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Variation Technical Supplement
Environmental Permit EPR/XB3539DH

Executive Summary

EDF Energy Nuclear Generation Limited (NGL) is applying for a variation to the Radioactive Substance 
Activities Environmental Permit for Sizewell B Power Station, to increase the Annual Limit on carbon-14 
discharges to air from 500 GBq to 600 GBq in any twelve-month period.

When station operations commenced in 1995, the Annual Limit on carbon-14 discharges to air was set at 
600 GBq per year, reflecting modelling of carbon-14 production carried out during power station design. 
However, in the first ten years of operation, discharges of carbon-14 to air had not exceeded 317 GBq. 
Consequently, in 2007, during a routine review of the extant Radioactive Substances Act 1993 
Authorisation, the limit was reduced to 500 GBq.

During subsequent operation, the production of carbon-14 has increased as station operations have 
normalised to long periods of steady state, full power operation. Power station systems, such as the 
Gaseous Radioactive Waste System, are operating more reliably so that more of the carbon-14 produced 
is being discharged to air.

The power station operates eighteen-month “fuel cycles”; about seventeen months of full power 
operation followed by a month-long shut down for refuelling and maintenance. The accumulation of 
carbon-14 in power plant systems during the fuel cycle means that not all of it is discharged within 
twelve months of being produced, leading to an increasing discharge trend over the course of the fuel 
cycle.

Furthermore, carbon-14 accumulates for longer periods in ion exchange and charcoal-based adsorption 
plant, where it can lead to releases some years later. Recent observations of discharge trends have shown 
some evidence of this delayed emission.

Each of these factors could lead to more than 500 GBq being discharged in a twelve-month period and 
NGL is requesting that the Environment Agency revise the Environmental Permit, reinstating the 600 GBq 
Annual Limit that was set during initial operation, as this more closely represents the expected rate of 
release.

A Dose Assessment of the impact of discharges from the Sizewell site has been conducted to support this 
application. It concludes that the change in dose to the representative person resulting from the 
proposed change to the Permit limit will not exceed 0.01 microsievert per year. A more detailed summary 

of the dose assessment is provided within this report and the full dose assessment is provided as a 
separate document with this application.
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Glossary

The following terms and acronyms are used in this document.

AFW Auxiliary Feed Water

BAT (i) Best Available Techniques

(ii) Boric Acid Tank(s)

Bq Becquerel(s), the SI unit of radioactivity. Also
kilobecquerels (kBq) = 1000 Bq
Megabecquerels (MBq) = 1 000 000 Bq

Gigabecquerels (GBq) = 1 000 000 000 Bq
Terabecquerels (TBq) - 1 000 000 000 000 Bq

BRS Boron Recycle System

CAT Cation (demineraliser)

CBDS Carbon Bed Delay System

CCW Component Cooling Water

CVCS Chemical and Volume Control System

CW Circulating Water

DSEAR Dangerous Substances and Explosive Atmospheres Regulations

EBS Emergency Boration System

ECCS Emergency Core Cooling Systems

ECF Effective Capacity Factor

ECS Emergency Charging System

EFPD Effective Full Power Days

EPR Environmental Permitting Regulations

EPRI Electric Power Research Institute

ESW Essential Service Water

GRWS Gaseous Radioactive Waste System, also known as HA System

ILW Intermediate Level Waste

LLW Low Level Waste

LRWS Liquid Radioactive Waste System

MB Mixed Bed (demineraliser)

Sv Microsievert, the SI unit of radiation dose to people

MWe Mega-Watts electrical

MWth Mega-Watts thermal

NGL EDF Energy Nuclear Generation Limited

NVO Non-Volatile Organic

PRT Pressuriser Relief Tank

PRZR Pressuriser

PWR(s) Pressurised Water Reactor(s)

QNL Quarterly Notification Level

RCDT Reactor Coolant Drains Tank

RCP Reactor Coolant Pump

RCS Reactor Coolant System

RHRS Residual Heat Removal System

RSA Radioactive Substances Act

RUHS Reserve Ultimate Heat Sink

RWST Refuelling Water Storage Tank

SNUPPS Standardised Nuclear Unit Power Plant System

SZB Sizewell B Power Station

VCT Volume Control Tank
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Introduction

Sizewell B Power Station is the United Kingdom’s only operating commercial light-water Pressurised 
Water Reactor (PWR) power station, owned and operated by EDF Energy Nuclear Generation Limited 
(NGL). Radioactive Substances Activities at the power station are subject to an Environmental Permit, 
EPR/XB3539DH [1].

The Permit sets conditions for operation and numerical values relating to the discharge of radioactive 
waste into the environment. Carbon-14 discharges to air are amongst those specified in the Permit. 
Numerical values associated with this radionuclide comprise a rolling twelve month ‘Annual Limit’ of 
500 GBq and a rolling three month ‘Quarterly Notification Level’ of 110 GBq.

