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Abstract

The researchpresented in this thesis investigates scenarios to preserve scarce
radioactive waste disposal capacity of current and future UK repositories. Simplified
life cycle assessmen(LCA) and cost estimateare sed to evaluate eraf-life
optionsfor UK radioactve metals and depleted uraniuithe thesis builds on the
work of prevbus authors by considering a widange of potential environmental
impacts and by focussing inmore detail on the processes inherémtwaste

management and decommissioning to support future decision making.

Credible disposal and treatmesttenarios are developed 1o€A of UK radioactive

metals- initially as a hypothetical case studyhen applying the research method to

the entireUK radioactive metalsnventory. These scenarios identify key processes

for the decontaminatiomnd melting of radiodive metals for recycling in open

markets or for products toe-use in the nuclear industryThe thesisuses the
experience gained fronmvestigating tB UK metals inventory to explodamiting
scenarios for the ediusmpumsassumingdtitis dassifiddKo6s d-

as a future waste.

The metals inventory research confirtiatd i s pos al -uasnedd d&sstieneg | ew:
containerimpacts dominate the overall environmental impacts and financial costs

the impacts and costs of low level waste transport are negligiSignificant

reductions in impacts and costs dam achieved by treating UK radioactivestals

for recycling and raise The depleted uranium researaidicates that theproposed

current baselindor disposal is not optimal impacts are dominated by disposal

volume and other packaging options offer significant volume reductiba
environmental impacts and costs @cpagingdepleted uranium for the loftgrm

storage are negligible
Thethesisoffers recommendations for industry and for future research for number of

possiblelongerterm managementptions forUK radioactive metaland depleted

uranium
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Glossary

Activation

Activation

products

Backfill

Becquerel

Best Practicable
Environmental
Option (BPEO)

Best Practicable
Means (BPM)

fithe process of making a radioisotope by bombarding a stable
el ement wi t h n e Whitedo Stades Muclearpr ot o

Regulatory Commission website 2010

radionuclides produced by the interaction of neutrons with
stable nuclides, fanstance cobalé0 an isotope of cobalt.

AThe
underground repository, such as vaults, silos, and drift tunnels,

materi al used to fild]l i n a
which usually occurs after the radioactive waste has been
emplaced; thus Backfiling the wasteG@ (Committee on
Radioactive Waste Manageme@oRWM) 2006)

nThe
rad.i
GovernmentliMG) 1995.

standard i nternational uni

oactive transf dlemat Moagesp g

BPEO i s fA

Environmental Pollution, it implies that decisions on waste

concept developed by

management have been based on an assessment of alternative
options evaluated on the basis of factors such as the
occupational and environmental risks, the environmental
t he and soci al i

i mpact s, costs

AWi t hin a waste ma n &

that level of management and engineering controlt tha

particul ar

minimises, as far as practicable, the release of radioactivity to
the environment whilst taking account of a wider range of
factors, including coseffectiveness, technological status,

operational safety, and social and environmental factors. In

determiing whether a particular aspect of a proposal

viii



Clearancd.evels

Concentration and

Containment

Contamination

Conditioned waste

Decommissioning

Decontamination

represents the BPM, the Inspectorates will not require the
applicant to incur expenditure, whether in money, time or
trouble, which is disproportionate to the benefits likely to be
derived. 0 (HMG1995)

nA set of val ues established b
country or state, expressed in term of activity concentration

and/or total activities, at or below which sources of radiation

can be released fr omlintemaibnalar r e (
Atomic Energy AgencylAEA) 1995

fiThe preferred way to do this, where reasonably practical, is to
concentrate and contain the waste and to isolate it from the
environment. This allows any releases to the environment to be
restricted and subject to regulatory coniro(Health and

Safety ExecutiveHSE) et al. 200Y

AUndesirabl e radi ol ogical, c hen
(with a potentially harmful effect) that is either airborne, or
deposited in (or on the dace of) structures, objects soil,

water or living organisms in a concentration that makes the
medi um wunfit for its intended
Regulatory Commission website 2010)

ARadi oactive waste tet$sadtin has bee
preparation for packagingo. (Col
AnGeneric term to cover all/l t he
nuclear installation has ceased operating. Decommissioning
covers process such as defuelling reactors, aleanand

making safean installation, dismantling and removal of
structures, and waste conditioning prior to stor@gdisposad .

(CoRWM 2006

nThe compl et e or parti al remov
del i berate physical, cCoBWN c a | 0 |
2009



Depleted uranium fAUranium where the uranium 235 isotope content is below the
naturally occur r i nDepartnent Zdvo by
Environment, Food and Rural AffairBEFRA) et al. 2007

Di |l ut e anAterdin@nakydesaibing & form of managent for
radioactive waste where radioactivity is released from a
facility as a gas or liquid and is diluted in the air or marine
environmend .CoRWM 2006

Disposal Aln the context of solid waste,
waste in a disposal faciitwithout the intent to retrieve it at a
later time; retrieval may be possible but, if intended, the
appropriate term is storage. Disposal can also refer to the
release of airborne or liquid waste to the environment (i.e.
emi ssi ons ankHMGA9Os DEFrRA egak20Q7. 0 (

Fissionproducts AN Radi oactive el ements produced |
spontaneous or impattduced splitting of a heavy atomic
nucl eus accompanied by a rel eas:¢

Geological disposali Di s p o s atd longterin emarsagement options where
future access or future changes in management are not
intended. Geological disposal usually refers to a -emm
management option involving the emplacement of radioactive
waste in an engineered repository at betw2@d metres and
one kilometre underground where the geology (rock structure)
provi des a barrier against t hi
(CoRWM 2006)

Gigabequerel (GBg)i A uni t of radioactivity equal
becquerels. When divided by weigl{e.g. GBg/te) this
provi des a measure of the conc
(HMG1995

Grouting AA means of encapsul ating radi

with, for example, cementatious



Higher Activity

Waste The generic name eompassing low level waste (LLW) that
cannot be disposed to the LLWR repository, intermediate level
waste (ILW), high level waste (HLW) and spent nuclear fuel
(SNF).

High Level Waste Radioactive waste with an activity above intermediate level
waste (ILW) that requires heat generation to be taken into
account for handling, storage, transport and disposal.

Hi gh Volume VLLW The Obul k disposal é of
designated landfill facilities.

lonising radiation fiRadi ati on t hadn inpmatted toc example, o ni s a
alpha particles, gamma rays;rays and neutrons. When
radiations such as these pass through the tissues of the body,
they have sufficient energy to ¢

Intermediate Level

Waste Radioactive waste with an adty above low level waste
(LLW) but does not require heat generation to be taken into
account in its handling, storage, transport and disposal.

Kilobecquerel (KBg)i A uni t of radioactivity wequal
(HMG1995)

Longlived waste fi Rdioactive waste that contains radionuclides that have a
half-l i fe of more than 30 years. o (

Low Activity Waste A generic term encompasing very low level waste (VLLW)
and low level waste (LLW).

Low Level Waste Radioactive waste with a low actiyi but which must be
consigned to a fully authorised and dedicated LLW facility/

Low Volume VLLW The O6dust bind sized | oa
municipal, commercial or industrial landfill

Nirex UK Nirex (Nuclear Industry Radioactive WaskExecutive)
Ltd was a company jointly owned by HPRA and the
Department of Trade and IndustiTl) that advised nuclear

site operators on the preparation of safety submissions to the

Xi



NORM

NDA

Overpacking

Packaged

radioactive waste

Partitioning

Passive safety

Radioactve

Inventory

Radionuclide

regulators for the conditioning and packaging of radioactive

waste CoRWM 2006. Nirex has been part of the NDA since

2007.

AThe enhancement of naturally o
t o human Baylsg and Langhey2008 May also be

called Technologically enhanced natlyaoccurring material

(National Councilon Radiation Protection & Measurement

(NCRP 2002).

The Nuclear Decommissioningut hority iis aéé.
Department of Energy and Climate Change (DECC).

ARA secondary (or additional) ou
waste packages, usedrfhandling, transport, storage and/or

di sposal . o (CoRWM 2006)

AThe product of conditioning th:
and any container(s) and internal barriers, prepared in
accordance with the requirements for handling, Sppant,
storage and/ or disposal. o (CoRW|
RnThe separating out, by physi c:
radioactive elements contained in a waste stream to permit
their further treatment. o (CoRW
APassi ve sadsduaton where ro rintedvention is

required to keep the waste in a condition where it poses no

threat to health or safety. The waste does not require
additional work or processes to be carried out to keep it in a
safe condition. o (CoRWM 2006)

database of physical and chemical properties of high,
intermediate, low and very low level radioactive waste

n A nucl eus (of an at om) t hat
spontaneous disintegration. Nuclei are distinguished by their

massand atomic number. o (CoRWM 20
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Shortlived nuclides

Sievert

Spent Nuclear Fuel

Tonne (te)
Treatment

ARadi oacti ve nlifedeksithare3d years. Thhs, a h a |
radioactive waste described as sHwed would reduce in
activity by a factor of 1000 v
2006)

i T h el. ult. of radiation dose; one millisievert (mSv) is a
thousandth of a sievert and one microsievert (uSv) is one
millionth of a sievert.o (CoRWM

Irradiated fuel from nuclear power stations that has not been

reprocessed.
a unit of mass (1r 1,000,000 gramsCERWM 2006
AOperations intended to benefi:

changing the characteristics of the waste. Three basic
treatment objectives:

1. volume reduction

2. removal of radionuclides from the waste

3. change of composition
After treatment, the waste may or may not be immobilized to

achieve an appr tARA19I)t e wast e f ol
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1 Introduction

The United Kingdom (UK) defence nuclear industry started in the mid 1940s. The
cvinucl ear research and energy industry
the 1990s. A significant proportion of the legacy UK nuclear facilities are now

approaching, or at the end of, their operational lives and entering the

decommissioning and digantling phase.

Growing concerns about the energy gap, security of supply and the adverse
environmental effects from burning fossil fuel for electricity has seen renewed
interest in the nuclear option. A proposed fleet of emgvwnuclear power stations
underway, starting with the licensing and initial preparations for Hinkley Point C in
Somerset. New nuclear power stations are expected to co#ireeavver the next

two decades to replace the shutdown of legacy power stations.

The nuclear industry Isagiven the UK significant economic and social benefits since

its inception. It has however proved contentious with the public and raises issues
especially after accidents such as Three Mile Island, Chernobyl and Fukushima. The
principle areas of concerrreanuclear safety and the management of radioactive
wastes. Nuclear safety is outside the scope of this research. Radioactive waste
management, iparticularradioactive metal recycling anméduceddisposal, are the

subject of this research.

1.1 Research Co ntext
This section containan explanation of wastes in general, metals and the research

focus.

Radioactive and neradioactive wastes are produced in the constmicbperation,
decommissioning and dismantling of all nuclear facilities. An estimatet 6.9
million tonnes of legacy radioactive wastes is expected to arise until completion of
legacy facility decommissioning, circa 2110. This is very small compared with the

estimated 300 million tonnes of noadioactive waste produced annually in i€



(NDA and DECC 2014a). Radioactive waste production, handling, packaging and
disposal are strictly regulated to protect the industry workforce, the public and the
environment. However, the management of radioactive waste remains a contentious

issue ands often seen as the Achilles heel of the nuclear industry.

Box 1-1 UK radioactive waste category summary

Exempt Wasté& Waste with levels below the activity level subject to regulatory
controlandcanhene be O6free rel easedllis to
waste is not included in the research.

LAW - Low Activity Waste this is the generic name for low level (LLW) and ver
low level radioactive waste (VLLW).

Low Volume VLLWT Very low level wastethat an safely be d
sized loads to unspecified landfill sites for municipal, commercial or
industrial wasteThis waste is not included in the research.

High Volume VLLWi Very | ow | evel waste that
usuall arising from nuclear facility operation or decommissioning proces
that must be disposed to designated landfill sites with the required
authorisation. The three main designated facilities are Clifton Marsh,
Lillyhall and Kingscliffe. Dounreay in Caithngss constructing its own
facility for the equivalent waste at the site and the adjacent Ministry of
Defence site (Vulcan).

LLW T Low level waste that has a low specified activity but which must be
consigned to a fully authorised and dedicated LLW facilihe LLW
repository near Drigg in Cumbria is a national facility. Dounreay is also
constructing its own LLW facility for the equivalent waste from Dounreay
and Vulcan.

HAW i Higher activity waste includes LLW that cannot be disposed to the LLW
Repositoy, ILW, HLW and SNF.

ILW T Intermediate level waste has an activity level above LLW but does not ni
to take account of heat generation in its handling, storage, transport anc
disposal.

HLW i High level waste that has an activity level above ILW thasdequire the
heat it generates in handling, storage, transport and disposal is taken in
account. There is currently no disposal facility for this category of waste
it is retained in longerm interim storage at individual site and at Sellafielc
This waste is not included in the research.

SNFi Spent nuclear fuel represent fuel elements that have been removed fron
nuclear power stations that have not be reprocessed and hence are disj
whole to a deep geological facilityhis waste is not inctled in the research

Note:the regulatory limits for each of these categories of waste are preseiftdula?-1.



Currently there are a small number of radioactive waste repositories in the UK for
lower activityradioactive waste (LAW) (as defined in Boxl). These have limited
capacity, currently about ¥ of the estimated total volume of waste arising (NDA and
DECC 2011), and limited operational life. There are currently no disposal facilities
for higher activiy radioactive wastes (HAW), hence letegm interim storage
facilities are required at nuclear sites. The volume of legacy radioactive waste

requiring disposal is growing as decommissioning programmes progress.

Solutions must be found for the legacy aditive wastes, future radioactive wastes
from new nuclear power stations and materials not currently classed as waste but that
may be in the future (e.g. depleted, natural and low enriched uranium (DNLEU)
The treatment and conditioning of radioactivesteato produce a stable wasbem,
packaging the waste for secure and safe storage and final disposal have significant
environmental and financial osts. Hence, effort isneeded to minimise the

radioactive waste sent to disposal facilities.

1.1.1 Metals

Metak are a valuable natural resource wit
crust. For eample, metals of interest in thisesearchrange in costfrom
~£500/bnre for steel to ~£13,00@ire for nickel at July 2010 prices and ores range

in scarcityfrom 0. 002% in the Earthdds <crust for
Metals are used in a multitude of ways to benefit humankind and demand will grow

as the worlddéds population continues to i |

The general metals cycle from mining, through concentratiefining, manufacture
and use, to disposal can be represented gsneric metal cycle as discussed in
Chapter5. The metal cycle includes various opportunities taige, remanufacture,
re-refine and reconcentrate metals. The extraction, productie® and disposal of
metals resu$t in significant impacts on the natural and human environment and

recycling offers the chance to reduce these impacts



An intrinsic property of metals is that they are theoretically infinitely reusadble
practice thiss not possible because it may be uneconomic for the energy required or
time consuming, impractical and expensive for industry and consumers to segregate
metals from other waste materials. Historically buildings, machinery and consumer
goods were not desigd for materials to be easily recoverable hence they were
simply disposed. Howevetimited metal recycling has been a feature from the
beginning of their use. The benefits of recycling in terms of avoided virgin material,
reduced spoil from extraction @rconcentration, water use and pollution, emission to
air, energy savings and reductions to health risks for workers, depends on the metal
and its processing. For examgigpical energy saving®r steelsange from 7675%

and raw materials savingseaalut 90%. It § generally true that material and
emissons are significantly reduced by metal recycling, howevargy reduction is

not always clear. The energy balance depends on the metal, the processing plants

and therecycling techniques.

1.1.2 Research Focus

Metals constitute about 17% of the LAW and 39% of the HAW hence they offer an
opportunity to reduce the waste volume through treatment and recyNlibdy &nd
DECC 201). The assessment of the environmental impacts of radioactive metals
treatment,starage, transport, disposal and recycling to minimise material use and

energy and to conserve scarce disposal capacity are the focus of this research.

1.2 Nuclear Fuel Cycle
This section gives a brief overview of the whole life cycle of nuclear fuel from

uranum ore extraction to waste disposal.

The nuclear industry is a global business with global benefits and detriments. The
industry relies heavily on various metals, but iron and steel in particular, for all its
nuclear and nomuclear plants and equipmeBherry et ak010state thati Th e UK
has had a seBufficient programme for nuclear power since the 1950s which
included the ability to design and build reactors, to manufacture and enrich fuel and
to manage the irradiated fuel after discharge from tleecré o Th .is best
interpreted by the nuclear fuel cycle showrrigurel-1.



Nuclear fuel cycle
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Figure 1-1 Nuclear Fuel Cyclshowing the process interest in the thesignodified fromWorld
Nuclear Transport Institute, NDA, Westinghouse Ltd and Studsvik UK)

The uranium mining (1), refining (2) and the initial conversion (3) are done outside
the UK. The UK cycle starts with final conversion (3), enrichment (4) and fuel
fabricaton (5). Uranium concentrate is converted into uranium metal fuel for
Generation | Magnox power stations at the Westinghouse Ltd Springfields facility.
Civil and defence uranium is enriched via the Urenco UK Ltd gas centrifuge plants at
Capenhurst. Theidl enriched uranium is returned to Springfields to produce fuel

for the Generation Il Advanced G&w®oled Reactor (AGR), Generation Il
Pressurised Water Reactor (PWR) power stations and research reactors. The fuel is
used in civil power stations to gaage electricity, for nuclear submarine propulsion

and for research (6). Magnox, AGR and research reactor fuel elements are made at
Springfields but the civil PWR fuel elements are made abroad. Nuclear submarine
PWRs are designed and the reactor coresrdsed in Derby. The submarines are

built and commissioned at BarrewFurness and are refuelled at operational naval
bases. Nuclear deterrent warheads are made at thie ateapons establishments at
Burghfield and Aldermaston (6). Stages (1) to (6)kaw@wvn as the Front End of the
nuclear fuel cycle.lt should be noted however that UK conversion and fuel
production processes have changed, and continue to change, as no uranium

conversion to UFor UF, to UFs is now done in the UK (Butler 2015, pers. corm



The Back End of the cycle includes the reprocessing of spent nuclear fuel (7), the
recovery of useable plutonium and uranium (8) and the treatment, storage and
disposal of radioactive wastes (9). Reprocessing and recovery are done at the nuclear
chemtal processing facilities at Sellafield. The recovered materials can-be re
enriched and recycled into new fuel via stages (4) and (5). Wastes are treated at
individual sites or at national and international facilities as part of stage (9) prior to
disposh LAW can be disposed at five licensed facilities but HAW is stored at sites
until disposal facilities are available. Treatment, disposal or recycling of radioactive

metals in stage (9) of the nuclear fuel cycle is the topic of this research.

The majoriy of radioactive waste in the UK is from the facilities in the nuclear fuel
cycle above. However, small quantities of radioactive waste are also generated by

medical, academic and nonuclear industries.

1.3 Radioactive Waste
This section includes discuseioof radioactive entamination, waste categories,

waste treatment and rmditioning pluswaste storage and disposal.

1.3.1 Radioactive Contamination

Metals at nuclear facilities that do not come into contact with, or get contaminated
by, radioactivity can be geegatedand returned to the UK metal cycle as they are
exempt from regulatory control. Metals that are radioactively contaminated or
irradiated can be stored, to benefit from radioactive decay, or decontaminated to
levels that allow them to be returnedttee metal cycle or made into products for
beneficial reuse in the nuclear industry. Metals that cannot be decontaminated to
such levels must be stored and eventually disposed in licensed waste repositories.

1.3.2 Radioactive Waste Categories

The general clasfication of LAW and HAW in Sectiorl.1lis a convenient way to
group the UK radioactive wasteHowever, wastes are split into specific categories
differentiated by their radioactive content and heat generation capacity. The
categories are; exempt waste, low level waste (LLW) and itsatdgory very low

level waste (VLLW), intermediate level waste (ILW) and high level waste (HLW)



are defined in Box-IL. ILW has a higher activity than LLW but does not generate
heat. HLW has th highest activity and generates heat that needs to be taken into

account for storage and disposal.

Low activity waste includes LLW, low volume VLLW, high volume VLLW and
waste contaminated by naturally occurring radioactivetemal (NORM),
predominatelyfrom the UK oil and gas industry. Higher activity waste includes
LLW that cannot be disposed at a LLW repository (e.g. radioactive graphite from
reactor cores), ILW and HLW. The radioactive waste categories are discussed in

more detail icChapter 2.

1.3.3 Waste Treatment and Conditioning

The characterisation of radioactive wastes by their main radionuclides, activity level
and physical or chemical properties allows them to be segregated for treatment,
conditioning and storage. Treatment of solid wastes ingoldismantling, size
reducing and decontaminating of plant and equipment. Chemical decontamination
can be done as post operational clean out of a facility prior to dismantling. Physical
or chemical decontamination can also be done manually or remotelyafieval.
Melting metals is a useful supplementary decontamination method for large and

complex metal components.

LLW metals can be decontaminated to VLLW or exempt levels. ILW metals can be
decontaminated to LLW for further treatment in the UK or atbrddadioactive

metals treatment is discussed in more detdllhapters 2 and 5.

Conditioning involves any other treatment that is needed to produce a passively safe
wasteform for storage and/or disposal. This is commonly achieved by encapsulating

the waste to produce a solid wadtam.

1.3.4 Waste Storage and Disposal
Waste storage can either besitu or containerised. isitu storage results in the

treatment, conditioning and packaging of waste late in the decommissioning process.



Waste produced duringperation, or early in decommissioning, is normally retained
in steel containergas listed inBox 1-2) but concrete containers can also be used.
This waste can either be conditioned immediately or left unconditioned for storage
pending disposalMore detailed waste container physical and cost data are igiven
Box A-1 and Sectioné.1 andA.2.

Box 1-2 UK radioactive waste containers discussed in the thesis

LAW Containers

High Volume VLLW: 200i 210 litre drum, carbon steel, internal volume ~0.2m3
external volume ~0.25mempty mass 300kg

LLW: Full height ISO (FHISO)freight containercarbon steel, internal volume
31.4m° external volume 388°, empty mas4800kg

Half Height ISO (HHISO) container: carbon steel, internal volume 17 @ %5 n?
useable), external volume 19.5rempty 3080kg

ILW T Unshielded Containers

50litre keg: stailess steel, internal volun@®05n7, external volum®.07n7, empty
mass8kg

200 litre drum: stainless steel drum, internal volume ~8.2mternal volume
~0.25n%, empty mass 300kg

500 litre drum: stainless steel drum, internal volume ~8.Bxternal volme
~0.6n7, empty mass 120kg

3m® drum: stainless steel, internal volume 2.81external volume 2.85Mmempty
mass 634kg

ILW 71 Shielded containers

4m box: stainless steel, internal volume 16.49external

2m box: stainless steel, internal volume 8.F7external volume 10.56tnempty
metal mass 3000kg

Ductile cast iron containers (DCICs)

Notes

1 - There are two main variants of the FHISO containers with different masses. The da¢sdcare
presented iBox A-1. The FHISO for depleted uranium discussed in Chapter 9 is a special variant of
the designed to transport the 50 litre kegs from Sellafield to a disposal facility ordmnversion.

2 - There are 4 variants of the 4m stainless steel box; ahenwiinternal shielding and with 100mm,
200mm and 300mm thick internal shielding. The datatfes¢ are presentedBox A-1. The internal
volume changes but the external volume and the empty metal mass resrsami

3 - There are 2 variants of the 2m stainless steel box; one with no internal shielding and one with
100mm thick internal shielding. The data fbese ar@resented ilBox A-1. The internal volume
changes bt the external volume and the empty metal mass remain the same.

47 The DCICs are dicussed briefly in Sectidh5.4and shown in Figure-20. They have cast iron
masses of between 6000kg and 18000kg, are only used for specified ILW and of no intaetatsn
disposal (unless high irradiated). Hence, they are not included in the research.

Containerised waste is then transportedsd# for disposal or storage at another site

prior to final disposal (e.g. Magnox legacy depleted uranium to CapenWistje



is normally cemengrouted into the containers to give a stable wast® and
produce a load bearing waste package (i.e. the sf@ste plus container) for

disposal.

The main UK LLW disposal facility is the repository near Drigg in Cumbria. The
LLW Repository is classed as a scarce natural resource. The current LLW policy
(DEFRA et al 2007), strategy (NDA 2010a), programmes and plans were developed
to conserve this capacity by minimising the volume of LLW for disposal. A new
LAW disposal facility 8 being constructed at Dounreay in Scotland (see map in
Figure 27). However, it is only licensed and authorised to dispose of wastes from
Dounreay and the adjoining naval propulsion test facility and is therefore not

considered in this research.

Low volume VLLW, predominately from the namuclear industries, can be disposed
to conventional landfill sites. High volume VLLW can be disposed to three licensed
commercial facilities in England. VLLW may also be disposed to designated areas at

current nuclearites if licensed and authorised by the regulators.

There are currently no HAW disposal facilities in the UK. The Committee on
Radioactive Waste Management (CoRWM) made several recommendations for
managing adioactive waste safely. CoRWM eBommendation 1was deep
geological dsposal of HAW (CoRWM 2006 The recommendation was accepted
for England and Wales and the location of a future geological disposal facility (GDF)
is being explored. The Scottish Government rejected geological disposal in favour of
the long-term management of HAW in a near site reanface facility or facilities.

Both disposition options are addressed in the current HAW policy (initially DEFRA
2008 but updated in DECC 2014) and developing strategy and plans (e.g. NDA
2009a and 2012aLoRWM realised that developing these disposal facilities would
take aconsiderable time hence theie€ommendation 2 advocates letegm interim
storage at sites until disposal facilities aagailable (CoORWM 2006 This
requirement is reflected in the rcent HAW policy, strategy and plans, with leng



term interim storage up to 100 years to allow for contingencies and uncertainties in
the availability of dispoddacilities (e.g. DECC 2014

LAW and HAW disposal is discussed in more detail in Chapteence attention is

now placed on outlining the analysis of disposal and recycling within this research.

1.4 Environmental and Financial Cost Analysis

This section discussed the environmental issue of the UK nuclear industry, life cycle
assessment and costabsis.

1.4.1 Environmental issues in the UK Nuclear Industry

A raft of environmental, health and safety legal requirements and guidance underpin
the LAW and HAW policies, strategy, plans and programmes. These include
environmental management systemequiremers from the early 1990s,
environmental impact assessment of individual projects and strategic environmental
assessment (SEA) and sustainability repg¢etg. NDA and Entec 2009 Also
important are best racticable environmental option (BPEO) and best lakk
techniques (BAT) requirements of UK regulatsofrom the midl990s é.g.the LLW

metals strategic BPEO reportedStudsvik 2006 and 20061

Environmental impacts arenportant attributes/criteria of decision making for UK
radioactive waste magament (e.gStudsvik 2006a and 2006bUK radioactive

waste management projects must consider BAT in England and Wales but BPEO and
best practicable means in Scotland and Northern IrelBedisions also require
consideration of as low as reasonably agdiide studiesor radiation dose to nuclear
industry workers and the publi€hese requirements help structure the assessment of

radioactive waste treatment and disposal options and associated impacts.

These legal requirements, project business casestakeholder engagement are the
foundations of the current UK policies and strategies for solid LLW and HAW. The
solid LLW strategy is underpinned by the SEA styt\pA and Entec 2009and
brings together the triple bottom line of environment, social aednomic
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considerations of the strategy. Similar considerations are also included in the

developing framework for the disposal of HAW.

1.4.2 Life Cycle Assessment

Life cycle assessment (LCA) is one of the many tools in environmental management
decisionmaking. LCA is defined asfi a n objective process
environmental burdens associated with a product, process or activity by identifying
and quantifying energy and materials used and wastes released to the environment
and to evaluate and implementopppuni ti es to affect envir
SETAC 1993 It is a tried and tested methodology prescribed in the International
Standards Organisan (ISO) standard 14040 seried.CA has an overall global,
continental or regional perspective leaving lo@ssessment to environmental
management audits and environmental impact assessments. LCA therefore appears
ideally suited to assess the potential environmental impacts of the nuclear fuel cycle
presented irFigure 1-1 and the general metals cycle. LCA can either address the
whole of these cycles or be applied to discrete stages of the life cycle but still using

the holistic thinking to address key aspects.

There aresome shortcomings of BPEO in assessing proseksction, design and
optimisation and Azapagic 1999 advocates the use of LCA to give holistic cover of
environmental issues in such situations. The details of the LCA software used and
the life cycle impact analysis (LCIA) method adopted for the researsckliscussed

in detail in Chapte8. The use of LCAIn assessing the potential environmental
impacts of the international nuclear industryand radioactive waste and

decommissioningn particulararediscussed in detail in Chapiér

1.4.3 Cost Analysis
The UK solid LLW strategy, suppdrig SEA, BPEO and BAT studiescognise the
need to include economic consideration in decisions for radioactive waste

management. Therefore cost analysis goes hand in hand with environmental analysis.

It is not within the scpe of the research to develop a full cost benefit analysis, or life

cycle cost analysis, of disposal and recycling of radioactive metals. Rather, the
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research uses costs derived by others taken from the literature to supplement the

LCA results to comparthe scenarios investigate

Treatment, packaging, transport and disposal of waste accrue significant financial
costs as well as environmental costs. These costs can be offset for metals by
treatment for recycling or rese. This would reduce disposalst®and generate
revenue from the sale of the metals. Alternatively, the use of recycled metals could
offset the costs of procuring virgin metals for future application in the nuclear
industry. The background to the cost analysis method is discussed @& detail in

Chapter Gand additional data are given in Sectidn® andA.3.

1.5 Research Aim and Research Objectives
Having summarised the UK nuclear fuel cycle,ioadtive waste and life cycle
assessment and costs analysis for disposal and recycling of radioactive metals

attention can now be given to the design of the research project.

Aim
The research aim was how best to maximise the environmental benefitsjrorsmin

the environmental detriments, of radioactive waste management detigking.

The research objectives were:

a) to create a small number of representathadels to determine the potential
environmental impacts of interesting scenarios for tngatpackaging, disposing
and/or recycling of legacy radioactive metals and the long term interim storage and
disposal of legacy UK civil depleted uranium by addressing the spectrum of
materials and energy conservation and waste minimisation in a holesgiasing

Life Cycle Assessment (LCA), and

b) to develop indicative financial costs for each scenario.

The aimsand objectiveswill be achieved by answering the following general

guestions:
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1. What level of potential environmental benefits does recychadgpactive
metals bring about within the current UK radioactive waste management
policies, strategies and plans?

2. What are the indicative financial costs of disposal and recycling and how do
we balance these with environmental benefits?

3. What other considetians could be significant and hence need to be included
in the assessment of management options for radioactive waste including

metals?

The research is intended to suppat, refute, practices underpinning existing
radioactive waste management pokciand inform future decisions in areas of

perceived gaps and emerging concerns.

1.6 Thesis Structure

The thesis igleveloped over 10 chaptdrgluding this introduction, which outlines

the research. Chapt@r discusseghe problem situatigni.e. that the dsnates of
radioactive waste volume from UK nuclear facilities are increasing, legacy low
activity waste disposal facilities are limited and their capacity is scarce and there are
currently no disposal facilities for legacy higher activity waste. The tehap

di scusses what radioactive waste is, how
there is and what solutions have been developed to address the problem by the UK
government, the nuclear operators and nuclear industry supply chain. The research is
primarily interested in assessing the potential environmental effects of the disposal
and treatment of radioactive waste hence Chapter 3 presents a brief background to
the LCA methodology. The chapter discusses the history of the methodology the
process stage® generate a life cycle assessment and highlights some limitations of
the methodology.

Chapter 4 presents a review of a selection of international LCAs for the nuclear fuel
cycle as a wholeand UK LCAs for waste and decommissioning in particular.s Thi

is to identify gaps in current knowledge that are explored in the research. The
significance of metals and their environmental impacts in general are discussed in

Chapter 5. The chapter discusses why metals are important, what significant
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environment impcts are associated with their production and how metal demands
are changing. This allows identification of why recycling metals is important and
how metals production and recycling are being improved.

Chapter 6 describes the research methodology tkhtdes a combination of life

cycle assessment using propriety software and published nuclear industry data and
indicative cost estimates for each research scenario using public domain data.
Chapters 7, 8 and 9 present the results of the analyses liidngtb the research

aims and objectives. Chapter 7 is a hypothetical case study to develop and test the
research methodology. Chapter 8 is the application of the methodology to the entire
UK radioactive metals inventory and Chapter 9 pres#ms results gpotential
significant future problem, i.e. the disposal of depleted uranium if classified as waste.
Chapter 10reviews the research summarising the conclusion and identifying some
limitations of the approach. It brings the thesis to a close by identifiegs for
further research and makes recommendations to the industry.

This chapter outlined the current position of UK nuclear industry, presented the

focus and scope of the research and the structure of the thesis. Attention now turns to
discussing theadioactive waste in the UK in more detail.
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2 Overview of UK Radioactive Waste

Chapterl outlined the research context, aims and focus. It is now important to
understand the key issues of UK radioactive wastes and their manag&mstatted
previously the UK has a fully developed nuclear fuel cycle and related activities.
This can be summarised by six business areas (NDA and DECC 2014a):

e Fuel fabrication and uranium enrichment (nuclear fuel cycle stagésa3d

5)

e Nuclear power reactors (for civil powgeneration (stage 6)),

e Defence (for propulsion and weapon systems (stage 6)),

e Spent fuel reprocessing for platinum and uranium recovery (stages 7 and 8)

¢ Nuclear energy R&D (covering all stages), and

e Medical and industry (outside the main nuclear fueleyc
Radioactive waste treatment, storage and disposal (stage 9) is not separately

identified as it applies across all the business areas.

Radioactive waste arises during the operation and maintenance of all the nuclear
facilities and particularly in theidecommissioning and dismantling. Although the
radioactive waste volumes are very small compared to conventional waste as shown
in Chapterl it is highly regulated to protect the public, industry employees and the

environment.

Radioactive waste managemiecan be conveniently discussed using the following
headngs from NDA and DECC 2014a which are used to structure this chapter
What is radioactive wasté2.1)
How is radioactive waste produce@?2)
Where is radioactive waste producd@3)
How much adioactive waste is theré2.4)
How is radioactive waste dealt wit2.5)

What is thdong-term management solution? (2.6)
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2.1 What is radioactive waste?
This section discussed lower activity wastes and higher activity waste and looks at

the subcategoriasder these general headings.

AfRadi oactive waste is any materi al t hat
by radioactivity, f or wHHSE bt aln200) f Mostt h e r
nuclear facilities or operations are split into twotidist areas, a radioactive
designated area (the primary side) and a-naglipactive area (the secondary side).

The primary side generates both radioactive and-radivactive waste. The
secondary side generates primarily tadioactive waste but may coirtavery small
quantities of radioactive waste. The different radioactive waste categories and
specifications currently used in the UK are presentethble 2-1. This section will

now look at these wastes

2.1.1 Lower Ac tivity Wastes (LAW)

Exempt Waste

Waste from the secondary side of nuclear facilities, or wastes from the primary side
that can be decontaminated to below radiological regulatory control limits, are
known as exempt wastes. Exempt wastes can be disposemtnal landfill or
recycled. Exempt metals from the secondary side of nuclear facilities are excluded
from the research. Radioactive metals frahe primary side that can be
decontaminated to exempt levels are included in this research as they categenera

revenue that offets the cost of radioactive waste management.

Very Low LeveWaste (VLLW)

The current solid low level radioactive waste (LLW) policy (DEFRA et al. 2007)
formalised VLLW as a subategory of LLW. The new policy addressed deficiencies

in the previous policyHMG 1995 recognising the high volume of waste generated
during decommissioning of nuclear facilities. There is a very small quantity of low
volume VLLW metals hence they are excluded from the research. There is a
significant quanty of high volume VLLW metals hence they are included in the

research.
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Low LevelWaste (LLW)

LLW from operational and decommission activities generally does not need
shielding and can be manually handled because of its very low radioactive content.
The lowv radioactivity presents limited harm to those handling it but is tlogkess

strictly regulated and monitored. LLW dominates the waste volume at 93.6% but
constitutes only 0.00005% of the net radioactivity (NDA and DECC 2014a and
2014h. It contains maly shortlived radionuclides that decay safe levelsin
several years or a few decades. LLW metals treatment and recycling are central to

the research.

Table 2-1 UK Radioactive Waste Categories and Speaiions

Waste Category Waste Specification

ExemptWaste [iThe | ower activity | imit for LL

subject to specific regulatory control, is covered by exemption orders
Radi oactive Subst an ootable othese islti8e SBostan
of Low Activity (SoLA) Exemption Order. This specified a level of exemp
from regulatory control of 0.4 Becquerel (Bg/g) for wastes that are substal

insoluble in watero (HSE et al . 2
Low Volume ié(6dust bdiwastesl tlmat achrs Ide) safely disposed of to an unspe|
Very Low Lewel destination with municipal, commercial or industrial waste, each 0.1 cubic
Waste of material containing less than 400kBq (kilobecquerels) of total activit
single itens containing less than 40KBq of total activity. There are addit
l'imits for C14 and tritium in was
2007)

HighVolumeVery [fii é (bul k 1d ivasteso with |as maximum concentration of 4M
Low Level Waste | (megabecquerels) per tonne of total activity that can be disposed of to sp
landfill sites. There is an additional limit for tritium in wastes containing

radi onuclide. o AThe Environment A
certain landfl sites for the disposal of LLW with an activity of 200MBq
tonne. 0 (HSE et al. 2007)

Low LevelWaste i Radi oacti ve wast e having a rad
gigabecquerels per tonne (GBg/te) of alpha or 12 GBg/te of beta/g
act i (DEFRA @ al. 2007, HSE et al. 2007, NDA and DECC 2014c)

Intermedate AWaste exceeding the upper boundar

Level Waste taken into account in the design
DECC 2014candHSE et al . 2007). Al AEA g
is below about2kw/dd (| AEA 2003)

High Level AfWaste in which the temperature

Waste radioactivity, so this factor has to be taken into account irdéségn of storag
and disposal facilitieso ( NDA an

A

guidance is that HLW thermal power exceeds about 2 Kd//m( | AEA
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2.1.2 Higher Activity Wastes (LAW)

LLW not acceptable to a LLW Repository

About 17,000m of LLW, mostly radioactive graphite, cannot be accepted at the
LLW repository near Drigg or the new LLW facility &ounreay (NDA and DECC
2017 because of their lonlived radionuclide content. There are currently no metals

in this category.

Naturally Occuring Radioactive Material (NORM)

Materials and equipment contaminated by NORM, originate predominately from the
UK oil and gas industry. They are currently chemically treatedsludfe and
radioactive liquid waste is discharged to the North Sea. Howevere $¢ORM
contaminated metals may be generategsluore and must be disposed or recycled.
The radium226 and 228, poloniuf210 and lea®10 remaining in the waste are
long lived and only accepted in limited quantities at the LLW Repository (Drigg).
UK Nirex Ltd estimated 65,000t/year of NORM in 2003 but decreasing as the oil and
gas industry decline over the next 20 yedifse 2003 Nirex estimate suggested that
there was sufficient UK NORM contaminated metals to warrant inclusion in this
research.Further nvestigation inSNIFFER 2005 and Wareing 20@8timated only
~850nT of NORM from 2004 to 2008 and falling to ~98rby 2040. NORM
contaminatd metals are therefoexcluded from the research.

However, should regulations change, and more NORMaoonatedplant and
pipework bedecontaminated eshore, it may have to be categorised as HAW for

GDF disposal oto long-term management in Scotland.

Intermediate LevelVaste (ILW)

ILW arises during operational and decommission activities. It generally requires
shielding, remote handling and strict regulation and monitoring to protect the
workforce. ILW constitutes 6.4% of the net waste volume and 5% of the net
radioactivity(NDA and DECC 2014b)There is a significant quantityf &-W metals

but far less thabhLW metals. ILW metals contain a mixture of shlived and long

18



lived radionuclides, the latter taking hundreds or thousands of years to decay. ILW

metals that can decay or be decontaminated to LLW by circa 2110 are included here.

High LevelWaste (HLW)

Very small quantities of HLW arise from reprocessing spent nuclear fuel. It is mainly
high activity liquor that generates heat from fission product and -tnamsc
nuclides. It requires significant shielding and remote handling. HLW constitutes only
0.02% ofthe net waste volume but 95% of the net radioactiift®A and DECC
2014b). HLW metals are excluded from the research because of their very small

quantity and high radioxicity.

2.2 How is radioactive waste produced?
This section discussed radioactiventamination, decommissioning facilities, waste

treatment plus waste storage and disposal.

Radioactive wastes are generated by the contamination, or irradiation in a strong
radiation flux, of materials in the primary side of a nuclear facility or operation
Leaks or releases from the primary side can etossaminate materials on the
secondary side of a facility or operation, resulting in small quantities for radioactive

waste.

2.2.1 Radioactive Contamination

Radioactive contamination of some plant and egeipmin the business areas
mentioned above generates radioactive waste. The level of contamination varies
with the processes undertaken and the materials involved. There is predominately
high volume VLLW and LLW in conversion, enrichment and fuel fabricatbut

only very small amounts of ILW. There is considerably more LLW, ILW and HLW
from electricity generation, nuclear propulsion, reprocessing and plutonium and
uranium recovery. These wastes must be treated, stored, disposed or recycled

according to n@onal policies, strategies, plans and regulations.

Metal vessels, pipes and/or ducts, support structures and equipment exposed to
radioactive liquids, gases or a high radiation flux can be contaminated on internal
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and/or external surfaces or activat&dirface contamination can be loose or fixed.
Loose surface contamination is relatively easy to remove by basic physical means
such as manually wiping or abrading, or chemically with mild reagents. This
normally requires minimum protective clothing and t&ndone in designated areas
within the facility. Fixed surface contamination needs more aggressive
decontamination techniques such as shot blasting, high pressure water jetting or
pickling with suitable acids etc. These generally require enclosed faciatel
operators may need to wear specialised clothing if the process is not remotely

controlled.

Activation can either result in volumetric contamination of the metals or be
contained in a tenacious oxide film attached to the metals. Volumetric contiamina

of the metal generally arises from the bombardment in a neutron flux generated by an
operating nuclear reactor. Oxide films containing activation products and or fission
products can be strongly bonded to inner or outer surfaces of plant and equlpment
both cases the radiation levels when handling and treating these metals can be

relatively high and warrant careful management to protect the operators.

As an example of possible radioactive contamination consider the two schematics in
Figure2-1 andFigure2-2. They show the general layout and basic generation cycle
for a Generation Il Advanced Gasoled Reactor (AGR) nuclear power station.
Everything within the reaot pressure vessels (e.g. the reactor core, boilers, gas
circulator impellers, steel work etc) will be highly contaminated and/or activated.
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Figure 2-1 Schematic of general layout of Torness power stgfrom the South of Scotland
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Figure 2-2 Schematic of the basic AGR generation cycle for Torness power station (from the South of
Scotland Electricity Bard, circal980, Torness Power Statjon

Any leakage between the reactor circuit and secondary circuits (e.g. gas feed, bypass
and blowdown systems, fuelling machine, the steam side of the -ggheration
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system and gas monitoring) could result in raditve contamination of surfaces.
Generation | Magnox nuclear power stations, Generation 1l civil Pressurised Water
Reactor (PWR) nuclear power stations, naval PWRs and research reactor facilities

have similar sources of radioactive waste.

Radioactive cotamination is also possible between primary and secondary systems
in fuel production, enrichment and fabrication, spent fuel reprocessing and recovery,
and in the atomic weapons establishments of the Ministry of Defence. Plant and
equipment within each age of the nuclear fuel cycle contain varying types and

significant amounts of radioactive metals.

2.2.2 Decommissioning Facilities

Decommissioning nuclear facilities such as the Magnox power station at Berkeley
shown inFigure2-3 andFigure 2-4 requires the management of significant amounts
of VLLW and LLW metals. This is also true for AGR and PWR power stations and
research reactors at Winfrith, Harwell, Dounreay and Seliafieis also true for the

16 nucleaspowered submarines that have left naval service, 11 of which have been
defueled. The submarines are being stored afloat at Rosyth and Dedwgkydrds
(NDA and DECC 2011

As a result of the 2007 LLW policy changedioactive metals treatment and
recycling is now an established alternative to LidV¥posal.Figure 2-3 and Figure

2-4 show the progress made at Berkeley power stafimure 2-3 shows the power
station when it was operational. The reactors are housed in two central buildings
connected to eight boilers in external buildings by large gas ducts at the top and
bottom. The upper ductse clearly shown in the figure.
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Figure 2-3 Berkeley Magnox power station during operatioro(lified formanimagecourtesy of
Magnox Sites)

Access and Ancillary Reactor Building clad
Plant Building clad for ¢, decay storage
decay storage

Decommissioned
Boilers in decay
storage

Figure 2-4 Berkeley Magnox power station during decommissioning before the boilers (large
cylindrical vessel s) were removed for treat ment

Sweden ihodified from aninage ourtesy of Magnox Sites)

Figure 2-4 shows a similar view of the power station during decommissioning. The
gas ducts have been removed, the boiler building dismantled and the large boilers
(310te each) laidrotheir side for radioactive decay. The first boiler was dismantled,
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decontaminated and the steel sold for scrap in the early 1BAtish(NuclearGroup
2005. The remaining 15, however, were transported to the Studsvik AB Nykoping
facility in Sweden fotreatment and recycling in 2011 and 2012.

2.2.3 Waste Treatment, Storage and Disposal

Radioactive waste is treated for storage and disposal at sites and at specified
locations in the UK (LWR and NDA 2009% The treatment facilities for LLW
metals exist in ta UK and abroadL{ WR and NDA 2009a The national LLW

disposal repository at Drigg is shownFigure2-5 andFigure2-6.

Aerial photograph of LLWR
March 2009

Figure 2-5 Low Level Waste Repository near Drigg in Cumbria showing the current disposal vaults
and grouted 1SO freight waste containershe foreground (reproduced fronDX websitg

Figure 2-6 Third Height 1ISO freight containers being stacked at the LLW RepositoryDrégg in
Cumbria (reproduced froMDA websitg
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High volume VLLW facilities already exist at Lillyhall, Clifton Marsh, Kingscliffe,
Dounreay, Sellafield and at some nuclear powerastatand research reactor sites.
As mentioned previously, ILW and HLW disposal facilities do not yet exist. Hence,
these wastes are retained in lgegn interim stores, or gitu, at sites pending final

disposal.

2.3 Where is radioactive waste produced?
This section discusses the location of the wastes and how the waste is split across the

UK nuclear industry business.

2.3.1 Location

The locations of the UK nuclear facilities are shown by industry tygegiare 2-7.
Thefigure shows that nuclear facilities are generally located in rural areas hence well
away from major centres of population. They are also predominately located on the
coast or adjacent to lakes or major rivers to provide cooling water for the nuclear
powea stations and process facilities. The distance between operating and
decommissioning facilities and treatment or disposal facilities can be substantial.
Hence, transport logistics for new fuel, spent fuel and radioactive waste for

treatment, disposal oecycling are potentially significant.
There are 35 major nucleaites plus hospital, universitgnd nonnuclear industry

facilities. About 91% of the radioactive waste is produced in England, 6% in
Scotland and 3% Wales (NDA and DECC 201%a
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Figure 2-7 Location of UK nuclear facilies (reproduced from NDA and DECC 20}4a

2.3.2 Waste by Business Area

Figure 2-8 shows the total volume of legacy waste to cirdd@ estimated in the

2013 UK radioactive waste invenjofUKRWI) (NDA and DECC 2014aby
business area. About 72% of the waste volume is from spent fuel processing
activities at Sellafield. This includes wastes from commercial fuel reprocessing and
legacydefence industry reprocessing. The next important source of waste is from
operational nuclear power stations and those undergoing decommissioning. This
accounts for ~16% of the waste volume. Industry research activities plus enrichment
and fuel productiorare small at between %% each Medical and industrial plus
defence wastes are very small at 1% each. Therefore ~90% of the radioactive waste
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arises from two mairbusiness areas, spent fuel reprocessing and nuclear power
reactors, both of which have la&rguantities of radioactive metals that could be

treated to conserve scarce waste disposal volume and minimise waste containers.

’ ) ) Defence Fuel fabrication and
Medical &industrial 1% uranium enrichment
1% 5.4%

Nuclear energy R&D
4%

Nuclear power
reactors
16.4%
Spent fuel

reprocessing
72.2%

Total volume 4.5 million cubic metres

Figure 2-8 Breakdown of legacy radioactive waste bysiness area (reproducérom NDA and
DECC 20143

2.4 How much radioactive waste is there?
This section shows the breakdown of waste by waste type, trends in the estimation of

wastes in general and waste metals in particular.

The current breakdown of the total legacy waste volisnghown inFigure 2-9.

ILW
HLW
0.02% 6.4%

LLW
30.4%

VLLW
63.2%

Total volume 4.5 million cubic metres

Figure 2-9 Breakdown of legacyadioactive waste by category (reproduced from NDA and DECC
20143
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The waste volume dominated by LLW an¥LLW, together making about 94% of
the total waste volume. VLLW is estimated to be about twice the volume of LLW.
ILW makes up ~6% and HLW very much less than NBA and DECC 2014aas

discussed earlier.

2.4.1 Trends in waste volume over two decades

The tren in UKRWI from data published, nominally every three years, from 1991 to
2013 is shown in Figure-20. The figure showshe increase in the estimates of the
total radioactive waste volume due to arise from legacy facilities as characterisation
and calculaons improve. It also demonstrates that the waste volume is dominated by
LLW (high volume VLLW as a suBet is included in the LLW values).

Total UK Legacy Radioactive Waste Estimates at April 2013
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Figure 2-10Trend in LLW and Total legacy waste volume from sssive UKRWIs

2.4.2 Trends in metallic waste masses over two decades

This research is primarily interested in radioactive metltgure 2-11 showsthe
variation in estimates of LLW metal mass (including high volume Wlland ILW
metals mass from legacy facilities made in UKRWIs from 1994 to the present.

The figure shows that the estimate of total ILW metals is relatively constant over the
time period but the total LLW metal estimates, including high volume VLLW
metals fluctuate considerably. This is due to changes in assumptions and calculation

methods. It is possible that these estimates may now be stabilising as assumptions
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and methods are being standardised. However, the estimates may fluctuate further as
better iformation on the actual wastes becomes available during the

decommissioning process.

Estimated Total UK LLW and ILW Metals Inventory
From 1994 to 2013
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Figure 2-11 Trend in LLW and ILW total legacy metal waste masses from successive UKRWIs

The current estimates are ataio of ~141,000tonne (te) of VLLW metals,
~586,0000nre of LLW metals and ~102,0Gfre of ILW metals(NDA and DECC
2014d). These constitute 5%, 34% and 38% of the total VLLW, LLW and ILW
inventories respectively (NDA and DECC 2014dhese are not insigigant
quantities of metals, and as shown later they arise at fluctuating periods during the
operation and decommissioning of nuclear faciliti#bie data for the waste volume

and metal waste mass trends is contained in the compact disc provided iniRAppend
D and notes i nTaheher al Met al sd i n

2.5 How is radioactive waste dealt with?
This section briefly outlines the control of wastes at nuclear site and radioactive

metals treatment processes. The sectisn dlscusses conserving scarce disposal
volume and issues related to higher activity waste containers and interim storage,

pending final disposal to an approved facility.

29



2.5.1 Control of wastes at nuclear sites

The accumulation of radioactive waste at eaclsites is discouraged under the
nuclear site license issued by the Office of Nuclear Regulation to the operator under
the Nuclear Installations Act 1965. The release of liquid, gaseous and solid
radioactive waste to the environment is highly regulatethe Environment Agency
under Environmental Protection Regulations 2010 in England and Wales and the
Scottish Environmental Protection Agency under the Radioactive Substance Act
1995 in Scotland. Waste producers are actively encouraged to minimisepbsadi

of radioactive wastes by seeking alternatives such as decontamination; super
compaction and incineration of solid wastasd evaporation and filtration of liquid

wastes.

2.5.2 Radioactive metals treatment

Of particdar interest in this research dtee treatment and/or melting of LLW and
VLLW metals. This can be for free release into UK and international metal markets,
for beneficial reuse as shielding blocks or containers within the nuclear industry, or
for waste volume reduction only in the case ctivaated metals. Also of interest is

the decontamination or decay of ILW metals to LLW levels acceptable for treatment
by melting (i.e. the used fuel skips for Magnox nuclear power stations such as
Hinkley Point A, Sizewell A and Bradwell).

Decontaminatio of Wastes

Decontamination of surface contaminated metallic wastagi(e 2-12 and Figure

2-13) is undertaken at individual sites or at specified facilities in the UK.
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Figure 2-12 Size reduction of metals for decontaaiion and melting (reproduced frddtudsvikAB
websitg

For example the Studsvik metal recycling facility at Lillyhall, Inutec at Winfrith and
NationalNuclear Laboratory at SpingfieldsLWR and NDA 2009a, LLWR 2012a,
NDA and Entec 2009). LLW metals can also be further decontaminated by melting
in France, Germany, SwedeRidure 2-14) and the USA.UK and Internabnal
treatment facility capabilities are summaried in Sect®3.1. The UK and
international facilities are available to UK nuclear operators via the LLW Repository
Ltd national waste framework agreemefhe LAW Framework Ageement was
developed by the LLW Repository Ltd to meet the requirements of the solid LLW
strategy and developing plans and programmes. It offers an integrated LAW
management service for LAW waste producers for the characterisation, packaging
and transportof LLW and VLLW disposal in the UK, metal waste treatment,
incineration and supercompaction for major projects using agreed supply chain
facilities. It offers a flexible, efficient process and competitive prices for the waste
management services betwgaoducers and suppliers. It is an integral part of the
current structured process for LAW in Figur@e2.
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Figure 2-13 Demonstration of cleaning a 200litre drum inecdntamination cabinet (reproduced
from NDA websitg

Figure 2-14 Metal melting at an international facility for recycling into metal markets or beneficial
reusein nuclear industry (reproduced fradBtudsvikwebsitg

Compaction of Wastes

Low force compaction facilities are available at some sites. High force compaction
facilities are available at Safield, Dounreay and Winfrith (e.d.ee 2010 p25)yia

the framework agreement by LLW Repository Ltd. The swoenpaction is done in
accordance i#th LLWR 2012b.The compaction process is suitable for soft or thin
VLLW and LLW metals or drummed LLW.
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Combustion, Evaporation and Filtration of Wastes

Incineration of combustible waste is also available under the LLW Repository Ltd
framework agreemerdnd in accordance withLWR 2012c. Incineration is not of
interest in the research as there is no energy recovery from the incineration of VLLW
and LLW metals. Likewise, evaporation and filtration are only applicable to liquid

wastes and hence are of mterest here.

2.5.3 Conserving disposal capacity

LLW Disposal

The treatment processes help preserve the scarce disposal volume at the LLW
Repository near Drigg. Dounreay has its own metal treatment facility and is
installing a supecompaction facility to mimmnise its disposal volume to the new
VLLW/LLW disposal facility currently under construction. Solid wastes that cannot

be processed through the above treatment processes are disposed to Drigg and
Dounreay. LLW, including metals that can be decontaminate®liW can be

disposed to licensed facilities at Clifton Marsh, Lillyhall and Kingscliffe.

The typical LLW di sposal scenario is the
usebd carbon steel | SO freight cont ai ner ¢
with cement, and emplaced in the repository vaults. This process is similar for
Dounreay. Normetallic containers andeseable ISO transport containers are being
developed for VLLW disposal.

