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Abstract.

The reprocessing of spent Magnox fuel at BNFL Sellafield produces a liquid waste
concentrate containing technetium-99 and other, more radlotoxic, radionuclides suc as
plutonium and americium. The concentrate is known as medium active concentrate (MAC).
Prior to 1981, MAC was discharged to sea untreated after several yars' storage, during which
short-lived radionuclides underwent radioactive decay. In the early 1980s, discharges of MAC
were suspended and it was retained in storage tanks, pending the construction of a plant to
remove the radionuclides of greatest radiological concern (these did not include technetium-
99). The Enhanced Actinide Removal Plant started operation in 194 and began to clear the
backlog of stored waste MAC, as ell as current arlsings from Magnox reprocessing. As a

consequence technetium-99 was once more discharged to sea. Subsequently, concentrations
of this radionuclide in the marine evironment increased. In particular, there was a significant

increase in the concentration of technetium-99 in lobster in the Irish Sea. An increase in
technetium-99 has also been detected at locations far distant from Sellafield, e.g. in
Scandinavian coastal waters, albeit at very low concentrations. ThIS dispersal of technetium-
99 throughout the Irish Sea and fther afield has therefore caused concern, although the
radiological impact is low. This paper examines the nature and source of the technetium-99 in
sea discharges at Sellafield and the levels of past and current dscharges as well s their

impact. It goes on to describe te Environment Agency's recent proposals on the future
regulation of technetium-99 dischar 'ges and how these should lead to substantial reductions in
not only technetium-99 discharges, but also of other radionuclides such as caesium-137 and
strontium-90.

1. Introduction and background to the technetium-99 issue

Technetium-99 is found in the environment almost entirely as a esult of human activities,
mainly as a result of discharges from the reprocessing of spent nuclear el but also from the

past testing of nuclear weapons. 'echnetium-99 has a long half-life of 213,000 years and
decays by beta particle emission (maximum beta energy - 03 MeA/). It has a relatively low
radiotoxicity when compared to ther fission products such as caeslurn-137 and actinides such

as plutomum-239.

The reprocessing of spent Magnox fuel at Sellafield produces a liquid concentrate waste
containing technetium-99 and other. more radlotoxic, radionuclides such as those of plutonium

and americium. The concentrate is known as medium active concentrate (MAC). rior to
1981, MAC was discharged drectly to sea after several years' storage, during which short-
lived radionuclides underwent radioactive decay down to levels that enabled them t be
discharged to sea. In the early 1980s, discharges of MAC were suspended and it was retained

in storage tanks, pending the construction of a treatment plant to rcmove the most radlotoxic

radionuclides.



In 1984, the UK Government, following advice from the UK's Radioactive Waste
Management Advisory Committee (RWMAC), gave the go-ahead for a new plant to remove

'des from dscharges to sea and the Enhanced Actinide Removal Plant (EARP) was
implemented. It was recognised at that time that EARP would not be capable of removing
technetium-99. The radiological risk from technetium-99 was (and is) considered to be small.

EAR-P started operation in 1994 and began to clear the backlog of stored MAC, as well as
fresh arisings from Magnox fuel reprocessing. As a consequence the authorized discharge
limit for technetium-99 was increased from I terabecquerels (TBq) y I to 200 TBq y I,
technetium-99 discharges to sea resumed and concentrations of this radionuclide in the marine
environment increased. In particular, there was a significant increase in the concentration of
technetium-99 in lobster in the Irish Sea. An increase in technetium-99 was also detected at
locations further afield, e.g. in Scandinavian coastal waters, albeit at very low concentrations.
This dispersal of technetium-99 throughout the Irish Sea and beyond has caused nternational
concern partIcularly from the Governments of the Scandinavian countries. For example,
Nonvay is particularly concerned about the potential tainting of seafood taken from its coastal
waters. seafood being one of its largest export industries. Figures I and 2 show the level of
discharge since 1978 when specific technetium-99 measurements began and the levels of
technetium-99 in brown seaweed and lobster from west Cumbria. Since reprocessing began at
Sellafield in the 1950s it is estimated that about 1,500 TBq of technetium-99 has been
discharged into the Irish Sea [1].

