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Executive Summary

EXECUTIVE SUMMARY
Introduction
Economic development of the industrialised nations of the world has been founded on
continuing growth in energy demand. The use of energy clearly provides enormous benefits to
society. However, it is also linked to numerous environmental and social problems, such as
pollution of the air, water and soil, ecological disturbance and landscape damage. Such
damages are referred to as external costs, as they have typically not been reflected in the
market price of energy, or considered by energy planners. Effective control of these
‘externalities’ whilst pursuing further growth in the use of energy services poses a serious and
difficult problem. The European Commission has expressed its intent to respond to this
challenge on several occasions; in the 5th Environmental Action Programme; the White Paper
on Growth, Competitiveness and Employment; and the White Paper on Energy.
The ExternE Project has developed and demonstrated a detailed ‘bottom-up’ methodology for
quantification of the externalities of different energy systems. This report has been prepared as
part of the ExternE National Implementation Project which aimed to establish a comprehensive
and comparable set of data on externalities of power generation across EU Member States and
Norway. It presents the results obtained for seven UK fuel cycles: coal, oil, natural gas,
Orimulsion, nuclear, biomass and wind. Together these fuel cycles account for over 98% of
UK electricity generation. The externalities associated with the coal, gas and wind fuel cycles
had been evaluated as part of the JOULE II ExternE Programme (European Commission
1995c,d,f). These results have been updated to take account of new methodological
developments and more recent data and are now presented on a consistent basis with the other
UK fuel cycles. P reliminary aggregated results are also presented for the UK electricity sector.

Methodology
The ExternE methodology considers the full fuel cycle from ‘cradle to grave’ and the first step
is identification of the boundaries of the fuel cycle under assessment. For example, assessment
of the coal fuel cycle includes coal mining, limestone extraction, coal and limestone
transportation, power generation and waste disposal. A comprehensive list of burdens and
impacts is then described for each stage. Priority areas for assessment are identified, based
partly on the results of earlier studies and partly on expert judgement. Realistic sites and
technologies are then selected for the full fuel cycle, recognising that these factors are
important in determining the magnitude of many impacts. The word ‘realistic’ is used here
carefully. No attempt has been made to define a ‘typical’ or ‘representative’ system on the
grounds that these are hard to define, if they exist at all.
Impact assessment and valuation are performed using the ‘damage function’ or ‘impact
pathway’ approach. This approach assesses impacts in a logical manner, using the most
appropriate models and data available. Methods range from the use of simple statistical
relationships, as in the case of occupational health effects, to the use of a series of complex
models and databases, as in the cases of acid rain and global warming effects. In some cases it
i
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is possible to use market prices of goods and services to value a given impact, such as reduced
crop yield, or reduced lifetime of paint on a building. In cases where the damaged good is not
openly traded, such as human health or the aesthetic quality of a landscape, it is necessary to
use the results of alternative methods, such as contingent valuation or hedonic pricing.
The three main underlying principles on which the ExternE methodology has been developed
are:
Transparency, to show precisely how the work was done, the uncertainty associated with the
results and the extent to which the external costs of any fuel cycle have been fully quantified.
Consistency, with respect to the boundaries placed on the system in question, to allow valid
comparisons to be made between different fuel cycles and different types of impact within a
fuel cycle.
Comprehensiveness. All burdens and impacts of a fuel cycle should be considered, even
though many may not be investigated in detail. For those that are analysed in detail it is
important that assessment is not arbitrarily truncated with respect to either distance or time.
The following sections briefly summarise the individual fuel cycles examined in the UK and the
results obtained.

Coal fuel cycle
The reference UK coal fuel cycle has been based on the proposed West Burton ‘B’ power
station, a conventional coal-fired plant, with 1800 MW capacity, fitted with flue gas
desulphurisation and low NO x burners to meet the requirements of the European Commission’s
Large Combustion Plant Directive. The reference fuel cycle assumes that the plant uses UK
mined coal and limestone.
The results for the reference cycle show externalities ranging from 29 to 151 mECU/kWh,
which are significant relative to the private costs of electricity production. The major
externalities are associated with power generation and arise from the impacts of NO x, SO2 and
particulates on human health and global warming impacts. Together they account for 92 98% of the total externalities. The impacts from other fuel cycle stages are dominated by those
from coal mining which account for 79% of the externality calculated for occupational health
and 98% of the non-generation global warming costs. Methane emissions account for around
63% of the global warming damages from coal mines. Impacts from the transportation of coal
and limestone are relatively small.
As part of the sensitivity analysis these results are compared with the externalities which would
be calculated for an old conventional PF plant without abatement technology and a series of
new alternative power generation technologies. It is shown that considerably higher levels of
non-global warming damages (due to NO x, SO2, PM10) damages arise from the conventional
PF plant without abatement technologies. The level of damages from the fluidised bed (AFBC
and PFBC) and integrated gasification combined cycle (IGCC) plants are lower than the
reference plant (PF+FGD) reflecting the higher efficiency of these plants, similarly the lower
damages per kWh from the CHP plant reflects the higher overall efficiency of a CHP plant.

ii
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The reference fuel cycle assumes that the coal used is from an underground mine in the UK.
Given the location of West Burton and of several of the remaining coal mines in the UK, this
assumption remains realistic although there has been a large decline in the UK coal industry in
recent years. However, a number of UK coal fired power stations are now obtaining much of
their coal from international markets and so the assessment examined the effect of different
assumptions about the source of coal on the external costs of the fuel cycle. The assessment
focused on occupational accident rates and found significant variation in mining accident rates
around the world, from about 0.1 deaths/million tonnes (Mt) of coal mined in Australia and the
USA to 30 or more in other countries. The results show that damages from coal mining could
be far more significant than estimated for the reference fuel cycle if alternative sources of coal
are assumed. They also show that the fall in valuation of health effects per case in countries
with a lower standard of living than the EU average is not always sufficient to counter the
increase in accident rates.

Oil fuel cycle
The UK reference fuel cycle considers a combined cycle oil-fired power station, suitable for
base load operation with a gross electrical capacity of 527.9 MW, fitted with electrostatic dust
precipitators, flue gas desulphurisation (FGD) and low NO x burners in line with the
requirements of European and national legislation. The plant is located at Fawley on the south
coast of England, the site of an existing oil-fired power station (without FGD) which is
currently only used for peak load. Adjacent to the plant is the UK’s largest oil refinery which
supplies the power station with heavy fuel oil by a direct pipeline connection. In the reference
fuel cycle it is assumed that the crude oil is extracted from the Alba field in the North Sea and
transported to Fawley refinery using a shuttle tanker.
During the assessment of impacts, particular attention was paid to those arising from upstream
oil extraction activities, such as drill cuttings, produced water and oil spills, on the marine
environment. In addition, an assessment was made of the impact from major occupational
accidents in the North Sea.
The results for the oil fuel cycle show the major externalities are associated with the power
generation stage and arise from the impacts of air pollution (SO 2, NOx, particulates) on public
health and global warming impacts. The impacts of these emissions from upstream activities
are smaller but still significant with the largest impacts resulting from SO 2 emissions from the
oil refinery. Global warming impacts are estimated to range from 2.5 to 91 mECU/kWh and
accounted for up to 81% of the total impacts from the oil fuel cycle. Externalities arising from
impacts on crops, and materials were about an order of magnitude smaller than those for health
impacts.
The externalities associated with the conventional oil-fired power plant which is presently
located at Fawley were also assessed for comparison with the modern reference plant. This
old plant is only used to supply power during peak loads. It has a thermal efficiency of 32.2%
compared to the 47.5% efficiency assumed for the combined cycle plant.

iii
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The resultant damage estimates for the existing station ranged from 165-275 mECU/kWh,
compared to 23-112 mECU/kWh calculated for the reference plant. The results clearly show
the major impact of higher levels of atmospheric emissions, particularly SO 2 and NOx, from the
old plant.

Orimulsion fuel cycle
Orimulsion is a stable bitumen-in-water emulsion (70:30) which has been specifically designed
for utilisation in power stations. The fuel is already being used in a number of operational
power stations e.g. in Japan and Denmark. The introduction of Orimulsion in the UK has been
under discussion for a number of years. Trial-burns of Orimulsion began in 1990 at two old
oil-fired power plants, Richborough in Kent and Ince in Cheshire. Neither plant was fitted
with sulphur abatement technology and a number of problems were encountered due to the
relatively high SO 2 emissions although it is unlikely these problems would be encountered with
a plant specifically designed to burn Orimulsion. The reference fuel cycle is based on National
Power’s proposed conversion of their oil-fired plant at Pembroke on the west coast of the UK.
This would have involved upgrading the old power station to meet current European and UK
legislation with the retrofit of low NO x burners, flue gas desulphurisation (FGD) and
electrostatic precipitators for emission abatement. The actual conversion of the Pembroke
plant did not take place because the UK Government announced a public enquiry into the
project and National Power decided that the additional time delay this would necessitate meant
the project would involve ‘an unacceptable commercial risk’.
The reference fuel cycle considers bitumen extraction from the Orinoco Belt in Venezuela,
Orimulsion production and its transportation to a coastal export terminal by pipeline. This is
followed by transportation of the fuel by tanker from Venezuela to Milford Haven where it is
unloaded into reception tanks before being pumped via a dedicated pipeline to the Pembroke
power station.
The dominant externalities from the Orimulsion fuel cycle, like those of the other fossil fuel
cycles, are impacts on public health and global warming arising from atmospheric emissions of
SO2, NOx, particulates and CO 2 during power plant operation.
Particular attention was paid to emissions arising from the upstream activities, Orimulsion
extraction, processing and transportation. However, the analysis showed these were around
two orders of magnitude lower than those from power generation and were therefore relatively
insignificant. Comparison of the results with those for the other fossil fuel cycles shows the
impacts from the Orimulsion fuel cycle are similar to those from the oil cycle but smaller than
those arising in the coal fuel cycle. However, it must be noted that the reference oil power
plant is for modern combined cycle operation with an overall efficiency of 47.5% compared to
the Orimulsion reference cycle based on the retrofit of an older plant with an efficiency of 37%.
One particular problem arising from the combustion of Orimulsion is the very fine particulate
nature of the dust which contains high concentrations of vanadium and nickel. This was
recognised by the proposed operators of Pembroke who resolved to granulate the ash to
reduce dust levels and reduce the potential for leaching in landfill. Hence, in the reference fuel
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cycle it was assumed that these impacts were not significant and they were not assessed in
detail. Under alternative assumptions it is possible that these emissions could cause serious
damage.

Gas fuel cycle
The reference gas fuel cycle considers a combined cycle gas turbine (CCGT) power station
located at the West Burton ‘B’ site, with 652 MW output, typical of that being built in the UK
in the early 1990s. The design of the plant is based on the Killingholme 'A' plant which came
on line in Autumn 1993. Combined cycle gas turbine technology is the current industry
standard and is likely to remain the major technology in the immediate future and reflects the
standards required by European and national legislation. In the reference fuel cycle it is
assumed that gas is extracted from the Caister field which lies 170 km off the Lincolnshire
coast in the Southern North Sea Basin transported by pipeline to the Theddlethorpe gas
Reception Plant and then through a dedicated high pressure pipeline to West Burton.
The externalities calculated for the gas reference fuel cycle range from 5-60 mECU/kWh.
They show the dominant externalities arise from impacts on public health and global warming
due to atmospheric emissions of NO x and CO2 during power plant operation. The analysis
took into account impacts from upstream gas extraction and transportation. Generally the
impacts of these activities are negligible in comparison to those impacts from power generation
however, there is likely to be some form of chronic ecological impact within the North Sea
resulting from the incremental emissions since the North Sea is recognised as being a highly
stressed environment.
Comparison with the results for the other fossil fuel cycles shows the impacts from the gas fuel
cycle are considerably smaller due to the lower atmospheric emissions and higher efficiency of
the modern gas powered station. It has been claimed in the literature that upstream methane
losses may give rise to higher global warming impacts for the gas fuel cycle compared to the
coal fuel cycle. However, the detailed assessment of greenhouse gas emissions from upstream
activities undertaken as part of this study does not support this claim. The recent ‘dash for
gas’ in the UK has led to the commissioning of a number of CCGT power stations which in
turn has led to a significant reduction in the total level of emissions from the UK power sector.
This move towards gas power stations has raised a number of questions such as the long-term
availability of gas, and security of supply issues and there is currently a moratorium on building
of further gas-fired plants whilst the UK Government reviews the situation.

Nuclear fuel cycle
The UK nuclear fuel cycle considered has been based on the Pressurised Water Reactor (PWR)
located at Sizewell, Suffolk. This is the newest nuclear plant in the UK (completed in 1994)
and is the first PWR to be built in the UK. In the reference fuel cycle it is assumed that
uranium is purchased from the international spot market and originates from world-wide
sources. Uranium conversion and fuel fabrication are assumed to take place at BNFL’s
Springfield plant, uranium enrichment at URENCO’s Capenhurst plant, and fuel reprocessing
v
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at BNFL’s THORP plant at Sellafield. Although in practice, no decision has yet been made
about reprocessing the fuel and it is presently being stored at Sizewell.
The assessment focused on the radiological impacts on health, although impacts arising from
non-radiological impacts arising from occupational accidents and global warming impacts
resulting from the construction of Sizewell B and THORP plants were assessed. Assessment
of all radiological impacts from UK activities was undertaken using PC Cream to calculate
collective dose to the public.
The externalities calculated for the nuclear fuel cycle range from 2-4 mECU/kWh (using 0%
discount rate) with the largest damages from mining and milling, and the construction and
operation of the generation and reprocessing plants. These account for between 98% and 99%
of the total damage. The mining and milling damages arise from the emission of Rn-222 from
mine tailings and the magnitude of the impact depends largely on the management practices at
the mine. The calculations made in this assessment have been based on an ‘average mine’, as
defined by UNSCEAR, however there is concern that this data may not be representative of
the true situation. The Uranium Institute, London, has recently commissioned a study on
radon release rates and collective doses from tailings which will assess the releases from the
seven largest uranium mines which together produce over 50% of the world’s uranium. Radon
release rates will be obtained for the close out strategies as given in the environmental impact
assessments for these mines. It is envisaged that the study will indicate that the current
UNSCEAR figures are a considerable overestimate for the main nuclear generators.
Sensitivity calculations showed the time-scale over which the mining and milling impacts are
calculated is very important. In the reference case the assessment was over a 10,000 year time
frame; however, if the time-frame is extended to 100,000 years, to be consistent with the
earlier French nuclear fuel cycle work the damages increase to 13 mECU/kWh.
There is significant uncertainty associated with many of the values used in this assessment.
Uncertainty arises at each stage in the calculations, the discharge data, the models used, the
dose-response functions used and the valuation methodologies. Further sensitivity analyses
were undertaken to investigate the sensitivity to valuation methodologies and to discount rate.
Discounting substantially reduces the damages estimated for long-lived radionuclides.
While a large number of impact pathways have been assessed, some still remain unquantified.
Impacts due to transport, major accidents, waste management and impacts associated with the
construction and decommissioning of the power plant remain unassessed. In the earlier French
work these impacts together accounted for only 8% of the total damage reported, hence they
were not addressed as priority impacts in this study.
The assessment of major accidents has been further addressed since the original French study
was completed. Methodological progress has been made however insufficient information was
available to be able to undertake a more rigorous assessment within this study.

Biomass fuel cycle
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The reference fuel cycle is based on the Eggborough SRC plant, which is currently being
developed. At present, the development is going through the planning process. Once planning
permission has been granted, construction work will commence and the plant should be
commissioned before 2000. Willow and poplar, which are the coppice crops assumed for the
reference fuel cycle, are the two coppice species most suited to the UK climate because of their
resilience. It is assumed the plantations are harvested every 2-5 years, and the harvested wood
is transported by road to a 10 MW gasification power plant at Eggborough.
The results for the reference biomass fuel cycle show externalities ranging from 5.1 - 7.2
mECU/kWh. The major externalities are associated with the cultivation and power generation
stages of the fuel cycle and arise from the impacts of NO x and particulates emissions on human
health. The total damage for these pollutants is significantly less than for coal, oil and
Orimulsion but to a lesser extent natural gas.
It is important to treat emissions of greenhouse gases in a consistent manner with other fuel
cycles, by examining the most significant source of emissions. Although it is assumed that
there are no (net) CO2 emissions from the power plant (assuming the use of biomass from
sustainable sources), emissions arising during cultivation of the coppice and transport of the
coppice from the field to the power plant have been assessed. The resultant global warming
impacts account for between 1-29 % of the total damage costs. Comparison of the global
warming results with those for the fossil fuel cycles shows those for the biomass cycle are
significantly lower in all cases.
Environmental burdens that have not been assessed include those arising from water emissions,
wastes and some amenity impacts. These burdens have not been assessed fully due to either a
lack of data, a lack of a common assessment methodology or due to lack of suitable economic
values for end points (especially for amenity effects). Provided good practice is followed with
respect to coppice activities and operation, these are likely to be very low.

Wind fuel cycle
The reference wind fuel cycle is based on the largest UK wind farm at Penrhyddlan and
Llidiartywaun, Powys in Central Wales. This is in an upland area, with a relatively low
population density, typical of the upland areas of Wales, Scotland and northern England.
Although the area is farmed, the agriculture is not intensive, being predominantly sheep
rearing. There is no particular landscape designation constraining development, although the
site lies in an area proposed, but not adopted, as an AONB.
The development is actually two separate wind farms of 42 and 61 turbines, Penrhyddlan and
Llidiartywaun respectively. The turbines are Mitsubishi MWT 250 machines, each with three
glass reinforced plastic blades, and a rated capacity of 300 kW, giving a wind farm total
capacity of 30.9 MW.
Noise and visual intrusion are believed by wind energy developers to be the two major
environmental issues affecting the rate of deployment of wind energy in the UK. Some, but
not all, of the recently built wind farms have led to complaints from residents nearby
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concerning noise. In some cases this is due to "teething problems", where wind farms have
been constructed rapidly and were not subjected to extensive commissioning tests, because of
the need to ensure early operation in the financial climate determined by the UK Non-Fossil
Fuel Obligation. In other cases, late decisions on choice of turbine manufacturer may have
prevented extensive consideration of noise issues. Although technical adjustments may be
expected to reduce problems, the effects on public perception of wind turbine noise could still
be significant in some areas.
Similarly, opposition to wind energy on the grounds of loss of visual amenity is a major
problem for the UK wind industry, although most environmental groups and planning
authorities have taken a broader view of environmental issues than the committed opponents in
some "countryside protection" groups. In general, a consensus has developed amongst the
wind industry that applications for developments in areas designated to be of national scenic
value should be avoided.
Both noise and the loss of visual amenity impacts are local in nature and very site specific. For
the reference wind farm the level of damage estimates for both impacts are relatively low due
to the low population density in the vicinity of the wind farm. Interestingly, in this case the
damage estimates for the impacts associated with atmospheric emissions arising from the
energy use in the manufacture of the wind turbine and its materials are significantly greater in
value than the direct local impacts. This clearly illustrates the importance of considering a life
cycle approach in the assessment.
As a sensitivity case a second wind farm was considered at a rather different type of location at
Delabole in Cornwall, SW England. This was the first commercial wind farm in the UK, it is a
considerably smaller farm comprising just 10 turbines. It is located in a rural, but fairly densely
populated agricultural area on an open plateau. The results for this wind farm site show
considerably higher noise externalities of 1.1 mECU/kWh compared to the 0.07 mECU/kWh
damage cost estimated for the Penrhyddlan and Llidiartywaun wind farm. This was due to the
higher population density around the Delabole wind farm. Similarly, the visual amenity
impacts for the Delabole site are expected to be higher.
It is concluded that siting of wind turbines is the key issue in determining the level of
environmental externalities. However, the results from both cases studied show the external
costs of wind farms are smaller than those of "conventional" fossil fuels. Also, the major
impacts of well located wind farms are temporary and reversible.

Aggregation
The results for the individual UK reference fuel cycles, discussed in the previous sections are
summarised in Figure ES.1. The results clearly show the externalities for all fuel cycles are
dominated by the effects of air pollution on public health and the impacts of global warming.
Those for the fossil fuel cycles are considerably higher than those for the nuclear and
renewable fuel cycles and are significant compared to the private costs of electricity generation
(30-45 mECU/kWh). They are dominated by regional and global impacts whereas for
renewable technologies the local impacts are also significant.
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Figure ES.1 Comparison of the external costs for the UK reference fuel cycles
There is a growing need for aggregated information for use in national and European level
policy making and whilst the standard ExternE approach is focused on the detailed bottom-up
analysis of a single power station at a specific site, this procedure is not appropriate to derive
results on a more aggregated level, e.g. to calculate externalities from a country’s power
sector. The detailed analysis of each individual emission source within the power sector would
be very time consuming, and would not take into account potential non-linearities in chemical
conversion processes in the atmosphere and impact mechanisms. Hence, the EcoSense model,
the tool used for analysing single point sources, has been extended to allow the assessment of
multiple-sources. This enables the advantages and benefits of using a detailed bottom-up
modelling approach to be retained whilst providing aggregated results for the electricity sector.
Preliminary estimates of the aggregated damages for the UK power sector have been made for
1995. The UK power sector comprises fossil, nuclear and renewable plant. Aggregated
results for the fossil plants were estimated using the multi-source version of the EcoSense
model. The EcoSense model calculated damages to health, materials and crops from NO x, SO2
and particulates, based on 1990 CORINAIR data. The results provide estimates of
damage/tonne of pollutant which were then used in conjunction with 1995 power sector
emission data to estimate damages in 1995. Ozone and global warming damages were
calculated outside the model based on the emissions of NO x and CO2, respectively.
Aggregated damages for the nuclear power plant were estimated based on the results obtained
for the reference nuclear fuel cycle and results for renewables on those for the reference wind
fuel cycle and previously published ExternE results for the hydro fuel cycle. The externalities
associated with renewables are very site specific and damage estimates have been made based
on some major assumptions concerning the transferability of data. The results obtained are
summarised below.
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Table ES.1 Preliminary aggregated results for the UK power sector in 1995

Fossil
Nuclear
Renewables

Low
15124
196
13

Global Warming Scenario
Mid 3%
Mid 1%
17414
21931
214
240
13
13

High
36932
338
13

Total (MECU)

15333

17641

22184

37283

Aggregated
damage
(mECU/kWh)

45.8

52.7

66.3
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This is the first attempt to use a detailed ‘bottom-up’ impact pathway approach to estimate
aggregated damages from the UK power sector and from the results obtained it has been
possible to draw the following conclusions:
• Total damage costs from the power sector in the UK are estimated to be around 2 % of
GDP.
• There is a significant difference between the damage costs per tonne of pollutant calculated
for a reference fuel cycle and that calculated by the multi-source EcoSense for the power
sector in the UK. Similar differences have been found between countries.
• The ‘background’ emissions of SO2, NOx and NH3 are among the important parameters
determining the external costs from the power sector.
• The current results underline the importance of a site-specific analysis not only for a single
power plant, but also for emissions from a whole industrial sector.
• The new insights from the aggregation work raise some new questions related to energy
policy: What are the optimal and operational instruments for internalisation on a European
level, taking into account the spatial variation in damage costs, and the mutual influence of
emissions from different industry sectors on the same impact categories?

Conclusions
The UK National Implementation of the ExternE Project provides the most extensive and
detailed analysis of the externalities of the electricity supply industry (ESI) ever undertaken for
the United Kingdom. The work has considered the external costs of the major fuel cycles for
the UK, such as coal and gas, together with some that may become significant in the future,
such as biomass and Orimulsion.
The main results are that effects of air pollution on health, and of greenhouse gas emissions
from the use of fossil fuels are likely to dominate the external costs of the ESI. Effects of acid
and eutrophying emissions on ecosystems have not been valued yet, and these would clearly
add to the other effects that have been quantified. However, the results presented here
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demonstrate that the externalities of fossil fuel cycles can be greatly reduced by the application
of appropriate techniques for reducing emissions.
All results, with the exception of those for climate change, show a high degree of variation
with the location selected for the fuel cycle. This emphasises the fact that the detailed
approach adopted under the ExternE Project is essential in order to adequately quantify the
externalities of energy use.
Much comment is made of the uncertainties that affect externality assessment. These
uncertainties are a reflection of existing knowledge rather than a function of the methodology
used. Indeed, a particular benefit of the ExternE methodology is that it allows the analyst to
be explicit about uncertainties. The study team has tried to tackle uncertainty in a thorough
and systematic way: estimates made elsewhere that do not admit to significant uncertainty
should be viewed with caution. The ExternE results therefore provide the information that
policy makers need to make informed decisions about energy/environment issues, enabling
them to balance the risks of not taking action against the costs of doing so. It must be
remembered that policy makers need to make decisions now, not in ten or twenty years time
when a better understanding of these issues is obtained.
In addition to the work presented here, additional analysis for the UK has been undertaken
providing an aggregated assessment of fuel cycle externalities in the same format that is
traditionally used for describing energy balances. Policy case studies have also been
undertaken, investigating the European Commission’s Large Combustion Plant Directive and
Acidification Strategy, and the UK’s Non-Fossil Fuel Obligation (NFFO) from the perspective
of externalities research There was not sufficient room in this report to cover these issues,
though details are being published elsewhere.
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Introduction

1. INTRODUCTION
Economic development of the industrialised nations of the world has been founded on
continuing growth in energy demand. The use of energy clearly provides enormous benefits to
society. However, it is also linked to numerous environmental and social problems, such as
pollution of the air, water and soil, ecological disturbance and landscape damage. Such
damages are referred to as external costs, as they have typically not been reflected in the
market price of energy, or considered by energy planners. Effective control of these
‘externalities’ whilst pursuing further growth in the use of energy services poses a serious and
difficult problem. The European Commission has expressed its intent to respond to this
challenge on several occasions; in the 5th Environmental Action Programme; the White Paper
on Growth, Competitiveness and Employment; and the White Paper on Energy.
A variety of options are available for reducing externalities, ranging from the development of
new technologies to the use of fiscal instruments, or the imposition of emission limits. The
purpose of externalities research is to quantify damages in order to allow rational decisions to
be made that weigh the benefits of actions to reduce externalities against the costs of doing so.
The ExternE Project developed and demonstrated a unified methodology for the quantification
of the externalities of different power generation technologies within the European
Commission R&D Programme JOULE II. It was launched as the EC-US Fuel Cycles Study in
1991 as a collaborative project with the US Department of Energy. From 1993 to 1995 it
continued as the ExternE project, involving more then 40 European institutes from 9 countries,
as well as scientists from the US. This resulted in the first comprehensive attempt to use a
consistent ‘bottom-up’ methodology to evaluate the external costs associated with a wide
range of different fuel chains. The result was identified by both the European and American
experts in this field as currently the most advanced project world-wide for the evaluation of
external costs of power generation.
Under the European Commission’s Joule III Programme, this project has continued with three
major tasks: ExternE Core for the further development and updating of the methodology,
ExternE National Implementation to create an EU-wide data set and ExternE-Transport for
the application of the ExternE methodology to energy related impacts from transport. The
current report is the result of the ExternE National Implementation project for the UK.

1.1 Objectives of the project
The objective of the ExternE National Implementation project is to establish a comprehensive
and comparable set of data on externalities of power generation across EU Member States and
Norway. The tasks include:
• the application of the ExternE methodology to the most important fuel chains for each
country
• updating existing results as new data become available for refinement of methods
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• aggregation of site- and technology-specific results to the national level
• for selected countries, case studies to demonstrate the application of external costs in
decision and policy making processes
• dissemination of results to government, industry and other interested parties
• creation of a network of scientific institutes familiar with the ExternE methodology and
data, and their application
• compilation of results in an EU-wide information system for the study.
The data in this report results from the application of ExternE-methodology as developed
under Joule II. However, because our understanding of the impacts of environmental burdens
on humans and nature is improving continuously, this methodology (to be precise, the scientific
and economic inputs used) has been updated and further developed.
The National Implementation project has generated a large set of comparable and validated
results, covering more than 60 cases, for 15 countries and 12 fuel chains. A wide range of
generating options have been analysed, including fossil, nuclear and renewable technologies.
Analysis takes account of all stages of the fuel chain, from (e.g.) extraction of fuel to disposal
of waste material from the generating plant. In addition to the monetary estimates of
externalities made in the study, the project also offers a large database of physical and social
data on the burdens and impacts of energy systems.
The ExternE results form the most extensive externality dataset currently available. They can
now be used to look at a range of issues, including;
• internalisation of the external costs of energy
• optimisation of site selection processes
• cost benefit analysis of pollution abatement measures
• comparative assessment of energy systems

1.2 Publications from the project
The current report is to be seen as part of a larger set of publications, which commenced with
the series of volumes published in 1995 (European Commission, 1995a-f). A further series of
reports has been generated under the present study.
First, the current report covers the results of the national implementation for the UK. It
contains all the details of the application of the methodology to the coal, oil, Orimulsion,
natural gas, nuclear, biomass and wind fuel cycles. In addition, it describes the aggregation of
the externalities for the electricity supply sector. Brief details of the methodology are provided
in Chapter 2 of this report and the Appendices; a more detailed review is provided in a separate
report (European Commission, 1998a). A further report covers the development of estimates
of global warming damages (European Commission, 1998b). In addition, further reports are to
be published on the biomass and waste fuel chains, and on the application and further
development of the ExternE methodology for the transport sector. The series of National
Implementation Reports for the 15 countries involved are available on the ExternE Information
System which can be access ed through the ExternE website. It is held at the Institute for
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Prospective Technological Studies, and is accessible through the Internet
(http://externe.jrc.es). This website is also the focal point for the latest news on the project,
and hence will provide updates on the continuation of the ExternE project.

1.3 Structure of this report
The structure of this report reflects that it is part of a wider set of publications. In order to
ease comparison of results, all ExternE National Implementation reports have the same
structure and use the same way of presentation of fuel cycles, technologies and results of the
analysis.
The common structure is especially important for the description of the methodology. Chapter
2 describes the general framework of the selected bottom-up methodology. The major inputs
from different scientific disciplines into that framework (e.g. information on dose-response
functions) are summarised in the methodological annexes to this report and are discussed at
full length in the separate methodology publication (see above).
In order to ease readability, the main text of the chapters dealing with the application to the
different fuel cycles provide the overview of technology, fuel cycles, environmental burdens
and the related externalities. More detailed information (e.g. results for a specific type of
impact) is provided in the appendices.

