, which are also often referred to as “once through cycle” (OTC) and
“twice through cycle” (TTC), respectively.

One has to distinguish between the “partially” closed fuel cycle as it applies to currently dominant (thermal
neutron spectrum) reactor technology, which is limited to twice-through, and the “fully” closed cycle, which
allows multi-recycling of spent fuel but requires fast reactors (FRs) to be integrated in the reactor fleet. Multi-
recycling in FRs — which have been demonstrated but not yet widely deployed on a commercial basis - would
result in a huge reduction in the need for uranium mining. In the current chapter references to the “closed”
fuel cycle include the “partially” closed cycle, i.e. to the TTC. Which type is meant, if relevant, is clear from the
context or data under discussion.

Note: the vast majority of current power reactors utilize thermal (low-energy) neutrons to maintain the
controlled chain reaction in their active core, but there exist reactor designs which are based on fission
induced by fast (high-energy) neutrons. While thermal reactors utilize #*°U isotope (the only naturally
occurring uranium isotope to undergo fission induced by thermal neutrons), the fast reactors make use of the
238 uranium isotope, as well. In addition to 2*8U, the nuclear fuel of the fast reactors contains 2*°U and 2*°Pu
isotopes, the 2*°*U is usually enriched to 20%°. A fast breeder reactor (FBR) is a special fast reactor version,
which is able to produce (“breed”) more fuel than consumed. The most important breeding reaction is the 238U
absorption reaction, when fissile 2*°Pu is produced from the 2*®U isotope. The efficiency of the breeding
process is characterized by the breeding ratio parameter: if the breeding ratio exceeds 1 then the reactor
produces more fissionable fuel than it consumes, i.e. more 2*°Pu is produced from 238U than burned in the
original fuel containing 2*°U and #*°Pu. Those materials (e.g. 2*8U and 2*2Th) which are able to produce fissile
material when irradiated by neutrons are called fertile materials. A remarkable feature of the fast reactors is
that they can utilize the uranium about 60 times more efficiently than the current thermal reactors.

The main steps in the two different cycles are illustrated in Figure 3.3.1-1, which shows that the main
difference between the two cycles is the destiny of the spent nuclear fuel (SF) after it has been utilized in a
nuclear power plant for electricity production. After the burnt fuel is removed from the reactor, in both cases
the SF is first stored in wet storage facilities (borated water-filled pools) for some years, until the remnant
heat of the fuel decreases to a level appropriate for dry storage. The wet storage is followed by another
storage period in a so called interim storage facility, where the SF is kept under safe conditions for several
years (sometimes for several decades), usually in dry vaults or in special casks (containers). Here the removal
of the remnant heat from the fuel is ensured by air cooling.

After this interim storage period the closed and open fuel cycles diverge: in the closed cycle the SF is
transported to a reprocessing facility, where the spent fuel is disassembled, the fuel rods are cut and the
ceramic fuel pellets are dissolved in acidic solutions. According to the World Nuclear Associaton (WNA, see
https://world-nuclear.org/) the used LWR nuclear fuel (having an average burnup level) contains about 96% of
uranium (98.5% of which consists of the 28U isotope), about 3% of stable fission products and 0.9% of
plutonium. The reprocessing aims to recover the uranium and plutonium still present in the spent fuel and
reuse them to manufacture new nuclear fuel. The plutonium directly goes to the fuel manufacturing factory
to be used for the fabrication of MOX (mixed oxide) fuel. The reprocessed uranium (abbreviated as RepU) is
transported to the uranium conversion factory, where it is mixed with the “fresh” uranium, directly coming
from the yellow cake production facility. The highly radioactive waste remaining after the chemical dissolution
processes is first solidified, then it is vitrified into borosilicate glass, which is sealed into stainless steel
cylinders. These “drums” are then stored waiting for their disposal in an appropriate final disposal facility.
Note that the spent MOX fuel is not reprocessed further and hence the meaning of the TTC (twice through
cycle) name becomes understandable: in this type of closed cycle the nuclear fuel is placed into the reactor
for electricity production twice. Actually the TTC is only a partially closed cycle, because in a real closed cycle
the MOX fuel should be reprocessed many times (further details of the “fully” closed fuel cycle are given in
Chapter 3.3.5 on reprocessing).

50 For thermal reactors the average enrichment of uranium is around 4%, with 5% as maximum enrichment.
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Figure 3.3.1-1. - The scheme of the open and closed nuclear fuel cycles
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It has to be noted that about 30% of the total amount of SF produced globally in the nuclear power plants
has been reprocessed, saving large amount of direct uranium mining capacity.

In the open cycle there is no reprocessing step and the SF is to be disposed at a final disposal facility, because
the SF in the open cycle is not processed further. The very first facility of this kind is planned to be operable in
Finland by 2025. Currently all the spent fuel utilized in open cycles so far around the world are waiting for the
construction of the appropriate national disposal facilities. Now the OTC (once through cycle) name is also
clear: in this cycle the nuclear fuel is placed into the reactor for electricity production only once.

The first part of the nuclear fuel cycle (i.e. mining and milling, conversion, enrichment and fuel fabrication) is
called together the “front end” of the cycle, while the remaining steps (i.e. all steps after the used fuel has
been removed from the reactor) form the “back end” (see Figure 3.3.1-2).

Regardless of whether open or closed, the nuclear fuel cycle starts with the uranium mining and milling
phase, which is described in the next subchapter.
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Figure 3.3.1-2. - Scheme of the “front end” and “back end” parts of the nuclear fuel cycle
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3.3.1 Uranium mining and uranium ore processing

3.3.1.1 Description of the underlying technologies and processes

In the following we restrict ourselves to the description of the basic technological details only, in order to
make the potential environmental and human health impacts of uranium mining and milling understandable
for the reader. A very detailed and professional description of the topic is provided e.g. at the website of the
World Nuclear Association, see https://world-nuclear.org/.

According to the WNA, in 2018 the global uranium production was about 53 500 metric tons of uranium,
with Kazakhstan alone supplying about 40% of the total. About 90% of the global production comes from
seven countries: Kazakhstan (40%); Canada (139%); Australia (12%); Namibia (10%); Niger (5%); Russia (5%)
and Uzbekistan (4%).

The above figures show that Europe is not a significant uranium supplier any more, although for example East
Germany had large uranium mining operations before 1990 and the whole history of uranium mining started
in the Czech Republic at the Jachymov underground mine at the end of the XIX" century. Note that Madame
Curie used a large amount of pitchblende ore (uraninite) from Jachymov when she isolated radium and
discovered polonium.

In 2018, this 53 500 metric tons of uranium was sufficient to cover the decisive portion of fuel supply needs
of the 451 NPP units operated at that time around the world and providing approximately 400 GW electric
power. The remainder was covered by reprocessed fissile materials.

In comparison, a coal-fired power plant of 1 GW electric power consumes 9000 metric tons of coal per day!
(See e.g. https://energyeducation.ca/encyclopedia/Coal fired power plant).

Uranium is naturally occurring in the Earth’s crust almost everywhere, its average concentration is 2.8 ppm
(parts per million, 10°®). Mining of uranium needs uranium deposits with much higher concentration: the ore
grade in the largest currently cultivated mines ranges from 0.12% (1200 ppm) at Ranger mine (Australia) to
14.7% at Cigar Lake mine (Canada). In Canada deposits with even 20% grade were discovered.

Three naturally occurring isotopes are present in natural uranium: 238U (99.275%), #*°U (0.72%) and 2>*U
(0.0054% = 54 ppm).

Currently the mining of uranium ore is carried out by using three different methods.

Open-pit mines are cultivated at those places where the uranium ore is abundant in layers close to the
surface of the Earth. Large open pit mines are in operation e.g. in Namibia and Niger.
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Figure 3.3.1-3. - Uranium mining in Jachymov around 1935 Figure 3.3.1-4. - Pitchblende ore
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Deep-pit (underground, UG) mines are constructed at those places where the uranium-rich layers are located
deep (sometimes several hundred meters) below the surface. Two of the largest mines (Cigar Lake in Canada
and Olympic Dam in Australia) are underground mines.

Chemical leaching is a mining method which is gaining ground gradually: the basic principle of the “in-situ
leaching” (ISL) method is that a liquid substance containing acidic (sulphuric acid) or alkaline (sodium
carbonate) chemicals is pumped below the surface, into the sand or sandstone layer containing the uranium
ore. The scheme of the ISL is shown in Figure 3.3.1-5. The pumped-in liquid slowly dissolves the minerals
containing uranium, then - after some time - it is driven back to the surface, where it is further processed to
extract the dissolved uranium. The waste liquid substance remaining after the processing is pumped back
under the surface. This method does not cause “landscape wounds” to remediate as open-pit mines do and
does not produce large amount of waste rock, which is characteristic to underground mines. However, it
produces large quantities of waste water containing aggressive chemicals, and these wastes must be
managed properly in order to avoid damage to the environment. Also the original quality of the groundwater
must be restored after the leaching operations have been terminated. Due to the intense pumping of liquids
characterizing this method, it is more energy intensive than the two other mining technologies. The energy for
pumping is often available only from large diesel generators, as uranium mining sites are often located at
distant off-grid locations with no electricity transmission lines (see Refs. [3.3.1-5, -13, -16 and -17] for more
details). However, despite its high energy demand (i.e combustion of 7 litres diesel oil to extract 1 kg Una), @
definite advantage of the ISL is the lack of tailings and waste rock piles, because there is no excavation and
ore milling in this technology.

The uranium mines in Kazakhstan almost exclusively use the ISL technology, but it is prevalent in the USA, as
well, where it is called “in situ recovery” (ISR). As of today, globally almost 50% of uranium is mined using
this method and due to the advantages discussed above it is applied more and more, wherever it is feasible.

The uranium ore obtained from the mine then undergoes further processing phases, which are characteristic
for conventional mines excavating metalliferous minerals. First the uranium ore is milled into small pieces in
an ore mill, then it is selected, cleaned and dried. This process yields a fine powder substance which
undergoes the following further chemical processing steps:

— by using a suitable chemical solvent material, the uranium present in the ore-powder is solved into an
alkaline, acidic or peroxide solution (most often sulphuric acid is used),

— the uranium solution is then separated from the other components,
— in the last step the uranium is precipitated and dried in an oxide form (Us0g).

The dried uranium precipitate has bright yellowish colour, which is why the end-product is called “yellowcake”.
The uranium heavy metal content of the yellowcake is usually more than 75%.
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Figure 3.3.1-5. - Scheme of the application of acidic ISL technology in Kazakhstan
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Figure 3.3.1-6 shows the scheme of a uranium mill, receiving raw ore from the mine (usually located close to
the mill) and packing yellowcake into transport containers at the end of the process. Figure 3.3.1-7 illustrates
how the yellowcake looks at the end of the production line.

Figure 3.3.1-6 - Scheme of a uranium mill
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Figure 3.3.1-7. - Yellowcake on the production line

Source: https://www.orano.group/en

3.3.1.2 Identification of key potential impacts on the environment and human health

33.1.2.1 Historical background

Uranium became a strategic material during World War Il due to its role in manufacturing nuclear weapons.
The race for the exploration and exploitation of uranium resources continued during the Cold War period, as
well, when the superpowers stockpiled huge numbers of nuclear warheads containing mainly plutonium
produced in military reactors running on uranium fuel. In this period national security considerations were of
prime importance and environmental aspects of uranium mining were secondary or tertiary. Figure 3.3.1-8
illustrates the way some uranium mines were operated in this period by showing the tailings of the Schlema-
Alberoda underground mine located in the former East Germany. These huge uranium ore tailings -
sometimes formed very close to the dwellings - have now been removed and the affected area has been
completely remediated. Note that the USA and France have also now completely remediated the uranium mill
tailings at their closed down mining sites.

Figure 3.3.1-8. - Tailings at the Schlema-Alberoda site (Germany, former GDR) in 1991

Source: [3.3.1-3]
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A similar situation is shown in Figure 3.3.1-9 depicting the tailings of an abandoned uranium mine in
Tajikistan. The remediation of the Taboshar site is currently in progress with international assistance
coordinated by the EBRD and the European Commission.

Figure 3.3.1-9. - Tailings at the Taboshar site (abandoned uranium mine in Tajikistan)

Source: © EC DEVCO

This adverse situation changed radically after 1990, when the nuclear arms race abated, although uranium is
still considered as strategic material for national defence. The new circumstances allowed uranium mines to
gradually introduce environmentally friendly technologies and establish responsible operational practices
which gave priority to the protection of human health and minimization of environmental impacts. Parallel to
these technological improvements the relevant legal framework and associated regulations developed
substantially, including regulatory competence and oversight capabilities. As a consequence, the uranium
mines of today must adhere to strict radiation and industrial safety rules and must satisfy relevant
environmental standards and regulations (see Chapter 3.3.1.4 “Legal background and regulations” for a
detailed list of relevant standards and regulations).

3.3.1.22 Non-radioactive impacts

If non-radioactive impacts are considered, uranium mines and uranium ore mills are very similar to the
conventional mining operations excavating metalliferous minerals. The environmental impacts of these mines
and mills can be summarized as follows:

piling up large amounts of rock waste (in case of underground operations);

creation of large tailings;

inflicting landscape damage (landscape “scars” in case of open-pit operations);

presence of various heavy metals in the washwater;

hazardous seepages due to the utilization of large quantities of aggressive liquid chemicals;
excessive dusting;

damage and pollution caused by transport operations;

© N o u ~ W N =

significant water consumption and waste water production.
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Abandoned or improperly constructed uranium mill tailings can lead to significant contamination of the soil,
surface waters and groundwaters, if a proper containment of the tailings is not established or maintained. A
failed or improper containment can cause dispersal of radioactive dust, erosion of the tailing ramps or large
discharge of contaminated water or sediments (from sedimentation ponds). Characteristic reasons for sudden
containment failures (e.g. for dam breaches) are soil/ground movements, leakages, pond overfilling and
earthquakes (see Ref. [3.3.1-8]). However, application of long-lasting and leak-proof bottom liners and well-
sealing tailing covers can efficiently prevent the occurrence of hazardous environmental impacts (see Chapter
3.3.1.5 “Identification of applicable means to avoid or mitigate the impacts” for the details).

Figure 3.3.1-10. - Broken dam of the Church Rock and its remediation

The broken Church Rock tailings dam in July 1979
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Figure 3.3.1-10 illustrates a major tailings dam breach and its remediation. In July 1979 at the Church Rock
(New Mexico, USA) uranium mining site the dam of the evaporation pond used for storing uranium mill
wastewater was broken and released about 1100 metric tons of solid tailings waste and more than 400 000
m?® of effluent into the nearby Puerco River. The released acidic effluent was contaminated by radioactive
isotopes (e.g. 2*8U, 2*°Th, #?°Ra) and toxic metals (e.g. lead and arsenic), as well as sulphates. This event is
considered as the largest single release of liquid radioactive waste in the USA (see [3.3.1-18] for details). In
1982 the uranium mine was closed and the site was gradually cleaned and remediated under the supervision
of the US EPA (Environmental Protection Agency).

33.1.23 Radioactive impacts

If radioactive impacts are considered, then uranium mining and milling operations first of all must pay special
attention to eliminating the human health hazards represented by the omnipresent radon gas and the
radioactivity in the tailings.

Workers working in underground uranium mines are the most exposed group to the radon hazard: inhalation
of radon and radioactive dust was responsible for developing lung cancer among people working in early
uranium mines (it was even called “Jachymov miners disease”; see [3.3.1-6] for details).

Depending on the uranium ore grade, the average specific activity of radon in unvented tunnels of
underground uranium mines is between 10 kBg/m® and 1 MBg/m?. These tunnels are intensively vented when
workers are present>!,

Radon gas is present at low concentration in the natural uranium ore and it is released to the atmosphere
during the uranium mining and milling operations. When the uranium ore is processed, most of the uranium
isotopes are removed from the rock or sand by chemicals. Huge waste stockpiles (so called tailings) are
formed from the remaining material, which still contains — after some months of decay - about 75% of the
radioactivity of the natural uranium ore due to those isotopes in the uranium decay chains, which were not
removed. In the tailings the 2*°Th (thorium) is the dominant long-lived isotope, which decays with a half-life of
77000 years to ?*°Ra (radium) followed by 22Rn (radon). This radon gas and its progeny>? emanate from the
tailings as the thorium and radium decays.

Reference [3.3.1-8] provides a comprehensive overview of the environmental impacts represented by the
uranium mine tailings. Depending on the grade of the uranium ore mined at the given site, the specific activity
of the tailings ranges from 1 MBg/t to 100 MBq/t or higher. If these mines pile up for example one million
metric tons of new tailings annually then they “surface” between 1 and 100 TBq of activity above the ground.
Note that as long as the ore stays under the ground the radiation (including the radon gas) is sealed and
shielded. The ISL extraction process does not produce tailings, therefore the following considerations are not
applicable to this particular mining technology.

Tailings built up in the surroundings of open pit and underground mines may represent multiple risks to the
environment and human health for the following reasons:

1 emission of direct gamma radiation (mainly from the radium);

2 emanation of radon gas;

3. dispersion of radioactive dust, taken by the winds to the surrounding areas;

4 contamination of surface and groundwaters by heavy metals present in the tailings;
5. acidifying groundwater due to the high sulphide content of the tailings’ material.

In the early decades of uranium mining, mill tailings were constructed without bottom liners and surface
coverage (coverage is applied to prevent dusting and radon emissions). This often caused significant
contamination of the air, soil, as well as surface and groundwaters around the tailings.

When the tailings are not covered, part of the radioactivity in the tailings emanates to the air as radon or is
carried away with the dust blown by the winds. Another fraction can be washed away with the rainwater and
can infiltrate the groundwater or the water bodies nearby (rivers or lakes). Radioactivity in the air can be

51 The Basic Safety Standards Directive (Council Directive 2013/59/Euratom of 5 December 2013) sets the reference level for the
annual average radon activity concentration in air at workplaces to not more than 300 Bg/m?>.

52 Radon (**2Ra) is a naturally occurring radioactive gas with a half-life of 3.8 days. When radon in air decays, it forms a number of
short-lived radioactive decay products, known as radon progeny, which include 2'8Po, 2*Po, 2**Pb and 2*“Bi. The inhalation of radon
and its progeny have been recognised as a cause of lung cancer by international radiation and health protection organizations.
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inhaled as gas or dust (particulate matter), while radioactivity escaping into the water bodies can be ingested
through drinking or eating (e.g. fish or crops irrigated with the water). Both cases represent significant
potential harm to humans and the biota and their avoidance needs appropriate mitigation measures.

Waste rocks may also contain low concentrations of uranium and radionuclides from the uranium decay chain
causing radiation levels above the normal background. In these cases, an adequate covering preventing
weathering and erosion may be required. Any seepage from the waste rock piles must be analysed and, where
appropriate, collected and treated.

Contaminated mine water can be produced by extraction and temporarily lowering of the water table during
mining operations where ore deposits are located below the ground water table, dewatering of underground
and open pit mines, runoff of surface waters or seasonal rainfalls in the mining area. The radioactivity of this
water generally originates from the dissolution of soluble uranium, thorium, radium and lead ions.

As far as possible, the contaminated water is recycled in the mining and the milling operations. Water that is
not recycled must be either contained at the site or released under controlled conditions as is, or after
treatment to the environment in accordance with the established standards for maximum concentrations of
specific contaminants in discharged water.

The decommissioning of a uranium mill will also generate large amounts of radioactively contaminated scrap,
which have to be disposed of in a safe manner.

ISL does not involve excavation and, therefore, there is no waste rock or tailings materials produced. However,
the generated sludge and evaporate salts must be safely disposed of. Because of the specific activity of the
radioactively contaminated wastes from the ISL operations, the solid waste generated in some jurisdictions is
considered LLW that must be disposed of in an approved waste disposal facility.

Figure 3.3.1-11 compares the importance of various operational aspects for the dominant uranium mining
techniques in the “production” phase (see Ref. [3.3.1-3] for the complete analysis).

Figure 3.3.1-11. - Comparison of the importance of various operational aspects for the three main uranium mining
technologies in the “production” lifecycle phase
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The comparison shows that for the ISL the only critically important operational aspect is preserving (restoring)
the quality of the groundwater. The ISL uses chemicals (acids or alkalines) to extract uranium (see Figure
3.3.1-5) and the restoration of the neutral pH in the aquifers leached with chemicals is usually carried out by
flushing the depleted underground with water until acceptable groundwater concentrations are attained (see
Ref. [3.3.1-16]).

In case of an underground mine ensuring radiation and conventional safety for the miners is of prime
importance, but tailings also represent important issues to deal with. In case of open-pit mines the
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conventional safety for the miners, the quality of the surface waters, the tailings and the waste rock are of
main importance. It can also be deduced that the environmentally least harmful technique is the ISL, while
open-pit mining represents the largest environmental load. As mentioned earlier, currently around 50% of the
uranium is mined using the ISL technique globally and its application is continuously gaining ground.

3.3.1.3 Summary of lifecycle analysis results for the uranium mining and milling phase

In order to illustrate the characteristic environmental impacts of the uranium mining and milling phase and
their important contribution to the impact of the complete nuclear energy lifecycle, this sub-chapter presents
the breakdown of several radioactive and non-radioactive impact indicators between the different lifecycle
phases of nuclear-based electricity generation.

The data presented result from the study reported in [3.3.1-11]. This study analyses the entire French nuclear
fleet presently consisting of 56 operating units. The French nuclear reactors are operated in a “limited” closed
fuel cycle (i.e. in a twice-through cycle, when the spent nuclear fuel is being reprocessed once) and in 2019
they produced 52% of the total nuclear electricity generated in the EU-28 countries.

Illustrative data taken from the study are presented in Annex 2 (Summary of LCA results for all lifecycle
phases of nuclear energy), along with data from other selected studies. Note that here only graphical
illustrations and textual explanations are given, all numerical values are tabulated in Annex 2. The analysis of
the data in Annex 2 reveals the following characteristics of the mining and milling lifecycle phase:

— Closed cycle (TTC) / Non-radioactive impact indicators

If the whole nuclear lifecycle is considered, then uranium mining has large contribution (=32%) to the
total GHG emission and dominates the following impacts: SO, emission (=88%), NO, emission (=78%),
water pollution (*91%) and land use (=68%). Mining is almost exclusively (*99%) responsible for the
potential eco-toxicity and human toxicity impacts and also dominates the acidification (=82%), ozone
creation (=869%) and eutrophication (*53%) potentials. Mining does not have significant share in the
water consumption, water withdrawal and production of technological waste impacts.

— Closed cycle (TTC) / Radioactive impact indicators

Due to the emission of radon, uranium mining is responsible for about 55% of the total gaseous
radioactive emissions during the total nuclear lifecycle (reprocessing provides the rest). No significant
liquid radioactive emissions can be attributed to mining.

If solid radioactive wastes are considered, mining produces only VLLW (stored in form of tailings and
residual waste), although in rather large quantities (around 600 000 m3/year, assuming that 60% of
the uranium required to deliver the average French 400 TWhe/year is mined in underground and open pit
mines). Note that in the ISL mining process tailings are not produced.
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Figure 3.3.1-12. - Important impact contributions from the mining & milling phase (closed cycle)
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— Open cycle / Non-radioactive impact indicators

Figure 3.3.1-13. - Comparison of non-radioactive impact indicators corresponding to the total LC of nuclear energy for
the open and closed cycles
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Figure 3.3.1-13 shows the ratio of impact indicators for the open and closed cycles. It can be seen that
the open cycle always has somewhat larger or equal impact, but in most cases the figures do not differ
significantly (the largest deviation is about +200%). It is obvious that the use of a TTC or an OTC fuel
cycle does not fundamentally change the environmental impacts of uranium mining and milling, it
merely results in a difference in the amount of mining required for each kWh of electricity produced (TTC
needs less U-mining because it utilizes also fissile material obtained by reprocessing).

— Open cycle / Radioactive impact indicators

There are significant differences in the radioactive impact indicators, e.g. the closed cycle produces about
50% more gaseous radioactive emissions during the total LC, mainly due to the extra releases during
the reprocessing phase (see Figure 3.3.1-14). The closed cycle produces about ten times more liquid
radioactive releases, again due to the reprocessing phase. Also, the amount of ILW-LL is more than
three times higher here, due to the reprocessing. On the other hand, the open cycle produces somewhat
more VLLW due to the higher amount of uranium mined and generates about three times more HLW,
because here the spent fuel is not reprocessed.

Note that in the open cycle, uranium mining is responsible for almost 100% of the total gaseous
radioactive emissions, because here there is no fuel reprocessing phase where additional significant
radioactive gas releases occur (gaseous emissions during operating phase are negligible if compared to
the radon releases).
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Figure 3.3.1-14. - Comparison of radioactive impact indicators corresponding to the total LC of nuclear energy for the

closed and open cycles
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3.3.1.4 Legal background and regulations

As described in detail Annex 1, the nuclear and radiation safety and security aspects of various lifecycle
phases of nuclear energy are regulated in the EU by the Directives listed below:

Nuclear Safety Directive (NSD) - Council Directive 2009/71/Euratom of 25 June 2009 establishing a
Community framework for the nuclear safety of nuclear installations, amended by Council Directive
2014/87/Euratom of 8 July 2014;

Basic Safety Standards (BSS) - Council Directive 2013/59/Euratom of 5 December 2013 laying down
basic safety standards for protection against the dangers arising from exposure to ionising radiation;

Note that the BSS are in-line with the current ICRP recommendations, which are of global validity (see the
document “The 2007 Recommendations of the International Commission on Radiological Protection. ICRP
Publication 103. Ann. ICRP 37 (2-4), 2007”, [3.4-12]);

Radioactive Waste Directive — Council Directive 2011/70/Euratom establishing a Community framework
for the responsible and safe management of spent fuel and radioactive waste;

Transport Directive — Council Directive 2006/117/Euratom of 20 November 2006 on the supervision and
control of shipments of radioactive waste and spent fuel;

Water Directive — Council Directive 2013/51/Euratom laying down requirements for the protection of the
health of the general public with regard to radioactive substances in water intended for human
consumption.

Mining activities always represent an intrusion to the natural environment, therefore fulfilment of the
requirements laid down in the relevant EU Directives controlling and limiting environmental impacts of such
intrusive operations is of prime importance. The most important EU Directives related to the protection of the
environment are:

Environmental Impact Assessment (EIA) Directive — Directive 2014/52/EU of 16 April 2014 amending
Directive 2011/92/EU on the assessment of the effects of certain public and private projects on the
environment;

Strategic EIA Directive — Directive 2001/42/EC of the European Parliament and of the Council on the
assessment of the effects of certain plans and programmes on the environment;

Air Quality Directive — Directive 2008/50/EC of the European Parliament and of the Council on ambient air
quality and cleaner air for Europe;
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In addition to the above Directives of general scope, uranium mining and milling activities must also conform
to the following specific EU Directives:

— Mining Waste Directive — Directive 2006/21/EC of the European Parliament and of the Council of 15
March 2006 on the management of waste from extractive industries and amending Directive
2004/35/EC;

— Environmental Liability Directive — Directive 2004/35/CE of the European Parliament and of the Council of
21 April 2004 on environmental liability with regard to the prevention and remedying of environmental
damage.

Note that EU Directives are implemented into the national regulations in each EU Member State. In addition,
the corresponding national laws often refer to relevant IAEA safety standards, as well as associated
International Conventions.

Concerning possible transboundary effects of the mining activities and public involvement in the site
selection, facility design, construction and exploitation, as well as mine closure and site remediation
operations the Espoo and Aarhus conventions are relevant:

— Espoo Convention — Espoo Convention on Environmental Impact Assessment in a Transboundary Context
(February 26, 1991);

— Aarhus Convention — Convention on Access to Information, Public Participation in Decision-Making and
Access to Justice in Environmental Matters, Aarhus, Denmark, 25 June 1998

In each Member State the national legal system - incorporating the above listed EU Directives - contains
specific laws on mining and extraction activities. Some of these “mining laws” were first introduced back in
the 18" or 19" century and provide very detailed regulations on the exploration of minerals, mining rights and
licences, compensation of mining damages, etc.

Note that the actual licensing of mining facilities must always be carried out according to the local (national)
regulations in effect in the specific country involved, therefore the regulations laid down in these national
laws are also to be strictly followed by the mining companies.

Companies operating in the various areas of civil nuclear energy (e.g. design, construction and operation of
nuclear facilities, manufacturing of nuclear materials or components, extraction of raw materials, etc.) are
obligated by law to obtain a certification according to internationally recognized quality, environmental, as
well as health and safety management standards, such as

— 150 9001:2015 - Quality Management System;
— 150 14001:2015 - Environmental Management System;
— 1S0 45001:2018 - Health and Safety Management at Work (replacing 1ISO 18001).

As a rule, the appropriateness of the internal governance of a civil company operating in a specific area of
nuclear energy is proven by demonstrating that the company uses internationally recognized management
systems to manage nuclear and industrial safety, radiation protection, technological & radioactive waste
handling and environmental protection tasks during all phases of the activity concerned. The audit is carried
out by an accredited body and repeated periodically.

As mentioned before, “green mining” or “sustainable mining” gradually gains ground also in the uranium
mining industry. The principles and practices of environmental friendly mining are being promoted by the
International Council on Mining and Metals (ICMM). Mining companies that decided to operate as a
“sustainable mine” must adhere to the ICMM principles of sustainable development. These ICMM principles
were integrated into the following policy document of the Word Nuclear Association (WNA):

Sustaining Global Best Practices in Uranium Mining and Processing: Principles for Managing Radiation, Health
and Safety, and Waste and the Environment

(https://www.world-nuclear.org/our-association/publications/position-statements/best-practice-in-uranium-

mining-(1).aspx).

A recent - and important — development in the regulation of mine tailings management activities is the
publication of a new industrial standard by the ICMM in August 2020:

Global Industry Standard on Tailings Management (GlobalTailingsReview.org).
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According to the Preamble, the new standard “strives to achieve the ultimate goal of zero harm to people and
the environment with zero tolerance for human fatality. It requires Operators to take responsibility and
prioritise the safety of tailings facilities... It also requires the disclosure of relevant information to support
public accountability.”

It is expected that the introduction and consistent application of this new standard will contribute to the
improvement of the global tailings situation significantly and will support the mitigation of mine tailings-
related impacts on the environment and human health. The proposed standard covers the management of
tailings produced by all types of mining activities, but its provisions are well applicable for uranium mines, as
well.

Another important provider of related guidelines is the International Finance Corporation (IFC), which is a
member of the World Bank Group and focuses on financing private investments in less-developed countries.
IFC developed a series of guidelines on the proper management of EHS (environment, health and safety) in
the projects financed by IFC. The most relevant IFC guides in connection with the Taxonomy are as follows:

— IFC - Environmental, Health, and Safety (EHS) General Guidelines, IFC, April 2007

— IFC Performance Standard 1: Assessment and Management of Environmental and Social Risks and
Impacts, IFC, January 2012

— IFC Performance Standard 6 — Biodiversity Conservation and Sustainable Management of Living Natural
Resources, IFC, January 2012

— IFC EHS Guidelines - Mining, IFC, December 2007
— |IFC EHS Guidelines for Thermal Power Plants, IFC, December 2008
The industrial sector specific IFC EHS guidelines are available at

https://www.ifc.org/wps/wcm/connect/topics ext content/ifc external corporate site/sustainability-at-
ifc/policies-standards/ehs-guidelines.

The IFC EHS guide for mining is an excellent collection of “performance levels & measures that are generally
considered to be achievable in new facilities by existing technology at reasonable costs”. Although this guide
is not written specifically for uranium mines, it can be well used as a technical reference document to identify
Good International Industry Practice (GIIP) also in this sector. It covers all important aspects of sustainable
mining, including water use and water quality, protection against acid generation, management of waste rock
dumps & tailings, hazardous waste treatment, land use and biodiversity, air quality, noise & vibration and
energy use.

Note that the Taxonomy Report Technical Annex [3.3.1-19] frequently refers (in the TSC tables) to IFC
performance standards as documents containing adequate criteria, especially IFC Standard 1 (Assessment
and Management of Environmental and Social Risks and Impacts) and IFC Standard 6 (Biodiversity
Conservation and Sustainable Management of Living Natural Resources) is used at many places. The
application of IFC standards may be a valid option in non-EU countries, because they are already accepted
and applied in these areas.

3.3.1.5 |Identification of applicable means to avoid or mitigate the impacts

This subchapter specifies procedures, methods and best (leading) practices which are applicable to eliminate
or mitigate the potentially harmful impacts identified in the previous subchapter. It is proven in the industrial
practice that by the application of appropriate methods the key potential impacts can be controlled and their
harm can be kept well below the applicable regulatory limits.

In case of tailings, the application of long-lasting and leak-proof bottom liners and well-sealing tailing covers
can efficiently prevent the occurrence of hazardous environmental impacts, such as acid drainage, fugitive
dusting or radon gas escape. In general, tailings with properly functioning containment do not have harmful
environmental impacts, these impacts are present only if the integrity of the containment is breached or such
protection had not been constructed in the past.

The most important prevention / mitigation measures for uranium mines and mills are as follows:
— construction of bottom liners under the tailings to prevent groundwater contamination;

— covering of tailings (e.g. by a layer of clay) to prevent radon emanation and dusting;
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— prevention of the erosion, movement, sliding, instability of the tailings;
— minimizing storm water run-off to avoid exposure of polluted areas to water;

— avoid acid rock drainage (a phenomenon characteristic to rock waste dumps) by proper sealing and
covering of the rock dumps;

— monitoring the tailings area to detect contaminated seepages and leakages (deployment of groundwater
wells, monitoring stations, etc.);

— monitoring the stability and structural health of the tailings and their containment structures (e.g. dams
or walls) to detect their degradation and avoid accidents;

— applying ISL technology, if the long-term quality of the groundwater can be preserved;
— reduce the use of diesel fuel to avoid GHG and NO, emissions;
— rehabilitation (reclamation) of tailings of closed or abandoned mines.

The above list is not exhaustive, a more complete list can be found e.g. in the IFC EHS Guidelines — Mining, IFC,
December 2007 document.

Evaluation and summary

This section summarizes the results of the detailed analysis performed in the previous subchapters. The first
part gave a brief description of the most used uranium mining technologies of today. Then potentially harmful
impacts on the environment and human health were identified, treating non-radioactive and radioactive
impacts separately. The next subchapter illustrated — by using the results of adequate lifecycle analysis
studies - the contribution of the uranium mining and milling phase to the total lifecycle impact of nuclear
energy and compared some technological options (e.g. effect of open and closed fuel cycles and the
difference between the PWR and BWR designs). The next part was devoted to the laws, directives and
regulations ensuring that the uranium mining and milling activities are carried out with the minimum possible
impact on the environment and human health. Full compliance with the regulations listed here is required in
the corresponding TSC (see Annex 4) in order to ensure that industrial activities related to uranium mining and
milling will exert only acceptable environmental effects and will not represent a threat to the health of the
workers and the population.

The final part listed industrial processes and best practices which are regularly used to eliminate or mitigate
the potentially harmful impacts of uranium mining and milling. It is demonstrated by the best available
technologies of today that by the application of adequate practices the impacts can be controlled and their
magnitude can be kept well below the applicable regulatory limits.

Considering non-radioactive impacts in closed fuel cycles, uranium mining & milling has significant
contribution to the total GHG emission and dominates the following impacts: SO, and NO4 emissions, water
pollution and land use. Almost 100% of the total eco-toxicity and human toxicity impacts over the whole
nuclear lifecycle is connected to mining and milling and this phase also dominates the acidification, ozone
creation and eutrophication potentials. On the other hand, mining & milling does not have significant effect on
the water consumption, water withdrawal and production of technological waste (see Figure 3.3.1-12 for the
numerical values and graphics).

If radioactive impacts in closed fuel cycles are considered then — due to radon emissions — uranium mining is
responsible for 55% of the total gaseous radioactive emissions during the total lifecycle and the remaining
45% is provided by the reprocessing (see Chapter 3.3.5 for details). Note, that no significant liquid radioactive
emissions can be attributed to mining and milling. In case of solid radioactive wastes, mining produces only
VLLW (stored in form of tailings and residual waste), but in rather large quantities.

If closed and open fuel cycles are considered, then there is no large difference between the non-radioactive
impacts, as the maximum deviation is about 20% (see Figure 3.3.1-13). On the other hand, there are
significant differences in the radioactive impact indicators, mainly due to the reprocessing phase. The closed
cycle produces about 50% more gaseous radioactive emissions and about ten times more liquid radioactive
releases. Also due to reprocessing, the amount of ILW-LL is more than three times higher in the closed cycle.
On the other hand, the open cycle produces more VLLW due to the higher amount of uranium mined and
generates about three times more HLW, because the spent fuel is not reprocessed (see Figure 3.3.1-14). In
the open cycle uranium mining is responsible for almost 100% of the total gaseous radioactive emissions,
because here there is no contribution from reprocessing phase (gaseous emissions during operating phase are
negligible if compared to the radon releases).
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Evaluating the potential environmental and human health impacts of uranium mining and milling, one can
conclude that the decisive factor is the grade of the uranium ore extracted. The lower the grade the higher the
envisaged impacts, because mining a low grade uranium ore requires more energy (very often from fossil
sources, because at remote mining sites only diesel generators can be used) and produces more rock waste
and tailings.

