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Abstract

The role of nuclear power in a more sustainable, ‘net zero’ energy sector is an important focal point of research. Given the
large volume of existing legacy wastes and the future waste arisings that nuclear expansion would entail, attention is needed
in the ‘back-end’ of the nuclear fuel cycle: processing (including treatment and conditioning) and disposal of radioactive
waste. The range of waste processing techniques already in operation is broad and complex, and many novel technologies are
under development. However, whilst prior work only focused on technology development and direct emissions, particularly
in post-processing and disposal, a life cycle perspective is underutilised. This review analyses the landscape of life cycle
assessment (LCA) within the nuclear sector, focusing on radioactive waste management, decommissioning and disposal.
A literature search yielded 225 journal articles plus additional grey literature, yet only eight relevant LCAs were identified.
Most studies identified adopted power generation as a functional unit and focused on nuclear power plants currently in
operation. The major research gap identified in this review is the lack of holistic life cycle thinking surrounding radioac-
tive waste management caused by poor granularity of published data related to waste treatment, conditioning and disposal,
making strategic analysis challenging from the perspective of sustainability. Future LCA work should focus on technologies
and processes in the back-end nuclear fuel cycle with considerable granularity to allow system ‘hotspots’ to be identified
and strategic research and policy decisions to be taken. Efforts should also be made to incorporate recent developments in
radiological impact assessment methodologies such as UCrad.
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Abbreviations
CGM Critical group methodology
FU Functional unit

GDF Geological disposal facility

GEN IV  4Th generation nuclear power plant
GHG Greenhouse gas

HHD Human health damage

HLW High-level waste

IAEA International atomic energy agency
ILW Intermediate-level waste

LCA Life cycle assessment

LCC Life cycle costing

LCIA Life cycle impact assessment

LLW Low-level waste

LLWR  Low-level waste repository
NPP Nuclear power plant

RAW Radioactive waste

SF Spent fuel

SMR Small modular reactor
VLLW  Very low-level waste
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Introduction

Decommissioning involves the dismantling and demolition
of nuclear facilities and removal and/or reduction of radioac-
tive hazards from a nuclear site. A huge range of radioactive
materials may be present once a facility has ceased opera-
tion, most of which can be categorised as high-, intermedi-
ate-, low- and very low-level waste: HLW, ILW, LLW and
VLLW, respectively. At the high activity end of the spec-
trum, HLW incurs significant temperature rises due to its
radioactivity, which must be factored into the design of stor-
age and disposal facilities (NDA 2024). This may include
spent nuclear fuel (SF), depending on national policy. At
the other end of the spectrum, for example, LLW has radio-
active content not exceeding 4 Giga-becquerels per tonne
of alpha activity or 12 Giga-becquerels per tonne of beta/
gamma activity. (NDA 2017) including materials like topsoil
from the site. The VLLW category includes any waste of
low enough activity that it is suitable for disposal through
municipal routes. In most countries, the owner or operator of
the nuclear facility is responsible for the safe decommission-
ing of a plant once it ceases to operate, with most operators
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having to prove before the plant is commissioned that there
is a financial plan in place to cover the cost of decommis-
sioning (World Nuclear Association 2021).

Once the active/contaminated material is removed from
an NPP it usually needs to be processed to immobilise any
radionuclides that could migrate during long-term storage
and to reduce the volume of material where possible before
its final disposal. Many countries generating radioactive
waste agree that final disposal should either take the form
of a deep geological disposal facility (GDF), ranging from
hundreds to thousands of metres below ground level, or a
near-surface disposal facility, only tens of metres below
ground level. Of the countries planning a GDF, Finland is
at the most advanced stage: An operator for its spent nuclear
fuel repository at Onkalo has recently applied for an oper-
ating license (Posiva 2021), and the Finnish government
have published a national programme on the management
of spent nuclear fuel and radioactive waste (Ministry of Eco-
nomic Affairs and Employment 2022a). In the USA, there
have been ongoing talks about the Yucca Mountain geo-
logical disposal facility in Nevada being open for used fuel
but with public objection being so high, this is likely not to
come to fruition (US EPA 2022). However, it is important
to note that a GDF is essential for the safe storage of heat-
generating HLW regardless of whether or not reprocessing
is conducted.

Different countries’ historical strategies have influenced
their preparedness for final disposal, with Finland having not
reprocessed spent fuel meaning their waste forms are fewer
and the processing options well known (Ministry of Eco-
nomic Affairs and Employment 2022b). In contrast, coun-
tries that have reprocessed used fuel, particularly those with
multiple generations of nuclear power plants, have reduced
the direct fuel disposal burden but are left with more varied
radioactive waste forms and larger volumes of ILW/LLW,
with differing processing requirements before final disposal.
There are proven benefits to both a closed an open fuel cycle
from an energy generation standpoint—where, in a closed
fuel cycle, there is scope for the recovery of spent fuel for
further enrichment or conversion into mixed oxide (MOX)
fuel. All waste processing and disposal decisions have poten-
tially significant environmental and economic impacts and
so must be considered carefully.