1.4 Description of the UK Electricity Sector and UK National
Implementation
The UK national implementation study has considered seven fuel cycles: coal, oil, natural gas,
Orimulsion, nuclear, biomass and wind. Together these fuel cycles account for over 98% of
UK electricity generation. The externalities associated with the coal, gas and wind fuel cycles
had been evaluated as part of the JOULE II ExternE Programme (European Commission
1995c,d,f). These results have been updated to take account of new methodological
developments and more recent data and are now presented on a consistent basis with the other
UK fuel cycles.
The UK electricity supply industry was privatised in 1991. In England and Wales separate
companies are now responsible for the generation, transmission and distribution activities. The
major generators are National Power, Power Gen, British Energy and the Energy Group. In
addition there are several other independent power producers. The transmission function is the
responsibility of the National Grid Company and electricity distribution the function of
Regional Electricity Companies (RECs). Electricity is traded by means of an ‘electricity pool’
into which the generators sell their electricity for the RECs to purchase it. The operation of
the pool is relatively complex but has encouraged competition within the electricity sector.
The industry as a whole is regulated by the Office of Electricity Regulation (OFFER). In
Scotland, there are three major companies, Scottish Power, Hydro-Electric and Scottish
Nuclear. The first two companies have generation, transmission and distribution functions
whilst Scottish Nuclear is solely a generator. In Northern Ireland responsibility for electricity
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generation now rests with the individual power stations whilst responsibility for transmission,
distribution and supply rests with Northern Ireland Electricity.
The UK generating mix has changed substantially since the early 1990s. In 1990, the total
electricity supplied was 284.4 TWh, of which 65% was from coal, 11% from oil, 21% nuclear
and 3% other (mostly large scale hydro). By 1996, total production had increased to 314.3
TWh with a generating mix comprising 43% coal, 29% nuclear, 22% gas, 5% oil, 1% hydro
and 2% other fuels.
There has been a major switch from coal to gas powered generation. The UK Government
published a white paper in March 1993 reviewing the UK market for coal-fired power
generation and the economics of gas fired generation compared to coal. This endorsed the
case for gas fired generation and has led to the construction of a number of gas power stations.
The contribution of nuclear generated electricity to the UK mix has increased as the new PWR
Sizewell B power station has become fully commissioned. There are no further nuclear power
stations planned but a programme of refurbishments is leading to the life extension of a number
of the UK’s nuclear stations.
The introduction of renewables has been encouraged in the UK by means of the Non Fossil
Fuel Obligation (NFFO) and renewable energy use has grown by 49% since 1990. Individual
renewables projects are guaranteed a purchase price for their electricity at a level above the
pool price. To date there have been 4 tranches of NFFO and there is a total of 444 MW
declared net capacity of renewables. Biofuels account for 80% of renewable energy sources,
of which 25% is municipal and industrial waste combustion and 14.4% landfill gas, most of the
remainder coming from large scale hydro electricity production with 2.4% from wind. Other
renewable projects include sewage gas, wood and straw combustion. Two renewable fuel
cycles have been considered in the UK National Implementation, namely wind and biomass.
The Orimulsion fuel cycle has been included in the study as the fuel has been trialed in the UK.
National Power were planning to convert one of their oil-fired stations for use with
Orimulsion, although these plans have subsequently been dropped.
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2. METHODOLOGY
2.1 Approaches Used for Externality Analysis
The ExternE Project uses the ‘impact pathway’ approach for the assessment of the external
impacts and associated costs resulting from the supply and use of energy. The analysis
proceeds sequentially through the pathway, as shown in Figure 2.1. Emissions and other types
of burden such as risk of accident are quantified and followed through to impact assessment
and valuation. The approach thus provides a logical and transparent way of quantifying
externalities.
However, this style of analysis has only recently become possible, through developments in
environmental science and economics, and improvements in computing power. Early
externalities work used a ‘top-down’ approach (the impact pathway approach being ‘bottomup’ in comparison). Such analysis is highly aggregated, being carried out at a regional or
national level, using estimates of the total quantities of pollutants emitted or present and
estimates of the total damage that they cause. Although the work of Hohmeyer (1988) and
others advanced the debate on externalities research considerably, the style of analysis was too
simplistic for adoption for policy analysis. In particular, no account could be taken of the
dependence of damage with the location of emission, beyond minor corrections for variation of
income at the valuation stage.
An alternative approach was the ‘control cost’ method, which substitutes the cost of reducing
emissions of a pollutant (which are determined from engineering data) for the cost of damages
due to these emissions. Proponents of this approach argued that when elected representatives
decide to adopt a particular level of emissions control they express the collective ‘willingnessto-pay’ of the society that they represent to avoid the damage. However, the method is
entirely self-referencing - if the theory was correct, whatever level of pollution abatement is
agreed would by definition equal the economic optimum. Although knowledge of control
costs is an important element in formulating prescriptive regulations, presenting them as if they
were damage costs is to be avoided.
Life cycle analysis (OECD, 1992; Heijungs et al, 1992; Lindfors et al, 1995) is a flourishing
discipline whose roots go back to the net energy analyses that were popular twenty years ago.
While there are several variations, all life cycle analysis is in theory based on a careful and
holistic accounting of all energy and material flows associated with a system or process. The
approach has typically been used to compare the environmental impacts associated with
different products that perform similar functions, such as plastic and glass bottles. Restriction
of the assessment to material and energy flows means that some types of externality (such as
the fiscal externalities arising from energy security) are completely outside the scope of LCA.
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Figure 2.1 An illustration of the main steps of the impact pathways methodology applied to
the consequences of pollutant emissions. Each step is analysed with detailed process models.

The ExternE method has numerous links to LCA. The concept of fuel cycle or fuel chain
analysis, in which all components of a given system are analysed ‘from cradle to grave’,
corresponds with the LCA framework. Hence for electric power fuel chains the analysis
undertaken within the ExternE Project covers (so far as possible); fuel extraction,
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transportation and preparation of fuels and other inputs; plant construction, plant operation
(power generation), waste disposal and plant decommissioning.
There are, however, some significant differences between externalities analysis as presented in
this study and typical LCA analysis. Life cycle analyses tend not to be specific on the
calculation of impacts, if they have attempted to quantify impacts at all. For example, the
‘classification factors’ identified by Heijungs et al (1992) for each pollutant are independent of
the site of release. For air pollution these factors were calculated with the assumption of
uniform mixing in the earth's atmosphere. While this can be justified for greenhouse gases and
other pollutants with long residence times, it is unrealistic for particulate matter, NO x, SO2 and
ozone (O3). The reason for this radical approximation lies in the choice of emphasis in LCA:
accounting for all material flows, direct and induced. Since induced flows occur at many
geographically different points under a variety of different conditions, it is simply not
practicable to model the fate of all emissions. In this sense, ExternE is much more ambitious
and precise in its estimates than LCA.
A second difference is that most LCA studies have a much more stringent view on system
boundaries and do not prioritise between different impacts. The ExternE analysts have to a
large extent decided themselves if certain stages of the fuel cycle, such as plant construction or
fuel transportation, can be excluded. Such decisions are made from experience of the likely
magnitude of damages, and a knowledge of whether a given type of impact is perceived to be
serious. [Note that it is recommended to quantify damages for any impact perceived to be
serious whether or not earlier analysis has suggested that associated damages will be
negligible]. What might be referred to as analytical ‘looseness’ is a consequence of the remit
of the ExternE project, which has as a final objective quantification of the externalities of
energy systems. As such the main emphasis of the study is quite properly on the impacts that
are likely (given current knowledge) to dominate the results. Externalities assessments based
on the ExternE methodology but conducted for other purposes may need to take a more truly
holistic perspective than has been attempted here.
The analysis presented in this report places its emphasis on the quantification of impacts and
cost because people care more about impacts than emissions. The quantification of emissions
is merely a step in the analysis. From this perspective the choice between externalities
assessment and conventional LCA is a matter of accuracy; uncertainties increase the further the
analysis is continued. In general terms, however, it is our view that the fuel chain analyses of
the ExternE Project can be considered a particular example of life cycle analysis. Further work
on integration of LCA and the impact pathway approach is currently being undertaken
elsewhere.

2.2 Guiding Principles in the Development of the ExternE Methodology
The underlying principles on which the methodology for the ExternE Project has been
developed are:
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Transparency, to show precisely how results are calculated, the uncertainty associated with
the results and the extent to which the external costs of any fuel chain have been fully
quantified.
Consistency, of methodology, models and assumptions (e.g. system boundaries, exposureresponse functions and valuation of risks to life) to allow valid comparisons to be made
between different fuel chains and different types of impact within a fuel chain.
That analysis should be comprehensive, we should seek to at least identify all of the effects
that may give rise to significant externalities, even if some of these cannot be quantified in
either physical or monetary terms.
In order to comply with these principles, much of the analysis described in this report looks at
the effects of individual power projects which are closely specified with respect to:
• The technologies used;
• The location of the power generation plant;
• The location of supporting activities;
• The type of fuel used;
• The source and composition of the fuel used.
Each of these factors is important in determining the magnitude of impacts and hence
associated externalities.

2.3 Defining the Boundaries of the Analysis
The starting point for fuel chain analysis is the definition of the temporal and spatial boundaries
of the system under investigation, and the range of burdens and impacts to be addressed. The
boundaries used in the ExternE Project are very broad. This is essential in order to ensure
consistency in the application of the methodology for different fuel chains.
Certain impacts brought within these boundaries cannot be quantified at the present time, and
hence the analysis is incomplete. However, this is not a problem peculiar to this style of
analysis; it simply reflects the existence of gaps in available knowledge. Our rule here is that
no impact that is known or suspected to exist, but cannot be quantified, should be ignored for
convenience. Instead it should be retained for consideration alongside whatever analysis has
been possible. Further work is needed so that unquantified effects can be better integrated into
decision making processes.
2.3.1 Stages of the fuel chain
For any project associated with electricity generation the system is centred on the generation
plant itself. However, the system boundaries should be drawn so as to account for all potential
effects of a fuel chain. The exact list of stages is clearly dependent on the fuel chain in
question, but would include activities linked to the manufacture of materials for plant,
construction, demolition and site restoration as well as power generation. Other stages may
need to be considered, such as exploration, extraction, processing and transport of fuel, and
the generation of wastes and by-products, and their treatment prior to disposal.
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In practice, a complete analysis of each stage of a fuel chain is often not necessary in order to
meet the objectives of the analysis (see below). However, the onus is on the analyst to
demonstrate that this is the case - it cannot simply be assumed. Worth noting is the fact that
variation in laws and other local conditions will lead to major differences between the
importance of different stages in different parts of the world. This is illustrated in the present
study by variation in accidents in the coal mining industry across the world.
A further complication arises because of the linkage between fuel chains and other activities,
upstream and downstream. For example, in theory we should account for the externalities
associated with the production of materials for the construction of the plant used to make the
steel that is used to make turbines, coal wagons, etc. The benefit of doing so is, however,
extremely limited. Fortunately this can be demonstrated through order-of-magnitude
calculations on emissions, without the need for detailed analysis.
The treatment of waste matter and by-products deserves special mention. Impacts associated
with waste sent for disposal are part of the system under analysis. However, impacts
associated with waste utilised elsewhere (which are here referred to not a waste but as byproducts) should be considered as part of the system to which they are transferred from the
moment that they are removed from the boundaries of the fuel chain. It is of course important
to be sure that a market exists for any such by-products. The capacity of, for example, the
building industry to utilise gypsum from flue gas desulphurisation systems is clearly finite. If it
is probable that markets for particular by-products are already saturated, the ‘by-product’ must
be considered as waste. A further difficulty lies in the uncertainties about future management
of waste storage sites. For example, if solid residues from a power plant are disposed in a well
engineered and managed landfill there is no impact (other than land use effects) as long as the
landfill is correctly managed; however, for the more distant future such management is not
certain.
2.3.2 Location of fuel chain activities
One of the distinguishing features of the ExternE study is the inclusion of site dependence. For
each stage of each fuel chain we have therefore identified specific locations for the power plant
and all of the other activities drawn within the system boundaries. In some cases this has gone
so far as to identify routes for the transport of fuel to power stations. The reason for defining
our analysis to this level of detail is simply that location is important in determining the size of
impacts. There are several elements to this, the most important of which are:
• Variation in technology arising from differing legal requirements (e.g. concerning the use of
pollution abatement techniques, occupational safety standards, etc.);
• Variation in fuel quality;
• Variations in atmospheric dispersion;
• Differences in the sensitivity of the human and natural environment upon which fuel chain
burdens impact.
The alternative to this would be to describe a ‘representative’ site for each activity. It was
agreed at an early stage of the study that such a concept is untenable. Though the ExternE
French National Implementation team has usefully applied a uniform world model for
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theoretical studies. Also, recent developments elsewhere, such as use of critical loads analysis
in the revision of the Sulphur Protocol within the United Nations Economic Commission for
Europe’s (UN ECE) Convention on Long Range Transboundary Air Pollution, demonstrate
the importance attached to site dependence by decision makers.
However, the selection of a particular series of sites for a particular fuel chain is not altogether
realistic, particularly in relation to upstream impacts. For example, although some coal fired
power stations use coal from the local area, an increasing number use imported coal. This has
now been taken into account.
2.3.3 Identification of fuel chain technologies
The main objective of this project was to quantify the external costs of power generation
technologies built in the 1990s. For the most part it was not concerned with future
technologies that are as yet unavailable, nor with older technologies which are gradually being
decommissioned.
Over recent years an increasingly prescriptive approach has been taken to the regulation of
new power projects. The concept of Best Available Techniques (BAT), coupled with emission
limits and environmental quality standards defined by both national and international
legislation, restrict the range of alternative plant designs and rates of emission. This has made
it relatively easy to select technologies for each fuel chain on a basis that is consistent across
fuel chains. However, care is still needed to ensure that a particular set of assumptions are
valid for any given country. Across the broader ExternE National Implementation Project
particular variation has for example been found with respect to the control of NO x in different
EU Member States.
As stated above, the present report deals mainly with closely specified technology options.
Results have also been aggregated for the whole electricity generating sector, providing first
estimates of damages at the national level.
2.3.4 Identification of fuel chain burdens
For the purposes of this project the term ‘burden’ relates to anything that is, or could be,
capable of causing an impact of whatever type. The following broad categories of ‘burden’
have been identified:
• Solid wastes;
• Liquid wastes;
• Gaseous and particulate air pollutants;
• Risk of accidents;
• Occupational exposure to hazardous substances;
• Noise;
• Others (e.g. exposure to electro-magnetic fields, emissions of heat).
During the identification of burdens no account has been taken of the likelihood of any
particular burden actually causing an impact, whether serious or not. For example, in spite of
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the concern that has been voiced in recent years there is no definitive evidence that exposure to
electro-magnetic fields associated with the transmission of electricity is capable of causing
harm. The purpose of the exercise is simply to catalogue everything to provide a basis for the
analysis of different fuel chains to be conducted in a consistent and transparent manner, and to
provide a firm basis for revision of the analysis as more information on the effects of different
burdens becomes available in the future.
The need to describe burdens comprehensively is highlighted by the fact that it is only recently
that the effects of long range transport of acidic pollutants, and the release of CFCs and other
greenhouse gases have been appreciated. Ecosystem acidification, global warming and
depletion of the ozone layer are now regarded as among the most important environmental
concerns facing the world. The possibility of other apparently innocuous burdens causing risks
to health and the environment should not be ignored.
2.3.5 Identification of impacts
The next part of the work involves identification of the potential impacts of these burdens. At
this stage it is irrelevant whether a given burden will actually cause an appreciable impact; all
potential impacts of the identified burdens should be reported. The emphasis here is on making
analysts demonstrate that certain impacts are of little or no concern, according to current
knowledge. The conclusion that the externalities associated with a particular burden or
impact, when normalised to fuel chain output, are likely to be negligible is an important result
that should not be passed over without comment. It will not inevitably follow that action to
reduce the burden is unnecessary, as the impacts associated with it may have a serious effect
on a small number of people. From a policy perspective it might imply, however, that the use
of fiscal instruments might not be appropriate for dealing with the burden efficiently.
The first series of ExternE reports (European Commission, 1995a-f) provided comprehensive
listings of burdens and impacts for most of the fuel chains considered. The tasks outlined in
this section and the previous one are therefore not as onerous as they seem, and will become
easier with the development of appropriate databases.
2.3.6 Valuation criteria
Many receptors that may be affected by fuel chain activities are valued in a number of different
ways. For example, forests are valued not just for the timber that they produce, but also for
providing recreational resources, habitats for wildlife, their interactions (direct and indirect)
with climate and the hydrological cycle, protection of buildings and people in areas subject to
avalanche, etc. Externalities analysis should include all such aspects in its valuation. Again,
the fact that a full quantitative valuation along these lines is rarely possible is besides the point
when seeking to define what a study should seek to address: the analyst has the responsibility
of gathering information on behalf of decision makers and should not make arbitrary decisions
as to what may be worthy of further debate.
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2.3.7 Spatial limits of the impact analysis
The system boundary also has spatial and temporal dimensions. Both should be designed to
capture impacts as fully as possible.
This has major implications for the analysis of the effects of air pollution in particular. It
necessitates extension of the analysis to a distance of hundreds of kilometres for many air
pollutants operating at the ‘regional’ scale, such as ozone, secondary particles, and SO 2. For
greenhouse gases the appropriate range for the analysis is obviously global. Consideration of
these ranges is in marked contrast to the standard procedure employed in environmental impact
assessment which considers pollutant transport over a distance of only a few kilometres and is
further restricted to primary pollutants. The importance of this issue in externalities analysis is
that in many cases in the ExternE Project it has been found that regional effects of air
pollutants like SO 2, NOx and associated secondary pollutants are far greater than effects on the
local scale (as shown in this report). In some locations, for example close to large cities, this
pattern is reversed, and accordingly the framework for assessing air pollution effects developed
within the EcoSense model developed for ExternE (see Appendix I) allows specific account to
be taken of local range dispersion.
It is frequently necessary to truncate the analysis at some point, because of limits on the
availability of data. Under these circumstances it is recommended that an estimate be provided
of the extent to which the analysis has been restricted. For example, one could quantify the
proportion of emissions of a given pollutant that have been accounted for, and the proportion
left unaccounted.
2.3.8 Temporal limits of the impact analysis
In keeping with the previous section, impacts should be assessed over their full time course.
This clearly introduces a good deal of uncertainty for long term impacts, such as those of
global warming or high level radioactive waste disposal, as it requires a view to be taken on the
structure of future society. There are a number of facets to this, such as global population and
economic growth, technological developments, the sustainability of fossil fuel consumption and
the sensitivity of the climate system to anthropogenic emissions.
The approach adopted here is that discounting should only be applied after costs are
quantified. The application of any discount rate above zero can reduce the cost of major
events in the distant future to a negligible figure. This perhaps brings into question the logic of
a simplistic approach to discounting over time scales running far beyond the experience of
recorded history. There is clear conflict here between some of the concepts that underlie
traditional economic analysis and ideas on sustainability over timescales that are meaningful in
the context of the history of the planet. For further information, the discounting of global
warming damages is discussed in Appendix V.
The assessment of future costs is of course not simply a discounting issue. A scenario based
approach is also necessary in some cases in order to describe the possible range of outcomes.
This is illustrated by the following examples;
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• A richer world would be better placed to take action against the impacts of global warming
than a poorer one;
• The damages attributable to the nuclear fuel chain could be greatly reduced if more effective
treatments for cancer are discovered.
Despite the uncertainties involved it is informative to conduct analysis of impacts that take
effect over periods of many years. By doing so it is at least possible to gain some idea of how
important these effects might be in comparison to effects experienced over shorter time scales.
The chief methodological and ethical issues that need to be addressed can also be identified.
To ignore them would suggest that they are unlikely to be of any importance.

2.4 Analysis of Impact Pathways
Having identified the range of burdens and impacts that result from a fuel chain, and defined
the technologies under investigation, the analysis typically proceeds as follows:
• Prioritisation of impacts;
• Description of priority impact pathways;
• Quantification of burdens;
• Description of the receiving environment;
• Quantification of impacts;
• Economic valuation;
• Description of uncertainties.
2.4.1 Prioritisation of impacts
It is possible to produce a list of several hundred burdens and impacts for many fuel chains (see
European Commission, 1995c, pp. 49-58). A comprehensive analysis of all of these is clearly
beyond the scope of externality analysis. In the context of this study, it is important to be sure
that the analysis covers those effects that (according to present knowledge) will provide the
greatest externalities (see the discussion on life cycle analysis in section 2.1). Accordingly, the
analysis presented here is limited, though only after due consideration of the potential
magnitude of all impacts that were identified for the fuel chains that were assessed. It is
necessary to ask whether the decision to assess only a selection of impacts in detail reduces the
value of the project as a whole. We believe that it does not, as it can be shown that many
impacts (particularly those operating locally around any given fuel chain activity) will be
negligible compared to the overall damages associated with the technology under examination.
There are good reasons for believing that local impacts will tend to be of less importance than
regional and global effects. The first is that they tend to affect only a small number of people.
Even though it is possible that some individuals may suffer very significant damages these will
not amount to a significant effect when normalised against a fuel chain output in the order of
several Tera-Watt (1012 Watt) hours per year. It is likely that the most appropriate means of
controlling such effects is through local planning systems, which are able to deal more flexibly
with the wide range of concerns that may exist locally. A second reason for believing that
local impacts will tend to be less significant is that it is typically easier to ascribe cause and
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effect for impacts effective over a short range than for those that operate at longer ranges.
Accordingly there is a longer history of legislation to combat local effects. It is only in recent
years that the international dimension of pollution of the atmosphere and water systems has
been realised, and action has started to be taken to deal with them.
There are obvious exceptions to the assertion that in many cases local impacts are of less
importance than others;
• Within OECD states one of the most important exceptions concerns occupational disease,
and accidents that affect workers and members of the public. Given the high value attached
to human life and well-being there is clear potential for associated externalities to be large.
• Other cases mainly concern renewable technologies, at least in countries in which there is a
substantial body of environmental legislation governing the design and siting of nuclear and
fossil-fired plant. For example, most concern over the development of wind farms typically
relates to visual intrusion in natural landscapes and to noise emissions.
• There is the possibility that a set of conditions - meteorology, geography, plant design,
proximity of major centres of population, etc. - can combine to create local air quality
problems.
The analysis of certain upstream impacts appears to create difficulties for the consistency of the
analysis. For example, if we treat emissions of SO 2 from a power station as a priority burden,
why not include emissions of SO 2 from other parts of the fuel chain, for example from the
production of the steel and concrete required for the construction of the power plant?
Calculations made in the early stages of ExternE using databases, such as GEMIS (Fritsche et
al, 1992), showed that the emissions associated with material inputs to fossil power plants are
2 or 3 orders of magnitude lower than those from the power generation stage. It is thus logical
to expect that the impacts of such emissions are trivial in comparison, and can safely be
excluded from the analysis - if they were to be included the quantified effects would be
secondary to the uncertainties of the analysis of the main source of emissions. However, this
does not hold across all fuel chains. In the reports on both the wind fuel chain (European
Commission, 1995f) and the photovoltaic fuel chain (ISET, 1995), for example, it was found
that emissions associated with the manufacture of plant are capable of causing significant
externalities, relative to the others that were quantified.
The selection of priorities partly depends on whether one wants to evaluate damages or
externalities. In quite a few cases the externalities are small in spite of significant damages.
For example, if a power plant has been in place for a long time, much of the externality
associated with visual and noise impacts will have been internalised through adjustments in the
price of housing. It has been argued that occupational health effects are also likely to be
internalised. For example, if coal miners are rational and well informed their work contracts
should offer benefits that internalise the incremental risk that they are exposed to. However,
this is a very controversial assumption, as it depends precisely upon people being both rational
and well informed and also upon the existence of perfect mobility in labour markets. For the
present time we have quantified occupational health effects in full, leaving the assessment of
the degree to which they are internalised to a later date.
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It is again stressed that it would be wrong to assume that those impacts given low priority in
this study are always of so little value from the perspective of energy planning that it is never
worth considering them in the assessment of external costs. Each case has to be assessed
individually. Differences in the local human and natural environment, and legislation need to
be considered.
2.4.2 Description of priority impact pathways
Some impact pathways analysed in the present study are extremely simple in form. For
example, the construction of a wind farm will affect the appearance of a landscape, leading to a
change in visual amenity. In other cases the link between ‘burden’ and monetary cost is far
more complex. To clearly define the linkages involved in such cases we have drawn a series of
diagrams. One of these is shown in Figure 2.2, illustrating the series of processes that need to
be accounted for from emission of acidifying pollutants to valuation of impacts on agricultural
crops. It is clearly far more complex than the pathway suggested by Figure 2.1.
A number of points should be made about Figure 2.2. It (and others like it) do not show what
has been carried out within the project. Instead they illustrate an ideal - what one would like to
do if there was no constraint on data availability. They can thus be used both in the
development of the methodology and also as a check once analysis has been completed, to gain
an impression of the extent to which the full externality has been quantified. This last point is
important because much of the analysis presented in this report is incomplete. This reflects on
the current state of knowledge of the impacts addressed. The analysis can easily be extended
once further data becomes available. Also, for legibility, numerous feedbacks and interactions
are not explicitly shown in the diagrammatic representation of the pathway.
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Figure 2.2 The impact pathway showing the series of linkages between emission of acidifying
pollutants and ozone precursors and valuation of impacts on agricultural systems.
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2.4.3 Quantification of burdens
The data used to quantify burdens must be both current and relevant to the situation under
analysis. Emission standards, regulation of safety in the workplace and other factors vary
significantly over time and between and within different countries. It is true that the need to
meet these demands creates difficulties for data collection. However, given that the objective
of this work is to provide as far as possible an accurate account of the environmental and social
burdens imposed by energy supply and use, these issues should not be ignored. It is notable
that data for new technologies can change rapidly following their introduction. In addition to
the inevitable refinement of technologies over time, manufacturers of novel equipment may be
cautious in their assessment of plant performance. As an example of this latter point, NO x
emission factors for combined cycle gas turbine plant currently coming on stream in several
countries are far lower than was suggested by Environmental Statements written for the same
plant less than five years ago.
All impacts associated with pollution of some kind require the quantification of emissions.
Emission rates of the ‘classical’ air pollutants (CO 2, SO2, NOx, CO, volatile organic
compounds and particulate matter) are quite well known. Especially well determined is the
rate of CO2 emission for fuel using equipment; it depends only on the efficiency of the
equipment and the carbon/hydrogen ratio of the fuel - uncertainty is negligible. Emissions of
the other classical air pollutants are somewhat less certain, particularly as they can vary with
operating conditions, and maintenance routines. The sulphur content of different grades of oil
and coal can vary by an order of magnitude, and hence, likewise, will emissions unless this is
compensated for by varying the performance of abatement technologies. The general
assumption made in this study is that unless otherwise specified, the technology used is the best
available according to the regulations in the country of implementation, and that performance
will not degrade. We have sought to limit the uncertainty associated with emissions of these
pollutants by close identification of the source and quality of fuel inputs within the study.
The situation is less clear with respect to trace pollutants such as lead and mercury, since the
content of these in fuel can vary by much more than an order of magnitude. Furthermore,
some of these pollutants are emitted in such small quantities that even their measurement is
difficult. The dirtier the fuel, the greater the uncertainty in the emission estimate. There is also
the need to account for emissions to more than one media, as pollutants may be passed to air,
water or land. The last category is the subject of major uncertainty, as waste has historically
been sent for disposal to facilities of varying quality, ranging from simple holes in the ground
to well-engineered landfills. Increasing regulation relating to the disposal of material and
management of landfills should reduce uncertainty in this area greatly for analysis within the
European Union, particularly given the concept of self-sufficiency enshrined in Regulation
259/93 on the supervision and control of shipments of waste into, out of and within the
European Community. The same will not apply in many other parts of the world.
The problem becomes more difficult for the upstream and downstream stages of the fuel chain
because of the variety of technologies that may be involved. Particularly important may be
some stages of fuel chains such as biomass, where the fuel chain is potentially so diverse that it
is possible that certain activities are escaping stringent environmental regulation.
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The burdens discussed so far relate only to routine emissions. Burdens resulting from
accidents also need to be considered. These might result in emissions (e.g. of oil) or an
incremental increase in the risk of injury or death to workers or members of the public. Either
way it is normally necessary to rely upon historical data to quantify accident rates. Clearly the
data should be as recent as possible so that the rates used reflect current risks. Major
uncertainty however is bound to be present when extreme events need to be considered, such
as the disasters at Chernobyl and on the Piper Alpha oil rig in the North Sea. To some extent
it is to be expected that accident rates will fall over time, drawing on experience gained.
However, structural changes in industries, for example through privatisation or a decrease in
union representation, may reverse such a trend.
Wherever possible data should be relevant to the country where a particular fuel chain activity
takes place. Major differences in burdens may arise due to different standards covering
occupational health, extension of the distance over which fuel needs to be transported, etc.
2.4.4 Description of the receiving environment
The use of the impact pathway approach requires a detailed definition of the scenario under
analysis with respect to both time and space. This includes:
• Meteorological conditions affecting dispersion and chemistry of atmospheric pollutants;
• Location, age and health of human populations relative to the source of emissions;
• The status of ecological resources;
• The value systems of individuals.
The range of the reference environment for any impact requires expert assessment of the area
influenced by the burden under investigation. As stated above, arbitrary truncation of the
reference environment is methodologically wrong and will produce results that are incorrect.
It is to be avoided as far as possible.
Clearly the need to describe the sensitivity of the receiving environment over a vast area
(extending to the whole planet for some impacts) creates a major demand on the analyst. This
is simplified by the large scale of the present study - which has been able to draw on data held
in many different countries. Further to this it has been possible to draw on numerous databases
that are being compiled as part of other work, for example on critical loads mapping.
Databases covering the whole of Europe, describing the distribution of the key receptors
affected by SO 2, NOx, NH3 and fine particles have been derived or obtained for use in the
EcoSense software (Appendix I) developed by the study team.
In order to take account of future damages, some assumption is required on the evolution of
the stock at risk. In a few cases it is reasonable to assume that conditions will remain roughly
constant, and that direct extrapolation from the present day is as good an approximation as
any. In other cases, involving for example the emission of acidifying gases or the atmospheric
concentration of greenhouse gases this assumption is clearly false, and scenarios need to be
developed. Confidence in these scenarios clearly declines as they extend further into the
future.
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2.4.5 Quantification of impacts
The methods used to quantify various types of impact are discussed in depth in the report on
the study methodology (European Commission, 1998a). The functions and other data that we
have used are summarised at the back of this report in Appendices I (describing the EcoSense
software), II (health), III (materials), IV (ecological receptors), V (global warming effects) and
VI (other impacts), VII (economic issues) and VIII (uncertainty). The complexity of the
analysis varies greatly between impacts. In some cases externalities can be calculated by
multiplying together as few as 3 or 4 parameters. In others it is necessary to use a series of
sophisticated models linked to large databases.
Common to all of the analysis conducted on the impacts of pollutants emitted from fuel chains
is the need for modelling the dispersion of pollutants and the use of a dose-response function
of some kind. Again, there is much variation in the complexity of the models used (see
Appendix I). The most important pollutant transport models used within ExternE relate to the
atmospheric dispersion of pollutants. They need to account not only for the physical transport
of pollutants by the winds but also for chemical transformation. The dispersion of pollutants
that are in effect chemically stable in the region of the emission can be predicted using
Gaussian plume models. These models assume source emissions are carried in a straight line
by the wind, mixing with the surrounding air both horizontally and vertically to produce
pollutant concentrations with a normal (or Gaussian) spatial distribution. The use of these
models is typically constrained to within a distance of 100 km of the source.
Air-borne pollutant transport of course extends over much greater distances than 100 km. A
different approach is needed for assessing regional transport as chemical reactions in the
atmosphere become increasingly important. This is particularly so for the acidifying pollutants.
For this analysis we have used receptor-orientated Lagrangian trajectory models. The outputs
from the trajectory models include atmospheric concentrations and deposition of both the
emitted species and secondary pollutants formed in the atmosphere.
A major problem has so far been the lack of a regional model of ozone formation and transport
within fossil-fuel power station plumes that is applicable to the European situation. In
consequence a simplified approach has been adopted for assessment of ozone effects
(European Commission, 1998a). This issue should be resolved in the new phase of ExternE
that has just started.
The term ‘dose-response’ is used somewhat loosely in much of this work, as what we are
really talking about is the response to a given exposure of a pollutant in terms of atmospheric
concentration, rather than an ingested dose. Hence the terms ‘dose-response’ and ‘exposureresponse’ should be considered interchangeable. A major issue with the application of such
functions concerns the assumption that they are transferable from one context to another. For
example, some of the functions for health effects of air pollutants are still derived from studies
in the USA. Is it valid to assume that these can be used in Europe? The answer to this
question is to a certain degree unknown - there is good reason to suspect that there will be
some variation, resulting from the affluence of the affected population, the exact composition
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of the cocktail of pollutants that the study group was exposed to, etc. Indeed, such variation
has been noted in the results of different epidemiological studies. However, in most cases the
view of our experts has been that transference of functions is to be preferred to ignoring
particular types of impact altogether - neither option is free from uncertainty.
Dose-response functions come in a variety of functional forms, some of which are illustrated in
Figure 2.3. They may be linear or non-linear and contain thresholds (e.g. critical loads) or not.
Those describing effects of various air pollutants on agriculture have proved to be particularly
complex, incorporating both positive and negative effects, because of the potential for certain
pollutants, e.g. those containing sulphur and nitrogen, to act as fertilisers.

Non-linear

Response

Non-linear with
fertilisation effect
Linear, no threshold

Linear, with
threshold

Dose
Figure 2.3 A variety of possible forms for dose-response functions.