In late 2019 and early 2020, discharges of carbon-14 to air increased and caused exceedance of the 

Quarterly Notification Level (QNL). Notification report SZB/THR/162 [2] was issued to the Environment 
Agency in response to this event. The elevated discharges were attributed to the return to service of the 
Gaseous Radioactive Waste System (GRWS), following maintenance conducted in October/November 
2019. However, discharges continued to be elevated for longer than normal, when compared to previous 
GRWS maintenance outages. Consequently, some changes in plant configuration were carried out that 
had historically shown some benefit in temporarily reducing peak discharge values but these were 
ineffective in this instance.

The operator entered a Technical Fault-finding process to identify what might be causing the elevated 
discharges. As discharges continued to be higher than normal, projections showed that exceedance of 
the Annual Limit was a possibility if the rate of discharge did not decrease. The response was duly 
upgraded to the formal process of Event Recovery. A number of potential mechanisms for elevated 

discharges have been eliminated. The contribution to carbon-14 discharges of the retention and 
subsequent release of carbon-14 from the Carbon Bed Delay System in the Gaseous Radioactive Waste 
System remains a focus, together with the influence of Volume Control Tank operations on this. Figure 5 
shows a monthly trend of carbon-14 discharges since the beginning of 2019.

During the last ten years, the production of carbon-14 has increased as station operations have 
normalised to long periods of steady state, full power operation. During the first ten years of operation, 
when discharges of carbon-14 never exceeded 317 GBq in any twelve-month period, there were more 
periods of unplanned shut down or reduced power operation. Additionally, power station systems, such 
as the Gaseous Radioactive Waste System, which is the primary route for carbon-14 discharges to the 
environment, are now operating more reliably, so more of the carbon-14 produced is being discharged to 
air.

It has been concluded that it may not be possible to operate the plant as designed under normal 
operating conditions without exceeding the applicable gaseous carbon-14 Annual Limit. Hence, one of 
the Event Recovery work streams is to prepare and submit an application for the gaseous carbon-14 
Annual Limit to be increased.

This paper has been written to support an application to increase the extant gaseous carbon-14 Annual 
Limit for Sizewell B Power Station. In order to do this, a summary is provided of carbon-14 production 
mechanisms and its behaviour within power plant systems. The station’s discharge and operational 
history is reviewed, together with consideration of the previous reduction in gaseous carbon-14 annual 
limit from 600 to 500 GBq that occurred in 2007. A dose assessment for discharges at the proposed 
Annual Limits is provided to illustrate the limited impact of the proposed change.



NOT PROTECTIVELY MARKED

Variation Technical Supplement | SIZEWELL B POWER STATION | NOT PROTECTIVELY MARKED | © 2020 EDF Energy Ltd. All rights Reserved.

EDF Energy Ltd. Registered in England and Wales. Registered No. 2366852. Registered office: 90 Whitfield Street, London W1T 4EZ SZB/THR/169
Revision 000
Page 6 of 21

Sizewell B Power Station Design Features

The Sizewell B Power Station design is a light water, 4-loop Westinghouse Standardised Nuclear Unit 
Power Plant System (SNUPPS). Full power operation is characterised as reactor thermal power 3445 MWth

and gross electrical output 1.26 GWe.

The power station operates in eighteen-month ‘fuel cycles’, comprising about 17 months of full power 
operation followed by a Refuelling Outage, during which the power station is shut down for refuelling 
and essential maintenance.

Figure 1 shows some of the key design features that affect the production and behaviour of carbon-14 
within the plant.

Figure 1: Sizewell B Design Features

The primary circuit, Reactor Coolant System or RCS, includes the Reactor and four cooling circuits (loops), 
each with a Reactor Coolant Pump (RCP) and Steam Generator, to transfer heat into the non-radioactive 
secondary circuit. One of the four loops also has a Pressuriser, to control RCS pressure and absorb 
expansion of the coolant volume. The RCS operates at approximately 300oC and 155 bar pressure. The 
coolant flows through the reactor core at 19.2 m3 per second.

The reactor coolant comprises demineralised water, dosed with boric acid to control reactivity and lithium 
hydroxide to control pH. Hydrogen gas is injected into the coolant to inhibit radiolysis of water, as this 
would lead to increased risk of corrosion. Air is excluded and the coolant is maintained under chemically 
reducing conditions throughout the operating cycle, only becoming oxidising once the reactor is 
shutdown at the start of a Refuelling Outage.
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The Chemical and Volume Control System (CVCS) draws a small fraction of the coolant, normally 
17 m3 per hour, from one of the loops. The liquid is cooled and depressurised before being passed 
through demineralisers and filters to remove chemical and physical impurities, including some 
radioactivity. Figure 2 shows the layout of the CVCS.

The coolant is then sprayed into the top of a vessel, the Volume Control Tank (VCT). This vessel serves 

several relevant functions. In addition to serving as the header-tank for the Centrifugal Charging Pumps 
that feed the coolant back into the RCS at the correct pressure, it serves as the point where chemical 
control of the coolant takes place. It is here that hydrogen is injected into the coolant, as well as 
demineralised water, boric acid and lithium hydroxide. Hydrogen pressure is modulated so that the 
concentration in the coolant is controlled. This also has an effect on the partial pressures of other gases 
dissolved in the coolant, including carbon-14 in the form of methane, as described below.