In addition to existing waste, new waste production rates
might increase over the coming decades as decarbonisa-
tion policies lead to growth in nuclear power deployment.
For instance, the IEA’s Net Zero Scenario suggests a tri-
pling of nuclear power capacity by 2030 followed by fur-
ther increases to 2040 (IEA 2022). Although there is much
activity within the nuclear sector towards this target, at cur-
rent pace, it is unlikely that such a capacity increase will be
achievable due to the long construction timeframe for NPPs.
Nevertheless, whilst waste produced per unit of electricity

generated is expected to decrease as older reactor designs
are replaced, the overall increase in installed capacity will
inevitably lead to new waste production in the coming dec-
ades as well as the continual generation of waste during
the operational phase of existing reactors. Resultantly, an
upsurge in reactor decommissioning is inevitable as new
reactor designs such as GEN IV and SMRs replace the cur-
rent active fleets. With these decommissioning activities
come an enormous amount of waste which must be pro-
cessed and disposed of using processes that are potentially
material- and energy-intensive. In this context, and with a
growing global emphasis on environmental stewardship and
sustainability (OECD 2022), it is imperative that the impacts
of nuclear decommissioning on the environment are at the
forefront of discussions, including when looking to develop
and adopt new techniques, all of which will come with vary-
ing degrees of environmental and social impact.

In line with the increasing emphasis on environmental
sustainability, there is increasing interest in following the
waste hierarchy and its associated circular economy princi-
ples. This encourages reuse and recycling of waste materials
as opposed to disposal and is highly applicable to the nuclear
industry (for instance in the decontamination and use/recy-
cling of surface-contaminated metals). Such approaches are
in need of examination throughout the back-end of the fuel
cycle and may themselves incur sustainability impacts from
additional processing steps which will necessitate impact
minimisation and the balancing of benefits against detriment
in a holistic manner.

Therefore, it is important that relevant studies such as
life cycle assessment (LCA) are undertaken to aid decision-
making and technology development based on holistic, cra-
dle-to-grave information. This paper will analyse the current
landscape of nuclear waste processing technologies and the
existing LCA focusing on back-end nuclear processes.

European nuclear waste inventory

As shown in Table 1, the volume of radioactive waste in
storage across the EU as of 2016 is 983,000 m> (this vol-
ume includes the UK inventory). The volume of radioac-
tive waste disposed of in 3 years from 2013 to 2016 was
167,000 m>, and this is expected to increase through to 2030
as more reactors come offline, as shown in Table 2. It is
important to note that these forecasts end in 2030, but fur-
ther wastes will arise for decades, leading to much higher
volumes than those shown in the tables: for instance, future
arisings of VLLW—a sub-category of LLW comprised of
waste that can be safely disposed of with municipal, com-
mercial, or industrial waste, or can be disposed of in speci-
fied landfill—in the UK alone are estimated at 2,750,000 m>
(Nuclear Decommissioning Authority 2023). The majority
of this waste, especially LLW, ILW and HLW, will need to
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Table 1 EU radioactive

X Waste EU RAW amounts (m3, rounded to thousands)

waste inventory (European

Commission 2019) Category Stored Disposed Total
Year 2013 2016 2013 2016 2013 2016
VLLW 237,000 234,000 279,000 369,000 516,000 603,000
LLW 428,000 417,000 2,025,000 2,102,000 2,453,000 2,519,000
ILW 326,000 326,000 12,000 12,000 338,000 338,000
HLW 6000 6000 0 0 6000 6000
Total (m3) 997,000 983,000 2,316,000 2,483,000 3,313,000 3,466,000

Table 2 Future arisings of EU radioactive waste (European Commis-
sion 2019)

Future RAW and SF amount estimates (m?)

VLLW LLW ILW HLW SF
2016 603,000 2,519,000 338,000 6000 58,000
2030 1,360,000 3,322,000 455,000 9000 76,000

be treated before final disposal to produce a more stable
waste form. These large waste volumes across Europe neces-
sitate a focus on the back-end nuclear fuel cycle from an
environmental sustainability perspective.

Nuclear fuel cycle back-end

As shown in Fig. 1, the nuclear fuel cycle can be split into
two sections, the front-end and back-end, with the power
generation acting as a ‘dividing line’ between the two
(Choppin et al., 2013). Front-end operations generally
include mining, refining, enrichment, fuel fabrication and

Fig.1 The nuclear fuel cycle

any other activities leading up to fuel irradiation within the
power plant. Back-end processes are considered as any activ-
ities that occur post fuel irradiation which include interim
storage, reprocessing (when concerning a closed fuel cycle),
waste processing, storage and final disposal.

Initially, radioactive waste is stored in an interim storage
facility either to decay in radioactivity or until a final dis-
posal route is available. Some wastes are stored until they
naturally decay to limits low enough for disposal via lower
activity waste routes.

Waste processing covers all activities undertaken to
make waste suitable for disposal. This contains waste treat-
ment steps such as compaction, incineration and other state
transformative activities. It also includes conditioning—the
consolidation of the treated waste into a solid form ready
for disposal, i.e. through encapsulation in cement or via vit-
rification. Once conditioned, the waste is then further stored
awaiting final disposal.

