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Radiation Units

Radioactivity is measured in units called becquerels (Bq). One becquerel corresponds to one 
radioactive disintegration per second.

When measuring radioactive discharges to the environment or referring to the content of 
radioactive sources used in medicine, industry and education, it is more usual to talk in terms of 
kilobecquerels (kBq), megabecquerels (MBq), gigabecquerels (GBq) or terabecquerels (TBq)

1 kBq  = 1000 Bq

1 MBq = 1,000,000 Bq

1 GBq  = 1,000,000,000 Bq

1 TBq  = 1,000,000,000,000 Bq

Much lower concentrations of radioactivity are normally found in the environment and so the 
measurement is often reported in units of millibecquerels (mBq). There are one thousand 
millibecquerels in a becquerel.

1 Bq    = 1000 mBq

Radiation Dose When radiation interacts with body tissues and organs, the radiation dose 
received is a function of factors such as the type of radiation, the part of the body affected, the 
exposure pathway, and so on. This means that one becquerel of radioactivity will not always 
deliver the same radiation dose. A unit called ‘effective dose’ has been developed to take 
account of the differences between different types of radiation so that their biological impact 
can be compared directly. Effective dose is measured in units called sieverts (Sv).

The sievert is a large unit, and in practice it is more usual to measure radiation doses received by 
individuals in terms of fractions of a sievert.

1 sievert = 1000 millisievert (mSv)

= 1,000,000 microsievert (µSv)

= 1,000,000,000 nanosievert (nSv)

In RPII reports the term ‘effective dose’ is often referred to as ‘radiation dose’ or simply ‘dose’.

Collective dose is the sum of the radiation doses received by each individual in the population. 
This allows comparison of the total radiation dose received from different sources. Collective 
dose is reported in units of man sieverts (man Sv) or man millisieverts (man mSv).

Per caput dose is the collective dose divided by the total population. Per caput dose is reported 
in units of sieverts, or fractions of a sievert.
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Summary 

The UK Government has identified up to eight locations for the construction of new 

nuclear power plants by 2025; five of these locations are on the Irish Sea coast. The 

Radiological Protection Institute of Ireland (RPII) was requested by the Minister for the 

Environment, Community and Local Government to undertake an assessment of the 

potential radiological impacts on Ireland from this New Build Programme.  This report 

presents the findings of the potential impacts on Ireland of both the anticipated routine 

radioactive discharges and of a range of postulated nuclear accident scenarios. 

The principal findings are: 

Given the prevailing wind direction in Ireland, radioactive contamination in the air, 

either from routine operation of the proposed nuclear power plants or accidental 

releases, will most often be transported away from Ireland.  

The routine operation of the proposed nuclear power plants will have no 

measurable radiological impact on Ireland or the Irish marine environment. 

The severe accident scenarios assessed ranged in their estimated frequency of 

occurrence from 1 in 50,000 to 1 in 33 million per year. The assessment used a 

weather pattern that maximised the transfer of radioactivity to Ireland. For the 

severe accident scenarios assessed, food controls or agricultural protective 

measures would generally be required in Ireland to reduce exposure of the 

population so as to mitigate potential long-term health effects.  In the accident 

scenario with an estimated 1 in 33 million chance of occurring, short-term 

measures such as staying indoors would also be advised as a precautionary 

measure.  In general, the accidents with higher potential impact on Ireland are the 

ones least likely to occur. 

Regardless of the radiological impact, any accident at the proposed nuclear power 

plants leading to an increase of radioactivity levels in Ireland would have a socio-

economic impact on Ireland. 

A major accidental release of radioactivity to the Irish Sea would not require any 

food controls or protective actions in Ireland. 

There is a continuing need for the maintenance of emergency plans in Ireland to 

deal with the consequences of a nuclear accident abroad. 

Routine releases 

As these nuclear power plants have not been built yet, it was necessary to make a 

number of assumptions regarding the type of reactors and the number of reactors to be 

developed.  Upper bound assumptions were used in the assessment as to the amount of 

radioactivity that could be released per year during routine operation. 

Environmental prediction models, combined with 21 years of historical meteorological 

data to allow for varying weather patterns, were used to calculate the transfer of 

radioactivity to Ireland via the air or sea. Detailed assessments were then carried out to 
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determine all the possible ways that people living in Ireland could be exposed to the 

radioactivity.  

 

The resulting radiation doses calculated were 10,000 times lower than the annual 

radiation dose limit for a member of the public. It was therefore concluded that the 

routine discharges from the proposed nuclear power plants will be of no radiological 

significance for people living in Ireland. 

 

Severe accidents 

Five potential accident scenarios were assessed. All involved severe nuclear accident 

scenarios and the corresponding potential radioactive releases to the environment. The 

probabilities of the severe accidents occurring ranged from 1 in 50,000 to 1 in 33 million 

per year.  The data were used to model the impact of each of the five scenarios at a 

reference location on the east coast of Ireland (Dublin) over timescales ranging from 48 

hours to one year after a release. The scenarios and their consequences are summarised 

in the table below. 

 

Apart from the amount of radioactivity released, weather was found to be the most 

significant factor in estimating the impact on Ireland. Ninety per cent of the time, during 

the 48 hours after a potential accident scenario, radioactivity was not transported by 

wind over Dublin.  On those occasions when the wind was blowing the radioactivity 

directly towards Ireland, the predicted levels of radioactive contamination and radiation 

doses to people varied significantly depending on rainfall levels and on the amount of 

radioactivity released in the particular accident scenario. 

 

The potential radiological impact on Ireland was found to be higher for the lower 

probability accidents.  At one end of the scale where the chance of an accident was 1 in 

50,000, the impact on Ireland was predicted to be relatively small.  The radioactivity 

levels would not be high enough to warrant short-term measures in the immediate 

aftermath of the accident, but food controls and/or temporary agricultural protective 

actions would be required for a period of days to weeks following the accident.  

 

On the other end of the scale where the chance of an accident was 1 in 33 million per 

year, the impact on Ireland was predicted to be greatest.  Short-term measures, such as 

sheltering, would be warranted in the immediate aftermath of the accident to reduce 

exposure of the population and so mitigate long-term health effects. Food and 

agricultural produce would be heavily contaminated and food controls and protective 

actions would be required for many years to reduce radiation doses from consumption of 

contaminated food. 

 

The timely introduction of appropriate agricultural management actions and food 

controls would substantially reduce the radiation dose.  While these controls have been 

shown to be very effective in controlling radioactivity levels in foods for sale, and hence 

radiation doses to people, they do have significant socio-economic implications and 
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costs. These effects could last for months or years following an accident, depending on 

the severity of the accident. 

 

Discharges to the Irish Sea 

A study of discharges to the Irish Sea found that for a large release of radioactivity 

equivalent in size to that after the Fukushima accident, the resulting radiation dose to 

people in Ireland who eat very large quantities of fish and shellfish, would be less than 

the annual radiation dose limit for the public. Given the cautious assumptions underlying 

the assessment, it is concluded that, beyond enhanced monitoring of the marine 

environment, no protective actions would be required in Ireland.  

Other aspects considered 

Other aspects of the UK’s proposed programme were also reviewed including: the 

process for selecting the sites; plans for fabrication of the nuclear fuel to be used; UK 

arrangements for radioactive and nuclear waste; and other activities associated with the 

proposed nuclear power plants. While there may be radioactive discharges associated 

with some of these activities; they would be less than those associated with the routine 

operation of the nuclear power plants themselves and thus would be of no radiological 

significance to people in Ireland. One issue of note from the review was the fact that, 

although plans are in place for the establishment of a deep geological disposal facility in 

the UK, no suitable final repository for spent nuclear fuel exists as yet. In the absence of 

a final repository being built within the necessary timeframe, the spent fuel from the New 

Build Programme could remain a long-term hazard which will need to be managed onsite 

after the proposed nuclear power plants have ceased operating.  

 

Emergency preparedness 

The findings from this assessment will be used to inform the RPII’s, and Ireland’s, 

emergency planning arrangements for nuclear accidents. The assessment of the 

potential impacts from severe accidents shows clearly that the most appropriate 

protective actions are food controls and agricultural measures, with the additional 

advisory of staying indoors being appropriate in the case of more severe nuclear 

accidents. In none of the accident scenarios studied, including the most severe one, was 

evacuation from the east coast of Ireland found to be an appropriate action to take.  
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Potential accident scenarios and consequences 

Type of accident 

assessed 

Chance of 

occurrence 

Health impact 

in Ireland 

Other impacts in Ireland 

ST1: Severe 

accident caused 

by loss of external 

power (battery 

backups operate 

safety systems for 

about 4 hours). 

1 in 50,000 

per year   

No observable 

health effects 

No short-term protective actions would be required. 

 

Some food controls (or temporary agricultural 

protective actions) would likely be needed for a 

period of days to weeks.  

 

Additional monitoring of the environment and food 

required in the months following the accident. 

ST2: Severe 

accident caused 

by loss of all 

power (battery 

backups also 

assumed to fail 

therefore, all 

safety systems 

quickly become 

inoperable).  

1 in 500,000 

per year 

No observable 

health effects 

No short-term protective actions would be required. 

 

Some food controls would be needed for a number 

of weeks together with agricultural protective 

actions for a period of months. These measures 

would have high socio-economic costs. 

 

Additional monitoring of the environment and food 

required in the months to years following the 

accident. 

ST3: Severe 

accident caused 

by loss of power 

combined with 

bypass of the 

containment due 

to rupture of a 

steam generator 

tube. 

1 in 2.5 

million per 

year 

No observable 

health effects 

No short-term protective actions would be required. 

 

Some food controls would be needed for a number 

of weeks together with agricultural protective 

actions for a period of months. These measures 

would have high socio-economic costs.  

 

Additional monitoring of the environment and food 

required in the years following the accident. 

ST4: Severe 

accident with loss 

of coolant 

combined with 

bypass of the 

containment. 

1 in 33 

million per 

year 

Long term risk 

of an increase 

in cancer rates 

if the planned 

food controls 

and 

agriculture 

protective 

actions are not 

put in place 

People would be advised to stay indoors as much 

as possible during the passage of the plume (24 to 

48 hours). 

 

Food controls and/or long-term changes in farming 

practices would be required to ensure that long-

term radiation doses from contaminated food 

would not reach levels that could increase cancer 

risks to the population. These measures would 

have high socio-economic costs. 

 

Additional monitoring of the environment and food 

required in the years to decades following the 

accident. 

ST5: accident with 

loss of coolant 

and core 

meltdown but 

largely functioning 

safety filtration 

systems.   

1 in a million No observable 

health effects 

No short-term protective actions would be required. 

 

No food controls or agricultural protective actions 

would be needed. Despite this, perceived 

contamination of food might lead to loss of 

consumer confidence in Irish food products for a 

period. 

 

No additional monitoring would be required beyond 

the immediate period after the accident for health 

protection reasons but could be required to support 

the Irish agri-food industry.  
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1 Introduction 

The UK Government has announced that it intends to undertake a programme of new 

nuclear build to replace the current fleet of nuclear power plants. The UK Government’s 

assessment is that that nuclear power provides a low carbon source of electricity and 

that new nuclear build will enable it to meet its energy and climate change objectives 

(DECC, 2011a; DECC, 2011b). The UK’s Nuclear National Policy Statement (DECC, 

2011a) set out the general plans for the programme of development of new nuclear 

power plants (“New Build Programme”). The Radiological Protection Institute of Ireland 

(RPII), in accordance with its statutory advisory role to the Government, has been 

requested by the Minister for the Environment, Community and Local Government to 

undertake an assessment of the potential radiological impacts on Ireland from this New 

Build Programme. 

Eight sites have been identified as suitable for construction of new nuclear power plants 

by 2025, namely, Hinkley Point, Oldbury, Moorside, Sizewell, Wylfa, Bradwell, Hartlepool, 

and Heysham (see Figure 1). Of these, seven already have nuclear power plants on them 

(either operating or shut down) and the eighth is at Moorside which is beside the 

Sellafield Nuclear Reprocessing Plant which previously had an operating nuclear power 

plant (Calder Hall). The closest location to Ireland is Wylfa in north Wales, just over 100 

km from the east coast of Ireland. See Annexes 1 and 2 for more details on the New 

Build Programme. 

It is not yet known how many reactors (or the types of reactors) that will be constructed 

at each site. So far two types of reactors have gone through the UK regulators’ Generic 

Design Assessment (GDA) to assess whether the designs are suitable for use in the UK 

(both are different designs of the same type of nuclear power plant: Pressurised Water 

Reactor). A third reactor design has very recently started undergoing the GDA process1. 

To take account of the uncertainty on which design will be located where, a ‘generic 

reactor’ has been used in this assessment. The ‘generic reactor’ combines the 

characteristics of the two PWR nuclear power plant designs, in terms of size of reactor 

and level of radioactive discharges expected, in such a way so as to ensure a 

conservative approach has been taken.  

The operation of the proposed nuclear power plants will result in ongoing discharges of 

radioactivity into the environment, both to the air and into the sea. In common with other 

environmental pollutants, the discharged material will circulate in the air and sea, with 

some of it reaching Ireland. As part of the RPII’s remit to assess the radiation doses 

1 Just before this report was published (April 2013), it was announced that the generic design assessment 

(GDA) for Hitachi-GE's Advanced Boiling Water Reactor (ABWR) had officially begun. Horizon Nuclear Power 

is proposing to build ABWRs at two UK sites (Wylfa and Oldbury). While the very recent entry of the ABWR 

reactor to the GDA process means that it has not been considered in this study, the assessment was 

designed in such a way so as to facilitate future updating in light of changes to reactor type or numbers of 

reactors at any of the sites. 
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received by the population and provide advice on the significance of these levels, the 

RPII has carried out an analysis of how much of the radioactivity discharged from the 

proposed nuclear power plants might reach Ireland and what radiation doses would 

people in Ireland incur as a result. 

 

 

Figure 1. Map of proposed locations for new nuclear power plants in the UK 

 

As the nuclear power plants being assessed have not yet been built, this assessment 

could not be done based on measurements of radioactivity levels in the environment, the 

way in which the RPII assesses the impact of discharges from currently operating nuclear 

facilities abroad. Instead, predicted annual discharges of radioactivity were assessed by 

using environmental pathway and foodchain prediction models to forecast the dispersion 

of the discharges in air and sea and so predict how much radioactivity might reach the 

Irish environment and food. The models used included the PC-CREAM-08 suite of models 

(DORIS, ASSESSOR, RESUS, GRANIS, FARMLAND) and the HYSPLIT atmospheric 

dispersion model.  

 

The assessment also considered potential accident scenarios and associated releases of 

radioactivity to understand the likelihood of the radioactivity released reaching Ireland, 

how much might reach Ireland and what the radiological impacts would be. The models 
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used in the assessment of the accidental releases include HYSPLIT and RIMPUFF 

atmospheric dispersion models, the ECOSYS foodchain model and the National 

University of Ireland, Galway’s POM hydrodynamic model of the Irish Sea. 

This report describes the RPII’s prospective assessment of the radiological impact of the 

operation of the UK’s proposed nuclear power plants, including: 

 A comprehensive assessment of radiation doses to reference groups of the 

population in Ireland, arising from radioactive discharges to the air and sea and to 

assess the radiological significance of these radiation doses. 

 A study of potential accident scenarios and associated releases of radioactivity to 

understand the likelihood of the radioactivity released reaching Ireland, how much 

might reach Ireland and what the radiological impacts would be.  

 A review of other, associated, activities connected to the production, transport and 

management of the nuclear fuel required to operate the nuclear power plants, as 

well as the construction and eventual decommissioning of the nuclear power 

plants themselves. 

The radiation doses predicted from routine radioactive discharges have been compared 

to EU limits on radiation doses from routine radioactive discharges. While, assessment of 

the results for the accident scenarios compares the predicted radiation doses to people 

and contamination levels in food, to established triggers (intervention levels) for various 

emergency protective actions and EU maximum permitted levels in food.  

 

Chapters 2, 4 and 5 of the report present the RPII’s assessment of the potential impacts 

on Ireland from radioactive discharges (whether routine operational discharges or 

accidental/non-routine releases). Chapter 3 summarises the findings of the review of 

associated activities. 
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2 Assessment of the potential impact from routine radioactive 

discharges associated with the New Build Programme 

The operation of nuclear power plants results in the discharge of radioactivity to the air 

and sea. The radionuclides discharged will be transported and dispersed in the 

environment by normal environmental processes (such as sea currents, air mixing, etc). 

Some of the radioactivity discharged will reach Ireland and increase the levels of 

radioactivity in the Irish environment. In order to assess the impact on Ireland of the 

increases in the levels from these as yet unbuilt nuclear power plants, the transfer of 

radioactivity to Ireland was predicted through the use of environmental transfer models 

and the resulting environmental concentrations and radiation doses to people calculated 

for a range of different exposure pathways: 

 External exposure from radionuclides in the passing cloud (cloudshine) 

 Internal exposure due to inhalation 

 External exposure from radionuclides on the ground (groundshine) 

 Transfer of radionuclides through the foodchain and subsequent internal exposure 

due to ingestion of contaminated foodstuffs 

 Direct contact with radioactivity in the environment (e.g., handling of soil or 

sediments) 

 Re-suspension and deposition on skin and clothing.  

Radionuclides discharged into the air will be transported, dispersed and diluted by the 

wind and air currents. During transport, radionuclides can be deposited onto the 

ground/vegetation/buildings by a number of mechanisms including impact with 

underlying surfaces, settling due to gravity and scouring from the atmosphere by rain, 

hail or snow (‘washout’). The dispersion and deposition of radioactivity in the air is largely 

determined by the prevailing weather conditions at the point of discharge and along the 

path of the radioactive plume. Radioactivity in the air can irradiate the population 

externally (‘cloudshine’) and internally via inhalation. Once deposited, the radioactivity 

can irradiate the population externally (‘groundshine’) and internally, mainly via ingestion 

of foods containing the radioactivity and, to a lesser extent, via inhalation of resuspended 

radioactivity that had previously been deposited onto the ground or building surfaces.  

 

For radionuclides discharged into the sea, their transport and dispersion will depend on 

their physical and chemical forms, which influences their solubility in water and their 

interaction with particulate matter suspended in the water and the sediments on the 

seabed. Some radionuclides will tend to remain in dissolved form in the water column 

whereas others are quickly adsorbed onto suspended sediments or removed from the 

water column to seabed sediments. The dispersion of radioactivity in the dissolved water 

phase is controlled by dilution, diffusion and advection within the water body, and is 

primarily driven by tides, prevailing water currents and winds. Adsorption of radionuclides 

onto particles can result in the depletion of radioactivity from the water phase and 

incorporation into seabed sediments. However, radionuclides attached to seabed 

sediments can be remobilised back into the water phase through desorption from 
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particles or redissolution. These effects are influenced by factors such as water depth, 

the amount of suspended particles in the water (‘particle loads’) and type of sediment.  

For a release of radionuclides at a particular location, dispersion is determined firstly by 

the local features of the environment, in particular the tidal currents and the degree of 

sedimentation. Subsequent dispersion is influenced by general water movements and 

sedimentation processes in larger sea and ocean masses.   

 

 
 

Figure 2. Diagram of potential radiation dose pathways to people  

(Source: International Atomic Energy Agency) 

 

In this study, these dispersion and transport processes have been calculated using 

appropriate environmental prediction models. A number of methodologies for assessing 

the radiological consequences of routine releases from nuclear facilities have been 

developed (EC, 1995; IAEA, 2001; NRC, 1977). In general, these recommend broadly 

similar screening approaches. The CREAM (Consequences of Releases to the 

Environment: Assessment Methodology) (EC, 1995) methodology has been adopted for 

use in this study. This is a standard, widely used and well-established approach. CREAM 

addresses all aspects of the assessment of radiation doses to reference groups (sections 

of the population who receive the highest radiation doses) including a comprehensive 

specification of the source term; the most important exposure pathways to consider; 

optimal identification of reference groups; and uncertainties and variability. The 
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methodology was designed specifically for routine discharges of radionuclides to the 

environment from nuclear facilities, i.e. those considered continuous and constant. The 

methodology has been implemented in the software PC CREAM 08 (Smith & Simmonds, 

2009), a suite of models which includes models to simulate the different environmental 

transfer mechanisms and also a radiation dose assessment module (ASSESSOR).  

 

Results from this modelling and assessment of discharges to both air and sea are 

presented in this Chapter. For each assessment, the following information is outlined: 

 Estimate of radioactive discharges: The types and amount of radionuclides that 

will be discharged each year by the new nuclear power plants. 

 How much of the radionuclides discharged from the nuclear power plants could 

reach the Irish environment by transfer through the air or sea. 

 The resulting levels or concentrations of radionuclides in the Irish environment 

and foodchain as a result of transfer and accumulation of the different 

radionuclides (this depends on a number of factors, most importantly the 

radionuclide in question). 

 Choice of Reference Groups: Identification of the population groups, and their 

habits and food consumption patterns, which are used for the purpose of 

calculating predicted radiation doses. 

 Review of key factors: Comparison of the impacts of factors such as nuclear power 

plant location and radionuclide discharged on the resulting radiation doses in 

Ireland. 

 Resulting radiation doses: The combined radiation doses to the Reference Groups 

in Ireland as a result of the discharges from all the proposed UK nuclear power 

plants. 

2.1 Estimating future radioactive discharges 

At the time of writing, it was not known which design (EPR,  AP1000 or another design) or 

number of reactors are to be built at each of the proposed sites, or even if all of the sites 

will be developed.  In order to be able to assess the impact on Ireland of potential 

radioactive discharges from as yet unbuilt nuclear power plants, certain assumptions 

had to be made. One such assumption was the use of the concept of a ‘generic reactor’; 

the generic reactor is a reactor that combines the relevant attributes of the two currently 

proposed reactor designs (i.e., the EPR and the AP1000). The attributes of interest are 

the types of radionuclides that might be discharged, how much might be released each 

year and the height of stack from which discharges to the air will occur.  

 

The discharge figures derived for both aerial and liquid routine discharges of the generic 

reactor are based on the EPR and AP1000 GDA documents (AREVA NP & EDF, 2009; 

Westinghouse, 2009).  As part of their submissions to the Generic Design Assessment 

(GDA) process, both vendors were required to give information on the maximum amounts 

of radioactivity that might be expected to be discharged as part of the plant’s ongoing 
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operations2. Both vendors described and characterised routine discharges in a slightly 

different way (e.g., they considered different radionuclides). For the purposes of the 

generic reactor concept, the following assumptions were made:  

 When discharge amounts of a radionuclide were quoted for only one of the 

designs (and not the other), they were included for the generic reactor. 

 For those radionuclides for which discharge amounts were quoted for both 

designs, the highest discharge value was used for the generic reactor. 

 

2.2 Assessing environmental transfer and radiation doses to the population 

from routine discharges to air 

2.2.1 Estimate of annual radioactive discharges to air 

As described above, analysis of the documents submitted under the GDA for the EPR and 

AP1000 reactors allowed the estimation of the assumed annual discharge values for the 

generic reactor; these are given in Table 1. The model used to predict the dispersion of 

radionuclides in the air (HYSPLIT) models a radionuclide’s dispersion in air and 

deposition onto the ground depending on the type of physico-chemical form of the 

radionuclide discharged (i.e., gas (or vapour), reactive, non-reactive, particulate (aerosol), 

organic, etc.). The physico-chemical forms assumed for the modelling are also given in 

the Table. Further information on the derivation of the discharge values is given in 

Appendix 2. 

 

Table 1. Assumed annual discharges to air for the 'generic' reactor 

Radionuclide Modelled as Routine discharge (GBq/y) 

H-3 Long-lived non-reactive gas 3080 

C-14 Very long-lived non-reactive gas 1050 

I-131 Short-lived reactive gas 0.342 

I-133 Short-lived reactive gas 0.640 

Ar-41 Very short-lived non-reactive gas 2180 

Kr-85 Long-lived non-reactive gas 6720 

Xe-133 Short-lived non-reactive gas 14198 

Xe-135 Short-lived non-reactive gas 4455 

Xe-131m Short-lived non-reactive gas 2910 

Co-58 Short-lived particulate  0.087 

Co-60 Long-lived particulate 0.102 

Cs-134 Long-lived particulate 0.080 

Cs-137 Long lived particulate 0.071 

Sr-90 Long lived particulate 0.00073 

Sr-89* Short-lived particulate  0.00183 
Note: 1 GBq = 109 Bq 
*Value calculated, based on ratio between Sr-89 and Sr-90 of expected annual activity discharged (EPR) 

and applied to the WCPD discharge value for Sr-90 (AP1000). 

                                                 
2 For the purpose of this assessment, the maximum annual activity for the EPR and the Worst-Case Plant 

Discharge (or WCPD) for the AP1000 have been considered equivalent 
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The expected annual discharges values3 quoted by the vendors were compared to those 

that actually occur at currently operating nuclear power plants of similar design, namely, 

Civaux, a precursor of the EPR design and Sizewell B, a precursor of the AP 1000 design 

(see Table 2). The figures are based on discharges reported between 2004 and 2008 

(Van der Stricht & Janssens, 2010). This comparison suggests that the values assumed 

for the generic reactor in this study are suitably conservative (i.e., they are likely to be at 

the upper end or above the range of actual releases). 

 

Table 2. Comparison of assumed discharges to air to current discharges from similar 

reactor types 

Radionuclide 
Civaux* 

(GBq/y) 
Sizewell B 
(GBq/y) 

EPR 
(GBq/y) 

AP1000 
(GBq/y) 

Generic Reactor 
(GBq/y) 

H-3 225-500 600-1,250 500 1,800 3080 

C-14 235-275 170-350 350 600 1050 

I-131 
0.0010-

0.12 
0.0015-0.5 0.023 0.21 0.342 

I-133 0.004-0.10 Not available 0.027 0.35 0.640 

Ar-41 20-125 3,000  23 1,300 2180 

Kr-85 7-130 Not available 111 3,100 6720 

Xe-133 135-3,000 2,900-3,500 505 1,300 14,198 

Xe-135 75-100 Not available 160 440 4455 

Xe-131m 20-285 Not available 2.4 1,400 2910 

Co-58 
0.0003-

0.0005 
Not available 

0.001 0.008 0.087 

Co-60 
0.0002-

0.0003 
0.004  0.001 0.003 0.102 

Cs-134 
0.0001-

0.0002 
Not available 0.0009 0.0008 0.080 

Cs-137 0.0002 0.1  0.0008 0.001 0.071 

* Quoted Civaux discharges have been halved to compare the discharges for a single reactor (Civaux has 

two operating PWRs onsite). 

 

In summary, the types and amounts of radionuclides assumed to be discharged to air 

annually by the proposed nuclear power plants were based on a conservative 

assessment of the available data. 

 

                                                 
3 The 'expected' discharges exclude contingencies and operational failures. They are the lowest annual 

discharges that can be expected from a single reactor and require that all the systems function to their 

optimised level. They are different from the quoted conservative (maximum or worst case) discharge values 

that have been used for this study. 
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2.2.2 Assessment of environmental transfer to Ireland 

The general PC CREAM 08 model chain for assessing the radiation doses from 

atmospheric discharges is presented diagrammatically in Figure 3. Firstly, a number of 

models are used to calculate activity concentrations in the environment:  

 PLUME is the atmospheric dispersion model used within PC-CREAM-08 to 

calculate activity concentrations in air, deposition rates and external gamma dose 

rates from radionuclides in the atmosphere (cloudshine) at various distances 

downwind of the release point. 

 RESUS can be used to estimate activity concentrations in air arising from the 

resuspension of previously deposited radionuclides. 

 GRANIS calculates external exposure to gamma radiation from radionuclides 

deposited on the ground (groundshine). 

 FARMLAND is a suite of models used to predict the transfer of radionuclides in 

food production systems following deposition onto the ground and to calculate 

activity concentrations in a range of food categories. 

 

 

Figure 3. PC CREAM 08 model chain for atmospheric releases 

 

The simulation of the transport and diffusion of routine discharges in the atmosphere is 

of fundamental importance for this assessment. PLUME is a simple Gaussian model 

which was not designed for simulating scenarios with large source-receptor distances 

such as those between the UK and Ireland (over 100 km). Therefore, for this study more 

sophisticated calculations of radioactivity air concentrations and deposition rates 

concentrations were performed instead using HYSPLIT4, a Lagrangian atmospheric 

dispersion model, driven by ERA-INTERIM5 meteorological data (Dee, et al., 2011; 

ECMWF, 2012). Releases were modelled over a 21 year period (1990-2010) and the 

resulting air concentrations and deposition rates were then used in PC CREAM 08 to 

                                                 
4 The HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model is a complete system for 

computing simple air parcel trajectories to complex dispersion and deposition simulations. The model was 

developed as a joint effort between the US National Oceanic and Atmospheric Administration and 

Australia's Bureau of Meteorology. 
5 ERA-Interim is a global atmospheric reanalysis data product produced by the European Centre for 

Medium-Range Weather Forecasts (ECMWF). Reanalysis data comprise archived numerical weather 

prediction forecasts combined with observations to produce the best fit to both. For this reason, they are 

suitable in studies of long-term variability in climate. 
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derive radiation doses. Modelling over a long period was done to ensure that the results 

were representative of the long-term climatology and has enabled a realistic, scenario to 

be identified for use in the radiation dose assessment.  

 

Annual discharges from each proposed site have been modelled individually to derive 

individual annual scaling factors for average air concentrations (Bq/m3) and total 

deposition rates (Bq/m2/s). Once derived, these scaling factors can be multiplied by site-

specific annual discharge rates to assess the long-term impact of routine discharges. 

Scaling factors, air concentrations, deposition rates and consequent, radiation doses to a 

reference group in Ireland (see below) have been calculated for each location and each 

radionuclide. This approach was taken to facilitate future updating of the assessment 

once the type and number of reactors to be built at each site has been decided.  

 

2.2.2.1 Modelling atmospheric dispersion of radioactivity 

Atmospheric dispersion modelling uses mathematical formulations to characterise the 

atmospheric processes that transport and disperse a pollutant emitted by a source (EPA, 

2012). Here the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 

(Draxler & Hess, 1998) model has been used to simulate the transport and dispersion of 

continuous and constant emissions to the atmosphere of a range of radionuclides from 

each proposed nuclear power plant. Similar use of such a deterministic model for this 

type of long-term, climatological application has previously been demonstrated (Nelson, 

et al., 2002; Lutman, et al., 2004; Lambers, 1999).  

 

HYSPLIT was developed by the US National Oceanic and Atmospheric Administration 

(NOAA) and Australian Bureau of Meteorology for simulating the medium and long-range 

transport, dispersion and deposition of airborne pollutants. The model has been used to 

simulate a variety of pollutants including radioactive material, volcanic ash clouds, dust 

storms and forest fires. The model has been extensively validated using inter alia balloon 

trajectories, tracer experiments, comparisons with measurements of radiological 

deposition from the Chernobyl and Fukushima accidents, and satellite photographs of a 

volcanic eruption (Draxler & Hess, 1998; Draxler & Rolph, 2012).  

 

In HYSPLIT, a large number of model particles (by convention called particles although 

they may also represent gases) representing a pollutant plume are released each time 

step into the ‘model atmosphere’ (Nelson, et al., 2002) defined by wind fields and other 

meteorological parameters from Numerical Weather Prediction (NWP). Each particle is 

ascribed a mass, or in the specific case of radioactive pollutants, an activity which when 

integrated over all particles represents the required plume emission profile. The HYSPLIT 

computation is composed of four components:  

 

 Particles are advected by the wind field averaged over the three-dimensional wind 

component directions.  
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 A turbulent transport component representing the dispersion of the pollutant in 

the atmosphere is added. This is calculated by adding a random component to the 

mean advection velocity in each of the three directions. The vertical and horizontal 

turbulence is computed from the local stability estimated from the wind and 

temperature profiles. 

 Depletion of the plume by scavenging and decay. For radioactive pollutants, 

particle activities are reduced during transport through radioactive decay and dry 

and wet depositions.  

 Calculation of the air concentrations and deposition rates. Air concentrations are 

computed by summing each particle’s mass as it passes over a concentration grid 

cell and dividing the result by the cell's volume. Deposition rates are calculated by 

summing the mass of deposited particles over the grid cell and dividing the result 

by the cell's volume. 

 

A detailed description of the computational aspects of the model can be found in Draxler 

and Hess (1997) and its configuration is reviewed in the HYSPLIT User's Guide (Draxler, 

1999). 

 

As noted previously, HYSPLIT was driven using the ERA-Interim meteorological data 

provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). The 

data covers the period 1990 – 2010 inclusive (i.e., 21 years), with spatial and temporal 

resolutions of 0.75 degrees and 6 hours respectively and a model domain covering the 

northern hemisphere. The data was downloaded and converted to a format suitable for 

use with HYSPLIT by Met Éireann with advice from NOAA and RPII.  

 

HYSPLIT was configured to simulate constant 1 Bq/s releases of 15 radionuclides at 

each nuclear power plant location. The release height was assumed to be 100 m. Each 

model particle had a half-life and deposition characteristics representative of the 

radionuclide it was simulating. These were used to calculate depletion by scavenging and 

decay. The HYSPLIT deposition parameters used are presented in Appendix 3. Dry 

deposition calculations were performed for particulates and isotopes of iodine. HYSPLIT 

dry deposition in the lowest model layer based upon the relation that the deposition flux 

equals the dry deposition velocity, as defined in Appendix 3, times the ground-level air 

concentration. Gravitation settling is also calculated at all levels. Wet deposition of 

particulates is calculated in HYSPLIT by considering both in-cloud (washout) and below 

cloud (rainout) processes. In-cloud removal is defined as a ratio of the pollutant in air (g/l 

of air in the cloud layer) to that in rain (g/l) measured at the ground. Below-cloud removal 

is defined through a removal time constant. The washout and rainout parameters used, 

presented in Appendix 3, were those recommended by NOAA based on comparison of 

modelled and measured iodine-131 and caesium-137 air concentration following the 

nuclear accident in Fukushima in 2011 (Draxler & Rolph, 2012; Draxler, 2011).  
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Scaling factors for air concentrations and deposition rates were calculated for an area 

covering Western Europe. Air concentrations were computed as averages over the height 

range 0 to 200 m. Annual average concentrations (Bq/m3) were calculated by multiplying 

the activity of all particles in the grid cell by the time step length and dividing by the total 

sampling time (one year) and summing over all time steps. Time integrated air 

concentrations (Bq.s/m3) were derived by multiplying by the number of seconds in a year. 

Annual average deposition rates (Bq/m2) were calculated using a similar method for 

deposited particles and mean 24-hour deposition rates.  

 

In order to verify the use of the model, a comparison was done with previously published 

work which used an almost identical approach to model the actual discharges to air from 

the Sellafield nuclear reprocessing facility (Nelson, et al., 2002). The results obtained 

from the verification study are presented in Appendix 4. 

  

2.2.2.2 Calculation of air concentrations and deposition 

In order to determine representative annual air concentrations and deposition rates in 

Ireland for use in the radiation dose assessment, 95th percentile values of air 

concentrations and deposition rates were derived using the 21 years of weather data for 

each radionuclide and proposed new nuclear power plant location. This was then scaled 

up by the estimated annual discharges for the generic reactor. The results for both unit 

releases (Figure 4 and Figure 5) and after scaling by the annual discharges (Figure 6 and 

Figure 7) are presented below. 

 

 

Figure 4. Representative annual average air concentrations (unit releases) 
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Figure 5. Representative annual average deposition rates (unit releases) 

 

 

Figure 6. Representative annual average air concentrations for the generic reactor 

 

 

Figure 7. Representative annual average deposition rates for the generic reactor 

 

In Ireland, the wind blows most frequently from the south and west while winds from the 

northeast or north occur least often, as is evidenced by the windroses for Dublin Airport 



14 

 

and Birr (Figure 8). In January the southerly and south-easterly winds are more prominent 

than in July, which has a high frequency of westerly winds. While easterly winds would 

tend to transport radioactive discharges to air over Ireland, it is mainly rainfall that 

determines the level of deposition onto ground (and hence the radiation doses received 

via groundshine and ingestion). According to Met Éireann’s records easterly winds over 

Ireland occur most often between February and May and are commonly accompanied by 

dry weather. The average annual rainfall across Ireland is shown in Figure 9. 

 

 

Figure 8. Windroses for Dublin Airport and Birr showing predominant wind directions 

(Source: Met Éireann) 

 

Figure 9. Mean annual rainfall in Ireland (mm), 1981-2010 (Source: Met Éireann) 
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The variability of deposition rates at different receptor points (locations) in Ireland is 

presented in Figure 10. This variability reflects factors including varying distances from 

the eight proposed nuclear power plants sites and the differences in typical rainfall 

amounts at these locations in Ireland. It is important to note that while differences are 

seen (standard deviation of 46%), the variability is not significant enough to change the 

conclusions drawn from the radiation doses predicted by the models. 

  

 

Figure 10. Representative annual average deposition rates of caesium-137 at various 

locations in Ireland 

 

Figure 11 demonstrates the variation in annual and daily average air and deposition 

rates for the assumed discharges of caesium-137 to air for a generic reactor at the 

proposed nuclear power plant location at Wylfa. As can be seen, a small number of the 

daily averages can reach quite high values compared to the annual figures. This is a 

consequence of the high percentage of daily values of zero air concentrations and 

deposition rates recorded over the year when the wind is blowing the discharged 

radionuclides away from Ireland.  
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Figure 11. Average daily and annual air concentrations and deposition rates estimated 

for discharges from a generic reactor at Wylfa 

 

2.2.2.3 Assessment of transfer of radioactivity within the Irish environment 

Having modelled the transfer of radioactivity by air to Ireland and deposition onto land, 

the next step was to calculate radionuclide concentrations that would result in the Irish 

environment and foodchain.  
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As there is no direct method for using independent atmospheric dispersion model results 

within PC CREAM 08, an indirect method, described below, was used in this study:  

 First a PLUME model run6 was performed for each proposed new nuclear power 

plant location using arbitrary values for all input parameters. A uniform windrose 

was used (i.e., it was assumed that the wind blows equally in all directions over a 

year) so that the results depended only on source-receptor distance and not on 

bearing.  

 The resulting (arbitrary) annual average air concentrations and deposition rates 

were then compared with those calculated using HYSPLIT at the appropriate 

source-receptor distance. For each radionuclide, air concentration and deposition 

rate scaling factors were calculated and applied to the arbitrary annual release 

rate in two further PLUME configurations per location (some exposure pathways 

such as inhalation and cloudshine depend on air concentrations and others such 

as ingestion and groundshine depend on deposition rates, however the scaling 

factors are not necessarily the same for both).  

 PC CREAM 08 was then run using the modified PLUME results as appropriate for 

the exposure pathways of interest.  

The FARMLAND model was used to simulate the transfer of radionuclides through the 

terrestrial foodchain and to calculate activity concentrations in a range of plant and 

animal-derived foods. FARMLAND is a dynamic model which simulates radionuclide 

transfer following deposition using a series of interconnected compartments, each 

representing different parts of the foodchain (Smith & Simmonds, 2009). The most 

important transfer mechanisms considered by FARMLAND are illustrated schematically in 

Figure 12. The three main processes that influence ingestion doses are: migration of 

radionuclides in soil; transfer to plants and transfer to animals.  

 

The models and parameter values in FARMLAND have been developed as part of EC 

research programmes following the Chernobyl accident. The version in PC CREAM 08 has 

been modified to account for the source being continuous rather than a short-term 

‘pulse’ release as occurs with nuclear accidents. These models and parameter values 

have been developed and validated using data from a large number of laboratory and 

field studies. They include studies of the transfer of radionuclides following deposition of 

fallout from atmospheric weapons tests, from routine releases from nuclear facilities 

and, particularly, from the Chernobyl accident. These studies have generally 

concentrated on the radiologically significant radionuclides of caesium, strontium and 

iodine. 

 

The FARMLAND model calculates activity concentrations in broad food groups which 

have been found to be important components of diets across Europe, rather than in 

                                                 
6 The outputs of PLUME are activity concentrations in air, deposition rates and external gamma dose rates 

from radionuclides in the atmosphere (cloud gamma) at various distances downwind of the release point. 

The latter are calculated using a finite cloud model and dose factors from ICRP publication 74 (ICRP, 

1996). 
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individual foods. These include cow's milk, cow’s milk products, root vegetables, green 

vegetables, fruit, beef and lamb. 

 

 

Figure 12. Important processes for the transfer of radionuclides through terrestrial 

foodchains. From Smith and Simmonds (2009) 

 

The transfer of tritium and carbon-14 between the atmosphere and the terrestrial 

environment was modelled in PC CREAM 08 using specific activity models, a different 

approach to that used for other radionuclides. The specific activity approach assumes 

that in the terrestrial environment, including foodstuffs, the tritium and carbon-14 

discharged come quickly into equilibrium with water vapour and stable carbon, 

respectively, in the atmosphere. Thus, the specific activity of tritium in water in foods 

from a particular location will have the same specific activity as tritium in water vapour in 

the atmosphere at the same location, and similarly for the specific activity of carbon-14 

in stable carbon. 

  

2.2.3 Choice of reference group impacted by routine discharges to air 

The radiation dose assessment has been performed for a reference group, i.e., a subset 

of the population defined using generalised data which is expected to receive the highest 

doses (EC, 2002). The reference group used for this study was a hypothetical dairy and 

market gardening farming family living and working in the greater Dublin area.  

 

Dublin is located on the east coast of Ireland, the region closest to the proposed nuclear 

power plant locations. In particular, the proposed nuclear power plant site at Wylfa in 
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north Wales is just over 100 km from Dublin. The greater Dublin area contains a number 

of dairy farms and milk processing centres, as well as farms growing vegetables for sale 

(see Figure 13) and people  living in this area will also be exposed to radioactivity 

discharged into the Irish Sea (in addition to radioactivity discharged to air).  

 

 

Figure 13. Distribution by county of the production in Ireland of vegetables for sale 

(Source: Teagasc) 

 

At the source-receptor distances involved here (more than 100 km), ingestion doses 

would be expected to be the dominant exposure pathway. The hypothetical reference 

group chosen represents a group who would be expected to eat higher than average 

rates of locally-grown foods. In this assessment, the consumption rates have been 

sourced from two food consumption surveys for adults and children and aggregated for 

the broad food groups featured in PC CREAM 08.  National food consumption rates in 

Ireland have been surveyed as part of nutrition studies by the Irish Universities Nutrition 

Alliance (IUNA) and are available in a series of reports. Here, two datasets have been 

used for the calculation of ingestion doses, one for adults and one for children (IUNA, 

2011; IUNA, 2004) and aggregated for the broad food groups used in PC CREAM 08. 

Infant7 rates were calculated using the adult rates scaled by the ratio of adult and infant 

values in PC CREAM 08.  

 

Mean and 95th percentile consumption rates have been published. Use of the latter 

‘critical’ rates would provide a ‘worst case’ radiation dose assessment. However, it is not 

considered realistic for any group to eat more than two types of food at critical levels (EC, 

2002). Here, the ‘Top Two’ approach suggested by Robinson et al (1994) is used. Firstly, 

                                                 
7 In this study, the term infant refers to a 1-year old, who is assumed to be consuming solid foods and 

cow’s milk products 
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ingestion doses are modelled using ‘critical values’ (95th percentile) for all consumption 

rates. Rates for the two food groups contributing the highest radiation doses are 

maintained at this critical rate and the remainder are modelled assuming mean 

consumption rates. In this case the ‘Top Two’ food groups selected for all age groups 

were dairy (cow’s milk and cow’s milk products) and root vegetables. 

 

The rates used for the final radiation dose assessment are underlined in Table 3. 

Ingestion dose factors have been taken from ICRP Publication 72 (ICRP, 1996). 

 

Table 3: Food consumption rates assumed for the reference group 

 Consumption rates (kg/y) 

Local 

Fraction 

 Adults Children Infants 

 Mean  95th Per.  Mean  95th Per  Mean  95th Per.  

Cow's milk  77.4  336.9  100.7  311.7  105.9  449.2  1.0 

Cow’s milk 

products  
24.5  113.2  27.4  104.8  18.3  84.9  1.0 

Root vegetables  58.0  196.0  42.7  124.8  14.5  67.8  1.0 

Green vegetables  26.3  109.9  9.9  45.6  3.8  20.6  0.5 

Fruit  17.9  71.9  15.0  48.5  8.0  33.6  0.5 

Beef 25.4  117.2  15.5  60.5  5.1  26.0  0.5 

Lamb 4.9  31.9  3.8  18.9  0.5  3.8  0.5 

 

The proportion of food consumed which is produced locally can also be defined in PC 

CREAM 08. This ‘local fraction’ defines the proportion of food consumed which is 

contaminated at the levels calculated using FARMLAND; all other food is considered 

uncontaminated. A local fraction of 1 (consumption of 100% locally produced food) was 

assumed for the critical food groups and 0.5 (50% locally produced food) for all other 

groups. Given the scale and reach of modern food distribution systems, these were 

considered conservative values.  

 

Other properties of the reference group chosen which have ensured the radiation doses 

estimated will fall within the upper band of potential radiation doses include: 

 The family has been assumed to live in a rural location. External radiation doses in 

such locations are higher compared to urban locations due to an absence of 

shielding from neighbouring buildings. Here, no reduction factor has been applied 

to dose rates in the open air. 

 The family has been assumed to spend an above average length of time outdoors, 

for example adults in working the land or children playing outdoors. The fraction of 

time spent outdoors has conservatively been taken as 50% for both adults and 

children, compared to a typical assumption of 20%. For infants the default value 

of 90% of time indoors has been used. 

PC CREAM 08 default values have been used for all other parameters: cloudshine and 

groundshine ‘location factors’ which are applied to allow for time spent indoors and the 

shielding effect of buildings; breathing rates used in the calculation of inhalation doses; 
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and the time the family is assumed to spend at the receptor location (100% is the most 

conservative assumption). An overview of all habit data used, other than food 

consumption rates, is presented in Table 4 (changes to the default values are 

underlined). The inhalation dose factors used were from ICRP Publication 72 (ICRP, 

1996). 

 

Table 4. Other habit data assumed for the reference group 

 
Time at 

location (h/y) 
Time spent 

indoors 

Cloudshine 

location 

factor 

Groundshine 

location 

factor 
Breathing 

rates (m3/y) 

Adults 8.76x103 0.5 0.2 0.1 8.1 x103 

Children 8.76x103 0.5 0.2 0.1 5.6 x103 

Infants 8.76x103 0.9 0.2 0.1 1.9 x103 

 

Thus, the lifestyle and consumption habits assumed for the reference group of the 

population used in the assessment were chosen so as represent the upper band of 

projected radiation doses that might result from the discharges of radioactivity to air.  

2.2.4 Potential radiation doses from routine discharges to air 

Assessing the total radiation dose to a person in Ireland from the discharges to air from 

the operation of new nuclear power plants at all of the proposed locations required 

assumptions to be made on  the number of reactors that would be built each site. The 

radiation doses estimated to result from the assumed annual radioactive discharges to 

air assuming one reactor at each site are presented in Table 5. The radiation dose values 

presented are individual annual effective doses after 50 years of constant and 

continuous discharges. The use of the 50th year radiation doses ensures that deposited 

radionuclides from previous years have reached a steady state in the environment and 

so make a full contribution to groundshine and ingestion doses.  

 

Table 5. Effective doses to adults in the 50th year of constant and continuous discharges 

by dose pathway and discharging site (assuming one reactor per site) 

 
Effective doses (µSv) 

 Inhalation Cloudshine Groundshine Resuspension Ingestion Total 

Wylfa 2.5E-04 1.6E-05 6.4E-06 8.6E-10 3.5E-03 3.8E-03 

Moorside 1.3E-04 5.5E-06 2.0E-06 2.8E-10 1.8E-03 1.9E-03 

Heysham 1.2E-04 4.9E-06 1.7E-06 2.5E-10 1.7E-03 1.8E-03 

Oldbury 8.5E-05 3.0E-06 1.0E-06 1.5E-10 1.2E-03 1.3E-03 

Hinkley Point 8.4E-05 3.0E-06 1.0E-06 1.4E-10 1.2E-03 1.3E-03 

Hartlepool 7.4E-05 2.4E-06 8.3E-07 1.2E-10 1.0E-03 1.1E-03 

Bradwell 5.1E-05 1.4E-06 4.8E-07 6.4E-11 7.2E-04 7.7E-04 

Sizewell 4.9E-05 1.3E-06 4.4E-07 5.8E-11 6.8E-04 7.3E-04 
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The total annual radiation dose was calculated based on the radiation doses calculated 

for each site (Table 5) multiplied by the assumed number of reactors to be built at each 

site (Table 6).  

 

Table 6. Total radiation dose to an adult in the reference group (µSv/y) in the 50th year of 

constant and continuous discharges to air 

Location 
 

Assumed  Number of 

Reactors 
Total annual radiation dose 

(µSv/y) 

Wylfa 3 0.011 

Moorside 3 0.006 

Heysham 2 0.004 

Oldbury 3 0.004 

Hinkley Point 2 0.003 

Hartlepool 2 0.002 

Bradwell 2 0.002 

Sizewell 2 0.001 

Total  0.032 

 

The total annual radiation dose calculated (0.032 µSv/y) is well within the radiation dose 

limit for a member of the public (1000 µSv/y).  

 

Furthermore, even allowing for potential differences in the amount of radioactivity 

reaching different parts of Ireland (see Figure 10) or the radiation doses to different age 

groups (see Table 7), it can be concluded that the radiation doses likely to be incurred 

are of not of radiological significance. 

2.2.5 Key factors affecting radiation doses from routine discharges to air 

According to the CREAM methodology employed, over the course of a year – a lengthy 

period of time - varying releases rates would be expected to average out and result in an 

effectively constant rate. In the case of a specific pulsed release, while it could coincide 

with easterly winds, it is much more likely that it would coincide with south westerly 

winds. Even if every pulsed release coincided with easterly winds the concentrations are 

so low that the radiation dose would still be insignificant.  

 

In order to assess the relative impact from different nuclear power plant locations, equal 

discharges were assumed from each site. The influence of each location on the total 

radiation dose for adults is illustrated in Figure 14. As expected the closest location, 

Wylfa in North Wales, has the greatest influence; Bradwell and Sizewell, the two furthest 

locations, have the least.  

 

While a comparison of predicted radiation doses for different age groups (Table 7) shows 

a higher predicted radiation dose for infants than for adults or children, given the low 

radiation doses predicted and taking into account the uncertainties inherent in using 
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prediction models to forecast future radiation doses, these differences were not 

significant from a radiation dose calculation perspective. 