The progress with the metallic, sugmrmpaction and incimation of LLW, plus the
diversion to high volume VLLW disposal after -characterisation or
decontamination, is displayed in the monthly Waste Metric Dashboard. These
documents aravailable on the LLW Repository Ltd website. The Dashboards show
the predited and actual values for these waste treatment options as part of the
National Waste Programme. A fiyear forward prediction of the amount of waste

for these treatment options is giventire Joint Waste Management Plans for NDA

sites and other nucleaites (e.gShipton and Falconer 20113
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Higher ActivityWaste (HAW) Storage and Disposal

Safe and secure decay storage of HAW in {targ interim stores at individual sites

in needed until a GDF becomes available for England and Wales. Similargtibres

be needed at Scottish nuclear sites until near sitesuetace facilities for the long

term management of HAW are available in Scotland. As stated in section 1.3.4 of
Chapter 1 the policy for the lotgrm management of Scottish HAW has been
issuedand an implementation strategy is being develog&ebt{ish Government
2007 and 2011 The current HAW policy (DECC 2014) considdhe Scottish
requirement in conjunction with a GDF, however, the Scottish position is excluded

from the research.

HAW storage and disposal can be in shielded pagls that can be contdwndled
or unshielded packages that require renmatedling. Similarly, interim stores can be

unshielded for shielded packages or shielded for unshielded packages.

2.5.4 HAW containers and interim  stores
Stainless Steel Packages and Store Options
Radioactive Waste Management (RWM) Ltd enddrpackages for GDF disposal
are deemed suitable for loAgrm interim storage of HAW at sites and for the

Scottish longterm HAW management requirement, pewgdimal disposal.

Until recently the preferred option for ILW was grouting and capping with cement to
produce a stable wasteor m package in thin walled uns
steel 200litre and 500litre drumBigure 2-15), 3nT boxes and drumsF{gure 2-16)

or shielded 4m and 2m boxes or concrete contaijsees Box 12 andBox A-1 for

container information)These conguted endorsed waste packages covered by Final

Stage Letters of Complian¢eoC) issued by RWM Ltd NDA 2012b for packages

and NDA 2013a for Lo Depending on the radiation levels from unshielded waste
packages an external concrete gpack may be reqred to allow handling, storage

and transport from the storettte disposal facility.
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The Letter of Compliance (LoC) system is part of the NDA disposability assessment
process (NDA 2014c) to ensure that HAW waste packages for disposal to a future
GDF meet the safety, environment, quality and regulatory requirements for the
transport to, and handling and emplacement at, a GDF. It also assures the
continuation of these requirements in the lbagn post closure period of a GDF.
There are four stages to th€®C process; preonceptual assessment of initial
package design options, through the conceptual and interim assessments, to the final
LoC for disposal of HAW to a GDF. This confirms to the Radioactive Waste
Management Ltd (RWM Ltd), as the operator ofuture GDF, that the HAW
packages will be fully compliant with the GDF safety case.

Figure 2-15 Demonstration handling of 500litre stainless steel drum for ILW (Courtesy of NDA)
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Figure 2-16 An unshielded 3fILW stainless steel drum of similar dimensions to the unshieldéd 3m
stainless steel boxes at Hunterston A shown below (Courtesy of NDA)

The Trawsfynyddghower station decommissioning programag®ptedan unshielded
long-term interim store Kigure 2-17) and O0singl e wuskglre shi el
2-18). The Hunterston Apower station decommissioning programmgose a
shid ded store with 0si ngHigare2u9.eBoth af theséhi el de

options can be extremely expensive.

Figure 2-17 Trawsfynydd unshielded lorgrm inteim store (Courtesy of Magnox Sites)
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Figure 2-18 Trawsfynydd shielded concrete oyera c k aged | LW i r’staintesséteel ngl e u:
drums or boxes prior to transfer to the store above (Courtesy ofd&jtes)

Figure2-19Hunt er st on A stacking of de rsamless steeltboxesn 6 si n
for ILW in their shielded long terrinterim storegCourtesy of Magnox Sites)

Ductile Cast Ion Containers and Unshielded Stores
Recently there has been a growing interest in thick walled ductile cast iron containers

(Figure2-20) from Germany.Summary DCIC data can beund inBox A-1.
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Figure 2-20 Thick walled DCIC sekshielding MiniStores at Dungeness A power station (Courtesy
of NDA)

The containers areelf-shielding packages that can be stored in lightwestgel and
concrete longerm interim stores. There is also precedence for some of these
containers being made from-25% recycled LLW steelsQuade and Kluth 2009,
CoRWM 2008 The ductile cast iron containers give a potential for beneficial re
use oftreated and melted UK LLW steelShere are, however, concerns about the
use of these containers by the Office of Nuclear Regulation on safety gr@MNRs (
2011a and 2013kand by the RWM Ltd on the acceptability of these packages for a
GDF as they are $itgoing through the Letter of Compliance procdd®A 20133.

The Radioactive Materials Transport Team of the ONR raised concerns about
certifying DCICs made with some recycled material. Magnox have confirmed that
they will not use recycled material their initial DCICs but recognise that this could

be an option for manufacturing their DCICs at some time and they may wish to

explore the possibility in the future (Butler 2015 pers. comm.).

Waste Package Issues
Minimising the waste package numbers aming interim stores to allow adequate
contingency are important engineering, planning, regulating and costs issues. They

also have a knoe&n effect on final disposal requirements and costs.
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The 2010 UKRWI(NDA and DECC 201)lestimated that about 64@0 6 si ngl e u:¢
carbon steel ISO freight containgisee Box 12 andBox A-1) will be needed for

LLW disposal. These containeese readily available and coatound £8000 to

£10,000 eachl{ WR 2014 andlableA-1).

The 2010 UKRWI al so estimated that a mi
stainless steel containers and ductile cast iron conta{sees Box 12) will be

needed for HAW storage and disposal. The cost of tbeswiners is commercially

sensitive and hence not readily available. However, costs do exist in the public
domain, e.g. 3thdrum prices have varied between5000 in Ove Arup 1997 to

~£25000 in CoRWM 2008b. Bryan 2005 states that a 500litre drum cogt$ abo
£1500. NDA 2012aises production costs of ~£20,000 for & Bmx, £60,000 for a

4m box and £23,000 to £49,000 for bespoke packages. These costs are significant
given the number of packages needed for disp&esETable A-1for a summary of

container costs.

The O6single used carbon steel | SO freig
containers for HAW use cement based grouts to bind and cap the wastes to produce a
final waste package. Concrete is also ukmdsome LLW and HAW containers,
shielding ovetpacks, longerm interim stores for ILW and backfill for LLW
repositories at Drigg and Dounreay plus vaults in a future GDF. Hence the
environmental impacts of container materials, waste storage, trangpmrting,

backfill and disposal, and associated costs, are investigated in Chg@ensd 9.

2.6 What are the current proposed waste solutions?
This section discussed the overall current position for legacy wastes and the policies,

strategies and plans ftreir longterm management.

2.6.1 General position
The legacy wastes from the UK nuait€uel cycle date from the ni@40s and will
be managed beyond circa 2110. The waste arising from operation and
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decommissioning is sporadic as showrkigure2-21 andFigure2-22 for LLW and
ILW. These projections are taken from the 2013 UKRMDA and DECC 2014e

Figure 2-21 shows a significant eduction in LLW generation between now and
about 2033. This corresponds to the care and maintenance preparations phase for
Magnox decommissioning and entry to-siu and containerised decay storage.
There is then a peak between circa 2038 and 2050 forg8plds decommissioning.

This is followed by a quiescent period until circa 2070 for the Magnox decay
storage. Final decommissioning, demolition and disposal of wastes from the
remaining facilities are from ~2070 to beyond 2110. The waste level dhastu

according to individual facility decommissioning plans.
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Figure 2-21 Estimated annual waste arising for LLWWaéed\NDA and DECC 2014e Figure 3
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Figure 2-22 Estimated annual arising for ILW#&sed omNDA and DECC 2014e, Figurg2

Figure 2-22 shows fluctuating generation of ILW wastes between now and circa
2040. This represents individual short to medium term ILW recovery and
encapsulation projects. The peak in circa 2043 is the Magnox ponds
decommissioning at Sellafield and the 30 years plateau after is the quiescent period
for Magnox decay storage. Theripel beyond 2073 is final decommissioning and

varies according to individual programmes.

Both the figures include radioactive wastes from all legacy nuclear facilities, which
will be decommissioned over the same time period. The figures do not include
radoactive wastes for the proposed new nuclear power stations as previously

discussed.
All three periods will result in treatment, disposal and recycling of radioactive

metals. However, the exact timing and quantities of metals are hard to predict as will

be discussed i€hapter 8.
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2.6.2 Policy, strategy and plans

The Structured\pproach to LAW
Figure 2-23 shows the flow of radioactive waste management documentation from

the UK solid LLW policy (DEFRA et al. 2007) ande LLW strategy (NDA 2018
through to the Joint Waste Management Pl@ng. Shipton and Falconer 2Q1&hd

the monthly progress reporting under the National Waste Management Programme
(NDA and LLWR 2009.

Progress
Policy Reporting anc

Outcomes

Strategy
o | Joint Waste
Mgt Plans
2 Delivery
s e P % F Programme
\!'* :
aﬂ:‘ u 'Elene_ﬁ.l.n'.nbbauonA
Change " S |
Control e

Figure 2-23 Key document flow for LLW management from LLW Repository Ltd website (relating
to the National Waste Programmeproduced from LLWR Ltd website

The figure shows the structured approach adopted to meet regulatory requirements
andto encowage a culture change within the industry to:
A improve characterisation of LAW to allow some waste to be classified as
high volume VLLW rather than LLW as seenkigure2-9,
A segregatd LW to allow super compactig incineration and metallic waste
treatment as discussed in secti®/®
A apply the Waste HierarchyL{WR and NDA 2009b, as shown irFigure
2-24 , to encourage the 1@ and recycling of materials in preference to their
disposal,
A conservethe scarce LW disposal capacity and deldje requirement to

construct a new LLW repository.

Waste minimisation and the application of the waste hierarchy are important issues
to enswe the optimal use of interim storage and final disposal facilities. They
underpin the costs effectiveness and affordability of the proposed programmes and
plans. They are equally, if not more, important for HAWDA 2012band DECC

42



2014). HAW volumes ar significantly smaller than LAW but packaging, storage,
transport and disposal volume environmental and financial costs are significantly

higher.
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Figure 2-24 The Waste Hierarchy promoted by current UK LAMlicy, strategy and plans
(reproduced fronNDA and DECC 2014a)

Developing HAW Management Structure
There is a growing concern about materials that could become waste in the future,

such as depleted uranium products. Depleted, natural anénpghed uanium

(DNLEU) is currently classified as a zero value asset rather than waste but if
eventually categorised as waste could constitute ~17% of the proposed future GDF
volume (NDA 2013h. DNLEU and potential future wastes such as NORM will need

to be retaind in suitable containers and stores until a GDF or-kengn management

facilities are available. Legacy DNLEU stores like the one at Capenhurst and at
Sellafield already exists. Urenco UK Ltd isureently spending in excess of
04500million in developing a uranium tail
oxide store, for the storage of deconvertegD4dJpending future commercial and

policy decisions on DNLEU. This is discussed in detaCiaper 9.

Mandatory Mechanisms
A raft of environmental, health and safety legal requirements and guifiagcélSE

et al. 2007, NIEA and EA 2009 and NIEA et al 200®)derpin the policy, strategy
and option analyses for storage and disposal of refiea wastes. These
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requirements and guidance help nuclear operators structure the assessment of
treatment, conditioning, storage, transport and disposal of radioactive wastes and the
recycling or reuse of treated radioactive metals.

The Environment Ageties are responsible for providing liquid, gaseous and solid
waste authorisation and issuing transfrontier shipment authorisation to send wastes
abroad for treatment and recycling plus the return of residual wastes where
practicable. The transport and treant of radioactive metals, at the international

facilities, are discussed {Dhaptes 5, 7 and 8.

The Office of Nuclear Regulation is responsible for regulating the accumulation of
solid wastes atites, the disposability of secondary waste returned frdernaional
treatment and melting, and the transport of radioactive walseerole of the Office

of Nuclear Regulatiomow includes the roles and responsibilities of the former
Office of Civil Nuclear Security for ensuring compliance with the Nucledustry
Security Regulations 2003 and lonising Radiation Regulation 1999. They are also
responsible for ensuring compliance with the Class 7 (Radioactive Materials)
requirements under the Carriage of Dangerous Goods Regulation 2009 and IAEA

transport of adioactive material regulationsAEA 2013).

2.7 Summary
This chapter summarised the background to radioactive waste and its management

and showed that there were significant quantities of radioactive metals that could be
recycled rather than disposéd Figure 211 It also raised potential issues with
environment al i mpacts adofsteecdordainersantiei t h t h
cement needed for waste packaging in Se@iém These are two aspects that are
addressed in this research. The next chagddresses the backgroundlife cycle
assessment ardhapter 6 outlines the analysis of financial costs, both of which are
required to investigatethe disposal and recycling scenarios considered in this

research
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3 Background of Life Cycle Assessment

Chapter2 summarised the background to radioactive waste management in the UK.
It recognised that metals were not only fundamental to the infrastructure and
processes of UK nuclear facilities but that they were a significant proportion of the
radioactive wate produced by the facilities and are utilised for waste disposal

containers.

This chapter discusses the use of life cycle assessment (LCA) to analyse the potential
environmental impacts of radioactive waste management options and waste
packaging. LCA $ one of many tools (e.g. environmental risk assessment,
environmental auditing, environmental impact analysis and strategic environmental
assessment) used in environmental management decision making. It was developed
to address the increased awareness emwcern by the public, industry and
government of the importance of protecting people and the environment from aspects

resulting from industrial processes.

LCA focuses on the environmental impacts on human health, theystem and
resources of the Kf cycle of products (goods or services) from extraction of
materials to their disposals. It attempts to prevent shifting environmental burdens
between the processes of the product system being considered or into other systems
outside thestudy (Finnveden teal. 2009).LCA addresseshe relative potential
environmental impacts of the basic unit of the system being studied, i.e. the
functional unit. This enables alternative products and scenarios to be analysed and
comparedo help identify possible argdor improvement in current situatisror to
addresduture potential problems. It is an iterative process, it generally simplifies
relationships between processes and impacts and is lineataditd(Baumann and
Tillman 2004, Rebitzer et al. 2004, Penningétral. 2004)LCAs can be extensive

and complex hence it is important to make the modelling and assumptions as clear as

possible to aid the interpretation of assessment results.
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This chapter summarises the backgroundLCA and outlines the LCA process
stages. It then discusses some of the limitations of LCA and the links with overall
decisionmakingprocesses for radioactive waste management. A literature review of

LCAs for the nuclear industry is discussedapter 4.

3.1 The History of Life Cycle Assessm ent Methodology
This section outlines the history of LCA by highlighting key developments that can

be attributed to specific decades and organisations.

A history of LCA development is common in books (e.g. Baumann and Tillman
2004 and Sonnemann et al.02), articles such as Azapagic 1999 and Guinee et al.
2011 and dissertations or theses on the subject (e.g. Sdliieagsen 1998, Lopes
2010, and Hetherington 2013). Guinee et al. 2011 usefully present a review of LCA
in terms of the Past, Present andure; this approach has been adopted here.

3.1.1 The Past
Early Developments
The period between 1970 and 198@s calledthei Decades ofbyConcep

Guinee et al. 2011 and represents the early development work. The energy analysis
by Smith 1969 is usually redited as one of the early foundations of LCA
(Sonnemann et al. 2004 and Hetherington 2013). The early work on energy analysis
is noted by Azapagic 1999 and Sonnemann

work was in the public domain from ciral963.

These early analgs were expandeftom primarily energy analysit include raw

material and solid waste flows in a study of beverage containers for Coca Cola by the
Midwest Reseatt Institute in 1969. The study wammercidy sensitive and
intended forinternal use only but is generally credited with having introduced the
concept of a systematic analysiscohtainesf r om ficr &dl. e Tthe guroa K
expanded to a resource and environmental profile analysis which quantified the
environmental loading@f the entire production system by Hunt et al. 1974 (Lopes
2010). The work by Hunt, Franklin and their colleagues (Franklin Associates) is also

cited as an important initial step in the development of LCA by Azapagic 1999,
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Sonnemann et al. 2004, Baumanm dillman 2004, Lopes 2010, and Guinee et al.
2011.

Concurrent work by Boustead and Hankock on plastic and glass milk bottles in the
UK, Sundstrom on energy requirements for beer containers in Sweden and by Basler
and Hofman in the early 7@se discusskin Azapagic 1999 and Guinee et al. 2011.
Their work, plus the work of the Franklin Associates, is also considered as laying the
foundation of LCA (Guinee et al. 2011).

There was a hiatusf LCA studiesafter this initial developmentut interest grew

again following the publicatiomf a Swiss Federal Laboratories of Materials Testing

and Research report on LA 1984 (Guinee et al. 2011)T he Ar eport pr e s
comprehensi ve I i st o f dat a needed for
assessment mettia§Guinee et al. 2011Yhis led to an increase in LCAs comparing
consumer products using a diverse range of methods and rdsuttedted debates

on results andnethodologies This problem, especially in the USAs noted by

Hetherington 2013 and seen as the driver for standardisation of LCA methodology.

Standardisation

The periodbetween 1990 and 2000 was caltktd 6 Decade of Shyandard
Guinee et al. 2011. The Society of Environmental dxicology and Chemistry

(SETAC) formalised LCA metraology between 1990 and 1994. This was followed

by the development of the standards used todapdynternational Standardization
Organisation (ISO)between 1997 and 1998 The harmonisation of LCA

methodology and ISO standards currently usedanmamaised inTable3-1.

It should be borne in mind that there were some differences between the SETAC and
ISO frameworks. The most obvious difference is the specification a scope definition
in ISO Stage 1 and that Vaition in the SETAC Impact Assessment is moved to in
Interpretation in 1ISO. Also, ISO Interpretation includes other applications of the
LCA results as well as the process improvement opportunities identified by the
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SETAC framework. The remainder of tlukapter, and the thesis, assumes the ISO

terminology and stages.

Table 3-1 SETAC and 1SO LCAMethodology Framework and Standards

SETAC Stages ISO Stages Current ISO
Standard
1 - Goal Definition 1 Goal andScope ISO 14040:2006 and
Definition ISO 14044:2006

2 - Inventory Analysis | 2 - Inventory Analysis | 1SO 14040:2006 and
ISO 14044:2006

3- Impact Assessment| 3- Impact Assessment; | ISO 14040:2006 and

Classification Classification ISO 14044:2006
Characterisation Charaterisation
Valuation
47 Improvement 47 Interpretation; ISO 14040:2006 and
Assessment Valuation ISO 14044:2006

Based on Solbergohansen 1998, Azapagic 1999 and Hetherington 2013.

In addition to the standards presentadTable 3-1 ISO also produces technical
reports (TR) and technical specifications (TS) for guidance. Guidance on overall
principles and framework are givem ISO 14044 2006, examples of applying life
cycle impat analysis and goal and scope definitions are given in ISO/TR 14047
2012 and ISO/TR 14049 2012. Guidance on LCA data documentation format and
requirements is given in ISO/TS 14048 2002.

The developmenbf LCA methodology and standard®ntinues to improveand
initiatives are in place fahe futurelt shouldbe noted that ISO recognises that there
is no single method for LCA andheer valid approaches can exist. Hence, it is not
necessary to adhere strictly to the ISO standards when conducting an LICAilBS i

depend on the goals and scope of the LCA as discussed later.

3.1.2 The Present
The period between 2000 and 2010, following standardisation, was c¢hted

ADecade of bEGuade@trah 2010 The period takes into account the

effort made in Hrope and America to incorporate LCA thinking in integrated

product policy, sustainable resource use, waste prevention and recycling. It also
includes the drive to promulgafé é q u aassiuredylife cycle data, methods and

studies for reliable decisionsupp t 1 n ( EU) publ i dGuipeel i cy ¢
et al. 2011)The late 1990s and the decade to 2010aatarp rise in the production
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of LCA papers for academic journalsndicating the increased adoption of the
standardised LCAnethodology((Finnvederet al. 2009 and Guinee et al. 2011).

The current standard (ISO 14040 2006) makes it clear that it does not specify in
detail the methods used to conduct a LCA. The European Commission Joint
Research Centre (EC/JRC 2010a) notdsat @ é t he riotSfnhg gooudb c e s S
det ai |l ed st aand that the Wnded iNations Engironment Programme
(UNEP) and SETAC are working to develop best practice. Improvements are being
made to LCA methodology through the UNEP/SETAC Life Cycle Initiative (Lopes
2010, Guinee et al. 2011 and Hetherington 20B)asel of the UNEP/SETAC Life

Cycle Initiative programmé Cr eat i ng &an letiveem2002 atkh0ad. It

included programmes on life cycle management, life cycle inventory, life cycle

impact assessment andelicycle crossutting (www.lifecycleinitiative.org 2014).

These programmes sought to improve decision making by providing information,
sharing good practice, enhancing training, giving wider accessatdyjassured data

via internet tools, access to expert groups and improved life cycle indicators across

the whole life cycle approach. PhasgdliBe c o mi n g a ramsftom RO®hto | der 6
2012 and sought to ake LCA more participative. laimed to involve global
stakeholders indevelopng a better appreciation and agreement on life cycle
strategies and tools. PhaseilRes ponse t o stdediniAadndi® nge s (
planned to run until 2016. This phase aims to support the development of té type

Life Cycle Susainability Analysis discussed b§uinee et al. 2011hat aplies

across society in general plbsisiness and government for sustainable production

and consumption.

Concurrently, the EC/JRC has developed a suite of documents, undeiethd ti
International Reference Life Cycle Data (ILCBgandbook (Wolf et al. 20)2These
documents include foexample EC/JRC 2010a addressthg analysis of existing

LCIA methods,EC/JRC 2010b on detailed guidance for LCIA and EC/JRC 2011
recommendatins for LCIA in Europe. The benefits of the UNEP/SETAC and
EC/JRC programmes to expand the environmental impacts considered and improve
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assessment methods, hence quality and standing of LCA, are recognised in
Finnveden et al. 2009.

3.1.3 The Future
The period fom 2010 to 2020 was callddlei Decade of Li fe Cycl e

An al ypGumeae et al. 2011As the name suggests it looks towards broadening

LCAs from productsa n d services t wiple ebottono him@ aofs s t he
sustainabilitydevelopment, i.eenvironment, economics and social aspelttss

beyond the scope of ith researchto investigate the potential of the holistic
representation of sustainability in LCA=it it will be interesting tcsee how this

progresses

3.2 Industrial Processes and LCA Stages

This section discussed the basis of the unit process and products system that
produces products, consumes material and energy and produces waste emitted to the
environment. It alsaliscusseshe key stages of performing an LCA of a product
system goal and scope definition, inventory analysis, impact analysis an

improvement assessment and interpretation

Unit Processes and Product Systems
The SETAC defirtion of LCA presented in Sectioh.4 included allthe essential
objectives of the life cycle assessment pess. However, the current ISO standard

defines LCA astheicompi | ati on and evaluation of
potenti al environment al i mpacts @@BO a pr
14040 2006).Life cycles are builup of individual unit processes, ithei s mal | est

element considered in the life cycle inventory analysis for which input data are

g uant (iISDild04D 2006)A generic unit process is shownkigure3-1.
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Emissions

Raw (intermediate) to air

material inputs

Ancillary material

AR Intermediate product

Energy inputs
Coproduct

Emissions

to water
Emissions \Waste

to land for treatment

Figure 3-1 Generic unit processeproduced fromiSO/TR 14049 2000, Figure 4)

An industrial product syster a collection of unit processes that providgaoduct

Inputs to a product systeminclude raw materials such as minerals, metals or
chemicals and secondary materials such as recycled materials or packaging. Another
input is the energy required to prodube productsand manage wasteghe outputs

are a main mduct, ceproduct(s) and/or bproduct(s) plus solid, liquid or gaseous
wastes. Cgroducts mg be chemicas or materials that arproduced in addition to

the main product and of commerciahlue. For example, the hydrogen fluoride
generated by deonveting uranium hexafluoride (W to uranium concentrate
(U3Os) discussed in Chapter 8 a very valuable cproduct. A byproduct is
normally of low value and used in another product system. For example, blast
furnace slag produced in steel making can sedwas road fill, or as a supplement in
cemenigrout for solid radioactive waste packaginghe wastes are either emitted
directly to the environment or processed through waste treatment facifies.
simplified product systemmade up of a number of inddual unit processes,

elementary and product flows is presenteBigure3-2.
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EXTRACTION LAY prlssions

Emissions Waste

Figure 3-2 Simplified product system (reproduction Akapagic 1999, Fig 1)

Ovewiew of LCA Stages

The LCA methodology standardised B8O is commonly represented by the four
iterative stagesas shown in Figure 3-3 (Sonnemann et al. 2004, Lopes and
Hetherington 2013). The LCA stages model it&erial, energy and waste flows of
individual unit process inputs plus, their outputs, to create a coherent life cycle
output of potential environmental impacts. As noted in ISO/TS 14048 PQF

can be done for the wholed cycle (Cradleo-grave),from extraction to production
(Cradleto-gate), for production on a single site (Gaiegate) or from use to
disposal (Gata¢o-grave).However, all assessment should follow the stages outlined

below.
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f Life cycle assessment framework \

Goal and scope

Stage 1. = definition

Direct applications:
- Product development

and improvement
Inventory Interpretation - Strat'egic planning_

analysis P - I\Pﬂ‘ﬁ::upr::my making
- Other

Stage 2

Stage 3 — impact <+ Stage 4

% /

Figure 3-3 Stages of ahCA (based on ISO 14040:2006)

The ultimate outcome of an LCA recommendatiato decisiormakers Some of
the application®f an LCA output arshown inFigure3-3. Each of the four stages

is nowdiscussed in more detail.

3.2.1 Goal and Scope Definition
Defining the goal and scope is the initial stage of any type of LCA. They are the

foundation of the methodology. The goal is described dellows in ISO 14040
1997,fiThe goal of an LCA study shall unambiguously state the intended application,

the reasons for carrying out the study and the intended audience, i.e. to whom the
results of the study ar Ere scopé ean beetlten beo b e
structured to dever the goal. The scope is described as follows in ISO 14040 1997,
AThe scope should be sufficiently wel. d
details of the study are compatiThdsee and
statements areeflected in the current standard showing that the fundamental basis of

an LCA has not changed (ISO 14040 2006).

The scope comders the product system and thenction(s) to be compared, the
functional unit, the system boundarthe allocation procedure andthe impact
assessment methodsed. Hence, it forms the basis of the LCA results to be
evaluated in thenterpretatiorstage. It also includes the data requirements, a critical

review if necessaryand the format for the final repditSO 14040 2006
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Functionalunitiquant i fi ed performance of a prodtu
unito

The functional uniis essential in all LCA. It has to be clearly defined, measureable

and consistent with the goal and scope. It is the reference point foetk®pment

of the inputs and outputs for the life cycle inventory and to ensure comparability of

the results generated by the LCA models. For example, the general format of a
functional uni t may be similar t o: t he

product system O0B6 for a specified use 0C

System boundaryi s et of <criteria specifying which
product systemo

There will be boundaries between the product system and the environment, and the
processes within and across pradsygstems. There will also be time and geography
boundaries to consider as noted by Finnveden et al. 2009 and Guinee et.alA2011
simple system boundary is visualised by the dotted enclosuigumne 3-2. Procas

flows within and across the boundaries are important in the LCA, particularly when
generating the life cycle inventory. A comprehensive list of what the system
boundary, unit process and flows should consider is given in ISO 14040 2006 and
ISO 14044 206. The list includes raw materials, input and outputs of
manufacturing, transport, fuels and power generation, waste disposal and recycling
of products. Facility maintenance, infrastructure and management requirements can

be included if required by the daand scope.

Material and energy allocation for systems with multiple products and recycling are
discussed in SectioB.2.2 The daa evaluations discussed i13.2.2and subsequent
chapters Impact assessment is discussed gct®n 3.2.3 and interpretation in
Section3.2.4 The critical review and report requirements are riaikebe an integral

part of the thesis process in this case.
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Life cycles are iterative as shown by the directional arrowsgare 3-3. Hence, the
goal and scope needs to bevigited as the iterations procetm ensure that their

fundamental requirements are still being met or modified.

3.2.2 Inventory Analysis
The second stage of the methodology is life cycle inventory analyss.involves

building a system flow model identifying and collating the data for radirgy and

mass flows, data calculation (i.e. the normalisation of all data to the functional unit)
and the allocation (i.e. quantified distribution) of resources, energy and
environmental emissions from transport, land use, solid wastes disposal and liquid
and gaseous discharges from the prodgydtem (Baumann and Tillman 2004,
Rebitzer et al. 2004, Sonnemann et al. 2004). It is an iterative process recording and
manipulating these data consistent with the requirements of the goal and scope, and
evaluatirg the quality of the data used. However, Baumann and Tillman rafe4
thatitis ani i n c o mgmérgy anel onass balance for the system as only the most
environmentally relevant flow are included (based on time, money and experience
constraints).The ouput is an inventory table identifying and quantifyirgsources
depletion, (minerals use, fossil fuel for electricity generation or oil as feedstock for
plastics), land use and damage, plus emissiorartovater and soil (e.g. carbon
dioxide (CQ), greemouse gases (GHGSs), sulphur dioxide {S&hd other gasesnd

heavy metals to soil and water courses). The inventory analysis is the basis of
impacts assessment that attributes inventory data to damaging environmental effects

of the product system.

Data collection

Good data is the key to a successful LCA. Hence, where possible recent published
data were used within the research and where historical data was used it was
highlighted. The process of choosing and recording the data can be aided by
producirg a flow diagram, similar t&igure 3-2, to identify the requirements. These
requirements may change as the LCA process iterates and more data may be needed.
The benefit of devising a foreground and backgrourstiesy toassist in developing

the system boundaseis noted in Azapagic 1999Azapagic in Clarke and

Macquarrie 2002 and Baumann and Tillman 2004e foreground system contains
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all the key processes for the LCA. It receives inputs from the environment and
background systems and rejects outputs to them. This helps define the data
requirements, i.e. where practicable the data should be specific for the foreground
system but can be from published data or electronic databases for the background
system. The detopment of industry standard databases (e.g. the Ecoinvent

database) and how they can be used is discus$@anweden et al. 2009.

Data calculation

This includes data validation, relating the data to the functional unit and hence to the
unit processeand flows for the produdystem. Sonnemann et al. 20€i#e 1kg of
material or 1km travelled as examples, but it will be defined by the functional unit.
The current 1ISO standard states the LCA also needs to consider different fuels and
electricity sourcs, efficiercy of conversion and distribution of the energy systems
adopted (ISO 14040 2006lhe mix of coal, gas, nuclear and renewable energy used
in a LCA may be particularly important when the processes being modelled take

place in different countries.

Allocation of flows and releases
Allocation procedures, idgiparti ti oning the i1 nput and
product system between the product system under study and one or more other
pr oduct neegts beecomsidered in conjunction waffstemboundaries (ISO
14040 2006 and ISO 14044 2006). These can be particularly important when
processes are shared with other product systems, where there are multiple products
or coproducts, wastes and recycling. A three step allocation procesdimeadd
ISO 14044 2006:
1) avoid allocation by dividing or expanding the system to include additional
functions,
2) when allocation cannot be avoided separate inputs and outputs between
different products or functions such that they reflect the relationgtipelen
them,
3) where physical allocation cannot be established or used use an independent

parameter such as economic value.
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Allocation is the most commonly discussed issue in LCA according to Finnveden et
al 2009. The authors note that whereas systenansxpn (1) is advocated by
Weidema 2003as always possible and will reduce the allocation issues, Heijungs
and Guinee 2007argue thatifiéi s | mpracti cal because
i nvol ved and the | ac k bycafloptidgasitesn expansion.h a t
They also note that ecomic, mass and energy for (3) dhe most commonly used

allocation according to Lundie et al. 2807

Data Evaluation

The LCA data requirements are specified in detdifi@ 14040 1997 and ISO 14044
2006.Data shald be related to the goal and scope and be of suitable quality to make
the results of the LCA credible. Data quality considerations include; the age and
timeliness of the data, their geographical and technological coverage, precision,
completeness and negsentativeness, consistency and reproducibility and their
uncertainty. It is also important to note data gaps and how the missing data are
treated.Where practicable data for the research was taken from the UK radioactive
waste inventories and publishddcuments as part of the NDA, LLWR and nuclear
sites research activities and are cited throughout the thesis.

As noted by Lopes 2010 and Hetherington 2013 data collation and manipulation can
require the use of computer software packages. Several soipaekages exist and
Sonnemann et al. 2004 list the most common packages.

3.2.3 Impact Assessment
The inventory table created by the inventory analysis can be large and difficult to

understand. Hence a third stage, life cycle impact assessment (LCIA), ézinébd
impact assessment stage estimates the level of potential environmental impacts using
the data in the inventory table. This is to better understand the significance of the

inventory results and to provide information for the interpretation stage

! These references are cited in Finnveden et al 200&rburtot included in the thesis references
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The current ISGstandard (ISO 14040 200@ptes the introduction of a degree of
subjectivity in the assessment stage and splits it in to three mandatory elements and
three optional elements as shown Higure 3-4. Using the optional elements is

contentious as the subjectivity is higher.

Mandatory Elements

The first element of LCIAs choosing the impact categories to link to the inventory
table results in accordance with the LCA goal and scope. Category imglicato
quantify the impact categories suel global warming, photochemical oxidation
(smog)and acidification There are two types of category indicatersidpoint and
endpoint (Pennington et al 2004, Sonnemann et al. 2004, Finnveden et al. 2009 and
Hetherirgton 2013).

LIFE CYCLE IMPACT ASSESSMENT

Mandatory elements

Selection of impact categories, category indicators and characterization models

1

Assignment of LCI results (classification)

-

Calculation of category indicator results (characterization)

=
\vuuj

-

Category indicator results, LCIA results (LCIA profile)

-

Optional elements

Calculation of the magnitude of category indicator results
relative to reference information (normalization)

Grouping

Weighting

Figure 3-4 Elements of the LCIA Phasesproduction of ISO 14040 2006, Figure 4

Midpoint indicators, such as radiative forcing by £&d CH, are estimated using
long established techniqueBhey are part way between the emissiand the end
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points (Finnveden et al. 2009) and have relatively low subjectivity and uncertainty

(Hetherington 2013)}owever, decision makers may not find them easy to interpret.

Endpoint indicators apply tareas ofprotection (Pennington et al 2004) or damage
categories (Goedkoop and Spriensma 2001a), i.e. human health, ecosystem quality
and resources. These may be easier to relate to for decision makers. ISO/TR 14047
2003 shows the relationship between theee¢hiendpoints and specific impact
categories used in the life cycle impact analysis methodrietoator 99 (Goedkoop

and Spriensma 2001a)his is reproduced ifrigure 3-5. Ecaindicator 99 is the life

cycle impactassessment method used in the research and is discussed further in the
research methodology Chapter 6.
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Impact Category Indicators (with their units) Endpoint level

Depletion of fossil fuel (expressed as MJ surplus energy)

Resources

Depletion of minerals (expressed as MJ surplus energy)

Land use (expressed as PDF x m? x yr)

Ecosystem quality

Acidification/eutrophication (expressed as PDF x m? x yr)

Ecotoxicity (expressed as PDF x m? x yr)

Climate change (expressed as YLL and DLY)

Ozone layer depletion (expressed as YLL and DLY)

Carcinogenic substances (expressed as YLL and DLY)

Human health
(as DALY)

Respiratory effects (organic) (expressed as YLL
and DLY)

Respiratory effects (inorganic) (expressed as YLL
and DLY)

AVZEA

lonizing radiation (expressed as YLL and DLY)

Figure 3-5 Environmental Impact Categories linked to endpoiotsjamage categories (reproduced
from ISO/TR 14047 2003)ote thisis an older version of the current 2012 technical relparshows
clearly how individual impact category indicators can be associated with endpoiritsvidgh
Joules, PDR Potentially Disappeared Fraction, YLiLYears d Life Lost, DLY i Disabled Lived
Years, DALY Disability-Adjusted Life Yeark

Classification

The second mandatory element is classification. It assigns inventory data to one or
more impact categories. For example ,Giéntributions can be attributed tmth

climate change and photochemical oxidation (smog) which results in respiratory
effects. Chloroflourocarbons (CFCs) contributions can be attributed to both climate
change and ozone layer depletion. It then aggregates all the contributing stressors
for an impact category.The climate change, respiratory effects and ozone layer

depletion category indicators would then be included in the human health endpoint
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Characterisation

The final mandatory element is characterisation. This quantifies thefieldssnd
aggregated inventory data per category indicator to estimate the potential damage
they cause. This is achieved using characterisation factors. These depend on the
LCIA method chosen and whether the method uses midpoint or endpoint analysis. A
generic characterisation factor femissiondrom Pennington et al. 2004 sown in
Equation 3-1, where the subscript (s) represents the chemical per unit mass

discharged to the air, water or soil:

Category Indictor = 2.5 Characterisation Factor (s).Emission inventory(s)

Equation 3-1 Generic characterisation factfmr emissiongPennigton et al. 2004)

A similar linear genericharacterisation equation is cited Ayapagicin Clarke and
Macquarrie 2002 and in Hetherington 2013The equation for a negeneric
characterisation factor for human health or ecosystem quality endpoints is shown in
Equation 3-2. The equation retas to the Ecdndicator 99 Fateéi Emission -
Exposure’ Effecti Damage Analyses shown kigure6-1and discussed in Section
6.1.1

Characterisation Factos,(,t) = X; Effects 6,}.1)
Emissions §,i)

=2, (Fate 6,j.t)) . (Exposures,j.n) .
(Emission §,i)) (Fate §,j,1)

(Effect (s,j,t)
(Exposure £,j,1)

Equation 3-2 Non-generic characterisation factor for emiss¢Pennigton et al. 2004)

Where the subscript (s) again denoted the chemical, (i) is wheentission occurs,
() is where the exposure occurs and (t) is the time for which the potential
environmental contribution ilevant (Pennington et al. 200Fhe equation takes a

pollutant from the inventory, assesses where emissions are experientevdodg
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they last (Fate), how many people or species are affected (Exposure), what the
changes are within the environment (Effect) and then aggregates (and perhaps
weights) the impact to show the damgg@chain circa 2010) and ISO/TR 14047
2003).Both types of characterisation factors are usually available in databases used
in LCA software packages and the literat(eey. Goedkoop and Spriensma 2001a
and 2001b, Baumann and Tillman 20G#)d are generally specific of the LCIA
method.

Optional elements

Normalisation

The first optional element is normalisation. The category indicators all have
different units, hence to compare them to find any anomalies or to understand the
relative magnitude of potential environmental impacts it can be beneficialite div

the sum of the individual results by a reference v@§Rennington et al. 2004 and

ISO 14044, 2006 The reference value will depend on the LCIA method used but
could be the total inputs or outputs of a specific area or per capita (e.g. the UK,
Europeetc), or against a documented baseline case. Hence the normalisation can be
based on natural science, economic or social science. It is typically derived as
shown inEquation3-3, wherethe subscript (k) is thenvironmental impact category:

Normalised Indicatqr= Category Indicator from CharacterisatidReference Valug

Equation 3-3 Normalisation factor (Pennington et al. 2004)

Normalisation factors are uslly available in LCA software packages and the
literature(eg. Goedkoop and Spriensma 2001a 20@1b) andare generally specific
of the LCIA methodThis type of normalisation is used within the Hodicator 99

life cycle impacts assessment methodiasu$sed in Sectiof.1.1

Grouping
Grouping allocates the impact categories to a predefined set(s) specified in the goal
and scop€lSO 14040 2006).The sets can be purely qualitative or sgmantitative

to give an indication of priority or ranking of potential environmental impacts e.g.
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low, medium or high. Such groupings could be useful for interpretation and

communication.

Weighting

Weighting, or valuation, is the most contentious of the three optieleatents
(Pennington et al. 2004, Finnveden et al, 208@ymalisation gives an indication of
relative magnitude but says nothing about relative importance of the impact category.

Grouping gives a broad indication of relative importance but is rather vague

Asnotedby Fi nnvede Desmtethe adntroverdi€s Ovwikighiing is widely
used in practice , but the method wused should be
Weighting can give a more structured approach and be related to midpoint or
endpoint stage®f the impact assessment. It can be achieved using monetary
considerations expert pan@oedkoop and Spriensma 200ba)distance to target
methods as citely Pennington et al. 2004t can also use expressed preferences
(e.g. panels and some monetargthods), or revealed preferences (taxes, insurance
of the payment of legal finestc) (Pennigton et al. 2004). Weighted results are not
allowed under ISO 14040 20@6r comparisons presented to the publithere used

in other cases the assumptions andhm@tused for weighting must be clearly
specified. This thesis is intended for use by decision makers within the UK nuclear
industry rather than the public, hence weighted impact category results are discussed
in Chapter 7 to 9as well as normalisedesuls. Weighting factors are usually
available in LCA software packages literature (e.g. Goedkoop and Spriensma
2001a and 2001b, Baumann and Tillman 20849 are generally specific of the
LCIA method.

3.2.4 Improvement Assessment and Interpretation
The final SHAC stage $ Improvement Assessment. It aims to minimise the burden

of potential environmental impacts by identifyingossible improvementsor
innovationsin the environmental performancetbk currentsituationor of proposed

future projects.
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The finalISO stage is Interpretatiol.considerghe significancef the LCA results

as a whole and the quality of the data, i.e. their completeness, sensitivity and
uncertainty, as well as the improvement opportunities. It should also make clear that
the LCA adlresses relative potential impacts and does not derive actual impacts,
environmental safety margins (e.g. the approach to legislated limits or thresholds) or

environmental risk.

The impact assessment results are used by both the SETAC and ISO systews to
conclusions and make recommendations on the applications of the LCA such as
thoseshown inFigure3-3. Overall, the interpretation stage should confirm that the
LCA is readily understandable, effectively cdetp and consistent with the final

goal and scope, thus giving confidence in the methodology and the LCA results.

3.3 Limitations of LCA
This section discussed some of the perceived limitation higkligin the current
standardthe potential obstacles tusing LCAand the limitations of using LCA is

decision making

Limitations Highlighted in the 1ISO Standard
The current LCA standardSO 14040 2006identifies that:

e Economic and sociahspects are not commonly consideredeasily
representeth LCA methodology However, economic and social science
methods can be used to makecisions in LCA if natudascience
methods cannot be used

e Data collection can beesource intensive, hence tinsensumingand
expensive

e Value choices in modelling and assessimgact categories introduces
subjectivity into the assessment phase

¢ Only environmental issues specified in the goal and scope are assessed in
LCA, hence ani LCI A i s not a compl et e asse
environmental issues of the product system underyst(i®O 14040
2006)
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e Limitations in the characterisation models, assessment methods plus
inadequate and incomplete inventory data mean fhatCl A cannot
always demonstrate significant differences between impact categories
and related indicator results offdf er e nt pr ole@ t4040 sy st e ms
2006)

e The lack of spatial and temporal data, and their variation across impact
categories, introduces uncertainty in the assessment results, and

e "There are no generally accepted met
accuraely associating inventory data with specific environmental
impacts. Models for impact categories are in different stages of
devel of3ela0d2006)

Most of these issues are also recordedhe original 1997 issue of théSO

standard, hence are Wetcognised.

Perceived obstacles the wider use afCA

As discussed in Sectidhl.1there have been issues with the poor credibility in LCA

as a result of extravagant claims about findings imptst (Hetlerington 2013). This

leads to concerns that the LCA commissioner can specify the system boundary and
hence the limits of the study, making the LCA subject to bias and subjectivity. Some
concerns have also been raised about the need for experts, or grexperts, to
ensure the qualitpf LCAs (e.g. Wolf et al. 2012)There also appears to be a
plethora of category indicators and models used, and the lack of standard

benchmarks makes it difficult to assess the comparability of results.

Limitation of LCAin Decision Making
The fAPositioning ahy@owdletal 19¢7xited by Solberg L CAO
Johansen 1998identifieswhy LCA alone is not generally accepted as the basis for
decisionmaking. The reasons noted by the authors were:
e A The dmaker maycamsider the environmental impacts assessed in the
LCA to be irrelevant to the decision

e The cost of a comprehensive LCA may outweigh its usefulness
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e LCA does not consider the strategic context of the decision, e.g. decisions
with long term impli@ations must consider future innovation alternatives
e LCA does not generally consider the wider implications of decisions such as

changes in the structure of an indust.

Hence, for LCA to be used to its fullest potential it must either be coochbiith

other environmental management tools as well as societal and economic methods
within the decision making process as discussed in the literature revighapter 4,

or value judgements included in the LCA process in a structured and transparent
way. The research methodolog§hapter 6)iscusses the use of a life cycle impact
assessment method (Ebalicator 99) to address the uncertainties that arise from

value judgements on subjective issues involved in LCA.

A number of limitations and obstaclelscwe were encountered during the reseach as
discussed for the LCA modelling presented in Chapters 7, 8 and 9. For example, the
published 2010 UK radioactive metals inventory data is used in Chapter 8 and the
current UK depleted uranium inventory data igdisn Chapter 9 to minimise the

time and cost of building the LCA models. Value judgements are made on what
scenarios and associated processes and materials can be investigated in Chapters 7, 8
and 9, again to minimise time and costs. Direct financiakdoasd to be estimated

from published data to combine with the LCA modelling in Chapters 7, 8 and 9 to
form the basis for future decision making, again these are value choices linked to the

goal and scope of the research in each chapter.

3.4 Summary

LCA has a sound foundation, its methodsd procedures are tmternational
standards. The overdlCA methodology has improved over the last two decades
and should continue to improve in the future. It has limitations and obstacles to its
wider acceptance, bubhdése can be overcome by the transparent application of the
methodology. This is achieved in the research by stating software and life cycle
impacts method used to perform the LCAs, presenting or citing the data sources used

to develop the inventory andasing clearly what assumptions were made for each
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scenario invenstigated. Hence, LG#opears to be a suitable tool to assess the
potential environmental impacts of material, energy, equipment and processes for

radioactive metals disposal and recycling wtthe nuclea fuel cycle shown in
Figurel-1.
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4 Review of the application of LCA to support

decision making in the nuclear industry

There has been a general move in the last few decadestfi@montrol and

reguldaion of environmental issues focusing on site specific, or even project specific,
endof-pipe solutims to avoiding and monitoring adverse environmental impacts of
products and systems.. Solberglohansen 1998, ISO 14040 2006 &hdopean
Community/Joih Research CouncilEC/JRQ 20103. This is seen in changing
environmental policies globally with a move towards striving for continuous
environmental improvement and an incorporation of environmental considerations

into strategic decision making by bussses. This focus on a more holistic approach

to environmental impact management supports the philosophgustainable
developmentand sustainable production and consump(B&@/JRC 2010a). The

Bruntland report stateS Humani t y has t hvelopmaehtisustaimagle t o m
to ensure that it meets the needs of the present without compromising the ability of
future generati ons (Wodd CorenassiontornEnvironmentaln n e e
Development(VCED) 1987(p15)).Sugainable development therefore addes the

economic, environment and social issaeésuman interventions on the environment.

Many tools exi st to analyse each aspect
development. This research adopts life cycle assessment (LCA) as the artabyftical

for assessing potential environmental impacts within the conceptual framework of

Life Cycle Thinking.

This chapter presents a review of past applications of LCA to support environmental
impact assessment and decisinaking within the nuclear indtry. It discusses
international LCAs of the whole nuclear fuels cycle, American studies on
decontamination and decommissioning in particular and UK nuclear related LCAs

focussing on decommissioning to identify gaps to be addressed by this research.

4.1 Intern ational LCAs of the Nuclear Fuel Cycle
This section discusses the key issues arising of LCAs from five countries with

varying system boundaries and LCA methods, it then compares the results of this
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review with more recent studies and focuses on the reduhe endof-life phase of

the LCAs to identify gaps to be investigated in this research.

The debate on anthropogenic climate change impacts from burning fossil fuels is a
major global issuelLenzen 200Bthat has led to a large number of LCAs on power
generation (e.gdondo 200%. This is also reflected in the large number of LCAS on
energy and greenhouse gas (GHG) emisdionthe nine generic nuclear fuel cycle
stages shown irrigure 1-1 (e.g. Sovacool 2008 Warner and Heath 20)12The
generic stages shown kigure1-1 are the basis for the nuclear fuel cycle LCAse

first review of nuclear fuel cycle LCAs considered here was conducted by Fthenakis
and Kim2007 usng data fron a range of studies from the USA, Australia, Sweden,
Switzerland, Japan and a reference light water reactor study proposed as a worldwide
model. Fthenakis and Kim 2007, and other frequently discussed nuclear fuel cycle
LCAs from the literatureare discussed here and specific American and UK nuclear
decommissioningelated LCAs are discussed separatelgectionst.2and4.2

4.1.1 Key Issues from the review by  Fthenakis and Kim 2007
Fthenakis and Kim 2007 compare the GHG emissions from LCAs for solar

electricity and nuclear power. Examples of the GHG emissions from nuclear fuel

cycles LCAs are presentedhigure4-1 and highlight several key issues.

The results inFigure 4-1 show that uranium enrichmemominates the GHG
emissions of the nuclear fuel cycle, except for the Storm van Leeuwen and Smith
2005 studyThe extent of missions due to enrichment dependsiotite grade of the
uranium ore used and the uranium recovery from process tailmgish enrichment
process igreferred (gas diffusion or gas centrifuge, where the gas diffusion process
in much more energy intengivthan the gas centrifuge processjhe desired
enrichment level whether generic or power station specific data is lisetiether

fuel is used once or reprocesgedhat the energy mix is for the country undertaking
the enrichment proces@-thenakis andKim 2007, Lenzen 200®/orld Nuclear
Association YWNA) 2012 and 2014).
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Figure 4-1 Comparison of GHG emission for the nuclear fuel cyfilem Fthenakis and Kim 2007,
Fig 4)

So for example, in the USA, Australia, Switzerland (case 2) and J&jguré 4-1),
enrichment accounts for over half of the GHG emissions because the USA
enrichment is dominated by the gas diffusion process and thet USA and
Australia have a high fossil fuel energy mix. The Switzerland (case2) and Japan
GHG emission are lower than the American and Australian studies because of the
mix of gas diffusion and gas centrifuge enriched fuel, and have a low and moderate
fossil fuel energy mix respectively. Where as in Sweden and Switzerland (Case 1)
the percentage of emissions is much less because they both have a low fossil fuel
mix and they use power station specific data. The enrichment process, energy and

LCA model fa each country is discussed below in more detail.

The total estimates of GH@missions in Storm van Leeuwen and Smith 2005 are
considerably higher than the other results presentedrigare 4-1, but their
enrichrment contribution is low Storm van Leeuwen and Smith use enrichment
energy data from 1976/76 with a low gas diffusion (30%) and high centrifuge (70%)
fuel mix that results in low enrichment impact (Storm van Leeuwen and Smith
2007). Although the authorod di scuss energy mix (see
Storm van Leeuwen and Smith 2003ut it is not clear how this is used in the

enrichment estimates.
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A nuclear fuel cycle LCA, for the Environmental Product Declaration for Torness
nuclear power statiowas produced in 2005 (Atomic Energy Authority Technology
(Environment) (AEAT (E)) 2005). The life cycle stages addressed were; extraction
of uranium, uranium conversion, uranium enrichment, fuel fabrication, power station
operation, power station constriaect and decommissioning, spent fuel reprocessing,
operational waste facilities and construction of the waste facilities. The key findings
of the LCA were:

e Extraction gives the highest contribution for C@HG) and S@and NQ
(acidification) emissions. &fiations in these pollutants is due to fossil fuel
use and uranium content of ores from various countries

e Power station construction, operation and decommissioning are also
significant phases in the life cycle for the environmental impact categories
consdered

e Uranium conversion and fuel fabrication phase environmental impacts are
small compared to the phases above

e Uranium enrichment impacts are low as the Torness fuel was made using the

gas centrifuge process by Urenco Ltd at Gronau in Germany.

The mainpollution levels were 5.06g G(kWh, 0.01g S@n air/kWh and 0.02g

NOin air/lkWh, but acidification, eutrophication and ground level ozone depletion
were also considered. The LCA also investigated radioactive waste, biodiversity,
land use, safety and seity and the recycling of steels and other wastes. The process
is a development of the Vattenfall studies in Sweden discussed by other authors and
the CQ emissions are a useful comparison with those from the international nuclear

fuel cycle LCAs discusske
The choice of which enrichment process, or mix of process, used in the LCAs is an

important consideration and hence is discussed in more detail below. Some general

observations of the individual studies are also now discussed.
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Energy Requirements ftie nuclear fuel cycle
Table 4-1 compareggeneric estimates of the total energy requirement for different

components of the nuclear fuel cycle, for two types of enrichment process: Gas
diffusion and gas centrifugased to produce enriched uranium hexafluorides) -

make uranium dioxide (Upceramic pellets for fuel fabrication (WNA 2012, 2014).

Table 4-1 Representative energy requirements for nuclear fuel ciades for a 1000MW (Electrical)
nuclear power plant

Nuclear Fuel Cycle Components | WNA 2012 WNA 2014’
Gas Diffusion Gas Centrifuge
Cycle Energy PJ | Cycle Energy PJ
Mining (Australia) 2 (1.2%) 251 (14.8%)
Conversion (USA 9.24 (5.%0) 9.24  (17.7%)

Initial  Enrichment  (diffusion 5.18 (3.0%) Not applicable
USA®

Initial Enrichment (centrifuge U | Not applicable 0.11  (0.2%)

Reload Enrichment (diffusion) 119 (68.8%) | Not applicable

Reload Enrichment (centrifug Not applicable 248  (4.7%)
UK)

Fuel Fabrications (USA 576 (3.3%) 576 (11%)
Construction and Operatig 24.69 (14.3%) |24.69 (47.2%)
(USA®)

Fuel storage (USA)& Wast 1.5 (0.9%) 15 (2.8%)
Storage and Transport (Sweden

Decommis®ning (Canady 6.0 (3.4%) 6.0 (11.5%)

Total 173 (100%) | 52.3 (100%)

Assuming the plant is operating at 86% capacity for 40 years generating about 7 TWh/year and a total
output 0f3024PJ (WNA 2012 and 204The estimags in the table argeneratedrbm percentages

data from several locations and over a large tipegiod (WNA 2012 and 2014)The other
contributing sources for each stage atg:uranium from mines in Namibia, Niger or Russian
Federation, 2) conversion in Canada, 3) diffm in France, 4) centrifuge enrichment in Russian
Federation, 5) fuel fabrication in France and Russian Federation, 6) construction and operation will be
country dependent worldwide, 7) waste storage and transport based primarily on Swedish data, 8)
decommisioning data is based on Bruce A&B, Darlington and Pickering nuclear power stations in
Canada, but primarily Pickering in Ontario, 9) The data estimates are from reports dating back to 1975
for site data between 2000 and 2008.

Table 4-1 shows that for fuel made entirely using the gas diffusion process the
enrichment energy is ~72% of the total energy. However, the enrichment energy is
only ~5% of the total energy for fuel made entirely from the newer gas certrifug
process Further, the total energy for thgas diffusion nalear fuel cycle isabout

treble the total energy needed for a gas centrifuge nuclear fuel dywedata in the

table are from mixed sources over a long time horizon and can best be regarded a

representing an indicative set of energy requirements for the nuclear fuel cycle. It is
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also not clear if the energy consumption for transporting raw material and

manufactured items between countries is considered in these estimates.

New nuclear fuel isisually made from a mixture of enriched uranium derived from
both gas diffusion and gas centrifuge enrichment proc€g¢N#\ 2012 and 2014,
Hondo 200% The estimated breakdown of energy demands for the nuclear fuel
cycle using data for the Forsmark nwal@ower station in Sweden is showrilable

4-2.

It is noted that the gas diffusion process contrdn has reduce since the sthouvn
of the Georges Besse 1 plant in 2012, hence a major element of enrichergyt en

differences and uncertainty have now been removed (Butler 201=per8.).