In the case of a closed nuclear cycle, the SF is not pro-
cessed for disposal; it is reprocessed. After re-enriching or
conversion to MOX fuel, it can be reintroduced into Gen III/

(adapted from (IAEA 2011))
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III + reactors where 25-30% more energy can be released
from the original radioactive material (IAEA, 2020). In
the case of fast reactors, this increase in energy yield is
much higher. If the used fuel is not to be reprocessed or
can no longer be reprocessed, it will then be immobilised
for disposal.

The waste processing techniques throughout the above
stages vary greatly based on wasteform, radioactivity and
location. Various techniques are currently in use or under
development, as outlined by the examples in Table 3.

Most countries with radioactive waste are considering
deep geological and/or near-surface disposal facilities for
the final disposal of waste with different levels of maturity
of implementation. Repositories already exist in many coun-
tries at ground level such as the low-level waste repository
(LLWR) in the UK and below ground level at facilities such
as the SFR final repository in Sweden for short-lived radio-
active waste (SKB 2021). Deep geological disposal is the
official policy for the disposal of ILW and HLW in multiple
countries (but note that SF is not considered a waste in all
countries). The design of each repository is dependent on
the geology of the surrounding area, and Finland’s Onkalo
repository is the most advanced design, set to be operational
in the mid-2020s. Onkalo will be the first repository licensed
for the disposal of SF (Vira 2017) (Fig. 2).

LCA

Life cycle assessment (LCA) is ‘an environmental man-
agement tool that helps to translate life cycle thinking into
a quantitative measure of environmental sustainability of
products, processes or activities on a life cycle basis’ (Aza-
pagic et al. 2011). LCA is useful for finding the overall
environmental impact of a product/process and can identify
emission ‘hotspots’ so targeted emission reduction strate-
gies can be implemented. LCA can also be used to com-
pare products/process in advance of their application driv-
ing reduction in both emission and overall cost. According
to the international organisation for standardisation (ISO)
standard 14,040/14044, life cycle assessment should follow
four steps:

Goal and scope analysis

In this step, it is decided how much of the product/process
life cycle will be assessed and what the goal of the study
will be, whether that be discovery of overall environmental
impact, or investigation of emission ‘hotspots’ (process areas
of significant environmental impact). The system bounda-
ries are defined, such as cradle-to-grave, encompassing the
whole life cycle or a smaller boundary such as cradle-to-
gate, gate-to-grave, etc. If this is more suitable for the pro-
cess being studied. Functional units (FU) are defined as the

unit of assessment, and the limitations and assumptions are
described.

Inventory analysis

Inventory analysis describes the material and energy flows
within the system, where environmental burdens of the
activity under study are identified and quantified. This
includes procuring data from reliable sources so that the
outputs of the LCA study can be trusted.

Impact assessment (LCIA)

In this stage, the environmental burdens are converted
into environmental impacts, classified into themes such as
climate change, loss of biodiversity, human toxicity, etc.,
depending on the goal of the study. Commonly used LCIA
methodologies include CML (Guinée and Lindeijer 2002),
ReCiPe (Goedkoop et al. 2009), Eco-indicator 99 (Goed-
keep and Spriensma 2001) and Impact 2002 + (Jolliet et al.
2003). According to a survey (iPoint 2018), the majority of
practitioners use the ReCiPe methodology. Some nuclear
LCA studies have also included radiological impact assess-
ments of nuclear energy generation, though no standardised
methodology currently exists.

Interpretation

The final stage involves analysis of the resulting impact
categories, including identification of hotspots, sensitivity
analysis and selection of the best scenarios/alternatives.

Methods

The sources selected were Scopus, Google Scholar and
The University of Manchester (UoM) library. Scopus was
selected as an internationally-acclaimed source of peer-
reviewed publications with an independent Content Selec-
tion & Advisory Board comprised of leaders in their respec-
tive fields. Google Scholar was selected as a broader search
engine to gather more niche literature sources including
those not published in scientific journals (grey literature).
The University of Manchester library was selected as a sup-
plement to gather local research including reports and PhD
theses. A specific date field of 2010-2022 was applied on
the Google Scholar and Scopus searches (unavailable with
UoM) to encompass the decade prior to the commencement
of the EU PREDIS project. Due to the very limited number
of relevant articles despite the increased application of LCA
in recent years, the authors deemed it extremely unlikely that
relevant articles would be found prior to 2010.

@ Springer
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LIFE CYCLE ASSESSMENT FRAMEWORK
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Fig.2 Life cycle assessment framework according to ISO 14040
(adapted from (ISO 2006a))
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The key words selected for each of the source searches
included common terms and term groupings such as ‘radio-
active waste/nuclear waste’, ‘back-end’, ‘liquid’ and ‘solid’
with optional terms including ‘organic’ also being included.
Synonyms which are prevalent within the nuclear industry
such as ‘decommissioning’ and ‘end of life’ were also con-
sidered. Due to the differing functionality of certain search
engines, specific strings of search terms had to be formulated
differently in order to yield appropriate results, as indicated
in Fig. 3.

The specific search parameters used for this review are
shown in Fig. 3, alongside the number of results yielded.
Searches were conducted in February and September 2022.