 

 

Figure 14. Comparison of the relative impact of the different proposed nuclear power 

plant locations on radiation dose (Note: annual dose limit = 1000 µSv/y) 

 

Table 7. Comparison of annual effective radiation doses to different age groups and for 

different radiation dose pathways for the 50th year of discharges 

 
Effective doses (µSv/y) 

 Inhalation Cloudshine Groundshine Resuspension Ingestion Total 

Adults 8.3E-04 3.7E-05 1.4E-05 1.9E-09 1.2E-02 1.3E-02 

Children 8.1E-04 3.7E-05 1.4E-05 2.6E-09 1.4E-02 1.4E-02 

Infants 6.4E-04 1.9E-05 4.3E-06 2.9E-09 2.5E-02 2.5E-02 

 

When considering the contribution of the different exposure pathways, it is clear that the 

ingestion pathway is the dominant one (Figure 15). For all age groups, the ingestion 

pathway dominated, at 93%, 94% and 97% of the total radiation dose for adults, children 

and infants, respectively. Further detail on the breakdown of radiation doses by proposed 

nuclear power plant location and by radiation dose pathway is given in Table 5, with 

Table 8 giving further information on the contributions of different food types to the 

ingestion dose. From these data it is clear that discharges from the proposed site at 

Wylfa result in the highest radiation doses for all radiation dose pathways and that the 

radiation dose incurred is dominated by ingestion of dairy produce (including milk) and 



24 

 

root vegetables. Given that the population group assumed is a dairy and market 

gardening farming family, this is as expected.  

 

 

 

Figure 15. Breakdown of total annual radiation dose to adults by dose pathway 

 

 

Table 8. Ingestion doses in the 50th year of constant and continuous discharges by food 

group and discharging site (assuming one reactor per site) 

 
Ingestion doses (µSv) 

 
Cow 

meat 
Cows’ 

milk 
Dairy 

produce Fruit 
Green 

veg 
Root 

veg 
Sheep 

meat 

Total 

ingestion 

dose 

Wylfa 9E-05 8E-04 2E-03 4E-05 6E-05 9E-04 2E-05 3.5E-03 

Moorside 4E-05 4E-04 8E-04 2E-05 3E-05 5E-04 9E-06 1.8E-03 

Heysham 4E-05 4E-04 7E-04 2E-05 3E-05 4E-04 8E-06 1.7E-03 

Oldbury 3E-05 3E-04 5E-04 1E-05 2E-05 3E-04 6E-06 1.2E-03 

Hinkley 

Point 3E-05 3E-04 5E-04 1E-05 2E-05 3E-04 6E-06 1.2E-03 

Hartlepool 3E-05 2E-04 5E-04 1E-05 2E-05 3E-04 5E-06 1.0E-03 

Bradwell 2E-05 2E-04 3E-04 9E-06 1E-05 2E-04 4E-06 7.2E-04 

Sizewell 2E-05 2E-04 3E-04 8E-06 1E-05 2E-04 3E-06 6.8E-04 

 

The contribution of different radionuclides to the radiation dose was also assessed. As 

illustrated in Figure 16, the radiation dose from carbon-14 dominates followed by that 

from tritium. These radionuclides are released in higher quantities compared to releases 

of particulate fission products; they are very long lived and quickly reach equilibrium 

concentrations in the environment. For children and infants, iodine-131 was assessed to 
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contribute a somewhat higher proportion of the total radiation dose (1.5% and 2.8% for 

children and infants respectively, as compared to 0.8% for adults). This is due to higher 

consumption levels of milk and dairy produce by these age groups. However, all of the 

potential radiation doses predicted as a result of radioactive discharges to air from the 

New Build Programme were very low and of no radiological significance, being many 

orders of magnitude below the annual radiation dose limit of 1000 µSv. 

 

 

Figure 16. Breakdown of radiation dose by different radionuclides (for adults) 

 

2.3 Routine discharges to sea 

2.3.1 Estimate of annual radioactive discharges to sea  

As described previously, analysis of the documents submitted under the GDA for the EPR 

and AP1000 reactors permitted the estimation of assumed values for discharges to the 

sea for the generic reactor (Table 9).  

 

Table 9. Annual liquid discharges in routine operation for a 'generic' reactor 

Group Radionuclide 
Annual discharge 

(GBq/y) 

Tritium H-3 75,000 
Carbon-14 C-14 95 
Iodine  I-131 0.05 

I-132 0.0438  
I-133 0.0634  
I-134 0.0129  
I-135 0.0525  
I-129 0.000037 

Other radionuclides Ag110m 0.57 
Am-241 0.000037 
Am-243 0.000037 
As-76 0.000037 
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Group Radionuclide 
Annual discharge 

(GBq/y) 

Ba-140 0.0306  
Br-82 0.000037 
Ce-144 0.175  
Cl-36 0.000037 
Cm-242 0.000037 
Cm-244 0.000037 
Co-58 2.07 
Co-60 3 
Cr-51 0.101  
Cs-134 0.56 
Cs-136 0.0203  
Cs-137 0.945 
Fe-55 1.06 
Fe-59 0.0109  
La-140 0.0394  
Mn-54 0.27 
Mo-99 0.0416  
Na-24 0.0831  
Nb-94 0.000037 
Nb-95 0.06 
Ni-63 1.14 
Np-237 0.000037 
Pr-144 0.175  

 Pu-238 0.000037 
Pu-239 0.000037 
Pu-240 0.000037 
Pu-241 0.000178 
Pu-242 0.000037 
Rb-86 0.000037 
Rb-88 0.000853  
Ru-103 0.263  
Ru-106 0.000037 
Sb-122 0.000037 
Sb-124 0.49 
Sb-125 0.815 
Sn-117m 0.000037 
Sr-89 0.00525  
Sr-90 0.000535 
Tc-99m 0.0394  
Te-123m 0.26 
U-234 0.000037 
U-235 0.000037 
U-238 0.000037 
W-187 0.00656  
Y-91 0.000199  
Zn-65 0.0219  
Zr-95 0.0151  

 

Again, the expected annual discharges values quoted by the vendors were compared to 

those that actually occur at currently operating nuclear power plants of similar design, 
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namely, Civaux, a precursor of the EPR design and Sizewell B, a precursor of the AP 1000 

design (see Table 10). The figures are based on discharges reported between 2004 and 

2008 (Van der Stricht & Janssens, 2010). The Civaux power plant discharges have been 

halved to compare the discharges for a single reactor (Civaux has two operating PWRs 

onsite). This comparison suggests that the values assumed for the generic reactor in this 

study are suitably conservative (i.e., they are likely to be at the upper end or above the 

range of actual releases). 

 

Table 10. Comparison of assumed discharges to sea to current discharges from similar 

reactor types 

Radionuclide Civaux 
(GBq/y) 

Sizewell B 
(GBq/y) 

EPR 
(GBq/y) 

AP1000 
(GBq/y) 

Generic 

Reactor 
(GBq/y) 

H-3 16,000-

27,000 
17,600-

55,000 
52,000 33,400 75,000 

C-14 15-20 Not available 23 3.3 95 

I-131 0.002-0.01 Not available 0.007*  0.015 0.05 

Ag110m 0.01-0.1 Not available 0.034 0.026 0.57 

Co-58 0.004-0.05 Not available 0.12 0.41 2.07 

Co-60 0.02-0.1 0.5-1.5 0.18 0.23 3.0 

Cs-134 0.002-0.005 2.7-8.7 0.034 0.008 0.56 

Cs-137 0.003-0.01 0.13-9 0.057 0.023 0.945 

Mn-54 0.003-0.03 Not available 0.016 0.032 0.27 

Nb-95 Not available 0.3-1.3 0.004 0.006 0.06 

Ni-63 0.003-0.1 Not available 0.058 0.54 1.14 

Sb-124 0.01 Not available 0.029 ‘negligible’ 0.49 

Sb-125 0.006-0.02 Not available 0.049 ‘negligible’ 0.815 

Te-123m 0.003-0.005 Not available 0.016 Not available 0.26 

*value is for all isotopes of iodine 

 

2.3.2 Assessment of environmental transfer to Ireland  

For this study, the marine environment of interest was the Irish Sea. The Irish Sea is a 

semi-enclosed body of water with an approximate length of 300 km with a width varying 

from 30 – 200 km and a mean water depth of 60 m. The hydrodynamics of the Irish Sea 

are effectively driven by tidal currents that enter the Irish Sea through both the St. 

George’s and North Channels. The Irish Sea is connected to the Atlantic Ocean waters 

through two openings: the North Channel and St. George’s Channel. The annual net flow 

through the Irish Sea is northward. Atlantic water enters the Irish Sea through St. 

George’s Channel and is transported to the west of the Isle of Man. A small portion of the 
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water flows to the eastern Irish Sea to the north of Anglesey and moves anticlockwise 

around the Isle of Man before rejoining the main flow to exit through the North Channel 

(Howarth, 1984). A schematic distribution of the surface and near bottom residual 

currents is shown below (Figure 17).  

 

The five proposed nuclear power plant locations on the east coast of the UK (Moorside, 

Heysham, Wylfa, Oldbury and Hinkley Point) were taken into consideration as part of the 

assessments of discharges to sea. The proposed locations on the west coast of the UK 

were not included in the assessment as discharges to sea as they would have little or no 

impact on the levels of radioactivity in the Irish Sea owing to their geographic location 

and the prevailing currents in the North Sea, which is an anti-clockwise rotation along the 

coastlines of the North Sea and outflow along the Norwegian Coast (Figure 18).  

 

 

Figure 17. Schematic distribution of surface and near bottom residual currents in the 

Irish Sea (Howarth, 1984) 
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Figure 18. General circulation patterns in the seas around the UK and Ireland  

2.3.2.1 Modelling marine dispersion and radiation dose pathways 

For discharges to the sea, both the dispersion modelling and the radiation dose 

assessment were carried out using PC-CREAM-08. This was possible as PC-CREAM-08 

has been set up for discharges to the Irish Sea. PC-CREAM-08 includes two applications 

for the assessments of radiological impact of liquid releases into the marine 

environment: 

 A marine dispersion model (DORIS) to predict activity concentrations in marine 

materials 

 The marine module of ASSESSOR to calculate radiation doses to individuals and 

populations. 

DORIS (Dispersion Of Radionuclides Into the Sea) is a compartmental model for 

predicting dispersion of radionuclides in North European coastal waters (including the 

Irish Sea) and the Mediterranean Sea. For a release of radionuclides at a particular 

location, the model calculates the time dependent activity concentrations in the various 

seas taking into account advection and diffusion, radioactive decay and the interaction of 

radionuclides with suspended and seabed sediments (modelled for different 

radionuclides through the use of radionuclide-specific appropriate kd
8 values). The DORIS 

                                                 
8 The sediment concentration factor or distribution coefficient, kd, is the relationship between radionuclide 

concentrations in sediment and water and is defined as the ratio of the amount of radionuclide per unit 

weight of dry sediment to the amount per unit volume of water (Bq/g per Bq/cm3).  
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model is adapted from a model developed for the MARINA II project (Simmonds, et al., 

2002) to assess the radiation exposures to the populations of the Member States of the 

European Union from radioactivity in north European waters. This model comprises 55 

compartments and each compartment has associated suspended sediment and water 

compartments in contact with underlying seabed sediment compartments.  

 

The DORIS model has previously been validated by comparing outputs from the MARINA 

II model with measured environmental activity concentrations (Smith & Simmonds, 

2009). Furthermore, a comparison was made of the simplified marine model used in PC-

CREAM-08 and the full model used in MARINA II (Simmonds, et al., 2002). The 

comparison study found that differences in activity concentrations between the two 

models are not significant enough to effect radiation dose calculations to any great 

extent. Thus, the DORIS model was considered adequate for assessing radiological 

consequences of routine releases where radiation doses from discharges over a year or 

more are required. 

 

Each radioactive discharge occurs into a local compartment which is situated within a 

regional compartment and this regional compartment links with further compartments in 

the model to describe the dispersion of radioactivity away from the discharge site. Water 

movements in between the regional compartments are modelled by an advective flux 

representing the action of currents and a diffusion flux representing turbulent diffusion.  

Sediment movements take into account the remobilisation of activity from the top layer 

of sediment into the water column and the transfer of activity to deep sediment. The 

activity concentrations in marine biota are calculated for each compartment by 

multiplying the seawater activity concentrations in each compartment using a 

Concentration Factor9 (CF).  The predicted activity concentrations in water, water 

sediments and marine biota can then be used as input to the MARINE ASSESSOR 

module. 

 

The marine module in ASSESSOR calculates effective doses due to the continuous and 

constant discharges of radionuclides into the marine environment. These radiation doses 

can be calculated for individuals living in any regional coastal compartment and not just 

the local and regional compartments in the vicinity of the site.  The activity 

concentrations in marine biota derived from DORIS are used in conjunction with 

dosimetric and habits data to determine the radiation dose arising from ingestion of 

seafood, inhalation of seaspray, exposure to beach sediments and exposure arising from 

the handling of fishing equipment.  A simple schematic illustrating the assessment 

methodology is give in Figure 19; a more comprehensive overview of the models is 

available in (Smith & Simmonds, 2009). 

                                                 
9 The bioaccumulation or concentration factor, CF, is the relationship between radionuclide concentrations 

in  biological materials and seawater and is defined as the ratio between the activity per unit mass in the 

biological material to the activity per unit mass in seawater (Bq/g per Bq/g) 
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Figure 19. Schematic showing pathways considered in the assessment of discharges to 

the Irish Sea 

Discharges from the proposed sites were assumed to be continuous, uniform routine 

releases and for the purposes of this study a unit discharge of 1 GBq/y from each 

location for each radionuclide was modelled. The environmental concentrations 

calculated were then scaled up based on the predicted annual discharge values (as 

given in Table 9).  

The radioactivity concentrations in the Irish Sea were determined for the above 

radionuclides after periods of 1, 20, 50 and 70 years. The mean activity concentrations 

in the Irish Sea West and Irish Sea South DORIS regional compartments were determined 

(see Figure 20). The model was used to obtain predicted concentrations in unfiltered 

seawater, seabed sediments, fish, seaweed, crustaceans and molluscs after 1, 20, 50 

and 70 years from the start of discharges to the sea. The modelling parameters assumed 

in DORIS are given in Appendix 3. 

Using the activity concentrations calculated in DORIS, the individual effective adult dose 

(Sv/y) in the 50th year was calculated. The following radiation dose pathways were 

included in the assessment: 

Ingestion of fish 

Ingestion of crustaceans 

Ingestion of molluscs 

Inhalation of seaspray 

Radioactivity in beach sediments (gamma and beta) 

Radioactivity on fishing gear (gamma and beta) 

The formulae used for determining the dose arising for each of the exposure pathways 

described above are outlined in Appendix 3. The doses for three groups of adult seafood 

consumers were determined for discharges from each of the proposed nuclear power 

plant sites.  
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Figure 20. DORIS regional compartments used in assessing radiation doses for seafood 

consumer groups. Image source: (Smith, pers. comm.) and Google Earth 

2.3.3 Choice of reference groups impacted by routine discharges to sea 

The population groups considered were the two high-rate seafood consumer groups, 

Group A and Group B, identified in the RPII habits survey along the northeast coast of 

Ireland (CEFAS/RPII, 2008) and a typical seafood consumer based on the Irish National 

Adult Nutrition Survey (IUNA, 2011).  

The habits study identified two population groups, with higher than average consumption 

of seafood: 

 Group A – commercial fishermen who consume large amounts of fish and 

crustaceans (26 kg fish and 10 kg crustaceans per year) 

 Group B – commercial oyster and mussel farmers working along the north-east 

coast who consume large amounts of molluscs (25 kg per year). 

The seafood consumption data for a typical consumer is based on the results from the 

Irish National Adult Nutrition Survey (IUNA, 2011). The time spent on the beach for a 

typical seafood consumer was taken from the RPII habits survey and was assumed to be 

the mean rate for the high-rate group over sand, which is 410 hours per 

year(CEFAS/RPII, 2008). The fraction of seafood consumed that was caught in the 

regional compartment is assumed to be 1 (i.e., 100%). This assumption is accurate for 

Groups A and B as the habits survey consumption data are based on fish, crustaceans 

and molluscs caught in the Irish Sea or sourced from aquaculture areas along the east 

coast of Ireland. However, this assumption will likely lead to an overestimate of the 

radiation dose for the typical seafood consumer as this group’s seafood consumption will 

include frozen, tinned and processed seafood coming from outside the Irish Sea.  
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For all groups, the time spent on the beach in the regional compartment was used to 

determine the radiation dose arising from external beta and gamma irradiation from 

beach sediment. The same time was assumed to calculate the radiation dose arising 

from the inhalation of seaspray while on the beach. The default PC-CREAM-08 

parameters for distance from the sea, 100m, and inhalation rate, 8100 m3/y, were used 

(Smith & Simmonds, 2009). The collected data on time spent handling fishing equipment 

for Groups A and B was used to determine the radiation dose arising from external beta 

and gamma irradiation from handling of fishing equipment. It was assumed that a typical 

seafood consumer spends a negligible time handling fishing gear. The data on seafood 

consumption and exposure to the local marine environment for these three population 

groups are summarised in Table 11. 

Table 11. Habits data for the marine reference groups assessed. 

Exposure Pathway Group A Group B Typical Consumer 

Seafood Consumption 

(kg/y) 
Fish 26 Mussels 20 Fish 8.4 
Crustaceans 10 Oysters 5 Crustaceans 0.5 

Molluscs 0.1 

Time on beach (h/y) - 410 410 
Handing Fishing 

Equipment (h/y) 
2500 730 - 

2.3.4 Potential radiation doses from routine discharges to sea  

The activity concentrations predicted in the western Irish Sea as a result of discharges to 

sea from each of the five proposed nuclear power plant sites along the Irish Sea coast 

are presented in Table 12. 
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Table 12. Predicted activity concentrations in the western Irish Sea (based on 1 GBq/y) 

Carbon-14  

(Bq/kg or Bq/l) 

Carbon-14  

(Bq/kg or Bq/l) 

Moorside 

Irish Sea West Irish Sea South 

Crustaceans 9.24E-03 Crustaceans 3.48E-03 

Fish 9.24E-03 Fish 3.48E-03 

Molluscs 9.24E-03 Molluscs 3.48E-03 

Seabed Sediment 4.82E-03 Seabed Sediment 1.90E-03 

Seaweed 4.62E-03 Seaweed 1.74E-03 

Unfiltered Seawater 4.65E-07 Unfiltered Seawater 1.74E-07 

Heysham 

Irish Sea West Irish Sea South 

Crustaceans 9.26E-03 Crustaceans 3.58E-03 

Fish 9.26E-03 Fish 3.58E-03 

Molluscs 9.26E-03 Molluscs 3.58E-03 

Seabed Sediment 4.82E-03 Seabed Sediment 1.95E-03 

Seaweed 4.63E-03 Seaweed 1.79E-03 

Unfiltered Seawater 4.66E-07 Unfiltered Seawater 1.79E-07 

Wylfa 

Irish Sea West Irish Sea South 

Crustaceans 1.88E-02 Crustaceans 6.27E-03 

Fish 1.88E-02 Fish 6.27E-03 

Molluscs 1.88E-02 Molluscs 6.27E-03 

Seabed Sediment 9.90E-03 Seabed Sediment 3.46E-03 

Seaweed 9.40E-03 Seaweed 3.14E-03 

Unfiltered Seawater 9.46E-07 Unfiltered Seawater 3.14E-07 

Hinkley Point 

Irish Sea West Irish Sea South 

Crustaceans 9.55E-05 Crustaceans 1.05E-04 

Fish 9.55E-05 Fish 1.05E-04 

Molluscs 9.55E-05 Molluscs 1.05E-04 

Seabed Sediment 4.86E-05 Seabed Sediment 5.65E-05 

Seaweed 4.78E-05 Seaweed 5.23E-05 

Unfiltered Seawater 4.80E-09 Unfiltered Seawater 5.24E-09 

Oldbury 

Irish Sea West Irish Sea South 

Crustaceans 9.53E-05 Crustaceans 1.04E-04 

Fish 9.53E-05 Fish 1.04E-04 

Molluscs 9.53E-05 Molluscs 1.04E-04 

Seabed Sediment 4.85E-05 Seabed Sediment 5.64E-05 

Seaweed 4.77E-05 Seaweed 5.22E-05 

Unfiltered Seawater 4.79E-09 Unfiltered Seawater 5.23E-09 
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The environmental concentrations predicted using the DORIS model were scaled using 

the estimated discharges for a single reactor at each of the proposed nuclear power 

plant sites on the Irish Sea coast and the habits data for different seafood consumer 

groups. The resulting estimated effective doses, to the different seafood consumer 

groups, after 50 years of routine discharges from one reactor are outlined for each of the 

proposed nuclear power plant sites at Moorside, Heysham, Wylfa, Hinkley Point and 

Oldbury (Table 13). The radiation doses in the 50th year of discharges were used in the 

radiation dose assessment. 

Table 13. Annual radiation dose (µSv/y) in 50th year of discharges to the Irish Sea from 

each proposed nuclear power plant location  

Discharge 

Location 
Group A 

Irish Sea 

West 

(µSv/y) 

Group A 

Irish Sea 

South 

(µSv/y) 

Group B 

Irish Sea 

West 

(µSv/y) 

Group B 

Irish Sea 

South 

(µSv/y) 

Typical 

Consumer 

Irish Sea 

West 

(µSv/y) 

Typical 

Consumer 

Irish Sea 

South 

(µSv/y) 

Moorside 1.85E-02 6.97E-03 1.33E-02 4.98E-03 5.03E-03 1.87E-03 

Heysham 1.85E-02 7.17E-03 1.33E-02 5.12E-03 5.02E-03 1.92E-03 

Wylfa 3.81E-02 1.26E-02 2.73E-02 9.02E-03 1.04E-02 3.41E-03 

Oldbury 1.90E-04 2.08E-04 1.35E-04 1.48E-04 5.06E-05 5.56E-05 

Hinkley Point 1.91E-04 2.10E-04 1.36E-04 1.50E-04 5.08E-05 5.61E-05 

Using assumptions on the number of reactors that may be built at each proposed site, 

the total radiation dose arising from each of the proposed sites are presented in Table 

14. These values were calculated by multiplying the radiation doses determined for a

single reactor by the assumed number of reactors at each of the five Irish Sea sites. 

Table 14. Total annual radiation dose (µSv/y) in 50th year of discharges based on 

assumed number of reactors in the future. 

Location Assumed 

No. of 

Reactors 

Group A 

Irish Sea 

West 

Group A 

Irish Sea 

South 

Group B 

Irish Sea 

West 

Group B 

Irish Sea 

South 

Typical 

Consumer 

Irish Sea 

West 

Typical 

Consumer 

Irish Sea 

South 

Moorside 3 0.0555 0.0209 0.0399 0.0149 0.0151 0.0056 

Heysham 2 0.0555 0.0215 0.0399 0.0154 0.0151 0.0058 

Wylfa 3 0.1143 0.0378 0.0819 0.0271 0.0312 0.0102 

Oldbury 3 0.0006 0.0006 0.0004 0.0004 0.0002 0.0002 

Hinkley Point 2 0.2259 0.0808 0.1621 0.0578 0.0615 0.0002 

Total 0.45 0.16 0.32 0.12 0.12 0.02 

The calculated total annual radiation doses range from 0.02 µSv/y to 0.45 µSv/y, for the 

different Reference Groups and different coastal locations. These radiation doses are 

significantly below the annual radiation dose limit for members of the public (1000 

µSv/y).  
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In addition to assessing the radiation doses from the operation of the nuclear power 

plants, the radiation dose from discharges to the Irish Sea arising from the manufacture 

of fuel was estimated. Assuming a potential annual discharge of 25 GBq per year 

(uranium-238), based on current discharge levels (DECC, 2009b), activity concentrations 

in seawater, seaweed, sediment, fish, crustaceans and molluscs were determined for the 

50th year of discharges in Irish Sea West and Irish Sea South. The radiation doses to the 

same reference groups were determined as before and the results obtained are outlined 

in Table 15. The resulting radiation doses are insignificant and much lower than the 

radiation doses from discharges to sea from the operation of the proposed nuclear 

power plants. 

 

Table 15. Annual radiation dose (µSv/y) as a result of fuel manufacture 

Consumer Group Irish Sea West (µSv) Irish Sea South (µSv) 

Group A 0.0002540 0.0000482 
Group B 0.0000037 0.0000004 
Typical Consumer 0.0005320 0.0000602 

 

2.3.5 Key factors affecting radiation doses from routine discharges to sea 

It is clear that discharges to the Irish Sea from the Wylfa site would potentially give the 

highest radiation doses, with the Hinkley Point and Oldbury sites giving the lowest (see 

Figure 21). The radiation dose from Wylfa (in the 50th year of discharges) is 

approximately twice the radiation dose arising from Moorside or Heysham and 200 times 

the radiation dose from Oldbury or Hinkley Point.  

 

The largest radiation doses are to the people in Group A. The radiation doses to Group A 

for each of the sites and Irish Sea regions are 1.4 times greater than the radiation doses 

to Group B and approximately 3.6 times greater than the radiation dose to a typical 

seafood consumer.  This is can be primarily attributed to the volume of seafood ingested. 

Group A ingest 36 kg/y of seafood whereas Group B and a typical seafood consumer 

consume 25 kg/y and 9 kg/y respectively.   
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Figure 21. Comparison of contribution to annual radiation doses by site for the different 

population group/coastal location combinations (in 50th year of discharges to sea) 

The most significant contributing radionuclide to the annual radiation dose was found to 

be carbon-14 (see Figure 22). This radionuclide accounts for more than 90% of the 

radiation dose for all consumer groups, new power plant build sites and regions of the 

western Irish Sea. For Group B and typical seafood consumers the contribution of cobalt-

60 (at over 3% and 8%, respectively) is greater than that seen for Group A (0.24%). This 

is due to the fact that cobalt-60 is a gamma emitter and Group B and typical consumers 

are assumed to spend on average 410 h/y over sand, whereas Group A do not spend any 

time working over beach sediments. 

As carbon-14 is the radionuclide of primary interest from a radiation dose perspective, 

additional analysis was carried out on the results for this radionuclide. The build up of C-

14 over time in the environment can be seen in Figure 23. Results from the DORIS 

modelling indicate that the rate of increase of C-14 activity between year 1 and year 20 

is highest and the rate of increase is not as significant between year 20 and year 50. 

Between year 50 and year 70 the concentrations tend to level off. 
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Figure 22. Breakdown of contribution to annual radiation doses by radionuclide for the 

three population groups 
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Figure 23. Predicted time progression in carbon-14 activity concentrations in the western 

Irish Sea compartment due to discharges of 1 GBq/y from the five Irish Sea sites 

 

Assuming that 95 GBq/y of carbon-14 is discharged from each of the five sites, the 

additional C-14 activity in seafood, sediment, seaweed and seawater after 50 to 70 

years would be as outlined in Table 16. The predicted levels of carbon-14 in seaweed in 

the Irish Sea arising from the new nuclear power plants (0.65 to 1.8 Bq/kg) can be 

compared to the current levels in seaweed of 106 to 128 Bq/kg (Keogh, et al., 2004). 

This same study found that the levels of carbon-14 activity in seaweed is predominantly 

a combination of carbon-14 from nuclear weapons test fallout and naturally occurring 

carbon-14, with little impact from discharges from current nuclear facilities in the UK. 

This comparison indicates that the routine discharges of radioactivity into the Irish Sea 

will not have a significant impact on current radioactivity levels in the Irish Sea.  

 

Table 16.  Additional carbon-14 activity concentrations in the Irish Sea after 70 years of 

discharges of 95 GBq/y from each of the five sites. 

Environmental medium Concentration in Irish Sea W 

(Bq/kg) 

Concentration in Irish Sea S 

(Bq/kg) 

Crustaceans 3.59 1.30 

Fish 3.59 1.30 

Molluscs 3.59 1.30 

Seabed Sediment 1.95 0.76 

Seaweed 1.8 0.65 

Unfiltered Seawater 0.00018 0.000065 

In order to compare the relative contribution to radiation dose from the various exposure 

pathways, data on the breakdowns by exposure pathway are provided in Figure 24 for 

each of the consumer groups living along the western Irish Sea coast. The data are 

based on marine discharges from the proposed nuclear power plant site at Wylfa but the 

breakdown of radiation doses by exposure pathway for the other sites is broadly in line 

with those for the Wylfa site. 
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Figure 24. Exposure pathways for overall radiation dose, by consumer group 

 

The most important exposure pathway is the consumption of seafood, accounting for 

more than 95% of the overall effective dose to all three consumer groups. For Group A, 

the radiation dose from ingestion of fish accounts for 71.8%, that from ingestion of 

molluscs is 27.8% and the radiation dose from external beta and gamma arising from 

fishing equipment is only 0.5%. There is no contribution to the radiation dose from the 

inhalation of seaspray for Group A as this radiation dose pathway assumes the seaspray 

is inhaled while spending time on the beach. For Group B the radiation dose from 

ingestion of molluscs accounts for 96.0% of the total radiation dose.  The next most 

significant contributor to radiation dose is external gamma radiation from beaches, at 

3.8%. The radiation dose arising from the remaining pathways, namely, external beta 

from beaches and external gamma and beta from fishing equipment account less than 

1% of the overall radiation dose. For the typical seafood consumer group, the dominant 

exposure pathway is ingestion of fish (83.9%) followed by external gamma radiation from 

beaches (10.0%) while the ingestion of crustaceans and molluscs contribute 5.0% and 
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1.0,) respectively. The radiation dose contributed from the inhalation of seaspray for 

Group B and typical seafood consumers is insignificant compared to other exposure 

pathways.  

2.4 Summary of potential radiation doses from all routine radioactive 

discharges 

In summary, using  ‘worst case’ assumptions of the types and amounts of radionuclides 

that will be discharged annually to air and sea by the proposed nuclear power plants and 

appropriate environmental prediction models to assess the dispersion and transfer of 

the radionuclides in the Irish environment and foodchain, radiation doses to people in 

Ireland have been estimated. It can be seen that the total radiation doses to people in 

Ireland are extremely low, and are dominated by the radiation doses arising from 

discharges to sea. 

Table 17. Total annual radiation doses to the reference population groups 

Radiation dose to reference population 

group (μSv/y) 

Discharges to 

air 
0.03 

Discharges to 

sea 
0.45 

Even assuming, that there was a group of people who combined the habits and food 

consumption patterns of the most exposed reference groups for discharges to air and for 

discharges to sea, the annual radiation dose this group as a result of the New Build 

Programme would be less than 1 μSv/y (or 10,000 times less than the annual radiation 

dose limit). 

The radiation doses estimated in this study can also be compared with those currently 

received by the Irish population from carbon-14 (at 10 μSv/y). It is estimated that of this 

radiation dose, approximately 80% (8 μSv) comes from natural sources with the 

remaining 2 μSv deriving from discharges from the nuclear industry and previous nuclear 

weapons tests (Colgan, et al., 2008). The same study estimated that the total annual 

radiation dose to a typical person in Ireland from all sources of radiation is 3950 µSv. 
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3 Assessment of the potential impacts of other activities connected 

to the New Build Programme 

The nuclear fuel cycle of a nuclear power plant covers all the operations associated with 

the production of nuclear energy (Figure 25). The cycle can be divided into three main 

stages: (i) the stages before electricity production (mining and milling, conversion, 

enrichment, and fuel fabrication), known as the 'front end' of the cycle, (ii) fuel use in the 

reactor, and (iii) the 'back end' of the fuel cycle which may include storage, reprocessing, 

recycling, and waste disposal. If spent fuel is reprocessed the cycle is referred to as a 

‘closed’ fuel cycle. If spent fuel is not reprocessed, the fuel cycle is referred to as ‘open’ 

or ‘once-through’ (NEA, 1994; IAEA, 2007). The various steps in the nuclear fuel cycle are 

described in Annex 5. 

The UK currently carries out conversion, enrichment, fuel fabrication, reprocessing and 

waste treatment, with the raw material uranium being imported.  This chapter 

summarises the potential radiological impact of each step of the nuclear fuel cycle on 

Ireland. In addition issues associated with the construction and decommissioning of 

nuclear power plants and radioactive material transport are reviewed.  

Figure 25. Overview of the Nuclear Fuel Cycle (Source: International Atomic Energy 

Agency) 
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3.1 Mining and milling of uranium 

Naturally occurring uranium is widely distributed in the earth's crust and oceans and 

there are a number of areas around the world10 where geological processes have 

increased its concentration such that it is economically viable to mine. In 2010, over half 

of the world’s uranium production derived from mines located in Canada, Australia, and 

Kazakhstan.  The wastes associated with the various mining and milling operations are 

stored locally to the facilities. As the mining/milling operations take place in locations far 

removed from the UK (and Ireland), there are no radiological issues for Ireland 

associated with uranium mining and/or milling.  

 

3.2 Fuel fabrication 

A PWR reactor needs the uranium in the fuel to be enriched in order to sustain the 

nuclear chain reaction required. Enrichment of uranium entails increasing the relative 

concentration of uranium-235 (as compared to uranium-238) to between 3.5 and 5% 

(NEA, 1994; TradeTech, 2011a; TradeTech, 2011b). There are a number of conversion 

plants operating commercially in the USA, Canada, France, Russia, China and the UK. 

After conversion, the uranium hexafluoride is transferred into 14-tonne metal cylinders 

where it solidifies and is shipped to an enrichment plant. 

 

The enrichment process separates the gaseous uranium hexafluoride into two streams, 

one being enriched in U-235 and the other being depleted in U-235 (referred to as 'tails' 

or ‘depleted uranium’), using one of two methods. The two enrichment methods are 

diffusion and centrifugation, each of which uses uranium hexafluoride (UF6) gas as the 

starting material. Both processes use the small mass difference between U-235 and U-

238 to separate them (NEA, 1994; TradeTech, 2011b). There a number of large 

commercial enrichment plants in operation in France, Germany, Netherlands, USA, 

Russia and the UK.  

 

The current arrangements in the UK are summarised in Figure 26. Following initial 

purification and conversion processes in Canada the uranium is shipped, as UO3, to 

Springfields (Lancashire) for the final conversion step (to uranium hexafluoride). 

Enrichment is undertaken by Urenco at Capenhurst (Cheshire) in a centrifuge plant and 

the enriched UF6 returned to Springfields for fabrication. In addition, some fabricated fuel 

is purchased on the international market. The enriched uranium produced at the 

Capenhurst plant is sent to fuel manufacturing plants worldwide. 

 

The operations at Capenhurst and Springfields result in gaseous and liquid radioactive 

discharges to the environment. The majority of the radiation dose to people living near 

the Capenhurst site is due almost entirely to direct radiation11 emanating from the site 

                                                 
10 Australia, Kazakhstan, Canada, South Africa, Namibia, Brazil, Russia, USA, Uzbekistan, Niger Ukraine, 

China, India, Czech Republic, Malawi (NEA, 1994). 
11 Direct radiation (or external exposure) is where a person may receive a radiation dose from being close 

to a source of radioactivity, without having to touch or ingest/inhale the radioactivity. Direct radiation drops 
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(RIFE, 2012) and so would not result in a radiation dose to people in Ireland. Thus, the 

operation of this site is not considered further in this assessment. 

As it is possible that the new nuclear build programme in the UK will lead to continued 

operation of the Springfields site, radiation doses to the population of Ireland due to the 

discharges from the Springfields site were included in this assessment (see Chapter 2). It 

was estimated that the most exposed group in Ireland would receive a radiation dose of 

5.3 x 10-4 µSv/y. Thus, the radiological impact on Ireland from fuel fabrication is 

negligible. 

Figure 26. Schematic showing the current fuel production practices in the UK 

3.3 Reprocessing of spent nuclear fuel 

Current UK Government policy is that there are no plans to reprocess the spent nuclear 

fuel from any new nuclear power plants in the UK (NDA, 2011). The 2010 justification 

decision for the operation of EPR and AP1000 reactors did not extend to reprocessing 

away very quickly, the bigger the distance from the source. As such, direct radiation from nuclear sites is 

not an issue except close to the site; direct radiation from UK nuclear sites will not give rise to any radiation 

dose in Ireland. 
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the resultant spent fuel arising from their operation (DECC, 2010a; DECC, 2010b). The 

Nuclear Decommissioning Authority (NDA) has concluded that storage followed by 

disposal of spent fuel is currently more cost-effective than reprocessing. Thus, this 

assessment has not included any discharges related to reprocessing of spent nuclear 

fuel from the proposed nuclear power plants.  

 

3.4 Disposal of radioactive waste and spent nuclear fuel 

After spent fuel is removed from the reactor, current UK proposals indicate that it will 

initially be stored in the fuel storage pond for a period of about 10 years to allow the fuel 

to cool and radioactivity levels to decay sufficiently. Spent fuel will then be removed from 

the ponds and stored at the reactor sites, potentially for up to 100 years, before being 

moved to a permanent disposal repository for spent nuclear fuel. It should be noted that 

there is currently no such permanent disposal repository in the UK. 

 

The UK Government has stated that a geological disposal facility (GDF) will be built to 

accommodate radioactive waste from New Build Programme as well as legacy waste 

(which includes committed waste from existing operational facilities and those 

undergoing decommissioning). The principles behind the search for a suitable location to 

site the GDF are that it will be in an area where the community has volunteered to host it 

and which is also technically suitable (e.g. meeting the required geological criteria for 

safe long-term storage of highly radioactive waste). The UK’s stated aim is that the GDF 

site will be selected by 2025 and will be operational by 2040 (NDA, 2010a). However, as 

yet no volunteer community has been identified. On the assumption that the UK’s 

proposed GDF facility is constructed in a location that is technically suitable and that it 

will be engineered in accordance with best international practice, it should not pose any 

particular risks to Ireland. However, the longer the spent fuel has to remain in interim 

storage at the proposed nuclear power plant sites awaiting removal to the disposal 

facility, the longer it will pose a safety and security risk that has to be managed - whether 

the site is still operating commercially or not. 

 

Other, less radioactive, wastes arising from the New Build Programme are anticipated to 

be managed in accordance with the UK’s current arrangements for radioactive wastes 

(see Annex 6 for further details). In general, these practices pose no particular 

radiological risks to Ireland despite the fact that the Low-Level Waste Repository is 

situated on the Irish Sea coast. Of the range of events examined as part of the study on 

Risks to Ireland from Incidents at the Sellafield Site (DECLG, 2012), one event with a very 

low probability of occurrence was identified which could lead to widespread releases 

from this site (namely, an aircraft crashing directly into the waste materials). In terms of a 

very long-term event (hundreds of years from now), rising sea levels and severe coastal 

storms could cause the entire contents of the Low-Level Waste Repository to be released 

into the Irish Sea. Given the types of materials stored at this site (in particular their low 

radioactivity levels) and the effects of dilution, the authors of the report concluded that 

neither of these events would give rise to significant radiological risks to Ireland. For the 
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second scenario, the authors concluded that it is likely that the increase in radioactivity 

levels in seawater would be barely detectable anywhere near the coast of Ireland  

 

3.5 Construction of the new nuclear power plants  

There are several potential non-radiological impacts associated with the construction 

phase of a nuclear power plant. There is likely to be an impact on air quality due to non-

radioactive chemical discharges (formaldehyde and carbon monoxide), dust emissions, 

and exhaust emissions from vehicle movements12. There will also be some minor noise 

and vibration impacts, and landscape and visual impacts due to construction activities. 

However, the construction of new nuclear power plants will impact the local environment 

only.  

 

3.6 Decommissioning of the new nuclear power plants 

Decommissioning a nuclear power plant can be considered the termination of operations 

and the withdrawal of the facility from service, followed by its conversion to an out-of-

service state and finally its complete removal. Decommissioning activities aim to place a 

facility in a condition that ensures the health and safety of the general public and the 

environment, while at the same time protecting the health and safety of the 

decommissioning workers (NEA, 2007).  

 

The Generic Design Assessment (GDA) application for each new nuclear power plant 

required a detailed decommissioning strategy to be included. The preferred 

decommissioning strategy for both the AP1000 and the EPR is Early Site Clearance (ESC) 

with reactor dismantling (Immediate Dismantling) commencing as soon as practicable 

following the cessation of power generation. This strategy is generally recommended by 

international bodies such as the IAEA and NEA. It is the preferred approach for PWR 

decommissioning internationally.   

 

The immediate dismantling option assumes that a disposal facility is available for spent 

fuel and Intermediate Level Waste (ILW). This could be either a national repository or an 

interim waste management/storage facility. Current UK policy is for the development of 

national repositories for high level waste (HLW) and ILW. It is recognized that during the 

operational life of the reactors there will be systematic reviews of the decommissioning 

plans to take account of (national and international) operational decommissioning 

experience. This may result in modifications to the current decommissioning strategy.  

 

The proposed reactors have been designed to take account of the decommissioning 

phase. They have been designed to minimise the volume of radioactive structures, the 

                                                 
12 During construction phase, vehicle movements to and from the site will occur. These shall comprise 

vehicles delivering equipment and materials and those associated with the transportation of the workforce. 

The main emissions associated with vehicles and diesel run facilities are carbon monoxide, particulates, 

hydrocarbons and oxides of nitrogen 
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toxicity of the waste, the activity level of irradiated components and the spread of 

contamination. The reactor designs aim to allow components to be easily 

decontaminated and dismantled. In addition, they have been designed to limit the 

radiation dose received by workers during the decommissioning process. For example, it 

is expected that the radiation doses that workers will receive during decommissioning 

activities will be reduced in comparison to those received by workers decommissioning 

currently operating PWRs. This should be achieved by improved fuel reliability (less fuel 

failure and leaking to the primary cooling circuit) and a reduction in the amount of 

activated radioactive cobalt in the primary circuit. 

In the UK, new nuclear power plant operators are required to submit a Funded 

Decommissioning Programme (FDP) before construction is allowed to commence. The 

FDP must contain detailed plans (including costs), for decommissioning, waste 

management and disposal. The UK government will set a fixed unit price for disposal of 

intermediate-level wastes and spent fuel. During plant operation, operators will set aside 

funds into a secure and independent fund (DECC, 2010l). 

It is possible that decommissioning activities will result in radioactive discharges to the 

environment. However, these will be lower than the routine releases occurring during the 

operational phase of the reactor. It is thus unlikely that decommissioning will have a 

significant radiological impact on Ireland. In advance of any decommissioning the UK 

Government will be required to make a submission to the EC in respect of any 

decommissioning and waste management activities on a particular site. 

3.7 Transport of radioactive materials to/from the new nuclear power plants 

Each year around 10 million shipments of radioactive materials are transported globally. 

Approximately 5% of these transports relate to the nuclear fuel cycle, with the remaining 

being transports of radioactive materials for other purposes, including sources for the 

medical sector.  

In the context of the UK’s new nuclear build programme, nuclear fuel cycle transports 

include all the operations from the mining of uranium, transport of uranium ore 

concentrates to conversion facilities, from conversion facilities to enrichment plants, 

from enrichment plants to fuel fabrication facilities where the fuel assemblies are 

manufactured, transport of the fuel to the nuclear power plants, and the transport of 

spent fuel to the final disposal facility.  As these nuclear fuel cycle materials vary greatly 

in their radioactivity content and physical and chemical forms, the potential hazard 

posed by each also varies significantly. Table 18 gives a summary of the types of 

material to be transported, the manner of transport and the hazards posed by the 

materials. 
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Table 18. Summary of transport routes and associated hazards for the various stages of 

the nuclear fuel cycle 

Nuclear Fuel Cycle 

Material 
Transport Route Hazard Represented by Material 

Uranium ore 

concentrate 

Transport from mine to 

conversion facility 

(outside UK) 

Low radioactivity content. There is a minor 

risk due to the chemical toxicity of the 

powder if it is released and inhaled or 

ingested.  

Uranium hexafluoride 

powder 

 Low radioactivity content. Chemical hazard 

exists in the event of a release because it 

produces toxic by-products on reaction with 

moist air. This would represent a risk local to 

the area of release. 

Uranium dioxide 

powder (UO2) – trioxide 

 Low radioactivity content. Powder could 

represent a (localised) chemical risk if 

dispersed and inhaled or ingested. 

Uranium fuel 

assemblies (ceramic 

uranium oxide pellets 

enriched in the fissile 

component of 

uranium, U-235, to 

about 5%.) 

Transport from fuel 

fabrication facility (in 

UK or abroad) by road 

or sea/road 

Low radioactivity content and the ceramic 

form of the pellets should prevent dispersion 

of the uranium. 

The main risk is from an unwanted chain 

reaction (criticality event) and this is 

prevented by the design and shape of the 

packages during transport. 

Waste (LLW, ILW, HLW) Transport from nuclear 

power plant site to 

waste disposal site in 

the UK by rail/road. 

 

LLW: slightly elevated radiation levels (above 

background levels) but does not require 

special shielding as packaging itself 

(generally steel drums) provides sufficient 

shielding. Typically solid materials and low 

risk from dispersion of materials. 

ILW: more radioactive that low-level waste 

and so additional shielding is required as part 

of the packaging. Typically solid materials 

and low risk from dispersion of materials. 

HLW: As the spent fuel from the New Build 

Programme is not going to be reprocessed, 

no HLW will be generated. 

Spent fuel Transport from reactor 

to interim storage on 

site or close to site. 

Transport from interim 

storage to UK disposal 

site rail/road  

Intensely radioactive (reduced somewhat 

after interim storage period) and needs to be 

heavily shielded to protect people in close 

proximity from high radiation levels.  

Spent fuel is at high temperatures when first 

removed from reactor core (reduced 

significantly following interim storage period). 

Spent fuel is in a solid ceramic material and 

this should prevent dispersion of the 

radioactive material even if it was involved in 

an accident.  

 

The transport of radioactive materials is governed by both national regulations and 

international codes and standards (see Annex 4). An international peer review of the 

UK’s implementation of the IAEA transport regulations in 2002 concluded that the 
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regulatory framework in the UK for the transport of radioactive transport is well 

developed. Some areas for improvement were noted, though none were safety critical 

issues, and good practices were found to be noteworthy, particularly in the area of sea 

and air transports. One of the suggestions in the area of maritime transport was that the 

UK Government should continue bilateral liaison with the Irish Government on counter 

pollution and response issues, including the provision of an Irish Sea emergency towing 

vessel (IAEA, 2002). 

As most of the transport of materials required for the operation of the UK’s new nuclear 

build programme will be local transports either in the country of mining/fabrication of the 

fuel or within the UK, even in the unlikely event of an incident resulting in dispersion of 

the material, any radiological consequences will be local and there will be no impacts on 

Ireland. The one exception is the transport of uranium trioxide powder or new fuel 

assemblies to the UK by sea.  However, once the transport regulations are adhered to, 

the likelihood of an accident at sea giving rise to a release of radioactivity should be very 

low. The potential impact of an accident scenario involving ships transporting such 

materials through the Irish Sea would be localised in effect. The type of material to be 

transported and the distance at which the ships operate from the Irish shoreline mean 

there is no realistic mechanism for members of the public to receive a significant 

radiation dose or for widespread contamination of the environment.  However, if an 

accident did cause contamination of the Irish marine environment (even very low levels 

of contamination with no radiological significance) this could have socio-economic 

impacts; potentially negatively impacting on Ireland’s fishing, aquaculture and tourism 

industries and requiring significant additional resources to be mobilised to monitor the 

environment and marine foods to provide public and commercial reassurance of their 

continued safety and compliance with acceptable levels of radioactivity. 

3.8 Potential non-radiological impacts associated with the New Build 

Programme 

Other activities associated with the operation of the plants that could have potential 

(non-radiological) impacts on the Irish marine environment were identified by the RPII. 

These are presented below but no further analysis has been done as they do not fall 

within the RPII’s area of expertise. 

Discharge of cooling water into marine environment: Nuclear reactors require a cooling 

system to remove heat from the main condensers. A once through (open) seawater 

cooling system that supplies seawater cooling water to remove heat from the main 

condensers will be used at coastal sites. It is also possible that some cooling might be 

provided by cooling towers.  In the open system, seawater is pumped into the main 

condensers and then returned to the sea at a slightly increased temperature, resulting in 

a localised seawater temperature rise. Cooling water will be discharged from the cooling 

water system approximately 14oC warmer than the intake water temperature. Once 

discharged, the cooling water will start to mix with the ambient water body. The heat will 
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be dissipated as rapidly as possible by suitable design and location of the discharge 

point at each site. A mixing zone will be proposed around the discharge point such that 

the temperature differential beyond the mixing zone does not exceed 1 or 2oC. In 

addition to the temperature increases, the returned seawater will cause an increased 

turbidity of seawater and physical disturbance of underlying sediment by currents from 

flow of cooling water. The mixing zone will be site specific and will require an impact 

assessment.  

 

In addition to the water temperature rise, the operation of a new build reactor has the 

potential cause environmental changes (increase in water flow rate at the input and 

discharge points, Impingement of marine organisms at the intake) within the marine 

environment. During the site-specific stage, applicants for new nuclear installations need 

to demonstrate the absence of unacceptable impacts of their operations on the 

environment. This may require modelling of the cooling water discharge to allow the size 

and location of the mixing zone to be identified and the impact on water quality and 

ecology to be assessed.  The discharge impact on hydrology can be assessed by 

comparing exit speeds and volumes with background current movements. The impact on 

sedimentology will be also studied based on local sedimentological data. The data 

required to assess these impacts are site specific. As a consequence, the detailed 

assessment will be undertaken during the site specific phase. 

 

Chemical discharges: A PWR nuclear power plant includes a water-filled reactor system 

(the primary circuit) that generates heat which is transferred to a secondary circuit via 

steam generators. Steam in the secondary circuit is used to drive a turbine generator and 

then condensed using an external source of cooling water. The chemicals used in the 

primary circuit are boric acid (used to adjust nuclear reactivity) and lithium hydroxide 

(used to control pH). Those used in the secondary steam circuit are usually hydrazine (to 

remove oxygen from the water) and ammonia/amines (to control pH). The final main 

external water cooling circuit may require dosing with biocides, usually chlorine. There 

are also other smaller plant systems such as water and waste water treatment plants, all 

of which use and potentially discharge a range of chemicals, predominantly to water 

(Westinghouse, 2009). At the site specific phase, discharge consent will be obtained for 

any discharges to controlled waters for the construction and operation of a nuclear plant. 

An impact assessment of the chemical discharges will be required as part of this process  
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4 Assessment of the potential impacts from nuclear accident 

scenarios at the new nuclear power plants 

The core of an operating nuclear power plant contains a large amount of radioactivity. If 

not adequately contained, this can cause substantial harm to humans and the 

environment. Thus, fundamental design goals for nuclear power reactors include 

ensuring proper operating conditions and the prevention of accidents. Nuclear power 

plants include many design features to prevent nuclear accidents occurring, and to 

minimise releases of radioactivity to the environment, if an accident does occur.  