Ideally these functions and other models are derived from studies that are epidemiological assessing the effects of pollutants on real populations of people, crops, etc. This type of work
has the advantage of studying response under realistic conditions. However, results are much
more difficult to interpret than when working under laboratory conditions, where the
environment can be closely controlled. Although laboratory studies provide invaluable data on
response mechanisms, they often suffer from the need to expose study populations to
extremely high levels of pollutants, often significantly greater than they would be exposed to in
the field. Extrapolation to lower, more realistic levels may introduce significant uncertainties,
particularly in cases where there is reason to suspect that a threshold may exist.
The description and implementation of exposure-response relationships is fundamental to the
entire ExternE Project. Much of the report on methodology (European Commission, 1998a)
is, accordingly, devoted to assessment of the availability and reliability of these functions.
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2.4.6 Economic valuation
The rationale and procedures underlying the economic valuation applied within the ExternE
Project are discussed in Appendix VII and in more detail in the methodology report (European
Commission, 1998a). The approach followed is based on the quantification of individual
‘willingness to pay’(WTP) for environmental benefit.
A limited number of goods of interest to this study - crops, timber, building materials, etc. - are
directly marketed, and for these valuation data are easy to obtain. However, many of the more
important goods of concern are not directly marketed, including human health, ecological
systems and non-timber benefits of forests. Alternative techniques have been developed for
valuation of such goods, the main ones being hedonic pricing, travel cost methods and
contingent valuation (Appendix VII). All of these techniques involve uncertainties, though
they have been considerably refined over the years.
The base year for the valuation described in this report is 1995, and all values are referenced to
that year. The unit of currency used is the ECU. The exchange rate was approximately
1 ECU to US$1.25 in 1995.
The central discount rate used for the study is 3%, with upper and lower rates of 0% and 10%
also used to show sensitivity to discount rate. The rationale for the selection of these figures
and a broader description of issues relating to discounting, was given in an earlier report
(European Commission, 1995b).
2.4.7 Assessment of uncertainty
Uncertainty in externality estimates arises in several ways, including:
• The variability inherent in any set of data;
• Extrapolation of data from the laboratory to the field;
• Extrapolation of exposure-response data from one geographical location to another;
• Assumptions regarding threshold conditions;
• Lack of detailed information with respect to human behaviour and tastes;
• Political and ethical issues, such as the selection of discount rate;
• The need to assume some scenario of the future for any long term impacts;
• The fact that some types of damage cannot be quantified at all.
It is important to note that some of the most important uncertainties listed here are not
associated with technical or scientific issues, instead they relate to political and ethical issues,
and questions relating to the development of world society. It is also worth noting that, in
general, the largest uncertainties are those associated with impact assessment and valuation,
rather than quantification of emissions and other burdens.
Traditional statistical techniques would ideally be used to describe the uncertainties associated
with each of our estimates, to enable us to report a median estimate of damage with an
associated probability distribution. Unfortunately this is rarely possible without excluding
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some significant aspect of error, or without making some bold assumption about the shape of
the probability distribution. Alternative methods are therefore required, such as sensitivity
analysis, expert judgement and decision analysis. In this phase of the study a more clearly
quantified description of uncertainty has been attempted than previously. Further discussion is
provided in Appendix VIII, though it is worth mentioning that in this area of work
uncertainties tend to be so large that additive confidence intervals usually do not make sense;
instead one should specify multiplicative confidence intervals. The uncertainties of each stage
of an impact pathway need to be assessed and associated errors quantified. The individual
deviations for each stage are then combined to give an overall indication of confidence limits
for the impact under investigation.

2.5 Priority Impacts Assessed in the ExternE Project
2.5.1 Fossil technologies
The following list of priority impacts was derived for the fossil fuel chains considered in the
earlier phases of ExternE. It is necessary to repeat that this list is compiled for the specific fuel
chains considered by the present study, and should be reassessed for any new cases. The first
group of impacts are common to all fossil fuel chains:
1. Effects of atmospheric pollution on human health;
2. Accidents affecting workers and/or the public;
3. Effects of atmospheric pollution on materials;
4. Effects of atmospheric pollution on crops;
5. Effects of atmospheric pollution on forests;
6. Effects of atmospheric pollution on freshwater fisheries;
7. Effects of atmospheric pollution on unmanaged ecosystems;
8. Impacts of global warming;
9. Impacts of noise.
To these can be added a number of impacts that are fuel chain dependent:
10. Impacts of coal and lignite mining on ground and surface waters;
11. Impacts of coal mining on building and construction;
12. Resettlement necessary through lignite extraction;
13. Effects of accidental oil spills on marine life;
14. Effects of routine emissions from exploration, development and extraction from oil and gas
wells.
2.5.2 Nuclear technologies
The priority impacts of the nuclear fuel chain to the general public are radiological and nonradiological health impacts due to routine and accidental releases to the environment. The
source of these impacts are the releases of materials through atmospheric, liquid and solid
waste pathways.
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Occupational health impacts, from both radiological and non-radiological causes, were the next
priority. These are mostly due to work accidents and radiation exposures. In most cases,
statistics were used for the facility or type of technology in question. When this was not
possible, estimations were taken from similar type of work or extrapolated from existing
information.
Impacts on the environment of increased levels of natural background radiation due to the
routine releases of radionuclides have not been considered as a priority impact pathway, except
partially in the analysis of major accidental releases.
2.5.3 Renewable technologies
The priority impacts for renewables vary considerably from case to case. Each case is
dependent upon the local conditions around the implementation of each fuel chain. For the
wind fuel chain (European Commission, 1995f) the following were considered:
1. Accidents affecting the public and/or workers;
2. Effects on visual amenity;
3. Effects of noise emissions on amenity;
4. Effects of atmospheric emissions related to the manufacture of turbines and construction
and servicing of the site.
Whilst for the hydro fuel chain (European Commission, 1995f) another group was considered:
1. Occupational health effects;
2. Employment benefits and local economic effects;
3. Impacts of transmission lines on bird populations;
4. Damages to private goods (forestry, agriculture, water supply, ferry traffic);
5. Damages to environmental goods and cultural objects.
2.5.4 Related issues
It is necessary to ask whether the study fulfils its objective of consistency between fuel chains,
when some impacts common to a number of fuel chains have only been considered in a select
number of cases. In part this is due to the level of impact to be expected in each case - if the
impact is likely to be large it should be considered in the externality assessment. If it is likely
to be small it may be legitimate to ignore it, depending on the objectives of the analysis. In
general we have sought to quantify the largest impacts because these are the ones that are
likely to be of most relevance to questions to which external costs assessment is appropriate.

2.6 Summary
This Chapter has introduced the ‘impact pathway’ methodology of the ExternE Project. The
authors believe that it provides the most appropriate way of quantifying externalities because it
enables the use of the latest scientific and economic data.
Critical to the analysis is the definition of fuel chain boundaries, relating not only to the
different stages considered for each fuel chain, but also to the:
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• Location of each stage;
• Technologies selected for each stage;
• Identified burdens;
• Identified impacts;
• Valuation criteria;
• Spatial and temporal limits of impacts.
In order to achieve consistency it is necessary to draw very wide boundaries around the
analysis. The difficulty with successfully achieving an assessment on these terms is slowly
being resolved through the development of software and databases that greatly simplify the
analysis.
The definition of ‘system boundary’ is thus broader than is typically used for LCA. This is
necessary because our analysis goes into more detail with respect to the quantification and
valuation of impacts. In doing so it is necessary to pay attention to the site of emission sources
and the technologies used. We are also considering a wider range of burdens than is typical of
LCA work, including, for example, occupational health effects and noise.
The analysis requires the use of numerous models and databases, allowing a logical path to be
followed through the impact pathways. The functions and other data originally used by
ExternE were described in an earlier report (European Commission, 1995b). In the present
phase of the study this information has been reassessed and many aspects of it have been
updated (see European Commission, 1998a).
It is to be anticipated that further
methodological changes will be needed in the future, as further information becomes available
particularly regarding the health effects of air pollution and global warming impacts, which
together provide some of the most serious impacts quantified under the study.
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3. COAL FUEL CYCLE
3.1 Reference Technologies and Locations
This fuel cycle was assessed in the first phase of the ExternE project (European Commission,
1995c). It has now been updated, to take account of more recent methodological
developments and new sources of data which have become available.
The reference fuel cycle has been based on the proposed West Burton ‘B’ power station. This
was for a coal-fired station with flue gas desulphurisation (FGD), and a capacity of 1800 MW
(gross). It was designed to meet the requirements of the European Commission’s Large
Combustion Plant Directive (CEC, 1988) and other national legislation. This did not require
the use of NOx abatement beyond the use of low NO x burners. West Burton ‘B’ was the
subject of an environmental statement (CEGB, 1988) from which much of the information
used in this assessment has been obtained. The proposed plant was not constructed due to the
privatisation of the UK’s electricity sector and the general switch towards gas-powered
generation.
The reference fuel cycle has been largely based on the existing operation of the West Burton A
coal fired power station. It has been assumed that the coal used in West Burton ‘B’is from the
nearby Nottinghamshire and South Yorkshire coal fields. For the purposes of this study it has
been assumed that the Maltby colliery, with its coal preparation plant (commissioned in 1989)
are the reference site. Coal for use in UK power stations is increasingly being imported from
other countries. However, for the West Burton location the assumption that locally mined coal
is burned remains realistic. The externalities associated with using non-UK coal have been
assessed as a sensitivity study. Transportation of coal between the colliery and the power
station is by rail.
The new station would use the existing transmission lines for the West Burton 'A' station for
connection to the National Grid. No major new lines would be required, although some
alterations would be made to the transmission system in the area.
It is assumed that the limestone required for the FGD plant is extracted from the Tunstead
quarry, located to the east of Buxton in Derbyshire. This is the region’s largest quarry and
currently produces over 2 Mte/year. Again it is assumed that the transportation of the
limestone to the power station would be by rail.
The location of the West Burton site is shown Figure 3.1. Full details of the reference fuel
cycle are summarised in Appendix IX, Figure IX.1 and Table IX.1.
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West Burton 'B'

Birmingham

London

Figure 3.1 Location of the West Burton 'B' power station

3.2 Overview of Burdens
The environmental burdens associated with the UK reference coal fuel cycle are discussed in
detail in the coal fuel cycle report (European Commission, 1995c). The following sections
summarise the important issues, whilst the data used are summarised in Appendix IX, Table
IX.2.
There are four main categories of burdens: emissions to air, emissions to water, solid wastes
and other burdens including noise and occupational and public accidents.
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3.2.1 Atmospheric emissions
The data available on emissions to air are a combination of measurements on the relevant
industrial plants, calculations based on laboratory empirical studies and simple models of the
combustion and other processes. Most of the important emissions to air result directly from
combustion, mainly of coal at the generation plant.
Carbon dioxide
In general CO 2 emissions are not directly measured because they are relatively easy to calculate
using a model of combustion based on fuel carbon content, fuel calorific value and combustion
efficiency. In most relevant processes combustion efficiency exceeds 99%, and therefore the
emission factor is largely a function of the fuel.
Carbon dioxide emission factors for a wide range of fuels have been derived by Grubb (1989),
Eyre (1990) and Matthews (1991). These are in close agreement with each other, giving a
value of 24.1 kgC/GJ for an average UK power station coal, which was used in this study.
The uncertainty is estimated to be of the order of 1%, or 0.3 kgC/GJ. For the West Burton 'B'
reference system the emission factor is equal to 848 (+/-11) g/kWh and gives a carbon dioxide
content of the flue gas of 13.4%.
Emissions of carbon dioxide also result from the FGD system in which limestone is used to
capture sulphur dioxide, essentially emitting one molecule of CO 2 for every molecule of SO 2
captured. The resulting emissions from the reference system are 7 g/kWh.
The work of Bates et al (1995) also identifies the energy use and CO 2 released at each stage of
a typical UK coal to electricity fuel cycle. For the reference technology, typical values are 1
g/kWh for transportation and 19 g/kWh in mining.
Methane
Within the coal fuel cycle, the methane emissions associated with the mining of coal are by far
the largest. Estimates of world methane emissions by Watson et al (1990) and based upon a
range of recent international sources indicate an average emission factor for hard coal mining
of 400 (+/-160) g/GJ. However, emissions are highly site specific and dependent of the mining
process. Methane emissions for the UK reference system are assumed to be 300 (+/-75) g/GJ
(equivalent to 2.9 (+/-0.7) g/kWh.), as estimated by Creedy (1990), based upon actual
measurements of methane in British Coal mine ventilation systems.
Estimates of methane emissions from conventional coal combustion (US EPA, 1985) are very
much smaller, less than 1 g/GJ.
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Nitrous oxide
Nitrous oxide emission factors are the least well known of all the direct greenhouse gases. The
literature needs to be treated with considerable scepticism due to the use of an unsatisfactory
sampling technique by many workers before the description in 1989 of the errors thus
produced (Lyon et al, 1989).
The only significant nitrous oxide emissions occur during the combustion process at the power
plant. The emission factors used in the UK reference plant is 6 (+/-5) g/GJ (equivalent to 60
(+/-50) mg/kWh), based on recent measurements on UK coal fired power stations (Sloan and
Laird, 1991). Similar measurements in the USA (Linak et al, 1989) and Denmark (Fenger et
al, 1990) have produced lower, but not inconsistent, values of 3 g/GJ and less.
Particulates
Particulate emissions of greatest concern arise during the generation stage of the coal fuel
cycle. They arise primarily from the non-combustible ash fraction of the coal burned. In a
conventional pulverised fuel (PF) boiler, most of the ash fraction is emitted as pulverised fly
ash (PFA) in the flue gases. A smaller fraction fuses within the boiler, where it falls to the
bottom and is extracted as furnace bottom ash (FBA). The fly ash is mainly extracted from the
flue gas by a post-combustion clean-up technology, typically electrostatic precipitators (ESPs).
The emissions of particulates therefore depends upon three factors; the ash content of the coal,
the PFA:FBA ratio and the ESP efficiency. For the UK reference system, the ash content of
the coal was taken to be typical of UK power station coals, that is 17% (UK DEn, 1988). The
PFA:FBA ratio depends upon the combustion conditions and the ash properties. In general the
higher temperatures of more modern boilers lead to a lower ratio. The environmental
statement for West Burton 'B' gives an expected ratio of 80:20. This is the same as other
estimates for the UK as a whole, for example Cope and Dacey (1984).
The ESP efficiency is determined by the design criteria of the power station and will be sized
to meet regulations in force. For the UK reference system, designed to meet the Large
Combustion Plant Directive (CEC, 1988), this is 99.7% (CEGB, 1988). The resulting
emissions of particulates are 17 (+/-4) g/GJ, equivalent to 0.16 (+/-0.04) g/kWh.
Large quantities of dust may be released to the atmosphere from open-cast coal mines and
limestone quarries. Local effects may be significant, though transport of dust from these
sources is restricted because it is released at ground level.
There is further scope for particulate emissions whenever bulk materials (coal, limestone, PFA
and gypsum) are loaded or unloaded, processed, transported, stored, or disposed of. The main
techniques used to contain such emissions are enclosure of areas in which dust is most likely to
arise and control of moisture content. The results of Visser (1992) demonstrate the
effectiveness of such measures. The utility company which proposed the West Burton 'B'
development specifically committed itself to such measures for most processes at which dust
emissions seem likely (CEGB, 1988; Bassetlaw District Council, 1988). The techniques
involved are so elementary that it is envisaged that fugitive dust emissions should be small.
Dust collection data presented by National Power (1990) in an Environmental Statement for
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the Barlow waste disposal mound next to Drax power station are in agreement with this.
Effects beyond the boundaries of the sites concerned should thus be negligible.
Sulphur dioxide
Emissions of sulphur dioxide depend critically upon the sulphur content of the fuel and any
"clean up" technology which is used. The sulphur content of indigenous bituminous coals used
in the UK for power generation is in the range 0.5% to 4.0% (UK DEn, 1988). The reference
fuel cycle assumes an average sulphur content of 1.6% (Eyre, 1990) which is typical of coals
extracted in the UK reference coalfield.
The proportion of sulphur which is retained in ash is usually taken to be 10% (Eyre, 1990),
although no reliable models of sulphur retention are available. Some data on fly ash
composition (Cope and Dacey, 1984) confirm that this is a reasonable estimate.
FGD systems on new coal fired plant in the EC are required to be 90% effective (CEC, 1988).
Higher efficiencies are technically not difficult to achieve, but the cost is higher. It is therefore
assumed that 90% efficiency of removal will be the design criterion. Using this assumption
emissions of SO 2 are 120 (+/-30) mg/MJ (equivalent to an emission factor of 1.1 (+/-0.3)
g/kWh from the reference fuel cycle).
Emissions of sulphur from other stages of the fuel cycle are negligible in comparison (Eyre,
1990).
Nitrogen oxides
NOx is formed both by the oxidation of a portion of the nitrogen component of the fuel, and by
the reaction of atmospheric nitrogen and oxygen at high temperature. Models of NO x
formation have been derived and show that the most important factors in NO x formation are
flame temperature and oxygen concentration in the flame. This knowledge is used in the
design of combustion techniques to abate NO x formation, i.e. low NO x burners.
The limit set for new plant in Europe is 650 mg/m 3 (CEC, 1988). Higher levels of NO x
abatement from PF fired boilers requires the use of selective catalytic reduction (SCR). It is
known that NOx abatement techniques tend to lead to reduced combustion efficiency, and
therefore is likely that plant operators will not seek to better the legal limit significantly.
Actual measurements on converted UK boilers average 650 mg/m 3, but with considerable
variance (Sloan and Laird, 1991). It is therefore assumed that the emission factor in the UK
reference environment will be 650 mg/m 3, with an uncertainty of 10%. This emission factor is
equivalent to 230 (+/-20) g/GJ or to 2.2 (+/-0.2) g/kWh for the UK reference system.
Hydrogen chloride
Gaseous HCl is very soluble and concentrations in the flue gas are likely to be greatly reduced
by the use of FGD involving wet scrubbers. Analysis of the chloride concentration of coal
suggests that potential HCl emissions are of the order of 10,000 tonnes. A similar amount of
chloride is estimated to be present in gypsum produced by the FGD plant, indicating that HCl
emissions from the stack would be negligible.

29

UK National Implementation

Heavy metals
A partial mass balance for some of the important trace elements has been made based on the
composition of coal, limestone and FGD sludge and their emissions to air and water and their
partition between FBA and PFA. Table 3.1 shows that atmospheric emissions of arsenic,
cadmium and lead from West Burton 'B' would be minimal. Emissions of mercury are
estimated to be about 0.7 tonnes/year.
Table 3.1 The annual mass balance (in tonnes) for heavy metals

Element

Inputs
Coal
Limestone

Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Vanadium
Zinc

76
1.4
144
81
99
1.3
171
13
216
256

FBA

<0.9
<0.1
<3

1.2
0.03

<6.6
<0.4
<4

3
nd

PFA
67
1.3

101
nd

Outputs
Sludge Water
8.8
1.9
17.4
23.7
28.0
1.7
4.2
5.0
6.1
37.0

0.25
0.025
0.5
0.25
0.25
0.025
0.1
0.5
0.25
0.5

Air
nd
nd

nd
0.7

nd = not detectable
Total inputs do not match total outputs because of uncertainties in the measurement of trace
elements in the enormous mass flows involved.
Summary of atmospheric emissions
The atmospheric emissions from the full coal fuel cycle are summarised in Table 3.2 together
with the comparable emissions from a number of alternative coal fuel cycles. The latter are
used in the sensitivity analysis discussed in Section 3.5. A full description of the emissions
derived for these alternative fuel cycles is given in earlier report on the coal fuel cycle
(European Commission, 1995c).
3.2.2 Emissions to water
The greatest volume of direct discharge of liquid waste to water occurs at the generation stage
of the coal fuel cycle as detailed in Table IX.2. Of these, most attention needs to be paid to
water use by the cooling system (because of the volume of water involved) and emissions from
the FGD plant (because of contamination by trace elements, etc.).
Table 3.2 Coal fuel cycle emission factors, calculated for coal from the Nottinghamshire and
Yorkshire coal fields of the UK

Fuel Cycle
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CO2

Emission Factors (in g/kWh)
SO2
CH4
N2O
Particulates

NOx

Coal Fuel Cycle

PF + FGD
PF + FGD + SCR
AFBC
PFBC
IGCC
AFBC/CHP

880
880
860
800
770
410

2.9
2.9
2.8
2.6
2.5
1.3

0.06
0.1
0.5
0.5
0.003
0.2

0.16
0.16
0.16
0.03
0.03
0.08

1.1
1.1
1.1
1.0
0.2
0.5

2.2
0.7
1.0
0.5
0.7
0.5

Both surface and ground water systems may be contaminated by polluted water draining from
coal piles and waste heaps. The extent of this problem depends on the design of the sites
concerned and on the level of monitoring which is conducted. A further problem concerns
impacts of pit water pumped to the surface, from both active and disused mines.
Waste water emissions from the limestone/gypsum FGD plant
Waste water from the FGD plant is thus subjected to extensive treatment prior to discharge to
the River Trent. Particulates, aluminium, iron, some heavy metals (cadmium, mercury and
zinc), calcium fluoride and calcium sulphate are removed by a series of precipitation and
filtration processes. Estimated loads to the river system for a low flow month (70 percentile
flow) are shown in Table 3.3 (CEGB, 1988).
Cooling tower purge and water quality in the River Trent
There are two types of discharge associated with the purging of cooling tower water to the
river; chemical and thermal. Data are again taken from the Environmental Statement for West
Burton 'B' (CEGB, 1988), which cites mean concentrations over a period of 2 years for a
number of substances in the intake and outfall for the West Burton 'A' station.
Levels of a number of species increase in cooling tower water. Concentration occurs largely as
a result of the evaporation of water. Accordingly, levels of several compounds rise by about
40%. Biological oxygen demand (B.O.D.) falls by about 50%, suggesting some improvement
in water quality through reduction of organic matter. Against this there is an increase in mean
chlorine concentration (of 45%) resulting from its periodic addition to the cooling circuit to act
as a biocide to control fouling. Effects are likely to be dependent on the magnitude and
duration of short term peaks in concentration following periodic addition of chlorine.
Unfortunately this data is not given by CEGB (1988), though emissions would be subject to
consent from the Environment Agency.
In addition to the amount of material emitted, potential biological effects will be dependent on
the rate at which effluent is diluted. Liquid effluent would be emitted at a flow rate of 1.7 m 3s1. The 70 percentile flow rate of the river is about 43 m3s-1, indicating that effluent would
typically be diluted by a factor greater than 20 fairly rapidly.
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Table 3.3 Increased concentrations of pollutants in the River Trent following discharge of
effluent from the FGD plant
Pollutant

Aluminium
Antimony
Arsenic
Boron
Cadmium
Calcium
Chloride
Chromium
Copper
Fluoride
Iron
Lead
Manganese
Mercury
Molybdenum
Nickel
Nitrate
Selenium
Tin
Vanadium
Zinc

Concentration in
waste water
(mg/l)
0.044
0.007
0.007
0.96
0.0007
238.0
401.0
0.015
0.007
0.29
0.029
0.007
0.044
0.0007
0.007
0.003
9.0
0.015
0.007
0.007
0.015

Increase in river
concentration after
mixing (mg/l)
0.0012
0.0002
0.0002
0.027
0.00002
6.7
11.3
0.0004
0.0002
0.008
0.0008
0.0002
0.0012
0.00002
0.0002
0.00008
0.25
0.0004
0.0002
0.0002
0.0004

Load to river
and estuary
(kg/year)
1500
250
250
32800
25
8 x 106
13 x 106
500
250
10000
1000
250
1500
25
250
100
0.3 x 106
500
250
250
500

Data from the existing West Burton 'A' power station (CEGB, 1988) suggest that water
purged from the cooling circuit is 4 °C warmer on average than water in the River Trent. It
ranges in temperature from 12 to 25°C with an average of 21 °C. Once purged water is fully
mixed with river water the temperature rise is only about 0.2 °C.
Other emissions from the coal fuel cycle to water
Water-borne pollutants also arise at the coal mine (through pumping of pit water to the surface
and leaching of material from refuse piles) and following disposal of PFA, gypsum and waste
water plant sludge. Emissions from coal mines are not assessed for the UK coal fuel cycle but
they have been considered in considerable detail for the German coal fuel cycle (European
Commission, 1995c).
PFA, waste gypsum and sludge from the FGD plant would be disposed to landfill together.
Emissions to water would arise as a consequence of rainwater flowing over the mound or
percolating through it. Data from the Barlow waste mound (National Power, 1990) which has
been used as a dump for PFA for about 20 years, suggest that problems can be reduced by
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compaction of the surface layers of the mound, followed by coverage with a layer of soil and
re-vegetation (which removes water from the system through transpiration). Provided that the
site is adequately lined, run-off water and water percolating through the mound can be
collected and monitored before being released to a nearby river. The pH of leachate from both
PFA and gypsum should be reasonably high (>6), limiting the solubility of many potentially
harmful trace elements.
Two particular problems may be found at sites at which FGD waste is dumped. Water
percolation through gypsum may lead to high levels of chloride entering solution. Secondly,
sulphate-reducing bacteria may produce substantial amounts of sulphide within the mound,
should conditions become anaerobic. Experience of dumping gypsum in the UK is currently
very limited and hence no conclusions can be made regarding either of these problems.
3.2.3 Composition of solid wastes
About 21,000 tonnes of sludge would be produced by the FGD effluent treatment plant each
year. Typical levels of contaminants in this sludge are given in Table IX.2. The sludge will be
landfilled, as discussed in the previous section.
3.2.4 Other emissions related to the coal fuel cycle
Other emissions will be produced by the following:
• use of energy in processes up- and down-stream of the power plant (at coal mines, waste
disposal sites, during transportation of materials and personnel, etc.);
• manufacture of steel and cement for construction of the power plant, mine, waste disposal
site, etc.
No estimates of such emissions have been made for the fuel cycle surrounding the West Burton
'B' plant except for some gaseous emissions discussed in Section 3.2.1.
3.2.5 Occupational health and accidents
The most important occupational health impacts result from coal mining. A detailed discussion
of the deaths of coal miners from lung cancer due to exposure to radon and deaths from
pneumoconiosis and other respiratory diseases resulting from the exposure to coal mine dust
was made in the original coal fuel cycle work (European Commission, 1995c). The data used
in the assessment are summarised in Table IX.2.
Occupational accidents have been assessed, based on national accident statistics, for the
following fuel cycle activities: coal mining, coal transportation, power station construction,
power station operation, and limestone quarrying and transportation. The data used are given
in Table IX.2.
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3.2.6 Public accidents
Public accidents have also been assessed for activities relating to the transportation of coal and
the construction and operation of the power plant. The data, given in Table IX.2, have been
based on UK Department of Transport statistics and are discussed fully in the earlier coal fuel
cycle report (European Commission, 1995c).

3.3 Selection of Priority Impacts
Over 200 impacts have been identified for the coal fuel cycle, however to ensure that effort
was directed effectively, it was necessary to give priority to impacts likely to lead to the most
significant externalities. The selection of priority impacts was undertaken by literature review,
discussion with relevant experts, and internal discussion within the project team and is
discussed fully in the coal fuel cycle report (European Commission, 1995c). It was concluded
that the most serious effects were expected to include those related to human health and the
impacts of atmospheric emissions from the generation plant on materials and living organisms.
On this basis, priorities were established as follows:
1. effects of atmospheric pollution on human health;
2. occupational and public accidents;
3. effects of atmospheric pollution on materials;
4. effects of atmospheric pollution on crops;
5. effects of atmospheric pollution on forests;
6. effects of atmospheric pollution on freshwater fisheries;
7. effects of atmospheric pollution on unmanaged ecosystems;
8. impacts of global warming;
9. impacts of noise;
10. impacts of coal mining on ground and surface water quality;
11. impacts of coal mining on building and construction.
The present assessment of the UK coal fuel cycle has also focused on these priority impacts.