Following the initial search (see Fig. 3), the results were
screened for relevance using the following main criteria:

e Specific mention of radioactive/nuclear waste processing
technologies

e Specific mention of liquid and/or solid radioactive/
nuclear waste

e Any mention of life cycle assessment or life cycle costing

A specific criterion was made for papers of partial rel-
evance which provided useful insight into the fundamental
understanding of the review topic or mentioned technology
which has not yet been implemented, e.g. those for use on
GEN 1V reactors (Koltun et al. 2018).

The literature which was of no relevance was sim-
ply rejected from the review if none of the criteria above
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were satisfied. This is notable in the search results shown
in Fig. 3, ‘(life AND cycle AND assessment) AND (solid
AND radioactive AND waste)’, where 12 search results were
produced but none were of relevance to the literature review
as they focused on non-nuclear technologies.

Many extensive life cycle assessments of nuclear power
exist but were not explicit about their coverage of waste
processing, or used data that lacked an explicit description
of the waste processing or disposal route being considered
(Warner and Heath 2012; Nian et al. 2014, Lenzen, 2008).

Of the 225 search results screened after identification
through Scopus, Google Scholar and UoM library (see
Fig. 2), 31.69% were relevant to this study of nuclear LCA.
The yield of results was as predicted, with few making it past
the screening process due to lack of relevance. The Scopus
library of published literature proved to be the most effective
and Google Scholar to be the least effective based on the
proportion of relevant publications. The University of Man-
chester digital library yielded only a single relevant paper,
which was also found via the other literary sources.

Due to the limited volume of literature available in this
field, grey literature was also screened separately. This
included reports by the International Atomic Energy Agency
(IAEA) and other government agencies which detailed
nuclear ‘back-end’ processes including waste processing and
final disposal alongside discussion of guidelines and policy,
but due to the lack of inclusion of LCA methodology within
these reports, they did not meet the established criteria and,
therefore, did not pass the screening process.

For the relevant literature, the process of ‘snowballing’
was also applied by reviewing the literature cited by each
study to identify any remaining items of relevance.

Results and discussion

The purpose of this section is to analyse the existing litera-
ture regarding both liquid and solid nuclear waste within
the scope of LCA. The discussion below is structured to
address the key elements of LCA as defined in the ISO
14040—44 standards (ISO 2006a), namely the overall goal
and scope, the system boundaries, functional unit, inventory
data sources, impact assessment methods and results.

Overall, it is clear from the literature search process that
the majority of nuclear-related LCA studies have used the
entire fuel cycle as their system boundary, in which the
granularity of back-end processes is minimal; often the
entire back-end is represented as simply decommissioning
followed by disposal, with little commentary or detail pro-
vided within these steps.

Consequently, LCA data related specifically to the back-
end of the fuel cycle is limited. This section will review

the information available to conduct a gap analysis and ulti-
mately inform the direction of future data gathering.

Table 4 shows the final selection of screened studies
applying LCA principles to the nuclear back-end, demon-
strating the limited number of studies in the literature.

Alongside this lack of data, some may become outdated
as policy changes are made. For example, an in-depth LCA
study of the effects of decommissioning the Magnox reac-
tor fleet across the UK (Wallbridge et al. 2013) is already
out of date due to strategy changes affecting the decommis-
sioning timeline: Though the new strategy appreciates the
benefits of deferred decommissioning, ‘it is not appropriate
as a blanket strategy for all reactors in the Magnox fleet’
and ‘for some sites this will result in their decommissioning
being brought forward’ (Nuclear Decommissioning Author-
ity 2021). Such changes to decommissioning timelines have
consequences on material usage, background energy mix
and disposal route options applied to the processes under-
taken, and therefore on the overall environmental impact.

The scarcity of back-end fuel cycle LCA information
appears to be caused by two predominant drivers: firstly,
much prior LCA work in the energy sector has focused on
comparison to other energy generation techniques, leading
to a focus on the generation process and oversimplification
of the disposal process where waste processing is missed,
e.g. (Gagnon et al. 2002; Santoyo-Castelazo et al. 2011; Sid-
diqui and Dincer 2017), particularly affecting nuclear power
due to the complexity and variety of its waste processing
requirements. Secondly, there is often a lack of clarity over
the exact processes associated with power plant end-of-life
and used fuel processing, in some cases accentuated by a
lack of back-end fuel cycle policies in the country under
assessment (Lee et al. 2000; Turconi et al. 2013).

Another possible reason for the lack of attention paid to
the back-end is the apparent dominance of front-end activi-
ties in environmental impacts: When the entire nuclear life
cycle is considered, existing studies suggest that the front-
end processes (mining, separating and purifying) account
for>70% of the overall environmental footprint, in part
because most of those processes have remained similar since
their development in the 1950s—1960s (Poinssot et al. 2016).
Similar conclusions, i.e. that the front-end is the major con-
tributor to the emissions associated with nuclear power gen-
eration, have been reached by other LCAs (Lenzen 2008;
Warner and Heath 2012) Whilst this front-end dominance
may be the case, improved granularity of data on the back-
end processes would help to verify this claim and may well
offer help to identify opportunities to minimise waste and
reduce overall environmental impacts. This uncertainty is
further accentuated by the huge variation in GHG emission
factors in nuclear LCA studies ‘up to one order of magni-
tude’, although this is largely attributable to whether a study
included uranium enrichment in the life cycle, and to a lesser
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extent the methodology and technological approaches con-
sidered (Turconi et al. 2013).