In 1997 British Nuclear Fuels pIc (BNFL) began to reduce its discharges of technetium-99 by
treatim a reduced volume of MAC in EARP in anticipation that the Environment Agency (the
Agency) ould reduce the authorized discharge limit for technetium-99. The Agency was at
that time considering an application by BNFL for a reduction in the limit from 200 TBq y to
I 50 TBq y-

In October 1998, the Agency made proposals to UK Ministers for a variation to the liquid
discharge authorization, ncluding a reduction in the technetium-99 limit from 200 TBq to 90
TBq y 2 In November 1999 Ministers decided not to intervene in the Agency's decisions
and the Agency issued a variation to the authorization that became effective from I January
2000.

For comparison, the annual arisings of technetium-99 currently destined for sea discharge
from Magnox fuel reprocessing and from oxide fuel reprocessing at the Then-nal Oxide
Reprocessing Plant THORP) are around 30-40 TBq and less than I TBq respectively .
Most of the technetium-99 from oxide fuel reprocessing is contained in the waste liquor
destined for vitrification.

2. The radiological impact of technetium-99 discharges

The Agency has carried out an assessment of the radiation dose to the group most exposed to
Sellafield liquid discharges. This group of people is composed of those who are high-rate
consumers of fish and shellfish taken from Cumbrian coastal waters and who spend relatively
lar-e amounts of time on local beaches and other local inter-tidal areas. The annual dose from
technetium-99 dscharged at the current limit of 90 TBq y-1 to the most exposed group to
liquid dscharges as assessed as 32 pSv [I].
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Figure 1. Technetium-91) discharges to sea from Sellafield and activity
concentration in Fucus vesiculosus in west Cumbria 3]

200 18000

180 - 16000

160 - 14000

140 - 12000

120 -
10000100 -

80 - 8000
600060 -

40 -

2 0 - 2000
n E9

0 - . I I �0. . I I I I I I I , . . 4 0- rIj In 111� �c r- 00 C C r-- O C,
x x CC � x x O x C C C C C�, C,

- - - - - - -- - - - - - - - - -

year

F=discharge - lobster

Figure 2 Technetium-99 discharges to sea from Sellafield and activity
concentration in lobster in west Cumbria 31
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The Food Standards Agency (FSA) also carries out assessments of the radiation doses
delivered via radionuclides transferred into foods using measurements obtained from its
environmental monitoring programme around Sellafield. The FSA calculated that the
radiation dose to those most exposed from technetium-99 in seafoods in 2000 was 9 PSv, out

of a total of 150 pSv from all radionuclides discharged by Sellafield. This was a retrospective
assessment based upon measurements of technetium-99 concentrations in seafoods rather than
predictions of concentrations that may occur in the future. The FSA's annual report for 2000
also states that the most exposed group for Sellafield liquid discharges receives an additional
dose from the presence in local seafood of enhanced levels of natural radionuclides resulting
from past discharges from Rhodia Consumer Specialities Ltd at Whitehaven. Rhodia's
discharge contains natural radionuclides, for example uranium isotopes and their decay
products. which were present in the phosphoric acid used in the process. FSA estimates that
the dose from this source in 2000 was 380 pSv y giving a total dose of 530 �tSv y 3.

The statutory dose limit for members of the public in the UK is 1,000 �tSv y1 from all man-
made sources of radioactivity other than from medical exposure. Total doses to the public
from all authorized discharges of radionuclides to the environment (past. current and future)
should be compared with this dose limit. The assessed doses, both from retrospective and
prospective assessments. are below this limit.

