
����������
�������

Citation: Taylor, R.; Bodel, W.;

Stamford, L.; Butler, G. A Review of

Environmental and Economic

Implications of Closing the Nuclear

Fuel Cycle—Part One: Wastes and

Environmental Impacts. Energies

2022, 15, 1433. https://doi.org/

10.3390/en15041433

Academic Editors: Dan Gabriel

Cacuci, Michael M.R. Williams,

Andrew Buchan and Ruixian Fang

Received: 8 December 2021

Accepted: 13 February 2022

Published: 16 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

A Review of Environmental and Economic Implications of
Closing the Nuclear Fuel Cycle—Part One: Wastes and
Environmental Impacts
Robin Taylor 1,* , William Bodel 2,* , Laurence Stamford 3 and Gregg Butler 2

1 National Nuclear Laboratory, Central Laboratory, Sellafield, Seascale CA20 1PG, UK
2 Dalton Nuclear Institute, The University of Manchester, Manchester M13 9PL, UK;

gregg.butler@btinternet.com
3 Department of Chemical Engineering and Analytical Science, The University of Manchester,

Manchester M13 9PL, UK; laurence.stamford@manchester.ac.uk
* Correspondence: robin.j.taylor@uknnl.com (R.T.); william.bodel@manchester.ac.uk (W.B.)

Abstract: Globally, around half a million tonnes of spent nuclear fuel (SNF) will be in dry or wet
storage by around 2050. Continued storage is not sustainable, and this SNF must eventually either be
disposed (the open nuclear fuel cycle) or recycled (the closed fuel cycle). Many international studies
have addressed the advantages and disadvantages of these options. To inform this debate, a detailed
survey of the available literature related to environmental assessments of closed and open cycles has
been undertaken. Environmental impacts are one of the three pillars that, alongside economic and
societal impacts, must be considered for sustainable development. The aims are to provide a critical
review of the open literature in order to determine what generic conclusions can be drawn from
the broad base of international studies. This review covers the results of life cycle assessments and
studies on waste arisings, showing how the management of spent fuels in the open and closed cycles
impact the environment, including the use of natural resources, radioactive waste characteristics
(heat loading, radiotoxicity and volume) and the size of the geological repository. In the framework
of sustainable development, the next part of this review will consider economic impacts.

Keywords: radioactive waste; spent nuclear fuel; sustainability; nuclear fuel cycle; closed fuel cycle;
open fuel cycle; life cycle analysis

1. Introduction

It is clear that nuclear energy can make a major contribution to global low-carbon
energy needs and, for example, in the United Kingdom, this is reflected in the recent
Energy White Paper, which includes a role for nuclear in meeting the UK’s target of “Net
Zero” carbon emissions by 2050 [1]. Realising the ambitions of decarbonising heating and
vehicle fleets will prove challenging and require considerable effort, which will likely not
be limited solely to electrification. Until now, nuclear energy has been deployed almost
exclusively in generating low-carbon (typically baseload) electricity, but the potential for
high-temperature nuclear systems to contribute beyond electricity generation in the form of
hydrogen production or direct heating should be appreciated. However, whilst much focus
is placed on the types of nuclear reactors that will be required to meet future requirements,
the radioactive wastes and particularly the spent nuclear fuels (SNFs), sometimes referred
to as used nuclear fuel (UNF), arising from current and future use of nuclear energy will
need to be managed. Of course, the full nuclear system, including the management of
SNF, must be competitive with other forms of low-carbon energy on economic as well as
environmental grounds. Spent fuel is managed either through the storage and disposal
of SNF in a waste repository (the “open” or “once-through” cycle), or by reprocessing
and recycling the uranium (U) and plutonium (Pu) into new fuel, with the disposal of a
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reduced volume of immobilised, high-level (i.e., heat-generating) waste (HLW), known as
the “closed cycle” [2], noting as well that different degrees of closed cycles are possible. A
summary of these and finer distinctions is provided at the start of Section 2.1. Today, the
recycling of plutonium as a thermal mixed oxide fuel (termed “partially closed” or “twice-
through” cycle) is in industrial operation in some countries, notably France [3]. However,
obtaining the optimum benefits of closed fuel cycles requires plutonium multi-recycling
(the “fully closed” fuel cycle) and potentially the multi-recycling of minor actinides (MA,
i.e., neptunium, americium and curium) [4–6]. As this review will show, the multi-recycling
of actinides can deliver substantial benefits in sustainability, environmental impacts and
HLW management through the reuse of depleted uranium stocks and plutonium, coupled
with the burning of minor actinides.

Current nuclear power reactors and associated fuel cycles are mature, safe and reliable
technologies for the generation of low-carbon energy and overseen by strong regulatory
bodies, but new reactor technologies, applications and optimum long-term strategies for the
fuel cycle exist and are under consideration globally. These advanced fuel cycles, however,
require investment in research and development, and must address other areas such as
safety, security and proliferation management, as well as the economics of an expanded
fuel cycle infrastructure. As Choi et al. [7] have stated, “no consensus about the best
approach to manage spent fuels has been reached at any level of scholarly, professional,
or policy debate”. One of the key challenges to address in deploying current and future
nuclear systems, of course, is cost. Nuclear-generated energy, whether for electricity, heat,
hydrogen or synthetic fuels, needs to be competitive with other forms of low-carbon energy,
whichever reactor system or fuel cycle is selected, so economic studies are a key factor in
decision making. The economics of open versus closed fuel cycles will be discussed in part
two of this review.

This paper, however, will place the economic costs of closing the fuel cycle in the
context of the environmental and waste management benefits that can accrue from the
recycling and reuse of materials. As will be described in Section 2.3, this covers two pillars
of sustainable development as frequently applied to nuclear fuel cycle options (economics
and the environment) to support our understanding of sustainability when applied to the
nuclear fuel cycle. By postponing the economic review until part two, it should be noted
that significant factors affecting life cycle analyses (discussed in Section 3.2) will be missing
from the discussion in this paper; a more full discussion will be had in part two, which will
have the benefit of being able to discuss both the economic and environmental aspects of
the fuel cycle.

The paper is structured as follows: Section 2 frames the challenges by providing a
background to different fuel cycle options, including concepts of sustainability, available
data on spent fuel arisings and reprocessing capacity. Section 3 focuses on the potential
environmental benefits of closed fuel cycles, while Section 4 is a discussion section which
considers matters arising from this report.

2. Background and Context
2.1. Nuclear Fuel Cycles

The nuclear fuel cycle holds an extremely important position in the generation of
nuclear energy, not simply because it is the process by which nuclear fuel makes its way
to a reactor but because there are a range of fuel cycle options available depending on
the fuel used in the reactor and the management of the spent fuel when discharged from
the reactor. With national and global drives to reduce CO2 emissions, nuclear energy has
become a more relevant technology in recent years, particularly in much of the developed
West, where it has been somewhat dormant for some time. With renewed interest in nuclear
energy comes interest in the range of nuclear systems that are available, in addition to
interest in which fuel cycle serves us best. Indeed, some systems are reliant on specific fuel
cycles in order to function, and given the considerable degree of planning, resources and
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effort involved in developing and organising a nuclear fuel cycle it is critical that decisions
are made in sufficient time as to which ones to pursue.

Natural uranium consists almost entirely of two isotopes: 238U (99.283%) and 235U
(0.711%). Nuclear fission relies on the interaction of a neutron with a fissile nucleus to
release energy (and additional neutrons—which enables a chain-reaction of fission events).
235U is the only naturally occurring fissile isotope and, as such, typically forms the fuel
for nuclear reactors. Fission occurs preferentially when the neutrons have low energy,
yet newly created neutrons are generated with high energy (known as fast neutrons);
contemporary reactors utilise a moderator to reduce the energy of neutrons such that they
successfully lead to fission. Neutrons slowed sufficiently are said to be “thermalised”, and
the reactors “thermal reactors”. Reactors which have been specifically designed to operate
without a moderator slowing the neutrons are known as “fast reactors” (FRs).

Neutron capture also occurs within reactor cores; 238U (making up over 99% of natural
uranium) has a strong tendency to capture high-energy neutrons. The challenge in a reactor,
therefore, is to limit the amount of neutron capture relative to fission. Commonly, artificially
raising the proportion of 235U (typically to 3–5%) by enrichment is necessary to achieve this.

A powerful consequence of neutron capture by 238U is the production of transuranic
elements, especially plutonium. The 239Pu produced is fissile, and similar to 235U is able to
undergo fission. So while 238U is not fissile, when it undergoes neutron capture it breeds a
fissile isotope, and as such is said to be “fertile”. This process has tremendous potential, in
that it is possible for a reactor containing a relatively small proportion of fissile fuel to breed
more fissile fuel than was originally present. A reactor designed with a useful application
of this process is a “breeder reactor”. Such reactors are more complex than contemporary
reactors, which utilise only 0.7% of natural uranium; however, in the event that uranium
resources become scarce enough to warrant the investment, utilising the remaining 99.3%
to breed fuel would vastly extend the lifetime of uranium reserves. Beyond this, naturally
occurring 232Th is also fertile, and utilising the world’s combined uranium and thorium
reserves would result in energy security for thousands of years. (Reactors based on thorium
fuels and the associated thorium fuel cycle are outside the scope of this review, but see, for
example, references [8–11].)

The various fuel cycle options on offer fulfil different scenarios based on the degree to
which the above processes are implemented in future reactor systems.

The nuclear fuel cycle comprises a series of stages, from mining, enrichment and fuel
fabrication at the “front end” to SNF storage, reprocessing (if a closed cycle is followed),
waste conditioning and disposal at the “back end” (see Figure 1) [12]. The central part of
the cycle is the choice of reactor. The reactor and its fuel obviously heavily impact the fuel
cycle selection, as well as the nuclear materials and facilities needed. In the past, different
stages of the fuel cycle were developed rather independently (one consequence of this is the
build-up of the UK plutonium stockpile at Sellafield [13]), but now there is greater emphasis
on development of the system as a whole interconnected entity. Fuel cycle models, such as
the ORION code [14,15], are a powerful tool to understand and optimise the full system.
Fuel cycle models connect the different stages and/or facilities in order to track nuclear
material through the chosen fuel cycle. When SNF inventories are needed as input data
they are calculated using codes such as FISPIN (a spent nuclear fuel inventory code suite
available from [16]). Costs can be associated with each stage depending on industrial
experience [17], other data or reasoned assumptions. Typically, these fuel cycle scenarios or
similar life cycle assessment studies track specific metrics; examples include the amounts
of radioactive wastes for disposal, the “lifetime” and radiotoxicity of the wastes produced,
the size of the waste repository, environmental indicators, etc.

In this paper the common forms of the nuclear fuel cycle discussed most frequently
will be:

• The open or once-through cycle (OTC), where spent uranium oxide (UOX) fuels are
stored before direct disposal in a deep geological repository (DGR), also known as a
geological disposal facility (GDF) in the UK.
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• The partially closed, thermal recycle or twice-through cycle (TTC), based on reprocess-
ing SNF to recover fissile material (i.e., uranium and plutonium), which is then recycled
as mixed oxide (MOX) fuel, sometimes referred to as plutonium mono-recycling.

• The fully closed cycle (FCC), in which SNF is reprocessed and fissile materials are
usually recycled in a fast reactor multiple times to maximise the energy value of the
fuel components, also referred to as plutonium multi-recycling. There are a number
of variations in this concept, such as transition scenarios where light water reactors
(LWRs) and FRs operate together, or a fleet comprised only of FRs. FRs can be
configured to either burn or breed plutonium depending on the nuclear fuel cycle
strategy to be followed.