The limited research in this area suggests that solid wastes
may be responsible for a greater environmental impact than
liquid wastes due to the latter’s lesser volumes as can be seen
in the results presented by Wallbridge et al. (2013) where
liquid wastes (sludges and effluent) produced in the decom-
missioning of an NPP made up 6 waste packages whereas
the solid contaminated waste required > 6970 packages.
(In this study, ‘packages’ were simplified for LLW to 2.2 t
steel and a ratio of 2:1 of waste to grout, and for ILW 4.2 t
steel and a ratio of 1:1 of waste to grout. These values were
averages across multiple waste package types.) The smaller
number of packages for liquid waste is due to liquid effluents
predominantly being treated, yielding further solid waste,
and discharged whilst solids are more likely to be stored
during the operational phase. It is typical for solid wastes
to be concrete, steel and other contaminated materials from
decommissioning activities which are comparatively more
massive. However, the greater prevalence of solid waste
generation within decommissioning activities means that,
over the life of a plant, their production rates vary more than
those of liquids, which typically come from analysis and
maintenance. These differences should be taken into consid-
eration when considering the granularity of LCA modelling.

Goal definitions

The goals of each LCA study identified in this review
(Table 4) were either related to the whole life cycle of
NPPs, back-end waste processing technologies or reactor site
decommissioning. From all the papers reviewed, most gave a
clear goal and scope outline within the first few subsections
whilst one did not (Pomponi and Hart 2021) (though it could
be ascertained through context) whilst others compared pre-
existing LCA studies, and therefore, the goal and scope for
each were not described (Fthenakis and Kim 2007). The
paper by (Guidi et al. 2010) is the only LCA study whose
goal does not consider large-scale NPP processes but instead
focuses on a specific waste form’s treatment and aims to
quantify the impacts of decontaminating a surface using a
novel technology in comparison with an existing approach.

System boundaries

System boundaries were well defined in all papers. The
study by Wallbridge et al. (2013) offers the most comprehen-
sive look at applicable system boundaries for this review. It
encompassed the stages of decommissioning—including the
waste arising from decommissioning activities, temporary
storage and final disposal of nuclear waste.

Pomponi and Hart (2021) acknowledge the omission of
decommissioning activities in existing literature prior to
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their assessment of a European PWR, a notable case study
being Ding et al. (2017) with the decommissioning phase
being absent in their assessment of energy infrastructure in
China, but still encompasing back-end processes within the
system boundaries.

Fthenakis and Kim (2007) also mentions the ‘outdated
information’ within LCA databases for waste processing
activities and decommissioning stages, leading to a lack of
any specific analysis within their assessment. Godsey (2019)
also references the lack of back-end data available, attempt-
ing to draw additional information in their assessment of
SMRs in the US nuclear fuel cycle from other sites, spe-
cifically the VVER facility in Lubin, Germany, noting the
limitations of this comparison. The authors note that, of all
papers in this review, only one (Guidi et al. 2010) focused
on the environmental impacts of a specific waste treatment
method: the treatment of contaminated surfaces through the
use of strippable coatings and vacuum technology.

There is an inherent uncertainty in developing accu-
rate models related to decommissioning as a result of the
potentially large timescales involved with resultant differ-
ing energy mixes and disposal routes, as well as the policy
changes that may arise; this is acknowledged by Paulillo
et al. (2021) and Koltun et al. (2018) within their assess-
ments. Paulillo et al. do specifically reference the waste
generated through reprocessing scenarios (i.e. via THORP),
but a granular assessment of waste management and plant
decommissioning is outside of its scope. This is also true of
Lee et al. (2000) which focus more so on spent nuclear fuel
in the case of the Korean once-through cycle.

There is a general focus on the system boundaries being
the whole reactor site including during the operational/
power generation period without a great deal of considera-
tion for the back-end of the nuclear fuel cycle. However, in
recent years, there has been an increase in the consideration
of decommissioning projects, i.e. the Magnox fleet in the
UK (Wallbridge et al. 2013) which include the disposal of
various types of radioactive wastes. With further expansion
of the system boundaries to include waste processing and
disposal methods, insight could be gained as to the impacts
of these processes as waste volumes and therefore process-
ing requirments will increase.

Functional units

A functional unit (FU) is used as a ‘quantified description
of the function of a product [or system] that serves as the
reference basis for all calculations regarding impact assess-
ment’ (Arzoumanidis et al. 2020). Of the limited number of
LCA studies on nuclear energy generation/decommission-
ing, the majority use the entire life cycle of a NPP, or a unit
of electricity generated within this life cycle. For instance,
Koltun et al. (2018) selected 1 MWhe of generation as the
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FU when assessing the potential impacts of GEN IV plants,
and similarly, (Lee et al. 2000) chose a FU of 1 GWh elec-
tricity delivered to consumers. Only one paper considers
specifically a waste treatment process (Guidi et al. 2010).
In Wallbridge et al. (2013), the functional unit was the
‘decommissioning of one Magnox power plant’. This is
unique among the identified papers and aligns with the fact
that this was the only paper focused on the decommission-
ing of a single NPP. Even in this case, the global warming
potential was also expressed per kWh generated in order to
contextualise against other studies such as those above.