UK a also states that a maximum constraint value of 300 pSv y- I should be applied when
determining applications for discharge authorizations from a single new source. A source is
defined as 'a facility, or group of facilities, which can be optimized as an integral whole in terms
of radioactive waste disposals'. In general, it is expected that existing facilities should also
operate within the 'source constraint'. The source constraint includes the radiological impact
of current discharges and direct radiation from the source, but excludes the impact of historical
discharges. The doses to be compared with the source constraint are therefore only those that
can be altered by changes in the operating regime of a controlled source. In addition UK law
also places a 'site constraint' of 500 �tSv y- I on discharges from an entire site. The site
constraint includes the radiological impact of current discharges from the entire site, but
excludes the impact of direct radiation and historical discharges. The predicted dose
(prospective assessment) to the most exposed group of 260 �tSv y1 from discharges made at
the current limits (including technetium-99) is lower than the source constraint and the site
constraint [I]-

During its review of technetium-99 regulation the Agency also carried out an assessment of
the collective dose resulting from marine discharges [1 4. Table I presents the results of the
collective dose assessment. The collective radiation doses may be compared with the
collective dose from natural sources of 15 million man Sv received every year by the world
population and 17 million man Sv by the population of Europe. The total impact of
technetium-99 in terms of collective dose is therefore small.

Table 1. Collective dose resulting from a single year's discharge at the current limit of
90 TBq of technetium-99 (man sieverts (man Sv))

Population Truncation period
500 years Infinity

Europe 0.48 1.5
World 2.0 - 21 63 - 99
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3. The Environment Agency's recent review of the regulation of technetium-99
discharges

3.1 General

As outlined above, Ministers decided in November 1999 not to ntervene in the decision made
by the Agency in October 1 998 with respect to the regulation �Df liquid discharges from
Sellafield. However the Ministers issued a statement that they would invite the Agency, in its
forthcoming full re-examination of the Sellafield authorizations for radioactive aste
discharges and disposals, to give prompt and detailed consideration to the issues related
spec ically to discharges of technetium-99 and have ts proposals ready within 6 months.
This followed the OSPAR Sintra Statement of 1998, which included the following reference to
technetium-99 discharges from Sellafield:

"WE NOTE the concerns expressed b v a number Conti-acting Parties about the recent
increase i technetium dischargesfi-om Sellqfield and their view that these discharges, should
cease. WE FURTHER NOTE that the UK Ministers have indicated that such concerns il be
addressed in their orthcoming ecisions concerning the discharge athorizations 'for

Sellafield. "

The Agency commenced the review requested by Ministers in April 2000 and began a three

month public consultation on a set of draft proposals in November 2DOO. Following further n-

depth assessment and the analysis of consultation responses the Agency submitted a poposed

decision to Ministers in September 2001.

The Agency set an objective for the review of ensuring tat the Best Practicable

Environmental Option (BPEO) was chosen for the future management of technetium-99

arlsings in MAC, and that the Best Practicable Means (BPM) continued to be used.

The BPEO is a concept developed by the Royal Commission on Environmental Pollution,

which suggested the following definition [5]:

".....the otcome f a sstematic consultative and decision-viaking procedure which

emphasizes the protection of the environment across land, air and water. The BPEO

procedure establishes,.Ibi a given st Qfo�jectives, the option that provides the ost benqli or

least damage to the environment a a whole, at acceptable cost, i the long a we// as the

short term."

The BPM is a term used by the nvironment Agency and the Scottish Environment Protection

Agency in authorizations issued under the Radioactive Substances Act. Essentially, it requires

operators to take all reasonably practicable measures in the design and operational

management of their facilities to minimise discharges and dsposals of radioactive waste, so as

to achieve a high standard of protection for the public and the environment. BPM is applied to

such aspects as minimising waste reation, abating discharges, as well as monitoring plant,

discharges and the environment. It takes account of such factors as he availability and cost of

relevant measures, operator safety and the benefits of reduced discharges and disposals.

BNFL's liquid discharge authorization says that in determining whether particular means are

the "best practicable", the operator shall not be required to incur expenditure whether in

money, time or trouble which is, or is likely to be, grossly disproportionate to the benefits to

be derived.
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A wide range of criteria were taken into account in the Agency's review including not only
those relating to environmental and radiological impact but also those relating to Government
commitments, costs, technical feasibility and socioeconomic factors. The Agency is required
to operate within a legal and policy framework (which the Agency considers includes the
UK's commitments under OSPAR). Compliance with the requirements of this framework
constrains decisions on the BPEO and BPM.