• The partitioning and transmutation (P&T) scenario, where MAs are also recycled
for burning (usually) in fast reactors or accelerator-driven systems (ADS). As will be
seen later, after the separation of plutonium the MA account for the majority of the
heat generation and radiotoxicity in the medium to longer term. The P&T scenario
is thus aimed at minimising the MA waste burden to the DGR, rather than for its
energy value.
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2.2. Benefits of New Systems

The potential benefits of, or drivers for, introducing advanced nuclear technologies
(including fuel cycles) are usually recognised to be [18]:

1. Sustainability, including more efficient use of natural resources.
2. Reduction in volume and/or heat load of waste.
3. Reduction in the radiotoxicity of waste.
4. Economic benefits.
5. Enhanced proliferation resistance and/or inherent physical protection.
6. Plutonium management.
7. Improved public acceptability.

This paper will address topics one–three in the list above. Non-proliferation, security
and plutonium management are substantial issues in their own rights, and beyond the
present scope. How to improve public acceptability is also a complex topic that warrants
dedicated consideration, although an increase in public acceptability is a likely outcome
if safe and secure recycling and reuse technologies are deployed as a result of a general
public preference for a “circular economy”. Examples where the public may have relevant
interests could realistically include a preference for recycling rather than disposal, concerns
around the disposal of radioactive waste and near-term job creation. Conversely, however,
reprocessing can also be controversial due to the production of plutonium and the associ-
ated security and proliferation concerns, as well as past links to domestic nuclear weapons
programmes. Due to this uncertainty, public acceptability (social or political) is also not
considered any further in this paper. This leads to outputs which can be quantified and
costed but not necessarily “valued”. For example, the costs of fuel cycles, which must,
in any case, conform to local workplace and public/environmental regulations, can be
estimated (often with many difficulties), whereas the importance to the public, both local
and worldwide, will depend on individual values and beliefs. There are techniques that
attempt to rationally and/or collegially attach monetary value to saving a life and hence
“value” risks; some of these have been applied to the nuclear sector (e.g., [19]). However,
such analyses may be dependent on the particular economic and regulatory regime that is
in place and, regardless of technique, may or may not be palatable to wider society. Some
of these issues are discussed in a recent report from the University of Manchester [20].

2.3. Sustainability

This review of closed versus open fuel cycles is made under the framework of
analysing the sustainability of nuclear fuel cycle options. Sustainable development has
been defined as “development that meets the needs of the present without compromising
the ability of future generations to meet their own needs” [21], and is based on meeting
a combination of economic, societal and environmental requirements [22]. Drivers for an
energy system for each of the three areas can be summarised thus:

• Economic drivers concern achieving affordable energy prices based on long-term
predictable production costs that are resilient to international influences [23].

• Societal drivers largely concern public acceptability, including reducing risks to health
as well as the promotion of intra- and intergenerational equity. Specifically, for nuclear
energy, concerns over nuclear safety, security and proliferation risks are also relevant.

• Environmental ambitions can be broken down into three broad drivers:

# Reducing greenhouse gas emissions (i.e., the carbon footprint).
# Reducing waste generation to a level where nature can absorb it, and consump-

tion of resources to a point where they can be regenerated (i.e., the environmen-
tal footprint).

# Preserving finite natural resources.

This paper focuses on the environmental aspects of sustainable development, but, as
noted earlier, the equal importance of the economic and societal goals must be accounted
for in an ultimate assessment of nuclear energy system and fuel cycle options.
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The United Nations Economic Commission for Europe (UNECE) has stated that
“sustainable pathways for nuclear development emerge as part of the full consideration
of the regulatory, social, technical, environmental and economic aspects . . . as well as
national capability and capacity” [24]. Similar views were expressed earlier by Stamford
and Azapagic [25], who developed a series of 43 indicators across 22 categories for the life
cycle assessment of nuclear and other energies split into technoeconomic, environmental
and social sustainability issues (Table 1). Their later paper described the application of
this approach to an assessment of nuclear energy in the UK [26]. The assessment of
social sustainability and the technique of social life cycle assessment received greater
clarity in 2020 with the publication of UNEP’s updated guidelines [27], but, to the authors’
knowledge, this framework is yet to be applied in the nuclear sector.

Recently, the question of whether nuclear energy is sustainable, and hence part of
the “EU Taxonomy” of environmentally sustainable economic activities suitable for in-
vestment, was considered by the Joint Research Centre (JRC) of the European Union [28].
To be sustainable in this context an activity must be able to make a substantial impact
towards mitigating climate change and “do no significant harm” with respect to the other
environmental objectives of the Taxonomy Regulation, viz.:

• Sustainable use and protection of water and marine resources.
• Transition to a circular economy.
• Pollution prevention control.
• Protection and restoration of biodiversity and ecosystems.

The key question surrounding nuclear energy concerns the impacts on these other
environmental impacts and specifically the management of radioactive wastes.

Table 1. Categories of sustainability indicators proposed by Stamford and Azapagic [25] for energy
systems.

Technoeconomic Environmental Social

Operability Material recyclability Provision of employment
Technological lock-in Water ecotoxicity Human health impacts

Immediacy Global warming potential Large accident risk
LCOE Ozone layer depletion potential Local community impacts

Cost variability Acidification potential Human rights and corruption
Financial incentives Eutrophication potential Energy security

Photochemical smog creation potential Nuclear proliferation
Land use and quality Intergenerational equity

2.4. Spent Nuclear Fuel Arisings

Firstly, we should consider the “source term” for radioactive wastes, i.e., the SNF
arisings from the use of nuclear energy. Currently, there are around 450 operating reactors
around the world providing nearly 400 GW of nuclear generation capacity [29]. However,
definitive estimates of global SNF accumulation over this century are harder to find. In-
ternational Atomic Energy Agency (IAEA) figures [30] estimate 11,500 t (tonnes of heavy
metal) of SNF would be generated per year from 2010, with 445,000 t generated in total by
2020. Since 89% of nuclear electricity is from LWRs [29], the majority of this SNF will be
uranium oxide fuels. Table 2 (adapted from [30,31]) shows that the current reprocessing
capacity is around 2500 t/a (tonnes per annum), although this could in future rise to ca.
6000 t/a once the Rokkasho Reprocessing Plant in Japan is operational and new plants in
Russia, China and India are constructed and commissioned. These data would suggest a
somewhat higher rate of SNF accumulating in storage than that published by the IAEA in
2016 of 7000 t/a [32]. By 2020 around one-quarter of spent fuel arisings were estimated to be
reprocessed, with the rest in interim storage (Figure 2). Another source [33] estimates that
around 550,000 tonnes of SNF is expected to accumulate in 17 countries by 2050, consistent
with the IAEA estimated rate. An OECD-NEA study that took a long-term and global view
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estimated that by 2150 the OTC could generate 4.5 megatonnes (Mt) of SNF worldwide [34].
Only Sweden and Finland are likely to have DGRs for SNF operational by the early 2030s,
and their capacities are 12,000 and 5500 t, respectively [35,36]. The United States filed a
licence application for the Yucca Mountain (YM) repository in 2008, but long-standing
political problems have suspended the process indefinitely [37]. Further, YM has a capacity
limited to 70,000 t of SNF, which is about half the projected arisings for the current US
reactor fleet when decommissioned around the mid-century [38].

The OECD’s Nuclear Energy Agency (NEA) and International Energy Agency (IEA)
estimated in 2015 [39] that to maintain global warming below 2 ◦C global nuclear capacity
would need to increase from 396 GW to 930 GW by 2050, i.e., 17% of global electricity
production. This increase is predominantly expected to arise from non-OECD countries,
particularly China, India and the Middle East. Less optimistically, the IAEA estimates
low and high cases for nuclear by 2050 of between about 350 and 750 GW [29], contrary
to needs to maintain global warming under the new, lower target of 1.5 ◦C, which they
estimated might require 960 to 2300 GW in 2050 [40]. Increased nuclear capacity will
obviously increase the amount of SNF discharged; a 1 GWe reactor discharges ~23 t of SNF
per year [41] (or between 17.5 and 27 t per year for burnups of 45 and 65 GWd/t and initial
enrichments of 4 and 5% 235U, respectively [28]).

Table 2. World reprocessing capacity (based on the PUREX process and adapted from [30,31]).

Country Site Plant Fuels
Operations Capacity (t/a SNF)

Start Shutdown Present Future

Belgium MOL Eurochemic LWR 1966 1975

China
Jiuquan RPP LWR * 25
Lanzhou LWR 800

France

Marcoule APM FBR 1988 1996
Marcoule UP1 GCR 1958 1997
La Hague UP2 LWR 1967 1000 1000
La Hague UP3 LWR 1990 1000 1000

Germany Karlsruhe WAK LWR 1971 1990

India

Trombay PP Research 1964 60 60
Tarapur PREFRE 1 PHWR 1974 100 100

Kalpakkam PREFRE 2 PHWR 1998 100 100
Kalpakkam PREFRE 3A PHWR 2010 150

Tarapur PREFRE 3B PHWR 2012 150

Japan Tokai-mura JAEA TRP LWR 1977 90 90
Rokkasho-mura JNFL RRP LWR 2007 800

Russia
Chelyabinsk RT1 WWER and BN 1977 400 400
Krasnoyarsk RT2 WWER 1500
Krasnoyarsk Demonstration VVER, RBMK 2013 150

UK
Sellafield Magnox GCR 1967 2021
Sellafield THORP LWR AGR 1994 2018
Dounreay UKAEA RP FBR 1980 2001

USA
West Valley NFS LWR 1966 1972

Hanford Rockwell U metal 1956 1989
Savannah River SR U metal 1954 1989

Sum total 2750 6325

Corrected for maximum throughput at La Hague of 1700 t/a −300 −300

Total 2440 6025

Note: This accounts for the closure of reprocessing plants in the UK and the delayed commissioning of Rokkasho-
mura. * Some data are unavailable.
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The UK is an interesting case in point, as it is transitioning from a fuel cycle based on
reprocessing (the TTC) to one based on storage (the OTC), until the availability of a DGR.
The UK currently has around 5500 tonnes of unreprocessed advanced gas-cooled reactor
(AGR) fuel stored, pending decisions to declare it as waste and dispose of in a repository
towards the end of this century [42]. There is also expected to be a further 1050 tonnes of
PWR fuel from Sizewell B (assuming a 40-year plant lifetime), plus another ~900 t of fuels
from experimental and other reactors [43]. Hinkley Point C will generate around another
3600 t [44] (Section 6.38.4), and any further new build will increase the inventory. The UK
will also have 3200 t of HLW from reprocessing around 65,000 tonnes of SNF in Magnox
and the Thermal Oxide Reprocessing Plant (THORP) reprocessing plants [43,45], as well
as ~140 t of separated plutonium from reprocessing (without recycling) that is in interim
storage, pending decisions to either declare it as waste for disposal in the DGR or to convert
it into MOX fuel for new reactors [13].

2.5. Fuel Cycle Modelling

Section 2.1 introduced the concept of fuel cycle models, which are probably the most
important tools available to analyse the impacts of various fuel cycle options at the macro-
scale over decades or even centuries. Results from various fuel cycle models are contained
within this report, and whilst this report is not intended as a review of fuel cycle models
or their use internationally, a few comments are relevant around their applications and
sensitivities to contextualise later discussions of the results from such models.