The most important health concerns of uranium mining and milling is the radiotoxicity of rock waste piles and
tailings (including the dispersal of fugitive radioactive dust), as well as radon gas emissions. If potentially
harmful environmental impacts are considered, then the most important concerns are related to the pollution
of water resources (including the quality of groundwater, which is a prime concern for ISL mining), as well as
acidification, eco-toxicity and human toxicity.

In the following tables we relate the above identified potentially harmful impacts to the objectives of TEG and
list appropriate mitigation measures to prevent or mitigate these impacts.

Table 3.3.1-1 shows the assignment (“matching”) of the six environmental objectives applied by the TEG to
some impact indicators widely used in related LCA studies.
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Table 3.3.1-1. Matching the LCA indicators with the TEG environmental objectives

Environmental
objective

Evidences of significant harm
according to Taxonomy Regulation (EU)
2020/852 of 18 June 2020

Corresponding LCA
impact indicators

Non-radioactive

Radioactive

climate change
mitigation

significant GHG emissions

- GHG emissions

climate change
adaptation

increased adverse impact of the current
and expected climate, on the activity itself
or for other people, nature and assets

- GHG emissions
- water withdrawal

sustainable use
and protection of
water & marine
resources

activity is detrimental to the good status, or
the good ecological potential of water
bodies, including surface- and groundwater

- water pollution

- wtr consumption
& withdrawal

- acidification p.

- eutrophication p.
- ecotoxicity

- human toxicity

- liquid RA releases

or to the good environmental status of
marine waters

- water pollution
(marine waters)

- acidification p.

- eutrophication p.
- ecotoxicity

- human toxicity

- liquid RA releases

transition to a
circular economy,
including waste
prevention and

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,

- wtr consumption
& withdrawal

- land use

- depletion of

recycling water and land) at one or more stages of natural resources
the life cycle of products
leads to a significant increase in the - production of TW | - solid RW
generation, incineration or disposal of production
waste
the long-term disposal of waste may cause | - production of TW | - solid RW
significant & long-term harm to the - ecotoxicity production
environment - human toxicity
pollution leads to a significant increase in the - atmospheric - gaseous RA
prevention and emissions of pollutants into air, water or pollution releases

control

land, as compared to the situation before
the activity started

- water pollution

- 0zone creation p.
- ecotoxicity

- human toxicity

- liquid RA releases

protection and
restoration of
biodiversity and
ecosystems

significantly detrimental to the good
condition and resilience of ecosystems

detrimental to the conservation status of
habitats and species

- water pollution

- wtr consumption
& withdrawal

- land use

- acidification p.

- eutrophication p.
- 0zone creation p.
- ecotoxicity

- gaseous RA
releases

- liquid RA releases

RA = radioactive; RW = radioactive waste;

TW = technological waste; p. = potential

Table 3.3.1-2 shows the importance of the potential impacts associated with the mining & milling lifecycle
phase on the TEG environmental objectives.
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Table 3.3.1-2. Importance of mining & milling impacts on the TEG environmental objectives

Non-radioactive and radioactive
impact indicators

Prevention or mitigation of potentially harmful impacts

Indicator Importance Appropriate mitigation Remarks
measures
GHG emissions +++ Decreasing fossil fuel | Diesel fuel use at remote
consumption locations
Water withdrawal ++ Optimization of water use -
Water consumption ++ Optimization of water use -
Water pollution +++++ Tailings management Containment
Ecotoxicity e+t Tailings management & | Containment & dusting
covering prevention
Human toxicity +++++ Idem Idem
Land use ++++ Reclamation of land Full remediation
Atmospheric pollution ++++ Covering of tailings Dusting prevention
Acidification pot. ++++ Waste rock management Avoid acid drainage
Eutrophication pot. +H++ Runoff water control -
Ozone creation pot. ++++ Control of NOx emission Control of diesel fuel use
Production of TW ++++ Selective waste management -
Depletion of resources +++ Exploring new uranium deposits | Application of novel
technologies
Production of solid RW ++++ Stabilization and capping VLLW only
Gaseous RA releases +++++ Covering of tailings Radon retention
Liquid RA releases N/A - -
Legend

N/A Not applicable

+ Very low importance

++ Low importance

+++ Normal importance

++++ High importance

+H+++ Critical importance

As it can be seen from Table 3.3.1-2, uranium mining and milling activities do not represent significant
challenge to the climate change mitigation and adaptation TEG objectives.

However, they can significantly challenge the four remaining environmental objectives, as most of the LCA
indicators can exert “high” or “critical” impacts on all these four objectives.

These challenges can be averted, as there are appropriate measures - using existing technology at
reasonable costs - to prevent the occurrence of the potentially harmful impacts or mitigate their
consequences (see the “appropriate measures” column in Table 3.3.1-2).

The due application of these measures is ensured by satisfying the related Technical Screening Criteria.

TSC for the uranium mining & milling activities are provided in Chapter 5 and Annex 4 of the present report
(Hllustrative Technical Screening Criteria for selected lifecycle phases of nuclear energy).
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3.3.2 Conversion to uranium hexafluoride (UFg)

3.3.2.1 Description of the underlying technologies and processes

The final product of the uranium mining and milling phase is the yellowcake, which contains about 75%
uranium oxide. However, the yellowcake still has a very long way to go before it is ready to be loaded into the
core of a reactor as nuclear fuel to produce energy. The next step is the conversion of uranium oxide to
uranium hexafluoride gas (UFe or “hex”), which can later be used in the uranium enrichment process as input.

The yellow cake, constituted by UsOg is refined to obtain high purity UO, or UOs by means of chemical
processes. The UsQg is dissolved in nitric acid, then the solution is filtered to remove suspended impurities and
treated with solvents to obtain an aqueous solution called uranyl nitrate liquor (UNL). Depending on the
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process, the UNL is subject to different physicochemical transformations such as dehydration and denitration,
precipitation, filtration and calcination.

In the final step the purified product is converted into uranium tetrafluoride (UF,4), which is a solid material
called “green salt” in the uranium industry.

Figure 3.3.2-2. UFs transport cylinders on their way to the

Figure 3.3.2-1. Picture of green salt in a laboratory enrichment plant
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Figure 3.3.2-3. View of the Comurhex Il facility in Malvési, France

Source: Orano

Basically there are two technologies to carry out the conversion of uranium oxide to uranium hexafluoride on
an industrial scale. The first process is carried out in two different factories: the first plant converts
yellowcake to either uranium tetrafluoride (UF,) or uranium trioxide (UOs), while the second plant converts UF,
or UOs to uranium hexafluoride (UFg). The other technology converts yellowcake to UFg at a single facility by
making use of the so called dry process.
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Figure 3.3.2-4. Scheme of the wet conversion process
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The transformation of uranium oxide to UF, is carried out by a method called hydrofluorination, which can be
performed either by a wet or a dry process.

In the wet process (see Figure 3.3.2-4) the uranium oxide reacts with aqueous hydrofluoric acid (HF) and the
UF, is recovered by a precipitation process, where ammonium hydroxide is used.

In the dry process the reaction is realized with gaseous HF and the hydrofluorination occurs in excess HF.

In @ common last process stage UF, is fluorinated by using either calcium fluoride (in fluidized bed reactors)
or fluorine (in flame-tower reactors) to obtain UFs which is then distilled for purification.

Finally the UFs gas is loaded into steel transport cylinders. When cooled to room temperature, the UFs gas
solidifies inside the cylinder. These cylinders (see Figure 3.3.2-2) are then transported to the enrichment
facilities.

Today there are five major global suppliers of uranium conversion services: Orano/Comurhex (France), Cameco
(Canada), Converdyn (USA), Rosatom/TVEL (Russia) and CNNC (China).

Table 3.3.2-1 shows the details and the 2019 production data for these companies, according to WNA (see
https://world-nuclear.org for more details).

Orano (France) applies the wet conversion process and performs its conversion operations at two sites: the
Comurhex Malvési plant converts uranium oxide into UF4 (and uranium metal), while the Comurhex Tricastin
factory in Pierrelatte produces UFs from the UF, manufactured at Malvesi.

Cameco (Canada) also uses the wet conversion process and it manufactures UFg for LWRs and UO; for the
CANDU PHWRs. Cameco performs its operations at two sites: the Blind River (Ontario) uranium refining facility
manufactures UOs from UsOg, while the conversion to UFs takes place at a facility located at Port Hope
(Ontario).
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Table 3.3.2-1. Global capacities for providing uranium conversion services in 2019 (Source: WNA)

Company Locations Nominal capacity Capacity utilization in
[tU as UF¢] 2019 [tU]

Orano (France) Pierrelatte & Malvési 15 000 2 500 (17% / 7%)(%)
CNNC (China) Lanzhou & Hengyang 15 000 10 000 (67% / 29%)
Cameco (Canada) Blind River & Port Hope 12 500 10 000 (80% / 29%)
TVEL (Russia) Glazov & Seversk 12 500 12 000 (96% / 35%)
ConverDyn (USA) Metropolis 7 000 0()

Total 57 500 62 000 34 500 (56% / 100%)

(1) Percentage of the nominal (“nameplate”) capacity / Percentage of the total annual global production

(2) Note that in 2019 CoverDyn (USA) did not deliver products because in 2018 the company's plant in Metropolis (Illinois, USA) had been temporarily shut down for a major refurbishment.

While Orano and Cameco both use the wet process that requires two different facilities, the ConverDyn (USA)
company applies a special process called “dry fluoride volatility conversion process”, first introduced by
Honeywell, USA. This process is capable of converting yellowcake to UFg at a single facility and it also
produces very clean UFg gas with 99.99% or higher purity. The Honeywell dry conversion process consists of
five main steps: feed preparation, reduction, hydrofluorination, fluorination, and distillation.

TVEL (Russia) uses the wet process, as well, and its production facilities are located in Glazov (UF4 production)
and Seversk (UFs production).

CNNC (China) also applies the wet process and — according to the World Nuclear Association — China intends
to be self-sustaining in the front-end of nuclear cycle by 2030, by constructing all necessary facilities with the
required capacity.

3.3.2.2 |Identification of key potential impacts on the environment and human health

3.3.2.2.1 Non-radioactive impacts

The factories where uranium conversion takes place are large chemical - metallurgical plants and the
conversion process itself uses a large quantity of toxic chemicals (e.g. HNOs — nitric acid; HF — hydrofluoride;
F, — fluorine gas), as well as auxiliaries (e.g. CaF, - calcium fluoride; KOH - potassium hydroxide and
ammonium hydroxide — NH,OH). Therefore potential environmental and human health hazards characteristic
of large chemical plants (e.g. accidental emission of toxic gases, chemical explosions, release of toxic liquids,
etc.) also apply here and must be prevented / mitigated adequately.

The end-product of the conversion process is the uranium hexafluoride, which is stored in large steel transport
cylinders (see Figure 3.3.2-2). In these cylinders the UFg is stored as a solid substance. If the integrity of a
cylinder is lost (e.g. due to intense corrosion or fire) then it may represent the following hazards (see
https://web.evs.anl.gov/uranium/guide for more details):

— Uncontrolled release of UFs to the environment, potentially affecting the health of plant workers and the
public. The most important health hazard is the inhalation of the highly corrosive hydrogen fluoride gas,
which is generated when UFs reacts with air moisture.

— Uranylfluoride (UO,F;) can also be formed when UFs and air moisture is in contact (UO,F, is a solid
substance which can be dispersed in the air and it has toxic effects if inhaled).

— If several UFg cylinders are leaking simultaneously then a rapid release and dispersal of large quantities
of UFs can happen, potentially affecting a large number of people downwind.

3.3.2.2.2 Radioactive impacts

Generally, the radioactive impacts of the conversion phase are limited, because the process mostly deals with
substances having specific activities corresponding to the NORM (naturally occurring radioactive materials),
TENORM (technologically enhanced NORM) and VLLW (very low level radioactive waste). However, these
materials may represent a threat to human health if inhaled or ingested.
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In addition to VLLW, some LILW-SL (short-lived, low and intermediate level waste) are also produced during
the wet process in the fluidized bed reactors where fluorination of UF, takes place by using calcium fluoride.
During the process the CaF, is contaminated with short-lived decay products coming from the 28U decay
chain.

The plant personnel may receive direct radiation impacts - through gamma radiation®® - during handling
and/or inspection of the UFg storage cylinders. These impacts must be duly monitored and controlled.

Refining yields low level radioactive waste, as the uranium used in the process is natural uranium. Solid
radioactive waste is constituted by non-reusable steel drums used to transport the uranium ore concentrate
to the refining plant (steel drums are washed and reused while in good condition), non-soluble substances and
filters which are treated to recover uranium before being packed and treated, dried slugs from liquid effluent
treatment, and other miscellaneous materials from maintenance and other operations, such as gloves, cloths,
rugs, etc. The process also yields liquid waste, such as the uranium ore concentrates (UOC) drums washwater,
and other aqueous solutions containing different chemical compounds. The liquid wastes are treated to
recover uranium and other elements, and to remove the contaminants before being released to the
environment. Sludges from the treatment of liquid waste are dried and treated to recover uranium prior to
packaging and managing it as solid radioactive waste. Calcination gases are treated and filtered to recover
uranium and other elements before releasing them to the atmosphere.

Table 3.3.2-2 shows the low level radioactive waste produced in the refining process.

Table 3.3.2-2. Radioactive waste generated by the refining of 1000 metric tons of uranium>*

Arisings Amount Classification Comments
Steel drums 70t Reuse/recycle or | UOC drums
waste if damaged
Non-soluble and filter | 50t Waste All processes (depends on the nature of
aid UOC). To be managed as solid low level
radioactive waste.
Liquid effluent 3000 - Waste All processes (depends on the nature of
10000 m? uoa).
Sludges 300t
Liquid nitrate 200t By-product

The radioactive waste produced in the fluidized bed reactors is calcium fluoride contaminated with uranium
short-lived daughter products of 2%8U. After decay, the uranium is recovered through dissolution with nitric
acid and solvents, and recycled as UNL which is incorporated again to the refining process. The clean calcium
fluoride can be reused or disposed of as non-radioactive waste.

Table 3.3.2-3 shows the waste generated in the conversion to UFs.

Table 3.3.2-3. Waste generated by the conversion of 1000 metric tons of UFe>

Arisings Amount Classification Comments

Solid CaF; 10t Treatment Fluidized bed

Sludges with  small | 20-50t | Treatment Wet process

amounts of U

Sludges without U 30t Reuse or non- | Wet process
radioactive waste

55 The gamma dose rate at the external surface of a UFs storage cylinder varies between 4 and 1200 uSv/h, depending on whether
enriched natural U, recycled U or enriched recycled U is stored in the cylinder (see http://www.wise-uranium.org/ruxfw.html#ENR for
details).

54 International Atomic Energy Agency, Minimization of Waste from Uranium Purification, Enrichment and Fuel Fabrication, IAEA-
TECDOC-1115, IAEA, Vienna (1999).

55 International Atomic Energy Agency, Minimization of Waste from Uranium Purification, Enrichment and Fuel Fabrication, IAEA-
TECDOC-1115, IAEA, Vienna (1999).
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3.3.2.3 Summary of lifecycle analysis results for the conversion lifecycle phase

In general the conversion phase has rather limited contribution to the various impact indicators and it is
obviously not a dominant contributor to any impact indicator (see [3.3.2-1] for the detailed LCA results - TTC
fuel cycle - and Table A.2-1 in Annex 2).

If the whole nuclear lifecycle is considered, then conversion has negligible contribution (<1%) to the SOy
emissions, water pollution, land use, water consumption and withdrawal, eco-toxicity and human toxicity. It
has some contribution to the total GHG emission (=5%), NO, emissions (=49e), technological waste (=8%),
acidification potential (*3%), POCP (=59%o), eutrophication potential (=3%), and production of solid radioactive
waste (ILW-SL, about 4%).

Figure 3.3.2-5 shows the relative contributions to the non-radioactive impact indicators for all lifecycle phases
of nuclear energy in the case of closed (TTC) fuel cycle. It is clear from the picture that the main contributions
are given by the mining & milling and operation phases. The other phases contribute much less and this is
also true for the conversion phase.

Figure 3.3.2-6 shows the same data for the potential impact indicators. One can see that the dominant
contribution comes from the mining & milling phase and the contribution from the conversion phase is
insignificant.

If the closed cycle is compared to the open cycle (OTC) then no significant differences can be detected for any
impact indicators, basically the same contributions can be observed (see Table A.2-1 in Annex 2).

Figure 3.3.2-5. Relative contributions (in percentage) of the various lifecycle phases of nuclear energy to the non-
radioactive impact indicators in case of the closed cycle
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B GHG emission = 5.29 [gCO2eq/kWhe] m Atmospheric poll. SOx = 16.25 [mg/kWhe] ® Atmospheric poll. NOx = 25.35 [mg/kWhe]
Water pollution = 287.53 [mg/kWhe] M Land use = 211 [m2/GWhe] B Water consumption = 1507 [L/MWhe]
B Water withdrawal = 72 365 [L/MWhe] W Technological waste = 26.45 [g/MWhe]

The numerical values after the impact indicators show the sum for all LC phases (total impact).

Source: [3.3.2-1]
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Figure 3.3.2-6. Relative contributions (in percentage) of the various lifecycle phases of nuclear energy to the potential
impact indicators in case of the closed cycle
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The numerical values after the impact indicators show the sum for all LC phases (total impact).

Source: [3.3.2-1]

The conversion phase does not contribute significantly to the radioactive impact indicators either. It has some
liquid radioactive emission but it is not significant if compared to the liquid emissions in the operation phase.
The same is true for the solid VLLW generation: it is negligible if compared to the mining & milling phase. The
short-lived ILW generation is not negligible in the conversion phase, but it is rather low: about 4% in the
closed and about 5% in the open cycle.

3.3.2.4 Legal background and regulations

The EU regulations corresponding to nuclear and radiation safety and security aspects of various lifecycle
phases of nuclear energy are discussed in Chapter 3.3.1, here the details are not repeated. In addition to
specific considerations outlined in Chapter 3.3.1 on the application of 1SO 9001:2015 (Quality Management
System); ISO 14001:2015 (Environmental Management System) and 1SO 45001:2018 (Health and Safety
Management at Work) at the conversion facilities, the below listed regulations and standards are applicable to
nuclear facilities carrying out conversion activities.

— REACH regulation - Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18
December 2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH)

— National Emission Reduction Commitments Directive — Directive (EU) 2016/2284 the European Parliament
and of the Council of 14 December 2016 on the reduction of national emissions of certain atmospheric
pollutants

Related guidelines of the International Finance Corporation (IFC):
— IFC - Environmental, Health, and Safety (EHS) General Guidelines, IFC, April 2007

— IFC Performance Standard 1: Assessment and Management of Environmental and Social Risks and
Impacts, IFC, January 2012

— IFC Performance Standard 6 - Biodiversity Conservation and Sustainable Management of Living Natural
Resources, IFC, January 2012

3.3.2.5 |Identification of applicable means to avoid or mitigate the impacts

This subchapter specifies procedures, methods and best (leading) practices which are applicable to fully avoid
or mitigate the potentially harmful impacts identified in the previous subchapter.
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3.3.251 Non-radioactive impacts

As the uranium conversion factories are large chemical — metallurgical plants dealing with toxic gases and
liquids, the best industrial practices and technological solutions to eliminate potential hazards associated with
the handling and use of such substances are to be applied.

In case of the end-product of the conversion process (i.e. UFs stored in transport cylinders) the highest
potential risk is represented by those accidents when the integrity of the cylinders is lost. Therefore all UFs
cylinder handling and storage operations must be conducted in a manner that minimizes the chances of
accidents.

3.3.25.2 Radioactive impacts

Although the specific activity of the materials handled during the conversion process is usually low, these
substances may represent a threat to human health if inhaled or ingested. Therefore the conversion
technology has to apply strict health protection and worker’s safety measures to avoid such effects.

If radiological environmental impacts are considered, then prevention of water and air pollution by radioactive
materials is the main protection measure to avoid the emergence of such effects.

The ILW-SL waste generated during the wet process in the fluorination process (i.e. CaF, contaminated with
short-lived decay products of the 28U decay chain) can be cleaned and disposed of by the following method.
After a certain waiting period, which ensures that short-lived isotopes disappeared from the contaminated
calcium fluoride, the uranium can be recovered and the remaining CaF, can either be reused or disposed of as
technological (non-radioactive) waste.

Direct radiation impacts to which the plant personnel is potentially exposed (e.g. during handling and/or
inspection of the UFs storage cylinders) are controlled by the usual radiation protection and dose monitoring
procedures commonly applied at nuclear facilities.

3.3.2.6 Evaluation and summary

This section summarizes the results of the detailed analysis performed in the previous subchapters.

As already mentioned, the conversion phase has limited contribution to the various impact indicators and it is
not a dominant contributor to any impact indicator. This is true for the open and closed fuel cycles, as well.

In Chapter 3.3.1 Table 3.3.1-1 shows the assignment (“matching”) of the environmental objectives applied by
the TEG to some impact indicators widely used in related LCA studies. This table is not repeated here, but it
must be duly considered when interpreting Table 3.3.2-1 below.

Table 3.3.2-1 shows the importance of the potential impacts associated with the conversion lifecycle phase
on the TEG environmental objectives.

It can be seen from Table 3.3.2-1 that uranium conversion activities do not represent significant challenge to
any of the TEG objectives.

The existing minor challenges (e.g. waste generation) can be averted, as there are appropriate measures -
using existing technology at reasonable costs — to prevent the occurrence of the potentially harmful impacts
or mitigate their consequences (see the “appropriate measures” column in Table 3.3.2-1).

Note that Technical Screening Criteria were not developed for this activity, because this lifecycle phase does
not represent a dominant contribution in any of the impact categories used in our study.
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Table 3.3.2-1. Importance of conversion phase impacts on the TEG environmental objectives

Non-radioactive and radioactive

Prevention or mitigation of potentially harmful impacts

++ Low importance

+++ Normal importance

4+ High importance

+++++

Critical importance

3.3.2.7 References for Chapter 3.3.2

impact indicators
Indicator Importance Appropriate mitigation Remarks
measures

GHG emissions ++ Decreasing fossil fuel | -
consumption

Water withdrawal + Optimization of water use -

Water consumption + Idem -

Water pollution + Application of best practices -

Ecotoxicity + Idem -

Human toxicity + Idem -

Land use + Reclamation of land Full remediation

Atmospheric pollution ++ Application of best practices -

Acidification pot. ++ Idem -

Eutrophication pot. ++ Idem -

0Ozone creation pot. ++ Idem -

Production of TW ++ Selective waste management | -

Depletion of resources ++ Optimization of use of | -
chemicals

Production of solid RW ++ Recovering contaminated CaF, | VLLW and ILW-SL only

Gaseous RA releases ++ Proper handling of UFs | Only accidental releases
cylinders

Liquid RA releases ++ Application of best practices -

Legend
N/A Not applicable
+ Very low importance

[3.3.2-1] Ch. Poinssot, et al: Assessment of the environmental footprint of nuclear energy systems.

Comparison between closed and open fuel cycles, Energy 69 (2014) 199-211

3.3.3 Uranium enrichment

3.3.3.1 Description of the underlying technologies and processes

The step following the conversion phase is the enrichment of uranium, which means increasing the
concentration of the 23U isotope in the uranium. Considering that commercial PWRs use nuclear fuel
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containing uranium enriched to maximum 5 wt% in the 2%°U isotope, appropriate isotope enrichment
techniques must be applied, because the natural uranium contains only 0.711 wt% of 23U.

The end-product of the conversion step is UFs (uranium hexafluoride or “hex”), which has several
advantageous properties if the technological needs of the enrichment phase are considered (see [3.3.3-1] for
details):

— Fluorine contains only one isotope, therefore the UFs contains only one fluorine isotope;
— The compound can be handled at reasonable temperatures and pressures;

— The compound is water soluble, but at room temperature it is a white crystalline solid. When heated it is
vaporized and turns to gas which fits better to the enrichment process.

The uranium in the UFs compound can be enriched in 2*°U by using two very different industrial processes: one
method relies on diffusion and the other applies high rotation-speed centrifuges. Both methods utilize the
small mass difference between the 2>°U and the 2*8U isotopes.

3.33.1.1 Gaseous diffusion method

Industrial scale gaseous diffusion (see Figure 3.3.3-1) makes use of a well-known process called molecular
effusion, in which a contained, pressurised gas escapes from a tank through miniscule holes having diameters
considerably smaller than the mean free path of the gas molecules in question.

Figure 3.3.3-2. A transport cylinder is prepared for

Figure 3.3.3-1. Scheme of a gaseous diffusion stage handling at the plant
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According to Graham’s law of effusion, if a mixture of two gases (having molar masses M; and M;) undergoes
effusion under the same temperature and pressure, then the ratio of effusion flows is inversely proportional
to the square root of the molar mass ratios: Qe/Qe; = V(My/M;). If this equation is applied to the 55UFs and
238JFs gas mixture then Q235/Qy3s = V(352/349) = 1.00429 (the molar mass of fluorine is 19). This number is
the theoretical 23°U - #*8U separation factor (or enrichment ratio) which is associated with a single diffusion
stage. The stages are connected one after another, forming a cascade in the hall of a gaseous diffusion plant
(see Figure 3.3.3-3).
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Figure 3.3.3-3. A cascade of diffusors at the Georges Besse (France) enrichment plant

Source: Orano

The theoretical minimum number of diffusion stages, Nmn, required to achieve a given enrichment level can
be calculated from the enrichment of the final product, the enrichment of the depleted uranium (usually
called “tailings”) and the enrichment ratio, or separation factor, a, as follows (see [3.3.3-1] for details):

Nmin = In(Re/Rr)/ 0o

Here o, is the separation gain (a-1). In theory oo = 0.00429 for the gaseous diffusion process; Re = 235Cp/(1
— 235Cp); Ry = 335C;/(1 — 235C;); where 235C, and 235Cy correspond to the 2*°U concentration (wt%) of the final
product and the tailings, respectively. If 23°C, = 0.04 (4 wt%) and 2*>C; = 0.002 (0.2 wt%) then Ny, = 707.

In a real enrichment plant a diffusion stage contains several thousands of thin tubes having porous (or
membrane) walls (barriers) and the “feedstock” is pumped through these tubes. Due to the efficiency of the
barrier the real separation gain in an industrial facility is much lower than the o, theoretical value, in practice
the applicable barriers will not have a separation factor higher than o = 1.0022 (see [3.3.3-4] for details).
Using the real o separation factor, the actual number of stages will be 1379, therefore about 1400 diffusion
stages have to be constructed to achieve the 4% enrichment, which is the average fuel enrichment in PWRs.

As described in Chapter 3.3.2, at the end of the conversion process the UFe material is stored at room
temperature in the transport cylinders in solidified form. When starting the enrichment process, uranium
transport cylinders are heated in an autoclave (see Figure 3.3.3-2), generating heated UFs gas that is fed into
the diffusion process.

Gaseous diffusion plants (see Figure 3.3.3-4 for example) used to be very energy intensive. As already
mentioned, first the storage cylinders must be heated up before feeding the UFs gas into the system. The
pressure driving the separation process is created by high pressure compressors, but each stage causes a
certain pressure loss which has to be compensated by repeatedly compressing the UFs gas, before entering
the next stage in the cascade. This repeated compression heats up the gas, therefore it must be cooled before
entering the next stage. This multiple pumping and cooling through several hundreds of diffusion stages
requires an extremely large amount of energy, e.g. a US gaseous diffusion plant with an annual capacity of
10 million SWU>® requires about 2700 MW of electrical power [3.3.3-3].

%6 SWU = separative work unit (a unit characterizing the capacity of the uranium enrichment plants, the detailed explanation is given

later in this subchapter).
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In France, the Georges Besse diffusion enrichment plant - located at the Tricastin site and now retired - had
been supplied by electricity from three NPP units located at the same site, in order to ensure low-cost
electricity for this very energy intensive technology. As a comparison, the new Georges Besse |l centrifugal
plant with the same enrichment capacity consumes only 50 MW,.

Figure 3.3.3-4. View of the Portsmouth gaseous diffusion uranium enrichment plant

Source: DOE, USA

Since June 2013 no gaseous diffusion plants are used for providing enrichment services in any
country because they have all been gradually shut down around the world.

The last two large facilities to close were the Georges Besse | plant (France) in 2012, and the Paducah plant
(USA), which stopped operation in May 2013 (see [3.3.3-4] for details). Currently all enrichment services are
provided by facilities utilizing the ultracentrifuge technology.

3.33.1.2 Ultracentrifuge method

When UFg gas is placed in a centrifuge then the centrifugal force acting on the gas molecules with larger
mass is larger than the force acting on the lighter gas molecules. As a consequence, UFs molecules containing
the heavier 2*8U isotope drift to the outer wall of the centrifuge, while UFs molecules with the lighter #°U
isotope tend to stay in the middle region (i.e. around the vertical axis) of the centrifuge. In practice an
industrial gas centrifuge (often called “ultracentrifuge”) is a long, slim vertical cylinder, encapsulated in a
closed tank under vacuum and it rotates with very high speed (between 50 and 70 krpm). The system is fed
by UFs gas and as a result of the fast centrifuging the concentration of the heavier UFs molecules increases
towards the outer wall of the centrifuge. In the long cylinder the flow paths are arranged in such a manner,
that the heavier gas moves towards the bottom of the tank, while the lighter gas moves to the top, allowing
separation of the “products” at the bottom and at the top of the centrifuge. The gas enriched in the #*°U
isotope is then fed to the next centrifugal-stage, while the gas depleted in the #*°U isotope is driven back to
the beginning of the whole process (see Figure 3.3.3-5). At the end of the above described process, 10-15%
of the original uranium quantity is obtained as enriched uranium, while 85-90% remains as depleted uranium
(note that the #**U-concentration in the depleted uranium is much lower than 0,711 wt% characterizing
natural uranium, usually it is between 0,2 or 0,35 wt%). A significant advantage of the centrifugal enrichment
over the gaseous diffusion method is its energy consumption: the centrifugal method requires about 50 times
less energy than the gas diffusion method. In addition, the separation factor for a centrifugal stage can be
significantly higher than for a gaseous diffusion stage, because the radial separation factor is proportional to
the absolute mass difference between 28U and 2*°U isotopes rather than the ratio of the molecular masses,
as in the gaseous diffusion process.

The theoretical radial separation factor for a centrifuge can be expressed as
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o = exp [(M; — M;)-v?/2RT]

where M, - M; = 3 g/mol (molar mass difference between the #*8UFs and #*°UFs gases); v is the peripheral
velocity of the rotating cylinder, T is the temperature in °K and R is the universal gas constant (8.314
JI°K/mol). If we take a cylinder with 20 cm diameter at 300 °K (27 °C) and rotate it with 30 krpm speed, then
o = 1.0611 is obtained. If the rotation speed is increased to 50 krpm, then oo = 1.1788 is the result (see [3.3.3-
6] for more details). In a real installation the separation factors are considerably lower, but still much higher
than for the gaseous diffusion method.

The UFg substance arrives at the centrifugal enrichment plant in the same standard transport cylinders as to
the gaseous enrichment plant. Before feeding it to a centrifuge cascade (see Figure 3.3.3-6) it is also heated
up in autoclaves and used in gaseous form in the enrichment process.

Figure 3.3.3-5. Scheme of ultracentrifugal separation Figure 3.3.3-6. An ultracentrifuge cascade
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The separation factor for a centrifugal stage is larger than for a diffusion stage, therefore one needs
considerably fewer centrifuges to achieve a given enrichment level. However, the enrichment capacity
(material throughput) of a centrifugal stage is much smaller than for the diffusion case, therefore in a real
enrichment plant centrifuge cascades operating in serial and parallel arrays are applied. The serial centrifuges
work to multiply the separation effect, while the parallel cylinders provide the required magnitude
(throughput) of the separative work.

At the end of the process the “product” (i.e. the gas enriched in the 2*U isotope) is compressed, cooled and
stored in transport cylinders as a solid substance. The “tailings” (i.e. the gas depleted in 2*°U isotope)
undergoes the same procedure and is finally also stored in transport cylinders in solidified form. The product
cylinders are shipped to the fuel manufacturer, while the tailings can either be re-enriched or deconverted to
a chemically stable uranium oxide (UsQOs) or shipped to a final disposal facility. Note that the deconversion of
UFe to UsOg produces hydrofluoric acid as a by-product, which can be marketed.

33313 Separative work unit

The separative work unit (SWU) is a unit commonly applied to characterize the capacity of the uranium
enrichment plants. The SWU indicates the energy input relative to the amount of uranium processed, the
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degree to which it is enriched and the level of depletion of the remnant substance (the “tails”). The “kilogram
separative work” unit measures the quantity of separative work performed to enrich a given amount of
uranium (“feedstock”) to a certain amount, when feed and product quantities are expressed in kilograms (see
[3.3.3-7] for details). Figure 3.3.3-7 shows the dependence of SWU on the #*°U enrichment level of the final
product, assuming a given amount of feedstock (one metric ton of natural uranium). The dependence curve is
strongly nonlinear, in the low enrichment region (below 5%) one has to invest a lot of effort to achieve the 4-
5% enrichment levels commonly used for PWR and BWR fuel. For enrichment levels above about 20% the
curve almost reaches a plateau, i.e. above a certain enrichment level it requires much less effort to increase
the enrichment considerably.

Figure 3.3.3-7. Dependence of SWU on the #*°U concentration in the product
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Table 3.3.3-1. Worldwide enrichment plants between 2013 and 2020 - Operational and planned capacities given in
thousand SWU/year

Country Company & plant 2013 2015 2018 2020
France Orano: Georges Besse I 5500 7 000 7 500 7 500
Germany-NL-UK Urenco: Gronau (D); Almelo (N L); | 14 200 14 400 13900 13620

Capenhurst (UK)
Russia Rosatom/Tenex: Angarsk, Seversk, | 26 000 26 578 28 215 27 654
Novouralsk, Zelenogorsk
USA Urenco: New Mexico 3500 4700 4 600 4540
China CNNC: Hanzhun, Lanzhou 2 200 5760 6 750 6 750
Others Japan, Argentina, Brazil, India, etc. 150 162 135 140
Total SWU/year 51 550 58 600 61 100 60 200

Source: [3.3.3-7]

Currently enrichment services are provided exclusively by plants based on the centrifuge
technology and Russia alone provides almost 50% of the global capacity.

Note that as of today the USA does not operate an enrichment facility of its own: after shutting down the
large diffusion plants in Oak Ridge, Portsmouth and Paducah there were ambitious plans to establish a
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sufficiently large centrifuge enrichment plant, but these plans were not realized due to various reasons (e.qg.
cheap global market prices for enrichment services).

3.3.3.2 Identification of key potential impacts on the environment and human health

3.3.3.2.1 Non-radioactive impacts

Uranium enrichment plants use gaseous UFs as working material and deliver two different types of end-
products, both stored in standard transport cylinders. One of the end-products is the enriched uranium itself,
which is then transported to the nuclear fuel fabrication facility where it is subjected to further processing
steps and usually becomes uranium oxide (UO;) fuel. The other end-product is the depleted uranium (DU), also
called “tailings”. The concentration of the 23U isotope in the enrichment tailings is between 0.20 and 0.35
wt% and the cylinders containing this material are either transported to a long-term storage location (waiting
there for later use, see Figures 3.3.3-8 and -9) or shipped to a “deconversion” facility where the UFs gas is
chemically decomposed to yield uranium oxide (Us0sg) and hydrofluoric acid.

By the end of the last century large stocks of depleted uranium transport cylinders were piled up at storage
yards close to the enrichment plants. A considerable part of this stockpile came from the enrichment
operations related to national defence, i.e. from producing nuclear weapons. The EIA for a planned DU-
deconversion plant in the USA ([3.3.3-8]) states that in 2004 the US DOE had an inventory of about 700 000
metric tons of DU, stored in about 60 000 transport cylinders at the Paducah, Portsmouth and Oak Ridge sites
(see Figure 3.3.3-9 to illustrate the size of the stockpile at the Paducah site). Besides the USA, other countries
(e.g. France, UK and Russia) also stored large quantities of DU, and large projects were initiated to decrease
the size of these stockpiles considerably. These projects had to deal with large amounts of contaminated steel
(i.e. the transport cylinders themselves) and had to deconvert or re-use the solid UFs material stored in the
cylinders (see section “Identification of applicable means to avoid or mitigate the impacts” for the possible
methods to accomplish these goals).

Figure 3.3.3-8. Storage of cylinders with depleted UFs at the Portsmouth site

Source: DOE, USA

Unlike uranium conversion plants, uranium enrichment facilities do not regularly use large amounts of
additional toxic chemicals during the enrichment process. However, the working material of the enrichment
process is the gaseous UFe, which forms hydrofluoric acid (a very corrosive substance) when in contact with
moisture. Adequate measures must be implemented throughout the whole process, in order to avoid leakages.

The chemical toxicity of UFg is more significant than its radiological toxicity, therefore protective measures
required in an enrichment plant are similar to those valid in other chemical factories dealing with the
production of fluorinated chemicals.

If a deconversion process is applied to treat the depleted uranium then this process produces HF (hydrogen
fluoride) and hydrofluoric acid (HF in aqueous solution). The deconversion factory is separated from the
enrichment plant and as a rule regulations for chemical factories using toxic chemicals apply to them.
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Figure 3.3.3-9. Aerial view of the depleted UFs cylinder storage yard at the Paducah gaseous diffusion plant (USA),
storing about 38 000 used cylinders in 2001

Source: www.robertharding.com

However, potential problems associated with leaking or damaged transport cylinders may also occur in an
enrichment plant, therefore the considerations and risks related to the integrity of the cylinders also apply
here (see the corresponding section in Chapter 3.3.2 on uranium conversion).