Life cycle inventory (LCl) data sources

Almost all papers provided detail on their data sources, with
data on the foreground system primarily arising directly
from power plant operators or from material published by
plant operators. Background data were typically sourced
from the database Ecoinvent. However, some papers pro-
vided less detail, such as Koltun et al. (2018) which only
specifies the source of their background data as ‘Australian
conditions’.

The Ecoinvent database, upon which these studies rely,
has little data directly related to back-end processes and
most is Swiss-centric due to the database’s origins in Zurich,
Switzerland. For example, the data on the environmental
impacts of the construction of a geological disposal facility
for nuclear waste are based on a Swiss design; therefore, if
it is used in an LCA study, it must be edited to reflect other
countries’ GDF designs, as no two are the same due to dif-
ferences in host rock, depth, engineering approaches, etc. In
some cases, as seen in Wallbridge et al. (2013), the disposal
facility model is simplified and condensed to contain only
its steel and concrete components, reducing the likelihood
of error but simultaneously risking an underestimation of
the true impacts.

There may also be data specificity and age implications
from the use of Ecoinvent by the majority of LCA practition-
ers. For example, most data for countries other than Switzer-
land are modified datasets based on original Swiss data as
opposed to being built from the ground up. The problem of
data being outdated is especially prominent in nuclear pro-
cesses: for instance, the data on electricity generation from
boiling water reactors originate from the period 1990-2015;
similarly, the process of constructing a nuclear fuel factory
has not been updated since 2000, and the data for the con-
struction of a nuclear waste repository have not been updated
since 2002 (Ecoinvent 2023). This does not mean that Ecoin-
vent should be avoided—on the contrary, it has the most
complete datasets available—but it does highlight the lack
of alternative nuclear sector datasets for LCA practitioners
due to insufficient work in this area. Therefore, these exist-
ing datasets must be carefully assessed prior to use to ensure

their validity in a modern model. Ecoinvent is transparent
and provides comprehensive documentation on the source
of data, and this should be evaluated to ensure that inappro-
priate data and assumptions are not implicit across multiple
LCA models throughout the literature.

Software and impact assessment methodologies

Of the LCA studies reviewed only four discussed their
impact assessment methodology: CML2001 (Wallbridge
et al. 2013), Eco-indicator 99 (Guidi et al. 2010), ReCiPe
(Godsey 2019) and UCrad (Paulillo et al. 2021). Other
literature identified by this review, which did not pass the
screening process due to a lack of LCA within the nuclear
context, also applied the CML (Guinée and Lindeijer 2002)
and ReCiPe (Goedkoop et al. 2009) methodologies most fre-
quently. The study conducted by (Godsey 2019) addressing
the US nuclear fuel cycle provides significant discussion
and justification around their choice to use the older ReCiPe
2008 method as opposed to ReCiPe 2016 due to validity
uncertainties in their software.

Whilst ISO 14040 and 14,044 do not require justification
of the selection of an impact assessment methodology, they
do specify that it should be clearly reported, and that the
choice of metrics should align with the goal and scope of the
study (ISO 2006a, ISO 2006b). Consequently, of the stud-
ies reviewed here, the only ones compliant with the ISO are
Wallbridge et al. (2013), Godsey (2019), Guidi et al. (2010)
and Paulillo et al. (2020).

So far, radiological impacts have only been considered
in nuclear LCA studies to a relatively basic standard due to
the simplicity of existing LCA impact assessment models
for radiological discharges. Recently, a paper was published
by Paulillo et al. (2020) comparing two methodologies for
quantifying ionising radiation impacts: UCrad and criti-
cal group methodology (CGM). These were compared to a
pre-existing approach used in LCIA called Human Health
Damage (HHD) (Frischknecht et al. 2000) which has been
described as ‘recommended but in need of some improve-
ments’ (Hauschild et al. 2013). Other radiological impact
methodologies proposed exclusively for LCA applications
have been reviewed but were not considered sufficiently
comprehensive (Paulillo et al. 2020). The outcome of the
review was that ‘characterisation factors from the CGM
methodology are strongly affected by radioactive decay at
low half-life and by dilution at large distances. Conversely,
UCrad factors are not affected by dilution and are affected
less than CGM by radioactive decay’. Therefore, UCrad is
more appropriate than CGM for LCA as it is consistent with
the general approach used in LCIA. There is a prescribed
necessity for the further exploration of radiological assess-
ment methodologies which could be applied to nuclear-
related LCA, both back-end and otherwise. For instance,
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approaches included in the most common life cycle impact
assessment methodologies are based on absorbed dose or
exposure relative to reference isotopes such as Co-60 (Hui-
jbregts et al. 2016) and U-235 (European Platform on LCA
2022), whilst non-LCA studies have considered other met-
rics such as collective dose (person-Sieverts) over a million
years and Tier 1 ERICA score (Abrahamsen-Mills et al.
2021).