A benchmark exercise was completed by the OECD-NEA, in which five fuel cycle
models were compared against three different scenarios [46]. The codes were COSI6
(developed by CEA, France), DE-SAE2.2 (Rosatom, Russia), EVOLCODE2.0 (CIEMAT,
Spain), FAMILY21 (JAEA, Japan) and VISION2.2 (INL, Idhao, USA). The scenarios were
an LWR-based OTC, the TTC and a transition scenario from LWRs to fast reactors with
plutonium and MA recycling. It was concluded that the OTC was too simple to use as a
benchmark of the code capabilities. For the more complex scenarios differences appear, but
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these can be reduced by fine-tuning the assumptions (related to the initial conditions and
missing assumptions, requiring iterations of the models to converge). The authors note
that a similar benchmark exercise coordinated by MIT [47] led to similar conclusions.

A study of the sensitivities of outputs from variations in input parameters was made
for a selection of six international fuel cycle models by the OECD-NEA [48]. The scenario
selected for the sensitivity study was of 200 years duration, with a transition from a fleet
of PWRs to sodium fast reactors (SFR) with MOX fuel, maintaining constant electricity
production. The results of their studies are summarised in Figure 3. With respect to this
review, it is seen that MA recycling only has a significant effect on the waste characteristics
and variations in reprocessing strongly affect the back-end storage of nuclear materials
as well as affecting the inventories of materials in a non-linear way (noted by question
marks). This is due to reprocessing controlling the supply of plutonium for fast reactors in
the transition period.
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of the output parameter. When r2 is lower than 0.9, the related sensitivity indicator is replaced by a
question mark “?”. Redrawn from data in [48].

The importance of internationally benchmarking the national fuel cycle codes and
understanding the impacts of various assumptions and input parameters is apparent from
these examples. The useful role of international organisations, such as the OECD-NEA,
in this regard is also evident. In the UK the fuel cycle model of choice is the ORION
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code [14,15]. Further fuel cycle studies will be discussed below in the appropriate sections
of the paper.

3. Environmental Assessments of Fuel Cycles
3.1. Natural Resources (Uranium Utilisation)

The main natural resource affecting the sustainable and economic production of
nuclear energy is of course the supply of uranium ore for enrichment and conversion
into nuclear fuel. Current nuclear reactors utilise 0.6–0.7% of the uranium fuel for energy
production. In the OTC the remaining uranium (and plutonium) is retained in the SNF and
disposed of as high-level radioactive waste. The TTC, which incorporates the reprocessing
and recycling of MOX fuel, as well as potentially reprocessed uranium fuel, improves
uranium utilisation by about 15–25% compared to the OTC [23]. Uranium utilisation is
the amount of fresh uranium used in the fuel cycle; typically for closed cycles the savings
in fresh uranium required to manufacture newly enriched uranium fuels are calculated
as % uranium utilisation savings compared to the OTC. Further gains of nearly 15% are
achievable if Generation III reactors, such as the EPR, replace the current fleet [49]. Whilst
the resource savings can be significant over the lifetime of reactors (approximately 1500 t of
natural uranium per year is saved in the French TTC for instance [5]), the overall percentage
utilisation is still very low (~1%). To illustrate these points, Poinssot and coworkers have
explored several scenarios based on the French nuclear energy system [22,23,49,50]; some
key inputs and outputs are summarised in Table 3. Taking the example of the 408 TWe
scenario, it is seen here that the TTC based on the current reactor fleet requires 7647 t/y
of fresh natural uranium. However, if France converted to the OTC, then it would need
9145 t/a; hence, the use of the TTC provides savings of 16.4% in uranium resources per year.
The use of a fleet based on the EPR (and a higher capacity of 453 TWe) uses 6590 t/a, and the
adoption of a fast-reactor-based fleet would theoretically reduce the uranium requirements
to zero. The TTC is the system currently implemented in France and so based on real data,
whereas the other scenarios are designed to match the electricity generation and enable
like-for-like comparisons. From this analysis, therefore, utilisation of uranium resources
can be improved by:

• Improving the probability of 238U fission.
• The use of depleted uranium stocks.
• Recycling and reusing fissile material.

Table 3. Key feeds and outputs into various French fuel cycle scenarios from life cycle analysis (LCA) studies.

Cycle
Electricity

(TWe)

Inputs

Fresh (Natural) U
(t/y)

MOX *
(t/y)

RepU Reused
(t/y)

DepU Reused
(t/y)

OTC (a) [50] 408 9145 0 0 0
OTC (b) [23] # 430 9500 0 0 0

TTC [50] 408 7647 120 600 110
EPR and TTC [49] 453 6590 83 587 74

SFR [49] 453 0 448 356 49

Cycle Electricity
(TWe)

Outputs

Tails U
(t/y)

Total SNF
(t/y)

SNF to
Reprocessing

(t/y)

SNF to
Storage

(t/y)

OTC (a) [50] 408 7972 1173 0 1173
OTC (b) [23] # 430 8300 1200 0 1200

TTC [50] 408 7085 1173 1050 123
EPR and TTC [49] 453 6316 944 775 169

SFR [49] 453 0 448 448 0

Note: RepU and DepU denote reprocessed uranium and depleted uranium, respectively. * Pu content of 10.9% in
LWR MOX and 15.5% in FR MOX. # The OTC in France is a hypothetical estimation, and two cases with slightly
differing electrical generation capacities were used in LCA studies for comparisons against the closed cycles
(labelled (a) and (b) here).
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Consequently, the use of FRs is promoted to improve resource utilisation, as the
uranium utilisation is ~75% and depleted uranium can be used. Fast reactors also burn
plutonium more effectively, enabling the multi-recycling of spent MOX fuels. Estimates
of enhanced uranium utilisation vary from 30–100 times [41,51], meaning that uranium
resources would last thousands of years if used with FR technology.

The French results are typical; the capabilities of FRs to extend the life of existing ura-
nium resources have been well-known for a long time. The smaller but still useful impacts
of the TTC to improve uranium utilisation are perhaps less widely appreciated, but are
validated by similar findings from other studies. For example, Gao and Ko [52] constructed
an equilibrium-based fuel cycle analysis of seven systems (with three different conversion
or breeding ratios applied to systems with FRs). The systems all used pressurised water
reactors (PWRs), plus Canada Deuterium Uranium (CANDU) reactors and FRs (the SFR is
assumed) with different fuel cycles. As well as the OTC, a DUPIC (direct use of PWR spent
fuel in CANDU) fuel cycle was considered. Closed fuel cycle options were modelled with
either PUREX (plutonium uranium reduction extraction) reprocessing—for U and Pu sepa-
ration only—or pyroprocessing—separation of U, transuranics and high-heat-generating
radionuclides. The systems are listed in Table 4.

Table 4. Fuel cycle variants modelled by Gao and Ko [52].

System Reactor One Fuel
Cycle One Reactor Two Fuel

Cycle Two Reactor Three Fuel
Cycle Three

OTC PWR Disposal
DUPIC PWR OREOX CANDU Disposal

TTC PWR PUREX PWR (MOX) Disposal
Pyro-SFR PWR Pyro SFR Pyro
MA P&T PWR PUREX PWR (MOX) Pyro SFR (TRU) Pyro

Pu multi-recycle PWR PUREX PWR (MOX) Pyro SFR (MOX) Repro II
Breeder PWR LMBR * Pyro

* Liquid metal breeder reactor.

Equivalent actinide losses of 0.1% were applied to both PUREX and pyroprocesses,
an equivalence which may not be justified in practice. SFR fuels were either MOX, with
aqueous reprocessing, or metal alloys, with pyroprocessing. Their results are summarised
in Table 5, where it is seen that uranium utilisation is reduced for the different closed fuel
cycles compared to the OTC by 8% for the DUPIC cycle, 13% for the TTC and by 17–91%
for SFR burner cycles, increasing to >99% for the SFR option in the breeder mode (liquid
metal breeder reactor, LMBR). The same team [53] evaluated four of the same scenarios
(PWR with OTC, DUPIC recycling, TTC and SFR with pyroprocessing) to evaluate material
flows. Burnups of DUPIC fuel in CANDU, MOX in PWR and metal fuel in SFR were 7.5, 55
and 121 GWd/t, respectively, where approximately:

• One CANDU reactor was needed for every two PWRs (to sustain the DUPIC cycle).
• One MOX-burning PWR for every seven UO2-fuelled PWRs (in the TTC).
• One SFR for every PWR (in the Pyro-SFR cycle).

These three recycling scenarios were calculated to use 8.2%, 12.4% and 39.6% less
uranium, respectively, than the OTC. Similarly, MIT calculated that plutonium recycling
saves 15% and reprocessed uranium recycling saves 10% of uranium resources [54]. In their
fuel cycle modelling using the CAFCA code, uranium savings of 24% were predicted by
2050 with MOX and RepU recycling, rising to 33–47% by 2100 based on a transition to FRs
(conversion ratios of 0.75 to 1.23) at a growth rate for nuclear energy of 2.5%. An interesting
observation is that starting up FRs based on enriched uranium also saves uranium resources
(by around 50% at 2100) because of the earlier phasing out of LWRs compared with the
OTC, as well as scenarios based on the recycling of transuranics (TRUs) from LWRs to
start up the fast reactors. Figure 4 from the OECD-NEA illustrates the savings in uranium
resources quite clearly, where it is seen that the TTC (mono-recycling) uses only 75–89%
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of the uranium needed for the OTC and multi-recycling uses around 0.4% of the uranium
used in the OTC [55].

Table 5. Results from fuel cycle studies of Gao and Ko [52].

System CR U Consumption LILW-SL LILW-LL HLW SF Pu EV Factor

OTC 100 100 100 100 100 100 100 1.0
DUPIC 92 155 155 120 117 73 54 1.9

TTC 87 125 178 21 13 62 90 1.1
Pyro-SFR 0.36 82 101 91 1.9 0 0.1 14 7.1

0.71 60 87 72 1.7 0 0.3 31 3.2
1.00 9 54 26 1.2 0 0.5 72 1.4

MA P&T 0.35 72 111 173 7.6 0 0.2 58 1.7
0.70 70 106 165 7.4 0 0.3 54 1.9
1.00 55 87 126 5.8 0 0.3 52 1.9

Pu multi-recycle 0.35 78 106 161 7.0 0 0.3 50 2.0
0.70 72 104 159 7.0 0 0.3 49 2.0
1.00 49 92 134 6.0 0 0.4 42 2.4

Breeder 1.2 1 70 116 2.3 0 0.8 28 3.6

Note: All values in % relative to the OTC where CR is the conversion ratio, LILW-SL and LILW-LL are low- and
intermediate-level waste, respectively (short-lived or long-lived, respectively), HLW is high-level waste, EV is
excavated volume and factor denotes the increase in repository capacity cf. to the OTC.

Energies 2022, 15, x FOR PEER REVIEW  13  of  37 
 

 

  0.70  72  104  159  7.0  0  0.3  49  2.0 

  1.00  49  92  134  6.0  0  0.4  42  2.4 

Breeder  1.2  1  70  116  2.3  0  0.8  28  3.6 

Note: All values in % relative to the OTC where CR is the conversion ratio, LILW‐SL and LILW‐LL 

are low‐ and intermediate‐level waste, respectively (short‐lived or long‐lived, respectively), HLW 

is high‐level waste, EV is excavated volume and factor denotes the increase in repository capacity 

cf. to the OTC. 