As already mentioned, the diffusion enrichment plants were very energy intensive and indirectly they were
responsible for large CO, emissions, if the electricity had not been ensured from low-carbon electricity
production sources (e.g. hydro or nuclear). On the contrary, a gas centrifuge plant requires about 50 times less
electric power to supply the same separative work as a diffusion plant, therefore concerns related to the
extensive CO, emissions potentially associated with uranium enrichment are no longer present. By 2013
diffusion enrichment plants have been closed around the world and after this date only gas centrifuge plants
provide enrichment services.

3.3.3.2.2 Radioactive impacts

In the enrichment phase - similar to the conversion phase - radioactive impacts are limited, because the
process deals with substances having specific activities corresponding to the NORM, TENORM and VLLW
levels. VLLW includes small amounts of alumina and sodium fluoride produced in the chemical traps of the
purification system to retain small amounts of UF carried along hydrofluoric acid and other non-condensable
gases, adsorption and filtering media, scrap metal, clothing, rags, dried slugs from treatment of liquid
effluents, and oil and sludge from maintenance and decontamination activities. The enrichment process
involves materials containing only natural and long-lived radioactive isotopes, because in the applied
technology, formation of highly radioactive isotopes (e.g. by nuclear fission or by neutron irradiation of
materials) does not occur.

The only exception is when reprocessed uranium (REPU) is being enriched, because in this case the REPU is
first purified®” to eliminate all short-lived (and therefore highly radioactive) impurities and then it is converted
to UFe. For technological reasons the REPU enrichment is performed only in centrifugal plants, where there are
only minor differences between the enrichment of natural uranium and REPU. These include some extra
measures when handling the “product” and the application of dedicated cascades, where appropriate radiation
shielding is applied (see [3.3.3-9] for more details).

57 Note that presently this purification process can be carried out only at a Russian facility.
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The materials used in the process represent a threat to human health if inhaled or ingested, therefore the
enrichment technology must apply strict health protection and worker’'s safety measures to avoid such
effects.

If potential environmental impacts are considered, then prevention of water and air pollution by radioactive
materials is the main protection measure to avoid the emergence of such effects.

The plant personnel may also receive direct radiation impacts — through gamma radiation - during handling
and inspecting the UFg storage cylinders. These impacts are controlled by the usual radiation protection and
dose monitoring procedures commonly applied at nuclear facilities.

As mentioned above, the enrichment process generates large amounts of depleted uranium which can be
considered as a by-product for future use or as waste. UFs can be stored in steel containers for long periods
of time (i.e. for decades), provided that there is a suitable periodic surveillance programme in place to ensure
the long-term integrity of the containers. Alternatively it can be “deconverted” to depleted UsQs, which is a
more stable substance, better suited for storage or disposal, allowing also the recovery of high purity
hydrofluoric acid for industrial use. Deconversion can also save a significant amount of uranium mining.
Alternatively, the HF is neutralized into CaF; for storage or for industrial use.

3.3.3.3 Summary of lifecycle analysis results for the enrichment lifecycle phase

In general the enrichment phase has moderate contribution to the various impact indicators and it is not a
dominant contributor to any impact indicator (see [3.3.3-1] for the detailed LCA results - TTC fuel cycle - and
Table A.2-1 in Annex 2).

If the whole nuclear lifecycle is considered, then enrichment has negligible contribution (<19%) to the water
pollution, land use, water withdrawal, eco-toxicity and human toxicity. It has some contribution to the SO,
emissions (=3%) and NO, emissions (=4%), water consumption (=29%), technological waste (=2%),
acidification potential (=4%), POCP (=2%o).

It has larger than 10% contribution only to the total GHG emission (=12%) and the eutrophication potential
(=18%).

Figure 3.3.3-5. — Relative contributions (in percentage) of the enrichment phase to the non-radioactive and potential
impact indicators in case of the closed cycle
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Source: [3.3.3-1]

Figure 3.3.3-5 shows the relative contributions to the non-radioactive and potential impact indicators for the
enrichment lifecycle phase of nuclear energy in the case of a closed (TTC) fuel cycle. It is clear from the
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picture that the enrichment phase provides significant contribution only to the “GHG emission” and the
“Eutrophication potential” impact indicators. For the other impact indicators the contribution is less than 5%
and often even negligible.

If the closed cycle is compared to the open cycle (OTC) then no significant differences can be detected for any
impact indicators, basically the same contributions can be observed (see Table A.2-1 in Annex 2).

The enrichment phase does not contribute significantly to any of the radioactive impact indicators. There are
no atmospheric or liquid radioactive discharges and no significant amount of solid radioactive waste is
produced in any waste category. Note that the depleted uranium is usually not considered as radioactive
waste, because later it is either deconverted to uranium oxide and HF (hydrofluoric acid) or reused again for
enrichment.

3.3.3.4 Legal background and regulations

The EU regulations corresponding to nuclear and radiation safety and security aspects of various lifecycle
phases of nuclear energy are discussed in Chapter 3.3.1, here the details are not repeated. In addition to
specific considerations outlined in Chapter 3.3.1 on the application of 1SO 9001:2015 (Quality Management
System); ISO 14001:2015 (Environmental Management System) and 1SO 45001:2018 (Health and Safety
Management at Work) the below listed regulations and standards are applicable to nuclear facilities carrying
out enrichment activities.

— REACH regulation - Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18
December 2006 concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH)

— National Emission Reduction Commitments Directive — Directive (EU) 2016/2284 the European Parliament
and of the Council of 14 December 2016 on the reduction of national emissions of certain
atmospheric pollutants

Related guidelines of the International Finance Corporation (IFC):
— IFC - Environmental, Health, and Safety (EHS) General Guidelines, IFC, April 2007

— IFC Performance Standard 1: Assessment and Management of Environmental and Social Risks and
Impacts, IFC, January 2012

— IFC Performance Standard 6 - Biodiversity Conservation and Sustainable Management of Living Natural
Resources, IFC, January 2012

Note that the application of IFC standards may be preferred in non-EU countries, because their validity is not
restricted to Europe.

3.3.3.5 |Identification of applicable means to avoid or mitigate the impacts

This subchapter specifies procedures, methods and best (leading) practices which are applicable to fully avoid
or mitigate the potentially harmful impacts identified in the previous subchapters.

33351 Non-radioactive impacts

Uranium enrichment plants can be considered as large chemical plants dealing with gaseous UF¢ as working
material. Since UFg in contact with water produces hydrofluoric acid, any UFs leakage or air ingress has to be
avoided in the process. In order to avoid such harmful leakages by default, in most areas of an enrichment
plant the pressure of the UFe gas is maintained below atmospheric pressure and double containment
protection is provided for those areas where the use of higher pressures is unavoidable. Effluent and venting
gases are also collected and adequately treated (see [3.3.3-7] for more details).

In addition, where toxic gases and liquids are handled in an enrichment plant, best industrial practices and
technological solutions must be applied to eliminate potential hazards associated with the handling and use
of such substances.

The UFg feedstock, the enriched end-product and the remaining depleted uranium (tailings) are all stored in
standard transport cylinders. For these cylinders the highest potential risk is represented by those accidents
when the integrity of the cylinders is lost. Therefore all UFe cylinder handling and storage operations must be
conducted in a manner that minimizes the chances of accidents.
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3.3.35.2 Radioactive impacts

Although the specific activity of the materials handled during the enrichment process is usually low, these
substances represent a threat to human health if inhaled or ingested. Therefore the enrichment technology
has to apply strict health protection and worker’s safety measures during the whole process to avoid such
effects.

If radiological environmental impacts are considered, then prevention of water and air pollution by radioactive
materials is the main protection measure to avoid the emergence of such effects.

Direct radiation impacts to which the plant personnel are potentially exposed (e.g. during handling and/or
inspection of the UFs storage cylinders) are controlled by the usual radiation protection and dose monitoring
procedures commonly applied at nuclear facilities. As a special case when REPU is enriched, special radiation
protection (shielding) measures must be applied for those centrifuge cascades where the REPU is processed.

In case the depleted uranium is deconverted then this activity is performed in a factory which is separated
from the enrichment plant, but it is usually located at the same site. Deconversion of UFs is routinely
performed by reacting the UFs gas with water steam to achieve “defluorination”. This reaction produces uranyl
fluoride (UO,F;), which is then further reacted with steam and hydrogen to produce UsOs powder and
hydrogen fluoride (HF) vapour. The UsOs powder is suitable for long-term safe storage in containers. The
gaseous HF is cooled and liquefied as hydrofluoric acid, which is a marketable product (see www.urenco.com
for more details). For example, the Pierrelatte facility (Tricastin, France) handles and stores depleted uranium
recovered from defluorination after enrichment and from processing of used nuclear fuel. Uranium from used
enrichment components is recovered at the Socatri plant, which is the radioactive waste management facility
at Tricastin, but also treats industrial discharges from the Tricastin site. The above description illustrates that
the depleted uranium and the used components of an enrichment plant (usually contaminated by uranium
deposits) can be treated in a safe manner, without producing intermediate- and high-level radioactive wastes.

3.3.3.6 Evaluation and summary

This section summarizes the results of the detailed analysis performed in the previous subchapters.

As already mentioned, the enrichment phase has limited contribution to the various impact indicators and it is
not a dominant contributor to any impact indicator. This is true for both the open and closed fuel cycles.

In Chapter 3.3.1 Table 3.3.1-1 shows the assignment (“matching”) of the environmental objectives applied by
the TEG to some impact indicators widely used in related LCA studies. This table is not repeated here, but it
must be duly considered when interpreting Table 3.3.3-1 below.

Table 3.3.3-1 shows the importance of the potential impacts associated with the enrichment lifecycle phase
on the TEG environmental objectives. Note that only centrifugal enrichment was considered in the table,
because after 2013 no diffusion enrichment plants are in operation.

It can be seen from Table 3.3.3-1 that uranium enrichment activities do not represent a significant challenge
to any of the TEG objectives.

The existing challenges (e.g. proper handling of depleted uranium stocks) can be adequately managed as
there are appropriate measures — using existing technology at reasonable costs — to prevent the occurrence of
potentially harmful impacts or mitigate their consequences (see the “appropriate measures” column in Table
3.3.3-1).

Note that Technical Screening Criteria were not developed for this activity, because this lifecycle phase does
not represent a dominant contribution in any of the impact categories used in our study.

100


http://www.urenco.com/

Table 3.3.3-1. Importance of enrichment phase impacts on the TEG environmental objectives

3.3.3.7 References to Ch

apter 3.3.3

[3.3.3-1] https://web.evs.anl.gov/uranium/quide

Non-radioactive and radioactive Prevention or mitigation of potentially harmful impacts
impact indicators
Indicator Importance Appropriate mitigation Remarks
measures
GHG emissions ++ Limiting fossil fuel The energy intensive diffusion
consumption method had been phased-out
Water withdrawal + Optimization of water use -
Water pollution + Application of best practices -
Ecotoxicity + Idem -
Human toxicity + Idem -
Land use + Reclamation of land Full remediation
Water consumption + Application of best practices -
Atmospheric pollution + Idem -
Acidification pot. + Idem -
Ozone creation pot. + Idem -
Eutrophication pot. ++ Limiting chemical releases -
Production of TW ++ Defluorinated DU is stored as UsOs powder can be safely
TW stored in proper containers
for long time
Depletion of resources ++ Reconversion / re-enrichment DU is usually treated as an
of DU asset, saving significant U-
mining needs
Production of solid RW ++ Reconversion / re-enrichment Only TENORM and VLLW
of DU levels
Gaseous RA releases + Application of best practices Insignificant gaseous RA
releases
Liquid RA releases + Idem Insignificant liquid RA
releases
Legend
N/A Not applicable
+ Very low importance
++ Low importance
+++ Normal importance
++++ High importance
+++++ Critical importance

[3.3.3-2] USNRC Technical Training Center, Uranium Enrichment Processes Training material

[3.3.3-3] JR. Lamarsh & A.J. Baratta: Introduction to Nuclear Engineering, 3™ edition, Prentice-Hall, Inc., Upper
Saddle River, New Jersey 07458, USA, 2001
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[3.3.3-4] S. Philippe & A. Glaser: Nuclear archaeology for gaseous diffusion enrichment plants, Science &
Global Security, 22: 27-49, Taylor & Francis Group, 2014

[3.3.3-5] RL. Murray & K.E. Holbert: Isotope separators, Nuclear Energy (8% edition), 2020

[3.3.3-6] M.G. Ragheb: Isotopic separation and enrichment, January 2007
(https://www.researchgate.net/publication/242126786 ISOTOPIC SEPARATION AND ENRICHMENT)

[3.3.3-7] World Nuclear Association (WNA), Uranium enrichment (www.world-nuclear.org/)

[3.3.3-8] Final Environmental Impact Statement for construction and operation of a depleted uranium
hexafluoride conversion facility at the Portsmouth, Ohio site, DOE/EIS-0360, June 2004

[3.3.3-9] Use of Reprocessed Uranium: Challenges and Options, IAEA Nuclear Energy Series No. NF-T-4.4, |IAEA,
Vienna, 2009

3.3.4 Fabrication of UO; fuel — manufacturing fuel rods and fuel assemblies

3.3.4.1 Description of the underlying technologies and processes

The processes for fabrication of nuclear fuel, the fuel rods and the fuel assemblies are well established. The
fabrication is performed inside closed environments (e.g. controlled pressure systems, glove boxes, etc.), and
release of radioactive materials is prevented.

Figure 3.3.4-1. Main steps in the fabrication of nuclear fuel for power reactors

. UQO2 powder

A 4

‘ UO2 pellet

Fuel rod Fuel assembly

Source: ©JRC

Fuel pellets are made by mechanical compaction of enriched UO, powder in a press. These powders are milled
before the compaction to obtain the required particle size, and to recycle the scraps from the fuel fabrication
process. After pressing the pellets are sintered at high temperature (approximately 1700°C) and in reducing
atmosphere (Ar/H,) to yield a dense material with the required grain size. The pellets are then ground to the
right diameter in a centreless grinder. Finally, the pellets are inspected and checked for defects, and pellets
that do not conform to the specification are removed from the batch and recycled together with the waste
powder from the grinding.

The ceramic UO; fuel pellets are enclosed in a metallic tube of a zirconium alloy, the cladding. Currently
several types of alloys are used, mainly Zr-Sn (e.g. Zircaloy-2 & Zircaloy-4) and Zr-Nb (e.g. E110, M5, Zr2.5Nb,
ZIRLO). These tubes are manufactured from nuclear grade zirconium, i.e. with very low hafnium content, as
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hafnium exhibits very high neutron absorption. The material production requires specific separation
techniques as these two elements are chemically very similar. The tubes are finally filled with inert gas
(helium) and hermetically sealed by welding.

The fuel pins are arranged in a quadratic or hexagonal geometry in the final fuel assemblies, in which a
support structure with bottom and top nozzles and intermediate grids keeps the fuel rods in place, and
assures correct positioning in the reactor core. A fuel assembly may also contain guide tubes for control rods
which contain neutron absorbing material (e.g. boron, cadmium, hafnium or indium), and which are used to
regulate the power of the reactor. The central position is often reserved for an instrumentation channel
containing in-core detectors for measuring neutron flux along the assembly or the temperature of the coolant
at the outlet of the assembly.

Figure 3.3.4-2. |llustrative views (from left to right) of the PWR, VVER and BWR fuel assemblies

Sources: www.nuclear-power.net; www.tvel.ru; www.westinghousenuclear.com/sweden

3.3.4.2 Identification of key potential impacts on the environment and human health

— The fabrication of nuclear fuel is a mechanical process, with minimal liquid waste streams, which limits
the risks of dispersion into the aquatic environment. The gases of the sintering process are filtered to
remove particulates before release, and only trace quantities may be released into the air. The exhaust
air will also contain traces of radon - a gaseous decay product in the decay chain of the uranium
isotopes.

— Since the fabrication of fuel is done at high-temperatures, the fuel production is an energy-intensive
process. However, the required energy relative to the amount of energy generated from the fuel is very
small.

— The collective annual public dose (normalized to the electricity production) from enrichment and fuel
fabrication has been estimated as 0.003 man-Sv/(GWa), which is less than 1% of the total collective
public dose resulting from the entire nuclear fuel cycle (see pages 170 and 173 of [3.3.4-1]). The public
dose contribution from the fuel fabrication activities is therefore negligible.

The fuel fabrication process includes routes for the recovery and recycling of the chemical compounds and
uranium. Uranium is recovered from pellets rejected in the quality controls, from precipitates in the conversion
process, from filters, scrap from machining operations, and dust collection. The chemical compounds and the
uranium are reincorporated in the material flows, where appropriate, for reuse and recycle. These routes
include treatments to remove impurities, dissolve uranium with acids, filtrate suspended solids, extract
uranium with solvents, and concentrate, and precipitate the final product. Fuel manufacturing facilities also
process metal waste which is recycled. Other solid radioactive waste includes cloths, rags, decontamination
residues, filters and dried slugs.
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Figure 3.3.4-2. Workbench for assembling fuel assemblies in the Lingen fuel factory of Framatome (Germany)

Source: www.framatome.com

Table 3.3-1. Waste generation in fuel fabrication (per 1000 t U)

Material Amount Classification Process/origin
Ammonium fluoride solution 4000 m? By-product AUC
Ammonium nitrite solution 5000 m? By-product AUC/ADU
Extraction residues 10 m? Material for treatment AUC/ADU
Sludges 1m? Material for treatment AUC/ADU
Hydrogen fluoride 1000t By-product IDR
Zircaloy 1t Material for treatment FA fabrication
Stainless steel 1t Material for treatment FA fabrication
Miscellaneous metal scrap 40t Material for treatment FA fabrication
Vent filters 100 - 200 m? Material for treatment All
Mixed burnable waste 300 m? Material for treatment All

Legend

AUC = ammonium uranyl carbonate process ADU = ammonium diuranate process

IDR = Integrated Dry Route process; FA = fuel assembly

Source: [3.3.4-3]

3.3.4.3 Legal background and regulations

Fuel fabrication factories operate within the limits that are defined in the nuclear licence granted to the owner
of the facility, based on the safety analysis report and the environmental impact study. The licence specifies,
among others, the maximum allowable releases in alpha activity and total activity in aqueous and gaseous
effluents, which are key to the potential impacts on the environment and human health. The true releases are
generally well below the limits. As an example, the 2019 report for the Framatome Romans site, where
around 700 metric tons of uranium are processed per year, shows that the liquid effluents in the years 2017-
2019 contained 5, 7 and 11 MBq of alpha activity, respectively, compared to an authorised release of 7000
MBq (see Ref. [3.3.4-2]). The numbers for the atmospheric release of alpha-activity in these three years were
0.09, 0.08 and 0.09 MBq, respectively, compared to an authorised release of 210 MBq.
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3.3.4.4 Identification of applicable means to avoid or mitigate the impacts

Nuclear installations, such as fuel fabrication plants, are subjected to periodic controls, audits and
environmental monitoring. Controls and continuous improvements of processes and operational practices
further reduce the potential impacts.

3.3.4.5 Evaluation and summary

The UO; fuel fabrication activities have an insignificant contribution to the environmental and human health
impacts of the nuclear fuel cycle.

Note that Technical Screening Criteria were not developed for this activity, because this lifecycle phase does
not represent a dominant contribution in any of the impact categories used in our study.

3.3.4.6 References for Chapter 3.3.4

[3.3.4-1] UNSCEAR - Sources, Effects and Risks of lonizing Radiation, 2016 Report

[3.3.4-2] https://www.framatome.com/businessnews/liblocal/docs/3 Actualites/Dossiers/Rapport-
Framatome TSN 2019.pdf

[3.3.4-3] Edwards, C.R,, Oliver, A.J. Uranium processing: A review of current methods and technology. JOM 52,
12-20 (2000). https://doi.org/10.1007/s11837-000-0181-2

3.3.5 Reprocessing of spent nuclear fuel

3.3.5.1 Description of the underlying technologies and processes

33511 Composition of spent LWR>® fuel and the motivation for reprocessing
Natural Uranium comprises about 0.7% of the fissile isotope 2*°U, 99.3% 238U and traces of 2>4U.

The proportion of the fissile isotope present in natural uranium is not sufficient to sustain a nuclear fission
chain reaction in light water reactors. The fuel for these reactors generally contains fuel pellets manufactured
from uranium dioxide (UO;), also known as uranium oxide (UOX), in which the uranium has been enriched to
around 3 - 5% in the #*°U isotope.

Following its irradiation and power generation in a light water reactor, the fuel is removed and cooled in a
spent fuel storage pool for a period of time. A fuel element typically spends around 3 - 4 years inside the
reactor and several more years, depending on the spent fuel management strategy, in a spent fuel pool.

Following its discharge from the reactor, a fuel element contains typically>® [3.3.5-1]:
— ~95.5% Uranium (U)

— ~ 1% Plutonium (Pu)

— ~ 3.4% fission products (FP)

— < 0.1% other transuranic elements (known as Minor Actinides — mainly Neptunium - Np, Americium - Am
and Curium - Cm)

As the production of power in the reactor results from fission, the uranium in the spent fuel is depleted in the
fissile 2*°U isotope. The residual content of 2*°U is typically less than 1% and close to that of natural uranium
[3.3.5-1, 2], the exact value depending on the initial fuel enrichment and the amount of power produced by
the fuel during its stay in the reactor (the burnup rate)®°.

On its discharge from the reactor, the spent fuel generates a significant amount of residual heat and contains
a broad range of fission products (FP), which are the main contributors to a high level of radioactivity. During

%8 The discussion is limited to spent fuel from light water reactors as these account for almost 90% of the global nuclear installed
capacity. Similar considerations apply to the fuel from some other reactor types. Spent fuel from PHWRs like the CANDU reactors,
which use natural (un-enriched) uranium fuel, are less attractive for reprocessing due to the low proportion of 2*°U and Pu present.

% These are typical values, but may vary depending a number of parameters including the initial fuel composition, irradiation
conditions and length of time in the reactor.

80 Note also that about one-third of the fission events in a thermal power reactor is due to fission of 2**Pu, produced through neutron
capture by #8U.
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several years of storage in the spent fuel pool the decay of the more highly radioactive FPs, having short
half-lives, results in a considerable reduction in both the residual heat of the fuel and its radioactivity level.

335.1.2 Open and closed fuel cycles

Techniques for reprocessing of irradiated uranium were developed in the 1940s for military purposes. Today,
reprocessing is a mature technology that has been practised at industrial scale in the civil nuclear industry for
four decades.

The main motivation for reprocessing spent fuel is to recover the uranium and plutonium for reuse, as these
materials contain significant energy potential. Reprocessed uranium (RepU) can be re-enriched and recycled
as UOX fuel. Recovered plutonium is incorporated into mixed-oxide (MOX — U+Pu oxide) fuel which may be
recycled once®® in current (thermal neutron) reactors.

The ability to reprocess spent fuel and recover the useful components gives rise to a number of options for
the nuclear fuel cycle:

— The open fuel cycle®, in which spent UOX fuel elements, after cooling for some years in an interim
storage facility, are encapsulated in a disposal container for disposal in a geological repository. No
reprocessing of fuel takes place.

— The partially closed fuel cycle®, in which spent UOX fuel elements are reprocessed and recovered Pu
and U are reused in MOX fuel, which is recycled once in current reactors. The spent MOX fuel elements
then follow the same processes as the spent UOX fuel in the open cycle, i.e. interim storage and
encapsulation in a disposal container for disposal in a geological repository.

— The fully closed fuel cycle, in which spent fuel is repeatedly reprocessed and recycled in nuclear power
reactors. For the fully closed fuel cycle, advanced reactors operating with a fast neutron spectrum (fast
neutron reactors or fast reactors) are required®.

Today, after recycling once in current reactors, spent MOX fuel elements go into interim storage, after which
there are two options: direct disposal as described above under the partially closed fuel cycle, or further
reprocessing®®.

The main fuel cycle options are summarised in Table 3.3.5-1, from [3.3.5-3]. Partitioning and transmutation
mentioned under the fourth option in Table 3.3.5-1 is briefly discussed in Chapter 3.3.5.1.3.

The partially closed fuel cycle as currently practised allows a saving in the requirement for fresh natural
uranium and therefore in the associated mining activities. The quantification of this saving varies among
studies. According to [3.3.5-3], for the partially closed fuel cycle with single recycling of plutonium in thermal
neutron reactors as practised today, about 11% more electricity is produced per metric ton of natural
uranium. If the reprocessed uranium is also recycled as nuclear fuel, an additional 10% electricity can be
generated per metric ton of natural uranium. According to [3.3.5-2], savings of up to 30% in natural uranium
requirements can be achieved with recycling of uranium and plutonium in current reactors.

In the partially closed fuel cycle, the majority of the RepU is not recycled. Its main potential can be realised by
future fast neutron reactors in which the predominantly fertile content of the RepU can be transformed into
fissile isotopes and burned in the same reactors. If fast neutron reactors are used with full recycling of
plutonium and uranium, current uranium reserves would permit at least 5 000 years of operation at present
global levels of nuclear power generation [3.3.5-3]. Uranium mining in this case will become much less
significant.

61 A second recycling in LWRs is feasible, but multiple recycling of plutonium in present day LWRs is limited as the fraction of fissile

plutonium isotopes decreases at each recycling.

Also referred to as the once-through cycle; see chapter 3.3.1.

Also referred to as the twice-through cycle; see chapter 3.3.1.

In Europe, prototype and commercial scale demonstration fast neutron reactors have been developed, built and operated, but fast
reactors are not yet commercially available. They remain under development for future deployment.

For a possible second recycling in LWRs or as part of a fully closed fuel cycle in the future.
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Table 3.3.5-1. Characteristics of the open fuel cycle and main different levels of closing the fuel cycle

Type of cycle Type of Treatment of Re-use of spent fuel Waste iring
reactor spent fuel material geological disposal

Storage,
encapsulation and
disposal

thermal
neutron
reactors

Open fuel cycle

thermal
neutron
reactors

Partially
closed cycle
(one cycle of
extraction of
uranium and
plutonium)

Fully

closed cycle
(repeated extraction
of uranium and
plutonium)

fast neutron
reactors
Elglsl

thermal
neutron
reactors

Fully closed cycle | fast neutron
& reactors

spent fuel is
reprocessed for
extraction of
uranium and
plutonium

spent recycled fuel
(MOX fuel) is stored
for later disposal

repeated
reprocessing (also
of spent recycled
fuel) for extraction
of plutonium and
uranium

repeated
reprocessing

first cycle: re-use of
plutonium and depleted
uranium for MOX fuel,
re-use of reprocessed
uranium

no second cycle

plutonium and uranium
from different re-use
cycles and depleted
uranium are mixed to
allow fabrication of
recycled fuel

full re-use of plutonium
and uranium

all the spent fuel after
one cycle

conditioned high level
waste and compacted
fuel cladding

spent MOX fuel

waste from
reprocessing and fuel
fabrication

conditioned high level
waste and compacted
fuel cladding

waste from
reprocessing and fuel
fabrication

residual conditioned
high level waste

Partitioning and or
Transmutation VER S
(repeated cycles of burners
partitioning, followed

by transmutation of

long-lived residues)

including
partitioning

and compacted fuel
‘burning’ of long-lived cladding

residues (transmutation)
waste from

reprocessing and fuel
fabrication

Source: [3.3.5-3]

3.3.5.13 Impact of reprocessing on the generation of radioactive waste

In addition to the primary objective of recovering valuable energy resources, reprocessing brings benefits in
terms of the quantities, heat load and radiotoxicity of radioactive wastes requiring geological disposal.

As the uranium and plutonium are recovered from the spent fuel, only the fission products and minor
actinides, representing about 3.5% of the spent fuel, remains as high-level waste (HLW). This is generally
immobilised in glass blocks which are capable of providing for confinement of the waste over very long time
spans. Additional long-lived, intermediate level waste (ILW-LL) is also generated during reprocessing,
comprising the structural materials of the fuel elements, like cladding, end caps and so on, as well as some
technological process wastes.

As mentioned in Chapter 3.3.5.1.2 above, in the open fuel cycle, spent fuel elements are encapsulated in a
disposal container for disposal in a geological repository.

In comparison to the open cycle, a partially closed cycle is not expected to give a major reduction of the
footprint of a geological repository, as there will be a need to also dispose of the spent recycled MOX fuel
elements. For a fully closed cycle, with total recycling of the plutonium and uranium, the needed repository
size for the high level waste is reduced by 40% [3.3.5-3].

A process complementary to the fully closed cycle is ‘partitioning and transmutation’ in which not only
plutonium and uranium, but also the other long-lived radiotoxic residues (the minor actinides and some of the
fission products) are separated and extracted (i.e. ‘partitioning’). Their transformation into short-lived products
(i.e. ‘transmutation’) would generate waste that decays over much shorter timeframes. This would be done by
adapted fast neutron reactors or in dedicated ‘waste burning’ reactors. Development of partitioning and
transmutation is currently only at an experimental scale.

If, in addition to the fully closed fuel cycle, partitioning and transmutation is applied, the high level waste
volumes could be reduced even further. Moreover, the vitrified waste will contain mainly short-lived
components (while the long-lived components are recycled or consumed), thus producing less heat [3.3.5-4]
This would contribute to further reduce the footprint of the required geological disposal facility due to the
lower waste volumes and a closer packing of the waste.
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33514 Impact of reprocessing on the lifecycle costs of nuclear energy

When addressing the economics of nuclear energy it has to be kept in mind that the largest component of the
cost is the capital cost of the nuclear power plants; most studies agree that the total fuel cycle expenditures
(including front end and back end) typically account for about 10 to 20% of the overall energy production
costs [3.3.5-3].

There are however uncertainties associated with the cost estimates and the elaboration of the respective
financing schemes.

The OECD Nuclear Energy Agency compared a variety of open, partially closed and closed cycles in 2006
[3.3.5-5]. The results of this study, summarised in Figure 3.3.5-1 for some of the options considered, indicate
a maximum increase in generating costs of 20% compared to the open cycle. The uncertainties, however, are
in excess of this difference.

Current cost estimates generally favour the open fuel cycle, but it is rather marginal compared to the twice-
through cycle in which Pu is recycled once in MOX fuel in current reactors. Closing the fuel cycle reduces the
costs for the front end of the cycle (less uranium acquisition, processing and enrichment) but the savings do
not totally balance the costs of the additional steps and facilities as mentioned in the previous sections. In
this context, the assumed future uranium price is important and the impact of closing the fuel cycle is
frequently presented in the form of a uranium break-even price.

Figure 3.3.5-1. Relative cost estimates for alternative types of fuel cycles®®
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Besides the (variable) uranium price, significant uncertainties affect the cost estimates for both open and
closed cycles.

Closing of the fuel cycle is clearly a strategy having long term implications so that not only present uranium
prices are important for the economics, but also projections of their future evolution.

Furthermore, while economic considerations are mainly based on free-market uranium prices that reflect the
actual and expected abundance of uranium mainly for present and near future generations, sustainability
considerations would tend towards preserving natural resources also for future generations.

5 |t should be noted that all fuel cycle steps were included in the study but are not indicated separately in the figure. Some steps are
aggregated and incorporated into previous or subsequent steps.
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33515 Impact of reprocessing on non-proliferation

The use of nuclear materials for solely civil purposes is controlled worldwide by the application of IAEA
safequards, acting under the Non-Proliferation Treaty®” (see also Annex 1, Chapter 2.2). Within the EU, the
control is complemented by the Euratom safeguards inspections. The Euratom inspectors verify the declared
uses of nuclear materials at facility level, while the IAEA mandate also extends to verifying the absence of
undeclared activities and diversion. In addition, the material and the facilities have to be secured from non-
state sabotage or theft through physical protection measures.

While for the front-end of the fuel cycle the control is dedicated to uranium and the enrichment process, the
safeguarding and physical protection measures on the back-end of the cycle are concentrated on plutonium,
which is the main fissile component of spent fuel. It is of note that the plutonium discharged from
commercial nuclear power plants is of poor quality in respect of fabrication of efficient atomic weapons due
to its isotopic composition®. The plutonium is nevertheless submitted to all applicable international control
measures; the reasoning is that even low grade materials could be of interest.

A non-proliferation benefit of the open cycle in the short term is that the sensitive material, the plutonium, is
not separated from the spent fuel. Moreover, the spent fuel is, to a certain extent, “self-protecting” over the
first 100 years after discharge from a reactor. The radiation levels are so high® that it is practically
impossible to manipulate fuel elements without specialised equipment. Nevertheless, the fuel assemblies in
interim storage facilities are submitted to safeguards and physical protection measures to ensure that they
are not diverted and that they remain intact.

For the closed cycle options, the short term safeguarding of fuel recycling facilities and their protection is
much more demanding, especially from the moment the plutonium is separated from the rest of the fuel.
Safeguards concepts for the reprocessing facilities at Sellafield and La Hague were developed in the 1980s,
and implementation in the late 1990s included the installation of Euratom safeguards laboratories at the
facility sites [3.3.5-6]. More recently, a conceptually similar on-site laboratory is being operated at the
Rokkasho facility in Japan. Increased surveillance and verifications, also by measurement of samples from the
process flow, have to be implemented. In order to reduce the quantity of separated plutonium, alternative
reprocessing techniques are under development, where the plutonium is not extracted separately from the
spent fuel, but together with the uranium.

However, in the case of a fully closed cycle, essentially all fissile material is, in the end, re-used and
consumed, which is beneficial in respect of the long term proliferation risk. With full recycling, also the front-
end uranium enrichment process, which is particularly sensitive, is reduced to a minimum. And at the backend,
geological repositories are mainly limited to the disposal of high-level waste, which will not require long term
safeguards controls.

In the case of a partially closed cycle, in which fuel is recycled once and spent recycled (MOX) fuel is
considered a waste to be disposed of, safeguards and physical protection considerations for the recycling is
similar to the closed cycle and for disposal similar to the open cycle, except that the plutonium composition of
spent MOX fuel is degraded and it is therefore less sensitive for proliferation.

33516 Reprocessing operations

In Europe, nuclear fuel reprocessing is carried out at two sites at La Hague in France and at Sellafield in the
United Kingdom, although closure of the Thermal Oxide Reprocessing Plant (THORP) at the end of 2018
brought an end to reprocessing of UOX fuel at Sellafield for currently operating reactors. The Magnox fuel
reprocessing plant, for reprocessing the remaining fuel from the shut-down Magnox reactors, remains the
only operational reprocessing facility at the site and is scheduled to close in 2021. Facilities for reprocessing
spent nuclear fuel are also operated in India, Japan and Russia. In the USA, three civil reprocessing plants
have been built, but a 1977 change in government policy, which ruled out all US civilian reprocessing as part
of US non-proliferation policy, put an end to reprocessing operations [3.3.5-2]. China is pursuing the
construction of a civil reprocessing plant [3.3.5-71.

57 “Treaty on the non-proliferation of nuclear weapons”, IAEA INFCIRC 140, 1970.

In comparison with “weapons grade plutonium”, the plutonium discharged from most of the civil reactors generates a relatively high
neutron radiation and generates heat, linked to its composition.

8 For most of the reactors, the radiation of the fuel remains very high during about 100 years after discharge, at a level that would
be lethal for operators in a few hours; for some type of reactors (e.g. CANDU Heavy Water Reactor) the discharged fuel will only
exceed that radiation level for a few years.
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Although a number of processes have been developed for reprocessing of nuclear fuel, the focus in this report
is on the current large scale industrial process called PUREX (plutonium uranium extraction) and its
environmental impacts. PUREX is a hydrometallurgical process used in all commercial reprocessing plants and
involves several stages.

Following dismantling of the fuel elements, the fuel pin bundles are chopped into sections a few centimetres
long and then dissolved in an aqueous solution of concentrated nitric acid.

The dissolved uranium and plutonium are then separated in the aqueous nitric acid stream from the fission
products and minor actinides by a solvent extraction process, using tributyl phosphate dissolved in kerosene
or dodecane. The uranium is then separated from the plutonium in further chemical processes that finally
produce UO; and PuQ; in powder form.

After the separation and extraction of the U and Pu, the minor actinides and fission products from the spent
fuel remain in solution. This solution is concentrated and vitrified in preparation for final disposal. In a future
development of the process, further separation of the minor actinides may take place as part of a partitioning
and transmutation strategy (see Chapter 3.3.5.1.3).

Fuel cladding and other structural elements in Zircaloy and stainless steel are not dissolved in the nitric acid
and can be separated out. These are compacted in steel drums. In addition to these structural elements, small
amounts of other elements that are resistant to the dissolution in nitric acid are recovered by settling,
centrifuging or by filtration and conditioned for disposal [3.3.5-1,8]. In Europe, these solids are categorized as
intermediate-level wastes (ILW) that require deep geologic disposal.

Liquid waste streams from the reprocessing operations are subject to filtration, evaporation, and other
treatments to reduce the residual radioactive substances. However, a small fraction of the radioactivity
originally present in the used fuel is discharged from the plant in the liquid effluent stream.