Table 4-2 Energy requirements for nuclear fuel cycle stagestferForsmarklOOOMW (Electrical)
nuclear power plant

Nuclear Fuel Cycle | Forsmark Nuclear Power
Components Plant
Energy PJ

Mining (Namibia, Australia an¢ 5.2  (12.7%)
Russian Federation)

Conversion (Not specified) 4.1 (9.4%)

Enrichment (France (diffusion| 23.1 (8.2%)
UK and Russian Federatiq
(centrifuge)

Fuel Fabrications (not specifie( 1.2  (2.5%)

Plant Operation (Sweden) 1.1  (2.5%)

Build and decommission th 4.1 (9.3%)
plant (Sweden)

Waste management (Sweden)| 4.3  (9.9%)

Total 43.4 (100%)

Assuming it generates for 40 yearsabut 7.47 TWh/year and a total output of 3226PJ (299 TWh)
(WNA 2012 and 2014).

The Forsmark fuel is theesult of 20% gas diffusion and0% gas centrifuge
processing resulting in the enrichment energy being 53% of the total €hékay
2012 and 2014).In comparison, the CQemissions for the once through fuel cycle
and the spent fuel reprocessing cyfde fuel, based on a 90%:10% split of gas
diffusion and gas centrifugeroduction in Japan, are presented able4-3 (Hondo
2005).
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The results infable4-3 show thathe Japanes€0, emissions are also dominated by
uranium enrichmenfAn estimated 56% of the total nuclear fuel cycle,@®issions
arising from spent fueprocessing are attributed to enrichment and 72% for once
throughfuel (Hondo 2005)However,the difference in total C£emissions for both

fuel cycles is only about 8% from Hondoo:

Table 4-3 CO, emissions for Nuclear Fuel Cyclariants (from Hondo 2005, Table 6)

Nuclear Fuel Cycle| Once Through Cycle | Reprocessing Cycle
Components g-CO2e{kWh g-COze{kWh
Mining and Milling 1.1 (4.5%) 0.9 (4.0%)
Conversion 0.2 (0.9%) 0.2 (0.9%)
Enrichment 15 (61.9%) 12.4 (55.9%)
Fuel fabrications 0.7 (2.8%) 0.6 (2.8%)
Construction 2.8 (11.7%) 3.2 (14.3%)
Generation 3.2 (13.1%) 3.2 (14.4%)
Reprocessing 0.0 0.7 (3.2%)
MOX fabrication 0.0 0.0 (0.0%)
Fuel transport 0.0 (0.2%) 0.0 (0.2%)
Spent fuel storage 0.7 (2.9%) 0.2 (1.0%)
LLW transport and disposal 0.1 (0.3%) 0.1 (0.4%)
HLW storage and disposal 0.0 0.2 (1.0%)
Decommissioning 0.4 (1.8%) 0.5 (2.0%)
Total 24.2 (100%) 222 (100%)

The mining and milling, enrichment, waste and decommissioning percentage CO
emissions inTable 4-3 are broadly comparable with the energy percentages for the
gas diffusion cycle presented ifhable 4-1. Also, the inclusion of spent fuel
reprocessing and mixed oxide (MOX) fuel fabrication are uniqUaabde4-3 but the
resulting impacts are very small. Hence there anéaiities of data across the three
tables, but also some differences offering useful additional ddiabile4-3.

Swedish, Swiss and Japanese L€sults inFigure 4-1

The results irFigure4-1 show that the LCAs for Sweden and Switzerland give the
lowest GHG emissions. This is partially due to the power station specific data used
in the Swedish example but is primarily a funntiof the high nosfossil fuel
generation in Sweden (i.e. 51% hydro/43% nuclear) and Switzerland (i.e. 60%

hydro/37% nuclearjFthenakis and Kim 2007)The Swiss Case 2 anlde Japanese
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research bydondo 2005 inFigure4-1 are similar because their results are linked to
the GHG emissions fai € st e el and concrete, whi ch
t ot al (FthampakiscahdoKim 2007). The Hondo 20@Sults are higher than the
Swiss Case 2 irigure4-1 because of the additional detail for the nuclear fuel cycle
previously discussed fofable 4-3. Hondo combinedorocess LCA for material
impacts (e.g. metal and concrete) with ecormomputoutput LCA for manufacture

items (e.g. machinery and complex plant componentff)e researcland this may

also have contributed to the higher results.

AustralianLCAresultsin Figure 4-1

The AustralianLCA results in Figure 4-1 are from a hypothetical case study
performedby the AustralianCoal Industry AssociationThe LCA investigates the
sustainability of coal in iron and steel production and electricity géoear
(including nuclear power) The GHG emission results show the dominance of
uranium enrichment, estimated to represent about 75% of the GHG emission in the
Australian studyThis was presumed to be from its wider scope/purpose and system

boundary assmptions and the Australian energy mix but the details are unknown.
American LCA results iRigure 4-1

The American study irFigure 4-1 is rather old and has been ovekdaa by more

recent US LCAs adiscussed foFigure4-2.
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The American baseline resulis Figure4-2 assumed mining and milling of ore with

an average grade of 0.2% uranium (based on data from1B8R)j. The bestase
results plotted ifFigure4-2 assumed a 12.74ranium ore grade from Canada and a
worst case of 0.05% uranium ore grade from Australia. The energy to extract and
process ores increases significantly as the ore grade deqi@hapsan and Roberts
1983) Hence, the energy andsHG emissions for mining and millingvill be
significantly higher for thevorst case irFigure4-2. As a consequence, an increased
impact for uranium conversion and enrichment can be expécie the reduced ore
grade usedChapman and Roberts 1983, Fthenakis and Kim 2007, Lenzen 2008,
WNA 2012 and 2014). Theeasons for the increased impacts from construction,
operation and decommissioning for therst case are not so clebut may be de to

increased material and energy demands.

OWor |l dé L Gluredddsul t s i n

The Storm van Leeuwen and Smith 2005 study is an extensive energy analysis, with
associated estimated @®urdens and financial analgsand was updated by the
authors in 2007. The model assumes a reference 1000MW light water reactor (LWR)
power station with an operating life varying from 20 to 40 years and a load factor
varying from 82 to 85%, but was a contentious study because adshmptions and
methodology used (Fthenakis and Kim 2007, Lenzen 2008, Sovacool 2008, WNA
2012 and 2014). For example, Storm van Leeuwen and Smith assumed that the
energy for construction, all supporting activities for operation (including
maintenance andepair), decommissioning and waste management was based on
fossil fuel power plants using diesel fuel as a proxy for coal, gas and oil fired plant,
No account seems to have been made of representative energy mix for their generic
model. In addition the autins assumed that all waste disposal was in concrete
packages to deep geological disposal facilities and include uranium mine remediation

(Sovacool 2008, Table 7) in the final decommissioning and clean up.

Further, Fthenakis and Kim 2007 note that thar8tean Leeuwen and Smith 2005

construction impacts are ~50% higher than the construction data for the Sizewell B
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nuclear power station. However, Storm van Leeuwen and Smith note the Sizewell B
data in their study as being within the bounds of their cocistn estimates (Storm

van Leeuwan and Smith 2007). Beerten et al 2009 note that although Storm van
Leeuwen and Smith 200presents data on conditioning, storage and disposal of
waste, their energy estimates@&ré¢ assumed to be eenargyl to t
of the power p lamdoohclugee that thisiwas a rathes uniealistic
assumption leading to high results for storage and dispd&dlbridge et al 2012a

also discuss the methodology of Storm van Leeuwen and Smith 2005. They note that
the decommissioning data used by Storm van Leeuwen and Smith are based on
decommissioning costs data and is highly dependent on amount of waste assumed
and the type of decommissioning processes used. They conclude that the costs data
must have a high degreof uncertainty. All of these assumptions and modelling
differences lead to the large g@missions evident for the Storm van Leeuwen and

Smith results irfFigure4-1.

4.1.2 A comparison of Fthenakis and Kim 2007 with more recent
studies
Table 4-4 presents a comparison of GHG emission for a more narrowly defined

nuclear fuel cycle from a range of LCAs to give an understanding of the spread of
the data. The Storm van Leeuwen and Smith 200dystipresented here rather
than the 2005 data presentedrigure4-las it represents the au

The table presents the range of GHG emissions for the-sectisn of LCAs
considered. These rd&iconfirm the large variation of GHG estimates that was
previously seen ifrigure4-1. The differences arise from the specification and scope
of the LCAs- the data and assumptions usdte details of what iscluded in the
designation of the nuclear fuel cycle stagemnd political issues (e.g. Tokimatsu et
al. 2006 have different political assumption looking forward in the Japanese nuclear
options. These issues are also recognised in Sovacool 2008.
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Table 4-4 Comparison of GHG emissions (irRG0,eq/kWh) of the nuclear fuel cycle for a selection

of LCAs
Nuclear Fuel Hondo Tokimatsu | Fthenakis | Storm Norgate
Cycle Stage 2005 et al 2008 | and Kim Van et al
2007 Leeuwen 2013
and Smith
2007
Frontend 14.1:-17 597 118 |12i 21.7 | 8.8 21.2
Construction 3.21 2.8 |1.37 26 0.5-17.7 |11.6i 348 |84
Operation 3.2 21 40 0.171 10.8 | 24.4 3.2
Backend 1.4-0.8 |0.7i 14 2.11 35 16.6 1.0
Decommissioning | 0.57 0.4 | 0.17 2 1.3 13.21 46.4 | 0.3
Range of Emission 22.2- 10-200 16-55 85-130 34
24.2

Notesi

1 - Summarised from Hondo 2005 ameble4-3 for Japan

2 - Summary of Tokimatsu et al 2006 data for Japan reproducedSwacool 2008

3 - Summary of Fthenakis and Kim 2007 data range for United States, Europe and Japan reproduced
from Sovacool 2008

4 - From Storm van Leeuwen and Smith 2007, for the Baseline case for the reference 1000MW light
water reactor

5- From Norgate et al. 2013

The Storm van Leeuwen and Smith 2007 resulfBaible4-4 are again considerably
higher than the other LCAs, as Table4-1, e.g. about 4 to 5 times highthan the

total emission estimated by Hondo 2005 and data taken from Fthenakis and Kim
2007 and the more recent data from Norgate et al 2013. Also, according to Beerten
et al 2009 the GHG emission for European nuclear power generation is also about 32
0-COx/kWh and Warner and Heath 2012 estimate the mean to between 18 and 25
g-COxe/kKWh.

The only GHG emissioexample close to the Storm van Leeuwen and Smith results
in Table 4-4 are for Tokimatsu et al 2006.h& Tokimatsu et al 2006 research
presents data for four potential scenarios, ranging from the current position to the
phaseout of nuclear power of the Japanese nuclear industry. Tokimatshigand
colleagues include interim storage and disposal of LLW ldb@/, the containers
required and the cement grouting of the waste. They also address impacts from
material, energy, transport and waste. Their analysis showed that in general the life
cycle impact from C@ emissions is dominated by uranium enrichmentyveyo
station construction and power station operation. These three stages account for

between 65% and 84% of the €@missions depending on the scenario.
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Reprocessing and storage of spent fuel each represented ~6% of the impact
depending on the scenaribhe authorsalso show that COemissions are high for
decommissioning and cementation in their phaistescenario but small overall in the

other scenarios. Transport impacts were small in all four scenarios.

Both Hondo 2005 and Tokimatsu et al 2006 werbliphed before the Fukushima

2011 accident and the economic and public acceptance of nuclear power in Japan has
changed significantly since the accident. The analyses are valid for the time frame in
which they were produced and their results provide auusefmparison with other

LCAs.

4.1.3 Focus on End -of-Life phases of previous studies
The GHG impacts of the backend and decommissioning stages together of the

nuclear fuel cycle iMable4-4 range from about 4% of thetal impact from Norgate

2013, 5 to 9% from Hondo 2005, 8% from Tokimatsu et al 2006, a2t¥® from

the range of studies from Fthenakis and Kim 2007. This is consistent with the WNA
2012 and 2104 results discussed able4-1 and Table4-2. This is in contrast with

the Storm van Leeuwen and Smith 2005 resultSigure 4-1 and the revised 2007
resultspresented infable 4-4. The revised data in Storm van Leeuwen and Smith
2007 suggest that the backend and decommissioning stages together could be
responsible for 35 to 48% of the total nuclear fuel cycle GHG emissions for the
reasons discussed o r the oOwor | dé&.l.imAlsd,eidcludinghminBect i o
remediation increases the decommissioning impacts by about 1/3 according to
Sovacool 2008. Further, Lenzen 2008 notenpst of the energy requirddr waste
storagefi é i's for processing materi al such
c ont ai nwastesn@magement can contribute between 5 to 14% of the total life
cycleimpactand fAé the majority of greenhouse

caused by processes up steam and down st e:

Also of interest in this thesis is the energy requitgcbackend process such #se
long-term storage of depleted uranium, spent nuclear fuel and intermediate level
waste ILW (metals).Spent fuel and waste storage was estimated3% ih WNA

2012 and 2014T@able 4-1) and Hondo 2005T(@ble 4-3) but waste management in
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general was ~10% for theower station specific data ifable 4-2. There is no
indication that energy for waste container material and manufacture, cement
encapsulation of waste for storage and disposal or the transport of the waste
packags to final repositories is included in either case. Neither do the estimates
appear to include the energy requirements for the construction, operation,
decommissioning and dismantling of interim ILW stores nor excavation, operation
and closure of neauiface or deep geological disposal facilit(€DF). Hence, there

are significant gapsn the existing literaturéhat need further investigation to give
credence to energy requirements for the waste and decommissioning stages of the
nuclear fuel cycleThis research investigates the container and disposal facility
environmental impacts and direct costs, but does not address construction, operation
and decommissioning of interim ILW stores for the UK metals inventory in Chapter

8 or the depleted uranium ster@ Chapter 9.

Some of the WNA 2012 and 2014 references indicate that wider environmental and
health issues need to be considered for the nuclear fuels cycle. For example Rashad
and Hammad 2000 and Gagnon et al 2002 consider emission HfSCg) NGO,

volatile organic compounds and particulates in their LCAs. Also, Schneider et al
2013a and 2013b consider g @nd use and water ysa addition to energy for the
mining and milling at the front end of the fuel cycle. Considerable excavation will be
neead for nearsurfacewastedisposal orconstruction and closure af GDF hence

the additional impactsconsideredby Schneider and colleagues mayso be

significantwhen estimating impacts fdinal disposal of radioactive waste.

Fthenakis and Kim 200@mphasise the role of country specific issues concerning
uranium ore grade, energy mix and preference of the enrichment processes, they also
discuss uncertainties in commonly used data. In particular they note that when
analysing the nuclear fuel cydieé  gter ancertainty applies to decommissioning,

a stage for which actual data do not exi
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Lessons to be learned frdmternational Nuclear Fuel Cycle LGA

Although the goal of individual LCAs (i.e. estimating the impacts of energy
consumption and GHG assions) may be common, the scope (e.g. the scenarios or
purpose), system boundaries (i.e. which detailed components are included in each
stage) and the LCA type (e.g. process LCA or economic-opiput LCA) are not
always thesame (Fthenakis and Kim ZD0Sovacool 2008, Warner and Heath 2012).
This results in large differences in the estimates for energy consumption and for
GHG emissionsQOverall, the LCAs in this section suggest that there are gaps in the
current modelling of waste and decommissioningthe nuclear fuel cycle. The
current LCAs appear to neglect the use of steel and concrete in radioactive waste
disposal and it is not clear that storage and disposal environmental impacts are
rigorously consideredThe excavation, operation and closurenefrsurface and

deep geological disposal facilities could be a large impact that may be comparable
the impacts oimining and milling uranium oreFinally, some ofthe more recent

front end LCAs and the metals environmental impacliscussed in Chapteb,
suggest thatan assessment of a broader set of environmental impaxtkl be

warrantedrather than justonsideration oénergy and GHG emissions.

4.2 American Decontamination and Decommissioning Studies using
combined LCA and MCDA methodology
The prevous section dealt with the energy and GHG emissions for the nine stages of

the nuclear fuel cycle shown iRigure 1-1. Only endof-life disposition options in
radioactive waste management and decommissioning fadl@eat interest in this
thesis. Hence, this section summarises American studies exploring the disposition
options for radioactive waste metals, soil and concrete from decommissioning using
a methodology combining LCA and mutfiteria analysis. It outlies the
background to the approach, an outline of the basic methodology, the decision matric

developed and some environmental and cost benefit outcomes.

Background to the American Approach

Early American research showttht treating radioactive metal foecycling or new
products was feasiblge.g. Worchester et al 1993 and 1995, Murphie et al 1993,
Atteridge et al 1994and is confirmed in the detailed analysis in National Committee
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on Radiation Protection & Monitoring (NCRP) 200Zhe early work did not
consider whether the benefits of treating the metals and fabricating products
outweighed the environmental and financial c@¥isracko et al 1997a and 1997b
Hence, a life cycle decisiemaking method was developed at the Oak Ridge
National Laboratory QRNL) to assess the wider costs and benefits of
decontaminating and recycling radioactive wastes including m@talsacko et al
1997a, 1997b, 1998, 1999a, 1999b, Curlee and Yuracko 2000, Yuracko and Morris
2001, hereafter called the ORNL 1929@01 method)

Outline of ORNL Methodology
The ORNL 19972001 methodology is outlined Figure4-3.
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Figure 4-3 Combined LCA and MCDA Framewofkeproduced from Yuracko et 8997b, Fig 1)

The ORNL 19972001 methodology consisted of an LCA phase and a decision phase

considering quantitative and qualitative factors to assess the net benefit, or detriment

Figure4-4) of the processdseing considere@yuracko et al 1997a, 1997b, Yuracko

et al 1998). The LCA phase assessed the potential environmental impacts of
operational and programme requirements. It also defined the values and scope of

specified objectives and performance measarelfternative outcomes (Yuracko et
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al 1997a, 1997b, 1998The decision phase addressed the uncertainties and value
judgements for the trae@f of competing objectives by comparing and ranking the
alternatives. It is very similar to the integrated MCDAsthodologydiscussed by
Belton and Stewart 2002 and Petrie et al 2007.

Typical general concerng ) and individual attributegblue) for evaluating
alternatives to identify a potential net benefitefer) of a decommissioning decision

to be made werasshown in Figure 4}. This represents a hierarchal approach for
general sustainability objectives within decision making and attempts to address the

Otripl-ei hbedtoefm environmental, societal

Net Benefits

I I

Local Social Net Present Program Ervironment Worker
Economic octa Value Schedule Safety

Undiscounted Public

Institutional
Total Cost Health

Figure 4-4 General concerns and individual attributesradioactive scrap metdecision making
(reproduced from Yuracko et al 1997b, Fig 2)

Decision Matrix

The output of the ORNL 1997001 method wa a tabulated decision matrix of
alternatives (rows) for the attributes (columns). Typically, the matrix was divided
into a Direct Cost column and individual attribute columns for the Semdmomic
Impacts and Environmental, Safetyrgealth Impacts from igure 44. The Program
Schedule attribute is commonly included in the decision matrix. The choice of Net
Present Value or Undiscounted Total Cost will depend on the purpose of the study
and the reference of the decision makénhe rows typically containedeveral
outcomes from full disposal to full recyclingcach cell in the decision matrix

contains a foint semiquantified score from best to worst for each alternative and
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attribute. The decision matrix was designed to present a simplified visual
represetation of the analysis to decision makers and for wider communication to

stakeholders.

Environmental and Cost Benefit Outcomes

Unfortunately the articles by Yuracko and her colleagdesnot present any data on

the environmental benefits accrued fronoptihg the process. However, they do
statethat applying their method to decommissioning projdatsthe gas diffusion

plant at Oak Ridge in Tennessee resulted in a decision to recycle over 100,000 tons
of metals and saved over 5000 truck deliveries betw&ennessee and Nevada
(Yuracko et al 1999a, 1999b and Curlee and Yuracko 200#®).study also saved
about $80m in direct costs and generated about 2000 jobs in recycling. It is estimated
that the recycling saved emissions of 34tons of particulate and6@f SQ. These
savings resulted in avoided damage costs of about $2.4/ton of metal recycled for
particulate and $8.0/ton of metal recycled for,SOAt the time, the recycling
processes appeared preferable to the regulators and the public. Later the US
government, in response to public pressure, decreed that treated radioactive metals
could not be released in to the open markets but must be used within the US
Department of Energy facilities.

Summary of the Combined LCA/MCDA Approach

The ORNL 19972001 studies are the only published international examples of
applying LCA to inform decisioimaking in decommissioning. Whilst unfortunately
environmental impact calculations are not published in these studies, they do
demonstrate that LCA can be applied efifeely as an environmental management
tool and, within the framework of a multriteria decision analysis tool, can lead to

improved environmental and economic decisioaking.

4.3 UK Nuclear Related LCAs
This section discussed LCAs for the UK nuclear stdurelated to spent nuclear

fuel and those related spkecally to decommissioningwhichis of particular interest

in this research.
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4.3.1 UK Spent Nuclear Fuel LCAs
Two UK nuclear industry LCAs are cited in Azapagic 1999, Griffin 1997 and

SolbergJohansen 998. Griffin 1997 does not appear to be publically available
hence cannot be discussed here. The PhD thesis by Sdtiieagsen 1998 presents
the development of a LCA tool that included ionising radiation effects for assessing
the potential harm to humare&lth and the environment of emissions from nuclear
power generation. However, ionising radiation impact analysis, developed by
Frischknecht et al. 200(has since been included in life cycle impact assessment
methods, such asco-Indicator 99 and ReCiPe@8 and is recognised as a specific
impact category in EC/JRC 2011. A third LCA, Wooders et al 2007a was part of a
uranium and plutonium macteconomic study for the NDA presented in Wooders et
al 2007b. The LCA does not provide environmental or LCA nulomy
information pertinent to this research. All three LCAs relate to spent nuclear fuel,
which is excluded from the research, so are not discussed further.

4.3.2 UK Decontamination and Decommissioning LCAs
LCAs for thedecommissioning oMagnox power statios and UK legacy nuclear

facilities in general are presentedWallbridge et al 2012a and 2012khese appear
to be the only publications that present LCAs that are specific to decommissioning of

UK legacy nuclear facilitiesTheir findings are discusséelow.

Magnox Power Station LCGoal and Scope

The LCAs presented in Wallbridge et al 2012a are an assessment of the potential
environmental impacts of decommissioning Magnox power stations. The
underpinning LCA data are bespoke, and wedeeived for Travsfynydd power
station and extrapolated to estimate the impacts for the entire fleet of 11 Magnox
nuclear power stations The scope of the LCAs included the decommissioning,
storage and disposal of radioactive waste, after the nuclear fuel had beendremove
from the reactors. The spent nuclear fuel was sent to Sellafield for storage and
reprocessing but those impacts were not included in the LCA. Similarly, the HLW

generated from the fuel processing was excluded from the research.
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Systenand Proces8ourdaries Assumptions and Data

The Trawsfynydd LCA addressed key processed)irsite management, 2) research

and development (R&D) needed for decommissioning, 3) ILW and LLW retrieval
and 4) plant deconstruction. The deconstruction includes not only the
decontamination and dismantling of the original operating plant but also the
dismantling of the support facilities needed to progress decommissioning to
completion. The LCA also included processes used5)ninterim storage and
disposal of ILW (including tb deconstruction of the interim store), 6) LLW disposal,

7) remediation and disposal of contaminated land, and 8) tran$perauthors used
primary data from Trawsfynydd, plus secondary data from private communications,
from the Ecoinvent database andrfr the open literature. The materials and energy
data were used to build the inventory for Trawsfynydd. For example, nearly 3,000
tonne of steel from civil engineering works, ~28,000 tonne of LLW and ILW steel
plus ~2,0000nne of steel for the interim W store (Wallbridge et al 2012a, Table

4) andabout13,500 tonne of steel in final decommissioning. In addition, the authors
estimate about 147,000 tonne of concrete for ILW and LLW storage and that about
820 I LW and 6,696 Lvars téerliemepder foi disgosak of

the waste \(Vallbridge et al 2012a, Table).4Steel and concrete were identified as
being significant for waste and decommissioning stages. The authors therefore
present a comprehensive and detailed data set for the decommgssioin
Trawsfynydd. They also note where data is missing and what assumptions had to be
made to estimate representative values, e.g. from personal communications and
engineering calculations used to estimate the energy needed to cut steels for disposal
or recycling Wallbridge et al 2012a, Tablg.3

Summary off rawsfynydd LCA Results

The Magnox LCAs were analysed using the CML2001difele impact assessment
method in the GaBi software packages. The output was potential environmental
impact categories fodnuman health, photochemical smog, ozone depletion, human,
terrestrial, marine and freshwater ecotoxicity, global warming, acidification,
eutrophication and abiotic resour{@allbridge et al 2012 a, Fig 4 and 5)he

dominant impact for Trawsfynydd wadobal warming at an estimated 3.5 g
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COue/kWh. This is higher than the mewaalues for decommissioning in Hondo 2005
and Fthenakis and Kim 2007, and is closest to the upper level of the Tokimatsu et al
2006 (SectioM.]). It is, however, considerably less than the results for Storm van
Leeuwen and Smith 2007 ifable 4-4. The marine, human and freshwater
ecotoxicity impactestimated by Wallbridge and his colleagues caridied as the

most important impacts in conjunction with global warming. Ozone depletion,
terrestrial and abiotic resource depletion impacts were of secondary importance, at
about an order of magnitude lower than ecotoxicity and global warrmhmgother
impact categories were considerably smalldence the Wallbridge et al 2012a
analysis shows the importance of considering a broad range of environmental
impacts rather than simply the GHG emissionssaered in the LCAs in Section

4.1 Wallbridge et al 2012a do note however that their broader and more detailed

approach does make comparison with other LCAs an issue.

The Trawsfynydd LCA sensitivity analysis for steels showed that if 70% of the steel
from decommissioning coullle recycled, the impact category results reduced by
between 15% and 55%Vallbridge et al 2012a, Fig 6) with an average benefit of
~34% based on a total global warming potential impact of 3.5,e§likdh for
decommissioningt Trawsfynydd. The authors alsote that the sensitivity analysis

for concreterecycling, from the deconstruction or demolition of existing plant and
interim storage facilities is subject to higher uncertainty and gave benefits of only
2% to 4.6% of the total Trawsfynydd decommissignimpact.This is not a topic of
interest in this research. However it does highlight the energy needed for, and the
waste produced by, deconstructing large reinforced concrete structures like reactor
buildings and interim ILW stores that may be missirgrf other LCAs. The authors
also briefly discuss the steel a-nde6emen
containers for wastdisposal (Wallbridge et al 2012a)hey do recognise that the
impacts will reduce as the waste containers and volumecegdwt there is no
detailed analysis of these aspects. Optimised waste container utilisation, hence waste
volume minimisationjs a significant issue for conservirsgarce disposal volume

and minimising disposal costs.
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The authors also note that there problems comparing the Magnox power stations
with the 1000MW nuclear power plant (normally a pressurised water reactor (PWR))
cited for the international LCAs discussed previously. PWRs generally have
longer operating life, higher operating capaeihd higheroutput, i.e. 299 TWh for
Forsmark Table 4-2) comparedto 69TWh for Trawsfynydd (Wallbridge et al
2012a). This can multiply theemission of Magnox plantsy a factor of 3 or 4 when
normalising impactsto kWh. Wallbridge and his colleagues also note the
Trawsfynydd Magnox power station generates abebitilhes more waste that the
later generatioiPWR at Sizewell BThe difference arises from the physical size of
the old Magnox station reactors and steearsing plant compared to a PWR.
Magnox reactors are large because of the large amountesfrighed uranium metal

fuel and graphite moderator needed and their boilers are large because of the low
steam temperature and quality. PWRs ugE/@enriched umsium dioxide fuel and
cooling water as the moderator hence the plant is much more compact, giving less
waste for final disposalThis large waste volume will b& generic issue for all UK

Magnoxand Advanced Gasooled Reactor (AGR) power stations.

Eachof the eleven environmental impact categoiireghe Trawsfynydd LCA of
Walbridge et al 202a has contributions from the eigkey processes from site
management to transport above. The contribution to each environmental impact
categoryis dominated by pint deconstruction (ranging from 25 to %b5of thetotal

category impact) and ILW storage & disposal (ranging from 25%0% @fthe total
category impact). Wallbridge et al 2012a
deconstruction of the plant are disesteel and concrete used to package the LLW

and | LW. Tha suthersaiso note that construction of the interim ILW store
accounted for about 90% of the ILW storage & disposal impact. The other
contributions are generally minor, e.g4% for wasteretrieval, LLW disposal and

land remediation and-10% for site management, R&D and transport.
The authors further note that human health impacts are dominated by deconstruction

(~75%) and ILW storage and disposal (~23%) consistent with the generhal Tren

authors also estimate about 25% of the health effects are from radiation for steel,
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concrete, power generation and most importantly from natural radiation in the
excavation of the waste repositories. Wallbridge and his colleagues used the Swiss
ILW repositorydata in Ecoinvent 2.2 (see Dones et al 2G5 proxy for a future

UK geological disposal facility to give a first order estimate of disposal impacts.
Hence, the human health issues from deconstruction and disposal are important
consideratioa for this and other research addressing nuclear waste and
decommissioningHowever, it is not clear if this includes human health issues from

conventional safety during decommissioning or just radiation dose.

Magnox Fleet Results and General Observations

All 11 Magnox stations have different operational lives and electrical output and
different waste volumes. Given the quantities and importance of waste volumes on
packaging and disposal requirements the authors dhd¢eand LLW volumes to
extrapolate thempacts of the entire Magnox fleet from the Trawsfynydd results.
These differences have a significant effect on the environmental impécts
individual stations. The results fglobalwarming are shown ifiable4-5. The table
shows the range of generation outputs and waste volumes and the effect on the global
warming potential, i.e. the lower the output and higher the waste volume, the higher
the GHG emissions. This type of variation is similar for the otherrenwiental
impacts but global warming was chosen to enable direct comparison with the LCAs
published by other authors discusse&éattiond.1 The variation in GHG emissions
from 0.89 to 7.14 €£ O, /kWh reflect the difference in construction, output and
waste volumes from Wylfa and Chapelcross respectivdljle large variation of
Magnox power station electricity output, plus the variation in low and intermediate
radioactive waste volumes, results in largeataoihs in the globalvarming impacts.

This is not similar to the variation in GHG emission across the international LCAs of
the whole nuclear fuel cycle discussed previously in Sedtibwhich was the result

of different modelling assumptions and data. It does, however, highlight tgain
need to be clear about what is modelled in LCAs in order to understand the
environmental effects of waste and decommissioning for UK legacy nuclear power

stations.
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Table 4-5 Magnox fleet global warming impacts for decommissioning and waste digpeiszth from
Wallbridge et al 2012a, Table 8)

Magnox Lifetime ILW LLW Global Warming

Station Output Volume Volume (m?) | (g-CO.eq/kWh)
(TWh) (m®)

Berkeley 43 6910 30300 2.84

Bradwell 60 5770 51400 2.69

Chalder Hall | 60 9410 51000 3.14

Chapelcross | 60 6230 167000 7.14

Dungenes& | 115 6940 34900 1.16

Hinkley 103 7270 57400 1.81

Point A

Hunterston A| 74 8350 57600 2.64

Oldbury 125 6120 32900 0.98

Sizewell A | 110 6140 38700 1.23

Trawsfynydd | 69 13400 60700 3.5

Wylfa 225 8430 59500 0.89

Average 2.55

N o t Addenites the first of the power stations at that site. The second power station at these sites is
an AGR (or PWRin the Casé 8izewell), however, the data for these are not presented in Wallbridge
et al 2012a or 2012b.

In addition to showing the variations across the Magnox stations the authors also
draw general conclusions. For example, global warming potential could beededuc
by ~50% by delaying decommissioning to benefit from decarbonisation of the
energy industry. This is a significant benefit and supplements the benefit of
radioactive decay to reduce the volume of HAW for future disposal. Also, if spent
nuclear fuel repreessing at Sellafield is included in the decommissioning, the
potential environmental impacts for Magnox stations could increase by a factor of

four or five.

The detailed modellingn Wallbridge et al 2012&and the additional impacts for
waste packagingnal disposal, plus the potential natural radiation impacts from
excavating disposal facilitieare clearly important additional consideratiofi$ie

addictional impacts for waste packaging and disposal are included in Chapters 7, 8
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and 9. The natural radiafi from excavating the disposal facilities is outside the
scope of the research except where already included in the Ecoinvent database for
the Swiss repositories

Overall UK Legacy Nuclear FacilitieBecommissioning LCA

The Trawsfynydd LCA showed thabaut 70% of the contribution to individual
environmental impacts was from plant deconstruction and ILW storage and disposal
(Wallbridge et al 2012a, Fig 8)The authors state that steel containers, cement
grouting of waste packages and geological disposHlW represent about 90% of

the environmental impacts. The Trawsfynydd results, plus the same basic system
boundary(i.e. eight systems processes from site management to transport discussed
previously),were used as aabeline for the other UK legacy mar and norpower

station nuclear facilities in Wallbridge et al 2012b.

Wallbridge et al 2012Iproposethat a first order approximation of tiveaste and
decommissioningmpacts for UK AGRs and the Sizewell B PWfan beachieved

by multiplying their esthated waste volumes by the impacts pet from
Trawsfynydd. This is on the basis that decommissioning processes will not be too
different across the three types of UK nuclear powttions (Wallbridge et al
2012b). The impacts of overall UK reactor decomssioning were therefore
estimated according to the ratio of LLW:ILW volumes. On this basis, the authors
showed that at Trawsfynydd LLW management contributed 26 to 58% to the
individual environmental impacts and ILW management contributed 42 to 58%
(Wallbridge et al 2012b Table.IThey also showed that the ratio of impact ppf
LLW:ILW ranged from 3.4 to 13.1, but on average was about 5i i¢e.1 *of ILW
appears to have the same impact as &nf L (Weadbridge et al 2012b).
Wallbridge et al 2012aand 2012b predictions show that older Magnox power
stations have a global warming impact 67 3rCO,e/kWh excluding Sellafield
processing and 120g CQ.{kWh including Sellafield reprocessing. Later Magnox
stations show -B gCO,dkWh excluding Sellaéld processing and -4 ¢
COsedkWh including Sellafield processing. Hence the latter Magnox station GHG
contribution is not too dissimilar to the 5g CO2eq/kWh for the Torness AGR
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(AEAT(E) 2005) discussed in Chapter 4. Given that PWRs generally have higher
outputs, longer lives and are physically smaller one would expect their global
warming potential to be somewhat lower. However, Wallbridge and his colleagues

do not discuss this aspect.

4.4 Chapter Summary
LCA is one of many environmental management tool$ @en be combined with

other complementary tools. As such, it can form a valuable decision support tool for

nuclear decommissioning and waste management.

A large number of LCAs have been previously carried out to assess environmental
impacts of the wholenuclear fuel cycle. Individual studies do not always have
consistentsystem boundarieand the data, modelling details and assumptions can

vary widely between authors, leading to large variation in the estimates of the
environmental impacts of each stagethe nuclear fuel cycle. The majority of the
international LCAs focus only on energy, GHG emissions and economicarabts

contain only limited data on waste management and decommissioning. However,

LCA is a holistic approach and a full range of environtakimpact categories can

to be considered to maximise the method:

management decisions.

The recent LCAs for UK nuclear facilities by Wallbridge et al 2012a and 2012b
consider the environmental impacts of deconsioising, disposal and waste
management in detail. These LCAs show that global warming and ecotoxicity
impacts dominate in radioactive waste management and decommissioning, followed
by ozone depletion and resource depletion. The majority of their calcitapadts

are related to plant deconstructiusredand
steel containers, the cement grouting of waste in the containers and their disposal all

contributing significantly to the total impact, especially for ILW.
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5 Metals: An Important Resource

Chapters 1 and Butlined metals as an important resource used extensively in the
UK nuclear industry and constituting a significant proportion of UK radioactive
waste. They are also the main package material for the disposal lef/edfi of
radioactive waste. Chapter 4 showed the importance of life cycle assessments
(LCAs) from material extraction, through production, to use and final disposal within
the nuclear fuel cycle. Although a number of LCAs discussed in Chapter 4
concentate on energy and carbon dioxide (E@missions some also show that there
are a number of other adverse environmental impacts affecting human health,

ecosystem quality and resource depletion.

This research is concerned with the -@ifdife disposition @tions for UK
radioactive metals. Hence, it is necessary to understand the potential environmental
benefits of recycling or rasing these metals by comparison to the environmental
impacts of virgin metals extraction and manufacture (i.e. productioniergle This
chapter therefore addresses five questions for melal¥vhy are metals important?

- 2) What are the significant adverse environmental effects of metals producBpn?

How are metals demands changing®) Why is metals recycling importéght- 5)

How can we do better? The focus is on iron, steel and aluminium, but copper, zinc,
lead and nickel are also briefly discussed. The chapter also presents a summary of

key issues for the treatment of the radioactive metals.

5.1 Why are metals Important?
This section discusses ore grade scarcity and depletion and the economic value of

metals.

5.1.1 Scarcity, Ore Grade and Depletion
Clark and Washington are credited with initial estimation of the proportion of

chemicals i n the out stinl9®fallowind estisnatestobe he E
made of percentages of minerals available near the surface (Alexander and Street

1976). Listsofi cr ust al abundance of c opresemedinel e me
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Alexander and Street 1976 and Chapman and Roberts h888 &an Vuuren et al

1999 who discuss the percentage content of metals within ores. A compilation of
data from; Chapman and Roberts 1983, Ayres 1997, Stewart and Petrie 2006, Ashby
and Jones 2006, Bloomberginance, Infomine and Indexmundi websitds,

presented imable5-1.

Table 5-1 Example Data for Metals of Interest in the Nuclear Fuel Cycle

Metal Percentage | Metal Global Relative Metal prices
in the crust | contentin | production price per te* | July 2010
(%)* ores (%) | (metric (E/tonney
tonne)’
Aluminium 8.0 19 2.3E7 300400 1290
Copper 0.0058 0.4 1.3E7 400 4374
Iron 5.8 52 9.9E8 701 90 246
Lead 0.001 6.5 3.0E6 200250 530
Magnesium 2.8 33 6.0-8.0ES 1000 Unknown
Nickel 0.0072 0.7 1.1E6 20000 12,610
Uranium 0.00016 0.002 3.1E4 Unspecified | 58,000
Zinc 0.0082 3.2 7.6E6 350400 1210
Carbonsteel | N/A N/A N/A 100 480
Stainless steel | N/A N/A N/A 600 2120

Notes: These Data were taken from 1) Chapman andri8al#83 2) Ayres 1997 3) Stewart and Petrie 2006 4)
Ashby and Jones 2006, 5) Bloomberg Finance and Infomine, 6) Indexmundi (from 2007 to 2011), 7) prices from
www.worldsteel www.steelontheneaindwww.meps.co.ukN/A i Not Applicable. The prices in column 6 are

average prices from the graphs in Appendix B converted to £ Sterling and inflated to 2103 prices using a Bank of
England standard anal inflation rate.

Although the total predicted quantity of metals is extremely large it is-thaxless a
finite resourceColumn 2 ofTable5-1 gives the percentage of metals in the crust and
shows that irorand aluminium are relatively abundant, but copper, lead and nickel
are of medium scarcity and uranium is scafd@s is also reflected in van Vuuren et
al 1999.

Further, the quality of ores is decreasingAg®rs 1997notes,fié or e gr ades
gradually e@clining worldwide as high grade deposits are exhausted. In fhe 19
century copper was being mined from deposits with 10% ore grade. Today the world
average is about 0.9%. Much the same situation applies to a number of other non
ferrous metals, includingo | d, si | ver , Thigis asorefleotedanvah t i n o
Vuuren et al 1999, Yellishetty et al 2011a dntkrnational Council on Mining and

Metals (CMM) 2012. Hence, there are concerns about the potential depletion of

even relatively abundant mé&taand there is a need to conserve these resources
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(Azapagic 1999 and 2004, Steen 2006, Ashby 2009, Yellishetty et al 2011a, Allwood
et al 2010 and 2011, Allwoood and Cullen 2012To help conserve metals their
intrinsic property of theoretical infiniteeusability and has resulted in a thriving
metals recycling industr§Phylipsen et al 2002, Dubreuil et al 2010, Yellishetty et al
2011b, Allwood and Cullen 2012, ICMM 201glus British Metal Recycling

Association and SteelConstruction websites).

5.1.2 Economic Value of Metals
Metals are traded in international markets and their values fluctuate markedly with

time as supply and demand changes with economic and political ch@uj@sin 5

of Table5-1gi ves and efiamppradXxivmatpri ce per ton
minerals and metals against the US dollalue of mild steel ($10@nne) (from

Ashby and Jones 2006)[able5-1, column 6 gives anapshot of market prices for

metds used in the nuclear fuel cycle at mid 2010 using data and market values from

Bloomberg Finane, Infomine and steel priceebsites where available.

A comparison of the scarcity data in columns 2 and 3 plus the price data in the final
two columns showthat the value of the metals depends both on the estimated crustal
abundance and the percentage content of the mineral bearing ores. The value of
metals also depends on their demand and their use, hence global production levels

are also included for compsonin column 4 ofTable5-1.

The high market value of metals makes their extraction, concentration, refining and
manufacturing important elements of national economies, especially in developing

and transitiorcountries e.g. Brazil, Russia, India and ChHiRIC countries where

large ore deposits are located and/or exploited. Investment from major international
mining and metal producing companies creates jobs (mostly unskilled and semi
skilled) to local poputai ons and hel ps tossDomesficPradwce c oun
(Yellishetty et al 2011a)Production and consumption are discussed in more detail
below.
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5.2 What are the significant adverse environmental impacts of metals

production?
This section discusses angeic metal cylce, energy and ¢€@mission from
production, general emissions and wastes as significant environmental impacts for

metals production.

5.2.1 The Metal Cycle
The metal cycle varies for each metal due to the production and manufacturing

processesral product use. Several representations of the minerals and metal cycle
exist (e.g. Ayer 1997, Azapagic 2004, Stewart and Petrie 2006, Norgate et al 2007
and Dubreuil et al 2010)The metal cyclegresented in Stewart and Petrie 2006 is
reproducedin Figure 5-1 as a generic cycle to aid the discussion of the

environmental issues from extraction to disposal.

Mining

I

|
|

Re-concentrate

<——— Concentration

!

Refining

Manufacture [

‘ Re-manufacture

USE

L Re-use |

Disposal

Figure 5-1 A Generic Metal LifeCycle Diagram (from Stewhand Petrie 2006)

The ore extracted in the mining phase is normally crushed in mills for physical and
chemical processing near the ore source. Many ores will be low grade with
impurities that would contaminate the final products. For example, elemattas
NRéphosphorous, al umi na, si | i cnaed tonbe ot he
removedfrom iron ores (Wang et al 200Benefication reduces the particle size to
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allow separation of mineral and wasfEhe minerals are then concentrated and
refined to poduce metals for the manufacture industry. Tdenefication and
concentration phases result in high waste volumes. They also generate significant
quantities of liquid and gaseous wast&l these wastes may contain some elements
that are toxic (e.g. Ayre$997, Phylipsen et al 2002, Allwood and Cullen 2012).
However, a proportion of this material will contain significant residual quantities of
metals and other minerals. These are kept as tailings for reprocessing rather than
regarded as waste. This is pautarly important for scarce, high value resources like

uranium, as discussed later.

Refining includes the preatment of ores by roasting in air or oxygen (sintering),
producing ore pellets or fine particles, dissolution in aqueous chemicals (gachin
as in the Bayer process for extracting alumina from bauMibegate et al 2007 and

the roasting of coal to produce coke for ore reduction in furnaces. Primary metal
production from virgin ores is by smelting in blast furnaces, basygen furnace

and electric arc furnaces for iron, steel and lead. Primary production can also be a
combination of electravinning by electrolysis for aluminium (via a Hadfleroult

cell ((Phylipsen et al 2002, Allwood and Cullen 2012), copper, zinc and nickel
(Norgate etal 2007) and smelting in electrical or fossil fuelled furnaces (Ecobalance
inc 2000, Phylipsen et al 200European Monitoring and Evaluation Programme/
European Environment AgencEMEP/EEA 2013). Limestone and fluxes are
added to the furnaces for prigaand secondary production to aid the chemical
reaction of smelting and to transfer impurities to the melt slag. Alloying elements
(such as chromium, molybdenum, nickel and zinc for steelmaking) are added to the
furnace charge to produce the desired graflefinal metal ingot. Secondary
production is primarily from smelting metal scrap in electrical or fossil fuelled
furnaces. However about 5% of secondary steel productidgargovernmental
Panel on Climate ChangPCQC) 2007, p46&461) is fom direct reluction iron ore
usingnatural gas (methane (G (Worrell et al 1997 Fig 1, Phylipsen et al 2002,
Birat and Hanrot 2006, Johnson et al 2007, Yellishetty et al 2011b, Allwood and
Cullen 2012).
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Metals refining uses a considerable amount of fossil faets electrical energy as
well as producing substantial gaseous, liquid and solid waste with potentially
significant environmental effects. However, &ggure 5-1 shows there are
opportunities to r&oncentrate,errefine, remanufacture or reise metals as well as
recycling them back into thmanufacturing phase at the eoidlife. These processes
retain metals in the cycle rather than losing them to disposal and reduce the

environmental impacts when compared $ang virgin material.

5.2.2 Energy and CO, Emissions from Production
The extraction, concentration and refining of metals is energy intensive (Birat and

Hanrot 2006, Johnson et al 2007, Ashby 2009, Allwood and Cullen 2012). For
example, the stated energy reedirto produce primary crude steel is28 GJ/ton,

mainly due to the blast furnace requirement ofl52GJ/ton for pig iron production
(Phylipsen et al 2002) Phylipsen and his colleagues also estimate that the energy
required for secondary crude steel8<3GJ/ton, mainly due to the electric arc
furnace. These figures are confirmedviellishetty et al 2011hlvith 9-12.5GJ/tonne

of crude steel via an electric arc furnace aneB28&J/tonne of crude steel via the
blast furnace/basioxygen furnace route. Othe other handJohnson et al 2007
estimate a total of ~53GJ/tonne to make austenitic stainless steel assuming the
current operational regime. However, the estimates by Johnson and his colleagues
include energy for iron, nickel and chromium ore miningloyahg material
production, transport and final steelmaking. Alloy production and final steelmaking

dominate the energy consumption in the research of Johnson et al 2007.

No energy intensity figures are given for cast iron or zinc producti®nytipsen et

al 2002, but between 460GJ/tonne is quoted for primary aluminium. Secondary
aluminium production uses about 5% of the primary production energy (Phylipsen et
al 2002, IPCC 2007). Phylipsen and his colleagudsirther estimate about
120GJ/tonne forhe electrolysis method for copper production, which is dominated
by ~42GJ/tonne from electricity and ~56GJ/tonne from oil, the gas coal and steam
contributions are significantly lower. The authors also note that the energy required
to produce secondary gogr is much lower than primary production, but they do not

supply an estimatéNo energy intensity data are available for lead fidepartment
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of the Environmen{DOE) 1995 or EMEP/EEA 2013. Energy to produdekel
matte was estimated as-28b GJ/tonne rtkel (for ores containing-45% nickel)
and 1720GJ/tonne nickel for the refining sta@@EVIEP/EEA 2013).

GHG Emissions

The environmental impacts of the energy used are not restricted to just the amount
used in each process but also the energy mixeotipply and the amount of fossil
fuels used. These aspects affect the amount of @@ GHG emissions from the
power stations supplying electricity and using coal, coke, charcoal and oil in the
metal processes. For example, on a global avetz@s eachionne of austenitic
stainless steel produced generates an estimated 3.6 tonne @oGason et al 2007)

and each tonne of primary aluminium produced about 1.55 tonne of(IEOC

2007)

Anthropogenic GHG emissions are a significant global concern. rdheand steel
industry constitute :05% of the annual general industrial energy consumption and
contributes ~7% of the global anthropogenic ;G&nissions (OECD/IEA 2000).

Total global GHG emissions increased by ~70% between 1970 and 2004, and 57%
of all CO, emissions came from fossil fuel use (IPCC 2007). The energy industry,
general industry and transport make up an estimated 58.4% of total GHG emissions
IPCC 2007). About 72% global energy demand is from the iron and steel, non
ferrous metal, minerals ément, lime, glass ceramics) and chemical and fertilisers
industries (IPCC 2007).Each tonne of primary aluminium production generates
about 1.55 tonne of GQIPCC 200Jand t he report notes t he
mitigate the high energy use and GHGisgions. IPCC 2007 however, says
nothing about the climate change effects specifically associated with the production
of copper, lead, nickel or zinc

5.2.3 General Emissions
Metals production has other significant environmental impacts in addition to GHG

emission, these amummarised iTable5-2.
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Table 5-2 Summary of significant emission from metals common in the UK nuclear
industry(DOE 1995, EMEP/EEA 2013, Physipn et al 2002, Allwood and Cullen
2012, Wang and Liu 2012)

Metal Significant Environmental Impacts

Iron and Steel| CO, CQ, hydrogen (H), nitrogen (N)), sulphur oxides (Sg&and
SQ) Nitrous Oxide (N@and NQ) and particulate matter (PM), i.{
dust. Otker emission such as GHvolatile organic compounds
(VOCs) etc are small in comparison. Coking and sintering plant
release significant emission to the @gyres 1997, Phylipsen et al
2002).

Aluminium Red mud from the Bayer procdgs/res 1997, Ayres adl 2001,
Allwood and Cullen 2012Rolyfluorinated hydrocarbon and
fluorides fromelectrolysis and solid wasteofm the HaltHeroult
cell. Also dust and dioxins (carcinogenic chlorinated organic
compounds) from inefficient secondary furnaces

Copper Dust, SO, copper, lead, arsenic and suspended solid. Dioxins g
significant pollutant from secondary copper production (Europe;
Dioxin Inventory 2009).

Zinc SO, NG, CO, ammonia (Nk), zinc and cadmium dust

Lead SO, NGy, CO and CQare the most importaemission to air. The
lead, other heavy metals and dust are most important for the pr
emissions

Nickel SO, NH3 and hydrogen sulphide, nickel carbonyl from the refini

process is highly toxic, PMdust is also an issue

The processes discussa@\pously also result in the production of other Gdach

as CH, Chlorofluorocarbons (CFCs) and Hydorchlorofluorocarbons (HCFCs) in
addition to CQ, which also contribute to climate chan@ghylipsen et al 2002). The

CO, SQ and SQ, NO, and NQ, NHs, CH,s, VOCs and dusts (Phylipsen et al 2002,
Yellishetty et al 2011b)resulting in respirator effects, ozone depletion and
acidification. Liquid discharges release additional nutrients to water courses causing
eutrophication and can deposit heavy metals (leadimium, chromium, nickel etc)

to soils potentially causing an ecotoxicity threat to humans, animals and plants.

5.2.4 Wastes
Significant amounts of gaseous and solid wastes are produce in each of the stages of

the metal cycle The mining and processing metaes produces large quantities of
solid waste (Ayer 1997, OECD/IEA 2000 and IPCC 2007). In particular, Ayers 1997
notes,fiTo produce a ton of pure metal, on the (world) average, it is necessary to

process 22 tons of zinc ore, 30 tons of lead ore, 45dbnsgckel ore, 110 tons of
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copper or e, 50, 0 0 Dhe wasta fsactionffromu areabenefication,é 0 .
normally left near the original mines, is known as gangue and is a significant issue in
its own right. As a graphical illustration of the wasteels generated in metal

production, the relative volumes of waste produced for different processes in the

uranium fuel cycle for a pressurised water reactor (PWPR)esented ifrigure5-2.
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Figure 5-2 Once through Uranium fuel cycle for PWR fubfn INFCE 1980) The figure is rather
old and modern PWRs are closer to 4.2@h (50GWd/teU) and have higher enrichment and
natural uranium feed (i.e. 9teU rather titaeU) (Butler 2015 pergomm.)

The figure shows an estimated 3000tons of ore are needed to produce 6tons of

uranium concentrate @Qg) |, commonly <called Ayell ow

101



uranium hexafluoride (Udy prior to enrichment. It then shows falaion of 1ton of
uranium dioxide (UQ of PWR fuel. The values are different to Ayers 1997 because

they are for uranium concentrate rather than a ton of pure uranium metal.

Similarly large amounts of the waste arise from the mining and processing of the
other metal ores leading to large land use and landscape degradaties et al
2001, Phylipsen et al 2002, Ashby 2009, Allwood and Cullen R0If#ese wastes

can have other significant environmental impacts in their own right. For example,
~30 milliontns per year o f dry ORed Muddé wast
process for alumingroduction (Ayres et al 2001). It is made up of unprocessed
alumina, iron oxide, titanium oxide, trace elements of other metals and radioactive
elements. It is considered te a significant environmental issue for the mining
industry because of the toxicity, the high alkalinity and the storage/drying area
requirements (Ayres 1997, Ayres et al 2001, Allwood and Cullen 2012, Wang and
Liu 2012).

Gaseous Emissions and Solid WéaBotential Uses

Although there are large gaseous emissions and solid waste arising from the above
processes some of the material can be put to beneficial use (Ashby 2009, Allwood
and Cullen 2012). For example, s®om the ore roasting for lead and zinc
production is commonly converted to sulphuric acid rather than being release to air
(Phylipsen et al 2002) and $®@&om fossil fuel power station can be processed
through flue gas desulphurisation plant to produce gypsum for the construction
industry (Ayres et al 2001). Similarly, blast furnace slag from the iron and steel
industry and fly ash/flue ash from burning coal are used as substitutes for clinker in
cement production (Ayres et al 2001, Phylipsen et al 2002, Allwood and Cullen
2012).

5.3 How are met als demands changing?
This section discusses the production rates for key metals and the environmental

implications ofincreased demand.
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5.3.1 Production Rates
Global

The annual global production of minerals and metals varies considerably, ranging for
example from 2.8E+2tonnely for platinum, 3.1E+4tonnel/y for uranium to
9.9E+8tonnely for iron ore circ2006 (Stewart and Petrie 2006). The global
production of other ferrous and négrrous metals is commonly in the range of
millions of tonne/year (Stewart and Ret2006). The transport of extracted and
concentrated minerals and metals to the refining and production facilities can be
transglobal and can add to the significant adverse environmental impacts already

discussed.

The global consumption of metalsis@g wi ng as the Worl doés po
This is clear from the world production of iron ore and alloying metals for steel
discussed byrellishetty et al 2011aThe authors present data from 1950 to 2010
(presented here iRigure 5-3 and Figure 5-4) for metals production, whilst varying

annually for each metal in response to demand has a general underlying upward

trend with time for all metals.
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Figure 5-3 Global iron ore production from 1950 to 20X8groduced from Yellishetty et al 2011a,
Figure 1)

The graphsn both figuresshow a steep increase from the early to mid1990s giving

almost exponential growth of some metalsd a more linear growth over the
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preceding60 year period. This is primarily due to the recent industrialisation of the
BRIC countries. A consequence of this increased demand is the increasing adverse

environmental impacts of metal production and use.
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Figure 5-4 Production trends for steel alloying metals from 1950 to 2010 using 1950 as a baseline = 1
(reproducedrom Yellishetty et al 2011a, Figure 2yhere Ce Cobalt, Cri Chromium, Cu Copper,

Mn- Manganese, MG Molybdenum, Nii Nickel, Pbi Lead, Si Sulphur, Vi Vanadium, Wi

Tungsten.