 

Figure 4. Natural uranium consumption relative to the OTC. Redrawn from data in [55]. 

The question of uranium resource management was addressed  from a global per‐

spective by the OECD‐NEA [34]. They simulated the impacts of global growth in nuclear 

energy  from  (a) a homogenised view of  the world and  (b) a macro‐regional approach 

based on four groups taken from the Intergovernmental Panel on Climate Change (IPCC): 

1. IPCC‐1: Central and Eastern Europe (including states of the former Soviet Union). 

2. IPCC‐2: North America, Western Europe and Pacific OECD nations  (such as Aus‐

tralia and Japan). 

3. IPCC‐3: centrally planned Asia (including India and China). 

4. IPCC‐4: Latin America, Caribbean, Middle East and Africa. 

Two scenarios were modelled: the OTC and the closed cycle with a transition to fast 

reactors. The growth in nuclear energy is predicted to be strongest in IPCC‐3 and IPCC‐4, 

which overtake IPCC‐2 in the second half of the 21st century. Uranium reserves are esti‐

mated at 40 MtU (not including seawater), and Figure 5 illustrates the breakdown by re‐

gion;  interestingly,  IPCC‐3, which  is predicted  to have  the strongest growth  in nuclear 

energy, only contains ~5% of the reserves. Their predictions are that, with the OTC, con‐

ventional resources will run out by 2100 and non‐conventional resources by 2150, with 

stresses on uranium appearing maybe a few decades earlier than 2100 due to the needs to 

ensure committed resources for the full lifetime of a reactor. A consequence of this is that 

the number of uranium mines is estimated to increase from ~15 in 2020 to ~80 by 2100 as 

Figure 4. Natural uranium consumption relative to the OTC. Redrawn from data in [55].

The question of uranium resource management was addressed from a global perspec-
tive by the OECD-NEA [34]. They simulated the impacts of global growth in nuclear energy
from (a) a homogenised view of the world and (b) a macro-regional approach based on
four groups taken from the Intergovernmental Panel on Climate Change (IPCC):

1. IPCC-1: Central and Eastern Europe (including states of the former Soviet Union).
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2. IPCC-2: North America, Western Europe and Pacific OECD nations (such as Australia
and Japan).

3. IPCC-3: centrally planned Asia (including India and China).
4. IPCC-4: Latin America, Caribbean, Middle East and Africa.

Two scenarios were modelled: the OTC and the closed cycle with a transition to
fast reactors. The growth in nuclear energy is predicted to be strongest in IPCC-3 and
IPCC-4, which overtake IPCC-2 in the second half of the 21st century. Uranium reserves
are estimated at 40 MtU (not including seawater), and Figure 5 illustrates the breakdown
by region; interestingly, IPCC-3, which is predicted to have the strongest growth in nuclear
energy, only contains ~5% of the reserves. Their predictions are that, with the OTC,
conventional resources will run out by 2100 and non-conventional resources by 2150, with
stresses on uranium appearing maybe a few decades earlier than 2100 due to the needs to
ensure committed resources for the full lifetime of a reactor. A consequence of this is that
the number of uranium mines is estimated to increase from ~15 in 2020 to ~80 by 2100 as
well as rapid growth from 2050 in PWR fuel fabrication requirements in the IPCC-3 and
IPCC-4 regions, overtaking IPCC-2 capacities by 2080. Spent PWR fuels, on the other hand,
would exceed 2 Mt by 2100. As would be expected from the estimated uranium savings
from the TTC (10–25% range quoted above), the TTC does not extend uranium reserves
significantly; in their scenario, 10 to 20 years is estimated dependent on reprocessing
capacities and fuel burnups. The authors then present a variety of model results for the
PWR-FR fuel cycle from both the homogenised and regional worldviews. Some general
conclusions from their assessments were that LWRs will be needed throughout this century;
peak reprocessing capacity is required by the mid-century; and that the ability to deploy
infrastructure on the required scale by that time will probably limit the rate of fast reactor
building, particularly in the IPCC-3 and IPCC-4 regions. Regional solutions with fuel cycle
facilities provided by a limited number of countries were noted as a means for addressing
practical implementation challenges (e.g., security-related ones).
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Specifically, the OECD-NEA group concluded that:

• “ . . . potential future scarcity of uranium resources is not unreasonable, but is a very
serious prospect for regions of the world where the energy demand growth is and will
very probably continue to be high and where nuclear energy will be employed to at
least partially meet that demand.”

• “ . . . rapid development of fast reactors, especially in areas with rapidly expanding
economies and strong energy demand growth, is essential for nuclear energy sustain-
ability, for the global saving of natural uranium resources and for the reduction of
high-level waste generation requiring disposal.”

• “In the case of an open cycle, increased pressure on the uranium market is to be
expected towards the end of the current century.”

Superficially, this is contrary to the MIT study (and others), which have concluded
“There is no shortage of uranium resources that might constrain future commitments to
build new nuclear plants for much of this century at least” [54]. However, the two views
are perhaps closer than expected; it is the emphasis that it is different. Uranium reserves
(excluding seawater) are not predicted to be exceeded before the end of this century; that
is, after the generation of LWRs built before 2040 will be decommissioned. However, for
the continued use of thermal reactors in the 22nd century it seems likely that there would
be uranium supply problems. However, not only is this a long-term problem (>50 y), it is
dependent on the expected growth in nuclear energy this century; thus, there is significant
uncertainty over the extent of the perceived problems. Therefore, the issue is, rather, what
value should be placed on ensuring sustainability for future generations via the prudent
utilisation of natural uranium resources over the next 50 years or so?

3.2. Environmental Assessment and Life Cycle Analysis (LCA)
3.2.1. Background—LCA of Nuclear Energy

LCA has been highlighted by the United Nations as an important tool in analysing
energy systems [24]. This is because LCAs are a powerful tool for assessing the impacts
of energy options in a holistic manner, particularly from the viewpoint of sustainability.
LCA analyses a system “from cradle to grave”. It relies, therefore, on having detailed sets
of data, such as mass flows of reagents and products in a process, energy usage, wastes or
discharges generated for each stage, facility or component of the system, process or product
being analysed. The usual application of LCA is to assess the environmental footprint and
impacts of the system, process or product in terms of a standardised set of environmental
indicators. These indicators may vary between studies but generally include greenhouse
gas emissions, other atmospheric pollutants, pollution or use of water resources, land use
and pollution, use of natural resources, increases in the toxicity of the ecosystem and wastes
generated (in the specific case of nuclear energy the generation of radioactive wastes is a key
aspect). Obviously, dependent on the system being analysed, some of the environmental
indicators will be more important than others, and so the interpretation of LCA results is
important. While powerful, LCAs are a complicated measure; the efficacy of a model is
dependent on the data that is used, and the detail included within the model. It is therefore
wise to appreciate that a degree of variability is naturally to be expected between different
assessments. Therefore, the International Organisation for Standardisation (ISO) has two
standards (ISO 14040 and 14044) that relate to LCA studies to ensure that the tools are
properly applied. LCA is commonly seen as a key tool in the growth of a circular economy
and sustainable development.

The JRC in their assessment of the sustainability of nuclear energy placed a very strong
emphasis on the use of LCA as a primary analytical tool [28]. Both these studies noted
that, generally speaking, there are fewer applications of these methods to nuclear energy
than other systems, and that the most numerous studies related to analysis of the carbon
footprint of nuclear versus other energies. These have been critically reviewed by a number
of authors, with the general consensus being that they are much lower than fossil fuels
and probably between solar and wind or hydro in terms of CO2 emissions, with the front
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end of the fuel cycle providing the largest contribution [56–58]. For example, Warner and
Heath [56] evaluated the LWR fuel cycle to be in the range 3.7 to 110 gCO2eq/kWh, and
another study [58] calculated a mean value of 66 gCO2eq/kWh. An OECD-NEA review [51]
also shows that (indirect) carbon emissions from nuclear are as low as wind power and
agrees that these emissions are principally from energy used in uranium mining and
enrichment. The recent JRC review concludes that nuclear GHG emissions are comparable
to hydro and wind (28 vs. 26, 26 gCO2eq/kWh) in addition to being well below their
threshold of 100 gCO2eq/kWh for energy sources that are defined to make a substantial
contribution towards mitigating climate change [28].

Whilst nuclear power may only be responsible for ~10% of electricity production (in
2013), this equates to a saving of 1.2–2.4 Gt of CO2 emissions per year, or, alternatively,
the use of nuclear power has prevented over 60 Gt CO2 from entering the atmosphere
since 1971, equivalent to about two years’ worth of emissions [24]. IAEA estimates are
somewhat higher, at 74 Gt CO2 saved between 1971 and 2018, which is equivalent to the
total emissions from the entire power sector between 2013 and 2018 [40].

As described above, sustainability is considered as the combination of technical per-
formance, economic viability, environmental preservation and societal acceptance. This
report does not intend to review the environmental (or sustainability) credentials of nuclear
energy compared to other forms of energy; it is instead focused on the different fuel cycle
options for spent fuel management if nuclear forms part of the low-carbon energy mix.
Suffice to say, in this context, various studies have clearly demonstrated the low environ-
mental footprint of nuclear energy, which compares very well with renewables [23,26,59,60];
interested readers are directed towards those references quoted in the preceding paragraph
and references therein. Indeed, on the basis of this evidence the JRC concluded that there
was “no science based evidence” that nuclear energy was worse for the environment (or
human health) than the renewable energies already included in the EU Taxonomy [28].

3.2.2. Nuclear Fuel Cycle LCA

Most of the published nuclear-related LCA studies are based on the OTC, with little
consideration of how fuel cycle choices affect the environmental footprint. To address this
gap, Poinssot and coworkers have produced a series of papers using the French nuclear
fuel cycle as an example of applying an LCA approach to this question [22,23,49,50]. These
studies are complemented by recent reports from Paullilo and coworkers based on fuel
cycle experience in the United Kingdom [61,62]. The fuel cycles and indicators used to
assess the environmental footprints in both French and UK studies are similar—see Table 6.

Table 6. Comparison of French and UK LCA studies.

Indicator Fr UK Fuel Cycle Fr UK

Greenhouse gas emissions 4 4 Once-through [50] [62]
Atmospheric pollution (SOx, NOx) 4 4 * Twice-through [50] [61,62]

Water pollution 4 Plutonium multi-recycling [49]
Land use 4 MA P&T [49]

Water consumption and withdrawal 4 4
Technological waste 4

Radioactive gaseous emissions 4 4 ‡

Radioactive liquid emissions 4 4 ‡

Solid radioactive waste 4 4 ‡

Repository footprint 4
Acidification 4 4

Eutrophication 4 4 †

Photochemical ozone creation potential 4 4
Ecotoxicity 4 4

Human toxicity 4 4
Ozone depletion 4

Resource depletion, mineral, fossils and renewables 4

* Labelled as particulate matter/respiratory inorganics in UK study. † Split into freshwater, marine and terrestrial.
‡ Two categories of ionising radiations (IR) and ionising radiations, wastes (IRw).
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Firstly, using their bespoke LCA tool “NELCAS”, comparisons have been made for
nuclear energy with coal, oil and gas, photovoltaics, hydro and wind power [23]. Nu-
clear energy was found to have the lowest impacts for greenhouse gas (GHG) emission
and land-use indices and to be in the top three in all categories except water withdrawal
and consumption. It is worth noting that French nuclear energy has a particularly low
value for GHG emissions (5.29 gCO2eq/kWh) because the enrichment plant is powered
by onsite nuclear reactors. Any further improvement in the carbon footprint would re-
quire reducing front-end mining, enrichment activities, transportation (or avoiding use of
fossil fuels in transportation) and the size of geological repositories (through less mining
and construction).