Shearing of the fuel pins, as well as dissolution of the fuel in the nitric acid, release gaseous fission products
including the noble gases krypton (Kr) and xenon (Xe), as well as iodine (1)’° and carbon-14 (*4C) in the form of
CO,. The gas stream is scrubbed prior to release and ensures that statutory emission limits are respected.

The noble gases krypton and xenon are released to the environment. They do not contribute significantly to
the radiation dose of the workers or the public. The total radiation doses to members of the public from
reprocessing operations in Europe are very low, as will be shown in Chapter 3.3.5.2.1, below (see in particular
Figures 3.3.5-6 and 3.3.5-7).

3.3.5.2 Identification of key potential impacts on the environment and human health

3.3.52.1 Environmental impact of fuel cycle options

A closed or partially closed fuel cycle requires the construction, operation and eventual decommissioning of
reprocessing plants, which are not required in the case of the open fuel cycle. This will bring additional
environmental impacts to the nuclear energy lifecycle.

On the other hand, as mentioned in Chapter 3.3.5.1.2, implementation of the partially-closed fuel cycle, as
practised today, can bring savings in the requirements for fresh natural uranium of 20 - 30%, and much
more significant savings can be realised in the case of a fully closed fuel cycle. Consequently, the
environmental impact from the mining stage”* will be reduced. Moreover, reductions in the volumes, thermal
loads and radiotoxicity of the radioactive waste requiring final disposal, that are associated with the different
options of the closed fuel cycle discussed in Chapter 3.3.5.1.3, reduce the required excavated volumes of final
repositories which also bring reductions in environmental impacts.

Poinssot et al [3.3.5-9] provide data on the environmental footprint for the existing French reactor fleet and
fuel cycle, assuming both once-through and twice-through fuel cycles. The once-through fuel cycle does not
involve reprocessing. The twice-through cycle included, at that time, reprocessing and recycling of plutonium
in MOX fuel making up one-third of the fuel elements in the core of 22 reactor units representing 31.2% of
the installed capacity of the French fleet. Re-enriched reprocessed uranium was also utilised. The resulting

70 |sotopes '#I, which is stable, and 1%°I, which has a very long half-life (15.7 million years). The isotope '*!I is not relevant as it has a
half-life of 8 days and disappears during storage of the fuel prior to reprocessing.

7L And to a lesser extent also from the uranium conversion and enrichment stages, as recycling of plutonium in MOX fuel will reduce
the need for enriched uranium, whereas the use of re-enriched reprocessed uranium still utilises the conversion and enrichment
stages.
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saving on the requirements for fresh natural uranium was estimated at about 14.5% and the saving on
conversion and enrichment at about 9%.

Figure 3.3.5-2 shows the relative contributions from the different steps of the fuel cycle to the full range of
non-radiological environmental impact indicators calculated by Poinssot et al for the current French twice-
through cycle. It can be seen that, with the exception of water withdrawal, water consumption and
technological waste, the front end of the fuel cycle (mining, conversion, enrichment and UOX fabrication), and
mining in particular, is the dominant contributor to the other ten indicators. Consequently, reducing these
operations can bring significant reductions to the environmental impact of the nuclear energy lifecycle.

Figure 3.3.5-2. Relative contribution of each step of the fuel cycle to environmental impact indicators
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Data from Poinssot et al [3.3.5-9]

To investigate the impact of closing the fuel cycle, Poinssot et al also calculated lifecycle impacts for the
French fleet assuming an open fuel cycle, without reprocessing. The ratio of the impact indicators for the
twice-through versus open fuel cycle resulting from this study are presented in Figure 3.3.5-3. This shows
that the twice-through cycle, as practised in France, always has a lower non-radiological environmental
impact than the open fuel cycle.

The situation is slightly different when it comes to radiological indicators. Figure 3.3.5-4 shows the ratio of
lifecycle generated volumes of different categories of solid radioactive waste as well as the ratio of
radioactive releases to the environment for the French twice-through versus open fuel cycle.

With regard to solid radioactive waste, the volume of very low-level waste (VLLW) is lower for the twice-
through cycle, as 99% of these wastes are generated in the mining stage.

Short-lived, low and intermediate-level waste (LILW-SL), in the case of the twice-through cycle, is mainly from
reactor operation (75%) and reprocessing (19%), with 65% of the total coming from dismantling of the
installations at the end of life. With little contribution from mining, the total volume of LILW-SL is slightly
higher under the twice-through cycle than the open fuel cycle.

Long-lived, intermediate-level waste (ILW-LL), in the case of the twice-through cycle, is again mainly from
reactor operation (25%) and reprocessing (62%), but in this case reprocessing dominates. Dismantling of the
installations at the end of life contributes about 42% of the total. The additional process waste from
reprocessing operations includes the structural materials of the fuel elements, cladding, end caps, etc. With
little contribution again from mining and a large contribution from reprocessing, the total volume of ILW-LL is
higher under the twice-through cycle than the open fuel cycle.
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Figure 3.3.5-3. - Ratio of non-radioactive impact indicators corresponding to the total LC of nuclear energy for the twice-
through versus the open fuel cycles
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Figure 3.3.5-4. - Ratio of radioactive impact indicators corresponding to the total LC of nuclear energy for the twice-
through versus the open fuel cycles

Ratio of radioactive releases and waste volumes: Twice-through
versus Open fuel cycles

0
VLW
LILW-5L

ILW-LL

HLW

HLW + ILW-LL

Gaseous radioactive emissions

Liquid radioactive emissions

Total radioactive emissions

Data from [3.3.5-9]

112



High-level waste (HLW), in the case of the twice-through cycle, is only produced by the spent fuel reprocessing
operations. It includes the fission products and minor actinides which are vitrified and stored in canisters for
final disposal. Compared to the open cycle, in which fuel elements are encapsulated for disposal without
reprocessing, the total volume of HLW is reduced considerably”2.

In France, HLW and ILW-LL are intended for disposal in geological repositories. The combined volume of these
two categories of waste for the open and twice-through fuel cycles are as follows:

— Open fuel cycle: 1.49 m3/TWh, (0.32 m*/TWh, ILW-LL & 1.17 m3/TWh, HLW)
— Twice-through: 1.53 m3/TWh, (1.18 m*/TWh, ILW-LL & 0.36 m*/TWh. HLW)

It can be seen that the total volume of waste to be disposed of in a geological repository is not very different
for the two fuel cycle options. However, HLW requires a greater excavated volume and surface area of
geological repository than ILW-LL and also contributes more to the long-term radiotoxicity. As a result,
according to [3.3.5-9], the estimated repository volume is 3.4 times higher for the open fuel cycle compared
to the twice-through cycle.

With regard to radioactive releases, both gaseous and liquid releases are greater for the twice-through cycle,
although it will be shown below that this has a very minor impact on radiation doses to members of the
public. Gaseous releases are about 53% higher in the twice-through cycle, whereas liquid releases are almost
a factor of 10 greater. However, as liquid releases make up only a very small proportion of total radioactive
releases, the 10-fold increase has only a small impact on the total radioactive releases, which are around
56% higher for the twice-through cycle. Poinssot et al [3.3.5-9] showed the distribution of the radioactive
releases to the environment (in kBg/kWh,) from the different stages of the nuclear fuel cycle and for different
nuclide groups (see Figure 3.3.5-5, reproduced from [3.3.5-9]).

Figure 3.3.5-5. - Radioactive releases from the nuclear energy twice-through lifecycle
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The main contributors to the lifecycle radioactive releases for the twice-through cycle are:
— Radon gas from uranium mining: 53.4%
— Noble gases (mainly krypton) from reprocessing: 44.4%

— Liquid tritium from reprocessing: 2%

72 |t should be noted that in this French case, spent MOX fuel is not sent for disposal, as it would be in a partially-closed fuel cycle. It is
sent to intermediate storage for possible future use in a fully closed fuel cycle. If spent MOX fuel would be encapsulated for
geological disposal, the reduction in the volume of HLW would not be so significant.
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The other approximately 0.2% comprises mainly (>80%) liquid tritium releases from nuclear reactor
operation, with the remainder divided between tritium gas released from reprocessing and reactor operation,
noble gas released from reactor operation, and carbon 14 and other radionuclides released during
reprocessing, reactor operation and uranium conversion.

However, the effects of radioactive releases in terms of doses to members of the public vary considerably for
different radionuclides and different release pathways (releases to atmosphere, freshwater or marine
environments). UNSCEAR [3.3.5-10] has developed a methodology for assessing the radiation exposures of
the general public’® (annual doses in Sv/year or man.Sv/year) from discharges of radionuclides to the
environment (in Bqg/s), based on the use of dose calculation factors for unit discharge rates of radionuclides to
atmosphere, to the different freshwater environments (small rivers and large rivers/lakes) and to a marine
environment.

Figure 3.3.5-6 shows the relative contributions to the collective dose to local and regional populations from
the different radionuclides released to the environment during reprocessing. The data is from UNSCEAR
[3.3.5-10] and is based on release data for the la Hague reprocessing plant in France for the year 2010.

Figure 3.3.5-6. - Relative radionuclide contributions to the local and regional components of collective doses to the
public from reprocessing
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It can be seen that while ®Kr is responsible for almost 90% of radiological releases in (kBq/kWh,) from the
reprocessing stage, it contributes less than 15 % to the dose (in Sv) to the public. Carbon-14 is released in
much smaller quantities, but contributes more than 50 % to the public dose. The differences are related to
the chemical properties of the isotopes and to their decay characteristics.

UNSCEAR also calculated public doses per unit of generated electricity from the mining, reactor operation and
reprocessing stages of the nuclear energy lifecycle [3.3.5-10]. These are shown in Figure 3.3.5-7.

The dominant contributor is conventional uranium mining. However, mining performed by the in-situ leaching
(ISL) technique results in a strong reduction in radiological emissions and doses to the public, as was already
pointed out in Chapter 3.3.1. The dose to the public from reprocessing is seen to be less than the dose due to
the operation of power plants. Carbon-14 discharges are an important contributor to the dose to the public

73 Doses to individuals as well as collective doses to population groups.
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from nuclear power plants, as they are for the reprocessing stage [3.3.5-101. In all cases, the doses are very
low, at just a few pSv/year per GW of electricity generation. The legal dose limit for members of the public in
the EU from all authorised activities is 1 mSv/year, while the average dose to the public from natural
background radiation and medical uses of radiation amount to about 3 mSv/year (see Chapter 3.4).

Figure 3.3.5-7. - Summary of characteristic individual’4 doses to the public in Europe normalized to electricity generated
in 2010 for mining and milling, electricity generation from nuclear power reactors, and fuel reprocessing (USv/GW.year)

Characteristic individual doses to the public

7.0
6.0
: -- ‘ ‘

0.0

w - o
=] o o

dose (puSv/GWyear)

™~
=]

Mining and milling - non-ISL Mining and milling - ISL mines Power plants Reprocessing
mines

m Atmospheric mAquatic = Total

Data from [3.3.5-10]

The modern European plants are able to contain their environmental effluents within strict regulatory limits,
and as shown above the resulting doses to members of the public are very low. However, this was not always
the case in the past. During the 1970s, radioactive discharges from the reprocessing facilities, particularly
those at Sellafield, were relatively high.

In 2005, the IAEA reported on the results of worldwide marine radioactivity studies [3.3.5-11]. It noted that
the authorized water-borne radioactive discharges to the Irish Sea from Sellafield’®, became measurable in
most parts of the North East Atlantic and also in the Arctic Ocean. After the mid-1970s, Sellafield began to
substantially reduce the discharges and the impact of the reductions on the measured levels of **’Cs in
surface water can be seen in Figure 3.3.5-875, which shows that substantial improvements had already been
achieved by the mid-1990s. Signing of the OSPAR”” convention in 1998 gave further impetus to progressive
and substantial reductions of discharges from the reprocessing plants.

In 2018, the discharges at Sellafield were very substantially lower (for *’Cs and *°Sr, to approximately 0.1%
and 0.2% respectively of their peaks in the 1970s). According to the Sellafield Limited 2018 annual
environment monitoring report [3.3.5-12], all discharges in 2018 were well within authorised discharge limits,
which are set taking into account the relevant parts of the Euratom Basic Safety Standards Directive. The
estimated individual annual dose to members of the critical groups of the local population in 2018 was about
0.1 mSv (compared to 2.5 to 3 mSv/year in the 1970s and 1980s [3.3.5-13]). The marine pathway contributed
89 uSv, equally shared between seafood consumption and external radiation from beach occupancy. The
estimated dose through the terrestrial pathway was 12 pSv, the main contributions coming from consumption

74 The characteristic individuals are those living 5 km from the points of discharge with behaviour indicative of the majority of people
living the area.

7> First of all of ¥’Cs, but also other radionuclides, notably plutonium isotopes, americium and technetium.

76 Note: The increased levels of **’Cs in the Baltic sea after 1986 are due to the accident at Chernobyl.

77 The Oslo/Paris (OSPAR) convention: Convention for the Protection of the Marine Environment of the North-East Atlantic, see
https://www.ospar.org/convention.
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of terrestrial foodstuff (4.4 pSv) and direct radiation from the plants on site (3.9 pSv). A significant part of the
estimated total dose was due to radionuclides resulting from historic rather than 2018 discharges.

Figure 3.3.5-8. 1*’Cs in surface water of European seas
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Similarly, the 2019 annual environmental monitoring report for the La Hague site [3.3.5-14], shows that all
discharges in 2017, 2018 and 2019 were well within the limits authorised by the French regulations. The
calculated annual dose to the most exposed group of the local population as a result of the 2019 discharges
to the environment was 0.0142 mSv, 96% of which was due to the gaseous discharges. This is less than 1.5%
of the limit of 1 mSv/year set by the French regulations for the public dose from all authorised activities, and
less than 0.5% of the average dose from natural sources of radiation to the French population. The most
exposed group comprised local farmers living close to the site, and downwind according to the dominant wind
direction, and consuming local agricultural products. The most exposed group of the population with regard to
the liquid discharges to the sea comprised professional fishermen living at the coast close to the site and
consuming the local seafood. The annual dose in this case was calculated to be 0.0067 mSv, 52% due to the
liquid discharges and 48% due to the gaseous discharges.

The conclusions of the IAEA report on the results of worldwide marine radioactivity studies [3.3.5-11] are that
although the ocean contains the majority of the anthropogenic radionuclides released into the environment,
the radiological impact of this contamination is low. Radiation doses from naturally-occurring radionuclides in
the marine environment (e.g. 2'°Po) are on the average two orders of magnitude higher.

The results confirm that the dominant source of anthropogenic radionuclides in the marine environment is
global fallout. The total **’Cs input from global fallout was estimated to be 311 PBq for the Pacific Ocean,
201 PBq for the Atlantic Ocean, 84 PBq for the Indian Ocean and 7.4 PBq for the Arctic Ocean. For
comparison, about 40 PBq of *’Cs was released to the marine environment from the Sellafield and Cap de la
Hague reprocessing plants, the majority in the 1970s and early 1980s.

The Chernobyl accident contributed about 16 PBqg of '*’Cs to the sea, mainly the Baltic and Black Seas. The
worldwide average concentration due to global fallout is about 2 Bg/m?®.

Changes in radionuclide concentrations in water profiles with time in the North Atlantic and Pacific Oceans
were also studied. A clear decrease of radionuclide concentrations in surface water was observed due to
transport of radionuclides to medium water depths.

33522 Impact of reprocessing on the waste streams

Reprocessing aims at the separation of valuable energy resources (uranium and plutonium) to recycle them,
and at the reduction of high level waste (HLW) volume and radiotoxicity prior to final disposal. In Europe, the
only reprocessing process actually applied at industrial level is the PUREX process in which U and Pu (~97% of
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the spent fuel) are recovered. Both U and Pu may be recycled, in which case U goes back to a conversion
plant, prior to a new enrichment, and Pu to a dedicated Mixed Oxide (MOX) nuclear fuel fabrication plant.

The impact of reprocessing on the different waste streams can be summarised as follows:

Gaseous: during the shearing and dissolution of the fuel rods, gaseous radionuclides are released in the off-
gases. The biggest part are noble gases (fission products in the spent fuel) which are released into the
atmosphere in a controlled manner, respecting authorisation and regulation thresholds. Their environmental
and human potential impact is negligible as they are chemically inert and do not interact with biological
molecules. Other off-gases (e.g. iodine) having a potential environmental and/or radiological impact can be
trapped in scrubbers and treated.

Liguid to solid: the highly radioactive liquid waste after separation of U and Pu contains the remaining minor
actinides (MA) and fission products (FP), responsible for about 99% of the radioactivity of the spent nuclear
fuel. This ‘high level waste’ (HLW) is calcined, vitrified in a boro-silicate matrix and stored in special glass
canisters awaiting final disposal in a deep geological repository. Reprocessing one metric ton of spent nuclear
fuel produces about 0.15 m* of high level solid waste. Other liquid waste from aqueous partitioning is
cemented and put into dedicated waste canisters. This cemented waste is classified as ILW-LL (Intermediate
Level Waste - Long Lived).

Other solids: after the shearing and dissolution of the fuel rods, the separated metallic structural materials
and claddings are compacted and put into waste drums. This waste is classified as ILW-LL.

A comparative study of the once-through cycle (OTC) with the twice-through cycle (TTC; nuclear fuel being
reprocessed once) concluded that the geological deep repository (GDR) volume needed for the OTC is about
3.4 times higher than the GDR volume needed for the TTC. This is mainly explained by the lower HLW volume
in the TTC (see [3.3.5-9] for details).

More elaborated fuel cycle scenarios, leading to further reductions of waste volumes and radiotoxicity, are
being studied and envisaged but are not yet developed at industrial scale. Further research is being
performed, both on the partitioning side (e.g. highly efficient separation of MA and/or some long-lived fission
products) and on the transmutation side (e.g. in dedicated reactors with a fast neutron spectrum and/or in
‘accelerator driven systems’ (ADS)).

3.3.5.3 Legal background and regulations

The most relevant international treaties and agreements dealing with environmental aspects of reprocessing
are the following (see Annex 1):

— OSPAR Convention - The Convention for the Protection of the Marine Environment of the North-East
Atlantic, (25 March 1998)

— Espoo Convention — Espoo Convention on Environmental Impact Assessment in a Transboundary Context
(February 26, 1991);

— Aarhus Convention — Convention on Access to Information, Public Participation in Decision-Making and
Access to Justice in Environmental Matters, Aarhus, Denmark, 25 June 1998

At EU level, the following directives are particularly relevant for reprocessing plants in the EU:

— Nuclear Safety Directive (NSD) — Council Directive 2009/71/Euratom of 25 June 2009 establishing a
Community framework for the nuclear safety of nuclear installations, amended by Council Directive
2014/87/Euratom of 8 July 2014;

— Basic Safety Standards (BSS) - Council Directive 2013/59/Euratom of 5 December 2013 laying down
basic safety standards for protection against the dangers arising from exposure to ionising radiation;

Note that the BSS are in-line with the current ICRP recommendations, which are of global validity (see the
document “The 2007 Recommendations of the International Commission on Radiological Protection. ICRP
Publication 103. Ann. ICRP 37 (2-4), 2007");

— Radioactive Waste Directive — Council Directive 2011/70/Euratom establishing a Community framework
for the responsible and safe management of spent fuel and radioactive waste;

— Transport Directive — Council Directive 2006/117/Euratom of 20 November 2006 on the supervision and
control of shipments of radioactive waste and spent fuel;
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— Water Directive — Council Directive 2013/51/Euratom laying down requirements for the protection of the
health of the general public with regard to radioactive substances in water intended for human
consumption.

The construction, operation and decommissioning of a reprocessing plant can potentially have significant
effects on the environment and therefore the following environmental EU legislation is relevant in the case of
new projects, or changes to existing projects, related to reprocessing plants:

— Environmental Impact Assessment (EIA) Directive — Directive 2014/52/EU of 16 April 2014 amending
Directive 2011/92/EU on the assessment of the effects of certain public and private projects on the
environment;

— Strategic EIA Directive — Directive 2001/42/EC of the European Parliament and of the Council on the
assessment of the effects of certain plans and programmes on the environment;

— Air Quality Directive — Directive 2008/50/EC of the European Parliament and of the Council on ambient air
quality and cleaner air for Europe;

In relation to the ElAs, the IAEA has developed specific guidance for the preparation of environmental impact
assessments in the nuclear power sector:

— Managing Environmental Impact Assessment for Construction and Operation in New Nuclear Power
Programmes, NG-T-3.11 IAEA Nuclear Energy Series, Vienna 2014

— Strategic Environmental Assessment for Nuclear Power Programmes: Guidelines, NG-T-3.17 IAEA Nuclear
Energy Series, Vienna 2018

Companies operating in the various areas of civil nuclear energy (e.g. design, construction and operation of
nuclear facilities, manufacturing of nuclear materials or components, extraction of raw materials, etc.) are
obligated by law to obtain a certification according to internationally recognized quality, environmental, as
well as health and safety management standards, such as

— 150 9001:2015 - Quality Management System;
— 150 14001:2015 - Environmental Management System;
— 150 45001:2018 - Health and Safety Management at Work (replacing 1ISO 18001).

As a rule, the appropriateness of the internal governance of a civil company operating in a specific area of
nuclear energy is proven by demonstrating that the company uses internationally recognized management
systems to manage nuclear and industrial safety, radiation protection, technological & radioactive waste
handling and environmental protection tasks during all phases of the activity concerned. The audit is carried
out by an accredited body and repeated periodically.

3.3.5.4 Identification of applicable means to avoid or mitigate the impacts

33541 Non-radioactive impacts

As reprocessing plants are large chemical plants dealing with toxic gases and liquids, the best industrial
practices and technological solutions to eliminate potential hazards associated with the handling and use of
such substances are to be applied.

33542 Radioactive impacts

Radioactive releases to the atmosphere are subject to legal limits, set in agreement with international
guidance so that radiation will not result in any harm for the population or the environment. Operators
continuously monitor the effluents and report the data obtained to the requlatory authority.

As mentioned in Chapter 3.3.5.1.6, liquid waste streams from the reprocessing operations are subject to
filtration, evaporation, and other treatments to reduce the residual radioactive substances. The gas stream
from the reprocessing operations is processed by cleaning systems, including scrubbers and HEPA (High
Efficiency Particulate Air) filters prior to release. The noble gases krypton and xenon are released to the
environment. They do not contribute significantly to the radiation dose of the workers or the public. The
applied processes ensure that statutory emission limits are respected.
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3.3.5.5 Summary and conclusions

Commercial scale reprocessing of spent nuclear fuel for civil purposes is now a mature technology that has
been practised for several decades.

During the 1970s and 1980s, radiological emissions from reprocessing plants were significantly higher than
at present. In more recent years, European reprocessing plants have been operating well within the discharge
limits set by national authorities and the doses to the reference groups of the population due to radiological
emissions from those plants are well below the statutory limits and very small compared to the individual
doses due to natural background radiation.

UNSCEAR has estimated the doses to the public from reprocessing to be lower than the doses due to
emissions from nuclear power plants. In both cases the doses are very low compared to legal limits for public
exposure and compared to the dose from natural radiation.

Nuclear fuel reprocessing in a closed nuclear fuel cycle generally leads to a lower environmental impact of
the nuclear energy lifecycle compared to the open fuel cycle due mainly to the reduced need for uranium
mining that arises from closing the fuel cycle.

As can be seen from Table 3.3.5-2, nuclear fuel reprocessing activities do not represent a significant
challenge to the TEG objectives. Releases of radioactive substances to the environment are maintained well
within statutory limits using existing technology, thereby resulting in a very low impact on human health.

In the light of the above analysis it can be concluded that industrial activities associated with
reprocessing of spent nuclear fuel do not represent significant harm to human health or to the
environment. They do not represent significant harm to any of the TEG objectives, provided that
the associated industrial activities satisfy appropriate Technical Screening Criteria.

TSC for the spent nuclear fuel reprocessing activities are provided in Chapter 5 and Annex 4 of the present
report (/llustrative Technical Screening Criteria for selected lifecycle phases of nuclear energy).
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Table 3.3.5-2. Importance of nuclear fuel reprocessing impacts on the TEG environmental objectives

impact indicators

Non-radioactive and radioactive

Prevention or mitigation of potentially harmful impacts

3.3.5.6 References for Chapter 3.3.5

Indicator Importance Appropriate mitigation Remarks
measures
GHG emissions ++ Decreasing fossil fuel -
consumption
Water withdrawal + -
Water consumption + -
Water pollution ++ Application of best practices -
Ecotoxicity ++ Idem -
Human toxicity ++ Idem -
Land use ++ Reclamation of land Full remediation
Atmospheric pollution +++ Application of best practices -
Acidification pot. + -
Eutrophication pot. + -
0Ozone creation pot. + -
Production of TW +++ Application of best practices -
Depletion of resources ++ Application of best practices -
Production of solid RW +++ Application of best radioactive Reprocessing does not add
waste management practices significant quantities of
waste to the nuclear energy
lifecycle. It separates and
processes what is generated
in other stages.
Gaseous RA releases ++++ Application of best practices for | Regulatory release limits
trapping and removing apply.
radioactive substances from the
waste stream.
Liquid RA releases ++++ Idem. Idem
Legend
N/A Not applicable
+ Very low importance
++ Low importance
+++ Normal importance
++++ High importance
e+ Critical importance

[3.3.5-1] Commissariat a l'énergie atomique et aux énergies alternatives (CEA), Spent fuel reprocessing:
fully mastered pathway, Clefs CEA, No. 53, 19-25, Winter 2005-2006.
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[3.3.5-2] Processing of used nuclear fuel (Updated June 2018), World Nuclear Association, https://world-
nuclear.org/information-library/nuclear-fuel-cycle/fuel-recycling/processing-of-used-nuclear-fuel.aspx

[3.3.5-3] Management of spent nuclear fuel and its waste, EASAC policy report no. 23, JRC Reference Report,
ISBN 978-92-79-33885-4 | 978-3-8047-3278-0, ISSN 1831-9424, Doi: 10.2760/25402, July 2014

[3.3.5-4] Potential Benefits and Impacts of Advanced Nuclear Fuel Cycles with Actinide Partitioning and
Transmutation, OECD/NEA, 2011.

[3.3.5-5] Advanced Nuclear Fuel Cycles and Radioactive Waste Management”, OECD-NEA No. 5990, 2006.

[3.3.5-6] Casteleyn, K., Duinslaeger, L., Amador Celdran, P., Arboré, P., Chare, P, Dahms, E., Drinnhausen, O.,
Eberle, H., Enright, T., Guiot, A, Hild, M., Horta Domenech, J., Le Terrier, A, Liitzenkirchen, K., Millet, S., Morel, S.,
Munoz Nieto Sandoval, M., Nicholl, A., Nucifora, S., Ottmar, H., Poublan, D., Rasmussen, G., Sarli, F., Schonfeld,
J,, Schorlé, H., Schwalbach, P, Street, S., van Belle, P., Zuleger, E., The Euratom Safeguards On-Site
Laboratories at the Reprocessing Plants of La Hague and Sellafield, JRC Reference Report, 2011,
https://ec.europa.eu/jrc/en/publication/reference-reports/euratom-safequards-site-laboratories-reprocessing-
plants-la-hague-and-sellafield.

[3.3.5-7] China's Nuclear Fuel Cycle (Updated August 2020), World Nuclear Association, https://www.world-
nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-fuel-cycle.aspx

[3.3.5-8] Reprocessing operations, Radioactivity.eu.com,
https://www.radioactivity.eu.com/site/pages/Reprocessing Operations.htm.

[3.3.5-9] Poinssot, C.,, Bourg, S., Ouvrier, N, Combernoux, N., Rostaing, C., Vargas-Gonzalez, M., Bruno, J.,
Assessment of the environmental footprint of nuclear energy systems. Comparison between closed and open
fuel cycles, Energy 69 (2014) 199-211.

[3.3.5-10] United Nations Scientific Committee on the Effects of Atomic Radiation, Sources, Effects and Risks
of lonizing Radiation, UNSCEAR 2016 Report, Report to the General Assembly, Scientific Annexes A, B, C and D,

[3.3.5-11] Worldwide marine radioactivity studies (WOMARS): Radionuclide levels in oceans and seas: Final
report of a coordinated research project, IAEA-TECDOC-1429, ISBN 92-0-114904-2, ISSN 1011-4289, IAEA,
2005.

[3.3.5-12] Monitoring our Environment - Discharges and Environmental Monitoring, Annual Report 2018,
Sellafield Ltd., Nuclear Decommissioning Authority 2019.

[3.3.5-13] Jackson, D., Lambers, B. and Gray, J., Radiation Doses To Members Of The Public Near To Sellafield,
Cumbria, From Liquid Discharges 1952-98, J Radiol Prot., 20 (2000), 139-167.

[3.3.5-14] Rapport annuel de surveillance de I'environnement du site Orano la Hague, Edition 2019, Orano.
3.3.6 Fabrication of MOX fuel

3.3.6.1 Description of the underlying technologies and processes

The processes for fabrication of Mixed OXide (MOX) nuclear fuel for LWRs is not very different from that of
UO; fuel, the major difference being the starting materials. For MOX fuel, separated plutonium oxide from
used fuel is the main fissile source, and not enriched uranium. The separation of plutonium from used fuel is
described in Chapter 3.3.5. The separated plutonium is composed of the isotopes 238-242, of which 238, 239
and 241 are fissile, the major component being 2*°Pu, around 50-60 wt%%.

MOX fabrication is also a mechanical process, in which plutonium oxide powder and uranium oxide (depleted
or natural) powder are mixed in a two-stage process, the so-called MIMAS process [3.3.6-1]. In the first stage,
a master blend is produced with about 30 wt% plutonium by micronisation of the two powders. In the second
stage, the master blend is mixed and milled together with uranium oxide to obtain the required isotopic
composition. Again, this is a dry and mechanical process, in which dust and air-borne particulates form the
prime risk.

In the next step, fuel pellets are made by compaction of the MOX powder in a mechanical press and
subsequent sintering at high temperature (approximately 1700°C) and reducing atmosphere (Ar/H;), followed
by grinding to the right diameter in a centreless grinder, inspection and selection. Due to the much higher
radiotoxicity of plutonium and the gamma radiation from the 2*!Am isotope (decay product from 24!Pu), the
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fabrication process has to be performed in alpha-tight and pressure controlled glove boxes, shielded with lead
glass. Most process steps are automatized.

Figure 3.3.6-1. Scheme of the MOX fabrication process at the Melox facility in Marcoule, France
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Source: [3.3.6-2]

3.3.6.2 Identification of key potential impacts on the environment and human health

— Due to its higher radiotoxic effects, fabrication of MOX fuels requires strict working conditions, stricter
than UO.. In the production facility three barriers are present:

e The under-pressured glove boxes, to confine the material and avoid contamination. In addition,
lead-glass shielding reduces the radiation dose. The air from the glove box is filtered with high
efficiency.

e The under-pressure laboratory, in which an eventual contamination can be contained. Again the
air from the laboratory is filtered with high efficiency.

e The reinforced building to protect the installation from external influences.

— The potential impacts of MOX fabrication are not different from those of UO, fuel listed in Chapter 3.3.4,
but the higher radiotoxicity of plutonium translates into smaller quantities, which can be processed in a
single batch.

— The manufacturing process includes routes for the recovery of chemicals, Pu and U, which are reused.
Due to the radiological characteristics of Pu and its progeny, additional radiation protection measures are
incorporated in the manufacturing process. Waste produced in MOX fabrication installations include U, Pu,
zirconium and stainless steel, filters, transuranium elements, and miscellaneous waste.

3.3.6.3 Legal background and regulations

As noted in Chapter 3.3.4, fuel fabrication factories operate within the limits that are set by the nuclear
licence. The data for the MELOX facility in France can be used as an example. According to the 2019 report
for the Orano Melox site, where around 100 metric tons of heavy metal are processed per year, the liquid
effluents in the years 2017-2019 contained less than 0.35, 0.38 and 0.48 MBq of alpha activity, respectively,
compared to an authorised release of 2400 MBq (see Ref. [3.3.6-2]). The numbers for the atmospheric release
of alpha-activity in these three years were less than 0.04, 0.01 and 0.01 MBq, respectively, compared to an
authorised release of 7.4 MBq.
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3.3.6.4 Evaluation and summary

The MOX fuel fabrication activities have an insignificant contribution to the environmental and human health
impacts of the nuclear fuel cycle.

Note that Technical Screening Criteria were not developed for this activity, because this lifecycle phase does
not represent a dominant contribution in any of the impact categories used in our study.

3.3.6.5 References for Chapter 3.3.6

[3.3.6-1] Comprehensive Nuclear Materials (Second Edition), Volume 2, 2020, Pages 1-34.

[3.3.6-2] https://www.orano.group/docs/default-source/orano-doc/groupe/publications-reference/rapport-tsn-
melox-2019.pdf?sfvrsn=b57d8343 10

3.3.7 Nuclear power plant operations (production of electricity)

The power generation phase includes the construction, operation and decommissioning of nuclear power
plants. A discussion of the impacts associated to the long term operation of these facilities has also been
included in this section.

3.3.7.1 Description of the underlying technologies and processes

Commercial power reactors may be grouped in five different technological families’®, according to the coolant
and moderator mediums used, and other technological choices.

Pressurised Water Reactors (PWR) and Boiling Water Reactors (BWR) use water both as cooling medium and
as moderator. PWRs use two separate circuits to generate steam, while BWRs generate the steam directly in
the reactor vessel. They use low enriched uranium as fuel. Collectively known as Light Water Reactors (LWR),
they dominate the world market, with 90 % of the total capacity installed. They have been built by nearly all
countries with commercial nuclear power programmes.

The third type by market share is the Pressurised Heavy Water Reactor (PHWR), which uses heavy water
(deuterium oxide, 2H,0) as moderator, and often as coolant as well. Canada operates 19 PHWR reactors and
India 18 units, while Argentina, South Korea, Romania, China and Pakistan are currently running one or several
reactors of this type. Unlike LWRs, heavy water plants can use natural uranium as fuel.

The other two reactor technologies are the Advanced Gas-cooled Reactors (AGR), operated in the United
Kingdom with graphite as moderator and carbon dioxide as coolant, and the Light Water Graphite Reactor
(LWGR), also known as RBMK type, moderated by graphite and cooled by water, of which 10 units are
operated by Russia’®.

Table 3.3.7-1. Current market share per reactor technology

Reactor technology PWR BWR PHWR LWGR AGR

Installed capacity (%) 73% 17% 6% 2% 2%

33711 NPP construction

The construction of a nuclear power plant is a major infrastructure project, requiring extensive site preparation
works, as well as the movement of large amounts of materials (clay, sand, stone, steel, etc.), the erection of
buildings and the installation of numerous mechanical and electrical equipment. From the pouring of the first
nuclear concrete to the start of commercial operation, successful n'"™-of-a-kind projects require at least five
years to complete, but much longer periods have been observed for 1%t-of-a-kind reactors, in particular if
sufficient expertise in the management or engineering project teams was missing, or when the supply chain
was weak or inexperienced in nuclear projects.

All processes involved in the construction of a nuclear power plant can be grouped in the following phases:

— Pre-construction activities. This phase includes the selection of the site, the design and licensing activities
(like the Environmental Impact Assessment for example), as well as other site studies, procurement of

78 In addition to these five groups, two fast breeder reactors are operated by Russia.

7 Three additional graphite-moderated small units (11 MWe) are operated by Russia at a remote northern location
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long-lead items and other management-related tasks. It involves mostly office work, and its
environmental impact can be expected to be very minor compared with the subsequent phases.

— Site infrastructure. It includes any intervention on the site not requiring a construction licence from the
nuclear safety authority. Some examples of activities on this phase are the construction or adaptation of
site access infrastructures, excavation and earth movement of conventional parts, construction of
temporary buildings or utility connections.

— Construction. Once the future operator is granted a licence, the actual construction of the NPP can start.
This phase involves mainly civil works (excavations, laying of concrete foundations, erection of concrete
and steel buildings, including the containment building, cooling towers or cooling channel), mechanical
works (installation of large equipment, like the reactor vessel, steam generators, turbogenerators, etc, as
well as smaller items like pumps, tanks, heat exchangers and piping, involving extensive welding
activities), electrical works (installation of high, medium and low voltage transformers, switchboards,
batteries, cabling, etc) and I&C works (installation of instrumentation and control items, process
computers, control room, etc.). The installation of numerous other auxiliary systems, like fire protection or
heating and ventilation, complete this phase.

— Commissioning. Once the assembly of a system is completed, its commissioning may begin. It includes
some preparatory activities, like inspections, cleaning or flushing, followed by different validation tests
carried out at different levels. The construction and commissioning phases may have an overlap of
several months, as construction activities in some systems may continue in parallel with the
commissioning of already completed systems. In the latest stages of the commissioning, fresh fuel is
loaded into the reactor vessel, enabling the latest integrated plant performance tests, leading to
commercial operation.

Figure 3.3.7-1. Unit 3 of Flamanville NPP under construction (France, 2010)
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Source: Wikipedia/Commons &

33.7.1.2 NPP operation

The design of most reactors currently operating assumed a service life of 30-40 years, but experience shows
that service life extensions up to 60 or 80 years can be achieved subject to certain conditions (see below).
During this long period, the majority of plants are constantly running at full power. They are shut down only
for refuelling (typically several weeks every one or two years, a period also used for the maintenance
operations that cannot be completed during operation), or in case of malfunctions. Some reactor technologies

8 QOriginal source: http://www.panoramio.com/photo/54209290 panoramio; author: http://www.panoramio.com/user/440234 schoella;

unmodified, licensed under the Creative Commons Attribution 3.0 Unported licence.
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(PHWR and LWGR) can be refuelled during operation. Although most NPPs are operated constantly at full
power (baseline load) for economic reasons (as the operating cost is typically very low compared with the
initial investment), load following (that is, the adjustment of the electrical output to the varying demand) has
been practiced safely and reliably by the French nuclear fleet for years and to a lesser extent in Germany and
other countries, with a good operating experience [3.3.7-43].