European and UK Examples

IPCC 2007 notes that globsieel production has increased by 84% and aluminium
by 223% since 1970. However, this trend is regional andtopuependent. For
example, Phylipsen et al 2002 predict stagnation in iron and steel in Western Europe
but a growth in aluminium between 2000 and 2030. UK steel production is shown to
be fluctuating but generally decreasing by Geyer et al 20@7the lon and Steel
Statistics Bureau. The UK crude production data from 1998 to 2013 is shown in
Figure 5-5. Both basic oxygen and electric arc steel production show a general
downward trend since 1998. Basic oxygerekproduction halved to about 7 million
tonnes per year between 1998 and 2011 but recovered to ~10Mte/y in 2013. Electric
arc production has dropped steadily from ~4Mte/ in 1998 to ~2Mtely in.2013
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Figure 5-5 UK crude steel production 1998013 from data presented on the Iron and Steel
Statistics Bureau website (3/10/2014))

5.3.2 Environmental implications of Increased Demand
The predicted global increase in demand presented above is suppa@itedod et

al 2010 and 2011, Allwood and Cullen 2012 and Ashby 2009s implies
increasing energy consumption, increasing solid, liquid and gaseous waste
production, increasing landfill requireents, all of which contributéo increasing
adverse environmental impacAllwood and his colleagues and Ashby also discuss
the pressure to cut industrial carbon emissions by 50% by 2050, thus driving down
the environmental impacts of metals production. To accomplish these requirements
means increasing erad-pipe abatement ec hnol ogi es, Owast e
and/or reuse, improving material efficiency and waste minimisation. It also means

trying to change waste producer and consumer behaviours in these areas.

5.4 Why is metals recycling important?
This section briefly cusses the eraf-life options for metals and then looks in

more detail at iron and steel then aluminium and other metals.

There are five options for eraf-life products; disposal to landfill, combustion for
heat recovery, recycling, refurbishmeand re-use (Ashby 2009). However, to be
viable Ashby suggests two criteria to test option viability:

1. Al t can return waste materials into
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2. Al't can do so at a rate that, potent.
i's generatedo.

The autlor concludes that neither landfill nor combustion meet criterion 1, and
refurbishment and rase do not meet criterion 2 in most circumstances. Hence, only
recycling may meet both criteria. However, Johnson et al 2007, Yellishetty et al
201lb, Allwood andCullen 2012and others note that metals recycling, although
increasing along with production cannot meet production demands alone. Hence,
metals still have to be produced from virgin materials. This is primarily due to the
long lifetime of metals in prodte ranging from several years to several decades.
Hence this section focuses on metals recyclingrould also be true for increased
useage as the associated residence times would also increase (Butler 2015 pers.

comm.).

As shown in the generic metalaly in Figure5-1 there are several opportunities in
the metal cycle to rese, remanufacture, reefine and reconcentrate metals
throughout their life cycle. The reported benefits of recycling metals vary kath t

metal and the processes used for recycling, but in general are substantial.

5.4.1 Iron and Steel
Iron and steel are produced, used and recycled in large quantities each year globally.

They also constitute a significant proportion of the materials used ldKheuclear
fuel cycle and in the associated radioactive waste inverBlopal steel production
was estimated as 1.5 billion tonne in 2011 using 500 million tonne of scrap (33.3%

recycling) according tovww.SteelConstruction.inf@2015. Similarly, the British

Metal Recycling Association (BMRA) estimate that 42% of new steel was made
from recycled steel, with an energy saving of6a2%6 (vww.recyclemetals.org015)

and Ashby 200gives a recycling fraction of 3544% for steels and 680% for cast

iron.

Ingenerai Each ton of iron recycled saves 12
mining), 2.8tons of iron ore, 0.8 tons of coal (exclusive of its use as frd) a
variety of other inputs. It also estimates at least a ton of @llution and

significant additional pollution of air and water from coking, pickling and other
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associ at e@yreal®d7). The tauthersalsaonotes that savings from-non
ferrous metals will be larger but depend on the quality of the original ore and its
impurities. Examples of the benefits of recycling steel from other published data are
summarised iMable5-3. The table shows generdtimates of the materials needed

for iron and steel making and the recorded benefits of recycling. The data present a

compilation of results from several published studies and show a range of savings.

Table 5-3 Summary of published benefits from general steel recycling

Requirements and Requirements for 1 tonne
savings of steel

Iron Ore needed 1.5 tonné”

Coal needed 0.5 tonne*

Coke needed 375kg/tonne of pig iroh

Solid Waste generated | 1.3 tonn€', 1.28 tonne®

Benefits from recycling

Raw materials saved 90%°>°

(mostly coal)

Mining waste saved 97%>

Water saved 40%°>°- 60%?

Water pollution reduction | 76%°°- 80%"°

Emissions (Air presumed) 86%"“1 90%°

Energy savings 70%°1 75%"°

Health risk reduction 509°

Note: 1) Robinson, 2011, 2) Waste Watch, 2011, 3) Corus Group, 2011, 4) Nieves and Chen 1995, 5)
Lund, 1993,The 2000 revision of the McGratfill Recycling Handbook updates the data and states
that AEvery tcanserecgcled 2500 paufids &f iroe @d, 1400 pounds of coal and 120

pounds of | imestone are preservedo and #Alt is abc
recycled steel r at h6pAdants btalnl999,t7)aAtexandand $treet 19760 n or e 0,
notes that Aé600million tons of steelé. requires

and Street, 1976

Iron and steel are the most commonly recycled metals with 14 tonnes of steel being
recycled every second (Broadbent 2011)arl. 5 t o ney B.btononek of OO
ore and 13 GJ bgngisanedrfor every nng gf tsteel recycled
(Broadbent 2011). The data irable 5-3 and the research of Broadbent 2011 both
suggest that thie should be considerable benefits from treating UK radioactive iron
and steel alone either for recycling to open metal markets or beneficiaé i@ the

nuclear industry.

An early American radioactive metals recycling study showed that nickel was
potentially the most important radioactive metal to consider because of its value and
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its importance for stainless stegtoduction. Teunckens et al 19%®so0 showed
nickel to be important, calculating that 26 tons of recycled nickel a value of
~£90,000 to meis treatment project for Swedish steam generators, resulting in
~16% cost saving on the whole project. Hence it is important to consider low
volume, highvalue metals for their economic benefit, as well as viglame low
value metals such as iron thate likely to have a greater impact on total

environmental emissions.

Steel recycling depends on the source of the scrap, the products recycled and the
country (Davis et al 2007, Yellishetty et al 2011b). For example, steel container
recycling for Australia Brazil, China, Europe, Japan and the USA varied from 50%

for Brazil to 85% for Jpan (Yellishetty 2014). Product ecycling ranges from 38%

for containers and vessel® 85-89% for structural steel, vehicles antkechanical
engineering according to Davet al 2007. The limit®f recycling depend on scrap
availability, long residence times (one to several decades), cost competitiveness of
scrap and recycling, increasing environmental constraints, theer@f metals by
nornrmelting techniques and the cantinant/residual elements in the scrap
(Yellishetty et al 2011b). Yellishetty and colleagues cite five papers investigating

this issue between 1954 and 2004 and diaéee ach ti me scrap was
concentrations of residuals have gone up making psoces g mor e di f f
(Yellishetty et al 2011b). They also ndtecopper and nickel residuals for example

are difficult to remove during recyclinig zinc and lead can be partially remowved
aluminium can be easily removed. Further, Davis et al 20fié ttat 70% of

prompt (new) scrap and efwdHlife (old) scrap was recycled in the UK in 2001, the
remaining 30% was lost to storage for economic reasons or disposed to landfill.
Davies and colleagues recognise the improvements made in UK steel recycling but
note that further effort is needed to improve this recycling rate.

5.4.2 Aluminium and other metals
Similar environmental benefits are claimed for aluminium, copper, zinc, lead and

nickel by the BMRA (vww.recyclemetal.a 2015), for example:

e 39% of new aluminium is from recycling, (consistevith Phylipsen et al
2002, Ashby 2009 and Allwood and Cullen 2012 &hgiminium Federation
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(www.alfed.org.ulk 2015), with an energy savingf 95% (consistent with
Phylipsen et al 2002, IPCC 2007)

e 32% of new copper is from recycling (but it could be as high as 45%
according to the International Copper Associatiem\{.copperalliance.ong
and 4060% from Ashby 2009), with an energy saving of 85%,

e 20% of new zinc is from recycling (consistent with Ashby 200@th an
energy saving of 60%and

e 74% of new lead is from recycling, with an energy saving of 60% (consistent
with the International Lead Assiation (vww.ila-lead.org 2015and Ashby
2009).

The BMRA do not provide similar values for nickel recycling, neither was it possible

to get equivalent representative figures from the Nickel Institute website

(www.nickelinstitute.ord However, Ashby 2009 estimatedrecycling fraction of

22 to 26% for nickel chrome alloys and nickel based safpeys, which seems
rather low for such a valuable material. Hence furtiesearch is needed to obtain

more representative values for secondary nickel production from recycling.

5.5 How can we do better?

This section discusses how we can do better in prododuction and recycling metals. It
looks at production technology improvemenbther general improvement
opportunities and what improvements are happening with UK radioactive metals

treatment for recycling or rese.

5.5.1 Production Technology Improvements
Energy costs are a significant proportion of the total costs for steel anchalomi

production, 26% and 35% respectively (Allwood and Cullen 2012). These costs have
driven the improvements in the production energy efficiency for these metals. It is

estimated that the production energy for steel and aluminium is slightly more than
dobl e the ideal energy (Gibbs energy)
(Allwood and Cullen 2012). These improvements have made a substantial reduction
in associated C£and other GHG emissions. Hence, further improvements in energy

and GHG emissions Wihave to come from cleaner energy (i.e. decarbonising

electricity production) and carbon capture and storage (CCS), improved product
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design (to make products lighter), material efficiency, improved recycling or more
refurbishment and ree-use (Phylipse et al 2002, Ashby 2009,Allwood et al 2010
and 2011, Allwood and Cullen 2012).

Allwood and Cullen 2012 also show that material costs for steel and aluminium
production are large, i.e. about 40% and 25% of total production cost respectively.
Metal ore osts and scrap metal costs fluctuate depending on national and global
political and economic conditions and environmental constraints but the overall trend
is ever upwards (Phylipsen et al 2002, Ashby 2009,Yellishetty et al 2011a and
2011b, Allwood and Cilgn 2012).Although recycling may often give significant
cost savings it is not always the case that scragaland recycling are economically
favourable (Yellishetty et al 2011b)No data are mvided in Allwood and Cullen
2012 for energy costs or effancy, or material costs, for the productions of the other
metals discussed previously but are assumed to be comparable with steel and
aluminium. Hence they are only discussed where data is available.

Proposed improved technologies for steel production
Since future GHG reductions and other environmental improvements are important

for recycling, current developments in production technologies are discussed here.
These include the four main developments being progressed by the Ultra Low CO
Steel (ULCOS) makg and research into improvements in aluminium production.

The main improvement processes for steel making ameghtaken forward in the
ULCOS research programme (Birat and Hanrot 2006, Allwood and Cullen 2012).
ULCOS ran from 2004 to 2010 and ULCASwill run between 2011to 2015. Key
technologies are: 1) smelt reduction (ULCORED), improved coal based steelmaking,
2) combined smelter and cyclone (HISARNA), 3) using a top gas recycling blast
furnace (TGRBF) and 4) electwinning from iron ore (ULCWN) (Phylipsen et al
2002, Birat and Hanrot 2006, Allwood and Cullen 2012).

The ULCORED process blends and preheats iron ore in a sintering and pelleting

plant before the iron ore enters the direct reduction reactor. Thgasffrom this
plant is scrubbe in filters before being released. Natural gas andyasf from the
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direct reduction reactor are converted tp ahd CO in a conditioning plant and
injected into the direct reduction reactor. The reduction gases reduce the iron ore and
it is tapped for @nsfer to an electric arc furnace for steel making. The ré@cted

from the reactor are processed and concentrated in a vacuum pressure swing
absorption (VPSA) plant, this reduces £$nissions by ~50% and the waste gas is
suitable for CCYBirat and Harmot 2006, Allwood and Cullen 2012, ULCO website

(www.ulcos.org).

The HISARNA process combines preheating of coal to produce char in a twin rotary
furnace, with iron ore finesielted in a cyclone furnace, which feeds molten iron ore

to the convertor séion of the reactor for ore reduction and iron production for steel
making. The process removes the need for intermediate gas treatment, cooling and
dust collection. The offjas from the top of the reactor is transferred to a waste heat
boiler to produce lectricity for the process and heat for {ireating the coal. The
process produces highly concentrated, GGitable for CCS hence offers significant
(about 6070%) CO, reduction(Birat and Hanrot 2006, Allwood and Cullen 2012,
ULCO website www.ulcos.org).

The TGRBF plant uses the standard sintering and pelleting plants plus coke plant as
a blast furnace but the effas is processed in a separation unit, which returns the CO
to the furnace and releases the,@®the ait or to a CCS facility. About 50% the

CO is used in ore reduction, hence recycling the CO allows multiple reducing agent
use and results in overall CO reductions.-fFated @ is injected into the furnace
rather than air, hence removes the édnissions. The COreductions are ~15%
without CCS and ~60% witlCCS (Birat and Hanrot 2006, Allwood and Cullen
2012, ULCOwebsite www.ulcos.org).

The ULCOWIN process produces iron metal from ore using eledgtioing
technology common to other metal production processes previously discussed and
electreplatting plants for steel. It uses an alkaline molten oxide and electrolyte
solution in a steel cell with liquid iron as the cathode and inert anodes. It is a high

temperature electrolysis process (i.e. pyroelectrolysis) operating at abof€ 1600
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is still only experimental but could lead to near zero, @issions((Birat and
Hanrot 2006, Allwood and Cullen 2012, ULCO websutev{v.ulcos.org).

All of these processes are at the experimental or early develagrhaseas is the
CCS process itself and the percentage effectiveness of the CCS plant are still
unknown. Also, the savings in energy by decarbonised electricity will also be a
factor. Some demonstration plants are operational but commercial prodisction

expected for 10 20 years.

Proposed improved technologies for aluminium production
The desire to produce inert anodes and wettable cathodes for aluminium production

are discussed in Phylipsen et al 2002 and Allwood and Cullen 2012. Inert anode
research has been active for four decades and seeks to find materials that are not
consumed by electrolysis in the HaHeroult cells. The anodeathode clearance is
important for production efficiency and the development of inert anodes could also
lead tomulti-polar electrolysis cells improving production efficiency (Allwood and
Cullen 2012). Spherical droplets of aluminium are produced on unwettable cathodes
resulting in irregular anodeathode separationWettable cathodes allow the
aluminium to form ahin film on the cathode. This gives a more uniform metal film
and reduces the ancedathode separation, thus improving anedtode control and
hence production (Allwood and Cullen 201Zhe authors also discuss potential use

of anode tilting systems tmatch the wave production in the electrolysis solution and
preventing shorting between the electrodes by moving the anodes in sync with

solution waves. This also raises issues with control system requirements.

As discussed in SectioB.2.2 to 5.2.4 primary aluminium production is energy
intensive, has significant environmental impacts and produces significant amounts of
waste Aluminium production has increased diigantly in recent decades and is
likely to increase further into the future. The overall aims of the new technologies
discussed above are to improve anode material consumption and electrolysis
efficiency and to reduce energy consumption and waste. Ifessful, these
technologies will result in reduced environmental impacts of primary aluminium

production.
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5.5.2 Other Improvement Options
The highest stage of the waste hieranshwasteprevention Figure2-24 Chapter2).

Hence, effort needs to be made to minimise the use of metals either by substitution of
mechanically equivalent material or material efficiency by making metal components
lighter. This can be achieved through improved design for future use, or design f
theenvironment (Ashby 2009, Allwood and Cullen 2012).

Waste reuse (including refurbishment) is higher up the waste hierarchy than
recycling because it avoids the melting of metals for most recy@hglipsen et al
2002, Ashby 2009, Allwood andulen 2012). Thesauthors suggest that-tese can

be achieved by designing for-use, by designing for deconstruction rather than
demolition and by extending the life of products using metals. Examples cited are
standardising the fitting of steel beamsconstruction rather than welding, opting for
modular design, and improved maintenance and structural refurbishment. These
options could improve the initial build and deconstruction by reducing the damage
made to steel beams during mechanical demolifidris would allow construction
material to be reisel immediately, or with restoration, rather than being cut up to
melt as scrap for recycling. A suggested option for aluminium is solid bonding
process(Allwood and Cullen 2012)This dlows aluminium swarfand chipsto be
compacted at high pressure and elevated temperaturésQ@80) and extruded to
make profiled section. Although some heat is needed it is far less than the melting
temperature for aluminium (~68D). This process uses much less energy tha

melting the swarf and chips and gives associated reductions in GHG emissions.

The use of these options in the nuclear industry is currently limited due to the high
material quality and compliance requirements needed for components of nuclear
facilities. Also, more work is needed to prove the processes and technology if the
options are to be considered for treated metalsseewithin the nuclear industry
Final implementation of any of these options will require demonstration that they are
cost effectie, functionally and technically acceptable and compliant with nuclear

industry requirements.
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5.5.3 Improvements from Treating UK Radioactive Metals
Current UK policy (DEFRA et al 2007), strategy (NDA 2010a) and practice (e.g.

Shipton and Falconer 2013) for lolevel waste (LLW) metals promotes their

treatment for recycling and/or-tes e . Prior to the NDAG6s 20.

metals treatment was not common practice. The exceptions were the
decommissioning of the redundant gas diffusion plant at Capen(CBDUEF
1996) and the decontamination and recycling of the first Magnox boiler at Berkeley
power station in 1997 (British Nuclear Group 200%hese projects followed
experience from the international collaborative programmes for decommissioning

nuclearfacilities cited in Buckley et al 2004.

Recycling Rates
The annual throughput diK legacy LLW metals was between 2300 and 4700
tonnely from 2012 to 2014 (LLW Repository Ltd monthly Dashboard metrics

(www.llwrsites.com)). The estimated annual average throughput for the next five

years in estimated as 2400 to 3400 tonnel/y fronlLtthW RepositoryLtd joint and
legacy nuclear site joint wasteanagemenplans (e.g. Shipton and Falconer 2013).
This rate is within thelicensed limitsof the individual international treatment
facilities (seerable A-3 andTable A-5), mostof which appear to have excess capacity
and are actively seeking Ugbntracts. It is expected that the recycling rate of UK
LLW metals will continuefor the short to medium term of UK legacy facility

decommissioning.

UK Treatmentacilities

Until recently UK nuclear operators usel fixed or mobile equipment to
decontammate LLW metal to exempt levelat sites (LLWR and NDA 2009a).
However, Studsvik UK Itd began operating a radioactive metals recycling facility at
Lillyhall in Cumbria in 2002 There is currently no commercial radioactive metal
melting facility in the LK. However, a lead melting facilitgxists and was operated

by Sellafield Ltdon behalf of theNuclear Management Partners, contracteth&
Nuclear Decommissioning Agency (NDA) for the Sellafield decommissioning
progr amme. Il t 6 s o pilahility toi esterrall cliergst isa dumestly a n d

unknown. The capabilities of the UK facilities are discussed in Se@i@nl.
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International Treatmentacilities

International LLW metalstreatment facilities inclugt the SOCODEI facility at
Marcoule in France, Siempelkamp GmbH CARLA and GERTA facilities at Krefeld
in Germany; the Studsvik AB Nykoping facility in Sweden and the Energy Solutions
Inc. Bear Creek facility in the USA. There is also a Russian Federanartyf at
Sosnovy Bor, near St Petersburg, operated by ECOBIHhe capabilities of these

international facilitiearesummarised iMableA-3, TableA-4 andTableA-5.

The German, Swedish and American facilities are authorisgdUK and
International regulatorand used byJK nuclear operatar The French facility is also
authorised and available under the LLW Repository Ltd fraonk and an
Anglo/French governmental agreement, but has not yet been used by UK nuclear
operators. The ECOMES facility is currently only available for the treatment and
recycling of Russian and Ukrainian radioactive metals and not authorised for use by

UK nuclear operators.

These facilities cut ugurface decontaminassd melt the LLW metals to achieve
regulatory exempt levelsf melt ingotsfor release to scrap metal markets or used to
produce waste containeshielding cylinders or slaletc. Melting provides

additional decontamination as it partitions the remaining radionuclides between the
melt ingot, slag, dust and gas as shown in the indicative example presented in
Figure5-6. The low volatile nuclies, Co60, Fe55, Mn54 and Ni63 remains in the
melt ingot, the more volatile nuclides such as Cs 134, Cs137, Eul52 and Eul54, H3
etc migrate to the slag and dust, or simplyg#é through the ventilation stack. The
actual nuclides present will depend tre tomponent metal, the type of facility the
component came from and the radiation history of the facility. The partitioning will
depend on the type of melting facility and melt chemistry (including the refractory

lining material and melt additives).
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Partially
Decontaminated ———— > Melting
Metal
Melt Ingot Slag Dust Gas
Example M54 (60-91%) Eu152 (100%), U235,238(59%) C5134 (40%) H3 (100%),
Nuclide Co60 (88-99.5%) Ful54 (100%), Pu241 (99%) Cs137 (40%)
partitioning Ni63 (90%3 Cs134 (60?},Am241 (?9%) Co80 (1%)
(1,2) Fe55 (100%) Cs137 (60%), Ni63 (10%) Mn54 (1%)
Co60 (0.5 - 11%), Mn54 (9-39%) C14 (95%)
C-14 (5%) )
Steel, Aluminium, Y
Copper & Brass 3 to 5% Secondary Waste

95 (2,3) to 97% (4)

2% Secondary Waste

(1) Schlienger et al 1997, (2) Quade and Muller 2005, (3) Rossiter 2007 (pers com), {4) NDA 2014a

Figure 5-6 Distribution of radionuclides after melting ste@artitioning based on Schlienger et al.
1997 and Quade and Muller 2008)m i Americium, Ci carbon, Cd cobalt, Csi Caesium, Eu
Europium, Fei iron, H-hydrogen (tritium), Mni manganese, Ni Nickel, Pui plutonium, U
uranium

The additional decontamination afforded by partitioning nuclides across the ingot,
slag, dust and gaseous emission means that about 95 tof3&® original metals

for treatment can typically be recycled or reused, the remaining 2 to 5% is secondary
waste. Quade and Kluth 2009 show that with 95% recycling, the 5% secondary waste
is typically made up of ~0.5% sweepings (from cutting up andacerf
decontaminating the metal), ~3% from the slag, ~0.8% from the furnace lining
material and ~0.7% from dust collected in filters in the ventilation system. These
secondary wastes are normally packaged and returned to the waste consignor for
disposal in he UK. Hence the research focuses on identifying and quantifying the

potential environmental impacts of these high recycling rates.

Treated melt ingots with activity above exempt levels can be stored at the facilities to
benefit from radioactive decayrféuture release to metal marketsreturned to the
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UK for disposal.This was not modelled in the research as it was assumed that all the

ingots from international treatment facilities could be released used.

Benefits of Radioactive Metals Recyglin

In addition to conserving scarce disposal volume benbefits also accrue from reduced
packaging.The nominalwase loadof a6 si-ugké carbon steel h &
(HHISO) freight container for LLW disposal is Iiine Hence, every 10tonne of

LLW metds treated for recycling or rese saves; the production and transport
impacts and costs of one 3tonne HHISO container, several tonnes of cement grout
and 20m of disposal volume andssociated disposal cos®here would be similar,

but potentially higher, savings for treating and recycling intermediate levakte

metalthat hasdecayd or beerdecontaminatetb LLWas t hey r eugsweior e 0
stainless steel containers with a much lower waste loadiddhigher environmental

impacts Intermediate levelvaste (ILW) metals and activated metals pose handling,
transport and treatment operator radiation dose issues. Hence, treatment and
recycling are not yet undertaken at the international treatment facilities. Further
research would be needed to confirm tibehnical and economic viability of such an

option.

5.6 Chapter Summary

Key observations from this chapter are:
e Metals are a valuable resource, estimated quantities are large but finite, some

metals are scarce,

e Metals extraction and processing is energtensive and has significant
environmental impacts, these impacts can be reduced by recyclingasel re

e Global metal demand is increasirapidly, steel and aluminium aexpected
to at least double by 2050,

e Landfill disposal can be reduteb y Owaqntged , misreiver al i
example already exist,

e Metals recycling and reuse are increasing, but cannot meet predicted future
demands, hence production from virgin ores is likely to continue for some

considerable time,
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e Energy efficiency in bestase steel andluminium production is already
close to the ideal limit, upgrading metal production facilities may be
problematic,

e Further improvement in technology to mitigate environmental impacts,
including decarbonising/cleaning electricity generation and prov@agbon
Capture and Storag€CS are under development,

e Improvements in product design for future use, increased product life,
designing for deconstruction, material substitution, minimising waste and
production losses will all contribute to reducing theimnmental impacts of
the metals cycle.

Some of these aspects are recognised in new nuclear power station build and in the
endof-life disposition of UK legacy radioactive metals. UK radioactive waste
strategy is now prioritising metal recycling anduse, thus minimising the demand

for ffussiendg | £t e e | di sposal packages, reduc

conserving scarce disposal volume capacityasibnal repositories.

The LCAs in this research use historical European data for metals povdtrotin

the late 1990s with updates to circa 2010. Hence the environmental impacts for
metals recycling and avoided impacts are likely to be over estimates if the new
technologies are eventually adopt@&tierefore the results of this reseach could form
pat of the baseline of assessing the benefits of future improvement in production.
For examples, ULCOS technologies potentially offer2080 CQ emissions for
steels if carbon capture and storage is excluded am®%O0if it is included. These
values are smellative because of the immaturidy emerging steel production and
CCS technologies.Future production would be a mix of current and new
technologies hence the percentage improvements will be much smaller.
Nevertheless, as technology changes, and theewastals arise from the inventory,
production and recycling environmental impacts are likely to reduce.

Whilst new production technologies are likely to reduce environmental impacts, the

impacts associated with virgin production of metal ores are likelyse, since the

quality and ease of extraction of ore deposits are reducing: mines are becoming
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deeper, the overburden and the tailings are increasing and hence more energy is
required. These factors are also likely to result in an increased healthfatydrisks

and a rise in the economic value of the metals as they become more scarce and costly
to mine. Mining and processing technologmeay mitigate some of these effects, but

estimating any improvements is beyond the scope of this research.
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6 Research Methodology

The fundamental airaf this research is to assess the potential environmental benefits
and costs of treating UK radioactive metals for recycling arses as an alternative

to disposing of them to authorised facilities in steel contaif@estionl.5). Chapter

4 showed that LCA was used extensively to investigate the potential environmental
impacts of the nuclear fuel cycle, but that there were gaps in knowledge particularly
for radioactive waste management atecommissioningChapter 5showed that
LCAs are commonly used to assehe environmental impacts of metals and that
there is growing pressure to conserve virgin metal ores, minimise the energy for
metals processing and associated environmental emissmmh$o reduce losses to

disposal.

This chapter discussed LCA modelling and system boundary, the LCA data and the
software package used plus the LCA and cost assumptions appliechgséssment
of the environmental impacts associated with recyclingusee and disposal of

wastes.

6.1 LCA modelling for this research
This section discusses the construction of LCA models using propriety software, an
outline of the life cycle impact methods, the underling conceptual used and an

example of the impacts assesstrstages.

SimaPro 7.3.3 is one of many LCA software packages. It was released in 1990, has
been updated regularly and is widely used internationally by industry and
universities (Menke et al 1996, Phylipsen et al 2002, Curran et al 2006). The
Ecoinvent 22 database is embedded in SimaPro and has been available since the late
1990s. Ecoinvent has in excess of 4000 datasets (Frischknecht et al. 2007), is
updated regularly and is commonly used in major LCA software packages, hence can
beregarded as the indtry standard.
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SimaPro LCA models ra onstructed via assemblies and sdsemblies, for
example in this research a satvsembly could include the disposaltainer metal,
the container production, the waste metals plus empty and full conteanspot.

The assemblies and salsembliesra linked to enebf-life waste treatment and
disposal processds form an integrated lifeycle (Lopes 2010)Waste treatment
processe this research include metal compongize reduton, decontamination,
metal melting, secondary waste processing, avoided future métaikiding re
melting) for recycling or reise and the return of secondary waste for final disposal.
Disposal is to current authorised low activity waste (LAW) facilities (i.e. for very
low level waste (VLLW) metals or low level waste (LLW) metals) or to a future
higher activity waste (HAW) facility (i.e. for intermediate level waste (ILW) metals
or depleted uranium)The waste categories are summarised in Bobx1LW and
ILW metals, residual wastand depleted uranium earnormally combined with
cement grouto form a stablevasteform to produce an acceptabbdioactive waste
disposal packagé&he typical waste packages are summarised in Box1

Ductile cast iron containers have been identifigd the nuclear operators and
regulators for specific GDF waste streams only. These containers have not been
included in the research because of their small waste capacity and very high cast iron

inventory and are not suitable for most metal wastes.

6.1.1 Eco Indicator 99
EcolIndicator 99 is one of a range of life cycle impact assessment (LCIA) methods

available in SimaPro 7.3.Eco-Indicator 99has been cited in LCAs for the metals
industry (Rebitzer and Buxaman 2005, Lee and Park 2005, Tongpool et al 2010,
Awuah Offei and Adekpedjou 2011), abiotic resource depletion (Steen 2006,
Yellishetty et al. 2011a), methodology development (Schmidt and Sullivan 2002,
Sonnemann et al. 2004, Baumann and Tillman 2004, Pennigntar2@04] Koffler

et al 2008, Finnveden et.&2009, Guinee et al. 2011) and materials and clean
technology (Phylipsen et.a2002, Ashby 2009)Hence Ecelndicator 99 has been

chosen and the life cycle impact assessment method for the research.
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EcolIndicator 99 is a damage orientated method. tveds eleven environmental
impact category indicators into three damage categories; Human health, ecosystem
quality and resources. The processes involved are grouped into three steps as shown
in Figure6-1.

The three steps incorporate three separate but partially linked fields of knowledge
and reasoning called the:
e Technosphere life cycle description and emissions allocation
e Ecosphere modelling the damages to the environment, and
e Valuesphere- modelling tke perceived seriousness of the potential
environmental damages and the value choices made in the Technosphere and
Ecosphere.

The first step identifies and collates inventory data for energy, materials, products
and wastes and models the flows to and ftbm life cycle processes. The second
step allocates the inventory analysis results to resources, land use and emission
environmental impact categories to estimate the potential damage from each
category. The final step normalises and weights the damagpsoduce an eeo
indicator scoreThe items in red are the analyses processes for the impact categories.
The items in blue are the processes for converting the impact categories to damages
and eceindicator score. These steps are now discussed in maikwd@hg ionising
radiation as an example for damage to Human health. The ionising radiation impact
category method is based on the researé¢histhknecht et al. 2000 and discussed in
Goedkoop and Spriensma 2001a and ISO 14047 2003.
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Figure 6-1 Eco-Indicator99 Methodology (Based on Goedkoop et al. 1998, Goedkoop and Spriensma

2001a, Phylipsen et al. 2002 and Hischier et al. 2010)
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Step 1 oFigure 6-1: Inventory Modelling
The inventory includes all the energy and resources used in the product system

processes of the life cycle and the solid, liquid and gaseous wastes produced. This is
represented in more detail for this researchhgydndof-life conceptual model for

radioactive metals shown Figure6-2.

The conceptual model in Figure26is the result of the simplification of five earlier
iterations. The initial flow diagram was for tiwéhole nuclear fuel cycle, based on
Figure 52. It linked the key processes requiring energy, material, waste and
transport requirements. However, was to be too general and covered too many fuel
cycle stages for what was needed. The second flow diagramadimactive waste
within the UK nuclear industry, but it too was too general. The third stage was a
radioactive waste metals eodftlife LCA flow chart for waste generation, pre
treatment, treatment, conditioning, storage, retrieval, recycling and disposal
commonly used as key process stages for regulation. However, this was too complex
to model in the time available and data available. Hence, a further simplification was
made to produce a simplified version that could form the basis of a conceptual
model. This was finally simplified to the foreground and background model by
considering the steel and lead treatment processes diagrams of the Studsvik facility
in Nykoping kindly supplied ¥ Rossiter 2007. The full flogharts and process
images used to devgldhe enebf-life concsptual models are presented in Appendix

C.

124



Environment
esources

¢ Transport | | Transport | [ Transport
Background System (Road) (Rail) (Sea)
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Figure 6-2 End-of-life Conceptual Model for radioactive wastetals (VLLW is very low level
waste, LLW is low ével waste, ILW is intermediate level waste)

The environment irFigure 6-2 is the source of all materials and the sink for all
wastes. The starting point for the model inventory is the radioactive waste metals in
situ at the UK nuclear sites. The main processes of interest for the treatment (from
size reduction to melting) for recycling,-use of the metals in the nuclear industry

or for waste volume reduction, and disposal of the residual waste, constitute the
foreground system. The ancillary materials (e.g. consumables, storage, transport
and/or disposal packages), transport and energy constitute the background system.
The processing of exempt level metal ingots, from national and international
treatment facilites, in the scrap metal markets is included in the background system

(Figure6-2) as this is outside the nuclear industry.
Items in greenfigure6-2, denote a potentialgmnificant environmental benefit, those

in red represent potentially significant environmental detriments. Items in orange

represent processes and flows with a potential reduction in environmental detriment.
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The items in blue, for the ancillary processesll incur some environmental
detriments while supporting the overall life cycle. Items in black are the main
treatment processes and flows. All the aspects depict&éigure 6-2 are used to

estimate the inventoryata in Step 1 dfigure6-1.

Step 1lof Figure 6-1 primarily involves decisions and data from technological
processes of the life cycle and some value judgements ortavimatude or exclude
in the inventory model. Hence, it is a mixture of Technosphere and Valuesphere

aspects.

Step 2of Figure 6-1: Impact Analyses
The inventory analysis balances the mass and energy flowseftifetftycle models

and provides results for resource extractitand use, occupation and transformation
- emissions to air, water and soil. These inventory results are used in the resource

analysis, land use analysis and fate analysis discussed next.

In the sections below, as an example, radioactive materials released from the nuclear
fuel cycle and from codired power plants (during energy production) are described

in terms of their Impact analysis i.e. the process of resource analysis, throdgh lan
use analysis to fateanalysis (Goedkoop and Spriensma 200la and 2001b,
Frischknecht et al2000). These are finally discussed in terms of their impact on

human health.

Resource Analysis

Two resources are considered in Hadicator 99, potentially sfainable mineral

ores and nosustainable coal and oil deposits. Resource analysis assesses the
impacts of extracting ores in terms of the reduced concentration of the remaining
deposits (as discussed for metals in Chapyein EcoIndicator 99the geestatic

mo d e | of minerals knows &6 thekiddsttLatvu
concentrations of mi ner al resource i s I
(Goedkoop et al. 1998 Similarly, the supply of easily extractable fossil fuel
resources wil decline and lower grade sources will have to replace them, e.qg.

substituting shale oil for liquidil (Goedkoop and Spriensma 2001a, Phylipsen.et al
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2002). Damage analysis links the reduced ore and deposit grades with the increased
energy needed to eact them giving an indication of potential damage expressed in
terms of MJ of surplus energyer kgneededather than the financial evaluation used

in other LCIAmethods (MulletWenk 1998) The absoluteralue of surplus energy is

not relevantwhat is inportant is the difference between surplus energiesffefeint
resources or processes causedhbgnan activities depleting these large but finite

resources over time.

Hence, in terms of radioactive materials, the different assumptions on energy sources
will affect the mass, material types and level of radioactivity (in Becquerels (Bq)) of

any radioactive materials released during energy production.

Land Use Analysis

Land use analysis considers the use, occupation and transformation (degradation) of
theland as a result of human activities on a regional and local basis Hméicator

99. Many plant species may be exposed to harm, or extinction, as their habitat is lost
due to human use. The level of harm depends on the different types of land use, the
diversity and population of species affected and the size of the area affected. The
final damage is expressed as Potential Disappeared Fraction (PDF) for the area
affected each year. The damage is therefore to ecosystem quality. Theséand
analysis redtes directly to impacts from changes in land use due to industrial
development and hence is not relevant in the example of radioactive material

emissions.

Fate Analysis

Fate analysis applies to acidification/eutrophication and ecotoxicity affecting
ecosytem quality. It also applies to carcinogenic substances, respiratory organic and
inorganic emissions, ionising radiation, ozone layer depletion and climate change
affecting Human health. The analysis assesses the emission of chemicals to the
environmentalcompartments air, water and soil. The analysis depends on the
substance, where it goes, how long it remains in the air, water or soil and the

degradation of organic substances in the media. Fate analysis takes the mass of the
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emission and represents it@semporary increase of concentration of the substance

in the three environmental compartments. When radionuclides are released they are
transported, dispersed and deposited in air (Bgwater (Bg/l) and soil (Bg/fmor

Bg/kg). The Ecendicator 99 Fat analysis model for ionising radiation is based on

the research of routine gaseous and liquid discharges from the French nuclear fuel

cycle (Dreicer et al1995).

Exposure Analysis

Exposure analysis assesses the impact of the increased concentratisubefance

from the Fate analysis and relates it to how much is absorbed by human or plants.
The exposure analysis for gaseous release of radionuclides models contamination of
air, soil and vegetation (and hence animals). Liquid discharges depositucldies

to water, potentially contaminating fish and seafood, and also crops via irrigation. If
these depositions are high they can cause harm to humans through inhalation,
ingestion of food and exposure to skin. The absorbed dose is measured in.&rays (
specific energy (J/kg)). The effective dose in Sieverts (Sv) (i.e. J/kg of body weight)
for humans depends on the form of radioactivity (alpha, beta and gamma radiation,
or neutrons) and how the radiation affects different organs and tissue. TEuoti®l

dose (commonly called man.Sv) is also calcul&edhe effect analysis

Effect Analysis

Effect analysis takes this absorbed dose of the concentrated substance and estimates
the type and number of diseases, cancers and respiratory effecises ga humans.

It also links the increased concentrations to the toxic stress to plants for ecotoxicity,
or the changes to acidity or nutrient levels in soil or water, for acidification and
eutrophication, also effecting plants. The Effect analysis ftioraiclides relates the
estimated doses to the rates of 4fa@l and fatal cancers and possible
intergenerational (hereditary) effect from damagegeaetic material. The effect of

radiationis meaured in number or cases/man.Sv and used in the damdg&Esana
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Damage Analysis

Damage analysidien estimates how many yeéix®d disabled (YLD) or how many
years of life are lost (YLL) due to the cancers and other diseases for damages to
Human health. Econdicator 99 uses the aggregated and disabilityykted World

Hedth Organisation measure; disability adjusted life years (DALYs). The damage
analysis for radiation results in DALYs/fatal cancers.

Damage is measured as Potentially Affected Fraction (PAF) for the area affected
each year for ecotoxicity @uto toxic stress to plant species, aRdtentially
Disappeared FractioPDF for the area affected each year for identified target plant

species only for acidification and eutrophication.

Damages are calculated on a wenlitle basis for greenhouse gamissions, ozone
depleting emissions and long lived radionuclides as they can be dispersed globally.
The damages for the other eight impact categories are calculated on a Ebagean
(Phylipsen et al2002.

Step 2of Figure6-1 calculates the environmental damage of emissions from the life
cycle inventory analysis. The calculation models use natural science to estimate the
changes to the environment but also some value judgements on what to include and
how toestimates thé@npacts and damages. Hence of Figure6-1is a mixture

of Ecosphere modelling and Valuesphere considerations.

Step of Figure 6-1: Damage Categorg- Endpoints
The outputs of Ecindicator 99 in SimaPro are:

e Characterisation values for each of the eleven impact categeries
Carcinogens, Respiratory Organics, Respiratory Inorganics, lonising
radiation, Ozone Depletion and Climate Change in DALYisdamage to
Human health Ecotoxicity in PAF.m.yr, Acidification/Eurtophication and
Land Use in PDF.fyyr for damage to ecosystem qualityMinerals and
Fossil Fuels in MJ surplus energy for damage to resources.

e Damage assessmenachieved by multipling the characterisation values of

the impact categories by prescribed damage factors. Ecotoxicity results (in
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PAF) are multiplied by 0.1 in the Damage assessment to produce PDF values
for damage to ecosystem quality. All the other impact categories
charaterisation values remain unchanged.

e Normalisation - achieved by dividingdamage values by prescribed
normalisation factors. Normalisation in Egwlicator 99 is based on
European data for population, energy and emissions. It gives the relative
magnitudeof the impact categories within the damage categories, but gives
no indication about the importance or seriousness of damages. The units are
dimensionless.

e Weighting - achieved by multiplying normalisation values by prescribed
weighting factors to give Eemmdicator points. Weighting is a particularly
controversial stage of LCA and is ratowed by ISO 14040 200®r LCAs
presented to the public. E¢odicator 99 uses weighting factors, produced by
expert panels, to assign relative importance to the elgvatential
environmental impacts within the three damage categories. Weighting is

almost totally within the Valuesphere.

Cultural Theoryi Subjectivity and Uncertainty

Steps 1 and 2 essentially represent the use of natural science to evaluate the
inventoly and potential environmental effect results. Howewasr Goedkoop et al.

1998 and Hofstetter et al. 20@dint out natural science cannot say anything about
the importance of the results, as importance is subjede@Indicator 99 models
subjectivity n Step 3and for choices within the modellingsingsocial preferences
adopted from the socicultural viability theory (Cultural Theory) of social science
(Thompson et al. 1990, Goedkoop et al. 1998 and Hofstetter et al. 2000).

Cultural theory identies five archetypes (cultural perspectivabe egalitarian, the
fatalist, the hierarchist, the individualist and #ngonomist Thompson et al. 1990,
Hofstetter et al. 2000 and Goedkoop and Spriensma 200h&) social typology of
the archetypes usedg fhompson and others is constructed in two dimensiths
x-axis is denoted as the Grouphe yaxis is known as the Grid. The Group shows

fét he extent to which an i ndi waiddaGid i s
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showsiét he degrae fiodwhidbal 6s | ife is

i mposed prTédanpson g al.i 1890)@ positive xvalue denotes strong
influencing fromwithin the group and a negativalue a weak influence (Goedkoop

and Spriensma 2001a).A positive yvalue represents strongssociationwith
externally imposed prescribed ideas and a negative value a week binding to these

prescriptions (Goedkoop and Spriensma 2001a).

It is normally accepted that the fatalist and the autonomist do not generally take part
in decisioamakinggroups (Hofstetter et al. 2000 and van Vuuren et al. 1998
fatalist acts on their own, is easily controlled by external pressure hence guided by
other and little or no opinion of their owjGoedkoop and Spriensma 20P1& he
autononist tends not to be influenced by the Group or Grid and tends to think
independently of the others in a grouplence, these two archetypes are excluded
from Ecolndictor 99 and from the lonterm perspective of metals used van
Vuuren et al. 199discused in Chapter 5.

The typical world view, management style and characteristics of the egalitarian,
hierachist and individualist archetypase shown inTable 6-1. The attributes in
Table6-1 were selected from tablgsesented in Goedkoop et al. 1998, van Vuuran

et al. 1999, Hofstetter et al. 2000, Phylipsen et al. 2000, VROM 2000 and Goedkoop
and Spriensma 2001&hey represent key elements for each archetype for this
research.Of course, nane or no group is entirely one perspective and in reality will

be a mixture of all perspectives.

Table 6-1 Summary of main characteristics of the three cultural perspectives dh#icator 99

Characteristics Hierarchist Egalitarian Individualist

Time perspective Balance of short ang Very longterm Shortterm
long-term

Manageability Proper policy can Problems can lead t¢ Technological
avoid many catastrophe advances can
problems overcane problems

Management style | Control Preventive Adaptive

Procedures applied | Rules Ethical Standards | Skills

Criteria Evidence Argument Experience

Required level of Inclusion based on | Minimum scientific | Only proven effects

knowledge consensus, largely | evidence needed, | are included, least
complete but nothing left out, complete but lowest
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Characteristics Hierarchist Egalitarian Individualist
moderate level of most complete but | level of uncertainty
uncertainy highest uncertainty

Spatial Local over global Global Local

considerations

Intergenerational Present and future | Present less Present more

factors are equal important than the | important than the

future

future

View of resources | Scarce Depleting Abundant

Energy future Technical advances| Radical changes Carry on as usual
will address needed now
problems

Attitude to risk Risk accepting Risk averse Risk seeking

EcolIndicator 99 has three distinct nebst one each of the cultural prespectives.

Many of the stepin the calculation of each impact category within an environmental
damage are modified to reggent the preferences of each cultural perspectives. For

example, in the case of carcinogens:

e The DALY calculation for damage to human health has the potential to

discount the financial costs of care, however, discounting is not included in

the model for ay of the cultural perspectives

e The DALY calculation also includes the potential for age weighting of those

affected, hence:

o The
Individualist value the life of people at say 20 more than those at say

40

o The Hierarchists and Egalitarians calculations do not include age
weighting, because Hierarchists adopt the principal that the age
weighting is not allowed in law and the Egalitarian see everyone as
equal

e Ecoinvent has three data sets for cancers,pgioare known substances that
are proven to cause cancers in humans, group 2 are known substances that

could probably cause cancers in humans and group 3 are known substances

Individualist calculation

includes

that could possibly cause cancers in humand

o Individualists only consider provestamages therefore only the first

the age weighting as

group of the cancer subtances are used in the calculations
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o Hierarchists consider damages that are proven and those considered
by experts or governmental as significant, therefore cancers from
groups 1 and 2 of cancer stdoxces are used in the calculations

o Egalitarians consider all possible daamges therefore all three groups

of cancer substances are used in the calculation

Applying the normalisation and weighting factors prescribed for the three cultural
archetypes in Ectndicator 99 produces three structurally identical but culturally
different outcomes for the eleven impact categories. In addition, the weightings can
either be average values (as shownTiable 7-1) or specific 6 the cultural
perspective. Hence, six models can actually be produced (as sh&iguia7-11).

These can then be used to represent the range of possible value judgements of a

group of final decision makers.

Normalisation Factors

The normalisation factors fdhe three archetypespplied to the impact categories

for damages to human health, ecosystem quality and resources, are enibedded
EcolIndicator 99 (e.g. Goedkoop and Spriensma 2001a, Hischier et al.(28t0

4.2). Changes to the normalisation factors from improvements in the calculation
method and/or data are incorporated in updates of SimaPro. SimaPro version 7.3.3

was used for this research.

Weighting Factors

The final weighted impact results calated ae Ecoindicator points (Pt)
representing a dimensionless ufiité 1 Pt i s representative of
yearly environment | oad of(VROME000r iker age E
absolute Ecendicator point values are not significant terms of their absolute

value, but have been developecttmpare relative differences between process and

material impacts of different environmental options

The normal consensus is that the Hierarchist/Average normalisation and weighting

factors are gnerally best used fdtCAs (e.g. Goedkoop and Spriensma 2001a and
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EC/JRC 2011).Hence the Ecdndicator 99 Hierarchist/Average modelling,
normalisation and weighting are used throughout the resddostever, sensitivity
to the application of the normasison and weighting factors within all the archetypes
is explored for the WAGR boiler case studyQhapter 7.

6.2 LCA System Boundary

As discussed in the literature reviewGhapter 4defining the boundaries of an LCA

has a substantial effect on the outesmHence, it is important to consider carefully
what the appropriate boundaries are for this research. Since all the wastes considered
in this thesis are from current UK neel facilitiesthey aredesignated legacy
wastes. The wastes currently exist,vall exist in future decommissioning of the
current UK nuclear facilities as shown Figure 2-21 and Figure 2-22. As a
conseqguence, no account is taken of the enviratahenpacts associated with the

original production or use phasefsmetallic components or other waste streams

The LCAs consider the disposal of VLLW, mixed VLLW/LLW and LLW metals as
well as their recycling and tase. ILW metals that can be deaminated to LLW

or will decay to LLW levels before final decommissioning are also considered.
VLLW and LLW disposal facilities already exist but ILW has to be stored until a
future UK geological disposal facility (GDF) is availabler, near surface neaite
long-term management facilities are available for Scotland, as discus§¥hpter

2. The national repository near Drigg in Cumbria and a future GDF adjacent to
Sellafield were assumed for LLW and ILW disposal respectivelg. important to

note hat since the modelling was done a decision has been made not to site a GDF in
Cumbria. It is retained here as representative case\dhlyV was assumed to be at

one of the three authorised commercial VLLW landfill sites in England. The
Studsvik metals @ycling facility at Lillyhall in Cumbria was assumed for UK
radioactive metals treatment. The use of radioactive metals treatment facilities in
France, Germany, Sweden and the USA are also investigated, resulting in
consideration of national and internaigd transport, as well as incorporating the

different international energy mixes that supply each international recycling facility.
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Radioactive waste metals arising from the UK new nuclear build programme are not
included in this researclight new nulear power stations are planned for England
and Wales by 2025. Modern light water reactor designs (i.e. the European
Pressurised water Reactor (EPR) and UKdvanced Boiler Water Reactor (UK
ABWR)) are progressing through the UK regulatory processeseTaesities will

have longer operational lives and higher operating powers and efficiencies compared
to legacy nuclear power station, hence will generate less radioactive waste per kilo
Watt hour (kWh) of power produce¢hgain, note that light water reacs are
generally smaller have a higher power density and use less matefialsye wastes

have not yet been generated, so other boundaries might well be more appropriate. It
iIs worth noting, however, that the environmental impacts for new nuclear build
wastes may be expected to be broadly similar to those of legacy waste; thus this

research may help to inform their future management.

In the final research chapter, the LCA inventory changes from radioactive metals to
the current inventory for UK civitlepleted uranium. The system boundary remains
largely unchanged as the investigation focuses on the storage and disposal of
depleted uranium, not its productiddepleted uranium, if classified as HAW, would

be a significant issue for a future UK GDF. rde, this research is aimed at
informing future decisions regarding the disposal of depleted uranium and the results

are discussed in detail in Chap®er

6.3 LCA Data
This section discusses the data used for the small scale case study and UK metals
inventory disposal, treatment and recycling analysis, the data used for the interim

storage and disposal of depleted uranand the Eoinvent database data.

6.3.1 Windscale AGR Boiler and General Radioactive Metals Data
The WAGR case studynetal data were predominagtlderived from the nuclear

operator EC-CND circa 1995, Dixon 1999, Bayliss and Langley 20@8d is
utilised in Chapter 7.The VLLW, LLW and ILW metds data for the entire UK
legacy radioactive metals investigation, discussed in Chapter 8, were taketnéo
2010 UK radioactive waste inventorWNIDA and DECC 201}l However, metal
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masses for copper, ni ckel a n daftezther2@0l we r e

UK radoactive waste inventoryestimates of these were taken as the 20@dntory.

VLLW volumes started to appear in the 2010 UK radioactive waste inventory but a
breakdown of VLLW metals was not includedt the time of the research the
VLLW from Springfields was reported and this was used to make a first order
estimate of VLLW metals. The 2013KUradioactive waste inventory now presents
the VLLW volumes but does not differentiate VLLW metals from the general
VLLW (NDA and DECC 2014e

Waste container data were taken from the Nuclear Decommissioning Authority

(NDA) website documents(www.nda.gov.uk plus container designer and

manufacturer websites. For example materials and external volume data for the 4m
box were based on published information from Croft Associates Ltd
(www.croftltd.comm). Similar data for théalf height ISO (HHISO) freight containers

were taken from Yorkshire Marine Containemswv.ymccontainersolutions.com
and from James G. Carrick & Co Ltdales@jamesgcarrick.cdrfor the 2D litre

mild steel drums.

6.3.2 Depleted Uranium Data
Thedepleted, natural and low enriched uraniN[LEU) inventory data were taken

from the NDA Integrated Project Teafdranium) (NDA 2013b)and is utilised in
Chapter 9 The number of DV70 3fhboxes was estimated from the dJmass
converted to gOg using the 1.18 factor implied in the NDA appraisal of threrido
UK Ltd application for a Conceptual Lettef Compliance (CLoC) i2009 (NDA
2009b)assumingl0 to 12bnneperbox (Hartmann et al. 2001, Capus and Durante
2007, Kastelein 2009 and Jones 2014 (pmysm.)). The number of 2001 drums for
the Magnox depleted uraniumnd miscellaneous UQOwas estimated from the
DNLEU inventay and drum numbersn (Mason 2009)and discussion with CNS
staff. The number of 5@te kegs forThermal Oxide Reprocessing Plant (THORP)
product uranium, i.e. recycledOs, was estimated for the DNLEU inventoand
Jones 2014 (persomm.). The number ofpecial full height ISGreight containers
needed for HORP product uraniuntranspot and disposal were takefiom
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(Southern 2011)Additional waste container dateeve taken from the NDAvebsite
(Poyry 2010, Hickford et al012 and Wilson et aP012) plus container designer
and manufacturer websiteBepleted uranium and associated container data are

summarised in Sectioh.3.4.

6.3.3 Database Data
Where process or input data were not readily available, datatale from the

industry standard LCA database, Ecoinvent 2.2, which is embedded in SimaPro. The
general structure of the Ecoinvent database is desarifaischknecht and Rebitzer
2005. Both Frischknecht and Rebitzer 2005 and Rebitzer et al. 2004habtihe
Ecoinvent database structure for data processes, modelling, validation and
administration is consistent with the requiremantternational standard for data
formating for LCAs (SO/TS 14048 2002

6.3.4 UK Legacy Inventory Data Quality
The regularlypublished waste inventory dadse thebest available estimates UK

legacy radioactive wastes. It usgg@®ven but developing, calculation methodology

and responds to suggestion and comments for improvements from the industry,
regulators andstkeholdes. The NDA has introduced an improvement to the
traditional multtdocument, multspreadsheet waste inventory by launching a new
UK radioactive waste inventory website. This gives easy and transparent access to
the inventory for users and other interegpedtties. It is presumed that the website
and data are validated using NDA management system procedures. This is an
advance for those interested in using the UK radioactive waste inventory data for
LCAs.

The various publications of the UK radioactivesteainventory also state the broad
uncertainty in estimaterhasses, volum waste arising timescalesd radioactivity

of wastes in the main texts and in the individual waste streams.

6.4 LCA Sensitivity and Uncertainty Analysis
The current LCAstandards (IS 14040 2006 and ISO 14044 200discuss the
requirements for sensitivity and uncertainty analysis of data suitability and

completeness, life cycle inventory and impact assessments models and assumptions,
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especially in comparative studies. Software and exfded databases, discussed
below, make clear statements on tingcertaintyof the data presented and the
limitation of use based on geography, technologyraadelling.

As stated previously.CA is anindustry tried and tested methodologypablished
anddevelopinglSO standarsl Also, SimaPro7.3 andthe Ecoinvent 2.2latabase are
industy standard tools and are compatible with th® stawlardapproactfor LCAs

The LCA models were built using data from the published source and scenarios from
existing stidies, for example the LLW metallic waste treatmantShipton and
Falconer 2013 and the DNLEU studies by NDA 2007, Hickford .€2Gil2, Wilson

et al 2012.

6.5 LCA Assumptions

Specific LCAModelling Assumptions

A number of general assumptions were commahecscenariod.CA materials and
process data for UK radioactive waste disposal facilities environmental impacts are
not available. Four types of radioactive waste disposal facilities are of interest in this
research, VLLW disposal, LLW disposal, HAW dosal to afuture GDF and HAW
disposal to gotentialnear surface lonterm management facility as discussed in
Chapter 2The availability of environmental safety case reports for the three VLLW
disposal facilities in England is unknown. Extensive envitental safety case
reports are available for the LLW Repository near Drig@umbria (LLWR 2011a,
2011b and 2011c) and for the new LAW disposal facility at Dounfeay Crawford

2010, DSRL 2011a an#?011b). There is currently no UK HAW disposal facyit
Generic design requirements and assessments for a future UK GDF for English and
Welsh HAW is well developed, but the requirements for a near site near surface
long-term management facility for Scottish HAW are only at a preliminary stage of
developmentlt is also worth noting that the majority of Scottish HAW (by activity)
ends up at Sellafield and will likely go to a GDRIthough some environmental
safety case reports are available it is beyond the scope of this research to convert the
data in theseeports to LCA databases. Hence it was decided to use the radioactive

disposal facility data in the Ecoinvent database.
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The Ecoinvent database has extensive datemated forlSwiss LAW, LLW/short
lived ILW (i.e. L/ILW) and longlived ILW/HLW (i.e. ILW/HLW) disposalfacilities
(Dones et al2012). The low activity disposal impact includes dastimatedonly
for land use and energy to dig the near surface trenches for the repdsittirg.
absence of other data it was assumed tthatEcoinventSwiss LAV disposal data
could be used for UK VLLW disposal.