The different parts of the current French TTC were then analysed, where the dominant
impacts (>70%) in most categories were shown to be due to front-end activities, partic-
ularly mining. The exceptions were water withdrawal and consumption in addition to
technological waste, which are dominated by the reactor. Recycling (reprocessing and
MOX fuel fabrication) have <15% impact on all nonradioactive factors (see Figure 6). Ra-
dioactive releases are dominated by gaseous emissions (53% radon from mining, 45% noble
gases from reprocessing), with tritium (~2% from reprocessing and reactors) dominating
liquid emissions.
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Comparisons of the actual French TTC to a hypothetical French OTC (calculated for
the same nuclear energy base) showed that all environmental indicators are improved with
the TTC, apart from gaseous and liquid discharges as well as ILW (Figure 7). Radioactive
releases from the TTC though are calculated to be <1% of the natural background radioac-
tivity, and the TTC leads to a large decrease in HLW. Therefore, while the volumes of
higher activity (ILW and HLW) wastes are similar in the OTC and TTC, there is a significant
predicted reduction in both repository surface area (factor of ~2) and excavated volume
for the TTC (factor of ~2), see Figure 8. The French HLW “R7T7” glass has been assessed
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to have a lifetime of >300,000 years, making it a durable waste form that is positively
configured for the repository environment.

Energies 2022, 15, x FOR PEER REVIEW  18  of  37 
 

 

assessed to have a lifetime of >300,000 years, making it a durable waste form that is posi‐

tively configured for the repository environment. 

 

Figure 7. Evolution of the impact indicators when going from the French TTC to an OTC producing 

the same amount of electricity with the same PWR fleet. Redrawn from data in [50]. 

The conclusion drawn is that in order to enhance sustainability and reduce the envi‐

ronmental impact of nuclear energy, efforts are needed in either improving front‐end pro‐

cesses or reducing the drawdown (flux) of materials from the front end by recycling. Con‐

sequently, Poinssot et al. have assessed the impacts of replacing the French reactor fleet 

with (a) 100% Generation III EPRs and (b) 100% Generation IV SFRs for plutonium multi‐

recycling. An analysis of introducing americium‐only P&T into scenario (b) was also con‐

sidered. Whilst these are hypothetical cases, they are useful to illustrate the potential system‐

level changes on the environmental indicators. Comparisons were made against the French 

reference TTC rather than against the open OTC (which presumably would give even higher 

benefits). In terms of the environmental indicators, an improvement of ~20% in most indi‐

cators was found by moving to an EPR fleet compared with the current PWR fleet when 

utilising a TTC. This is due to the increased efficiency of the EPR (higher burnup, efficiency 

and availability than the current fleet and longer operating lifetime assumed) resulting in 

reductions in uranium usage and, therefore, mining activities. The hypothetical transition 

to a 100% FR fleet, however, leads to substantial reductions in the environmental indicators 

(20–99%), as the multi‐recycling of plutonium and use of depleted uranium means front‐

end mining and enrichment activities are no longer required. The recycling of americium as 

part of a P&T strategy has very minor impacts on the environmental indicators in the LCA; 

the driver for this is the impacts on the repository (Section 2.3).   
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The conclusion drawn is that in order to enhance sustainability and reduce the en-
vironmental impact of nuclear energy, efforts are needed in either improving front-end
processes or reducing the drawdown (flux) of materials from the front end by recycling.
Consequently, Poinssot et al. have assessed the impacts of replacing the French reactor
fleet with (a) 100% Generation III EPRs and (b) 100% Generation IV SFRs for plutonium
multi-recycling. An analysis of introducing americium-only P&T into scenario (b) was also
considered. Whilst these are hypothetical cases, they are useful to illustrate the potential
system-level changes on the environmental indicators. Comparisons were made against
the French reference TTC rather than against the open OTC (which presumably would give
even higher benefits). In terms of the environmental indicators, an improvement of ~20%
in most indicators was found by moving to an EPR fleet compared with the current PWR
fleet when utilising a TTC. This is due to the increased efficiency of the EPR (higher burnup,
efficiency and availability than the current fleet and longer operating lifetime assumed)
resulting in reductions in uranium usage and, therefore, mining activities. The hypothetical
transition to a 100% FR fleet, however, leads to substantial reductions in the environmental
indicators (20–99%), as the multi-recycling of plutonium and use of depleted uranium
means front-end mining and enrichment activities are no longer required. The recycling
of americium as part of a P&T strategy has very minor impacts on the environmental
indicators in the LCA; the driver for this is the impacts on the repository (Section 2.3).
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Impacts of mining on the environmental footprint of nuclear energy are clearly high-
lighted by these studies. It is also noted by Poinssot [50] that the mining of lower grade
ores, potentially needed in a global expansion of nuclear energy, would increase GHG
emissions from around 5 gCO2eq/kWhe to 20 or even 200 gCO2eq/kWhe; a point also
made in other papers [18,56].

Similar LCA studies have been reported recently by Paulillo and coworkers [61,62], see
Table 6 for the comparison. An initial study of the UK closed cycle, with the reprocessing
of spent AGR fuel in Thorp but with the storage of products rather than recycling, came
to several conclusions [61]. Firstly, many of the environmental impacts were attributable
to the use of uranium as a process reagent in the Thorp process as well as copper in the
disposal of canisters of HLW in the DGR. The effects are traceable to the environmental
impacts of the mining activities. A recommendation was that reprocessing should either
use reprocessed uranium as the source of the uranium reagent or eliminate the need for
(tetravalent) uranium within the separation process. Atmospheric emissions are dominated
by 129I and 36Cl, and the same radionuclides dominate doses from the repository in the
long term. The GHG emissions from the back end of the fuel cycle (i.e., reprocessing and
disposal) are demonstrated to be very small compared to the rest of the nuclear fuel cycle,
especially front-end mining, milling, conversion and enrichment.

Of greater relevance to this review is an LCA comparison between the OTC and
different reprocessing scenarios, again for the UK case of Thorp-style reprocessing of AGR
fuels [62], the scenarios being:

• “Base line”—the nominal UK fuel cycle whereby SNF was reprocessed and products
stored pending decisions on disposition [61].

• Scenario one—the products from the baseline are disposed of in a repository.
• Scenario two—SNF is reprocessed and RepU is recycled whilst Pu is disposed of in a

repository.
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• Scenario three—SNF is reprocessed and RepU and Pu are recycled as MOX fuel.
• Scenario four—SNF is reprocessed and RepU is recycled whilst Pu is mixed with

depleted uranium and recycled as MOX fuel.
• Direct disposal—the OTC.

Scenario one, understandably, gave the worst environmental performance, as SNF is
reprocessed but the useful products are not recycled. Apart from ionising radiations, all
the recycle scenarios provide environmental benefits, with scenarios three and four clearly
the best options based on having the lowest environmental footprint (see Table 7). This is a
consequence of the reduced use of natural uranium and, therefore, a reduction in mining
and enrichment activities in the recycle options. Moreover, it is the recycling of plutonium
that enables large gains; this is attributed to a combination of the high environmental
impact of and footprint required for plutonium disposal, plus the higher energy value of
plutonium in displacing natural uranium as a fuel. Whilst the authors note concerns around
proliferation risks and costs, their conclusion is that scenarios three and four (plutonium
recycling) are the “most advantageous options from an environmental perspective”. Whilst
a range of scenarios more representative of advanced fuel cycles would have been more
interesting perhaps, it is useful that the results complement and corroborate those of the
French LCA studies.

Table 7. Environmental impacts of reprocessing scenarios and direct disposal [62].

Area of Impact Units
Scenario Number Direct

Disposal1 2 3 4
Acidification (mol H+ eq.) 2680 −2470 −3940 −3970 2480

Climate change (kg CO2 eq.) 3.01 × 105 −1.88 × 105 −3.18 × 105 −3.18 × 105 1.39 × 105

Ecotoxicity freshwater (CTUe) 1.42 × 107 5.46 × 106 6.40 × 105 5.49 × 105 1.75 × 107

Eutrophication freshwater (kg P eq.) 358 −38.6 −190 −194 434
Eutrophication marine (kg N eq.) 963 −17,700 −20,900 −21,100 319

Eutrophication terrestrial (mol N eq.) 4490 −15,000 −19,100 −19,300 2900
Human toxicity, cancer effects (CTUh) 5.01 × 10−2 1.4 × 10−2 −2.8 × 10−3 −3.2 × 10−3 6.08 × 10−2

Human toxicity,
noncancer effects (CTUh) 0.656 −0.212 −0.511 −0.520 0.812

Ionising radiations (Bq 235U air eq.) 1.88 × 109 1.83 × 109 1.82 × 109 1.82 × 109 3.35 × 106

Ionising radiations, GDF (Bq 238U ILLW eq.) 7.1 × 1010 4.1 × 1010 3.5 × 1010 3.4 × 1010 7.9 × 1010

Ozone depletion (kg CFC-11 eq.) 3.88 × 10−2 −3.7 × 10−2 −5.4 × 10−2 −5.4 × 10−2 1.21 × 10−2

Particulate matter/respiratory
inorganics, human health (kg PM2.5 eq.) 250 −437 −607 −612 231

Photochemical ozone formation,
human health (kg NMVOC) 1290 −3970 −5090 −5130 874

Resource depletion, mineral,
fossils and renewables (kg Sb eq.) 56.9 −794 −944 −953 36.1

Resource depletion water (m3 eq.) 2110 −6260 −8180 −8180 1130

Note: The colour scale goes from red, highest, to green, lowest [62].

Tendall and Binder [63] apply multicriteria assessment methods to the European
nuclear fuel cycle under scenarios of reprocessing with the recycling of MOX fuel (R1),
changes to uranium enrichment practices (R2–R4) and replacement with an FR fleet (R5).
Their model indicates some interesting material flows:

• Of the natural uranium requirement, 95% is from outside Europe, with the remainder
primarily from Ukraine. Nearly half of the uranium is processed outside Europe, caus-
ing wastes and emissions outside their system boundaries. This leads to 1.1 × 107 t/y
of waste rock and 2 × 106 t/y mill tailings outside Europe.

• In Europe 6.4 × 105 t waste rock, 1.3 × 105 t mill tailings, 6.4 × 103 t depleted uranium
and 2.5 × 103 t SNF accumulate per year, and nearly 80% of the energy requirement
for the European nuclear fuel cycle is due to front-end activities (e.g., enrichment,
conversion and disposal of depleted uranium).
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• Scenario R1 allows a reduction in natural uranium usage of 15%, and R5 reduces fresh
uranium and waste production by over 99%; the environmental improvements require
trade-offs with economic and proliferation risks.