Most of the potential environmental impacts of NPP operation are related either to radioactive emissions or to
the use of cooling water. The main technological aspects related to these issues are therefore discussed here.

The nuclear reactions that take place in the reactor core generate a certain amount of radionuclides, as a
result of different processes: fissions of U or Pu atoms, neutron absorption by the fuel (creating the actinides),
neutron absorption by structural materials and impurities in or around the core (called activation products) or
radioactive decay of the previous isotopes.

The radionuclides produced are mostly contained inside the fuel rods, and processed with the management of
the spent fuel; however, a minimal part cannot be contained inside the fuel, either because they leak through
the fuel cladding or because they are generated outside the fuel (case of the activation products). In either
case, most radionuclides remain within the structural materials (and will be later treated as solid waste during
the decommissioning phase) or can be removed by the waste management systems of the nuclear plants, so
that the radioactivity released to the environment during normal operation is minimised, and in any case
below the authorised limits. The gaseous and liquid effluent streams from the site are constantly monitored,
and additional samples from the environment at different locations around the facility are taken and
analysed by the utility operating the plant and regulatory authorities usually conduct their own independent
measurements.

As discussed below, the radionuclides that make up the majority of the radioactivity released by nuclear
power plants during their normal operation are '4C, tritium and some noble gases, like ®Kr. The processes
leading to the emissions of the first two are described here in more detail.

Carbon-14 generation

Carbon-14 is produced mainly by activation of nitrogen and oxygen contained (sometimes as impurities) in
the fuel, the moderator or the coolant. If graphite is used as moderator, the activation of **C atoms is also an
important generation path. The total amount produced depends on many factors (fuel enrichment, relative
masses of fuel and moderator, concentration of nitrogen impurities and operating temperatures), and
therefore is different at each plant. Part of the 1*C generated is retained in the fuel or in the reactor materials,
and will therefore be treated at the back end of the fuel cycle, and the remaining part will be carried by the
coolant and eventually released to the environment.

In PWRs, the #C is carried away from the core by the coolant, as dissolved CO,, and eventually the CO; will
mix with the gaseous nitrogen blanketing the primary system, and will join the flow to the primary offgas
treatment system vents, which are the main release pathway (around 70% of the total release) [3.3.7-46].
Other paths are the steam generator blowdown tank vent, the turbine gland seal condenser exhaust or the
ventilation exhausts of different buildings.

In BWRs, the radioactive CO; is carried directly to the turbine, and therefore the main release path (> 99%) is
the condenser steam air ejector [3.3.7-46].

Heavy water reactors generate higher amounts of **C, mostly within the heavy water used as moderator and
coolant. However more than 90% of it is removed by ion exchange resins, and stored as radioactive waste at
the site or at a disposal facility. A small fraction (3.9%) is released to the atmosphere from the moderator
cover gas and the annulus gas systems [3.3.7-461.

The generation of C in AGRs takes place mostly within the graphite, from where a small fraction goes into
the CO; coolant, together with the *C generated directly in the coolant. The total inventory present in the
coolant is released to the atmosphere, either by leakages or by periodic purges.

Tritium generation

Tritium may be produced by ternary fission (in the few fissions where three fission products are obtained,
instead of the usual two), or by activation of ?H, 3He, 6Li and !°B present in the coolant, moderator or other
materials present in the reactor.

Ternary fission is the main generation path in LWRs, although part of it is retained in the fuel or fuel cladding
and only a fraction leaks into the coolant. In addition to the ternary fissions, the main activation process in
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LWRs is that of boron. As PWRs have boric acid dissolved in the coolant to control reactivity, the tritium
generating rates are higher than in BWR reactors. In both cases the amounts of tritium released are very low
and are often directly released into the environment without further processing.

Heavy water reactors generate tritium in the moderator, and from there it can leak also to the coolant.
However, as heavy water leaks are mostly recovered, releases to the environment are low, although typically
higher than in the case of LWRs.

Cooling water systems

The operation of any thermal power plant requires releasing to the environment the part of the thermal
energy generated that is not transformed into electrical power. For a given thermal output, the cooling
required is determined by the thermodynamic efficiency of the plant, which is typically 32-36% in the case of
nuclear power plants. The cooling is ensured through the use of cooling water systems. Additional water is
needed for dissipating heat from spent fuel stored in pools or from the fuel in the vessel during plant
shutdown, as well as industrial and potable water for conventional uses at the plant, however these
requirements are negligible compared to the main plant cooling, and are not discussed here. Different types
of main cooling water systems exist [3.3.7-37, -381:

— Once-through wet cooling. Large amounts of water are taken from a natural source (most often the sea,
but also big lakes or rivers), run through the plant condenser and then returned to the environment a few
degrees warmer (which causes a certain evaporation offsite when the flow cools downstream, around 1%
of the total flow). If available, this method usually yields the lowest cost. However, if this type of system
is used with lakes or rivers, the legal restrictions on the maximum discharge temperature may induce a
limit on the maximum power available in hot summer conditions, reducing total plant output and
flexibility. Screens and mechanical filters are installed on the water intake to remove debris and marine
life from the flow, which requires a small fraction of that flow (about 0.4%) to flush the filters and clean
the screens.

Figure 3.3.7-2. Once-through cooling water system
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— Recirculating wet cooling. In this case water heated in the plant condenser is driven to cooling towers,
where it is cooled and partially evaporated. As evaporated water is replaced with additional make-up
water, the concentration of impurities in the circuit tends to increase, requiring to bleed the system and
hence use additional make-up flow. Therefore, the water consumed is the sum of the evaporation flow
and the bleeding flow. Cooling towers may employ either natural draft (chimney effect) or mechanical
draft using large fans (enabling a much lower profile, but requiring power, typically 1% of the net plant
power). Some plants may replace or combine cooling towers with artificial or natural ponds to minimise
the evaporative losses, at the expense of requiring more land.
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Figure 3.3.7-3. Recirculating cooling system with cooling towers
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— Dry cooling. Dry cooling transfers heat from steam or water to air by forced flow through finned metal
tubes, not by evaporation, thus substantially reducing water consumption. However dry cooling systems
reduce plant efficiency (a decrease of about 2% averaged over the year) and increase the capital
investment. For these reasons, dry cooling has not been used so far by the nuclear industry (with the
exception of experimental or very small reactors) and only rarely by conventional power plants (mostly in
South Africa), but it has been lately proposed within the design of some small modular reactors as an
alternative for sites where water is very scarce.

Currently, 45% of all NPPs use once-through sea water cooling, 15% use once-through systems on lakes,
14% use once-through systems on rivers and 26% use cooling towers (although some plants have hybrid
systems).

See [3.3.7-37] for an extensive description of cooling water systems employed by nuclear stations.

3.3.7.1.3 Lifetime extension or Long-Term Operation (LTO) of nuclear power plants

Nuclear power plants are typically designed for a specific operational lifetime, typically 30 to 40 years for the
Generation Il NPPs®8! that are operating today, many of which are approaching or have already passed their
original design lifetime. The chosen design lifetime determines the design of a number of components, which
are dimensioned such that they are able to perform their intended functions taking into account the
expected® degradation with age. This degradation may be, for example, due to changes in material physical
properties or component condition that results from the ambient conditions (e.g. neutron irradiation) and/or
the static or cyclic loading, wear, corrosion, erosion, etc. that the component is subjected to during the
assumed lifetime.

The original design assumptions and criteria used in the design of older power plants were often more
conservative than those used today. Advances in the understanding of degradation mechanisms, feedback of
operating experience during the operating period of these older plants, and improved analytical techniques
resulting from advances in technology (including computer-based techniques) has benefitted the design of
modern plants, which do not have to incorporate the same level of conservatism in the design of some of
their components. This allows the degree of conservatism in the ageing analyses and in the plant operating
margins to be better assessed also for existing NPPs. Furthermore, as the structures and components (5Cs)
approach the end of their original design lifetime, it will often be the case that the ambient stressors and the
operational transients to which the SCs have actually been subjected during their operational lifetime will also

81 Generation Il plants, which are currently under construction in some EU Member States are designed for a longer lifetime, typically
60 years.

82 Evaluated using conservative assumptions.
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have been less severe than conservatively assumed at the design stage. Consequently, as the older plants
reach the end of their design lifetime, it is likely that the actual condition of critical SCs is better than
assumed during the design assessments, which allows plant operation to continue safely beyond the original
design lifetime. However, the continuation of the operation of the plant beyond its original design lifetime can
only be allowed following a systematic and comprehensive demonstration that it is safe to do so.

From a safety point of view a nuclear power plant could continue in operation beyond its original design
lifetime if all components would be kept in adequate condition through maintenance and, when necessary,
replacement.

The great majority of structures, systems and components (SSCs) in a nuclear power plant are replaceable.
Some may be replaced routinely during normal maintenance procedures. The replacement of others may
involve significant investment and extended plant outages. For the purposes of managing the condition of the
plant, the replaceable SSCs can be classified as “critical” or “non-critical” for continued safe and efficient
operation of the plant.

Non-critical SSCs are those that can be allowed to fail without causing concerns for safety or reliability of the
plant. In most cases, they can simply be replaced or repaired when a fault is detected. Critical SSCs, on the
other hand, include those that would cause safety or reliability issues if they were to fail. Preventive and
predictive maintenance programmes are designed to ensure that such SSCs are replaced or repaired long
before there is a significant risk of their failure.

Nevertheless, there are some critical structures and components of a nuclear power plant, the replacement of
which cannot reasonably be considered feasible from either a technical or an economic point of view.
Therefore, from a safety perspective the lifespan of a nuclear power plant is largely limited by the state of
these critical non-replaceable structures and components. Critical SCs that cannot reasonably be replaced
generally include the reactor pressure vessel and containment building. They may also include some reactor
vessel internal components, parts of the primary coolant circuit and possibly also a part of the electrical
cables. The condition of other systems, structures and components can be ensured by proper ageing
management (including inspection, monitoring, maintenance and repair or replacement).

A comprehensive programme of activities has to be performed by the licensee in order to prepare for the
long-term operation (LTO) of a nuclear power plant. The overriding objective of these activities is to
demonstrate that the plant can continue to operate safely, in accordance with its current licensing basis
(CLB)®3, for the planned period of the LTO. Consequently, a comprehensive safety evaluation will be a part of
this programme of activities. It may well also include the replacement of a number of SSCs, due to ageing or
obsolescence of existing SSCs, as well as a number of safety improvements proposed by the licensee or
requested by the regulator, in view of the results of the comprehensive safety evaluation.

With regard to comprehensive safety evaluations of existing NPPs, it is noteworthy that such evaluations are
not only performed just prior to entering into a period of LTO. In fact the continuous improvement of safety is
an established feature of the regulatory and legislative framework in European Union countries as well as in
international conventions.

All nuclear regulatory authorities from EU Member States operating nuclear power plants are members of the
Western European Nuclear Regulators Association (WENRA).

One of WENRA's stated policy objectives is a commitment to continuous improvement of nuclear safety. This
applies to WENRA as an organisation as well as individually to its members, which are 'committed to
continuous improvement of nuclear safety in their countries' [3.3.7-121.

WENRA has established a Reactor Harmonisation Working Group (RHWG), the aim of which is to develop a
harmonised approach to nuclear safety within the WENRA member countries. To this end, it has produced a
set of safety reference levels for existing reactors [3.3.7-13], first published in 2006 and updated regularly,
the last update being in 2014. The SRLs reflect the expected practices to be implemented in the WENRA
countries with regard to the safety of existing reactors, and the national regulators make a commitment to

85 Ref. [3.3.7-11] defines the current licensing basis as the “collection of documents or technical criteria that provides the basis upon
which the regulatory body issues a licence for the siting, design, construction, commissioning, operation or decommissioning of a
nuclear installation valid for the current authorized period”. The collection of documents for an operating licence may include the
applicable set of regulatory requirements, regulatory orders, licence conditions and exemptions; technical specifications, operating
limits and conditions; plant-specific design-basis information as documented in the latest version of the Final Safety Analysis Report
(taking into account all plant modifications made during the lifetime of the licence); and other plant documents.
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improve and harmonize their national requlatory systems, by implementing the new SRLs in their national
regulatory frameworks [3.3.7-12].

Within Issue A: Safety Policy, of the safety reference levels for existing reactors [3.3.7-13], it is specified that
the safety policy of licensees shall require continuous improvement of nuclear safety by means of (among
others):

— Identifying and analysing any new information with a timeframe commensurate to its safety significance;

— Regular review of the overall safety of the nuclear power plant including the safety demonstration, taking
into account operating experience, safety research, and advances in science and technology;

— Timely implementation of the reasonably practicable safety improvements identified.

In this context, 'Reqular' is understood as an ongoing activity to review and analyse the plant design and
operation and identify opportunities for improvement. Periodic Safety Review (PSR, [3.3.7-14, -15]) is a
complementary tool to verify and follow up this activity in a longer perspective.

The PSR is performed by the licence holder under the regulatory control of the competent regulatory authority
at least every ten years in EU Member States as a requirement of the nuclear safety directive. The review is
intended to confirm the compliance of the plant with its current licensing basis and any identified deviations
must be resolved. In addition, the review has to consider any issues that might limit the future life of the
facility or its components and plan for their management. The review is also intended to identify and evaluate
the safety significance of deviations from applicable current safety standards and requirements, and
internationally recognised good practices, taking into account operating experience, safety research, and
advances in science and technology. All reasonably practicable improvement measures shall be taken by the
licensee as a result of the review [3.3.7-14]. In many EU Member States, the comprehensive safety review
performed in the frame of LTO is performed according to the PSR approach.

Through the above processes, licensees should identify and implement reasonably practicable safety
improvement measures throughout the lifetime of an NPP. They should also identify any issues that could
impact the future lifetime of the facility and implement appropriate compensatory measures where possible.

3.3.7.14 NPP decommissioning

Decommissioning is the last part of the lifecycle of nuclear plants. It aims to dismantle the installations no
longer used and to dispose of the resulting waste and materials. Decommissioning may include environmental
site remediation in case of contamination due to the accidental releases of radioactivity.

There are three main strategies for decommissioning of nuclear facilities: immediate dismantling, deferred
dismantling, also called safe enclosure, and entombment. In the first case, a facility is dismantled right after
its shutdown. In the second case, the facility is kept in a state of safe enclosure for several decades followed
by dismantling. In the third case, the facility is encapsulated and kept isolated until the radionuclides decay to
levels that allow release from nuclear regulatory control. The present trend is in favour of the immediate
dismantling.

Decommissioning may have two different end statuses:

— “Green field” (or "unrestricted use"): the site hosting the decommissioned plant is released free of any
constraints linked to the past nuclear activity after it has been cleaned from any trace of artificial
radioactivity and eventually restored to the previous conditions;

— “Brown field” (or "restricted use"): the plant is dismantled and the site is remediated, but its reuse is
limited to restricted types of activity.

The main steps of the decommissioning process (see figure) are:
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Figure 3.3.7-4. - Decommissioning process
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— Decommissioning planning and licensing;
— Plant characterisation;

— Decontamination;

— Dismantling of components;

— Demolition of buildings;

— Waste and material management;

— Site verification, restoration and monitoring;

— Site release from regulatory control.

Plant characterisation is an essential step at the beginning of the decommissioning process that aims to
collect as much data as possible about the physical and radiological inventory of all systems, components,
structures and materials present in the plant for designing and planning the decontamination and dismantling
phases. Plant characterisation is important for making reliable estimations of the cost and duration of the
decommissioning project and of the expected amount and category of waste that will be produced. It is also
needed to determine the hazards to which workers and the general public could be exposed.

Decontamination is the removal of surface or bulk contamination from components and structures before or
after their dismantling. There is a variety of decontamination techniques depending on the type of material
and the nature of contaminant. For surface decontamination of metallic objects multiple options are available
(see figure): mechanical dry abrasion, wet cleaning with ultrasound, chemical decontamination with acid or
basic liquids, foams or gels. Scarification is used for removing surface contamination from walls and floors of
buildings. Contaminated water (for instance from a reactor pond) can be decontaminated by coupling
techniques such as filtration, flocculation/precipitation and extraction with ion resins.
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Figure 3.3.7-5. - Surface decontamination techniques for metallic items, from left to right: abrasive blasting unit,
ultrasound bath and application of gel

Nuclear decommissioning invariably involves dismantling of plant and equipment which has some degree of
radioactive contamination. Dismantling methods generally involve size reduction of the components and
structures, for example through disassembling, mechanical cutting, thermal cutting or other methods.
Measures need to be taken in order to protect the workers and the environment, such as contamination
containment, personal protective equipment (PPE) or remote handling techniques (see figure).

Figure 3.3.7-6. - Dismantling in confined space with PPE (left) and with a remote controlled excavator (right)

After removal of all plant components and loose items, only the building structures remain. A complete
radiological survey should exclude any trace of residual radioactivity. At this point, the demolition of the

buildings can be done, where concrete and masonry are broken down by conventional demolition methods.
Alternatively to the demolition, a reuse of the buildings for other purposes can be considered.

Waste and other material from nuclear decommissioning needs to be managed so as to improve safety, and
regulations exist to ensure this. Waste and material management involves treatment or conditioning of the
wastes into passively safe forms, interim storage and, where waste routes exist, disposal.

After the demolition of buildings and removal of wastes, the site has to undergo the final radiological
verification. If residual contamination is found, further site remediation actions have to be taken.

3.3.7.2 Identification of key potential impacts on the environment and human health

The construction, operation and decommissioning of a nuclear power plant is generally subject to an approval
by the competent authority of an Environmental Impact Assessment (EIA). In the EU, the directive 2014/52
regulates the contents of such assessments, as well as the provisions needed to ensure adequate
participation from relevant stakeholders in the assessments.

The following paragraphs review, for each phase (construction, operation and decommissioning) the main
potential environmental impacts that can be expected from NPP projects, and that are usually evaluated for
each specific site in its particular EIA.
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33721 NPP construction

Non-radiological impacts

The non-radiological impacts are similar to those encountered by the construction of infrastructure projects of
similar scale.

By far the most relevant environmental impacts generated by this phase are those related to the production
and transport of the materials involved in the construction of the plant, as well as the impacts related to the
electricity and fuel consumption during the construction. Other potential non radiological impacts are: impacts
on water systems, impacts on groundwater, road traffic, dust and noise.

(a) Building materials

In terms of weight, concrete and steel represent the majority of the materials needed to build an NPP. The
following table provides some estimates of the amounts of steel and concrete required for the three most
common reactor technologies.

Table 3.3.7-2. Amounts of materials required for the construction of an NPP

Steel Concrete Reference

Metric | kg/kWe m3 m3/MW

tons
PWR 61 161 61 169 200 168 Goesgen NPP (1010 MWe) [3.3.7-7]
PWR 36 000 31 198 580 174 Generic PWR (1144 MWe) [3.3.7-9]
BWR 66 040 54 200200 164 Leibstadt NPP (1220 MWe) [3.3.7-7]
PHWR (1) | 36 000 40 132500 147 Candu (900 MWe). Calculated from data in
[3.3.7-8]
PHWR (2) 31 000 52 113 000 188 Candu (600 MWe). Calculated from data in
[3.3.7-8]

We see from the table that the amounts required by MWe installed do not vary much with reactor
technology. The differences are probably due to the specificities of the site and to the varying accuracy
and completeness of the data used.

Other than steel, copper and aluminium are other important metals required, but in much smaller
quantities (< 1.5 t/MWe for copper and < 0.2 t/MWe for aluminium). However their unitary environmental
impact is potentially high, particularly in the case of aluminium, due to the large amounts of electricity
required for its production. Furthermore, approximately 6 ¥%2 m3/MWe of wood is required.

(b) Fuel and electricity

In addition to the materials, the fuel and electricity required to build the plant need to be added. This
includes electric power and diesel fuel for all machinery required to conduct the civil works, mechanical
and electrical systems assembly, temporary buildings etc. During the commissioning phase, all systems
and equipment need to be operated during validation tests. Before the in-house nuclear power is available,
electricity required relies on offsite power, which is subject to the relevant energy mix. If the share of
fossil fuels in that energy mix is significant, commissioning power can be a major contributor to total
construction environmental impact. For instance, for the case of Torness NPP [3.3.7-3], electricity
consumption during commissioning represented 58% of total CO, emissions during construction.

Modern plant-specific life cycle assessments include detailed inventories of materials and energy
requirements where the different constituents of materials like concrete or steel (iron, nickel, manganese,
etc.) are separately specified, and different contributions from each source (wind, hydro, nuclear,...) to the
applicable electricity mix are assessed, see for instance [3.3.7-1].

(c) Impacts on water environment

The plant cooling system often requires the construction of large water intake and discharge
infrastructures at the sea coast, lakes or rivers. The construction may require dredging operations,
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sometimes involving underwater explosions. The dumping of dredging waste may temporarily increase the
turbidity of water in the area surrounding the construction and dumping sites. The duration and extension
of the area affected depends on the type of marine or river soil, marine currents, etc, as well as on the
dredging methods employed. Furthermore, the noise generated by the dredging explosions, if required,
may kill, injure or drive away fish present in the area.

(d) Impacts on groundwater

The site excavation may have an impact on the local level of groundwater or on its quality. The
construction of foundations and other below ground structures may require lowering the existing
groundwater level in order to achieve safe and dry working conditions for the excavations. The duration
and extent of this groundwater depression depends on local geological conditions. The quality of the
aquifers may also be impacted by contamination with pollutants from the construction works or by mixing
with seawater or other water sources, resulting in changes of groundwater salinity.

(e) Road traffic

Construction works generate substantial road traffic, with intensities of several thousand vehicles per day
during peak periods, generating emissions to the atmosphere from the combustion of diesel and gasoline
engines.

(f) Dust and noise

Dust and noise are mostly associated to the site infrastructure and excavation activities, like rock blasting
and other civil works activities, most of them carried out during the first years of construction. Heavy
traffic also contributes to dust and noise during the entire phase duration.

Radiological impacts

The fresh nuclear fuel is brought to the site and then loaded into the vessel and irradiated for the first time
only during the plant commissioning, immediately before entering commercial operation. Therefore, all
radiological impact can meaningfully be allocated to the operation and decommissioning phases of the plant.

However, the mining and processing activities required to manufacture the building materials do generate
some radioactive releases, although in very small quantities. The associated occupational collective effective
dose per unit of electricity produced due to the construction of nuclear power plants has been estimated at
0.02 manSv/(GWa) [3.3.7-40]. Note that all power generation technologies need building materials, and
therefore cause radioactive releases. The value for solar PV is 0.8 manSv/(GWa) and for wind is 0.1
manSv/(GWa) [3.3.7-40]. The main reason for the higher values of renewables is their lower capacity factors
and shorter service lifetime.

3.3.7.2.2 NPP operation
Non-radiological impacts

(a) Airborne emissions

Non-radiological airborne emissions from operating facilities are dominated by gases generated by
commuting traffic and by the operation of emergency diesel generators (CO,, CO, NO,, SO, and particles).
Diesel generators are normally in standby, but they need to be operated periodically for testing and during
emergencies, when normal power sources are unavailable. Requirements on testing duration and
frequency vary, but a typical pattern would be a 1 hour test run every month and a 24 hour test run every
1-2 years.

The following table with data from a recent environmental impact assessment in a new 1200 MWe project
in the EU provides a quantitative estimate of the emissions involved.
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Table 3.3.7-3. Air emissions for a new NPP project estimated during the operation phase

Type of emission From transportation and From operation of
commuting traffic (t/year) emergency diesel
generators (t/year)

Carbon dioxide (CO;) 1219 750
Carbon monoxide (CO) 19 -—-
Nitrogen oxides (NO,) 4 14
Sulphur dioxide (SO.) 0.01 0.3
Small particles (PM) 0.1 <1

Source: [3.3.7-39]
(b) Water withdrawal and consumption

The amount of water withdrawn (and then returned with a temperature increase), and the amount of
water consumed depend on the type of cooling water system employed by the plant. See Figures 3.3.7-2
and -3 for some typical flows required.

Regarding the water withdrawal, two types of environmental impacts can be distinguished [3.3.7-38]:

— fish and crustaceans killed due to impingement (trapping of larger fish on screens) or entrainment
(drawing of smaller fish, eggs and larvae through cooling systems);

— change in ecosystem conditions brought about by the increase in temperature of the discharge water.

However there is no impact due to any chemical or impurity in the water, as cooling water, beyond some
minor chlorination, is not polluted by use at the plant.

On the other hand, the water consumption is in itself an environmental impact, particularly in areas where
water resource is scarce.

(c) Waste water and other non-radioactive hazardous wastes
Waste water at NPPs is generated from various processes and systems, such as:
— Reject water from the reverse osmosis equipment at the demineralisation plant;
— Filter rinsing;
— Laboratory drain water;
— Floor washing water,
— Laundry waste water;
— Rain water drains;
— Sanitary waste water;
— Flushing water from cooling water intake;
— etc

All these waste water flows are classified, monitored for radiation (if applicable), treated (either at the site
or at offsite water treatment facilities) and disposed according to regulations in place. If not properly
managed, the waste water poses a potential risk of soil or groundwater contamination.

Typical sources of hazardous wastes at nuclear plants are batteries, solvents and other chemicals, waste
oil and oil contaminated filters and other equipment, fluorescent tubes, electronic components, etc. The
total amount generated during the entire operation phase is very small. Similarly to waste water flows,
they may pose a threat for the environment if not properly managed.

134



Radiological impacts

(a) Liquid and airborne emissions

Actinides, activation and fission products are generally contained inside the plant, or removed from the
effluent streams by waste management systems, so that they are either absent or present in very low
quantities on samples taken around nuclear plants.

The following table shows the radioactivity released by nuclear plants through liquid and gaseous releases
during normal operation, broken down by reactor technology. Values were obtained from individual
facilities environmental reports that were available in 2002, averaged per reactor type and expressed in
activity per unit of electricity produced.

Table 3.3.7-4. Estimated normalised discharges per unit of electricity generated (TBq/(GWa)

Discharges to atmosphere Aquatic discharges
r;::t" g';’sbi Tritum | 3% “C  |Particulates| S | Tritum | Other
PWR 58 15 8.0-10° 0.08 36-10° 0 18 0.0038
BWR 18 13 42.10% | 013 18103 0 0.82 0.0021
PHWR 35 200 23.10° 0.6 17.10° 0 170 0.031
LWGR 460 26 99107 13 27103 0 0.78 0.002
AGR 19 4 32:10° 14 22:10° 0.066 410 0.81

Source: [3.3.7-40]

As far as the effect on human health is concerned, the impact of these releases is better measured in
terms of individual or collective doses, as this effect depends not only on the radioactivity level, but also
on the physical and chemical form of the radioisotope involved.

The individual dose to the public, normalised to the unit of electricity produced and considered for a
characteristic individual (living at 5 km from the point of discharge and with the typical food and
behavioural patterns in the region) has been estimated to be 1.3 -10 mSv/(GWa) [3.3.7-40] in Europe®, a
value much lower than the reference value for effective dose for public exposure of 1 mSv/year used by
the international safety standards (i.e.: IAEA GSR Part 3).

As for collective doses, they are estimated at 0.2 manSv/(GWa) for local/regional level (world-averaged
population within 1500 km from an NPP). Some of the radionuclides released have half-lives sufficiently
long to continue to expose the population for decades, and therefore are assumed to circulate globally,
giving rise to a collective dose over the entire world population, and not only at local or regional level. This
additional contribution to the overall globally circulating radionuclides has been estimated, with a value of
1.8 manSv/(GWa) integrated over 100 years. This contribution is entirely dominated by carbon-14.
However it must be noted that this global collective dose is distributed across the entire human
population, estimated at 10'° over the 100-year period considered, which results in doses per capita of
108 Sy, an extremely low level [3.3.7-40].

It should be noted that “C and tritium are present in the environment as a result of natural processes as
well as nuclear weapon testing, giving rise to an existing background radiation, independent from the
operation of commercial power reactors.

Carbon-14 is produced by cosmic radiation in the upper atmosphere by the interaction with nitrogen
atoms. Part of it is contained in the atmosphere, but a much larger amount is located in the deep oceans,
and exchanges with atmospheric carbon. Additional inventories of *C were added by nuclear test
explosions from 1945 to 1975, especially the atmospheric tests conducted in the early sixties.

84

Differing values across continents reflect the different proportion of reactor types in each region, as well as differences in food
habits. Values estimated by [3.3.7-40] for all other areas are lower than for Europe.
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Tritium is also produced in the upper atmosphere, converts into water and reaches the surface as rain,
leading to a steady state natural inventory. A much larger amount was added by the nuclear weapons
tests, although in this case, as the half-life of tritium is about 12 years, most of it has already decayed.

The values for public exposure caused by nuclear power plant operation given above are very low
compared to the background radiation (see Chapters 1.3.2.2 and 3.4 and Refs [3.3.7-41, -47]), and similar
to doses due to power generation using coal [3.3.7-40].

Liquid waste in nuclear power plants undergoes one or more of the following processes to remove the
radioactive substances: filtration, ion exchange, adsorption, reverse osmosis and evaporation. The
radioactive impurities filtered or removed from the decontamination of the liquid substances are
characterized and conditioned to be shipped as radioactive waste for storage and final disposal as solid
waste. The decontaminated liquid is either recycled or released to the environment in a controlled manner,
according to the relevant regulations.

(b) Solid radioactive waste

Solid radioactive waste originates from the treatment of liquid and gaseous effluents, from processes that
yield contaminated solid materials, or activated solid materials in areas of high neutron flux. Solid
radioactive waste from the treatment of liquid and gas effluents include exhausted ion exchange resins
and adsorption (charcoal) materials, filter materials, concentrates and sludges. Activated solid materials
originate also as a consequence of interventions on structures or equipment in areas of high neutron
irradiation. Contaminated solid materials may originate from routine or ad-hoc interventions in the plant,
such as maintenance, plant design modifications, decontamination, etc. These activities produce solid
radioactive waste such as plastic (protective plastic foils, etc), rubber (gloves), wood (supports), metal
(from components, equipment or tools), textile (cloth, protective clothing).

Exhausted ion exchange resins, concentrated waste and sludge are “wet-solid” radioactive waste. Wet
solid radioactive waste can be dewatered with different technologies (in phase separation devices in which
the solids are allowed to settle, and the water overflows, or in tanks in which water is extracted with
pumps) and conditioned in suitable packages. The wet resins, concentrates and sludges are mixed with
cement and other additives to obtain a solid monolith with strength and lixiviation resistance properties
that can be accepted in disposal facilities. The proportion of cement and additives are dependent on the
characteristics of the wet waste.

Exhausted filters are immobilised in drums with concrete walls. Dry radioactive waste is sorted based on
the treatment that the solid waste will undergo to reduce its volume. Solid radioactive waste can be
classified as compressible, non-compressible, and combustible. Combustible waste can be burned in
dedicated facilities. Incineration achieves large volume reductions and concentrates the radioactivity in
ashes, which are solidified to be disposed of.

Compressible waste is compacted or super-compacted to remove the air and reduce its volume, and
packed.

The operational waste generated in nuclear power plants is treated and pre-conditioned or conditioned on
site to make it suitable for shipment either to an external radioactive waste management facility that
could carry out additional specific treatments, or directly to a storage or disposal facility.

(c) Spent nuclear fuel

The core of a commercial LWR nuclear power plant with 1 GW. electric power contains between 80 and
140 t of uranium with an initial **U enrichment level varying between ~3% and ~5%, depending on the
type and design of the reactor and its fuel configuration. The fuel is usually in the form of ceramic
uranium dioxide (UO;) pellets. The pellets have typical diameter of 8-10 mm and a length of ~13 mm.
About 300 fuel pellets are stacked in thin ~4 m long tubes. The tubes are made of zirconium alloy, or
zircaloy. The filled tubes, sealed at both ends are called fuel rods or pins (Figure 3.3.4-1).

Several fuel rods (from ~90 to ~300, depending on the type and design of the reactor) are then bundled
together into a fuel assembly. The assembly is held together by a zircaloy framework that includes, in the
case of pressurized water reactors (PWR), control rods and empty channels for controls or instrumentation.
A PWR core contains 150-250 fuel assemblies; the boiling water reactor (BWR) core is bigger and contains
400-800 fuel assemblies.

The fuel assemblies are irradiated in the reactor for several years (or cycles). At each reload shutdown (in
modern NPPs this occurs every 18-24 months) ~1/4 to ~1/3 of the fuel assemblies in the core are
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replaced with fresh fuel. The actual fuel consumption, which corresponds to the generation of an
equivalent amount of spent fuel, varies with the energy extracted from the unit mass of fuel (this is often
called burnup): the higher the burnup, the lower the mass of spent fuel generated. The burnup obtainable
from the fuel, in turn, depends on the initial enrichment. For instance, the yearly spent fuel generation in
terms of material flow for an LWR with a power of 1000 MWe generating 8.76 TWh of electricity is ~27 t
with a fuel burnup of 45 GWd/t (initial 2**U enrichment 4%), or 17.5 t with a fuel burnup of 65 GWd/t
(initial *°U enrichment 50%%).

Table 3.3.7-5 illustrates the yearly spent fuel production in some countries®>.

Table 3.3.7-5. Annual spent fuel arisings in some countries

Unloaded spent fuel Unloaded spent fuel
1 1

Country (tHM") Country (tHM")

2017 2018 2017 2018
Argentina 86 115 Netherlands 8 9
Belgium 56 S0 Russia 672 729
Canada 1599 1587 Slovenia 0 22
Czech 60 85 Spain 143 128
Rep.
Finland 55 54 Sweden 184 215
Germany 215 309 Switzerland 22 22
Japan 240 240 UK 541 650
Korea 457 653 USA 2184 2 493

(1) HM = heavy metal

According to the IAEA® about 390 000 tHM of spent fuel was discharged from the nuclear power reactors
worldwide during the 1954-2016 period. Approximately one third (127 000 tHM) of this amount is
reprocessed and the remaining is stored pending either reprocessing or disposal. Some 166 000 tHM of
spent fuel was discharged from EU reactors during the same period.

Spent nuclear fuel contains hundreds of radioactive nuclide species and accounts for almost all of the
radioactivity generated in nuclear reactors. The overall inventory of the spent fuel evolves over time due to
radioactive decay. As a result of the decay reactions, spent fuel generates significant heat after irradiation
has ceased, decreasing with time. This must be taken into account in all steps of its management, in
particular regarding cooling and shielding.

After its irradiation, fuel is unloaded from the reactor core and is placed under water in the spent fuel pool
of the nuclear power station, either within the reactor building or in a spent fuel pool building adjacent to
the reactor building. Typically, the spent fuel pool consists of a reinforced concrete structure, its internal
wall is covered with a steel liner or coated with a water resistant paint. At the pool bottom special storage
racks accommodate spent fuel assemblies. Several metres of water provides for decay heat removal and
radiation shielding during storage and fuel handling. Protection against criticality is ensured by adding
neutron absorber (such as boric acid) into the water and, in some cases, neutron absorbing components in
the storage racks. Several systems connected to the spent fuel pool ensure the adequate conditions of the
water. These systems include the spent fuel water cleaning and cooling system, to remove contamination
and other impurities, and provide additional cooling for example after the unloading of the entire reactor
core, water chemistry control system, to limit the corrosion of the spent fuel assemblies, fuel handling
system, leakage detection and collection systems, and instrumentation. The reactor building or the spent
fuel pool building ventilation systems are designed to remove eventual airborne contamination that could
have been released from the spent fuel pool. Hydrogen generated through radiolysis of the pool water is
also vented.

85
86

OECD Nuclear Energy Data Données sur l'énergie nucléaire Nuclear Energy Data 2019
IAEA/EC/NEA Status and Trends in Spent Fuel and Radioactive Waste Management project.
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Figure 3.3.7-7. Spent fuel pool

Source: &

Depending on the national spent fuel management policy, spent fuel is considered as radioactive waste,
or as a valuable resource to be reprocessed and reused in the future. After a few (typically five to ten)
years of cooling in spent fuel pools the spent fuel assemblies can be reprocessed or stored in another
facility. Spent fuel assemblies that will not be reprocessed are moved to a storage facility specifically
built at the reactor site, or away from the reactor awaiting disposal in deep geological formations.

3.3.7.23 Lifetime extension or Long-Term Operation (LTO)

From the point of view of lifecycle environmental impacts, LTO of an NPP will have little or no effect on the
impacts from the front and back-end of the fuel cycle, as the NPP will continue to require new fuel elements
and to produce spent fuel and other operational wastes during the additional years of operation. On the other
hand, the lifecycle impacts per GWh of generated electricity originating from the concrete, steel and other
building materials used in the construction of the plant, the construction and decommissioning activities and
the decommissioning wastes will decrease substantially. This clearly results from the additional energy that
will be generated by the plant, while the construction activities and materials, and the decommissioning
waste, will increase only marginally, due only to the need to replace some SCs for the life extension period.