 

Under normal reactor operating conditions, a balance is achieved between the 

production of heat in the nuclear fuel and its removal by the coolant. Fuel overheating 

can occur if either (i) the rate at which heat produced in the fuel increases beyond the 

capacity of the heat removal or (ii) the heat removal capacity decreases below the 

required level. The rate at which heat is produced in the fuel is controlled by the rate of 

nuclear reactions. The second overheating case (reduced heat removal capacity) can 

occur when there is a loss of coolant from the primary system. This is referred to as a 

‘loss of coolant accident’ or LOCA. 

 

The design of a nuclear power plant should prevent damage to the nuclear fuel as a 

result of a deviation of operating parameters from their normal values. Design features 

to prevent such damage include systems to rapidly shutdown the chain reaction and 

cooling systems with sufficient redundancy and capacity to carry away heat generated in 

the nuclear core. 

 

Should substantial damage to the core happen, subsidiary systems are designed to 

control releases of radioactivity to the environment. The most serious damage would 

include melting of the core combined with breach of the reactor vessel. To limit the 

effects of fuel damage, including core meltdown, the reactor vessel and associated 

piping are usually enclosed in a containment building that is designed to limit the release 

of radionuclides to the environment.  

 

Large portions of the nuclear fuel can quickly lose their structural integrity following a 

rapid and complete loss of cooling in an operating nuclear reactor. When cooling is lost, 

the fuel cladding temperature will rise because of the heat initially present in the fuel and 

because of additional decay heat that is produced. Should large scale melting of fuel 

cladding occur, significant quantities of fuel can be deposited at the bottom of the 

reactor core. At sufficiently high temperatures the melted fuel can penetrate the reactor 

vessel and enter into the containment building. 

 

The nuclear fuel, the reactor control and cooling systems are designed to ensure that the 

bulk of the radioactivity generated in the reactor is contained in the nuclear fuel. This 

involves conservative design with various levels of redundancy to ensure a system 
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remains available. In addition, there are numerous back-up systems available. These 

include back-up reactivity control systems such as neutron poisons that can be activated 

should the main control rods fail. There are several emergency core cooling systems 

(ECC) that can provide cooling in a loss of coolant accident. 

Nuclear reactor safety systems are designed to protect the integrity of the reactor system 

in a wide variety of circumstances. The events that may begin an accident sequence are 

specifically considered during the design stage of the reactor. Deviation of operating 

parameters from their normal values (i.e., ‘transients’) can be detected and reactors 

include auxiliary and safety systems that are intended to handle any such transients. 

External events such as earthquakes, flooding, airplane crash, tornadoes, etc. can stress 

the reactor system. Nuclear power plants are designed to withstand such external 

events. Specific design criteria tend to be site specific. For example, the expected 

strength and probability of an earthquake will be taken into consideration. 

Despite all these design features, the possibility of an accident occurring can never be 

fully excluded. This chapter describes an assessment of the potential radiological impact 

on Ireland of an accidental release of radioactivity to the atmosphere from one of the 

new nuclear power plants planned for the UK. In particular, the following information on 

the assessment is presented: 

Methodology used for assessing the impact on Ireland of the postulated source-

terms. 

Identification of an appropriate source-term: amounts and types of radionuclides 

that could be released in an accident as well as release conditions. This depends 

on the type of accidents (or ‘scenarios’) that could feasibly occur in the reactor 

designs proposed. 

Description of the models used to predict the dispersion of the radioactivity 

through the air and transfer in the environment 

Results of the assessment. 

4.1 Methodology for assessing the impact of accidental releases to air 

The assessment comprised two parts. Firstly, atmospheric dispersion modelling was 

performed using an arbitrary emission to simulate hypothetical accidental releases. The 

results of this first pass modelling have been used both: 

to identify the release times and locations of the most severe accident scenarios 

in terms of radiological consequences; and  

to contextualise their relative likelihood.  

Secondly, the scenarios with the most significant impacts on Ireland were analysed 

further, using more detailed atmospheric dispersion and food chain modelling. These 

model results have been used to complete the radiation dose assessment 
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The initial part of the assessment was concerned with the selection of a suitably 

conservative accident scenario, both in terms of source term as described above and in 

terms of the start time and the release location. The latter parameters have a strong 

influence on both the dispersion of and deposition from the plume of radioactive material 

released, and hence on its radiological consequences. The start time determines the 

prevailing meteorological scenario, most significantly wind vectors and precipitation 

which results in scavenging and higher deposition on the ground (surface 

concentrations). The release location determines the source-receptor distance (distance 

between the location of the radioactive release and the location in Ireland chosen for the 

purposes of the assessment) and hence, to a large degree, the reduction in activity 

concentration, due to dispersion, by the time the radioactive plume would reach Ireland.  

 

The parameters assumed were chosen to be suitably conservative in order to estimate 

the consequences of an accidental release based on realistic weather conditions but 

that would approach the ‘worst-case’. This was achieved by repeatedly modelling a 

standard radioactive release to air from each proposed nuclear power plant location for 

slightly different release times over a long period. Releases to air from the eight currently 

proposed new build site locations were simulated over a 21 year period (1990-2010 

inclusive) using NOAA’s HYSPLIT atmospheric dispersion model. HYSPLIT was driven by 

ECMWF’s ERA-Interim reanalysis meteorological data with spatial and temporal 

resolutions of 0.75 degrees and 6 hours respectively and a model domain covering the 

Northern Hemisphere. Releases were modelled as a 3-dimensional particle distribution 

(horizontal and vertical). Unit releases of duration six hours of an arbitrary long-lived 

particulate radionuclide were modelled out to 48 hours. This was repeated at three-

hourly intervals over the 21 year period for each nuclear power plant location. The 

resulting radioactivity concentrations in air (Bq/m3) and levels of deposition (Bq/m2) 

were recorded at the receptor location of interest (Dublin) for each model run and used 

to identify the release times and locations giving rise to the potential ‘worst case’. 

 

Probability distributions were also derived by ‘binning’ (grouping) the surface 

concentrations recorded at the receptor location into discrete intervals. This 

‘likelihood/severity framework’ of the consequences of an accidental release was used 

to contextualise the results of the radiation dose assessment. 

 

4.2  Identification of source terms for use in assessing impacts of postulated 

accidents 

The ‘source term’ is a technical expression used to describe the characteristics of an 

accidental release of radioactive material from a nuclear facility to the environment. Not 

only are the levels of radioactivity released important, but also their distribution in time 

as well as their chemical and physical forms. Given Ireland’s distance from the proposed 

nuclear power plant locations, the types of accidents of most interest are those 

associated with a significant release of radioactivity to the environment or severe 
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accidents13. The most recent study of severe accidents in PWR reactors was published by 

the US NRC in 2012 (Chang, et al., 2012; Bixler, et al., 2012). The State-of-the-Art 

Reactor Consequences Analyses report (SOARCA) report contains a series of source 

terms based on the most up to date knowledge of severe accident phenomenology.   

 

Four SOARCA severe accident release scenarios (or source terms), together with a fifth 

release scenario based on information from reference releases for PWR reactors, were 

used for the purpose of this assessment (see Table 19). The SOARCA scenarios used fell 

into two main categories: station blackouts (SBOs) and early failure (or bypass) of 

containment, with the latter category having the potential for higher consequences and 

risk. In addition, three of the source terms from the SOARCA study were based on 

scenarios initiated by external events. The fourth one (ST4) is assumed to be initiated by 

an internal event. For all externally initiated scenarios, the SOARCA project assumed that 

the initiator was a seismic event because it was judged to be limiting14. While for the UK 

it is unlikely that an earthquake of the assumed magnitude could be the initiating 

external event, the release scenarios were still used as at the time of the analysis they 

represented the best available estimates of the implications of a very severe, albeit 

unlikely, accident in a PWR reactor caused by an external event. The fifth accident 

scenario assumed was one in which the nuclear power plant suffered a severe failure 

(core melt) but its safety filtration systems were assumed to remain intact.  

                                                 
13 For this assessment, severe accidents were considered those with significant releases of radioactivity to 

the environment. 
14 Seismic initiating events are considered to be limiting for two principal reasons. First, they are more 

likely to result in the near immediate failure of systems, whereas, fire and flood would be expected to result 

in delayed failures. Secondly, a seismic event may be more likely than a fire or flood to fail passive 

components, such as water tanks. Additionally, seismic initiators may be more likely to have site wide and 

offsite impacts. 
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Table 19. Description of accident source-terms used in this assessment 

Source-

term 

identifier  

Description (release scenario) 

ST1  Unmitigated15 long term station blackout (SBO category). In this scenario, the station 

loses all AC power sources, but battery backups operate safety systems for about 4 

hours until the batteries are exhausted. CDF = 1 in 50,000/y  
ST2  Unmitigated short term station blackout (SBO category).  In this scenario, the station 

loses all AC power sources, but battery backups operate safety systems for about 4 

hours until the batteries are exhausted. CDF=1 in 500,000/y  
ST3  Unmitigated short term station blackout with thermally-induced steam generator tube 

rupture (containment bypass category). This scenario is a low-probability variation of 

ST2. While the reactor core is overheating and boiling off the available water, 

extremely hot steam and hydrogen flow out and cause a steam generator tube to 

rupture.  CDF = 1 in 2.5 million/y  
ST4  Unmitigated Interfacing System Loss Of Coolant Accident with containment bypass (in 

this scenario, a random failure of check valves causes a rupture in the low-pressure 

system piping outside the containment). CDF = 1 in 33 million/y 
ST5 Loss Of Coolant Accident (LOCA) followed by core meltdown, assuming filtration 

occurs in the containment vessel’s annulus and nuclear power plant building’s 

ventilation systems; CDF = 1 in one million/y (approximate) 

 

The source terms identified were generally expressed as fractions of the core inventory16 

(for a given radionuclide group) which are assumed to be released to the atmosphere in 

a particular accident scenario. Thus, the first step for this assessment was to decide on 

the assumed core inventory. The thermal power of a reactor and the type of fuel used are 

the two most important factors contributing to the core inventory. The composition of a 

'generic core inventory’ was therefore assumed for this project. It was calculated as the 

average between the AP1000 and the EPR respective core inventories at the end of an 

18-month fuel cycle, scaled up and down, respectively, for an equivalent power 

generation of 3995 MW(th)17 which represents the average of the power generated by 

EPR and AP1000 reactor units (see Appendix 4 for more details on the generic core 

inventory and source terms assumed for the assessment). 

 

4.3 Models used to predict the dispersion of radioactivity in the air and 

transfer through the environment 

Since 2001, the RPII has used the ARGOS (Accident Report and Guiding Operational 

System) Nuclear Decision Support System as its primary tool for technical assessment of, 

                                                 
15 ‘Unmitigated’ means that it is assumed that the nuclear power plant operators failed to carry out key 

mitigation measures to prevent the accident from progressing. 
16 The core inventory is the amount of radioactivity in the reactor core at a given time (this is dependent on 

factors such as the size and type of reactor, the type of fuel and how long the fuel has been in the reactor). 
17 The thermal power of a reactor, quoted in MW(th), is a measure of the quantity of the steam it produces. 

The relationship between thermal power and electrical power will depend on the reactor design.  
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and preparedness for, a nuclear or radiological emergency. The installation of ARGOS in 

the RPII includes the following components:  

Databases containing radiological monitoring data; nuclear base data (e.g. dose 

coefficients, nuclear reactor characteristics, etc); and meteorological data 

(weather forecasts and radar rainfall measurements);  

RIMPUFF (RIsø-Mesoscale-PUFF), an atmospheric dispersion model driven by 

meteorological forecast data provided by Met Éireann, which enables the 

transport and dispersal of radioactive contamination to be predicted; and 

ECOSYS, a model for simulation of contamination of the food chain and 

assessment of radiation doses following a nuclear or radiological emergency. 

ARGOS enables measured data and model results to be overlaid on geographical 

maps for further analysis. 

RIMPUFF is a modular system which models a continuous release of radioactive 

materials by a series of consecutively released puffs.  At each time step the model 

advects, diffuses and deposits the individual puffs according to local meteorological 

parameter values and calculates the gamma-radiation dose components from puffs and 

deposited radionuclides. The momentary concentrations and radiation doses in grid 

points are calculated from the increment of the time integrated concentration and from 

dose rates normalised by the time difference between initial data. A pre-processor 

converts meteorological data into the format required by the model. Correction of 

meteorological data for terrain heterogeneity is achieved by a wind flow module. The 

RIMPUFF model is driven by HIRLAM numerical weather prediction (NWP) data (HIRLAM, 

2013) calculated by Met Éireann. A subset of the full HIRLAM coverage, covering Ireland 

and Britain, is extracted and interpolated onto a 15 km square regular latitude longitude 

grid in a format suitable for the RIMPUFF pre-processor. The HIRLAM surface 

meteorological parameters used by RIMPUFF include precipitation intensity (mm/hour); 

atmospheric boundary layer height (m); surface sensible heat flux (W/m2); and surface 

momentum flux (kg/m.s2). The multi-level parameters used are geopotential height (m); 

wind speed (m/s) and direction (decimal degrees); virtual potential temperature (K); and 

specific humidity (kg/kg). 

The HIRLAM model was run every six hours and forecast out to 48 hours in 3 hour time 

slices were obtained. This analysis used archived data so that only the first two time 

slices (i.e. six hours) from each forecast were used, the rest of the forecast having been 

overwritten by the results of subsequent model runs. NWP accuracy is generally higher 

for time steps nearer to the start of the forecast. A range of input parameters were used 

to characterise a release of radioactive material to the atmosphere in RIMPUFF. For this 

assessment, radionuclide release rates based on the activity concentrations and release 

durations for each source term set out in Table 20 were used. Initially, a constant release 

rate was assumed for each radionuclide. Then, in order to simulate a pulsed release, 

each of the six scenarios was modelled with the same quantities released but assuming 

a shorter release duration (6 hours). In the absence of knowledge of the potential 
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release rates over the duration of the release, this was done to assess any changes in 

the consequences due to a shorter, more concentrated release.  

Table 20. Accidental release source terms (to air) used in this assessment (GBq) 

Radionuclide Half life ST1 

Release 

(GBq) 

ST2 

Release 

(GBq) 

ST3 

Release 

(GBq) 

ST4 

Release 

(GBq) 

ST5 

Release 

(GBq) 

Kr-85 10.7y 3E+07 2E+07 3E+07 5E+07 9E+05 
Kr-85m 4.48h 6E+08 6E+08 7E+08 1E+09 9E+06 
Kr-87 76.3min 1E+09 1E+09 1E+09 2E+09 9E+06 
Kr-88 2.48h 2E+09 2E+09 2E+09 3E+09 5E+07 
Rb-86 18.63d 0E+00 1E+04 4E+04 2E+05 8E-01 
Mo-99 66.02h 0E+00 0E+00 8E+06 2E+07 5E+02 
Te-127 9.35h 2E+06 2E+06 3E+06 5E+07 3E+01 
Te-127m 109d 3E+05 3E+05 4E+05 8E+06 5E+00 
Te-129 69.6min 8E+06 8E+06 9E+06 2E+08 1E+02 
Te-129m 33.6d 1E+06 1E+06 2E+06 3E+07 1E+01 
Te-131m 30h 4E+06 4E+06 5E+06 9E+07 5E+01 
Te-132 78.2h 4E+07 4E+07 4E+07 8E+08 4E+02 
Sb-127 3.89d 2E+06 2E+06 3E+06 5E+07 n/a 
Sb-129 4.31h 8E+06 8E+06 9E+06 2E+08 n/a 
I-131 8.04d 1E+07 3E+07 4E+07 6E+08 3E+03 
I-132 2.30h 2E+07 4E+07 5E+07 9E+08 3E+03 
I-133 20.8h 3E+07 5E+07 8E+07 1E+09 3E+03 
I-134 52.6min 3E+07 6E+07 9E+07 1E+09 7E+03 
I-135 6.61h 2E+07 5E+07 7E+07 1E+09 6E+03 
Xe-133 5.25d 4E+09 4E+09 5E+09 8E+09 1E+08 
Xe-135 9.09h 1E+09 1E+09 1E+09 2E+09 1E+07 
Cs-134 2.06y 0E+00 8E+05 3E+06 2E+07 5E+01 
Cs-136 13.2d 0E+00 2E+05 9E+05 4E+06 1E+01 
Cs-137 30y 0E+00 5E+05 2E+06 1E+07 3E+01 

n/a = data not available 

In the absence of known data, sensible but arbitrary values were assumed for other input 

parameters. A physical release height of 100 m was assumed. The effect of plume rise 

due to convection (i.e. the heat content of the release) was not considered as this 

information was not available for any of the source terms. In a real release, however, the 

dispersal of the plume may be influenced by this parameter.  

Three deposition classes are considered by RIMPUFF: gases (including elementary 

iodine), organically-bound iodine and aerosol-bound particles. A particle diameter of 1μm 

is assumed for the latter class. In effect radionuclides in particulate forms are simulated 

in exactly the same way with differences in calculated air concentrations, surface 

concentrations and radiation doses arising only as a result of radionuclide-specific 

parameters applied in post processing such as release concentrations, dose coefficients, 

half-lives. It should be noted that, as a result of the assumption of a particle diameter of 

1μm, this model systems tends to overestimate contamination from heavier particles.  
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The adoption and adaption, for Irish conditions, of the consequence model ECOSYS18 

which simulates the transfer of radioactivity in the food chain is a central part of the 

RPII’s preparedness in this area. This model was used in the completion of this 

assessment. The most important compartments and transfer processes considered in 

ECOSYS simulate the time-dependent radionuclide contamination of food after 

accidental deposition onto agricultural land. These include: dry and wet deposition to, 

and interception by soil and plants; foliar uptake, weathering effects (rain, wind), 

radioactive decay and growth dilution; root uptake, fixation, desorption and leaching; 

resuspension of contaminated soil; translocation; transfer from animal feed to animal 

products; dilution and concentration resulting from processing of food and animal feed; 

and storage factors. The subsequent radiation exposure of people via the ingestion 

exposure pathways may also be calculated using the model.  

ECOSYS is supplied with default input datasets which describe agricultural, climatic and 

other conditions for Central European regions. These parameters are described in Müller 

& Pröhl (1993) and Pröhl (1990). Some of this default data, mainly element and 

radionuclide specific data such as environmental transfer factors and physical and 

biological half lives, are applicable for all regions of interest. However some parameters 

are highly sensitive to the characteristics of the region where deposition takes place. The 

RPII has therefore customised a number of the default parameter datasets to adapt the 

models for Irish conditions. This was achieved through consultation with a number of 

organisations: the Department of Agriculture, Food and Marine, Teagasc, the Food Safety 

Authority of Ireland and the Central Statistics Office. Firstly the most significant crops, 

livestock and processed products used as food and animal feed and which are produced 

in Ireland were defined. Modified parameters then included: growing season, yields and 

maximum leaf area index for grass; dates for preparation of hay and silage; sowing and 

harvest dates for field and horticultural crops; variation of foliar coverage for field and 

horticultural crops; types and volume of feed fed to livestock at various periods during 

the year; average age of animals at slaughter; human food consumption rates (for 

calculation of ingestion dose) (IUNA, 2011). The same food consumption rates assumed 

for the analysis of routine discharges from the proposed nuclear power plants were used 

in the assessment of the severe accident scenarios with a slight increase in the 

granularity for certain food groups (Table 21).  

Other parameters from the default datasets were verified for consistency with the 

modified data. These included: deposition velocities for the crop types considered; 

growth dilution rates for pasture; element specific factors including soil-plant transfer 

factors; retention coefficients and translocation factors for the crop types considered; 

element specific factors including feed-animal transfer factors and biological half lives 

and metabolism factors for the livestock types considered; processing and storage 

18 ECOSYS is a radiological simulation model which is well-documented (Müller & Pröhl, 1993) and 

established in European nuclear emergency management systems such as RODOS (Ehrhardt, et al., 1997 ) 

and ARGOS (Hoe, et al., 2000) 
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factors for the foods and animal feeds considered. Recent updates to some parameters - 

weathering half-life and dry deposition velocities - reported by Andersson et al. (2011) 

were also verified for this analysis. Differences in soil-plant transfer due to variations in 

soil properties were neglected as a first approximation as in the early stages of an 

emergency, foliar deposition is the key consideration.  

Table 21. Food consumption rates assumed for assessment of accident scenarios 

ECOSYS food group 

(accidental releases 

assessment) 

PC CREAM food 

group (routine 

discharges 

assessment) 

Adult consumption 

rates (kg/y) 
Mean 95th Per. 

Cow's milk Cow's milk 77.4 336.9 

Condensed milk Cow’s milk products 17.9 85.8 

Cream 0.4 2.9 
Butter 1.1 6.9 
Cheese 5.1 17.5 
Potatoes Root vegetables 43.8 144.2 
Root vegetables 26.3 109.9 
Green vegetables Green vegetables 26.3 109.9 

Fruit Fruit 17.9 71.9 

Beef Beef 25.4 117.2 

Lamb Lamb 4.9 31.9 

In order to run the ECOSYS foodchain and dose model, parameters describing a specific 

radiological deposition event are required, namely:  

the time-integrated activity concentration (TIAC) in near-ground air of each 

radionuclide of interest 

wet deposition levels of each radionuclide of interest;  

precipitation intensity  

date and time of the deposition event (These were derived from atmospheric 

dispersion models and numerical weather prediction data as described below). 

4.4 Results of the assessment 

4.4.1 Identification of the ‘worst case’ weather scenario 

Plots of air concentrations (Bq/m3) and deposition (or ‘surface’) concentrations (Bq/m2) 

derived from modelled emissions released from each proposed new nuclear build 

location are shown in Figure 27. In most cases the value of both parameters at the 

receptor location is zero (i.e., the wind direction is such that the hypothetical plume of 

radioactivity is directed away from Ireland and so no contamination reaches Ireland). For 

the non-zero values plotted (i.e., when the wind does carry the radioactive plume over 

Ireland), it is clear that the closest proposed location, Wylfa in north Wales, at just over 

100 km from Dublin gives rise to the highest levels. This was expected as, in general, the 

degree of dispersion (and dilution) of a pollutant in the atmosphere increases with 

distance. However the analysis was undertaken in order to assess the possibility of 
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higher contamination from releases at one of the more distant locations driven by 

particular weather systems.  

The highest values of deposition concentrations plotted in Figure 27 have been used to 

identify the most conservative meteorological scenario/location combination in terms of 

release start time. The highest amount of deposited material at the chosen receptor 

location was selected as the ‘worst case’ on the basis that this parameter provides an 

indication of the highest radiation doses from the main pathways in the longer term 

(ingestion and external gamma dose from the ground). As described above, the plots in 

Figure 27 have been derived considering sequential 6 hour releases over a 21-year 

period, while the five possible source terms identified, in fact, feature a range of release 

durations (22.5-44.4 h in the case of the ST1 to ST4, and 24 h in the case of ST5).  For 

that reason, the ECMWF meteorological data was also scanned using release durations 

of 24 h and 48 h. In this case the modelling was performed over a seven year period, 

from Jan 2004–Dec 2010, the approximate dates when the HIRLAM and ECMWF 

archives overlap. The results are presented in Figure 28. The dates of the highest 

deposition predicted were consistent with those identified previously. 



61 

W
yl

fa
 

M
o

o
rs

id
e

 
H

e
ys

h
a

m
 

O
ld

b
u

ry
 



62 

H
in

k
le

y 
P

o
in

t 
H

a
rt

le
p

o
o

l 
B

ra
d

w
e

ll
 

S
iz

e
w

e
ll
 

Figure 27. Air concentrations (Bq/m3) and deposition (Bq/m2) resulting from unit 

releases from each of the proposed nuclear power plant sites 
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Wylfa (24 h release) 

Wylfa (48 h release) 

Figure 28. Air concentration (Bq/m3) and surface concentrations (Bq/m2) resulting from 

unit releases (Wylfa) 

In order to assess the impact of different weather scenarios on the transfer of 

radioactivity to Ireland, a likelihood/severity framework was derived by binning the 

deposition levels predicted for a unit release into discrete intervals of deposition scaling 

factors (‘zero’ deposition, above zero to 10-8 Bq/m2, 10-8 to 10-7 Bq/m2, 10-7 to 10-6 

Bq/m2 and 10-6 to 10-5 Bq/m2). This is presented in Figure 29. This chart also 

demonstrates that most hypothetical emissions released over the 21 years modelled 

resulted in no contamination in Ireland in the 48 hours after release, which is the key 

period of time for maximising radioactive contamination.  

The same graph is also reproduced with a different scale on the frequency axis in Figure 

30 to allow study of the release periods which do result in radioactive contamination in 

Ireland during the first 48 hours. The right-hand column of this figure demonstrates that 

releases from Wylfa result in the largest number of events with higher levels of 

deposition in Ireland.  
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Figure 29. Likelihood/severity framework for deposition of radioactivity (linear scale) 

Figure 30. Likelihood/severity framework for deposition of radioactivity (logarithmic sale) 
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Based on the analysis of the resulting air concentrations and amount of deposition over 

the east coast of Ireland from accidental releases from all eight proposed nuclear power 

plant locations, a combination of nuclear power plant location and time/date of the start 

of the release (which determines the weather scenario used) was selected for further 

assessment. The release time selected was 4th July 2006, 00:00. This release time 

coincided with easterly winds and rain over the east coast of Ireland during the passage 

of the plume and resulted in a level of deposition at the upper end of the highest band of 

deposition values. The precipitation data used in the analysis were taken from the 

HIRLAM data. The values relevant to the receptor location studied are presented in Table 

22. The results of the more detailed analysis are discussed in the next section.

Table 22. Variation in precipitation levels over the assessment period 

Start of modelling time 

step  

Precipitation 

rate (mm/hr) 

Precipitation in 

time step (mm) 

00 hr 0.00 0.00 

03 hr 0.43 1.30 

06hr 1.54 4.62 

09hr 2.03 6.09 

12hr 0.63 1.88 

15hr 1.14 3.42 

18hr 0.24 0.72 

21hr 0.00 0.00 

Total rainfall 18.0 

4.4.2 Radiation doses predicted for the different release scenarios  

Having identified a real weather pattern that would maximise the deposition of 

radioactivity in the east coast of Ireland, the five release scenarios were modelled using 

this weather. 

Time-integrated activity concentrations (air) and wet deposition patterns 24 hours after 

the start of the ST4 release are presented in Figure 31. The time of arrival of the plume 

at the Irish coast was four hours after the start of the release (04:00). Winds were 

easterly until 14:00 at which time a more unstable system developed and the plume 

remained stationary over the east of Ireland. Finally at approximately 21:00 the plume 

started to move away as the winds switched direction.   
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TIAC Cs-137 24 hours after release (isolines 1.0E06 Bq.s/m3 and 1.0E07 Bq.s/m3 (hatched)) 

Surface deposition (wet) (isoline 1.0E05 Bq/m2) 

Figure 31. Examples of dispersion model results (24 hours after the release started) 

Comparisons of the concentrations of significant radionuclides released in each source 

term and resulting time-integrated air concentrations and surface concentrations from 

wet deposition at the receptor are presented in Figure 32.  

Inhalation and external doses (cloudshine, groundshine) were calculated, using the 

RIMPUFF atmospheric dispersion model (and related deposition and dose models) in 

ARGOS, by using the release quantities and durations for all six source terms as defined 

in Table 20. 
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(a) 

(b) 

(c) 

Figure 32. Comparison of (a) amounts of radioactivity released, (b) resulting time-

integrated air concentrations and (c) resulting levels of deposition for each source term 
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The total radiation dose to an adult in Dublin immediately after the plume had passed 

was calculated by summing the contributions from the inhalation, cloudshine and 

groundshine pathways for all radionuclides for each of the five source terms (Table 23). 

Similarly, the cumulative radiation doses after one week and one year are presented in 

Table 24 and Table 25, respectively. In all cases, the radiation doses were calculated 

assuming that no protective actions had been taken (i.e. people had remained outdoors 

during the entire time the plume was passing overhead and radioactivity deposited on 

the ground remained in place and was not washed away either naturally via rain or by 

deliberate washing which would reduce groundshine doses). The inhalation and 

cloudshine pathways are relevant during the passage of the plume while the groundshine 

pathway continues to contribute to radiation doses until the radionuclides either decay 

away or are removed (through natural processes or due to clean up actions). All of the 

above radiation doses were then compared to the intervention levels established for 

emergencies (IAEA, 2011) (see Table 26.) 

Table 23. Cumulative radiation doses by pathway and source term after plume passage 

(µSv) 

Inhalation Cloudshine Groundshine Total 

ST1 290 199 627 1116 

ST2 563 229 878 1670 

ST3 496 135 435 1066 

ST4 9980 414 7690 18 084 

ST5 0.03 1.43 0.007 1.5 

Table 24. Cumulative radiation doses by pathway and source term after one week (µSv) 

Inhalation Cloudshine Groundshine Total 

ST1 290 199 799 1288 

ST2 563 229 1100 1892 

ST3 496 135 743 1374 

ST4 9980 414 9440 19 834 

ST5 0.03 1.43 0.012 1.5 

Table 25: Cumulative radiation doses by pathway and source term after one year (µSv) 

Inhalation Cloudshine Groundshine Total 

ST1 290 199 1030 1519 

ST2 563 229 3050 3842 

ST3 496 135 4200 4831 

ST4 9980 414 33400 43 794 

ST5 0.03 1.43 0.070 1.5 
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Table 26. Emergency intervention levels for various protective actions 

Protective action 
Intervention level (in terms of 

projected radiation dose) 

Notes 

Sheltering (staying 

indoors) 

10 mSv (10 000 µSv) over 2 

days 

Most effective during passage of the 

plume. Can reduce radiation doses from 

all radionuclides and  groundshine, 

cloudshine and inhalation pathways by 

up to 80% 

Stable iodine 

intake 

50 mSv (50 000 µSv) in 7 days Reduces internal radiation dose from 

radioactive iodine only. 

Most important for people under the age 

of 40 years (particularly children or 

pregnant/breastfeeding women). Even 

where the inhalation dose might be 

predicted to slightly exceed the 

intervention level, use of sheltering may 

reduce the inhalation dose from 

radioactive iodine to sufficient levels 

without the need for iodine tablets. 

Evacuation International guidance: 100 

mSv (100 000 µSv) in one week 

Not recommended for use in for Ireland 

due to distance from nearest nuclear 

facilities 

Temporary 

relocation 

30 mSv  (30 000 µSv) in 1st 

month [100 000 µSv in 1st year] 

Largely from groundshine pathway 

Food controls 5 mSv (5 000 µSv)  per annum 

from food ingestion 

In the EU, intervention levels for food 

controls are defined based on maximum 

permitted levels (of radioactivity in food) 

rather than on predicted radiation doses, 

however the use of this intervention level 

is a useful screening tool to identify 

where further assessment of predicted 

radioactivity levels in food is required 

Using these intervention levels, the appropriate protective actions for the different 

release scenarios were considered: 

ST1: The predicted radiation doses during early phase (during plume passage) 

were predicted to be well below intervention limits for protective actions. After one 

year, the additional radiation dose was conservatively estimated at just over 1500 

µSv. While this level of radiation dose suggests no protective actions would be 

required, the fact that the majority of the radiation dose is incurred during plume 

passage means that people’s potential radiation dose would be lowered by time 

spent indoors during the plume passage. 
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ST2: The predicted radiation doses during early phase (during plume passage) 

were predicted to be well below intervention limits for protective actions. After one 

year, the reasonable worst case additional radiation dose was estimated at just 

less than 4000 µSv, which is around the same radiation dose received by an 

average person in Ireland every year. While this level of radiation dose suggests no 

protective actions would be required, given that most of the radiation dose comes 

from groundshine in the months after accident, the actual total radiation dose 

would likely be lower than predicted due to the removal surface contamination 

from the ground (by rain or deliberate washing of paths/roads) or ploughing of 

land. 

ST3: The predicted radiation doses during early phase (during plume passage) 

were predicted to be well below intervention limits for protective actions. After one 

year, the additional radiation dose was conservatively estimated at just less than 

5000 µSv, which is around the same radiation dose received by a typical person in 

Ireland every year. While this level of radiation dose suggests no protective actions 

would be required, given that most of the radiation dose comes from groundshine, 

after the first week the total radiation dose would likely be lower than predicted 

due to the removal of surface contamination from the ground (by rain or deliberate 

washing of paths/roads) or ploughing of land. 

ST4: The radiation dose during plume passage was predicted to exceed the 

intervention level for sheltering, thus people would advised to remain indoors 

during the passage of the plume (approximately 24 hours in this weather 

scenario); the intervention levels for iodine prophylaxis (iodine tablets) or 

evacuation were not exceeded. A radiation dose of just over 9000 µSv from 

inhalation of iodine-131 was predicted. While this is below the intervention level of 

50 000 µSv for administration of iodine tablets (and was based on the assumption 

that people were outside during the passage of the plume), it should be noted that 

staying indoors could reduce this radiation dose significantly. If people followed a 

recommendation to stay indoors as much as possible for 24 to 48 hours, the 

radiation dose from radioiodine (and other radionuclides) could be reduced by up 

to 80% (depending on the building type) during plume passage. In addition, the 

longer term groundshine dose would likely be lower than predicted due to the 

removal of surface contamination from the ground (by rain or deliberate washing 

of paths/roads) or ploughing of land. 

ST5: The radiation doses predicted for this scenario were low, of the same order of 

magnitude as the annual radiation doses predicted for routine discharges. No 

protective actions would be required. 

In summary, for most of the severe accident scenarios studied, the predicted radiation 

doses did not exceed the intervention levels for urgent protective actions recommended 

by the RPII in line with international advice. The exception was the case of ST4 (the loss 

of coolant accident with bypass of the containment leading to a large release of 

radioactivity, combined with easterly winds and rainfall over Ireland during plume 

passage). While this scenario is very unlikely, it is clear that such a severe accident could 
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require protective actions if the plume passed directly over Ireland; the most appropriate 

and effective protective action would be sheltering (staying indoors) during the passage 

of the plume combined with removal of surface contamination in the weeks and months 

following the accident in any areas where levels persisted. 

In addition to looking at the radiation doses from inhalation, cloudshine and 

groundshine, ingestion doses were also calculated using the ECOSYS model. These 

radiation doses were treated separately as in an emergency this pathway is extremely 

amenable to significant reduction. Indeed, the appropriate use of food controls and 

agricultural measures can substantially reduce the transfer of radioactivity to the 

foodchain. In calculating the radiation doses, the effects of these protective actions 

being taken by the Irish Authorities, farmers or food retailers were not incorporated in the 

analysis. Thus, the radiation doses predicted (Table 27 and Figure 33) represent an 

overly pessimistic estimate of what might be expected for the release scenario/weather 

combination studied.   

Table 27. Summary of ingestion doses to adults after one year (µSv) 

Combined radiation dose 

from inhalation, 

cloudshine and 

groundshine (µSv) 

Ingestion dose 

(µSv) 

Percentage 

contribution of 

ingestion to total 

radiation dose 

ST1 1519 4280 74%

ST2 3842 19,200 83% 

ST3 4831 27,000 85% 

ST4 43,794 275,000 86% 

ST5 1.5 0.9 37% 

As expected the highest radiation dose results from the ST4 release scenario (300,000 

µSv). If no protective actions were taken, a dose of this magnitude might be expected to 

result in an observable increase in cancers in the decades following the accident. For 

comparison, the annual average radiation dose from all sources of radiation received by 

members of the Irish public is estimated to be 3950 μSv. It is also clear that for most of 

the release scenarios considered in this assessment, the majority of the total radiation 

dose would be expected to arise from ingestion of contaminated food (Figure 34). Even 

without calculating the radioactivity concentrations for different foodstuffs, a screening 

analysis can be done to determine for which release scenarios Maximum Permitted 

Levels (MPLs) might be expected to be exceeded in certain foods. This is done by 

considering the radiation dose from ingestion (in one year); if this exceeds a few 

thousand micro-sievert (typically, 1000 to 5000 µSv) then some food controls or 

agricultural protective actions are likely to be required. As can be seen from Table 27, 

this is the case for all but one of the release scenarios. Only for ST5 is the ingestion dose 

well below the screening limit used for considering the need for food interventions.  
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Figure 33. Predicted radiation doses after one year by pathway and source term (µSv) 

Figure 34. Percentage contribution to radiation dose after one year by pathway 

As previously noted, most of the ingestion dose could be avoided by the restriction of 

sale of contaminated food and other agricultural measures taken to the reduce transfer 

of radioactivity into food products. It is important to note that while such protective 

actions can be highly effective in reducing radiation doses, their implementation may not 

always be straightforward and there will normally be some associated economic cost or 

disruption. In addition, experience of food contamination issues suggests that, even in 

cases where the EU Maximum Permitted Levels are not exceeded, the economic 

consequences from loss of market due to the perception that food is contaminated can 

be considerable. 

Impact of pulsed (short-term) release:  

In running the analyses above, it was assumed that the radioactivity released in the 

accident scenario was released at a constant rate. In order to check the significance of 
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this assumption, the same models were run using the same total release amounts but 

assuming a pulsed release (6 hours). The results are summarised in  

Table 28 and shown in Figure 35 and Figure 36. They were found to be broadly 

consistent with those calculated using a constant release rate; though with the exception 

of ST5, the radiation doses from groundshine were higher than for the longer release 

time due to the fact that the entire release period and plume passage coincided with 

rainfall over the east coast of Ireland. 

Table 28: Summary of radiation doses after one year for pulsed releases (µSv) 

Inhalation Cloudshine Groundshine Ingestion 

ST1 103 108 1210 2430

ST2 192 106 2980 11,000

ST3 294 123 8160 32,900 

ST4 4850 297 63,500 243,000 

ST5 0.01 0.63 0.08 0.50 

Figure 35. Radiation doses after one year for pulsed releases 

Figure 36. Percentage contribution to radiation dose by pathway for pulsed releases 
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4.4.3 Detailed analysis of the release scenario with the highest impact 

Additional analysis was done for the release scenario with the highest resulting radiation 

doses in Ireland (ST4). The contributions of the different radionuclides to the 

groundshine dose after one year are presented in Figure 37; as can be seen from this 

figure, the greatest contributions result from radiocaesium (caesium-134 and caesium-

137) and radioiodine (I-131).  

Figure 37. Groundshine radiation dose by radionuclide (ST4) 

While the levels of iodine-131 will rapidly reduce over a matter of weeks due to its 8-day 

half-life, the levels of caesium-134 (half-life of 2 years) and caesium-137 (half-life of 30 

years) will persist much longer. Even without deliberate intervention, however, the levels 

of these longer-lived radionuclides will start to decrease as they are washed off hard 

surfaces by rain or migrate downwards in the soil due to natural processes such as 

percolation and bioturbation. 

For the case of the ST4 source term, the breakdown of the total ingestion dose by 

radionuclide is presented in Figure 38. As can be seen from this figure, the greatest 

contributions again result from radiocaesium and radioiodine (I-131)19.  

19 A small number of radionuclides are included in the source terms but are not currently considered in the 

ECOSYS foodchain model. In the case of ST4, examples include Rb-86, Te-127, Te-127m, Te-129, Te-

131m, Sb-127, Sb129, I-134 and I-135. Due to their characteristics, such as having a short half life or low 

transfer to the foodchain, these radionuclides are not expected to have more than a negligible contribution 

to ingestion dose and so the fact that they could not be included in the analysis for ingestion dose would 

not alter any of the conclusions made.  
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Figure 38. Ingestion dose by radionuclide (ST4) 

4.4.4 Potential impacts on food 

As discussed above, the main potential contributing pathway to the total radiation dose 

is ingestion of contaminated food. Contamination levels in food tend to decrease 

significantly with time after the first growing season, thus this assessment studied just 

the first year after deposition of radioactivity. To complement the ingestion dose 

assessment, the first year variations in activity concentrations of caesium-137 and 

iodine-131 in a range of food types are presented in Figure 39 and Figure 40, 

respectively. These have been calculated for the ST4 source term – the release scenario 

which would be expected to result in the highest levels of radioactive contamination on 

agricultural land. The results from the same analyses for the other source terms are 

summarised below (graphs of the one-year variations in radionuclides concentrations are 

presented in Appendix 6). 

 

The activity concentrations in food presented are those which would be expected in the 

food following typical storage times and processing. Although plans are in place for 

protection of the foodchain as part of the National Emergency Plan for Nuclear Accidents, 

in order to quantify “worst case” radiation doses, it has been assumed that no protective 

actions were implemented.  

 

Plant-based foods: 

In Figure 39(a), leafy vegetables (assumed to be growing in the open) are immediately 

contaminated by foliar uptake of deposited radionuclides. Leafy vegetables are 

particularly effective in intercepting particles scavenged from the plume by rainfall (wet 

deposition). Leafy vegetables, such as salad leaves, are assumed to be consumed 

throughout the growing season. The radioactivity concentrations fall off rapidly due to the 

influence of various factors including weathering, growth dilution and replacement of 

contaminated crops by new growth. Other plant foods take longer for increases in 

concentrations to register as they either are not harvested until sometime after 



76 

 

deposition and so radioactivity levels have decreased by the time they are available for 

consumption or else the edible parts of the plant grow underground and so the amount 

of radioactivity that can transfer to the food is limited. 

 

Meat: 

As shown in Figure 39(b), the increases in activity concentrations of caesium-137 in 

meat (beef and lamb20) takes longer to build (approximately six weeks) due to the delay 

between the animals consuming contaminated pasture and radionuclides transferring to 

their muscle (meat). The levels fall off in the autumn as contaminated pasture is 

replaced by new grass growth and as a result of the contamination being removed from 

the animals through natural processes such as excretion. The radionuclide 

concentrations in meat increase again following the switch to winter feeding regimes in 

November as it is assumed that hay and silage has been made from contaminated grass. 

In reality, it’s reasonable to assume that alternative animal feed would be sourced before 

the switch to winter feeding regimes and so this second peak need not occur; indeed, if 

alternative animal feed (or special additives that reduce the transfer of caesium into the 

animal) could be sourced soon after the accident the first peak in radioactivity levels in 

meat could be substantially reduced or avoided. While these protective actions can be 

very effective, there would be significant economic and resource costs associated with 

implementing them. 

 

In the case of dairy produce, Figure 39(c), the radionuclide concentrations in milk 

increase quickly as radionuclides in contaminated pasture are ingested by grazing dairy 

cows and quickly transferred to the milk and throughout the year there is only a relatively 

short time between production of the milk by cows and it being available for purchase. 

Most caesium in milk products is transferred to the skimmed milk portion at separation 

and, hence, butter shows relatively low levels of caesium-137. As condensed milk is a 

concentrated product, higher levels are predicted but it is not consumed in very large 

quantities. Again, no allowance has been made for the fact that alternative feed supplies 

(or feed additives) could be used to reduce or eliminate the transfer of radioactivity from 

grass into milk. 

 

Radioiodine in food: 

For short-lived radionuclides, such as iodine-131, the main pathway of exposure of 

humans is the transfer of the amount deposited on leafy vegetables that are consumed 

within a few days, or on pasture grass that is grazed on by cows or goats, giving rise to 

the contamination of milk. For short-lived radionuclides the dominant process that 

determines the medium to long-term radioactivity levels in food is physical decay of the 

radionuclide; for example, due to the relatively short half life (8 days) of iodine-131 the 

levels in all food types fall off rapidly (Figure 40) and so even relatively short delays 

                                                 
20 In Ireland, the majority of pigs and chickens for meat production are housed and so the feed they 

consume is controlled by the farmer. In addition the arrangements under the National Emergency Plan for 

Nuclear Accidents, includes plans for free-range pigs/birds. This assessment has taken this into 

consideration and focussed instead on beef and lamb in terms of meat. 
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between deposition and the harvesting or distributing of foods (or in short-term 

substitution of feed for dairy cows) can very effectively reduce the radiation dose to 

people from radioiodine in foods.  

 

Longer-term contamination levels: 

Over the longer-term (months to days), radionuclides deposited on soil migrate 

downwards and reach the part of soil containing roots.  The time of residence of 

radionuclides in this part of the soil would partly determinate their transfer to vegetation. 

Observations strongly suggest that the downward migration profiles in soil are 

established very early after contamination under the influence of the early conditions 

prevailing immediately after contamination, such as soil moisture and first rain events 

(Bréchignac, et al., 2000). The further the radionuclides penetrate into the soil, the lower 

the transfer into the food and animal feed grown in that soil and the lower the 

groundshine radiation dose to people. The long term behaviour of iodine-131 is not 

relevant as the radionuclide has an eight day half-life and so within a few months will 

have decayed away.  

 

Impact of time of year of deposition on potential radiation dose from ingestion: 

Finally, the influence of seasonality - the time during the year at which deposition takes 

place - on the resulting ingestion dose has been assessed. The same deposition event 

has been modelled as described above in ECOSYS but the date of the release has been 

varied to different times of the year. The total ingestion dose one year following 

deposition resulting from the 12 modelled deposition events - from January to December 

– are displayed in Figure 41. These results demonstrate that the date of deposition used 

in the analysis (26th July) resulted in a ‘worst case’ scenario, due to the fact this date 

falls within the peak agricultural and horticultural growing seasons. At other times of the 

year, the levels of radiation dose (from consumption of contaminated food) in the first 

year following an accident could be up to three times lower due to the postulated 

accident occurring in a different month.  
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(a) Plant foods 

 
(b) Meat 

 
(c) Dairy produce 

 

Figure 39. Activity concentrations of caesium-137 in different food groups (ST4) 
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(a) Plant foods 

 
(b) Meat 

 
(c) Dairy produce 

 

Figure 40. Activity concentrations of iodine-131 in different food groups (ST4) 
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Figure 41. Comparison of the effect of assumed month of deposition on potential 

radiation dose incurred the first year due to the ingestion pathway (ST4) 

 

4.5 Comparison of radioactivity concentrations in food with EU Maximum 

Permitted Levels 

Maximum permitted levels (MPLs) for radioactivity for food and animal feed destined for 

sale within the European Union have been established in EU legislation ( 

Table 29 and Table 30). In the case of future nuclear accidents, these regulations would 

be automatically implemented in all Member States and for a maximum period of three 

months following the accident during which time, depending on the characteristics of the 

specific accident, the MPLs may be revised. 

 

Following a nuclear or radiological emergency with the potential to affect Ireland, 

emergency intervention levels would be implemented in order to restrict access to 

contaminated food and so to minimise the radiological risk, especially to children, and to 

maintain the safety of, and public confidence in, the commercial food supply. Foods with 

measured or predicted activity concentrations exceeding the limits would be expected to 

be replaced with alternative supplies. This assumes the availability of adequate 

alternative supplies which would almost certainly be the case in Ireland. Restrictions 

could also apply to animal feed to ensure that meat and other animal products meet the 

MPLs for foodstuffs. 

 

 



81 

 

Table 29. Maximum permitted levels (MPLs) for foodstuffs (from Council Regulations 

(EURATOM) No. 2218/89 and No. 770/90) 

 
MPL in foodstuffs (Bq/kg or Bq/l) (1) 

Baby 

foods 

Dairy 

produce 

Other 

foodstuffs 

except minor 

foodstuffs 

Liquid 

foodstuffs 

Isotopes of strontium, notably 
90Sr  

75 125 750 125 

Isotopes of iodine, notably 131I  150 500 2,000 500 

Alpha-emitting isotopes of 

plutonium and transplutonium 

elements, notably 239Pu and 
241Am 

1 20 80 20 

All other radionuclides of half-

life greater than 10 days, 

notably 134Cs and 137Cs 

400 1,000 1,250 1,000 

(1) The level applicable to concentrated or dried products is calculated on the basis of the reconstituted 

product as ready for consumption. 

 

Table 30. Maximum permitted levels (MPLs) for animal feed (from Commission 

Regulation (EURATOM) No. 770/90) 

Animal feed MPL for caesium-134 + caesium-137 

(Bq/kg) 

Pigs 1,250 

Poultry, lambs, calves 2,500 

Other 5,000 

 

 

The activity concentrations predicted for the ‘worst case’ release (ST4) and weather 

combination have been compared with the EU MPLs. The results of this comparison for 

dairy produce and other foodstuffs are presented in Figure 42 and Figure 43. Analysis of 

the data clearly shows that, in the absence of any protective actions having been taken 

to reduce or eliminate the contamination of food and animal feed, all of the food types 

would exceed the Maximum Permitted Levels for a period of at least two months (for 

meat and root vegetables even after one year, the radioactivity concentrations were 

predicted to be significantly higher that the permitted levels in the scenario studied). 

These results highlight the importance of putting appropriate measures in place to 

prevent the transfer of radioactivity to foods, where possible, or to reduce it significantly. 

For example, the second peak in radioactivity concentrations in animal products (see 

Figure 39) could be eliminated by feeding dairy cattle or animals destined for slaughter 

alternative feed (i.e. not silage or hay from grass collected after the deposition has 

occurred). This would be highly effective in eliminating the transfer of radioactivity to 

animals and, thus, meat and dairy produce but it would have significant costs associated 

with it as animal feed would need to be sourced and purchased from elsewhere. 
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(a) Other foodstuffs 

 
 

(b) Dairy produce 

 

Figure 42. Comparison of radionuclide concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for isotopes of iodine (ST4) 
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(a) ‘Other foodstuffs’ 

(b) Dairy produce 

Figure 43. Comparison of radionuclide concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for the 'All Other Radionuclides' 

Group (ST4) 

The comparisons of radioactivity levels in food with the MPLs, for the other releases 

scenarios, are summarised below. In general the variation in radioactivity levels with time 

is the same for the different release scenarios, due to the fact that this variation is 

mainly determined by weather conditions and time of year, both of which remained the 

same for all the release scenarios considered. The graphs illustrating these results are 

presented in Appendix 6. 
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ST1: The contamination due to this scenario is dominated by short-lived radionuclides 

and so levels in food would relatively quickly decay away. In the absence of agricultural 

protective actions, dairy products and leafy vegetables and fruit which are grown in the 

open would exceed the MPLs for approximately one month.   

 

ST2: In the absence of agricultural protective measures, leafy vegetables and fruit grown 

in the open would exceed the MPLs for around two months, meat for around a year, dairy 

products for one to two months (except condensed milk which would exceed MPLs for at 

least a year). 

 

ST3:  In the absence of agricultural measures, most food types would exceed the MPLs 

for up to three months. In the longer term, meat and dairy products would continue to 

exceed the MPLs for around a year due to contaminated winter feed (hay/silage) being 

used. 

 

ST4: Results for this release scenario were discussed in detail above. 

 

ST5: The concentrations of radioiodine in certain foods would be just about detectable, 

and of no radiological significance. No foods would exceed MPLs and for the longer-lived 

radionuclides such as caesium-137, the levels would probably not be distinguishable 

from current baseline levels.  