The L/ILW and ILW/HLW disposal impact data are for the material, energy and
transport for creating and backfilling the shafts and tunnels, wastewater from mining
and waste disposal plus land use anddings for surface facilities. The Swiss
ILW/HLW disposal impact data are broadly comparable with UK ILW disposal as
both are engineered geologicadults (Wallbridge et al. 2012aln the absence of
other data it was assumed that the Swiss ILW/HLW dedpdata could be used for

UK ILW disposal

The Ecoinvent database estimated data for a Swiss LLW/ILW repository are for a
proposedengineered geological facilitfpones et al 2012however, the UK LLW
repository (Drigg) is an engineeregkar surfacdacility. Hence the Swiss L/ILW
disposal facility data are not entirely comparable with the UK LLW repository.
However, in the absence of other data it was assumed the Swiss L/ILW disposal

impacts could be used for UK LLW disposal.

There isno nearsurface @sposal facility dateestimatedfor a Swiss ILW or other

HAW in the Ecoinvent database that could be used for the potential disposal of
DNLEU a few tens of metres below the surfacesaggested in NDA 2013blt was
therefore decided th&coinventthe Swss LALW and thelLW/HLW disposal data

could be assumed as the range of disposal impacts for the near surface disposal of
DNLEU in Chapter 9.

GeneralData Assumptiontor WAGR Boilers and UK Radioactive Metals Inventory

The transport distance between leac sites and the LLW repository and between

nuclear sites and the Studsvik UK metal recycling facility in Cumbria was calculated
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by using a weighted average of the distance for individual sites. €lghts used
were the proportioby mass of the radiotice metals at each site. This approach was
also used to represent the distance to a future GDF, assumed to be near Sellafield (at

time of the initial modelling).

In addition to the Studsvik UK metal recycling facility, and decontamination
facilities atsome UK nuclear sites, UK nuclear operators have used international
treatment and melting facilities in Germany, Sweden and the USA, but not those in
France andthe Russian Federationt wasas sumed t hat Studsvil
Nykoping in Sweden was rementative of a European LLW metals
treatment/melting facility.

Waste container impacts were anticipated tanfggortant fromSection4-3, hencea
container production impact was added to the container metal impact. It was
suggested by a highly experiedceCA practitioner(Edwards 201lpers comm.)

that the Ecoinvent average metal working impact for metal product manufacturing
would be a reasonable assumption at a modelling meeting with Intertek Ltd. As a
consequencethis approach was usddr all contaners in the study. It was also
suggested that the impact could be used as a decontamination proxy. A 5% by mass
average metal working proxy was used for LLW decontamination to match the 95%
recycling assumption. Since VLLW contamination would be lowenth.LW

contamination a 1% by mass proxy was used for VLLW decontamination.

Scenariospecific assumptions for the WAGR boiler and UK radioactive metals
inventory LCA models are given in theéhapters 7 and 8espectively.Scenario
specific assumptions fatepleted uranium storage and disposal are given in Chapter
9.

6.6 Cost Estimation

A detailed cost analysis of the disposition options for radioactive metals would need
to considerthree levelsof costs (Nieves and Chen 1995, Yuracko et al.1997a and
1997b, Culee and Yuracko 2000)The first level is @ect financial costs and
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benefits for wasteecovey, treatment, disposal arrécycling The second level is

the quantifiable external costs efhvironmental, health and sty impacts for the
public and workersjncluding the indirect costs such as insurance, lidpiland
accident mitigatiorandthe indirectbenefits such as local jobs and economy impacts
The final level is the noenuantifiable costssuch asthe level of support for
Government initiives, andeffect onpublic perceptiorand acceptance of moving
and treatingradioactive materialérom nuclear facilities Such an exhaustive cost
consideration would represent a significant investment in time edfott and is
beyond the scope of this research. ¢tgra simpler approach is considered here that
allows broad indicative first level direct financial costs to be estimated for each of

the three research areas.

Any cost estimates need to consider whether or not to use discounting, i.e. applying a
time wepghting value to money, anithe level of discounting applicabl&his is a
particular issue for the very long timescales for the treatment, storage and disposal of
radioactive wastes from UK legacy nuclear faciliti€ee ethics and uncertainty in
monetaryevaluation in general and choice of discount rates in particular were noted
as contentioudssues (Solbergohansen 1998)There are fourpossibilities: a)
infinite discounting representing no moral obligation to future generation, b) positive
but finite discounting representing limited obligation to the futu® zero
discounting representing the same obligations to current and future genexation,

d) negative discountingepresenting more obligation to future generations.

The UK Treasury guidance odiscount ratefor public sector projects is currently
3.5% for the short to medium term (30 years) and a declining discount raiteérere
(Wooders et al 2007b, HM Treasury 2011he UK Health and Safety Executive
support the 3.5% discountingite up to30 years, but recommend 1.5% for any
longer projects (HSE Cost Benefit Analysis (CBA) checklistn
www.hse.gov.uk/risk/theory/alarpcheck.itfiNERA 2007 and ONR 2013)The
NDA adopt a 2.2% idcounting rate for the disposal costs of spent nuclear fuel in a

future GDF (NDA 2012c). Hence, there is a broadlyconsistent approach to

discounting in UK radioactive waste management.

141


http://www.hse.gov.uk/risk/theory/alarpcheck.htm

Research on discounting of significant environment projects promosklining

rate- 4% for the first 5 years, 3% for years 6 to 25, 2% for years 26 to 75, 1% for
years 76 to 300 and 0% after 3@€ars (Weitzman 2001). This approastsupported

by other researcte.g. Pearce et al. 2003, Cunningham 20090@ret al. P05 and
Hepburn 200Y. However, the debate on discounting rates continues and there is still
no generally accepted method for discount over long periods. The choice on
discounting is therefore the prerogative of the researcher. The costs estimates used in
this research are undiscounted, thus allowing decision makers to choose their own

discounting rate subject to the prevailing financial, political and social conditions.

Public DomainLAW Management Costs

Costs for UK LAW management are readily availabléfhey are tear and
transparent for containers, processing, transpe#ste activity supplementand
disposal chargesand metallic waste treatmentThe dataare available from
documents on the LLW Repository Ltdebsite www.llwrsites.com) and are

regularly updated. The documents include various waste services contraxtapdce
future estimates in joint waste manageméamgfor the NDA siteqe.g.Shipton and
Falconer2013. Thesedata are usetb estimate theost of disposal and treatment
for recyclingor reuse ofLLW and VLLW radioactivemetals inChapters 7 and 8.

Public Domain HAW Management Costs

Cost for HAW containers, conditioning, storage, transport and disposal are less clear
as a definitive positin for storage and disposal is still developing. There are several
historical assessments but it proved difficult to obtain details on current costs as they
are commercially sensitive for waste producers and container manufacturers.
However, the NDA kindlysupplied documents on the costs of disposal of spent
nuclear fuel and reactor core graphite to a GDF to support this reg@deéh
2010b, 2012a and 2012b). Additional documents were also kindly supplied by the
Committee on Radioactive Waste ManagementR\@i) (e.g. DECC 2009)Both

these data sources were used to develop indicative costs for the storage and disposal
of HAW in shieldedpackages (which can be contacted handmdunshielded
packages (requiring remote handlirfg)y storage and dispos@DA 2007, DECC
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2009, NDA 2012a).Where applicablethey were also used to estimate potential cost
savingsfor treatment of ILW toward recycling or-ese rather than disposal.

Summaries of the cost data used in the research is given in SécRanrsdA.3. 1for
waste containers and treatment, Sec#o8.2 for a proposed American decicated
steel mill for radioactive metals dnSection A.3.3 historical enrichment plant

decommissioning.

6.7 Chapter Summary

SimaPro 7.3.3, with the embedded Ecoinv&at database, was the choseftware
package for the research. The Hedicator 99 lie cycle impatassessment method

was adoptedfor investigating the environmental damages to human health,
ecosystem quality and resource depletion for UK radioactive wastes to help inform
future decision making within the UK nuclear industry. The thregurll
perspectives of Eetndicator 99 offer the opportunity to model a range of opinions

on radioactive waste management for a mixed group of stakeholders. Hothever
default Hierarchist/Average option was chosentlas baseline approach for each
scenaio investigatedn Chapters 7, 8 and 9 The fundamental boundary condition

for each enaf-life scenario is that the radioactive waste already exists and nothing
can be done to change that. The inventory data is based on the published UK
radioactive wate inventory data for legacy radioactive metals, the current published
estimates of legacy civil depleted, natural and low enriched uranium, process and
materials data in the Ecoinvent 2.2 databases plus transport distance and national
power mixes for UK ad international radioactive metals treatment facilities. Public
domain cost data can be used to provide undiscounted costs estimates for each end
of-life scenario to be modelled. The results of the LCA modelling and the cost
estimatesradioactive metalglisposal and treatment for recycling and reuse are
presented in detail in Chapters 7 a@hdChapter9 present the LCA modelling and

costs results for the lorAgrm interim storage and disposal of depleted uranium.
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7 Windscale Advanced Gas -Cooled Reactor

Heat Exchanger Case Study

Chapter 6outlined the general research method to address the research objectives.
This chapter discusses the background to and the disposal and treatment for recycling
of the four Windscale heat exchangers (boilers) of Advargasicooled Reactor
(WAGR) at Sellafield in CumbriaThe boilers were chosen as they represeated

well defined casestudy of four large nuclear gt items with publishedata. The

case study was used to gain experience in building LCA models, as aeptelud
investigating the potential environmental and costs impacts of the disposal and
treatment for recycling or rase of all UK low and intermediate level waste (LLW

and ILW) metals in Chapter 8.

The chapter includes hrief description of the WAGR boite and their direct
disposal whole to the LLW Repository near Drigg in Cumbria in 1995 (Dixon 1999,
Bayliss and Langley 2003)t also discusses the hypothetiealdof-life packaged
disposal and boiler steel treatment for recycling at the Studsvik régmanetals
melting facility at Nykoping in Sweden. The resultant potential environmental
impacts for the two disposal and two treatment and recycling scenarios are presented
plus examples of theincertainty andsensitivity analyses done. Disposal costs
edimates for a range of waste package loadings (i.e. tonne/waste package) are also

given.

7.1 WAGR Background
This section presents a general background and overview @WA@&R boilers and

outlines some of their radiological issues.

7.1.1 General Information
The WAGR was an experimental 100 e Watt (thermaljeactor plant at Sellafield

in Cumbria. It operated between 1963 and 1981 and has been decommissioning since
its nuclear fuel was removed 983 (Crossley and Wakefield 1991, Dixon 1999,
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McKibbin 2012 . It was aprototype development veeen the Generation | Magnox
reactos and the Generation Il AGR Early decontamination and dismantling (1989

i 1993) was done as part of the Commission of the Europearmunities eseach

and development programme oercdnmissianing nuclearinstallations (Crossley
and Wakefield 1991, ECND circa 1995). The WAGR decommissioning
programme has taken about 30 years and cost approximately £110 million
(McKibbin 2012). The projecthas contributed significantly to the researahd
development of nuclear decommissioning nationally iatetnationally through the
European Commissionand Organisation for Economic Qgeration and

Developmenprogrammes

7.1.2 WAGR Boilers Overview
The WAGR nuclear reactor core, boilers and associated plere originally housed

in a 41m diameter containment building. Four identical boilers were used to raise
steam to generate electricity. The boilers stood vertically in pairs, either side, of the
reactor core and were connected to the core by shazbhtal gas ducts towards the
base of the boilersThe boilers were housed in concreteltgical shields above and

external to the core concrdi®mlogical shield as shown Figure7-1.
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Figure 7-1 WAGR Boilers Orientationréproduced from Dixon 1999
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Eachboiler pressure shell was constructed of carbon/manganese steel cylinder with
domed ends made in three flanged sections attddtogether as shown Kigure

7-2 (Dixon 1999). The boilers were 20.6m high, with an internal diameter of 3.35m,
a wall thickness between 36.5mm and 63.5mm and a total free volume of 160m
(Crossley and Wakefield991, Dixon 1999). The weight of each shell was ~100
tonne. Each boiler shell was lagged with asbestos insulation during operation which

was removed prior to disposal.
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Figure 7-2 General WAGR Boiler Alangementreproduced from Dixon 1999

There were three tube banks within each bpileo sets of tubewerefinned carbon
steel tubingand the remaining satas plain chromium/molybdenum steel tubing.
The tube banks were surrounded by mild steel du@®@uring operation hot gas
flowed up past théubesinside the duct and downwards outside the duct. The duct

was insulated with stainless steel plate. The tube banks andndigteed ~70tonne
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(Crossley and Wakefield 1991)adders, platforms and otherwegment inside the
boiler shell weighedboutl8tonne (Dixon 1999).

7.1.3 WAGR Boilers Radiological Issue
Contamination

The boilers were shielded from the reactor by their owrogical shield and the
core bidogical shield as shown ifrigure 7-1 and weretherefore not subjected to a
significant neutron flux. Hence the boiler steel was not nettotinated (Crossley
and Wakefield 1991)in neutron activation material becomes radioactive due to the

interaction withthe neutron flux.

Part of the experimental work at the WAGR wa® t he del i berate o]
failed fuel el e me nGrossley and Wakedield r18@88ence r cor
nuclear fission products such as Caesium 134 and 137 (Cs134, Cs137) ooactivat
products such aSobalt 60 Co60 and Manganese 54 (Mn54) from the reactor core

were transported in the coolant gas flow and deposited on tredgasurface of the

boiler tubes.This resulted in 10um to 150upraurface contamination layers on
sectionsof the boiler tubes (Crossley and Wakefield 199These deposits gave

estimated radiation levels in excess of 15 r8ikverts per hour (mSV# at the

boiler tube surfaces which was too high for manual dismantlinghefboilers

without either some fon of decontamination or the need for requiring remote
handling systems.Thi s r adi ol ogi c al surface cont an
structurespresented significant issues for decontamination, disposal or recycling of

the boilers.

Chemical Decontaination

Decontamination of the boiler internals wdeveloped as part of theombined
United KingdomAtomic Energy Authority and European Commissioroject to
acid clean the WAGR dilers to manual handinigvels (Wakefield 1988, Crossley
and Wakefield 291). The target radiation level at the tube surface was set
0.5mSV.H" or 0.1mSV.H at the normal working distance (Wakefield 1988, Crossley
and Wakefield 1989 and Crossley and Wakefield 1991e references discuss the
entrapment of the Cs134, Cs137060 and Mn54 in the magnetite {Bg) layers
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that formed on the gaside of the boiler tubes during operation and the options for

chemically removing the contamination to achieve the target radiation.levels

Commercial chemical decontaminatioptions for water reactors already existed at

the time but were rejected because of secondary efflueblems for WAGR. UK
laboratory scale tests showsn@ effectieness of hydrochloric acid decontamination,
however, the acidvas not acceptable for the Sékéd active effluent treatment

plant Cleaning withdilute hydrochloricandcitric acid, or nitric acicand citric acid

were chosen for laboratory tests of boiler samplésnce a nitric acidnd citric acid
recirculating pray system chosen for thelfatale demonstration experintesn one

WAGR boiler tubebank. It wasconcluded by Crossley and Wakefield 1984t the
demonstration test was successful as the chemicals used were effective and the
methodi € was si mpl e t o ap puther werk dontinuedot ef f e
improve the decontamination systémt only one of the four boilers benefited from

this decontamination process.

7.2 LCA Case Study End -of-life Scenarios

The following fourLCA case study scenarios investigate the-@ialife dispositons
options for radioatvely contaminated metal, equipment and components of the four
WAGR boilers. Hence, the functional unit for these LCAs walse removal of the
WAGR boiler radioactive waste steels from the Sellafield SMeor to current
policies strategies and plans these would have been classed as waste and
decontaminated to exempt level, if viable on economic, project and radiological
grounds, but more likely disposed to authorised repositories. The drive now,
however, is to divert these metalrom disposal to conserve the scares national
resource, by treating the metals for recycling andse The following scenarios use
the disposition of the WAGR boilers as a means to identify the materials and
processes resulting in significant enviromta burdens and benefits for each
disposition option.

7.2.1 Basic Scenarios

The four LCA scenarios representing the potentiat@mide disposition options for
the boilers were direct disposal, packaged disposal, bulk recycling and containerised
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recycling. The focus of the scenarios is to asstss merits of the endf-life
disposal versus recycling of the boiler steel. As discussBdation6.2the scenarios

do not includehe poduction, use anthaintenancef the boilers since they already
existed in their current form, so only treatment, packaging, transport and disposal or

recycling are considered. Each scenario is discussed in turn in this section.

Direct Disposal
This scenario considered the potentiaVieonmental impacts of what was actually

done, i.e. thefour boilers were in fact disposedhole to the LLW Repository
(Drigg) (Dixon 1999, Bayliss and Langley 2008he boilers were removed from the
WAGR reactor building, taken individually by a speidall road transporter to
Drigg. Once at Drigg the boilers were placed in an engineered vault. They were
internally grouted with cement and encased in cement as required by the LLW
Repository environmental safegase (LLWR 2011a)At the time whole disposa

was unusual and authorisation was granted on the grounds of worker dose uptake
was a low as reasonably practicable, disposal time could be halved and the costs
reduced (Bayliss and Langley 2003). Alsa@t the time the recycling of large

contaminated itesiwasnot acommonoption.

Direct disposal of large items to the LLW Repository (Drigg) is still allowed under
the current UK solid LLW policy and strategy if it is shown to be the best available
technique or best practicable environmental option. Hetiw direct disposal

scenario was retained.

Packages Disposal
This scenario estimates the potential environmental impacts of the most common

option at the time, i.e. isitu chemical decontamination of the boilers prior to their
removal from the reactdsuilding and cut up for disposal. It was assumed that this
decontamination could have been done as part of the post operation clean out of the
boilers and hence was not included in the model. Decontamination is necessary to
remove any activation productadior fission products in the oxide film on boiler
tubes or the shell structueend hence reduce the radiological issues for staff cutting

up and handling the steel for disposal. It was also assumed that the boiler segments
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were packed in half height IS®HKISO) freight containers and transported to the
LLW Repository (Drigg). It was further assumed that the HHISOs were grouted at
Drigg and placed in an engineered vault.

The original estimate of HHISOs required for packaged disposal of the boilers was
unknown. The planning norm for disposal in the LLW Repository Ltd websites
documents is 10tonne/HHISO (e.§hipton and Falconer 20l3 The Magnox
boilers disposal from the UK radioactive waste inventory (NDA and DECC 2011)
and the radioactive waste metatasegic best practicable environmental option
BPEO study (Studsvik 2006b) givewvaste loadings from 1dnne to 22tonne per
container. Hence an average loading of 15tonne/HHISO was assumed for packaged
disposal, giving nominally 50 HHISOs.

Bulk Recycling
The bulk recycling scenario modelled the potential environmental impacts of what

could hypotheticallype done now at the Studsvik Nykoping facility. It was assumed
that a transport safety case could be made for transporting the boilers whole to
Sweden. Thisvas on the basis that the thick boiler shell would effectively act as the
transport package containing the internal radiological contamination during
transport. This type of safety case approach is now common practice for the transport
of large items to Nyoping for treatment angecycling (e.g. NDA 2014alt was also
assumed that each chemically decontaminated boiler was wrapped in a PVC
tarpaulin and transported from WAGR to the nearest port using a specialised road
transporter. They were then assumedbte | oaded onto Studvi ko
and all four boilers transported direct to Nykopingwas further assumed that each
boiler underwent size reduction, was further decontaminated as necessary and was
melted into exempt level ingots for recyclimgo theSwedish iron and steel markets.

It was finally assumed that all residual treatment wastes (i.e. blasting grit, metal
swarf from cutting, crushed melt slag, protective clothing, dust filters and any other
secondary materials) were packed in two IH8s and returned to the UK for
disposal at the LLW Repository (Drigg). The HHISOs were assumed to be grouted

and disposed in an engineered vault.
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Containerised Recycling
The containerised recycling scenario estimated the potential environment impact of

current practice at any of the international treatment facilities, but Nykoping was
taken as the baseline case. It forms an alternative hypothetical recycling scenario in
which the chemically decontaminated boilers weesnoved from the reactor
building andcut up at WAGR. It was assumed the boiler segments were packed in
HHISOs transported by road to Hull, then by commercial ferry to Stockholm and
finally by road to Nykoping. The boiler segments were assumed to be further
decontaminated and size reduced rf@lting. The melt ingots were assumed to be
sold in the Swedish iron and steel markets as before. The secondary waste was
assumed to be returned, the same route in two HHISOs, to the UK for disposal at

Drigg under the same assumptions as above.

In the containerised recycling scenario nominally 50 HHISO trips were assumed for
the transporting of boiler segments from the UK to Sweden for processing. It was
assumed that the treated metal ingots were sold in the Swedish metals market but all
residual seaadary waste was returned to the UK in two HHISOs, consistent with the
bulk recycling scenario.

Early developmengtage data and resuliadexed inTableD-1) and main case study
data and results (indexed ifable D-2), supporting the WAGR scenarios are
summarised in the Microsoft Excel spreadsheets on the compact included in

Appendix D

7.2.2 Scenario Assumptions
The assumptions regarding the use ofEeincent database estaitedSwiss LLW

disposal facility impacts as a first order approximation to disposal at the LLW
Repository (Drigg) and the weighted average transport distances for disposal and
treatment for recycling were discussed previous|$ection6-4.

A number ¢ other general assumptions wealso made and ageven inBox 7-1.
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Box 7-1 General Windscale AGR boiler scenario assumptions

1)

2)

3)

4)

5)
6)
7

8)

9)

10) All melt ingots produced at Nykoping were exempt lered sold in the Swedish

11) The cost of secondary residual waste repatriation to the UK for dispdlalldtW

12) All best practicable environmental option, best practicable means, best availak

13) All International Atomic Energy Agency transport regulatory requirements and

14)There were no accidents or incidents that delayed the treatment and recycling

The environmental impacts and costshaf preparatory work to remove the boiler
whole from the reactor building and associated secondary LLW (Dixon 1999) v
common to all scenarios hence could be neglected when comparing scenarios
All international treatment facilities were available anel themically
decontaminated WAGR boilers met the
acceptance.

A specialised road transport vehicle was available for the transport of the boile
whole from WAGR to the nearest suitable UK port for onward transport to
Nykoping,

The environmental impacts and costs of modifications to local infrastructure ne
to transport the boilers whole from WAGR to the nearest suitable UK port werg
negligible,

Stusdvi kdéds specialised ship, ootransppr
the boilers whole from the UK port to the Nykoping dock

A suitable transport safety case could be made for the delivery of the boilers w
to Sweden for treatment and recycling,

The Nykoping dock crane and site transport were availableaguadhle of handling
the WAGR boilers, but that their environmental impacts were negligible,

Since HHISO freight containers are approved for transport there was no issue:
transporting segmented boiler sections to the international treatment facifities,
return of secondary LLW from treatment to the UK for disposal, using commert
ferries,

All liability/insurance cover required for international transport was available foj
each recycling option,

iron and steel market, i.e. no steel was rejected, or decayed stored at treatme
facilities until recycling was possible, or returned to the consignor,

Repository (Drigg), or disposal in the USA, was included in the treatment contt

techniques studies and as low as reasonably practicable radiological studies w
done and their conditions complied with,

Environment Agency trargontier shipment authorisation requirements were
satisfied for HHISO and whole boiler transport for dispasakcycling,

metals.

Modelling Assumptions

In the absence gbublished data for WAGR boilesize reductionin the UK or at

Nykoping grit blast decontaminationor equivaént at international treatment

facilities, melt slag and slag crusiy, engineering calculatiowere made based on

the metal milling, dressing and sintering processes embedded in Simal®as It

assumed that these wemeasonable first order approximatsorior potential

environmental impacts as the calculations were based on detail<Dixon 1999,
Crossley and Wakefield 1991 and 1989, plus Wakefield 1988.address the
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uncertainties inthese estimates some additional sensititdgts done and are

repored in Sectiory.5.

Waste package environmental and cospacts were anticipated to be important
hence a container production impact was added to the container metal impast. It w
suggested by a highlgxperienced LCA practitione that the Ecoinvent average
metal working impact for metal product manufacturing would be a reasonable
assumption at a modelling meeting with Intertek Ltd. As a consequence this was
used for all containers in the study. It was alsggested that the average metal
working impact could be used as a first level estimate for the decontamination
process impact. It was assumed that 5% of the boiler steel mass would be allocated
the average metal working impact to represent LLW decontaiminatherefore

consistent with the 95% recycling assumptsndiscussed in Chapter 6

ExampleSimaProModel

As discussed in Sectio®.l, SimaPro models are constructed by combining
assemblies and stdssembés with treatment and disposal processes. Different
assemblies and stdssemblies were generated for the waste metals and waste
containers and linked with size reduction, decontamination, melting, slag and slag

crushing processes, plus disposal to geaexdife cycle.

An annotated example for the containerised recycling model is presented in

Figure 7-3. It shows an example of the life cycle process tree for containerised
recycling with the transport packagassembly and container and waste- sub
assemblies and processes and the waste treatment and disposal processes.
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The yellow box represents the net life cy@ the left hand side of the figure are all
the impacts prior to the poiwf recycling or disposal. The blue boxes represent the
impacts of generating the waste container (HHISO)asdembly and thienpacts of
preparing the boiler steel for the waste metal-asgembly. These stassemblies
constitute the transport package assembly as highlighted in the figpgr@essociated
processes in grey are the HHISO steel and production impacts plus balesizte

reduction in the UK combined with tloeitward road and sea transport impacts.

The grey treatment processes on the right hand side represent boiler steel
decontamination, induction melting, avoided unalloyed steel with electric arc furnace
off-set for re-melting the ingots. Also included are the slag and slag crushing
impacts, the repatriation of the secondary waste and HHISOs by road and sea from
Sweden to the UK, and finally the cement grouting and disposal of the waste and
containers at the LLWRepository (Drigg)- as highlighted in the figure. The
treatment processes are split between the 95% recycled boiler steel, the 5%
secondary waste and its return to the UK. The total disposal is equivalent to two
HHISO with a combined disposal volume ofn89 The adverse environmental
impacts are shown in red and the environmental benefit (giving a negative value) of
recycling the ingot is shown in green. The thickness of the red and green lines is

proportional the size of the impacts.

7.3 Case Study Results

This section presents the Eralicator 99 (Hierarchist/Average) potential
environmental impact results for the direct disposal, packaged disposal, bulk
recycling and containerised recycling of the WAGR boilers including consideration
of different internatinal treatment facility impacts. A cost comparison of different

disposal and treatment costs is also given.

7.3.1 Main Scenario Environmental Results
The results of the four scanos are presented kigure7-4 andFigure7-5. TheEco-

indicata 99 (Hierarchist/Average)utputs for eachscenario are in the form of

weighted points, since these results are not in themselves meaningful and only for the
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purpose of comparison the résuare presented here as percentages of the total direct
disposal impact (TDDI)Positivepercentage values represent adverse environmental

Impacts; negative valuespresent environmental benefits.

m Backfill Grout Disposal
mRecycling Avoided Metal = Secondary Waste Melting
= Treatment Sea Transport ®m Road Transport
uHHISO Production HHISO Steel
200.00
144%
150.00
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B |

50.00 +—

- -39% -37%

Direct Disposal  Packaged Disposal Bu

0.00
ng C ed

Percentage of Total Direct Disposal Impact

-50.00
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Figure 7-4 Environmental impacts of the two disposal and two recycling end-of-life options for the WAGR boilers.

The results are in percentage of total direct disposal impact (TDDI) using the Eco-Indicator 99 (Hierarchist/Average)

method. Direct disposal is boilers disposed whole to the LLW Repository (Drigg), Packaged disposal is boiler

segments in HHISOs disposed whole to Drigg, Bulk Recycling is the boilers transported whole to Nykoping for

treatment and recycling, Containerised Recycling is boiler segments sent to Nykoping in HHISOs for treatment and

recycling. A negative value represents an environmental benefit. Backfill only applies to the external grouting of

boilers disposed whole in the direct disposal scenario.

Figure 7-4 shows that both disposal options have significantly larger environmental
impacts than either recycling option. It also shows that the packagmukdl would
have resulted ir45% increase in disposal impact compared to tuesposal. The
reaults from 25% increase in disposablMme from using HHISOs,18% increase

for HHISO metal impacts andl9% for HHISO production impacts. About 17% of
the impact for direct disposal resulted from the cement backfill and internal grouting
of the 4 boilers,however this is not relevant for packaged disposal and is not
included in the scenaridience offsets the increases from packaginGontainer
impacts are significantly larger than transport impacts and other process impacts

across all four scenarios.

156



The figure alsshows there is only a 6% difference between the recycling scenarios.
In general in the recycling scenariosansport, treatment (i.e. size reduction,
decontamination, melting and secondary waste production) and disposal result in
adversempacts of ~20 to ~22% TDDI

The waste container impact for containerised recycling was insignificant as it was
assumed that two HISOs wee reused for the return of secondary waste to the UK
for disposalat the LLW Repository (Drigg) Recycling the melt ingfs in the
Swedish iron and steel industry résun a benefit equivalent to abot9% TDDI
(shown as negative valuesHigure 7-4) representing thavoidance ofuture virgin
materials or otheconventionalscrap iron. Hence the net benefit of treatment with

recycling wasabout-37 t0-39% of TDDI.

The potential environmentainpact categoryesultsfor each of the four scenarios

are presented iRigure7-5.
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Figure 7-5 Eco-Indicator 99 (Hierarchist/Average) impact category results for each WAGR boilers disposition

scenario. The results are presented in percentage of total direct disposal impact (TDDI). The environmental impact

categories are as shown in Figure 3-5. Positive values represent adverse potential environmental impacts.

Negative values represent potential environmental benefits.

As expected the packaged disposal impact category results are all highenethan t
direct disposal impacts, particularly for respiratory inorganic compounds, fossil fuels

and mineral. The overall mpact is dominated by the respiratory inorganic
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compound impacts focarbon monoxide (CO)ust particlespitrous oxides (e.g.
NO,andNOy), sulphurous oxides (e.§0, andSQ,) and ammonigdNH3;) discharged
to air for iron and steel making, as discussedimpter 5plus the excavation and
backfilling of the LLW disposal facility This is followed by fossil fuel impacts
calculated from engy use and by climate changmpacts from emissions of

greenhouse gases.

The minerals, carcinogen and @dcity impacts forma secondary impact group
with land use and acidification/eutrophication impact as a tertiary group. Impacts

from radiation, regiratory organics and ozone layer depletion are negligible.

Key to note here is that the avoidance of future virgin material and other scrap by
recycling the melt ingots provides a significant net benefit foriraspy inorganic
compounds (~4%), climate change (~5%) and minerals (~4%). This material
avoidance also reduces the adverse impacts of the other impact categories for both

recycling options, especially fossil fuels.

7.3.2 International Treatment
Comparison of Extant Treatment Facilities

The previos results concentrated on the treatment of the WAGR boilers at the
Studsvik Nykoping facility in Sweden. However, there are four other international
treatment facilities that could conceivably accept containerised boiler segments for
treatment for recycligp and reuse. As mentioned previously the SOCODEI facility at
Marcoule in France has not yet been used by UK nuclear operators and the
ECOMET-S facility near Sosnovy Bor in the Russian Federation cannot yet accept
UK LLW metals. They are included here fmmpleteness.

LCA models were generated for each facility. They assumed the same number of
HHISO packages for boiler segments were sent to each facility and the treatment and
melting facilities were identical. This is a simplification as arrangements and
operation of each facility are slightly different, but it was deemed acceptable as a
first order approximation. Where possible the electricity data (medium voltage plus

imported electricity) for each country was taken from the Ecoinvent database
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embeddedn SimaPro as discussed in Chapter 6.. This was not possible for the
Russian Federation. The OECD/IEA website suggested that Canada was probably
the best proxy for Russia, unfortunately there is also no electricity data for Canada in
the Ecoinvent databas Hence Germany was chosen as the proxy for the Russian
Federation based on the comparison of net generation and net consumption data from
the literature and websites (e.g. International Energy Agency (iea) 2012,
www.iea.org/stats/electricitydata.asp?COUNTRY_CODE, RU and

www.iea.org/countries/nemembercountries/russianfederadion

The transport ditances were based on standard road transport from WAGR to
Liverpool and commercial sea transport to ports convenient for the treatment
facilities. Marseille was chosen for the SOCODEI facility at Marcoule in France and
Rotterdam for the Siempelkamp CARLAacility at Krefeld in Germany. St
Petersburg was chosen for the ECOMETfacility at Sosnovy Bor and
Southampton, Virginia, for the Energy Solutions facility at Bear Creek. Standard
road transport from these ports to the final treatment facility locatias further
assumed. The road and sea distances were taken from internet websites (e.qg.

www.theaa.com/route.planner www.beyond.fr/travel/times.html

www.searates.com/reference/portdistance ~ www.seadistance.org and

Www.mapcrow.info.

It was further assued that secondary waste was returned to the UK for disposal
from the treatment plants in France, Germany and the Russian Federation, but
disposed in America as part of the Bear Creek solid waste disposal authorisation.

This was due to the different meljimegime at Bear Creek

Comparison of International Treatment Facility Results

A comparison of the material and process potential environmental impacts for the
five international treatment facilities is presentedrigure 7-6. The focus is on the
transport, treatment and disposal impacts using the different international facilities

hence the avoided metals for recycling cuse are not included.
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Figure 7-6 Conparison of materials and procdsso-Indicator 99 (Hierarchist/Averageptential
environmentalmpacts for containerised recyclingeatisting international facilitieexcluding the

avoided metal impacts for recycling. The avoided steel for recyclinguse is excluded from the

figure. The energy data are the Swedish, French, German and American medium voltage plus
imported electricity from the Ecoinvent database. There are no equivalent Russian Federation data in
Ecoinvent hence the German data is us®d proxy. The results are in percentage of total direct
disposal impact (TDDI).

The highest potential environmental impact for an international facility was for
America. The combined treatment, transport and disposal impacts were about 45%
TDDI compaed to ~23% TDDI for treatment in Sweden as discussed earlier for
Figure 7-4. The French facility total impact was essentially the same as Sweden.
The German and Russian Federation total impacts were 26% andTR&%

respectively.

The America result was high due tlegge sea and roamlansport distance to the
treatmentfacility and road transport of secondary waste to an American LLW
disposal repository. The transport impacts for the European facilitiesdinglthe
Russian Federation) were between 6% and 8%TDDI, the American transport impact
was ~16%TDDI. The larger American result was also due to the electricity
generation technology miwhich results in a large impact from the energy used in

melting compeed to the other countries, i.e. but 18%TDDI compared te 3%
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4%TDDI for Sweden and France and ~9% TDDI fbe tRussia Federation and
German Although America has a large number of nuclear power stations and hydro
power stations their energy mix is dominabsdfossil fuel generatiarGermany also

has a higher proportion of fossil fuel generation. France has about 80% nuclear
electricity generation and Sweden has similar high proportion offossil fuel

generation from nuclear and hydro power stations.

Patential UK Melting Facility

Studsvik UK Ltd operates a metal recycling facility at Lillyhall in Cumbria. If the
facility nuclear site licence and solid, liquid and gaseous radioactive waste
authorisation could be revised to include radioactive metal rgeltren a
comparison could be made with the existing international facilities. Such a

comparison is presentedigure7-7.
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Figure 7-7 Comparison of th&co-Indicaor 99 (Hierarchist/Average)gtential environmental
impacts for containerised recycling at a potential td&talmelting facility and Nykoping in Sweden
The avoided steel for recycling oruse is excluded from the figure. The Swedish and UK medium
voltage plus imported electricity data are taken from the Ecoinvent database. The results are in
percentage total direct disposal impact (TDDI).

Although there is no sea transport for the UK option, and road transport is essentially
constant, the net materiad®id process potential environmental impact at Nykoping

is lower than a potential UK melting facility at LillyhalThis is due to the higher
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fossil fuel electricity generation in the UK compared with Sweksh modelled in

the Ecoinvent databasdjence ay future decision on developing a UK radioactive
metals melting facility should depend on the cost of authorising, building,
commissioning and operating a new facility and the availability of metals, plus
benefits to the UK economic in terms of skills amehployment rather than just

environmental benefits.

7.3.3 Financial Cost Estimates for Disposal
The large range of possible waste package loadisgussed in Sectiof7.2.1

suggested that disposal costs could vamysaerably depending of the number of
HHISOs needed and hence their disposal volume at the LLW Repository (Drigg). It
was therefore decided to estimate the total disposal tarstee different possible
packaging options as compared to whole boiler digp&igure 7-8 presents simple

cog estimates forthe two disposal options based on £29F1for the disposal
volume cost at the time o€alculation (LLW 2011bkand explores # sensitivity to

different packing raos (i.e 10 tonne, 15 tonne and 20 tonne per HHISO)

Decontamination m Size Reduction
m Overweight Supplement Activity Charge
Disposal Volume Cost m Full Package Transport Cost
Empty Package Transport Costs Package cost
7,000,000
6,000,000
5,000,000 N
€ 4,000,000
2 I
o 3,000,000
| —
2,000,000
1,000,000
0
20te/HHISO 15te/HHISO 10te/HHISO Whole Boilers

Waste Loading

Figure 7-8 Comparison of estimated costs at 2012 for disposal options for the four WAGR boilers with disposal
costs for a roughly equivalent mass of Magnox metals using planning norm values [4] of 10tonne/HHISO (i.e. 76
HHISOs), 15tonne/HHISO (i.e. 50 HHISOs) as an average waste loading and 20tonne/HHISO (i.e. 38 HHISOs) as a
maximum waste loading. Whole boilers - each of the four boilers, with internal cement grout, placed together in a
vault at the LLW repository near Drigg and backfilled with concrete.
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Increasing the packing ratio from 10tonne/HHISO to 20tonne/HHISO requires
additional decontamination and size reduction. Theild#g of higher packing

ratios will depend on the level of contaminatiats accessibility and the requirement

to keep the radiation dose to the operators as low as reasonably practicable
(ALARP). Large items disposed at the LLW Repository (Drigg) subject to an
overweght supplement charge. This was estimated as 8% of the direct disposal cost

for whole boiler disposal only.

For simplicity decontamination and size reduction costs were estimated as fixed
costs of £570/tonne and £385/tonne respectively from historicaliéanestudies of
decontamination of redundant uranium enrichment faciliti€n{mittee on
Decontamination and Decommissioning of Uranium Enrichment Facilities
(CDDUER 1996) and the feasibility of a dedicated steel mill for radioactive metals
(United State Department of EnergWSDOE) 2001). There was good agreement of
the cost estimates from both studies, Ihe higher cost was chosen for the
calculations.The historical costs were converted to pounds Sterling and inflated to
2012 prices. In the absencé UK data these costs are considered to be a first

approximation to size reduction and general decontamination costs.

The cost of disposing of boilers whole is lower than any of the packaged disposal
options (Figure 7-8) and estimated to be about 44% of the maximum packaged
disposal cost. These estimates compare with a historic estimate of a one third
reduction in cost for HHISO dispal by the nucleasperator European Commission

I Co-ordinated Network on Decamissioning EC-CND) 1995). The disposal
volume and packagcosts are half that of tipganning norm(i.e. 10tonne/HHISOIf

the maximum loading of 20hre/HHISO is achieved. The activity charge, taken as a
percentage of the disposal volume cost, also balvaislater assumptiomay be

too crude buts a small costomponent in all case$ransport costs are <1% in all

cases.

Although the calculation miebds are slightly different, thestimated diposal costs

for the 10te/HHISOplanning norm are in goaaigreement with industry estimates of
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£589m for the disposal of 780tonne of Magnox metals in 2013/2( & pton and
Falconer 2013)The Magnox costs are dominated by disposal costs (75%), with
container and activity costs of 11% and 13% respectively atndnaport cost of
1.6%.

The WAGR boiler treatment costs were based on the estifmtdbe Berkeley
boiler recycling contractosts of £5200 to £5800/toni®DA 2011) and (Studsvik
2012).This gave a treatment costlodtween £4m and £4.4m for the WA®RIlers.

This compares with a Magnometals joint waste management planeatment
estimate of ~£56m (Shipton and Falconer 2013he Magnox costs are dominated

by the treatment costs (78%), with the container costs of 9% and transport and
residual wastecosts of ~6.5% each.The costs are similar, since the container,
transport and disposal costs are from documents published on the LLW Repository

Ltd website(www.llwrsite.conm) and the treatment costs is a plannmagm value of

£4810/tonne rather than a published treatment contract costcosheftreatment
for recyclingor reuse is thereforapproximately equivalent to that for disposal with
a packing density of 16hrne/HHISO.

The results presented Figure7-4, Figure 7-5 and Figure 7-8 suggest that there are
significant environmental benefits from treating and recycling radioactiv@alsne
rather than disposing of them and the economic costs are broadly similar. In this
case, the cheapest option was actually toadispof the boilers whole. This wa
because the thick walled boiler shells functioned as containment for the internal
radioative contamination, resulting in a smaller volume for disposal than any of the
packaged disposal optionK. also gave a lower estimated radiation dose to the
process workers at WAGR and removed the need for further internal
decontamination and size redoa of theboilers (ECGCND1995).For most of the

UK metals inventory whole disposal of large contaminated plant at the LLW
Repository (Drigg) without additional containment would not be possililes is
because it is against current policy and strategyitavould be detrimental to
conserving scarce disposal capacity. However, large items can still be disposed to the
LLW repository if demonstrated to be the BAT or BPEO.
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7.4 Material and Process Sensitivity and Uncertainties

This section discusses the sewnglyi and uncertainty in waste disposal, waste
container, waste treatment and recycling factaralsb considers possible variations

in avoided metals assumed in recycling, the recycling percentage and transport

factors.

7.4.1 Disposal Factors
As mentioned praously in Chapter 6 there are no data for UK radioactive waste

disposal in the Ecoinvent database embedded in SimaPro, hence Ecoinvent data for
the Swiss LLW disposal impacts were used. A preliminary comparison of the direct
disposal of the boilers inalling road transport, backfill and disposal for various
Swiss radioactive waste disposal impacts showed that the transport and backfill
Impacts were trivial compared to the disposal impact. It also showed that:

a) Assuming Swiss HAW disposal gave a net imudctl.21E6Pt

b) Assuming Swiss LLW disposal gave a net impact of ~1.24E5Pt

c) Assuming Swiss Landfill disposal gave a net impact of ~2.20E4Pt
Where,a point P1) is the Eceindicator99 score discussed previously.

In other words there was about an order of mitage between the LLW and HAW
disposal impacts and about a further half an order of magnitude between LLW and
landfill disposal impacts. Hence, in the absence of UK data the Swiss LLW disposal
impact appears to be the most appropriate choice as the Hegdsdl impact would
be too high to be representative and the landfill disposal impact would not be an

appropriate choice for radioactive waste disposal.

7.4.2 Waste Container Factors
A review of the HHISO impacts showed that production, estimated from the

Ecanvent average metal working process impact, was ~92% of the container metal
impact. The HHISO steel and production impacts were ~19% and ~18% TDDI
respectively forthe packaged disposal scenario showrFigure 7-4. Only two

HHISO were needed for the disposal of the residual wastes from the bulk and
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containerised recycling scenarios kigure 7-4, hence the container impacts were
reduced to less than 1% TDDI for each réicygroption.

The transport impact for empty HHISOs to WAGR from Drigg was ~0.5% of the
HHISO metal impact. If the HHIS©Owere assumed to be supplied direct from the
manufacture (e.g. Yorkshire Marine Containers on Humberside) the empty HHISO
transport inpact increased to ~3.3% of the HHISO metal impact.

In summary, container metal and production impacts are significant for the disposal
scenarios but negligible for treatment and recycling scenarios and too small to be
plotted in Figure 7-4. Transport impact for the supply of the containers was

negligible compared to the container metal and production impacts.

7.4.3 Treatment and Recycling Factors
As discussed previously, the treatment processes included boiler dimtior and

decontamination, metal melting, slag production and slag crushing. Engineering
calculation, based on WAGR boiler data from Dixon 1999 and Crossley and
Wakefield 1991 were used to estimate the process material flows. The impacts of the
secondarywastes associated with each processes, and the dust and gases captured in
the filtration system, should also be included. However, they were assumed to be
negligible comparetb the processes modelled and are not included Hegeire 7-4

shows that the total impact from all the treatment process for the bulk and
containerised recycling scenarios was about 20 to 23% TDDI, hence the contribution

from each process was small.

Size reduction and Decontamination Infsa

Size reduction and decontamination were based on engineering calculation of cutting
up the boilers and skimming off the surface contamination using the milling and
dressing data from the Ecoinvent databaseomparison with the size reduction
estimats for the ECOMETS facility in the Russiafrederation (Gelbutovsky et al.
2006 and Gelbutovski et al. 2009howed that the original engineering estimates
could be a factor of 3 to 3.5 too small. Assuming a factor of 4 increase in the original

engineering estimates increase the size reduction impact by ~17% and
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decontamination impacts by ~3%ogether these changes would increase the total
treatmenprocess impadb about24% to 28% TDDI.

Melting Impacts

The melting impact was based on the calculatedtralat energy needed for the
induction furnace only. It did not include energy required to operate the treatment
facility ventilation plant or the water consumption need to cool the induction coils. If
it was pessimistically assumed that the melting enszgyirement was doubled the
total treatment process impacts for bulk and containerised recyclikrgime 7-4
would increase by about 2%, i.e. to ~22% to ~25% TDDI.

The Studsvik Nykoping induction furnace elégty supply was taken as the
Swedish medium voltage supply plus imported electricity. The high and low voltage
supply including imported electricity would give a 0.4% and 3.5% treatment process
rise respectively.

These changes for Sweden would notipalarly large and would be about the same
for the French treatment facility as discussedRgure 7-6. The voltage changes
would be more significant for the current German, Russian Federation and American
treament facilities, and a potential UK melting facility as discussed-fgure 7-6

andFigure7-7.

Sag and Slag Crushing Impacts

The sintering data in the Ecoinvent dats® was used to represent the top slag
produced during melting and the slag crushing to reduce the residual waste volume.
Assuming the original engineering estimates for the slag and crushing had to be
increased by a factor 4 the slag impacts would inerbgisabout 18.5% and crushing

by ~5.3%. These factors increase the total treatment process impacts to ~25% to
~28% TDDI.

7.4.4 Avoided Metal Factors
The changes in the treatment factors above are small because the process impacts are

small compared to the tdtdirect disposal impact. However, as seekigure 7-4
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recycling the melt ingots gives a substantial benefit. This is because all of the melt
ingots from the treatment process negate the need for the extraciosport and
production of steel from virgin ores, or save the recycling of conventional scrap
metal, as discussed in Chapter 5. This is modelled in SimaPro by allocating an
avoided material, which in this case could be pig iron, unalloyed, low orlimted

steel or cast iron.

An example of different avoided metals is shownFHFigure 7-9. The treatment
processes impacts are constant at just over 20%TDDI and the avoided metal benefit

IS much larger at 60% 0% TDDI. There is very little difference between avoided

pig iron and unalloyed steel. The avoided metal will have to {peeteed, probably

in an electric arc furnace with other scrap metals, alloying elements and fluxes to
produce new steel. Hencegetreduced benefit caused bymelting is shown in the
AUnal |l oyed Steel -swittoh eExFapmpiiXei ci nSt eel Of f

m Backfill Grout
Disposal m Recycling Avoided Metal
m Secondary Waste Melting
E Treatment Sea Transport
m Road Transport m HHISO Production

40 HHISO Steel
[
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Treatment and Avoided Metals
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Percentage of Total Direct Disposal Impact
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Figure 7-9 Comparison of containerisedcycling with different avoided metalEco-Indicator 99
Hierarchist/Average)A positive value represents an adverse environmental impact a negative value
represents an environmental benefit. The results are percentages of total direct disposal impacts
(TDDI). Thepig iron and unalloyed steel weassumed to be produced from predominatelgnary

iron in a blast furnace as discussed in Chapter 5. However, secondary steel is also produced from
nearly 100% scrap in an electric arc furnace. It was asstiraetb reuse the treated ingots it is
necessary to reelt them in an electric arc furnace and hence the detrimenineélieng the ingots
reduces the benefit of the avoided metal. This is shown as the unalloyed steel witsetrfarff

electric steemelting.
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The SimaPro results show that the impact of the European average electric arc
furnace remelting of the ingots was just under an order of magnitude greater that the
equivalent Swedish induction melting. This is due the large-fossil fuel
geneation in Sweden compared to European countries as discussed previously.
There may also be a difference between a small clean melting process and the
impacts of a heavy industrial smelting process.

To conclude, the sensitivity of the impact score to avbitketals and renelting is

much larger than any variation caused by individual treatment processes.

7.4.5 Changes in Recycling Percentage
The assumed boiler steel recycling rate (i.e. the percentage of recyclable material) is

95% as previously stated. As thecycling rate decreases it is expected that the
avoided metals impact Widecrease and secondary waste (i.e. metal that could not
be released and processin waste), HHISOs and disposal viohypaets will increase
proportionally. This will lead to a highe@umber of HHISO and hence an associated
increase in steel, production, transport, grouting and disposal impacts. This is shown
in Figure7-10.
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Figure 7-10 Compaison ofEcoIndicator 99 (Hierarchist/Average) potential environmental impacts
for thetreatmenprocesseand reycling for thecontainerised recyclingcenaricat Nykopingin
Sweden The values shown dine percentage recycling rate changes perceage of total direct
disposal impact

The figure shows that as the recycling rate drops the benefit of the avoided metal
decreases linearly the treatment and secondary waste impacts increase linearly.
Interpolating from the data in FigurelD is appearshtat @ about 75% recycling the
benefits and detriments of the processes will be equally. A current recycling project
for fifteen 310tonne Magnox boilers from Berkeley power station achieved a 97%
recycling rate (NDA 2014a}his supportghe 95% recyclingate assumed for the

researchdiscussed in Section3.2

7.4.6 Transport Factors
The transport impact for direct disposal and packaged disposal in the UK were

between ~0.1% and ~0.4% TDDI frofigure 7-4. The transport for bulk recycling

and containerised recycling in Sweden was less than 0.1% TDDI. However, this is
because the impacts are-eét by the benefits of recycling the boiler steel. If these
are ignored the bulk ancontainerised transport impact becomes about 7% TDDI,
and as high as 16% TDDI for international treatment in the USA as discussed

previously forFigure7-6.
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7.5 Modelling Uncertainty

This subsection presents a cgarison of the overall life cycle impacts for the four
disposition options for the hierarchist, egalitarian and individualist perspectives
outlined in Table &l for both the average and cultural group normalisation and
weighting in Ecelndicator 99. Hence there are six potential variants of the results
for each of the four disposition scenarios.

Also given is a comparison of the net life cycle impact for the Hierarchist/Average
perspective for Ecéndicator 99 and another life cycle impacts analysis oteth
ReCiPe 2008. ReCiPe 2008 is an updated version cfrieiecator 99 combining
some of the thinking and methods from a contemporary life cycle impact analysis
method CML 2001.

EcolIndicator 99 Total Potential Environmental Impact Results for all cultura
perspective

A comparison of the Eemmdicator 99 net life cycle impacts results for each cultural
perspectivewith average and prespective@malisation and weightingand using
European dataare shown inFigure 7-11. The figure shows the results for the six

potential cultural perspective options discussed in Se6tibi

Figure 7-11 shows that perspectives can be splibitwo groups with very similar
outcomes. First, the Egalitarian and Hierarchist results, regardless of the weighting
adopted, are all very similar. By comparison, again regardless of the weighting
method adopted, the Individualist assumptions resultsgimficantly over estimate

both of the environmental detriment (positive values) associated with disposal and of
the environmental benefits (negative results) of treatment and recycling.
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Figure 7-11 Variation of Eco-Indicator 99 total life cycle potential environmeritapact results for
thefour disposition options for each culturargpectiveH/A is Hierarchist/Average normalisation
and weightingH/H - Hierarchist/Hierarchist normalisation and weigigtiE/A - Egalitarian/Average
normalisation and weighting/E - Egalitarian/Egalitarian normalisation and weightitig, -
Individualist/Average weighting/l - Individualist/Individualist normalisation and weighting. A
negative value is an environmentanefit. The results are in Etadicator 99 scores (Pt), a negative
value represents an environmental benefit.

The differences arise from two factors, first the modelling assumptions for each
cultural perspective, summarised Table 6-1. Secondly, the normalisation facso
giving the relative magnitude of the damages to Human Health, EcosystalityQ

and Resources are very similar for the Egalitarian and Hierarchist perspectives,
giving very similar results, wére asthose for the individualist perspective are
substantiallylower giving higherresults. Hence, choosing the Hierarchist/Average
perspective is a conservative assumption in that it minimises the difference between

scenarios.

EcolIndicator 99 and Re®e 2008 Hierarchist/Average results
The results for the net life cycle impacts for the four disposition scenarios from Eco

indicator 99 and ReCiPe 2008 life cycle impact assessment methods are presented in
Figure 7-12. The results are for the European Hierarchist/Averaged normalisation
and weighting options for both life cycle impact analysis methoBgure 7-12

shows that there is not a large difference in the results fihe two methods and the

basic trend of results remains unaltered.
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Figure 7-12 Comparison othe four disposition options total potential environmental impacts using
EcoIndicator 99and ReCiPe 2008 Europe Hierarchist/Average (H/A) culturaépspectiveThe
results are in Ectndictor 99 and ReCiPe 2008 scores (Pt). A negative value represents and
environmental benefit.

The comparison in the last twWigures are intended to help put the Hodicator 99
Hierarchist/Average results reported previously in the chapter into perspective and
give an indication of the inherent uncertainties involved in using these cultural
perspectivebasedenvironmentaldamage assessment methodlse results in both
figures gve confidence in the overall results generated in this case study and hence
the Eceindicator 99(Hierarchist/Average) life cycle impact assessmmeathod will

be used in the remain two sections of the research.

WeightingEco-indictor 99 results

It is possible to change the weighting factors from Human Health sistem
Quality and Resource damages in SimaPro. However, there was no clear logic as to
how a different set to weighting factors could be derived and justified. A test of
modifying the weightingfor an early modelling example of the four disposition
scenarios was produced using an Excel spreadsheet of the total life cycle potential

environmental impacts
The eleven environmental impact category indicatassshown in Figure-3) are

grouped m three damage categories; Human Health,-dstem Quality and

Resources consistent with the current 1ISO14040 2006 standard requirements
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discussed in Chapter 3. The relationship of the impact categdaenage categories

and Ecelndicator 99 embeddeldierarchist/Average weightings are shownTiable

7-1.

Table 7-1 EcoIndicator 99 Impac€ategoryand Damage CategowWeighting Factors from SimaPro

7.3.3

Impact Damage Damage Hierarchist Average

Categoy Category CategoryUnits | Weighting Factors

Carcinogens | Human Health | DALY 400

Respiratory | Human Health | DALY 400

Organics

Respiratory | Human Health | DALY 400

Inorganics

Climate Human Health | DALY 400

Change

Radiation Human Health | DALY 400

Ozone Layer | Human Health | DALY 400

Ecotoxicity | Ecosystem PDF.nf.yr 400
Quiality

Acidification | Eco-system PDF.nf.yr 400

& Quiality

Eutrophication

Land Use Ecosystem PDF.nf.yr 400
Quality

Minerals Resources Surplus MJ 200

Fossil Fués Resources Surplus MJ 200

Theweighting factors were taken fromthe Econdi cat or 99

me t h o DALY represénts thé DisabBity ma Pr o

Adjusted Life Years impact on health, PDF represents the Potentially Disappeared Fraction of pesitgeepresents the

Mega Joule surplus energy required to excavate dwindling mineral and fossil fuel resources as discussed@riSection

Weighting is discussed in SectiBr2.3and Sectiorb.1.1

To investigate the effect on total life cycle impact of changing thelldiocator 99

(Hierarchist/Average) weighting factorsTiable7-1 a uniform weighting of 333 was

applied b a set to preliminary normalised impact results. Sinceiiaioator 99 is a

linear assessment method this increased the resources (minerals and fossil fuels)

weighting by ~67% but decreased the human health and ecosystem quality weighting

by ~17%. The raults of the change are showrFigure7-13.
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Figure 7-13 Comparison of total life cycle potential environmentapacts fotthe four scenarios
using the Eceandicator 99 (Hierarchist/Average) weighting (wt) factors (400 for human health and
ecosystem quality and 200 for resources damage categories) and a uniform 333 weighting (wt) factor.