3.3.7.24  NPP decommissioning

Decommissioning has started to be considered carefully relatively late in the development of nuclear
technology. The main reason for that was that the decommissioning approach in the early days of the nuclear
era was oriented towards a deferred dismantling (safe enclosure) approach. Since radionuclides decay in time,
it was a common belief that keeping an installation in safe enclosure for several decades after the end of its
operation would have simplified the decommissioning facing a reduced radiological inventory.

Although the above assumption is certainly true, there are other factors that were later demonstrated to have
a negative impact, such as the loss of corporate knowledge and of a competent workforce, large maintenance
or refurbishment costs, increasing regulatory requirements and increasing costs of waste disposal over the
timescales involved.

8 https://www.reddit.com/r/submechanophobia/comments/al22b1l/power plant spent fuel pool/
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Due to these considerations the attitude has changed in recent decades and now the preferred strategy is
immediate decommissioning after shut-down [3.3.7-28]. The major advantage of this historical evolution is
that decommissioning has only now started on a large scale, bringing two major benefits:

— It profits from the technological evolution that makes available advanced equipment, procedures and
materials;

— It incorporates in the planning of the decommissioning activities an attention to the protection of workers,
population and environment that was not considered in the early days of nuclear technology.

Therefore the current common practices in nuclear decommissioning have been developed in an
environmentally-friendly mind-set, leading to a minimisation of negative impacts on the environment.

Non-radiological impacts

The non-radioactive impacts of decommissioning can be considered similar to the conventional
construction/demolition activities, and in particular they include:

— Release of gaseous and liquid effluents;
— Acoustic emissions;

— Waste production;

— Increase induced in traffic.

In most Member States, the decommissioning of a nuclear plant is subject to an approval by the competent
authority of the Environmental Impact Assessment [3.3.7-27]. The Environmental Impact Assessment includes
the assessment of the possible impacts and identification of applicable mitigation and preventive measures
and necessary monitoring plan.

The decommissioning process generates a large amount of waste from dismantling of the plant and plant
components, demolition of buildings, as well as technological waste produced by the decommissioning
activities, secondary waste from treatment processes, remediation of contaminated sites and other activities.
Nevertheless, large amounts of the materials generated are neither contaminated nor activated above
background levels. Such materials can be cleared from any further regulatory control (clearance) and
disposed of as a conventional waste, reused or recycled. The dismantling of nuclear installations is probably
the most important area of application of the concept of clearance, at least in terms of the volume of
materials with a potential for clearance.

While clearance levels may very well be defined generically, the decision whether to apply clearance levels is
an individual decision of the competent authorities based on a case-by-case evaluation of the practice giving
rise to the contaminated or activated material.

The possibility to clear material from regulatory control has to be pursued at any stage of the nuclear cycle,
but it becomes of paramount importance in the decommissioning phase. Various estimations and practical
experience show that 90% or more8889909152 of the total material produced when dismantling and
demolishing a nuclear installation is potentially clearable, bringing huge savings in terms of material
processing, storage and disposal. However, the clearance process differs from country to country. In the
absence of a clearance process, amounts of materials to be managed as radioactive waste could significantly
increase.

Radiological impacts

Decommissioning of a nuclear installation is the final step in its lifecycle, producing by far the largest amount
of radioactive waste as well as inevitably creating hazards associated with radioactive contamination.
Measures need to be taken in order to protect both the workers, the public and the environment, and to
minimise the creation of additional radioactive waste through the spread of contamination.

8 https://www.sogin.it/en/sustainability/circulareconomy

https://www.nuklearesicherheit.de/en/science/decommissioning-of-nuclear-facilities/residue-and-waste-management/clearance-
during-nuclear-power-plant-decommissioning/

Kuno M., Hamada M. (2017) Radioactive Waste Treatment and Disposal Technique. In: Hamada M., Kuno M. (eds) Earthquake
Engineering for Nuclear Facilities. Springer, Singapore.
https://www.eu-japan.eu/sites/default/files/publications/docs/2016-03-nuclear-decommissioning-japan-schmittem-min_0.pdf

%2 Decommissioning of Nuclear Facilities, GRS-S-58, 2™ edition (2017).
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The decommissioning workers are the most exposed group to dose uptake. However, as the vast majority of
operations in decommissioning occur in radiation fields close to the natural background, the activities can be
performed in normal working conditions and with use of basic conventional PPE (gloves, coveralls, protective
eyewear, hard hats, safety footwear, etc.). When there is a possibility of producing dust of activated material,
for instance in radioactive component cutting, it is necessary to operate in a confined environment, typically a
ventilated temporary containment enclosure, and the operators wear impervious clothing and respiratory
protective devices or even pressurised suits. Whenever elements of work involve handling radioactive
materials with high dose rate, further protection may be necessary by wearing lead aprons, armoured gloves
and boots, constructing temporary shielding or using remotely operated machines deploying dismantling and
demolition accessories.

During the decommissioning, it is not expected to have significant release of gaseous radioactive effluents, at
least in normal operation and in absence of major accidents. All activities are executed inside the nuclear
plant buildings, profiting from the existing containment measures, or inside the modular containment systems
for outdoor operations. The negative pressure isolation technique used in nuclear industry generally keeps the
inside of the plant in negative air pressure with respect to the surroundings, so any accidental release of
airborne contamination would be kept internally. The air removed from the plant is filtered in absolute filters
before expulsion and monitored continuously. Any gaseous radioactive releases are monitored and accounted
for as they have to be compliant with the established limits.

For what concerns radioactive liquid effluents, these are also monitored and subject to controlled releases
respecting the established limits. Discharged liquids must also respect regulations concerning maximum levels
of chemicals and other conventional pollutants. Discharge limits for the decommissioning phase are generally
reduced to the level of radiological non-relevance (de minimis dose). This means that the sum of authorised
discharges (gaseous and liquid) should not produce the effective dose to any individual member of the public
superior to 10 pSv in a year (trivial dose that represents a level of risk which is generally accepted as being of
no significance to an individual, or in the case of a population, of no significance to society).

The trivial dose criterion is also the radiological basis for establishing clearance levels below which the
disposal, recycling or reuse of solid materials coming from decommissioning is released from regulatory
control. The dismantling of nuclear installations is probably the most important area of application of the
concept of clearance, at least in terms of the volume of materials with a potential for clearance.

Figure 3.3.7-8. Quantities of materials from decommissioning in Germany

Pressurised water reactor Boiling water reactor
~ 600,000 Mg* ~ 400,000 Mg*
Total mass of the controlled area of an NPP
6% 5%
Transfer Radioactive Building Metallic
to nuclear waste rubble, raw
31% facility approx. building materials
3% structure incl. approx. 7%
reinforced
te
55% 40% o
63%
Further use or Storage Dismantling, subsequent disassembly,
treatment in to some extent decontamination
nuclear facility
~ 94% Concrete structures Controlled area Disposal Clearance

Supervised area
Others

* Total masses of all buildings from radiation protection areas and

other areas determined on the basis of different sites B o e v

Source: [3.3.7-48]

The radioactive waste that cannot be cleared from the regulatory control still constitutes a significant
amount. Most of it comes in the form of concrete or metals. Metallic waste mainly originates from
dismantling the reactor, its primary circuit or supporting systems, e.g. reactor pressure vessel and internals,
primary coolant pumps, steam generators, tanks, piping, structural supports, etc. Concrete radioactive waste
mainly originates from removal of activated as well as surface and subsurface contaminated concrete
structures or their parts. Other radioactive wastes, such as insulation, wood or plastics make up only a small
part of the overall radioactive waste inventory. In case of graphite moderated reactors (e.g. Magnox or RBMK
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type reactors), significant amounts of radioactive waste originate from irradiated graphite. A special or
hazardous waste that is radioactively contaminated can also be generated during decommissioning, such as
contaminated lead, oils or asbestos. Additionally, during the decommissioning process, secondary waste is
generated, such as waste from characterisation or decontamination activities, contaminated tools and
equipment, protective clothing or shielding material.

Most of the radioactive waste resulting from decommissioning activities is short-lived waste classified as very
low or low level waste. Moderate quantities of intermediate level waste might come from the most activated
parts of the reactor (such as internals of the vessel and biological shield), whereas generally no HLW is
generated in this step, since spent fuel is removed from the plant before starting the decommissioning. A
typical distribution of decommissioning waste between different waste categories is illustrated in Figure
3.3.7-9, using the forecast of radioactive waste inventory generated from decommissioning activities in
France during the 2017-2040 period. Approximately 98% of the radioactive waste is expected to be short-
lived waste (LILW-SL in the French waste classification corresponds to the LLW waste class in GSG-1°* waste
classification) and only 2% of the total waste amount is expected to be classified as ILW (both LLW-LL and
ILW-LL in the French waste classification corresponds to the ILW waste class in GSG-1 waste classification).

Figure 3.3.7-9. Waste category distribution of radioactive waste from decommissioning activities in France during 2017-
2040 period

0.5% 1.5%

B Lw-LL

LLW-LL

B Lw-st

VLLW

Source: %

In 2008 IAEA presented a rough estimation which indicates on average 5000 to 6000 metric tons of short-
lived radioactive waste and 1000 metric tons of long-lived radioactive waste generated during
decommissioning of LWR type reactor per 1 GW. of installed capacity (excluding radioactive waste originating
from site remediation activities)®>. Similar amounts of radioactive waste could be expected from
decommissioning of reprocessing plants but with significantly higher fraction of long-lived radioactive waste.
A more recent estimate of the radioactive waste generated during decommissioning activities was done in
Germany®. Based on experience from the past and current decommissioning projects it is estimated that on
average 5000 m?® of conditioned non-heat generating radioactive waste per LWR will be produced during the
decommissioning activities. Actual amounts of radioactive waste will vary depending on multiple factors, such
as the type of nuclear installation, application of material clearance, decommissioning strategy (immediate or
deferred dismantling), etc.

95 |AEA General Safety Guide No. GSG-1, Classification of Radioactive Waste.

%4 National Inventory of radioactive Materials and Waste. Synthesis Report 2018. ANDRA (2018).

95 INTERNATIONAL ATOMIC ENERGY AGENCY, Estimation of Global Inventories of Radioactive Waste and Other Radioactive Materials,
IAEA-TECDOC-1591, IAEA, Vienna (2010).

% ARTEMIS peer-review report - Germany, 2019, https://www.iaea.org/sites/default/files/documents/review-
missions/final artemis report-germany.pdf
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3.3.7.3 Summary of lifecycle analysis results

Although many lifecycle analyses can be found in the literature, a direct comparison of results is usually
hampered by their different scope, methodology, assumptions, choice of environmental impact indicators, etc.

Regarding in particular the amounts of materials required to build the facilities, life cycle assessments face a
methodological obstacle in their estimates. The most natural approach involves the use of plant design data
to obtain the amounts of concrete, steel, etc. required to build the plant. This is the so-called process-based
method. The main disadvantage is that data is usually available for some materials, notably the commodities,
but not so often for manufactured equipment and processes. An alternative used by some authors has been
to use the Economic Input-Output (EIO) approach. In this case, materials amounts are estimated from the
monetary flows among the different economic subsectors, available from economic statistics. The benefit of
the method is to capture emissions from materials that could have been excluded from the process data
tables. However, the EIO sometimes includes emissions which are out of the system boundary, or, what is
worse, penalises some technologies. Some authors [3.3.7-6] have found that the EIO method gives 10-20
times higher GHG emissions per kWh for the steel needed to build a nuclear power plant, as compared to the
process data approach, while in the case of a solar photovoltaic facility the EIO estimates are only 3 times
higher. The reason is that nuclear-grade steel supplies are much more expensive due to higher qualities
required and to added value services which cost is embedded in the price of the commodity.

As more and more companies and organisations across all sectors are conducting life cycle assessments, the
difficulties in finding suitable process data have been mitigated, and so the latest studies conducted have
used the process data approach. Furthermore, current international standards set an upper limit on the
maximum emissions that could be neglected due to excluded flows of materials.

However it is still instructive to review the results of recent studies providing detailed data for the NPP phase
of the nuclear fuel cycle. Five studies have been selected among the most recent ones available. The selection
was guided by the need to cover the main reactor technologies and the four following environmental impact
indicators: global warming potential, acidification potential, photochemical ozone creation potential and
eutrophication potential. Although many more indicators can be estimated, these four are particularly relevant
for the NPP phase of the nuclear fuel cycle, and are amongst the most frequently reported. These are the five
sources consulted:

1. A 2019 report from an EU utility company on the environmental impact of a fleet of 4 BWR and 3
PWR reactors [3.3.7-1];

2. A 2017 peer reviewed paper on the environmental impact of Canadian PHWR reactors [3.3.7-2];

3. A 2014 peer reviewed paper comparing the environmental impacts of two fuel cycle options in
France (PWR fleet) [3.3.7-36];

4. A 2013 report covering the environmental impact of an AGR 2 reactor unit in the United Kingdom
[3.3.7-3];

5. A 2005 peer reviewed paper analysing the GHG emissions of the Japanese fleet [3.3.7-5]. Although
the publication date is much earlier than the other studies and its scope is limited to GHG emissions,
it has been included for completeness, as it is the only one in this group which has used a mix of
process-based and EIO approaches.

Three of the references are peer reviewed articles while the other two are reports from NPP operators,
conducted according to established international standards (ISO 14040 and I1SO 14044) following specific
rules and guidance provided for the power generation sector, and independently reviewed by accredited
certification bodies.

The literature review of life cycle assessments for nuclear power including the NPP construction, operation
and decommissioning phases has yielded the following impacts per unit product. In all cases, the unit product
is defined as 1 kWh net produced at the NPP.
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Table 3.3.7-6. Environmental impacts from NPP phases according to different sources

# l’::e :I::'(';; Phase GWP(}) AP(?) POCP() EP(%)
Constr/Decomm 0.372 1.85 0.150 0.342
1 44 - 60(°)
Operation 0.124 0.925 0.064 0.257
Construction 1.03 41 0.33 0.52
2 n/a Operation 0.20 1.75 0.09 0.357
Decommissioning 0.46 175 0.69 158
3 20-50 Constr/Operation/Decomm 2.140 2.89 0.151 0.760
Construction 263 134 0.644 4.45
4 35 Operation 0.92 7.08 0.264 2.32
Decommissioning 0.30 1.87 0.06 0461
Construction 28 n/a n/a n/a
5(°) 30 Operation 32 n/a n/a n/a
Decommissioning 0.4 n/a n/a n/a

(1) Global Warming Potential, expressed in grams of COZfequ\vaLent emitted per kWh produced

(2) Acidification Potential, expressed in milligrams of SOZ-equwaLenl emitted per kWh produced

(3) Photochemical Ozone Creation Potential, expressed in milligrams of C2H4fequivalent emitted per kWh produced

(4) Eutrophication Potential, expressed in milligrams of PO47equ|valent emitted per kWh produced

(5) 44 years for Ringhals 1/2; 60 years for Forsmark 1/2/3 and Ringhals 3%

(6) Applicable to 1000MW BWR reactors representative of the Japanese fleet. A load factor of 70% has been assumed. For the construction and decommissioning, it includes the construction and

dismantling of all fuel cycle facilities required.

It can be seen that all environmental impacts show lower values for light water reactors than for heavy water
or gas-cooled reactors. On the other hand, the contribution from the operation phase is lower or much lower
than those from construction and decommissioning, for all four indicators.

Some considerations can help understand the differences across the previous estimates:

As the impact generated by construction and decommissioning is distributed over the lifetime production
of the plant, the impact per kWh produced is directly dependent on the service life and load factors
assumed. The first of these parameters ranges from 30 to 60 years, introducing a 100% variation on all
the estimates due to this factor only. Regarding the load factor, although not all studies clearly identify
the value selected, it can be assumed that a range around 70-90% has been used, introducing an
additional variation, although less significant.

Unlike the other cases, the study #5 has used a hybrid process-based and EIO approach, where process
data was used for emissions caused by commodities and economic flows for other processes. As
discussed earlier, the EIO approach tends to yield higher emissions.

The electricity consumed during the commissioning phase is a significant contributor to the overall impact
of the construction phase. Therefore, the energy mix considered (particularly the share taken by fossil
fuels) has an important impact on the results, and energy mixes vary widely across countries, and over
time within one country.

In general, industrial processes have improved their environmental performance during the last decades.
Furthermore, as more and more environmental studies are available, more accurate and specific data
makes it possible to remove excessive conservatisms embedded in generic data sources. Therefore,
recent studies tend to yield lower estimates for emissions, as compared to older ones.
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— Beyond methodological differences, the estimates provided in the table cover different reactor
technologies built at different sites, so that, to some extent, the variation across the studies correctly
reflect the actual variability of the impacts.

3.3.7.4 Legal background and regulations

The most relevant international treaties and agreements for nuclear power plants are the following:

— Convention on Nuclear Safety, adopted in Vienna in 1994, entered into force in 1996, signed by 89
Contracting Parties (current status)

— Espoo Convention - Espoo Convention on Environmental Impact Assessment in a Transboundary Context
(February 26, 1991);

— Aarhus Convention — Convention on Access to Information, Public Participation in Decision-Making and
Access to Justice in Environmental Matters, Aarhus, Denmark, 25 June 1998

At EU level, the following directives are particularly relevant for the construction, operation and
decommissioning of nuclear power plants in the EU:

— Nuclear Safety Directive (NSD) — Council Directive 2009/71/Euratom of 25 June 2009 establishing a
Community framework for the nuclear safety of nuclear installations, amended by Council Directive
2014/87/Euratom of 8 July 2014;

— Basic Safety Standards (BSS) - Council Directive 2013/59/Euratom of 5 December 2013 laying down
basic safety standards for protection against the dangers arising from exposure to ionising radiation;

— Note that the BSS are in-line with the current ICRP recommendations, which are of global validity (see the
document “The 2007 Recommendations of the International Commission on Radiological Protection. ICRP
Publication 103. Ann. ICRP 37 (2-4), 2007");

— Radioactive Waste Directive — Council Directive 2011/70/Euratom establishing a Community framework
for the responsible and safe management of spent fuel and radioactive waste;

— Transport Directive — Council Directive 2006/117/Euratom of 20 November 2006 on the supervision and
control of shipments of radioactive waste and spent fuel;

— Water Directive — Council Directive 2013/51/Euratom laying down requirements for the protection of the
health of the general public with regard to radioactive substances in water intended for human
consumption.

The construction, operation and decommissioning of a nuclear power plant "is likely to have significant effects
on the environment" and therefore the following environmental EU legislation is relevant for the activities
described in this section:

— Environmental Impact Assessment (EIA) Directive — Directive 2014/52/EU of 16 April 2014 amending
Directive 2011/92/EU on the assessment of the effects of certain public and private projects on the
environment;

— Strategic EIA Directive — Directive 2001/42/EC of the European Parliament and of the Council on the
assessment of the effects of certain plans and programmes on the environment;

— Air Quality Directive — Directive 2008/50/EC of the European Parliament and of the Council on ambient air
quality and cleaner air for Europe;

In relation to the ElAs, the IAEA has developed specific guidance for the preparation of environmental impact
assessments on the nuclear power sector:

— Managing Environmental Impact Assessment for Construction and Operation in New Nuclear Power
Programmes, NG-T-3.11 IAEA Nuclear Energy Series, Vienna 2014

— Strategic Environmental Assessment for Nuclear Power Programmes: Guidelines, NG-T-3.17 IAEA Nuclear
Energy Series, Vienna 2018

Companies operating in the various areas of civil nuclear energy (e.g. design, construction and operation of
nuclear facilities, manufacturing of nuclear materials or components, extraction of raw materials, etc.) are
obligated by law to obtain a certification according to internationally recognized quality, environmental, as
well as health and safety management standards, such as
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— 150 9001:2015 - Quality Management System;
— 150 14001:2015 - Environmental Management System;
— 1S0 45001:2018 - Health and Safety Management at Work (replacing 1ISO 18001).

As a rule, the appropriateness of the internal governance of a civil company operating in a specific area of
nuclear energy is proven by demonstrating that the company uses internationally recognized management
systems to manage nuclear and industrial safety, radiation protection, technological & radioactive waste
handling and environmental protection tasks during all phases of the activity concerned. The audit is carried
out by an accredited body and repeated periodically.

3.3.7.5 |Identification of applicable means to avoid or mitigate the impacts

33751 NPP construction
(a) Building materials

The constructor of a nuclear power plant has many alternatives to avoid or mitigate the impacts mentioned
earlier. All of these measures are common to any infrastructure project of similar size, and are therefore
available on many economic sectors. For instance, reference [3.3.7-10] cites the following means, among
others:

— Choose concrete, steel and other material providers with low life cycle environmental footprint (using
more energy-efficient manufacturing processes, more easily recyclable, with a longer life, etc.), as much
as possible

— Use recycled materials as much as possible, such as steelwork and plastics, thus reducing the need to
extract raw materials;

— Use materials that have been manufactured from rapidly renewable resources in the design, thus
reducing the depletion of finite resources and resources that have a long regeneration cycle,

— Maximise the local procurement of materials to avoid energy use during transport;

— Crush spoil concrete and other demolition or spare material for road sub-base or similar usage;

— Ensure that materials made from composite wood materials do not contain urea-formaldehyde resins;
— Use paints, stains, varnishes, sealants, adhesives with reduced levels of volatile organic compounds;
— Avoid use of tropical hardwoods;

(b) Fuel and electricity

The economic incentive to minimise the cost of fuel and power required during the construction phase will
normally help reduce also the environmental impact.

(c) Water environment

Dredging operations can be conducted on the designated areas where suitable environmental studies have
been completed, and monitoring of water turbidity can be ensured during dredging.

(d) Groundwater

If groundwater level has to be lowered, hydrological studies can be conducted to identify any risk of
mixing the groundwater with other sources, and to verify that surface courses will not be impacted by the
lower groundwater level.

(e) Road traffic

Usual conventional measures can be taken to minimise the impact of road traffic. For instance, low speed
limits, car-pooling or bus systems for staff, or staggered shift changes.

(f) Dust and noise
Conventional building sector best practices are available to minimise the impacts, for instance:
— Cover open body trucks carrying materials prone to dust generation;

— Cover bare earthy areas with vegetation as soon as possible;
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— Plan explosions and highly noisy activities at certain times of the day;
— Install noise insulation barriers at specific locations, if needed.

All these impacts are of course site specific, and must therefore be addressed individually for each project
under the framework of an Environmental Impact Assessment process. The IAEA has published guidance
specifically addressing the environmental impact assessments for the construction and operation of
nuclear power plants [3.3.7-44], [3.3.7-45].

3.3.7.52 NPP operation
(a) Airborne emissions

For road traffic emissions, the same mitigation measures already discussed for the construction phase are
applicable during operation.

Regarding emergency diesel generators emissions, the critical safety function of this equipment must
remain the overriding priority. Although emissions abatement techniques exist in the market, given the
short period of operating time, and the potential negative effect of these techniques on safety, the
convenience of their implementation is questionable.

(b) Water withdrawal and consumption

The total water needs can be optimised by choosing the appropriate cooling water system design for the
site.

The location and detailed design of the intake and discharge areas can minimise the impact of the water
withdrawal. Further protection to prevent the entrainment of fish can be provided by using fine mesh nets
in the vicinity of the intake, or by using a variety of fish repellents.

Variable speed drives on cooling water pumps can adjust the flow to what is needed at specific operating
conditions, reducing water withdrawal needs at stations subject to wide ambient temperature variations,
wide tidal variations or partial load following.

Closed cooling plants can use water treatments to decrease the blowdown flow required, thus reducing the
total water consumption.

More far-reaching improvements in water management can be achieved by using waste water as primary
input for cooling needs. The Palo Verde NPP (nearly 3 937 MWe net), located at the Arizona desert, uses
100% reclaimed water for cooling and other uses (industrial water and potable water), obtained from
Phoenix's waste water treatment facilities and conveyed through a 60 km pipeline to the site (by mixed
gravity/pumping). Thanks to the cooling towers and evaporating ponds, the plant is operated as a zero-
discharge facility [3.3.7-371.

(c) Waste water and other non-radioactive hazardous wastes

All NPPs collect waste water flows from non-controlled premises (no radiation control) into sewer systems
through floor drains and other drains and direct them to the waste water treatment plant. Oil separators
are used for waste water flows coming from locations where water could be potentially contaminated with
oil. Chemicals are stored in containers and labelled accordingly. Storage areas containing oils or chemicals
are drained to shielding pools, thus preventing accidental releases of hazardous substances.

(d) Atmospheric and liquid radioactive effluents

Radioactive releases to the atmosphere are subject to legal limits, set in agreement with international
guidance so that radiation will not result in any harm for the population or the environment. Utilities
continuously monitor the effluents and report the data obtained to the regulatory authority.

In all nuclear power plants, radioactive gases generated at the plant are processed by cleaning systems,
where the gases are dried, delayed or filtered using e.g. active carbon filters or HEPA (High Efficiency
Particulate Air) filters. Gases are released through vent stacks, and monitoring systems continuously
measure the radioactivity levels at each stage of the process.

The total amount of radioactivity released to the marine or fluvial environment, mostly in the form of
tritiated water, can be minimised by recycling the contaminated water, or by removing radioactive solids
present in the water using mechanical (filters or centrifuges) or chemical processes.
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Airborne releases have strongly decreased over time, as shown by [3.3.7-47] for the US fleet for the
period 1975-2005. This study attributes the reduction to the improved performance of fuel cladding and
waste and effluent control systems, as well as increased holdup times (for the short-lived radionuclides).
In the case of liquid emissions (mostly dominated by tritium), the activity released has been overall stable
during the period, although with significant variations depending on the specific site.

Many techniques are available to the nuclear power plant operators to minimise the radioactive releases,
and a full description would go beyond the scope of this report. See for example [3.3.7-42] for a
comprehensive description of best available techniques.

Furthermore, as mentioned for the case of construction, all these impacts must be addressed individually by
an Environmental Impact Assessment. The IAEA has published guidance specifically addressing this issue for
the operation of nuclear power plants [3.3.7-44, -45].

3.3.7.53  NPP decommissioning

The European Commission, the International Atomic Energy Agency (IAEA) and the OECD Nuclear Energy
Agency (NEA) have issued a large number of guidelines, recommendations and best practices covering all
aspects of decommissioning and waste management.

Several best practice guides are included in the IAEA Safety Standards Series:

— The Basic Safety Standards document [3.3.7-20] is the reference document for radiation protection and
has fed the Council Directive 2013/59/Euratom [3.3.7-21];

— Decommissioning of Facilities [3.3.7-22] and its ancillary documents [3.3.7-23, -24, -25] lay down basic
principles for managing a programme of decommissioning of nuclear installations;

— Document [3.3.7-26] sets fundamental principles to regulate the controlled discharge of radioactive
elements in the environment.

Procedures, methods and best practices that are applicable to avoid or mitigate the identified harmful
impacts of decommissioning are also addressed in numerous IAEA technical reports [3.3.7-30] - [3.3.7-32].

Also highly relevant is the guidance related to Environmental Impact Assessment for decommissioning in Ref
[3.3.7-27]. Competent authorities of Member States may also benefit from the technical guidance offered by
the European Atomic Energy Community, when establishing clearance levels. Guidance on the recycling or
reuse of metals [3.3.7-33], guidance on buildings and building rubble [3.3.7-34] and guidance on general
clearance levels for practices [3.3.7-35] have been published.

Some examples of mitigation and preventive measures aimed at preventing, eliminating or minimizing
potential effects induced by the decommissioning activities on atmosphere and climate, soil and subsoil,
groundwater, surface water and biodiversity are:

— Adoption of suitable technical, operational and management measures to contain as much as possible
the production of dust during the deconstruction phase;

— Adequate protection of debris accumulation from atmospheric agents in uncovered storage areas and
reduction of parking time to the minimum possible;

— Use of additional systems specifically aimed at reducing dust (fog cannon, dust-buster, etc.);
— Monitoring of air quality and climate, according to the Environmental Monitoring Plan;

— Use of operational means and means for transport of materials that ensure reduced emissions of
climate-changing gases;

— On-site recovery (after characterisation) of inert materials arising from demolition to be used for the
morphological restoration of the site, and in particular for the filling of the cavities originating from the
demolition of underground civil structures, so as to limit the production of solid waste;

— Location of all temporary storage areas in already paved zones;

— Limitation of noise emissions by using approved machinery, subject to regular maintenance, or by
adoption of screens for the engines in case of noise values above the limits.
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3.3.7.6 Evaluation and summary

The potential environmental impacts of nuclear power plant construction, operation and decommissioning
have been reviewed. During construction, the main issues are related to the mining and processing of the
materials required to build the facility (mostly steel and concrete), and to the offsite power required during
this phase (particularly during the commissioning tests). Once the plant starts operation, the release of
radionuclides to the atmosphere and to the water environment need to be addressed, together with the
ecological impact of the withdrawal and consumption of water required to ensure plant cooling. In the case of
decommissioning, liquid and airborne effluents are expected to be of very little significance, and other non-
radiological impacts and their mitigations are similar to conventional demolition works. As for the solid
radioactive waste, its management involves treatment or conditioning into passively safe forms, interim
storage and, where waste routes exist, disposal.

All the potential impacts are well known, have been extensively studied and have resulted in comprehensive
national and international regulatory frameworks, as described above. The enforcement of regulations and
limits contained in these frameworks by the relevant regulatory authorities, together with the environmental
management systems put in place by the operators, have resulted on the improvement of the environmental
performance of NPPs, in particular regarding the radioactive airborne effluents during plant operation.

A particularly relevant requirement of this regulatory framework is the need to conduct an Environmental
Impact Assessment for each nuclear plant project, covering the construction, operation and decommissioning
phases. Current legislation regulates the contents of the assessment, and it also contains provisions to ensure
a comprehensive participation in the process of all stakeholders involved, including citizens and neighbouring
countries. Furthermore, international guidance specific for the preparation of environmental impact
assessments of nuclear power plants (from construction to commissioning) has been recently published by
different organisations and is currently available.

A literature review of recent available life cycle assessments (LCA) has been conducted, including both peer
reviewed papers and certified environmental product declarations conducted by NPP operators. Although the
comparison of results among different studies is possible only to some extent, the estimates given by
different authors for a number of indicators (global warming potential, acidification potential, photochemical
ozone creation potential and eutrophication potential) are generally consistent among each other and with
previous estimates.

The results of the LCA surveyed show that the operation of the plants represent a limited fraction of the total
environmental impact. For this reason, the life extension of NPPs tends to reduce the environmental load, as
the impacts from construction and decommissioning can be distributed over a larger lifetime production, with
only marginal increases due to the investments associated to the life extension process.

For all risks identified, the industry has a number of proven control and mitigation measures available to
monitor and minimise the impacts. The following table qualitatively ranks the impact indicators (radioactive
and non-radioactive) according to their importance in the context of NPP construction, operation and
decommissioning, and summarises some of the main mitigation measures available.

Provided that nuclear power plants are built, operated and decommissioned within the limits set by existing
regulations, they do not pose a significant harm to any of the TEG objectives.

In the light of the above analysis it can be concluded that NPP operation activities®” do not
represent unavertable harm to human health or to the environment. They do not represent
significant harm to any of the TEG objectives, provided that the associated industrial activities
satisfy appropriate Technical Screening Criteria.

TSC for the electricity generation from nuclear energy are provided in Chapter 5 and Annex 4 of the present
report (/llustrative Technical Screening Criteria for selected lifecycle phases of nuclear energy).

%7 Note that the “NPP operation” lifecycle phase includes the construction, operation and decommissioning of nuclear power plants, as

well as the long-term operation of these facilities
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Table 3.3.7-7. Importance of NPP operation impacts on the TEG environmental objectives

Non-radioactive and radioactive
impact indicators

Prevention or mitigation of potentially harmful impacts

water, retention before
release, filtering and cleaning
systems

Indicator Importance Appropriate mitigation Remarks
measures

GHG emissions ++ Selection of materials with Mostly due to materials used
low life cycle environmental in construction (steel and
footprint, recycling materials concrete). Therefore LTO

tends to reduce the impact.

Water withdrawal ++++ Site-specific design of cooling | The impact arises almost
systems for water use entirely during the operation
optimisation phase

Water consumption ++++ Site-specific design of cooling | The impact arises almost
systems for water use entirely during the operation
optimisation phase

Water pollution ++ Site hydrological studies, -
waste water systems

Ecotoxicity ++ Appropriate selection of Mostly due to materials used
materials, recycling in construction (steel and

concrete). Therefore LTO
tends to reduce the impact.

Human toxicity ++ Appropriate selection of Mostly due to materials used
materials, recycling in construction (steel and

concrete). Therefore LTO
tends to reduce the impact.

Land use + - -

Atmospheric pollution ++ Conventional building best Mostly due to materials used
practices during construction, | in construction (steel and
road traffic optimisation concrete). Therefore LTO

tends to reduce the impact.

Acidification pot. ++ Appropriate selection of -
materials, recycling

Eutrophication pot. ++ Appropriate selection of -
materials, recycling

Ozone creation pot. ++ Appropriate selection of -
materials, recycling

Production of TW +++ Selective waste management -

Depletion of resources + - -

Production of solid RW ++++ Stabilization and capping

Gaseous RA releases ++++ Filtering and cleaning Mostly 14C, tritium and some
systems, continuous noble gases
monitoring of emissions

Liquid RA releases ++++ Recycling of contaminated Mostly tritiated water.
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Legend

N/A Not applicable
+ Very low importance
++ Low importance
+++ Normal importance
++++ High importance
+++++ Critical importance
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3.3.8 Impact of storage and disposal of radioactive waste, spent nuclear fuel and
technological waste

This section is focused on the impact of the facilities dedicated to radioactive waste management as part of
the lifecycle assessment of nuclear energy, using the facilities for the management of spent fuel as main
reference for description. Part B of the present report provides a more extensive illustration of the typology,
characteristics and inventories of radioactive waste generated during the various phases of the nuclear
energy lifecycle, and the options and technologies considered for its safe management and disposal.

3.3.8.1 Main stages of spent fuel and high level waste management

At the end of its operating life in the core of the nuclear reactor, irradiated or spent fuel is still “hot” due to
the residual power generated by the decay of short-lived radionuclides formed during irradiation. The residual
power at shutdown is approximately 7% of the nominal power during reactor irradiation, and decays relatively
rapidly (Figure 3.3.8-1).

Figure 3.3.8-1. Decay heat of PWR spent fuel with different burnup
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Source: [3.3.8-1]

In order to avoid overheating, the fuel assemblies are handled under water (Figure 3.3.8-2). After their use in
the reactor core, spent fuel assemblies are typically stored in racks in a decay or cooling pool located in the
reactor or in the auxiliary building (see also Chapter 3.3.7.2.2). The water of the pool provides multiple
functions:

— Decay heat removal (cooling). The water is cooled and recirculated by pump systems; typically T < 35°C,
Tmax ~50°C.

— Radiation shielding. A few meters of water are enough to minimize both the gamma and neutron
radiation from the spent fuel; a water layer ~7 cm thick provides a dose reduction of 50%. Shielding is
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normally ensured by providing a minimum of 4 m depth of water above the fuel elements in storage,
which is enough to reduce the dose rates to less than 0.01 mGy/hour at the pool surface. Typically 4 m
long LWR fuel assemblies are stored at the bottom of decay pools at least 12 m deep.

— Protection against criticality accidents by adding neutron absorbers to the water, e.g. boric acid;
depending on the “crowding” of spent fuel assemblies in the pool, solid absorbers (e.g. containing boron-
10) can also be inserted in the racks.

Figure 3.3.8-2. Spent fuel management underwater at a cooling pool

Source: U.S. Nuclear Regulatory Commission (NRC)

The water content is controlled: the water is processed by means of ion exchange and filtration to remove
eventual contaminants and unwanted impurities that may affect the corrosion resistance of the zircaloy
cladding. Hydrogen production by radiolysis is monitored through atmosphere control and managed by
ventilation.

Spent fuel must be kept under water until the decay heat is reduced to a level allowing the fuel to be cooled
by air, i.e. at least 1 year; typically, it is kept in wet cooling for a few years (e.g. ~5 in Europe, ~10 years in
USA). The actual duration of the storage in the decay pool at the NPP can in some cases be extended,
depending on the availability of suitable facilities for the subsequent steps of the cycle. The spent fuel
assemblies are then loaded into canisters, dried and packaged into casks which provide adequate shielding
and isolation, and are suitable for transportation or for transportation and storage (dual purpose casks).
Depending on the fuel cycle back-end strategy selected, the loaded containers follow different pathways:

— in case of Pu-U recycling, the transport containers are shipped to the reprocessing facility (in Europe, the
Orano facility in La Hague, France or, until recently, the Sellafield facility in the UK), where they are stored
in pools awaiting treatment (Figure 3.3.8-3(a));
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— in case of an open cycle and direct disposal, single or dual purpose containers are brought to interim
storage facilities in view of final disposal in a geologic repository.

Interim storage can occur at centralized storage locations or in decentralized facilities (typically, at the nuclear
power plant site). It can be “wet storage”, in dedicated pools (Figure 3.3.8-3(b)), or “dry storage”, in storage or
in dual purpose containers. In Europe, interim storage occurs indoors, in dedicated buildings, or vaults (Figures
3.3.8-3 and 3.3.8-4(a)). Outdoor interim storage is limited in Europe (Figure 3.3.8-4 (b)) but is extensively
used in the USA.