 

4.6 Implications for Ireland’s emergency planning 

For the severe accident scenarios assessed, the radiological impact on Ireland was found 

to be in inverse proportion to the probability of the accident occurring.  For the most likely 

accident scenario included in the study (1 in 50,000), the impact on Ireland was found to 

be relatively small and no short-term protective actions would be warranted in the 

immediate aftermath of the accident. Over 80 per cent of the radiation dose would be 

from the consumption of contaminated food if no food controls or agricultural protective 

actions were introduced. Protective agricultural actions would be needed for up to a few 

weeks. 

 

For the least likely accident scenario included in the study, (1 in 33 million per year), the 

impact on Ireland was found to be the highest.  Short-term protective actions, namely 

staying indoors, would be warranted in the immediate aftermath of the accident and food 

and agricultural produce would be heavily contaminated. Over 90 per cent of the 

radiation dose would be from consumption of contaminated food in the event that no 

preventive action was taken. Significant radiation doses would be incurred through 

consumption of contaminated foods in the year following the accident if no preventive 

action was taken. 

 

Exposure due to consumption of contaminated food could be greatly reduced by the 

introduction of appropriate controls on the distribution and consumption of certain foods. 
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While these controls have been shown to be very effective in controlling radioactivity 

levels in foods for sale, and hence radiation doses to people, they do have significant 

socio-economic implications and costs. These effects could last for months or years 

following an accident, depending on the severity of the accident. 
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5 Assessment of the impacts of non-routine releases to the Irish Sea 

In their submissions to the UK Government, the vendors of the EPR and the AP1000 

effectively ruled out the possibility of an unplanned release of liquid radioactive effluent 

in the aquatic environment. This assertion is due to the level of leak tightness of the 

containment buildings for both designs being such that it is 'virtually impossible' for 

radioactivity in liquid form to escape. However, given the importance of the marine 

environment to Ireland and taking into account that during the Fukushima accident 

much of the release of radioactivity to sea was as a result of deliberate dumping of highly 

contaminated water so as to reduce the hazard in the reactors and so allow emergency 

responders bring the accident under control, this assessment did consider the potential 

impacts of large, short-term non-routine releases of radioactivity to the sea.  

 

The process used to determine the effective dose to reference groups arising from three 

non-routine release scenarios from the proposed nuclear power plant locations along the 

Irish Sea coast is presented in Figure 44. 

 

Figure 44. Overview of the assessment process adopted for non-routine releases to sea 
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5.1 Identification of source terms for use in assessing impacts of non-

routine releases 

For the purpose of this study, three different release scenarios (or source terms) to sea 

were postulated (Table 31). Because of the scarcity and paucity of data on this type of 

event, it is important to note that the three postulated ‘source terms’ presented below 

cannot and should not be linked to any specific scenario or initiating event for any one of 

the designs or proposed sites in the UK. They merely represent hypothetical release 

amounts used to perform an estimate of the potential radiological impact for Ireland if 

such an amount of radioactivity were to be released into the Irish Sea from one of the 

sites (Table 32, Table 33 and Table 34). 

 

Table 31. Description of three source terms assumed for non-routine releases to sea 

Marine 

source 

term 

Amount of radioactivity released in the scenario 

MST1 An equivalent quantity to a whole year’s worth of routine liquid discharges 

released within one week. 
MST2* Estimate of the total amount of caesium-137 discharged (whether accidentally or 

as part of the mitigation actions by the site operators) during the Fukushima 

accident as a basis for this source term (IRSN). The amounts of caesium-134 and 

iodine-131 released were estimated using the ratios measured by the site 

operators. 
MST3 
 

Total volume of reactor coolant discharged at once (based on data in the GDA 

submissions). 
*Despite there being significant differences between PWR and BWR reactors and the extreme natural 

events that precipitated the accident (earthquake and tsunami combination) not being considered feasible 

to occur in the UK, this source-term was included as it represents the only real data on releases to sea 

from a severe nuclear accident.  

 

Table 32. Radioactive release to sea assumed for MST1 

Group Radionuclide Release (GBq) 

Tritium H-3 75,000 
Carbon-14 C-14 95 
Iodine  I-131 0.05 

I-132 0.0438) 
I-133 0.0634  
I-134 0.0129  
I-135 0.0525  
I-129 0.000037 

Other radionuclides Ag110m 0.57 
Am-241 0.000037 
Am-243 0.000037 
As-76 0.000037 
Ba-140 0.0306  
Br-82 0.000037 
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Group Radionuclide Release (GBq) 

Ce-144 0.175 

Cl-36 0.000037 
Cm-242 0.000037 
Cm-244 0.000037 
Co-58 2.07 
Co-60 3 
Cr-51 0.101 

Cs-134 0.56 
Cs-136 0.0203 

Cs-137 0.945 
Fe-55 1.06 
Fe-59 0.0109 
La-140 0.0394 ) 
Mn-54 0.27 
Mo-99 0.0416 
Na-24 0.0831 

Nb-94 0.000037 
Nb-95 0.06 
Ni-63 1.14 
Np-237 0.000037 
Pr-144 0.175 

Pu-238 0.000037 
Pu-239 0.000037 
Pu-240 0.000037 
Pu-241 0.000178 
Pu-242 0.000037 
Rb-86 0.000037 
Rb-88 0.000853 (c) 
Ru-103 0.263 
Ru-106 0.000037 
Sb-122 0.000037 
Sb-124 0.49 
Sb-125 0.815 
Sn-117m 0.000037 
Sr-89 0.00525 

Sr-90 0.000535 
Tc-99m 0.0394 

Te-123m 0.26 
U-234 0.000037 
U-235 0.000037 
U-238 0.000037 
W-187 0.00656 

Y-91 0.000199 

Zn-65 0.0219 

Zr-95 0.0151 
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Table 33. Radioactive release to sea assumed for MST2 

Radionuclide Release (GBq) 

I-131 81,000,000 

Cs-137 27,000,000 

Cs-134 27,000,000 

 

Table 34. Radioactive release to sea assumed for MST3 

Radionuclide Specific Activity of reactor 

coolant* (MBq/t) 
Release (GBq) 

H-3 37000 11,100 
C-14 13 3.9 
I-131 110000 33,000 
I-132 82000 24,600 
I-133 210000 63,000 
I-134 30000 9,000 
I-135 140000 42,000 
Ag110m 1700 510 
Co-58 10000 3,000 
Co-60 580 174 
Cr-51 9500 2,850 
Cs-134 34000 10,200 
Cs-136 37000 11,100 
Cs-137 25000 7,500 
Cs-138 100000 30,000 
Fe-59 360 108 
Mn-54 1400 420 
Ni-63 3100 930 
Sb-122 1100 330 
Sb-124 560 168 
Sb-125 100 30 
Sr-89 3000 900 
Sr-90 19 5.7 

*Based on UK EPR specific nuclide concentrations in the primary system (PCSR sc11.1 Table 2 page 

9/12) using source term 'effluent treatment system design' and on estimated reactor coolant liquid volume 

at power condition of approx. 300 m3 or tonnes (UK AP1000 Environment Report UKP-GW-GL-790, 

Revision 4, page 31) 

 

5.2 Models used to predict the dispersion of radioactivity in the sea  

Transport of certain radionuclides within the Irish Sea is strongly dependent on prevailing 

circulation patterns. While, as described in Chapter 5, the annual net flow of water 

through the Irish Sea is northward, this net flow is disturbed from spring until late 

summer due to the development of the density-driven Western Irish Sea Gyre (WISG). The 

gyre results in the formation of a southward flow along the east coast of Ireland. The flow 
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rate is variable and depends on the strength of the gyre and prevailing wind conditions. 

Such seasonal variations in currents meant that modelling the transport and dispersion 

of short-term radioactive releases to the Irish Sea required more sophisticated modelling 

of processes in the Irish Sea than was required to assess the impact of continuous 

routine discharges over many years, where average circulation patterns could be used. 

 

The hydrodynamic model of the Irish Sea used in this project was developed by the 

Marine Modelling Group at the National University of Ireland Galway (NUIG).  The model 

described below was used in previous studies (Olbert & Hartnett, 2010; Olbert, et al., 

2010; Olbert, et al., 2010) and found capable of simulating physical processes within the 

Irish Sea and, more importantly to this project, the transport of technetium-99 

discharged from Sellafield. A brief description of the model and run setup is presented 

below.  

 

A three-dimensional Princeton Ocean Model (POM) model (Blumberg & Mellor, 1987; 

Mellor, 2003) was used to simulate hydrodynamic conditions and the transport of a 

radioactive tracer from the proposed nuclear power plants locations. The model 

simulates effects of tides, winds and density gradients on water level and three-

dimensional currents, incorporating both baroclinic and barotropic driven flows. The 

development of the hydrodynamic model was followed by the application of a material 

transport model, so that predictions of three-dimensional radionuclide tracer fields could 

be made. Computations were carried out on a 4 km horizontal grid covering a complex 

area of the Irish Sea and surrounding waters.  Bathymetric data for the numerical model 

were obtained by digitising the Admiralty Chart number 1824A. The bathymetry map with 

depths referred to the Mean Water Level (MWL) is presented in Figure 45. 

 

Inputs to the model included climatological initial conditions for temperature and salinity 

as well as monthly averages of salinity and temperature along open boundaries. These 

data were extracted from two sources (1) LEVITUS94 global dataset (Da Silva, et al., 

1994) and interpolated from 1 degree resolution to Irish Sea model grid, and from (2) 

the state-of-the-art global model, MPI-OM, developed by the Max Planck Institute in 

Germany and run by NUIG.  The discharge of freshwater rivers is also included in the 

model. A total of 41 data sets representing monthly average discharges were used to 

simulate the effect of freshwater input.   

 

Meteorological conditions were obtained from the regional reanalysis ERA-40 dataset of 

European Centre for Medium-Range Weather Forecasts (ECMWF). Wind fields, air 

pressure and temperature, relative humidity, cloud cover fraction, evaporation, 

precipitation, shortwave radiation and extinction coefficient were provided to the model 

as 3-hr instantaneous value hindcast.  

 

Prior to this study, this hydrodynamic model has been successfully used to investigate 

the circulation and flushing time of conservative tracers within the Irish Sea (Olbert & 
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Hartnett, 2009; Olbert, et al., 2010). Further information on the validation of the model is 

given in Appendix 4. 

 

In the NUIG POM marine model, discharges of radionuclides are assumed to behave 

conservatively in the marine environment and the release was assumed to take place at 

a constant rate over a period of one week. In order to take into account the effects of 

seasonality on the discharge, simulations were run for each of the five sites for four start 

dates, representing the four seasons (1st January (winter), 1st April (spring), 1st July 

(summer), and 1st October (autumn)). These simulations were run over a four year 

period21 for each of the scenarios in order to take into consideration the time taken for 

radioactivity to be transported across the Irish Sea. Previous work has estimated the 

transport time across the Irish Sea to be between 80 and 360 days, depending on exact 

locations, time of year and prevailing sea conditions. 

 

The impact of the resulting radioactivity concentrations in the western Irish Sea was 

investigated by looking at a time series (730 days) of radioactivity concentrations in 

seawater at seven locations along the east coast of Ireland. The seven locations were 

chosen to be representative of population centres along the east coast of Ireland: 

Dundalk (Greenore), Drogheda, Malahide, Dublin, Bray, Wicklow, Arklow and Wexford 

(see Figure 45). 

 

 

Figure 45. Irish Sea bathymetry and locations of discharge sites and receptor points 

(Source: NUIG) 

                                                 
21 The meteorological data used was based on the archive data available for the Irish Sea (1995 – 1998). 
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In this study, the determination of radioactivity in the environment arising from non-

routine discharges was a two stage process. Firstly, the dispersion of radioactivity in 

seawater was modelled using the NUIG POM marine model (as described above) to 

assess what the concentrations in seawater would be at the Irish coast. Figure 46 shows 

an example of the modelled predictions of seawater concentrations for one 

season/release point/receptor location combination. Using the full set of such modelling 

outputs produced a range of data that describe the transfer of radioactivity from the 

proposed nuclear power plant locations to the east coast of Ireland. In this stage of the 

assessment, all radionuclides were assumed to behave conservatively22; this assumption 

will have led to an overestimate of the amount of radioactivity transferred to the Irish 

coast as no allowance will have been made for the removal of radioactivity from 

seawater to seabed sediments or biota while en route to the Irish coast. 

Then using these predicted concentrations in seawater at the Irish coast, the 

radioactivity concentrations in biota and sediment were determined using appropriate 

concentration factors and sedimentation rates. The consequent radiation doses to 

people in Ireland were then calculated. The exposure pathways for non-routine 

discharges were assumed to be the same as those for routine discharges, namely: 

Ingestion of fish 

Ingestion of crustaceans 

Ingestion of molluscs 

Ingestion of seaweed 

Inhalation of seaspray 

Walking on beach sediments 

Handling fishing gear  

In addition to estimating the radioactivity concentrations (and resulting radiation doses) 

due to the three release scenarios (MST1 to 3), the time elapse between release and 

highest activity reached, and transit time23 of the plume from each proposed nuclear 

power plant location were calculated.   

22 Assumed to remain dissolved in the water phase 
23 In this study, transit time was taken to define the time that elapses between release and main plume 

arrival. The plume arrival is usually characterised by a sudden increase in concentration at a receptor 

point. Where an increase is gradual, a resulting concentration of 0.01 Bq/l (for a 1 GBq/s release over one 

week) was used to determine the transit time. 
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Figure 46. Example of the modelled prediction of transfer of radioactivity from Wylfa to 

Dublin for January release (release time = Day 0; 1 mBq/l = 0.001 Bq/l) 

 

5.3 Results of the assessment 

5.3.1 Identification of the ‘worst case’ release scenario 

Some of the main findings of the hydrodynamic modelling are presented in Table 35 (see 

Appendix 7 for more detailed results). The scenario resulting in the highest radioactivity 

concentrations in seawater concentrations at the locations specified was identified as a 

discharge from the proposed nuclear power plant at Wylfa in the first week in April 

leading to a peak activity concentration in Dundalk. Assuming the release of a 

conservative radionuclide tracer at 1 GBq/s over the first week in April (meaning a total 

release of 604,800 GBq over one week), resulted in a seawater activity concentration of 

0.191 Bq/l in Dundalk, 161 days later.  
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Table 35. Key findings from modelling of non-routine releases to the Irish Sea 

 Nuclear power plant location (release point) 

Hinkley Point Oldbury Wylfa Heysham Moorside 
Most 

impacted 

location 

on the 

east 

coast of 

Ireland 

Peak 

concentrations 

similar for all 

receptor 

points.  

Peak 

concentrations 

similar for all 

receptor 

points. 

 

Highest peak 

concentrations 

observed at 

Dundalk with a 

gradual 

decrease in 

concentrations 

southward. 

Highest peak 

concentrations 

observed at 

Dundalk with a 

gradual 

decrease in 

concentrations 

southward. 

Highest peak 

concentrations 

observed at 

Dundalk with a 

gradual 

decrease in 

concentrations 

southward. 

Least 

impacted 

location 

on the 

east 

coast of 

Ireland 
 

Peak 

concentrations 

similar for all 

receptor 

points. 

Peak 

concentrations 

similar for all 

receptor 

points. 

Lowest peak 

concentrations 

are found in 

Wexford.  

 

Lowest peak 

concentrations 

are found in 

Wexford. 

  

Lowest peak 

concentrations 

are found in 

Wexford. 

 

Transit 

times to 

east 

coast of 

Ireland 

Shortest: 70 

days (to 

Wexford, April 

release) 

 

 

Longest: 388 

days (to 

Dundalk, July 

release) 

Shortest: 81 

days (to 

Wexford, April 

release) 

 

 

Longest: 393 

days (to 

Dublin, July 

release) 

Shortest: 19 

days (to 

Wicklow/ 

Arklow, July 

release) 

 

Longest: 318 

days (to 

Wexford, 

October 

release) 

Shortest: 57 

days (to 

Dundalk, July 

release) 

 

 

Longest: 581 

days (to 

Wexford, April 

release) 

Shortest: 25 

days (to 

Dundalk, July 

release) 

 

 

Longest: 499 

days (to 

Wexford, July 

release) 

 

Of the five proposed sites on the Irish Sea coast, a release from Wylfa would potentially 

have the largest impact on Ireland due to its proximity to the Irish coastline and due to 

the influence of the Western Irish Sea Gyre. Releases from Hinkley Point and Oldbury 

would have the lowest impact. The highest activity concentrations were predicted at 

Dundalk and concentrations tended to decrease with distance south of Dundalk.  

 

5.3.2 Environmental concentrations predicted for the release scenarios 

The data from the hydrodynamic modelling of releases from the five Irish Sea locations 

were used to study the potential impacts from the three marine release scenarios 

described previously (MST1 to 3). For the purposes of the assessment of resulting 

radioactivity concentrations on the north-east coast of Ireland (at Dundalk), it was 

assumed that the releases took place at Wylfa, with the transit time to peak 

concentration being 161 days. 

 

A total release of 604 800 GBq over a period of 1 week gives rise to a peak seawater 

activity concentration of 0.191 Bq/l 161 days later. Based on these results the peak 

dilution factor for seawater at Dundalk was estimated to be: 
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The peak seawater activity concentration for each of the radionuclides discharged was 

then determined using the equation: 

 
Where: 

Ci
Seawater is the peak seawater activity concentration for radionuclide i 

Di is the release of radionuclide i (GBq) 

DF is the dilution factor (Bq l-1/GBq) 

λi is the decay constant for radionuclide i (days-1) 

t is the time taken to reach the peak seawater activity at Dundalk i.e. 161 days 

 

The hydrodynamic modelling found that the peak seawater concentration persisted for 

up to 120 days, but for the purpose of assessing radiation doses it was conservatively 

assumed that once the seawater concentration peaked it remained at this level for a 

period of one year. This assumption, in conjunction with the fact that modelling was 

carried out based on a conservative radionuclide tracer, implies any radiation doses 

determined for the reference groups would be considered upper bounds of the radiation 

dose for each of the release scenarios outlined. 

 

The seawater concentrations for each of the radionuclides and discharge scenarios were 

calculated using the above formula and are presented below. 

 

Table 36. Peak seawater concentrations on the north-east coast (Dundalk) due to MST1 

Radionuclide Release 

(GBq) 
Resulting  seawater 

concentration (Bq/l) 

H-3 75,000 2.3E-02 

C-14 95 3.0E-05 

I-129 0.000037 1.2E-11 

I-131 0.05 1.5E-14 

I-132 0.0438 0.0E+00 

I-133 0.0634 2.3E-64 

I-134 0.0129 0.0E+00 

I-135 0.0525 1.0E-184 

Ag110m 0.57 1.2E-07 

Am-241 0.000037 1.2E-11 

Am-243 0.000037 1.2E-11 

As-76 0.000037 7.5E-56 

Ba-140 0.0306 1.5E-12 
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Radionuclide Release 

(GBq) 
Resulting  seawater 

concentration (Bq/l) 

Br-82 0.000037 1.4E-44 

Ce-144 0.175 3.7E-08 

Cl-36 0.000037 1.2E-11 

Cm-242 0.000037 5.9E-12 

Cm-244 0.000037 1.2E-11 

Co-58 2.07 1.4E-07 

Co-60 3 8.9E-07 

Cr-51 0.101 5.7E-10 

Cs-134 0.56 1.5E-07 

Cs-136 0.0203 1.3E-12 

Cs-137 0.945 3.0E-07 

Fe-55 1.06 3.0E-07 

Fe-59 0.0109 2.8E-10 

La-140 0.0394 1.7E-37 

Mn-54 0.27 6.0E-08 

Mo-99 0.0416 3.2E-26 

Na-24 0.0831 6.4E-86 

Nb-94 0.000037 1.2E-11 

Nb-95 0.06 8.0E-10 

Ni-63 1.14 3.6E-07 

Np-237 0.000037 1.2E-11 

Pr-144 0.175 0.0E+00 

Pu-238 0.000037 1.2E-11 

Pu-239 0.000037 1.2E-11 

Pu-240 0.000037 1.2E-11 

Pu-241 0.000178 5.5E-11 

Pu-242 0.000037 1.2E-11 

Rb-86 0.000037 2.9E-14 

Rb-88 0.000853 0.0E+00 

Ru-103 0.263 4.8E-09 

Ru-106 0.000037 8.6E-12 

Sb-122 0.000037 1.3E-29 

Sb-124 0.49 2.4E-08 

Sb-125 0.815 2.3E-07 

Sn-117m 0.000037 3.2E-15 

Sr-89 0.00525 1.8E-10 

Sr-90 0.000535 1.7E-10 

Tc-99m 0.0394 1.3E-201 
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Radionuclide Release 

(GBq) 
Resulting  seawater 

concentration (Bq/l) 

Te-123m 0.26 3.2E-08 

U-234 0.000037 1.2E-11 

U-235 0.000037 1.2E-11 

U-238 0.000037 1.2E-11 

W-187 0.00656 4.5E-58 

Y-91 0.000199 9.3E-12 

Zn-65 0.0219 4.4E-09 

Zr-95 0.0151 8.4E-10 

 

 

Table 37. Peak seawater concentrations on the north-east coast (Dundalk) due to MST2 

Radionuclide Release 

(GBq) 
Resulting  seawater 

concentration (Bq/l) 

I-131 81000000 2.40E-05 

Cs-134 27000000 7.35E+00 

Cs-137 27000000 8.44E+00 
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Table 38. Peak seawater concentrations on the north-east coast (Dundalk) due to MST3 

Radionuclide Release 

(MBq/t) 
Release 

(GBq) 
Resulting  seawater 

concentration (Bq/l) 

H-3 37000 11100.0 3.42E-03 

C-14 13 3.9 1.23E-06 

I-131 110000 33000.0 9.79E-09 

I-132 82000 24600.0 0.00E+00 

I-133 210000 63000.0 2.30E-58 

I-134 30000 9000.0 0.00E+00 

I-135 140000 42000.0 8.33E-179 

Ag110m 1700 510.0 1.03E-04 

Co-58 10000 3000.0 1.96E-04 

Co-60 580 174.0 5.19E-05 

Cr-51 9500 2850.0 1.61E-05 

Cs-134 34000 10200.0 2.78E-03 

Cs-136 37000 11100.0 7.01E-07 

Cs-137 25000 7500.0 2.34E-03 

Cs-138 100000 30000.0 0.00E+00 

Fe-59 360 108.0 2.77E-06 

Mn-54 1400 420.0 9.28E-05 

Ni-63 3100 930.0 2.93E-04 

Sb-122 1100 330.0 1.12E-22 

Sb-124 560 168.0 8.33E-06 

Sb-125 100 30.0 8.48E-06 

Sr-89 3000 900.0 3.13E-05 

Sr-90 19 5.7 1.78E-06 

The radioactivity concentrations in fish, shellfish (crustaceans and molluscs) and 

seaweed were determined by multiplying the seawater activity concentration by the 

appropriate concentration factors (CF’s). For example, for fish: 

Where: 

CFish is the activity concentration of the radionuclide in fish (Bq/kg) 

CSeawater is the activity concentration of the radionuclide in seawater (Bq/kg) 

CF is the concentration factor 

The concentration factors used were the same as those used in the routine discharge 

(DORIS) modelling in PC-CREAM-08 (Smith & Simmonds, 2009).The majority of these 

concentration factors are from IAEA (IAEA, 1985) with a full list of references available 

from the Smith & Simmonds (2009). 
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Similarly, the radioactivity concentrations in sediments were determined using the same 

sediment concentration factors for coastal compartments as in the DORIS model from 

PC-CREAM-08. The activity concentrations in sediments were determined by multiplying 

the radioactivity concentration in seawater by the sediment concentration factor (kd): 

Where: 

CSediment is the activity concentration of the radionuclide in sediment (Bq kg-1 wet) 

CSeawater is the activity concentration of the radionuclide in seawater (Bq kg-1) 

Kd is the sediment concentration factor 

5.3.3 Radiation doses predicted for the different release scenarios 

Radiation doses to the same three consumer groups (Group A, Group B and a typical 

seafood consumer) were assessed using the equations presented in Appendix 3. The 

three separate discharge scenarios were considered (MST1 to 3); a summary of the 

radiation doses calculated is given in Table 39. 

Table 39. Radiation doses to different population groups (Dundalk) after one year 

Non-routine release scenario Total radiation dose after one year (µSv) 
Group A Group B Typical Consumer 

MST1 0.013 0.010 0.004 

MST2 733 330 354 

MST3 0.35 0.94 0.75 

In the assessment it was assumed that all of seafood consumed by each of the 

population groups came from the local area. This assumption is accurate for Groups A 

and B as the habits survey consumption data are based on fish, crustaceans and 

molluscs caught in the western Irish Sea or sourced from aquaculture areas along the 

east coast of Ireland. However, this assumption will likely lead to an overestimate of the 

radiation dose for the typical seafood consumer as this group’s seafood consumption will 

include frozen, tinned and processed seafood coming from outside the Irish Sea.  

The radiation doses calculated for the three population groups for MST1 (one year’s 

discharges released within one week) can be compared to those calculated for routine 

discharges to sea from Wylfa (Table 13). For example, the radiation doses to Group A are 

0.013 µSv after one year (MST1) and 0.0381 µSv/y (routine discharges). While it would 

not be expected that the two values would match as they are based on different 

assumptions and different marine dispersion models, the fact that the radiation doses 

are of the same order of magnitude suggests that the assumptions used in the 

assessment of the non-routine modelling (conservative behaviour of radionuclides until 

reaching the Irish coast and fish and shellfish consumed coming from the Irish coastline, 
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as compared to from across the western Irish Sea) have not significantly altered the 

results of the assessment or its findings. 

 

MST1 – One year of routine liquid discharges released at once 

The radiation doses determined for each of the consumer groups arising from this 

discharge scenario are extremely small and of no radiological concern. The breakdown of 

the radiation dose to Group A for MST1 indicates that the pathway of most significance is 

the ingestion of fish and crustaceans, which accounts for over 99% of the radiation dose 

(Figure 47), while the highest contributions come from carbon-14 and cobalt-60 (Figure 

48). These results were as expected given that the radionuclide profile for the release is 

the same as assumed for the annual discharges.  

 

 
Figure 47. Breakdown of radiation dose by pathway for MST1 (Group A) 

 

 
Figure 48. Breakdown of radiation dose by radionuclide for MST1 (Group A) 
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MST2 – Equivalent to Fukushima Accident 

The largest radiation dose calculated for discharge scenario 2, 733 µSv, is to Group A. 

While this is notably higher than the radiation doses calculated for the other scenarios 

considered, it is still below the annual radiation dose limit to the public for planned 

exposure situations of 1000 µSv (1 mSv), and is significantly below the radiation dose 

levels that would require protective actions in an emergency. The breakdown of the 

radiation dose to Group A for MST2 indicates that the pathway of most significance is the 

ingestion of fish and crustaceans, which accounts for nearly 99% of the radiation dose 

(Figure 49). 

Figure 49. Breakdown of radiation dose by pathway for MST2 (Group A) 

For MST2, the radionuclides of most importance from a radiation dose perspective were 

caesium-134 (411 µSv) and caesium-137 (322 µSv) with the contribution from iodine-

131 being insignificant when compared to the caesium radionuclides (1.91 x 10-4 µSv). 

This is not unexpected given the short half-life of iodine-131 and relatively long transit 

time across the Irish Sea. 
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Figure 50. Breakdown of radiation dose by radionuclide for MST2 (Group A) 

MST3 – Total volume of reactor coolant discharged at once 

The radiation doses determined for each of the consumer groups arising from this 

discharge scenario are all low, with the largest radiation dose being to Group B (0.94 

µSv). The breakdown of the radiation dose to Group B indicates that the pathway of most 

significance is gamma dose from sediment (Figure 51), which accounts for over 80% of 

the radiation dose. This difference in dominant radiation dose pathway (gamma dose 

from sediments) and population which receives the highest radiation dose (Group B) is 

explained by looking at the breakdown of radiation doses by contributing radionuclides 

Figure 52, with manganese-54 dominating. This activation product is a gamma-emitter 

with a half-life of less than one year; it is largely an external hazard.  

Figure 51. Breakdown of radiation dose by pathway for MST3 (Group B) 
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Figure 52. Breakdown of radiation dose by radionuclide for MST3 (Group B) 

 

Thus, the assessment of the potential impact showed that even for a significant release 

to the Irish Sea (equivalent to the amount of radioactivity entering the Pacific Ocean as a 

result of the Fukushima Accident), the predicted radiation doses in Ireland after one year 

did not exceed the annual radiation dose limits to the public. Based on this, no protective 

actions, other than enhanced monitoring of the marine environment, would be required.
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6 Conclusions 

This report describes the findings of the RPII’s assessment of the potential impacts on 

Ireland of the UK’s New Build Programme.  

 

Routine discharges: 

The operation of the proposed nuclear power plants will certainly result in the discharge 

of radioactivity to the environment. Ongoing discharges of radioactivity to air and sea 

from the proposed nuclear plants have been estimated using the ‘worst case’ annual 

discharge data for the proposed nuclear power plant designs. These assumed discharges 

were then used as inputs to models that predict the transfer of radioactivity through the 

environment.  

 

For the routine discharges the assessment considered constant, continuous discharges 

to air and sea over a 50 year period. For discharges to air this was achieved by 

calculating the average annual transfer of radioactivity to Ireland using 21 years of 

meteorological data to allow for changing weather patterns. For discharges to sea, a 

compartment model that is based on average seawater circulation patterns in the Irish 

Sea was used.  Data from this prediction modelling was then used to calculate potential 

environmental concentrations for the range of radionuclides that may be discharged, and 

the consequential radiation doses to people in Ireland. 

 

Assessing the total radiation dose to a person in Ireland from the New Build Programme 

required assumptions to be made on the number of reactors that would be built each 

site and the number of sites that would ultimately be developed. The total annual 

radiation dose was calculated based on the radiation doses calculated for each nuclear 

power plant location scaled up by the assumed number of reactors to be built at each 

site. It was found that the radiation doses would be dominated by the discharges from 

the proposed site at Wylfa in north Wales. This is not unexpected given that the Wylfa is 

the closest site to the Irish coast.   

 

The total annual dose calculated for the potentially most exposed population groups for 

routine discharges from all eight sites was estimated at approximately 0.5 µSv/y. This is 

well within the radiation dose limit for a member of the public for non-medical man-made 

sources of radiation (1000 µSv/y). It would also represent an insignificant addition to the 

typical radiation dose to people in Ireland of around 4000 µSv/y. 

 

Nuclear accidents: 

While the routine operation of the proposed nuclear power plants will certainly result in 

some level of discharge of radioactivity to the environment, the fundamental design 

goals for nuclear power reactors include prevention of accidents and accidental releases 

of radioactivity to the environment. However, the possibility remains, albeit unlikely, of a 

severe nuclear accident occurring at any of the proposed nuclear power plants and this 
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could lead to significant releases of radioactivity to the environment. Due to the immense 

heat and pressure under which nuclear power plants operate, as compared to other 

nuclear facilities such as reprocessing plants, a severe accident at a nuclear power plant, 

particularly if combined with a loss of the containment structures around the reactor 

core, can result in a high-energy release of radioactivity. The higher the energy 

associated with the release, the further the radioactivity can be dispersed and, thus, the 

larger area and distance from the site that can be contaminated. If such an event were to 

occur at any of the proposed nuclear power plants and if the weather conditions at the 

time were such that the radioactivity was transported in the direction of Ireland, this 

could lead to contamination of the Irish environment and to radiation doses to people 

living in Ireland.  

 

In considering possible accident scenarios, the assessment used the results of a 2012 

US study on unlikely but severe nuclear accident sequences and the resultant potential 

radioactive releases. Five accident scenarios, and the corresponding radioactive 

releases, were identified to cover both internal (to the nuclear power plant) and external 

initiating causes. The releases are considered to be reasonable worst cases in that four 

of them represented a range of severe accidents with probabilities of occurring of 

between 1 in 50,000 per year to 1 in 30 million per year, and the final one was a 

scenario in which the nuclear power plant suffered a severe failure (core melt) but its 

safety filtration systems were assumed to remain intact.  

 

The data gathered on the potential release amounts were used as input for the RPII’s 

modelling of the potential transfer and dispersion of the radioactivity released under 

varying weather conditions. In the majority (over 90%) of weather conditions studied from 

data for 21 years, the radioactivity was not transported over the receptor point chosen on 

the east coast of Ireland (Dublin) during the 48 hours after the accidental release began, 

due to the prevailing winds being westerly/south-westerly. Assessing the impact on 

Ireland on those occasions when the wind was blowing the radioactivity directly towards 

Ireland, the radiation doses to people varied significantly depending on rainfall levels as 

the radioactive plume passed over Ireland and also on the amount of radioactivity 

released in the particular accident scenario. 

 

The most severe accident scenario considered, a Loss Of Coolant Accident (LOCA) 

combined with bypass of the reactor containment leading to significant releases of 

radioactivity to the air, had an estimated 1 in 33 million chance of happening in any 

given year. Combining this release scenario (or source term) for an accident at the 

proposed nuclear power plant location with the largest potential impact on Ireland (Wylfa, 

north Wales) and with a weather pattern which would maximise the impacts in Ireland 

(such weather conditions were found to occur less than 1% of the time for the 21 years 

studied) led to predicted radiation doses of approximately 18,000 µSv to someone 

remaining outdoors throughout the period when the radioactive plume passed over the 

east coast of Ireland. While such a radiation dose is considerably higher than that 

incurred from the routine discharges to the environment, it would not cause observable 
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health effects. It is high enough however that the appropriate protective action would be 

to advise people to stay indoors as much as possible during the 24 to 48 hours when the 

plume was passing directly over Ireland. Staying indoors for this period could lead to 

significant reductions of up to 80% in the radiation dose.  

Cumulative radiation doses to people in Ireland one week and one year after the 

postulated accident were also calculated; the cumulative radiation doses after one year 

were seen to be dominated by ingestion of contaminated food. The predicted radiation 

doses from ingestion of contaminated foods were calculated to be 381,000 µSv in the 

year after the postulated accident for the most severe accidental release/’worst case’ 

weather combination. This level of radiation dose would be unacceptably high and could 

be expected to lead to an observable increase in cancers (an approximately 2% increase 

in the risk of developing a cancer) in the decades following such an accident if 

appropriate protective actions were not taken. However the timely introduction of 

appropriate agricultural management actions and food controls, as envisaged in the 

National Emergency Plan for Nuclear Accidents, would substantially reduce most of this 

radiation dose. While these controls have been shown to be very effective in controlling 

radioactivity levels in foods for sale, radiation doses to people, and hence health 

impacts, they do have significant socio-economic implications and costs, possibly lasting 

for months or years following such an accident. Depending on the time of year, the 

foodstuffs most quickly affected would be leafy vegetables grown in the open and milk, 

with meat potentially being affected after a number of weeks or months. 

The impacts from each of the five accident scenarios considered are summarised in 

Table 40. 

The findings from this assessment will be used both for RPII’s role to assess the radiation 

doses received by the Irish population and also to inform the RPII’s, and Ireland’s, 

emergency planning arrangements for nuclear accidents. Due to Ireland’s distance from 

overseas nuclear facilities, ingestion of food containing elevated levels of radionuclides 

has long been considered by the RPII to be the most significant potential exposure 

pathway to the population in the event of a large scale nuclear incident with the potential 

to contaminate a wide area of the country. This has been confirmed by the results of this 

assessment. It is clear that the most appropriate protective actions for Ireland in the 

event of a nuclear accident in the UK are food controls and agricultural measures, with 

the additional advisory of staying indoors for up to two days being appropriate in the case 

of more severe nuclear accidents. In none of the accident scenarios studied, even the 

most severe one, was evacuation from the east coast of Ireland found to an appropriate 

action to take.  
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Table 40. Summary of impacts on Ireland from accident scenarios considered 

Type of accident 

assessed 

Chance of 

occurrence 

Health impact 

in Ireland 

Other impacts in Ireland 

ST1: Severe 

accident caused 

by loss of external 

power (battery 

backups operate 

safety systems for 

about 4 hours). 

1 in 50,000 

per year 

No observable 

health effects 

No short-term protective actions would be required 

Some food controls (or temporary agricultural 

protective actions) would likely be needed for a 

period of days to weeks.  

Additional monitoring of the environment and food 

required in the months following the accident. 

ST2: Severe 

accident caused 

by loss of all 

power (battery 

backups also 

assumed to fail 

therefore, all 

safety systems 

quickly become 

inoperable).  

1 in 500,000 

per year 

No observable 

health effects 

No short-term protective actions would be required. 

Some food controls would be needed for a number 

of weeks together with agricultural protective 

actions for a period of months. These measures 

would have high socio-economic costs. 

Additional monitoring of the environment and food 

required in the months to years following the 

accident. 

ST3: Severe 

accident caused 

by loss of power 

combined with 

bypass of the 

containment due 

to rupture of a 

steam generator 

tube. 

1 in 2.5 

million per 

year 

No observable 

health effects 

No short-term protective actions would be required. 

Some food controls would be needed for a number 

of weeks together with agricultural protective 

actions for a period of months. These measures 

would have high socio-economic costs.  

Additional monitoring of the environment and food 

required in the years following the accident. 

ST4: Severe 

accident with loss 

of coolant 

combined with 

bypass of the 

containment.  

1 in 33 

million per 

year 

Long term risk 

of an increase 

in cancer rates 

if the planned 

food controls 

and 

agriculture 

protective 

actions are not 

put in place 

People would be advised to stay indoors as much 

as possible during the passage of the plume (24 to 

48 hours). 

Food controls and/or long-term changes in farming 

practices would be required to ensure that long-

term radiation doses from contaminated food 

would not reach levels that could increase cancer 

risks to the population. These measures would 

have high socio-economic costs. 

Additional monitoring of the environment and food 

required in the years to decades following the 

accident. 

ST5: accident with 

loss of coolant 

and core 

meltdown but 

largely functioning 

safety filtration 

systems.   

1 in a million No observable 

health effects 

No short-term protective actions would be required. 

No food controls or agricultural protective actions 

would be needed. Despite this, perceived 

contamination of food might lead to loss of 

consumer confidence in Irish food products for a 

period. 

No additional monitoring would be required beyond 

the immediate period after the accident for health 

protection reasons but could be required to support 

the Irish agri-food industry.  
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Non-routine release to the Irish Sea 

A numerical model was used to predict transport of the discharge plume within the Irish 

Sea and transit times for three different non-routine release scenarios were determined.   

The assessment showed that of the five proposed sites on the Irish Sea coast, a release 

from Wylfa would potentially have the largest impact on Ireland one of the largest 

sources of contamination on the east coast of Ireland due to its proximity to the Irish 

coastline and due to the influence of the Western Irish Sea Gyre Releases from Hinkley 

Point and Oldbury would have the lowest impact. 

The assessment of the potential impact showed that even for a significant release to the 

Irish Sea (equivalent to the amount of radioactivity entering the Pacific Ocean as a result 

of the Fukushima Accident), the predicted radiation doses in Ireland (after one year) did 

not exceed the annual radiation dose limits to the public. Based on this, no protective 

actions, other than enhanced monitoring of the marine environment, would be required. 
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8 Glossary of Terms 

Absorbed Dose: Quantity of energy imparted by the ionising radiation to unit mass of 

matter such as tissue. It is measured in grays (Gy). One Gy produces different biological 

effects on tissue depending on the type of radiation (alpha, beta or gamma). 

Activity: Activity is a measure of the rate at which nuclear disintegration occurs. The unit 

of activity is the becquerel (Bq). One Bq is equivalent to one disintegration per second. 

AP1000: Advanced Passive 1000 reactor. 

ARGOS: Accident Report and Guiding Operational System Decision Support System for 

crisis and emergency management for incidents with chemical, biological, radiological, 

and nuclear releases. 

BWR: Boiling water reactor. A type of nuclear reactor. 

CDF: Core Damage Frequency. An expression of the likelihood that, given the way a 

reactor is designed and operated, an accident could cause the fuel in the reactor to be 

damaged. 

Cloudshine: external radiation exposure from radionuclides in the air. 

Committed Effective Dose: Total dose gradually delivered to an individual over a given 

period of time by the decay of a radionuclide following its intake into the body. The 

integration time is usually taken as 50 years for adults and 70 years for children. 

Conversion: Conversion of uranium ore (yellowcake) into uranium hexafluoride. 

Core melt accident: An event or sequence of events that result in the melting of part of 

the fuel in the reactor core. 

Decommissioning: Actions are taken at the end of the operating lifetime of a facility (e.g., 

nuclear power plant) to retire it from service. 

Dry deposition: The falling of small particles and gases to the Earth without rain or snow. 

ECMWF: European Centre for Medium-Range Weather Forecasts  

ECOSYS: a computer model for simulation of contamination of the food chain and 

assessment of radiation doses following a nuclear or radiological emergency. 

Effective Dose: Weighted sum of the equivalent doses to the various organs and tissues. 

The weighting factor for each organ or tissue takes account of the fractional contribution 

of the risk of death or serious genetic defect from irradiation of that organ or tissue to 

the total risk from uniform irradiation of the whole body. The unit of effective dose is the 

sievert (Sv). 

Enrichment: Process used to increase the relative concentration of uranium-235 in 

uranium hexafluoride. 

EPR: Evolutionary/European Pressurised Reactor. 

Equivalent Dose: The quantity obtained by multiplying the absorbed dose by a factor 

representing the different effectiveness of the various types of radiation in causing harm 

to tissues. It is measured in sieverts (Sv). One Sv produces the same biological effect 

irrespective of the type of the radiation. 

External events: Events unconnected with the operation of a facility that could have an 

effect on its safety of the facility. Typical examples of external events for nuclear facilities 

include earthquakes, tornadoes, tsunamis and aircraft crashes. 
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Fuel fabrication: Process to convert enriched uranium hexafluoride into fuel for nuclear 

reactors. 

GDA: Generic Design Assessment. Process being used by the UK nuclear regulators to 

assess the suitability of reactor designs to operate in the UK. 

Gigabecquerel (GBq): 1,000,000,000 Bq (unit used to express activity) 

Groundshine: external radiation exposure from radionuclides on the ground. 

Group A: Population group (commercial fishermen) based on the north-east coast of 

Ireland who consume large amounts of fish and crustaceans 

Group B: Population group (commercial oyster and mussel farmers) working along the 

north-east coast of Ireland who consume large amounts of molluscs 

Half-life: The time taken for the activity of a radionuclide to lose half its value by decay. 

HIRLAM: High Resolution Limited Area Model. A Numerical Weather Prediction forecast 

system developed by the international HIRLAM programme (which include Met Éireann). 

Hydrodynamic model: A computer tool that can describe or represent in some way the 

motion of water. 

HYSPLIT: A computer model for simulating air parcel trajectories, dispersion and 

deposition  

LOCA: Loss of coolant accident. 

Microsievert: 0.000001 sievert (unit used to express radiation dose) 

MPL: Maximum permitted level of radioactive contamination in foodstuffs following a 

nuclear accident or any other case of radiological emergency (as set down in EC 

Regulations). 

New Build Programme: UK Government proposal for the development of up to eight new 

nuclear power plants (each with two or more reactors) in England and Wales by the year 

2025 

Nuclear power plant: electricity generating facility that uses nuclear fission so as 

to generate heat (a nuclear power plant may consist of more than one reactor) 

Nuclear reprocessing plant: a facility which extracts radioactive isotopes from spent fuel 

for further use. 

PC-CREAM-08: A set of computer models for performing radiological impact assessments 

of routine and continuous discharges of radionuclides to the environment 

POM Hydrodynamic model: Princeton Ocean Model (POM), an ocean computer model 

used for simulating circulation and mixing processes in the aquatic environment 

PWR: Pressurised water reactor. A type of nuclear reactor. 

Radiation dose limit: The value of the radiation dose to individuals from non-medical 

man-made sources of radiation that shall not be exceeded 

Radionuclide: An unstable nuclide that emits ionising radiation. The emissions may be 

either alpha, beta or gamma radiation. 

Radiotoxicity: A measure of the dose per becquerel resulting from the ingestion of a 

particular radionuclide. 

Reference group: A subset of the population representative of those people likely to 

receive the highest radiation doses. 
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RIMPUFF: a computer model for simulating air parcel trajectories, dispersion and 

deposition 

Severe accident: A type of accident that may challenge safety systems at a level much 

higher than designed for. 

Sheltering: Staying indoors for a short period of time 

SOARCA: State-of-the-Art Reactor Consequence Analyses. A US Nuclear Regulatory 

Commission project to develop best estimates of the offsite radiological health 

consequences for potential severe reactor accidents. 

Source term: Types and amounts of radioactive or hazardous material released to the 

environment following an accident (also includes conditions describing the release). 

Spent fuel: Nuclear fuel removed from a reactor following irradiation that is no longer 

usable 

TIAC: Time integrated air concentration of radionuclides 

Transients: A change in the reactor coolant system temperature, pressure, or both, 

attributed to a change in the reactor’s power output. One cause of transients is the 

development of accident conditions. 

Wet deposition: The process by which particles are removed from the atmosphere and 

deposited on the Earth's surface via rain and other forms of precipitation. 
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Appendix 1: Data on discharges from existing UK nuclear installations 

and corresponding environmental concentrations  

 

The current marine and atmospheric radioactive discharges of key radionuclides from 

nuclear installations impacting on the Irish environment are presented in this appendix. 

In addition, the resulting environmental concentrations and doses of key radionuclides 

are reported. These radionuclides, along with their half-lives (DDEP, 2011) and dose 

coefficients for adults (ICRP, 1996) are outlined in Table 41. 

 

Table 41. Key radionuclides currently discharged from nuclear facilities in the UK 

Radionuclide Half life Dose Coefficient (Sv/Bq) 
Inhalation Ingestion 

Tritium 12.31 y 1.8E-11 1.8E-11 
Carbon-14 5730 y 2.0E-9 5.8E-10 
Iodine-131 8.02 d 7.4E-9 2.2E-8 
Caesium-134 2.07 y 6.6E-9 1.9E-8 
Caesium-137 30.05 y 4.6E-9 1.3E-8 
Technetium-99 211 000 y 4.0E-9 6.4E-10 
Plutonium-238 87.74 y 4.6E-5 2.3E-7 
Plutonium-239 24 100 y 5.0E-5 2.5E-7 
Plutonium-240 6561 y 5.0E-5 2.5E-7 
Americium-241 432.6 y 4.2E-5 2.0E-7 
Strontium-90 28.8 y 3.6E-8 2.8E-8 

 

Marine Discharges 

The primary source of radioactivity in the Irish marine environment is of natural origin. 

However, there is also anthropogenic radioactivity in the Irish marine environment arising 

from discharges from nuclear facilities, fallout from weapons testing and nuclear 

accidents such as Chernobyl and discharges of short-lived radionuclides for medical and 

scientific research purposes. The most significant source of artificial radioactivity in the 

Irish marine environment is from the Sellafield reprocessing plant. The principal activities 

at Sellafield include fuel reprocessing, spent fuel storage, vitrification of high level 

radioactive wastes, decommissioning of obsolete plants and storage of reprocessed 

plutonium. The quantities of various radionuclides discharged from Sellafield into the 

Irish Sea in 2009 are presented in Table 42 (RIFE, 2012). 

 

Liquid discharges from Sellafield to the marine environment began in the early 1950s 

and were relatively low until the early to mid-1970s, when considerably larger discharges 

occurred (Gray, et al., 1995).  Discharges then decreased during the late 1970s and 

early 1980s when the practice of discharging the liquid waste known as medium active 

concentrate (MAC) and cooling pond water directly to sea was halted.  The 

commissioning of the Site Ion Exchange Effluent Plant and the Salt Evaporator waste 

treatment facility resulted in a substantial reduction in discharges in the mid-1980s.   
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Table 42. Discharges from Sellafield into the Irish Sea, 2011 

Radionuclides Discharges (GBq) 

Alpha-emitting radionuclides 117 

Beta-emitting radionuclides 15200 

Tritium 2070000 

Carbon-14 6390 

Cobalt-60 65 

Strontium-90 1930 

Zirconium-95 + Niobium-95 187 

Technetium-99 1590 

Ruthenium-106 2040 

Iodine-129 400 

Caesium-134 95 

Ceasium-137 5860 

Cerium-144 471 

Neptunium-237 43 

Plutonium (alpha) 106 

Plutonium-241 2410 

Americium-241 32 

Curium-243+244 3.9 

Uranium (in kg) 318000 

 

 

In addition to the discharges to the Irish Sea from the Sellafield reprocessing plant, there 

are a number of other nuclear licensed sites that discharge radioactivity to sea. These 

nuclear licensed sites include nuclear power plants both operating nuclear power plants 

and shutdown nuclear power plants that are being decommissioned; Table 43 lists the 

currently operating nuclear power plants and when they are expected to shut down.  

Table 44 gives the principal discharges to sea for 2011 for those nuclear power plant 

sites situated along the Irish Sea coast (RIFE, 2012). 
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Table 43. List of current operating nuclear power plants in the UK 

Nuclear Power 

Plant 
Reactor 

Type 
Present capacity (MWe net) First power Expected 

shutdown 

Wylfa 2 Magnox 2 x 490 1971 2014 
Dungeness B 1&2 AGR 2 x 545 1983 & 

1985 
2018 

Hartlepool 1&2 AGR 2 x 595 1983 & 

1984 
2019 

Heysham I-1 & I-2 AGR 2 x 580 1983 & 

1984 
2019 

Heysham II-1 & II-2 AGR 2 x 615 1988 2023 
Hinkley Point B 

1&2 
AGR 2 x 610, but operating at 70% 

(430 MWe) 
1976 2016 

Hunterston B 1&2 AGR 2 x 610, but operating at 70% 

(420 MWe) 
1976 & 

1977 
2016 

Torness 1&2 AGR 2 x 625 1988 & 

1989 
2023 

Sizewell B PWR 1188 1995 2035 

Table 44. Discharges from current operating nuclear power plants to the Irish Sea, 2011 

Nuclear Power Plant Radionuclides Discharges (GBq) 

Berkeley 
(being decommissioned) 

Tritium 3.84 
Caesium-137 0.0973 
Other radionuclides 0.214 

Heysham 1 Tritium 418000 
Sulphur-35 507 
Cobalt-60 0.228 
Caesium-137 1.44 
Other radionuclides 4.79 

Heysham 2 Tritium 313000 
Sulphur-35 31.9 
Cobalt-60 0.0655 
Caesium-137 0.952 
Other radionuclides 10.5 

Hinkley Point A Tritium 27.9 
Caesium-137 24 
Other radionuclides 100 

Hinkley Point B Tritium 135000 
Sulphur-35 248 
Cobalt-60 0.151 
Caesium-137 1.86 
Other radionuclides 3.57 

Oldbury Tritium 234 
Caesium-137 196 
Other radionuclides 97.8 

Trawsfynydd 
(being decommissioned) 

Tritium 1.37 
Caesium-137 0.39 
Other radionuclides 0.82 

Wylfa Tritium 6900 
Other radionuclides 6.23 
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Other nuclear licensed sites in the UK that discharge anthropogenic radioactivity into the 

Irish marine environment include two nuclear fuel production and processing plants at 

Capenhurst and Springfields and radiochemical production and defence establishments 

at Cardiff and Barrow respectively. Table 45 gives the principal discharges of liquid 

radioactive waste from these facilities in 2011 (RIFE, 2012).  The impacts on the Irish 

environment from the other European nuclear facilities are negligible due to either much 

lower discharges or, in the case of La Hague reprocessing plant, due to prevailing water 

circulation patterns which transport the discharged radionuclides away from the Irish 

coastline.  