The results showed that changing to a uniform weighting factor ratherthlean
embedded cultural perspective weighting factors only marginally increased the
scenario total lifecycle impact resultsGiven that the change in weighting produced

a negligible overall effect in these four scenarios it was decided to retain the Eco

Indicator 99 Hierarchist/Average method for the remaining research.

7.6 Case Study Summary

Overall, the environmental impacts and costs are dominated by LLW disgmsal
shown in Figure -B. LLW metal environmental impacts and costs can be reduced by
increasing waste container loading for disposal and by treatment to minimise
disposalas shown in Figured. Recycling LLW metals, thus avoiding future virgin
materials or conventional scrap for new products, offer further substantial
improvementsas shown in Figure-4. These points are summarisgigtorially in
Table 7-2 to show the relationship between potential environmental impacts and

estimated costs.
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Table 7-2 Ssummary 6 potential environmental impacts and financial costs for WAGR boiler

disposition options

Direct Packaged Bulk Containerised
Disposal Disposal Recycling Recycling
Potential
Environmental 1/4 15 15
Impact >
Direct

Financial Cost

Yo

5

Key: Lowest 72,

15tonne/HHISO and 20tonne/HHISO resulted medium and low cost of ~E4m and ~£3m respectively

from Figure 78.

Having demonstrated the potential of the approach for the WAGR boiler case study

High ¥4, Highest |
Directdisposal gave a higknvironmental impact but the lowest estimated ¢af2.5m from Figure
7-8). Packagedidposal gave the highest environmental impact at ~144% TDDI (FigdyarTd the
highest costé~£5.9m from Figure -B). Both recycling sagarios gave the lowest environmental
impact (~22% TDDI without recycling38% TDDI with recycling from Figure-4) and medium
costs(~£4m from Figure B). Improving the waste disposal loading from 10tonne/HHISO t

attention will now turn to considering the UK radioactive neetalventory as a

whole
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8 UK Radioactive Waste Metals Inventory

Analysis

The previous chapter showed that L@#fodels of low levelwaste (LLW) metals
disposal and treatment for recycling oruse could be constructed. It also showed
that radioactivemetals recycling ande-use could significantly reduce the waste
volume for disposal at the LLW Repository near Drigg in Cumbriee results are
consistent with the current UK solidlW policy (DEFRA et al. 2007), strategy
(NDA 20108) and plange.g. Shiptorand Falconer 2013yhich helps conservihe

scarce disposal capacity at the LLW Repository. This chapter uses the experience
gained fromChapter 7to model the disposal, treatment, recycling cuse of all

metals in the 2010 UK radioactive waste invent(NDA and DECC 2011).

8.1 UK Radioactive Waste Inventory
This section discussed the UK radioactive waste inventory background and the

radioactive waste metals data used in the SimaPro models

8.1.1 Inventory Background
The 2010 inventory was primarily used fimis research (NDA and DECC 2011).

Estimates for some metals were extrapolated from previous inventories as they are

no longer reported as individual values in the 2010 inventory.

8.1.2 SimaPro Metal Inventory Data
The carbon steel, stainless steel and alumininasses were taken from the 2010 UK

radioactive waste inventory. The metals reported in the UK radioactive waste
inventory changed after 2001. Copper, lead, nickel and zinc are no longer
individually reported and estimates were extrapolated from thd 20@entory
(DEFRA and Nirex 2002jo provide data for the SimaPro models. The change in
UK solid LLW policy and strategy resulted in high volume very low level waste
(VLLW) being reported as a subset of LLW from 2010 as discussed in S&ctidn

VLLW metals were not reported separately in the 2010 inventory hence they also
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had to be estimated here. The VLLW metals masses were based on Springfields
historical data as they were the only site that regularly reported VLLW. LLW and
VLLW are commonly groupetbgether as low activity waste (LAW) dsscussed in
Section2.1.1and Box11.

The radioactive metal masses used in SimaPro are preseritedl@8-1 and show
which UK radioactive waste inventory was used faheaetal.

The data aréaken from the 2001 and 2010 inventories but the total ILW and LAW
masses are consistent with the 2010 metals inventory. The waste packaging sub
assemblies and treatment, disposal and recyclingoehfi processes were linked to
these VLLW, LLW and ILW metal masses.

A new inventory was produced for 2013 (NDA and DECC 2014a et seq). This
showed that the ILW metals estimate remained unchanged but the LLW metals
estimates decreased by about 6.4%. Hence the current results méghbg s

pessimistic but still a representative first order model for disposal and recycling.

Table 8-1 Radioactive metals inventory data used in SimaPro for disposal, treatment and recycling

Metal Waste Mass Source

Type (tonne)
Aluminium ILW 1,200 UKRWI 2010
Aluminium LLW 2,353 UKRWI 2010
Aluminium VLLW 14,647 | Springfields
Copper ILW 405 UKRWI 2001
Copper LLW 3,875 UKRWI 2001
Copper VLLW 1,869 Springfields
Unspecified ILW 7,423 UKRWI 2010
Unspeified LLW 171,561 | UKRWI 2010
Unspecified VLLW 0
Lead ILW LW 822 UKRW!I 2001
Lead LLW LLW 6,486 UKRWI 2001
Lead VLLW 3,694 Springfields
Nickel LW 3,102 UKRWI 2001
Nickel LLW 7,650 UKRWI 2001
Nickel VLLW 0
Stainless Steel ILW 40,000 | UKRWI 2010
Stainless Steel LLW 59,402 | UKRWI 2010
Surface
Contaminated
Stainless Steel LLW 24,000 | UKRWI 2010
6Acti vat
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Metal Waste Mass Source

Type (tonne)
Stainless Steel | VLLW 36,598 | Springfields
Mild Steel ILW 49000 | UKRWI 2010
Mild Steel LLW 270233 | UKRWI 2010
Surface
Contaminated
Mild Steel LLW 86,000 | UKRWI 2010
6Activat
Mild Steel VLLW 73,767 | Springfields
Zinc ILW 48 UKRWI 2001
Zinc LLW 353 UKRWI 2001
Zinc VLLW 14,647 | Springfields
Subtotal ILW 102,000
Subtotal LLW 631,913
Subtotal VLLW 145,222
Subtotal LAW 777,135
Key

fi U K WR- UK radioactive waste inventory fi U n s p- enetalsfthatédhalve rfot yet been

individually reported in the inventory and hence could be a mixture of all the above metals and other
metals such as ti n, Obsteel with e tenagolsaokide film containindhc t i vat ed
activation products, or evidence of limited neutron activation of steels outside the reactor biological

shield. Copper, lead, nickel and zinc data are extrapolated from the 2001 UKRW!I inventory data used
onthe assumption that none had been disposed. Springfields VLLW wastes metals from the 2010

UKRWI were taken as a starting point for VLLW metals in SimaBe® Rad Metals for SimaPro in

TableD-1).

8.2 End-of-life Dis position Scenarios
This section gives an outline of the four disposition scenarios: baseline disposal,
improved packaging and international treatment without recycling and with

recycling. It also discusses some scenario assumptions.

8.2.1 Scenarios
Four LCA scearios were considered for higher volume VLLW metals, mixed

VLLW/LLW metals, LLW metals and ILW metals as discussedSection6.1.1
Hence, the functional unit for these LCAs wathe removal of the currensgémated
radioactive waste metals from UK legacy nuclear facilitegch scenario is now

discussed in turn.

Baseline Disposal

The first scenario was a baseline case that assumed no segregation of VLLW and
LLW metals. Hence both wastes were disposed mece grouted half height ISO
(HHISO) freight containers to the LLW Repository near Drigg with a nominal waste
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loading of 10tonnédHISO (Shipton and Falconer Ltd 2013 and LLWR 201Tl)js
reflected he UK position prior to the currersolid LLW policy and strategy. All

ILW metals were assumed to be disposed to a future geological disposal facility
(GDF) based nominallyat the waste masweighted averagelistance from each
nuclear site to Sellafield as discussedSiection6.5. The waste was disposed in
cement grouted stainless steel 4m boxes with internal concrete shielding to reduce
the external radiation levels for handling and transport. The waste loading was

assumed to be 10tonne/4m box.

Improved Disposal

The second scenario postulated an improved waste packaging approach. It assumed
that 20% of the LLW metals could be characterised and segregated as VLLW metal
and disposed to a licensed VLLV&ndfill site in ungrouted 21@re drums rather

than grouted HHISs. The remaining LLW metals were assumed to be disposed to
the LLW Repository (Drigg) with an improved average waste loading of
15tonne/HHISOILW that could decay or be decontaminated to LLW is ~3% of the
ILW inventory (NDA and DECC 2010)This value inceases to ~9% if it is assumed

to apply only to ILW metalsHence~9% of the ILW metalsvere assumed to decay

or bedecontaminatedo LLW anddisposed to the LLW Repository (Drigg) rather
than a future GDF. The radioactivity levels and handling requirertse of the
original ILW metals makes a 15tonne/4m box unlikely, hence a target 12tonne/4m
box was assumed for disposal of the decayed/decontaminated metals to Drigg in 4m
boxes. It was further assumed that since they were destined for LLW disposal the 4m
boxes could be made of carbon steel like the HHI8B@sefore saving on stainless
steelcosts. The remaing ILW metals were assumed to be disposed at 12tonne/4m
box to a GDF.

The improved packaging is suggested on the basis that consigners will want to
reduce their disposalosts and thereformake every effort to optimise the waste
loading to meet the handling, transport and disposal requirements. Hence they are
intended as indicative of the waste loadings that may be achieved for the majority of
the ILW metals.
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International Treatment without Recycling

The third scenario assumed that the benefits of radioactive metals treatment for
recycling and rause could be applied to the majority of the LLW metals and the
ILW metals that could decay to be deconitzated to LLW. This is consistent with

the current UK solid LLW policy, strategy and plans.

It was conceivable that some LAW metals might require too much effort or expense
to treat and recycle and hence the business case is disposal. Alternatively, the
excepted radiation dose to the process staff at UK nuclear sites or international
treatment facilities may not be as low as reasonably practicable and hence a
radiological case cannot be made for treatment. In the absence of data on how much
of the LAW wauld fall into this category it was assumed that 5% of all VLLW and
LLW metals were disposed directly to the appropriate repository. The remaining
95% of surface contaminated metals wassumed to bé&eated for recycling but
generated 5% secondary waste dlisposallt was further assumed thall VLLW

metals and half of theurface contaminatedLW metals were decontaminated to
exempt level in the UK without melting. The remaining half of the surface
contaminated LLW metals were transported to Swedenréatment and melting.

All activated LLW metals and ILW metals decayed/decontaminated to LLW were
assumed to bgent to Sweden for melting for waste volume reduction. All secondary
wastes fronminternational treatment and melting were assumed to be eetuonthe

UK for disposal unless otherwise stated.

It was further assumed that 2b4of the LLW metals were lightly neutron activated
or had an oxide film containing activatipnoducts (Nieves et al995) agreviously
discussedit was therefore assumé¢hat these activatdd W metals andLW metab
that could decay, or be decontaminated, to Lk¥Wuld be melted for volume
reduction only. Awaste volume reductiofactor of 20 (IRSN 2004 Buckley et al
2004,SOCODEI 2008was assumed for these metalsnatch the 5% disposal. This
is rather optinstic and warrants further research as radiatioses to power station

staff and treatment facility staff plus the final ingot assay levels will be important.
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The melt ingots produced from these metals will exaezimpt levels hence they

will have to be returned to the consigner for disposal. Care must be taken not to
increase the radiation level (Bofrof melt ingots to above LLW levels or they will
have to betransported and disposed ILW, thus negating theenefit of volume

reduction.

This scenario assumes that the system boundary for the LCA stops at the treatment
facility. Hence no benefit is claimed for recycling the melt ingots in open metals
markets or avoiding virgin materials by making shieldingck] cylinders or ILW

waste packages etc. However, it does include the size reduction, decontamination,
transport to UK and/or international treatment facilities, metal melting and the

repatriation and disposal of residual wastes to the UK.

International Treatment with Recycling

This scenario has the same basic assumptions, materials and processes as the
previous scenario but assumed that the benefit of recycling-asimg the melt

ingots can be included in the LCA. Unless a product destined -isseaaan be cast

directly from the melting process as for example shielding blocks in America or
cylinders in France, then some reheat emedting would be required.

Early developmengtage data and resuliadexed inTableD-1) and main case study
dataand results (indexed ihable D-2), supporting the scenarios are summarised in
the MicroSoft Excel spreadsheets on the compact included in Appendix D

8.2.2 Scenario Assumptions
AdditionalModellingand DataAssumptions

The generalmodelling assumptionsvere common with the WAGR case study in
Chapter 7 and discussed previously in Chaptétddvever, separate stassemblies
were generated for the waste metals and the stainletglstdooxes for ILW metals,
carbon steel HHISOs for LLW metals and carbon steel 210 litre drums for VLLW
metals. These sudissemblies included the Ecoinvent average metal working impact

as a proxy for container production and empty package transpos.to sit
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Waste treatment processes were generatecedoh of ILW, LLW and VLLW
metals. Size reduction, decontamination, melting, cement grouting of waste packages
plus full package transport and disposal at the appropriate disposal facility were
included conistent with the initial WAGR case studly Chapter 7. Wherpossible,
Ecoinvent data were used foeach metal, but wherelata were notavailable
unalloyed steel data was assumed. Also, since the constituent metals for the
AUnspeci f i &able&iwdreauhksnaivn thay were assumed to be steels as
these are about 71% of LLW metals and 87% of ILW metals. Although the 4m boxes
for ILW disposal were presumed to have 100mm or 200m thick internal concrete
shielding inthe model this was included as part of the packaging grouting cement

impact.

The postulated melting of tR& AGR boiler steel in Chapter 7 assumed 8wedish

medium voltage with imported sply. As stated previouslyhe inductionmelting

impact was abat 1/10" of the impactof melting the equivalent scrap steeassin

an electric arc furnace. Hence a 10% electric arc furimmpact was assumed for

melting the metals in this scenarioSt udsvi ko&s Swedi @ath tr ea

Nykoping wadaken as a ference European faciliggsdiscussed in Chapter 6.

In Chapter 7WAGR size reduction data were estimated from cutting up the boilers
to meet the induction furnace loading requiremeritBis approach wasot practical

for the UK metals inventory invagation hence size reduction wastimated from
data inthe Wallbridge et al 2012dK decommissioning LCA.

8.3 Metals Inventory Analysis Results

This section presents the potential environmental impact results for the baseline and
improved disposal scenasicand the international treatment scenarios without and
with the benefit claimed for recycling. It also presents the estimated financial costs

and savings for each scenario.
8.3.1 Potential Environmental Impact Results for Each Scenario

The results of the bagee disposal model (based on 10tonne waste/container) are
shown inFigure8-1. The results are split in to the impacts associated with containing
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the waste metals and the impacts for disposing of the waste to YVLLW and
ILW repositories
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Figure 8-1Baseline disposal impacts for the 2010 UK radioactive metals inventory (from Table 8-1) for waste
container impacts and waste disposal impacts. The results are in percentage of Total Baseline Disposal Impact
(TBDI) from Eco-Indicator 99 (Hierarchist/Average). SS - stainless steel. MS - mild steel.

The disposal process accounts for about 80% of the Total Baseline Disposal Impact
(TBDI) and isdominated by the ILW disposal, followed by LLW disposal. VLLW
disposal results in a significantly lower impact because of the low repository
impacts. The container metal, container production and transport accowatuofdr

20% TBDI, arising equally fronpackaging the ILW metals in 4m stainless steel
boxes and the LLW plus VLLW metals in HHISOs. Far fewtinless steel 4m
boxes are needed for ILW metals disposal compared with HHISOs used for
LLW/VLLW metals disposal. The material and production impé&atghe stainless

steel 4m boxes are significantly higher than those for mild sted$8s, however

thecontainer impastare essentially equal
There are no mild steel 4m boxes for ILW or 210 litre drums for VLLW disposal in

this model. No ILW metalsra assumed to decay to LLW. The impacts for these

latter aspects are therefore zero in the figure.
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Figure 8-2 shows a comparison of the results for the two disposal model scenarios:
the baseline scenario and ihgroved packaging scenaridhe improved packaging
scenario is still dominated by ILW and LLW disposal, but both the disposal and

container impacts are significantly reduced.
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Figure 8-2 Comparison of baseline disposal and improved packaging disposal scenarios for the 2010 UK
radioactive metals inventory (from Table 8-1) for waste container impacts and disposal impacts. The results are in
percentage of Total Baseline Disposal Impact (TBDI) from Eco-Indicator 99 (Hierarchist/Average). SSi stainless
steel. MS 1 mild steel.

The improved packaging disposal scenario gives about a 38% reduction in
environmental impact compared to the total TBDI: 13% from increasing the
container loadfrom 10tonne/HHISO to 15tonne/HHISO for LLW and 12% from
12tonne/4m box for ILW. A further 5% is from VLLW disposal to specified landfill,
with 6% from changing the VLLW containers from grouted HHISOs to ungrouted
200 litre drums. There is also about a%2.tmprovement for packaging the ILW
metals that decay, or can be decontaminated, to LLW in mild steel 4m boxes. This is

off-set slightly by ~1% increase in LLW disposal impact.
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Figure8-3 compares the environmehtimpacts of disposal with those for treatment
with and without recycling in Sweden for the whole UK inventoryhe figure
shows that the ILW impacts (which include container and disposal) are the same for
all three scenarios, as they are not involvedthia recycling process and still
dominate the overall impact. International treatment without recycling (i.e. without
the future metals avoidance) shows a ~47% reduction from the total TBDI. Including
recycling reduces the impact further to ~38% of totBDT. Hence, international
treatment without and with recycling represent a 15 % to 24% reduction in
environmental impact compared to the improved disposal

m Baseline Disposal

Improved Disposal

International Treatment Without Recycling
m nternational Treatment With Recycling
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Figure 8-3 Comparison of disposal scenarios and international treatment scenarios with and without recycling of
the 2010 UK radioactive metals inventory (from Table 8-1). The results are in percentage of Total Baseline Disposal
Impact (TBDI) from Eco-Indicator 99 (Hierarchist/Average). A negative value indicates an environmental benefit. SS
i stainless steel. MS i mild steel.

Analysis of Figure 8-3 shows that the environmental benefits of treatment and
recycling are principally deriveérfom a reduction in LLW and VLLW disposal.
Substantial benefits are also derived from the reduction in HHISOs and 200 litre
drums respectively. Recycling surface contaminated LLW metals, thus avoiding
future metals made from virgin ores, gave an addititvemefit of ~5% of total
TBDI, with a further 2% TBDI for recycling VLLW metals.
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These results demonstrate the environmental benefits achigvbd introductiorof

the 2007 UK LLW policy that requires the treatment and reaycof LLW and
VLLW metals Theresults also imply that significant benefits could be obtained if
the UK applied similar logic to ILW metalSome ILW metals have already been
decontaminated to LLW (e.g. Hinkley Point A used fuel skips) and then treated at
international facilitiesfor recycling or reuse in the nuclear industry. However,
examples of ILW metals decayed to LLW and treated for recycling -ose@eare
unknown. This type of metal is likely to be highly activated (i.e. volumetrically
contaminated) and may require a maalifi treatment process with additional
shielding to protect the power station and treatment facility staff from the higher
radiation levels. Transport of this type of metal may also be an issue and may
require extra shielding of the container to comply witikernational transport
regulatory limits. This is an area for further research and ILW metal treatment is

anticipated to be significantly more expensive than current LLW treatment.

Figure 8-4 shows the impactsplit by category for each of the four scenarios.
Respiratory inorganic and fossil fuel impacts still dominate as seen in the WAGR

boiler case study in Chapter 7.
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Figure 8-4 Environmental impact category results for baseline and improved disposal scenarios and international
treatment scenarios without and with recycling for the 2010 UK radioactive metals inventory (from Table 8-1). The
results are in percentage of the Total Baseline Disposal Impact (TBDI) from Eco-Indicator 99 (Hierarchist/Average).
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The reduction in impacts from the baseline to the improved disposal is a result of the
reduced waste disposal containers, and hence waste disposal volume, from increased
waste package loading, segregation disposal of VLLW metals and the LLW
disposal of decayed or decontaminated ILW metals. The largest reduction from the
improved disposal to international treatment is for respiratory inorganic compounds.
These show ~6.5% reduction without claiming the berad# recycling the melt

ingots and ~13% when this is also taken into account. There is ~3% reduction in
fossil fuel impacts without recycling the treatment ingots and 4% when they are
included. The improvements in the other impact categories are mihetvagen 1%

and 3%.

The figure shows a progressive reduction in impacts from baseline disposal to
improved disposal through to treatment with recycliige addition of recycling,
rather than just treatment, produces a further improvement to respiir@boggnic,
climate change, mineral and fossil fuel plus carcinogens and ecotoxicity impacts due
to the avoidance of the extraction and processing of metal ores including waste,

energy and transport impacts.

8.3.2 Financial Cost Estimates
As stated previously ahining LLW disposal container, transport and disposal costs

from the LLW Repository Ltd websitdocuments istraightforward (e.g. LLWR Ltd
2014). However, ttaining equivalent data for ILWWackages and disposal to a
future GDF provednore difficult. Container, treatment, disposal and transport costs

are summerised in Sectidn2 andA.3.

Container Costs

The cost of the 210 litre carbon steel drums for VLLW dispasa not stated in the

LLW Repository Ltd websitedocuments in 2011. However, these carbon steel
drums are readily available and cost between £25 and £38 according to internet
sources. The planning norm price for these drums was confasé€d5 in LLWR

Ltd 2014.
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The disposal costs for reactor core graphite presentd®f 2012ashow a current
production cost of £60,000 for a 4m stainless steel box, but it is recognised that the
cost may drop as the production process is refined and demand for 4m boxes
increases. Extrapolating the carbon steel HHISO cost of £8,000 by 4m box mass and
assuming a price increase factor of 2 to 4 for stainless steel gave a cost of £16,000 to
£32,000 per 4m box. The cost of a carbon steel 4m box is estimated as £11,000 based
on extrapolating the HHISO cost of £8000L\WR Ltd 2014) by the ratio of the

package masses.

Transport Costs

The LLW transport costs were assumed to be £600/trip from the 2011 version of the
LLW Repository Service Price Overview. It was assumed thaetlke would beeight

210 litre drums per pallet and that 4 pallets was equivalent to a HHISO for VLLW
transport costs. The current joint waste managepians (e.g. Shipton and Falconer
2013)indicate that LLW transport costs are about 2% of the total Lisfplasal cost.

The location of a future GDF is unknown heidiA 2012aassumes a generic ILW
transport cost of £1,250fm Hence this was assumed for the transport of 4m boxes
of ILW metals to a future GDF.

Disposal Costs

The LLW Repository Ltd websitehows that the LLWHisposalvolume cost norm
hasincreased from £2,911/nused in the WAGR case study,f8,990/nf (LLWR

Ltd 2014). By comparison, the VLLW disposal cost has remained constant at a
planning norm of £500/fin LLWR Ltd 2014 but was as highas £500 to
£2000/tonnen LLWR and Entec 2009b.

A generic design currently exists for a UK GDF. The final GDF design will depend
on the location and its geology. HAW disposal costs are currently speculative and
therefore highly uncertain but several opsaxist, namely:

a) A historic conditioned waste volume cost of £4,000isnpresented in the

macraeconomicstudy NDA 2007.When converted to a packaged volume
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cost and inflated to current prices it gives a disposal volume cost of £5,000 to
£6,240/m

b) A cog of £15,000 to £20,40° was estimated for the disposal of ILW from
the proposed new nuclear povegaition programme (DECC 2009)

c) A disposal volume cost as £384G/ur shielded ILW disposal packages (e.g.
4m stainless steddoxes with internal concretédiglding) and £1@60/n? for
unshielded disposal packages (e.qg. stainless steel drufrtso®es or drums)
aspresented in NDA 2012& baseline cost of £8,380/for mixed shielded
and unshielded disposal packages wasgiign in NDA 2012a.

Since the LW packages for longerm storage of ILW that could decay to LLW and
ILW metal disposal are assumed to be 4m bpstes £3840/m for shielded ILW
packages was assumed. Givenuheertainty in these codtise NDA 2012aaseline
cost of £8,380/hwas also ricluded. These assumptions give a lower and upper
limit to the ILW metals disposal costs.

Size Reduction and Decontamination Costs

The NDA and LLW Repository Ltd costs only include the package costs, transport
costs and disposal costs. They do not make estimate of the size reduction and
decontamination costs required at nuclear sites to enable radioactive metals to be
packaged for disposal. These data are not readily available from the literature. Hence
these costs were based on the two historical rioame studies as discussed for the
WAGR case study ihapter 7j.e. £570/tonne for decontamination and £385/tonne

for size reductiomase on CDDUEF 1996 and USDOE 2001

Total Costs

Estimatedtotal costs forall the disposal and recycling scenarios garesented in

Table 8-2 alongside the costs fagach category of radioactive metalhey are
rounded to the nearest £10m because of the large uncertainties in the data. Costs for
the treatment and recycling, inding the benefit of the resale of the melt ingots are
included.
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Table 8-2 Comparison ofJK disposal andUK and Internationaireatment/recycling costs 2013

Scenario | ILW ILW LLW VLLW Estimated | Total
metals Metals | Metals Metals | benefit Costs
decayed from scrap
to LLW values
Baseline | £1320m | N/A £5580m | N/A N/A £6900m to
Disposal | to to £8420m
£2480m £5940m
Improved | £1000 to | £60m to | £2280m | £110m | N/A £3450m to
Disposal | £1860m | £80m to to £4740m
£2640m | £160m
Treatment| £1000to | £40mto | £1810m | £90m N/A £2940m to
£1860m | £50m to £4140m
£2140m
Treatment| £1000 to | £40m to | £1810m | £90m -£160 to £2780 to
with £1860m | £50m to _£290-2 £3850
recycling £2140m
Notes

1 The scrap metal values shown are based on the estim@itdde8-3 andTable8-4 at 2015 prices
2 The treatment and recycling costs do not account for the savings in products made from melt ingots for the nuclear industry
N/A Not Applicable

The LLW disposal costs dominate as thisra total of nearly 800,000tonne of LAW
metals but only ~100,000tonne of ILW metals. Also, the disposal volume costs for
shielded ILW 4m boxes packagesadsDF (NDA 2012a)s only a factor of ~B
higher than the current LLW disposal volume costs, and the ILW baseline disposal
volume cost a factor of ~2.8 higheétence, the near eight fold difference in LAW

metal mass for disposal outweggthe higher ILW disposal cost.

The results inTable 8-2 show that the immved disposal saves £3.51£3.7 by
assuming increased ILW and LLW metal disposal loading, LLW disposal of 9% of
the ILW metal decayed, or decontaminated, to LLW and the segregation of VLLW
metal for significantly cheaper disposal. The benefit of treatment for recycling of
LAW metals saves a further £0.5#0.6b. ILW containment and disposal costs are

not affected by treatment and recycling hence they represent a high fixed cost.

Cost Recoverfrom metals treatment

The Americansteel feasibilitystudy (USDOE 200l)assumed that 3%f the
treatment cost could be used for the sale value of the treated metals, theisiradgf
the costs. Adopting this tge results in an alternative saving of £5%mE67m but

would depend on the prevailing metal market prices. This can be compared with the
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estimated benefits from the resale of melt ingots in the open metal markets shown in
Table8-3 andTable8-4.

The data inTable 8-3 give an indication of the wide range of recent scrap metal
prices published on the identified web pages. They depend on the type and grade of
scrap that igypically traded in the metals markets and are intended as indicative

prices only.

Table 8-3 UK Scrap metal priceange at March 2015

Metal Relative | WRAP Greengate| Prices far | Lets Price for

Price’ prices £/tonné® Scrap Recycle | Calculation
£/tonne? £itonne’ | £/tonne’ | £/tonné’
Aluminium | 300400 | 7507 850 | 4007 650 | 250-400 | 550-900 | 4007 900
Copper 400 3600 60071 3300- 2300- 6001 4200
3300 4200 3400

Iron 7090 N/A 70 40 60- 80 40-80

Lead 200500 | 35071 400 | 900 700- 1000 | 850-900 | 3501 1000

Nickel 20000 N/A N/A N/A N/A 9100-

9800

Zinc 350-400 | N/A N/A 100 500 10071 500

Carbon 100 8071 125, 50 100-125 | 8071 125

Steel

Stainless | 600 N/A 60071 900 | 300-400 | N/A 3007 900

Steel

Notesi N/A notavailable

17 Metal values relative to carbon steel/mild steel (Table 5.1 of Chapter 5)

21 Fromhttp://www.wrap.org.uk/contenbly metal type, 5/3/15

31 Fromhttp://www.greengatemetal.co.uk/scrapmetalprgéisle values for January and February 2015, 5/3/15

47 From http://www.pricesforscrapmetal.co.uk/prices.hahb/3/15

51 Fromhttp://www.letsrecycle.com/prices/metal metal type for January and February 2015, 3/5/15

6 i From http://www.recycleinme.com/scrapresources/LME%20Cash%20Rxioé®|_details aspx. It was difficult to get

scrap nickel prices. Only the London Metal Exchange (LME) gave prices. The lower nickel price was taken from a graph of
Opening, Hgh, Low and Closing (OHLC) prés. The high value was takeorh graph showing the trend in nickel prices from
12/5/14 to 1/1/15. The price was $14,900/tonne on 5/3/15 and US dollar to pounds Sterling exchange rate on the day was 1.52,
and gave £9800/toen

7 The lowest and highest prices from the identified web kstesl above

The data in column 2 are the relative prices of metal per tonne compared to carbon
steel from Ashby and Jones 2006 (as present@alite 5-1 of Chapter 5). They are
presented here to give a perspective to the scrap metals data in columns 3 to 6, which
were taken from the web sites identified on 5/3/15. The data in column 7 give the
lowest and highest scarp values from coluniisa® a ange of values that might be

obtained by selling treated melt ingots back into the UK markets.
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These data can then be applied to the UK radioactive metals inventory data to
estimate the value of the treated ingots for each metal. The results are sechinaris
Table8-4, and again these data should be regarded as indicative only.

Table 8-4 Estimated cost recovery for selling treated UK radioactive metals into thenagiah
marketsat March 2015

Metal Amount | Recovered | Low Low Value | High High
(tonne | metal (te) | Scrap Recovered | Scrap | Value
(te)) Price Metals Price | Recoveed
(Elte) (Em) (Elte) | Metals
(Em)
Aluminium ILW | 1200 108 400 0.04 900 0.10
Aluminium LLW | 2353 2117 400 0.85 900 1.91
Aluminium
VLLW 14647 | 13183 400 5.27 900 11.86
Copper ILW 405 36 600 0.02 4200 | 0.15
Copper LLW 3875 3488 600 2.09 4200 | 14.65
Copper VLLW 1869 1682 600 1.01 4200 | 7.06
Unspecified ILW | 7423 668 80 0.05 125 0.08
Unspecified LLW | 171561 | 154405 80 12.35 125 19.30
Unspecified
VLLW 0 0 80 0.00 125 0.00
Lead ILW 822 74 350 0.03 1000 | 0.07
Lead LLW 6486 5837 350 2.04 1000 |5.84
Lead VLLW 3694 3325 350 1.16 1000 | 3.32
Nickel ILW
3102 279 9100 2.54 9800 | 2.74
Nickel LLW
7650 6885 9100 62.65 9800 | 67.47
Nickel VLLW
0 0 9100 0.00 9800 | 0.00
Stainless Steel
ILW
40000 | 3600 300 1.08 900 3.24
Stainless Steel
Sur f aced
LLW 59402 | 53462 300 16.04 900 48.12
Stainless Steel
Activated LLW 24000 | 21600 300 6.48 900 19.44
Stainless Steel
VLLW 36598 | 32938 300 9.88 900 29.64
Mild Steel
ILW 49000 | 4410 80 0.35 125 0.55
Mild Steel
Surface
LLW 270233 | 243210 80 19.46 125 30.40
Mild Steel
Activated LLW 86000 | 77400 80 6.19 125 0.68
Mild Steel 66390 80 5.31 125 8.30
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Metal Amount | Recovered | Low Low Value | High High
(tonne | metal (te) | Scrap Recovered | Scrap | Value
(te)) Price Metals Price | Recoveed
(Elte) (Em) (Elte) | Metals
(Em)
VLLW 73767
Zinc ILW 48 4 100 0.00 500 0.00
Zinc LLW 353 318 100 0.03 500 0.16
Zinc VLLW 14647 | 13183 100 1.32 500 6.59
Total 879135 | 708602 156.26 290.68
KeyiCont améd is contaminated

The unspecified metals are taken to be mostly iron and steel, hencelibe siel

price is assumed. Only 9% of the ILW metal is assumed to be recoverable for
treatment and recycling. About 5% LLW and VLLW metals were assumed to be not
financially viable to sort for treatment and a further 5% were assumed to be residual
waste fom the treatment process. Hence the LLW and VLLW metals recovery is

taken to be 90%.

Although nickel masses are low their scrap value dominate$ahle 8-4. This is
because of the high scrap value allocateditikel. However, given that it was
difficult to get scrap prices for nickel the value may be significantly inflated
compared to the other metals. Hence there is a high uncertainty in the value

estimated.

There is about 4 to 5 times as much carbon stestbadess steel, however, the scrap
value of stainless steel is significantly higher than carbon steel. Hence the scrap
values are very similar. Both aluminium and copper appear to give a significant

return, but lead and zinc give relative small returns.

Overall, there is a potentially significant financial return from selling treated
radioactive metals into the scrap markets. The resulisaloe 8-4 broadly support
the America feasibility study. The sale of ttreated metals could recover a small

percentage of the treatment cost.
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8.4 Analysis Review

The resultsabove demonstrate the environmental benefits that can be achieved
through applying the current UK LLW policy, strategy and plans for low activity
metals.The results also imply that significant benefits could be obtained if the
UK applied similar logic to the ILW metals that decay, or can be

decontaminated, to LLW levels.

The UK LLW policy (DEFRA et al 2007) and the strategic best practicable
environmenal option (BPEO) for radioactive metals (Studsvik 2006a and
20060 support using international recycling facilities in the short term but state
that a UK facility should be considered in the longer term. Currently the waste
problem is transferred to anethcountry and they accrue the major benefits in
employment and experiencéHowever, should availability of international
treatment facilities change in the future due to the-axmreptance of UK metals

or the noravailability of the facilities through awmtent or national policy, then
the current option could be at risk. As previously mentioned there is no
radioactive metal melting facility in the UK. Hence loss of access to one
treatment facility could only be met by negotiating new contracts with remgaini
facilities or the construction a UK melting facility. This is discussednore
detail in Chapter 10.

Although the strategic BPE@r VLLW (LLWR and Entec 2009a and 2009b)
includes statements on VLLW metals complying with current policy and
strategy tle low cost of VLLW disposal as between £300 and £708(rggests

that it is likely to be the preferred business case. The estimated cost of
£385/tonne for size reduction alone significantly increases the VLLW disposal
costs. Hence, there is a dilemma irt neeeting policy requirements for VLLW

on the basis of cost. This could be overcome by financial incentives promoting
treatment and recycling of VLLW rather than disposal. One option would be to
increase VLLW metals disposal cost thus promoting treatrderdther option
would be to allow the mixing of VLLW metals with LLW metals approaching

the upper LLW radiological limits when melting. This could help ensure that the
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melt ingots meet exempt limits. This could also be applied to melting activated

LLW metds or decayed ILW metals. This is a potential area for further research.

8.5 Chapter Summary

The overall environmental impacts arate dominated by ILW disposalisposal
package metals and package groutifige overall costs are dominated by LLW
disposal rther than ILW disposabecause of the much larger quantity of LLW
metals. LW, LLW and VLLW metal environmental impacts and financial costs
can be reduced significantly by increasing waste container loading for disposal
and by treatment of LAW metals toimmise disposal. Recycling LLW and
VLLW metals, thus avoiding future metals for new products for the nuclear
industry, or as scrap for general recycling, offer very substantial environmental
improvements compared to disposal. Segregating VLLW metals raating

ILW metals that can decay, or lecontaminated, to LLW lead to further
marginal costs savings and environmental benefitShese points are
summarised pictorially in Table 85 to show the relationship betsn

environmental impact and estimated costs
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Table 8-5 Summary of potential environmental impacts and financial costsKaradioactive metals
inventorydisposition options

Baseline Improved Treatment Treatment
Disposal Disposal without with
recycling recycling

Potential
Environmental
Impact ILW >

Potential
Environmental 1 1/

2
Impact LLW /4

Potential

Environmental 1 1 1 1
Impact VLLW /4 /2 /2 /2

Direct
Financial Cost 1
ILW /4

Direct
Financial Cost 1 1
v . /4 Lo

Direct
Financial Cost 1 1 1
VLLW /2 /2 /2

Key: LowestYz, High ¥4, Highest ,

Baseline disposal gives the highest potential environmental impact. Improved disposal is about 62%
of the baseline, internatial treatment without recycling and with recycling are about 47% and 38%

of the baseline respectiveffrom Figure 84). The Baseline disposal gives the highest cost of £6.9b
£8.4b, improved disposal a gives a medium cost of £8.584.7b (from Table ). International
treatment with and without metals recycling give the lowest costs at £28bb (from Table ).

Having demonstrated the approach for the UK radioactive waste metals inventory
attention will now turn to considering the assessmenhefléng term storage and

eventual disposal of depleted, natural and low enriched uranium.
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9 UK Depleted Uranium Storage and Disposal

Analysis

Chapters 7 and 8 showed the potential opportunity to conserve scarce low and
intermediate level radioactive wasteLW and ILW) disposal volume by treating
radioactive metals for recycling and/oruse in the nuclear industry. Chapter 8 also
showed the dominance of ILW disposal impacts for a future UK geological disposal
facility (GDF) and the savings in steel aneimeent grout from improved container
utilization in addition to the metals treatment. This chapter builds on these latter
themes by applying the LCA approach to a potentially significant future UK
radioactive waste management issue; namely the-tknng interim storage and

disposal of depleted, natural and low enriched uranium (DNLEU).

The UK currently considersDNLEU as a fi é z-valueo asset radioactive

mat e r rathér éhanwaste (NDA 2013p If DNLEU is designated as waste in

the future for UK nucleapolicy, commercial or environmental reasons it would
represenfié a significant fraction (~17%) of
mat er i(MDARXE8b). Hence its disposal to a GDF or a near surface disposal

facility would be a significant isgu

9.1 Overview of UK Civil Depleted, Natural and Low Enriched Uranium
This section discusses the background to the UK civil DNLEU, the current inventory
(at 2015) and location of the main stores of DNLEU and its potentiabeliig uses

or disposition opons.

9.1.1 Background to Depleted, Natural and Low Enriched Uranium
Historically, the UK nuclear fuel cycle started with thenversionof uranium

concentrate (yellow cake) at Springfields (i.e. Stageé@jrel-1 Chapter 1).Yellow
cake is a mixture of uranium dioxide (WYQuranium trioxide (U@ and triuranium
octoxide (BOg) and the quality can vary from 75% to 85% uranium concentrate
depending on the residual impurities from milling and initial refin{Sgpvacool

2008, Norgate et al 2018ww.wise-uranium.org/Rup.html Springfields converted
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the yellow cake tauranium tetraflourideYF,) or uranium hexafluorideUFs). The

UF,; was made into wenriched uraniummetal for Magnox fuel elements and the
UFs sent to Capenhurst for enrichment. Conversion is now predominately carried out
abroad and Magnox fuel is no longer required. Once enriched, this téturned to
Springfieldsfor reconversion td&JF, and thence t&JO, ceramic fuel pellets for AGR

fuel elements made at Springfields and civil PWR fuel elements made abroad.

A by-product of the enrichment process is depleteg, Which is retained for future
re-enrichment. The grade of depleted ¢Usfoduced dependsnothe purity of the

input product and the desired enrichment level. The input product maybe un
irradiated Uk from Springfields or Uk produced from reprocessed nuclear fuel at
Sellafield. The latter will contain fission product contamination from thealnit
irradiated fuel. It will also contain U232 which emits high energy gamma rays and
presents a significant radiation problem (Butler 2015 pers. comm.). These may cause
radiological problems or neutron absorption problems. Existing depletg@dddF

also be blended with the gas stream to achieve the required enrichiRroentivil
nuclear power stations the enrichment in normally 3.75% to 5% uranium 235. One
kg of enriched UFresults in ~5kg of depleted Wkor a 3.57% enrichment level,
according to the k&nco UK Ltd websitéUrenco.com, 2014). However the quantity

of depleted Uk can vary from 5.7 to 7kg according to Sovacool 2008 and Fthenakis
and Kim 2007or as high as 8 to 9kg f&@% enriched Ugaccording to WNA 2013.
Hence a considerable amountdafpleted Uk by-product arises from the enrichment

process.

Magnox and AGR spent nuclear fuel reprocessing at the backend of the nuclear fuel
cycle (i.e. Stages 7 andBigurel-1, Chapter 1yesults in the recary of plutonium

and uranium. The uranium materials recovered are usuainuched or slightly
enriched UQ or UQs. These are stored as Magnox depleted uranium at Capenhurst
and Thermal Oxide Reprocessing Plant (THORP) product uranium at Sellafield.
These materials are stored forgerichment for fuel fabrication for future nuclear

power stations.

199



9.1.2 Depleted Natural and Low Enriched Uranium Inventory
DNLEU has a very low activity and could noteet the conditianof aceptance of

the LLW Repository neaDrigg in Cumbriaif it had to be disposedrhis is due to

the exceptionally londpalf-life of the Uranium234, 235, 236 ané38isotopesand

thar decay products such Bsorium-230. Theseadionuclidesactually result inan
in-growth of radicactivity with time (NDA and DECC 2011 Hence DNLEU,
unlike other materials, actually increases in activity in the very long term and raises a
problem for disposal. If mosif the DNLEU is eventually classed as waste it will
need to be disposed hgher activity wate (HAW) ata future GDF or near surface
disposal facility In the interim it is kept in appved longterm interim storage

packages at aumber of sitepending reenrichment

DNLEU was first included in the 2007 UK radctive waste inventoryEstimates

for a Derived Inventory and Upper Inventory for the proposed future GDF are
presented in theoriginal HAW policy (DEFRA et al. 2008) and Nuclear
Decommissioning Authority (NDA) discussions with waste packagers (NDA 2013a).

The original UK HAW policy (DEFRA et al 2008), strategy (NDA 2013b) and
option analyses (NDA 2007, Hickford et al 2012 and Wilson et al 2012) build on
international concepts for theamagement of depleted urani@ECD/NEA and
IAEA 2001). The overall principle in each cases to minimse the disposal of
DNLEU as far as practicable.

The current stock(at 2015) of civil DNLEU is estimated as 160,000tUrhe
quantities currently retained at Urenco UK Ltd (UUKhd Capehurst Nuclear
Servicesat Capenhurst, Sellafield, Dounreay, 8gfields, Harwell and Winfrith are

shown inTable9-1. The Urenco UK Ltd depleted Rails dominates at 100,000 tU

with the Magnox depleted uranium and Capenhurst Nuclear Services deplgted UF
tails representing the bulof the remainder at 55,000tU. In additiddDA 2013b
notesi € UUK has i ndicated that It expects
operations at Capenhurst to generate approximately 5,000tU per annum of depleted

UFs tails, which suggest that the totaldut e st ockpi |l e cHencé d be
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the Urenco UK Ltd depleted uranium is likely to continue to dominate the DNLEU

stock into the future.

Table 9-1 UK Civil DNLEU Owners, Location and Quantities 206

Material Owner Current Location Total Mass
(tU)

Depleted Uk tails UrencoUK | Capenhurst 100,000
Ltd

Depleted Uk tails NDA Capenhurst 25,000

Magnox depleted NDA Capenhurst 30,000

uranium

THORP product NDA/EDF | Sellafield 5,000

uranium Energy (Low enricked uranium)

Miscellaneous DNLEU| NDA Various Sites 2,000

Total 162,000

1 NDA 2013bnotes that the 1998 Defence Review estimated that the Ministry of Defence (MoD)
DNLEU was about 15,000 tU hence makes up the balance of the ~180,000 tU (ttit=toreor
tonne of uranium). These values are significantly higher than the NDA 2007, Table 1 (p4).

% Hickford et al, 2012assumes 160,000 #dvyMetal(i.e. U), hence only ~1.2% difference.

Depleted Uk is currently storedh eitherinternationally aprovedcarbon steel Type
48 transport cylinderor historic Type 0236 cylinders, Magnox depleted uranium
andmiscellaneous)O; are storedn a mixture of carbon steel and stainless steel 200
litre drums and THORP product uranium in stainless steel 5kéyswith an outer
stainless drumif slightly enriched (Jones persconm. 16/5/14). The estimated

number of containers and their storage volumeshosvn inTable9-2.

Table 9-2 Current(at 2015)UK Civil DNLEU storage container type, mass and volume per location

DNLEU Masses | Urenco | Capenhurst | Sellafield | Misc.
and container UK Ltd Nuclear Locations
numbers Services

UFs Mass(tU) 100,000 | 25,000 0 0
No. of Type 48 | 8000 1,500 0 0
Cylinders

Total Mass of 18,870 | 3540 0 0
Type 48

Cylinders (tonne)

Total Volume of | 32,230 6060 0 0
Type 48

Cylinders (n)

No. of Type 0236| 0 10,000 0 0
Cylinders
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DNLEU Masses | Urenco | Capenhurst | Sellafield | Misc.
and container UK Ltd Nuclear Locations
numbers Services
Total Mass of 0 2,500 (pers |0 0
Type 0236 comm.
Cylinders(tonne) 16/5/14)
Volume of Type | O 72,00 0 0
0236 Cylinders
(m°)
Uranium Oxide |0 30,000 5,000 2,000
(UO3) Mass (tU)
No. of 50 Litre 0 0 25,000 0
Drums (with

assumed

12,500

over

packed)
No. of200 litre | O 60,000 0 4,000
Drums
Total Mass of 50| O 0 200, with | O
litre (@8kg*) 100 for
(tonne) overpack
Mass of 200 litre| O 1,120 0 75
Drums @
18.6kg)(tonne)
Volume of 50 0 0 1660 (with| O
litre Drums () 50%

overpack)

- 3470
Volume of 200 | O 17,760 0 1,150
litre Drums

Additional data on DNLEU containers is givenTiable A-9 to TableA-21.

The UFK cylinders are stored externally at Capenhurst, hence subject to corrosion.
The Magnox depleted uranium 200 litre drums are stored internadiyréfurbished
building at Capenhurst. The THORP product uranium 50litre kegs are stored in a
bespoke store at Sellafield. The storage arrangements of the miscellanepats UO
various sites are unknown. Hence, there may be some issues with the acgeptabilit
current stores to meet the requirement for {@rgn interim storage for up to 100
years. The total current storage volume is estimated at about 67,38@tnding the

annual Urenco UK Ltd Ugproduction mentioned above.
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UFs is not the preferretvasteform for longterm interim storag€LTIS) because of
the chemical toxicity issues in aaccident (OECD/NEA and IAEA 2001, NDA
20133. Nor is it an acceptablevaste formfor disposal at a future GDENDA
2012d)as it is not immobilised Urenco UK Ltdis thereforecurrently building a
Tails Management Facility at Capenhurst to decongaetfluorinate) its UFs to
more passively safd;Og powderand recover Hydrogen Fluoride as aproduct for
sale in the open marketJ;0g powderis conventionally stokin Areva DV70 3m
60gr een madulaastedl and iconcrete stores (as for examplih@COVRA
VOG facility in the Netherlands) or in a modified mine (e.g. #®ss in France
(Capus and Durante 2007he Urenco Tails Management Facility will incorpte a
uranum oxide store to house tHBV70 boxes, but its design specification is

unknown.

These developments significantly reduced the chemical toxicity hazard for the site
and allow Type 48 cylinders to be cleaned and reused, thus reducing the meed fo
new cylinders. These have been significant local stakeholder and regulator concerns
for some time. However, it is costly to davill incur significant reconversion costs

(i.e. an extra £3.5k/te more than using UF6¢quires large structures for openg

plant and stores with associated steel and concrete invént@guires additional
energy for building, operating, maintaining and decommissionimgjuires new and
additional longterm interim storage containers. This is potentially a very intages

area for future research.

The Tails Management Facilitwill also include a cleaning and -certification

facility for Type 48 cylinders to return as many as possible to service. The Type 48
cylinders that camot be reused or resold will bedisposé or treated for recycling

along with the redundant Type 0236 cylinders. Th®dtan be readily reconverted

to Uk and the DV70s have a proven pedigree in France and the Netherlands
Hence thelongterm storagef Us;Og seems a practical business optfon Urenco

UK Ltd. The company can safely retain tltOg for reconvesion for enrichment

when needed, or as the quality of uranium ore deposits degrade over the next 50
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years &s forecast in Fthenakis and Kim 2007, Sovacool 2008, Norgate et al 2013 and
Warner and Heath 2@) or for disposal if eventuallglassed as waste.

The legacy UFmanaged by Capenhurst Nuclear Services maytkasdeconverted
at the Tails Management FacilifONR 2014).However, this is likely to be from
2020, i.e. after Urenco baleconverted its British, Dutch and German.UF

9.1.3 End-of-life Disposition Options
DNLEU is currently a valuableesource rather than a wastehdts seeral possible

uses within the nuclear industry such as-eerichment, dowsblending high
enrichment uramm from weapons programmes for civil power station fuel, mixed
oxide (MOX) and fast reactor fuel or high density concrete for shielding, waste
packagesor repositorybackfill (OECD/NEA & IAEA 2001 and NDA 2013b).
Depleted uranium metal also has potentiaes in the aviation industry, the oll
industry and for munitions (OECD/NEA and IAEA 200Hence, the exact eraf T

life disposition options for UK DNLEU are not completely clear. However, it is
presumed that these alternative use options will only requismall proportion of

the DNLEU. Hence the options are not explored in this research, rather it is
postulated that as a worst case all the current stock of civiil DNLEU will be stored

and then disposed.

This research assumes that the DNLEU will be sta®a@ither a mixture of 40g
and UQ in a variety of containers as shownTable 9-3, or uniformly as WOs in

DV70 boxes, pending disposal to a future GDF or near surface disposal facility.

Table 9-3 Package and Storage Volume for Proposed Ebaign Interim Storage of Civil DNLE @t
2015

DNLEU masses and container| Urenco UK Ltd | Capenhurst, Sellafield
numbers Stock and other sites

Total tU3;Og Mass(tonne) 118,000 29500

No. of DV70 Boxes 11,240 2,810

Mass of DV70 Boxes ¢inne 8430 2110

Volume ofDV70 Boxes (i) 41,590 10,400

Total tUO3; Mass(tonne) 0 37,000

No of 200 litre Drums 0 64,000

Mass of 200 litre Drums 0 1,195
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DNLEU masses and container| Urenco UK Ltd | Capenhurst, Sellafield
numbers Stock and other sites
Volume of 200 litre Drun{m®) |0 18,910

No. of 50 litre Kegs 0 25,000

Mass of 50 litre kegs (tonne) | 0 200

Volume of 50 litre keg$m®) 0 3470 (with overpacks)

The table indicates that the estimated total storage volume for mixedelong
storage packages is 74,370ne. about 9.5% highehan the current storage volume
above. However, if all the current DNLEU stock was converteds;@s ldnd stored
in DV70 boxes the estimated storage volume is about 67 70G@m virtually the

same as the current storage volume estimated above.

It is anticipated that the DNLEU will be removed from the ldagn interim storage
containers and repacked in stainless steel or carbon steel containers for disposal as
HAW to a GDF. However, this option introduces an additional radiation dose to a
future workbrce from repackaging the waste and decontaminating the redundant
storage packages. It also means that the redundant storage packages rustdbe re
disposed or treated for recycling. Hence an alternative is considereehamkang

the longterm interimstorage packages and disposing them to a near surface disposal
facility as suggesteth NDA 2013b.This option removes the double handling of
DNLEU and managing the redundant DV70 boxes. Also, since a near surface
disposal facility would require less e@tion the disposal impact and costs should

be significantly reduced.

9.2 Disposal Scenarios

This section discusses the repackaging of UK civil depleted, natural and low
enriched uranium for disposal as higher activity waste (HAW) to a future geological
disposal facility (GDF), or as overpacked HAW to a GDF or low level waste (LLW)

to a potential near surface disposal facility.

9.2.1 Repackaged DNLEU as HAW to a Future Geological Facility
Five LCA scenarios were initially considered for the disposal of DNLEU ag/VHé

a GDF. Hence, the functional unit for these LCAs, and the others LCAs in the

chapter, wa$ the disposal of the UK legacy civil depleted, natural and low enriched
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uranium following an indeterminate period of leteym interim storage at sitéEhe

souces and data for these options are summarisédbte9-4.

Table 9-4 Initial Deep Disposal Scenarios for UK Civil DNLEEt 2015) investigated in the research

Deep Deep Deep Disposal | Deep Disposal Deep

Disposal Disposal Scenario 3 Scenario 4 Disposal

Scenario 1 Scenario 2 Scenario 5
Scenario Hickford Hickford NDA 20095 NDA 20095 NDA 20095
Source 13H 16H
Waste Cemented Cemented Cemented Unconditioned Cemented
Container 5001 SS drum | CS HHISO SS 4m box 200 litre SS drum| SS 3ni drum

with Titanium | (1.3t/n?) supercompacted
Liner SS 4m boxes
(5.5t/nT)

No. 148,000 5,400 7,780 382,320 (drumg) | 28,32G
Containers 3480 (boxes)
Cont. Mass | 19,240 17,000 32,680 7,110 (drums} 17,846
(te) 14,620 (boxes)
No. Stillage 37,000 0 0 0 0
Still. Mass (&) | 37,000 0 0 0 0
Waste 134,090 105,300 167,907 75,209 74,174
Volume (n?)
Titanium (&) 0 5,000 0 0 0
Cement @ 26,000 120,000 172,896 0 128,010

17 Reference casfor NDA 2007 but extrapolated for the current DNLEU inventory.
271 Based on the Urenco UK estimates from NDA 2009b but scaled to the full DNLEU inventory..
371 Based on the Hickford et al 201&cenarid6H option for higher strength rock.
47 Based onhe Hickford et al 2012scenariatH option for higher strength rock

5 - Based on the Hickford et al 201stenarid.3H option for higher strength rock.
Normal texti data direct from option source. ltalic text, data extrapolayeshass (te) or volume @nwhere appropriatéfom

option source.

SSi Stainless Steel, CSCarbon Steel

In each case it was assumed that all the DNLEU was convertegOofdd long

term interim storage in Areva DV70 3mmild steel boxes at each site and then

transferred toan acceptable HAW disposal packagéddte disposal of the DV70

boxes is discussed in Secti®.2 It was also assumed that any grouting of the

U3Og in the final HAW disposal packages was done at each sitehandaickages

transported by rail to a GDF. It was further assumed that since DNLEU is low
activity waste it was handled and transported consistent with LLW requirements, i.e.

without the need for extensive external shielding packages.

The disposal scenas@assumed for depleted uranium are summarisBadxrd-1.

Box 9-1 UK civil cepleted, natural and low enriched uranium disposal options

Repackaged Disposal

Deep Dispoal Scenario I 5001 Drum (Baseline)
The Deep Disposal Scenario 1 (DDS1) baseline assumed@Mas
transferred and grouted into 500 litre stainless steel drums for disposal |
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Box1-2 for container summary data)). The drums were then placed in a
stairless steel stillage frames (i.e. four drums to a stillage) for transport t
GDF. The basic data were taken from Hickford et al. 2012 (Scenario 13|
and aresummarised in Table-9.