Lastly, it is noteworthy that the JRC review [28] draws almost exclusively on the work
of Poinssot et al. described above when considering the different effects of open and closed
cycles on the environmental footprint, indicative of the need for further corroborating
LCA studies. Their conclusion, however, is that the differences are not large, and the
main concern is the grade of uranium ore extracted in the mining. Furthermore, they
conclude that the closed cycle generally has lower environmental impacts than the open
cycle, and with specific regards to the reprocessing of SNF that it does “not represent
significant harm to human health or to the environment” and can meet the objectives of
the EU Taxonomy. In fact, reprocessing was viewed to have a dominant contribution in
only three out of the nineteen environmental indicators they looked at—related to liquid or
solid radioactive wastes—with the nuclear plant or mining and milling stages dominating
all other radiological and non-radiological indicators.

3.3. Fuel Cycle Impacts on the Waste Repository

In this section, firstly, the general impacts on the DGR will be introduced, and then
these will be considered in more detail by reference to specific fuel cycle studies from the
literature.

3.3.1. General Considerations

It has already been noted that the management of radioactive wastes is seen as the
main environmental problem associated with nuclear power and an issue of public concern,
but, as pointed out by UNECE, these are created in small volumes; carefully managed
with rigorous standards for disposal; isolated from the environment; and potentially
recyclable [24].

Taking SNF disposal in the OTC as the baseline, changes to the fuel cycle can impact
the design and performance of DGRs in various ways, such impacts being also dependent
on the type of repository environment [64]. These impacts include:

• Reduction in radionuclide inventory (and/or radiotoxicity) of HLW.
• Changes in volumes of radioactive wastes for disposal (ILW and HLW).
• Reduction in heat generation (thermal power) of HLW.
• Increase in waste form durability.

Recycling materials in closed fuel cycles will reduce the inventory of actinides sent to
the DGR and, therefore, the long-term hazard. Commonly, this is represented in terms of
the evolution of the radiotoxicity of the waste in the DGR compared to that of the original
uranium ore. Figure 9 is a typical example of these calculations. It can be seen that the
time taken for radiotoxicity to decrease to that of the uranium ore is reduced by about
an order of magnitude from 105 to 104 years with plutonium recycle in the TTC, and a
factor of 100 with MA P&T, i.e., a reduction in the “lifetime” of the waste from geological to
historical timescales [5,22]. It should be noted that this is an idealised situation (some of the
papers reviewed below provide calculations based on more realistic scenarios), but does
indicate the theoretical benefits of closed cycles with respect to waste inventories and/or
radiotoxicities. However, practically all credible fuel cycle concepts require a DGR for some
wastes, and since the repository safety assessments are based on long-term dose impacts
rather than inventory or radiotoxicity, the dominant influences are those radionuclides
that are mobile in the environment. In reducing conditions, as proposed in most DGR
concepts, this means species such as 129I, 79Se and 36Cl rather than the actinides (which
are assumed to be immobile) [64,65]. Thus, these impacts relate primarily to benefits in
optimisation (cost, design and engineering) and public acceptability of the DGR rather than
for demonstrating long-term safety performance. Actinides are generally only considered a
safety concern in low-probability human intrusion scenarios [22].
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types of fuel cycles, normalised to that of the original uranium ore (redrawn from data in [22]).

The reductions in heat generation and HLW volumes are illustrated quite clearly for
three reference scenarios (the OTC, TTC and multi-recycling) in Figure 10. The decay heat
is shown for 50 and 200 years storage of HLW after reprocessing—the longer timeframe en-
abling the high-heat-generating fission products (caesium and strontium) to have decayed
substantially. This reduction in heat generation enables waste canisters to be packed more
densely and, hence, can lead to a reduction in the surface footprint and excavated volumes
of a DGR.

Energies 2022, 15, x FOR PEER REVIEW  23  of  37 
 

 

 

Figure 10. Heat generation from and total volumes of HLW produced from the OTC, TTC and multi‐

recycling fuel cycle options. Redrawn from data in [55]. 

3.3.2. Specific Fuel Cycle Studies 

The most recent study (2021) available to us  is the report from Dungan et al. [15], 

who analysed five fuel cycles: 

 SC1—OTC based on PWRs. 

 SC2—OTC based on high‐temperature reactors. 

 SC3—TTC based on PWRs. 

 SC4—as SC3 but spent MOX fuel  is recycled  in SFRs for burning TRU (Pu, Np and 

Am). 

 SC5—closed cycle based on SFRs (iso‐breeders, conversion ratio of 1). 

Key results are listed in Table 8. The reduction in masses of heat‐generating wastes 

across the scenarios due to recycling is evident. Despite the differences in the masses of 

wastes, the totalised decay heats after reprocessing (or 10 years post‐irradiation of SNF) 

are actually  fairly constant  (between 3 and 6 kW/TWhe, data not shown), since  this  is 

dominated by the fission product HHR. At the DGR there is a substantial increase in the 

number of packaged canisters for disposal with SC2 due to the large volume of the spent 

HTR  fuel  (TRISO‐pebble‐bed‐type), whereas SC3  is similar  to SC1 due  to  the assumed 

disposal limit of only one spent MOX fuel assembly per canister. For FR‐based scenarios 

SC4/5, canisters are reduced by about half. There is a strong reduction in decay heat with 

storage times due to radioactive decay of the HHRs, and for scenarios involving TRU re‐

cycling in FR large reductions are possible, up to ~99% at 500 years. 

   

Figure 10. Heat generation from and total volumes of HLW produced from the OTC, TTC and
multi-recycling fuel cycle options. Redrawn from data in [55].



Energies 2022, 15, 1433 22 of 35

3.3.2. Specific Fuel Cycle Studies

The most recent study (2021) available to us is the report from Dungan et al. [15], who
analysed five fuel cycles:

• SC1—OTC based on PWRs.
• SC2—OTC based on high-temperature reactors.
• SC3—TTC based on PWRs.
• SC4—as SC3 but spent MOX fuel is recycled in SFRs for burning TRU (Pu, Np and Am).
• SC5—closed cycle based on SFRs (iso-breeders, conversion ratio of 1).

Key results are listed in Table 8. The reduction in masses of heat-generating wastes
across the scenarios due to recycling is evident. Despite the differences in the masses of
wastes, the totalised decay heats after reprocessing (or 10 years post-irradiation of SNF)
are actually fairly constant (between 3 and 6 kW/TWhe, data not shown), since this is
dominated by the fission product HHR. At the DGR there is a substantial increase in the
number of packaged canisters for disposal with SC2 due to the large volume of the spent
HTR fuel (TRISO-pebble-bed-type), whereas SC3 is similar to SC1 due to the assumed
disposal limit of only one spent MOX fuel assembly per canister. For FR-based scenarios
SC4/5, canisters are reduced by about half. There is a strong reduction in decay heat with
storage times due to radioactive decay of the HHRs, and for scenarios involving TRU
recycling in FR large reductions are possible, up to ~99% at 500 years.

Table 8. Key results from Dungan et al. [15].

Scenario

Decay Heat

t/TWh /TWh W/TWh

SNF HLW Canisters 50 y 200 y

SC1 2.24 0 1.06 1689 552
SC2 0.91 0 8.85 1576 579
SC3 0.41 0.10 0.93 1756 591
SC4 0 0.12 0.48 1296 107
SC5 0 0.10 0.45 935 28

The French LCA studies discussed above also considered the impacts of the different
fuel cycles on the repository. Figure 11 summarises their findings. It is seen that the total
volume of waste is approximately constant between the OTC and TTC, decreases for the
EPR-based TTC due to the higher efficiency of the EPR and increases with the SFR fuel
cycles. More importantly, however, is that the HLW decreases substantially for the closed
cycles with concomitant decreases in the repository surface area and excavated volume
by factors of ca. two–seven compared to the OTC. This enables either a smaller geological
repository for a specific reactor fleet or an expansion in nuclear energy generation without
the need to increase repository size.

In line with this, Peters [66] used a densification factor of four when comparing a TTC
with direct disposal in YM. An interesting observation is that processing higher proportions
of long-cooled legacy fuels (blended with new UOX SNF) reduces the densification factor
achievable due to increasing amounts of americium (no MA P&T) in the waste, whereas
extending the interim storage of vitrified HLW to 60 years (from their reference of 25 years)
increases the densification factor up to a factor of about eight.

In their fuel cycle study, the MIT team applied densification factors of one for spent
UOX and 0.15 for spent MOX fuels, increasing to four for an FP/MA mix and five for a
fission product (FP)-based HLW [54]. These data were based on a review of the literature,
including [66]. The dramatic decrease in mass terms of HLW directed to the DGR with
twice-through and multi-recycling compared to the OTC is shown in Figure 12, but it must
be noted that the appropriate densification factors must be applied to calculate the DGR
footprint.
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Figure 11. Variation in HLW and long-lived ILW waste volumes and repository size for different
French fuel cycle scenarios. Redrawn from data in [49].
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A comprehensive evaluation and screening of nearly 4400 fuel cycle variations was
carried out for the US-DOE in 2014 [67]. These variations were grouped into 40 evaluation
groups and assessed against nine evaluation criteria, including how they impacted on
the geological disposal, resource utilisation and environmental impacts. The four best
performing groups (relative to the US baseline OTC) were those based around multi-
recycling of U and Pu or U and TRU actinides in fast or fast and thermal reactors. Compared
to the established US OTC strategy, on a per unit energy basis these options had the
potential to:

• Reduce the wastes for disposal by a factor of 10 or more.
• Reduce long-term radioactivity by a factor of 10 or more.
• Reduce residual uranium wastes by a factor of 100 or more.
• Reduce use of uranium resources by a factor of 100 or more.
• Reduce carbon dioxide emissions by a factor of two.

González-Romero [41] summarised findings from influential OECD-NEA and EU-
RATOM (RED-IMPACT project) studies. Scenarios compared were:

• The OTC.
• TTC and plutonium recycle in fast reactors.
• The P&T scenarios:

# Pu and MA recycle.
# A simplified double-strata concept with LWRs and accelerator-driven sys-

tems (ADS).
# A double-strata concept with LWR, FR and ADS.