3.4 Quantification of Impacts and Damages
The complete list of the impacts assessed and the externalities calculated for the coal fuel cycle
are presented in detail in Appendix IX, Table IX.3. These are discussed by impact category in
the following sections.
3.4.1 Public health impacts
The most important effects on the general public arise from exposure to air pollution. The
power plant is by far the most important source of these pollutants. The main species
responsible for health impacts are particulates (including acid aerosols) and ozone. Direct
effects of NOx have not been estimated, though impacts related to secondary particulates and
O3 embody indirect impacts. Only preliminary assessments of ozone impacts have been made,
due to the difficulties in modelling ozone formation in power station plumes over the necessary
range.
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Both acute and chronic effects on mortality and morbidity are included.
A range of morbidity health endpoints is analysed and monetary values placed on them from a
meta-analysis of health valuation studies. These data have recently been updated to use the
European data now available from the APHEA study whereas in the original assessment of this
fuel cycle the data were largely from the USA. The calculation of incremental impacts is very
dependent on judgements made about the impact of low doses. They are zero only if there is a
pollution threshold which is not exceeded by background concentrations. There is no
convincing evidence of safe, or ‘no effect’, levels for particulates, and therefore dose-response
functions without thresholds are used. This is a pragmatic approach compatible with
radiological health conventions used in the nuclear fuel cycle analysis.
The dominant health impacts (of those quantified) are mortality and symptoms associated with
respiratory illness. The relative costs are most strongly affected by emissions of acid species
which form particulate aerosols on the regional scale. The results for older power stations
without modern particulate and acid emissions abatement would be many times higher.
3.4.2 Occupational health impacts
Occupational risks result from air pollution and accidents. Within the coal fuel cycle, coal
miners are particularly affected by air pollution, due to radon and dust. The effects of the
former can be estimated from standard assessments of radiological health impacts. The
incremental deaths due to lung cancer are estimated to be 0.02 deaths/TWh. At the dust levels
typical of current European mines, the incidence of PMF is estimated to be 0.1 person/TWh.
The best estimate of total mortality damages (at a zero discount rate) is 0.1 mECU/kWh.
Estimation of health impacts from accidents was assessed using national data from the UK.
Accidents occur at all stages of the fuel cycle and analysis of the full fuel cycle is therefore
important. Fuel extraction, transport, construction and operation of the power plant, and
decommissioning have all been evaluated for each fuel cycle. For this study, three categories
have been used - death, major injury and minor injury. The highest estimates are for the mining
accidents due to underground mining. A sensitivity analysis which considers the accident rates
associated with imported coal has been undertaken. However, for the reference location
considered in this study it is likely that UK coal would still be used.
3.4.3 Effects of atmospheric pollution on crops
The most important impacts of atmospheric pollution on crops are due to ozone, followed by
sulphur dioxide. Contributions from deposition of acid and nitrogen are largely masked by
additions of fertiliser and lime in normal agricultural practice, and are less important. Recent
evidence indicates that there may be significant synergistic effects and indirect effects, for
example via impacts on pests.
In the absence of a viable model for calculating continental scale incremental concentrations of
ozone due to power station emissions, preliminary estimates have been made for ozone
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damage based on an empirical relationship with NO x. A more detailed assessment has been
made of the impacts of sulphur dioxide on the important crop species. The results indicate
yield changes of less than 1%, even close to the power plants. However, the area affected is
large, so that the aggregate annual losses of cereal are significant. Valued at international
prices, the resulting damage is only 0.016 mECU/kWh for the UK cycle. The cost of
additional lime required to neutralise acid deposition on farms in areas with acidic soils is an
order of magnitude smaller.
ExternE provides the first ‘bottom-up’ assessment of the impacts of individual power stations
on aggregate crop yields. The dose-response functions used have been thoroughly reviewed,
and therefore represent a significant improvement on other published work.
3.4.4 Forests
Damage to trees of one or more species over a wide area is generally referred to as forest
decline. The reported incidence has increased substantially over the last twenty years in
Europe, especially affecting Norway spruce and silver fir, but also deciduous species. Leaf
loss of over 25% is now exhibited by 11% of European trees. Pollution, climatic effects, pests
and soil chemistry have all been implicated. A thorough review has concluded that it is not
currently possible to produce a comprehensive, quantitative description. Declines in different
areas almost certainly have different causal factors, and therefore a generally applicable doseresponse function is not available.
A variety of pollutants, including ozone and sulphur dioxide, have impacts at ambient
European levels. However, all the models reviewed indicate major forest damage, where the
critical loads and levels are consistently exceeded. Sulphur deposition is widely believed to be
a significant parameter, because of its impacts on soils - notably the leaching of base cations
and mobilisation of aluminium. In areas above the critical load for acidity, growth is
significantly reduced.
Dose-response functions based on the ratio of base cations to aluminium provide the most
reliable, and widely applicable approach. Results obtained in this way indicate modest losses
of production in areas above critical load. The areas above critical load have been reduced
considerably by sulphur emission abatement in recent years and, in general are far from the
power plants considered. The damage cost in lost timber from the UK coal powered station is
estimated to be only 0.004 mECU/kWh - a small cost though it must be noted that this result is
subject to large uncertainty. The impact of older power stations without sulphur abatement
would be several times larger. We believe that the methodology applied here has a tendency to
significantly underestimate impacts on timber production. Other studies have estimated much
larger damages. However several of these have used methods which are either not widely
applicable within Europe or are the subject of serious criticism. The method used here has the
advantage of demonstrating that significant and useful relationships can be derived from
consideration of data that is already available.
Forests play many important roles. Wood production and recreational sites have been the most
widely considered by economists. However, other functions such as soil stabilisation, carbon
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retention and protection of biodiversity are at least as important. Our monetary valuations of
forest damage are therefore only partial and the full cost will be significantly higher.
3.4.5 Other ecosystems
A range of emissions to air from the coal fuel cycle have impacts on unmanaged terrestrial
ecosystems. Acid deposition depletes base cation concentrations in soils and mobilises
aluminium; nitrogen deposition has a fertilising effect and affects inter-species competition;
ozone causes cell damage. Impacts of these regional scale pollutants have been identified in
the field. Effects may take many years to become manifest, and therefore can be difficult to
distinguish from effects of other stresses.
Concerns about these impacts focus on loss of habitats and biodiversity. The complexity and
diversity of ecosystems prevents the description of impacts in terms of dose-response
functions. Instead, attention has concentrated on the thresholds for effects - critical loads and
levels. These are the principal scientific tools in policy analysis in this field.
Our study has made a multi-disciplinary review of the issues involved in damages to
unmanaged ecosystems. The problems identified are very considerable, and the work has
clarified rather than solved them. The literature concerning monetary valuation of individual
species taken out of the context of their ecosystem is inapplicable. Costs of habitat protection
are more meaningful, but not a measure of damage. Only contingent valuation studies might
capture the non-instrumental economic values of natural systems, but respondents have
insufficient information about complex systems to participate effectively in any hypothetical
market. It is concluded that monetary valuation of ecosystems is not a credible approach, at
least for the present.
3.4.6 Acidic deposition on fisheries
Major reductions in fish populations in some areas have been documented in several European
countries and a link with acid deposition has been demonstrated. The impacts depend on
several factors, particularly the chemistry of the soil and bedrock. Where the bed rock is hard
and has a low basic cation content, the buffering capacity is low, acid is not neutralised, and
water chemistry is very sensitive to acid deposition. Increased aluminium ion concentrations
are damaging to important freshwater fish stocks, notably salmonids. There are well-validated
models to describe these interactions. The impacts of incremental emissions on fish stocks
over a long period of time in acid sensitive areas have been calculated.
For example, for the most affected streams in Wales, fish populations are predicted to fall by
78% over 60 years at existing rates of acid deposition. The impact of the small increment of
emissions from the reference UK coal power station would be an additional fall of 0.3% from
this level. Similar assessments are required for other fuel cycles and other acid sensitive areas.
At this stage it is not possible to value this change in fish population. Studies on the value of
angling as a recreation show no simple relationship to fish stocks and miss the wider relevance
of fish as an indicator of the condition of the aquatic ecosystem. A more useful approach uses
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willingness to pay for restoration of freshwater quality. This addresses the value of lakes as a
function of the qualitative condition of fisheries - good, strongly affected or extinct. It shows
that the benefits of angling are only a small part of the total value. However, to date valuations
have only been undertaken for Norway, and therefore damage costs cannot be calculated.
The assessment of damage to freshwater fisheries represents a significant advance in the state
of the art. For the first time, validated models and dose-response functions have been used to
estimate fish loss over an extended time period. A method for valuation of freshwater systems
has been identified.
3.4.7 Building materials
Pollution damage to materials is qualitatively well documented and acid species are the main
causes. Materials are used for many purposes, but this analysis is confined to components of
buildings, and to that extent the results underestimate the total damage. In addition, the
analysis is confined to the costs of repair and maintenance of utilitarian buildings, with no
allowance for aesthetic effects or damage to historic buildings and cultural monuments.
Estimation of the stock of different building materials at risk is complex. Galvanised steel,
aluminium, paintwork, calcareous stone and mortar are included. The materials at risk are
quantified in terms of the exposed area, derived from estimates of building numbers and
‘building identikits’; the latter average the area of different elements in each building type and
the proportion of different materials in each building element. These procedures are the
subject of some uncertainties.
The dose-response functions for acid attack are derived from expert assessment of the relevant
literature. In theory they consider only uniform corrosion over the whole surface, which is
often, but not always, the dominant damage mechanism. In practice corrosion will rarely if
ever be uniform, and repairs may be conducted when a relatively small area has suffered heavy
damage. However, we believe that the working assumptions adopted in this study provide a
realistic assessment of damage costs. Rates of corrosion are converted into a repair or
replacement frequency from a combination of available data and expert judgement and repairs
are valued using market prices.
The results indicate that corrosion damage is a small, but significant, impact with a best
estimate of the total damage of 0.65 mECU/kWh. The impacts are caused mainly by acid
emissions; the impacts of soiling by particulates are much smaller. Again, the costs due to
older power stations without acid abatement will be many times higher.
3.4.8 Noise
Noise potentially affects both human health and amenity. However, hearing damage only
occurs at high noise levels and should be avoided by the use of ear protection. Our analysis
therefore concentrates on amenity loss to the general public from fuel cycle noise.
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The noisiest activities are the power station and transport by road and rail, for which good
noise emissions data is available. The noise increment for receptors is calculated using a simple
dispersion model, which tends to overestimate the impact. The monetary value of noise
disamenity is assessed using a meta-analysis of hedonic pricing studies. Different indicators are
used for continuous and intermittent noise. Noise impacts are likely to be highly site specific.
For the UK reference site, the total damage estimate is 0.13 mECU/kWh - only a small
external cost.
3.4.9 Global warming
The greenhouse gas emissions from each fuel cycle are known accurately. They are dominated
by carbon dioxide emissions, mainly from the power station. However, the impacts of global
warming affect a huge range of receptors. They are therefore extremely complex to analyse,
being also long term, scenario dependent, and subject to large uncertainties. They are also
potentially very large. Estimation of the impacts is rendered difficult by poor understanding of
the likely regional variation in climatic change. Quantification is therefore difficult.
During the current phase of the ExternE project considerable effort has been placed on the
development of an assessment methodology compatible with the methodology used for other
impacts. The resultant work has recommended a range of values to be used in the assessment
of global warming impacts.
It is concluded that global warming is likely to be the most serious impact of all for the coal
fuel cycles, with potentially serious implications for sustainable development. However, there
remains considerable levels of uncertainty surrounding the results.
3.4.10 Other impacts
The impacts identified above are not a complete list of the external environmental effects of the
coal fuel cycle. Indeed, it is difficult to see how a complete list could ever be prepared. Other
impacts include:
• effects on water quality of pollutants from solid mine waste;
• impacts on buildings and infrastructure due to coal mining subsidence;
• impacts of power station solid waste;
• impacts of emissions of radionuclides and of carbon-14 dilution;
• visual amenity impacts of structures;
• reduced visibility due to pollution;
• increased traffic congestion;
• impacts of power station emissions to water;
• impacts of trace metal emissions; and
• water use.
In most cases these impacts due to fossil fuel cycles using modern technology are expected to
be very small, when expressed in mECU/kWh.
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3.5 Interpretation of Results and Sensitivity Analysis
The results for the reference coal fuel cycle show externalities ranging from 29 to 151
mECU/kWh, which are significant relative to the private costs of electricity production. The
major externalities are associated with power generation and arise from the impacts of NO x,
SO2 and particulates on human health and global warming impacts. Together they account for
92 - 98% of the total externalities.
Table 3.4 Damages of the coal fuel cycle

POWER GENERATION
Public health
Mortality*- YOLL (VSL)
of which TSP
SO2
NOx
NOx (via ozone)
Morbidity
of which TSP, SO2, NOx
NOx (via ozone)
Accidents
Occupational health
Major accidents
Crops
of which SO2
NOx (via ozone)
Ecosystems
Timber loss
Materials
Noise
Visual impacts
Global warming
low
mid 3%
mid 1%
high
Other impacts
OTHER FUEL CYCLE STAGES
Public health - accidents
Occupational health
Noise
Ecological effects
Road damages
Global warming
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mECU/kWh

σg

19.5 (104.4)
2.0 (7.2)
6.1 (29.9)
10.5 (38.7)
0.90 (28.6)
3.9
2.3
1.6
0.049
0.009
nq
0.79
0.016
0.77
nq
0.004
0.65
0.13
nq

B

A
B
A
A
B

B
B
B
B
C

3.2
15
39
118
nq

0.018
0.80
0.024
nq
nq

A
A
B
B
A
C

Coal Fuel Cycle

low
mid 3%
mid 1%
high

mECU/kWh
0.2
1.0
2.4
7.3

σg

*Yoll = mortality impacts based on ‘years of life lost’ approach, VSL = impacts evaluated based on ‘value of
statistical life’ approach.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant

Table 3.5 Sub-total damages of the coal fuel cycle

YOLL (VSL)

low
mid 3%
mid 1%
high

mECU/kWh
29 (114)
42 (127)
67 (152)
151 (236)

The range of uncertainty associated with these values is indicated by the geometric standard
deviation (σg) confidence bands. These represent:
A = high confidence, corresponding to σg = 2.5 to 4;
B = medium confidence, corresponding to σg = 4 to 6;
C = low confidence, corresponding to σg = 6 to 12;
A full description of the estimation of these uncertainty ratings is given in Appendix VIII.
Table 3.6 Damages by pollutant

SO2 *- YOLL (VSL)
NOx *- YOLL (VSL)
PM10 *- YOLL (VSL)
NOx (via ozone)
CO2

ECU / t of pollutant
6820 (28450)
5740 (18560)
14060 (46.6)
1490 (14080)
3.8 - 139

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.

The impacts from other fuel cycle stages are dominated by those from coal mining which
account for 79% of the externality calculated for occupational health and 98% of the nongeneration global warming costs. Methane emissions account for around 63% of the global
warming damages from coal mines. Impacts from the transportation of coal and limestone are
relatively small.
3.5.1 Sensitivity to power generation technology
The results presented above for the coal fuel cycle have been based on the use of a
conventional PF generating technology with FGD abatement technology. However, it is
interesting to compare the externalities with those which would be calculated for an old
conventional PF plant without abatement technology and a series of new alternative power
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generation technologies. The results of this assessment are summarised in Figure 3.2. They
clearly show the considerably higher level of non-global warming damages (due to NO x, SO2,
PM10) damages from the conventional PF plant without abatement technologies. The level of
damages from the fluidised bed (AFBC and PFBC) and integrated gasification combined cycle
(IGCC) plants are lower than the reference plant (PF+FGD) reflecting the higher efficiency of
these plants, similarly the lower damages per kWh from the CHP plant reflects the higher
overall efficiency of a CHP plant.

Coal fuel cycle emissions
140

Damages (mECU/kWh)

120
100
80
60
non global warming
40

Global warming

20

AFBC/CHP

IGCC

PFBC

AFBC

PF+FGD+SCR

PF+FGD

PF

0

Fuel Cycle

Figure 3.2: Damages from global warming and non-global warming impacts for a range of
coal fuel cycles
3.5.2 Sensitivity to the source of coal
In this study we have assumed that the source of coal would be an underground mine in the
UK. Given the location of West Burton and of several of the remaining coal mines in the UK,
this assumption remains realistic although there has been a large decline in the UK coal
industry in recent years. It would not be realistic, however, for a number of the other UK coal
fired power stations, which are now likely to obtain much of their coal from international
markets. It is important therefore to consider the effect of different assumptions about the
source of coal on the external costs of the fuel cycle. Of particular significance is the variation
in mining accident rates around the world, from about 0.1 deaths/million tonnes (Mt) of coal
mined in Australia and the USA to 30 or more (Holland, 1998). The reported rate for Turkey
is 119 deaths/Mt coal output (ILO, 1995).
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UK coal imports for 1995 are shown in Table 3.7. Imports of coking coal are not included.
The market has undergone further liberalisation since 1995, and total imports are known to
have grown.
Table 3.7. Imports of steam coal to the UK in 1995 (HM Customs and Excise, 1996).
Country
Australia
Colombia
Poland
South Africa
USA
Others (Indonesia, Former Soviet Union,
China, Vietnam, etc.)
Total

Quantity (Mt)
0.142
2.608
0.804
1.221
2.142
0.838
7.755

This analysis concentrates on fatalities, as this is the most frequently available type of mining
health data. We explore four situations:
1. Use of UK coal
2. Use of an average blend of imported coal, based on the proportions shown in the above
table.
3. Assessment of a lower bound for damages, based on use of data from Australia (the country
exporting to the UK with the lowest accident rate)
4. Assessment of an upper bound for damages, based on use of data from China (the country
exporting to the UK with the highest known accident rate, though no data were obtained
for Indonesia or Vietnam, and the data for Colombia are from an unofficial source)
The rates used here for the UK are representative of the period 1990/91 to 1994/95 (HSE,
1997). They are almost half those used in the earlier ExternE coal fuel cycle report, which
used data from the five year period to 1988. The reduction in accident rates arises because of
the closure of the less economic pits, which by definition should be those where coal is most
difficult to extract, and hence output per man-shift will be lowest.
ILO (1995) found that actions were underway in China to improve mining health and safety.
On the grounds that a lack of data suggest the lack of an effective safety culture, it is quite
possible that China does not have the highest accident rate of countries exporting coal to the
UK. It should also be noted that the rate reported for Colombia is from a single mine (El
Correjon Norte), the largest in the world. The accident rate obtained for this mine was taken
from unofficial sources, so may not be reliable. However, if it is correct it would make open
cast mining in Colombia more hazardous than for any other country for which disaggregated
data are available. This rate is however much lower than that for underground mining in many
countries.
Numbers of deaths and associated externalities for each of these cases are shown in Table 3.8,
based on the use of a VOSL adjusted and not adjusted for purchasing power parity (PPP).
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Table 3.8 Exploration of the sensitivity of the externalities of fatal mining accidents by source
of coal. The accident rate for Australia is used to show the lower bound for damages, whilst
the rate for China is suggestive of the upper bound. The column headed ‘annual deaths’
provides the number of miners who would lose their lives in accidents each year in producing
the 5 million tonnes of coal required by West Burton B.

Case
1. UK only
2. Average mix of imports
3. Low damage import
4. High damage import

Annual
deaths
0.55
3.68
0.5
30.5

mECU/kWh
Relative
Deaths/TWh not PPP adjusted to UK
0.048
0.15
1.00
0.323
1.00
6.69
0.044
0.14
0.91
2.679
8.31
55.5

mECU/kWh
PPP adjusted
0.15
0.56
0.14
1.18

Relative
to UK
1.00
3.73
0.93
7.85

Results show that there are some benefits in terms of occupational health in switching to nonUK sources of coal. However, there are very few exporting countries for which this would
appear to hold. Holland (1998) suggests only one (Australia) if results are not adjusted for
PPP, or four (India, South Africa, Australia and Bulgaria) if results are adjusted. Death rates
are seen to vary by a factor in excess of 50.
A lack of reported data, and some inconsistency between reporting systems around the world
prevents a more comprehensive assessment of occupational health externalities from original
sources. However, based on analysis for the UK, estimates can be made by assuming that
there is consistency between fatal accidents and injuries, and between fatal accidents and
mining diseases (Table 3.9).
Table 3.9 Damages from major and minor injuries, and total damages from accidents in coal
mines (including fatalities) for the scenarios assessed (mECU/kWh).
Major injuries
not PPP adj. PPP adj.
UK
0.17
0.17
Average import
1.17
0.66
‘Low damage’
0.16
0.16
import
‘High damage’
9.71
1.36
import

Minor injuries
not PPP adj. PPP adj.
0.03
0.03
0.18
0.10
0.02
0.03
1.50

0.21

Totals
not PPP adj. PPP adj.
0.35
0.35
2.35
1.32
0.32
0.33
19.51

2.73

The best estimates are those made using adjustment for purchasing power parity. The
unadjusted figures allow comparison of absolute data. The results do not include a number of
the other damages linked to coal mining which would be expected to differ according to the
source of coal. The most important of these are likely to be damages from occupational
disease and effects of greenhouse gas emissions, particularly from long distance transport of
coal. However, the results here already show that damages from coal mining could be far
more significant than estimated originally (European Commission, 1995c) if alternative sources
of coal are assumed. They also show that the fall in valuation of health effects per case in

44

Coal Fuel Cycle

countries with a lower standard of living than the EU average is not sufficient to counter the
increase in accident rates.
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4. OIL FUEL CYCLE
4.1 Reference Technologies and Locations
The oil fuel cycle in the UK was assessed in the previous phase of the ExternE project but has
been updated to take account of more recent methodological developments and new sources of
data. The reference fuel cycle considers a combined cycle oil-fired power station, suitable for
base load operation, with a gross electrical capacity of 527.9 MW. The plant is based on the
German oil fired reference plant assessed previously (European Commission, 1995d) and is
fitted with electrostatic dust precipitators, flue gas desulphurisation (FGD) and low NO x
burners in line with the requirements of European and national legislation. The reference site
selected for the analysis is Fawley, on the south coast of England. This is the site of an
existing old oil-fired power station which is currently only used for peak load.
The power plant is located adjacent to the UK’s largest oil refinery accounting for 15 million
tonnes of the UK’s 90 million tonne refining capacity. The refinery supplies the power station
with heavy fuel oil by a direct pipeline connection. An assessment of the existing oil-fired
power station has also been carried out as a sensitivity case. The results for this case are
discussed in Section 4.5.
Upstream, it is assumed that the crude oil is extracted from the Alba field, located on the UK
continental shelf (UKCS) in the North Sea. The Alba field started production in 1994 and is
representative of current technologies and practice for the UKCS. The field is located in the
Central North Sea Basin, some 180 km north east of Aberdeen, off the Scottish coast. The
reservoir is located in the shallow Eocene sands some 6,000 feet below the sea floor (Figure
4.1).
There is considerable commonality between the upstream technologies and processes
associated with the UK oil and natural gas fuel cycles and a fuller discussion of these UK
offshore activities can be found in the earlier gas fuel cycle report (European Commission,
1995d). The upstream assessment in this study uses generic UK data, due to a lack of specific
information on individual fields.
It is assumed that the crude oil is transported to the oil refinery at Fawley using a shuttle
tanker. At present the majority of oil from the UKCS is transported to shore-based terminals
by pipeline. Figures for 1992, show 67 million tonnes transported by pipeline compared to 19
by tanker. However, the tanker option was selected as the pipeline option had already been
looked at in detail in the assessment of the UK gas fuel cycle.
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Alba field

UK CentralNorthern Basin

Fawley

Figure 4.1 - The Location for the UK Reference Oil Fuel Cycle.
For tanker transportation, the extracted oil is pumped to offshore loading facilities, such as
single buoy moorings. These are located at a distance from the platform to allow the docking
of tankers. Tanker loading can result in intermittent production if only one vessel can be
moored at a time. For this reason, some platforms have built-in storage systems to help
smooth out production. The reference floating storage unit system at the Alba field has a
capacity of 825,000 barrels of oil and is designed such that the oil can be unloaded to a 78,000
tonne shuttle tanker (with a capacity of 500,000 barrels of oil) every five to seven days (at
peak production). For the reference fuel cycle, the total length of the tanker voyage between
Alba and the Fawley refinery is approximately 1,100 km.
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The majority of downstream technologies are based either on the existing oil-fired power
station at Fawley, or on the German core activity assessment of the oil fuel cycle (European
Commission, 1995d).
Oil refining involves a range of complex process steps, tailored to some extent to match the
balance of petroleum products required. In order to meet demand, and because crude oils vary
in properties such as density, composition and boiling range both between and within oil fields,
a range of crude oils is used as the feedstock. It is therefore unrealistic to consider refining of
only Alba crude in this assessment. We have assumed a reference crude oil composition (in
order to calculate refinery emissions) based upon the average composition which passes
through the Fawley oil refinery, i.e. 75% of UK origin and 25% imported from the Gulf.
Further details of the reference fuel cycle are presented in Appendix X, Figure X.1 and Table
X.1.

4.2 Overview of Burdens
It is generally accepted that the major environmental burdens of electricity generation result
from the generation process itself. However, in a production chain with so many individual
stages, there are many other potential burdens which must be considered. Thus, we have
analysed all the stages from exploration through to generation. The burdens arising from such
activities within the oil fuel cycle are divided into four categories: emissions to air, emissions to
water, solid wastes and other burdens.
4.2.1 Atmospheric Emissions
The most important atmospheric emissions result from the combustion of heavy fuel oil at the
generation plant. However, emissions from each stage of the fuel cycle have been considered.
Where the fuel oil used within the fuel cycle represents only a proportion of the oil being
processed at a particular stage, for example at the oil refinery, the environmental burdens have
been scaled appropriately.
Emissions due to oil exploration and extraction
During offshore oil exploration and extraction, atmospheric emissions are predominantly due
to flaring, venting and power generation.
In 1993, offshore gas flaring totalled 2.4 billion m 3 (DTI, 1994). Flaring at oil platforms is
sometimes necessary for safety and operational reasons and cannot be avoided where no
alternative outlet exists for relatively small quantities of gas, uneconomic for recovery for reinjection or sale. This often occurs in remote offshore fields where tanker shipments preclude
gas transportation (IEA, 1994). Flaring also occurs for background purging of equipment and
platform shutdowns (emergency and planned).
No specific information is currently available regarding flaring at the Alba platform, and so an
average UK flaring rate of 26.99 m 3 of gas per tonne of oil produced was used (DTI, 1994).
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Flares are only 98-99% efficient and thus result in significant emissions of methane,
hydrocarbons and other pollutants.
Controlled venting may occur at oil and gas fields during production for a number of technical
and economic reasons. Estimates of methane emissions from gas venting at operational oil
fields can be made from a knowledge of volumes of gas vented and methane content of the
gas. Although the principle component is methane (at around 80%), other VOCs and some
inorganic gases (mainly N 2 and CO2) will also be released.
Fuel is used for power generation, heating, gas compression and transportation. For oil
platforms, natural gas or diesel fuel turbines are used to generate electricity. Carbon dioxide
methane and hydrocarbon emissions have been calculated, assuming a 99.4% turbine
efficiency. By assuming that emissions from production platforms, gas separation plants and
terminals can be split between the products in the ratio of their production, gaseous emissions
per tonne of crude, gas and LPG can be calculated.
Table 4.1 - Atmospheric emissions from oil exploration and production activities
Pollutant
Exploration
CO2
NOx
CO
VOC
CH4

0.013
8.0E-05
1.7E-04
1.7E-05
2.2E-05

Combined cycle
power station (g/kWh)
Flaring
Venting
13.34
0.041
0.0031
0.046
0.045

0.0068
0
0
0.024
0.060

Own Use
11.13
0.027
0.0075
0.0088
0.0014

Oil tanker transport
Within the reference fuel cycle, crude oil is transported by tanker from the Alba platform in a
78,000 tonne tanker. The fuel used for a trip from the North Sea to Fawley is estimated to be
400 tonnes. Emissions of carbon dioxide and other pollutants arise from the combustion of
fossil fuel in the marine diesel propulsion units. Emission factors for large ship engines have
been obtained from Lloyds Register and the International Maritime Organisation. SO 2
emissions are calculated assuming a bunker fuel sulphur content of 2.8 wt%.
In addition to emission from marine engines, VOCs are emitted through evaporative losses
during loading, unloading and transit, In particular, tanker ballasting with water gives rise to
emissions, as vapour laden air is displaced to the atmosphere. Estimates of VOC emissions are
1 kg VOC/t crude oil loaded and 0.1 kg VOC/t crude oil unloaded (Passant, 1993). Methane
emissions are assumed to comprise 1% of these emissions.
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Table 4.2 - Atmospheric emissions from tanker transportation of crude oil (g/kWh).

Pollutant

CO2
SO2
NOx
CO
Particulates
VOC
CH4

Combined cycle
power station (g/kWh)
Transport
Transfer
3.0
0.057
0.080
0.0085
0.
0.0023
0.000024

0.183
0.00184

Oil refining
Strictly speaking, not all refinery processes should be ascribed to heavy fuel oil (HFO)
production as many of the processes, such as catalytic cracking, are only required to enhance
the production of light fractions. For the purpose of this study, overall refinery energy use is
proportioned according to the energy input for each separate process, and the energy content
of the products which results from that process using the refinery model described in Appendix
VI.
Table 4.3 - Atmospheric emissions for refinery production of fuel oil and its subsequent
transportation to the power station
Pollutant
CO2
SO2
NOx
CO
Particulates
VOC
CH4

Refinery production of fuel oil
(g/kWh)
18.61
0.17
0.041
0.0047
0.0043
0.40
0.00086

HFO transportation to power
plant (g/kWh)
0.38
0.00050
0.00050
0.00018
0.0000075
0.000033
0.000014

The transport of heavy fuel oil from the refinery to the power station is by dedicated pipeline.
It is assumed the electricity required to run the pipeline would be supplied from the local
power station. Evaporative losses of heavy fuel oil are likely to be low, but are shown in Table
4.3.
Power station emissions
The largest source of atmospheric emissions from the oil fuel cycle arise from the combustion
of oil in the power station. The data used in this assessment for the combined cycle power
plant are derived from the data published in the German oil fuel cycle (European Commission,
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1995d) and include carbon dioxide emissions associated with operation of an FGD plant. The
emissions for the existing oil fired power station at Fawley, taken from National Power’s
environmental statement, are included for comparison.
Table 4.4 - Emissions factors for the power generation plants in the oil fuel cycle.
Pollutant
SO2
NOx
CO2
CH4
N2O
TSP

Existing peak load power
station (g/kWh)
12.85
3.02
823
3.06
0.004
0.1

Combined Cycle Base Load
Plant (g/kWh)
0.798
0.798
608
0.0227
0.015
0.012

Transportation of personnel
No data is available for emission estimates for the transport of personnel to the offshore rig or
during the construction and operation of the generation plant. In any case, the emissions from
these activities are likely to be negligible when normalised to net power output from the fuel
cycle.
Oil spills
The number and size of oil spills are reported by government statistics. However, not all
reported oil spills are unrefined crude oil, with many consisting of releases of bunker fuel from
marine engines. The evaporative content of crude oil is itself highly variable, depending on the
specific composition. Emissions of methane have been estimated to be 0.01% methane by
volume for North Sea crude. Other hydrocarbons would also be released.
4.2.2 Emissions to Water
Emissions to water arise at all stages of the fuel cycle, from oil exploration through to power
generation and eventual decommissioning of plant. By far the greatest emissions to water lie
upstream of the power plant with discharges to the marine environment. The main emissions
from offshore activity are drilling discharges and produced water.
Emissions from exploration and development
Specific data on the discharges from exploration and development activities at the reference
site are not available, hence, average UK data have been used to calculate the likely level of
emissions. No figures are available for the specific exploration programme which led to the
discovery of the Alba field, but an approximate value can be derived by taking industry figures,
i.e. that one in six exploratory wells strikes a deposit of hydrocarbons on the UKCS. For
development of the Alba reservoir, five pre-development wells and fifteen production wells
were drilled. These 20 wells would be expected to be concentrated in the area of the drilling
template under the platform.
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In 1990, the level of oil permitted to be discharged with drill cuttings was 15% by weight.
However, national legislation has changed significantly since this time. From January 1995, the
level of oil on cuttings permitted was reduced to less than 1% by weight for exploration and
appraisal wells and for new developments drilled using oil based mud. All other wells had to
achieve this target by 1997 (DTI, 1993; Lummis 1993). This has resulted in a decline in the
number of wells drilled using oil-based muds. Average oil discharges per well drilled on the
UKCS are 35, 19 and 12 tonnes per well for 1990, 1992 and 1994 respectively. For the
purposes of illustration, and to provide a worst case assessment the 1990 discharges are
assumed. The drilling on the Alba field used biodegradable muds whenever possible (Chevron,
1994). When oil based muds were used, they were fully recovered and treated.
Oil is not the only compound released during drilling activity. Estimates of the main
constituents of both oil-based and water-based drilling fluids were given in the natural gas fuel
cycle (European Commission, 1995d). The use of water-based mud results in larger
discharges to the marine environment, though the bulk of the discharged chemicals are more
benign than those present in oil-based muds.
Drain water may be discharged to sea from drilling platforms, although this should not contain
more than 40 mg of oil per litre. Sewage is discharged to sea usually after maceration.
Household waste may be discharged or transported ashore for disposal. Insufficient data is
available to accurately quantify these emissions, though they are likely to be very small. Other
discharges from the exploration and development stages of the oil fuel cycle tend to be from
accidental spills or discharges during the relatively short development phase.
Emissions from production
The major emission from the offshore exploration and production processes of the oil fuel
cycle is produced water. This is water present in the natural formation which follows the oil in
the flow line up to the process system. It also includes sea water injected into the well to
increase oil recovery. The amount of production water will vary between fields and during the
lifetime of a field. It contains both production chemicals and various natural components
including hydrocarbons, aromatic components, polar organic components, salts, heavy metals,
suspended solids, dissolved gases and radioactivity (OLF, 1991).
It is expected that 240,000 barrels of water/day will be injected into the Alba reservoir to
ensure the reservoir pressure during peak production. Efforts have been made in the
configuration of the wells to reduce the amount of water produced (Chevron UK, 1994). The
Alba platform is equipped with a series of separating technologies, with the final stage using
hydrocyclone separators. This is a relatively recent technology and is reported to reduce levels
of oil to 10 ppm by weight (compared to the current target standard of 40 ppm). Invariably
chemical additives have to be used to flocculate the oil present as a dispersion of micron sized
oil droplets stabilised by surfactants in the oil. In addition, scale inhibitors are used to reduce
scale formation, which otherwise is a problem in production equipment. Sand produced with
the crude oil from the reservoir is passed through a sand wash facility to remove oily residue
(Chevron, 1994). The quantity of oil discharged in produced water is shown in Table 4.5
(DTI, 1995).
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Table 4.5 - Oil discharged with produced water on the UKCS.
Year

No of
installations

1990
1992
1994

39
43
52

Total oil
(tonnes)
4,393
4,850
4,418

Total water
(million tonnes)
159
135
147

The quantity of oil and water discharged has on average been increasing over the past 10 years.
This is because as fields get older, an increasing amount of water is produced, with an
associated increase in the oil discharged.
The Alba field produces considerable amounts of water - at peak production around twice as
much water as oil (Chevron, 1994). The discharge of this 150,000 bbl/day, at a discharge level
of 10 ppm oil to water, is equivalent to 73 tonnes of oil/year.
Spills
With the volume of oil being handled, it is inevitable that some will be spilt. Oil spills to the
sea are undesirable for obvious reasons, although with a few exceptions, accidental spills result
in relatively minor discharges of oil. In the short term, oil floating on the sea poses a particular
hazard to sea birds. It can also cause severe damage if it reaches shore. Fortunately most
spills are small, and the North Sea oil fields are far enough from shore to make this unlikely. In
the long term crude oil, which is a natural product, will be degraded by micro-organisms in the
sea and will disappear.
The annual amount of oil accidentally spilt from offshore installations obviously varies from
year to year. Spills from tankers are discussed in the next section. Since 1986, the UK has
carried out surveillance flights over offshore installations with an aircraft fitted with infra-red
and ultra-violet detectors. The number of spills reported for the period 1986 - 1994 are shown
below in Table 4.6 (DTI, 1995). A considerable number of these are spills of oil-based mud.
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Table 4.6 - Oil spills notified to the DTI, including a breakdown of the number of oil-based
muds spills and other spills 1986-1994.
Year

1986
1987
1988
1989
1990
1991
1992
1993
1994

Total No
of Spills

166
254
259
291
345
234
194
183
147

Oil Spilt
(tonnes)

3,540
516
2,627
517
899
192
225
224
174

Tonnes from oilbased mud spills

Tonnes from
other oil spills

na
na
na
326
466
116
49
145
74

na
na
na
191
423
76
176
79
100

Offshore Production
(million tonnes)

120.7
117.1
108.6
86.7
86.3
83.1
89.1
90.2
114.4

na: not available
Thus, at the peak production rates of the Alba field of 3.70 million tonnes per year, data from
1986-1994 indicates an average spill of 37 tonnes of oil per year with 53% of the total tonnes
spilt expected to be oil-based mud.
The data used in the reference cycle for oil discharges from drill cuttings, produced water
discharges and spills are summarised in Table 4.7. The quantities (in g/kWh) are estimated for
the reference fuel cycle by assuming the energy content equivalent of annual Alba production
to annual heavy fuel oil use.
Table 4.7 - Emissions of oil to water from the oil production stages of the oil fuel cycle.