Deep Disposal Scenarioi2HHISO/Liner
The DDS2 assumed all the@k wastransferred and grouted into carbon
steel half height ISO (HHISO) freight containers with titanium liners for
disposal (see Box2). The data were taken from Hickford et al. 2012
(Scenario 16H) and are summarised in Tabfe 9

Deep Disposal Scenario-35routed 4m Box
The DDS3 assumed all the@ was transferred, mixed externally with
cement grout and poured in 4m stainless boxes for disposal (seBaxie
data were taken from NDA 2009b and are summarised in TahleThis
was Ur enc o tdidposdl opdod m thdiriConseptual Letter of
Compliance (CLoC) application assessed in NDA 2009b.

Deep Disposal Scenarioi4200l Drums in 4m Box
The DDS4 assumed all the@ was transferred to 200litre stainless steel
drums (see Box-2). The drumsvere then assumed to be supempacted
and put in 4m stainless steel boxes for disposal (see-Bpx}ience, the
wasteform was ungrouted 200litre drum compacted pucks packed in 4n]

boxes. This was Urenco UK Ltdos
applicdion. The data were again taken from NDA 2009b and are summeg
in Table 94.

Deep Disposal Scenario-8nt Drum
The final scenario (DDS5) assumed all thgkwas transferred to 3
stainless steel drums for disposal (see B®x1lt was assumed théite UsOg
mixed with cement grout using andnum sacrificial mixing paddle. This
was the NDAOGs suggestion to Uren
grouted 4m boxes and the ungrouted swgoenpacted 200litre drums in 4m
boxes. The data were agaikea from NDA 2009b and are summarised in
Table 94.

Overpacked Disposal

Three scenarios were considered. In each case the origindgklomgnterim storage
packagegresented in Table-3 were assumet be overpacked for transport and
disposal. Thisemoves the double handing of the DNLUE fopeekaging the wast
for disposal as discussed for Deep Disposal Scenarios 1 to 5.

Deep Disposal Scenarioi6Overpacked DNLEU as HAW
The DDS6 assumed that the 14,050 DV70 boxes were over packed in 7,
stairless steel 4m boxes. The 64,000 of 200l drum were packed in 1780
stainless steel (SS) 4m boxes (i.e. 36 to 4m box as described in NDA 2(
The 25,000 of 501 kegs were packed in ~390 special full height ISO (FH
freight containers (i.e. 64 to a FHIS@m Flynn 2007 and Southern
2011)(see Box-R). The 4m boxes and FHISOs containers were then
disposed as HAW.
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Shallow Disposal ScenarioilOverpacked DNLEU as LLW (SS)
The Shallow Disposal Scenario 1 (SDS1) assumed that the DV70 boxes
drums andb0l kegs were ovepacked as described in DDS6 but disposed
LLW at a proposed near surface facility.

Shallow Disposal Scenarioi20verpacked DNLEU as LLW (CS)
The SDS2 assumed that the DV70 boxes and 200l drums werpankerd
carbon steel (CS) 4nokes and the 501 kegs packaged in FHISO containg
as above. These packages were also disposed as LLW at the proposed
surface disposal facility.

No data exist in SimaPro for disposal at a near surface disposal facility thence
scenarios are inteled to represent the upper and lower bounds of disposal to such a
facility. DDS6 represents the worst case, with the disposal equivalent to HAW
disposal at a GDF. SDS1 represents a compromised position where the disposal is
equivalent to LLW using the sanwverpacking arrangement as DDS6. The final
scenario assumes that carbon steel overpacks can be used instead of stainless steel
overpacks and the disposal is still LLW. This is a rather crude approach and only
intended to give a first order approximationthe absence of data for near surface

disposal facility impacts.

Case study datand results (indexed ifiable D-2), supporting the scenarios are
summarised in the MicroSoft Excel spreadsheets on the compeaotied in

Appendix D

9.2.2 Modelling Assumptions
The general modelling assumptions for the various Swiss disposal impact databases

and data assumptions about materials are covered in Chapter 6. However, there are a
few specific madelling assumptions discugsBox 9-2.

Box 9-2 UK civil depleted, natural and low enriched uranium storage and disposal assumptions

Waste Material Assumptions
There is currently a preference 13405 as the preferred material for long
term storage of the majority of the DNLEU. However, it was assumed th
the current business cases and safety cases for Magnox depleted uranil
THORP product uranium and miscellaneous;ldbwed storage in their
current form and containers. It is also assumed the storage facilities for {
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Container Assumptions

latter materials would continue to meet regulator and industry standards
further assumption was that @an be readily converted ta;Os should it
become a condition of aqance for a GDF or near surface disposal facil
Hence these latter materials can be modelled in their current containers
well as BOg in DV70 boxes.

The location in France of the Areva facility producing the DV70 boxes is
unknown. Also, the production of UK ILW/HAW approved disposal
containers appears to have gone through several iterations in the last tw
decades. The source of these containers for the potentially disposal of
DNLEU several decades into the future is also omkm Hence, a centralise
UK production facility was assumed for all the storage and disposal
containers. An average distance, weighted by the mass of radioactive
at each site, was used for the transport distance between nuclear sites i
LLW Repository in Cumbria and a GDF adjacent to Sellafield for disposg
metals in Chapters 7 and 8. This was a conservative assumption as the
majority of LLW and ILW arise at Sellafield. This approach was also useg
for DNLEU disposal containers. Also, all tbNLEU container models
included the Ecoinvent average metal working impact for metal product
manufacturing as well the container metal impact, hence was consistent
the previous chapters.

Radioactive metals treatment modelling showed that the raasipinrt

impact of containers was low compared to container materials, grouting
disposal impacts. Hence, the results in the previous chapters were rela;
insensitive to LLW disposal transport. Given that DNLEU is a low activit)
waste that can be hdled like LLW it was presumed that its transport
impacts would not be significant. If DNLEU can be transported by rail ra|
than road the impact would be further reduced.

A specialised FHISO container has already been designed and us
THORP prodat uraniumtransport (Southern 2011).was assumed that the
would be used to transport the 50 litre kegs from Sellafield to a dis
facility. It was further assumed that the FHISO containers could be hang
the disposal facilities and would beogted prior to emplacement. It
appreciated that this may be a contentious issue due to the size an
weight of the FHISO container but it is only intended as a first ¢
approximation for the disposal of THORP product uranium in
streamlinecanalysis.

It was further assumed that the redundant DV70 boxes would be thorou
cleaned and used to dispose of VLLW at a licensed facility. The actual
VLLW disposed is not of interest as only the redundant DV70 disposal
volume is modelled to completedir life cycle.
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9.3 Depleted, Natural and Low Enriched Uranium Storage and
Disposal Potential Environmental Impact R esults
This section presents and discusses the results of repackaged disposal of DNLEU as

HAW to a future GDF or as LLW to a potential nearface disposal facility.

9.3.1 Repackaged DNLEU Disposal to a GDF
Deep Disposal Scenarioil5001 Drum Baseling Results
The results for the baseline scenario assursiamless steel 50@rums andstillage

frames are shown iRigure9-1.
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Figure 9-1 5001 Drum (Baseline) scenario environmental impacts (from Eco-Indicator 99 (Hierarchist/Average)) for
all DNLEU as U30g in DV70 boxes repackaged in 500 litre drums for HAW disposal to a future GDF. The redundant
DV70s are disposed as VLLW. Where UUK is Urenco UK Ltd, CNS is Capenhurst Nuclear Services, (48) and (236)
represent Type 48 cylinder and Type 0236 cylinder UF¢ deconverted to U;Og respectively, MDU is Magnox depleted
uranium, TPU is THORP product uranium from Sellafield (Sella) and Misc is the miscellaneous UO3 from various
sites. LTIS is long-term interim storage.

Figure 9-1 shows the potentiaknvironmental impacts as a percentage of Total
Baseline Impact (TBI), which was estimated as 3.2E8Pt. The figure presents the
results for the longerm interim storage packages, disposal packages, HAW disposal
and the disposal of the redundant DV70 boxe¥BLW. The total HAW disposal
impact is about 68.1% of the TBI. The Urenco UK Ltd disposal impact dominates at

210



~42% TBI followed by the Magnox depleted uranium at ~12.8% TBI and the total
Capenhurst Nuclear Services legagblat ~10.5% TBI.

The THORP product uranium and miscellaneous 3{J@isposal impacts are
negligible. The disposal packages impact is about 30.5% TBI, with the stillage frame
impact about double the drum impact. Both these impacts are significant and
comparable with Magnox depleted omam and Capenhurst Nuclear Services
disposal impacts. The combined DV70 package impacts and their VLLW disposal
impacts are negligible at ~1.4% TBI. This suggests that the choice of DV70 boxes is
not important in the overall baseline life cycle.

The Ecolndicator 99 (Hierarchist/Average)normalised environmental imgia

category results are shownkigure9-2.
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Figure 9-2 5001 Drum (Baseline) scenario normalised package and disposal environmental impact category
results (from Eco-Indicator 99 (Hierarchist/Average)) for DNLEU disposal as HAW to a future GDF. The package
impact includes the long-term interim storage packages (DV70 box) and disposal packages (5001 Drum). The
disposal impact includes the HAW disposal to a GDF and VLLW disposal of the DV70s.
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The overall impact inFigure 9-2 is dominated by the potential Fossil Fuels,
Respiratory Inorgani¢s Minerals, Climate Clange and Ectoxicity then the
Carcinogen impacts. The remaining impact categories are negligible.

Environmental Impact Category Results for HAW
The disposal impact dominates in all categories expecttdacity and Minerals.

This was presumed to be due material and production impacts for the large
number of carbon steel DV70 boxes but especially the stainless steel 500 litre drums
and stillage frames. Fossil Feednd Respiratory Inorgarsadisposal impacts are
significantly higher than the packagmpacts due to the energy and atmospheric

discharge$rom the excavation and backfill of HAW disposatility vaults.

The Ecoindicator 99(Hierarchist/Averageweighted impact results are presented in

Figure9-3.

1 Package Impact E==Disposal Impact Total Impact
45
40
35
& 30 —
[oF
E 25 |
“E’ 20 -
% 15 |
o 10
£ lm N =S 1
'9 0 rl\ \'_ T B E— T T —— S —I T I_
©
© § & & & & & & F F &£ F
% é’\(\o &q@ @? O‘(\{b ,bb\(b 0\’ \O+ ‘(\\O(b 06 ®°® §Q
5 WO & g @S F Y
o &) & O N <
= & xO N\ <
e Q\\ @ @) &
Q_Q;% Q.Q'G)Q ,0.\30(\
Y
O
&
Impact Category

Figure 9-3 5001 Drum (Baseline) scenario weighted package and disposal environmental impact category results
(from Eco-Indicator 99 (Hierarchist/Average)) for DNLEU disposed as HAW to a future GDF. The results are
presented as a percentage of Total Baseline Impact (TBI).
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The underlying pattern in the figure is similar to the normalised value presented in
Figure9-2, but the Mineral and Fossil Fuel values are meduced.This is because
these impact categories have half the weighting to the other impact categories in the
Hierarchist cultural perspectivas discussed irChapters 7 and 8Hence, the
Respiratory Inorganic impact dominates over the Fossil Fuel impaacé weighted
results. The order of the remaining impact categories is the safiguas 9-2 but

there is a smaller margin between the Minerals impact and those fooX¥city and
Climate Change. The weightaesults show th disposal impacts are about two
thirds of the Baseline totampact aad the package impacts about one third of the
Baselinetotal impact

Comparison of GDF Disposal Product Stage/Process Results

Having presented the baseline scenarialteghe combined results of all the GDF
scenarios are presentedrigure9-4. The figue shows the distribution of lortgrm
interim storage package impacts, the varidisposal packges impacts plus the
disposéimpacts for HAW in duture GDF.

DDS1 5001 Drum (Baseline) DDS2 HHISO/Liner
B DDS3 Grouted 4m Box ®DDS4 200l Drums in 4m Box
EDDS5 3m3 Drum
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Figure 9-4 Comparison of the interim storage package impacts, the disposal package impacts and disposal
impacts (from Eco-Indicator 99 (Hierarchist/Average) for the five deep disposal scenarios for DNLEU as HAW to a
GDF. The interim storage packages were DV70 boxes, the disposal packages were as identified by each scenario.
The impacts are daomated by disposal. The DDS 3 (Grouted 4roxBdisposal
impact is ~18% highethan the DDS1(5001 Drum (Baseling) disposal, but their

package impact is ~13% lower than the 500 litre drum scenario. Hencsahkfe
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cycle impact for the Grouted 4moB scenario is about 5% higher than the baseline
at 3.37E8Pt.

The DDS2 (HHISO/Lmner) scenario offers about a 14% reduction in disposal impact
compared to the baseline. Carbon steel HHISOs with titanium liners, rather than 500
litre stainless steel drums and stillage frames, reduces the package impacts by a
factor of about 8. Hence thetal life cycle impact for DDS2 (HHISO/Liner) is about

40% lower than the DDS300I Drum (Baseling at 1.9E8Pt.

The DDS4(200l Drums in 4m boxand DDS5 (3 Drum) scenarios both offer
about a 40% reduction in disposal impact compared to the DDS1r@asktiey also
give a factor of ~2.6 to 4.9 reduction in package impagpectively. This islue to
the better utilisatino of thewaste containerand hence lower disposal voluniéheir
total life cycle impacts are about 48% and 54% lowen DDS15001 Drum
(Baseling at 1.64E8Pt and 1.48E8Pt respectively.

The disposal package impacts are a significant proportion of thiéengtcle impact

but considerably lower than the disposal impadthis shows the variation in impact
as®ciated with stainlessestl HAW containers. The DDS@HHISO/Liner) impact is
significantly smaller than the other disposal packages impacts since they are made of
carbon steel rathighan stainless steel. The DV70 letggm interim storageackage
Impacts are trivial compared tbe other impacts in all casékhis confirms that the
choice of longterm interim storage package is not important in disposalof
DNLEU as HAW disposal to a GDF

Comparison of GDF Disposal Impact Category Results

Figure 9-5 shows that the Fossil Fuel impact dominates the normalised
environmental impact category results in all five scenarios followed by the
Respiratory Inorganics, Minerals, Climate Change andt&xicity the Carcinogens.

All the other impactcategories results are negligible. This is consistent with the

pattern of results for theaseline case iRigure9-2.
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Figure 9-5 Comparison of Eco-indicator 99 (Hierarchist/Average) normalised impacts for the five HAW deep

disposal scenarios for DNLEU.

The Eceindicator 99Hierarchist/Average weighted impacts, as a percentage of Total

Baseline Impact, for the five deep disposal scenarios are shokigure9-6. The

figure againshowsthat applying the Ecéndicator 99 weighting factors changes the

ordering of the environmental impact categories Redpiratorylnorganic impacts

dominate rather thaRossil Fuelimpacts. The Minerals, Climate Change and Eco

toxicity are about equal and the Carcinogen impacts are only slightly smaller. All the

other impact categories are negligible.
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Figure 9-6 Comparison of Eco-indicator 99 (Hierarchist/Average) weighted impacts for the five HAW deep

disposal scenarios for DNLEU. Results are in percentage of total baseline impact (TBI).
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Overall, there is no major difference between the D@80l Drum (Baseling
scenario and the DDS3 (Gredt 4m BX) scenario impact category results. Their
potential environmental impacts are clearly grouped together and significantly higher

than those for the other disposal scenarios.

The DDS2 (HHISO/Liner 40% reduction in total impact compared to the DDS1
5001 Drum (Baseling scenario, discussed previousig, clearly reflected in the
dominant environmentalimpact categoriesesults shown inFigure 9-6. This
constitutes an interesting alternative pobgdickford et al 2012since HHISOs are

not approved HAW disposal packages for a future GDF. HAW disposal packages are
generally made of stainless steel as it affords better corrosion resistance than carbon
steel. However, the titanium liner compensdteshis and he carbon steel package
option represents a plausible alternative for DNLEU disposal based on these results.
It also shows the potential benefits of challenging the norm and opens the way to
considering other disposal packages for DNLEU.

There is onlya marginal difference b@een the DDS4 (200l Drums in 4m Boand

the DDS5 (3m Drum) disposal options. Both scenarios give about a 50% reduction
in impact compared to the DDSlbaseline scenario. However, the best overall
environmental option of the fiveegp disposal scenarios modelled is the DDS5 in

drum grouting and disposal in 3mirums.

The above results were for the letegm interim storage of all DNLEU as3;0g
powder, the repackaging and disposal of the DNLEU in a range of packages suitable
for afuture GDF. Attention now turns to the possible disposal of the various forms
of DNLEU, in current and planned losigrm interim storage packages, but ever
packed in suitable containers rather than repackaged in new containers.

Given the very low activit of DNLEU, and the extremely long hdife of the main

nuclides (up to 4.5 billion years for U238), the difference in release from carbon steel

or stainless steel containers over their corrosion periods is moot. This suggests that
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container and disposaptions could be usefully explored further for a future GDF or

a potential near surface disposal facility.

9.3.2 Over-packed Disposal to a GDF or Near Surface Disposal Facility
This section presents the results of the three scenarios (DDS6, SDS1 and SDS2) for

the disposal of DNLEU in overpacks to a future GDF armbential near surface

disposal facilitysome tens of metres @l thesurface (NDA 2013b).

DDS6- Ovempackel DNLEU as HAW
This scenario assumed that the stored DNLEU was disposeA\ds hence he
DDSE6 life cycle impactsare superimposed on the results of pievious five deep

disposalkcenarios and are presentedrigure9-7.
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Figure 9-7 Comparison of deep disposal of over-packed DNLEU consigned to a GDF with repackaged DNLEU in
the previous five deep disposal scenarios as a percentage of total baseline impact (TBI) (from Eco-Indicator 99
(Hierarchist/Average)).

The results inFigure 9-7 show that theoverpacked disposal impact as HAW to a
GDF is higher than the previous five deep disposal scenarios. This is due to the poor

utilisation of the 4m boxes and the special FHISOs.

The overpacked disposal impact iveut 105%TBI (i.e. ~26% higher than the
DDS1500I Drum (Baseling. The ovespackedmpact is subdivided as follows:
~62% for Urenco UK Ltd kDg in DV70 boxes,

~16 % for Capenhurst Nuclear Servicgdgin DV70 boxes,

~18% Magnox depleted uranium in-ntompacted 200 litre drums,
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~8% THORP product uranium in taompacted 50 litre kegs, and

~1% miscellaneous U{n un-compacted 200 litre drums.

The DDS6 packagingnpact is about 22% TBI (i.e. ~10% lower than the DI38QI

Drum (Baseling disposal packag impact) and dominated by the 4boxesas
overpacks(~20%). The longerm interim storage package impact is small at ~2%
TBI. The increased impact is also evident in the weighted environmental results
presented ifFigure 9-8. The environmental impact category trend is the same as the
five deep disposal scenarios discussed in Seétidrd and the order of significance

of the impactategoriesemairs unchanged.
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Figure 9-8 Comparison of the weighted impact results for over-packed DNLEU consigned to a GDF with
repackaged DNLEU in the previous five deep disposal scenarios as a percentage of total baseline impact (TBI)
(from Eco-Indicator 99 (Hierarchist/Average)).

SDS1i Overpacked DNLEU as LLW (SS)

This scenario assumed the same DNLEU stock,-teng irterim storage packages
and overpacked in stainless steel (SS) 4m boxes and special FalSBs DDS6
scenario. The onlghange was the packages were consigned to a potential near
surface disposal facility with disposal impacts broadly equivalent to LLW disposal
rather than HAW disposal.

SDS2 Overpacked DNLEU as LLW (CS)

This scenario assumed the DNLEU stock and H@&mnm interim storage packages
were as DDS6 and SDS1, but carbon st€&) rather than stainless stg&S)4m
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box overpacks were used for disposal. The disposal volume remained unchanged
from SDS1 and the waste was consigned as LLW to a potential nearestdidposal

facility.

Comparison of General Ovgrack Reslts

A comparison of the results of the tareverpacked disposal scenarios is presented
in Figure 9-9. The figure shows that the total cycle impact oé thverpacked
DNLEU, disposed as HAW to a GDF, was about ~126% TBI. Disposal of the same
overpacks as LLW to a near surface disposal facility reduces the total impact to
~32% TBI. The total impact is further reduced to ~16% TBI if carbon steel 4m box
overpacks can be used instead of stainless steel boxes.

BDisposal Impact  OOverpack Impact ~ OLTIS Package Impact
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Percentage of Total Baselinet
Impact

0 . , i
DDS6 Overpacked DNLEU as SDS1 Overpacked DNLEU as SDS2 Overpacked DNLEU as
HAW LLW (SS) LLW (CS)

Disposal Options

Figure 9-9 Comparison of over-packed DNLEU disposed as HAW to a future GDF or as LLW in stainless steel
(SS) or carbon steel (CS) 4m box over-packs to a potential near surface disposal facility (from Eco-Indicator 99
(Hierarchist/Average)). The results are in percentage total baseline impact (TBI).

Since the packageolume is the same for the HAW disposal and the initial LLW
disposal (DDS6 and SDS1) thgackage impactare constanbut the disposal
impacts are significantly different. When carbon steel 4m boxes are used for LLW
disposal in SDS2 the disposal impact remains constant but the packaging impact is
significantly reduced because of the chaonfesteel. Hence, the overall life cycle
impact for LLW disposal is essentially halved. This is an over simplification and the
carbon steel 4m boxes may have to be thickened to be able to take the DV70 boxes.
However, it was assumed that the external dimo@ssand hence volume remained

constant. The graph attempts to show the potential reduction in environmental impact
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if the DNLEU could be disposed as LLW to a potential near surface disposal facility

rather than HAW for deep disposal in a future GDF.

Cortainer Implications

DNLEU shows ingrowth of radiaaivity with time rather than the usual decayd

the uranium isotopes and thelaughterproducts have very long hdlfes, in the

span of about 250,000 years for234 to 4.5E9 years for4238. The diffeence in
stainless steel and carbon steel corrosites is unlikely to make significant
difference to uranium radionuclide release from disposal packages over such a long
timescale. Hencerigure 9-9 shows thebenefit of changing the disposal container
material to carbon steel if a suitabldetg case can be made for uranium release

rates to the environment from a near surface disposal facility

Comparison of Near Surface Disposal Facility Product Stage/RsoBesults
Figure 9-10 presents a comparison of the overall life cycle impactsore detail,

based in the different waste producers/owners.
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Figure 9-10 Total life cycle impacts (from Eco-Indicator 99 (Hierarchist/Average)) for the three over-packed
DNLEU disposal scenarios. Where UUK is Urenco UK Ltd, CNS is Capenhurst Nuclear Services, (48) and (236)
represent Type 48 cylinder and Type 0236 cylinder UFg deconverted to U;Og respectively, MDU is Magnox depleted
uranium, TPU is THORP product uranium from Sellafield (Sella) and Misc is the miscellaneous UO3; from various
sites. LTIS is long-term interim storage. The results are in percentage of total baseline impact (TBI).

Figure9-10 shows that the disposal impactominate the life cycle for stainless steel
overpacksdisposed as HAW The disposal impact dominates the DDS6 scenario,
the long term interim storage packeayed disposal package impacts are minor. This

is due to the high disposal impact for HAW for a future GDF. In the SDS1 scenario
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the disposal package impacts are slightly higher than the disposal impacts. This is
because in this is scenario the waste isadisd as LLW to a potential near surface
facility with about an order of magnitude lowdisposalimpact than HAW. In this

case the stainless steel drum and boxes represent a significant potential
environmental impact in their own right. In the SDS2 sdengre disposal package
impact is significantly reduced since carbon steel is assumed for the 4m boxes rather
than stainless steel. Hence, a large reduction in potential environmental impact can
be achieved if the DNLEU is disposed to a potential nedasaidisposal facility.
Further environmental savings can be achieved in the 4m boxpauks can be

made of carbon steel.

9.4 DNLEU Disposal Cost Estimates

Having generated the paotgal environmental impacts for thBNLEU disposal
scenarios attention nowrns to estimating th&nancial costs of each optioffhe
estimates are based on the cost of the-teng interim storagepackages, the
disposal packages and ttnansport andlisposalof the waste packages aopotential

GDF or near surface disposakilty. The section discusses the scarcity of HAW
costs data for containers, transport and disposal. It also provides estimates of disposal
costs for the shallow and deep disposal scenarios.

9.4.1 Scarcity of HAW Cost Data
As stated previously VLLW and LW disposal container, tresport and disposal

costs are readily availablegtivalent data for HAWpackages andlisposal to a
GDF are commercially sensitive and not readily available hence estimates are made

from costs data in the literature

Storage Containe€osts

The cost of a carbon steel DV70 box was unknown, but two estimates were made.
The first estimate was based on their mass (0.75te from Jones 2014) compared to a
carbon steel HHISO from the LLW Repository Ltd disposal service pricgLiSVR

Ltd 2014. This gave a cost estimate of £1,950 per DV70. The second estimate
assumed carbon steel to be about ¥4 the cost of stainless steel, hence extrapolating

from a stainless steel 3rhox gave a DV70 cost of £2,270.
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The cost of a 200litre stainless steel drwas also unknown. The manufacturer of
drums for Sellafield was approached but could not supply the costs for contractual
reasons. A minimum cost of ~£120/drum was taken from a commercial internet site
and an upper value of ~£250/drum estimated by scHimgost of the stainless steel
3m® box by the 200 litre drum mass. The cost of swgmempacting the 200 litre
drums for the fourth GDF scenario was taken from the LLW Repository service price
list (LLWR Ltd 2014).The cost of a 50 litre stainless steegkavas also unknown.

Far fewer of these will bmade than the 200 litre drums hence their productiors cost

may be higher. They were assumed to be half the cost of a 200 litre drum.

The cost of the 500litre stainless steel drums for the baseline GDFiscess
estimated as £1500 (Bryan 2005). Scaling the 200litre drum by mass gave a 500litre
drum cost of ~£1,570, and scaling the®3mox cost by 500litre drum mass gave
~£725. The cost of the stainless steel stillage frame for four 500litre drums was also
unknown. However, the mass was stated to be 1tviDA 2008)and a stillage cost

of £1,490 to £1,850 was estimated from current stainless steel pFice. costs
include a 25% increase to represent the production cost of a stillage. This is a crude
estimate but gives amdicative stillage cost range.

The current cost of a HHISO 88,000 (LLWR Ltd 2014).The cost of the
HHISO/titanium liners, for the second GDF scenario, was based on the number of
HHISOs and the mass of titanium for the liners freinkford et al 2012 (Scenario
16H). A titanium price of £3,390 to £3,890/tonne for 2013/2014 was taken from the

internet to estimate the liner costs.

The cost of a stainless steel box was estimated as between £16,000 to £32,000 in
Chapter 8.The cost of acarbon steel 4m box, for use at a potential near surface
disposal facility, was estimated as ~£11,000 based on the mass ratio of HHISO and a

4m box.
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The cost of a stainless steel 3dnum was assumed to be the same as*b&m The

early development 3frbox cost from Ove Aru997 was inflated to current prices
giving a cost of ~£9,000 per box. However, CORWM stated that the cost for each
3m® box could be as high as £25,000 (CoRWM 2008b). It was also noted from NDA
2012athat the current production cost a 3nfdrum was £20,000Hence the cost
range estimated for a 3rdrum for the fifth GDF scenario addressed the current high
unit production cost but allowed for cost reductions from improved production

methods and economies of scale from increased demand

Transport Cost

A HAW transport cost of £1,250/fmvas assumed for ILW metal disposal in Chapter

8. Thiswasbased on estimates for core graphite disptwsal GDF in NDA 2012a
which showed that transport represented about 10% of the total HAW dispsetal ¢
However, DNLEU is a low activity material and would require minimum shielding
for contact handling and transport. The current joint waste management plans (e.g.
Shipton and Falconer 20L8hdicate that transport represents about 2% of the total
LLW disposal cost. Hence DNLEU transport costs were assumed to be £256/m

1/5 of the ILW transport cost.

Disposal Costs

As stated previously the LLW disposal volume cost norm is currently £2,890/m
(LLWR Ltd 2014). There is no cost data for a potentielar surface disposal facility
for DNLEU hence the LLWeost norm was assumed. VLLW disposal cost estimates
range from £300 to £700with a planning norm of £500/{LLWR Ltd 2014)and

this was assumed for the disposal of redundant DV70 boxes in the @Ddtiss.

The shielded packaged disposal cos£2840/nt was assumed for the 4m boxes and
HHISO/liner HAW disposal scenarioend the unshielded package cost of
£10260/nT was assumed for the 500 litre drum and®2trum scenariobased on

NDA 2012a.The baeline cost of £8,380fnfor mixed shielded and unshielded
packages was also calculated for each HAW scenario. These estimates allow for the

different handling regimes for disposal a GDF
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9.4.2 DNLEU Disposal Cost Estimates
General Cost Comparison

The cost esthates forthe deep disposal scenarios to a future GDF and shallow
disposal a potential neaurface disposal facility scenarios are summarisehbie

9-5 andTable9-6 respectively. The DDS4 (200l Drums in 4m Baksposal package
costs are relatively higim Table9-5 because of the large number of 200 litre drums
and the additional supeompaction costs at Sellafield. This sagty some
consideration could be given to building a dedicated sopepaction facility at
Capenhurst as the site contains the bulk of the DNLEU. The DDS5 [8um)
disposal package costs are relatively higitable9-5 because of the number of 3m

drums and their high unit costs from the literature.

Table 9-5 Comparison of financial costs of deep disposal of DNLEU as HAW to a Future GDF

Scenario LTIS Disposal | Trans- DVv70 GDF Total GDF
Package | Package | port VLLW Disposal Disposal
Cost Cost Cost Disposal Volume Volume Cost
(Emillion) (Emillion) | (Emillion) | Cost Cost (Emillion)

(Emillion) (Emillion)

DDS1 500l | 45-61 162-300 | 34 57 16 1124- 13701 1787 |

drum 1376

(Baseline)

DDS2 45-61 60- 63 26 51 16 404-882 | 54071 1048

(HHISO/

Liner)

DDS3 45-61 125-250 | 42 51 16 645- 1407 | 8621 1776

(Grouted

4m Boxe$

DDS4 45- 61 237-343 | 19 51 16 289- 630 | 595i 1069

(200l

Drums in

4m Boxe$

DDS5 Bnr | 45- 61 258-711 | 19 5-16 621-761 | 948i 1568

Drumsg

 REClRIGRESHEsSI, v <llow i medium costs, Blue- low cost, Green'i lowest cost

The tables show that there is a large variation in the total disposal costs due to the

variation in waste package number and digape®lume. TheGDF disposal costs

dominate the total costs in each case but package costs are also significant. The

DV70 longterm interim storage package costs are constant at ali8atd the total
costs. The disposal package transport costs vary betiv@® of the total cost. This

is due to the variation in number of packages and their volume. The VLLW disposal
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of the redundant DV70s is small at ~1% of the total costs for GDF and zero for the
near surface disposal facility as they are guarked in 4nboxes for disposallhe
long-term interim storage packaged costTiable 9-5 is marginally higher than in
Table9-6. This is because the Magnox depleted uranium, THOR&uptaranium

and miscellaneous UQwere converted to 4Dg and packaged in additional DV70
boxes for GDF disposal’he transport costs are higherTiable 9-6 because of the
poor utility of the 4m box ovepacks. Tle SDS1 and SDS2 LLW disposal costs are
relatively high at ~£E600m because of the poor utility of the 4m box-peeks.
However, using carbon steel oymacks for the SDS2 LLW disposal frable 9-6
saves £44 £185min container costs. Further, the total cost for shallow disposal of
DNLEU as LLW is between 20% and 57% cheaper than the total cost for deep
disposal as HAW.

Table 9-6 Comparison of financial costs of the DNLEU in over-packs for deep disposal to a future GDF or shallow
disposal to a potential future near surface disposal facilit

Scenario LTIS Disposal | Trans- Disposal | Total LLW Total LLW
Package | Package | port Volume | Disposal at | Disposal Disposal
Cost Cost Cost at GDF | GDF Costs | Cost Cost
(Emillion | (Emillion | (Emillion) | Costs (Emillion) (Emillion) (Emillion)
) ) (Emillion)

DDS6 37-51 | 146- 51 785- ISR | N/A N/A

(Over 287 1712

packed

DNLEU as

HAW)

SDS1 37-51 146- 51 N/A Not 611 8457 1000

(Over 287 applicable as

packed LLW

DNLEU as disposal

LLW (SS)) costs

assumed

SDS2 37-51 102 51 N/A Not 611 8017 815

(Over applicable as

packed LLW

DNLEU as disposal

LLW (CS)) costs

assumed

 RECHIRGRESHEeS], Y ellow i medium costs, N/A T Not Applicable

A comparison of the average costs frdable9-5 andTable9-6 are shown irFigure
9-11. Figure 9-11 shows three broad groups of total average disposal costs. The
highest dispsal costs are for the DDS1 (5001 Dru(Baseline) and DDS6
(Ovempacked DNLEU as HAW) scenarios for deep disposal to a future GDF. The
middle cost group idades the DDS3 (@uted 4m Boxand DDS5 (3mDrum) as
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HAW to a future GDF. These give a-26% redation compared to the DDS1 (500l
Drum (Baseline) total The includes théd2
(HHISO/Liner) and DDS4 (200l Drums in 4m Bpo#disposal as HAW to a futer
GDF. It also inalides disposal of the SDS1 (Opacked DNLEU as LLWSS)) and
SDS2 (Ovepaclked DNLEU as LLW (CS) shallow disposal to a potential near
surface disposal facility. The disposal of the epacked DNLEU in stainless steel

cost. lowest cost group

4m boxes as LLW isnarginally higher than the other three costs in the group due to
the poor utility and cost of the stainless steel 4m boxes. This group shows a 40
50% reduction compared to the 5001 Drunaggling.

1800 ®DDS1 5001 Drum(Baseline)

1600
1400 ®DDS2 (HHISO/Liner)
1200
1000 DDS3 (Grouted 4m Box)
800

Cost £million
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400
200 L N
0 | B 77N e
&
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®DDS5 (3m3 Drums)
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Figure 9-11 Average storage costs and disposal costs for DNLEU. Disposal costs are based on the NDA 2012a
£/m? costs for HAW and LLW Repository Ltd £/m® for LLW and VLLW.

Overall the DDS2 (HHISO/Liner) scenario offers the lowest total GDF disposal cost
followed closely by the DDS4 (2001 Drums in 4m BoRlthough both scenario

options were taken from the literature, further research is needed to confirm that
these wastéorms and packages would be acceptable for disposal at a future GDF or

a potential neansface disposal facility.

The choice of container, their utilisation and costs will be significant issues for

DNLEU disposal. Although it is low activity material, and should not be subject to
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the high costs associated with ILW transport to a future Gid-transport costs for
DNLEU could still be substantially higher than the 2% for LLW. This is also an area
that needs further research.

Near Surface Disposal Facility Limiting Costs

The HAW disposal costs imable 9-6, estimated using GDF costs, give a potential
upper limit to the variable cost for disposal to a near surface disposal facility
assuming ovepacked disposal. The LLW disposal costsTiable 9-6 give a
potertial lower limit to the variable disposal costs for opacked disposalThe

fixed cost of designing, planning, authorising, constructing, operating and backfilling
a near surface disposal facility have not yet been estimated. These could be
significant even if the vaults are only a few tens of metres belowstitéace (NDA
2013b).The costs should be considered as indicative only as no comparable near
surface disposal facility for DNLEU yet exists. However, the disposal of 175000m

of LLW and VLLW at thenew LAW disposal facility being built at Dounreay can
give an insight to the potential costs of a near surface disposal facility for DNLEU.
The Dounreay facility is six concrete vaults at about 11m below the surface and has
an estimated lifetime costé £110m (McVay 2014 However, no breakdown of this

cost has been found. Hence it could be expected that any near surface disposal
facility several tens of metres below the surface may be considerably more expensive

than the Dounreay facility.

Cost Comparisn with NDA Macreeconomic study

The costs for a range of scenarios for the disposal of uranium and plutonium are
presented in NDA 2007 This macreeconomic study showed disposal costs for
uranium ranging from £20m t626m for packaging in bespoke con&® or 2m
boxes- £86m using 200litelrums in dedicated stillagedetween £110m to £140m
using 500litre drums or 3fhboxes and ovepacking existing DNLEU packages in

2m and 4m boxes. The highest costs were between £270m for direct disposal and
overpading of uranium in standar800litre drums and stillages afiB10m for
overpacking existing DNLEU packages in 3rhoxes. Hence macmeconomic

study alsoshows a large variation in disposabsts for scenarios it considerékhe
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costsfor the macreecononic study werebased on a DNLEU inventory d0,000

(tU) (NDA 2007)and historical disposal costompared to 162,000 (tU) and current
published costs used in this research. The increased inventory and current container,
transport and disposal costs resalthe higher total costs presented in this research.
The macreeconomic studyloes, however, show the benefits of develofiegpoke
disposal packges and stillage or repackaging DNLEU in 2m boxes giving a high
packing density. fieseoptions were not expred in the research. giimising the
disposal option costs itherefore key toin the macreeconomic study andhis

research.

9.4.3 Costs excluded from the estimates
The costs ofleconversion of Ufor conversion ofJO; to UsOg and the longerm

interim storeconstruction, operation and demolition are excluded from the estimates.
The cost of DNLEU production and storage relate to the material as a potentially
commercialproduct. Once DNLEU is designated a waste these costs cease to be
relevant. Urenco UK Ltdet i mat eub@a0mmf or the construc
Management Facility but the cost associated wifte uranium oxide store is
unknown. It is assumed to be small if similar to the equivalent steel and concrete
COVRA VOG store in the Netherlands, thiere currently excluded. The transport

of empty storage and disposal containers to sites are expected to be small compared
to the other costs, hence they are also excluded. The labour costs for repackaging of
reactor core graphite NDA 2012awere highlyuncertain and excluded from that
analysis. The same was assumed for DNLEU disposal hence repackaging labour

costs also excluded.

9.5 Analysis Review
The results show that:
e The estimated idposal volumes for DDS4 (200l Drums in 4m Bcnd
DDS5 (3nt Drum) aresimilar to the estimated DNLEU lortgrm interim
storage volume, suggesting good package utilisation for these disposal

options.
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e The estimated disposal volumes for DDSD({l Drum Baseling), DDS2
(HHISO/Liner) and DDS3 (Grouted 4m Bpare about a factmf 1.5 to 2.5
higher than the DNLEU storage volume, suggesting poor package utilisation.

¢ The estimated overacked disposal volume wabout a factor of ~2.8 higher
than the DNLEU longerm interim storage package volume. This suggests
the initial propsed oveipack utilisation was not optimisedhence some

potential improvement are discussed in Chapter 10

9.6 Chapter Summary

The results demonstrate the storage and disposal life cycle potential environmental
impacts and financial costs are highly variabted are dominated by the disposal
volume impacts for HAW to a future GDF or potential near surface disposal facility.
Theenvironmental impact and financial costs estimmageilts are summarised in
Table9-7.

The cost estimates are crude and have a high degree of uncertainty. They do not
include the cost of the loAgrm storage facilities at Capenhurst and Sellafield or the
repackaging costs for disposal. Nor do they include the conversion costs¢ftw UF
U3Og, or UQ; to UsOg or the potential ongoing DNLEU production from the Urenco

UK Ltd enrichment business. This latter point could be significant given the
company throughput and extended order book. It is anticipated that improved
package, transport and digab costs will result from the Integrated Project Team on
Uranium and discussions with packagers (NDA 2013b and 2013a respeciivaly).
estimates presented here should therefore be treated with caution and regarded as

broad outline estimates for the curténventory only

The results suggest thagsificant potential environmental improvements and
financial cost savinggan thereforée achievedby choosing alternative disposal
packages to theurrent500l Drum (Baseline). Disposal of DNLEU as LLW to a
near surface disposal facility reduced the disposal costs to an average of
~£865m. This cost is high due to the poor utilisation of the 4m boxpaaks

and may reduce if mixed disposal could be justified.
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Table 9-7 Summary of the potential environmental impacts and costs of theédomgstorage and
disposal of depleted, natural and low enriched uranium

Scenario Environmental Impacts| Estimated Total
Average Cost

Deep Disposal Scenario 1 1/4

(Baseline) >
Deep Disposal Scenario 2 15
(HHISO/Liner)

Deep Disposal Scenario 3 1/,

(Grouted 4m boxes)

Deep Disposal Scenario 4 15
(200litre drums in 4 m boxes

Deep Disposal Scenario 5
(3m° drums)

Deep Disposal Scenario 6
(Overpacked DNLEU as > >
HAW)

Shalbw Disposal Scenario 1 15
(Overpacked DNLEU as
LLW)

Shallow Disposal Scenario ! 1/ 1/

2 2
(Overpacked DNLEU as
LLW in carbon steel 4m
boxes)

Key: Lowest V2, High ¥4, Highest , , costs based on those presented in Figure
9-11. The lowest potetial environmental impacts for repackaged DNLEU disposal are the DDS5
(3m® Drum), DDS4 (200l Drums in 4m Box) and DDS2 (HHISO/Liner) scenarios. The highest
potential environmental impacts arise from the DDS6 (Overpacked DNLEU as HAW) and DDS3
(Grouted 4mBox) (DDS3) and DDS1 (5001 Drum (Baseline)) to a future GDF. The lowest
environmentalmpacts are the twshallow disposascenarios SDS1 and SDS2 (Overpacked DNLEU
as LLW (SS) and LLW (CS) respectivglyo a potential near surface disposal facility. goerm
interim storage package impact and their disposal impact constituté.dfdyto 1.8 % of the baseline

to potential environmentéipact. Hence the choice of DV70 boxes for ldagm storage packages is
not a significant environmental issue in thNIIEU storage and disposal life cycle.

The DDS1 (500l Drum (Baseline)) and DDS6 (Overpacked DNLEU as H@W) the highest

total average costs. The DDS2 (HHISO/Liner) and DDS4 (2001 Drums in 4m Box) scenarios
gave the lowest total average cost d0%50f he baseline costs.
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10 Conclusions, Discussion and

Recommendations

The research ainof the researclwas how best to maximise the environmental
benefits, or minimise the environmental detriments, of radioactive waste
management decisiamaking. This chater presents the conelons of the research,
discussesome of the key findings and limitations then makes recommendations for

industry and for further research.

10.1 Conclusions
The research aim and objectives of Seclidiwere met. Simplified partial life cycle

assessment (LCA) models and financial cost estimates were developed-&b+r end

life disposition options for significant UK radioactive wastes. The LCA models were
to investigate the potential environmantmpacts of the disposal and treatment for
recycling or reuse of two radioactive metal inventories; the Windscale Advanced
Gascooled Reactor (WAGR) boilers and the entire UK radioactive metals inventory.
Having developed the methodology the researchex#éended to investigate
hypothetical scenarios for a potentially significant future radioactive waste
managemerissue: hamely, thieng-term interim storage and disposal of the UK
stock of civil depleted, natural and low enriched uranium (DNLEU) at 205t
estimates were generated for each scenario using data from the literature to identify
the cost benefits or detriments of each option. The conclusions of the radioactive

metals research are summarise8ax 10-1.

Box 10-1 Conclusions for UK radioactive metals

e Both the radioactive metals studies showed there are potential sign
environmental advantages in radioactive metals recycling promoted by the ¢
solid LLW policy, strategy and plans

e Financial benefits from current metals treatment options are supported an(
even greater benefits when applied to the UK radioactive metals inventory
whole

e Overall the potential environmental impacts are doteichdy ILW metals disposé
but costs are dominated by LLW metals disposal costs.

e |ILW, LLW and VLLW metals potential environmental impacts and costs ca
reduced by increasing waste container loading for disposal and by treatm
minimise disposal

e Regcling LLW and VLLW metals, thus avoiding future metals for new products
the nuclear industry, or as scrap, offer further improvements
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The conclusions of the DNLEU research are summarisBadxri0-2.

Box 10-2 Conclusions for the 2015 UK civil depleted, natural and low enriched uranium inventory

e Storage and disposal potential environmental impacts and costs are highly v
and are dominated by the disposal volume impacts

e Disposal package potential environmental impacts are significant, but thedonc
interim storage package impacts are negligible

e Disposal packages with a high utilisation factor minimises the disposal volum
potential environmental impacts

e The 3ni drums ad supercompacted 200litre drums in 4m boxes give the loy
potential environmental impact, closely followed by disposal in half height
containers with titanium liners

e The 500litre drum baseline and grouted 4m boxes give the highest po
envirommental impact

e HHISOs with titanium liners give the lowest disposal cost, followed by s
compacted 200litre drums in 4m boxes

e The 500litre drum baseline and 4m box overpacks gives the highest disposal ¢

e The potential environmental impacts and costdigsposal to a proposed near surf;
disposal facility are highly speculative. Poor utilisation factors mean a large ni
of stainless steel overpacks are needed, giving high transport and disposal c(
avoids repackaging requirements.

10.2 Discussio n of main issues
10.2.1 Eco-Indicator 99 as the life cycle impact assessment method
Ecoindicator 99 focuses on European environmental impacts to model potential

damages to Human Health, Ecosystem Quality and Resources and is compatible with
international standdrfor LCA (ISO 14040 2006). It is a rather old life cycle impact
assessment (LCIA) method, but well respected as shown in Chapter 6. The
limitations of Eceindicator 99 are discussed in the method maf@akdkoop and
Spriensma 2001a}jhe International Rerence Life Cycle Data System document
(EC/JRC 2010a and 201WVolf et al. 2012 and the EC clean materials technology
assessmenPhylipsen et al 2002)yhich used Ecdndicator 99 as the LCIA method.

A more modern LCIA method, ReCiPe 2008, was develd@sed on Econdicator

99 and CML 2001 as discussed in Chapter 6. However, the total life cycle impacts
for the WAGR boilers scenarios calculated by both-Bdicator 99 and ReCiPe in
Chapter 7 were not greatly different, giving confideimc&coindicator 99 It has to

be agreed that companies producing high environmental impacts materials such as
iron and steel or concrete have been making considerable effort to reduce their
impacts and this may not be fully addressed in the Ecoinvent 2.2 databaSecan

indicator 99 method. However, it was not the intent of this research to comparing
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the potential environmental impacts of multiple LCIA methods. Hence, this is left as

an area for further research.

10.2.2 Comparison with the Nuclear Fuel Cycle LCAs
The abwee limitation of Eceindicator 99 means that the results do not allow direct

comparison with the nuclear fuel cycle LCAs in Chagtend general benefits for
metal recycling fromChapter 5.Rather, they show the difference in potential

environmental impés for the scenarios in each phase of the research.

The overall results do, however, appear to support the claim of significant benefit
from metals recyclindpy Wallbridge et al2012a,i.e. 15 to 55% reduction in impact

for recycling 70% steel with 90%ecycling rate. This compares to a 53% reduction

in total life cycle impacts for international treatment of the UK radioactive metals
inventory without claiming the benefit of avoided metal in recycling as discussed in
Section8.3.1 The outcome is a little different for this research as it assumed a 95%
recycling rate and almost the same percentage of metals available for treatment, i.e.
5% of VLLW and 5% of LLW metals were not suitable for decontamination or
melting, so were directly disposed, and ~14% of LLW metals had surface oxide
films containing fission products or activation products, hence could not be recycled.
However, this research included melting these later metals and ILW metals decayed
or decontanmated to LLW for volume reduction only, which was not considered by

Wallbridge and his colleagues.

This research alseupportsthe claim by Wallbridge et al. 2012a and others that
steels and concrete are important environmental issues during the wdste an
decommissioning phase of the nuclear fuel cycle as discus<eldajter 4. This
research did not consider the wider aspects of decommissioning a power station in
general, nor the impacts associated with thesiteinterim storage of wastéisat
Wallbridge et al 2012a included in their analysis. However, the potential
environmental impacts of the lotgrm storage and disposal of the depleted uranium

in this research represents is an aspect of waste management and decommissioning

of a nonpower statia that is not addressed\iallbridge et al2012aand others.
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10.2.3 Radioactive metals issues
Radioactive Metal Melting’rocess Applicatios

The radioactive metals meltiqgrocess is ideal for complex metal structures where
generd decontamination processesyrface radiationmonitoring technique (or
limits) are problematic or time consuming.ctivated metalsand ILW metals
decayed orecontaminated to LLW levels can also inelted for waste volume
reduction only. However, these metals may have higher radieactintent and
present issues for operator radiation doses during size reduction, decontamination
and melting. Also, care must be taken not to concentrate activity in melt ingots or
secondary wastes that could result in it being categorised as ILW, ishticbn an

issue for the return transport to the UK.

To Melt or Not to Melt?

Allwood and his colleagues rightly point ofitO u r -ocgupaéion with remelting

met al s i n order to reduce emi ssi ons [
i. . . r ecyeabtiamd gnpatént savings compared to primary production but
wecandomorér euse, wher e @lwscs etlall2@10b). sSThetearet er 0
limited opportunities to reise radioactively contaminated metddst it can be done.

For example, steel adfuel skips were decontaminated at Chapelcross faseecby

Sellafield (NDA 2014b. This saved an estimated £1m pounds in new fuel skip
manufacture (i.e. ~£14,000 each) plus the virgin materials and production process
environmental impacts. Another ewple is contaminated lead shielding blocks,

these can be surface decontaminated for direaseeas shielding.

Radioactive iron and steel treated for recycling to open mahnlestéo bae-mdted
in commercial foundriesSimilarly, radioactive iron andeelused forductile casts
iron containers has to be -meelted with conventional scrap to produce the
containers. However, shielding blocks and cylinders, and steel shot feddmngity
cement shielding, can be produced from the induction melt with timémom
amount to reheating rather thanmelting. Therefore there is a range of options for

these treated metals.
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Quantities of radioactive aluminium, copper, nickel and zinc are much lower. These
are not commonly resed in the nuclear industry as tteeg not commercially viable
(e.g. Europeam CommissiorEC) 1998, hence, they argeneral sold directly to

respective metals markets after treatment.

Benefits and Detriments to Melting
Melting radioactive metals may not be as environmentally advasiagas raise
but it does offer:

e Significant waste volume reduction for LLW surface contaminated metals,
typically about 95% depending on the metals as shown in Chapter 8 and a
potentially significant volume reduction for activated LLW metals (but
requiresfurther research)

e Further decontamination opportunities by partitioning radionuclides like
Uranium (U), Plutonium (PuAmericium (Am)and Europium (Euisotopes
in the melt slag, volatile nuclides like Caesium (3¢ and Cs137) can be
retained in thelag or captured in dust fiiters and retaining nuclides such as
Cobalt (Co60), Nickel (Ni63) and Iron (Fe55) in the melt inggthown in

e Figure5-6

e Homogenistion ofthe residual radionuclides in the melt ihgtlowing good
radiological characterisation

e Reduction in ost andincreasedradiological efficiencies for treating large
and complex nuclear plant items like boilers, aste generators and
pressuriserg§Walberg et al2008, Nitsche and Fasten 20MJprld Nuclear
News {WNN) 2008 and 2010).

e Minimisationofisi ngl e us e o fowdWw arel HAWreduceng ner s
the environmental impacts caused #material production processingand
transport

¢ Reductionin the cement grout needed to produce a stable i@steor as
back fill at disposal facilities

e Preservation of declining resourcesdavingon virgin materialconsumption

and theenergyused in metal production.
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There are of course drawbadk meltingsuch aghe need for additionaquipment
implementatiorof additionalprocesses to minimesdose to plant operatqrandthe
requiremento transportradioactive metals and metallic compondntsn the UK to
international facilities in France, Germany, Swedethe USA. The transport issues
require compliancevith international transport regulation, robust safety cases and
special road transporters and shipsansportcan be contentious. An example is the
cessation of a contract to transport 32 steam generators from a Bruce Power facility
in Canada to the Sdigvik Nykoping facility in Sweden. The Canadian and
international transportation requirements were (M&NN 2009, Canadian Nuclear
Safety Commission(CNSQ 2010, 2011 and 2012, pluBluclear Free Local
Authorities NFLA) 2011)and preparations made by Brueewer and Studsvik but

the processs in abeyance through objections raised inpihiglic consultation.

Operating thetreatment and meltinglans requires considerable investment. The
companiesrely on sufficientannualthroughputof radioactive metls to keep the
facility viable. Any accidents, such as those at the ECOMNEINd the SOCODE
facilities can have significant impact to public opinion amteptance of the process
(Cable News Network InternationalCKRN) 2005, Autorite De Surete Nucleaire
(ASN) 2011 and IAEA 2011 Theseevents carhave direcimpact on a facilitgs
viability and can have knoetin effects on national pregmmed waste treatment
plans. Hence availability, reliability and operability are issues that need to be
considered as vieas environmental impacts. These have implications on the bottom

line costs andhenceprices to customers.

MarketsWithin and Outside the UK Nuclear Industry
The market value and demand for metals play a role in the business case for

recycling radioadte metalsas discussed abové&xempt metals from the secondary
side of nuclear facilities, or primary side radioactive metals decontaminated to
exempt levels, can be recycled directly in to open metal markets. Treated radioactive
metals can also be beraélly re-used in the nuclear industry.

A comprehensive study of recycling anduge options for materials from nuclear

facilities that cannot be released to material or metal markets is presert€
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199&. It presents twelve costed scenarios, egjhwhich related to LLW metals use
and four that were considered viable. These were cast carbon steel boxes, stainless
steel waste drums, carbon steel reinforcing bars and carbon steel granulate or fibres.

Siempelkamp already manufacture various duatdst iron containers for ILW
disposal, some of which can be made fron255%0 treated LLW metals that cannot
meet exempt levelsQuade and Muller 2005, Quade and Kluth 200ehey also
granulate the iron to produce shot for high density concrete shietaidgwaste
boxes. Making reinforcing bars was considered in early French facilities but proved

to be unviable.

Manufacturing 500litre stainless steel drums at Sellafield was a potential option
given the high demand for these ILW drums and the large mtnedl LW iron and

steel available at the site. This option was given careful consideration in the early
20000s. |t was finally rejected becaus
considered a core business for Sellafield. Plans were already developisg to
international treatment facilities for UK radioactive metals and aligned with the

NDA desire to maximise the use of existing techniques and processes.

Making ILW containers from LLW metals stiWarrantsconsideration for the future.

It closestheayl e and reduces -theddnswosaht af nér
cast iron containers made partially from recycled LLW steel has been approved by
German nuclear and environmental regulators. These containers are thick walled,
hence selshielding. Thee is a growing interest in them by Magnox
decommissioning sites for some ILW strealN®A 20139. These containers offer

an alternative to the shielded store/unshielded boxes or unshielded store/shielded
boxes discussed i@hapter 2Although the ductileeast iron containers are expensive
they require lower engineered interim storage facilities that are commercially and
operationally attractive. The Office of Nuclear Regulation (ONR) has stated that
Magnox cannot use ductile cast iron containers made frantmal recycled LLW in

their storage and disposal safety cagedlR 2011a, 201Qbeven though this is

allowed by the equivalent German regulator. However, as discussed in Section 6.1,
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Magnox are aware of the potential benefits of using their treated@astnd carbon
steel as part of the material for their ductile cast iron containers and they may wish to
explore this in the future.

In discussion with nuclear industry representatives it became clear that a case for
using recycled LLW iron and carbotesl in future ductile cast iron containers may

be possible as the knowledge and acceptance of the underlying metallurgy of the
processes improves. However, it was unlikely to be attractive for thin walled
stainless steel containerBhis is partly due tothe high specification for approved

ILW containersvidk he Radi oactive Waste Management
process discussed {@hapter 2 Another part of the reason for rejecting the option
was the anticipated extent of stakeholder managementithad be needed to make

the option viable. Given the quantities aarisingsof LLW metals and the need for

ILW containers for longerm storage and disposal it may be possible to investigate
this again in the future. It is hoped that this research efmitiform anydecision on

thistopic.