The process of spraying the coolant into the top of the VCT has the effect of stripping some of the 
dissolved gases out of solution. A constant purge of gas, primarily excess hydrogen, is directed from the 
gas-space at the top of the VCT into the Gaseous Radioactive Waste System (GRWS, also known as HA 
System). This gas flow carries with it some of those gases that have been desorbed from the coolant 
within the VCT.

Figure 2: Chemical and Volume Control System

The Environmental Safety Function of the GRWS is to provide a route for removal of fission product 
gases, such as radioiodine and noble gases, from the RCS for processing and disposal. This is especially 
important when the plant is operating with any leaking fuel, to enable the RCS to remain within the 
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Primary Circuit Activity limits expressed in the station’s Technical Specifications. However, owing to the 
reducing conditions in the RCS, the majority of carbon-14 produced in the plant takes the form of 
methane that is swept into the GRWS. Consequently, the GRWS and its discharge point in the 
Radioactive Waste Building discharge stack are the predominant pathway and discharge point for carbon-
14 discharges from the site.

The GRWS comprises two parallel trains of processing plant, each containing a cooler/condenser to dry 
the gas; oxygen and moisture monitoring; a guard bed containing 90 kg of charcoal; a main adsorber 
bed containing 8.17 tonnes of charcoal; and a HEPA filter. After the HEPA filter, the trains come together 
into a single line that feeds into the Radwaste Building Ventilation Stack, where all of the potentially 
contaminated ventilation air in the building is also directed for monitoring, sampling and final discharge.

During operation, the gas flow rate through the GRWS is typically 1.2 m3 per hour. Before and after 
maintenance it is necessary to purge the system to ensure that an explosive mixture of gases cannot be 
formed. Nitrogen gas is purged through the system at a higher flow rate, typically around 3 m3 per hour. 
The combined airflow in the ventilation stack is around 42 m3 per second, so the hydrogen gas flow into 
the stack is diluted to a small fraction of the Lower Explosive Limit for hydrogen because of the much 
higher flow rate.

The Carbon Bed Delay System (CBDS) in the GRWS works by repeatedly adsorbing and desorbing noble 
gas fission products, delaying their passage through the system and facilitating radioactive decay prior to 
discharge. Xenon is delayed by a minimum of 65 days and krypton by 4.9 days. This has a significant 
effect in reducing noble gas discharges as can be seen by comparison with the radioactive half-lives of 
some of the more common fission product noble gases, shown in Table 1.

Nuclide Half 
Life 
(t½)

Kr-85 10.7 y

Kr-85m 4.48 h

Kr-88 2.84 h

Xe-133 5.2 d

Xe-133m 2.19 d

Xe-135 9.14 h

Xe-135m 15.29 m

Table 1 – Noble Gas Half-lives

There is no claim made on the GRWS for the delay or retention of carbon-14 or methane, although tests 
with equivalent type of charcoal showed that methane took slightly longer to traverse the sample than 

the carrier gas. Extrapolating to the mass of charcoal in the main adsorber beds indicates that a transit 
time of between 15 and 30 days might be expected with a gas flow rate of one cubic metre per hour. 
Delays of this magnitude have been observed between putting the system in service and measuring peak 
carbon-14 discharges at the outlet of the system. However, the radioactive half-life of carbon-14 is 5730 
years, so there is negligible radioactive decay during this transit period.

Carbon-14 Production

The primary production mechanism for carbon-14 at Sizewell B is:

17O (n,α) 14C

Oxygen-17 has a natural abundance of 0.0381% (0.04048 wt%) and so is present in the water that 
comprises the reactor coolant/moderator. Hence, the source term is dependent on reactor power and 
there are no available techniques to reduce the production of carbon-14 from this source in light water 
reactors.
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There is also a minority production mechanism due to activation of nitrogen impurities in the coolant:

14N (n,p) 14C

Nitrogen ingress to the coolant comes from air dissolved in feed water, mainly from the Reactor Make-up 

Water System. However, water from this system undergoes vacuum degassing and there is an 
Environmental Specification limit of 100 ppb dissolved oxygen in the feed water, equivalent to 400 ppb 
of dissolved nitrogen. Comparing the two production mechanisms, modelling has shown that greater 
than 99% of all carbon-14 production at Sizewell B is by activation of oxygen-17 [3].

Modelling has been used to derive values for expected carbon-14 production rates in terms of GBq per 
GW of electrical output per year (GBq.GWe

-1.y-1). This activity per unit power value allows correction for 
reduced load factors and has allowed for appropriate extrapolation of models used for different reactor 
designs to be applied to the Sizewell B reactor.