The Agency has a statutory duty to take account of costs and benefits under the Environment
Act 1995, and also through the requirement to take economic and social factors into account in
applying the radiological protection pnciple of optimization. Cost-benefit and cost-
effectiveness considerations are also part of the sustainable development and statutory
objectives guidance to the Agency. 'Costs and benefits' include, but are not limited to, direct
financial costs on a regulated industry.

The Agency recognises that the reduction in radiation dose is not the only potential benefit
from measures taken to reduce radioactive discharges. There are other potential benefits such
as the reduction in concentration of technetium-99 in seafoods, particularly lobster, and in
other or-anisms in the marine environment. Furthermore the Agency recognises that there are
.costs other than the direct financial costs which need to be taken into account in any
decision. For example. the implementation of an abatement technique could itself lead to
negative environmental impacts. There is also the question of 'opportunity cost' since other
safetv and/or environmental improvements could be foregone as a result of the expenditure on
a particular measure.

The Agency views cost-benefit analysis, including that based on monetary valuation, and other
techniques such as Multi-criteria Analysis (MCA), as tools to inform the decision - none of
these by themselves can provide the decision. In practice a blend of quantitative methods and
qualitative reasoning will influence the decision. Qualitative analysis of factors, particularly
those that stem from national policies and nternational agreements, can be very difficult to
incorporate within frameworks that try to apply a quantitative approach but are nevertheless
very important in deten-nining the decision. The responses to the Agency's consultation from
the statutory consultees (Health and Safety Executive (HSE) and FSA), other organisations
and members of the public were also taken into account.

3.2 The options

The main potential abatement techniques being developed by BNFL that would be necessary
to achieve reductions in technetium-99 discharge in advance of the pr 'ected shutdown of
Magnox reprocessing in 2012 were 4]:

.The construction and implementation of a new 'end of pipe' abatement plant for the
removal of technetium-99 from EARP liquid effluent (permeate). The resulting
technetium-bearing liquor would be routed to vitrification. The total undiscounted cost
for this technique was estimated by BNFL to be I - 1 50 million.

2. Process modification to divert the low-salt/high technetium components of MAC to
ification (MAC Dversion). MAC dversion could be 2003. The best

estimate cost (undiscounted) for this technique was around 18 million with a large
fraction of the cost associated with the disposal of the vtrified high-level waste.

3. Process modification in EARP using an organic chemical, tetraphenylphosphonium
bromide JPP) to precipitate technetium. The total undiscounted cost for this technique
was estimated by BNFL to be around E2 - 3 million. However, this technique is currently
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associated wth a number of problems, in particular the sgnificant concerns expressed by
Nirex and the regulators the Agency and HSE's Nuclear Installations Inspectorate N11))
over tho future disposability f the resulting intermediate level solid waste and the
discharge of potentially toxic TPP to the sea. No Nrex 'Letter of Comfort' exists or the
waste from this technique even for the relatively small number of waste drums that would
be produced from a trial (-1,20 drums). A 'Letter of Comfort' does not have any legal
status but is an indication tha a waste forin is suitable for future storage and eep
disposal. Current UK policy states that waste management problems should not be
created if they cnnot be resolved using current techniques or techniques which could be
derived from current lines of'development 6]. If the technique were to go ahead without
a 'Letter of Comfort' then it would produce thousands of drums with no potential disposal
route. It is likely that a new plant would be required in the fture to 're-work' the waste to
make it suitable for disposal; tis would add considerable costs and create a substantial
future waste management challenge.

The Agency examined, inter alki, four representative regulatory otions, taking into ccount
the potential abatement techniques, ranging from reducing the discharge limit for technetium-
99 to 10 TBq y-1 in 2001 to retaining the current authorized limit of'90 TBq y1 [1 4.

The Agency decided that the construction of a new plant at a cost of at least fI00 million,
specifically for the removal of technetium-99 from MAC, would impose costs and other
detriments that would be grossly disproportionate to the likely benefits. In addition, in view of
the concerns expressed by HSE about the hazards associated with the storage of MAC in B211
and the need for more development work to be done on abatement techniques, the Agency
decided that an immediate cut in the discharge limit would be premature.