 

Table 45. Discharges from other nuclear establishments into the Irish Sea, 2011. 

Nuclear facility Radionuclides Discharges (GBq) 

Capenhurst Uranium 0.0051 

 Uranium daughters 0.0064 

 Non-uranic alpha 0.0156 

 Technetium-99 0.0052 

Springfields Alpha 22 

 Beta 4990 

 Technetium-99 95.2 

 Thorium-230 1.6 

 Thorium-232 0.16 

  Neptunium-237 0.58 

 Other transuranic radionuclides 1.53 

 Uranium 16.5 

Cardiff Tritium 165 

 Carbon-14 1.53 

Barrow Tritium 0.0013 

 Other gamma emitting radionuclides 2.11E-05 

 

The main source of discharges of radioactivity to the marine environment from Irish 

facilities is disposal, via the sewage system, of radioisotopes administered to patients in 

the nuclear medicine departments of hospitals. Of the several radionuclides used, iodine-

131 (8-day half-life) was the only one present in measureable quantities (Akinmboni, et 

al., 2005).  

 

Concentrations in the Irish environment 

The anthropogenic radionuclides in the Irish Sea of greatest interest from a radiation 

dose point of view are caesium-137, technetium-99 and isotopes of plutonium.  The RPII 

monitors the levels of key radionuclides in seawater and seaweed to assess the 

geographical and temporal trends of these radionuclides in the Irish marine environment. 

Caesium-137 is also measured in sediment samples taken on beaches and in the Irish 

Sea. Radioactivity levels are also measured in seafood landed or farmed along the north 

east coast of Ireland to determine the ingestion dose to the Irish public (see Table 46).   
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Table 46. Activity concentrations of key radionuclides in fish and shellfish from the north-

east coast of Ireland (2011) 

 
Activity concentration (Bq/kg, fresh weight) 

Tc-99 Cs-137 Pu-238 Pu-239,240 Am-241 
Fish nd 0.27 - - - 
Lobster nd 0.49 nd nd - 
Mussels nd 0.17 0.0087 0.0498 0.0111 
Oysters nd 0.10 0.0091 0.0560 0.0083 
Prawns nd 0.07 nd nd - 
Winkles nd 0.41 0.0021 0.1301 0.0241 
Molluscs 1.99 0.23 0.0066 0.0786 0.0136 
Crustaceans 1.99 0.28 - - - 

nd = not detected (the sample was analysed but was below the limit of detection) 

 

The most exposed groups of individuals to discharges from Sellafield have been 

identified as commercial fishermen (Group A) and commercial oyster and mussel farmers 

(Group B) working along the north east coastline and their families. The doses (not 

including doses from carbon-14) currently received by Groups A and B are estimated to 

0.12 µSv and 0.56 µSv; the notional typical consumer of seafood receiving 0.07 µSv 

(McGinnity, et al., 2012). 

 

In comparison with the current discharge levels, the remobilisation of radioactivity stored 

in the seabed sediments of the Irish Sea from historical discharges from Sellafield is 

becoming a substantial source of radioactivity to anthropogenic radioactivity to the Irish 

Sea (Hunt & Kershaw, 1990; Cook, et al., 1997; McCubbin, et al., 1999).  

 

Discharges to air 

The sources of anthropogenic airborne radioactivity in the Irish environment arise from 

atmospheric nuclear weapons testing, accidents at nuclear installations and aerial 

discharges from the routine operation of nuclear installations. More than 500 

atmospheric nuclear weapons tests took place from 1945 until 1980, releasing artificial 

radioactive materials directly into the atmosphere. These radionuclides included tritium, 

carbon-14, strontium-90, caesium-137, plutonium-238, plutonium-239 and plutonium-

240. The inventories and deposition patterns in Ireland of weapons derived 

radionuclides have previously been published (Ryan, 1992; Ryan, et al., 1993). Accidents 

at nuclear installations are another source of anthropogenic radionuclides in the 

environment. Radiocaesium was widely dispersed in the Irish environment and was 

found to be present in air, soil, vegetation, and milk following the Chernobyl accident in 

1986. More recently, trace levels of iodine-131 were measured in the Irish environment 

in the weeks following the accident at Fukushima in 2011. 

 

Nuclear sites in the UK and Europe also discharge radioactive waste as gas as part of 

their routine operations. Like liquid discharges the highest aerial discharges are from the 

Sellafield site. Table 47 outlines the aerial discharges from Sellafield in 2011 (RIFE, 

2012). 
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Table 47. Principal discharges to air from Sellafield (2011) 

Radionuclides Discharges (GBq) 

Alpha 0.0897 
Beta 1.28 
Tritium 97,900 
Carbon-14 396 
Krypton-85 64,300,000 
Strontium-90 0.0331 
Ruthenium-106 0.717 
Antimony-125 5.73 
Iodine-129 12.2 
Iodine-131 0.447 
Caesium-137 0.0934 
Plutonium alpha 0.0158 
Plutonium-241 0.136 
Americium-241 and curium-242 0.0163 

 

In addition to Sellafield, there are 30 other licensed nuclear sites in the UK that 

discharge gaseous radionuclide waste into the environment. These sites are shown in 

Figure 53. Details on the discharges to air from all these sites are given in the RIFE 

report (2012). 

 

 

Figure 53. Map of nuclear facilities in the UK 
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Gaseous discharges from the AREVA NC - La Hague reprocessing site, located on the La 

Hague peninsula in the north-west of France, has an impact on the levels of airborne 

radioactivity detected in Ireland. Table 48 outlines the aerial discharges from this facility 

in 2009 (Areva NC, 2010). 

 

Table 48. Gaseous discharges to the environment from the La Hague plant, (2009). 

Radionuclides Discharges (GBq) 

Tritium 4.74E+04 

Radioactive Iodine 4.80E+00 

Radioactive Noble Gases including Kr-85 1.96E+08 

Carbon-14 1.45E+04 

Other gamma and beta emitters 1.03E-01 

Alpha emitters 1.90E-03 

 

The discharges of krypton-85 from this site are currently the largest artificial source of 

this radionuclide to the atmosphere globally. The results of krypton-85 measurements 

carried out by the RPII at Clonskeagh in Dublin indicate that the levels of krypton-85 over 

Ireland increased from 0.96 ± 0.03 Bq/m3 in late 1993 to 1.42 ± 0.08 Bq/m3 in 2004 

(RPII, 2008) and these levels are consistent with other krypton-85 background values 

reported in the northern hemisphere (Smith, 2010). In addition, analysis of this krypton-

85 monitoring data, along with additional backward air trajectory modelling, indicates 

that the levels of krypton-85 concentrations observed in Ireland are influenced by 

gaseous discharges from the AREVA NC - La Hague plant (Smith, et al., 2005). 

 

The RPII continuously assesses the level of radioactivity in the Irish environment through 

collection of aerosol and rainwater samples, the measurement of ambient gamma dose 

rates and the sampling and analysis of drinking water and milk samples. The data from 

this monitoring is available on the RPII’s website (www.rpii.ie). 



127 

 

Appendix 2: Determination of potential discharge figures for the ‘generic 

reactor’ 

This appendix outlines how the discharge figures for the ‘generic reactor’ used in the 

assessment of routine discharges to air and sea were determined. The figures for both 

discharges to air and sea of the 'generic reactor' were based on the EPR and AP1000 

GDA documents (AREVA NP & EDF, 2009; Westinghouse, 2009). 

 

EPR design: Two types of routine discharges were presented in the EPR’s GDA 

documents. 

1. Expected performance excluding contingencies 

These were noted by the vendors as realistic discharges under normal operating 

conditions without significant contingencies and were noted in the GDA documents as 

equivalent to the lowest annual discharges that can be expected from one EPR unit 

during all phases of normal operation of the reactor24 including start-up and shut down 

phases. According to the GDA documents, the figures for this type of discharges were 

derived from operating experience feedback (OEF) from existing 1,300 MWe French 

facilities gathered for the period 2001 to 2003. An EPR design-based improvement 

factor is then applied (except for H-3 and C-14 for which assessments are theoretical and 

mainly based on source term estimates).  

2. Maximum annual activity 

Once the expected performance without contingencies is determined, the impact of 

contingencies25 on the discharged activity is estimated, on the basis of (1) OEF data (2) 

site management factors26 and (3) additional OEF data from sites known to have 

encountered contingencies e.g. fuel leaks. This type of discharges estimates the 

maximum discharges under normal operating contingencies and transients27.  

 

Large differences between the two types of discharges for a same radionuclide are 

indicative of discharges that are very closely dependent on known (or unknown) 

operating contingencies and site management strategies.  

 

AP1000 design: Three types of routine discharges are presented in the AP1000’s GDA 

documents. 

1. Predicted (or expected) annual average 

The annual discharges presented in the GDA documents were based on historical data 

from existing plants to provide monthly discharges28 over an 18-month fuel cycle (i.e. 

sum of the discharges from month 1 to 18, divided by 18 and multiplied by 12 equals 

                                                 
24 This level of discharge requires that all systems function to their optimised level and that no contingency 

or operational failure is encountered. 
25 These contingencies are intended to cover all foreseeable situations likely to be encountered during 

normal operation. 
26 Based on the Penly site. 
27 Transients taken into account (e.g. small leaks or adaptation of water chemistry to meet operating 

requirements) do not fall in the incident or accident domain.  
28 PCER Tables 6.1-3 (also in UKP-GW-GL-028, Rev. 1, Table 4-3) for monthly discharges over an 18-month 

fuel cycle. 
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predicted (or expected) annual average); this monthly breakdown accounts for periods of 

start-up, shutdown and maintenance. 

2. Representative average 12-month plant discharge (D)

To allow for periods when discharge is likely to be higher than the predicted annual 

average, the 12 months at the end of the 18-month cycle (i.e. months 7 to 1829) are 

used instead of the full 18 months (i.e. sum of the discharges from month 7 to 18 equals 

D). ‘Faulty plant operation’30 is not taken into account in this type of discharge. 

3. Worst-Case Plant Discharge (WCPD)

WCPD is approximately equals to 1.5 x 1.1 x D. The factor 1.5 is as defined by the 

Environment Agency and 1.1 is a factor to allow for ageing of the reactor.  

Based on the above descriptions and for the purpose of this assessment, the maximum 

annual activity for EPR and the Worst-Case Plant Discharge (or WCPD) for AP1000 were 

considered comparable and used to define the releases from the ‘generic reactor’. 

The data on discharges to air are presented in Table 49 and for discharges to sea in 

Table 50. 

Table 49. Derivation of annual discharges to air for the 'generic reactor' 

Group Individual 

radionuclide 
EPR (Maximum 

annual activity) 
AP1000 

(WCPD) 
Generic 

Reactor 

H-3 H-3 3000 3081 3080 
C-1431 C-14 700 1,053 1050 
Iodines I-131 0.182 0.342 0.342 

I-133 0.218 0.640 0.640 
Noble Gases Ar-41 652.5 2180 2180 

Kr-85 3128 6720 6720 
Xe-133 14,198 2200 14,198 
Xe-135 4455 4455 

Xe-131m 2910 2910 

Beta particulates 

excluding iodines 
Co-58 0.0306 0.087 

Co-60 0.0361 0.00532 0.102 
Cs-134 0.0281 0.080 

Cs-137 0.0252 0.00220 0.071 
Sr-90 0.000733 0.00073 

Sr-89 0.00183† 

Other particulates * 0.02010 
†Calculated based on ratio between Sr-89 and Sr-90 in EPR expected annual activity discharged and 

AP1000 WCPD discharge value for Sr-90 

*Includes Cr-51, Mn-54, Co-58, Sr-89, Zr-95, Nb-95, Cs-134, Ba-140 as well as other minor radionuclides

considered negligible such as Co-57, Fe-59, Ru-103, Ru-106, Sb-125, Cs-136 and Ce-141 

29 Discharges tend to increase towards the end of the fuel cycle. 
30 No definition of what this is exactly, but note that ‘normal operations’ includes irregular but anticipated 

operational events 
31 Discharges of C-14 in France are estimated based on calculations rather than routine measurements. 

The level of uncertainty on C-14 discharges might therefore not be negligible. 
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Table 50. Derivation of annual discharges to sea for the 'generic reactor' 

Group Radionuclide EPR (GBq/y) AP1000 (GBq/y) Generic Reactor 

(GBq/y) 

H-3 H-3 75,000 57,900 75,000 
C-14 C-14 95 7.3 95 
Iodines I-131 0.05 0.0328 (c) 0.05 

I-132 - 0.0438 (c) 0.0438 

I-133 - 0.0634 (c) 0.0634 

I-134 - 0.0129 (c) 0.0129 

I-135 - 0.0525 (c) 0.0525 

I-129 0.000037 

Other 

Fission 

and 

Activation 

Products 

Ag110m 0.57 0.0569 (c) 0.57 
Ba-140 - 0.0306 (c) 0.0306 
Ce-144 - 0.175 (c) 0.175 
Co-58 2.07 0.897 2.07 
Co-60 3 0.497 3 
Cr-51 - 0.101 (c) 0.101 
Cs-134 0.56 0.0166 (c) 0.56 
Cs-136 - 0.0203 (c) 0.0203 
Cs-137 0.945 0.0497 0.945 
Fe-55 - 1.06 1.06 
Fe-59 - 0.0109 (c) 0.0109 
La-140 - 0.0394 (c) 0.0394 
Mn-54 0.27 0.07 (c) 0.27 
Mo-99 - 0.0416 (c) 0.0416 
Na-24 - 0.0831 (c) 0.0831 
Nb-95 - 0.0133 (c) 0.06 
Ni-63 0.96 1.14 1.14 
Pr-144 - 0.175 (c) 0.175 
Pu-241 - 0.000178 0.000178 
Rb-88 - 0.000853 (c) 0.000853 
Ru-103 - 0.263 (c) 0.263 
Sb-124 0.49 < 0.037 0.49 
Sb-125 0.815 < 0.037 0.815 
Sr-89 - 0.00525 (c) 0.00525 
Sr-90 - 0.0005 0.000535 
Tc-99m - 0.0394 (c) 0.0394 

Te-123m 0.26 - 0.26 
W-187 - 0.00656 (c) 0.00656 
Y-91 - 0.000199 (c) 0.000199 
Zn-65 - 0.0219 (c) 0.0219 
Zr-95 - 0.0151 (c) 0.0151 
‘Others’ (EPR) 0.06  (use Nb-95) - 

‘Other minor’* (AP1000) 
- <0.000037 each 

Am-241 0.000037 

Am-243 0.000037 

As-76 0.000037 

Br-82 0.000037 
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Group Radionuclide EPR (GBq/y) AP1000 (GBq/y) Generic Reactor 

(GBq/y) 

 Cl-36   0.000037 

 Cm-242   0.000037 

 Cm-244   0.000037 

 Nb-94   0.000037 

 Np-237   0.000037 

 Pu-238   0.000037 

 Pu-239   0.000037 

 Pu-240   0.000037 

 Pu-242   0.000037 

 Rb-86   0.000037 

 Sn—117m   0.000037 

 U-234   0.000037 

 U-235   0.000037 

 U-238   0.000037 

(c) Calculated from data given in GDA submission using the annual expected discharge value, as published 

in the AP1000 documentation to which a multiplicative factor was applied. This factor was calculated as 

the average ratio between the WCPD values and the annual expected discharge values for those 

radionuclides which had both discharge values available. 

* Identical discharge value of 0.000037 GBq/y was used, this corresponds to the ‘other minor’ category 

for the AP1000. 
 

Notes on the range of radionuclides included in the discharges to air: 

 Carbon-14 (C-14): 80 to 95% of the C-14 produced in a nuclear reactor is 

discharged in the gaseous effluents. It is also the main contributor to the overall 

dose from air emissions, mainly due to its long half-life. 

 Tritium (H-3): The vast majority of the tritium produced in a nuclear reactor is 

discharged in liquid form though a non-negligible amount is also discharged to the 

atmosphere as water vapour. 

 Iodines (reactive gases): Iodine-131 and iodine-133 have been chosen to 

represent this group. While iodine-129 has a very long half-life, its low specific 

activity means that at the levels it might be expected to be discharged (based on 

discharges from currently operating nuclear power plants) means it would have a 

negligible impact on the doses to individuals. 

 Particulates: Caesium-134, caesium-137, strontium-90, strontium-89, cobalt-58 

and cobalt-60 have all been included in this group. 

 Alpha emitters: Alpha emitting radionuclides are not considered significant in 

terms of contribution to doses from discharges to air32. Westinghouse only 

includes alpha emitters in its liquid discharges and usually in negligible quantities 

(less than 0.000037 GBq/y). It seems to be EDF/AREVA’s intention to apply the 

same  standard to their reactors in the UK as in France, alpha emitting 

                                                 
32 Data for the total alpha activity routinely discharged to the atmosphere from most of EU nuclear power 

plants (PWR type) is scarce but when available, the figures are in the order of 10 -7 to 10-4 GBq/y. At such 

discharge levels, the impact in terms of doses in Ireland would be negligible. 
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radionuclides  cannot be  discharged into the environment (air or sea) during 

routine operation of nuclear power plants. 
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Appendix 3: Model assumptions and parameters 

 

This appendix includes more information on the modelling assumptions and parameters 

used.  

 

Atmospheric dispersion modelling parameters (routine discharges) 

 

Table 51: HYSPLIT parameters used for modelling discharges to air (routine) 

Group Dispersion modelling (HYSPLIT 

approach) 
Dry deposition 
(m/s1) 

In cloud (l/l) and 

below cloud (/s) 

coefficients 

Tritium Mostly released as tritiated water vapour 

or HTO (also called tritium oxide); 
Modelled as a gas (no deposition) 

0 0 

Carbon-14 Released for 80% CH4 (organic) and 20% 

CO2 (mineral); 
Modelled as a gas33 (no deposition)  

0 0 

Noble 

gases 
Modelled as gas (no deposition) 0 0 

Iodines Iodine exist in gaseous (elemental I2 and 

organic ICH3 forms) and particulate 

forms; for routine discharges however, 

no particulate should be released 

(filtered) therefore only gaseous forms 

are considered here; 
Modelled as a reactive gas with specific 

deposition velocities for elemental and 

organic form; German regulations 

assume 50% elemental – 50% organic 

1E-03 In cloud: 3.2E+04 
Below cloud: 5.0E-06 

Particulates  Modelled as aerosol particulate (1 µm 

particle size) 
1E-03 In cloud: 3.2E+04 

Below cloud: 5.0E-06 
Effective release height: 20 m assumed34 

 

Dose conversion factors used 

 When the chemical form is unknown, the chemical form with the highest dose 

conversion factor was assumed (e.g., DCF (I2) for DCFinh for iodine). 

 The dose coefficient factors used for this project are from the International 

Commission on Radiological Protection (ICRP) for inhalation (ICRP, 1995) and 

ingestion (ICRP, 1996) and from Health Canada for cloud and ground external 

exposure (Health Canada, 2007).  

                                                 
33 While in the EPR GDA, AREVA & EDF carbon-14 discharges were modelled as a particulate. Most models 

assume a gaseous form and because of the distance between Ireland and the UK, it is likely that the 

dispersion of C-14 as a gas or as particulate will not significantly affect the results. Therefore carbon-14 

routine discharges were modelled as a gas in this assessment. 
34 AREVA plan for an EPR minimum stack height of 60m with an effective stack height of 20m, while 

Westinghouse suggest an effective stack height for the AP1000 of 22.5m. 
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 The recommended default value of absorption types for radionuclides in aerosol 

form was used. 

Table 52. Main dose conversion factors used in the assessment 

Radionuclide Half-life Ding 

ingestion 

(Sv/ Bq) 

Adult  

Dinh 

inhalation 

(Sv/ Bq) 

Adult  

Dinh 

thyroid 

(Sv/Bq) 

Adult  

Dext 

cloudshine 

(Sv/s per 

Bq/m3) 

Dext 

groundshine 

(Sv/s per 

Bq/m2) 

H-3 12.3y 1.8E-11 1.8E-11 

(HTO 

vapour) 

- - - 

C-14 5730y 5.8E-10 5.8E-10 

(vapour) 
- 2.60E-18 1.27E-20 

I-131 8.04d 2.2E-08 2.0E-08 

(I2 gas) 
3.9E-07 

(I2 gas) 
1.69E-14 

(part) 
3.64E-16  

(part) 

I-133 20.8h 4.3E-09 4.0E-09 

(I2 gas) 
7.6E-08 

(I2 gas) 
2.76E-14 

(part) 
6.17E-16  

(part) 
Ar-41 1.8h - - - 6.13E-14 - 
Kr-85 10.7y - - - 2.55E-16 - 
Xe-133 5.2d - - - 1.39E-15 - 
Xe-135 9.1h - - - 1.11E-14 - 
Xe-131m 11.8d - - - 3.70E-16 - 
Co-58 70.8d 7.4E-10 1.6E-09 

(M, 1 µm) 
- 4.44E-14 9.25E-16 

Co-60 5.27y 3.4E-09 1.0E-08 

(M, 1 µm) 
- 1.19E-13 2.30E-15 

Cs-134 2.1y 1.9E-08 6.6E-09 

(F, 1 µm) 
- 7.06E-14 1.48E-15 

Cs-137 30.1y 1.3E-08 4.6E-09 

(F, 1 µm) 
- 2.55E-14* 5.51E-16 

Sr-90 29.1y 2.8E-08 3.6E-08 

(M, 1 µm) 
- 9.83E-17 1.64E-18 

Sr-89 50.5d 2.6E-09 6.1E-09 

(M, 1 µm) 
- 4.37E-16 6.86E-17 

* Includes contribution from progeny, assuming secular equilibrium 

 

Marine environment transfer parameters assumed: 

With the exception of Moorside, the nuclear power plants locations have default local 

compartment parameters in PC-CREAM-08 (Smith & Simmonds, 2009) and these default 

parameters were used when modelling discharges from these sites. For Moorside, the 

same local parameters as Sellafield were assumed. The site parameters for all locations 

are outlined in Table 53. 
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Table 53. Parameters describing local marine compartments for proposed nuclear power 

plant locations 

Location Regional 

Compartment 
Vol. 

Exchange 

Rate 
(m3/y) 

Coastline 

Length (m) 
Volume 

(m3) 
Depth 

(m) 
Sed. 

Density 
(t/m3) 

Sed. 

Rate 
(t/m2/y) 

Moorside Cumbrian 

Waters 
5.0E+11 2.0E+04 2.0E+09 20 5.0E-06 1.0E-02 

Heysham Liverpool and 

Morecambe 

Bays 

8.0E+09 1.0E+04 1.0E+08 10 1.0E-05 4.9E-3 

Wylfa Irish Sea W. 4.0E+10 1.0E+04 2.0E+09 20 1.0E-05 5.0E-03 
Oldbury Bristol Channel 4.0E+09 1.0E+04 2.0E+08 10 2.0E-04 1.0E-04 
Hinkley 

Point 
Bristol Channel 1.0E+11 3.0E+04 5.0E+09 20 1.0E-05 4.9E-03 

 

In general the default PC-CREAM-08 parameters were used for the kd values that 

describe the transfer of radioactivity from seawater to sediments, and the concentrations 

factors (CF) values that describe the transfer for radioactivity from seawater/sediment to 

biota. Examples of the default values used, as well as additional sourced for this 

assessment are presented in Table 54. 

 

Table 54. Key kd (Bq/g per Bq/cm3) and CF (Bq/g per Bq/g) values used for routine 

discharges to sea 

Element Shallow 

Water kd 
Deep 

Water kd 
Fish CF Crustacean 

CF 
Mollusc CF Seaweed 

CF 

Antimony 1E+03 5E+02 4E+02 2.5E+01 2E+01 2E+01 
Caesium 2.3E+03 2E+03 1E+02 3E+01 3E+01 5E+01 
Carbon 2E+03 2E+03 2E+04 2E+04 2E+04 1E+04 
Cobalt 2.5E+03 1E+07 1E+03 1E+04 5E+03 1E+04 
Hydrogen 1 1 1 1 1 1 
Silver 1E+03 1E+04 5E+02 5E+03 1E+04 2E+03 
Tellurium 1E+03 1E+03 1E+03 1E+03 1E+03 1E+04 
Zinc 2E+04 5E+05 2E+01 2E+02 5E+03 3E+03 
Arsenic* 1E+02 1E+02 1E+03 2E+03 2E+03 2E+03 
Bromine* 2E+01 2E+02 3 1E+01 1E+01 1E+01 
Molybdenum* 3E+04 1E+03 1E+01 1E+02 1E+02 1E+02 
Rhenium* 1E+02 1E+03 3E+01 1E+03 1E+03 3E+04 
Tungsten* 4E+03 1E+03 1E+01 1E+01 1E+02 1E+02 
Rubidium† 3E+02 3E+02 8 2E+02 2E+02 2E+02 
* Data from (HPA, 2010) †Data from NRPB (2004)  

All other data from (Smith & Simmonds, 2009) 
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Formulae used to calculate radiation doses arising from a given environmental 

concentration in the marine environment (non-routine release to sea) 

In the assessment of radiation doses due to non-routine releases to the Irish Sea, 

standard formulae were used to calculate the radiation dose resulting from a predicted 

environmental concentration. These formulae are presented below. 

 

Radiation dose from ingestion of fish, crustaceans and molluscs: 

 
 

Where: 

Ei is the individual effective dose for radionuclide i (Sv/y) 

CFood is the activity concentration in the foodstuff of interest (Bq/kg) 

IFood is the ingestion rate for the foodstuff of interest (kg/y) 

Hi is the effective dose per unit intake by ingestion for radionuclide i (Sv/Bq) 

 

The ingestion rates (IFood) used were those determined in the Habits Survey for Groups A 

and B. The effective doses per unit intake (Hi) are taken from ICRP 72. 

 

Radiation dose from the inhalation of seaspray: 

Determining the dose via inhalation used a three stage process. The first step was to 

determine the cumulative deposition of radioactivity in the soil (CSoil) arising from 

seaspray and is determined using the following: 

 
Where 

CSea is the unfiltered seawater concentration (Bq/m3) 

d is the distance inland from the mean high water mark (km) 

A, B, α and β are element dependent empirical constants. 

 

The default value for d was set to 100 metres. The values for A, B, α and β are 

dependent on the radionuclide of interest. 

 

The radioactivity concentration in air, CAir, arising from the radioactivity deposited on the 

soil is then determined using the following: 

 
Where  

CSoil is the cumulative deposition of radioactivity in the soil (Bq/m2) 

TDV is an element dependent total deposition value for the radionuclide of 

interest (m/y).  
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Finally, the dose arising from seaspray (DSeaspray) was calculated: 

 
Where  

DSeaspray is the dose to an individual from inhalation of seaspray (Sv/y) 

RInh is the inhalation rate for an individual (m3/y) 

Occ is the occupancy of an individual in a coastal area (h/y) 

DCInh is the dose coefficient for inhalation (Sv/Bq) 

 

The typical inhalation rate for an adult is 8100 m3/y and the dose coefficients for 

inhalation are taken from ICRP 72. 

 

Radiation dose from groundshine (beach sediments):  

The dose rate from beach sediments was determined using the following formulae. This 

approach, in conjunction with the appropriate occupancy factors, calculates the dose 

rates in air from gamma (Eγ) and beta (Eβ) radiation arising from beaches.  

 

The dose from gamma radiation was determined using the following formula: 

 
Where 

CSed is the activity concentration in sediment (Bq/kg) 

DTW is the dry to wet conversion factor 

GAMM is the mean gamma energy per decay (MeV) 

DFG is the gamma dose rate from sediment (µGy/h per Bq/cm3 per MeV) 

Conv is the conversion from Bq/g to Bq/kg 

0.87 is a factor used to convert from gray to sievert 

Occ is the occupancy time on sediment (h/y) 

 

A dry to wet conversion factor of 0.65 for sediment is widely used and is applied here to 

ensure consistency with the CREAM methodology. The mean gamma energy per decay 

(GAMM) is taken from ICRP 38 and the dose rate in sediment, DFG, is 0.1584 and is 

taken from Hunt (1984). 

 

The dose from beta radiation was determined by: 

 
Where  

CSed is the activity concentration in dry sediment (Bq/kg, dry) 

Dens is the density of the sediment (kg/m3) 

t is the thickness of the deposit (m) 

BD is the beta skin dose factor (Sv /y per Bq/m2) 

wt is the skin weighting factor 

Occ is the occupancy time on the sediment (h /y) 
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The density of the sediment (Dens), thickness of the deposit (t) and skin weighting 

factors (Wt) are set to the experimentally determined values of 650 kg/m3, 0.01 m and 

0.01 respectively. The beta skin dose factor is radionuclide dependent and is described 

in Holford (1989). 

 

Radiation dose from handling fishing gear (gamma and beta) 

The dose from gamma radiation, EGamma, was obtained using: 

 
Where 

DFG is the gamma dose rate from sediment (µGy/h per Bq/m3 per MeV) 

CSed is the activity concentration in dry sediment (Bq/kg) 

GAMM is the mean gamma energy per decay (MeV) 

0.87 is a factor used to convert from gray to sievert 

Occ is the time spent handling fishing gear (h/y) 

 

The gamma dose rate from sediment, DFG, is 0.1584 µGy/h per Bq/cm3 per MeV and is 

taken from Hunt (1984).  In the equation above it is multiplied by a  reduction factor  of  

10-3 to covert from Bq/kg to Bq/g. The mean gamma energy per decay, GAMM, is taken 

from ICRP 72. 

 

The dose from beta radiation, EBeta, was calculated using: 

 
Where 

DFB is the beta dose rate from sediment (µGy/h per Bq/cm3 per MeV) 

CSed is the activity concentration in sediment (Bq/kg) 

BETA is the mean beta energy per decay (MeV) 

Occ is the time spent handling fishing gear (h/y) 

wt is the skin weighing factor 

FFG is a correction factor used to account for the energy of the beta radiation and 

is dependent upon the maximum beta energy decay. If the maximum beta energy 

per decay is greater than 0.1 MeV then FFG = 0.3, if it is greater than 1 MeV then 

FFG = 0.1, otherwise it has the value zero.  

 

The beta dose rate from sediment, DFB, was assumed to be 0.288 x 10-3 µGy/h per 

Bq/cm3 per MeV. 
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Appendix 4. Validation of the modelling methodologies 

Atmospheric dispersion modelling: 

The modelling approach used to estimate the dispersion of radioactivity in air over a 21-

year period was verified by comparison with a previous study that used a similar 

approach to model discharges from Sellafield (Nelson, et al., 2002). Scaling factors were 

calculated for caesium-137 releases from Sellafield in 1995 and 1996 were compared 

with the results of similar calculations from the Nelson et al. study, which used the UK 

Met Office’s Nuclear Accident Model (NAME) – and meteorological data – the Met 

Office’s Unified Model (UM).  

Figure 54 and Figure 55 demonstrate that the results of both modelling approaches are 

comparable. The results also compared favourably with air concentrations and 

deposition rates published by Lutman et al. (2004) for a range of locations and 

radionuclides; these comparisons are presented in Table 55 and Table 56.  

Source: Nelson et al (2002) 

Figure 54: Comparison of the simulation of routine releases of Cs-137 from Sellafield – 

time integrated air concentrations, 1995 
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(a) 

Source: Nelson et al (2002) 

(b) 

Source: Nelson et al (2002) 

Figure 55: Comparison of the simulation of routine releases of Cs-137 from Sellafield – 

(a) time integrated air concentrations and (b) deposition, 1996 
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Table 55: Comparison of air concentrations predicted with different models for routine 

releases of krypton-85 from Sellafield 

 Model Receptor location Air concentration (Bq/m3) 
HYSPLIT NAME Ratio 

HYSPLIT:NAME 
Manchester 1.23E-10 2.79E-10 0.44 
Belfast 6.26E-11 2.22E-10 0.28 
Glasgow 8.11E-11 2.01E-10 0.40 
Dublin 5.00E-11 1.06E-10 0.47 
London 4.51E-11 5.15E-11 0.88 
Brussels 2.53E-11 2.59E-11 0.98 
Paris 2.09E-11 2.10E-11 1.00 
Bonn 1.79E-11 1.96E-11 0.91 
Copenhagen 2.34E-11 2.43E-11 0.96 
Oslo 1.34E-11 2.47E-11 0.54 
Geneva 3.81E-12 1.25E-11 0.30 
Stockholm 1.58E-11 1.46E-11 1.08 
Vienna 9.59E-12 8.60E-12 1.12 
Budapest 7.25E-12 6.51E-12 1.11 

Table 56: Comparison of air concentrations predicted with different models for routine 

releases of caesium-137 from Sellafield 

Model 

Receptor 

location 

Air concentration (Bq/m3) Deposition Rates (Bq/m2/s) 
HYSPLIT NAME Ratio 

HYSPLIT: 

NAME 

HYSPLIT NAME Ratio 

HYSPLIT: 

NAME 
Manchester 1.58E-10 2.17E-10 0.73 5.58E-13 7.47E-13 0.75 
Belfast 1.51E-10 1.76E-10 0.86 3.96E-13 6.61E-13 0.60 
Glasgow 8.62E-11 1.36E-10 0.63 7.32E-13 8.65E-13 0.85 
Dublin 7.62E-11 7.59E-11 1.00 2.21E-13 2.93E-13 0.76 
London 3.78E-11 2.98E-11 1.27 1.58E-13 1.30E-13 1.21 
Brussels 1.74E-11 1.13E-11 1.54 9.8E-14 9.89E-14 0.99 
Paris 1.19E-11 9.02E-12 1.32 4.47E-14 9.02E-12 0.00 
Bonn 9.00E-12 6.75E-12 1.33 9.23E-14 6.50E-14 1.42 
Copenhagen 1.09E-11 7.30E-12 1.49 1.01E-13 1.08E-13 0.94 
Oslo 7.93E-12 4.74E-12 1.67 6.34E-14 7.29E-14 0.87 
Geneva 2.47E-12 1.99E-12 1.24 3.16E-14 2.36E-14 1.34 
Stockholm 7.92E-12 3.11E-12 2.55 4.06E-14 3.60E-14 1.13 
Vienna 3.92E-12 1.49E-12 2.63 2.22E-14 1.38E-14 1.61 
Budapest 3.18E-12 1.04E-12 3.06 1.65E-14 7.47E-15 2.21 

Modelling of short-term releases to the sea (hydrodynamic modelling) 

The hydrodynamic numerical model used in this project has been successfully used 

previously to investigate circulation and transport of Tc-99 within the Irish Sea (Olbert & 

Hartnett 2009; Olbert, Hartnett & Dabrowski 2010a, Olbert et al. 2010b). Modelled and 

observed tidal amplitudes presented in Figure 56 compare very well. Sea current speeds 

shown in Figure 57 (a) correspond closely to British Oceanographic Data Centre (BODC) 

field data. Figure 57 (b) shows a comparison of modelled and recorded seawater 
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temperatures at surface and bottom of the water column in the region of the western 

Irish Sea. Satisfactory model validation against temperature is particularly important in 

regions that seasonally stratify like the Western Irish Sea (WIS), where density gradients 

drive the baroclinic, near-surface cyclonic flow. The gyre is well reproduced by the model; 

its spatial extent, timing of formation and flow fields correspond well to field data and 

model presented in Horsburgh (1999). The temperature profiles and the dome of cold 

water were also found to be well reproduced by the model.  

 

 

Figure 56. Contour of M2 tidal amplitude in the Irish Sea (a) predicted by the numerical 

model used and (b) derived from Hartnett (2002) 

 

 

Figure 57. Comparison of model predicted values and measurement data for (a) sea 

current speeds and (b) water temperatures 

 

Model validation for prediction of transport of radioactivity 

The evaluation of the transport model accuracy was based on the performance of the 

prediction of the transport of the conservative radionuclide (technetium-99) discharged 
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from the Sellafield plant. Modelled distributions were compared to the extensive dataset 

of technetium-99 (Tc-99) field data. The spatial distributions of technetium-99 were 

assessed from offshore seawater samples while temporal variations were determined 

from the RPII’s shoreline sampling programme. For example, the agreement between 

modelled and observed distributions is good and concentration gradients match well. An 

example of the data compared is shown in Figure 58 which compares modelled 

technetium-99 concentrations on the east coast of Ireland and measurements made by 

the RPII (Long, et al., 1998; Pollard, et al., 1996). Further information on the model 

validation is available in Olbert and Hartnett (2009) and Olbert et al. (2010). 
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Figure 58. Comparison of measured and modelled technetium-99 seawater 

concentrations at Balbriggan 
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Appendix 5. Accident source terms 

 

One method for describing the safety of nuclear power plants is how likely it is that a 

major release of radioactivity will occur (what is the probability of an accident occurring 

and if it does, what is the probability that radioactivity will be released). Based on this, 

one of the tools used for assessing the safety of nuclear power plants is a Probabilistic 

Risk (or Safety) Assessment (PRA or PSA). In summary, in PRA/PSA studies, the first step 

is to identify the possible initiating events of an accident- what might break, what might 

fail, what might be done incorrectly, and so on. Then an event-tree is made up to show 

the possible follow-on sequences for each initiating event. For example, if a pipe break 

starts a loss-of-coolant-accident, then electricity to run the emergency water pumps may 

or may not be available. If electricity is available, the pumps may or may not start, and so 

on. As far as possible, the event-tree traces all events that could lead to a release of 

radioactivity. A numerical probability is then assigned to each event which when 

combined can be used to estimate the likelihood of a particular accident sequence 

occurring and leading to a release of radioactivity to the environment. Many of the 

PRA/PSA studies that have been done belong to the vendors or operators of the nuclear 

power plants and so are not publically available, due to security or commercial sensitive 

material they contain. A few probabilistic studies, undertaken on behalf of national 

regulatory authorities, have been published; the most widely quoted is the Reactor Safety 

Study (Wash-1400) prepared in 1975 by a research group headed by the Massachusetts 

Institute of Technology (MIT) Prof. Norman Rasmussen. This study was funded by the US 

Nuclear Regulatory Commission.  

 

A large amount of work and research has been completed in the last two decades which 

has led to the conclusion that accident source terms developed prior to the mid 1980s 

(US Nuclear Regulatory Commission, 1975) (Layfield, 1987)  were greatly overestimated 

in magnitude, and uncertain with regards to their composition and other characteristics 

e.g. release timing. PRA/PSA methods are now better understood and, more importantly, 

recent data and parameters35 driving new and complex computer codes have been 

refined and updated extensively in the last 20 years with the aim of producing more 

realistic source terms as well as reducing associated uncertainties. The most recent of 

these studies is the publicly available US NRC SOARCA project which was published in 

2012 (Chang, et al., 2012; Bixler, et al., 2012). The SOARCA project considered two 

types of reactors, one being a PWR of similar design to those proposed for construction 

in the UK. This SOARCA project was the main source of information on accident scenarios 

and release source terms used in the completion of this assessment. 

 

Some of the main new factors considered in the SOARCA study are presented below: 

 

                                                 
35 This is mostly what was missing in the WASH-1400 report, with the result that a lot of assumptions had 

to be made resulting in very large uncertainties. 
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In containment removal processes, transport of fission products and knowledge of the 

phenomenology of severe accident 

Evaluation of a source term requires being able to simulate all the relevant phenomena 

of a severe accident from the initial event. Evidence gathered over the last more than 20 

years now shows that both natural retention mechanisms (e.g. settling/sedimentation, 

agglomeration, rainout, adsorption onto painted surfaces, etc.) and engineered retention 

mechanisms (e.g. filtration, containment spray) significantly reduce the inventory of 

radionuclides available for release to the environment, especially if there is enough time 

in the progression of the accident for those mechanisms to take place. In general terms, 

source terms are strongly affected by whether or not the containment fails and, if it fails, 

by the time at which it fails and the mode of failure (Hayns, 1999). 

 

This deficiency was recognised very early on after the publication of the WASH-1400 

report, and at the time many experts called for a reassessment of the ability to reduce 

the releases of radioactivity and confine them relatively close to the source. As an 

example, (Levenson & Rahn, 1981) suggested taking into account the following physical 

properties of radioisotopes: 

 Highly concentrated aerosols coalesce rapidly and low density aerosols increase 

their effective density extremely rapidly in presence of water vapour, serving as 

condensation nuclei. 

 Agglomerated aerosols formed at high concentration are physically dense, settle 

out close to their source and are therefore not airborne anymore. 

 Aerosol agglomerate and tend to be trapped when passing through cracks and 

penetrations. 

 Iodine is chemically and physically reactive, in its many forms. Iodine retention is 

high inside a containment covered with paint, plastic or organic films. It also 

absorbs on the surface of aerosol particles which themselves are rapidly 

agglomerating and falling out. 

 Fission product plate out and adsorb on various surfaces inside the reactor 

containment building (note that a reactor building is very compartmented and the 

piping and hardware inside it are also very complex). 

 Coolant loss from the primary system is the sine qua non of core melting. Moisture 

conditions in the reactor containment building are such that they will cause most 

of the soluble fission products that become airborne to go into solution. Therefore 

large fractions of the various fission products are in effect washed out prior to any 

atmospheric release. 

The more recent studies such as the SOARCA project now routinely include these 

previously unknown, uncharacterised and neglected physical and chemical phenomena. 

 

Containment analysis, failure mode, accident progression (sequence development) 

The timing of the various processes taking place during the course of an accidental 

release is a very important parameter that needs to be included in consequence 
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modelling. All the processes listed above and, therefore, the amounts of radioactive 

material which could eventually escape the containment building are essentially all time-

dependent.  

 

Reactor containments are now designed in such way that they are ‘stronger’ than before 

and, should they fail, they should fail later (so-called late failure of the containment). This 

means that a potential release will not take place as quickly as envisaged in early studies 

of accident sequences. Even a delay of a few minutes between core melting and 

containment failure can be extremely important to allow for chemical reactions, 

condensation phenomena and effects due to moisture to take place. When an accident 

progresses more slowly than anticipated, it gives time for the residual heat to decrease, 

for the energetics of core damage to diminish and for the radioactive inventory to decay, 

all of which will reduce further the amount of radioactivity available for release. 

 

Hayns (1999) noted that one of the most far reaching insights gained by the WASH-1400 

report was that a core melt does not always equate to very large consequences. This is 

because despite the fact that basement melt-through was considered ‘unstoppable’ in 

the past (because of the high decay heat generated by the molten core, the so-called 

‘China’ syndrome), this route to the environment would in fact lead to considerable 

filtering of the radionuclides, thereby reducing the amount available for harm to the 

population. 

 

More recent thinking is that newer designs of containment are relatively unlikely to fail 

(as supported by feedback and experience from previous severe accidents such as the 

Three Mile Island accident in the USA). As a result, current research programmes usually 

focus on investigating containment performance so that proper account may be taken of 

it in risk assessment. This eventually boils down to developing data and methods to 

enable the performance of buildings and equipment to be evaluated when subjected to 

conditions beyond their design limits, and to devising severe accident management 

(SAM) schemes aimed specifically at containing or mitigating core melt accidents. 

 

Scenarios based on the SOARCA PWR analysis 

The SOARCA study considered and selected accident scenarios based on both likelihood 

and potential consequences (Bixler, et al., 2012; Chang, et al., 2012). It used previously 

identified core damage sequences from previous US NRC and licensee PRAs and 

separated them into core damage groups. A core damage group consists of core damage 

sequences that have similar timing for important severe accident phenomena and 

similar containment or engineered safety feature operability. The groups were screened 

according to their approximate core damage frequencies (CDFs) to identify those that 

were the most significant.  

 

The full analyses in the SOARCA project were generally confined to scenarios based on 

the following CDF screening criteria guidelines: 
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 1E-06 (1 in a million) per reactor-year for most scenarios  

 1E-07 (1 in 10 million) per reactor-year for scenarios that are known to have the 

potential for higher consequences (e.g. containment bypass scenarios)  

The application of the screening criteria to the available Level 1 PRA information for the 

plants studied resulted in the identification of two basic types of scenarios: station 

blackouts (SBOs) and containment bypass scenarios. 

 

SBO scenarios are representative of a broad class of events in PRA—loss of heat removal 

capacity events. Selection of SBO events in SOARCA ensures that the project covers that 

broader class of situations involving a loss of heat removal, and further, including an 

STSBO (short term SBO) reasonably bounds the radionuclide release time and 

consequences of that class of accidents (which could include other events, such as loss 

of service water or loss of component cooling water but which develop more slowly). Also, 

for the PWR, the SBO includes, in part, the effect of a small LOCA by considering reactor 

coolant pump seal leakage. Additionally, selecting SBO sequences for analysis meant 

including the effects of loss of containment heat removal (fan coolers) and loss of 

containment spray systems (which are all electrically powered) to remove airborne 

radionuclides. Thus, the non-bypass sequences also result in containment failure, which 

would not be the case for all other transients involving such loss of heat removal in a 

typical PRA. Therefore, while SOARCA used CDF for screening against probability, in 

effect, the CDF in these cases also represents the radionuclide release frequency. 

 

While the study did not include medium or large loss-of-inventory accidents—because of 

their very low frequency—it should be noted that such internal events are comfortably 

below the screening criteria guidelines for the PWR. For the PWR considered in the 

SOARCA study, the medium and large LOCAs had frequencies of 6E-08 and 7E-10 per 

reactor-year. Only a fraction of these sequences would have resulted in containment 

failure because there may not have been a loss of containment heat removal. Since the 

SOARCA PWR analyses included an ISLOCA (Interfacing System Loss Of Coolant Accident) 

sequence36, it can also be argued that they reasonably bounded the radionuclide release 

time and consequences of events involving a LOCA inside containment for that plant. 

 

Finally, the accident scenario descriptions were augmented by assessing the status of 

containment systems. The mitigation measures assessment for each of these scenarios 

assumed that the initiator was a seismic event, because it was judged to be limiting. 

Seismic initiators are considered to be limiting for two principal reasons. First, they are 

more likely to result in the near immediate failure of systems, whereas, fire and flood 

would be expected to result in delayed failures. Secondly, a seismic event may be more 

likely than a fire or flood to cause the failure of passive components, such as water 

tanks. Additionally, seismic initiators may be more likely to have site wide and offsite 

                                                 
36 This sequence was included even though it fell below the screening criterion of 1E-07 per reactor-year 

for bypass scenarios because past studies such as NUREG-1150 (US NRC, 1990) cited this scenario as 

important, and it has the potential for larger releases because of its direct release outside the containment 
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impacts. While for the UK, an earthquake of the magnitude required to initiate such a 

sequence is very unlikely, the sequences were considered as representative of severe 

accidents due to external events. 

 

Description of the scenarios used 

ST 1: Unmitigated seismic-initiated long term station blackout (LTSBO)  

CDF = 2E-05 events/ year (1 in 50,000 events per year) 

In this scenario, an external event (seismic event assumed) results in loss of offsite 

power (LOOP) and failure of onsite emergency alternating current (AC) power, resulting in 

a station blackout (SBO) event where neither onsite nor offsite AC power are recoverable. 

All systems dependent on AC power are unavailable, including the containment systems 

(containment spray and fan coolers). 

 

The reactor successfully scrams37 and the containment isolates but all powered safety 

systems are unavailable except for the Turbine Driven Auxiliary Feedwater (TD-AFW). 

Direct current (DC) station batteries are available for eight hours. Operator actions are 

initially successful to depressurise the reactor coolant system (RSC) but once the DC 

station batteries fail, no more operator actions are successful. The loss of pump seal 

cooling causes a reactor coolant pump seal to leak. Fuel starts to heat up after approx. 

14 hours, fission products releases from the fuel after 16 hours and all the fuel collapses 

after about 19 hours. After 21 hours, the reactor vessel fails and the molten fuel falls 

into the reactor cavity under the reactor vessel where it starts to ablate the concrete (ex-

vessel Core-Concrete Interactions or CCI). The majority of the released radionuclides 

enter the containment within 36 hours, where most of the airborne fission products 

eventually settle on surfaces. 

 

Containment failure occurs 45.3 hours after reactor shut down (start of the release) with 

direct releases of the remaining fission products to the environment. The release ends 

72 hours after reactor shutdown (meaning a release duration of 26.7 hours). 

 

ST2: Unmitigated seismic-initiated short term station blackout (STBO) 

CDF = 2E-06 events/year (1 in 500,000 events per year) 

In this scenario is referred the site loses all power in the short term, even the backup 

batteries, and therefore all of the safety systems become quickly inoperable. The 

accident is assumed to be initiated by a seismic event followed by a complete loss of all 

onsite and offsite power and failure of the Emergency Condensate Storage Tank (ECST). 

 

The reactor successfully scrams and the containment isolates but all powered safety 

systems are unavailable. The earthquake ruptures the ECST, which is conservatively 

assumed to empty immediately, rendering the TD-AFW system initially unavailable. Water 

in the steam generators completely boils away after 1.25 hours. Fuel starts to uncover 

after 2.25 hours and fuel cladding fails after 3 hours, initiating the release of fission 

                                                 
37 The sudden shutting down of a nuclear reactor, usually by rapid insertion of control rods, either 

automatically or manually by the reactor operator. Also known as a "reactor trip". 
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products. Following creep failure of the hot leg nozzle (due to hot gases), a large hole 

opens that rapidly depressurise the Reactor Coolant System (RSC), something similar to 

a Large Break LOCA. 

 

Despite injection of water (which is possible due to the lower pressures), the fuel 

continues to collapse and degrade until 5.8 hours when all the fuel eventually collapses. 

The lower head eventually fails after 7.25 hours and the molten fuel falls into the reactor 

cavity under the reactor vessel where it starts to ablate the concrete (ex-vessel core-

concrete interactions or CCI). The majority of the released radionuclides go to the 

containment within 24 hours where most of the airborne fission products eventually 

settle on surfaces. 

 

Containment failure occurs 25.5 hours after reactor shut down (start of the release) with 

direct releases of the remaining fission products to the environment. The release ends 

48 hours after reactor shutdown, leading to a release duration of 22.5 hours. 