An assessment of the amount of carbon-14 that would be produced at continuous full power operation 
was undertaken for the Sizewell B Safety Case [4]. This comprises a ‘best case’ assessment of 300 GBq 

per year and a ‘conservative case’ of 600 GBq per year. These values were established in the pre-
Operational period based upon observations of discharges from PWR plants worldwide and from 
modelling using certain assumptions of neutron flux densities and energy spectra. These theoretical 
values have been validated during subsequent plant modifications, including changes from a twelve 
month to an eighteen-month fuel cycle; changes to the type of fuel used; and changes to the 
characteristics of the core design (maximum burn-up limits, fuel enrichment, etc.).

The production and behaviour of carbon-14 in water-cooled reactors has been subject to extensive and 
continuing study, which has included modelling the production and behaviour of carbon-14 in PWR 
power plants. Inputting site-specific information to the models has calculated Sizewell B carbon-14 
production to be 350 GBq. GWe

-1.y-1 [5]. Consequently, a year at full power operation (1.26 GWe) would 
result in the production of 441 GBq of carbon-14 per full power year, which is within the range of values 

described by the Safety Case and less than the Annual Limit in the Permit.

However, Sizewell B operates with eighteen-month fuel cycles, comprising approximately seventeen 
months of operation followed by a one month ‘Refuelling Outage’, for refuelling and essential 
maintenance. A simple pro rata calculation indicates that 17 months of continuous operation at full 
power would give rise to 625 GBq of carbon-14. It is shown below that carbon-14 discharges are not 
uniform over the course of the fuel cycle so this represents a risk to permit compliance.

Carbon-14 Characterisation

PWR power plants operate their reactor coolant systems under chemically reducing conditions, to 
minimise corrosion and transport of activated corrosion products onto out-of-core surfaces. Additionally, 
to inhibit radiolysis of water, hydrogen gas is injected into the reactor coolant. This drives the reversible 
reaction back towards the reformation of water molecules.

These factors cause carbon-14 almost exclusively to form hydrocarbon species in the primary coolant, 
predominantly methane (>90%) with smaller quantities of non-volatile organic species (NVO) in the 
aqueous phase. Small amounts of inorganic species are present at power but some residual organic 
carbon-14 species in the coolant at the start of a Refuelling Outage are oxidised, mainly to carbonate in 
the aqueous phase and carbon dioxide in the gaseous phase.

Within the Sizewell B Safety Case, estimates of the quantity of carbon-14 discharged in the aqueous 
phase range from 0.1% of the total amount of carbon-14 produced, to a conservative 10% of the total. 
This range of values is typical of PWRs, with some changes occurring at different phases of the fuel cycle. 
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While carbon-14 is mainly present in the gaseous phase, some limited analysis of carbon-14 in Sizewell B 
aqueous radioactive waste has been conducted. As the aqueous waste enters the Liquid Radioactive 
Waste System it is no longer under reducing conditions, so the partitioning between organic and 
inorganic species changes. Analysis showed that in aqueous radioactive waste carbon-14 was evenly split 
between organic and inorganic fractions. It also showed that, extrapolated over the fuel cycle, discharges 
of carbon-14 are expected to occur as approximately 99% gaseous and just 1% in aqueous liquid, which 

supports the Safety Case evaluation.

Samples of spent ion exchange resin at Sizewell B have confirmed the presence of carbon-14. Ion 
exchange resins have a stronger affinity for the inorganic (carbonate) species and these are expected to 
dominate the carbon-14 presence on the resin, although there may be some NVO species as well 
(formate and acetate). Ion exchange is a reversible process and radionuclides can be displaced from 
demineraliser beds by ions for which the resin has a higher selectivity, or as the resin becomes exhausted 
towards the end of its useful life. Both of these effects can lead to an increase in carbon-14 discharges 
towards the end of a fuel cycle as described in the section on Discharge History, below.

The ILW resin associated with the CVCS and spent fuel ponds clean-up system is periodically processed 
into waste storage tanks. In 2012, the storage tanks were sampled ahead of a project to transfer the 

resin into shielded casks for long-term storage. Carbon-14 accumulated on resin in the first 17 years of 
operation (12 fuel cycles) amounted to 919 GBq. This radioactivity was spread over 23 separate ion 
exchange beds that had been processed to waste over the life of the station, amounting to 25 m3 of 
spent ion exchange resin or 36.76 GBq/m3. This corresponds to a mean accumulation of 54 GBq per year 
or 76.6 GBq per fuel cycle, although it is assumed that the total amount of carbon-14 removed by the 
demineralisers was greater than this but that some was subsequently released and discharged to air or 
sea.

CVCS demineraliser beds contain 0.85 m3 of ion exchange resin, so the amount of carbon-14 that would 
be released if one were to give up its entire inventory over a short period is limited to a mean value of just 
over 32 GBq. This gives confidence that there would not be an immediate risk of permit limit exceedance 
should this occur.