The Agency viewed the possibility of modifying the existing process by diverting ansings of
low-salt MAC waste streams to vitrification as the most practicable technique. If such a
modification were implemented by 2003, all the high-salt MAC remaining in B211 coul be
treated in EARP by around 2006 wich would mean that the authorized discharge limit could
then be cut to 10 TBq y-', equivalent to the level when MAC was in storage 1981-1993).
This became the basis of what the Agency termed 'Option C'.

The continuation of the current practice of treating MAC in EARP until the end of Magnox
reprocessing (currently pr 'ected to be 2012) was terined 'Option D'. Under this scenario the
current limit of 90 TBq y-' would be maintained until after the buffer volume of MAC was
reached and thereafter a limit of 40-50 TBq y1 could be mplemented to cover discharges
equivalent to the rate of current arisings.

Multi-criteria analyses carried out by both the Agency and BNFL suggested that options D
and C were the top two ranked options, with little to choose between them. Whilst MCA
should only be used as a guide to a final decision, in considering the overall balance of
benefits, costs and other criteria associated with each of the options, the Agency considered
that the choice was essentially between options D and C (or variations thereof).

The best estimate of the total dscounted cost of MAC diversion was around E4 million 4.
The Agency estimated that the collective dose saved as a result of diverting MAC frorn 2003
was about man Sv to the world population over 500 years. Using the monetary value ofthe
unit collective dose suggested by te NRPB in 1993 71 and allowing for inflation, this is
equivalent to a Value of around f125,000. This was adopted as the principal valuation
although the Agency was aware that higher valuations for unit collective dose could be found

7



in the literature. WhIlst it would appear that the financial costs of implementing MAC
diversion are greater than a monetary valuation of the collective dose saved, the Agency

idered that it is not grossl
cons y dsproportionate, particularly f other nori-quantifiable
benefits are taken into account such as the reduction of technetium-99 levels in seafood on an
early timescale. Furthermore, the diversion of MAC and the emptying of the B211 facility of
MAC by around 2006 (Option has the potential to save money, if BNFL were to be
required by HSE to build a new facility to replace B21 1, because there would be no further
need to provide storage tanks for MAC.

The Agency considered that Option C has a clear advantage over Option D in achieving UK
compliance with both the spirit and the letter of the OSPAR Sintra statement, and in meeting
existing and prospective government policy on radioactive discharges in terrns of progressive
and substantial reduction in discharges and discharge limits. Option C is more consistent with
the Government's draft statutory guidance to the Agency on regulation of radioactive
discharges hich indicates that, where possible, "concentrate and contain" should be the
preferred option. MAC diversion would also lead to significant reductions in annual
discharges of other important radionuclides such as strontium-90 70-90%) and aesium-137
(10-400,O). The total discharge of technetium-99 from the treatment of MAC over the
remaining period of Magnox reprocessing would be cut by around 40%.

Althou2h the dose to the critical group is already within required constraints, implementation
of Option C ould lead to a reduction in dose (assessed prospectively) of about 30 PSv y-I
from around 2006 (see Table 2.

Table 2 Potential annual radiation dose savings to the most exposed group to liquid
discharges

Radionuclide Typical Annual Discharge Radiation Dose Saved
from MAC (TBq)' (PSv Y_,

Tc-99' 70 25
Sr-90' 33 2.2
Cs-] 37c 2.7 1.7
Total 29

Tc-99 based on at% ica I 700 m3 of MAC treated with a mean activitv concentration of O. TBq/ M3 Sr-90 andCs-1 37 based on
a% erase dischar2e, o% er the last 6 vears.

b This %% ould be reaiised under an� option �k here the limit i reduced to I TBq y
c These reductions ould onIv occur ith MAC dersion.

Medium active waste streams at other reprocessing plants such as THORP and Cap de la
HaQue are sent to vitn'fication. Therefore the vitrification of MAC would bring the Magnox
reprocessing plant into line with these newer plants.

The HSE has recently issued tight targets for the reduction of Highly Active Liquor (HAL) in
store at Sellafield. The addition of a new feedstock into the HAL storage and vitrification
svstern. resultin- from MAC diversion, could adversely affect the achievement of these
targets. with the potential to have a negative knock-on effect on Magnox and THORP
reprocessing. However, the potential for a negative impact is low if the high salt component
of MAC. hich is low in technetium, is excluded from the diversion. The final view on the
potential impact on HAL reduction will be taken by HSE, in consultation with the Agency,
when BNFL submits the relevant safety cases for the necessary process modifications.
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3.3 Recent developments

Following the publication of the Agency's proposed decision in September 2001 there has
been two significant developments.