Figure 3.3.8-3. Spent fuel wet storage

(a) Wet storage at the Orano reprocessing facility in La Hague,

France (b) Interim storage pool at the SKB Clab facility, Sweden

Source: https://www.orano.group/en/nuclear-expertise/orano's- Source: [3.3.8-2]

sites-around-the-world/recycling-spent-fuel/la-hague/unique-

expertise

Figure 3.3.8-4. Spent fuel dry storage

Source: Ignalina NPP Source: ensa.es

Similar considerations can be made for the interim storage of vitrified high level waste from spent fuel
reprocessing [3.3.8-3]. A comprehensive assessment of the environmental impact associated with the whole
life cycle (including waste management and disposal) of nuclear energy in France, comparing the fuel cycle
with reprocessing and the open fuel cycle is available in [3.3.8-4].

The main concepts implemented for cooling vitrified waste canisters include air-cooled vaults, pools, and
shielded sealed casks. In all cases, the waste is conditioned in standard stainless steel containers. In the case
of dry storage vaults, cooling can be by natural convection or forced circulation of air. Natural convection is
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generally preferred because of its simplicity. However, if the configuration of the vault makes air natural
convection difficult, or if extraction filters are to be used, forced ventilation is employed. Essentially, the
choice between dry storage vaults and pools depends on the total heat extraction capacity and the thermal
power of each HLW canister. Insofar as the cooling time between the unloading of the spent fuel and the
vitrification of HLW has steadily increased, air-cooled vaults are preferred; they are currently in operation
notably in France, the United Kingdom, Japan, Belgium, and the Netherlands [3.3.8-5].

Figure 3.3.8-5. Vitrified waste canisters and interim storage [3.3.8-5]

(a) Canister for vitrified HLW (H~1.3 m, @~0.43 m) (b) Vitrified waste interim storage room

Source: COGEMA - France

In the case of the open cycle and direct disposal, the purpose of the interim storage stage is to allow the
spent fuel to cool down further and to reach a residual power level compatible with the actual geologic
disposal conditions. Interim storage of spent fuel, as well as of vitrified high level waste from reprocessing, is
thus a necessary step in the management of this type of radioactive waste. Immediate disposal of spent fuel
[vitrified waste in a geologic repository is not a viable option.

The typical envisaged duration of interim storage is a few decades. For instance, interim storage of spent fuel
dual purpose casks in Germany is licensed for 40 years; the interim storage duration will have to be extended
since operation licences of the storage facilities will expire between 2034 and 2047, and the disposal
repository will not be available before 2050. In Spain, the interim storage facilities are licensed for 20 years.
In France, vitrified HLW packages will require a minimum storage time of 60 to 70 years, depending on the
specific decay heat [3.3.8-6].

After the interim storage, the spent fuel containers are transported to a waste encapsulation facility; here the
spent fuel assemblies are retrieved from the transportation/storage canisters and repackaged into smaller
sealed disposal containers. The disposal containers are transported into the final repository and emplaced in
the excavated location.

3.3.8.2 Facilities for spent fuel management

The typology of the facilities associated with the back end of the nuclear fuel cycle includes the interim
storage facility, the spent fuel encapsulation plant and the geologic repository for final disposal.

All the above facilities are subject to a licensing process, which includes the assessment of their
environmental impact. The applicant must demonstrate that the facility complies with the relevant regulatory
requirements set by the national safety authority and that it will not generate any significant environmental
or health consequences in the future.

The generic radioprotection criteria that have to be fulfilled by nuclear facilities apply also in this case: safe
containment, minimization of radiation exposure, subcriticality and adequate decay heat removal will have to
be ensured. In addition, storage facilities must provide long term surveillance, maintenance of the facility and
management of the stored objects (e.g. traceability and mapping of the packages, radiological inventory,
retrievability, etc.).

Site characterization at the envisaged facility location is also performed to provide the background conditions
that the new facilities will impact. This includes radiological measurements, environmental assessment of
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ecosystems, flora and fauna, cultural description, population density, industrial presence, roads and frequency
of transportation [3.3.8-2].

To a large extent, the impact from the construction, operation and decommissioning of the buildings and the
installations of these facilities is similar to that described in the preceding sections for other stages of the
nuclear energy lifecycle (see in particular Chapter 3.3.7), especially regarding the non-radiologically relevant
components (buildings, concrete, roads and infrastructure for transportation, etc.). Moreover, wet interim
storage facilities can be considered as standalone long term cooling pools, differing from the cooling pools at
the reactor site (see Chapter 3.3.7.2.2) only in terms of size of the facility and age (hence radioactivity level)
of the spent fuel stored therein.

In the following, the Environmental Impact Statement for the Swedish interim storage, spent fuel
encapsulation and final disposal facilities [3.3.8-2] is frequently used as a reference, as it provides a good
example of an integrated assessment exercise. The aspects considered are listed in Table 3.3.8.2.1.

Table 3.3.8.2.1. Main components of the SKB Environmental Impact Statement

Impact Effects and consequences Risk and safety
Land use Natural environment Non-radiological risk
Impact on groundwater level Outdoor activities and recreation | Radiological risk during operation
Noise and vibration Cultural environment Long term safety
Radiation and radionuclide Landscape
releases
Emission of other substances to Residential environment and
air health
Light pollution
Resource consumption

Source: [3.3.8-2]

3.3.8.3 Impact of the spent fuel and high level waste storage facilities

Direct exposure to gamma and neutron radiation potentially occurs in the immediate vicinity of any storage
facility. The presence of adequate shielding and the distance between the waste package and the public
ensure that the relevant radiation exposure limits for personnel and the general public are satisfied.

Dry storage

On-site or centralized dry storage facilities do not generate any release of radioactive substances, since the
spent fuel is contained in sealed canisters. Discharges to the air or release into water are negligible, due to
the leak-tightness criteria for storage casks and the existing rules for surface contamination on the outside of
the casks, which do not allow transportation of a surface-contaminated cask outside of the controlled area of
the nuclear power plant.

Discharges of any contaminated waste water and/or liquid, which exceeds the maximum allowed activity
concentrations specified in the relevant radiation protection regulations, e.g. from routine maintenance or
decontamination work on the containers, are not allowed. Such effluents are transferred to dedicated liquid
waste treatment facilities for conditioning and disposal.

Wet storage

As in the case of the cooling pools at the reactor sites, there are both gaseous and liquid (water) radioactive
releases, occurring under strict monitoring and far below the legal limits. Such emissions are not judged to
give rise to any health consequences for nearby residents. Gaseous emissions, e.g. the air from the pool and
the controlled area, pass through particle filters, which reduce the radioactive emissions, and leave the facility
via the ventilation stack, where monitoring devices continuously measure the radioactivity. The experience
from the operation of wet storage facilities shows that releases of airborne activity from the pools are
essentially undetectable [3.3.8-2].

Similarly, water from the controlled area is purified by filters and ion exchange resins, and the radioactivity
content of the water is checked prior to each discharge.
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Solid radioactive waste in the form of protective clothing, ion exchange resins, etc. is collected, characterized,
conditioned and packaged for transportation to the disposal repository.

In the case of the Swedish centralized wet storage facility Clab (Figure 3.3.8-6, [3.3.8-2]), in operation since
1985, it is possible to consider actual data from the operation of the facility (e.g. measured activity levels in
the pools and in the waste collected annually in the different clean-up systems) and compare it with the limits
set in the original operating licence, which were based on calculations from the preliminary safety analysis
report. The measured amounts of radioactivity that are collected in the pool and in clean-up systems, are far
below the values established in the licensing calculations. During cooling of the transport casks, the actual
uptake of %Co in the filters for different years varies between 0.1 and 1.7 GBqg/t of uranium, while the
allowed limit is ~500 GBg/t U. The ®°Co activity concentration measured in transport casks is < 5 GBg/m?
water compared to a limit of 145 GBg/m® water in the licensing. In the reception pools, °Co actually collected
in the cooling and clean-up system varies in the range 1-6 GBq/t U, compared to a limit of 120 GBg/t U in the
licence. Similar considerations apply to the collective dose to the operators: during the period 1985-2009 it
varied between 18 and 135 mmanSv / year, well below the allowed limit of 276 mmanSv / year. During the
period 2003-2009, an average of about 1 700 cubic metres of purified process water was discharged from
Clab. The mean values of the annual radioactive discharges from Clab to the receiving water body during the
period 1996-2009 are listed in Table 3.3.8.2.2.

Table 3.3.8.2.2. Average yearly radioactive water discharges from Clab during the period 1996-2009

Radionuclide Average release, Bq/year
Tritium 2.6:10°
>Mn 3.910°
*%8Co 1.3.10°
80Co 38108
0S¢ 2610°
134Cs 2.7-10°
137Cs 5.5-107
238py /241 Am 29-10*

Source: [3.3.8-2]

Between 2003 and 2009, Clab gave rise to an average of 37.8 metric tons of radioactive waste per year. The
radioactive operational waste is handled and packaged for further transport to the LILW-SL geologic
repository SFR. The low level waste is taken to the near-surface repository for low level waste (MLA).

Non-radioactive releases also occur. In the case of Clab (Figure 3.3.8-6), the spent nuclear fuel assemblies
and spent core components are transported from the nuclear power plants enclosed in special transport
casks, by sea to nearby harbour and overland on specially built vehicles ([3.3.8-2]). Moreover, heated water
that has been used to cool the facility is discharged into the sea together with cooling water from the
Oskarshamn Nuclear Power Plant (see Chapter 3.3.7.1.2). The water from Clab constitutes ~0.1% of the total
discharge.

Since the Clab facility is located underground, the groundwater that flows into the rock caverns hosting the
storage pool has to be pumped and discharged into a neighbouring bay. The local drawdown of the
groundwater caused by the facility is limited in scope and extent and has not caused any consequences for
the natural groundwater levels e.qg. in wells. Both the water in the cooling system and inflowing groundwater
do not contain radioactive substances [3.3.8-2].

Between 2003 and 2009, Clab typically sent 10.4 metric tons of waste per year for recycling or reuse, while
17.3 metric tons of waste was sent for disposal, incineration or biological treatment. A total of 4.5 metric tons
of hazardous waste was sent for recycling, incineration or treatment.

Additional elements included in the environmental impact assessment are the land use, the visual impact and
the noise generated by the operations of the facility. In the case of Clab, in operation since 1985, the visual
impact and land use are somewhat limited due, respectively, to the surrounding forest and to the fact that the
pools are located underground. The operation noise level is low and is not judged to cause any consequences
to the local population.
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Figure 3.3.8-6. Schematic layout of the spent fuel centralized interim storage facility Clab, Sweden
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Between 2003 and 2009, energy use at Clab was on average 16-17 GWh / year. Between 2005 and 2009,
the water consumption of the facility was in average 14 300 m> / year.

3.3.8.4 Impact of the spent fuel encapsulation facility

At the end of interim storage the spent fuel will have to be retrieved from storage and packaged, in an
encapsulation plant, in the container that will be emplaced in the geologic repository for final disposal. In the
Swedish and Finnish cases, the spent fuel assemblies will be encapsulated in welded copper canisters. The

encapsulation plant can be located at the site of the final repository, or, especially in case of centralized
interim storage, at the storage site.

In the Swedish case, the encapsulation plant will be built at the site of Clab. Despite the handling of large
volumes of fuel and of many transport casks, the radioactivity level per fuel assembly will be significantly
lower in the encapsulation plant than in Clab. This is because the radioactivity of the fuel will have decreased
during storage. Adequate radiation shielding will nevertheless be required during all handling stages. After

encapsulation, the spent fuel will no longer be a potential source of airborne radioactivity. The loaded copper
canisters will be transported to the repository site by ship.
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The radioactive emissions to air and water are expected to be far below the legal limit. Similar to the case of
cooling and storage pools, in the encapsulation plant the radioactive species released into water during spent
fuel handling in the pools will be collected on filters and ion exchange resins in a water purification system.
Moreover, gaseous emissions from the encapsulation plant will be minimized by filtration stages in the
ventilation system. Airborne emissions through the chimney will be monitored continuously.

The co-location of Clab and the encapsulation plant will generate interesting synergies: the waste from the
encapsulation plant will be managed in the same way as for Clab; the water purification systems will be
shared between the facilities; moreover, the cooling water in Clab will provide the heat for heating the
encapsulation plant, thus reducing the corresponding emission (however, in the summer the excess thermal
energy will be discharged to the sea). The contribution from Clab and the encapsulation plant to the heat
discharge in the local fjords will be marginal, compared to the discharge from the nuclear power plant nearby.

Considering other non-radiological impact, the land needed for the new plant and for temporary construction
areas is approximately 30 000 m?2. Building some noise barriers will ensure that the construction noise will not
exceed the guideline value at the nearest homes. Thanks also to noise suppression measures, noise and
vibrations from operations and from shipments to and from the plant will not exceed the limits. However,
noise due to road transport during construction of the plant is likely to exceed occasionally the limits for
approximately 40 local inhabitants during daytime working hours; peak sound levels will occur during periods
when high numbers of heavy vehicles are transiting.

Conventional atmospheric emissions that occur from Clab and the encapsulation plant (including transport
emissions) are not expected to generate any significant risk to health or exceed the environmental quality
standard for air. Sea transport of fuel-filled canisters to the final repository will be the predominant source of
atmospheric emissions.

Approximately 44 000 metric tons of copper will be consumed in the encapsulation of the spent nuclear fuel
over a 40-50-year period, which can be compared with the annual global production of copper of 15.5 million
metric tons.

When nuclear power will have been phased out and all spent nuclear fuel and other high-level waste will have
been transferred to the final repository, both storage and encapsulation facilities will be decommissioned. In
the Swedish case, it is estimated that decommissioning can begin around 2070.

3.3.8.5 Impact of the spent fuel, HLW final repository

The final disposal of spent fuel and vitrified waste (HLW) will occur in a deep geologic repository. The basic
purpose of the repository is to ensure that no harm will be caused to humans and the environment due to
radiation from the spent fuel/HLW until the radiotoxicity of the waste has decayed sufficiently. Since the
relevant time spans are of the order of some hundred thousand years or more, exceeding human civilization
records, the repository is designed to fulfil its safety function without the need for active human monitoring,
control and intervention. A more detailed description of the concepts, technological approaches and specific
features of the deep geologic repository are provided in part B of the present report.

Here the focus will be to describe schematically the environmental impact and the main requirements
associated with constructing and operating a repository.

The most advanced repository concepts in Europe envisage the emplacement of HLW in granite (Finland,
Sweden) or clay (France, Switzerland) formations. All repositories will consist of a surface part and an
underground excavated part. Figure 3.3.8-7 shows the schematic of the French geological disposal repository
CIGEQ, to be built at a depth of approximately 500 m for the disposal of HLW and also Long-Lived
Intermediate Level Waste (ILW-LL) in clay formation. Figure 3.3.8-8 shows the layout of the Swedish final
repository [3.3.8-2] to be constructed in Forsmark and Figure 3.3.8-9 illustrates more in detail the
emplacement concept of the Finnish repository under construction at Olkiluoto. Both these repositories are
based on the Swedish KBS-3 concepts and present many similarities.

Figure 3.3.8-7. Schematic illustration of the French geological disposal concept in clay CIGEO for HLW and long-lived
ILW.

The underground repository area, consisting of main tunnels and deposition tunnels with deposition holes in which the
HLW canisters will be emplaced. The surface and underground parts will be connected by ventilation and elevator shafts,
plus a ramp for vehicle transport.
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CIGEO GEOLOGICAL DISPOSAL PROJECT

UNDERGROUND LABOR

Source: [3.3.8-71]

Figure 3.3.8-8. Layout of the Forsmark Swedish final repository in granite. It is estimated that the repository’s tunnels
will occupy an area of 3-4 square kilometres at a depth of about 470 metres
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Figure 3.3.8-9. Detail of the multi-barrier disposal concept in the Finnish repository in Olkiluoto
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In the case of the Swedish repository, the construction of the facility will last 7 years and employ 300-400
workers. Approximately 1.6 million metric tons of rock spoil will be excavated during the construction phase.
The rock spoil will be temporarily stored in a rock heap within the industrial area. It is believed that the excess
rock material not needed in the project can be sold in the region.

The operating phase of the Forsmark repository will consist of a trial operation and a routine operation sub-
phase, which will require a specific licence from the Swedish Radiation Safety Authority (5SM). The routine
operation is expected to last ~45 years. The main activities during routine operation are detailed
characterization, mining of deposition tunnels, deposition of canisters, and subsequent backfilling and
plugging of deposition tunnels. During the operating phase, ~ 6 000 filled canisters will be transported by ship
from the encapsulation plant to the final repository and emplaced in the deposition tunnels.

Also in Olkiluoto during the operational period the monitoring of the repository, including both the disposal
facility bedrock conditions and the surface environment, will continue on a regular basis, resulting in annual
reports that will be submitted to the Finnish Radiation and Nuclear Safety Authority STUK.

In the case of the French repository, the facility will be expanded gradually with the construction of new waste
disposal areas as new radioactive waste arrives. It is expected that after 100 years of operation, Cigeo will
extend over an area of approximately 15 km2 The waste will be emplaced in horizontal metal-lined tunnels
with a diameter of 0.7 m and a length of 150 m excavated in the clay; the emplacement will be done by
robotic systems. Significantly wider and longer tunnels will host the long-lived ILW [3.3.8-71.

No radiologically relevant release or impact to the public is expected during the construction and the
operation of the final repository. As long as the sealed canister remains intact, all radioactive substances will
be contained. The canister is designed to retain its integrity and tightness during normal operation,
disturbances and mishaps. However, adequate radiation shielding will be used to protect the personnel from
gamma and neutron radiation. The radiation emitted by the canister will not be noticeable outside of the final
repository. During the construction and the operation phases of the repository in Finland and Sweden,
radionuclide releases and potential radiation effects will only be caused by the natural radioactivity present in
the rock, mainly in the form of radon and radon daughters.
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When all canisters have been emplaced in the repository, the facility will be backfilled and closed. After
closure of the repository, the local physical-chemical conditions in the repository will be slowly returning to
the original state before the start of the construction. In the Finnish case the repository closure will occur
after ~100 years of operation: the underground openings in the disposal facility will be backfilled and sealed
(Figure 3.3.8-9) to remove/minimize openings that could become water conductive pathways.

Long term post-closure safety will be achieved by means of a system of passive barriers that interact to
contain, prevent or retard the dispersal of radioactive substances. The barriers may be engineered or natural
(see part B of the present report). The protective function of the final repository against harm caused by
radiations is set by relevant regulations. For instance, the time scale for the safety assessment of the
Swedish final repository for spent nuclear fuel should cover a period of one million years after closure. The
risk criterion set by SSM in Sweden in simplified terms says that people in the vicinity of the repository may
not be exposed to greater risks than the equivalent of one-hundredth of the natural background radiation in
Sweden today [3.3.8-2]. The Finnish nuclear law [3.3.8-8] states that a final repository under normal
operations may not cause a dose to the most exposed member of the public higher than 0.01 mSv/year.

3.3.8.6 Non-radiological impact of final repository: example from the Swedish Environmental
Impact Statement [3.3.8-2]

3.386.1 Land use and visual impact

Most of the sites of national interest in the Forsmark area are deemed not to be harmed by the planned
activity. Most of the facility is located in industrial areas; however, a few sites relevant for nature
conservation could experience a possible groundwater drawdown, with consequences for rich fens and
shallow ponds. Specific measures are thus planned to limit such effects. SKB intends to create new ponds in
the surrounding areas to offset the consequences of filling two ponds which are deemed to be of national
interest because of the presence of endangered species (the red-listed pool frog).

SKB'’s land needs are not expected to affect bird protection areas. However, SKB will implement restrictions,
training and recommendations for employees who need to get to or move around in areas that are used for
nesting by protected species.

The road to the ventilation station to be built ~ 1.5 kilometres east of the operations area will be designed to
preserve the rich wetlands that exist in that area.

The visual impact of the final repository surface buildings should be limited due to the presence of the
adjacent nuclear power plant and also due the area’s industrial character.

3.3.86.2 Water pollution and groundwater drawdown

Storm water will be managed locally. Both the construction and the operating phase activities will generate
polluted water that will have to be managed. Leachate from the rock heap will be treated to remove oil and
particles. Then it will be denitrified to remove explosive residues from the tunnel blasting operations carried
out underground: first in a flooding area near the rock heap and finally in a nearby lake.

The drainage water will be treated underground by sedimentation and oil separation, and then discharged.
The effects of the discharge are expected to be limited, since the content of nitrogen residues is considered
sufficiently low and the receiving body of water is relatively tolerant. The heat content of the drainage water
will be recuperated and used to heat the supply air to the underground facility.

Although fractures and fracture zones in the rock underground will be sealed by grouting, grouting cannot
render the bedrock watertight and some groundwater inflow into the facility will occur. The in-leaking
groundwater will cause surface groundwater drawdown, which can negatively affect water levels in wetlands.
If no measures were to be adopted, groundwater drawdown is assessed to entail very significant negative
consequences for 2 sites of national interest, significant consequences for 15 sites and noticeable
consequences for 8 sites. As a mitigation measure, water supply to the most sensitive and valuable wetland
sites are planned.

3.3.8.6.3 Noise and vibration

The noise generated by construction, rock handling and transport activities within the industrial area is
deemed to cause small impact. No homes with residents will be affected.
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Road traffic to and from the final repository will consist of commuting people, haulage of material and rock
spoil. The heaviest traffic burden will occur during the second half of the construction phase, when around 90
rock shipments per day may pass.

The heavy traffic to and from the final repository will lead to an increase in the number of residents exposed
to noise levels above the guideline value, at most about 20 persons. Sleep disturbances are not expected,
since the heaviest traffic will be in the daytime.

The vibration levels will not significantly increase, but there will be heavier vehicles passing. This may entail a
risk of moderate disturbance in a few buildings along national road 76.

33864 Emissions, air pollution

The final repository and associated transport activities will cause e.g. carbon dioxide, nitrogen oxides and
particulates emissions. However, the determined amounts and dispersal of such emissions should not lead to
exceeding the legal limits for air quality (environmental quality standards) and should not entail any
appreciable consequences for human health or the local environment.

3.3.8.6.5 Energy and resource needs

Ventilation will be a major cause for energy consumption at the facility; therefore, ventilation will be tuned
according to the actual operational need.

Approximately 50 000 metric tons of bentonite clay per year will be needed, corresponding to 2.3 million
metric tons during the whole operating life of the facility. The total global production of bentonite in 2007
was 15.7 million metric tons. There are no bentonite mines in Sweden, which means that the material will
have to be imported. The planned port of entry is about 30 kilometres south of Forsmark.

3.386.6 Summary of life cycle analysis for the disposal phase.

Life cycle assessment of nuclear energy includes the impact of different stages of the nuclear fuel cycle,
including the management and disposal of the radioactive waste. Geological disposal of high level waste and
spent fuel contributes between about 2% to about 18% to the overall greenhouse gas emissions of the spent
fuel cycle [3.3.8-1], [3.3.8-2], [3.3.8-3] and [3.3.8-5]. The contribution to the production of SOx, NOX,
acidification potential, POCP, eutrophication, eco-toxicity and human toxicity are negligible (between a few per
thousand to up to two percent), as is the water pollution, water consumption and water withdrawal. Disposal
of waste accounts for about 5% of the land use and between 4% and 14% of the production of technological
waste when compared with the entire nuclear fuel cycle.

Reference [3.3.8-4] presents an analysis of the environmental impacts of the different deep geological
disposal concepts. The results of the analysis show that most of the environmental impacts take place during
the operational phase, and are caused by the use of copper in the disposal canisters and bentonite as
backfilling material, and between these two, the backfilling material dominates. The impact of the excavation
of the deep geological disposal has a rather limited impact, but this impact is local. Greenhouse gas emissions
results of the LCA of the disposal concepts of Finland, Sweden and Switzerland are of the same order of
magnitude, and are consistent with the figures mentioned above. The analysis also shows that those concepts
that do not use copper in their canisters, such as in Switzerland, that plans to use stainless still, or those who
mix the bentonite with other materials, such as Finland have a lower environmental impact.

3.3.8.7 Fuel cycle impact on final repository

The geologic repository for final disposal of HLW is a necessary facility in the lifecycle of nuclear energy
independently from the fuel cycle implemented. All existing and developing options for the back-end of the
cycle generate a certain amount of HLW that requires long term isolation without the need for active human
monitoring and control as provided by the deep geologic repository. However, the footprint of the final
repository is strongly affected by the fuel cycle considered.

Figure 3.3.8-10 compares relevant quantities corresponding to different fuel cycles. The diagram highlights
the effect of introducing increasing levels of recycling on the quantities considered. From the stand point of
the final repository, the effect of recycling is to reduce the footprint of the repository and the long term
radiotoxicity of the waste.

A comprehensive comparison of the fuel cycle with reprocessing (twice-through cycle, or TTC) and without
reprocessing (once-through cycle, or OTC) from the French perspective is provided in [3.3.8-4]. In France, the
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geologic repository footprint is determined by the amount of HLW (mainly vitrified waste) and long-lived ILW
to be disposed of. LLW and short-lived ILW are disposed of in surface or sub-surface facilities. Ref [3.3.8-4]
provides the following excavated volume values for the different waste packages that will go to the deep
repository: 55 m*/HLW glass canister; 7.3 m*/ILW-LL compacted waste canister and 21.3 m3/ILW-LL cemented
waste canister. The excavated volume per spent fuel assembly varies from 94 to 111 m® depending on the
type of spent fuel. A more effective comparison is obtained by normalizing the values to the electricity
generated, as shown in Figure 3.3.8-11. The corresponding TTC values normalized per TWh, are: waste volume
1.53 m3/TWh,; total excavated volume 145 m*/TWh,; corresponding repository surface area 215 m?TWh.. In
the case of OTC, even though the total volume of waste to be disposed of (1.49 m3*/TWh,) is similar, the
excavated volume required is very different: 597 m*/TWh, for OTC vs. 145 m3*/TWh, for TTC. The relatively big
difference is reflected also, to a lesser extent, in terms of waste disposal surface area [3.3.8-4].

Figure 3.3.8-10. Comparison of relevant quantities for different fuel cycles normalized to the open cycle based on PWR
and direct disposal of spent fuel; options 1 and 2 correspond to existing mature technologies, and the other options to
concepts at different development stages
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Figure 3.3.8-11. Comparison of the waste volumes, waste disposal surface areas and waste disposal excavated volumes
in France for the current twice-through fuel cycle (TTC) with reprocessing and the once-through fuel cycle (OTC)
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3.3.8.8 Disposal of VLLW and short-lived LILW

There is international consensus that very low level waste, low level waste and short-lived intermediate level
waste can be safely disposed of in near-surface facilities at a depth of no more than 30 m. The underlying
assumption is that the radioactivity of such waste types will decay to background levels within about 300
years, i.e. before institutional control is lost.

% Red-Impact: Impact of Partitioning, Transmutation and Waste Reduction Technologies on the Final Nuclear Waste Disposal, EU-

funded research project carried out under the Euratom 6" Framework programme
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The radioactive waste must be treated and conditioned before being emplaced in the disposal facility.
Currently there are different technologies and installations for the treatment, conditioning, storage and
disposal of short-lived low and intermediate level waste. For instance, the waste may undergo volume
reduction by compaction, or, if it is in liquid form, it can be solidified. Often, the waste is placed in metal or
concrete containers and then embedded in concrete. Less robust packaging may be used for very low level
waste.

Near surface facilities may be simple trenches or may comprise an array of reinforced concrete cells. Once
filled, these trenches or cells may be closed with a concrete slab and then sealed with an impermeable
sheath. Finally, the trench or cell can be capped with a layer of clay several metres thick, to ensure the long-
term confinement of the waste.

In Europe, repositories of this type exist in France, Hungary, Slovakia, Spain and the United Kingdom. In
Finland and Sweden low level waste and short-lived intermediate level waste are disposed of in mined
facilities at up to 100m depth.

In addition to these seven countries, other EU Member States, with as well as without nuclear power plants,
are at various stages of implementation of low-level waste repositories. [3.3.8-9]).

The availability of active human monitoring and intervention over the timespan required for the waste to
decay to background level ensures that the relevant requlations establishing the maximum allowed release of
radioactivity are respected and consequently no harm from radiation is caused to the public. The nature of
non-radiologic effects on humans and the environment associated with the construction and operation of this
kind of facilities, and the related assessment, are similar to the corresponding aspects described for HLW
management and disposal facilities.

3.3.8.9 Final conclusions

Disposal of radioactive waste is a necessary step in the lifecycle of a nuclear power plant. Most of the LCA
consulted are comprehensive, and include in their results the contribution of the disposal phase to the overall
environmental impacts. The disposal contributes slightly to the overall greenhouse emissions, use of land, and
generation of technological waste, and 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 regards 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, but the
amounts needed are small, in particular if 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.

Although the disposal concepts analysed are rather similar, the magnitude of the impacts (which are mainly
due to the operations and reposition) are dominated by the impacts of the activities related to excavating the
tunnels and to building the multiple engineered barriers. The environmental impact analysis of the disposal
facilities, e.g. those highlighted in this section, 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 deep geological disposal facility aims at isolating and containing the radioactive waste until its
radioactivity decays to harmless levels. The long term radiological impact of disposal in the post-closure
phase of a repository is described in part B of the present report.
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Table 3.3.8.3. Importance of radioactive waste disposal phase impacts on the TEG environmental objectives

Non-radioactive and radioactive
impact indicators

Prevention or mitigation of potentially harmful impacts

Indicator Importance Appropriate mitigation Remarks
measures

GHG emissions ++ Limiting fossil fuel Dominated by the extraction of
consumption mineral for and construction of the

engineered barriers

Water withdrawal + Application of best practices | Dominated by the mining of
and appropriate measures mineral for and construction of the

Water pollution + depending on local engineered barriers. Contribution
configuration; relevant also from the excavation of the

Ecotoxicity + in the metal and bentonite repository depends on local
mines. configuration.

Human toxicity +

Land use ++ Disposal sites selected in Land occupancy and visual impact
locations, with limited or no considered.
valuable resources.

Water consumption + Application of best practices | A wet centralized storage facility
and appropriate measures requires a fraction of the cooling
both locally and in the metal | water needed for the operation of
and bentonite mines. a nuclear power plant and

generates much smaller thermal
loading

Atmospheric pollution + -

Acidification pot. + -

Ozone creation pot. + -

Eutrophication pot. + -

Production of TW ++ Decontaminate, reuse and
recycle.

Depletion of resources ++ Use of resources per unit energy

produced is very low

Production of solid RW ++ Application of radioactive Produced during operation and
waste management decommissioning of the
principles encapsulation plant and auxiliary

facilities.

Gaseous RA releases + Application of best practices | Insignificant releases during the

during operation, and
functional multiple barriers
after closure.

operation phase. Calculated
releases during the closure phase
well below authorised limits
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Liquid RA releases + Application of best practices | Insignificant releases during the

during operation, and operation phase. Calculated
functional multiple barriers releases during the closure phase
after closure. well below authorised limits.
Legend
N/A Not applicable
+ Very low importance
++ Low importance
+++ Normal importance
4+ High importance
+H+++ Critical importance

In the light of the above analysis it can be concluded that activities related to the storage &
disposal of technological & radioactive waste, as well as spent nuclear fuel do not pose
significant harm to human health or to the environment. They do not represent significant harm
to any of the TEG objectives, provided that the associated industrial activities satisfy appropriate
Technical Screening Criteria.

TSC for the interim storage and final disposal of high-level radioactive waste (including high-level vitrified
waste generated during reprocessing) are provided in Chapter 5 and Annex 4 of the present report (/llustrative
Technical Screening Criteria for selected lifecycle phases of nuclear energy).

3.3.8.10 References for Chapter 3.3.8
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3.4 Impact of ionizing radiation on human health and the environment

3.4.1 Nuclear energy lifecycle impacts on human health

Human health impacts of different energy-generation technologies were compared in Chapter 3.2.5 (see
Figure 3.2-21). Taking into account the impacts on human health from all the different emissions, both
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radiological and non-radiological®®, from the whole lifecycle of the different technologies, the impact on
human health of nuclear energy is seen to be low compared to the fossil fuel chains, and rather similar to the
impact from offshore wind.

The total impact on human health from the nuclear energy lifecycle, provided by Hirschberg et al [3.4-1] is 56
mDALY/GWh1, of which 16.5 mDALY/GWh are due to ionising radiation [3.4-2]. Although using a different
methodology!®* and non-identical data and assumptions regarding the nuclear lifecycle, Stamford & Azapagic
[3.4-5] calculated the total human health impact from ionising radiation alone at 20.3 mDALY/GWh, which is
very similar.

To put the radiation health impacts from nuclear power in context, the authors calculated the health impact
from global nuclear electricity generation of 2600 TWh/yr, which amounts to roughly 53 000 DALYs/yr, and
compared it with the 597 000 life-years lost as a result of anthropogenic air pollution in the UK alone in
2008. The latter estimate, given by the UK Committee on the Medical Effects of Air Pollutants (COMEAP),
refers to premature deaths only and excludes disability induced by the pollution.

The total human health impact from ionising radiation calculated using the methodology adopted in the LCIA
studies discussed above results from the integration of very small impacts to individuals over very large
populations over very long integration times (up to 100 000 years).

According to Stamford & Azapagic, approximately 90% of the radiological impact is caused by emissions to
air of radon-222 from uranium mine tailings over a period of thousands of years, with the remainder being
emissions of isotopes like carbon-14 during power plant operation. These results are for the once-through
fuel cycle without reprocessing and recycling of plutonium in MOX fuel. However, the authors also performed
sensitivity studies, which included reprocessing and recycling up to 8% of MOX fuel and varying the
proportions of enrichment performed by centrifuge and gaseous diffusion processes. As enrichment does not
contribute significantly to radiological emissions, the latter is not expected to have a significant effect on the
human health impact. The maximum calculated human health impact from the sensitivity studies is 31.9
mDALY/GWh, which is about 50% higher than the central estimate provided above.

Poinssot et al [3.4-6] provide data on the environmental footprint, including information on radiological
emissions, for the current French reactor fleet and fuel cycle, assuming both once-through and twice-through
fuel cycles. The once-through fuel cycle does not involve reprocessing. The twice-through cycle included, at
that time, reprocessing and recycling of plutonium in MOX fuel making up one-third of the fuel elements in
the core of 22 reactor units representing 31.2% of the installed capacity of the French fleet.

Poinssot et al provide the radiological data in terms of emissions from the facilities (in Bq/kWh), and so they
do not include any calculation of the dispersion of the released substances in the environment and their
estimated effects on human health that are included in the end-point indicators of [3.4-1] and [3.4-5]
discussed above. They show that:

— The total radiological emissions in the once through cycle are dominated by the mining activities
(99.989%). The remaining 0.02% is from the reactor operation, while the emissions from U conversion,
enrichment and fuel fabrication are negligible.

— The radiological emissions from the twice-through cycle are 53% higher than from the once-through
cycle. Emissions from the mining activities are reduced, due to the reduced need for fresh Uranium per
unit of electricity produced, and represent 53.4% of the total emissions. The remainder is almost entirely
from reprocessing and comprises mainly noble gases (predominantly ®Kr - 44.4%) and liquid tritium
(2%). Only 0.23% comes from reactor operation with negligible emissions from the other stages (see
Chapter 3.3.5.2.1).

However, the effects of a 1 Bq radioactive release in terms of the resulting dose (in Sv) to members of the
public vary considerably for different radionuclides and different release pathways (see Chapter 3.3.5.2.1).
The radiotoxicity of 8°Kr is very low, and as shown in Chapter 3.3.5.2.1, it contributes less than 15% to the
dose to the public from the reprocessing stage of the nuclear lifecycle. The comparatively small amounts of
14C released during reprocessing have a larger impact, being responsible for more than 50% of the public

% Including the effects of human toxicity, photochemical oxidant formation, particulate matter formation, as well as induced climate

change and ionizing radiation.

DALY: Disability Adjusted Life Years = years of life lost + years lived with a disability

101 stamford & Azapagic use CML 2001, while Hirschberg et al use ReCiPe. However, it should be noted that as far as the impact of
ionising radiation is concerned, both CML 2001 and ReCiPe use the methodology developed by Frsichknecht et al [3.4-3] (see
Goedkoop et al [3.4-4]).
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dose from reprocessing. According to UNSCEAR calculations, the major contributor to public radiation doses
from the nuclear lifecycle is conventional uranium mining, while the dose contribution from reprocessing is an
order of magnitude lower and is slightly less than the contribution from power reactor operation (see Figure
3.3.5-7, Chapter 3.3.5.2.1).

However, as mentioned above, the total impact on human health of these radiological emissions, as well as
other, non-radiological emissions from the nuclear energy chain, are comparable with the human health
impact from offshore wind energy, according to the LCIA studies referred to above.

That the impacts to individuals from radiation exposure due to the nuclear energy chain are small can be seen
from Figure 3.4-1, which shows the worldwide average dose!®? to members of the public from different
sources of ionising radiation®, estimated by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) [3.4-7].

According to the United Nations Environment Programme (UNEP) [3.4-7],

“To someone who is reading about the topic for the first time, it may come as a surprise that the sources
of radiation causing the greatest exposure of the general public are not necessarily those that attract the
most attention. In fact, the greatest exposure is caused by natural sources ever present in the environment,
and the major contributor to exposure from artificial sources is the use of radiation in medicine worldwide.
Moreover, everyday experience such as air travel and living in well-insulated homes in certain parts of the
world can substantially increase exposure to radiation”.