Following an increasing trend in gaseous carbon-14 discharges, charcoal samples have recently been 
taken from the inlet of the GRWS main adsorber beds. Although not representative of the full volume of 
the beds, this has shown that a proportion of the carbon-14 passing through the GRWS has been 
retained within the charcoal. The carbon-14 content of the samples taken from the A and B trains of the 
system was 90.7 kBq.g-1 and 96.7 kBq.g-1, respectively (with a mean of 93.7 kBq.g-1). If, as a first 
approximation, it is assumed that these samples were representative of the 8.17 tonnes of charcoal 
present in each main adsorber bed, this would amount to 741 GBq and 790 GBq of carbon-14, 
respectively. This radioactivity was accumulated over the first 25 years of operation (16.5 fuel cycles). This 
corresponds to 61 GBq per year or 92.8 GBq per fuel cycle. Again, it is assumed that not all of this 
carbon-14 is tightly bound to the charcoal and that some will have desorbed and been discharged to air 
after a period of delay.

Table 2 is described in the section on Discharge History, below. It shows a discrepancy between the 
amount of carbon-14 produced according to modelling and that measured in discharges to air during the 
corresponding fuel cycle. The retention of carbon-14 on ion exchange resin and within the GRWS Carbon 
Bed Delay System would explain some of the discrepancy.

The partitioning of carbon-14 is important because it determines whether the carbon-14 is discharged 
relatively promptly, in the case of methane, or may be retained in solution, on ion exchange resin or on 
charcoal adsorbers, with the potential to break down and add to discharges in the latter stages of the 
fuel cycle or in future fuel cycles. Evidence of this has been seen, as gaseous discharge trends increase 
over the course of a fuel cycle, as shown below.
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Carbon-14 Discharge History

Because the Safety Case estimation of carbon-14 production was in the range 300 GBq to 600 GBq per 
year, Sizewell B Power Station was initially given an Authorisation under the Radioactive Substances Act 
1993 (RSA93) with an Annual Limit on gaseous carbon-14 discharges of 600 GBq per year [6].

In 2007, the Environment Agency revised all of British Energy’s RSA93 Authorisations. Revised discharge 
limits were based upon historical discharges in the 10-year period to the end of 2005. Over this period, 
Sizewell B carbon-14 discharges to air had averaged 179 GBq and peaked at 317 GBq. It was accepted 
that some “head-room” was required and so, the Environment Agency reduced the Annual Limit, now a 
rolling twelve month limit, to 500 GBq.

Figure 3 shows the monthly discharge trends for the last four complete fuel cycles, illustrating how 

carbon-14 discharges are not uniform but increase towards the end of the fuel cycle. This effect has been 
observed at Sizewell B and in other PWR power plants and may be explained by the partitioning 
described above.

In figure 3, the black curves represent the concentration of carbon-14 in the reactor coolant. The peaks 
on the black curves represent periods when the reactor is at power but the GRWS is out of service for 
maintenance or defect rectification. During the period when the GRWS is out of service, carbon-14 
cannot be discharged to air and is retained in the RCS. When the GRWS is returned to service, the 
accumulated carbon-14 is released into the GRWS at a higher concentration than normal, causing the 
activity to be discharged over a short period. This is shown as a corresponding peak on the coloured 
discharge curves, as the RCS concentration falls. It is noted that this does not cause any overall increase in 
the total amount of carbon-14 produced and discharged over the course of a fuel cycle, but it does

change the temporal distribution of the discharges themselves. Hence, short-term constraints such as the 
QNL are more likely to be exceeded after a GRWS outage.

If the GRWS remains out of service for a protracted period, there is evidence that carbon-14 will be 
retained on demineraliser resins at a higher concentration than would otherwise be the case and this may 
lead to a higher level of release from the ion exchange resin later in its life.

Figure 4 shows the discharge history of carbon-14 in gaseous discharges over the life of the station in 
rolling twelve-month periods. Figure 5 shows individual monthly carbon-14 discharges from the 
beginning of 2019. Figure 6 shows the amount of carbon-14 discharged during each of the first sixteen 
fuel cycles, which is up to the end of May 2019. It can be seen that discharges during the period 
considered during the 2007 Authorisation review, represented by the first eight fuel cycles, were much 

more erratic and generally lower than the subsequent fuel cycles. This is explained below.

Table 2 presents fuel cycle and carbon-14 discharge data. It shows carbon-14 discharges during each fuel 
cycle and expresses the relative durations of the sixteen complete fuel cycles in days and in terms of 
Effective Full Power Days (EFPD). The ratio of EFPD to actual days gives the Effective Capacity Factor (ECF), 
which is a measure of the load factor of the reactor during the fuel cycle; this will determine the actual 
amount of carbon-14 produced. If the reactor were to operate at full power for the whole of the fuel 
cycle, the ECF would be 100%. From Table 2, ECF is normally in the range 84% to 95%. During the first 
three cycles of operation, the proportion of new and spent fuel in the reactor was changing, as was the 
enrichment of the fuel being used. Consequently, the model used to calculate production of carbon-14 
cannot be used for this period as the model assumes equilibrium core values for the neutron spectrum.

As described above, some carbon-14 is retained on ion exchange resin and on the charcoal of the Carbon 
Bed Delay System in the GRWS. This accounts for some of the discrepancy between the modelled
production of carbon-14 and the quantity measured in gaseous discharges.