Although not an LCA study, Poinssot et al. (2016) dis-
cussed the opportunities available to decrease the environ-
mental footprint of nuclear energy generation using similar
indicators such as GHG emissions, atmospheric pollution
(a quantification of the combined mass of SOx and NOx
released per GW electrical power), land use, water consump-
tion/withdrawal and the production of technological waste.
Similarly, Sheldon et al. (2015) described the impact of the
long-term storage of radioactive waste and impact of a cata-
strophic event which they have defined as the probability
of total failure multiplied by the replacement energy costs.

The choice of impact assessment methodology can have a
great influence on the reported impacts. As the ISO standard
does not provide recommendations on the method which
should be used, many organisations and governmental
bodies have compared and evaluated different methodolo-
gies and provide their own recommendations for the best
available approach as outlined by (Rosenbaum et al. 2018).
The European Commission recommends the use of ILCD
(EC-JRC 2011) and Environmental Footprint (EF) (Euro-
pean Commission 2021), the US Government recommends
TRACI, though it has noted in best practice guidance that
this LCIA methodology has not been updated since 2021
and, therefore, has ‘recommended to utilize the IPCC AR6
GWP characterization factors for translation of GHG emis-
sions to Global Warming Potential impacts as a replacement
for the factors in TRACI” (U.S. DOE 2022). There does not
exist a recommended LCIA methodology within the UK
or wider nuclear industry. LCA of nuclear processes might
benefit from the adoption of an LCIA methodology to assist
in the comparison of results as it would allow assessments
from multiple sources to be comparable between each other,
aiding in decision-making at both an application level and
policy making level.

LCA results

Due to the variety of system boundaries within the LCAs
screened, the direct comparison of their results is difficult,
although many share similar conclusions.

Firstly, the mining/milling of virgin resources such as
uranium from open-pit mines appears to be a prevailing
factor in several studies. For instance, when assessing the
viability of SMRs, Godsey (2019) found that the LCA had a
strong dependence on the boundary conditions applied and
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when incorporating the front-end, the mining practices uti-
lised were an area of particular sensitivity, narrowed down
to the source of the energy used for these processes. This
resulted in recommendations that were also reflected in an
LCA conducted by (Lee et al. 2000), who recommend that
mining practices should be considered due to their dominant
impacts.

Parallel to the above, (Fthenakis and Kim 2007) found
that in their LCA based on the nuclear fuel cycle in the USA,
front-end practices were also dominant citing the diffusion
enrichment of nuclear fuel as the most prominent factor con-
tributing ~ 50% of total GWP in their baseline scenario with
limited impacts from sensitivity analysis.

The recycling of spent nuclear fuel to prevent the mining
of virgin material was discussed in an LCA by Paulillo et al.
(2021) which looked at reprocessing scenarios in the UK and
argued that it was essential for policy makers to consider the
reimplementation of reprocessing of SF to reduce environ-
mental impacts.

When directly considering the back-end of the nuclear
fuel cycle, Wallbridge et al. (2013) highlighted the impacts
of the decommissioning of the Trawsfynydd site showcasing
the dominance of the deconstruction, disposal and tempo-
rary storage—mirrored by Guidi et al. (2010)—which were
notable hotspots. The conclusion of the LCA, based on the
identification of the model’s sensitivity to energy mix, was
to suggest that a period of quiescence could be considered
to allow for the national grid to decarbonise. As described
in Table 4, all other studies screened also considered vary-
ing aspects of the back-end of the nuclear fuel cycle but
with limited data resolution, i.e. taking a top level view of
back-end processes as opposed to individual waste process-
ing/disposal pathways. For example, within their LCA of
the entire SMR life cycle, Godsey (2019) simplified ‘waste
management’ to comprise only the steel and cement required
for the conditioning of waste rather than individual waste
processing pathways for different waste types and their asso-
ciated energy requirements. This lack of granularity means
that accurate assessment of the impacts/comparison between
studies of individual back-end processes is not possible.

Waste processing options

As outlined in the methods section, most nuclear-related
LCA studies and reviews were not explicit about the waste
treatment/conditioning processes considered within their
studies. Moreover, existing reviews of LCA in the nuclear
sector (Warner and Heath 2012; Nian et al. 2014; Lenzen
2008) often do not include sections on waste processing.
One major finding of this review is that, in the studies iden-
tified, only two studies explicitly mentioned specific process-
ing options as described in Table 3. Firstly, Guidi et al. (2010)
considered the decontamination of a surface through the use
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of a peelable gel, concluding that the conditioning, storage and
disposal of the waste were the most dominant impacts of the
decontamination process. Secondly, Wallbridge et al. (2013)
explicitly described basic decontamination methods: washing
with water, detergents or alcohol and ‘more aggressive decon-
tamination’ such as blasting or treatment with chemicals are
present within the scope of the LCA. However, in the LCA
model produced by that study, these processes were simplified,
for instance through the inclusion of a generic ‘soap’ dataset
as a substitute for chemical surfactants and the exclusion of
mechanical decontamination processes such as shot blasting.