In March 2002 there was a mnisterial declaration following the fifth international conference
on the protection of the North Sea held in Bergen. Concerns related to technetium discharges
from Sellafield were noted in the declaration.

In July 2002 the UK Government published the UK Strategy for Radioactive Dscharges
2001-2020 [8]. This shows hw the UK Government ad devolved administrations will
implement the OSPAR Strategy with regard to radioactive substances. The strategy includes
a discharge reduction target for technetium-99. Technetium-99 dscharges from reprocessing
are expected (if the Agency adopts its proposed decision following ministerial consideration)
to be reduced from close to 90 TBq y- I to below 10 TBq y- I as scon as possible and b no
later than the end of 2006, and to less than I TBq y-' by 2020.

4. The proposed decision

Having taken into account all ofthe relevant criteria and the 100 cnsultation responses, the
Agency's decision on what represents the BPEO and BPM for the main technetium-bearing
waste stream (MAC) was:

- Future A C arisings (excluding an high-salt fraction) should be diverted to vitrification
(all plant modifications have potential implications for on-site safety and therefore this is
subject to HSE permission fom 2003; and

- The A14C alretidv in storage, which contains too much salt to be successfully vitrified,
should continue to be treated and processed in EARP, recognizing that this will entail its
technetium-99 content being discharged to sea. This should remain the case unless a
means of removing the technetium-99 in EARP can be found. The current front runner
is the addition of an organic hemical, tetraphenylphosphonilim bromide (TPP), to the
EARP process to precipitate te technetium. If the problems associated with the use of
TPP (see above) can be overcome within a short tmescale i:hen some of the existing
MAC may be treated using TPP before its discharge to sea.

The Agency considered that the first phase of an R&D programme on TPP developed by
BNFL should be begun in order to attempt to resolve the outstanding key issues. TPP could,
if the problems are resolved on a rapid timescale, provide a contingency should sgnificant
problems be encountered with MC diversion or a potential rneans of an earlier limit
reduction.

With respect to the discharge limit te Agency decided that it should remain at the existing 90
TBq y1 for the time being and be reduced to 10 TBq y1 by around 2006. The limit will be
kept under review by the Agency and, as the uncertainties associated with the abatement
techniques are reduced, interim reductions in the limit may be possible.

The Agency submitted its proposed decision to Ministers in September 2001 and at the time
of writing the Ministers were still considering the Agency's proposed decision.

Figure 3 shows the current process for the management of MAC and the two alternative
processes which may be mplemented as a result of the Agency's proposed decision.
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Figure 3 Management of medium active concentrate (MAC) from Magnox
reprocessing (the main source of technetium-99 discharges to sea)
(Environment Agency, 2000)
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5. Conclusions

The Agency has carried out a rigorous review of the future regulation of technetium-99
discharges from Sellafield taking into account a wide range of factors. It has sought to fi-ame
its decision in terms of the BPEO and BPM recognising that the policy and legal framework in
which the Agency operates must inevitably set the objectives for te decision. The ecision
involved the fine balancing of many factors.

The Agency is satisfied that the environmental and health impacts are well below the relevant
limits but recognises the concerns rlated to the perception of tainted seafood both in the UK
and abroad. Discharges of technetium-99 are set to decrease over the next 0 years as the
backlog of stored MAC is treated and Magnox reprocessing at S.-Ilafield ceases in around
2012. However, the Agency's proposed decision will accelerate substantial reductions in
discharges of key radionuclides such as technetium-99, strontium-90 ad caesitim-137,
recognising that 'progressive an sbstantial' reductions in radioactive discharges is a central
tenet of UK discharge strategy i ]Hie with its OSPAR commitments. The cornerstone of the
potential reductions in dscharges on an early tmescale remains the technical feasibility of
sending MAC to vitrification and this is dependent on a satisfactory safety case being made to
the NIl.
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