Other factors affecting the production and discharge of carbon-14 to air include the proportion of the 
fuel cycle that the GRWS was in service and the nature of any unplanned reactor shutdowns, “Forced 
Outages”.
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Additionally, the following cycle-specific factors have affected carbon-14 production rates and discharge 
patterns over the life of the station:

 Cycle 1 covers the period following commissioning when reactor power varied significantly to allow 
on-load testing to take place.

 In Cycle 2, problems with the GRWS meant that it was out of service for a large part of the fuel cycle. 
There was also a change to the Approved Technique for measuring carbon-14 that may have affected 
values reported subsequently.

 During Cycle 5, there was a month-long Forced Outage, which affected carbon-14 production and 
discharge.

 In Cycle 8, operational problems with the GRWS meant that it was out of service for nearly one 
quarter of the fuel cycle, leading to low levels of carbon-14 discharges to air.

 In Cycle 11, ECF was particularly poor owing to a six-month Forced Outage. However, the fuel cycle 

was extended by six months to compensate for this, so that carbon-14 production for the cycle 
remained high. Consequently, ECF is not a good fit to the modelled production rate during this cycle.

 Discharges of carbon-14 were highest in fuel cycles 9 – 12 which, with the exception of cycle 11 as 
described above, exhibited a combination of high ECF and high GRWS reliability.

Despite these variables and limitations implied by assumptions made in compiling Table 2, the retention 
of some carbon-14 on ion exchange resin and CBDS charcoal partially explains why carbon-14 discharges 
to air are less than the theoretical production rate of 350 GBq.GWe

-1.y-1 described previously.

Dose Assessment

Radiation dose assessments have been made in support of the application to increase the numerical limit 
on discharge of carbon-14 to air from Sizewell B. The full report of the dose assessment is appended to 
the application [7].

Implicit assumptions are that 90% of gaseous discharges of carbon-14 are in the form of methane and 
that 1% of carbon-14 produced is discharged to sea.

The assessment of dose to the representative person from Sizewell B as a single source includes the 
impact of discharges to air, discharges to sea (both at the proposed numerical limits for discharge) and 
direct radiation. Direct radiation is the dominant pathway, followed by discharges to sea and finally 

discharges to air.

Assessment of dose to the representative person from Sizewell B Power Station and the Sizewell A Site in-
combination, as contiguous sites, includes the impact of discharges to sea and discharges to air at the 
proposed numerical limits for discharge. Dose from discharges is dominated by discharge to sea from 
Sizewell A.

The assessment of collective dose from Sizewell B includes the joint impact of discharges to air and 
discharges to sea at the proposed numerical limits.  Collective dose is dominated by carbon-14 discharged 
to air.

Finally, the assessment of dose to wildlife is presented for both discharges to air and discharges to sea.  

Dose to wildlife is dominated by discharges to sea.
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At the proposed carbon-14 discharge limit:
 the dose to the representative person (adult member of a local fisherman’s family) would be 

10.8 µSv.y-1, only 4% of the constraint of 300 µSv.y-1, of which 0.01 Sv.y-1 is attributable to the 
increase in carbon-14 limit

 collective dose is less than 1% of the collective dose from natural carbon-14; and
 risk to wildlife that is less than 6% of the no effect dose rate, the most effected organism being 

polychaete worms.

It is concluded that the doses from the proposed increase in limit are acceptable.

Best Available Techniques for Plant Operation and Maintenance

The GRWS is operated and maintained in such a way as to achieve compliance with permit condition 
2.3.2:

The operator shall use the best available techniques in respect of the disposal of radioactive 
waste pursuant to this permit to: 
(a) minimise the activity of gaseous and aqueous radioactive waste disposed of by discharge to 
the environment; 
(b) minimise the volume of radioactive waste disposed of by transfer to other premises; 
(c) dispose of radioactive waste at times, in a form, and in a manner so as to minimise the 
radiological effects on the environment and members of the public.

Operation

The Sizewell B is designed to operate with a continuous purge of the VCT via the Gaseous Radioactive 
Waste System whilst the power plant is generating. This results in a continuous purge of carbon-14 to air, 
mainly in the form of methane.

Some non-UK PWR power stations operate the purge of their VCT intermittently or only in the period 
shortly before a Refuelling Outage. The descriptions of carbon-14 production and characterisation, above, 
indicate that at Sizewell B, when the GRWS is out of service, carbon-14 builds-up in the reactor coolant. 
Coolant is displaced from the RCS into the Liquid Radioactive Waste System (LRWS) over the course of 
the fuel cycle by dilution with demineralised water, required to control reactivity in the reactor core. As 
the liquid is transferred out of the RCS, it encounters oxidising conditions that result in carbon-14 species 

being oxidised into inorganic forms. This would result in subsequent discharge as aqueous waste or as 
carbon dioxide from LRWS tank vents via the Radwaste Building Ventilation Stack. The dose per unit of 
carbon-14 activity discharged to sea is roughly ten times that for discharges to air, so this would be sub-
optimal for minimisation of public dose from Sizewell B discharges. The sensitivity analysis conducted as 
part of the dose assessment also shows that releases as carbon dioxide are sub-optimal.