 

ST3: Unmitigated seismic-initiated short term station blackout with thermally-induced 

steam generator tube rupture (STSBO w/TI-SGTR) 

CDF = 4E-07 events/year (1 in 2.5 million events per year) 

This scenario was selected as a variant of the STSBO (ST2) analysis in which steam 

generator tubes (SGT) fail prior to any other Reactor Coolant System (RCS) creep rupture 

failures. This causes a direct containment bypass pathway for fission products once the 

steam generator tubes fail. The accident is assumed to be initiated by a large seismic 

event followed by a complete loss of all onsite and offsite power.The reactor successfully 

trips and the containment isolates but all powered safety systems are unavailable. As in 

the STSBO, fuel cladding fails after 3 hours, initiating the release of fission products from 

the fuel. However, since the steam generator relief valve sticks open at 3 hours and the 

tubes fail at 3.5 hours, released fission products can flow directly to the environment out 

the failed generator tube and through the stuck open relief valve. Therefore, the release 

starts much earlier than in the ST2 scenario (i.e., 3.6 hours after reactor shutdown and 

lasts 44.4 hours which means that the release stops 48 hours after reactor shutdown).  

 

The Pressuriser Relief Tank (PRT) also fails prior to the start of the fission products 

releases which means that any fission products vented to the containment are not 

scrubbed in the PRT. Most of the releases through the TI-SGTR rupture are retained in 

the secondary side of the steam generator. In contrast, the fission products released 

through the containment failure go directly to the environment without any local retention 

or deposition in the leakage pathway through a tear in the containment wall. 

 

ST4: Unmitigated and internally-initiated Interfacing System Loss Of Coolant Accident 

(ISLOCA) 

CDF = 3E-08 events/year (1 in 33 million events per year) 
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This scenario is initiated by a common-cause failure of both Low-Head Safety Injection 

(LHSI) inboard isolation check valves. The open pathway pressurises and ruptures a 

section of the low-pressure piping outside the containment, which opens a containment 

bypass LOCA. Onset of core damage is first delayed by operator actions, but eventually 

takes place after 12.75 hours. Core damage occurs because of Refuelling Water Storage 

Tank (RWST) depletion and operator failure to refill the RWST or cross-connect to the 

unaffected unit’s RWST.  The release of fission products to the environment starts 12.8 

hours after reactor shutdown, lasts for 35.2 hours to stop 48 hour after reactor 

shutdown. 

 

ST5: - Postulated accidental release 

CDF = estimated to be around one in a million events per year (based on typical 

reference accident probabilities of <10-6/y) 

 

This accident consists of a loss of coolant accident (LOCA) followed by a core meltdown. 

It is assumed that the nuclear power plant’s annulus and building filtration systems 

operated largely as designed. A release duration of 24 hours was assumed for this 

scenario. 

 

Fraction of radionuclides contained in the core released 

The SOARCA report (Bixler, et al., 2012) presented the potential accidental releases in 

terms of the fraction of the reactor core inventory which is released to the atmosphere 

for various radionuclide groups. The released fractions (expressed in percentage of the 

core inventory) for the four SOARCA scenarios described in Chapter 4 are reproduced in 

Table 5738.  

 

Table 57. Percentages of the core inventory released to the environment for the different 

release scenarios 

Radionuclide Group ST1 ST2 ST3 ST4 

Noble gases (Xe, Kr) 53.7 51.8 59.2 98.3 
Halogens (I, Br) 0.3 0.6 0.9 15.4 
Alkali metals (Cs, Rb) 0 0.1 0.4 2 
Chalcogens (Te, Sb) 0.6 0.6 0.7 13.2 
Alkaline earths (Sr, Ba) 0 0 0 0 
Platinoids (Ru, Rh) 0 0 0 0 
Early transition elements (Mo, Tc, Nb) 0 0 0.1 0.3 
Tetravalent elements (Ce, Th, Zr, Np, Pu) 0 0 0 0 
Trivalent elements (La, Am, Cm) 0 0 0 0 

 

                                                 
38 The SOARCA report gives figures of percentage of core inventory released after 1 day and after 4 days. 

The figures presented here are derived from Table 7-1 from (Bixler, et al., 2012) and correspond to the 

percentage released to the environment after 1 day. The main difference in the release amounts between 

the two times was the amount of noble gases released. Noble gases are important when considering 

offsite doses near to the location of the accident, but not at distances such as those between the UK and 

Ireland. 
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It is clear from the data presented that the ST4 scenario (direct containment bypass) 

would lead to the largest release of radioactivity, but it also corresponds to the scenario 

with the lowest frequency of occurrence.  

 

Calculation of the 'Generic core inventory’ 

In order to convert the fractional releases into absolute releases of radionuclides to the 

atmosphere that could be modelled as described, assumptions had to be made on the 

amount of the radioactivity contained in the reactor core at the time of the postulated 

accidents (the ‘generic core inventory’39).  

 

The thermal power of the reactor and the type of fuel used40 are the two most important 

factors to consider when determining the composition of the source term in the event of 

an accident. The composition of the 'generic' core inventory assumed for this project is 

shown in Table 58. It was calculated as the average between the UK EPR and the 

AP1000 respective core inventories (taken at the end of an 18-month fuel cycle41, LEU 

UO2 3-5%) and scaled for an equivalent power generation of 3995 MW(th)42, the average 

power generated between the UK EPR and the AP1000.  The core inventory for the PWR 

used in the SOARCA project (Bixler, et al., 2012; scaled up to an equivalent 3995MW(th)) 

is also included in the table, a comparison of these data shows them to be very similar.  

 

Other source term parameters for offsite consequences assessment 

Effective release height: Together with the release duration, this parameter influences 

the potential radiation exposure at a particular distance from the release point. 

Combined with the heat content of the release, it is taken into account in dispersion 

models to calculate the 'effective' release height. The heat content characterises the 

energy of the release i.e. the amount of plume rise. This is important from a dispersion 

point of view as the higher the plume rises, the further it will travel (atmospheric 

conditions permitting). 

 

For the purposes of this assessment of this project, a release at ground level was not 

considered as this is relevant when determining a radiological impact close to the 

release point, but not at the distances between the nuclear power plant locations and 

                                                 
39 Note that for the routine discharges, a 'generic reactor’ concept has already been defined for the 

purpose of this project, which does not correspond to the 'generic core inventory’ concept used for the 

accident analyses. 
40 In newer reactors, fuels are taken to higher burnups (High Burnup Fuel or HBF) than in the past, close to 

65 GWd/t average for a lead assembly, as oppose to 40 GWd/t previously. Another consequence of using 

HBF is that conventional zircaloy alloys have to be replaced to improve corrosion resistance to the 

increased burnup rates. Higher U-235 enrichment, extensive use of burnable poisons and changes in fuel 

assembly mechanical design can also have significant impact on the maximum core fission product 

inventory, their spatial distribution within the core, and the associated decay heat distribution within the 

core. 
41 The end of the fuel cycle would represent a worst case scenario in terms of the core inventory (maximum 

radioactivity amounts).  
42 1 W(th) represents about 3 x 1010 fissions per second. Fission product production is a direct function of 

reactor power. 
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Ireland (more than 100 km). Instead, an effective release height of 100 m was assumed, 

which should maximise the transport away from the site, without being unrealistic. It is 

important to note that depending on the weather conditions during the release and post-

release phases of the accident, the effective release height (and release duration) has a 

substantial impact on the spread of the plume and, hence, on the radiological 

consequences at a particular location. 

 

 

Table 58. 'Generic' core inventory used in this study and that from the SOARCA study 

Radionuclide ‘Generic’ core inventory 

(GBq) 
Scaled SOARCA PWR core 

inventory* (GBq) 

Kr-85 4.78E+07 4.45E+07 
Kr-85m 1.14E+09 1.22E+09 
Kr-87 2.19E+09 2.42E+09 
Kr-88 3.07E+09 3.24E+09 
Rb-86 9.95E+06 8.11E+06 
Sr-89 4.23E+09 4.51E+09 
Sr-90 3.85E+08 3.44E+08 
Sr-91 5.26E+09 5.67E+09 
Mo-99 7.96E+09 8.60E+09 
Ru-103 6.37E+09 6.98E+09 
Ru-105 4.31E+09 4.75E+09 
Ru-106 2.17E+09 2.12E+09 
Te-127 3.91E+08 3.93E+08 
Te-127m 5.73E+07 6.39E+07 
Te-129 1.27E+09 1.18E+09 
Te-129m 2.24E+08 2.25E+08 
Te-131m 7.05E+08 8.64E+08 
Te-132 6.00E+09 6.49E+09 
I-131 4.18E+09 4.21E+09 
I-132 6.09E+09 6.17E+09 
I-133 8.68E+09 8.72E+09 
I-134 9.52E+09 9.81E+09 
I-135 8.18E+09 8.31E+09 
Xe-133 8.35E+09 9.19E+09 
Xe-135 2.36E+09 2.72E+09 
Cs-134 8.27E+08 6.54E+08 
Cs-136 2.21E+08 2.38E+08 
Cs-137 5.24E+08 4.62E+08 
Ba-140 7.59E+09 8.13E+09 
La-140 8.04E+09 8.58E+09 
Ce-141 7.07E+09 7.37E+09 
Ce-143 6.61E+09 6.89E+09 
Ce-144 5.33E+09 5.18E+09 

*Both inventories are scaled to 3995MW(th); SOARCA data from Bixler, et al.(2012). 
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Iodine fractions and speciation: The behaviour (formation and decomposition) of the 

different forms of iodine43 in severe accident situations within the containment building 

has been the subject of intense research in the recent years. It is a very complex field 

and a lot of the uncertainties relative to the definition of source terms are due to 

uncertainties relative to iodine behaviour. Iodine behaviour (including the amount 

deposited in the environment after an atmospheric release) in general will vary 

considerably depending on the physical and chemical forms of the other various species 

available for dispersion (Chevalier-Jabet, et al., 2012). 

 

In theory in an accident, iodine can be emitted and dispersed in three different chemical 

forms: aerosol/particulate (e.g. CsI, a highly soluble salt), gaseous elemental (e.g. I2) and 

gaseous organic (the most volatile form being ICH3). The ratio of particulate to gaseous 

forms in the material which is emitted is, in particular, highly dependent upon pH 

conditions in the containment building. 

 

Once released into the environment, from a dispersion and deposition point of view, the 

organic form has a lower deposition velocity and is less retained by vegetation compared 

to the elemental form which deposits more quickly and is absorbed more efficiently by 

foliar uptake. The aerosol form has an intermediate behaviour. Information on the 

amount of elemental, organic and particulate iodine assumed to be emitted into the 

atmosphere in the event of a severe accident (as a percentage of the total iodine 

emitted) was included in the GDA documents for both the UK EPR and the AP1000. The 

following values were assumed in this assessment: 

 95% of the iodine released assumed to be in aerosol/particulate form 

 4.85% of the iodine released assumed to be in elemental gaseous form 

 0.15% of the iodine released assumed to be in organic gaseous form 

Physico-chemical form of the other radionuclides released: Apart from noble gases 

(modelled as a gaseous inert chemical species) and iodines, most radionuclides are 

assumed to be aerosol-bound and in an oxide chemical form for the purpose of the 

atmospheric dispersion modelling. The size of the particles emitted was not considered 

in the modelling for this assessment as the dispersion model used (RIMPUFF) does not 

differentiate between particle sizes.  

 

Hot particles: Hot particles have only been observed in two previous accidents: 

Windscale and Chernobyl. Both accidents were characterised by the occurrence of a 

severe fire and the lack of a secondary containment structure in the reactor design (now 

a standard feature in all new nuclear power plants). In the case of Chernobyl, a 

significant proportion of the hot particles emitted were deposited within 30 km of the 

plant (50-75% of the caesium-137 fallout within 30 km of plant was contained in fuel 

                                                 
43 The behaviour of the organic iodine fraction within the containment is of particular interest because 

filtered containment venting systems are less efficient at filtering this form of iodine than for the molecular 

form I2. The health consequences would therefore be higher if organic iodine was available and released in 

large quantities. 
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particles) but some hot particles originating from the Chernobyl accident were observed 

as far away as Norway. Two main types of Chernobyl hot particles were found: non-

oxidised fuel particles emitted following the initial explosion, and oxidised fuel particle 

associated with the subsequent fire. Both types had different incorporation rates into the 

foodchain because of the different dissolution rates over time. Other than caesium-137, 

radionuclides measured in the hot particles originating from Chernobyl were strontium-

90, cerium-141 and cerium-144, plutonium isotopes and americium-241 (more than 

90% of these radionuclides were in fuel particles with an average diameter of 10 µm and 

so they tended to be quickly deposited onto the ground, close to the site of the accident). 

According to (Smith, 2009), for an efficient radionuclide transfer through the foodchain 

to occur and an increased ingestion dose to be received, radionuclides needs to be 

deposited in chemically available forms. Radioactivity deposited as hot particles is 

usually chemically unavailable and so cannot enter the human food chain. Based on 

these factors, hot particles have not been considered further in this assessment. 
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Appendix 6. Additional data on radioactivity concentrations in food for 

the nuclear accident scenarios assessed 

This appendix presents the time variations in food concentrations after the various 

accident release scenarios (including a comparison with the Maximum Permitted Levels). 

(a) 

 

(b) 

 

Figure 59. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for isotopes of iodine (ST1) 
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(a) 

 

(b) 

 

 

Figure 60. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for isotopes of iodine (ST2) 
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(a) 

 

(b) 

 

Figure 61. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for isotopes of iodine (ST3) 
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(a) 

 

(b) 

 

 

Figure 62. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for isotopes of iodine (ST5) 
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(a) 

 

(b) 

 

 

Figure 63. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for the ‘All Other Radionuclides’ 

Group (ST1) 
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(a) 

 

(b) 

 

 

Figure 64. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for the ‘All Other Radionuclides’ 

Group (ST2) 
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(a) 

 

(b) 

 

 

Figure 65. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for the ‘All Other Radionuclides’ 

Group (ST3) 

 

 

 

 

 

 



161 

 

(a) 

 

(b) 

 

 

Figure 66. Comparison of radioactivity concentrations in (a) Other foodstuffs and (b) 

Dairy produce with EU Maximum Permitted Levels (MPL) for the ‘All Other Radionuclides’ 

Group (ST5) 
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Appendix 7. Detailed results from modelling of non-routine releases to 

the Irish Sea 

 

This appendix presents more detailed data from the assessment of non-routine releases 

to the Irish Sea. The estimates given are all based on modelling of a 1 GBq/s release 

rate over one week (25 200 GBq in total) for the years 1995 to 1998, inclusive (for each 

of the four seasons). The data presented for the various combinations of nuclear power 

plant location and receptor points on the Irish east coast are the shortest and longest 

transit times of the plume44 (for the years modelled in the assessment), the peak 

seawater concentration resulting and the time between the start of the release and the 

peak concentration occurring (Table 59). 

 

Table 59. Comparison of seawater concentrations (Bq/l) and transit times depending on 

release point, receptor point and time of year 

Nuclear 

power 

plant 

location 

(release 

point) 

Receptor 

Point 

Release 

season 

Shortest 

transit 

time 

(days) 

Longest 

transit 

time 

(days) 

Peak resulting 

concentration 

(Bq/l) 

Time to peak 

concentration 

(days) 

Heysham 

Dundalk 

Jan 142 180 0.16 178 

Apr 61 118 0.12 238 

Jul 57 241 0.13 531 

Oct 137 241 0.13 532 

Drogheda 

Jan 150 220 0.14 185 

Apr 64 128 0.11 253 

Jul 66 240 0.12 545 

Oct 146 243 0.12 545 

Malahide 

Jan 152 224 0.12 245 

Apr 72 133 0.10 252 

Jul 66 221 0.11 551 

Oct 154 255 0.11 553 

Dublin 

Jan 150 208 0.13 198 

Apr 68 131 0.11 261 

Jul 70 246 0.11 555 

Oct 146 254 0.11 559 

Bray 

Jan 160 227 0.11 254 

Apr 81 157 0.09 264 

Jul 71 246 0.10 564 

                                                 
44 The transit time of the plume was defined to be the time between start of the release and main plume 

arrival at the receptor point (characterised as either a sudden increase in concentration at the receptor 

point or an increase of 0.01 Bq/l). 
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Nuclear 

power 

plant 

location 

(release 

point) 

Receptor 

Point 

Release 

season 

Shortest 

transit 

time 

(days) 

Longest 

transit 

time 

(days) 

Peak resulting 

concentration 

(Bq/l) 

Time to peak 

concentration 

(days) 

Oct 157 283 0.11 557 

Wicklow 

Jan 168 238 0.09 209 

Apr 91 157 0.07 261 

Jul 94 349 0.09 575 

Oct 167 317 0.10 574 

Arklow 

Jan 176 251 0.07 310 

Apr 101 192 0.07 531 

Jul 187 213 0.07 594 

Oct 191 271 0.08 606 

Wexford 

Jan 158 227 0.11 253 

Apr 446 581 0.06 645 

Jul 205 498 0.05 645 

Oct 257 405 0.06 646 

Hinkley 

Point 

Dundalk 

Jan 213 223 0.08 391 

Apr 204 254 0.08 379 

Jul 151 388 0.07 698 

Oct 182 286 0.07 698 

Drogheda 

Jan 199 232 0.08 347 

Apr 159 247 0.08 392 

Jul 139 387 0.07 583 

Oct 173 290 0.07 714 

Malahide 

Jan 184 213 0.08 408 

Apr 123 239 0.08 408 

Jul 122 327 0.09 584 

Oct 171 297 0.08 584 

Dublin 

Jan 207 228 0.08 392 

Apr 135 186 0.08 394 

Jul 148 368 0.07 690 

Oct 186 310 0.07 741 

Bray 

Jan 169 205 0.08 410 

Apr 109 233 0.09 410 

Jul 135 310 0.08 590 

Oct 172 254 0.08 590 

Wicklow 

Jan 140 176 0.09 302 

Apr 106 144 0.09 413 

Jul 122 293 0.08 593 

Oct 178 236 0.08 592 
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Nuclear 

power 

plant 

location 

(release 

point) 

Receptor 

Point 

Release 

season 

Shortest 

transit 

time 

(days) 

Longest 

transit 

time 

(days) 

Peak resulting 

concentration 

(Bq/l) 

Time to peak 

concentration 

(days) 

Arklow 

Jan 142 169 0.09 298 

Apr 90 138 0.08 509 

Jul 114 294 0.08 583 

Oct 173 232 0.09 616 

Wexford 

Jan 122 162 0.09 275 

Apr 70 121 0.09 491 

Jul 84 244 0.08 511 

Oct 187 204 0.09 628 

Oldbury 

Dundalk 

Jan 209 283 0.08 391 

Apr 207 255 0.07 582 

Jul 200 388 0.08 698 

Oct 213 311 0.08 698 

Drogheda 

Jan 207 273 0.08 384 

Apr 205 250 0.08 582 

Jul 177 388 0.07 564 

Oct 212 310 0.08 713 

Malahide 

Jan 192 325 0.08 408 

Apr 202 238 0.08 579 

Jul 249 335 0.09 585 

Oct 181 270 0.08 584 

Dublin 

Jan 216 293 0.08 394 

Apr 221 260 0.07 592 

Jul 216 393 0.07 603 

Oct 217 312 0.07 744 

Bray 

Jan 182 210 0.09 410 

Apr 195 244 0.08 533 

Jul 254 336 0.09 590 

Oct 185 274 0.08 670 

Wicklow 

Jan 183 216 0.09 414 

Apr 92 126 0.09 414 

Jul 218 334 0.09 593 

Oct 195 245 0.09 668 

Arklow 

Jan 171 235 0.09 299 

Apr 134 161 0.08 556 

Jul 258 295 0.09 605 

Oct 178 240 0.09 613 

Wexford Jan 130 172 0.09 284 
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Nuclear 

power 

plant 

location 

(release 

point) 

Receptor 

Point 

Release 

season 

Shortest 

transit 

time 

(days) 

Longest 

transit 

time 

(days) 

Peak resulting 

concentration 

(Bq/l) 

Time to peak 

concentration 

(days) 

Apr 81 147 0.09 500 

Jul 207 305 0.09 600 

Oct 197 212 0.10 324 

Moorside 

Dundalk 

Jan 100 180 0.14 234 

Apr 36 91 0.17 166 

Jul 25 88 0.18 245 

Oct 115 248 0.10 591 

Drogheda 

Jan 127 183 0.12 248 

Apr 39 92 0.15 180 

Jul 26 92 0.16 252 

Oct 124 256 0.09 620 

Malahide 

Jan 160 224 0.13 195 

Apr 48 91 0.12 245 

Jul 36 96 0.13 247 

Oct 125 287 0.09 625 

Dublin 

Jan 130 188 0.12 255 

Apr 69 100 0.14 254 

Jul 32 98 0.16 257 

Oct 128 265 0.09 641 

Bray 

Jan 159 226 0.10 255 

Apr 75 133 0.12 208 

Jul 49 224 0.10 164 

Oct 130 287 0.08 327 

Wicklow 

Jan 170 235 0.12 210 

Apr 79 139 0.10 209 

Jul 53 94 0.08 262 

Oct 132 311 0.07 574 

Arklow 

Jan 184 252 0.07 229 

Apr 92 160 0.08 229 

Jul 56 178 0.06 543 

Oct 168 280 0.05 594 

Wexford 

Jan 201 267 0.06 280 

Apr 110 176 0.06 280 

Jul 200 499 0.04 547 

Oct 227 408 0.04 646 

Wylfa Dundalk 
Jan 82 140 0.17 166 

Apr 40 58 0.19 161 
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Nuclear 

power 

plant 

location 

(release 

point) 

Receptor 

Point 

Release 

season 

Shortest 

transit 

time 

(days) 

Longest 

transit 

time 

(days) 

Peak resulting 

concentration 

(Bq/l) 

Time to peak 

concentration 

(days) 

Jul 27 62 0.12 482 

Oct 59 231 0.13 531 

Drogheda 

Jan 82 147 0.15 180 

Apr 36 62 0.17 180 

Jul 35 60 0.12 485 

Oct 59 242 0.14 468 

Malahide 

Jan 65 149 0.14 182 

Apr 50 87 0.17 182 

Jul 38 66 0.12 462 

Oct 43 244 0.16 495 

Dublin 

Jan 95 150 0.14 183 

Apr 45 66 0.15 184 

Jul 37 62 0.12 497 

Oct 62 245 0.12 498 

Bray 

Jan 71 153 0.13 194 

Apr 47 88 0.15 194 

Jul 34 80 0.12 451 

Oct 47 253 0.16 506 

Wicklow 

Jan 79 169 0.12 246 

Apr 75 145 0.14 207 

Jul 19 72 0.12 442 

Oct 51 262 0.16 514 

Arklow 

Jan 75 181 0.09 243 

Apr 90 160 0.10 229 

Jul 19 97 0.11 443 

Oct 75 307 0.16 384 

Wexford 

Jan 89 208 0.07 280 

Apr 104 168 0.08 278 

Jul 22 105 0.09 443 

Oct 103 318 0.12 448 
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Annex 1: Framework of the UK’s proposal to develop new nuclear power 

plants 

 

This annex summarises the history of the new build programme in the UK. It includes an 

overview of the generic design assessment process being implemented by the UK 

regulators to assess the suitability of new reactor designs for the UK regulatory regime. It 

also outlines the national policy statements (NPS) that have been developed to establish 

UK national policy for major infrastructure projects, including nuclear power.  

 

A1.1 Recent UK Energy Policy 

In 2003 the UK Government published an Energy White Paper which set out four key 

energy policy goals, namely (i) to reduce CO2 emissions by 60% by 2050 (ii) to maintain 

reliability of energy supplies (iii) to promote competitive markets in the UK and beyond 

and (iv) to ensure every home is adequately and affordably heated (DTI, 2003). While the 

2003 White Paper did not endorse a programme of new nuclear build it did recommend 

including nuclear as a future energy option.  

 

A number of issues prompted a 2006 review of the UK’s energy policy. These included: 

increase in carbon emissions, declining domestic energy supplies45, rising fuel prices, 

ageing coal and nuclear power stations46 and a growing demand for energy. The 2006 

energy review concluded that new nuclear power stations would make a significant 

contribution to meeting the UK’s energy policy goals (DTI, 2006).  

 

In 2007 the UK’s Department for Trade and Industry (DTI) published an energy white 

paper and undertook a consultation on the future of nuclear power47. In 2008, following 

this consultation, the Department for Business, Enterprise & Regulatory Reform (BERR48) 

published a White Paper on Nuclear Power. This paper cleared the way for the private 

energy companies to finance, build, and operate new nuclear power stations in England 

and Wales (BERR, 2008a).  

 

A1.2 Generic Design Assessment 

In their contributions to the 2006 Energy Review, the HSE’s Nuclear Directorate49 and 

the Environment Agency set out proposals to assess new nuclear reactor designs in 

advance of any site-specific proposals to build a nuclear power station. The Generic 

Design Assessment (GDA) process, outlined in Table A1, is being used by the regulators 

                                                 
45 It is predicted that the UK will be importing 75% of its primary energy by 2020 (Goddard, 2006) 
46 In 2011 there were 19 nuclear reactors operating in the UK providing 11 GWe. The last of the gas 

cooled Magnox reactors is due to be shut down by 2014 leaving seven twin-unit Advanced Gas Cooled 

Reactor (AGR) stations and one PWR. 
47 The 2007 white paper and public consultation came about following the successful Greenpeace High 

Court challenge on the conclusions of 2006 review 
48 In 2007, BERR replaced the DTI.  
49 In 2011, this Directorate was replaced by the Office for Nuclear Regulation (ONR) (an agency of the HSE) 
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to assess the suitability of new nuclear reactor designs for the UK regulatory regime 

(ONR, 2011).  

 

In 2007 four reactor designs were submitted for GDA. The reactor designs submitted 

were: (i) UK EPR, submitted by Areva and EDF, (ii) Westinghouse's AP1000, (iii) GE-

Hitachi Nuclear Energy's ESBWR, and (iv) Atomic Energy of Canada’s (AECL) ACR-1000. In 

2008, following the completion step 1 of the GDA, AECL withdrew the ACR-1000 design 

and GE-Hitachi suspended the assessment of the ESBWR design (WNA, 2011). 

 

Phase 1 of the process focussed on safety of the proposed nuclear power plant design 

while Phase 2 is site and operator specific and is estimated to take around 6-12 months. 

The HSE’s GDA process took four steps, while the Environment Agency’s process 

consisted of a preliminary and detailed assessment followed by a consultation. At the 

end of the GDA process, the Regulators judged that the AP1000 and EPR designs are 

acceptable for build in the UK (ONR, 2011). 

 

The HSE required each of the reactor design GDA submissions to include a design basis 

accident50 analysis, probabilistic safety analysis51 and severe accident52 analysis (HSE, 

2007). These analyses demonstrated the fault tolerance of the reactors and the 

effectiveness of any safety measures. The analyses illustrated how the reactor design 

features considered severe accident prevention and mitigation. In addition, the analyses 

provided an estimation of the risk or frequency of an accident and/or release of 

radioactive material from the proposed nuclear power plant These values were then 

compared with numerical targets53 specified in the ONR’s ‘Safety Assessment Principles 

for Nuclear Facilities’. This allowed the HSE to judge that the overall risk from the 

operation of the AP1000 and EPR reactors was are ‘As Low As Reasonably Practicable’ 

(ALARP). 

 

The UK nuclear regulator worked with overseas regulators who are/were also assessing 

the EPR and AP1000 reactor designs. This was done bilaterally and through the 

Multinational Design Evaluation Programme (MDEP). It provided a forum for discussing 

technical issues and sharing information. This collaborative approach resulted in the UK, 

                                                 
50 A postulated accident that a nuclear facility must be designed and built to withstand without loss to the 

systems, structures, and components necessary to assure public health and safety (US NRC definition) 
51 PSA is based on proven methods such that risk can be assessed realistically with the help of logical 

(probability) models representing the plant responses to a broad range of initiators and failures under 

different operating modes. Level 1 is the first part of PSA. It determines the accident sequences leading to 

core damage and estimates their probability. Level 2 is the second part of PSA. It analyses the amount, 

probability and timing of a release of radioactive substances from the containment to the environment 

(WENRA, 2007) 
52 Also referred to as beyond design-basis accidents. This term is used as a technical way to discuss 

accident sequences that are possible but were not fully considered in the design process because they 

were judged to be too unlikely. As the regulatory process strives to be as thorough as possible, "beyond 

design-basis" accident sequences are analyzed to fully understand the capability of a design (US NRC 

definition) 
53 The GDA submissions demonstrated that the total severe core damage frequency and total large release 

frequency for each design are (at least) < 10-5 and < 10-6 per reactor year respectively and satisfy 

numerical targets specified in the ‘Safety Assessment Principles for Nuclear Facilities’ 
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Finnish and French regulators issuing a Joint Regulatory Position Statement regarding 

the proposed Control and Instrumentation on EDF/AREVA’s EPR design in November 

2009. The UK regulators also worked with the US Nuclear Regulatory Commission and 

others on the Westinghouse AP1000 design (DECC, 2010l). 

 

Table A1.1. Design Acceptance and Licensing process (HSE, 2008) 

Phase One: Design Acceptance 

Step Process Approx Timescale 

1 
Design and safety case preparation based on generic site 

envelope 

Requesting party 

is responsible 

2 Fundamental safety overview 3 – 6 months 

3 Overall design safety review 6 – 12 months 

4 

Detailed assessment for design acceptance, with subsequent 

issue of Design Acceptance Confirmation if the design is 

considered acceptable 

2 years 

Phase Two: Nuclear Site Licensing 

Site licence assessment, with subsequent issue of site licence if 

application is judged to be acceptable 
6 – 12 months 

 

Phase one of The GDA process, delayed for six months to allow the HSE consider the 

lessons learned from the Fukushima nuclear accident, was completed in December 

2011. A number of technical issues remained to be resolved by the designers and so the 

ONR and EA issued interim design acceptance confirmations (iDAC) and interim 

statements on design acceptability (iSODA) for the EPR and AP100. (WNA, 2011).  

 

The Office for Nuclear Regulation (ONR) and the Environment Agency jointly issued 

design acceptance confirmations (DAC) and statements on design acceptability (SODA) 

for the UK EPR design in December 2012. The ONR and the Environment Agency are now 

satisfied that the EPR design is suitable for construction in the UK. This followed the 

completion of the Generic Design Assessment (GDA) process for the EPR. The GDA on 

the AP1000 is currently paused at the vendor’s request, as Westinghouse has stated it 

wants to secure a UK customer before working to address issues raised to date in the 

GDA process for the AP1000. 

 

A1.3 National Policy Statements 

In order to reduce the regulatory and planning risks for investors in new nuclear plants, 

the Department of Energy and Climate Change (DECC54) introduced a new planning 

regime. The 2008 Planning Act was developed to support the construction of nuclear 

reactors as well as other significant infrastructure projects. Under this regime planning 

decisions would be taken within a clear policy framework making decisions as 

predictable as possible. The need/justification for new infrastructure would be addressed 

                                                 
54 In 2008, DECC replaced the Department for Business, Enterprise and Regulatory Reform (BERR) 
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through a National Policy Statement (NPS) and any local impacts of a particular 

development would be handled by an advisory body with ultimate decisions being made 

by the responsible Minister (WNA, 2011). 

 

There are six Energy National Policy Statements (NPSs) that relate to energy 

infrastructure projects. These include: (i) an Overarching Energy NPS (EN-1) that sets out 

the need, high level objectives, policy and regulatory framework for new energy 

infrastructure consistent with sustainable development and addressing climate change, 

and (ii) five technology specific NPSs (EN-2 Fossil Fuel Electricity Generating 

Infrastructure; EN-3 Renewable Energy Infrastructure; EN-4 Gas Supply Infrastructure 

and Gas and Oil Pipelines; EN-5 Electricity Networks Infrastructure; and EN-6 Nuclear 

Power Generation) (DECC, 2010c).  

 

The 2008 Planning Act requires that an Appraisal of Sustainability (AoS) of the policy set 

out in a statement must be carried out before the statement can be designated an NPS 

(DECC, 2011c). In addition to this, under the Strategic Environmental Assessment (SEA) 

Directive (EC, 2001), environmental considerations are required to be fully integrated 

into the preparation and adoption of plans and programmes. The plan/programme 

should be subject to consultation alongside an environmental report which identifies, 

describes and evaluates the significant effects which its implementation is likely to have 

on the environment. The objective of the SEA process is to provide for a high level of 

protection of the environment and to contribute to the integration of environmental 

considerations into the preparation and adoption of specified plans and programmes 

with a view to promoting sustainable development (US EPA, 2009).  

 

From November 2009 to February 2010, DECC carried out a public consultation on six 

draft National Policy Statements for energy infrastructure (including a draft Nuclear NPS). 

Appraisal of sustainability (AoS) reports were prepared as part of the consultation 

process. The AoS reports combine the functions of AoSs under the 2008 Planning Act 

and environmental reports under the SEA Directive. The reports examined the likely 

environmental, social and economic effects of the draft NPS, considered and compared 

reasonable alternatives to them, identified any potential significant adverse effects they 

may have, and recommended options for avoiding or mitigating such effects (DECC, 

2011c). 

 

The National Policy Statements were approved by the UK parliament in July 2011 and 

listed eight sites (shown in Figure A1.1) that were identified by a strategic siting 

assessment (SSA) process as being suitable for new nuclear development before the end 

of 2025 (WNA, 2011; DECC, 2011a). The eight sites included in the Nuclear National 

Policy Statement are: Hinkley Point, Oldbury, Moorside (Sellafield), Sizewell, Wylfa, 

Bradwell, Hartlepool, and Heysham.  
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Figure A1.1. Map of proposed locations for new nuclear power plants in the UK 

 

A1.4 Strategic Siting Assessment  

A strategic siting assessment (SSA) process was developed by BERR (2008b) to help 

identify sites which could be suitable for the deployment of new nuclear power stations 

by the end of 2025. The SSA process involved evaluation of the nominated sites against 

pre-defined criteria. 

 

The criteria used in the assessment related to nuclear safety, environmental protection, 

societal issues, and operational requirements. Table A1.2 lists the criteria for assessing 

sites for nuclear new build (as nominated by BERR in the SSA process) and Table A1.3 

lists other criteria which, due to the need for detailed site-specific investigations and 

data, are more appropriately assessed at the local level (DECC, 2009).  
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Table A1.2. The SSA criteria for assessing sites for new build (DECC, 2009) 

Criteria related to nuclear safety 
 

Flooding, tsunami and storm surge Discretionary 

Coastal processes Discretionary 

Proximity to hazardous industrial facilities and operations Discretionary  

Proximity to civil aircraft movements Discretionary  

Demographics Discretionary  

Proximity to military activities Discretionary 

& Exclusionary  

Criteria related to environmental protection 
 

Internationally designated sites of ecological importance Discretionary 

Nationally designated sites of ecological importance Discretionary 

Criterion related to societal issues 
 

Areas of amenity, cultural heritage and landscape value Discretionary 

Criteria related to operational requirements 
 

Size of site to accommodate operation  Discretionary 

Access to suitable sources of cooling Discretionary 

 

Table A1.3. The SSA local criteria for assessing sites for new build (DECC, 2009). 

Criteria related to nuclear safety 
 

Seismic risk (vibratory ground motion)  Flag for local consideration 

Capable faulting Flag for local consideration 

Non-seismic ground conditions Flag for local consideration 

Meteorological conditions Flag for local consideration 

Proximity to civil aircraft movements Flag for local consideration 

Proximity to mining, drilling and other underground 

operations 

Flag for local consideration 

Emergency planning considerations Flag for local consideration 

Criterion related to societal issues 
 

Significant infrastructure / resources Flag for local consideration 

Criteria related to operational requirements 
 

Access to transmission infrastructure Flag for local consideration 

Size of site to accommodate construction and 

decommissioning 

Flag for local consideration 

 

Two types of criteria were used in the selection process: ‘Exclusionary’ i.e. those criteria 

that for safety, regulatory or other reasons excluded a site from further consideration in 

the SSA and ‘Discretionary’, those that the Government considered, for various reasons, 

could, either singly or in combination, make all or part of a site unsuitable for a new 

nuclear power station (DECC, 2009).  

 

In relation to seismic risk, the presence of an active or ground-breaking-capable fault 

running through a site may make it unsuitable for siting a nuclear power station. The 
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seismic risk at each site will be assessed during the site licensing stage when detailed 

site specific and reactor design information is available. However, the UK lies in a 

seismically “quiet” zone. As confirmed by studies of historical records from 1601 to 

1955, the probability of a severe earthquake is very much lower than in other parts of 

the world such as California, Iran or Japan (Davison, 1924; Kárník, 1969; DECC, 2009). 

 

Flooding has been grouped along with tsunami and storm surge as a single discretionary 

criterion. Coastal processes, related to changes to the landscape (e.g. erosion) rather 

than water-based risks, occur over different timeframes and will be considered as a 

separate discretionary criterion. The UK believes that with proper consideration of the 

risks and design of suitable mitigation measures, it is possible for developers or 

operators to minimise the risks that both flooding and coastal processes pose to nuclear 

power stations. Although these issues have not been explicitly flagged for local site 

specific, assessment, the UK government expects them to be considered during a 

specific application for development consent (DECC, 2009). 

 

A1.5 Justification of the New Build Programme 

The EU Basic Safety Standards Directive55 requires European Member States to ensure 

that all new classes or types of practice resulting in exposure to ionising radiation are 

“justified” (i.e. their economic, social, health, or other benefits outweigh any potential 

health detriment they may cause) in advance of being first adopted or first approved.  

 

In October 2010 the UK Secretary of State announced that the two nuclear reactor 

designs, Westinghouse’s AP100056 and Areva’s EPR57, are justified according to EU law. 

It was concluded that the benefits (increasing energy security and decreasing CO2 

emissions) of the EPR and AP1000 reactors offset any potential detriments to health, 

safety and the environment (DECC, 2010a; DECC, 2010b). It should be noted that the 

justification decisions for the EPR and AP1000 do not extend to the use of mixed oxide 

(MOX) fuel in the reactors or the reprocessing of spent fuel from the reactors. 

 

A1.6 Main findings of the Nuclear Appraisal of Sustainability 

The Department of Energy and Climate Change (DECC) concluded that, in general, the 

Nuclear NPS could bring significant benefits in meeting the UK Government’s climate 

change and energy security objectives. In addition, there is also the potential for positive 

effects such as local employment opportunities (DECC, 2010c). 

 

                                                 
55 Council Directive 96/29/EURATOM of 13 May 1996 laying down basic safety standards for the 

protection of the health of workers and the general public against the dangers arising from ionising 

radiation. 
56 The Justification Decision (Generation of Electricity by the AP1000 Nuclear Reactor) Regulations 2010, 

S.I. 2010/2845, UK Stationery Office Ltd. 
57 The Justification Decision (Generation of Electricity by the EPR Nuclear Reactor) Regulations 2010, S.I. 

2010/2844, UK Stationery Office Ltd. 
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The AoS identified: (i) potential adverse effects on nationally important nature 

conservation sites and designated landscapes, and (ii) the potential for interactions and 

cumulative adverse effects on wider biodiversity in relation to water quality and 

resources, habitat loss and ‘coastal squeeze’ where there is more than one potentially 

suitable site for new nuclear power plants in the locality or as a result of other major 

development in the area.  

 

Nuclear power stations in the UK are most likely to be developed on coastal or estuarine 

sites in order to provide access to cooling water. The Nuclear AoS concluded that without 

appropriate mitigation measures the potential effects of climate change put these sites 

at greater risk of flooding than if they were located inland. The significance of the effects 

will however depend on the detailed design and site characteristics of the proposed new 

nuclear power station. It is also concluded that the listed sites have the potential to be 

protected from the risks of flooding over their operational lifetime (DECC, 2011b). 

 

Many of the potential impacts and likely significant effects are inter-related, particularly 

between biodiversity, water, climate change, human health, and communities. The 

aggregation of a number of small, insignificant, effects may give rise to a significant 

effect. The AoS identified that this was possible where there are clusters of new nuclear 

power stations. For example, the AoSs identified potential interactions and cumulative 

effects on water quality and on important biodiversity sites in the Severn Estuary, River 

Wye and River Usk as a result of new build at Hinkley Point and Oldbury. In addition, 

potential interactions and cumulative effects on the important biodiversity site in the 

Outer Thames Estuary due to new build at Bradwell and Sizewell were identified. DECC 

noted that further studies (including an environmental impact assessment) will be 

carried out during individual site development consent applications to determine the 

significance of the effects and the effectiveness of any mitigation measures (DECC, 

2010c). 

 

DECC concluded that significant trans-boundary effects arising from the construction and 

operation of new nuclear power stations are not considered likely. Furthermore, DECC 

considers that the UK regulatory regime results in a very low probability of an unintended 

release of radiation, and routine radioactive discharges will be within legally authorised 

limits (DECC, 2010c). 
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Annex 2: Sites identified as suitable for new nuclear power plants 

 

This annex describes the characteristics of each of the eight sites (Figure A1) that are 

part of the UK’s New Build Programme and provides a brief summary of the current plans 

for each site.  

 

 

Figure A2.1. Location of sites identified for possible new nuclear build 
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A2.1 Hinkley Point 

The Hinkley Point new build site, shown in Figure A2.2, is located in the South West of 

England on the Somerset coast, just over 240 km from the east coast of Ireland. The new 

build site is located west of Hinkley Point A (two Magnox reactors which shut down in 

2000 and are currently being decommissioned) and Hinkley Point B (two Advanced Gas-

Cooled Reactors generating a net electrical output of 860 MWe) (DECC, 2010d; 2011b). 

 

 
Figure A2.2. Hinkley Point Nuclear Power plant (new build site is indicated in red box) 

Image source: Based on information in (DECC, 2011b) and Google Earth 

 

The Strategic Siting Assessment process noted that a significant part of the site is in 

Flood Zone 1, although part of the site is within Flood Zone 3. Flood Zone 1 comprises 

land assessed as having a less than 1 in 1000 annual probability of river or sea flooding 

in any year. Flood Zone 3 comprises land assessed as having a 1 in 100 or greater 

annual probability of river flooding or a 1 in 200 or greater annual probability of flooding 

from the sea in any year (DECC, 2011b). However, as mentioned above, the site has the 

potential to be protected from the risks of flooding (including any possible effects of 

climate change, storm surge, and tsunami) over its operational lifetime. The site 

application needs to include a flood risk assessment (DECC, 2011b). 

 

DECC’s (2010d) AoS for Hinkley Point identified a number of issues requiring further 

studies (including an environmental impact assessment) during the development 

consent applications to determine the significance of the effects and the effectiveness of 
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any mitigation measures. The effects identified included: impacts on protected 

conservation sites and designated species, and potential adverse effects on water 

including on coastal processes, hydrodynamics and sediment transport. The AoS also 

noted that cumulative effects may arise if both the Hinkley Point and Oldbury new power 

stations were to be developed alongside any Severn Tidal Power scheme. Interactions 

with development at Hinkley Point could lead to cumulative effects due to the combined 

effect of two cooling water discharges with possible effects on biodiversity and 

ecosystems. 

 

In July 2011 NNB Generation (a consortium of EDF Energy and Centrica) submitted an 

application to the ONR for a nuclear site licence and an Environmental Permit application 

to the Environment Agency in support of the company’s proposals to build two EPRs at 

Hinkley Point. ONR said it expects to spend about 18 months assessing the company's 

"suitability, capability and competence to install, operate and decommission a nuclear 

facility." (WNA, 2011; EDF, 2011). 

 

EDF Energy has a grid connection agreement in place for a transmission capacity of 

1670 MW from 2017, increasing to 3340 MW from 2018 (DECC, 2011b). NNB 

Generation plans to start up the first EPR by the end of 2017 and have it grid-connected 

early in 2018. It is planned to have the second EPR completed by end of 2018 with 

connection to the grid by 2019 (WNA, 2011). 

 

The UK's Office for Nuclear Regulation (ONR) granted its first new nuclear power plant 

site licence in 25 years in November 2012; ONR awarded the licence to EDF Energy for 

its planned new (EPR design) nuclear plant at Hinkley Point in the south west of England. 

Planning consent was given for construction of the new nuclear power plant on 19th 

March 2013. EDF Energy is expected to announce its final investment decision in the 

Hinkley Point project in April 2013, following negotiations between EDF and the UK’s 

Department of Energy and Climate Change (DECC) to finalise a guaranteed price of 

electricity that will be offered to the company. 

 

A2.2 Oldbury 

The new build site at Oldbury, shown in Figure A2.3, is just over 260km from the east 

coast of Ireland and is located north of the existing Oldbury nuclear power plant site 

which ceased operation in 2012 (DECC, 2010e; 2011b; NDA, 2011). 

 

DECC’s (2010e) AoS for the Oldbury site identified a number of issues requiring further 

studies (including an environmental impact assessment) during the development 

consent applications to determine the significance of the effects and the effectiveness of 

any mitigation measures. Potential adverse effects on internationally and nationally 

protected conservation sites were identified. In addition, the site is in a cluster of two 

nominated sites (Oldbury and Hinkley Point) in the south west region and potential 

regional cumulative effects (positive and negative) should be assessed along with 
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adverse cumulative effects that may arise if both new power stations were to be 

developed alongside any Severn Tidal Power scheme, the effects of which would be 

difficult to mitigate.  

 
Figure A2.3. Oldbury Nuclear Power plant (new build site is indicated in red box)  

Image source: Based on information in (DECC, 2011b) and Google Earth 

 

The nominated site lies in a high risk flood zone. Existing flood defences are in place. 

These effects are significant, but mitigation opportunities could be available following 

further study at the project level. The west of the site is bounded by the existing flood 

defences of the Severn Estuary (not shown in Figure A2.3) but these are likely to need 

upgrading to protect against sea level rise and erosion during the lifetime of the facility. 

Some additional infrastructure may be also be required outside the site including 

additional flood protection measures and cooling water intake and outfall structures, 

which would extend into the Severn Estuary (DECC, 2010e). 

 

Originally, Horizon Nuclear Power (a consortium of RWE and E.ON) was considering either 

three AP1000 reactors or two EPRs (3340 - 3750 MWe) for Oldbury. However, since 

Hitachi bought Horizon Nuclear Power in late 2012, it is now anticipated that Hitachi’s 

Advanced Boiling Water Reactors will be built here instead (these reactors have yet to 

undergo the UK’s generic design assessment). Prior to selling Horizon Nuclear Power, 

E.ON had secured a series of grid connection agreements, the first being to support a 

connection in 2020, and sufficient land for nuclear new build at Oldbury. A planning 

application for Oldbury was expected for 2014 (WNA, 2011; DECC, 2011b) but this is still 

to be confirmed. 
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A2.3 Moorside 

The new build site at Moorside is located on the North West coast of England, adjacent to 

the existing Sellafield nuclear facilities (Figure A2.4). The site is just over 125 km from 

the east coast of Ireland (DECC, 2011b).  

 

 
Figure A2.4. Moorside Nuclear site (new nuclear build site is indicated in red box) 

Image source: Based on information in (DECC, 2011b) and Google Earth 

 

There are potential adverse effects on protected nature conservation sites and adverse 

effects on water quality in the region. The AoS concluded that the risk of flooding due to 

rising sea levels is relatively low at Moorside58 and existing flood defences are in place, 

which may require upgrading. There is the possibility of cumulative effects due to the 

development of a nuclear power station at the nominated site and at Heysham. These 

issues require further studies and will be addressed during the development consent 

applications to determine the significance of the effects and the effectiveness of any 

mitigation measures (DECC, 2010f).  

 

NuGeneration59 , a consortium of GDF SUEZ SA and Iberdrola SA, plans to build up to 

3.6GW (two 1650 MW reactors or three 1200 MW reactors) of new nuclear capacity at 

                                                 
58 The site is located in Flood Zone 1. This zone comprises land assessed as having a less than 1 in 1000 

annual probability of river or sea flooding in any year (<0.1%). The Appraisal of Sustainability identified a 

relatively low risk of flooding due to rising sea levels (DECC, 2011b). 
59 Scottish and Southern Energy withdrew from the consortium in September 2011. 
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Moorside. NuGeneration bought a 470 acre (190 ha) site on the north side of Sellafield 

from the NDA in 2009. The consortium plan to begin construction around 2015 with 

start-up anticipated for 2023. No details have been announced of the type of reactors(s) 

to be built at the site (WNA, 2011; NDA, 2009; Scottishpower, 2009). 

 

A2.4 Sizewell 

The site at Sizewell is located on the south east coast of England, over 520 km from the 

east coast of Ireland. As illustrated in Figure A2.5, the proposed new build site is just 

north of the existing Sizewell B (PWR) nuclear power station (DECC, 2011b).  The AoS for 

the Sizewell new build site noted the potential for adverse effects on protected nature 

conservation sites; and effects on water quality, and fish/shellfish populations in nearby 

coastal waters. The AoS concluded that existing sand and shingle flood defences may 

require upgrading to protect the site for the full lifetime of a new power station. The 

issues will be assessed during the development consent applications to determine the 

significance of the effects and the effectiveness of any mitigation measures (DECC, 

2010g). 

 

It is anticipated that NNB Generation would build two EPR reactors (3.2 GW) at Sizewell. 

Detailed site investigation is ongoing and EDF has a grid connection agreement for a 

transmission capacity of 3300 MW in place with the National Grid which anticipates the 

first EPR unit to be connected to the grid in 2020 and connection of the second unit in 

2021 (DECC, 2011b; WNA, 2011). 

 
Figure A2.5. Sizewell Nuclear Power plant (new build site is indicated in red box) 

Image source: Based on information in (DECC, 2011b) and Google Earth 
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A2.5 Wylfa 

The site at Wylfa is located on the north coast of Anglesey, an island off the coast of 

North Wales. The site is just over 100 km from the east coast of Ireland. As shown in 

Figure A2.6, the site is located to the south east and to the east of the existing Wylfa 

Magnox nuclear power station. The existing Magnox power station60 commenced 

operation in 1971 and is expected to operate until 2014. 

 

The Wylfa site is not part of a cluster of nominated sites and so regional cumulative 

effects are not considered relevant. In addition, the site is predominantly located on high 

ground with hard bedrock. The risks from coastal flooding, sea level rise and erosion are 

therefore considered to be low61. However, further assessment is required to determine 

the need for additional defences over the lifetime of a new power station. The UK 

regulators consider coastal water conditions at the site to be generally favourable for the 

dispersion of heated water that would be released after cooling (DECC, 2010h; 2011b).  