Oil with drill cuttings 1
Oil in produced water 2
Oil spills 3

tonnes
7.27
11.24
5.67

g/kWh
0.0021
0.0033
0.0017

Normalised for 20 development wells over the 15 year operational lifetime of the field and
using 1990 discharge limits.
2 Assuming a 10 ppm oil discharge limit on estimated discharge levels.
3 Including oil-based drilling mud discharges and other spills; average 86-94 data.
1

Other emissions from production
There are a number of other possible discharges from offshore platforms. The major impact of
sub-sea technology arises from the risk of leakage from joints and valves. Typical leak
detection systems used in single phase pipelines employ mass balance techniques, which
monitor the pressure, temperature and flow-rate at each end of the pipeline. It is assumed that
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any leakage would be severe due to the pressure of the system and quickly detected using
pressure sensors, minimising the resultant emission.
The contribution of flaring to oil contamination at the water surface has not been quantified in
this study. Danish observations have shown that, owing to incomplete combustion, flaring may
lead to visible oil contamination, indicating a concentration of at least 40 mg/l oil (North Sea
Task Force, 1993).
Data on the quantities of other chemicals discharged during offshore activities are very limited.
Table 4.8 shows the total discharges of production, utility and drilling chemicals from offshore
installations in the Danish, Dutch, Norwegian and UK sectors in 1991, based upon information
gathered within the framework of the Paris Commission’s Oil Pollution Working Group (North
Sea Task Force, 1993). Values are derived for the reference power plants, by normalising
against total production from the above sectors. It should be noted that the main source of
heavy metals are the barite and bentonite material used in drilling muds.
Table 4.8 Discharges of heavy metals from oil and gas production in the Dutch, Danish and
UK sectors in 1991 (OSPARCOM) and normalised for the reference fuel cycle
Substance
Cadmium and compounds
Mercury and compounds
Organo-phosphorous compounds
Persistent synthetic compounds
Zinc
Lead
Chromium
Nickel
Copper

Total
discharge (kg)
3,751
1,046
5,905
12,427
85,146
12,319
18,628
14,962
39,846

Discharge
(g/kWh)
6.1 E-06
1.7 E-06
9.6 E-06
2.0 E-05
1.4 E-04
2.0 E-05
3.0 E-05
2.4 E-05
6.5 E-05

Deck drainage water results from deck washings, equipment cleaning operations and general
run off water from the platform. Discharge rate depends on the weather, the operations
undertaken and the general size of the platform. Deck drainage can be expected to contain
emulsified oils due to the mix of cleaning agents and oil collected, and is commonly treated
using a skim tank.
In the past sewage and domestic waste have been discharged from platforms. As part of
ongoing improvements in their environmental management systems, the operators of the Alba
platform are aiming to return domestic wastes to shore for disposal. Therefore, future
discharges of waste to sea are likely to be limited.
Water is also used as a heat exchange fluid for cooling the oil and gas production trains and
drilling equipment. The water is extracted from the sea, the quantity depending on the size of
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the processing facility. Small quantities of biocide (e.g. chlorine) may be added to the cooling
water.
Emissions from tanker transportation
It is extremely difficult to gather full information on the scale of discharges from shipping, as
such categories fall into two categories - legal and illegal. The control of operational
discharges falls within the mandate of the International Convention for the Prevention of
Pollution from Ships (MARPOL 73/78).
The transport of goods by sea will produce discharges to the marine environment. The
important emissions are likely to be from tankers discharges and operational spills both in the
open sea and near shore. However, the analysis of impacts from marine transportation proves
difficult to quantify, as emissions will be dispersed over vast areas and are unlikely to have
acute impacts.
The quantity of oil entering the sea from accidents varies enormously from one year to another.
However, estimates of the legal operational discharges of oil from shipping are known;
estimated at 1,000 to 2,000 tonnes per year. There are also considerable illegal discharges
entering North Sea waters. Such oil spills are not restricted to oil tankers, but occur from all
types of vessels. These discharges of oil certainly occur with great regularity and at least in
terms of the number of incidents they are significant. The total for accidental and illegal
discharges from all shipping in the North Sea has been estimated as 15,000 - 60,000
tonnes/year (North Sea Task Force, 1993).
Storage displacement water
Storage displacement water is used for displacing crude oil from storage during the transfer to
a tanker. For the 19 million tonnes of crude oil which is typically loaded into tankers in the
UK sector, the DTI reports a yearly storage water production rate of approximately 12-14 Mt
and a typical oil content of less than 10 ppm. Hence storage displacement water presents a
much smaller emission load than produced water.
Other tanker emissions
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One of the most important impacts from tanker transport is the release of ballast water, though
ballast water emission may occur from a variety of other sources, e.g. platforms and
exploration facilities. Tankers fill up their cargo tanks with water to maintain weight levels
during transportation and loading. This results in a diffuse mixture of water and residual crude
oil, which separates over time. This ballast water may be pumped into the sea, with emission
being stopped when the interface between the oil and water is reached. However, under rough
weather conditions natural separation may not be enough, and emission is stopped either when
the concentration exceeds 50 mg/l or shortly after the interface level been reached. In the
worst case everything is discharged to sea. The discharge of tanker ballast water is a batch
process and may lead to high localised flow rates. Ballast water may also pose a problem from
the release of non-indigenous marine organisms in waters far removed from their source. For
the reference fuel cycle, this is not likely to represent a large problem. There is also the
possibility of contamination from anti-fouling agents used on large ships to prevent marine
organisms attaching, though the fuel cycle contribution to any pollution levels would be small.
Waste water emissions from the oil refinery
Discharges of contaminants within water from oil refineries are generally low. The main use of
water is as for cooling, with water generally only passing through the system once (UKPIA).
Some additional compounds are expected in the waste streams, and would be discharged to the
coastal environment.
Discharges to water from power generation
Data on the discharges to water from power generation are also expected to be low. The
existing Fawley power station discharges to water but there is limited information available on
the nature of the discharge. As well as some trace elements, the discharge may disturb the
local environment because it is at a higher temperature than the water into which it is
discharged.
4.2.3 Solid Waste
The oil fuel cycle produces little solid waste. The largest quantities will arise during the
construction of the power plant and from the operation of the FGD plant.
During construction, large quantities of top soil and subsoil may be removed from site. Failure
to find a use locally could result in disposal to landfill. Other construction debris include
material removed during the construction of roads and hard standing areas, again this may be
sent to landfill. However, these wastes are expected to be non-toxic and not to pose a problem
in the landfill. Most fabrication waste, such as scrap steel, would be recycled.
Power station waste comprises boiler cleaning residues, used air filters and waste oil, process
sludges and general waste would be routed to licensed sites. Hazardous and special wastes
may arise for disposal as a result of maintenance and ancillary operations such as cleaning and
corrosion inhibition. All such waste would be routed through relevant hazardous waste
disposal contractors.
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Ash is collected from the flue gas at Fawley. This consists of heavier particles of combustion
residues. In 1993/94, 55 tonnes of ash were collected at the current Fawley power station, and
disposed of as part of a total of 385 tonnes of ‘special’ waste. This classification is due to the
presence of heavy metals such as vanadium, and means that the waste must be transported
from the power station by licensed waste carriers to a disposal site holding both a planning
consent and a Waste Disposal Licence for Special Wastes.
The reference power plant is assumed to produce 411 tonnes per annum of solid product
(mainly gypsum) which is either used commercially or disposed of at controlled waste sites
(European Commission, 1995d).
4.2.4 Other burdens from the oil fuel cycle
Occupational accidents
Occupational accidents have been assessed based on national accident statistics for oil
exploration and production activities, oil transportation, oil refinery activities (construction and
production), and power plant activities (construction and production). The data used in this
assessment are summarised in Table X.2.
In addition, a preliminary assessment has been made of occupational deaths arising from major
offshore accidents, based on accident statistics for the North Sea. The fatalities from such
major accidents between 1970 and 1990, as shown in Table 4.9, have been linked to the
production within the North Sea during the same period to present a normalised risk estimate.
For the basis of this analysis, major accidents have been defined as any event involving more
than 5 fatalities. This is a somewhat arbitrary number but provides a cut-off point for the
separation of routine operation and major events.
It is interesting to note that most major world-wide offshore accidents in this period occurred
in the Norwegian and UK sectors of the North Sea. A part of this higher incidence is due to
the extremely harsh operating environment of the area.
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Table 4.9. Major accidents in the North Sea associated with the extraction of oil and gas
between 1970 and 1990 (WOAD; 1990).
Name

Event

Date

Fatalities

Piper Alpha (UK)
Alexander Kielland (Norway)
Chinook helicopter (UK)
Wessex 60 helicopter (UK)
CONCEM (Norway)
Helicopter (UK)
Deep Sea Driller (Norway)
Byford Dolphin
Statfjord, 33/9A, A (Norway)

Explosion and fire
Structural failure and capsize
Crashed into sea
Crashed into sea
Crashed into platform
Overturned
Fire

1988
1980
1986
1981
1985
1990
1976
1983
1978

167
123
45
13
10
6
6
5
5

TOTAL 380
The total of 380 fatalities in the period 1970 - 1990 is larger than that presented in many other
reports, as it includes helicopter crashes. These are generally not included in offshore statistics
- as long as the incident occurs at a significant distance from the platform. However, as these
events are associated with the transport of personnel to and from the workplace, it was
considered that to exclude them would lead to a large underestimation of risk. This type of
accident is particularly important in the reference scenario, given the especially harsh flying
conditions which prevail over the North Sea.
The production figures for the North Sea in this same period totalled an estimated
4,205 million toe (PE, 1995). The totals are cumulated from Norwegian, UK, Danish and
Dutch sectors and therefore include some onshore production. This will tend to lead to a
slight underestimation of offshore risk. Taking the requirement of the reference power plant
into account, the values in Table 4.10 are calculated.
Table 4.10. Major offshore occupational accidents from operation of the offshore rig for the
reference oil fuel cycle.
Major offshore accidents
(Deaths/Mtoe)
0.09

New Combined Cycle Plant
(Deaths per TWh)
0.0149

These values are an upper estimate of the damages likely for the Alba platform, because it has
been designed to the latest safety standards, following implementation of the recommendations
of the Cullen Report. For the Alba platform, the measures include segregation of the platform
into separate operating units, the provision of a temporary safe refuge in the case of a major
accident, and fast entry lifeboats (Chevron, 1994). It is to be noted that no account is taken of
injuries that occur during major accidents, though in comparison to the damages arising from a
significant number of deaths, it is likely that the associated costs would be small.
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Noise
Unwanted anthropogenic sound is generally recognised as a disbenefit. Amenity impacts of
noise will occur at all stages of the fuel cycle, but are likely to be rather unimportant in remote
locations, such as offshore. For this fuel cycle, impacts from the power station are considered
to be of the highest priority.
It is assumed that any noise generated is controlled to levels thought to be acceptable on the
basis of existing law and practice, rather than technically achievable limits. The reference point
is usually the nearest and most severely affected dwelling. During construction, noise impacts
at the nearest dwelling would be controlled in accordance with current advice to local planning
authorities (the relevant regulators for noise) under the Control of Pollution Act (1974). Local
flexibility is allowed to take account of existing background conditions and location.
Limited data is available regarding emissions of noise from the reference fuel cycle. However,
noise emissions are usually controlled such that they meet standards laid down either in law or
by planning bodies.
Effect on landscape and architecture
Visual intrusion from the power station and the oil refinery will have effects on longer distance
landscapes. These effects were briefly considered within the natural gas fuel cycle (European
Commission, 1995d).
Offshore impacts and exclusion zones
Offshore platforms, drilling rigs and pipelines may influence the physical marine environment
because they can affect waves and current velocity in their immediate vicinity. Platforms also
play a role in changing the physical environment through the discharge of waste water, roundthe-clock artificial lighting and the spread of particulates/mud affecting the transparency of the
water and local bottom sediment. All of these effects are essentially local (North Sea Task
Force, 1993). There are also impacts to commercial fishing activity from exclusion zones
imposed around offshore structures.
Social aspects and transport
The major effects on road transport will be confined to the construction phases of the power
station and refinery. Once operational, road traffic would not constitute a significant increase
at either plant.
Construction, decommissioning and abandonment
There will be some disturbance of natural habitats and populations, increased local traffic and
noise during construction activities. In addition particulates, combustion products, liquid
effluents and solid waste may be emitted to the environment although quantities will be small.
However, the number of people affected will be low.
The question of offshore platforms abandonment is currently a highly contentious issue as seen
recently in the case of the Brent Spar platform. When offshore structures reach the end of
their operational lifetimes, the choice between complete or partial removal of the structures,
toppling, transport for deep water disposal or dismantling and recycling must be addressed. A
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large number of North Sea platforms and structures are now approaching abandonment and the
relative merits of disposal strategies and their public acceptability is set to become a major
issue for the oil and gas industry.

4.3 Selection of Priority Impacts
A large range of effects were identified, of which the following were selected for priority
analysis:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Global warming potential of greenhouse gas emissions;
Effects of atmospheric pollution on human health;
Effects of atmospheric pollution on materials;
Effects of atmospheric pollution on crops;
Effects of atmospheric pollution on forests;
Effects of atmospheric pollution on freshwater fisheries;
Effects of atmospheric pollution on unmanaged ecosystems;
Effects of discharges to water on aquatic ecosystems;
Occupational and public accidents, including major accidents;
Impacts specific to oil extraction and processing in the North Sea;
Impacts specific to oil transportation (routine and major spills);
Impacts specific to oil refining;
Effects of noise on amenity;
Effects of altered land use on unmanaged ecosystems.

4.4 Quantification of Impacts and Damages
4.4.1 Public health impacts
The dominant effects to public health arise from exposure to air pollution emitted during
power plant operation. The impact of air pollution arising from upstream activities are smaller
but still significant. The largest of these impacts result from SO 2 emissions from the oil
refinery. Impacts from injury and death caused by accidents are several orders of magnitude
lower than estimated air pollution impacts.
The main species responsible for health impacts are particulates (including acid aerosols) and
ozone. Direct effects of NOx have not been estimated, though impacts related to secondary
particulates and O 3 embody indirect impacts. Only preliminary assessments of ozone impacts
have been made, due to the difficulties in modelling ozone formation in power station plumes
over the necessary range.
Both acute and chronic effects on mortality and morbidity are included. A range of morbidity
health endpoints is analysed and monetary values placed on them from a meta-analysis of
health valuation studies. These data have recently been updated to use the European data now
available from the APHEA study whereas in the original assessment of this fuel cycle the data
were largely from the USA. The calculation of incremental impacts is very dependent on
judgements made about the impact of low doses. They are zero only if there is a pollution
threshold which is not exceeded by background concentrations. There is no convincing
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evidence of safe, or ‘no effect’, levels for particulates, and therefore dose-response functions
without thresholds are used. This is a pragmatic approach compatible with radiological health
conventions used in the nuclear fuel cycle analysis.
The dominant health impacts (of those quantified) are mortality and symptoms associated with
respiratory illness. The relative costs are most strongly affected by emissions of acid species
which form particulate aerosols on the regional scale. The results for older power stations
without modern particulate and acid emissions abatement are many times higher (see
sensitivity case in Section 4.5).
4.4.2 Occupational health impacts
Estimation of health impacts from accidents was assessed using national data from the UK.
Accidents occur at all stages of the fuel cycle and analysis of the full fuel cycle is therefore
important. Offshore oil exploration, extraction, transport, and construction and operation of
the refinery and the power plant have all been evaluated. The highest estimates are for oil
transportation by tanker and offshore activities associated with the construction of production
facilities and their subsequent operation.
The risk of major offshore accidents is particularly important for the oil fuel cycle. A
preliminary analysis has been performed using historical accident rates in the offshore industry.
However, for a full safety assessment of major accidents, analysis should be site specific and
include analysis of rig design. Risk is now typically assessed by industry using formalised
quantitative risk assessment (QRA), which looks at the probabilities of individual parts of the
system failing, and the consequences of such failure. These factors are then combined to give
an overall assessment of risk. Existing QRA's have been performed for the reference platform
for the Health and Safety Executive (HSE) in the UK, but remain confidential.
The preliminary result of 0.047 mECU/kWh for major accidents is almost certainly an
overestimate for the reference environment because the Alba platform has been designed to the
very latest safety standards following the recommendations of the Cullen report into the Piper
Alpha disaster (DEn, 1990). These recommendations have also led to a greater awareness of
offshore safety, which will lead to a reduced accident rate (Taylor, 1991).
The estimation of occupational disease, including long term effects, are less well characterised.
Concern focuses in particular on musculo-skeletal injury, long term exposure to
chemicals/hydrocarbons, and offshore diving impacts. Some data on occurrence of various
effects are available from the Norwegian sector of the North Sea, though valuation is not
currently possible.
4.4.3 Effects on agriculture
The most important impacts of atmospheric pollution on crops are due to ozone and sulphur
dioxide. Contributions from deposition of acid and nitrogen are largely masked by additions of
fertiliser and lime in normal agricultural practice, and are less important. Recent evidence
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indicates that there may be significant synergistic effects and indirect effects, for example via
impacts on pests.
In the absence of a viable model for calculating continental scale incremental concentrations of
ozone due to power station emissions, a preliminary indirect estimate of ozone damage (0.28
mECU/kWh) has been made based on NO x emissions. Impacts of sulphur dioxide on the most
important crop species have been estimated. The results indicate very low yield changes, even
close to the power plants. However, the area affected is large, so that the aggregate annual
losses of cereal are significant. Valued at international prices, the resulting damage is 9x10 -3
mECU/kWh. Damages are broadly proportional to sulphur dioxide emissions. Site dependent
results are likely, as some dose-response functions in less polluted locations could give
increased yields. However, in any event, the external costs are small.
4.4.4 Effects on the marine environment and commercial fisheries
The priority impacts from the oil fuel cycle to the marine environment have been identified as
resulting from emissions from drilling activity, in particular the discharge of produced water
and routine and major oil spills. In addition, a review was undertaken of the impacts
associated with offshore abandonment.
Discharged cuttings from well drilling activity are relatively inert, but they smother the seafloor around the drilling site. With the use of oil-based drilling fluids, hydrocarbons are
entrained with the cuttings; these have toxic effects on local species, and there have been
recordings of tainting of fish from these compounds. The discharge of produced water leads to
significant emissions of hydrocarbons and other compounds, including heavy metals.
However, the nature of offshore disposal means rapid dilution occurs, limiting the area over
which acute effects are expected.
For both types of discharge we have performed a preliminary assessment of damages. In
neither case is it possible to use the damage function methodology preferred by the ExternE
Project, as suitable dose-response functions do not exist, and the approach is complicated as
we are considering an environment composed of a large number of interacting species, and a
diverse array of pollutants, many of which are present at very low concentrations.
To gain some insight on the potential magnitude of damages, we have used simple methods
which assume that all fish within a certain range of the discharge point for produced waters or
drill cuttings will be killed. From knowledge of the numbers of fish caught in different parts of
the North Sea it is possible to then quantify acute impacts on traded species. This value has
been scaled to the energy demand of the power stations. The resulting best estimate of
damages for drill cuttings (normalised over the 15 year period of Alba production from a
500 m zone of impact) is 4.8E-05 mECU/kWh.
Costs for the produced water discharge from the reference platform, using the same approach
(with 50 and 500 m zones) were estimated at 1.4E-06 - 0.00014 mECU/kWh. The first value
is believed to be the best estimate. It should be noted, that this number is not additive to the
value for drill cuttings during the period when drill cuttings are present (the first five years).
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The range shown reflects uncertainty associated with the distance over which impacts may be
expected.
These estimates are largely illustrative, and it is hoped will stimulate further debate in this area.
In some respects it may be expected that they over-estimate damages, as they predict complete
and acute loss of fish in an area around operations. In other respects there is a tendency for
these estimates to underestimate damages. For example, they do not take account of chronic
effects which could be far more serious in the North Sea since it is already a stressed
environment.
In addition, a preliminary estimate of impacts arising from oil spills has been made.
Unfortunately, the quantification of smaller spills, arising from marine transport have not been
possible, partly because of a lack of data on what are often illegal discharges and partly due to
the difficulties in predicting the effects of small, disperse releases of oil. In general, the largest
impacts will occur when such releases occur near shore. A preliminary assessment of major
tanker accidents has been produced. Estimates of the incidence of tanker accidents has been
made from accident frequencies in the North Sea. Damage costs have then been made from
information on costs of previous major oil spills; however, we stress only a low level of
confidence can be attached to these results as accident rates are not specific to the technology
in question, and because damage costs in reality bare little relationship to the size of the spill.
Oil spill damages are extremely site specific, both in nature and effect. The predicted damage
costs for the reference fuel cycle are 0.032 mECU/kWh.
Although there is little historical information on abandonment of the UKCS, the evidence
points towards onshore dismantling as the preferred option in terms of the impacts on the
marine environment and commercial fishing activity. Any dismantling will also allow a
considerable amount of material to be recycled - which will avoid considerable emissions
associated with primary production of material. However, these benefits must be balanced
against the higher costs, the risk of onshore pollution and a potentially greater risk of
occupational accidents which may result from onshore dismantling.
4.4.5 Building materials
The issues relating to the estimation of the inventory of building materials and the assessment
of materials damage by acidic pollutants have previously been discussed for the coal fuel cycle
(Section 3.4.7). The results of the assessment for the oil fuel cycle give a total building
material damage cost of 0.41 mECU/kWh. The largest impacts are associated with damage to
galvanised steel and the main uncertainties in this analysis relate to the way that galvanised
steel is maintained in practice.
Cleaning costs in the UK, in response to soiling by primary particulates, have also been
estimated for the reference fuel cycle. These are estimated to be 13,840 ECU per year or
0.0040 mECU/kWh for the reference fuel cycle.
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4.4.6 Global warming
Global warming damages are potentially the largest impacts from the oil fuel cycle. The
greenhouse gas emissions from the oil fuel cycle are dominated by the emissions of CO 2 from
the power station. However, the global warming impacts resulting from CO 2 emissions
associated with offshore oil exploration and production activities, oil transportation and its
subsequent refining have also been assessed. Total global warming damage costs from the oil
reference fuel cycle have been estimated to range from 2.5 - 91 mECU/kWh of which over
92% is due to the power plant. Of the upstream activities, which in total lead to damages
ranging from 0.18 - 6.5 mECU/kWh, 40% of damages arise from the refinery activities, 28%
from flaring at the offshore facility and 23% from the energy use on the oil rig. There are large
uncertainties associated with these estimates which are discussed in detail in Appendix V.
4.4.7 Effects on forests, fisheries and natural/semi-natural ecosystems
A variety pollutants, including ozone and sulphur dioxide, have impacts on forestry at ambient
European levels. The issues associated with the assessment of these impacts have already been
discussed in relation to the coal fuel cycle in Section 3.4.4. Damages resulting from the
reference oil fuel cycle would be expected to be lower since this fuel cycle is based on a
modern combined cycle power plant which has lower atmospheric emissions of NO x and SO2
than the conventional steam plant assumed for the coal fuel cycle.
Major reductions in fish populations in some areas have been documented in several European
countries and a link with acid deposition has been demonstrated. The impacts depend on
several factors, particularly the chemistry of the soil and bedrock. But, in short, increased
aluminium ion concentrations are damaging to important freshwater fish stocks, notably
salmonids. There are well-validated models to describe these interactions. The impacts of
incremental emissions on fish stocks over a long period of time in acid sensitive areas have
been calculated. However, at this stage it is not possible to value this change in fish
population. Studies on the value of angling as a recreation show no simple relationship to fish
stocks and miss the wider relevance of fish as an indicator of the condition of the aquatic
ecosystem. A more useful approach uses willingness to pay for restoration of freshwater
quality. However, to date valuations have not been undertaken, and therefore neither impacts
nor damage costs have been calculated for the oil fuel cycle.
A range of emissions to air from the oil fuel cycle have impacts on unmanaged terrestrial
ecosystems. Acid deposition depletes base cation concentrations in soils and mobilises
aluminium; nitrogen deposition has a fertilising effect and affects inter-species competition;
finally ozone causes cell damage. Impacts of these regional scale pollutants have been
identified in the field. Effects may take many years to become manifest, and therefore can be
difficult to distinguish from effects of other stresses. Ecosystems can also be affected by
changes in land use or during the construction of plant.
Concerns about these impacts focus on loss of habitats and biodiversity. The complexity and
diversity of ecosystems prevents the description of impacts in terms of dose-response
functions. Instead, attention has concentrated on the thresholds for effects - critical loads and
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levels. These are the principal scientific tools in policy analysis in this field. The ExternE
study has made a multidisciplinary review of the issues involved in damages to natural
ecosystems but has concluded that monetary valuation of ecosystems is not a credible
approach, at least for the present.
4.4.8 Other Impacts
A variety of other impacts have been reviewed, including:
• Effects of power transmission on health;
• Visual intrusion;
• Noise;
• Effects on river physiography;
• Effects of atmospheric emissions on visibility, etc.
In some cases, particularly noise, a lack of good background data has prevented analysis.
However, for most of the above impacts, previous work on the coal and gas fuel cycles has
shown that damages are low compared to the priority impacts (European Commission, 1995c
:1995d). In a few cases, such as effects of electro-magnetic fields from power transmission on
health there is insufficient information currently available to conclude that there is a genuine
link between cause and effect.

4.5 Interpretation of Results and Sensitivity Analysis
The assessment of the oil fuel cycle has shown the major externalities are associated with the
power generation stage and arise from the impacts of air pollution (SO 2, NOx, particulates) on
public health and global warming impacts. The impacts of these emissions from upstream
activities were smaller but still significant with the largest impacts resulting from SO 2 emissions
from the oil refinery. Global warming impacts were estimated to range from 2.5 to 91
mECU/kWh and accounted for up to 81% of the total impacts from the oil fuel cycle.
Externalities arising from impacts on crops, and materials were about an order of magnitude
smaller than those for health impacts.
The results for the oil fuel cycle are summarised in Table 4.11. Comparison with the results
for the coal and natural gas fuel cycles shows the impacts from the oil fuel cycle are smaller
than those arising in the coal fuel cycle but larger than those from the gas fuel cycle.
Table 4.11 Damages of the oil fuel cycle

POWER GENERATION
Public health
Mortality*- YOLL (VSL)
of which TSP
SO2
NOx
NOx (via ozone)

mECU/kWh

σg

14.1 (66.8)
0.21 (0.74)
6.8 (30.9)
6.8 (24.8)
0.33 (10.4)

B
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Morbidity
of which TSP, SO2, NOx
NOx (via ozone)
Accidents
Occupational health
Major accidents
Crops
of which SO2
NOx (via ozone)
Ecosystems
Materials
Noise
Visual impacts
Global warming
low
mid 3%
mid 1%
high
Other impacts
OTHER FUEL CYCLE STAGES
Acidification impacts
Occupational health
Major offshore accidents
Ecological effects
Road damages
Global warming
low
mid 3%
mid 1%
high

mECU/kWh
2.25
1.67
0.58
nq
5.3E-3
nq
0.28
8.9E-03
0.28
nq
0.41
na
nq

σg
A
B
A
A
B

B
B

C
2.31
10.9
28.0
84.5
nq
3.47
0.21
0.047
0.032
nq

A
A
C
C
A
C

0.18
0.84
2.14
6.46

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant

Table 4.12 Sub-total damages of the oil fuel cycle

YOLL (VSL)

low
mid 3%
mid 1%
high

mECU/kWh
23 (76)
33 (86)
51 (105)
112 (166)

Table 4.13 Damages by pollutant
ECU / t of pollutant
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SO2 *- YOLL (VSL)
NOx *- YOLL (VSL)
PM10 *- YOLL (VSL)
NOx (via ozone)
CO2

10025 (30700)
9612(32170)
22920 (4933300)
1500
3.8-139

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.