Additionally, a protracted period of GRWS inoperability during the second fuel cycle showed that under 
these conditions, there was an accumulation of carbon-14 on the ion exchange resins in part of the 
LRWS. Although the spent ion exchange resin was disposed of as LLW, the carbon-14 from that waste 
will eventually be released at the disposal site, either to air or to land, neither of which is the optimum 
disposal route for minimising public dose.

It is concluded that maximising the period that the VCT purge route via the GRWS is in service during 
power station operation represents the Best Available Technique for operating this system as this 
promotes discharge via the gaseous route in order to minimise impact on the environment and members 
of the public.

Maintenance

The hydrogen process gas that passes through the GRWS limits how much maintenance work can be 

carried out with the system in service. This is because work on the system is covered by the Dangerous 
Substances and Explosive Atmospheres Regulations (DSEAR) and work must be planned and conducted in 
such a way as to avoid creation of an explosive atmosphere in the work place. To ensure that the GRWS 
is in service as much as possible during operation, the plant has been modified to increase how much can 
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be done with the GRWS in service. For example, the oxygen and moisture analysers were obsolete and 
were replaced with designs that allow maintenance with the GRWS in service, where previously they had 
required it to be taken out of service.

Before opening components to allow contact with air, the hydrogen purge from the VCT must be 
isolated and the GRWS purged through with nitrogen gas to reduce residual hydrogen to a concentration 

below its Lower Explosive Limit. Similarly, once maintenance is completed, all traces of oxygen must be 
purged from the system before readmitting hydrogen.

During Refuelling Outages, the power station is shut down so there is no ongoing carbon-14 production. 
In addition, once the RCS has been depressurised and hydrogen removed by chemical scavenging, the 
VCT purge is not required and the GRWS is shut down. Some maintenance on the GRWS can be carried 
out at this time. However, the GRWS is required back in service before hydrogen can be reintroduced into 
the RCS, so there is limited time in which any maintenance can be carried out.

The full range of maintenance activities that are required on the GRWS during each fuel cycle takes 
approximately four continuous weeks to complete. This is variable and depends upon the extent of any 
defect maintenance that may also be required. The scope of work is always critically reviewed to minimise 

system downtime, however the time constraint during the Refuelling Outage means that a maintenance 
window at power is also required. A period is selected near the beginning of the fuel cycle for several 
reasons, as follows. 

Firstly, the reactor is never knowingly loaded with leaking fuel at Refuelling Outages. The probability of a 
fuel leak occurring increases as the fuel cycle progresses. The Safety Function of the GRWS is to delay the 
passage of fission product gases, primarily noble gases, allowing radioactive decay to take place prior to 
discharge. The abundance of fission product gases in the reactor coolant increases significantly in the 
presence of leaking fuel, so planning for intentional unavailability of the GRWS during the early part of 
the fuel cycle minimises the risk of coincident operation with failed fuel and aligns with BAT 
considerations.

Secondly, the boron concentration in the RCS is progressively reduced during the fuel cycle to maintain 
reactor reactivity as the fuel undergoes burn-up. Reactor coolant dilution to achieve this boron reduction 
is carried out by displacing reactor coolant by the addition of demineralised water. The displaced coolant 
is directed to the Liquid Radioactive Waste System, where it is processed to remove radioactivity and 
discharged as aqueous waste. The volume of dilution increases exponentially throughout the fuel cycle to 
achieve a linear reduction in boron concentration. Carbon-14 builds up in the RCS while the GRWS is out 
of service and sub-optimal discharges of carbon-14 will take place at this time, as described above. By 
taking the GRWS out of service near the beginning of a fuel cycle when RCS dilution to aqueous waste is 
at its lowest aqueous discharges of carbon-14 and transfer of carbon-14 on to ion exchange media is 
minimised.

It is therefore considered that the taking the GRWS out of service for the minimum period of time near 

the beginning of the fuel cycle represents the Best Available Technique for maintaining the plant and 
equipment so as to achieve Permit condition 2.3.2. Furthermore, given the importance of the GRWS 
being in good repair so that it operates reliably throughout the rest of the fuel cycle, this maintenance 
also meets the requirement of permit condition 2.3.4.

Plant Changes Influencing Carbon-14 Production and Discharge

Work has been conducted throughout the life of the station to improve plant reliability and shorten 

Refuelling Outage durations. The last unplanned shutdown of the reactor took place in 2014. There have 
been some instances when a single turbine has been taken out of service for defect maintenance but 
these turbine outages are infrequent. Increasing ECF will lead to greater production of carbon-14, closer 
to the theoretical maximum.
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Discharges of noble gases from the GRWS used to be monitored by an instrument specifically designed 
for Sizewell B Power Station due to the specialised nature of needing to monitor low levels of 
radioactivity in a hydrogen atmosphere. This instrument had become obsolete and increasingly unreliable, 
leading to frequent system trips and extensive periods of GRWS downtime. Operating experience from 
non-UK PWR power plants identified that a single discharge stack could be used for all gaseous 
discharges from the plant, including those from other stations’ equivalents of the GRWS. It was identified 

that discharging the hydrogenous output of the GRWS into the Radwaste Building ventilation stack could 
be carried out safely, owing to the very large dilution that the ventilation air would provide. 
Consequently, the outlet of the GRWS was rerouted into the Radwaste Building ventilation stack in 2017, 
removing reliance on the obsolete radiation monitor. The GRWS has been in service more reliably as a 
result.