Figure 3.4-1. World average annual per caput public doses due to different sources of ionising radiation
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Natural background radiation is responsible for 2.4 mSv/year, or around 78% of the total average annual
effective dose to the public of 3.05 mSv/year. The remainder is from artificial sources. Of the dose resulting
from artificial sources of ionising radiation, 99% is from medical applications (radiology and nuclear
medicine). This receives little public attention, presumably in almost universal recognition that the benefits
outweigh the risks involved. The other 1% of the artificial radiation comes largely (about 69%) from the

102 The sievert or Sv is the biological dose unit used to quantify the effect of radiation on humans: the actual doses to which we are
exposed are generally expressed in thousandths of a sievert (millisievert or mSv), or in millionths of a Sievert (microsievert or uSv).

103 Annex 5 provides a detailed description of the various types and effects of ionising radiation and provides definitions of radiation
dose, units, biological effects and principles of radiation protection.
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fallout remaining from atmospheric nuclear weapons testing carried out up to the early 1960s, as well as
from the residual radioactivity of material released during the Chernobyl accident (about 28%)°4. Radiation
resulting from the whole lifecycle of nuclear electricity generation results in an average annual effective dose
to the public of only 0.2 pSv/year [3.4-8], which is less than seven thousandths of one percent (0.66 x 10®), of
the total average dose to members of the public from all sources.

For populations living within 100 km of a mine and mill site, UNSCEAR [3.4-8] estimated the population
average individual effective dose at 0.025 mSv/a. The corresponding estimate for populations living within 50
km of a reprocessing plant was about 0.002 mSv/a. For nuclear power plants the average effective dose to
populations living within 50 km of a plant was 0.1 pSv/a whereas the estimated effective dose to critical
groups living within 1 km of the plant was 0.02 mSv/a. These effective doses to regional and local populations
all correspond to less than 1% of the dose due to natural background radiation. The global average effective
dose to the public from the nuclear power lifecycle also represents only 0.03% of the average dose to the
public from all sources of artificial radiation. Artificial radiation dose to individuals is dominated by radiation
from medical interventions, mainly radiology. In addition, members of the public are also still exposed to
small amounts of radiation resulting from the fallout from nuclear weapons testing and from the Chernobyl
nuclear accident. Although doses to the public from these sources are 25 and 10 times greater, respectively,
than the dose due to the nuclear power lifecycle, they are still very small compared to natural and medical
sources (0.2% of the total dose).

Furthermore, the additional effective doses to members of the public due to the nuclear energy lifecycle are
also extremely small when compared to the variations in natural background radiation due to living in
different geographic locations. The Joint Research Centre’s European Atlas of Natural Radiation [3.4-9]
provides detailed information and maps showing the variations in different sources of natural radiation in
Europe. Figure 3.4-2, compiled using data from [3.4-9], shows the variation in the average annual doses from
natural radiation in most European countries, as well as the Europe and world averages. The national
averages range from around 1.5 mSv in The Netherlands, to around 6.2 mSv in Finland, a variation of almost
5 mSv/year.

Figure 3.4-2. Geographic variations in average annual doses from natural radiation

Average annual effective dose to members of the public from natural radiation in
different countries and regions
7
B Cosmic radiation B Terrestrial radiation
m Cosmic radionuclides Terrestrial radionuclides (no radon)
6
W Radon and progeny* M Thoron and progeny
=
(%2}
Es
w
&
[=1
=]
g
£ 4
(1
=
L)
El
c 3
c
©
L3
[T}
o
8
z 2 I
: I I
0
& I S N N R Wt S R R T S N RN IR S & A L
P F PSS E S S S P D’ & WP OO E A S
2 S O AP S B T RN Sl ST @& N o K ORI X ) o
PR v o*"o,bv@ KL bé@ (9@,\}\\}0% O \?\-}-s“’ Z(;‘\(’D,{g}\%’b&b O & F ‘3[’\0“ sF e @ oY
& O & S &
& & & O
& RS
S
k\b
*Assuming that all persons spend 0.8 of their time indoor at groundfloor in dwellings \:\0

Data from [3.4-9]

104 Figure 3.4-1 shows world average annual radiation doses, but some of the sources mentioned are more heterogeneously distributed

geographically than others. The Chernobyl accident obviously had a more important impact in the region surrounding the plant.
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Similar variations may be seen within countries, for example in the UK the main contributor to natural
radiation doses, which is radon inhalation, varies as shown in Figure 3.4-3. Cornwall has very much higher
levels of radiation exposure due to radon gas, almost 6 times the national average. Radon gas is formed by
radioactive decay of the small amounts of uranium that is present naturally in rocks and soils. The higher
levels in Cornwall are due to the presence of granite in the underlying geology, which naturally contains more
uranium than other rocks.

Figure 3.4-3. |llustrative annual doses from inhaling radon in different parts of the UK
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Worldwide, even larger variations in natural background radiation occur. Ramsar, a northern coastal city in
Iran, has areas with some of the highest levels of natural radiation. Inhabitants who live in some houses in
this area receive annual doses as high as 132 mSv from external terrestrial sources. The radioactivity of the
high background radiation areas of Ramsar is due to 2?°Ra and its decay products, which have been brought to
the surface by the waters of hot springs®.

For comparison with the figures given by UNSCEAR and shown in Figure 3.4-1, the exposure of the UK
population to ionising radiation from different sources was assessed by Oatway et al [3.4-10]. A summary of
per caput doses to the UK population in 2010 from exposure to radionuclides discharged into the environment
by UK civil nuclear sites is given in Figure 3.4-4.

The total per caput dose to the UK population in 2010 from exposure to radionuclides released into the
environment by the UK civil nuclear industry were estimated to be about 0.0002 mSy, the same as the world
average estimated by UNSCEAR, above. The UK has no uranium mining activities, but radiopharmaceutical
production facilities were included in the assessment, although these had a small impact on the total dose
uptake. Radionuclides discharged to the atmosphere and to the marine environment contributed about 30%
and 709%, respectively, to this dose. Nearly the entire dose to the UK population from exposure to radioactivity
discharged as a liquid was due to discharges made by the Sellafield site where fuel reprocessing is carried
out. The most significant radionuclides were americium-241 (>*Am) and plutonium-239 (***Pu) in molluscs
and carbon-14 (**C) and caesium-137 (**’Cs) in fish. Nuclear power plants were the most significant source of
radionuclides released to atmosphere with respect to the UK population dose in 2010. The most significant
radionuclides released to atmosphere were *C, sulphur-35 (**S) and iodine-129 (*?°) that had been
incorporated in terrestrial foods, particularly milk and grain. It should be noted that Sellafield site is dealing
not only with reprocessing for the current UK nuclear energy production. Reprocessing of fuel from overseas

105 http://www.ecolo.org/documents/documents in_english/ramsar-natural-radioactivity/ramsar.html
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customers and from an older generation of UK power reactors is carried out, as well as remediation of legacy
installations.

Figure 3.4-4. Per caput effective dose (uSv) to the UK population due to discharges from UK civil nuclear sites
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To put these annual dose numbers into perspective, they can be compared with the acute effective doses to
an individual person from the following sources of ionising radiation:

Consumption of 100g of Brazil nuts'®: 0.01 mSv (10 pSv)
One return flight from London to Cape Town!%: 0.1 mSv (100 pSv)
One CT scan of the abdomen and pelvis!®: 10 mSv (10 000 pSv)

Licensees of nuclear installations have to demonstrate, prior to obtaining a licence, and ensure during
operation, that the effective radiological dose to the most affected members of the public are within strict
legal limits. These limits correspond to a level of dose below which no significant harm is caused to the
population.

With regard to radiological protection and the legal limits for radiation doses to members of the public and
workers, most countries follow the recommendations and guidance developed by the International
Commission on Radiological Protection (ICRP)!°. Those recommendations are taken into account in IAEA
safety publications, and the Euratom Basic Safety Standards Directive also implements the principles and
dose limits recommended by the ICRP. The Directive establishes limits for the effective radiation dose for
both workers (occupational exposures) and members of the public. The limit for members of the public is set
at 1 mSv/year. Importantly, this dose limit for public exposure shall "... apply to the sum of annual exposures

106 Ref.[3.4-10].

197 Dose due to additional cosmic radiation [3.4-10].

108 Ref.[3.4-11].

195 The ICRP is an independent, international organisation that advances for the public benefit the science of radiological protection
(http://www.icrp.org/index.asp)
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of a member of the public resulting from all authorised practices’. The limit for classified radiation workers is
set at 20 mSv per year, averaged over defined periods of 5 years, with no single year exceeding 50 mSv.

It can be seen from the information presented in this Chapter, as well as in Chapter 3.3 and Part B of this
report, that the doses to the public from the operations of nuclear energy lifecycle facilities, including
radioactive waste management installations, is systematically well within these statutory limits.

As discussed above, uranium mining is the main contributor to the radiological impact of the nuclear energy
chain. Other important stages of the lifecycle with regard to radiological impacts are nuclear fuel reprocessing
and operation of nuclear power plants. Uranium mining and its radioactive emissions are discussed in Chapter
3.3.1. Nuclear fuel reprocessing is discussed in Chapter 3.3.5 and nuclear power plant construction, operation
and decommissioning in Chapter 3.3.7.

3.4.2 Impact of radiation on the environment

Until recently, the prevailing view was that the recommendations, guidelines and statutory limits developed to
protect human health from the effects of ionising radiation from artificial sources would be sufficient also to
ensure the protection of animals, plants and natural ecosystems. Such a view was supported by the fact that
mammals are the most sensitive among the families of plants and animals to the effects of ionising radiation
(see Figure 3.4-5). However, the impact of radiation on the environment is beginning to receive more attention
than previously.

In the latest publication of the Recommendations of the International Commission on Radiological Protection
(ICRP) [3.4-12], the Commission recognised that as a result of the increased interest in the protection of the
environment from human activities, there was a growing need for advice and guidance on matters related to
the protection of the environment from the effects of radiation, even though such needs have not arisen from
any new or specific concerns about radiation effects on the environment.

The Commission confirmed that it subscribes to the global needs and efforts required to maintain biological
diversity, to ensure the conservation of species, and to protect the health and status of natural habitats,
communities, and ecosystems, and it considers that it is now necessary to provide advice considering a wider
range of environmental situations, irrespective of any human connection with them. The Commission
therefore believes that the development of a clearer framework is required in order to assess the
relationships between exposure and dose, and between dose and effect, and the consequences of such
effects, for non-human species, on a common scientific basis.

By setting out data for some Reference Animals and Plants, in a transparently derived way, and upon which
further action may be considered, the Commission intends to offer more practical advice than in the past. The
Commission will use this framework to gather and interpret data in order to provide more comprehensive
advice in the future, particularly with regard to those aspects or features of different environments that are
likely to be of concern under different radiation exposure situations.

While it can be expected that future publications containing recommendations and guidance from the ICRP
will contain advice on the protection of plants and animals in the natural environment, it is important to note
that the Commission reiterated its continued belief that the standards of environmental control needed to
protect the general public are likely to be sufficient to ensure that other species are not put at risk,

UNSCEAR [3.4-7, 13] evaluated the effects of radiation exposure on plants and animals and found that
individual responses to radiation exposure varied, mammals being the most sensitive to radiation exposure.
The ranges of acute lethal doses, at which 50% of the exposed subjects would be expected to die, for
different types of plants and animals are shown in Figure 3.4-5. In general, larger mammals are more
radiosensitive than smaller ones, and the same applies also in the case of plants.

With regard to impacts on populations of plants and animals, reproductive changes are a more sensitive
indicator of the effects of radiation exposure than mortality, and mammals are again the most sensitive
animal organisms. However, because of the compensation and adjustment possible in animal species, the
UNSCEAR considered that it is unlikely that radiation exposures causing only minor effects on the most
exposed individual would have significant effects on the population. On this basis, chronic dose rates of less
than 100 pGy/h*'° to the most highly exposed individuals would be unlikely to have significant effects on
most terrestrial animal communitiest!!. Such rates of absorbed dose are equivalent to an effective whole

10 MicroGray per hour; 1 Gy corresponds to an energy deposition of 1 Joule in 1 kg of target material, see Annex 4.
11 The corresponding level for communities of aquatic organisms is about 400 pGy/h. These conclusions refer to low linear energy
transfer radiation such as gamma and beta radiation. Where a significant part of the incremental radiation exposure comes from
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body dose of about 0.9 Sv!!'? in one year, which is 900 times higher than the dose limit for members of the
public.

Figure 3.4-5. Ranges of acute lethal doses for some animals and plants
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3.5 Impact of severe accidents

Human health impacts of different energy-generation technologies were compared in Chapter 3.2.5 for
normal operation situations. In addition to the impacts from normal operation, the possible consequences on
the environment and human health of potential severe accidents in the energy sector are not negligible, and it
is important to consider these in any comparative assessment.

A significant contribution to the development of a comprehensive methodology for the assessment of
accident risks in the energy sector has resulted from the related long-term research activities performed since
the early 1990s at the Paul Scherrer Institute in Switzerland (see Hirschberg et al [3.5-1]). As a part of this
work, a database of severe accidents!!® that have occurred in the energy sector has been established and is
continually updated and extended, and a methodology for evaluating accident risks for different energy
generation technologies has been developed. Recognising that accidents may occur in all stages of an energy
chain, the database and the assessment methodology cover the whole lifecycle for each energy technology.

The methodological approach to evaluating accident risks differs according to the extent of data available in
the database. For fossil energy chains (coal, oil and gas) there is extensive historical accident data available
to provide a strong basis for the risk evaluation. For hydropower, limited historical data for OECD countries is
supplemented by modelling of hypothetical dam failures. For new renewables, for which historical data is
limited, a hybrid approach is adopted, in which available historical data, modelling and expert judgement are
used. For nuclear energy, due to the very low number of historical severe nuclear accidents and their
significance for risk assessment!*, an approach based on the use of a simplified, site-specific, Level 3
Probabilistic Safety Assessment (PSA!'®) is used to quantify the risks associated with hypothetical severe
accidents.

The methodology provides its results in terms of two risk indicators, both based on fatalities. The first is the
fatality rate, which is defined as the expected number of fatalities due to severe accidents normalised to the
amount of electricity generated in GWh (fatalities/GWh). The second is the maximum credible number of

113 The Energy-Related Severe Accident Database (ENSAD).

114 Three core-melt events have occurred to date in nuclear power plants: Three Mile Island (USA, 1979), Chernobyl (Ukraine, 1986), and
Fukushima Daiichi (Japan, 2010). The consequences of the TMI accident were relatively low; the total collective effective dose to the
public was about 40 person-Sv, which resulted in an estimation of one cancer fatality. The Chernobyl reactor design is not
representative of operating plants in OECD countries using different, safer technologies, nor of reactor designs for future
deployment globally. The Fukushima accident is not included in the results provided by Hirschberg et al [3.5-1], since a reliable
assessment of its consequences were still an open issue at that time.

Probabilistic Safety Assessment is a tool for mathematically quantifying the risk associated with a nuclear power plant. Level 1 PSA
estimates the probability or frequency of accidents that result in damage to the core of the reactor. The result of a level 1 PSA is
referred to as the core damage frequency (CDF). Core damage does not necessarily lead to radiological releases into the
environment because the reactor vessel and containment building would both have to fail, or be bypassed, for radiological releases
to occur. Level 2 PSA takes the calculation a step further by estimating the frequency of accidents that release significant quantities
of radioactivity into the environment. Level 3 PSA provides an end point risk assessment by estimating the frequency of accidents
having specific consequences. Those consequences may be, for example, early or latent fatalities resulting from the radiation doses
to the population around the plant, or damage to the environment, such as a large area of land contaminated due to deposition of
radioactive material released in the accident.
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fatalities in a single accident, which provides a measure of risk aversion. The results of applying the
methodology to several electricity-generation technologies is shown in Figure 3.5-1 (from Hirschberg et al
[3.5-1]).

Figure 3.5-1. Severe accident fatality rates and maximum consequences (black points) assessed for selected electricity
supply technologies with the associated energy chains
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With regard to the first metric, fatality rates, the results indicate that current Generation Il nuclear power
plants have a very low fatality rate compared to all forms of fossil fuel energies and comparable with
hydropower in OECD countries and wind power. Only Solar energy has significantly lower fatality rates.

To put some perspective on these results, they can be compared with the health impacts due to normal
operation. In order to facilitate such comparison, Hirschberg et al [3.5-1] noted that one premature fatality
caused by air pollution roughly corresponds to 10 (chronic) YOLLs. Their normal operation mortality result for
nuclear energy under normal operation (see Figure 3.2-19) is 5 mYOLLs/GWh, which is therefore equivalent to
5 x 10™ fatalities/GWh, whereas the fatality rate for accidents is 3 orders of magnitude lower. Hirschberg et
al [3.5-1] note that overall, for the different energy technologies, the fatality rates due to normal operation
are much higher than the corresponding rates due to severe accidents.

Operating nuclear power plants are subject to continuous improvement. As a result of lessons learned from
operating experience, the development of scientific knowledge, or as safety standards are updated,
reasonably practicable safety improvements are implemented at existing nuclear power plants. This is a
requirement of the EU Nuclear Safety Directive, and is also incorporated in WENRA's!1® safety reference levels
for existing reactors [3.5-2]. The result of this continuous improvement is that the calculated frequency of
severe accidents in the plant specific PSA reduces over time. This will already be reflected in the fatality rate
given in figure 3.5-1. Further reductions may be expected in future, although they may become more
marginal as the most important safety improvements have probably been made already, including those
following the EU nuclear stress tests.

116 Western European Nuclear Regulators Association

176



Generation Il nuclear power plants are designed fully in accordance with the latest international safety
standards that have been continually updated to take account of advancement in knowledge and of the
lessons learned from operating experience, including major events like the accidents at Three Mile Island,
Chernobyl and Fukushima. The latest standards include extended requirements related to severe accident
prevention and mitigation. The range of postulated initiating events taken into account in the design of the
plant has been expanded to include, in a systematic way, multiple equipment failures and other very unlikely
events, resulting in a very high level of prevention of accidents leading to melting of the fuel. Despite the high
level of prevention of core melt accidents, the design must be such as to ensure the capability to mitigate the
consequences of severe degradation of the reactor core. For this, it is necessary to postulate a representative
set of core melt accident sequences that will be used to design mitigating features to be implemented in the
plant design to ensure the protection of the containment function and avoid large or early radioactive
releases into the environment. According to WENRA [3.5-3], the objective is to ensure that even in the worst
case, the impact!'’ of any radioactive releases to the environment would be limited to within a few km of the
site boundary.

These latest requirements are reflected in the very low fatality rate for the Generation Il European
Pressurised-water Reactor (EPR) given in figure 3.5-1. The fatality rate associated with future nuclear energy
are the lowest of all the technologies.

On the other hand, the second metric shown in Figure 3.5-1, maximum consequences, is high for nuclear
energy based on both Generation Il and Il nuclear power plants. It can be seen from Figure 3.5-1 that the
numbers for nuclear are comparable with hydro, and accidents in the oil industry can also have very
significant maximum credible consequences. For nuclear, the higher figure for EPR, in the region of 30 000
fatalities, reflects the larger radioactive inventory in the higher capacity plant compared to the Generation |l
PWR. It is dominated by latent fatalities (>95%). This result compares with the upper bound of the estimates
of fatalities resulting from the Chernobyl accident, which were also dominated by latent effects!!®,

The maximum credible number of fatalities from a hypothetical nuclear accident at a Generation Ill NPP
calculated by Hirschberg et al [3.5-1] is comparable with the corresponding number for hydroelectricity
generation, which is in the region of 10,000 fatalities due to hypothetical dam failure. In this case, the
fatalities are all or mostly immediate fatalities and are calculated to have a higher frequency of occurrence.

Figure 3.5-2, from the same Hirschberg et al study [3.5-1], compares the frequency-consequence curves for
selected full energy chains in OECD and non-OECD countries. The curves for coal, oil, gas and hydro are based
on historical data from the period 1970 - 2008. In all cases the data concern immediate fatalities. The curves
for nuclear energy are based on a simplified level 3 PSA.

Although extensive historical data is available for the fossil and hydro energy chains, it is nevertheless limited
and does not allow extending the frequency-consequence curves below frequencies of about 3 x 10° to 3 x
10® fatalities/GWh for the different energy chains. The maximum consequences shown in Figure 3.5-1
correspond to the point of minimum frequency in the respective curves in Figure 3.5-2.

However, the shape of the curves does not indicate that the maximum consequences have been reached, and
extrapolation of the curves to lower frequencies would suggest that higher consequences would be likely.

On the other hand, for the nuclear energy chain, the use of a simplified PSA allows extending the calculation
to extremely low frequencies, and the maximum consequences shown in Figure 3.5-1 are those corresponding
to the lowest frequency from the calculated curves, which are 3 and 6 orders of magnitude lower, for the
Generation Il PWR and EPR respectively, than the frequencies corresponding to the maximum consequences
for the fossil and hydro chains. Moreover, accidents at both Generation Il PWR and EPR having frequencies
corresponding to the maximum consequences for the fossil and hydro chains (i.e. above 10°%/GWh), would not
result in any fatalities.

117 Impacts include the need for actions to protect the public, such as evacuation, sheltering and iodine prophylaxis, or long-term

restriction in consumption of agricultural products from the vicinity of the plant due to land contamination. Any radioactive releases
should also be late enough such that the protective actions that are required can be implemented in time.

118 The Chernobyl accident resulted in 31 immediate fatalities (Burgherr & Hirschberg [3.5-4]).
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Figure 3.5-2. Comparison of frequency-consequence curves for full energy chains in OECD and non-OECD countries for
the period 1970-2008 (source Hirschberg et al [3.5-1])
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Another important study on the consequences of nuclear reactor severe accidents is the US NRC SOARCA
project [3.5-5]. This study took a more deterministic approach to the analysis of severe accident
consequences. Analyses were performed for two typical US nuclear power plant units, Surry and Peach
Bottom, representing the two main types of reactor, PWR and BWR. PSA was used to identify scenarios to be
modelled. The selected scenarios were based on loss of all alternating current (AC) electrical power or “station
blackout (SB0)” caused by earthquakes more severe than anticipated in the plant’s design. The earthquake
scenario presents the most severe challenge to the plant operators as well as offsite emergency responders.
Two additional scenarios, in which radioactive material could potentially reach the environment by bypassing
containment, were analysed for Surry (PWR).

The analysis took into account the effect of off-site emergency response measures designed to protect the
public from the effects of the radioactive releases. Results of the analyses are shown in Figure 3.5-3.

The analyses show that even for these severe accidents, the probability of dying from long-term cancer for a
member of the public living within 10 miles of the plant is in all cases less than 1 in 1 billion per reactor-year
and significantly below the NRC safety goal of 2 in 1 million long-term cancer fatalities per reactor-year.

While the number of human fatalities is an obvious indicator for characterising the maximum severity of
accident consequences, and facilitates very well the comparison between technologies, it is important to note
that very severe nuclear accidents, as well as non-nuclear severe accidents, can lead to other direct and
indirect impacts that might be more difficult to assess. Evaluating the effects of such impacts is not in the
scope of the present JRC report, although they can be important for understanding the broader health
implications of an accident.

For a comprehensive review of the effects of radiation exposure due to the accident at Fukushima-Daichi
nuclear power plant, the reader is referred to the recently published UNSCEAR report [3.5-6]. In this report it is
concluded that no adverse health effects among Fukushima residents have been documented that are directly
attributable to radiation exposure from the accident and revised estimates suggest that future radiation-
associated health effects are unlikely to be discernible. Other effects of the accident on the population and
the environment are discussed in the report.
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Figure 3.5-3. Scenario-specific risk of dying from long-term cancer for an individual within 10 miles of the plant, per
reactor year
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(SST1) results to SOARCAs results for risk of long-term cancer death, the SST1 release was put into the MACCSZ code
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Source [3.5-5] 119

An accident at a Generation Ill nuclear power plant with the kind of consequences shown in Figure 3.5-1 is a
highly improbable event. The calculated frequency of such consequences corresponds to about 107° per
reactor year, or once in ten billion years of operation per reactor. However, such a number of fatalities, even if
based on very pessimistic assumptions, has an impact on public perception due to disaster (or risk) aversion.

Disaster aversion refers to an apparent higher importance attached, by some, to a large number of deaths in
a single, low-frequency accident compared to an equal number of deaths spread over a larger number of
more frequent types of accident. To help put these numbers in perspective, it is useful to compare them with
fatality data associated with some other human activities. Compared to a maximum credible number of
fatalities of around 30 000 associated with a hypothetical nuclear accident with a frequency of close to 1 in
ten billion reactor years of operation, the following are representative of the number of fatalities that occur
each and every year due to the mentioned causes:

— Air pollution!?®: In the EU, 400 000 premature deaths per year (burning of fossil fuels contributes
significantly to the pollution, so a large number of deaths can be prevented by switching to low-carbon
energy sources)

— Tobacco smoke®?!: In the USA, more than 480 000 premature deaths due to smoking; more than 40 000
premature deaths of non-smokers due to second-hand smoke

— Road traffic accidents®??: In the EU, 22 800 deaths in 2019.

19 | TSBO - Long-term station blackout; STSBO - Short-term station blackout (battery backup power also lost); ISLOCA - Interfacing
Systems Loss-of-Coolant Accident; TISGTR - Thermally Induced Steam Generator Tube Rupture
https://www.eea.europa.eu/highlights/cutting-air-pollution-in-europe

121 https://www.cdc.gov/tobacco/data statistics/fact sheets/health effects/tobacco related mortality/index.htm
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4 Summary DNSH assessment for nuclear energy and recommendations

By using the results and conclusions of the analyses outlined in Chapter 3 (Summary of results from the
state-of-the-art LCA studies on nuclear energy), the present Chapter 4 provides an overview of the results
synthesized and formulates recommendations on the compatibility of nuclear energy with the basic principles
and objectives of the Taxonomy.

4.1 Main conclusions of the analyses outlined in Chapter 3.2

Chapter 3.2 provided a detailed comparison of impacts potentially exerted by various electricity generation
technologies (e.g. oil, gas, renewables and nuclear energy) on the human health and the environment. The
comparison was based on recent LCA studies and utilized science-based evidence only. Note that Chapter 3.2
did not go into the details of potential effects of radioactive materials and radiation on human health and the
environment, because these issues were mainly discussed in Chapters 3.3, 3.4 and 3.5.

Main conclusions of the comparison can be summarized as follows:

— 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);

— Nuclear energy has very low NO (nitrous oxides), SO, (sulphur dioxide), PM (particulate matter) and
NMVOC (non-methane volatile organic compounds) emissions, the values are comparable to the
emissions of solar PV and wind (see Figure 3.2-8 and -18);

— If other impact categories are considered (e.g. acidification and eutrophication potentials), then nuclear
energy is again comparable to solar PV and wind (see Figure 3.2-10);

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

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

In addition to the above listed - positive - findings, some areas were identified, where utilization of nuclear
energy needs special attention:

— 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. For example, an NPP with 1000 MW, electric capacity uses about 175 000 -
200 000 m>h condenser cooling water, which is warmer than the freshwater body it is taken from by
about 10°C, when discharged back to the cooling water outlet channel. 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. Note that for
coastal NPPs the thermal pollution of seawater is less of a problem, because the sea represents a
practically infinite mixing medium for the warmed-up cooling water if it is discharged into the sea at an
appropriate distance from the coast. Water withdrawal options and the avoidance of excessive thermal
pollution must be carefully analysed during the site selection process, as well.

— Water consumption

A general feature of power plants utilizing a specific thermal cycle (e.g. the Rankine cycle) to convert heat
to mechanical energy (in our case to the rotation energy of the turbine) is the need for continuous
cooling. Chapter 3.2 and 3.3.7 (NPP operations) discuss the various cooling technologies and they
highlight that water consumption is very little for the once-through cooling, but 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 is comparable to concentrating solar power and coal, for both recirculation and pond cooling
(see Figure 3.2-7). 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
found, if possible.
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Impacts of nuclear energy on the human health and the environment are mostly comparable to
hydropower and the renewables, if non-radiological effects are considered.

The analyses outlined in Chapter 3.2 did not reveal any science-based evidence that nuclear
energy does more harm to the human health or to the environment than other electricity
production technologies already included in the Taxonomy as activities supporting climate change
mitigation.

Issues related to water consumption and potential thermal pollution of nuclear energy must be
appropriately handled during the site selection, facility design and plant operation phases.

4.2 Main conclusions of the analyses outlined in Chapter 3.3

In Chapter 3.3 the assessments were grouped according to the various lifecycle phases of nuclear energy, in
order to obtain a naturally structured picture of the impacts.

4.2.1 Non-radioactive and potential impact indicators

The assessments have shown that all non-radioactive and potential impact indicators are dominated_by the
mining & milling phase, except the GHG emission, where NPP operation gives the largest contribution (see
Figure 3.3.1-12] and Tables A2-1 and A.2-2 in Annex 2). Although NPP operation dominates only GHG
emission, it also provides significant contribution to all other impact indicators. This is true for both closed and
open fuel cycles.

4.2.1.1 Comparison of GHG emissions from PWRs and a BWR operated in various fuel cycles

Figure 4.2.1-1 compares the results from six PWR LCAs with the result of an LCA carried out for a BWR plant.
The different PWR plants were operated in various fuel cycle types (closed, open and mixed), while the BWR
used open fuel cycle. It can be seen that the PWR results are rather close to each other, the difference
between the highest and lowest value is just around 20%. The BWR shows a significantly higher calculated
GHG emission (180% of the PWR average), which is — according to Ref. [4-1] — connected to the fact that in
the front-end phase of the analysed BWR plant 50% of the yellowcake production and 50% of the enrichment
services were used from the Siberian Chemical Combine (SCC, Russia, Seversk) and these were associated
with higher GHG emissions compared to the fuel for the PWRs.

Figure 4.2.1-1. - Comparison of GHG emissions from different NPP types operated in various fuel cycle types
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Sources: [4-1, -2, -3]
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4.2.1.2 Comparison of impacts from the French and the Vattenfall NPPs

Reference [4-4] contains the EPD (Environmental Product Declaration) for year 2019 corresponding to the NPP
units operated by Vattenfall AB at the Ringhals and Forsmark sites in Sweden. This Vattenfall report is a Type
lll environmental declaration'®® which was prepared according to the 1ISO 14025 standard and contains the
potential environmental impacts of four BWR and three PWR units. The seven units have a combined
generating capacity of 7200 MW, and they are operated in open fuel cycles.

Figure 4.2.1-2. - Comparison of selected environmental impacts for the French nuclear fleet (with assumed open cycle)
and the Vattenfall Nordic NPPs
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Figure 4.2.1-2 shows the comparison of some selected impact indicators!?* for two reactor “fleets”, e.g. the
French reactors operated in an assumed open cycle and the Vattenfall Nordic NPPs. In most cases the impacts
reported by Vattenfall are significantly lower, despite the fact that the EPD considers also the contributions
from the transmission grid. The main reason for this was that in the EPD reporting period the contributions
from the mining and milling lifecycle phase had been considerably reduced by Vattenfall. The share of the
open-pit uranium mines was decreased and about 40% of the uranium supply came from the TENEX
company (Russia, Novouralsk), where only reprocessed uranium (RepU) was used for enrichment, thus saving
a lot of mining and milling works. The figure also illustrates that one can gain a lot when reducing the
emissions in the front-end part of the cycle.

4.2.2 Radioactive impact indicators

For both closed and open cycles, mining & milling is the dominant contributor to the gaseous emissions (due
to the radon) and solid VLLW (Very Low Level Waste) production.

In the closed cycle, the NPP operation phase is dominant only in the solid LILW-SL (Short-Lived Low and
Intermediate Level Waste) production, but it has significant contribution to the solid ILW-LL (Long-Lived
Intermediate Level Waste) production, as well.

In the closed cycle, the reprocessing phase is dominant in the liquid emissions and solid ILW-LL and HLW
production. In addition, it has very significant contribution to the gaseous emissions.

125 Type Il declarations are documents prepared according to ISO 14025 and they quantify environmental information on the lifecycle

of a product to enable comparisons between products fulfilling the same function.

124 For the sake of comparison only those impact indicators could be selected that were determined in both studies.
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In the open cycle - where there is no reprocessing phase - the NPP operation phase is dominant in liquid
emissions, plus in the production of solid LILW-SL, ILW-LL and HLW.

Besides these three phases, there is no other nuclear energy lifecycle phase, which provides
dominant contribution to any of the impact categories.

If potential impacts on the environment and human health are considered, then the three dominant lifecycle
phases of nuclear energy are therefore as follows:

— Uranium mining and uranium ore processing;
— NPP operation (production of electricity by means of nuclear fission reactors)!?>;
— Reprocessing of spent nuclear fuel.

The following table shows the lifecycle phases providing dominant contribution to the various impact
indicators.

Table 4-1. Impact indicators with the indication of the dominant lifecycle phase

Non-radioactive and radioactive impact Lifecycle phase with dominant contribution
indicators Open fuel cycle Closed fuel cycle

GHG emissions NPP operation

Water withdrawal NPP operation

Water consumption NPP operation

Production of technological waste NPP operation

Water pollution Mining and milling
Eco-toxicity Mining and milling

Human toxicity Mining and milling

Land use Mining and milling
Atmospheric pollution Mining and milling
Acidification potential Mining and milling
Eutrophication potential Mining and milling

Ozone creation potential Mining and milling

Depletion of resources Mining and milling

Gaseous radioactive releases Mining and milling
Production of solid radioactive waste (VLLW) Mining and milling
Production of solid radioactive waste (ILW-SL) NPP operation

Liquid radioactive releases NPP operation Reprocessing
Production of solid radioactive waste (ILW-LL) NPP operation Reprocessing
Production of solid radioactive waste (HLW) NPP operation Reprocessing

125 The “NPP operation” lifecycle phase includes the construction, operation and decommissioning of nuclear power plants, as well as

the long-term operation (i.e. service time extension) of these facilities.
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Figure 4.2.2-1. Contributions from all lifecycle phases to all impact indicators (closed cycle)
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Figure 4.2.2-1 shows the contributions from the individual lifecycle phases to all impact indicators, grouped
according to non-radioactive, potential and radioactive impacts. As it is again clearly visible from this
combined picture, only the above-mentioned lifecycle phases provide dominant contribution to any of the
indicators. Note that the radioactive waste disposal (including the final disposal of high-level waste) does not
provide dominant — or even significant — contribution to any of the impact indicators.

Figure 4.2.2-1 plots data corresponding to the closed fuel cycle (TTC), but the picture is very similar if the
open fuel cycle is considered, except that reprocessing phase is not present.

4.3 Main conclusions of Chapters 3.4 and 3.5

In addition to the analysis of state-of-the-art lifecycle assessment results, Chapter 3 also discussed the
impact of ionizing radiation on human health and the environment (see 3.4) and the potential impact of
severe accidents (see 3.5). Conclusions of these sections 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 uSv, which is four orders of magnitude less than the average
annual dose due to the natural background radiation!?® (see Figure 3.4-1).

— According to the LCIA (Life Cycle Impact Analysis) studies analysed in Chapter 3.4, 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.

— As far as staff members working at nuclear facilities are concerned, they are protected from the harmful
effects of ionizing radiation by strict radioprotection measures monitoring and limiting occupational
doses. The ALARA (as low and reasonably achievable) principle is applied also here to optimize plant
maintenance works for minimizing worker’s radiation doses.

— If health impacts due to normal operation of the various electricity generation technologies are
compared, then nuclear energy has the lowest values, both for premature fatalities (caused e.g. by air
pollution) and for accident fatalities (e.g. workplace accidents).

— |If severe accident fatality rates are compared (see Figure 3.5-1), then the current Western Gen Il NPPs
have a very low fatality rate (=5-107 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, there were focused international
and national efforts to develop Gen Il nuclear power plants. These plants were designed according to
extended requirements related to severe accident prevention and mitigation, for example they ensure the
capability to mitigate the consequences of a severe degradation of the reactor core, if such an event ever
happens. The main design objective was to ensure that even in the worst case, the impact of any
radioactive releases to the environment would be limited to within a few kilometres of the site boundary.
The deployment of various Gen Ill plant designs started in the last 15 years worldwide and now
practically only Gen Ill reactors are constructed and commissioned.

— These latest technology developments are reflected in the very low fatality rate for the Gen Ill EPR design
(=8-1071° fatalities/GWh, see Figure 3.5-1). The fatality rates characterizing state-of-the art Gen Il NPPs
are the lowest of all the electricity generation technologies.

— In addition to the “fatality rate per GWh” metric, severe accidents potentially occurring in the electricity
generation industry are characterized by another metric, called maximum consequences. Conservatively
estimated values of this metric are rather high for both Gen Il and Gen Ill plants, comparable to the
hydropower in non-OECD countries (see Figure 3.5-1). For the EPR design, the quoted reference study
predicts 30 000 fatalities as upper bound.

126 Global average of per capita radiation dose due to natural background is 2400 pSv per annum

127 The RBMK reactor is a special and differing NPP design and it was constructed in the former Soviet Union only

186



Note that in Figure 3.5-1 the “maximum consequences” data for the non-nuclear electricity production
technologies are real historical data reflecting the officially registere