4.5.1 Sensitivity to power generation technology
The reference oil fuel cycle was based on a modern combined cycle power plant operating as
base load. However, it is interesting to compare this plant with the conventional oil-fired
power plant which is presently located at Fawley. This old plant is only used to supply power
during peak loads. It has a thermal efficiency of 32.2% compared to the 47.5% efficiency
assumed for the combined cycle plant. The atmospheric emissions from the two power plants
are compared in Table 4.14.
Table 4.14 Emissions factors for the reference power generation plant and the existing plant
at Fawley.
Pollutant
SO2
NOx
CO2
CH4
N2O
TSP

Existing peak load power
station (g/kWh)
12.85
3.02
823
3.06
0.004
0.1

Combined Cycle Base Load
Reference Plant (g/kWh)
0.798
0.798
608
0.0227
0.015
0.012

The damages for the existing station have been estimated using these emission factors in
conjunction with the damages by pollutant calculated for the reference fuel cycle, as given in
Table 4.13 (assuming mid 1% estimate for CO 2 damages). The resultant damage estimate for
the existing station is 198 mECU/kWh, of which 65% is due to the damages from SO 2, 19%
from CO2 and 15% from NOx. This is considerably higher than the equivalent damage cost of
45 mECU/kWh calculated for the combined cycle plant and clearly shows the major impact of
higher levels of atmospheric emissions from the old plant.
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5. ORIMULSION FUEL CYCLE
5.1 Reference Technologies and Locations
Orimulsion is a stable bitumen-in-water emulsion (70:30) which has been specifically designed
for utilisation in power stations. The fuel is already being used in a number of operational
power stations e.g. in Japan and Denmark. Trials using the fuel have been undertaken in the
UK and National Power has considered converting their oil-fired plant at Pembroke on the
west coast of the UK to burn Orimulsion. In order to obtain permission to burn this fuel it
would be necessary to upgrade the old power station to meet current European and UK
legislation. This would involve retrofitting low NO x burners, flue gas desulphurisation (FGD)
and electrostatic precipitators for emission abatement. The reference fuel cycle is based on the
proposed conversion of the power plant at Pembroke and much of the data used in the
assessment has been taken from the environmental impact statement which was prepared in
support of the proposed conversion (National Power, 1995).
The natural bitumen content of Orimulsion comes from the Orinoco Belt in Venezuela (Figure
5.1). The Belt covers 57,600 km2 and is estimated to contain approximately 1,300 billion
barrels of heavy and extra heavy hydrocarbons. The recoverable reserves are equivalent 64
billion tonnes of coal. This is one of the world’s largest reserves of primary energy. The
Orinoco belt operations are controlled by Bitumenes Orinoco S.A. (BITOR) a wholly owned
subsidiary of Petroleos de Venezuela S.A. (PDVSA).
The reference fuel cycle considers bitumen extraction, Orimulsion production and its
transportation to a coastal export terminal by pipeline in Venezuela. Followed by
transportation of the fuel by tanker from Venezuela to Milford Haven where it is unloaded into
reception tasks before being pumped via a dedicated pipeline to the Pembroke power station.
At the power station it is assumed the Orimulsion will be temporarily stored prior to use. The
following sections describe the different stages in the fuel cycle. These are summarised in
Appendix XI, Figure XI.1 and Table XI.1.
5.1.1 Bitumen Extraction and Orimulsion Production
The natural bitumen is extracted using standard oil lifting technology. Cluster wells are used
to minimise the environmental impacts and the wells are typically 1000 metres deep. The
extraction of bitumen is temperature driven. Steam is periodically injected into the reserve to
raise the temperature and reduce the viscosity and a diluent is injected at the well head to
further reduce the viscosity. On average steam is injected for 40 days every 2 years. Dilute
bitumen is pumped from the production area to a flow station where it is degassed by heating
to 65oC. Some of the separated gas is used to provide heat, the remainder is flared. After
degassing the bitumen is pumped 13 km to the production plant.
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Figure 5.1 - Location of the Orinoco Belt Reserves in Venezuela.
The Orimulsion production facility comprises four main processes:
• Dehydration/desalination
• Diluent recovery
• Orimulsion manufacture
• Product storage
At the production plant the dilute bitumen is heated to 138 oC and initial dehydration is carried
out using a single mechanical separator. The partially dewatered dilute bitumen is then passed
through twin electrostatic precipitators for desalination and further water reduction. The final
dilute bitumen has <1% water content by volume.
Next the dilutant (kerosene) is recovered. The dehydrated bitumen is heated to 527 F in gasfired furnaces before entry to a distillation tower where the diluent is flashed, condensed and
recovered for reuse in the diluent injection system. Dry bitumen at 515 F with a water content
of 0.03% is recovered from the distillation tower and cooled to 180 F. The dry bitumen is
mixed with up to 20% fresh water and a surfactant (nonyl-phenol ethoxylate), in a dynamic
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mixer to form bitumen emulsion with droplets in a well defined range, median droplet size
15æm. The surfactant inhibits the separation of water and bitumen in the product. Then
magnesium nitrate and further water are added in a static mixer to produce a product
specification of 30% water by volume.
At this stage the product undergoes a quality control audit prior to storage. Product not
meeting the specification is returned for reprocessing. Tables 5.1 and 5.2 show the typical
composition of Orimulsion compared to HFO and the levels of trace elements found in
Orimulsion. The Orimulsion is then pumped along a 300 km pipeline to the Caribbean deep
sea port of Jose.
Table 5.1 Comparison of the composition of Orimulsion with HFO

Carbon (%)
Hydrogen (%)
Sulphur (%)
Nitrogen (%)
Oxygen (%)
Chlorine (%)
Ash (%)
Moisture (% vol)
GCV(MJ/kg)
NCV (MJ/kg)

Orimulsion
60
7.3
2.7
0.5
0.2
0.006
0.2
29.1
29.9
27.6

HFO
86
11
1.5 - 3.5
0.2 - 03

0.04 - 0.1
0.1 - 1
41.6 - 42.7
39.3 - 40.3

5.1.2 Orimulsion Transportation
The pipelines from the extraction site to the coast are mostly underground to minimise visual
impact. At the port the Orimulsion is transferred to modern fully double hulled design tankers
with segregated ballast tanks (up to 150,000 dead-weight tonnes). It is assumed that the
Orimulsion is then transported from Venezuela to Milford Haven in South Wales, a return trip
of around 14,600 km. The Orimulsion is imported via an existing jetty at Texaco’s refinery, at
Milford Haven and pumped from the reception tanks via a dedicated pipeline to the power
station. It is then stored temporarily in the three existing 50,000 tonne oil tanks currently used
for HFO storage at the site, before being pumped to the boiler house for combustion. The fuel
storage tanks have some minor modifications to maintain the fuel at sufficiently high
temperature (25°C) for ease of pumping.
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Table 5.2 - Trace elements found in Orimulsion
Trace Elements
Aluminium
Antimony
Arsenic
Barium
Beryllium
Boron
Cadmium
Chlorine
Chromium
Cobalt
Copper
Fluorine
Iron
Lead
Magnesium
Manganese
Mercury
Molybdenum
Nickel
Phosphorus
Selenium
Silver
Sodium
Thallium
Tin
Titanium
Vanadium
Zinc

Concentration in Orimulsion
(ppm)
15
<0.02
<0.5
1.6
0.03
0.77
<0.1
50
0.3
0.22
0.15
51
10
0.6
350
0.37
<0.01
1.4
65
5.6
<0.5
0.24
30
<0.04
<0.04
5.6
300
<0.5

5.1.3 The Reference Generating Plant Characteristics
The reference plant is based on the proposed retrofit of the existing 2000 MWe (Gross) power
station at Pembroke (see Figure 5.2). This plant uses a conventional steam cycle with an
efficiency of 37.5%. It is assumed that the plant would be operated on base-load, for 6,229
full load hours per year, producing 12.1 TWh/year and burning 4 million tonnes of Orimulsion.
A schematic of the plant design is shown in Figure 5.3. As discussed above, it was proposed
to retrofit the power plant with FGD, low NOx burners and ESP for emission abatement.
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5.1.4 Waste Disposal
Ash, FGD gypsum and waste water sludge are all generated by the Orimulsion power plant.
The FGD gypsum is of suitable quality to be of commercial value and, it is assumed, will be
sold. The ash arising from the combustion of Orimulsion also has a commercial value as it
contains quite high concentrations of vanadium and nickel. It was the intention of the
operators of proposed Pembroke plant to undertake some metals recovery from this ash.
However, in the reference cycle it has been assumed that if no market exists for the recovered
metals, the ash, which is classified as a special waste under EC Directive N o 91/689/EEC on
Hazardous waste because of the heavy metal content, will be transported to a licensed disposal
site.

Figure 5.2 - Location of the Reference Pembroke Power Station.
5.1.5 Transport of Materials and Personnel
Materials would be involved in both the conversion of the Pembroke plant and its subsequent
operation. During construction, concrete, structural steel, road construction materials and
mechanical and electrical plant would be required. In the environmental statement prepared for
the conversion of the Pembroke plant it was concluded that this would have limited impact on
the traffic and no roads in the surrounding area would exceed their carrying capacities. Where
materials are required in bulk e.g. limestone, it is assumed that they will be transported, where
feasible, by ship using 10 - 35,000 dwt ships.
During operation of the converted plant it was anticipated that 5 extra journeys each day
would be generated through activities such as disposal of fly ash and waste water treatment
residues, and delivery of sodium hypochlorite and chemicals for waste water treatment.
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Figure 5.3 - Schematic of the Reference Orimulsion Burning Power Plant.
It was estimated that the construction activities would result in a maximum number of 1,150
construction workers, at the peak. These personnel would result in approximately 400 car
journeys in and out each day. The operators did not envisage any changes to the overall
number of staff employed in the operation of Pembroke, and hence no change to current
vehicle movements.

5.2 Overview of Burdens
Burdens arise from each stage in the Orimulsion fuel cycle; from the exploration of reserves
through to the transmission of electricity. These are discussed in the following sections.
5.2.1 Burdens from Orimulsion Extraction and Treatment
There is little literature on the energy consumption for Orimulsion extraction and processing,
hence emissions are uncertain. However, it is thought that degassing results in 3 Nm 3 of gas
per tonne of Orimulsion, with a gas composition of 91% methane, 7% carbon dioxide, 2%
ethane and 1% hydrogen sulphide. This gas is burned for heat or flared. Flaring has an
efficiency of 95% converting the gas to carbon dioxide (2 kg/Nm 3), water vapour and nitrogen
oxides (0.012 kg/Nm 3). Using these values it has been estimated that the extraction of
Orimulsion results in approximately 2.62g/kWh of CO 2 and 0.016 g/kWh for NO x..
Processing Orimulsion requires energy for heating and pumping. It is known that
approximately 1037 MJ th is required to process one tonne of bitumen to Orimulsion (i.e. 0.038

76

Orimulsion Fuel Cycle

tonnes of Orimulsion fuel per tonne of Orimulsion produced). Assuming that this energy input
is derived by burning Orimulsion in a plant comparable to the reference generating technology
it is estimated that 45.6 tonnes of SO 2’ 60.8 tonnes of NOx and 30.4 tonnes of particulates will
be emitted from the treatment process. These emissions are equivalent to 0.004 g/kWh, 0.005
g/kWh and 0.003 g/kWh respectively.
For Orimulsion no refining is necessary and it is assumed that the fuel is transferred directly to
the tanker loading site via the dedicated pipeline. The factors affecting the integrity and
pollution potential of Orimulsion pipelines are similar to those of oil. When compared to the
emissions associated with the generation phase, these emissions are small. Therefore, no
further analysis is conducted.
5.2.2 Burdens from Orimulsion Transportation
It is extremely difficult to gather full information on the scale of discharges from shipping, as
such emissions fall into two categories - legal and illegal. These discharges certainly occur
with great regularity and at least in terms of the number of incidents they are significant. With
the volume of Orimulsion being handled, it is inevitable that some will be spilt into the marine
environment, although the risks are minimised by using double hulled and segregated ballast
tank boats. Many of the issues affecting the levels of discharges of Orimulsion at sea during
tanker transportation are the same as those discussed previously for the oil fuel cycle (Section
4.2.2).
The most important emissions are likely to be from tanker discharges and operational spills
both in the open sea and near shore. These may include bunker oil as well as Orimulsion. In
the reference fuel cycle it is assumed that Orimulsion is transported in double hulled carriers
and off loaded into bunded reception tanks via conventional oil handling equipment. The
potential risks to the marine environment from spillage during sea transport and delivery of the
fuel could arise from three possible causes; hull damage by storm, fire, explosion or collision;
the fracture of the unloading pipe work links at the jetty head or between the jetty head and
shore; or operator error during transfer from ship to shore during connection and
disconnection or from ballasting errors.
Estimates of the potential levels of Orimulsion spills have been estimated using data for
International oil spills summarised in Table 5.3.
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Table 5.3 - Summary of International Oil Spill Statistics.
Spill Size range (tonnes)
Extremely large (> 20,000)
Very Large (1,333 - 20,000)
Large
(133 - 1,333)
Medium
(6.67 - 133)
Small
(0.133 - 6.67)

Spills per 133 million
tonnes transported
0.1
0.8
1.38
3.2
21

Spills per
10,000 voyages
0.873
6.77
11.4
26.4
173

The return trip from Venezuela is 14,600 km and the total weight of Orimulsion imported to
Pembroke per year is 4 million tonnes. Therefore, for the reference fuel cycle, the estimated
spills, based on the number of tonnes transported and the number of voyages per year can be
calculated. The results are shown in Table 5.4. This assumes that spills of Orimulsion occur as
frequently as spills of oil.
Table 5.4 - Estimated Orimulsion Spills per Year for the Reference Fuel Cycle.
Size of spill
Extremely large (> 20,000)
Very Large (1,333 - 20,000)
Large
(133 - 1,333)
Medium
(6.67 - 133)
Small
(0.133 - 6.67)

Number spills/year
(based on MT)
0.003
0.024
0.042
0.096
0.632

Number spills/year
(based on voyages*)
0.002
0.02
0.03
0.07
0.47

*Assuming a 150,000 tonne capacity, involving 27 return journeys per year.

These figures provide an upper estimate for Orimulsion spills. To date only 700 litres of
Orimulsion has been spilt and over 9.4 billion litres has been transported, therefore based on
operating experience, the risk of a spill is 7.4x10 -8, which is substantially less than that
calculated above.
The impacts from marine transportation are difficult to quantify. For minor spills or releases,
discharges are likely to be dispersed over vast areas and are unlikely to have acute impacts.
Furthermore, Orimulsion’s behaviour is very different to crude oil when it is released to sea.
Crude oil tends to float on the sea, posing a potential hazard to sea birds and causing severe
damage if it reaches shore. In contrast, Orimulsion disperses rapidly when released, because
the fuel is already mixed in water and because of the presence of surfactant (nonyl phenol
ethoxylate) added during the manufacturing process to stabilise the emulsion and prevent the
water and bitumen separating.
Trial spills have been conducted to determine the dispersal characteristics of Orimulsion by
many researchers including the Marine Pollution Control Unit, Warren Spring Laboratory, and
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the Oil Spill Response Centre in the UK. It was concluded that Orimulsion spills to water
create fewer problems than spills of oil, because of the rapid dispersion. It is unlikely that thick
slicks will form, but does mean the spill is more difficult to control, and although most of the
Orimulsion disperses quickly, some could form tarry agglomerations similar to oil. However,
Orimulsion contains fewer toxic and volatile chemicals, such as benzene, than oil.
Once a spill has occurred the dispersed bitumen particles would accumulate initially in the
surface layers of the sea where they could interfere with zooplankton grazing and /or enter the
marine food chain. There have been particular concerns regarding the effects on fish through
the food chain from a large spill. These processes are more apparent in the short term; in the
longer term the surfactant within the Orimulsion is likely to be washed away allowing lumps of
bitumen to float to the surface. It has also been suggested that the surfactant may be an
oestrogen mimicking chemical which could affect the reproduction of certain marine animals.
The potential for a large release is important as the reference port is situated close to several of
the UK’s most precious coastal habitats. The recent Sea Empress accident at Milford Haven
damaged some 190 km of coastline (12% of the Welsh coast). This included two marine
nature reserves (Skomer and Lundy Islands) and more than a dozen sites of special scientific
interest including major bird colonies and several current or proposed European Union Special
Areas for Conservation. The impact of a sizeable Orimulsion spill would therefore be
considerable.
Because of the distance from source to end-use, the transportation phase is more important
than for the previous analysis of the UK oil fuel cycle. The most important atmospheric
emission is sulphur dioxide, because of the higher sulphur content typically used in bunker oil.
Emission factors for large ship engines have been obtained from Lloyds Register and the
International Maritime Organisation. Sulphur emissions from tanker transportation have been
calculated assuming the use of a large, slow speed engine tanker (150,000 dead-weight tonne),
with a fuel consumption of 674.5 tonnes (fuel sulphur content of 2.8wt%) per journey and 27
journeys per year. These are shown in Table 5.5.
The emissions of SO 2 and NOx are significant. However, they are two orders of magnitude
smaller than those from the power plant. For this reason, and also due to the fact that these
emissions will be widely dispersed at sea, mostly away from land and centres of population, it
was decided not to consider further the impacts arising from atmospheric emissions during the
transportation of Orimulsion.
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Table 5.5- Atmospheric Emissions from Tanker Transport of Orimulsion.
Pollutant
CO2
SO2
NOx
CO
Particulates
NMVOC
CH4

kg/tonne fuel used*
3,165
56.4
6.8
0.42
2.42
0.082
0.001

Emission (g/ kWh)
4.93
0.08
0.01
0.001
0.004
0.0001
0.000002

* based on a >100,000 tonne tanker burning fuel oil. Source, NETCEN (1996).

In addition to emissions from marine engines, VOCs are emitted through evaporative losses
during loading, unloading and transit. By using segregated ballast tanks, it is possible to avoid
VOC emissions associated with tanker ballasting. Estimates of VOC emissions from crude oil
operations are 1 kg VOC/t crude oil loaded and 0.1 kg VOC/t crude oil unloaded (Watkiss and
Lewis, 1995). However, the levels of VOCs in Orimulsion are lower than in crude oil and it is
likely that emissions of VOC’s will be negligible.
Accidental release during pipeline transport of Orimulsion to the power station or leaks from
storage tanks, pipe work, pumps and other power station areas may occur. Any penetration of
spills into the surrounding soil is likely to be limited and any leaks from underground pipe work
are expected to be localised.
It has been suggested that there are some occupational risks, including dermatitis and serious
irreversible skin disorders, caused by repeated or prolonged contact with the fuel. No data are
available on these impacts, therefore no further analysis is conducted.
5.2.3 Burdens from Generation
Atmospheric emissions
The emissions and characteristics of the combustion process are presented in Table 5.6.
Orimulsion has a similar sulphur content to heavy fuel oil. However, the calorific value of
Orimulsion is lower, due to a higher moisture content, so more sulphur dioxide is produced
from Orimulsion per unit of electricity produced. On an equal heat basis, the sulphur content
in Orimulsion is equivalent to a sulphur content in heavy fuel oil of about 3.9%. The reference
power plant includes the use of a wet limestone scrubber FGD plant. It is assumed that the
limestone comes from local deposits and is transported to the plant by rail.
The combustion of Orimulsion takes place at a lower temperature than heavy fuel oil, which
results in lower nitrogen oxide emissions per unit of electricity generated. The reference plant
design (burners, etc.) is assumed to be optimised so as to meet the provisions of the LCPD for
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liquid fuelled plant of 450 mg/Nm
reference plant are 450 mg/Nm 3.

3

of NOx. It is assumed that the NOx emissions from the

The most significant implication of burning Orimulsion rather than HFO is the greater amount
and finer nature of the dust produced (80% less than 1 micron). A large proportion becomes
entrained in the flue gases although some heavier ash particles remain in the boiler. The
reference technology is assumed to include electrostatic precipitators which would reduce the
dust particle emission at full load by 99.9% to 25 mg/Nm 3, well below the limits of the LCPD.
Table 5.6 Emissions from generation (mg/Nm 3 and g/kWh).
Emission
Pollutant
SO2
NOx
TSP
CO2
Arsenic
Cadmium
Chlorine
Chromium
Copper
Iron
Nickel
Vanadium

(mg/Nm3)
400
448
25
269,087
0.003
0.001
0.3669
0.0018
0.0009
0.28
0.3975
1.8347

(g/kWh)
1.07
1.22
0.07
728
0.000008
0.000002
0.001
0.000005
0.000002
0.001
0.005

In addition to emissions of the macro-pollutants and some heavy metals sulphur trioxide is
emitted, however, emissions are limited to 10 - 15 ppmv. Carbon monoxide is also produced
but at levels below 50 ppmv due to the good burn out characteristics of Orimulsion.
Liquid discharges
Water is used for cooling on a once through basis, obtained and returned to Milford Haven.
The water temperature increases by 2.7oC (compared to the intake temperature) which is likely
to have a small effect on the growth of aquatic organisms. However, the precise nature of the
effect is not known and has not been further assessed.
Occupational accidents
Risk factors for occupational accidents have been calculated based on the UK accident
statistics for the power sector (production and distribution of electricity, gas and other forms
of energy). The risk categories are fatalities, major and minor injuries. These are presented in
Table 5.7.
Table 5.7 - Accident Rate per TWh
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Accident Category
Fatality
Major Injury
Minor Injury

Rate/TWh
6.96E -05
0.0025
0.026

5.2.4 Burdens from Ash Disposal
The disposal of the ash from combustion may be hazardous. It is likely that breathing
apparatus would be required, because of the fine particulate nature of the dust together with
high concentrations of vanadium and nickel. There is the possibility of contamination from
wind-blown dust - particularly from transport and disposal and some risk of contamination
from leachate releases from landfill disposal, though for modern sites the risk of leachate
escape and subsequent aquifer contamination are low.
The proposed operators of Pembroke and the suppliers of Orimulsion, recognised the potential
for these impacts, and resolved to granulate the ash. This would reduce dust levels and reduce
the potential for leaching in landfill, therefore it is assumed that these are not significant
impacts in the reference fuel cycle, and they have not been assessed further.

5.3 Selection of Priority Impacts
The impacts from the Orimulsion fuel cycle are very similar to those identified previously for
the coal and oil fuel cycles. They are summarised below:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Global warming potential of greenhouse gas emissions;
Effects of atmospheric pollution on human health;
Effects of atmospheric pollution on materials;
Effects of atmospheric pollution on crops;
Effects of atmospheric pollution on forests;
Effects of atmospheric pollution on freshwater fisheries;
Effects of atmospheric pollution on unmanaged ecosystems;
Effects of discharges to water on aquatic ecosystems;
Occupational and public accidents, including major accidents;
Impacts specific to Orimulsion extraction and processing;
Impacts specific to Orimulsion transportation (routine and major spills);

The assessment of the fuel cycle focused on the emissions from the power plant as these are
considerably larger than those arising from upstream processes, as discussed in the previous
section.
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5.4 Quantification of Impacts and Damages.
5.4.1 Public health impacts
The dominant effects to public health arise from exposure to air pollution emitted during
power plant operations. In common with the other fossil fuel cycles the main species
responsible for health impacts are particulates (including acid aerosols) and ozone (see Section
4.4.1). The actual level of damages are very similar to those calculated for the reference oil
fuel cycle and reflects the presence of retrofitted abatement technology on the reference
Orimulsion plant.
Public health impacts from upstream activities are expected to be low due to the substantially
lower levels of NO x, SO2 and particulate emissions.
5.4.2 Occupational health impacts
Occupational health impacts have been assessed for the power plant using national accident
data. These gave a damage estimate of 0.0063 mECU/kWh. A slightly higher damage cost
might be expected for occupational accidents occurring during the transportation of
Orimulsion based on the damage estimates calculated previously for the oil fuel cycle (Section
4.4.2). However, insufficient data were available to make comparable estimates for the tanker
transportation of Orimulsion.
There may be some occupational risk, including dermatitis and serious irreversible skin
disorders, caused by repeated or prolonged contact with the fuel. Again insufficient data are
available on these impacts to allow quantification of the impacts.
5.4.3 Effects on agriculture
The impacts of atmospheric pollution on crops have been calculated to be 0.44 mECU/kWh,
about an order of magnitude smaller than those for health impacts, suggesting that they are not
very significant. The major part of this damage estimate is due to the impact of ozone which
has been estimated using an empirical relationship between the level of NO x emissions and
ozone damage. However, there is some evidence to suggest that the burning of Orimulsion in
an old oil-fired plant can cause damage to crops in the vicinity of a power plant. A series of
‘trial burns’ of Orimulsion at PowerGen’s Richborough power plant are suspected of causing
crop damage on a nearby farm. It was alleged that small agglomerated particles of Orimulsion
dust had caused lesions, black spotting and tissue damage in Brussel spouts, spring greens and
lettuces. Although the case was not proven, PowerGen agreed to an out of court settlement.
5.4.4 Effects on materials
The results for the Orimulsion fuel cycle show relatively low damages to building materials
arising as a result of air pollution from the Orimulsion power plant. The total damage estimate
is 0.38 mECU/kWh, again an order of magnitude lower than the damage estimates for public
health. Again experience with the Richborough plant showed some evidence that burning
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Orimulsion led to the formation of acid smuts and in May 1991, PowerGen settled a claim
from car manufacturers in respect of damage caused to cars parked near the power station.
5.4.5 Effects on the marine environment
The potential impacts arising from the transportation of Orimulsion by tanker from Venezuela
to the UK and from accidental spills of Orimulsion in the marine environment have been
discussed in detail in Section 5.2.2. It was concluded that Orimulsion spills to water create
fewer problems than comparable spills of oil because of its more rapid dispersion. However,
based on recent experience of the Sea Empress accident at Milford Haven it is likely that a
sizeable Orimulsion spill at the port would result in some damage to local ecosystems. A
preliminary damage estimate of 0.032 mECU/kWh was calculated previously for oil spills in
the oil fuel cycle, suggesting the damage estimate for Orimulsion would be very low.
Operating experience of shipping Orimulsion in double hulled vessels also shows substantially
lower levels of spills of Orimulsion compared to oil.
5.4.6 Global warming
Global warming impacts have been estimated to range from 2.8 to 102 mECU/kWh and
account for up to 85% of the total impacts from the Orimulsion fuel cycle. The majority of
global warming impacts arise from the power station operations, although the assessment has
also taken account of the impacts arising during Orimulsion extraction and transportation.

5.5 Interpretation of Results and Sensitivity Analysis
The damages arising from the Orimulsion fuel cycle are summarised in Table 5.8. The
dominant externalities from the Orimulsion fuel cycle, like those of the other fossil fuel cycles,
are impacts on public health and global warming arising from atmospheric emissions of SO 2,
NOx, particulates and CO 2 during power plant operation. Particular attention was paid to
emissions arising from the upstream activities. However, the analysis showed these were
around two orders of magnitude lower than those from power generation and were therefore
relatively insignificant. Comparison of the results with those for the other fossil fuel cycles
shows the impacts from the Orimulsion fuel cycle are similar to those from the oil cycle but
smaller than those arising in the coal fuel cycle. However, it must be noted that the reference
oil power plant is for modern combined cycle operation with an overall efficiency of 47.5%
compared to the Orimulsion reference cycle based on the retrofit of an older plant with an
efficiency of 37%.
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Table 5.8 Damages of the Orimulsion fuel cycle

POWER GENERATION
Public health
Mortality*- YOLL (VSL)
of which TSP
SO2
NOx
NOx (via ozone)
Morbidity
of which TSP, SO2, NOx
NOx (via ozone)
Accidents
Occupational health
Major accidents
Crops
of which SO2
NOx (via ozone)
Ecosystems
Materials
Noise
Visual impacts
Global warming
low
mid 3%
mid 1%
high
OTHER FUEL CYCLE STAGES
Public health
Occupational health
Ecological effects
Road damages
Global warming
low
mid 3%
mid 1%
high
Other impacts

mECU/kWh

σg

14.6 (67.7)
0.49 (1.83)
5.42 (19.9)
8.18 (30.1)
0.50 (15.9)
2.72
1.83
0.89
na
6.33E-03
nq
0.44
1.03E-02
0.43
nq
3.37E-01
na
na

B

A
B
A
A
B

B
B

C
2.8
13.1
33.5
101
nq

nq
nq
0.03
0.14
0.35
1.05
nq

A
A
B
A
C

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant

Table 5.9 Sub-total damages of the Orimulsion fuel cycle
mECU/kWh
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YOLL (VSL)

low
mid 3%
mid 1%
high

21 (74)
31 (84)
52 (105)
120 (173)

Table 5.10 Damages by pollutant

SO2 *- YOLL (VSL)
NOx *- YOLL (VSL)
PM10 *- YOLL (VSL)
NOx (via ozone)
CO2

ECU / t of pollutant
6027 (195601)
7581.97 (25549)
8000 (27142.85)
1500
3.8-139

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.

The introduction of Orimulsion in the UK has been under discussion for a number of years.
Trial-burns of Orimulsion began in 1990 at two old oil-fired power plants, Richborough in
Kent and Ince in Cheshire. Neither plant was fitted with sulphur abatement technology and the
problems that were encountered are unlikely to be representative of a plant specifically
designed to burn Orimulsion. The proposed conversion of the Pembroke plant, on which the
reference fuel cycle is based, was first considered in 1991. After much controversy, it was
agreed that the Pembroke plant would be fitted with desulphurisation equipment. However,
the Environment Agency later expressed concern over the potential impact of an Orimulsion
spill in Milford Haven while environmental groups claimed that emissions of fine particles
could cause adverse health effects. In June 1997, the UK Government announced a public
enquiry into the plan. National Power has subsequently decided that this additional delay
means the project would involve an ‘unacceptable commercial risk’ and has dropped its plan to
convert the Pembroke plant.
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6. GAS FUEL CYCLE
6.1 Reference Technologies and their Locations
The gas fuel cycle was assessed in the previous phase of the ExternE project (European
Commission, 1995d) but results have been updated to take account of recent methodological
developments and new sources of data.
The reference fuel cycle considers a combined cycle gas turbine (CCGT) power station located
at the West Burton B site, with 652 MW output, typical of that being built in the UK in the
early 1990s. The design of the plant is based on the Killingholme 'A' plant (National Power,
1992) which came on line in Autumn 1993. UK standards for NO x emissions would be met
using dry low-NO x combustors. The quoted net electrical efficiency for the plant is 51.6%
(LCV) (MPS, 1993). Combined cycle gas turbine technology is the current industry standard
and is likely to remain the major technology in the immediate future. The projected load factor
is 90% with a technical lifetime of 30 years. The technology reflects the standards required by
European and national legislation.
It is assumed that gas for this plant is extracted from the Caister field which lies 170 km off the
Lincolnshire coast in the Southern North Sea Basin. The depth of water in this area is around
42m. The gas field (block 44/23a) is licensed to Total Marine Oil plc with interests from
Canadian Oxy North Sea Petroleum Ltd and LASMO (ULX) Ltd. Estimates of peak
production are 1.25 billion cubic metres per year (DTI, 1993) with an estimated operational
lifetime of 15 years. Production was due to start in November 1993, and 1995 was to be the
first year of peak production.
The Caister field has been developed jointly with the neighbouring Murdoch field, operated by
Conoco. Approval was granted in April 1992 for two 'not normally manned' platforms, one for
each field. These platforms are connected by a 16" in-field pipeline with a further 26" pipeline
from the Murdoch field to shore (Smith, 1992), shown in Figure 6.1. The platforms are
operated remotely from the Theddlethorpe Terminal in Lincolnshire.
Gas from this field is currently sold directly to National Power for use in the Killingholme ‘A’
CCGT station. The extracted gas is passed to the Theddlethorpe Gas Reception Plant, where
it is mixed with gas from other fields (in order to maintain quality standards in the gas supply).
In the reference cycle it is then assumed that the gas passes through a dedicated, high pressure
pipeline to West Burton.
The location of the gas field and the reference power station are shown in Figure 6.1. The
different stages of the fuel cycle considered are summarised in Appendix XII, Figure XII.1 and
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in Table XII.1. Full details of the reference fuel cycle are presented in the gas fuel cycle report
(European Commission, 1995d).