 

 
Figure A2.6. Wylfa Nuclear Power plant (new build site is outlined in red)  

Image source: (DECC, 2011b) and Google Earth 

 

Horizon Nuclear Power was considering constructing up to four AP1000 reactors or three 

EPR units at Wylfa (WNA, 2011). However, since Hitachi bought Horizon Nuclear Power in 

late 2012, it is now anticipated that Hitachi’s Advanced Boiling Water Reactors will be 

built here instead (these reactors have yet to undergo the UK’s generic design 

assessment). RWE (as part of the Horizon Nuclear Power Consortium) had acquired 

options to buy 55 hectares of land at Wylfa with potential for nuclear development 

                                                 
60 See report of the 2006 visit of the Radiological Protection Institute of Ireland to the Wylfa Nuclear Power 

Plant, RPII report 07/02 (RPII, 2007). 
61 The site is in Flood Zone 1, low probability. This zone comprises land assessed as having a less than 1 in 

1000 annual probability of river or sea flooding in any year (<0.1%) (DECC, 2011b) 
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adjacent to the existing Magnox nuclear power plant. It had also secured a 3600 MWe 

grid connection at that site, with a first connection planned for 1200 MW in late 2020 

and final transmission entry capacity of 3600MW by 31st October 2022 (WNA, 2011; 

DECC, 2011b). Horizon Nuclear Power had previously anticipated having its first new 

plant at Wylfa in operation by 2020 (WNN, 2010b; DECC, 2011b) but the current plans 

are no longer certain. 

 

A2.6 Bradwell 

The new build site at Bradwell is located in the east of England, just over 480 km from 

the east coast of Ireland. As shown in Figure A2.7, the site is situated to the east and 

south of the existing Bradwell Magnox nuclear power station62 (DECC, 2010i). 

 

 
Figure A2.7. Bradwell Nuclear Power Plant (new build site is outlined in red). 

Image source: Based on information from (DECC, 2011b) and Google Earth. 

 

The AoS for the Bradwell new build site identified a number of issues requiring further 

studies during the development consent applications to determine the significance of the 

effects and the effectiveness of any mitigation measures (DECC, 2010i). The potential 

impact on protected nature conservation sites and on water quality and fish/shellfish 

populations in nearby coastal waters will be assessed during the site specific application. 

In addition, part of the site is in flood zone 3 and is considered to be at a higher risk from 

coastal flooding. There are both hard and soft flood defences already in place, but these 

may require upgrading over the lifetime of a new power station. This could have potential 

effects on erosion and visual appearance of the coastline. These effects are significant, 

but mitigation opportunities could be available following further study at local level.  

                                                 
62 The twin-reactor Magnox power station operated from 1962 to 2002 and is now being decommissioned 

by the Nuclear Decommissioning Authority (DECC, 2011b).  
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EDF Energy has a grid connection agreement for a transmission capacity of 1650MW in 

place with National Grid, with a connection date of 2021 (DECC, 2011b). However, there 

are currently no further details of any plans for new build on the site. 

 

A2.7 Hartlepool 

The nominated site at Hartlepool is located at the mouth of the River Tees in the North 

East of England just over 270 km from the east coast of Ireland. As shown in Figure A2.8, 

the site surrounds the existing Hartlepool nuclear power station a twin-reactor Advanced 

Gas-Cooled (AGR) power station which commenced operation in 1983 and is currently 

expected to operate until 2019 (DECC, 2010j; 2011b).  

 

 
Figure A2.8. Hartlepool Nuclear Power Plant (new build site is outlined in red) 

Image source: Based on information from (DECC, 2011b) and Google Earth 

 

The Hartlepool site is not part of a cluster of nominated sites, therefore regional 

cumulative effects are not considered relevant. The AoS for Hartlepool noted that the site 

is within Flood Zone 3, high probability. This zone comprises land assessed as having a 1 

in 100 or greater annual probability of river flooding or a 1 in 200 or greater annual 

probability of flooding from the sea (>0.5%) in any year. This, along with other issues, will 

be subject to further studies (including an environmental impact assessment) during the 
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development consent applications to determine the significance of the effects and the 

effectiveness of any mitigation measures (DECC, 2010j).  

 

No site investigations for an Environmental Impact Assessment at Hartlepool have yet 

commenced. However, the operation of the adjacent power station means that there is 

already a great deal of knowledge about the site, and existing infrastructure that could 

be utilised. In addition, there is currently no grid connection agreement in place for the 

Hartlepool site (DECC, 2011b).  

 

A2.8 Heysham 

The site at Heysham is located in the north-west of England, south of Morecambe Bay, 

adjacent to the existing Heysham Docks just over 170 km from the east coast of Ireland. 

The nominated site, shown in Figure A2.9, is located to the east of the existing Heysham 

nuclear power plant. Heysham 1 is a twin-reactor Advanced Gas-Cooled (AGR) power 

station which commenced operation in 1983 and is currently expected to operate until 

2019 and Heysham 2 is also a twin-reactor AGR power station which commenced 

operation in 1988 and is expected to operate until 2023 (DECC, 2010k; 2011b).  

 

 
Figure A2.9. Heysham Nuclear Power Plant (new build site outlined in red) 

Image source: Based on information from (DECC, 2011b) and Google Earth 

 

The site is located in Flood Zone 1 (low probability). This zone comprises land assessed 

as having a less than 1 in 1000 annual probability of river or sea flooding in any year. 
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However, the Environment Agency has concluded that a nuclear power station within the 

site could be protected against flood risk throughout its lifetime, including the potential 

effects of climate change, storm surge and tsunami, taking into account relevant 

countermeasures. This issue will be considered more thoroughly during any development 

consent applications (DECC, 2011b). 

 

Detailed site investigations for an Environmental Impact Assessment at Heysham have 

not yet commenced however the operation of the adjacent power station means that 

there is already a great deal of knowledge about the site. EDF Energy has a grid 

connection agreement for a transmission capacity of 1650 MW is in place with National 

Grid, with a connection date of 2022 (DECC, 2011b).  
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Annex 3: Nuclear reactor types proposed for the UK 

Many forms of electricity production operate on same principle: generation of heat which 

is used to generate steam to turn a turbine, and so produce power/electricity. Where the 

ways of electricity production differ is in how the heat is generated. In power plants that 

use fossil fuels, coal or oil may be burned to produce the necessary heat, in nuclear 

power plants, it is the energy/heat released from a nuclear chain reaction that is used. 

Thus, in a nuclear power reactor, nuclear reactions in the nuclear fuel (reactor core) 

generate heat which is removed by pumping a coolant (e.g., water) through the core. The 

heat is then used to create steam that subsequently drives a turbo generator creating 

electricity.  

 

All nuclear reactors consist of the same essential components. These include: nuclear 

fuel in the form of pellets of uranium oxide (UO2) assembled into tubes to form fuel rods 

that are placed into fuel assemblies in the reactor core; a moderator to slow down the 

neutrons; control rods made with neutron-absorbing material to control the rate of fission 

reactions; a containment vessel to prevent the escape of radioactive material and 

protect from outside intrusion; shielding to prevent neutrons and γ rays from causing 

biological harm to plant workers; a coolant to remove heat from the core; various 

emergency systems designed to prevent runaway operation in the event of a failure of 

the control or coolant systems (Krane, 1988).  

 

Fission chain reaction: A nuclear reactor utilises the process of nuclear fission to 

generate energy. This involves sending low energy neutrons63 into a heavy nucleus, e.g. 

uranium 235, causing it to split into two (fission) fragments with a release of energy64 

and two or three fast/energetic neutrons. Some of the neutrons released in the fission 

process will escape from the reactor while others are absorbed by non-fissionable 

material (e.g. uranium 238). However, approximately half of the neutrons released will 

induce subsequent fission events thus leading to a ‘chain reaction’ (Norman, et al., 

2007; Nero, 1979; Hesketh, 1996).  

 

Over 80% of the energy released in a fission event appears as the kinetic energy of the 

fission products. This generates thermal energy (heat) via collisions with surrounding 

atoms. Further heat arises through stopping/absorbing: (i) the neutrons and gamma rays 

released during fission and (ii) the radiation emitted by the fission products. This heat is 

removed by a water, heavy water, or gas coolant and is used to produce steam that 

generates electricity via a turbine (Norman, et al., 2007; Nero, 1979; Hore-Lacy, 2006) 

 

Moderator: The fast neutrons released in the fission process must be slowed down (or 

moderated) to lower energies to give them a greater probability of resulting in fission 

                                                 
63 A neutron carries no electrical charge and is one of the basic components (the other being a proton) of a 

nucleus (Krane, 1988; Nero, 1979) 
64 Arising from the mass difference between the original heavy nucleus and the resulting constituents  
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(Nero, 1979; Hesketh, 1996). Normal (light) water is an effective moderating material 

and is used in over 80% of the reactors operating worldwide. 

 

Uranium is made up of 238U (99.28%), 235U (0.711%), and 234U (0.006%). However, only 

uranium 235 can be made fission by low energy, ‘thermal’, neutrons. While water is very 

effective at slowing down fast neutrons it also tends to absorb some of the thermal 

neutrons and thus remove them from the fission process. The small proportion of fissile 

uranium 235 in natural uranium (0.711%), coupled with the greater tendency of water to 

absorb neutrons requires the amount uranium 235 in the fuel to be increased or 

‘enriched’65. Most water moderated reactors require that the uranium 235 concentration 

is increased from 0.7 % to 3 - 5% (Hesketh, 1996).  

 

Reactor Control: Power reactors must be maintained at a steady power level and there 

must be provision for shutting the reactor down either routinely for refuelling or in an 

emergency situation. One way of achieving stability is by means of ‘negative feedback’. 

This is an automatic response that tends to correct any deviations from the norm. One 

such mechanism is the so called ‘Fuel – temperature’ feedback. In the fuel, neutrons can 

be absorbed by uranium 238 or induce fission in uranium 235. However, an increase in 

temperature results in more absorption than fission. Thus, if the rate of fission increases, 

the temperature increases and so limits any further fission. Similarly a rise in moderator 

temperature increases the energy of thermalised neutrons making them less likely to 

cause fission and reduces the power level (Hesketh, 1996). 

 

One common form of control is the use of control rods. These rods are made with a 

neutron-absorbing material such as cadmium, hafnium or boron. The ‘control rods’ are 

inserted or withdrawn from the core to either control the rate of reaction or to stop it 

(Nero, 1979). For example to raise the power, the control rods can be removed from the 

core allowing more neutrons to cause fission. When the desired power has been reached 

the control rods are inserted to the core and absorb some neutrons (IAEA, 2004). 

Reactors may also have ‘burnable poisons’ i.e. nuclei that absorb neutrons and are 

depleted over time (hence burnable), as part of the core or included in the cooling fluid 

(Hesketh, 1996). These are thermal neutron absorbing materials which are introduced to 

control reactivity. 

 

Irradiation: When nuclear fuel is irradiated in a reactor, three general radioisotope groups 

(actinides, fission products, and activation products) are formed.  

 Actinides66 are produced by non-fission reactions which transform fuel nuclides 

into other nuclides of similar mass. The majority of actinides are produced via 

neutron capture in uranium isotopes and followed by subsequent radioactive 

decays. This process acts in competition with fission as it reduces the number 

neutrons available for fission. In addition, the plutonium and heavier elements 

                                                 
65 This is achieved by gaseous diffusion or gas centrifuge methods. 
66 Actinides are actinium and the 14 elements to its left in the periodic table including uranium and 

plutonium. 
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produced tend to have long half lives and increase the radioactivity of the nuclear 

fuel (Hesketh, 1996; Nero, 1979). 

 Fission products are an important by-product of a fission reactor. Although some 

are stable, the majority are radioactive with half-lives ranging from fractions of 

seconds to many thousands of years. The fission products dominate the 

radioactivity of spent/used nuclear fuel and are potentially the most serious 

hazard associated with an operating reactor. The greatest hazard is associated 

with isotopes of medium half life such as iodine-131 (T½ = 8 days) and caesium-

137 (T½ = 30 years), which are both radioactive and biologically active (Hesketh, 

1996). 

 Neutrons can transform nuclei in the fuel cladding, the fuel assembly materials, 

the control rods, the coolant, etc, into radioactive isotopes called ‘Activation 

Products’. For example, stable cobalt-59, present in steel components, can be 

converted into radioactive cobalt-60 by absorbing a neutron. Such activation 

products increase the radioactive content of a nuclear reactor and highlight the 

importance in the choice of structural materials (Hesketh, 1996; Nero, 1979). 

 

Containment: In a nuclear reactor a series of physical barriers are used to prevent the 

release of radioactive material to the environment. The nuclear fuel is the first barrier; 

the ceramic UO2 pellets retain fission products in UO2 crystals. The metal cladding tubes 

that house the pellets also retain fission products and form the second barrier. The third 

barrier is produced by the primary coolant system. This system includes the reactor 

pressure vessel and the primary cooling circuit. The entire primary coolant system is 

contained in a solid concrete building. This is the leak tight containment building, that 

forms the fourth and final barrier to radioactive release (AREVA, 2009; AREVA NP & EDF, 

2009). 

 

Fuel: A nuclear reactor utilises the process of nuclear fission to generate energy. This 

involves sending low energy neutrons into a heavy nucleus causing it to split into two 

fission fragments with a release of energy and two or three neutrons. Naturally occurring 

uranium consists mainly (99.28%) of uranium 238 (U-238), which absorbs neutrons but 

does not fission. Only 0.711% of natural uranium is 'fissile' or capable of undergoing 

fission. Consequently, natural uranium cannot be used to fuel a pressurised water 

reactor (PWR) because it’s content of fissile uranium-235 (U-235) is too low to sustain a 

nuclear chain reaction. The concentration of the fissile U-235 needs to be increased to 

typically between 3.5 and 5% (NEA, 1994; TradeTech, 2011b).  

 

In 2011 there were 440 nuclear power plants in operation in 30 countries around the 

world. This comprised 271 (62%) pressurized water reactors (PWRs), 88 (20%) boiling 

water reactors (BWRs) and 47 (11%) Canadian deuterium uranium (CANDU) or 

pressurised heavy water reactors (IAEA, 2011).  The two new build reactor designs 

currently being actively considered for the UK are both PWRs.  
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In a PWR, water is used as both the coolant and the moderator. The coolant water is kept 

at a high pressure to keep it as a liquid even at temperatures above 100oC. The coolant 

is contained within a circuit known as the primary cooling circuit or primary coolant loop 

(which contains the reactor pressure vessel and coolant piping system). Heat is 

transferred from this circuit to a separate (secondary) coolant circuit using steam 

generators; the steam produced drives the turbines to produce electricity (Figure A3.1). 

 

PWR reactor core: PWR fuel is enriched (2 – 4%) uranium in the form of solid cylindrical 

uranium dioxide (UO2) pellets (approximately0.9 cm diameter and approximately1.3 cm 

high). PWRs use solid cylindrical pellets with cupped ends to provide space for the fission 

products that are generated during fuel irradiation. Almost 300 pellets are stacked inside 

a zirconium67 alloy (zircaloy) that provides mechanical strength and cladding for fission 

product retention. This constitutes a fuel rod or pin. These pins, each approximately 3.5 

meters long, are assembled into square (17x17 or 15x15) arrays called 

bundles/assemblies (see Figure A3.2). These arrays are surrounded by a zircaloy 

wrapper which constrains the coolant flow. The complete reactor core consists of around 

200 assemblies68 with approximately 40 to 50 thousand fuel pins.  

 

 

Figure A3.1. Schematic of a typical PWR (Source: U.S.NRC, 2008a) 

 

PWR reactor cooling: As described above, in a PWR, water is used as both moderator69 

and coolant. The complete core with control rods is contained within the reactor pressure 

                                                 
67 Zirconium is chosen for its low neutron absorption. 
68 The AP1000 has 157 fuel assemblies and the EPR has 241 fuel assemblies. 
69 A water moderated reactor requires that the fuel is enriched. 
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vessel. The pressure vessel’s function is to ensure that water does not boil. The water 

coolant enters the pressure vessel near the top of the core and flows to the bottom 

(between the core and the pressure vessel) and then flows up through the core and exits 

to the steam generators. Through this process heat is removed from the core. This forms 

the primary cooling circuit and this circuit is maintained at high pressure and in 

association with the pressure vessel, prevents the water from boiling (Hesketh, 1996).  

 

Steam is created in a secondary system by allowing heat to flow from the high pressure 

primary coolant to the low pressure secondary fluid. This happens in the steam 

generator. The PWR is surrounded by two to four steam generators that are all contained 

in a reinforced concrete shield. After water droplets have been removed from the steam, 

it proceeds to turbines and generates electricity (Hesketh, 1996; Nero, 1979). 

 

 

 

Figure A3.2. A schematic of a PWR fuel assembly made up of fuel rods that are in turn 

comprised of fuel pellets 

 

PWR pressuriser: It is important to maintain a constant pressure so as to avoid either (i) 

the formation of steam in the primary circuit (low pressure) or (ii) the rupture of the 

primary circuit (high pressure). Thus a key component of the PWR is the ‘pressuriser’. 

This is connected to the ‘hot’ leg of one of the steam generator circuits. The pressuriser 

is partly filled with water and partly by steam. If the pressure in the circuit drops, an 

electrical heater produces more steam to increase the hydrostatic pressure in the water, 

whereas a cold water spray will condense some of the steam and hence reduce the 
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pressure. The pressuriser also contains a safety release valve that opens if pressure 

reaches a pre-set level70 (Hesketh, 1996; Nero, 1979). 

 

PWR auxiliary systems: In addition to the above, there are a number of auxiliary systems 

that support the main reactor system. For example, the chemistry and volume control 

system adjust the boric acid71 concentration of the coolant. Boric acid is used to help 

control the reactions in the core and, hence the power output of the system. In addition, 

a residual heat removal system (RHR) removes decay heat from the primary coolant 

system during a plant shutdown. This system consists mainly of heat exchangers and 

pumps. The core must be kept cool for at least 100 days while the decay of fission 

products continues (Hesketh, 1996; Nero, 1979). 

 

A3.1 Evolutionary/European Pressurised Reactor 

EDF and Areva NP are seeking a generic design acceptance from the UK regulatory 

authorities for construction of an Evolutionary/European Pressurised Reactor (EPR) in 

the UK. The design is based on the Flamanville 3 (EPR) plant currently being constructed 

in France.  

 

The EPR is a four-loop pressurized water reactor that is based on the most recent French 

and German reactors72. Each heat removal loop has a reactor coolant pump and steam 

generator (AREVA NP & EDF, 2009). The reactor can use 5 % enriched uranium oxide or 

mixed uranium plutonium oxide (MOX) fuel. The reactor core contains 241 fuel 

assemblies and each assembly contains 265 fuel rods in a 17 x 17 square array.  

 

The EPR core can be fully loaded with MOX fuel whereas a currently operating PWR core 

can be loaded with about 33% MOX fuel. The reactor has a 1600 MWe net electrical 

power output with a thermal efficiency of approximately 37%. The reactor design claims 

to use 17% less uranium to generate the same amount of electricity as a similar size 

PWR. This would reduce the volume of waste and costs would be lower for the entire fuel 

cycle, from enrichment to disposal (AREVA NP & EDF, 2009; Venables, 2008) 

 

EPR plant design: The EPR plant comprises (with reference to Figure A3.3) a Reactor 

Building [1], a Fuel Building [2], four Safeguard Buildings [3], two Diesel Buildings [4], a 

Nuclear Auxiliary Building [5], a Waste Building [6] and a Turbine Building [7], (AREVA NP 

& EDF, 2009).  

 

The EPR’s nuclear systems include the reactor coolant system, fuel handling and storage 

system, shut-down and reactivity control systems, emergency core cooling systems, 

containment cooling system, chemical and volume control system, in-containment 

                                                 
70 If this valve remains open all water coolant can escape – this was a key factor in the 1979 Three Mile 

Island incident. 
71 A neutron absorber. 
72 French N4 reactors in operation at Chooz and Civaux and the Konvoi reactors in operation at 

Neckarwestheim 2, Emsland and Isar 2 in Germany. 
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refuelling water storage tank. These are mainly located in the Reactor Building, Fuel 

Building and Safeguard Buildings. These buildings are robust and shielded where 

necessary to protect the radioactive substances inside.  

 

EPR Safety Systems Configuration: The EPR has four separate major safety systems, 

each capable of performing the entire safety function of the plant independently (in 

particular to cool the core). The systems are independent of each other and are housed 

in four separate (safeguard) buildings. If a fault occurs in one system, due to internal or 

external incidents (e.g. flooding, fire, etc.), another system can take over and perform the 

concerned safety function (AREVA NP & EDF, 2009; Venables, 2008).  

 

The four safeguard buildings and a fuel building surround the reactor building (see Figure 

A3.3). The internal structures and components within the reactor building, fuel building, 

and two safeguard buildings are protected against aircraft hazard and external 

explosions by a double concrete outer shell (2.6 m thick). The other two safeguard 

buildings are not protected against aircraft hazard; however, they are separated by the 

reactor building, which restricts damage from external events to a single safety division 

(AREVA NP & EDF, 2009; Venables, 2008). 

 

 

Figure A3.3. Typical EPR plant configuration. Image source: (AREVA NP & EDF, 2009). 

 

EPR Diesel buildings: The two diesel buildings, shown in Figure A3.3, each contain two 

emergency diesel generators and one station black out diesel generator. In the event of 

loss of the primary electrical sources (e.g. mains electricity), each diesel building can 

supply electricity to the safety systems required to safely shut down the reactor, remove 

residual and stored heat, and prevent the release of radioactivity. In the event of total 

loss of the four Emergency Diesel Generators, two additional and diverse generators, the 

station Black-Out Diesel Generators, provide the power necessary to supply the 

respective emergency loads (AREVA NP & EDF, 2009). 
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The diesel buildings are constructed from reinforced concrete and are built on a 

foundation independent from the reactor building. The two buildings are physically 

separated to ensure protection against aircraft crash and are designed to withstand 

earthquake and explosions (AREVA NP & EDF, 2009). 

 

EPR Accident Mitigation Features: The EPR has a number of systems and design features 

that aspire to ensure the nuclear safety of the reactor. These include systems to 

maintain cooling of the fuel (including removal of residual heat after the reactor has 

shutdown) and the containment of radioactive products in the event of an accident. 

 

The safety injection system / residual heat removal system (SIS/RHRS) can be used both 

in normal operating conditions and in the event of an accident. During normal shutdown 

operations, the system provides controlled heat removal from the primary circuit. Heat is 

extracted by low-pressure safety injection pump and heat exchanger. In the event of an 

accident, e.g. loss of coolant, the safety injection system can inject borated water into 

the reactor core (AREVA NP & EDF, 2008). 

 

The In-Containment Refuelling Water Storage Tank (IRWST) is a tank containing a large 

volume of borated water. It serves to collect water which is discharged into the reactor 

containment in the event of an accident. The IRWST pool also acts as a water reserve for 

the safety injection system, the containment heat removal system and possibly the 

reactor chemical and volume control system. 

 

The internal volume of the containment building is larger than most existing PWR 

designs. This provides a greater volume to absorb the mass and energy released from 

the reactor coolant system in the event of a main steam line break or a loss of coolant 

accident (LOCA). As a result, the peak containment pressure during these events is 

reduced, and it is not necessary to initiate active heat removal from the containment in 

the short-term phases of these types of accidents. The designers claim that (active) 

containment heat removal system would only be required approximately 12 hours after 

the beginning of a severe accident (AREVA NP & EDF, 2009). 

 

A hydrogen control system, based on the use of passive catalytic recombiner unit, is 

distributed throughout the reactor building. Their operation promotes overall convection 

within the containment. The passive catalytic recombiner units operate spontaneously 

when the hydrogen concentration on the catalytic surfaces exceeds a minimum threshold 

level (AREVA NP & EDF, 2009). Their operation aims to remove the risk of a hydrogen 

explosion in the reactor building.  

 

The ‘ultimate containment heat removal system (EVU [CHRS])’ is designed to transfer 

decay heat from the in-containment refuelling water storage tank (IRWST) to the ultimate 

cooling water system. It is designed to limit the pressure in the containment and to 

ensure heat extraction from the containment and the IRWST following the failure of 

safeguard systems leading to a core meltdown accident, or in the event of a loss of 



197 

 

coolant accident (LOCA) with the loss of the low pressure injection pumps (AREVA NP & 

EDF, 2008).  

 

A unique design feature of the EPR is the core melt retention system. This is designed to 

contain the total inventory of the core, internals, and lower pressure vessel head. It is a 

passive system that does not need any intervention. This system is designed to spread 

the molten core debris over a large area and stabilize it by quenching it with water73. 

Spreading over a large area increases the surface-to-volume ratio of the melt. This 

promotes fast and effective cooling and limits further release of radionuclides into the 

containment atmosphere. The main components of the core melt retention system are 

shown in Figure A3.4 (AREVA NP & EDF, 2009). 

  

 

Figure A3.4. Core Melt Retention System (AREVA NP & EDF, 2008) 

 

A3.2 Advanced Passive 1000 design 

The Advanced Passive 1000 (AP1000) is a Westinghouse designed 1,200 MWe PWR. It 

is based on the Westinghouse two-loop74 design used at plants currently in operation in 

the United States and Europe. As is the case for the EPR, the AP1000 can operate with a 

full core loading of MOX fuel (Westinghouse, 2009). The AP1000 includes passive safety 

systems that use natural forces, such as gravity, natural circulation (i.e., convection) and 

compressed gas. There are no pumps, fans, diesels, chillers, or other rotating machinery 

                                                 
73 In the event of an accident resulting in a core melt, the water reserve from the In-Containment Refuelling 

Water Storage Tank (IRWST) can be used to flood the containment floor provided for corium spreading and 

cooling  
74 The reactor coolant system consists of two heat transfer circuits, each with a steam generator, two 

reactor coolant pumps, and a single hot leg and two cold legs for circulating reactor coolant. In addition, 

the system includes the pressuriser, interconnecting piping, valves, and instrumentation for operational 

control and safeguards actuation (Westinghouse, 2009). 
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required for the safety systems. This eliminates the need for safety-related AC power 

sources. A few valves align the passive safety systems when they are automatically 

activated. In most cases these valves are “fail-safe”; in that they require power to stay in 

their normal closed position but a loss of power causes them to open into their safety 

alignment. In all cases valves are triggered using stored energy from springs, 

compressed gas, or batteries (Westinghouse, 2009). 

 

AP1000 Plant Design: The nuclear plant is comprised of five principal building structures; 

the nuclear island, the turbine building, the annex building, the diesel generator building, 

and the radioactive waste (radwaste) building (see Figure A3.5). The nuclear island 

structures are designed to withstand the effects of natural phenomena such as 

hurricanes, floods, tornados, tsunamis, and earthquakes without loss of capability to 

perform safety functions. The nuclear island is designed to withstand the effects of 

postulated internal events such as fires and flooding without loss of capability to perform 

safety functions (Westinghouse, 2009). 

 

The designers claim that, in contrast to previous generation NPPs, the AP1000 model 

contains 50% of the valves, 35% of the pumps, and less than 80% of the pipes and 

cables. In addition, the volume of seismically qualified buildings is reduced by 56% 

resulting in a smaller footprint and lower construction costs for the AP1000 (Venables, 

2008; Westinghouse, 2009). 

 

The AP1000’s reactor core contains 157 fuel assemblies. Each of the fuel assemblies 

consists of 264 fuel rods in a 17x17 square array. The centre position in the fuel 

assembly has a guide thimble that is reserved for in-core instrumentation. The remaining 

24 positions in the fuel assembly have guide thimbles. The guide thimbles are joined to 

the top and bottom nozzles of the fuel assembly and provide the supporting structure for 

the fuel grids (Westinghouse, 2009). 

 

 

Figure A3.5. Principal building structures on the AP1000 nuclear power plant 

(Westinghouse, 2009) 
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AP1000 passive safety-related systems: Westinghouse claims that, following an 

accident, the AP1000’s safety systems require no operator action for 72 hours. The 

passive safety systems can establish and maintain core and containment cooling 

indefinitely without AC power (Westinghouse, 2009; Sutharshan, et al., 2011).  The 

AP1000 passive safety-related systems include the following: Passive core cooling 

system, Passive containment cooling system, Main control room emergency habitability 

system, and Containment isolation. These passive safety systems establish and maintain 

core cooling and containment integrity indefinitely, with minimal operator and no AC 

power support requirements (Westinghouse, 2009). Some of these will be explained in 

more detail in the following section. 

 

AP1000 Passive core cooling system: The passive core cooling system protects the plant 

against reactor coolant system leaks and ruptures of various sizes and locations. The 

system includes a passive residual heat removal heat exchanger (PRHR HX). The heat 

exchanger is connected through inlet and outlet lines to reactor coolant system loop 1 

(see Figure A3.6). The exchanger protects the plant against transients that upset the 

normal steam generator feedwater and steam systems. The in-containment refuelling 

water storage tank (IRWST) is designed to provide the heat sink for the heat exchanger. 

The designers claim that the volume of water in the tank is sufficient to absorb decay 

heat for more than one hour before the water begins to boil. Once boiling starts, steam 

passes to the containment vessel. This steam condenses on the steel containment 

vessel and, after collection, drains by gravity back into the water tank. The heat 

exchanger and the passive containment cooling system is designed to provide indefinite 

decay heat removal capability without operator intervention (Cummins, et al., 2003; 

Westinghouse, 2009; Sutharshan, et al., 2011). 

 

AP1000 Passive containment cooling system: The passive containment cooling system 

(Figure A3.7) provides the safety-related heat sink for the plant. The passive containment 

cooling system cools the containment following an accident so that the pressure is 

reduced and the design pressure is not exceeded. The steel containment vessel provides 

the heat transfer surface that removes heat from inside the containment and rejects it to 

the atmosphere. Heat is removed from the containment vessel by continuous natural 

circulation flow of air. During an accident, the air cooling is supplemented by evaporation 

of water. The water drains by gravity from a tank located on top of the containment shield 

building. The tank is sized for three days. If additional water is necessary, water can be 

provided from the ancillary water storage tank, which is part of the fire protection system, 

or offsite water sources (Cummins, et al., 2003; Westinghouse, 2009; Sutharshan, et al., 

2011). 

 

AP1000 Molten core debris containment: The AP1000 design provides capability of 

retaining core debris inside the containment indefinitely. The designers claim this system 

has the ability to retain molten core debris inside the reactor vessel. In a core damage 

event, where the core has uncovered and overheated, water will flood the outside of the 
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reactor vessel. This water comes from the in-containment refuelling water storage tank 

(IRWST) (see Figure A3.6), either through normal post-accident operation of the passive 

safety systems or from operator initiated draining of the tank. The system is designed to 

ensure that this water provides sufficient cooling to prevent reactor vessel failure and 

subsequent relocation of molten core debris into the containment. Retention of the 

debris in the vessel significantly reduces the uncertainty in the assessment of 

containment failure and radioactive release to the environment due to ex-vessel severe 

accident phenomena (Cummins, et al., 2003; Westinghouse, 2009).  

 

 

Figure A3.6. AP1000 Reactor Coolant (RCS) and Passive Core Cooling Systems 

(Source: Cummins et al 2003) 

 

 

Figure A3.7. AP1000 passive containment cooling system (Westinghouse, 2009). 
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Annex 4. Regulatory framework under which the sites will operate 

Nuclear safety and radiological protection75 are national responsibilities and the UK, in 

common with other EU countries has national regulatory bodies and national legislation 

to ensure that appropriate standards are met by nuclear facilities. The standards applied 

are developed using international requirements and guidance on best practice. 

 

The development of national regulatory frameworks for nuclear safety and radiological 

protection are influenced by: 

 The requirements of EU binding legislative instruments and international 

frameworks such as the International Safety Conventions 

 international guidance and regulatory methodologies developed under the 

auspices of international bodies such as the International Atomic Energy Agency 

(IAEA), the Nuclear Energy Agency (OECD/NEA),  ENSREG (European Nuclear 

Safety Regulators Group) and other groups including WENRA (Western European 

Nuclear Regulators Association).  

This annex outlines the principles of nuclear safety and radiological protection and 

explains how they are implemented in practice in the UK. 

 

A4.1 Principles of nuclear safety  

A nuclear reactor produces large quantities of radioactive substances from which people 

and the environment must be protected. Nuclear safety is the set of technical and 

organisational provisions that are applied in the design, siting, construction, and 

operation of a nuclear reactor to reduce the likelihood, and/or to limit the consequences, 

of an accident (AREVA NP & EDF, 2009; Kröger & Chang, 2006). 

 

The ‘defence in depth’ safety concept is a key element in ensuring nuclear safety. The 

concept involves containing the radioactive material by protecting the integrity of the 

physical barriers against internal and external events. The objective of the approach is to 

prevent radiological incidents and if prevention fails, to limit their consequences and 

prevent any evolution to more serious conditions. Defence in depth includes the use of 

access controls, physical barriers, redundant and diverse safety systems, and emergency 

response measures which aim to prevent the release of radioactive material into the 

environment. The multiple layers of defence can compensate for human and/or 

mechanical failures so that no single layer is solely relied upon (NEA, 2008; ENSREG, 

2011; Kröger & Chang, 2006). 

 

                                                 
75 Nuclear safety is primarily concerned with maintaining control over nuclear facilities (including the 

means for achieving this, and the means for preventing accidents and for mitigating the consequences of 

accidents should they occur), whereas radiological protection is primarily concerned with controlling 

people’s exposure to radiation and its effects. 
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The reactor designs currently being considered for the UK both employ defence in depth 

to achieve the objectives of nuclear safety. These include passive safety-related systems 

that automatically establish and maintain core cooling and containment integrity 

following loss of cooling; diverse and redundant systems that can automatically bring the 

reactor to a safe shutdown state; and arrangements for mitigating the consequences a 

core melt down. 

 

A4.2 Principles of radiological protection  

The aim of radiological protection is to ensure that people and the environment are 

protected from the harmful effects of ionising radiation.  Radiological protection is based 

on three core principles of: 

 

 The justification principle -  any decision that alters the radiation exposure 

situation should do more good than harm. 

 The optimisation principle - the likelihood of incurring exposures, the number of 

people exposed, and the magnitude of their individual doses should all be kept as 

low as reasonably achievable, taking into account economic and societal factors. 

(referred to as the ALARA Principle).  

 The application of Dose Limits - the total dose to any individual from regulated 

sources in planned exposure situations other than medical exposure of patients 

should not exceed the appropriate limits. 

 

These principles form the basis of the system of radiological protection internationally 

which is developed by the International Commission on Radiological Protection (ICRP), an 

independent, international organisation with a membership representing leading 

scientists and policy makers in the field of radiological protection. These three principles 

are enshrined in EU legislation through the Basic Safety Standards Directive (Council 

Directive 96/29/EURATOM76). In the UK this directive is implemented through number of 

national regulations most notably the Ionising Radiations Regulations 1999 (IRR99).   

 

In the UK, the Department of Energy and Climate Change (DECC) takes the lead on the 

justification of civil nuclear practices, such as the generation of electricity from nuclear 

power. This is done under the Justification of Practices Involving Ionising Radiation 

Regulations, 2004 which require the Secretary of State to decide whether a new class or 

type of practice resulting in exposure to ionising radiation is justified by its economic, 

social or other benefits in relation to the health detriment it may cause. 

 

                                                 
76  The EC is in the process of revising the 1996 Basic Safety Standards Directive (96/29/Euratom) 

referred to above with the intention of recasting (consolidating) a series of radiation (EURATOM) Directives 

into one new Basic Safety Standards Directive. This new directive is likely to be in place before the 

proposed fleet of new nuclear power plants is in operation in the UK but the fundamental principles of 

radiation protection as described above and the relevant dose limits will remain unchanged. 
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IRR99 require employers to keep exposure to ionising radiation as low as reasonably 

practicable77, and within specified dose limits (20 mSv per year for workers and 1 mSv 

per year for other persons, including the public).The Regulations require that restriction 

of exposure should be achieved in the first place by means of engineering control and 

design features. Where this is not reasonably practicable, employers are required to 

introduce safe systems of work and only to rely on the provision of personal protective 

equipment as a last resort.  

 

In England and Wales, the Environment Agency enforces the Radioactive Substances Act 

1993 (RSA93), which is mainly concerned with the control of radioactive waste, 

Discharges of radioactive waste to the environment are strictly controlled through 

authorisations granted to operators by the Environment Agency and are subject to a 

number of requirements being met. An important requirement is that the total dose from 

the authorised uses of ionising radiation to a member of the public, including that 

resulting from discharges of radioactive waste, must not exceed a limit of 1000 µSv.   

 

In addition to dose limits that apply once a reactor or site is operational, the impact of 

future discharges of radioactive waste from a single site must also be assessed against 

dose constraints specified by the UK Government. Currently this dose constraint is set at 

300 µSv per year for each source78 (for example, one reactor would constitute one 

source) and 500 µSv for each site (for example, a site with multiple reactors and/or 

waste storage facilities). This site constraint is not a limit but is used for planning 

purposes. If it is subsequently found on the basis of environmental measurements and 

current understanding of population habits that the dose is in excess of either constraint, 

then the operator is required to clearly demonstrate that doses are within limits (1000 

µSv for the public) and as low as reasonably achievable. 

 

A4.3 International nuclear safety standards  

The International Atomic Energy Agency (IAEA) (2006) considers the primary nuclear 

safety objective to be ‘…. to protect people and the environment from harmful effects of 

ionising radiation’. The Nuclear Energy Agency79 (2008) extends this to define nuclear 

safety as being  ‘… the achievement of proper operating conditions, prevention of 

accidents or mitigation of accident consequences, resulting in protection of workers, the 

public and the environment from undue radiation hazards’. To protect against these 

                                                 
77 In the UK, the term ALARP (As Low As Reasonably Practicable) is often used instead of ALARA, as ALARP 

has a legal definition under UK health and safety legislation, though both principles are equivalent for most 

intents and purposes. 
78 Current limits set in The Radioactive Substances (Basic Safety Standards) (England and Wales) Direction 

2000. However, the UK Health Protection Agency has recommended that the UK Government select a 

value for the dose constraint for new nuclear power plants and waste facilities that is less than 150 µSv. 

While a new limit has not been adopted, the Environment Agency has advised all potential operators of the 

HPA recommendation and has assessed the projected doses to the public against both the 300 µSv dose 

constraint and 150 µSv recommendation as part of the GDA process.  
79 Nuclear Energy Agency (NEA) is a specialised agency within the Organisation for Economic Co-operation 

and Development (OECD). 
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risks, nuclear installations must comply with national, EU and international standards 

which aim to ensure that the established radiological limits are not exceeded and that 

the probability and consequences of nuclear accidents are reduced to an acceptable 

level (ENSREG, 2011).  

 

Several international organisations including the IAEA and the NEA, contribute to the 

development of guidance and standards for all aspects of nuclear safety. The 

development of nuclear and radiation safety standards is a statutory function of the IAEA. 

The IAEA statute expressly authorises the Agency “to establish standards of safety” and 

“to provide for the application of these standards”. The IAEA has developed a series of 

requirements that provide the basic conditions that must be met in order to assure the 

safety of nuclear power plants. The IAEA Standards represent an international consensus 

on what constitutes a high level of safety for the protection of people and the 

environment from harmful effects of ionising radiation. The standards apply to the 

operation of nuclear installations, the use of radiation and radioactive sources, the 

transport of radioactive material and the management of radioactive waste. The safety 

standards comprise the Safety Fundamentals (Fundamental Safety Principles), a set of 

Safety Requirements and supporting Safety Guides.  

 

The IAEA also provides audit and review services to member states. These include the 

International Regulatory Review Service (IRRS) that reviews national regulatory 

infrastructure for compliance with the IAEA requirements and other internationally 

accepted best practices, and the Operational Safety and Review Teams (OSART) that 

assists member states to enhance the operational safety of their nuclear power plants.  

 

A4.4 International Nuclear Safety Conventions 

Most EU Member States, including the UK, are contracting parties to a number of 

International Safety Conventions.  These are: 

 Convention on Nuclear Safety (CNS) that addresses the safety of nuclear power 

plants.  

 Joint Convention on the safety of spent  fuel management and on the safety of 

radioactive waste management (the Joint Convention) 

 Convention on Early Notification of a Nuclear Accident. 

 Convention on Assistance in the case of a Nuclear Accident or Radiological 

Emergency (the Assistance Convention). 

 Convention on the Physical Protection of Nuclear Material (CPPNM) that 

addresses the security of nuclear material and facilities. 

The aim of the International Conventions is to legally commit contracting parties 

(countries) to maintain a high level of safety. It does this by setting international safety 

requirements for governments, regulatory bodies and the nuclear community.  These 

requirements are based on the IAEA Safety Fundamentals. 
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For the Convention on Nuclear Safety and the Joint Convention, contracting parties must 

demonstrate compliance with the obligations set out and undergo a peer review by the 

other contracting parties every three years. The Convention on Early Notification of a 

Nuclear Accident requires countries to provide prompt notification of any nuclear 

accident that may affect other countries.  The Assistance Convention obliges contracting 

parties to cooperate amongst themselves and with the IAEA to facilitate prompt 

assistance in the event of a nuclear accident or radiological emergency to minimise its 

consequences and to protect life, property and the environment from the effects of 

radioactive releases.  

 

The Convention on the Physical Protection of Nuclear Material is an international 

instrument that makes it legally binding for States to protect nuclear facilities and 

material in peaceful domestic use, storage and transport. It also provides for cooperation 

between and among countries to locate and recover stolen or smuggled nuclear material, 

to mitigate any radiological consequences of sabotage, and to prevent and combat 

related offences. 

 

A4.5 European Union Directives 

The Euratom Treaty forms the basis of many EU activities relating to the nuclear fuel 

cycle as well as to other activities that use radioactive substances for research, industrial 

and medical purposes.  

 

The safety of nuclear installations is ultimately a national responsibility and is governed 

by national legislation. Within the EU, this is supplemented by an EU Directive on Nuclear 

Safety80. The Directive provides binding legal force to the main international nuclear 

safety principles81 and the obligations deriving from the Convention on Nuclear Safety. 

The Directive requires Member States to set up and continuously improve national 

nuclear safety frameworks. It enhances the role and independence of national regulatory 

authorities and confirms licence holders as having the prime responsibility for nuclear 

safety. It further requires Member States to encourage a high level of transparency of 

regulatory actions and to guarantee regular independent safety assessments (ENSREG, 

2011).  

 

In 2011, the European Council adopted a Directive on the safe management of spent 

fuel and radioactive waste. The Directive requires Member States to develop national 

programmes for the safe management of spent fuel and radioactive waste to include 

plans with a concrete timetable for the construction of disposal facilities, as well as a 

description of the activities needed for the implementation of disposal solutions, costs 

                                                 
80 Council Directive 2009/71/Euratom of 25 June 2009 establishing a Community framework for the 

nuclear safety of nuclear installations. 
81 The European Commission has recognised the IAEA Standards as providing a basis for the 

harmonisation of nuclear safety standards within the European Union. 
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assessments and a description of the financing schemes. The plans have to be notified 

to the Commission by 2015 and subsequently updated regularly (EC, 2011). 

 

The Directive allows two or more member nations to develop joint disposal facilities and 

allows transport of used fuel and radioactive wastes within the EU. Exports outside the 

EU will only be allowed under strict conditions.  

 

Across the EU, radiological protection of the public and workers is governed by the Basic 

Safety Standards Directive (BSS). The overall objective of the BSS is to protect the health 

of exposed workers and members of the public against the dangers arising from ionising 

radiation from all sources, including the nuclear fuel cycle.  The Directive sets down limits 

on the maximum radiation dose that any person should receive under normal conditions. 

The limits have been established based on international studies on the effects of 

radiation and are set at levels to avoid harmful effects. In addition to keeping doses 

below the limits, the operators of nuclear facilities and radioactive waste management 

facilities must ensure that any radiation doses received by the public and workers are 

optimised i.e. as low as reasonably achievable, economic and social factors taken into 

account. 

 

The BSS is supplemented by five other Directives dealing with the following: 

 Public Information: The Directive sets out requirements for informing the general 

public about health protection measures to be applied and steps to be taken in 

the event of a radiological emergency. 

 Outside workers: This Directive covers the operational protection of outside 

workers who may be exposed to ionising radiation in the course of their work 

 Shipments of radioactive waste and spent fuel: Two Directives cover shipments of 

radioactive waste and spent fuel. The EU operates a system of prior authorisation 

for all shipments of radioactive waste in order to provide greater radiation 

protection. 

 Control of high-activity sealed radioactive sources and orphan sources: This 

Directive aims to prevent exposure to ionising radiation arising from inadequate 

control of high-activity sealed radioactive sources and to harmonise controls in the 

EU Member States. 

 Medical Exposures: This Directive sets out the general principles for the health 

protection of patients and other individuals who are exposed to radiation for 

diagnostic, therapeutic, research or medico-legal purposes.   

A4.6 Nuclear Safety in the UK 

In the UK, the Department of Energy and Climate Change (DECC) is accountable to 

Parliament for the safety of nuclear power stations and other licensed civil nuclear sites. 

The Secretary of State is advised on nuclear issues by an independent Health and Safety 



209 

 

Commission (HSC)82. The HSC has statutory responsibility for ensuring that there is an 

adequate framework for regulation of safety at nuclear sites in the UK. The Secretary of 

State and the HSC are in turn advised on nuclear safety standards and their 

implementation on nuclear licensed sites by the Nuclear Safety Advisory Committee 

(NuSAC) (DECC, 2010l).  

 

Under the UK’s Health and Safety at Work. Act 1974 (HSWA74) a general duty is placed 

on all employers (not just nuclear site licensees) to ensure, so far as is reasonably 

practicable (SFAIRP), the health and safety at work of their employees and also those 

affected by their work activities83 (DECC, 2010l; ONR, 2011). This responsibility is 

reinforced for nuclear installations by the Nuclear Installations Act 1965 (NIA). The NIA 

states that a site cannot have nuclear plant on it unless the user (a corporate body84) 

has been granted a site licence by the Health and Safety Executive (HSE). The licensing 

function is delegated to the Office for Nuclear Regulation (ONR).  

 

The holder of a nuclear site licence is responsible for the safety of its nuclear 

installations and also for the health and safety of those employees and members of the 

public that may be affected by the operation of installation (IAEA, 2006; DECC, 2010l). 

The ONR sets out (in 36 site licence conditions) the general safety requirements to deal 

with the risks on a nuclear site. They address issues such as operating rules (and 

instructions, maintenance, safety justifications, Periodic Safety Reviews reporting and 

following up on events, training and qualification of staff, modification to plant and 

procedures, independent nuclear safety committees, emergency arrangements, 

organisational structures and quality assurance (QA). Several requirements relate to the 

licensee having adequate arrangements to manage changes that may have safety 

implications (DECC, 2010l).  

 

In addition to the process described above, the Ionising Radiations Regulations 199985 

(IRRs) provide for protection of workers in all industries from ionising radiations and by 

the generality of health and safety regulation which ONR also enforces on nuclear sites 

(DECC, 2010l). 

 

A4.7 UK regulatory bodies 

The NEA (2008) and IAEA (2006) note there is a need for an independent nuclear safety 

regulatory body that has the legal authority, technical competence and adequate 

resources to independently assure that nuclear facilities are designed, built, operated 

                                                 
82 The HSC merged with the Health & Safety Executive (HSE) in 2008 (DECC, 2011m). 
83 HSWA74 also established two regulatory bodies, the Health and Safety Executive (HSE) and the Health 

and Safety Commission (HSC). 
84 Either a registered company or a public body. 
85 IRR99 implements aspects of the European Council (EC) Directive 96/29/Euratom establishing Basic 

Safety Standards and includes setting radiation dose limits for employees and members of the public for 

all activities involving ionising radiation. IRR99 also implements EC Directive 90/641/Euratom on the 

operational protection of outside workers exposed to the risk of ionising radiation during their activities in 

controlled areas (DECC, 2010l).  
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and decommissioned safely. This requirement is included in the EU Nuclear Safety 

Directive.  The government is responsible for the adoption, within its national legal 

system, of a framework to provide for the regulation of facilities and activities that give 

rise to radiation risks and for the clear assignment of responsibilities. The regulatory 

body must have adequate legal authority, technical and managerial competence, and 

human and financial resources to fulfil its responsibilities. 

 

The UK’s Office for Nuclear Regulation (ONR; an agency of the Health and Safety 

Executive) is responsible for regulating safety and security at nuclear sites in the UK. The 

ONR's licence conditions cover all arrangements for managing safety, including 

emergency planning arrangements and responding to accidents, leaks, spillages of 

radioactive material at individual civil nuclear sites. In the UK, discharges of radioactive 

waste to the environment are strictly controlled through authorisations granted by the 

relevant environment agency (the UK Environment Agency for all of the proposed nuclear 

power plant locations). The Environment Agency, the Food Standards Agency and 

industry all have roles in assessing prospective doses to members of the public as part of 

the authorisation process. The Food Standards Agency is a statutory consultee for the 

determination of authorisations granted to operators on nuclear licensed sites. Public 

Heath England (formerly the Health Protection Agency) has a statutory role to give advice 

on the acceptability and the application in the UK of radiological protection standards 

recommended by international or inter-governmental bodies. 

 

ONR’s nuclear site inspectors visit sites regularly to check compliance with the NIA 

licence conditions and are authorised to issue improvement notices, to instruct a 

licensee to shut down a reactor and to prosecute a licensee for violation of licence 

conditions or other relevant legislation. 

 

The HSWA74 requires employers to reduce risks to the health and safety of workers and 

the public "so far as is reasonably practicable" (SFAIRP). In addition, the Ionising 

Radiations Regulations86 requires that exposure should be restricted SFAIRP. The 

licensee is required to take measures to reduce risks to levels that are ‘As Low As 

Reasonably Practicable’ (ALARP87) and to demonstrate this to the regulator.  

 

The ONR (2001) employs a three-part framework for risk evaluation that is known as the 

tolerability of risk (TOR) for individuals88. The framework is presented as an inverted 

triangle (shown in Figure A4.1). At the top of this framework are risks that are 

unacceptable regardless of any benefits associated with the activity. At the bottom are 

risks that are broadly acceptable and can be regarded as insignificant and adequately 

controlled. Between these two regions of risk is the tolerable region within which risks 

need to be reduced to a level ‘as low as reasonably practicable’.  The upper and lower 

                                                 
86 Ionising Radiations Regulations 1999. 
87 ALARP and SFAIRP are effectively the same thing. 
88 See HSE’s (2001) “Reducing Risks, Protecting People”. 
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tolerability limits for risk resulting in fatal injury to individuals have been assigned values 

of 1 in 1000 per annum and 1 in 1,000,000 per annum respectively (Woodruff, 2005).  