The findings were that P&T can reduce the mass and radiotoxicity of HLW sent to a
DGR both by a factor of 100, compared to a factor of 10 for plutonium-only recycle, but
over a 400-year timescale. However, because of how the safety cases for deep geological
repositories are constructed there would be no benefits to the calculated public doses,
which are mainly due to long-lived fission and activation products such as 129I, except in
low-probability human intrusion scenarios. Heat loading was dominated by MA, after
about 100 years. The removal of Pu and MA from HLW, therefore, reduces heat loading by
a factor of ~100 initially, so HHR (Cs, Sr) then dominate for ~300 years, leading to a slower
reduction. Extending the interim storage from 50 to 200 years (or the separation of HHR,
Cs and Sr) combined with Pu and MA recycling would, therefore, achieve large reductions
in heat generation. This results in increasing capacity in the repository by a factor of 10–50
(with P&T and 100-year decay storage). Even without optimisation, factors of two–six in
increased capacity are achievable. Their results are compared to similar studies on YM
where repository capacity can be increased by factors of five with Pu and Am recycling, 40
with Pu, Am, Cs and Sr recycling and 91 with Pu, Am, Cs, Sr and Cm recycling. A caveat
on these data is that recovery factors of 99.9% for U and Pu and 99% for MA are assumed
and that there will be consequent increases in secondary LLW and ILW. Some key results
from the RED-IMPACT study are shown in Figure 13, where the reductions in uranium
consumption, gallery length in a DGR, dose and radiotoxicity for six advanced fuel cycle
options are compared relative to the OTC with PWRs [28].
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Salvatores and Palmiotti [68] reviewed the benefits of P&T in reducing the radiotoxicity
of nuclear waste in a repository from over 100,000 years to a few hundred years (i.e.,
reduced by a factor of 1000), and the mass inventory by a factor of 10 if all plutonium
was recycled. This is improved to a reduction by a factor of over 100 with MA burning,
assuming TRU recoveries of > 99.8% in reprocessing. This provides benefits in reducing
the proliferation interest in the repository and consequences of low-probability events such
as intrusion into the repository, but since the actinides are considered immobile it (again)
does not benefit the long-term repository radiological safety case, this being dominated
by mobile elements such as 129I, 99Tc and 36Cl. When considering heat loading in the
repository, Salvatores and Palmiotti quoted a Japanese study that suggested reductions
in footprint by a factor of four–five would be obtained with MA transmutation, and over
100 if there was also the separation and long-term storage of Cs and Sr. Neptunium was
noted as having minimal effect on radiotoxicity, dose and heat generation in the repository,
though other authors [64,69] note potential concern due to the long half-life and mobility
of the pentavalent state, which is accessible in oxidising conditions. The authors reviewed
transmutation in thermal reactors with enriched uranium and 10% TRU content fuel, a
deep burn modular helium-cooled reactor (a type of very high-temperature reactor, VHTR)
and with inert matrix fuels as well as in fast reactors and accelerator-driven systems.
An interesting point is made about the build-up of 252Cf following multiple recycling,
particularly in the thermal reactor case. Table 9 summarises some of the impacts of multi-
recycling on the fuel fabrication stage for the case of plutonium-only recycling and full
TRU recycling. The authors note that the effects of TRU loading in the recycle fuel are a
significant burden and a cause for industry reluctance in accepting the potential benefits
of P&T. They also conclude that fuel fabrication and separation process development and
demonstration are priority areas to enable the industrialisation of P&T.
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Table 9. Relative impacts of recycling strategies for handling materials in fuel fabrication [68].

Parameter
PWR FR ADS

(U,Pu) MOX Full TRU Recycle Pu Only Full TRU * MA Target † MA Dominated

Decay heat 1 3 0.5 2.5 20–80 90
Neutrons 1 8000 ~1 150 1000–4000 20,000

Note: Values are normalized to thermal MOX fuel as the reference case. * Homogeneous recycling strategy.
† Heterogeneous recycling strategy.

Acar et al. [70] aimed to assess the impact of various types of fuel cycles on the area
required for the geological disposal and lifetime of waste (as indicated by the radiotoxicity).
They used Swedish and UK (NIREX) concepts for the geological disposal of SNF and
vitrified HLW and, of the fuel cycle variations assessed, the most relevant are the OTC and
TTCs, the TTCs being either:

• Conventional reprocessing, producing separate U and Pu products that are recycled
as MOX by blending with natural uranium.

• Advanced reprocessing, in which a U and Pu product is obtained from reprocessing
that can be directly converted into MOX without blending.

In both TTC options reprocessed uranium is assumed to be re-enriched and recycled.
Acar et al. calculated decay heat profiles for 30, 40 and 50 GWd/t burnup with 5 years
cooling before reprocessing and 50 years before geological disposal. Of U and Pu in
reprocessing, 99.9% recovery is assumed with a waste loading of 10 wt% in the vitrified
waste. A maximum temperature on the surface of waste canisters is set as 80 ◦C. Data are
presented as total electricity (MWe-y) produced per m2 of disposal area. Focusing on the
high-burnup case, which is more relevant to LWR operations today (Table 10), observations
from their analysis were:

• Disposal area increases with burnup except for vitrified HLW, which is insensitive to
burnup and has the smallest disposal area per ton at 50 GWd/t.

• MOX fuels require substantially larger disposal areas due to their heat loading, which
limits only one assembly (instead of four) that can be placed in a disposal canister.
This impacts the overall disposal area per ton of fresh uranium fuel that is calculated
for the TTC.

• TTCs produce less HLW (~30%) and generate ~20% more electricity per ton of fresh U
fuel, although it is calculated to require ~7% more disposal area (due to the low-density
disposal of MOX fuel).

• The disposal area advantage factor is defined as the total electricity generated per
m2 of disposal area normalised to a reference cycle (OTC with 33 GWd/t fuel). This
factor goes down with increasing burnup, implying that disposal of once-through
low-burnup UOX fuel is the most efficient use of disposal capacity. However, the TTC
are close to the OTC at all burnups; the difference is due to the recycling of RepU,
which has a disposal area of ~22 m2/tU.

• The times for the radioactive wastes to decay to levels of toxicity comparable to the
natural fuel are lower in the TTC but still around 10,000 years. This is because vitrified
HLW has the lowest decay period of < 1500 years, but some MOX fuel also must be
disposed of (decay period of 60,000–80,000 years depending on burnup).

• Multi-recycling (in FRs) and the impacts of recycling MAs were not assessed.
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Table 10. Key results from Acar et al. [70] for 50 GWd/t burnup fuels (top for OTC and TTC scenarios
and below for characteristics of the wastes and SNF).

Scenario Acar Term
Disposal Area

Advantage
Factor

Waste Per Ton of
Fresh U Fuel (t)

Disposal Area
Per Ton of Fresh

U Fuel (m2/t)

Electricity Per
Ton of Fresh U
Fuel (GWhe/t)

Decay Time (y) †

OTC OT 0.5909 1 207 0.390 30,200
TTC

(conventional) SRNU 0.6343 0.690 223.1 0.476 10,800

TTC (advanced) PC 0.6240 0.683 225.5 0.473 12,500

Waste Acar Term Disposal Area
(m2/t)

Waste Per Ton of
Fresh U Fuel (t)

Disposal Area
Per Ton of Fresh

U Fuel (m2/t)

Electricity Per
Ton of Fresh U
Fuel (GWhe/t)

Decay Time (y)

Spent UOX SUOX 207 1 207 0.390 30,200
Spent RepU SRcU 207 0.107/0.103 22.3/21.3 0.042/0.04 30,200

Vitrified HLW VHLW 195 0.47 79.4 n/a 1360
Spent MOX (1) # SMOXSRNU 1076 0.113 121.6 0.044 76,000
Spent MOX (2) # SMOXPC 1134 0.110 124.8 0.043 83,300

Note: RepU and DepU denote reprocessed uranium and depleted uranium, respectively. † Time taken for 1 tonne
of waste to decay to ingestion toxicity level equivalent to 1 tonne of natural uranium (note this is significantly
longer than time taken for radioactivity to decay to level of natural uranium). # Spent MOX (1) is produced from
natural uranium as opposed to depleted or recycled uranium, and Spent MOX (2) is produced from a partial
co-processing cycle where the (U,Pu) oxide is generated at the reprocessing stage in the correct proportions for
MOX fuel manufacturing.

The results of modelling several scenarios based on PWRs followed by the introduction
of either CANDU or fast reactors are listed in Table 5. These data from Gao and Ko [71]
broadly follow expected trends. The DUPIC cycle is interesting in that whilst SNF and
HLW arisings actually increased, compared to the OTC, the excavation volume decreased
by nearly a factor of two; this is due to the lower burnup and reduced heat from the spent
CANDU fuel after DUPIC recycling. Conversely, in the TTC it is calculated that a volume
saving of only 10% is achieved despite a nearly 80% reduction in HLW and 87% reduction
in SNF: this is due to the high heat generation of spent MOX fuels. LILW-SL wastes are
characterised as those suitable for near-surface storage and disposal, in contrast to LILW-LL
wastes which require deep geological disposal. Pyroprocesses show a reduction in LILW
in their analysis because the high-heat radionuclides (HHR) Cs and Sr are removed and
conditioned as a separate ceramic waste stream for ~300-year decay storage. As expected,
other fuel cycles show increases in these secondary LILW wastes due to reprocessing cycles.
Additionally, as expected, HLW are strongly reduced for scenarios with multi-recycling in
FRs, again noting that the pyro schemes also remove HHR from HLW; although even the
TTC shows an 80% decrease in HLW compared to the OTC. The reductions in Pu inventories
when either partially (TTC) or fully (FR) closing the fuel cycle are also quantified. The
changes in waste volumes are converted into the effects on the excavated volumes of the
geological repository, assuming the volume required for HLW after 50 years cooling is
20 m3/kW. The expected increases in capacity (or reductions in size) are observed for the
closed cycles, but the values are somewhat low compared to other studies (e.g., 1.1 for
TTC, ~2 for SFR cycles). This is presumably at least partly due to the assumptions made
with respect to cooling before disposal, actinide losses, HHR, etc. The largest decreases are
calculated for fully pyroprocessing-based systems pyro-SFR and breeder, again attributable
to the assumptions made, such as the removal of HHR into a bespoke waste form for
decay storage.

Further data from Park et al. [53] are summarized in Table 11. As this is an equilibrium
model the results are idealised, but the strong impacts of the TTC and multi-recycling in the
SFR on SNF and HLW are apparent. The pyro-SFR option assumes HHR are removed and
immobilised in a ceramic waste form for storage as LILW-SL, but the predicted decreases
for LILW-SL and LILW-LL compared to the OTC are difficult to understand. No substantial
differences in HLW activity (Ci/TWh) or heat generation (W/TWh) were found except for
the pyro-SFR cycle due to the TRU recycling in this option. The authors also calculated
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plutonium inventories for proliferation assessment (outside the scope of this paper) as
well as the excavation volume for the DGR assuming a factor of 20 m3/kW of HLW/SNF.
These data are in line with other studies where the TTC shows a reduction of ~2 and
multi-recycling a much larger reduction (very high in this idealised example with removal
of HHR, Pu and MA).

Table 11. Results of Korean material flow and economic modelling studies [53,71] for four example
systems.

Waste OTC DUPIC TTC Pyro-SFR

SNF (t/TWh) 2.088 2.469 0.259 0.000
LILW-SL (m3/TWh) 13.409 19.644 15.549 10.784
LILW-LL (m3/TWh) 1.629 2.883 2.930 1.192

HLW (m3/TWh) 3.130 4.031 0.637 0.055
Pu for disposal (kg/TWh) 24.990 20.250 13.997 0.028

Excavation volume (m3/TWh) 40.500 22.010 19.800 0.093
Costs (Mills/kWh) * 7.35 9.06 8.94 7.70

Relative costs (%) 100 123 122 105
U breakeven price ($/kgU) 800 215

* One Mill is equal to 1/1000 of a US dollar. Mills/kWh are therefore equivalent to $/MWh.

Nishihara [72] assessed the impact of storage time before geological disposal against
different degrees of fission product and actinide P&T. Fission products considered for
separation were heat-generating 90Sr and 137Cs plus Tc and platinum group metals (PGMs).
Waste disposal assumes vitrification with a limit of 350 W per waste form to limit tem-
perature rises in the repository buffer material to 100 ◦C after 50 years of storage. The
transmutation of MA assumes an ADS cycle with pyro processing. They calculated that the
number of waste forms produced per unit of electricity does not change much for the MA
transmutation scenario as the waste loading is only increased when the fission products are
also removed, and so heat loading reduced by a factor of nearly eight. The impact on the
repository was analysed by considering different emplacement configurations that could be
achieved depending on the heat generation of the waste. The reference was the OTC with
50 years storage pre-disposal. This could be disposed of in the vertical V0 configuration. To
reach a fourfold decrease in repository area (V2) would require storage times of 120 years,
but MA transmutation reduces this to 90 years, and with the addition of fission product
partitioning it is reduced to 5 years. The densest (“compact”) configuration (C), with over
40 times reduction in area compared to the OTC, could hypothetically be achieved with
storage times of 240 years before disposal if MA transmutation is employed. Table 12 lists
the values used by Nishihara for different vertical (V) and compact (C) emplacement config-
urations. V−1 is a configuration for wastes with higher heat generation that require greater
spacing, and V1 and V2 are vertical configurations where, due to lower heat generation, the
wastes can be placed closer together. The C configuration is for wastes of the lowest heat
generation originally designed for compressed waste forms of hulls and end pieces from
SNF. Precise details are available in reference [73].