National Employment, Skills and Potential Future International Services

The demand for metals in the next 50 years is expected to rise significantly according
of Allwood et al 2011Metalsrecycling could thereforegain even more prominence
and treating radioactive metals for recycling may become a vimldmess for the

UK. It could perhapsalso offerthe potentiafor a UK meltingand recycling facility
Discussions with SiempelkamBtudsvikand SOCODEI represattvessuggest that
reliable incidence ofadioactivemetals to ensure a reasonable through put would be
a deciding factor for investing ia UK facility. The timing of a decision on such a
facility would be critical. There appears to be no requirementha immediate
future. For example, the Studsvik Nykoping facility has authorisation to melt up to
5000tonnely. In 2010 the facility had an annual through put of 3500(&t@emark

and Wirendal 2010). Similarly, the Siempelkamp CARLA and GERTA facilities
have a 4000tonne/y capacity and an annual through put of28fionne/y (Quade

and Muller 2005, Quade and Kluth 2009). The current UK joint waste management
plans (e.g. Shipton and Falconer 20p8pgramme about 13,000tonnes of legacy
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radioactive metalfor treatment between 2013 and 2018, with an annual rate of 2320
to 3390tonnely. Hencexisting facilities appear to have sufficient spare capacity to
meet the current requirements and are actively seeking UK contracts to maximise the

utility of their fadlities.

However, in the longer term (e.g. 30 years) there may be an opportunity for a UK
melting facility. The peaks in incidence of LLW and ILW in Sectibf.], plus an

NDA graph of projected container demandDA 200939, suggest two possible
decisia points for a potential UK radioactive metals melting facility. The suggested

decision dates for ahownin Figure10-1 andFigure10-2.
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Figure 10-1 Potential periods for constructing a UK melting facility and periods of low incidence of
radioactive waste (based on NDA and DEfZIT14e Figures 2 ang 3
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Figure 10-2 Predicted HAW emplacement at a future Geological Disposal Facility showing when a
potential future UK radioactive metal melting facility could supply iron and steel for waste container
production (based oNDA 20093 Figure 9

The first option is just prior to the Sellafield and Springfields decommissioning circa
2035 to allow time for construction and commissioning. The second is just before
final decommissioning of legacy waste, circa 2070. If the first option was chosen it
could beused to treat and recycle foreign radioactive metals in the quiescent period
after the Springfields and Sellafield decommissioning. Alternatively this period
could be used to refurbish and update the facility in preparation for final
decommissioning. Itsi hoped that this research can help inform the decision for a

potential future UK radioactive melting facility and HAW container production.

10.2.4 Depleted uranium issues
There is an extensive on going NDA supported research project on the potential

disposal oODNLEU (NDA 2013a)due to finish in March 2016There are also

existing option studies and economic studies as discussedhapter 9.
Representatives of the future licensee for a GDF, Radioactive Waste
Management (RWM) Ltd, have recently visited Capernhiossee the Urenco

UK Ltd stores and enrichment facilities
the future disposal of DNLEUNDA 2014b.
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This research supports the findings from previous stu(h#3A 2007 and
2013a, Wilson et akP012 Hickford et al 2012 that the baseline disposal option

of 500 litre drums may not be the optimal technical solution. It also supports the
previous macraéeconomic studyNDA 2007) which showed that the baseline
disposal option was not the lowest financial cost optidrat Btudy showed that
disposal in 2m boxes and bespoke packaging gave substantial economic benefits.
Hence the LCA model results and cost estimates appear to be fairly
representative as they both look at the difference in potential environraadtal

costsimpactsfor a range of packaging and disposal options.

10.3 Recommendations
This section presentand discussesecommendation susggestetb industry and

areas for further research

10.3.1 Recommendations to industry
The research suggest that a number of recordat®ns could be made to the UK

nuclear industry that may help conserve scarce current and future disposal facility
capacity and associated packaging demands. These recommendationsalsould
help conserve energy and materials. The recommendations aente inBox

10-3.

Box 10-3 Recommendations to the UK nuclear industry

1) The financial savings from the ongoing treatment of low level waste
metals for recycling or rese could be used to fund a future UK
radioactive metals melting facility.

2) UK depleted uranium owners, regulators and waste disposal facility
operators should consider developing bespoke packages for the disj
of depleted, natural and low enriched uremipending eventual
classification as waste.

3) A co-ordinated approach to the disposal of depleted, natural and low
enriched uranium could be adopted using a centralised surface facili
a future geological disposal facility or near surface disposgityac

4) Given the high number of DV70 boxes made redundant if depleted
uranium has to be repackaged for disposal it is recommended that tl
boxes are considered foruse for the disposal of low level or very low
level waste, or contaminated soil.
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Recommendation Ivould help makehe UK selfsufficient in radioactive waste
managementenhancinghe national economy and improvimgdustrial knowledge
and capabity. It would also mitigatehe risk ofthe loss of availability of current
internationalradioactive metaldacilities through accidents or changes in national
policies affecting the acceptance 0K radioadive metals in America, France,

Germany and Sweden.

Recommendation 2 arises frahe large variation in potential environmental impacts
and costs and the potential interim storage period of depleted, natural and low
enriched uranium for up to 100 years. The potentially long interim storage period for
the different forms of depleted uranium suggest merit is developing and approving
bespokedisposal packages should depleted uranium finally be classified as waste.
Bespoke packages was suggested in the NDA assessment of the Urenco UK Ltd
Conceptual letter of Compliance and the masmronomicstudy (NDA 2009b and

2007 respectively, but no actal packages weraentified For examplestainless

steel overpacks with sufficient space to allow cement grouting of DV70 boxes to
produce an O6éapprovedd waste package wou
shielding for transport and disposal. The optisould save the addition radiation

dose to operators and financial costs of repacking depleted uranium for disposal.

Recommendation 3 offers benefits from a central intermediate level waste packaging
facility being considered for spent fuel dispog@D@ 20100 if it could be extended

to include the repackaging of depleted uranium should this remains the preferred
disposal requirement. The lotgrm interim storage DV70 boxes are approved
transport packages and the 200 litre drums and 50 litre kegs lmedtansported to a

future disposal facility in 4m boxes and special FHISO as discussed in Chapter 9.
The optimum package load could be a mix of stqmenpacted 200 litre drums and

50 litre kegs in 4m boxes depending on their assay levels. DV70 boxies bsou
disposed in bespoke packages as discussed in Recommendation 2. This would reduce
the repackaging and disposal volume requirements for a future higher activity waste

disposal facility.
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The reuse of a potentially large number of redundant DV70 boxes
Recommendation 4 is preferable to recycling in the Waste Hierarchy. No melting or
international transport would be required and this could be the best environmental

and cost option for these packages as the sites storing the depleted uranium.

10.3.2 Recommen dations for future research
The research also suggest that a number of recommendations could be made future

research in life cycle assessment of waste and decommissioning of radioactive
metals and depleted uranium. These recommendations would also hsgyveon

energy and material$he recommendations are presenteBor 10-4.

Box 10-4 Recommendations for future research

A) Collaborate with the Berkeley boiler projectieto undertake a detailec
inventory study of process from initial boiler dismantling to induction
furnace melting to help validate a generic radioactive metals melting
LCA model.

B) Extend the vision of the radioactive metals treatment and melting
philosophyto investigate longer term and more problematic metals (i
activated metals and decayed or decontaminated metals that may n|
able to meet exempt waste level).

C) The LLW Repository Ltd and Nuclear Decommissioning Authority cg
approach Ecoinvent goroduce a radioactive waste disposal impact
database for the Low Level Waste Repository (near Drigg) to improv
future UK waste and decommissioning life cycle assessments.

D) Since Urenco UK Ltd and Capenhurst Nuclear Services depleted, ng
and low enribed uranium dominate the UK inventory consideration

could be given a near surface disposal facility close to Capenhurst.

Since undertaking this research fifteen 310tonne Magnox boilers have been
transported from Berkeley nuclear power station in Gldecsisire to Nykoping in
Sweden for treatment and melting@A 20143. The project has resulted in ~3%
residual waste and over 4,000tonne of steel sold in the open metal market. The
residual waste will be returned to the UK for disposal but the treatmsrsialvad an
estimated 5,500fof disposal volume at the LLW Repository (Drigg). Given that the

Berkeley boiler project engineering, radiological, best available technique and costs
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data are well documented the project offers an ideal opportunity to imfurtwre
LCA modelling of nuclear decommissioning. Hence, Recommendation A could help
validate such modelling by:

i. confirming the detailed processes and equipment of the treatment
facility and recording the associated energy, materials and waste
flows

ii.  compaing and contrasting the environmental impacts and costs of the
equivalent data for the dismantling and decontamination of the first
Berkeley boiler with the treatment project for the remaining boilers

lii.  using the environmental and cost data from tBerkeley boiler
project to compare wittplanned disposabr treatment ofthe UK

radioactive wastenetalsinventory.

The current UK solid low level waste policy and strategy focus on conserving scarce
low level waste disposal capacity. A longer term vision oeptial uses of treated
metals for intermediate level waste containers and other products for the nuclear
industry in Recommendation B may be advantageous for treated metals that do not
meet exemption level. This would build on historical studies indrea (e.g. EC
199&) and the experience in Germany of using2B86 of treated metals in

manufacturing ductile cast iron containers as discussed in Chapters 2 and 8

Recommendation C could be achieved using the post closure environmental
safety case daf@.g. LLWR 2011¢ as the basis for UK low level waste disposal in a
surface engineered vault facility. This work could be expanded to investigate:
i. the i mpacts of the production of t
disposal packages used in the UK
ii. theimpacts of the various higher activity wadtag-term interim storage
facilities already built and proposed for the UK
If these proposed inventory databases was produced consistent with Ecoinvent
approved procedures the quality of the entries wonalduaranteed. Hence these
data could be made available to life cycle assessment practitioners and researchers
internationally who are interested in nuclear waste management and

decommissioning.
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The facility in Recommendation D could either be totakyvrexcavated caverns or
selected caverns of the redundant Winsford salt mine. The mine is already used for
the storage of hazardous waste, albeit currently excluding radioactive waste (British
Geological SocietyRGS) 2008, Veolia 201l The chemical hazdrof depleted U§

which outweighs the radiological hazard, would already have been addressed in the
deconvertion to kDg. DV70 boxes are already stored in the Bessines mine in
France (Capus and Durante 2Q0ffence there is precedence. Therefore, it bey
possible to extend the specification for Winsford mine storage to meet the current
requirements for near surface disposal of solid radioactisete Environment
Agency EA) et al. 2009) Significant environmental and financial cost savings may

be posdile if existing mine caverns could be used or new caverns excavated from
mine access tunnels. This is an area of further research and would require

consultation with the regulators.

10.4 What this research adds to the current Knowledge

The research confirmthat significant reductions in potential environmental impacts
and direct financial costs can be achieved by treating UK radioactive metals for
recycling and raise. These benefits are in addition to conserving the scarce
radioactive waste disposal volurfue current and future repositories that is the focus

of current policies, strategies and plans. The research also shows that the range of
potential environmental impacts that need to be considered is wider than GHG
emissions and energy consumption and tha nonrradiological impacts are more
significant than the radiological impacts for the wastes considered. Further, it shows
that the potential environmental impacts associated with waste disposal containers
are a significant proportion of the overallveonmental impacts, hence warrant

further research to optimise the environmental benefits.
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A Appendix of UK radioactive waste
container physical data plus treatment and
disposal cost data

This appendix summarises the physical data for the main UK radioactive waste
containers for each UK waste category plus daetatransport, disposal and
treatment cost data. It also includes data on UK and International radioactive
metals treatment facilities (LLWR Ltd and NDA 2@)9costs for a proposed
American dedicated steel mill for radioactive metals (USDOE 2001) andoros
decommissioning the Capenhurst Gas Diffusion Plant (GDP) (CDDUEF 1996).
Further, it includes the container data for the storage and disposal of depleted,

natural and low enriched uranium.

A.1 Waste Container Physical Data
Box A-1 presents the physical data for the waste containers considered in the

research (as summarisedBox 1-2 of the thesis). Also included is physical data

for other waste containers that were natsidered in the research but may be of
interest to other researchers interested in this area. Further details of the containers
can be found on the LLW Repository websitevgites.con) and the Nuclear
Decommissioning Authority (NDA) websitev{vw.nda.gov.«)

Box A-1 UK Radioactive waste containers
Exempt waste: This waste is not included in the research. The data for {
waste bags and wrapping is not discussed here.

LAW Containers

Low Volume VLLW: This wasteas not included in the research. The
packaging is not discussed here but the 200 litre drums data coul
be used as a first approximation.

High Volume VLLW: 200i 210 litre drum, carbon steel, internal volume
~0.2m3, external volume ~0.28pempty mas800kg. The data for
the pallets and any wrapping needed for transport from the site to
disposal facility is not discussed here.

LLw?

Full height ISO freight (FHISOL1) container: carbon steel, internal volume
32.1n%, external volume 38.5 Inempty mas&700Kkg.

FHISO2 container: carbon steel, internal volume 3%,4mxternal volume
38.3 nt, empty mass 4800kg.
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ISO Skip: carbon steel, internal volume 8%5external volume 11.5m
empty mass 2360kd.not included in the research

Three Quarter Height IS QHISO) container: carbon steel, internal volur,
unknown, external volume 29.?nempty mass 3500kgnot included
in the research

Two Thirds Height ISO (TTHISO) container: carbon steel, internal volum
22.3m, external volume 26.8mempty mass 4000kgnot included
in the research.

Half Height ISO (HHISO) container: carbon steel, internal volume 17.9
(15.5 n? useable), external volume 19.5rempty 3080kg.

One Third Height ISO (OTHISO) container: carbon steel, internal volume
11.3n?, external volume am®, empty mass 3000kignot included in
the research.

HAW Containers

Depleted Uk storage and transport containers
Type 48 UR cylinder physical data given in detail in Table9A
Type 0236 UEcylinder physical data given in detail Trable A9

ILW T Unshielded Containers

50litre keg: stainless steel, internal volume 0.§%mternal volume 0.07
empty mass 8Kkg.

200 litre drum: stainless steel drum, internal volume ~8.2mternal volume
~0.25n%, empty mass 300Kkg.

500 litre drum: stainless steel drum, internal volume ~0’5external volume
~0.6n7, empty mass 120kg

3m® drum: stainless steel, internal volume 2.81external volume 2.85M
empty mass 634kg

3m® box: stainless steel, internal volume 2%9external volume 3.3Mmenpty
mass 734kg (There are two variants of the box but the basic phys
data is the same)

ILW 7 Shielded containers

4m box (no internal shielding): stainless steel, internal volume 16,49m
external volume 21.52fempty metal mass 4200Kkg.

4m box (100mnthick shielding: stainless steel, internal volume 13.51m
external volume 21.52thempty metal mass 4200kg, not specificall
included in the research

4m box (200mm thick shielding)stainless steel, internal volume 10.90m
external volume 21.52fempy metal mass 4200kg, not specifically
included in the research

4m box (300mm thick shielding)stainless steel, internal volume 8.68m
external volume 21.52fnempty metal mass 4200kg, not specificall
included in the research

2m box (no internal shielldg)®: stainless steel, internal volume 8.£7m
external volume 10.56mempty metal mass 3000kg, not specificall
included in the research

2m box (100mm thick shielding)stainless steel, internal volume 6.99m
external volume 10.56inempty metal mas3000kg, not specifically
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included in the research

6m° concrete boX for Sellafield betayamma wastes, purely concrete heng
not included in the research

WAGR Box®: especially designed for specific WAGR ILW wastes, not
included in the research

Ductile Cag Iron Containers”

Konrad Type VI box: ductile cast iron container, internal volume 2°83m
external volume 5.39fempty mass 18300kgpt included in the
research

Mosaik Type Il flask: ductile cast iron flask, minimum shielding, internal
volume 0.49m external volume 1.33h empty mass 6000kg, not
included in the research

Mosaik Type Il flask: ductile cast iron flask, maximum shielding, internal
volume 0.165m external volume 1.33fempty mass 6000kg, not
included in the research

HLW Containers
HLW is not included in the research hence the containers are not discus

SNF Containers
SNF is not included in the research hence the containers are not discuss

Notes

17 The specialised 1/3 and ¥ height fissile disposal containers and WAMAC disposaheanare not included in the
research hence are no discussed here.
2 - The shielded variants of the 4m box and the unshieldedréeldled variants of the 2m baxere not included in the
research. They are presented here for completeness and forethigapase by future researchers.

3- The 6nf concrete box and the WAGR box were not included in the research as they were deemed inappropriate for the

radioactive metals of interest and are only mentioned for completeness.

4 - The DCIC were not includedhithe research. They are presented here for completeness and for the potential use by
future researchers.

A.2 Waste Container Cost Data

The container cost data used for the cost estimates presented in Section 7.4.3,

Table 82, Tables % and 96 issummaried inTableA-1.

Table A-1 Published cost sources for key waste containers

£12,470i 2013/14

Waste Containers Costs Sources Cost Data
VLLW 200 210 litre £25- £38 Internet search

carbon steel drum | £35 LLWR 2014
LLW FHISO £8570i 2011/12 | Own estimate

extrapolating for
HHISO mass & cost

HHISO

£5500i 2011/12
£8000i 2013/14

LLWR Ltd llwrsite.com
2011, 2012 and 2014

HHISO titanium
liner

£3,390- £3,890/te

Basedon titanium
prices 2014 and mass
titanium in Hickford et
al 2012

THISO

£4800i 2011/12
£10,0001 2013/14

LLWR Ltd llwrsite.com
2011, 2012 and 2014
for basic price and
variants
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Waste Containers Costs Sources Cost Data
HAW 50 litre keg £60- £125 Own estimate, based o
200l drum and staints
steel prices 2014
200- 210 litre £120- £250 From websites, e.g.
stainless steel drum James G. Carrick & Co
Ltd and own estimate
2014
500litre drum £1500 Bryan 2005
£750- £1,570 Own estimate based o
3m? box and HHISO
costs and stainless steg
prices in 2014
500litre drum £1,490 0 £1,850 | Own estimate based o
stillage NDA 2008 1te stillage
mass and stainless ste
prices in 2014
3m°drum Same as 3ftbox | Same as 3frbox
3n7 box £4,500- £5,500 Ove Arup 1997
development costs.
£25,000 CoRWM 2008.
£20,000 NDA 2012a
2m box Not estimated as | Not Applicable
not used in the
research
4mbox £60,000 NDA 2012a
£16,000- £32,000 | Own estimate,
£11,000 for assuming mass
possible carbon | production, HHSO
steel variant prices and stainless
steel prices ir2014
Longterm | DV70 boxes for £1,950- £2,270 Commercially
Interim UsOg powder confidential, hence owr]
Storage estimate based on
Packages HHISO, 3m3 box and

carbon steel and
stainless steel prices in
2014

Type 48 cylinders | Unknown Commercially

for UFg confidential, hence not
available

Type 0236 Unknown Commercially

cylinders for Uk

confidential, hence not
available

The associated costs data for the treatment

and disposal of metals, presented in

Section 7.4.3, Table-8 and Tables-® and 96, are ssnmarised as:

e Decontamination costs were estimateda83/te(USDOE 2001 inTable
A-6) or £570/te (CDDUEF 1996 imableA-7), both were converted from
US dollars to £ Stéing for the year reported and inflated to 2013 prices
using a Bank of England average annual inflation ratenencalculator.
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Size reduction costs were estimated£835/te(USDOE 2001 inTable

A-6) or £385/te CDDUEF 1996 in Tabl&@ableA-7), both converted from

US dollars to £ Sterling for the year reported and inflated to 2013 prices
using a Bank of England average annual inflation ratenencalculator.

VLLW disposd cost was £300/M- £700/nT with an average of £500m
from LLWR 2014, and £500/te to £2000/te from LLWR and Entec 2009.
LLW disposal cost was £1,735/n{2012/13), £2911/fh(2013/14) for
WAGR boiler disposal costs and £29968/1f2014/15) for UK metals
invertory (LLWR 2014).

The activity cost per nuclide for LLW wastes is given on the llwrsite.com
website documents, e.g. Service Pric©verview or Service Price List
(i.e. £0.01/MBq for tritium, £0.2/MBqg for cobalt and other nuclides,
££9.0/MBq for uranium ahother alpha emitters, £55.0/MBq for radium
226/thorium232, carboril4 and iodin€l29).

Disposal cost for sup@ompacted waste was £526/(2012/13), £882/th
(2013/14) and £906/f(2014/15) from llwrsite.com website documents,
e.g. Service Price Overview or Service Price List.

LLW and VLLW UK transport cost was £600/trip based on a single
HHISO or equivalent pallets for VLLW. The LLW overseas transport cost
was £5,500 per trip (based on the average for Europe), from llwrsite.com
documents for 2011 and@24, (e.g. LLWR 2014)).

HAW disposal costs were £4,000/m(NDA 2007), £15,000/f -
£20,400/Mi (DECC 2009), ILW shielded package disposal
£3,840/package, unshielded package disposal £10,260/package and
baseline disposal £8,380/package (NDA 2012a).

HAW trangort cost at £1,250/fdrom NDA2012a

The disposal cost for ~780te of Magnox metallic waste at the planning
norm of 10te/HHISO for 2013/14 gave £5.89m, based on a disposal cost of
£66,765/HHISO (i.e. £3,424ffor 19.5n per HHISO) (Shipton and
Falconer 203). The LLW Repository Ltd disposal volume cost was
£2911/m, the additional cost was for containers, transport and activity

charges.
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e The treatment cost for the ~780te of Magnox metallic waste was £3.56m.
i.e. £4571/te (Shipton and Falconer 2013). Thanping norm metallic
waste treatment cost was £3500/te (Shipton and Falconer 2013), the
additional costs is from containers, transport (UK and Europe) and

disposal.

A.3 Radioactive Metals Treatment Facility Summary Data and Costs
Data for a recent UK decontamation study, a proposed dedicated steel mill in

the USA and the decommissioning of the Capenhurst gas diffusion plant (GDP)
are given to show the large variation in cost &dcomparison with the values

presented in the thesis.

A.3.1 UK and International d econtamination facility data
LLWR Ltd and NDA 2009 summarises a study of UK and international facilities

used by UK nuclear sites for decontaminating radioactive metals. There are fixed
and mobile plant/equipment currently available in the UK that caardeminate
intermediate level waste metals to low level waste (e.g. Hinkley Point A) or from
low level waste to exempt levels (e.g. Sellafield MRF, Winfrith WACM and
Studsvik MRF) apresented iffable A-2.

Table A-2 Summary of UK fixed decontamination facilities data at 2009

Key Issues and Costs | Sellafield Winfrith Hinkley Point A Studsvik UK
(MRF)* (WACM) 2 (UHPWJ)® Ltd MRF
Year Commissioned 2005 2000, relocated 2005/06 2009,
2009 estimated cost
£6million°
Capacity (t/yj 500 100 to 150 Not specified 3000
Processed (t) 339 143 76 20t/week,
1000ty
Predicted Process 400 100 Unspecified but to | 1000
Amount (t) 2009/10 plan estimated
Recycled (t) 339 15 Pretreament only | 95.9%
Secondary Waste (t) 30 (8.8%) 1.6 (1.1%) 0.7t0 0.9 (1.1%) | 4.1% based
on 95.9%
recycling
Staff 36 5 10 20°
Operating hours per 5824 1400 or 175 On Demand Unknown
annum days/year
Cost (Annual) £3042.4klyear | £1736.09 per day, | Not provided Unknown
£303.8k/yar
Cost (Specific) £7.61/kg £3.04/kg Unknown Unknown
Price (Specific) £0.32 to £5.6/kg| £1736.09/day £50/kg Unknown
Service offered to othen Yes Yes No Yes
sites
NDA Approved No No No Not
Business Case Applicable
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Key Issues and Costs | Sellafield Winfrith Hinkley Point A Studsvik UK
(MRF)? (WACM) 2 (UHPWJ)® Ltd MRF
Energy Consumptio Not Specified Not Specified Not Specified Not Specified
Water Consumption Not Specified Not Specified Not Specified Not Specified
Liquid Emissions Not Specified Not Specified Not Specified Not Specified
Gaseous Emissions Not Specified Not Specified Not Specified Not Specified

Metal decontaminated

Steel (carbon
and stainless),

Lead (separate | copper and
plant), aluminium cables,
galvanised titanium

materials

Steel (carbon and
stainless, lead,

Carbon steel,
others possible as
required

Steel (carbon
and stainless,
cast iron,
aluminium &
copper (plus
cables), brass
and lead

Key - 1 MRF - Metal Recycling Facility. Note, this is separate to the Studsvik MRF at Lillyhall, 2 WAQ@Wfrith

Abrasive Cleaning Machine, 3 UHPWUWItra High Pressure Watertfieg for removing paint from pond skips, 4 t is tonne

(1000kg), 5 From Robinson 2009, 6 Based on NDA 2010c, 7 From Wilkinson 2011 and 8 NWBLT 2011

Information on the international facilities used by UK nuclear sites is summarised

in TableA-3 andTableA-4. LLWR Ltd and NDA 2009 dmot include summary
data for the SOCODEI CENTRACO facility in France or the Ecegh&gcility in

the Russian Federation as these facilities raot currently used by UK nuclear

operators. Data for these latter facilities are summaris€dbieA-5.

Table A-3 Summary of International treatment facility edyility data (LLWR Ltd and NDA

2009%)
Plant Capability Studsvik Siempelkamp | Bear Creek Studsvik
MRF Germany*? USA Swedert®
(melting)?
Capacity 3000 4000 4000 5000
(tonnesl/year)
Weight limitations 5 tonnes Heavy weight | Approximatly 300+ tonnes
lifting can be 9.1tonnes
arranged (20,0001Ib)
Size limitations Min. thickness 4m diameter for
3mm cutting
Typical % of Assumed to be 5% 49%°
secondary waste similar to
Studsvik
Sweden

Activity or dose rate
limitation

Surface dose
rate <0.2mSv/h
averaged per
item.

No hot spots,
then > or =
0.5mSv/h
Average specific
activity per
container <
500Bqg/g

Specific total
activity , <
1000Bqg/g

For the
nuclides H3,

C14, Fe55 and

Ni63 <10,000

Bqg/g in total

0.2mSv/h, but
not clear if this
is an average
surface dose
rate.

Surface dose
rate <0.2mSv/h
Afhot sp

to 0.5mSv/h

Allowed after

acceptance
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Plant Capability Studsvik Siempelkamp | Bear Creek Studsvik
MRF Germany™? USA Swedert®
(melting)®
Recycling of metals | Yes, according Yes, as Yes, e.g. Yes, according
to substances o shielding shielding to European
low activity blocks, waste | blocks within Commission
levels containers and| the ruclear (EC) 1998b
heavy concrete industry

Notes

1 This may be the combined annual limit for the CARLA (Centrale Anlage zum Recyclieren Leichtakiver Alofiigal

Plant for recycling slightly radioactive waste) and GERTA (Gemdmische Einrichtung zum Recyclieren Toxischer

Abfalle 7 industriatscale melting of the recycling of toxic waste) plants at Krefeld in Germany.

2 CARLA uses a 3.2tonne medium frequency induction furnace with a melt performance of 2ton/h for steehifier 1 t

ingotsor granules (Quade and Kluth 2009, LLWR Ltd and NDA 2009, Buckley et al 2004). GERTA uses a 8tonne net
frequencyinduction furnace to melt metals contaminated with NORM, mercury, asbestos PCB (Polychlorinated biphenyl)

and dioxins/furans(www.siempelkamp.com/GERT-Melting-Plantfor-Metalswith-Toxic- Contamination Buckley et al

2004.

3 The specification for the Bear Creek furnace is not given in LLWR Ltd and NDA 2009 butésismed to be a 3 to 4te

medi um frequency inducti on f urimpodirg.metalic WRte tb thelU.Sais curreNtPA 2009 no
under review by US Nuclear Regulatory Commission which might
4 LlorenzenandLindbgr 2000 state that fAétwo induction furnaces in carroc
steel of approximately 3.5 torsesultingin161 5 i ngot s per 8hr working dayéo

5 LLWR Ltd and NDA 2009 notes the Studsvik Nykoping facility has a lickresgpacity of 5000tonne/y but a maximum

capacity of 8000tonnely.

6 Ashton 2013 notes that the typical recycling rate for containerised metals to Nykoping in 95% with 5% secondary waste.

Ashton also notes that for large metallic items requiring shieldathiemt the recycling rate is in the order of 80%

to 85% with secondary waste of 15% to 20%.

Table A-4 Summary of Metals treated at UK and International treatment facilities data (LLWR
Ltd and NDA 2009)

Metals Studsvik | Siempelkamp Bear Studsvik | Sellafield | Winfrith
MRF Germany Creek Sweden
USA
(melting)
Metalsi surface contaminated possible to treat
Carbon Yes Yes Yes Yes Yes Yes
Steel
Stainless Yes Yes Yes Yes Yes Yes
Steel
Copper Yes Yes After Yes No No
approval
Aluminium Yes Yes After Yes No No
approval
Brass Yes Yes After Yes No No
approval
Lead Yes Yes After Yes No Yes
approval
Titanium No No No No No No
Cablesi Cu or Yes Not After Yes No Yes
Al conductor Known approval
Other cables No Not Not No No No
Known Known
Galvanised No Yes After No Yes No
material approval
Metalsi Other
Tritiated metals Yes Yes Not After No Yes
Known | approval
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Metals Studsvik | Siempelkamp Bear Studsvik | Sellafield | Winfrith
MRF Germany Creek Sweden
USA
(melting)
Activated Yes Not Not After No No
Metals Known Known | approval
Uranium Yes NORM? Not Yes No No
contaminated Known
Metals
Alpha After Not Not After No No
dominated approval Known Known | approval
contaminated
metals such as
Plutonium
contaminated
Material
Notes

17 See Lorenzen and Lindberg 2000
21 Metals contaminated NORM (naturally occurring radidectmaterial) are processatithe GERTA plant at Krefeld.
Cui copper, Al- aluminium

Table A-5 Summary of capability of other Internatartreatment facilities circa009

Plant Capability SOCODEI CENTRACO ECOMET 7 S

Marcoule, France">? Russian Federatior}®
Capacity 4500 5000
(tonnesl/year)

Weight limitations Standard ISO freight 50ton limit, items 2633tons treated
container limits

Standard 2m, 1tonne

Size limitations Tank diameteto 2.9m and 2.5m higk

Custom 12m, 15 tonne treated
Typical % of Not specified Design (9%), average B%,
secondary waste max ~16%

Activity or dose
rate limitation

Beta and gamma 20,000
Ba/g max
Alpha 370 Bg/g max
Yes, waste containers an(
shielding cylinders

100 GBq total, 18.9 GBq actual,

Recycling of metals Yes, unrestricted rase in industry,
or restricted rause in nuclear

industry

Notes

1 - Data taken from Institut De Radioprotection Et De Surete Nucleaire (IRSN) 20004. Carbon steel, stainless steel and
nor-ferrousmetals melted.

2 - Additional data and confiration of data fronBuckley et al 2004.

3 - The CENTRACO facility has a storage capacity of 3000 tonne and a daily production of up to 24tonne/day. Buckley et
al statethe high frequency induction furnace hasagpacity of 4 tonne. IRSN 2004 note the melt charge can be cast into
ingot or pourednto a centrifuge to produce shielding cylinders to tubes for waste drums. The volume reduction claimed for
the process in 1/16or ingots and 1/20 for raseable produst(IRSN 2004) but Buckley at al 2004 note this may be
optimising and a volumeeduction factor of 6 may be more realistic.

4 - Data taken from Gelbutovsky et al. 2006, carbon steel, stainless steéérmars metals including aluminium and
coppernickd allows melted. Metal sectigrare cut in maximum lengths of 500mm or 800m dependent otypleeof
component. A 2.5tonnieduction furnace is used for steels, an electric heating over is used to melt aluminium and lead.

5 - Data taken from Gelbutovski at. 2009, metal section from 15000m thickness and weight of 20250 kg melted.

The facility can also accept NORM contaminated metals from the oil and gas industry.
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A.3.2 American dedicated steel mill proposal data
A conceptual study was undertaken imérica to evaluate the potential for a

dedicated steel mill for radioactive metals (USDOE 2001).rArsary of the

costs igpresented iMTableA-6.

Table A-6 Estimagd cost for a proposed Agrican dedicated steel mill foadioactive metals at

2001
Cost Assumption Model Model Model Units | Alternativ | Comments
Costs Costs Costs e Source
($, 2000) | (£, 2000)| (£, 2012)
Purchase Costs 0 380 251.2 356.6 £lte 575 DOE Rlan%e of
original values,
Carbon Steel $360 to $400/ton
(Hot-rolled) Range from
Allwood 2010
£400 to £750/te)
Purchase Cost of 2200 1454.1 2064.8 | £lte Ra}nge of original
H values,
Stainless Steel 3045S($1800 to
$2000/ton),
316SS($2400 to
$2600/ton)
Selling Price & 67.5 44.6 63.4 £lte 50 D?E gggi/?al "
value on wi
Scrap Carbon 25% discount,
Steel Allwood 2010
range £50 to
£300/e)
Selling Price of 450 297.4 422.3 £lte 300 Original value
Scrap Stainless $0.3/Ib with 25%
discount, Allwood
Steel 2010 range £5@t
300/te)
Decontaminate 600 396.6 563.1 £lte 570 dCapefthfst ;
econtamination
Scrap Metal for ~27500 to
~31,900 te of
scrap metal for
£10m, CDDUEF
1996, inflated by
1.68 (Bank of
England)
Quality Assurance 190 125.6 178.3 the
for Free Release
of Scrap Metal
Nickel Processing 2000 1321.9 1877.1 | E£lte Original value
to Remove T€99 $1/b
Cut into 5ft 400 264.4 375.4 £lte 385 gapenhur;t
H Isassemply
pieces ~130,000te
concrete
@£125/te,
~30,000te metals
at £679/te for
£20m, inflated by
1.68 (Bank of
England)
Storage Costs 2 1.3 1.9 fltey
Operation Cost of 7000 4626.6 6569.7 | £lte Original value

MSC Induction

Furnace

$3.5/Ib, this is
presumed to be
the same as the
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Cost Assumption Model Model Model | Units | Alternativ | Comments
Costs Costs Costs e Source
($, 2000) | (£,2000)| (£,2012)
Energy Solutions
Bear Creek plant
Disposal Cost @ 62 41.0 58.2 £/m’ Spedalist onsite
Hanford ERDF disposal
Disposal Cost @ 135 89.2 126.7 | £/’ Specialist orsite
Fernald OSDF disposal
Disposal Cost @ 180 119.0 | 168.9 | £/’ Specialist orsite
ORR EMWMF disposal
LLW Disposal 605 399.9 567.8 £/m’ Range of dginal
Cost @ g'é’ges' $516b.t°
per cunic
!—Ianford/NTS/Env metre
irocare
MLLW Disposal 1002 662.3 940.4 £/m’ Range of original
Cost @ values, $889 tt)c_)
Hanford/NTS/Env $r;]1e2tfé3 per ctbie
irocare
Retrofitting 22,440,000/ 14,831,4| 21,060,6 £
Existing EAF 61 74
Move EAF to 82,704,000/ 54,662,2| 77,620,4 £
Nuclear &e 60 10
Purchase New 94,627,000/ 62,542,6| 88,810,5 £
EAF 31 35
Permitting and 5,000,000 | 3,304,69| 4,692,66 £
Licensing 3 4
Instrumentation to| 1,000,000 | 660,939 | 938,533 | £ Original value
Measure $200,000 pr unit
Radioactivity
Operation of EAF | 12,575,000 8,311,30| 11,802,0| £ly This assumes a 6
2 49 year operatlonal
life, which is short
Maintenance of 500,000 | 330,469 | 469,266 | £ly
Permits/Licensing
Decommissioning 100 66.1 93.9 £/ft° Original valie for
and Dismantling gecontamlnatlon
of EAF decommissioning
cost at Fernald

EAF i Electric Arc Furnace, Hanford ERDF Environmental Restoration Disposal Facility, M$CManufacturing
Sciences Corporation, NTIS Nevada Test Site, ORR EMWMIF Oak Ridge Reservation EnvironmiehManagement
Waste Management Facility, OSDFOn Site Disposal Facility.

A.3.3 Capenhurst Gas Diffusion Plant decommissioning cost data

The estimated cost of decommissioning the Capenhurst gas diffusion plant (GDP)
and recycling metals, concrete, plant agiipment in the mid 1990s was £86m
($160m) at 1994 prices (CDDUEF 1996). The cost breakdown is summarised in
Table A-7 and quantities of material is summarisedTable A-8. The melting
facility details are discussed in Bradbury et al. 1995, Christopher et al. 1998,
Clements 1998, plus CDDUEF 1996.
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Table A-7 Cost breakdown for the decontamination and decommissioning of fenf@arst GDP

at 1994 prices presented in 1996

Cost Elemerit E£million | Percentage| $million
Pretreatment 2 2.3 3.72
Planning & Management 10 11.6 18.6
Technology Development 17 19.8 31.63
Characterisation 2 2.3 3.72
Disassembly 20 23.3 37.21
Removal ad treatment of hazardous wastq 2 2.3 3.72
Decontamination 10 11.6 18.60
Metal Meltind® 2 2.3 3.72
Health and Safety 2 2.3 3.72
Monitoring (including analytical) 7 8.1 13.02
Radioactive waste treatment and disposal| 3 3.5 5.58
Overhead 8 9.3 14.88
Total 86 100 160.0
Notes a)Data came from CDDUEF 1996, b) Using
Mg coreless induction furnace for aluminium
(Christopher et al. 1998), c¢) fAThe facility

Table A-8 Capenhurst GDP Material Quantities

Material GDF Quantity | GDF Quantity | Quantity Recycled
(tons} (tonsy (tonsy

Aluminium 8,300 8,000 5,000

Ferrous metals/steel | 14,200 23,000 23,000

Nickel 400 320 Unspecified

Copper & Brass Included in 70 Cooper, Unspecified
Misc Metals 300 Al Bronze

Monel Included in 200 cupre Unspeified
Misc Metals nickel

Miscellaneous Metals| 4,500 unknown Unspecified

Total 27,400 31,890 28,000

a
me |
had

A
t

2Mg capaci

é
ing. A 1.5 N
a

throughput

Notes a) CDDUEF 1996, b) Bradbury et al 1995, c) This may include some of the 18000t to 35,500t of structural steel

Bradbury et al 1995 and CDDUEF 1996

The data suggeses 6 r eal 0

met al

recycling

cost

1994 prices. Capenhurst sold the aluminium, steel and nickel in the open market

to off-set the project costs, but the sale values are not known. Bradbury et al 1995

states that about 67,300mf LLW disposal capacity was saved by the free

release/recycling project saving Capenhurst about £97m ($180m). Hence the

cost/tonne depends on what is included in the calculation.

A.3.4 Depleted, natural and low enriched uranium data
The following data are provideas the basis for the tables and scenarios presented

in Chapter 9 of the thesis:

e Table A-9 Physical data for Ufcylinders stores at Urenco UK Ltd and
Capenhurst Nuclear Services at 2015 (Tab®) A
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TableA-10Urenco UK Ltd Type 48 Ufstorage cylinder data for 100,000
tU currently stored and 5000 tU/y production at 2015

Table A-11 Capenhurst Nuclear Service Type 48 and Type 02B§
storage cylinder data at 2015

Table A-12 Estimated DV70 boxes storage volume data for Urenco UK
Ltd Uranium Oxide Store (100,000 tU as 118,00904) at 2015

Table A-13 Estimated DV70 boxes storage volume data for Urenco UK
Ltd Uranium annual enrichment contract work (5,000 tU/y as 5,900gtU
ly) at 2015

TableA-14 Estimates of 200l drums and 50! kegs for Capenhurst Nuclear
Senices UQ storage (for 30,000tU9of Magnox Depleted Uranium
(MDU) and 5,000tU@of THORP Product Uranium (TPU)) at 2015

Table A-15 Estimates DV70 boxes for Capenhurst Nuclear Services UO
converted to 29,5004Mg at 2015

Table A-16 Estimates of 5001 drums for UK depleted uranium (for all
waste converted to 40s powder only, hence 1.87te waste per load) at
2015

Table A-17 Estimates of500l drums for UK depleted uranium (for all
waste converted to 40g powder mixed with cement, hence 0.97t waste
per load) i.e. basis of Deep Disposal Scenario 1 (DDS1)

Table A-18 Estimates of grouted 4m boxes 1dK depleted uranium (for

all waste converted toddg powder) basis for DDS3

Table A-19 Estimates of supezompacted 200l drums in ungrouted 4m
boxes for UK depleted uranium (for all waste converted 40sypowder)
basis for DDS4

Table A-20 Estimates of 3fhdrums for UK depleted uranium (for all
waste converted to4dg powder) basis for DDS5

DDS2 HHISO/Liner assumed a waste mass of 191,160te and 5,400
HHISOs with titanium Iners.

Table A-21 Estimate of overpacked depleted uranium gD§Jand UQ
waste containers, the bases of DDS6 and Shallow Disposal Scenario 1 and
2 (SDS1 and SDS2).
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Table A-9 Physical data for Ufcylinders stored at Urenco UK Ltd and Capenhurst Nuclear
Services at 2015

Cylinder | Length | Outside | Wall Disposal | Internal | Tare Load Gross | Material
(m) Diameter | Thickness| Volume | Volume | Weight | Weight | Weight
(m) (mm) (md) (md) (tonne) | (tonne) | (tonne)
Type 3.81 1.219 12.7 4.04 N/C 2.359 12.501 | 14.86 Carbon
48! Steel
Type 1.525 | 0.775 6.4 ~0.72 N/C ~0.3 U/K U/K Carbon
0236 Steel

Notes 1) From IAEA 1995, 2) From Drawing OCNF7380 supplied by Mr. D. Nelligan of Capenhurst NucléeesSBYC not calculated,
U/K unknown

Table A-10Urenco UK Ltd Type 48 Ugstorage cylinder data for 100,000 tU currently stored and
5000 tU/y production at 2015

Container| No. Of Tare Mass of | External Volume | Store Material
Cylinders | Cylinders (4.04nt/cylinder) | footprint area

Type 48 | 8000 ~18,870te ~32,320m Not estimated| Carbon Steel

Cylinders

Type 48 | 400 940te ~1620mt Not estimated| Carbon Steel

Cylinders

Table A-11 Capenhurst Nuclear Service Type 48 and Type 023fstdiFage cylinder data at 2015

Container| No. Of Tare Mass| External | Store Material Estimated Split
Cylinders| of Volume | footprint of 25,000tUk
Cylinders area
Type 48 | 1,500 ~3540te ~6060nT | Unknown | Carbon 18,750t (@12.5t
Cylinders Steel per cylinder)
0236 10,000 ~3000te ~7200n7 | Unknown | Carbon 6,250t
Cylinders Steel

Table A-12 Estimated DV70 boxes storage volume data for Urenco UK Ltd UraniumeCtimte
(100,000 tU as 118,000 £0g) at 2015

DV70 No. Of Mass of External External Store footprint area

Loading | Boxes Boxes at Volume for Volume for at 3.55mM/DV70
0.75t each | 3.6n7/box 3.68n¥/box stack

10te ~11,800 | ~8850te ~42,480m ~43,420mM 13,960M

10.5t¢ | ~11,240 | ~8430te ~40,460M ~41,360m 13,300n%

11te ~10,730 | ~8050te ~38,630n1 ~39,490M 12,700M

Note 1) The footprint area assumes boxes are stacked 3 high and 2200 boxes nedfX&fifirapace (OECD/IAEA 2001,i.e. 3.55imer
three high staclof DV70 boxes). Density ranges from 2.7t/m3 to 3.1t/m3 for 10 to 11t load. 2) Personal Communication Jones 2014
(16/5/14). 3) Waste loading of 10.5te used.

Table A-13 Estimated DV70 boxes storage volume datdJrenco UK Ltd Uranium annual
enrichment contract work (5,000 tU/y as 5,90QQk}y) at 2015

DV70 No. Of Mass of External External Store footprint
Loading | Boxes Boxes at Volume for Volume for area at
0.75t€ each | 3.6nT/box 3.68n/box 3.55nf/DV70
stack
10te ~590 ~440te ~2120m ~2170m 700nt
10.5t¢ | ~560 ~420te ~2020m ~2060m 660nT
11te ~540 ~410te ~1940m ~1990nt 640nTt

Note 1) The footprint area assumes boxes are stacked 3 high and 2200 boxes neédfZ&@grepace (OECD/IAEA, 2001,i.e. 3.55mer
three high stack of DV70 boxes). Density ranges from 2.7t/m3 to 3.1t/m3 for 10 to 11t load. 2) Personal communicatiddildones 2
(16/5/14). 3) Waste loading of 10.5te recommended if annual production to be included.
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Table A-14 Estimates of 200l drums and 501 kegs for Capenhurst Nuclear Servigestdiaye
(for 30,000tUQ of Magnox Depleted Uranium (MDU) and 5,000t THORP Product
Uranium (TPU)) at 2015

Container No. Of Tare Extemal Volume | Store Material
Drums Mass of footprint area
Drums
MDU 200 litre 60,000 | ~1116te | ~17,760m ~7440mM Stainless
Drums Steel
TPU (LEU) 501 25,000 | ~200te | ~1655midrums Not Stainless
kegs (200kg per only Estimated Steel
drum)
TPU (LEU) 501 12,500 | ~1000te | ~3470mi for 50% | Not Stainless
kegs with overpacks Estimated Steel
overpacks
Noteidata from NDA, 2007, fAé 500kg of product is stored

7740n% and pers. comniones 2014 (20/5/14).

Table A-15 Estimates DV70 boxes for Capenhurst Nuclear Servicesddverted to

29,500t40g at 2015

DV70 No. Of | Mass of External External Store footprint
Loading | Boxes | Boxes Volume for Volume for area at
at 0.75t each | 3.6n/box 3.68ni/box 3.55nf/DV70
stack
10te ~2950 | ~2210te ~10,620M ~10,860M 3490nt
10.5te | ~2810 | ~2110te ~10,120n ~10,340n 3330nt
11te ~2680 | ~2010te ~9650nT ~9860nT 3170nt

Note 1) Personal commumiton from Jones 2014 (16/5/142) The footprint area assumes bexare stacked 3 high and
2200 boxes need 26008ruf floor space (OECD/IAEA 2001,i.e. 3.55mer three high stack of DV70 boxes). 3) Waste

loading of 10.5te used

Table A-16 Estimates of 500l drums for UK degéd uranium (for all waste converted tgOg
powder only, hence 1.87te waste per load) at 2015

Waste No. of Mass of | Volume of | Volume of | Store footprint | Stillage
UsO0gand | drumg SS drums| drums stillages area 6 high Mass
UO; stillage

footprint x 1.2
118,M0te | ~63,100 | ~8200te | ~39,120m | ~57,100m | ~37,360M ~15,780t
191,160té | ~102,230 | ~13,290te| ~63,380m | ~92,510m | ~60,520M ~25,560t
212,400te | ~113,580 | ~14,770te| ~70,420m | ~102,790m | ~67,240m ~28,400t

Note, 1) NDA 2007 estimates a total depleted uraniuassrof 60,000t resulting in 50,000 of 500! drums and 12,500
stillages. 2) Waste mass of 191,160te recommended to be used if this scenario to be testaihl&S steel.

Table A-17 Estimates of 500! drunfer UK depleted uranium (for all waste converted tkJ
powder mixed with cement, hence 0.97t waste per load) i.e. basis of Deep Disposal Scenario 1

(DDS1)

Waste No. of Mass of SS| Volume of Volume of Store Stillage
U;0g and drums drums drums stillages footprint Mass
UO; area 6 high

stillage

footprint x

1.2
118,000te | ~122,030 | ~15860te | ~75,660 mi ~110,430mM | ~72,240m ~30,510t
191,160t | ~197,680 | ~25,700te | ~122,560m | ~178,900m [ ~117, 030rA | ~49,420t
212,400te | ~219,650 | ~28,550te | ~136,180m | ~198,780m | ~13Q030nf | ~54,910t

T Estimate of the store footprint for four 5001 drums in a stillage,

with 296atprint stacked 6 high (NDA 2008). It was

assumed that the store footprint for each stillage stack would be 1.2 x the actual stillage footprint. Tsistentaevith
the 3.55rDV70 stack and assuming the DV70 footprint is 2.86H0 Waste mass of 191,160te usedi SRinless steel.
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Table A-18 Estimates of grouted 4m boxes for UK depleted uranium (favadte converted to
U305 powder) basis for DDS3

Waste Waste No. of SS | Mass of SS | 4m Box 4m Box
UsOgand | Volume 4m Boxes | 4m Boxes | Volume footprint1
U0,

118,000te | 90,700 | ~4800 ~20,160te | ~103,200m | ~11,270M
191,160té | 147,050mM | ~7780 ~32,680te | ~167,270m | ~18,260M
212,400t | 163,390m | ~8640 ~36,310te | ~185,870m | ~20,280M

Note 1) The stacking is taken

as 5 boxes high from NDA, 2008 for the proposed GDF and the 1.2 factor used for
surrounding void. Hence (4800/5)*9.78r.2 = 11,267rR 2) Waste mass of 1950te used. SB stainless steel

Table A-19 Estimates of superompacted 200l drums in ungrouted 4m boxes for UK depleted
uranium (for all waste converted tg@ powder) basis for DDS4

Waste Wase No. of | Mass of No. of SS | Mass of External Store
U;0g and volume @ | SS4m | SS4m 200l SS 200l Volume of | footprint
U0, 5.5te/nt boxes | boxes drums drums 4m boxes | area 5
high stack
4m box
9.78nf
footprint*
118,000te | ~21,500m | ~2150 | ~9030te ~236,000 | ~4,390te | ~46,230m | 5050nT
191,160t8 | ~34,760m | ~3480 | ~14,616te | ~382,320 | ~7,110te | ~74,820m | 8170nf
212,400te | ~38,620m | ~3860 | ~16,210te | ~424,800 | ~7900te | ~82,990m | 9060n%

Note 1) The stacking is taken as 5 boxes high from NDA for the proposed GDF and the 1.2 factor usedufudisg

void. Hence (3480/5)*9.78%1.2 = 8168.3rA The tare weight of the 4m box is 4.2t (Croft Associates data sheet) and the
internal volume is 18.9M(no internal concrete shielding) from Wilson et al 2012. Assuming 0.5t per 200l drum from
NDA,2007,Macro-economic study. The 200l drum used in SimaPro assumed a tare weight of 0.0186t. Pscintergroup data
shows 200l drums can vary from 16kg, 18kg or 21kg tare weight. Hence the SimaPro weight deemed acceptable. Drum
System data show 21kg for 1.2mm thitiinless steel 200litre drum. The total 2001 drum mass is about 89% of the total

4m box mass. 2) Waste mass of 191,160te used.s&finless steel.

Table A-20 Estimates of 3rhdrums for UK depleted uraniugfor all waste converted to40g

powder) basis for DDS5

Waste Waste No.3n? Mass of 3 Mass of 3nT drums at| 3n¥ drums
U;Og and Volume Drums at drums at 0.63t| grout at 2.6nt/drum | footprint
U0, 6.75t/drum 4.52t/drum

118,000te | 90,700 ~17,480 ~11,010te ~79010te | ~45,450m ~6,950M
191,160té | 147,050M | ~28,320 ~17,840te ~128,010te | ~73,630M ~11,260M
212,400te | 163,390m | ~31,470 ~19,820te ~142,240te | ~81,820mM ~12,520M

Note 1) The stacking is taken as 7 drums high from NDA for the proposed GDF and thetdr.2ised for surrounding
void. 2) Waste mass of 191,160te used. The drums are stainless steel.

The DDS2 HHISO/Liner disposal scenario assumed a waste volume of 191,160te

consistent with the other deep disposal scenarios. It also assumed 5400 HHISOs

with a carbon steel mass of ~17,000te and titanium mass of ~5,000te and cement
grout of 120,000te. The waste volume was 5400x19505,300m.
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Table A-21 Estimate of overpacked depleted uranium ¥@andUO; waste containers, the bases

of DDS6 and Shallow Disposal Scenario 1 and 2 (SDS1 and SDS2)

Waste Waste Storage Disposal Disposal Disposal Grout
Mass Containers| Containers| Container | Container | Mass (te)
(te) Volume Mass (te)
(m’)

Urenco UK 118000 | ~11,240 ~5620 4m | ~120,800 ~23,610 116,070
Ltd U3Og DV70 stainless

boxes steel boxes
Capenhurst | 29,500 | ~2810 ~1410 4m | ~30,210 ~5900 29,020
Nuclear DV70 stainless
Services WYOq boxes steel boxes
Capenhurst | 30,000 | ~60,000 of| ~1670 4m | ~35,840 ~7000 ~34,430
Nuclear 2001 stainless
Services U@ drumg steel boxes
Miscellaneous| ~2,000 | ~4,000 of | ~112 4m | ~2,410 ~470 ~2,310
UO; 200l stainless

drums steel boxes
THORP 5,000 ~25,000 of | ~390 ~14,980 ~2070 Not
Product 501 kegé | Special including | estimated
Uranium FHISO internal
UO; attachments

Note 1) It was assumed 2 of DV70 boxes overpacked in each 4m stainless steel box, 36 of 200l drums overpacked in each
4m stainless steel box and 64 of 501 kegs overpacked in each specially design FHISO. 2) The cementhgréii I®Os

was not estimated, however it was expected to be small given only 390 FHISOs will 64 501 kegs and internal shelving and
attachments.

DDS6 assumed that the overpacked depleted uranium was disposed as HAW to a
future GDF in predominately 4m stéags steel boxes. SDS1 assumed the same
packaging was used for disposal as LLW to a potential near surface disposal
facility. SDS2 assumed the same disposal option as SDS1 but using carbon steel
4m boxes rather than stainless steel boxes, hence thereenesgrball disposal
container mass difference. However, it presumed that the carbon steel boxes
would be thicker than the stainless steel versions, but would retain the same

external volume.
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B Appendix of metal price data

This appendix presents the graphattformed the basis of metals aluminium,
copper, lead, nickel, steel and zinc prices shown in Tallleobthe thesis. The
graphs show the volatile variation in metal prices with time. The values in Table
5-1 were the average price from each graph, ceesdrom United States dollars
(USD) to pounds Sterling using historical conversions where necessary and
assumed to be for the year in which the graphs was produced. The average price
for that year was then inflated to 2013 levels using a standard anfilatbn rate

from the Bank of England. Clearly, given the volatility of the prices within each

year this is a rather crude approach and gives only an indicative price.

The graphs of metal prices presented here are:
e FigureB-1 Aluminium USD Weekly SpoPrices, London Metal Exchange
(LME), from Bloomberg Finance at 13 July 2010.
e Figure B-2 Copper Grade A prices £/metric tonne (MT), LME, from
Thomson Reuters obtained in 2010.
e Figure B-3 Copper USD Weekly Spot Prices, LME, from Bloomberg
Finance at 1th July 2010

e Figure B-4 Lead USD Weekly Spot Prices, LME, from Bloomberg
Finance at 1th Juy 2010

e Figure B-5 Nickel USD Weekly Spot Prices, LME, from Bloomberg
Finance at 1th July 2010

e FigureB-6 Steel, $/MT Monthly Prices, LME, from MEPS (International)
Ltd obtained in 2010.

e FigureB-7 Zinc USD Weekly Spot Prices, LME, from Bloomberg Finance
at 13h July 2010
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Figure B-1 Aluminium USD Weekly SpoPrices, London Metal Exchange (LME), from
Bloomberg Finance at 13 July 2010.

Figure B-2 Copper Grade A prices £/metric tonne (MT), LME, from Thomson Reuters obtained in
2010.

The prices irFigureB-2 compare reasonably well with the copper price trend

presented ifrigureB-3.
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