 

Figure A4.1. ONR's Tolerability of Risk triangle 

 

Demonstrating that risks are ALARP involves considering various options to improve 

safety and implement the combination of reasonably practicable options that achieve the 

lowest level of residual risk. Generally this means demonstrating the use of relevant good 

practice.   Unless the resources involved are in gross disproportion to the reduction in 

risk gained, the duty holder must undertake the improvement. 

 

A4.8 Regulation of the transport of radioactive materials 

The transport of radioactive materials is governed by both national regulations and 

international codes and standards. The IAEA Regulations for the Safe Transport of 

Radioactive Material were first published in 1961 and have been revised regularly since 

then to reflect scientific and technological developments. Many countries, including the 

UK, and international agencies (such as the UN Model Regulations for the Transport of 

Dangerous Good, the International Civil Aviation Organization (ICAO) and the International 

Maritime Organization (IMO)) have adopted safety requirements and standards based on 

the IAEA Regulations. As a result, the IAEA Regulations apply to the transport of 

radioactive materials almost anywhere in the world (see Table A4.1).  

 

The main principle underlying the IAEA’s Transport Regulations is that safety is ensured 

mainly by the packaging. The packaging must be sufficient to provide protection against 

the various hazards of the particular material under both normal and potential accident 

conditions, with different requirements depending on the level of different hazards. 

These hazards may include, depending on the type of material being transported, risks 

from dispersion of the material to the environment, external radiation hazard to people in 

the immediate vicinity, need to prevent damage caused by high temperatures and 

prevention of chain reactions (‘criticality’). The IAEA regulations designate five main 
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package types (Excepted, Industrial, Type A, Type B and Type C) each with set criteria for 

their design and test procedures to demonstrate compliance with the required 

performance standards. These tests include checking for resistance to fire, impact, 

immersion in liquid, pressure, heat and cold so as to ensure that an accident will not 

have any major consequences. 

 

Table A4.1. Safety Regulations for the transport of radioactive material 

Mode of 

Transport 

International/ 

Regional 

Organisation 

Name of Regulation / Agreement / Codes Scope 

All IAEA Regulations for the Safe Transport of 

Radioactive Material, TS-R-1 

Worldwide 

All UN Recommendations on the Transport of 

Dangerous Goods 

Worldwide 

Sea IMO International Maritime Dangerous Goods Code 

(IMDG Code) 

Worldwide 

Sea IMO International Code for the Safe Carriage of 

Packaged Irradiated Nuclear Fuel, Plutonium and 

High-Level Radioactive Wastes on Board Ships 

(INF Code) 

Worldwide 

Air ICAO Technical Instructions for the Safe Transport of 

Dangerous Goods by Air (TI) 

Worldwide 

Air IATA Dangerous Goods Regulations (DGR) Worldwide 

Road UN/ECE European Agreement concerning the 

International Carriage of Dangerous Goods by 

Road (ADR)* 

Regional 

Rail OTIF Regulations concerning the International Carriage 

of Dangerous Goods by Rail (RID) 

Regional 

Road and rail MERCOSUR/ 

MERCOSUL 

Agreement of Partial Reach to Facilitate the 

Transport of Dangerous Goods 

Regional 

Inland 

Waterways 

UN/ECE European Agreement concerning the 

International Carriage of Dangerous Goods by 

Inland Waterways (ADN) 

Regional 

Post UPU Universal Postal Convention and its detailed 

regulations 

Worldwide 

 

 

While some of the materials transported as part of the nuclear fuel cycle (e.g. new fuel 

assemblies) have low radioactivity content and negligible external radiation levels 

requiring no special shielding; other materials, such as spent fuel are highly radioactive 

and purpose-designed packages with integral shielding must be used. Shipments of 

radioactive materials must also comply with relevant physical protection (security) 

requirements developed by the IAEA, the designated modal organisation (IMO and ICAO) 

and those of the shipping countries' governments. 
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To date there has never been a transport incident resulting in a significant release of 

radioactivity. Furthermore, a coordinated international research project on the severity, 

probability and risks of accidents during maritime transport of highly radioactive material 

concluded that the risks are very small. It found that even if a severe accident were to 

occur the radiation doses that would arise would be lower than those received from 

background radiation (IAEA, 2001). 

 

The US Department of Energy commissioned a detailed study of severe transport 

accidents which have occurred in the USA over the past 20 years. The accidents 

analysed did not involve radioactive materials. However, the study was focused on 

accidents which allegedly had the potential to cause significant damage to a transport 

cask. Accident reports for twelve very severe road and rail accidents, involving high 

impacts, fires, explosions or water immersion were studied to determine how the 

conditions generated in these accidents compare with the regulatory tests and how such 

conditions would have affected spent fuel transport casks. Some of these accidents 

involved impacts such as high speed train derailments and the collapse of bridges and 

viaducts that resulted in road vehicles falling onto concrete roads or plunging into rivers 

and others involved fires and explosions. The study strongly concluded that even under 

these extreme accident conditions the casks would not have been significantly damaged 

and would have retained their integrity (US DOE, 2003). 
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Annex 5. The Nuclear Fuel Cycle 

 

The fuel cycle of a nuclear power plant covers all the operations associated with the 

production of nuclear energy (Figure A5.1). The cycle can be divided into three main 

stages: (i) the stages before electricity production (mining and milling, conversion, 

enrichment, and fuel fabrication), known as the 'front end' of the cycle, (ii) fuel use in the 

reactor, and (iii) the 'back end' of the fuel cycle which may include storage, reprocessing, 

recycling, and waste disposal. If spent fuel is reprocessed the cycle is referred to as a 

‘closed’ fuel cycle. If spent fuel is not reprocessed, the fuel cycle is referred to as ‘open’ 

or ‘once-through’ (ENSREG, 2011b; IAEA, 2007; NEA, 1994). 

 

The UK currently carries out conversion, enrichment, fuel fabrication, reprocessing and 

waste treatment, with only the raw material uranium being imported. 

  

 

 

Figure A5.1. Overview of the Nuclear Fuel Cycle (Source: IAEA) 
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A5.1 Mining and Milling 

Naturally occurring uranium is widely distributed in the earth's crust and oceans and 

there are a number of areas around the world89 where geological processes have 

increased its concentration such that it is economically viable to mine. The uranium ore 

is removed from the ground by conventional mining techniques (open-pit or underground 

mining), in-situ leaching, or as a by-product of other mineral mining (NEA, 1994; Cochran 

& Tsoulfanidis, 1999; TradeTech, 2011b). In 2010, over half of the world’s uranium 

production derives from mines located in Canada, Australia, and Kazakhstan (see Figure 

A5.2). The uranium mining methods used worldwide in 2010 are shown in Figure A5.3. 

 

Uranium deposits that are close to the surface can be recovered using open-pit mining. 

These mines entail the removal of large quantities of material to allow access to the ore 

and result in large holes on the surface. Thus, this method has a larger environmental 

impact than other mining techniques. In 2011, the world’s largest open-pit uranium mine 

in operation was the Rössing mine in Namibia (WNA, 2011; TradeTech, 2011b). 

Underground mining is used for uranium deposits that are typically greater than 100 m 

deep. This class of mines have relatively small surface disturbance and the quantity of 

material that must be removed to access the ore is considerably less than in the case of 

an open pit mine. In most underground mines, the ore body is blasted and hoisted to the 

surface for milling. This form of mining requires special precautions, consisting primarily 

of increased ventilation, to protect against airborne radiation exposure (e.g. radon gas). 

The McArthur River underground mine in Canada is the largest high-grade uranium 

deposit in the world (WNA, 2011; TradeTech, 2011b). 

 

 

Figure A5.2. World uranium production in 2010 (TradeTech, 2011a) 

 

                                                 
89 Australia, Kazakhstan, Canada, South Africa, Namibia, Brazil, Russia, USA, Uzbekistan, Niger Ukraine, 

China, India, Czech Republic, Malawi (NEA, 1994). 
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Figure A5.3. World uranium mining methods in 2010 (WNA, 2011c) 

 

In addition to the direct extraction method, uranium ore can be recovered by the in situ 

leach (ISL) mining method. This involves pumping a chemical solution through a porous 

ore body to dissolve the uranium. The uranium-solution is then pumped back up to the 

surface, leaving the host rock undisturbed. Nearly 25% of uranium mines worldwide use 

this method and 41% of all uranium production in 2010 was via ISL. This method 

eliminates large scale excavations and the requirement for crushing and grinding etc. In 

addition there are fewer operational risks to the workers (both mechanical and 

radiological). However, this method has a lower uranium recovery rate than open cast 

and underground mining and has the potential to contaminate ground water (WNA, 

2011; TradeTech, 2011b; WNA, 2011c). Finally, uranium can also be recovered as a by-

product of the extraction of other metals (e.g. copper and gold) from their minerals and 

as a by-product of phosphoric acid production from phosphate rocks. Uranium is a by-

product from the Olympic Dam Mine in Australia which has the world’s fourth largest 

copper deposit (NEA, 1994; TradeTech, 2011a). 

 

Once recovered, the uranium ores are ‘milled’ to concentrate the uranium ore extracted 

from the mine. The uranium mills are usually co-located with the mines. At this facility, 

the uranium-bearing ores are crushed and ground, and the uranium is chemically 

extracted. This process usually extracts 85 to 95% of the uranium present in the ore. The 

final mill product is uranium ore concentrate (UOC) or ‘Yellow Cake’ which is then either 

shipped directly to a conversion plant - or converted to uranium trioxide powder and then 

shipped -for final conversion to uranium hexafluoride (WNA, 2011; TradeTech, 2011b; 

NEA, 1994). 

 

The majority of the ore mass (99%) is waste and mining produces waste rock with lower 

uranium content than that of the original ore. Wastes are mainly produced in the milling 

phase and contain radium, other naturally occurring radioactive substances, and 

relatively high concentrations of toxic heavy metals. These wastes are put back into the 
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mine or in engineered geological facilities which are covered on top and sealed 

underneath and on the sides in order to reduce radon emissions and the movement of 

ground water (NEA, 1994).  The wastes associated with the various mining and milling 

operations are stored locally to the facilities.  

 

A5.2 Fuel Fabrication 

A PWR reactor needs the uranium in the fuel to be enriched in order to sustain the 

nuclear chain reaction required. Enrichment of uranium entails increasing the relative 

concentration of uranium-235 (as compared to uranium-238) to between 3.5 and 5% 

(NEA, 1994; TradeTech, 2011b). This compares to the typical natural ratio of 0.71%. 

 

Before uranium is enriched it must first be converted from a powder to a gaseous form. 

At a conversion facility the uranium ore concentrate or uranium trioxide is purified and 

converted from a powder to a gaseous form (uranium hexafluoride, UF6) required for the 

enrichment process. There are a number of conversion plants operating commercially in 

the USA, Canada, France, Russia, China and the UK. After conversion, the uranium 

hexafluoride is transferred into 14-tonne metal cylinders where it solidifies and is 

shipped to an enrichment plant. 

 

The enrichment process separates the gaseous uranium hexafluoride into two streams, 

one being enriched in uranium-235 and the other being depleted in uranium-235 

(referred to as 'tails' or ‘depleted uranium’), using one of two methods. The two 

enrichment methods are diffusion and centrifuge, each of which uses uranium 

hexafluoride gas as the starting material; both processes use the small mass difference 

between uranium-235 and uranium-238 to separate them (NEA, 1994; TradeTech, 

2011b). After the enrichment process, the uranium hexafluoride, enriched with uranium-

235, is converted into enriched uranium oxide and is shipped to a fuel fabrication plant 

in metal cylinders. The cylinders are specially designed to protect against inadvertent 

criticality. The uranium hexafluoride that is depleted in uranium-235 (enrichment tails) is 

stored (NEA, 1994). There a number of large commercial enrichment plants 

internationally, in France, Germany, Netherlands, USA, Russia and the UK.  

 

Following enrichment, the UF6 turned into a gas which is changed into uranium dioxide 

powder (UO2) in a kiln. The powder pressed and heated at high temperatures to produce 

small cylindrical pellets. The pellets are stacked inside zirconium alloy fuel tubes, which 

are pressurise and sealed before being grouped together to form a fuel assembly for use 

in a nuclear power plant.  

 

The current arrangements in the UK are summarised in Figure A5.4. Following initial 

purification and conversion processes in Canada the uranium is shipped, as UO3, to 

Springfields (Lancashire) for the final conversion step (to uranium hexafluoride). 

Enrichment is undertaken by Urenco at Capenhurst (Cheshire) in a centrifuge plant and 

the enriched UF6 returned to Springfields for fabrication. In addition, some fabricated fuel 
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is purchased on the international market. The enriched uranium produced at the 

Capenhurst plant is sent to fuel manufacturing plants worldwide. 

 

 

 

Figure A5.4. Schematic showing the current fuel production practices in the UK 

 

Wastes from the conversion, enrichment and fuel fabrication processes typically contain 

uranium, acids and some organic chemicals. Some conversion facilities recycle these 

wastes to uranium mines in order to recover the uranium content while others directly 

dispose their waste. Wastes arising from the uranium enrichment processes contain 

small amounts of uranium and the associated naturally occurring radioactive elements 

(NEA, 1994). Uranium is only weakly radioactive, and its chemical toxicity90 – especially 

when in the form of UF6 - is more significant than its radiological toxicity. The operations 

at Capenhurst and Springfields result in gaseous and liquid radioactive discharges to the 

environment.  

 

A5.3 Fuel use in the reactor  

New fuel arriving at the reactor site is placed in a store prior to be being loaded into the 

core. Once transferred to the reactor core, the fuel assemblies are used for about three 

to five years. During this time, a proportion of the uranium atoms undergo fission 

producing energy and fission products.  

 

During routine operations of a nuclear reactor, gaseous radionuclides are created and 

discharged to the atmosphere (EA, 2010; AREVA, 2009). Some of the gaseous 

                                                 
90 Uranium hexafluoride forms a very corrosive material when exposed to moisture (hydrofluoric acid) 

which would pose a safety risk to people in the immediate area and so a number of barriers are required to 

protect against its release.  
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radionuclides are formed by neutron activation in the reactor coolant water or air. Others 

are formed by fission in the fuel and released to the primary coolant through defects in 

the fuel cladding. The primary coolant undergoes degassing to remove gaseous 

radionuclides for processing in a range of devices for treating gaseous radioactive 

effluent (e.g. filters, iodine traps, recombination, retarding beds etc) prior to discharge. 

As a result of leakage of the reactor coolant, gaseous radionuclides can also be released 

into the containment atmosphere.  

 

The radionuclides expected to be discharged to the atmosphere by the proposed nuclear 

power plants include:  

 Noble gases: mainly xenon-133, xenon-135 and, to a lesser extent, krypton-85 

formed by fission. 

 Argon-41: formed by activation of naturally occurring argon-40 in the air.  

 Tritium: formed by fission and, to a greater extent, activation of boron and traces 

of lithium-6 in the coolant. 

 Carbon-14: formed mainly by activation of oxygen and nitrogen in the coolant. 

 Iodines: mainly iodine-131 and iodine-133, formed by fission.  

 Aerosols: formed mainly by activation (e.g. cobalt-58, cobalt-60) and fission (e.g. 

caesium-134, caesium-137).  

In addition to gaseous radioactive wastes, nuclear reactors also produce liquid 

radioactive wastes. The liquid radioactive products likely to be discharged to the 

environment include fission products (released into the primary cooling circuit through 

small defects in the fuel rod cladding), corrosion products (released by the primary 

coolant system internal structures and activated as they pass into the core) and primary 

coolant activation products. To limit the radioactivity that is eventually released into the 

environment from the operating nuclear power plant, various systems and equipment 

remove these radioactive products from the primary coolant. Other sources of liquid 

waste include the fuel pool purification system and washings from plant 

decontamination. The residual liquid radioactive materials, remaining after treatment, 

are discharged to sea with the cooling water. 

 

The fuel is removed from the core when the majority of the uranium-235 has undergone 

fission, and further use is no longer economic. The used (or ‘spent’) fuel is placed in 

water pools91 for a number of years to provide cooling and shielding as the fission 

products are highly radioactive and thus generate considerable heat until sufficient 

quantities of them have decayed away. After a cooling period of a few years at the 

reactor site, the most highly radioactive fission products will have decayed and the rate 

of heat production from the spent fuel will have declined appreciably. Although the fuel 

assemblies are still highly radioactive and produce significant quantities of heat, safe 

                                                 
91 Maintaining a layer of two metres of water above the fuel assemblies provides adequate protection 

against radiation and the water also keeps spent fuel that has been recently removed from the reactor 

core cool. 
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transport of the spent fuel is now more readily accomplished. For transport the spent fuel 

is loaded into heavily shielded transport casks in which it is shipped to the interim 

storage/final disposal facility. These transport casks, which provide cooling for the fuel 

elements and shielding for workers and the public against the emitted radiation, are 

designed to withstand transport crashes and fires so that the protection they afford 

would be maintained even in the event of a major accident (NEA 1994). 

 

In addition to the spent fuel, during its normal operation a reactor produces liquid, 

gaseous and solid radioactive wastes. Low- and intermediate-level radioactive waste 

(LILW) at nuclear power plants is produced by contamination of various materials with 

the radionuclides generated by fission and activation in the reactor or released from the 

fuel or cladding surfaces. The radionuclides are primarily released and collected in the 

reactor coolant system and, to a lesser extent, in the spent fuel storage pool. The main 

wastes arising during the operation of a nuclear power plant are components which are 

removed during refuelling or maintenance (mainly activated solids, e.g. stainless steel 

containing cobalt-60 and nickel-63) or operational wastes such as radioactive liquids, 

filters, and ion-exchange resins which are contaminated with fission products from 

circuits containing liquid coolant (Efremenkov, 1989). 

 

A5.4 Reprocessing of spent nuclear fuel 

Spent fuel discharged from a reactor contains unused uranium-235, plutonium-239, and 

other radioactive materials. Reprocessing is the chemical process that separates the 

spent fuel into its constituent parts of uranium (96%), plutonium (1%) and fission 

products (3%) so that the uranium and plutonium can be reused. In the UK, reprocessing 

of spent nuclear fuel is carried out at the Sellafield site in Cumbria. The site is operated 

by Sellafield Ltd on behalf of its owner, the Nuclear Decommissioning Authority. The 

reprocessing operations give rise to a number of different classes of wastes, and lead to 

the release of low level waste materials in the form of liquids and gases to the 

environment. These releases are regulated by the UK authorities and discharge limits are 

set by the Environment Agency of England and Wales (EA). Liquid radioactive waste is 

discharged from the plant into the Irish Sea via a pipeline, about 3 km from land. Gases 

are released from the plant via a number of chimneys (referred to as ‘stacks’).  The low 

level liquid radioactive wastes released from Sellafield represent the most significant 

source of artificial radioactivity in the Irish marine environment.  

 

Current UK Government policy is that there are no plans to reprocess the spent nuclear 

fuel from any new nuclear power plants in the UK (NDA, 2011). The 2010 justification 

decision for the operation of EPR and AP1000 reactors did not extend to reprocessing 

the resultant spent fuel arising from their operation (DECC, 2010a; DECC, 2010b). The 

NDA have concluded that storage followed by disposal of spent fuel is currently more 

cost-effective than reprocessing. In addition, recycling of spent fuel in the UK in thermal 

reactors is unlikely to be commercially attractive for the foreseeable future. Discharges 
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from the Sellafield site are thus expected to decrease over the coming years with the 

planned closure of the Magnox and Thorp reprocessing plants by 201892.  

 

A5.5 Construction of nuclear power plants  

The construction phase of a nuclear power plant involves several stages. These include: 

preliminary site development works, construction of buildings, and the installation of 

mechanical and electrical plants. Following this the plant undergoes commissioning and 

then goes into operation. The construction of a new nuclear plant, including the 

commissioning phase, is estimated to take up to nine years.  

 

A number of environmental permits are required from the Environment Agency during 

construction and operation of a nuclear power station. These relate to activities 

including: impact on ground and sea waters; removal from and discharges (of radioactive 

and non-radioactive substances) to controlled waters, including rivers and estuaries; 

operation of 'conventional' non-nuclear plant; disposal of radioactive and non-radioactive 

wastes; and flood risk management. 

 

There are several potential non-radiological impacts associated with the construction 

phase of a nuclear power plant. There is likely to be an impact on air quality due to non-

radioactive chemical discharges (formaldehyde and carbon monoxide), dust emissions, 

and exhaust emissions from vehicles movements93. There will also be some minor noise 

and vibration impacts, and landscape and visual impacts due to construction activities. 

However, the construction of new nuclear power plants will impact the local environment 

only.  

 

A5.6 Decommissioning of nuclear power plants 

Decommissioning a nuclear power plant can be considered the termination of operations 

and the withdrawal of the facility from service, followed by its conversion to an out-of-

service state and finally its complete removal. Decommissioning activities aim to place a 

facility in a condition that ensures the health and safety of the general public and the 

environment, while at the same time protecting the health and safety of the 

decommissioning workers (NEA, 2007).  

 

The IAEA (2006b) has defined three primary decommissioning strategies. The strategies 

are:  

 Immediate Dismantling: Dismantling commences shortly after the permanent 

cessation of operations (typically within 5 years).  Equipment, structures and parts 

                                                 
92 The closure dates are dependent on the level of performance of the reprocessing plants. 
93 During construction phase, vehicle movements to and from the site will occur. These shall comprise 

vehicles delivering equipment and materials and those associated with the transportation of the workforce. 

The main emissions associated with vehicles and diesel run facilities are carbon monoxide, particulates, 

hydrocarbons and oxides of nitrogen. 
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of a facility with radioactive material above a specific level being removed or 

decontaminated to a level that permits the facility to be released for unrestricted 

use. This strategy implies prompt completion of the decommissioning project and 

involves the removal of all radioactive material from the facility to another new or 

existing licensed facility and its processing for either long term storage or disposal. 

This strategy does not allow for any significant decay of radionuclides.  

 Deferred Dismantling or Safe Enclosure (Safestore): Parts of a facility containing 

radioactive contaminants are either processed or placed in such a condition that 

they can be safely stored and maintained (e.g., liquids are drained from the 

system and irradiated fuel and operational waste materials removed). The facility 

is placed in long-term storage (e.g., 50 years), thus allowing radionuclides to 

decay, prior to later dismantling.  

 Entombment: Radioactive contaminants are encased in a structurally long lived 

material (normally in concrete) until radioactivity decays to a level permitting the 

unrestricted release of the facility, or release with restrictions imposed by the 

regulatory body. 

The GDA application for each new nuclear power plant required a detailed 

decommissioning strategy to be included. The preferred decommissioning strategy for 

both the AP1000 and the EPR is Early Site Clearance (ESC) with reactor dismantling 

(Immediate Dismantling) commencing as soon as practicable after the end of generation. 

This strategy is generally recommended by international bodies such as the IAEA and 

NEA. It is the preferred approach for PWR decommissioning internationally.   

 

The immediate dismantling option assumes that a disposal facility is available for spent 

fuel and Intermediate Level Waste (ILW). This could be either a national repository or an 

interim waste management/storage facility. Current UK policy is for the development of 

national repositories for HLW and ILW. It is recognized that during the operational life of 

the reactors there will be systematic reviews of the decommissioning plans to take 

account of (national and international) operational decommissioning experience. This 

may result in modifications to the current decommissioning strategy.  

 

The proposed nuclear power plants have been designed to take account of the 

decommissioning phase. They have been designed to minimise the volume of radioactive 

structures; the toxicity of the waste; the activity level of irradiated components; and the 

spread of contamination. The designs also aim to allow components to be easily 

decontaminated and dismantled. In addition, they have been designed to limit the 

radiation dose received by workers during the decommissioning process. This is to be 

achieved by improved fuel reliability (less fuel failure and leaking to the primary cooling 

circuit) and a reduction in the amount of activated radioactive cobalt in the primary 

circuit. 

 

In the UK, new nuclear power plant operators are required to submit a Funded 

Decommissioning Programme (FDP) before construction is allowed to commence. The 
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FDP must contain detailed plans (including costs), for decommissioning, waste 

management and disposal. The UK Government will set a fixed unit price for disposal of 

intermediate-level wastes and spent fuel. During plant operation, operators will set aside 

funds into a secure and independent fund (WNA, 2011; DECC, 2010l). 

 

It is possible that decommissioning activities will result in radioactive discharges to the 

environment. These are expected to be lower than the routine releases occurring during 

the operational phase of the reactor. 
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Annex 6. Nuclear and Radioactive Waste Management Practices in the 

UK 

 

Radioactive waste occurs in a variety of forms (gaseous, liquid, or solid) with different 

physical and chemical characteristics such as the concentrations and half-lives of the 

radionuclides. The wastes may range from the slightly radioactive to the highly 

radioactive and may be very small in volume or very large and diffuse. As a source of 

ionising radiation, radioactive waste represents a potential hazard to human health. 

Thus, the IAEA state that the ‘objective of radioactive waste management is to deal with 

radioactive waste in a manner that protects human health and the environment now and 

in the future without imposing undue burdens on future generations. This means 

isolating (‘concentrate and contain’) or diluting (‘dilute and disperse’) the waste so that 

the concentration of any radionuclides returned to the biosphere is harmless (IAEA, 

1995). 

 

A6.1 Radioactive Waste Categorisation  

The parameters used to categorise radioactive waste include radiation dose, thermal 

power, activity, and half life (IAEA, 1994). A widely used classification system separates 

radioactive waste into three classes: low level waste (LLW), intermediate level waste 

(ILW) and high level waste (HLW) with a further distinction sometimes being made, based 

on half-life, between short-lived and long-lived waste. The differentiation between the 

long- and short-lived radionuclide content is sometimes made to assist in the choice of 

the appropriate type of repository and to determine how long it is required to contain the 

radioactivity. Waste can be classified using a mixture of parameters.  

 

In the UK, radioactive waste is classified according to its heat-generating capacity and 

radioactivity content (DECC, 2008). The categories include the following:  

 

 High level wastes (HLW) are wastes in which temperature may rise 

significantly as a result of their radioactivity level94. These wastes are 

sufficiently radioactive to require both shielding and cooling. This factor has to 

be taken into account in designing storage and disposal facilities for these 

wastes.  

 Intermediate level wastes (ILW) are wastes with radioactivity levels exceeding 

the limits for low-level wastes. These wastes necessitate shielding but do not 

require heating94 to be taken into account in the design of storage or disposal 

facilities. 

                                                 
94 An early IAEA (1994) waste classification suggested HLW has a thermal power exceeding 2kW/m3 and 

ILW has a thermal power below 2kW/m3. However, the latest classification does not specify thermal power 

as it must be considered in the demonstration of safety of a geological disposal facility. 
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 Low Level Waste (LLW) is defined as radioactive waste having a radioactive 

content not exceeding 4 gigabecquerel95 per tonne (GBq/te) of alpha 

radioactivity or 12 GBq/te of beta/gamma radioactivity. This definition is a 

general definition which does not relate to specific disposal sites.  

 Very Low Level Wastes (VLLW) can be disposed of to an unspecified 

destination with ordinary refuse. Each 0.1 m3 of material contains less than 

400 kBq96 of total activity or single items contain less than 40kBq of total 

activity (there are additional limits on the content of tritium and carbon-1497). 

This term is only applicable to small volumes of waste that can be disposed of 

with ordinary refuse (dustbin disposals) such as that produced by hospitals. 

Controls on disposal of this material, after removal from the premises where 

the wastes arose, are not necessary.  

 High Volume Low Activity LLW (HVLA LLW) is waste with maximum 

concentrations of four megabecquerel98 per tonne (MBq/te) of total activity 

which can be disposed of to specified landfill sites. For waste containing 

tritium, the concentration limit for tritium is 40MBq/te. Controls on disposal of 

this material, after removal from the premises where the wastes arose, will be 

required. 

A6.2 Quantities of radioactive waste 

The Nuclear Decommissioning Authority (2011a) reported that the total volume of 

radioactive waste in the UK in 2010, including radioactive waste expected to arise in the 

future99 from existing nuclear facilities, was approximately 4.7 million m3 (or 5 Mte). 

About 94% (4.4 million m3) of this waste is categorised as low-level radioactive waste 

(LLW). Of this, 4 million m3 are from the dismantling and demolition of nuclear facilities 

and the clearance of contaminated ground at nuclear sites. About 6% (290,000 m3) of 

the total inventory is intermediate-level radioactive waste (ILW) and less than 0.1% 

(1000 m3) is high-level waste (HLW). 

 

The operation of the proposed new build reactors will add to this inventory. Table A6.1 

reports the estimated annual volume of packaged solid LLW and ILW resulting from the 

operation of an EPR or AP1000 to be disposed of or to be stored pending disposal. The 

volumes of packaged radioactive waste arising from reactor decommissioning following a 

60 year service life are estimated in Table A6.2 using data from Westinghouse (2011) 

and AREVA & EDF (2009). Finally, at the end of the anticipated 60 year reactor lifetime, 

the AP1000 and the EPR will have produced approximately 2,500 and 3,400 spent fuel 

                                                 
95 1 GBq = 109 Bq 
96 1 kBq = 103 Bq 
97 For wastes containing carbon-14 or hydrogen-3 (tritium), in each 0.1 m3, the activity limit is 4,000 kBq 

for carbon-14 and tritium taken together; and for any single item, the activity limit is 400 kBq for carbon 14 

and tritium taken together. Controls on disposal of this material, after removal from the premises where 

the wastes arose, are not necessary.  
98 1 MBq = 106 Bq 
99 An additional 1 million m3 of waste has already been disposed (NDA, 2011a). 
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assemblies respectively. As there are currently no plans to reprocess the spent fuel from 

new build reactors, it will be considered HLW. 

 

Table A6.1. Predicted annual average packaged solid LLW and ILW to be disposed of or 

stored from the proposed nuclear power plants 

Design LLW (m3/y) ILW (m3/y) 

EPR 24.5 46.2 

AP1000 82.6 41.8 

 

Table A6.2. Estimated volume of packaged solid LLW and ILW created from 

decommissioning of one of the proposed nuclear power plants 

Design LLW (m3) ILW (m3) 

EPR 11,669 1,400 

AP1000 6,000 800 

 

A6.3 Low Level Waste Management 

Liquid and gaseous low level waste management 

All radioactive waste discharges are regulated by the UK Environment Agency (EA) under 

the Environmental Permitting (England and Wales) Regulations 2010. EA issues 

authorisations that set out limits and conditions on the amount and way an operator can 

dispose of waste. The authorisation covers all radioactive waste disposals including 

discharges to air and water, and transfers of waste for incineration or disposal to landfill. 

 

The UK employs a ‘dilute and disperse’ waste disposal strategy for low-level liquid and 

gaseous wastes that arise at its nuclear facilities. This is usually preceded by a period of 

‘delay and decay’ where radioactivity in the emissions is diminished by delaying the 

release thus allowing short-lived radionuclides to decay.  

 

Solid Low level waste management 

In the UK, solid LLW is disposed in the national Low Level Waste Repository (LLWR) at 

Drigg in Cumbria. A ‘concentrate and contain’ waste management strategy is 

implemented. In this approach drums/boxes of LLW are compacted under high pressure 

and placed in half-height ISO containers (HHISO). The HHISO are then filled with cement 

and placed in concrete-lined vaults at the LLWR. Once the vaults are full they are 

capped100 and following closure of the site there will be a period of “delay and decay”. 

The engineering of the facility will promote “dilution and dispersion” on eventual release 

of contaminants, expected to be in hundreds to thousands of years. 

 

                                                 
100 The cap will be three metres thick and consist of 12 component layers designed to deter intrusion by 

people, animals and plants, limit infiltration of rainwater into the wastes, and disperse any gas that 

accumulates. The materials used in the various layers include: soils, sand, gravel, stone cobbles, high-

density polyethylene (HDPE) membrance, etc.  
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Since it commenced operations in 1959 over one million cubic metres of LLW from the 

nuclear power industry, hospitals, research establishments and the defence programmes 

have been sent to the LLWR (NDA, 2011a). Up to 1995 LLW was tipped into trenches101, 

numbered sequentially one to seven (see Figure A6.1). From 1988, some LLW began to 

be disposed in concrete disposal vaults (starting with Vault 8). By 1995, disposal Trench 

7 was full and subsequently all LLW was emplaced in Vault 8. Vault 9 is now built, fully 

commissioned and being used for the storage of waste. There is a small amount of space 

remaining in Vault 8 and this is being retained to allow for direct disposal of wastes that 

cannot be stored in Vault 9. It is expected that Vault 9 will be filled by 2022 and waste 

will be disposed in subsequent vaults. (LLWR, 2011d). Building five new vaults 

numbered 10 to 14 (shown in Figure A6.1), subject to planning permission and EA 

authorisation, would provide a repository that could accommodate all the UK’s LLW 

arising up around the year 2080. An additional six (numbered 15 - 20) vaults would allow 

the repository to take all the LLW anticipated in the United Kingdom Radioactive Waste 

Inventory, which includes waste arisings up to around the year 2130 (LLWR, 2011c; 

2011d).  

 

The company operating the Low Level waste repository has assessed the future arisings 

of LLW in the UK. They predict that that the New Build Programme will have little effect 

on processed102 LLW volumes before about 2085. This reflects the relatively small 

volumes of LLW predicted for the operational phase of any new build reactors. After 

about 2085, the new nuclear power plants would be expected to begin to move into 

decommissioning phase and the resulting wastes would have an increasing impact on 

total waste volumes. It is predicted that future vaults (up to vault 14) would be filled by 

(approximately) 2080. The vaults numbered 15 - 20 would be filled by around the year 

2130 (LLWR, 2011e; 2011d)103. 

 

The ‘UK Strategy for the Management of Solid Low Level Radioactive Waste from the 

Nuclear Industry’ recommends applying a waste management hierarchy to the 

management of LLW. The waste hierarchy of reduce, reuse, recycle, and disposal 

classifies waste management strategies according to their desirability. The strategy 

establishes a preference for managing LLW at higher levels of the hierarchy (i.e. reduce 

the amount waste produced etc.) and to move away from disposal. The strategy aims to 

minimise the volume of LLW that needs to be disposed at the LLWR, while maximising 

the capacity of the facility (NDA, 2010). 

 

                                                 
101 Approximately 800,000 cubic metres of Low Level waste was disposed by tipping into trenches. 
102 Low Level Waste arisings were calculated assuming: a fleet of eight PWRs; the first PWR to come on 

stream in 2020, with further stations at four-year intervals; operational lifetime 60 years; prompt 

decommissioning, requiring the same timeframe as Sizewell-B (LLWR, 2011d). 
103 All plans for the future use of the LLWR are subject to the agreement of the owner, the NDA, and 

depend on the granting of the necessary planning consents and regulatory permits and permissions. In 

addition, the future use of the LLWR depends on the requirements for management of radioactive waste in 

the UK (LLWR, 2011a). 
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In line with the strategy, since September 2009, suitable LLW has been processed in a 

metals recycling facility at Workington in Cumbria. This facility uses size reduction and 

shot-blasting techniques to decontaminate radioactive metals and hence reduce the 

quantities of LLW metal sent to the LLWR. The recovered material can be released back 

into the scrap metals market for a variety of uses. In addition, wastes with very low 

activity are routinely sent to landfill sites for disposal. 

 

 
Figure A6.1. The LLWR site in Cumbria illustrating the locations of the disposal trenches 

and vaults (Image source: Google Earth) 

 

The LLWR is located just over 5 km south east of the Sellafield site. At its north-western 

corner, shown in Figure A6.1, the site and disposal area is about 400 m from the sea 

high water mark and is thus vulnerable to coastal erosion (LLWR, 2011a). The site is 

currently protected by natural coastal defences, but there is the potential for changes in 

climate to result in sea level rises in the future104, which could make the site more 

vulnerable to erosion and flood risk. The potential for significant erosion is anticipated to 

be within the region of a few hundred to a few thousand years. Consequent disruption of 

the repository, with erosion of the vaults and trenches is estimated to be complete within 

one to a few thousands of years. This is taken into account by setting limits on the types 

and activity of waste that may be disposed to a near-surface facility.  

 

                                                 
104 Net sea-level rises are estimated of between about 0.1 to 0.7 metres by 2100AD, 1 to 21 metres by 

3000AD and 7 to 25 metres at 5000 AD (LLWR, 2011a). 
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A6.4 Intermediate Level Waste Management 

In the UK, intermediate level wastes (ILW) arises from the reprocessing of spent nuclear 

fuel, operations and maintenance of radioactive plant and decommissioning of nuclear 

facilities. Additionally an inventory of legacy waste dating back to the 1950s is stored, 

pending retrieval and conditioning into a disposable form. With the exception of a small 

amount disposed of at sea before 1983, all ILW created in the UK has been stored. 

 

The current arisings of ILW are composed largely of metals and organic materials, with 

smaller quantities of cement, graphite, glass and ceramics. As more nuclear facilities in 

the UK enter the decommissioning phase, the quantities of metal, concrete and graphite 

will increase. The operation of new build nuclear reactors will produce ILW in the form of 

spent filters, spent ion exchange resin, and activated carbon (DECC, 2008).  

 

The main objective of ILW waste management is to ensure that radioactive waste is 

managed safely by putting it into a passively-safe form105. This involves immobilising the 

waste in cement-based materials within 500 litre stainless steel drums or 3 m3 stainless 

steel boxes106 (DECC, 2008). Until a final disposal route is available, ILW will be stored in 

interim stores, potentially for several decades. Interim storage of ILW involves building 

facilities at each nuclear site where the ILW has arisen. This approach (conditioning of 

waste followed by onsite interim storage) is expected to be applied at the new nuclear 

power plant sites. Table A6.1 and Table A6.2 estimate the annual volume of packaged 

solid LLW and ILW resulting from the operation of an EPR or AP1000 nuclear power plant 

and the volumes of packaged radioactive waste arising from reactor decommissioning 

following a 60 year service life, respectively. The vendors’ submissions made under the 

UK’s generic design assessment process are required to show that waste (and spent 

fuel) can be retrieved, transported, and disposed of at the end of storage on site. 

 

Intermediate level wastes generated by an AP1000 will be stored within suitably shielded 

areas within an auxiliary building prior to treatment in a mobile encapsulation plant. At 

this plant ILW will be mixed with cement and poured into drums and boxes. The waste 

packages (3m3 boxes and drums) will be transported to an on-site ILW store where they 

will be stored until a national ILW repository becomes available. It is estimated that 

between 15 and 29 of these waste packages will be produced each year. A total of 1116 

ILW waste packages is predicted for a 60-year AP1000 nuclear power plant lifetime 

(Westinghouse, 2009). 

 

                                                 
105 Radioactive waste is ‘conditioned’ i.e. transformed into a form that is suitable for handling, 

transportation, storage and disposal. This may involve immobilisation of radioactive waste, placing waste 

into containers or providing additional packaging. Common immobilisation methods include solidification 

of LLW and ILW liquid radioactive waste in cement. Immobilised waste may be placed in steel drums or 

other engineered containers to create a waste package (EA, 2011). 
106 The NDA’s Radioactive Waste Management Directorate (RWMD) has responsibility for planning and 

implementing a geological disposal facility for the UK. The RWMD have approved 3m3 drums or boxes for 

ILW waste storage/disposal. 
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The AP1000 ILW store will be built from reinforced concrete, 1 m thick, walls. Operators 

are required to provide adequate arrangements for the storage of ILW waste generated 

during operation and decommissioning of the NPP until a disposal route becomes 

available. The proposed ILW store is intended to accommodate ILW arising from the first 

20 years of operation. Further, 20 year capacity stores, will be built when needed 

(Westinghouse, 2009). 

 

AREVA estimates that the EPR nuclear power plant will generate approximately 50 m3 of 

ILW during each year of operation. This ILW will be conditioned107 in the EPR’s effluent 

treatment building. The ILW (3m3 drums or boxes) packages will then be transported into 

a separate Interim Storage Facility (ISF) on site pending removal to a final disposal 

facility. The radioactive decay of ILW into LLW (Low Level Waste), which will occur during 

the interim storage period of time, is taken into consideration. The ILW on-site interim 

storage facility will be designed to be in operation for up to 100 years (AREVA NP & EDF, 

2009).  

 

A6.5 High Level Waste Management (including spent nuclear fuel)  

The potential hazards associated with spent nuclear fuel are extremely high. These 

hazards arise from the levels of radiation emitted from the fuel (potentially irradiating 

people close to the fuel) and the long lifetimes of the radioactivity contained in the spent 

fuel (thousands to millions of years). Consequently, spent nuclear fuel must be isolated 

from the biosphere until its radioactivity levels have diminished to a safe level (Lee, et al., 

2006). Deep geological disposal, preceded by interim storage, is the UK Government’s 

preferred approach for the management of higher activity radioactive waste (including 

spent nuclear fuel) in England and Wales108. This approach is consistent with many other 

nuclear countries, such as Finland and Sweden, and is considered best practice 

internationally. Geological disposal involves placing radioactive wastes underground in a 

repository constructed in a suitable rock formation. The repository design will rely on a 

multi-barrier system to isolate the waste from the biosphere. This system will comprise of 

a combined natural geological barrier (host rock) and an engineered barrier system. The 

idea is that the rock formation provides long-term protection to humans and the 

environment by acting as a barrier against escape of radioactivity and by isolating the 

waste from effects at the surface such as climate change etc. (IAEA, 2003; ONR, 2012). 

 

The most common engineered barriers (EB) used to retard the dissolution are the waste 

matrix (e.g. glass in HLW), corrosion-resistant packages (copper canisters inside stainless 

                                                 
107 Radioactive waste is ‘conditioned’ i.e. transformed into a form that is suitable for handling, 

transportation, storage and disposal. This may involve immobilisation of radioactive waste, placing waste 

into containers or providing additional packaging. Common immobilisation methods include solidification 

of LLW and ILW liquid radioactive waste in cement. Immobilised waste may be placed in steel drums or 

other engineered containers to create a waste package (EA, 2011). 
108 The Scottish Government has a different policy for its higher activity waste, which is that long-term 

management should be in near-surface facilities. Facilities should be located as near to the site where the 

waste is produced as possible and developers will need to demonstrate how the facilities will be monitored 

and how waste packages, or waste, could be retrieved (NDA, 2011a). 
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steel canisters), and low permeability bentonite around the waste packages to slow 

water movement, to absorb radionuclides and retard radionuclide transport when the 

packages eventually start to degrade. The EB system should prevent contact between 

the waste matrix and the clay water for a period during which the temperature is 

significantly higher than the temperature of the surrounding environment (Ojovan and 

Lee, 2005, Bennett and Gens, 2008). According to the OECD Nuclear Energy Agency’s 

Radioactive Waste Management Committee, releases from engineered barriers would 

occur over thousands of years after disposal, would be very small and  would be diluted 

and slowed by the geological formation surrounding the repository. When combined with 

the effects of radioactive decay, the Committee concluded that the resulting potential 

radiological exposure would not represent, at any time, a significant increment above the 

natural background (NEA, 2008).   

 

After removal from the reactor, it is proposed that the spent fuel will be stored in pools at 

the reactor site for between 10 and 20 years and then transferred to an interim store on-

site. Fuel assemblies may, after a period of cooling, be encapsulated directly or be 

disassembled using remote handling techniques so that the fuel pins can be packed 

together more closely prior to encapsulation. The encapsulation process involves placing 

the spent fuel in a canister of metal, such as copper, steel or titanium, or of ceramic 

material. After that the canister is tightened, e.g. by welding a lid. Following 

encapsulation, the entire amount of spent fuel is treated as HLW. Once encapsulated, 

the waste can be placed in the deep geological repository. 

 

The AP1000 is expected to operate an 18 month cycle. This means that, on average, 

approximately 43 fuel assemblies per year (or 64 assemblies every 18 months) will be 

removed and stored in the spent fuel pond storage area. For a plant lifecycle of 60 years, 

this translates to a generation of 2517 or 2653 spent fuel assemblies for an annual or 

18 month cycle, respectively (Westinghouse, 2009). The AP1000’s spent fuel pond has 

sufficient capacity for 18 years of storage. After 18 years of storage and cooling, it is 

proposed to transfer the spent fuel to HLW dry storage cask on site. In the dry cask 

containers, spent fuel is stored under an inert gas atmosphere. This minimises corrosion 

issues that are associated with long-term wet storage. The spent fuel is expected to 

remain within the HLW store to allow the heat generating capacity of the spent fuel 

assemblies to reduce enough to meet the required standards for the national Geological 

Disposal Facility (GDF). It has been estimated that this could be up to 100 years 

(Westinghouse, 2009). 

 

The EPR’s fuel building houses an interim fuel storage pool for fresh and spent fuel and 

associated fuel handling equipment. On average, the EPR will require between 40 and 

60 fuel assemblies (each containing approximately 0.5 tonnes of uranium) per year. At 

the end of its cycle109, it is proposed that spent fuel assemblies be transferred to fuel 

pools located in the fuel building. The spent fuel assemblies will be stored in the pool to 

allow them to cool and decay for a period of about 10 years before being moved to an 

                                                 
109 This can range between 12 and 22 months depending on the fuel management regime adopted. 
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interim storage110 facility111 facility pending final deep geological disposal (AREVA NP & 

EDF, 2009). The interim storage facility is separate from the EPR plant and may be based 

on either wet or dry storage112. The facility will allow the storage of spent fuel coming 

from an EPR nuclear plant unit during its 60 years operation. The interim storage facility 

will be designed to be in operation for up to 100 years. At the end of the EPR’s 60 years 

of operation, around 3400 spent fuel assemblies will be accumulated, all of which will 

require storage in the ISF following initial cooling in the EPR fuel building spent fuel 

pool(AREVA NP & EDF, 2009). 

 

In 2008, the UK Government published a White Paper ‘Managing Radioactive Waste 

Safely: A Framework for Implementing Geological Disposal’. This outlines a framework 

for the long-term management of higher activity wastes. The White Paper set out an 

approach based on voluntarism and partnership with local communities, coupled with 

the use of appropriate site screening and assessment criteria to identify suitable sites for 

the UK’s geological disposal facility (GDF). The NDA Radioactive Waste Management 

Directorate (RWMD) is developing plans for a deep geological repository for high- and 

intermediate-level wastes (WNA, 2011). The UK Government has stated that the GDF will 

be built to accommodate waste from new build as well as legacy waste (which includes 

committed waste from existing operational facilities and those undergoing 

decommissioning).  

 

The UK Government invited communities to volunteer to host the GDF113. Following an 

expression of interest, the White Paper sets out the second stage, in which the British 

Geological Survey (BGS) undertakes a high level geological screening of the area using 

basic geological exclusion criteria that can be applied using existing knowledge. This 

screening is desk based, uses existing information and will not produce sites that could 

definitely host a facility, but will rule out areas that definitely could not host a facility for 

geological reasons. At further stages of the site selection process increasingly detailed 

assessments would be made of any potential sites, applying more localised geological 

and other assessments. Areas which are ruled out in this initial sub-surface screening 

exercise might still be suitable locations for the surface facilities of a GDF (BGS, 2011). 

 

After identifying a potential volunteer community, the next steps would be to undertake a 

4-year geological study; a 10 year surface-+based investigations phase; and finally a 15-

                                                 
110 The interim storage period is the time interval after the initial cooling period following removal from the 

reactor until reprocessing or spent fuel encapsulation prior to disposal. Interim storage of spent fuel could 

take place at the reactor site in cooling pools or in dry cask storage (in either an air or inert gas 

atmosphere). Alternatively, it could take place at a separate interim storage facility or in storage pools at a 

reprocessing site (NEA, 1994) 
111 The decay heat generated by an EPR spent fuel assembly, which has undergone four 13 month reactor 

cycles and 10 years of cooling in the spent fuel pool, is approximately 1,400 Watts at the time of interim 

storage.  
112 Storage of fuel assemblies in metal casks or alternatively in a vault type storage facility. 
113 The process of selecting appropriate deep geological repositories is now underway in several countries. 

Finland and Sweden are well advanced with plans for direct disposal of used fuel, since their parliaments 

decided to proceed on the basis that it was safe using existing technology. Both countries have selected 

sites; in Sweden, after competition between two municipalities. 
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year period of underground research, construction, and commissioning. The UK’s stated 

aim is that under this plan the GDF site would be selected by 2025 and would be 

operational by 2040. (NDA, 2010a; WNA, 2011), see Figure A6.2. 

 

 

Figure A6.2. Proposed timeline for construction and operation of UK Geological Disposal 

Facility 

 

In 2008, the UK Government invited communities to volunteer to host a geological 

disposal facility (GDF) that will accommodate high- and intermediate-level radioactive 

wastes. Three communities in two areas of Cumbria submitted an expression of interest 

to host the facility. In January 2013, Cumbria County Council and Copeland and Allerdale 

borough councils voted to withdraw from the site selection process. The agreement of 

both the Borough Council and the County Council was required in order for the area to 

formally enter the siting process. The UK Government has stated that it will now embark 

on a renewed drive to ensure that the case for hosting a GDF is drawn to the attention of 

communities, and to encourage further local authorities to come forward over the coming 

years to join the process. 
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Radiation Units

Radioactivity is measured in units called becquerels (Bq). One becquerel corresponds to one 
radioactive disintegration per second.

When measuring radioactive discharges to the environment or referring to the content of 
radioactive sources used in medicine, industry and education, it is more usual to talk in terms of 
kilobecquerels (kBq), megabecquerels (MBq), gigabecquerels (GBq) or terabecquerels (TBq)

1 kBq  = 1000 Bq

1 MBq = 1,000,000 Bq

1 GBq  = 1,000,000,000 Bq

1 TBq  = 1,000,000,000,000 Bq

Much lower concentrations of radioactivity are normally found in the environment and so the 
measurement is often reported in units of millibecquerels (mBq). There are one thousand 
millibecquerels in a becquerel.

1 Bq    = 1000 mBq

Radiation Dose When radiation interacts with body tissues and organs, the radiation dose 
received is a function of factors such as the type of radiation, the part of the body affected, the 
exposure pathway, and so on. This means that one becquerel of radioactivity will not always 
deliver the same radiation dose. A unit called ‘effective dose’ has been developed to take 
account of the differences between different types of radiation so that their biological impact 
can be compared directly. Effective dose is measured in units called sieverts (Sv).

The sievert is a large unit, and in practice it is more usual to measure radiation doses received by 
individuals in terms of fractions of a sievert.

1 sievert = 1000 millisievert (mSv)

                 = 1,000,000 microsievert (µSv)

                = 1,000,000,000 nanosievert (nSv)

In RPII reports the term ‘effective dose’ is often referred to as ‘radiation dose’ or simply ‘dose’.

Collective dose is the sum of the radiation doses received by each individual in the population. 
This allows comparison of the total radiation dose received from different sources. Collective 
dose is reported in units of man sieverts (man Sv) or man millisieverts (man mSv).

Per caput dose is the collective dose divided by the total population. Per caput dose is reported 
in units of sieverts, or fractions of a sievert.
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