Caister
West
Burton

Theddlethorpe

Murdoch

Caister

Figure 6.1 - The location for the UK reference natural gas fuel cycle.
(The inset shows the actual positions of the Caister & Murdoch reserves)
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6.2 Overview of Burdens
The environmental burdens associated with the reference gas fuel cycle are discussed in detail
in the gas fuel cycle report (European Commission, 1995d). The following sections summarise
the important issues, whilst Table XII.2 summarises the data used in the assessment. Four
categories of burdens are considered, atmospheric emissions, emissions to water, solid waste
and other burdens.
6.2.1 Atmospheric Emissions
Carbon dioxide
By far the most important source of carbon dioxide emissions is gas combustion. The
predominant emissions would be from the power station, where emissions are largely
determined by power station efficiency. The 1990 UK technology has a thermal efficiency of
46% (HCV), 51% (LCV) (MPS, 1993). The resulting emissions are 393 g/kWh.
Emissions at other stages of the gas fuel cycle have also been estimated and are summarised in
the Table 6.1.
Table 6.1 - Summary of CO 2 emissions for the reference fuel cycle for natural gas. The total
figure is believed to be accurate to within a few percent.
Activity
Exploration for gas
Well drilling
Offshore extraction
Flaring
Offshore pipeline leakage
Transport of personnel to the rig
Liquid removal treatment
Onshore compression
Onshore pipeline leakage
Construction
Transport of personnel to power plant
Power generation

Emission (g/kWh)
unknown*
unknown*
6
0.2
unknown*
unknown*
negligible
2
0.02
unknown*
unknown*
393

Total
401.22
*For cases where emissions have not been quantified it seems likely that emissions are
negligible.
Methane
Methane is the major constituent of North Sea natural gas (typically 93% by volume). The
predominant source of methane emissions would arise from deliberate venting or leakage.
Smaller amounts are lost in combustion system exhausts due to incomplete combustion, but in
the large and well-maintained combustors typical of industrial applications these losses are
negligible.
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The methane emissions assumed for the gas reference fuel cycle are summarised in Table 6.2,
based on data for emissions for UK North Sea dry gas platforms and for UK gas processing
plants (Williams, 1993).
Table 6.2 - Summary of methane emissions from the reference fuel cycle.
Activity
Offshore extraction
Onshore processing
Pipelines
Power station exhaust
Total

Emission (g/kWh)
0.11
0.11
0.06
not assessed
0.28

Emissions from pipelines have been the subject of very extensive debate in recent years.
Typical estimates based largely on "gas unaccounted for" have been around 3% of throughput.
However, the extent to which these reflect factors other than genuine losses, such as theft and
metering accuracy, is not known. Some very high estimates of 2-11% for the UK gas
distribution system as a whole have been produced (Mitchell et al, 1990). Industry estimates
have always been very much lower, around the 1% figure (DEn, 1989). The most reliable
estimate for the UK, based on recent empirical work on system leakage by British Gas, is 0.9%
(Williams, 1993). However, most of this is from older parts of the low pressure distribution
system. For a new pipeline conveying gas at high pressure to a major user such as a power
station, the losses would be much lower, approximately 0.04%, which is characteristic of the
high pressure transmission grid. This is equivalent to only 0.06 g/kWh.
Nitrous oxide
The predominant source of N 2O emissions would be the power plant. Emission factors for
new CCGT stations are not routinely measured or published. Indications are that emissions
levels are approximately 1 ppm (Eyre and Michaelis, 1991), equivalent to 0.013 g/kWh.
Nitrous oxide would also be emitted from compressors on offshore platforms and onshore
pumping stations, and from gas flared both offshore and at gas processing plant. Emission
factors may be perhaps twice as high. However, the energy used and flared in these processes
is very much smaller than the energy used in the CCGT plant, and therefore the emissions are
much lower, and would probably be in the order of 0.001 g/kWh.
NOx
NOx emission levels from gas turbines are highly dependent on the combustion conditions in
the turbine. Modern techniques allow low levels to be achieved without post-combustion
treatment. In the original assessment of the gas fuel cycle it was assumed that typical
emissions from new CCGT stations in the UK would conform to the limit of 60 ppm set by the
regulatory authority (National Power, 1990). This corresponded to an emission factor of 0.71
g/kWh for the gas reference cycle. In the present study this has value has been updated in line
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with recent measurements from CCGT plant and a revised emission level of 0.46 g/kWh has
been used.
Emissions from other stages of the fuel cycle would be at least an order of magnitude lower
and are not considered here as a priority.
Particulates and sulphur dioxide
Emissions of particulate matter from CCGT power stations are negligible when burning gas
(National Power, 1992), because of the very low quantities of solid matter in the fuel. Air
drawn into the gas turbine compressors is cleaned by being passed through filters. These filters
are replaced periodically and disposed of in accordance with waste disposal regulations.
Emissions of sulphur from natural gas combustion are assumed to be negligible, with maximum
figures quoted as 2.14 mg/Nm 3 (National Power, 1992). The gas contract assumed for the
West Burton plant (which has a dedicated gas field) is not "interruptible", and therefore there
would be no requirement to use oil as a backup fuel.
There will be some emission of SO 2 and particulate matter from other parts of the fuel cycle as
a result of the combustion of fuels derived from oil. However, like the emissions of NO x from
parts of the fuel cycle other than the generation phase, these are expected to be negligible.
Emission of water to air
Water use by CCGT power stations is significantly less than in older designs of thermal power
stations due to the higher electrical efficiency achieved by combined cycle operation. Typical
water loss in evaporation from a 1000 MW CCGT power station is 0.2 m 3/s (CEGB, 1989).
This is equivalent to 0.72 kg/kWh of electricity. Evaporative cooling towers for the reference
generation plant would release water vapour to the atmosphere at an average rate of
approximately 1.6 - 2 % of the circulating water flow rate (National Power, 1992). Effects of
water abstraction could be more important than emissions to air, though the River Trent
serving the West Burton complex should have a large enough flow to make the effect of the
power station negligible.
6.2.2 Emissions to Water
Emissions to water arise at all stages of the fuel cycle, from gas exploration through to power
generation and eventual decommissioning of plant. By far the greatest emissions to water lie
upstream of the power plant with discharges to the marine environment. For gas platforms,
the main emissions from offshore activity are drilling discharges and produced water.
Emissions from exploration and development of the gas field
The most significant impacts in the exploration, appraisal and development of a gas reserve
arise from drilling activity. Discharges from platforms into the North Sea are subject to several
Directives prepared by the Paris Commission (PARCOM). So far, only PARCOM directives
regarding oil in discharged water and oil on drill cuttings have been enforced in UK national
legislation for offshore operators (Lummis, 1993). Currently, chemical discharges from UKCS
offshore installations are not subject to regulation, although a non-statutory offshore chemical
notification scheme is operated in line with PARCOM guidelines (Lummis, 1993).
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In the development phase of the Caister field, the cuttings from the seven production wells that
were drilled were not physically dispersed over the field. Cuttings were instead allowed to
accumulate immediately around the platform. Estimates for the volume of cuttings discharged
from an average well on the UKCS vary, with typical estimates in the range 1,000 - 1,500
tonnes (Davies and Kingston, 1992).
The chemical composition of the mud used in any drilling operation depends on factors such as
the type of rock being drilled, the depth of the well, and the angle of deviation. Wells may be
drilled using either oil-based fluids or water-based fluids. With respect to the former, only
drilling fluids based on low toxicity oils are used on the UKCS. Trials on oil based muds that
are more biodegradable are currently underway. There is also investigation of technologies for
the re-injection of cuttings in sub-sea strata in order to reduce burdens on the environment.
For 1990, the base year of the present study, the level of oil permitted to be discharged with
cuttings was 15% by weight. However, national legislation has changed significantly since this
time. From January 1995, the level of oil on cuttings permitted was reduced to less than 1%
by weight for exploration and appraisal wells and for new developments drilled using oil based
mud. All other wells had to achieve this target by 1997 (DTI, 1993; Lummis 1993). For the
purposes of illustration, and to provide a worst case assessment the figure of 15% has been
used.
Other discharges from the exploration and development stages of the natural gas fuel cycle
tend to be from accidental spills or discharges during the relatively short development phase.
Accidental spillages of oil or chemicals can produce significant emissions. The total amount of
these chemicals spilled annually in the UK sector of the North Sea has ranged between 50 and
500 tonnes in recent years (DTI, 1993). Normalised per platform, these emissions are
insignificant compared to those associated with cuttings.
Emissions from production
The major emission from the entire exploration and production phase of the natural gas fuel
cycle is produced water. This is water present in the gas-bearing formation that becomes
entrained with the gas in the flow line up to the process system. In many offshore installations,
produced water is separated from the oil and gas in the production process on the platform and
is discharged to sea after the oil droplets have been removed to satisfy the discharge permit.
However, the gas, condensate and water would all be pumped to shore as a multi-phase stream
for subsequent treatment at the gas reception plant in a sealed system for the reference UK
technology. The burden would thus be transferred from the installation environment to the
coastal reception plant, where a lower level of release would be expected due to stricter
legislation. The major chemicals used in the offshore production environment are methanol
and a corrosion inhibitor (Knot, 1993). A proportion of these chemicals will inevitably be
discharged (North Sea Task Force, 1993), though as these are contained within the sealed
production system, significant releases are not expected under normal operating conditions.
For the unmanned Caister platform, discharges of sewage and domestic waste are expected to
be small. For the reference platform, the accidental release of the diesel used in power
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generation could occur during delivery. However, the estimated frequency of such
occurrences is low (industry sources). More serious arisings could develop as a result of major
accidents, such as blowouts, structural failure or major fires. However, normalised over the
lifetime of the power plant, the risk of such accidents, and the burdens arising from them, are
anticipated to be extremely low.
Waste water emissions from the treatment plant
Discharges from the Theddlethorpe plant are subject to consent from the National Rivers
Authority (NRA) and are authorised by HMIP under the Environmental Protection Act, 1990,
Part 1, for prescribed processes. Emissions in the coastal area are subject to Environmental
Quality Standards from the EC Directives 76/464/EEC and subsequent daughter directives.
The Theddlethorpe Gas Terminal presently discharges treated process water to the North Sea
from a pipeline 600 metres beyond mean high water (approximately 300 metres beyond mean
low water). The discharge pipe terminates in a concrete diffusion chamber located on the
seabed at a depth of approximately 10 metres (Conoco, 1993). The quality of emitted effluent
has been assumed to be the same as current output from the Theddlethorpe plant (Table 6.3).
Table 6.3 - The Theddlethorpe Gas Terminal water effluent; average and maximum data.
Component
Total Hydrocarbons
Amines
Phenols
Methanol
Arsenic
Aluminium
Cadmium
Chromium
Copper
Iron
Manganese
Mercury
Molybdenum
Lead
Zinc
Nickel
pH
Salinity

Unit
mg/l
mg/l
mg/l
percent weight
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
ppm

Average
98
88
7.7
0.12
0.052
2.2
0.138
0.02
0.054
261
10.4
0.0142
0.011
4.47
52.1
0.0325
5.6
200,000

Maximum
407
210
37.4
0.48
0.157
8.8
0.294
0.104
0.177
567
22.1
0.0967
0.032
13.95
166.4
0.114
6.76

Discharges to water from power generation
The West Burton CCGT plant discharge (National Power, 1992) would comprise of waste
water, passed to the river from the cooling system, and the boiler blowdown. In addition there
would be some variable discharge from the water treatment plant. Estimated emissions are
thus as follows:
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Direct emissions to the River Trent:
The major components of this are:
• Cooling water purge;
• Operational waste water system.

25,920 m3/day.
25,600 m3/day.
244 m3/day.

The total mean discharge rate from the power station would be around 0.3 m 3/s for the
reference power station to the receiving body. The estimated composition under normal
operation and for the worst case are shown in Table 6.4.
Table 6.4 -Estimated composition of the total discharge from the reference power plant
(National Power, 1992).
Typical
Worst Case
Characteristic
(mg/l)
(mg/l)
Total hardness (as CaCO 3)
6,400
10,800
Sodium (as Na)
10,400
18,000
Alkalinity (as CaCO 3)
120
110
Chloride (as Cl)
16,000
34,000
Sulphate (as SO 4)
2,600
4,700
Suspended solids
800
2,000
Total residual oxidant (as Cl 2)
<0.5
<0.5
All other parameters
1.6 x river*
2 x river*
pH
6-9
6-9
31
31
Maximum temperature (°C)
Mean discharged rate (m 3/day)
26,000
14,500
Max. discharge rate (l/s)
300
180
*The figures for "All other parameters" are given as multiples of the concentration in the river
at the point of abstraction.
6.2.3 Solid Waste
The natural gas fuel cycle produces little solid waste. Power station waste would comprise
boiler cleaning residues, used air filters and waste oil and would be routed to licensed sites.
Emissions from the operation of a gas treatment plant are known to be small. Nevertheless,
they do include some hazardous and special wastes (Appendix XII, Table XII.2). These would
be disposed through licensed sites.
6.2.4 Other Burdens from the Natural Gas Fuel Cycle
Occupational health issues and accidents
Occupational accidents would occur at all stages of the fuel cycle, and would range from minor
accidents involving only little incapacity to death. Data have been based on national statistics
and are summarised in Appendix XII, Table XII.2.
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Noise
Limited data are available regarding emissions of noise from the reference fuel cycle.
However, noise emissions are usually controlled such that they meet standards laid down either
in law or by planning bodies. Reference to these allows estimation of the worst case for any
plant.
Effect on landscape and architecture
Visual intrusion from the power station and the gas terminal could have effects on the
appearance of landscapes over considerable distances. The on-land reference pipeline would
be trenched underground. Only the valving station and distribution centre would be visible. In
all land based stages of the fuel cycle, there are also visual impacts arising during construction.
Offshore impacts and exclusion zones
The impacts to commercial fishing activity from exclusion zones imposed around offshore
structures, the impacts from offshore pipe laying to the marine environment, and the reefing
effects of offshore installations on fish populations are important but damage calculation is not
possible.
Social aspects and transport
The major effects on road transport would be confined to the construction phases of the power
station and treatment plant. Once operational, road traffic would not constitute a significant
increase at either the treatment or generation plant.
Construction, decommissioning and abandonment
There would be some disturbance of natural habitats and populations, increased local traffic
and noise during construction activities. In addition some liquid effluent, solids and gas would
be emitted to the environment although quantities will be small.
Operational burdens include possible effects on land drainage after completion of the pipeline.
The presence of the pipeline will also affect land use, agriculture, geology (soils and
topography), hydrology, and ecology. The only other impacts would be from maintenance
operations (which may involve occasional excavation and off-site vehicle movements), and
restriction of future land use in the pipeline corridor, though again, this would be internalised.

6.3 Selection of Priority Impacts
A large number of impacts were identified at each stage in the fuel cycle. However, the
following list of impacts were selected for priority analysis based on discussion with relevant
experts and the previous experience of the ExternE Project team.
1.
2.
3.
4.
5.

global warming potential of greenhouse gas emissions;
effects of atmospheric pollution on human health;
effects of atmospheric pollution on materials;
effects of atmospheric pollution on crops;
effects of atmospheric pollution on forests;
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6.
7.
8.
9.
10.
11.
12.
13.

effects of atmospheric pollution on freshwater fisheries;
effects of atmospheric pollution on unmanaged ecosystems;
effects of discharges to water and abstraction on aquatic ecosystems;
occupational and public accidents, including major accidents;
impacts specific to gas extraction in the North Sea;
impacts specific to gas treatment and transmission;
effects of noise on amenity;
effects of altered land use on unmanaged ecosystems.

6.4 Quantification of Impacts and Damages
A complete list of the impacts assessed and externalities calculated for the gas fuel cycle are
presented in detail in Appendix XII, Table XII.3. These are summarised by impact category in
the following sections.
6.4.1 Public health impacts
The dominant effects to public health arise from exposure to air pollution emitted during
power plant operation. The effects of activities related to the up- and downstream processes
of the natural gas fuel cycle are expected to be negligible in comparison to these emissions.
Similarly, impacts from injury and death caused by accidents are several orders of magnitude
lower than estimated air pollution impacts.
The two most significant health impacts are the chronic effect of NO x (as nitrate aerosols) on
mortality and the impacts of ozone on mortality and morbidity. The approach adopted for the
analysis of effects of air pollution on public health follows a no-threshold model, based on the
results of a large number of recent epidemiological studies. An approach based on the
existence of thresholds could have produced much lower results depending on the magnitude
of the threshold.
Results for public accidents arising from increased road traffic were calculated for the
construction and operation phases of the power plant. Marginal impacts were estimated at
around 0.007 mECU/kWh; several orders of magnitude less than the estimated impacts from
incremental air pollution. Analysis of accidents associated with activities not directly
associated with the power plant was not included in the analysis. The contribution of these
accidents to the total damage figure is not expected to be significant, and hence they are not
considered to be a priority for future work.
6.4.2 Occupational health impacts
Our analysis suggests that occupational risks result mainly from accidents, though this may be
a consequence of a lack of knowledge about some long term occupational diseases in the gas
industry. Health impacts from accidents were assessed using a statistical approach. Industrial
activities within the fuel cycle result in 0.027 fatal accidents, 0.26 serious accidents and 1.5
minor accidents per TWh, with most risk being associated with major offshore accidents, and
the construction and routine use of offshore production facilities. The total occupational

96

Gas Fuel Cycle

health costs arising from all phases of the natural gas fuel cycle are therefore estimated to be
0.12 mECU/kWh. It seems likely that accident rates for the offshore industry represent an
overestimate of damage, as they use average data for the North Sea and do not account for the
particularly low manning levels of the extraction platform considered in the reference system.
The assessment of the major offshore accidents, such as the recent Piper Alpha accident, has
been performed using historical accident rates in the offshore industry and does not include any
allowance for risk aversion. However, as discussed previously in Section 4.4.2 during
discussion of the results for the oil fuel cycle, a more accurate assessment of major accidents
would require a quantitative risk assessment which looks at the probabilities of individual parts
of the system failing and the consequences of such failure. This was beyond the scope of the
present study. Quantitative risk assessments have been performed for the reference platform
for the Health and Safety Executive in the UK but remain confidential.
The estimation of occupational disease, including long term effects, are less well characterised.
Concern focuses in particular on musculo-skeletal injury, long term exposure to
chemicals/hydrocarbons, and offshore diving impacts. Some data on occurrence of various
effects are available from the Norwegian sector of the North Sea, though valuation is not
currently possible.
6.4.3 Effects on agriculture, forests and natural/semi-natural ecosystems
The principal effects of NO x on ecosystems are mediated through its roles in the formation of
ozone and nutrification of ecosystems that are low in nitrogen. A preliminary estimate has
been made of the damage due to ozone, based on the level of NO x emissions. The effects of
NOx deposition on ecosystem nutrification are complex, depending upon the system concerned
(natural, semi-natural or intensively managed) and the availability of other nutrients.
Intensively managed systems may well benefit from additional N input. Natural systems,
however, will be damaged if N deposition exceeds critical loads, as their development is
dependent on soil nutrient levels. There is much evidence showing that this is a serious
problem, particularly in the Netherlands which is subject to very high levels of N deposition
(albeit mostly agricultural in origin). In Germany it has been shown that forest decline can
result from high N deposition, through the creation of nutritional imbalances between N and
base cations such as magnesium and calcium. Unfortunately it is not yet possible to model
these effects through to valuation. Exceedence of critical loads can however be quantified.
Ecosystems can also be affected by changes in land use or during the construction of pipelines.
These effects can be minimised through:
• careful siting of plant and routing of pipelines;
• identification of sensitive periods for ecosystems surrounding activities associated with the
fuel cycle;
• the use of effective restoration processes.
These effects are unlikely to be significant unless they affect a unique resource of some kind.
It is to be envisaged that the planning system would prevent this happening.
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6.4.4 Effects on the marine environment and commercial fisheries
The priority burdens from the natural gas fuel cycle to the marine environment have been
identified as emissions from the offshore drilling platform and wastewater discharge from the
gas treatment plant. Impacts will affect commercial fishing and the integrity of the ecosystems
of the North Sea.
It is unlikely that the inputs from the reference fuel cycle will have large short term effects on
populations; effects are more likely over long time scales. With all emissions, the effect of a
specific pollutant or group of pollutants on the ecosystem is difficult to attribute, due to the
presence of numerous other inputs to the North Sea and the problem of distinguishing effects
from other impacts, such as over-fishing.
Discharged drill cuttings from oil and gas wells smother the sea-floor around the area of the
platform. With the use of oil based drilling fluids there are additional hydrocarbon emissions.
The impact of these discharges is largely local and involves chronic effects, some from
accumulation of pollutants within the ecosystem. For the coastal treatment plant, the impact of
produced water discharges will only be evident at the high concentrations in the immediate
vicinity of the discharge and damage estimates are small, especially when normalised.
Potential changes in commercially traded populations of fish have been assessed in response to
variation in water contamination. In the absence of detailed models and dose-response
functions (beyond some information on thresholds), scoping calculations have been carried out.
Estimates based on market values for fish have been derived and suggest that local effects of
the reference system would not be significant.
There is also likely to be some form of chronic ecological impact over longer distances within
the North Sea resulting from the emissions. Although dispersion in the marine environment is
likely to dilute pollutants rapidly, the North Sea is a highly stressed environment. Stresses
arise partly through the pollution load placed upon it and partly through other burdens, such as
intensive fishing. Unfortunately dose-response functions and models do not yet exist to allow
assessment of the impacts of a mixture of pollutants, each of which is likely to be at a relatively
low concentration, in combination with other more extreme anthropogenic stresses.
Other burdens, such as emissions of other types of chemical, disturbance and habitat alteration
have been considered briefly. Impacts of the reference fuel cycle on these are considered to be
low. As they are generally poorly defined, no quantification is possible at this time.
6.4.5 Building materials
The external costs relating to damage to building materials from a CCGT plant sited at West
Burton in the English Midlands have been estimated. The damage arising from the reference
fuel cycle is estimated to be 0.029 mECU/kWh. There are large uncertainties associated with
the methodology used in this assessment and the issues relating to the estimation of the
inventory of building materials and the assessment of materials damage by acidic pollutants
have been discussed previously for the coal fuel cycle (Section 3.4.7).
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6.4.6 Global warming
Global warming damages are potentially the largest impacts from the natural gas fuel cycle.
The greenhouse gas emissions from the reference fuel cycle are dominated by the emissions of
CO2 from the power station. However, the global warming impacts resulting from CO 2
emissions associated with offshore gas exploration and production activities and gas
transportation have also been assessed. Total global warming damage costs from the gas
reference fuel cycle have been estimated to range from 1.5 - 57 mECU/kWh of which over
97% is due to the power plant. Of the upstream activities, which in total lead to damages
ranging from 0.04 - 1.6 mECU/kWh, around 64% of damages arise from the emissions of CO 2
and CH4 during offshore production activities. There are large uncertainties associated with
these estimates which are discussed in detail in Appendix V.
6.4.7 Noise
Noise potentially affects both amenity and human health. Health impacts are confined to
occupational effects and should be largely preventable using appropriate health and safety
measures. However, it was noted that effects on hearing were recorded in occupational
disease statistics for the Norwegian oil and gas industry, and hence the measures in force do
not offer complete protection.
Amenity impacts depend on the noise level at source, the distance to affected locations (e.g.
houses) and human sensitivity to different types of noise. Valuation of noise disbenefits is
achieved using data mainly derived from hedonic pricing studies of road and aircraft noise.
Valuations have been derived for the cost arising from power station operation only, although
noise will be generated at all stages of the fuel cycle. The error associated with this omission is
expected to be low.
The best estimate for associated damages is 0.027 mECU/kWh, based on information supplied
to a public inquiry for a CCGT plant in the UK. A higher estimate of 0.16 mECU/kWh has
also been made, following the assumption that emissions would only just meet the standards
that would probably be imposed. In both cases results exclude the impacts of construction
noise. Intermittent noise from pile driving may cause significant short-term effects, though
these would be likely to be insignificant when normalised over the lifetime of the power plant.
6.4.8 Other impacts
A variety of other impacts have been reviewed, including;
• effects of power transmission on health;
• visual intrusion;
• effects on river physiography;
• effects of atmospheric emissions on visibility, etc.
In most cases it can be concluded that associated damages are not significant. In a few cases,
such as effects of electro-magnetic fields from power transmission on health there is
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insufficient information currently available to conclude that there is a genuine link between
cause and effect.

6.5 Interpretation of Results and Sensitivity Analysis
The results for the gas reference fuel cycle are summarised in Tables 6.5 to 6.7. They show
the dominant externalities from the fuel cycle are impacts on public health and global warming
arising from atmospheric emissions of NO x and CO2 during power plant operation. The
analysis took into account impacts from upstream gas extraction and transportation. Generally
the impacts of these activities are negligible in comparison to those impacts from power
generation however, there is likely to be some form of chronic ecological impact within the
North Sea resulting from the incremental emissions since the North Sea is recognised as being
a highly stressed environment.
Comparison with the results for the coal fuel cycle shows the impacts from the gas fuel cycle
are considerably smaller due to the lower atmospheric emissions and higher efficiency of the
modern gas powered station. It has been claimed in the literature that upstream methane losses
may give rise to higher global warming impacts for the gas fuel cycle compared to the coal fuel
cycle. However, the detailed assessment of greenhouse gas emissions from upstream activities
undertaken as part of this study does not support this claim. The recent ‘dash for gas’ in the
UK has led to the commissioning of a number of CCGT power stations which in turn has led to
a significant reduction in the total level of emissions from the UK power sector, this is
discussed in further detail in Chapter 10. This move towards gas power stations has raised a
number of questions such as the long-term availability of gas, and security of supply issues and
the UK Government is currently reviewing the situation.
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Table 6.5 Damages of the natural gas fuel cycle

POWER GENERATION
Public health
Mortality*- YOLL (VSL)
of which TSP
SO2
NOx
NOx (via ozone)
Morbidity
of which TSP, SO2, NOx
NOx (via ozone)
Accidents
Occupational health
Major accidents
Crops
of which SO2
NOx (via ozone)
Ecosystems
Materials
Noise
Visual impacts
Global warming
low
mid 3%
mid 1%
high
Other impacts
OTHER FUEL CYCLE STAGES
Public health
Occupational health
Major offshore accidents
Ecological effects
Road damages
Global warming
low
mid 3%
mid 1%
high

mECU/kWh

σg

2.56 (14.84)
ng
0.0 (0.14)
2.37 (8.72)
0.19 (5.98)
0.77
0.43
0.34
6.8e-3
6.1e-3
nq
0.16
3.1e-4
0.16
ng
2.9e-2
2.7e-2
nq

B

A
B
A
A
B

B
B

C
1.5
7.1
18
55
nq
nq
0.064
0.05
nq
nq

A
A
C
B
A
C

0.04
0.20
0.52
1.6

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant
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Table 6.6 Sub-total damages of the gas fuel cycle

YOLL (VSL)

low
mid 3%
mid 1%
high

mECU/kWh
5.2 (17)
11 (23)
22 (34)
60 (73)

Table 6.7 Damages by pollutant

SO2 *- YOLL (VSL)
NOx *- YOLL (VSL)
PM10 *- YOLL (VSL)
NOx (via ozone)
CO2

ECU / t of pollutant
5,830 (19,740)
ng
1,500 (14,088)
3.8-139

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
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7. NUCLEAR FUEL CYCLE
The methodology used in the assessment of the UK nuclear fuel cycle has been largely based
on the earlier assessment of the fuel cycle by CEPN, France, in the first phase of the ExternE
Project (European Commission, 1995e). The following sections of the report discuss the
reference fuel cycle, the burdens released to air, water and land, quantification of their impacts
on health and the environment and the results.

7.1 Definition of the fuel cycle, technologies and sites
The UK nuclear fuel cycle considered has been based on the Pressurised Water Reactor (PWR)
located at Sizewell, Suffolk. This plant is the newest nuclear plant in the UK (completed in
1994) and is the first PWR to be built in the UK. The nuclear fuel cycle may be broken down
into the following stages:
• Mining
• Milling
• Conversion
• Enrichment
• Fuel Fabrication
• Power Generation
• Reprocessing
• Low Level Waste Disposal
• Intermediate and High Level Waste Disposal
The assessment of environmental impacts and externalities associated with a fuel cycle is
dependent on both the location of the plant and the technologies employed. The reference fuel
cycle has been defined as follows:
• Mining - assumes average ‘world production’
• Milling - as for mining
• Conversion - BNFL - Springfields, UK
• Enrichment - URENCO - Capenhurst, UK
• Fuel Fabrication - BNFL - Springfields, UK
• Power Generation - Nuclear Electric - Sizewell B, UK
• Reprocessing - BNFL - THORP, Sellafield, UK
• Low Level Waste Disposal - Drigg, UK
• Intermediate & High Level Waste Disposal - to be decided for the UK.
The following sections describe in greater detail the individual stages.
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7.1.1 Mining
There are no uranium mines in the UK; all the uranium used is purchased from the international
spot market. In the absence of detailed information about the actual sources of the uranium
purchased, it has been assumed that the uranium originates from world-wide sources in
proportion to their production. World-wide uranium production in 1995 is given in Table 7.1.
Table 7.1 - Uranium Production in 1995
Country or Area
Africa
Western Europe
Eastern Europe
CIS
Asia
Canada
USA
Australia
Other
TOTAL

Production (tonnes U)
7,031
1,316
925
6,180
723
10,515
2,324
3,712
190
32,916

Source: Uranium Institute (1997)

Uranium production is either mined directly (88%) or is produced as the by-product of other
mining operations such as gold, phosphorus and copper (12%). Three direct mining methods
are used, depending on the nature of the deposit; namely, open pit, underground and in-situ
leaching. Figure 7.1 shows the breakdown of world uranium production by mining method.

In-situ
leaching

Underground
26%

By-product
12%

Open-pit
49%

Figure 7.1- World uranium production by mining method (1995)
Source: Uranium Institute (1996)
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Underground mining uses tunnels to extract uranium from underground deposits. Two
methods of extraction are used - direct and remote. Direct methods extract uranium using a
tunnel driven along a uranium seam. Remote methods drive tunnels through the host rock
parallel to the uranium seam, then extract uranium through small sealed openings in the host
rock. For the purposes of this study, the Priargunsky mine in SE Siberia was selected as a
reference site. This mine uses direct extraction.
Open pit mining removes the over burden for access to uranium seams which are close to the
surface. This method is used widely in North America and Australia. The reference location
considered in this study was the Ranger Mine in Australia.
In-situ leaching dissolves the uranium minerals in either a mild alkali or acid solution which is
injected and recovered by wells. The process leaves the surrounding rocks undisturbed but can
only be used to extract sandstone hosted uranium in locations below the water table in
confined aquifers. For this study, the uranium mine operated by Power Resources Inc. at
Douglas, Wyoming in the USA has been selected. Water fortified with oxygen and carbon
dioxide is injected and subsequently recovered from an abstraction well along with leached
uranium.
7.1.2 Milling
Milling is the conversion of uranium ore into concentrated uranium oxide (U 3O8) or
“yellowcake”. Due to the typically low grade of ore, large quantities of ore are usually
processed. Therefore milling is usually carried out near to mining facilities to minimise
transportation of large amounts of material. Figure 7.2 is a schematic of the milling process.
The milling process involves leaching the uranium from the ore. Typically it uses enhanced
acid leach ammonia stripping, although alkali methods can be used depending on the host rock.
The uranium bearing liquid is separated and processed with ammonia to extract the uranium
which is then precipitated and dried, resulting in “yellowcake”. The final product typically
contains 70-90% by weight uranium oxide. Ammonium sulphate is produced as a by-product
of the ammonia processing, and is subsequently used for the manufacture of fertiliser. Both the
tailings and effluent are treated prior to disposal, to precipitate the heavy metals and barium.
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Open pit mining

Underground Mining

Crushing & grinding

In-situ leaching

Leaching

Tailings disposal

Separate solids
Recycle barren liquor
Extract & concentrate U
liquor

Precipitate uranium

Recycle barren liquor

Separate solids

Drying & heating

Yellowcake (U3O8)
70 - 90% by weight of uranium oxides

Figure 7.2 - The milling process
Source: Uranium Institute (1995a)

7.1.3 Conversion
The reference site considered in this study is BNFL’s Springfields plant. Conversion is the
process involving the conversion of uranium “yellowcake” into uranium hexafluoride (UF 6).
Initially, uranium oxide concentrate is dissolved in nitric acid, which is subsequently filtered
and purified. The dissolved uranium is then precipitated with ammonia to obtain uranium
diuranate, which is subsequently calcined to form uranium trioxide. The hydrated uranium
trioxide then undergoes a process of reduction in rotary kilns to form uranium dioxide which is
then fluorinated by hydrogen and hydrofluoric acid to produce uranium tetrafluoride. The
Springfields plant operates the rotary kiln on a continuous process (BNFL, 1992).
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Subsequently the uranium tetrafluoride is burnt in high purity gaseous fluorine to obtain UF
(Comurhex, 1982). The gaseous UF 6 is collected and cooled, and crystallised. The solid UF
is then melted for transfer to shipping containers

6
6

7.1.4 Enrichment
Following conversion, uranium hexafluoride (UF 6) contains 0.7% U-235, however, PWR fuel
requires 3 - 4% U-235, therefore enrichment is required. Enrichment can be achieved through
several chemical or physical processes including gas centrifuge, gaseous diffusion, aerodynamic
and laser techniques. Only gas centrifuge and gas diffusion technologies are currently utilised
on a commercial scale. The reference plant for the enrichment process is assumed to be
URENCO’s gas centrifuge plant, located at Capenhurst, UK.
In the gas centrifuge process the UF 6 is fed continuously into the rotor of a high-speed
centrifuge. As the UF 6 rotates in the centrifuge the heavier U-238 is concentrated on the rotor
wall, while the lighter U-235 moves to the centre. These streams are withdrawn continuously
from opposite ends of the centrifuge (BNFL, 1992). This process produces an enriched
product stream and a depleted waste stream.
The process is repeated many times to attain the required level of enrichment. The centrifuges
are generally arranged in cascades to achieve the gradual increase in enrichment. The enriched
UF6 from the centrifuges is collected in chilled containers, as are the depleted waste streams.
Once collected, enriched UF 6 is heated to 50 oC and transferred to containers for
transportation.
Un-enriched UF 6

Centrifuge cascades

Tailings Container

Enriched UF 6 container
Heating
Finished UF 6

Figure 7.3 - The gas centrifuge process
Source: Meyer-Kretschmer (1991)

7.1.5 Fuel Fabrication
Following enrichment comes the production of ceramic grade uranium oxide powder. UK
production favours a dry process (Integrated Dry Route) rather than a multi-stage wet process,
which is used by other fuel fabricators (BNFL, 1992). The reference location operated by
BNFL at Springfields is a single stage kiln process where enriched uranium hexafluoride (UF 6)
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is converted directly to uranium oxide powder by reaction with steam and hydrogen. The IDR
powder production plant consists of a number of independent kilns with a combined capacity
of 720 tonnes of uranium per year.
Once formed the uranium oxide powder is granulated and mixed with combining additives to
form pellets of 94% density for use in PWR reactors. These pellets are subsequently loaded
into assemblies for insertion into the reactor at Sizewell B.
7.1.6 Electricity Generation
The reference site is the PWR reactor, Sizewell B, operated by Nuclear Electric Ltd, which is
located alongside a gas cooled Magnox Reactor (Sizewell A), on the east coast of England.
Figure 7.4 shows the location of Sizewell B.