Table 12. Areas and volumes used by Nishihara et al. [73] for different vertical (V) and compact (C)
emplacement configurations.

Configuration V−1 V0 V1 V2 C

Area (m2/waste form) 88.8 44.4 22.2 11.1 0.95
Volume (m3/waste form) 214 115 64 38 1.77

Nishihara and coworkers extended their calculations to HLW disposal from an FBR
fuel cycle with (a) reprocessing, (b) partitioning of HHR as a separate waste form, (c) MA
separation and transmutation, (d) partitioning of HHR and transmutation of MA [73].
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Limitations of ≤35 wt% loading and 2.3 kW/package were placed on the HLW, and it was
assumed a bespoke waste form for HHR was available. Results were also compared to
the TTC with LWRs. The heat generation from HHR in the FBR system is 40% lower than
the LWR system due to a lower fission yield of 90Sr in the fast spectrum leading to a 35%
reduction in repository area for a slightly longer predisposal period of 65 years storage
compared to 50 years in the LWR cycle. Partitioning scenario (a) did not have much impact
on the repository, but MA transmutation reduced the repository area by a factor of five
after a 95-year storage period. The coupled scenario (d) could reduce the area by a factor
of up to 100 with 60 years of storage of HLW and 295 years of storage of the HHR waste
form (i.e., Cs and Sr) prior to disposal. Nishihara also looked at the effects of process losses
and calculated that 0.1–0.3% leakage of MA and HHR into the waste forms was an upper
limit for scenario (d) if the compact (C) configuration was to be maintained for the waste
emplacement. In other scenarios with vertical (V) configurations a leakage of 10% was
permissible. This approach is interesting in that it starts to define the process efficiencies
required for MA separation and fuel fabrication processes.

The impacts on repository radiotoxicity through actinide recycling have been analysed
by Lindley et al. [74] for selected SFR and LWR scenarios using the ORION model. They
highlight that it would take several generations of recycling Pu and MA in burner SFRs
(~300 years) to achieve reductions in radiotoxicity close to the equilibrium performance,
otherwise the final cores tend to dominate the radiotoxicity. Reductions in repository decay
heat require >1 generation of SFRs. Their work implies that recycling, or decay storage, of
curium, americium and plutonium is needed to achieve the optimum gains.

Hesketh et al. [75] calculated reductions in decay heat and radiotoxicity for a closed
fast reactor cycle (of 75 GWe) compared to an OTC, and estimated a reduction in the overall
footprint of the repository by a factor of three, quoting an earlier paper. Bunn and co-
workers [17] cite a number of US studies where the increase in the YM repository capacity
has been calculated to be factors of around three, but up to nine or even greater in some
strategies. However, they caution that other approaches could also increase capacity and
impacts of MOX disposal (as seen in other studies above) should be accounted for.

More recently, with regard to MA P&T, there is a trend towards the recovery of
americium only to avoid the severe problems of incorporating curium into fuels (i.e., the
high neutron emissions associated). Poinssot and co-workers [76] show that around 90% of
the benefits in reducing repository space can be obtained with the recycling of americium
without curium as it is the main contributor to heat generation after about a century or so
(providing plutonium is already recycled) [77,78].

The recent JRC study, in reviewing the data more pessimistically, did not find any
major reduction in the DGR footprint with the TTC due to the impacts of MOX disposal,
and estimated a 40% reduction with a fully closed cycle [28].

3.4. Recycle and Reuse of Wastes

The exploitation of SNF or reprocessed products and wastes, other than actinides
for return to the fuel cycle, has been proposed on occasion [79]. Extracting additional
value from these materials could, hypothetically, lead to additional revenue streams for a
reprocessing plant, reduce wastes for disposal or enhance public acceptability. However,
such opportunities and activities are really “spinoff” benefits from recycling SNF and so
will only have a small influence on fuel cycle decisions. Therefore, these opportunities are
not considered in detail here, but a few significant examples and studies will be briefly
considered to indicate potential impacts of a broader view of SNF recycling that could be
considered in greater detail elsewhere.

Bourg and Poinssot [80] considered the recovery of “critical raw materials” from
reprocessing SNF in France against the requirements of producing elements with ≥0.01%
of world production and ≤100 Bq/g residual radioactivity. They concluded that only rare-
earth elements Pr, Nd, Gd (after 10 years of decay storage) and Ce (after 20 years of storage),
plus Ru and Rh of the platinum group metals (30 and 50 years storage, respectively) were
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relevant. Furthermore, they concluded that the recovery of the rare earths would not be
economically viable, whereas Ru and Rh would both be very difficult to recover during
reprocessing operations. Both the extraction of 241Am from the reprocessed plutonium
product [81] or 237Np (to re-irradiate and generate 238Pu [82]) are being or have been
reported to provide nuclear materials for radioisotope thermoelectric generators (RTGs)
for space power applications. Indian teams have recovered caesium from HLW, followed
by vitrification into pencils for use as blood irradiators in medical applications [83]. The
IMPACT programme in Japan has considered the separation of various radionuclides from
wastes with potential value, including 107Pd and 93Zr [84].

SNF is associated with a very significant quantity of cladding, which in future nu-
clear fuels is most likely to be made from Zircaloy®. The recovery and recycling of this
material for new cladding could be a good option to minimise the volumes of waste for
disposal. Process development trials have been undertaken in the US to recover and reuse
zirconium from Zircaloy® fuel cladding using a process based on volatile chlorides [85,86].
As with other proposals for recycling non-fuel materials, the environmental or societal
benefits would have to be balanced against the economics, which could be substantial, even
prohibitive, for additional separations processes added onto the reprocessing plant.

4. Discussion

Whilst political and public perception may be different, quantitative LCA consistently
shows that the environmental footprint of nuclear energy is comparable or even better than
renewables when considering GHG emissions or a range of other defined key environmen-
tal indicators [28]. If desirable, further improvements in the global environmental footprint
can be made by reducing the extent of uranium mining and other front-end activities. This
leads to closed fuel cycles with the recycling of plutonium as the environmentally optimum
fuel cycle solutions [22,23,49,50,59].

There is also a general consensus that the reductions in thermal loading achievable
with radionuclide separations in a closed cycle enables closer packing of wastes in a
repository [17,41,49,66,68,72,73,75]. This can be of utility by requiring a smaller size for
the repository footprint, or by emplacing more waste in the same total area; both have the
same consequence of more low-carbon nuclear electricity generated per m2 of repository
space. As with the reduction in the inventory (as measured by radiotoxicity or volume) of
HLW, the benefits to the DGR that can be obtained depend, in reality, on specific national
situations; most models are equilibrium-based models that present hypothetical outcomes
dependent on many initial assumptions. The potential optimisation of the DGR by adopting
some degree of SNF recycling is not necessary from a technical perspective (since sufficient
geological space can usually be found) or for the safety performance assessments (as mobile
129I dominates the calculated doses to the biosphere based on current approaches to DGR
safety cases). However, it can assist in the public acceptance of the DGR, so that in countries
where repository size is controversial or constrained the radioactive waste disposal does
not limit the important contribution nuclear energy can make to reducing GHG emissions;
this is a potentially significant benefit.

Regarding the development of future nuclear fuel cycles, the OECD-IEA and OECD-
NEA in their technology roadmap [39] recommended that governments should:

• Recognize the long-term benefits of developing Generation IV (Gen IV) systems in
terms of resource utilisation and waste management.

• Support R&D in advanced recycling technologies to reduce the volume and toxicity of
high-level waste.

They also recommend that “ . . . environmentally sustainable uranium mining should
be developed . . . ” As has been reported in this paper, recycling potentially offers a better
alternative means of achieving the goal of improved environmental sustainability by
reducing the amount of mining required.
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5. Conclusions

In summary, this survey of the literature suggests some general conclusions regarding
the nuclear fuel cycle that can be drawn; further conclusions incorporating economics will
follow in part two of this review. It should be noted that scenario models of fuel cycles
are usually under an equilibrium state rather than more realistic dynamic models. As this
does not account for the effects during the periods to attain equilibrium or run down to
the end state, this gives idealised views on fuel cycles’ performance, but does enable fairer
comparisons between fuel cycle options to be made.

Quantitative evaluations based on concepts of sustainability, combining economic,
environmental and societal factors, and using methods such as LCA, are now being applied
to the nuclear fuel cycle and should underpin decision making. However, the eventual
outcomes will still be influenced on what, if any, weightings are applied to the evaluated
criteria based on national objectives. A new approach (generic feasibility assessment) has
proposed a way around this by focusing on relative assessments to a baseline system [87].
Work to determine LCA shows that nuclear energy, even operating with the OTC, already
has an environmental footprint that is competitive with renewable energy sources, and
most studies do not consider economic uranium resources to be a limiting factor for the
duration of this century.

Implementation of a TTC offers savings of 10–20% of natural uranium resources
compared to the OTC, whereas advanced fuel cycles, with multiple recycling of SNF,
can extend uranium resources for centuries. LCA shows that the concomitant reduction
in uranium mining and other front-end activities means that closed cycles are always
better than the OTC from an environmental footprint perspective. Increasingly advanced
reactors and increased levels of materials recycling tends to increase the environmental
“friendliness” and sustainability of nuclear energy.

Globally, around half a million tonnes of spent nuclear fuel (SNF) will be in dry or wet
storage by around 2050 (see Section 2.4). Safe long-term storage is widely accepted as an
interim solution, but progress in repositories or increased recycling is needed to fully deal
with SNF. SNF in storage will likely continue to rise, at least to 2100, especially if there is a
global increase in low-carbon nuclear energy.

There is a general consensus that actinide recycling can reduce the size (both surface
footprint and volume) of the DGR by a factor of two, and perhaps up to 10. Larger
factors are theoretically possible if MA and HHR are separated from the HLW and/or
longer decay storage times are applied. The precise outputs of these calculations are
dependent on the scenarios modelled. The separation and recycling of plutonium and MA
can reduce the longevity of the waste in the DGR (usually measured as the time required
for the radiotoxicity to return to that of natural uranium ore) to historical (hundreds to few
thousand years) rather than geological (few hundred thousand to million years) timescales.

Some advanced fuel cycles with actinide recycling can reduce the waste burden
on the DGR (through reduced thermal loading volume and radiotoxicity) and increase
the waste form performance (through increased durability). However, all credible fuel
cycle concepts require a DGR for some waste forms, and repository safety assessments
are based on long-term dose impacts, which are dominated by mobile radionuclides.
Therefore, these benefits do not improve the safety performance assessments of the DGR;
instead, they enable the optimisation of the designs (in pursuit of reduced repository
size and complexity) and a reduction in the radiotoxicity. This could potentially lead to
improved public acceptance, which may be a critical factor in nuclear energy making a full
contribution to net zero targets.
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