The overall lack of data resolution regarding waste process-
ing options, however, should be addressed by future studies.
As more NPPs come offline and the total volume of waste for
Europe alone is estimated to be in the region of 3,600,000 m*
(European Commission 2019) by 2030, there should be a clear
focus on ascertaining the impacts of not just a blanket policy of
geological disposal, but also waste processing and pre-disposal
options both developed and developing. Without such analy-
ses, it is not possible for future decision-making in the policy,
operations and R&D realms to enhance further the environ-
mental sustainability of waste disposal and processing. Moreo-
ver, without greater attention to these life cycle stages in future
LCAs, the current understanding of front-end dominance in
the overall nuclear power life cycle (outlined in Sect. ‘LCA
results’) is highly uncertain, which may itself influence policy
and operational decisions.

In the absence of other specific waste processing informa-
tion, an assumption of grouting in steel boxes at low load-
ings could serve as a conservative default approach, as in the
case of Godsey (2019).

Papers of partial relevance

An LCA by Koltun et al. (2018) is partially relevant to this
review due to its focus on theoretical Gen IV High-Temper-
ature Gas Reactors (HGTR). It included front-end construc-
tion and materials, use, back-end and decommissioning and
waste disposal as boundary conditions, with a functional unit
of 1 MWh electricity generated, which is typical of most
LCAs surrounding the nuclear fuel cycle. In line with other
studies, commissioning and decommissioning cause most
of the global warming potential (GWP) but the construction
of waste repositories is also a significant contributor. Basic
solid materials are included, but no specific waste disposal
or pre-disposal processes are detailed.

Conclusion

The challenge of managing radioactive waste is large and
complex, requiring the processing of millions of cubic
metres of waste globally over the coming decades. The

waste types are varied, with numerous technologies being
developed to aid in their processing, and the environmental
impacts of these must not be overlooked. Consequently, this
paper has systematically reviewed the literature for studies
addressing the back-end of the nuclear fuel cycle from a life
cycle assessment perspective.

Overall, this literature review has revealed a lack of LCA
studies focused on the back-end of the nuclear fuel cycle.
Of the limited nuclear-related studies discovered, the focus
has predominantly been the full nuclear life cycle or power
generation. Though decommissioning is covered in some
of the studies reviewed, as it is not the sole focus, granular-
ity of data is insufficient, and comparisons are difficult to
draw. For example, of the 72 relevant papers identified, only
two (Wallbridge et al. 2013) (Guidi et al. 2010) are focused
on applying LCA to decommissioning processes. This lack
of granularity means that there is limited information as to
which decommissioning activities and waste processing
methods are more negatively impacting the environment
than others, or how they might be improved. Addressing
these gaps in future LCA studies will allow the nuclear sec-
tor to drive targeted, strategic innovation towards more sus-
tainable back-end processes.

Three key findings from this review give rise to three
recommendations, as follows. Firstly, far more activity is
needed in future to apply LCA to decommissioning and
back-end processes, with goals, functional units and sys-
tem boundaries that are decommissioning-specific: This is
important for both the optimisation of legacy waste process-
ing, which is of a significant volume, and for the develop-
ment of more comprehensive LCAs of the full nuclear fuel
cycle for current and future reactor designs. These back-end
processes should be delineated as much as possible during
data collection and analysis to improve granularity, enabling
the identification of specific hotspots and the generation of
more precise, useful findings.

Secondly, this review has established that, at the time of
writing, the published literature includes few attempts to
investigate the environmental impacts of novel treatment/
conditioning technologies and those in development using
LCA methods, with most prior work focusing on efficiencies
and effectiveness of application into the current fuel cycle.
As a result, environmental considerations are only being
incorporated into the development of new technologies via
the narrower perspective of site licensing and local regula-
tion rather than via a more holistic, life cycle perspective.
This is likely hindering the overall environmental sustain-
ability of the sector and could be rectified by applying early-
stage or anticipatory LCA techniques to guide technology
development.

Thirdly, although there is evidence that a greater pro-
portion of impacts during decommissioning may be asso-
ciated with solid waste types compared to liquid, LCA
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practitioners should also consider the impacts associated
with liquid waste processing and disposal. The vast array
of technologies available has made it difficult to conduct
meaningful LCA to date. With further attempts to collect
data on specific waste processing technologies, LCA could
be used to provide valuable insight into the most envi-
ronmentally favourable options within decision-making
processes.

In conclusion, future research should be focused on
the collection of more LCA data surrounding back-end
nuclear processes. This requires the collection of mass
and energy balance information associated with existing
and candidate waste processing technologies, enabling the
completion of LCA models which can then, in turn, feed
into broader LCAs of whole back-end processes as well as
full fuel cycle models. Data should be as granular as possi-
ble and focus on both solid and liquid waste types. Current
state-of-the-art impact assessment methodologies should
be adopted to provide a broad range of impacts, and new
radiological impact methodologies such as UCrad should
be explored further. This will allow LCA practitioners the
opportunity to conduct meaningful comparisons between
different waste processing/decommissioning scenarios
through identification of hotspots. This will ultimately
help inform the research agenda of those investigating
novel technologies and will aid in the integration of LCA
within the nuclear sector.
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