The GRWS is provided with oxygen and moisture analysers at its inlet to alert operators to the risk of air 
ingress to the hydrogen system and to ensure that the Carbon Bed Delay System components of the 
GRWS continue to operate with maximum efficiency. These instruments were also obsolete and 
unreliable and were replaced with modern alternatives in 2017. The new instruments can be calibrated 
and maintained with the GRWS remaining in service, which has also reduced the amount of system 
downtime.

These ongoing improvements to increase GRWS reliability help ensure that discharges predominantly take 
place to air through the designed route, which has been demonstrated to represent BAT. However, it also 
means that more of the carbon-14 produced is discharged to air rather than being retained on ion 
exchange resins or being discharged to sea, such that reported discharges of carbon-14 to air will 
converge towards the predicted quantities for carbon-14 production, (see Table 2).

It should be noted that Table 2 shows the mean discharge for the first eight fuel cycles, covering the 
period used to guide the reduction in the discharge limit in 2007, was only 256 GBq per fuel cycle. 
However, the mean discharge in the most recent eight fuel cycles is 406 GBq, a 59% increase. This has 
resulted from increased reliability of both the power station and the GRWS throughout this period.

Conclusion

Improvements in Power Station reliability and shorter Refuelling Outages will result in more Effective Full 
Power Days of operation in any fuel cycle and consequently carbon-14 production will increase. 

Increased GRWS reliability will lead to more of the carbon-14 produced being discharged to air, so 
carbon-14 discharges will tend towards the theoretical maximum, shown in Table 2.

Partitioning of carbon-14 species in the reactor coolant means that discharges are not constant over the 
course of the fuel cycle and have been shown to increase towards the end of the cycle. There are also 
short-term peaks, related to GRWS downtime and perturbations in reactor plant operation.

Carbon-14 accumulations on ion exchange resin and on the charcoal in the CBDS may be released during 
operation later in the power station life. 

These factors make it more likely that routine operation and maintenance of the plant will result in 
exceedance of the 500 GBq rolling twelve-month limit in the current Environmental Permit.

Recent trends in carbon-14 discharges show some evidence that delayed carbon-14 emissions may be 
taking place.

Sizewell B has previously been subject to a gaseous carbon-14 annual limit of 600 GBq. It is now 
considered necessary to seek an increase from the current limit of 500 GBq back to the previous limit for 
gaseous carbon-14 of 600 GBq in any rolling twelve-month period.
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Cycle
Fuel Cycle 
Start Date

Duration 
(days)

EFPD ECF
Carbon-14 
Discharged 

(GBq)

Theoretical 
Carbon-14 
Production 

(GBq)

Difference: 
Theoretical 

Production minus 
Discharged (GBq)

1 31/01/1995 566 379.03 67% 49.7 N/a
2 19/08/1996 428 363.45 85% 79.0 N/a

3 21/10/1997 561 473.14 84% 390.3 N/a
4 05/05/1999 537 466.25 87% 310.3 563.3 253.0

5 23/10/2000 581 503.63 87% 260.7 608.5 347.8
6 27/05/2002 535 478.09 89% 389.9 577.6 187.7

7 13/11/2003 550 462.25 84% 310.9 558.5 247.6
8 16/05/2005 521 472.79 91% 254.2 571.2 317.0

9 19/10/2006 542 513.95 95% 445.3 621.0 175.7

10 13/04/2008 556 512.38 92% 461.0 619.1 158.1
11 21/10/2009 730 478.33 66% 468.0 577.9 109.9

12 21/10/2011 599 510.94 85% 469.0 617.3 148.3
13 11/06/2013 538 477.62 89% 340.0 577.1 237.1

14 01/12/2014 561 498.94 89% 365.0 602.8 237.8
15 14/06/2016 594 508.13 86% 349.9 613.9 264.0

16 29/01/2018 549 481.07 88% 348.0 581.2 233.2

Table 2 Fuel Cycle and carbon-14 discharge data

Key:
EFPD – Effective Full Power Days, the equivalent number of days of operation if the reactor had been at full power
ECF – Effective Capacity Factor, the ratio of EFPD to the duration of the fuel cycle in days
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Figure 3 Carbon-14 Discharges and RCS Carbon-14, Cycles 13 to 16

Note the difference in units for gaseous carbon-14 discharged (GBq) and carbon-14 measured in the reactor coolant system (MBq/m3)
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Figure 4 Carbon-14 Discharges to Air – Rolling Twelve Month Totals
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Figure 5 Carbon-14 Discharges to Air – Monthly data from January 2019
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Figure 6 Carbon-14 Discharges to Air – Fuel Cycle Totals
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