S i z e w ell B

Figure 7.4 - Location of Sizewell B.
The Sizewell B plant operates a single reactor with a 1258 MW capacity, (1188 MW net)
which is operating with an average load factor of around 84.2% (Nuclear Electric, 1998).
The design of Sizewell B is based on the Standardised Nuclear Unit Power Plant System
stations built at Callaway (Missouri) and Wolf Creek (Kansas), in the USA. The process is
based on three water circuits. The primary circuit regulates the temperature in the core and
provides the heat to turn the secondary circuit to steam through heat exchangers. The primary
circuit operates at 158 bar to facilitate circulation. The secondary circuit, which operates at
lower pressure is able to boil providing steam which drives the turbines, to generate electricity.
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The secondary circuit is re-condensed after the turbine using a third circuit. In the third circuit,
water is usually drawn from rivers or the sea, but can be closed loop relying on cooling towers.
In the case of Sizewell B the third circuit is drawn from the sea. The secondary and primary
circuits are closed loop systems. Figure 7.5 shows a simplified plant diagram.
7.1.7 Reprocessing
Reprocessing aims to recover fissile material for re-use. Currently the only operating
reprocessing plants in the UK are operated by BNFL at Sellafield. THORP (Thermal Oxide
Reprocessing Plant), which is one of three reprocessing plants at Sellafield, has a design
capacity of 1,200 tonnes/year. For the purposes of this study it is assumed that 25.33
tonnes/year of spent fuel from Sizewell (Nuclear Electric, 1998), is reprocessed at the THORP
plant. However, in reality this is not the case, no decision has yet been made about
reprocessing the fuel and it is presently being stored at Sizewell.
The reprocessing process can be outlined as follows. After transfer from the power station,
the fuel is received and placed in storage ponds prior to treatment. After storage the fuel
assemblies are transferred to the processing plant, where they are sheared into pieces of fuel
rod between 25 and 100 mm in length. These sheared pieces are then dissolved in nitric acid to
remove the fuel cladding and dissolve the uranium and plutonium. Once dissolved the uranium
and plutonium are fed through solvent extraction phases to remove each element. Once
separated the plutonium and uranium are purified.
The waste streams are also processed to reduce the bulk of stored wastes. High level wastes
are generated from the dissolution and extraction cycle which are sent to an evaporation plant
to concentrate the radioactive elements. These active high level waste elements are then
vitrified.
Waste from the purification and finishing processes are again sent to an evaporation plant and
the residues encapsulated in cement. These wastes are classed as intermediate.
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Containment Structure

Steam
Generator

Turbine Generator

Pressure
Vessel

Condenser
Figure 7.5- Schematic of Sizewell B PWR.
7.1.8 Waste Disposal
In the UK, radioactive waste is classified according to its heat-generating capacity and activity
content (HMSO, 1995). The four categories are:
1. High-level, or heat generating wastes (HLW), in which the temperature may rise
significantly as a result of their radioactive content; hence this factor has to be taken into
account in the design of storage and disposal facilities.
2. Intermediate-level wastes (ILW) with radioactivity levels exceeding the upper boundaries
for low-level wastes, but which do not require heating to be taken into account in the design
of storage or disposal facilities.
3. Low-level wastes (LLW), containing radioactive materials other than those acceptable for
disposal with ordinary refuse, but not exceeding 4 GBq/te of alpha or 12 GBq/te of
beta/gamma activity.
4. Very low-level waste (VLLW), which can be safely disposed of with ordinary refuse, each
0.1m3 of material containing less than 400 kBq of beta/gamma or single items less than 40
kBq of beta/gamma.
High level wastes arise from the reprocessing of spent nuclear fuel. Although the total amount
in the UK is relatively small in volume it contains over 95% of the total activity of wastes
identified in the inventory of radioactive waste arisings in the UK. BNFL is in the process of
converting stored, liquid waste into glass cylinders to make it safer and easier to manage. The
Government’s policy is to store the vitrified waste for at least 50 years to allow for the short-
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lived radionuclides to decay and heat generation to reduce. The ultimate destination is not yet
decided but it is envisaged that it will be underground in a geologic formation.
For intermediate level wastes, the UK government continues to favour a policy of deep
disposal and NIREX has been charged with the responsibility of identifying a suitable site. At
present these wastes are stored on site in managed waste storage facilities but in the longer
term they will be encapsulated in packages that are suitable for disposal.
In the UK low-level waste is currently packaged in steel drums and disposed of in a concrete
lined shallow burial site at Drigg, near Sellafield. At Sizewell, the low activity dry wastes are
sorted and where possible incinerated. The resulting incinerator ash is packaged in drums for
disposal at Drigg. Materials unsuitable for incineration and non-combustible wastes are
compacted and/or shredded. All other low active wastes are drummed without further
processing.

7.2 Overview of Burdens
This section summarises the environmental burdens arising at each stage in the reference fuel
cycle. The most important burdens are generally the radionuclide releases to air and water,
however, other burdens are discussed as appropriate.
7.2.1 Mining and Milling
Mining and milling activities usually take place in close proximity to mining. This tends to
result in the releases from milling being included in the mining releases. Hence, they are
considered together.
As discussed in Section 7.1.1, three main production methods are used to mine uranium, in-situ
mining, underground mining and open pit mining. In in-situ mining impacts are limited to
those associated with visual intrusion (e.g. wells, pipes and roads) and releases to
groundwater, which require remediation after leaching operations cease. Atmospheric releases
are small. Typical groundwater releases are detailed in Table 7.2.
Table 7.2 - Liquid discharges from in-situ leaching
Substance
Radium
Radon
Uranium
Total α
(Total alpha outside mine area)

Emission
(meV/l)
480-550
180-550

Bq/kg
of
Uranium Oxide
7.4-34
7.4-51.8

1850-7000
1850-2960

Source: IAEA (1992)
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The emissions to air and water for underground uranium mining are illustrated by reference to
those from the Priargunsky mine, as shown in Table 7.3 and Table 7.4 respectively.
Table 7.3 - Atmospheric emissions from the Priargunsky mine in SE Siberia
Substance
Radon - 222

Emissions
MBq/y
1.8E+08

Natural Uranium

2.6E+04

Remarks
Including pit shafts, ore
processing plant, tailings and
dumps
Including all wastes from
cleared deposits, ballast ore
etc.

Source: Nuclear Electric (1996)

Table 7.4 - Liquid discharges from Priargunsky mine in SE Siberia
Substance
Uranium
Iron
Sulphates
Chlorides
Nitrates
Nitrites
Copper
Molybdenum
Zinc
Calcium

Concentration
(meV/l)
0.19
0.06
575.0
26.1
5.6
0.5
0.019
0.025
0.022
4.0

Source: Nuclear Electric (1996)

The discharges from open-pit mines is illustrated by data from the Ranger Mine, Australia.
Table 7.5 shows data for liquid discharges. Atmospheric release data were not available for
the mine.
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Table 7.5 - Liquid discharges from the Ranger Mine, Australia
Substance
Calcium
Sulphate
Copper
Zinc
Uranium

Concentration
(mg/l)
1.3
19
0.0006
0.005
0.0038

Source: Uranium Institute (1995)

The data presented above are illustrative of the levels of the emissions from the different
mining methods. However, insufficient data were available to allow the data to be used
directly to assess the occupational and public health impacts resulting from mining and milling
operations world-wide. Instead mining and milling damages have been calculated based on
data for average conditions world-wide, as assumed by UNSCEAR, 1993.
The main emissions from mill tailings are radon-222. Although this isotope has a half life of
only 92 hours, emissions continue far into the future because it has precursors (in the decay
chain from uranium) of radium-226 and thorium-230, with half lives of 1620 years and 76,500
years respectively. The releases of Rn-222 from mill tailings and the consequential collective
dose are four orders of magnitude larger than those of any other isotope (UNSCEAR, 1993).
Other isotopes have therefore been neglected.
The range of emission factors from abandoned mill tailings is rather large (UNSCEAR, 1993,
Table 21). Where mill tailings are covered, the emissions can be as low as 0.1 Bq/m 2/s. The
maximum recorded emissions are 43 Bq/m 2/s at a mine in Argentina. The world average is
currently 10 Bq/m 2/s. For ‘best guess’ calculations it is "assumed that some reasonably
impermeable cover would be used and that the radon exhalation rate from the abandoned
tailings piles would be 3 Bq/m 2/s" (UNSCEAR, 1993). This is equivalent to 1 TBq/GW.year.
The same reference indicates that possible minimum and maximum release rates are 0.02
Bq/m2/s and 20 Bq/m 2/s respectively.
UNSCEAR dose calculations are based on assumptions about the typical population densities
around uranium mines. It is assumed that populations densities are 3 per km 2 within 100 km of
the mine and 25 per km 2 in the range 100-2000 km from the mine. (No assessment of dose at
distances greater than 2000 km is undertaken by UNSCEAR, although with a half life of 92
hours, radon-222 emissions may well reach beyond this distance).
7.2.2 Conversion
Conversion and fuel fabrication (Section 7.2.4) both take place at the Springfields site.
Published discharge data relate to the total emissions from the site. For the purposes of this
study the discharges attributable to each of the different processes have been estimated (BNFL,
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1996). Atmospheric discharges arising from the production of fuel at the Springfields site are
summarised in Table 7.6 and liquid discharges in Table 7.7.
Table 7.6 - Atmospheric discharges from the conversion process for the production of fuel at
the Springfields site (1995)
Nuclide

U-234
U-235
U-238

Discharge
Attributable to
Conversion (Bq/y)
3.3E+8
1.4E+7
3.3E+8

Source: BNFL (1996)

Table 7.7 - Liquid discharges from the conversion process for the production of fuel at the
Springfields site (1995)
Nuclide

Th 230
Th 232
U 234
U 238
Np 237
Tc 99

Discharge
Attributable to
Conversion (Bq/y)
5.7E+10
1.6E+9
1.3E+10
1.3E+10
0
0

Source: BNFL (1996)

7.2.3 Enrichment
Atmospheric and liquid release data for the gas centrifuge plant operated by URENCO at
Capenhurst are shown in Table 7.8 and Table 7.9, respectively.
Table 7.8 - Atmospheric Discharges from URENCO Capenhurst Ltd (1994/1995)
Nuclide
U-234
U-235
U-238
Source: URENCO (1996)
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Table 7.9 - Liquid discharges from URENCO Capenhurst Ltd (1994/95)
Nuclide
U-234
U-238
Th-234

Discharge
(Bq/y)
3.1E+6
3.0E+6
7.4E+7

Source: URENCO (1996)

7.2.4 Fuel Fabrication
Release data for the production of oxide fuels at Springfields are summarised in Table 7.10 and
Table 7.11.
Table 7.10 - Atmospheric releases from Springfields for the process of fuel fabrication (1995)
Nuclide

Discharge (Bq/y)

U-234
U-235
U-238

5.9E+7
2.4E+6
5.9E+7

Source: BNFL (1996)

Table 7.11 - Liquid releases from Springfields for the process of fuel fabrication (1995).
Nuclide

Discharge Attributable
to Oxide fuel fabrication
(Bq/y)

Th-230
Th-232
U-234
U-238
Np-237
Tc-99

0
0
9.6E+7
9.4E+7
2.0E+8
3E+10

Source: BNFL (1996)

7.2.5 Generation
Atmospheric and liquid discharge data for the Sizewell B station are presented in Table 7.12
and Table 7.13, respectively. These are taken from the design flowsheets and are upper bound
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data based on the design characteristics. Some operational data are now available. In 1996,
the actual liquid discharges were 37.6 TBq H-3 and 19.9 GBq of other radionuclides (Nuclear
Electric, 1998). More detailed analysis of the other radionuclides showed that of the
radionuclides positively detected 80% was due to Co-58, 9% to Mn-54, 6% to Nb-95 and 4%
to Co-60. These data compare quite well with the flowsheet data given in Table 7.13.
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Table 7.12 - Sizewell B atmospheric emissions
Nuclide
Activation Products
H-3
C - 14
Na - 24
Nobel Gases
Ar - 41
Kr - 85m
Kr - 85
Kr - 87
Kr - 88
Kr - 89
Xe - 131m
Xe - 133m
Xe - 133
Xe - 135m
Xe - 135
Xe - 137
Xe - 138
Actinides
U - 237
U - 239
Np - 239
Pu - 238
Pu - 239
Pu - 240
Pu - 241
Pu - 242
Pu - 243
Am - 241
Am - 242m
Am - 242
Am - 243
Am - 244
Cm - 242
Cm - 243
Cm - 244

Discharge (Bq/y)
8.0E+12
6.0E+11
1.7E+08
1.4E+12
1.2E+12
3.2E+13
3.3E+11
2.1E+12
5.4E+09
5.3E+12
5.4E+12
7.2E+14
1.3E+12
1.8E+13
4.6E+11
8.3E+11
3.3E+07
1.3E+09
1.9E+08
5.8E+04
1.9E+04
1.9E+04
5.6E+06
6.0E+01
1.2E+07
9.1E+03
3.4E+02
7.1E+06
1.2E+03
3.8E+05
2.2E+05
8.0E+01
1.3E+04
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Table 7.12 - Sizewell B atmospheric emissions (cont.)
Nuclide
Halogens
I - 131
I - 132
I - 133
I - 134
I - 135
Br - 82
Particulates
Cr - 51
Mn - 54
Co - 58
Co - 60
Fe - 59
Zn - 65
Sr - 85
Sr - 89
Sr - 90
Rb - 88
Y - 88
Zr - 95
Nb - 95
Mo - 99
Tc - 99m
Ru - 103
Sb - 125
Cs - 134
Cs - 136
Cs - 137
Cs - 138
Ba - 140
La - 140
Ce - 139
Ce - 141
Ce - 143
Ce - 144
W - 187
Source: Nuclear Electric (1994a)
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Discharge (Bq/y)
2.4E+09
7.0E+08
2.1E+09
9.9E+07
4.1E+08
4.0E+06
5.2E+08
3.2E+08
7.5E+08
2.4E+08
9.9E+08
3.6E+09
8.8E+08
4.8E+08
4.3E+08
1.0E+10
6.2E+08
2.2E+08
2.6E+08
9.6E+08
4.0E+08
1.5E+06
1.0E+05
4.0E+08
6.4E+06
3.4E+08
6.9E+08
1.3E+07
2.2E+07
1.8E+06
1.2E+09
9.4E+05
9.0E+08
1.1E+06
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Table 7.13 - Sizewell B liquid discharges
Nuclide

Discharge (Bq/y)

H-3
C - 14
Mn - 54
Co - 58
Co - 60
Ag - 110m
Sb - 124
I - 131
Cs - 134
Cs - 137
Total Other Nuclides

4.0E+13
6.0E+10
2.8E+10
4.1E+11
3.3E+10
1.2E+09
4.2E+09
5.4E+10
7.1E+09
9.4E+09
5.5E+11

Source: Nuclear Electric (1994a)

7.2.6 Reprocessing
Table 7.14 shows annual releases to the atmosphere from THORP and Table 7.15 shows the
typical liquid discharges. Again these data are forecast discharges based on flowsheet
assessments consistent with the design capacity of 1,200 tonnes/year. The data include the
contribution from downstream waste plants (BNFL, 1993). Measured data are becoming
available for the plant, however they have not been used in this analysis since the plant is still
building up to its design capacity.
Table 7.14 - Atmospheric emissions from THORP
Nuclide

Discharge (Bq/y)

H-3
C - 14
Kr - 85
Sr - 90
Ru - 106
I - 129
Cs - 137
Pu α
Pu-241
Am 241 + Cm 242

2.2E+13
4.3E+11
3.7E+17
7.6E+09
2.4E+10
2.5E+10
1.1E+10
2.7E+08
6.8E+09
2.0E+08
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Table 7.15 - Liquid discharges from THORP
Nuclide

Discharge (Bq/y)

H-3
C - 14
Sr - 90
Zr/Nb - 95
Tc - 99
Ru - 106
I - 129
Cs - 134
Cs - 137
Cs-144
Pu α
Pu 241
Am 241

1.39E+13
4.97E+11
2.93E+12
2.40E+10
2.50E+11
1.49E+13
1.40E+12
1.09E+12
6.46E+12
3.80E+11
1.33E+11
3.96E+12
8.17E+09

7.3 Selection of Priority Pathways
The previous assessment of the French nuclear fuel cycle (European Commission, 1995e)
identified the radiological health impacts on the general public and occupational radiological
health impacts as the most important impacts. Hence, these have been selected as priority
impacts. In addition, global warming impacts arising as a result of activities during the
construction and operation of both the power plant and the reprocessing plant have been
assessed. Non-radiological occupational accidents have also been considered.
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7.4 Quantification of Impacts and Damages
7.4.1 Radiological health impacts on the general public
Modelling to establish doses to the general public has been conducted using release data for
individual reference sites (conversion, enrichment, fabrication, generation and reprocessing) in
the UK by the National Radiological Protection Board (NRPB), using their PC CREAM
software. A brief description of PC CREAM is given in Appendix VI. The discharge data
used in this assessment has been provided in Sections 7.2.2 to 7.2.6. Modelling has considered
the following priority pathways, which is consistent with the methodology used in other
ExternE implementations:
• inhalation of radioactivity in air;
• inhalation resuspended activity;
• external exposure from activity in the plume;
• external exposure from deposited activity;
• ingestion of activity in terrestrial food and;
• ingestion of activity in fish and shellfish.
The model output is presented for collective doses to the public (manSv/Bq) over an infinite
time period, i.e. until all released radionuclides have decayed. The collective public dose is
described as the total detriment over time associated with a particular practice or operation,
and is calculated by multiplying individual dose by the number of people in the affected
population. Subsequently these public doses (manSv/Bq) have been multiplied by the total
release to calculate total dose (manSv). Total dose has been used to calculate the occurrences
of fatal and non-fatal cancers and severe hereditary effects. The factors used are given in Table
7.16 for the number of occurrences per manSv of dose.
Table 7.16 - Occurrences per manSv of dose
Population Fatal Cancer Non
Cancer
Public
Workers

5.00E-02
4.00E-02

1.20E-01
1.20E-01

Fatal Severe Hereditary
Effects
0.01
0.006

Source: ICRP (1991)

Monetary damage estimates have been calculated for each effect.
summarised in Table 7.17.

The values used are
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Table 7.17 - Monetary Valuation of Radiological Impacts (0% Discount Rate)
Fatal Cancer Non Fatal Cancer Severe Hereditary Effects
VOSL (ECU) 3,140,000

450,000

3,140,000

YOLL (ECU) 2,180,000

450,000

3,140,000

Source: European Commission (1998a)

Two approaches have been used to assess the value of fatal cancers, the first uses the statistical
value of life (VOSL), the second the value of life years lost (YOLL). The latter has been
estimated by taking into account the latency of different types of cancers. A component
relating to the cost of illness has also been included. The above table has been calculated
assuming a discount rate of 0%, values at 3% and 10% have also been calculated and are used
in sensitivity analyses (Section 7.5). Full details of the approach are given in a European
Commission report (1998a).
The damage estimates calculated using PC CREAM are presented, by radionuclide as a sum
for all impacts, for each stage of the fuel cycle in Sections 7.4.1.1 to 7.4.1.5. In each case they
have been valued using the YOLL approach, however these results are compared with those
obtained using the VOSL approach in Section 7.5.
This analysis using PC Cream differs in two important ways to the earlier work on the French
nuclear fuel cycle. Firstly, the French work considered impacts over a 100,000 year period
rather than an infinite time period; secondly, the study considered global impacts, especially
important for C-14, whilst PC Cream only considers the impacts occurring within EU Member
States.
As discussed previously in Section 7.2.1, an alternative approach has been used for the
assessment of mining and milling impacts. Damages are based on the UNSCEAR assessment.
In this case, the valuation of the radiological health impacts has been made using global mean
values of VOSL and YOLL which have been calculated by weighting the values used in line
with the gross national product (GNP) of individual countries world-wide.
Table 7.18 - Monetary valuation of world-wide radiological impacts (0% discount rate)
Fatal Cancer Non Fatal Cancer Severe Hereditary Effects
VOSL (ECU) 1,026,000
450,000
1,026,000
global mean
YOLL (ECU) 1,015,000
450,000
1,026,000
global mean
The impact and damage estimates for each stage of the fuel cycle are presented in the following
sections.
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7.4.1.1 Mining & milling
The collective doses for world-wide uranium mining and milling activities have been calculated
using the UNSCEAR data, and are shown in Table 7.19. The calculations have been made
over both a 10,000 year time horizon (as used in UNSCEAR, 1993) and a 100,000 year
horizon. The latter has been undertaken as part of the sensitivity analysis and is consistent with
the time horizon used in the original French nuclear fuel cycle work (European Commission,
1995e).
Table 7.19 - Collective dose due to mining and milling
Collective dose
(in manSv/GWy)
average
minimum
maximum

T=10 000 years

T=100 000 years

146
7.4
2 058

989
35.5
14 140

These collective doses have then been valued using the GNP weighted YOLL values and the
results are presented in Table 7.20.
Table 7.20 - Public health damages due to mining and milling.
Health damages
(in mECU/kWh)
average
minimum
maximum

T=10 000 years

T=100 000 years

1.9
0.1
27

13
0.47
186

Decreasing the number of years taken into account has a significant impact on the magnitude
of these impacts. This is due to the long half-life of Th-230 (76,500 years), the precursor of
Rn-222.
At non-zero discount rates the mining and milling damage costs used are those calculated in
the original ExternE study (European Commission, 1995e) as they are more reliable than the
calculations made here, and the damages are small. Table 7.21 summarises the values for
mining and milling public health damages.
Table 7.21 - Average mining and milling public health damages
Health damages
(in mECU/kWh)
0%
3%
10%

T=10 000 years

T=100 000 years

1.9
0.003
0.0004

13
0.003
0.0004
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The occupational health impact arising during mining and milling has been calculated using an
average occupational dose of 0.7 manSv/TWh (UNSCEAR,1993), in conjunction with the
factors for workers in Table 7.16 and the GNP weighted YOLL values given in Table 7.18.
The resultant damages are given in Table 7.22.
Table 7.22 - Occupational health damages due to uranium mining and milling

Fuel Cycle Stages

Mining & Milling

Occupational
(ManSv/TWh)

Dose Occupational damages
(mECU/kWh)

0.7

0.071

7.4.1.2 Conversion and Fabrication.
The collective dose to the public for the conversion and fabrication processes are presented in
Table 7.23. They are considered together as the operations occur on the same site. Their
associated damages (calculated using the methodology detailed in Section 7.4.1) are also
presented in Table 7.23.
Table 7.23 - Conversion and fabrication processes; doses and damages
Radionuclide Total Collective Dose
(manSv)

Monetary
Damage
(mECU/kWh)

Atmospheric Marine
Th-230
Th-232
U-234
U-235
U-238

0
0
0.14405
0.0010823
0.021775

0.05529
0.001056
0.10062
0
0.09072
Total

0.001227
2.34E-05
0.005428
2.4E-05
0.002496
0.0092

7.4.1.3 Enrichment
The collective dose to the public for the enrichment process are presented in Table 7.24
together with their associated damages.
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Table 7.24 Enrichment process; doses and damages.
Radionuclide Total Collective Dose
(manSv)

Monetary Damage
(mECU/kWh)

Atmospheric Marine
Th-234
U-234
U-235
U-238

0
1.9698E-06
1.474E-08
3.0204E-07

3.97E-07
2.44E-05
0
2.17E-05
Total

8.81E-09
5.85E-07
3.27E-10
4.89E-07
1.08E-06

7.4.1.4 Generation
The collective dose to the public, as calculated by PC Cream, for the generation process are
presented in Table 7.25 together with their estimated damages.
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Table 7.25 Generation; doses and damages
Radionuclide Total Collective Dose
(manSv)

Monetary Damage
(mECU/kWh)

Atmospheric Marine
H-3
C-14
Ar-41
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Kr-85
Kr-85m
Kr-87
Kr-88
Kr-89
Rb-88
Sr-89
Sr-90
Zr-95
Nb-95
Ru-103
Ag-110m
Sb-124
Sb-125
I-131
I-132
I-133
I-134
I-135
Xe-131m
Xe-133
Xe-133m
Xe-135
Xe-135m
Xe-137
Xe-138
Cs-134
Cs-136
Cs-137
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1.29E-02
2.61E+00
1.04E-04
1.61E-06
2.43E-04
1.78E-04
1.65E-04
1.99E-03
1.76E-02
4.99E-04
3.36E-05
9.90E-06
4.20E-04
3.40E-08
4.60E-05
5.76E-05
5.59E-03
6.38E-05
2.21E-05
1.05E-07

5.20E-04
6.00E-01

1.09E-02
9.43E-02
1.12E-01

9.48E-03
3.82E-02
9.70E-08
1.10E-03
1.26E-05
1.28E-04
1.19E-06
1.19E-05
6.89E-05
3.67E-02
2.16E-04
1.73E-03
9.10E-06
4.19E-07
8.30E-06
3.96E-03
7.68E-07
3.74E-03

1.57E-04

2.77E-03
3.48E-03

0.000297
0.071215
2.3E-06
3.58E-08
0.000248
3.9E-06
0.002096
0.002533
0.000391
1.11E-05
7.45E-07
2.2E-07
9.32E-06
7.55E-10
1.02E-06
1.28E-06
0.000124
1.42E-06
4.9E-07
2.33E-09
0.00021
0.000848
2.15E-09
2.8E-05
2.8E-07
2.84E-06
2.64E-08
2.64E-07
1.53E-06
0.000815
4.79E-06
3.83E-05
2.02E-07
9.29E-09
1.84E-07
0.000149
1.7E-08
0.00016
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Table 7.25 Generation; doses and damages - Continued
Radionuclide Total Collective Dose
(manSv)
Ba-140
La-140
Ce-141
Ce-144
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Cm-242
Cm-244

Atmospheric Marine
1.95E-06
1.01E-06
3.48E-05
2.61E-04
1.57E-05
5.51E-06
5.51E-06
2.91E-05
1.68E-08
2.18E-06
6.60E-06
2.08E-06
Total

Monetary Damage
(mECU/kWh)
4.33E-08
2.25E-08
7.72E-07
5.79E-06
3.47E-07
1.22E-07
1.22E-07
6.46E-07
3.73E-10
4.85E-08
1.46E-07
4.61E-08
0.079

7.4.1.5 Reprocessing
The collective dose to the public for reprocessing are presented in Table 7.26. Using the
methodology detailed in Section 7.4.1, it has been possible to calculate damages which are also
presented in Table 7.26.
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Table 7.26 Reprocessing; doses and damages
Radionuclide Total Collective Dose
(manSv)

Monetary Damage
(mECU/kWh)

Atmospheric Marine
H-3
C-14
Kr-85
Sr-90
Zr-95
Tc-99
Ru-106
I-129
Cs-134
Cs-137
Ce-144
Pu-239
Pu-241
Am-241

2.40E-02
1.71E+00
4.58E+00
6.00E-02

8.60E-03
4.16E+00
8.56E-02
5.19E-02
2.37E-02
3.15E-02

5.84E-04
2.24E+01
2.93E-01
5.04E-05
4.50E-01
9.25E+01
4.34E+01
1.96E+00
9.69E+00
2.58E-03
3.06E+00
1.39E+00
1.39E-02

1.15E-05
0.011274
0.002143
0.000165
2.36E-08
0.000211
0.043323
0.022271
0.000919
0.004578
1.21E-06
0.001457
0.000660
2.13E-05

Total

0.087

7.4.2 Occupational Radiological Health Damages
In addition to doses to the general public from releases of radionuclides, doses are also given
to radiological workers. These doses are monitored and data for the UK nuclear industry is
publicly available. (Occupational radiological health impacts from the mining and milling
stages of the fuel cycle have already been assessed in Section 7.4.1.1). An average annual
occupational dose for the UK nuclear industry based on an average over three years, 1994 to
1996, has been calculated. This value is then used to calculate the number of occurrences of
fatal and non-fatal cancers and severe hereditary effects. These impacts are then valued as
described previously. The resultant damage estimates are summarised in Table 7.27.
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Table 7.27 Impacts and damages associated with occupational doses.

Fatal Cancer
Non-Fatal Cancer
Severe Hereditary Effect
Total

Risk factors

Impact

Damage
ECU

0.04
0.12
0.006

0.01
0.03
0.001

21420
13260
4630

mECU/kWh
0.0024
0.0015
0.0005
0.0044

These damages are relatively small compared to those from the mining and milling stages of
the fuel cycle and the public health impacts.
7.4.3 Global Warming Damages.
It is important to treat emissions of greenhouse gases in a consistent manner with other fuel
cycles. In the wind fuel cycle this resulted in the inclusion of emissions from the production of
wind turbines themselves, as this was deemed to be the most significant source of greenhouse
gases. For nuclear power it is generally considered that generation has no (or small) global
warming effects. Therefore, the most significant source of greenhouse gases is during the
construction of the nuclear power station and reprocessing plant and the associated energy
required for the production of material inputs.
A calculation has been completed based on the energy consumption of the sectors with a key
input to the construction of the power and reprocessing plant. Fuel consumption has been
established for each sector and using emissions factors from CORINAIR90, a total sectoral
emission calculated. This emission has then been divided by the total net output from that
sector to derive an emission per £ of output. The value has been used to establish the total
emissions attributable to the construction of Sizewell B and THORP. These emissions are
shown in Table 7.28. Finally these emissions have been valued using the approach of the
ExternE global warming methodology, (see Appendix V). The total damages arising from the
construction of Sizewell and THORP (taking into account that Sizewell only accounts for
2.1% of THORP’s throughput) are presented in Table 7.29.
Table 7.28 Emissions of greenhouse gases and damages in the construction of Sizewell B and
THORP
Emission (tonnes)
CH4
Sizewell B
THORP

7200
7850

N2O
230
250

CO2
3740000
4050000
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Table 7.29 Global warming damages resulting from the construction of Sizewell B and
THORP
Damage Estimates (mECU/kWh)

Low
Mid 3%
Mid 1%
High

CH4

N2O

CO2

Total

0.0009
0.0042
0.0108
0.0325

0.0007
0.0035
0.0091
0.0274

0.0418
0.1978
0.5056
1.5277

0.043
0.206
0.525
1.588

These emissions are fairly comparable to those calculated for the manufacture of materials used
in the construction of wind turbines (European Commission, 1995f).
In addition, the global warming damages associated with the CO 2 emissions from the fuel cycle
have been assessed. These CO 2 emissions are due to C-14 atmospheric emissions. C-14 is
emitted from generation and reprocessing, the emissions are:
Table 7.30 C-14 emissions from the nuclear fuel cycle
Atmospheric
Emission (Bq/y)
Generation
Reprocessing
TOTAL

6.0E+11
1.8E+10
6.18E+11

It is assumed that all C-14 is emitted as CO 2.

The mass of C-14 emitted was calculated and hence their associated range of global warming
damages. The results are presented in Table 7.31.
Table 7.31 Calculations for the emission of CO 2 from generation and reprocessing

Generation
Reprocessing
TOTAL

Damage (ECU)

Damage (mECU/kWh)

Bq/y

g/y

tonnes C/y CO2/y

Low

High

Low

High

6.00E+11
1.80E+10
6.18E+11

0.274
9.15
9.43

2.74E-07
9.15E-06
9.43E-06

3.43E-06
1.14E-04
1.18E-04

1.25E-04
4.18E-03
4.31E-03

3.91E-16
2.75E-16
6.67E-16

1.43E-14
1.01E-14
2.44E-14

9.02E-07
3.01E-05
3.10E-05

The results show that global warming damages arising directly from the C-14 emissions are
negligible in comparison to those arising during the construction of the power plant and the
reprocessing plant.
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7.4.4 Non-Radiological Occupational Health
Like all industries there are inherent dangers in operating nuclear plant. Occupational health
data are available for the accident rates per employee (CSO, 1993) both for the electricity
generation and distribution industry and for the nuclear fuel industry (Table 7.32).
Table 7.32 Annual accident rates per employee
Sector

Fatality

Electricity Generation
Nuclear Fuels Industry

Major Injury Minor Injury

6.96E-05 0.00252
0
0.00057

0.0259
0.0135

The data show higher accident rates in the electricity sector than in the nuclear fuel industry.
Both sets of rates have been used to estimate the non-radiological health impacts at Sizewell B.
Assuming there are 400 staff employed at the Sizewell B plant it is possible to use these
accident rates to estimate the average number of accidents per year and then to assign a
monetary value. It is assumed that fatalities are valued at the value of a statistical life (3.14
MECU), a major injury at 95,050 ECU and a minor injury at 6,970 ECU. These results are
presented in Table 7.33 (European Commission, 1998a).
Table 7.33 Non-radiological occupational health impact and damage estimates for fatalities,
major injuries and minor injuries.
Number
Accidents/y
Nuclear Fuels Industry

Electricity generation

Fatality
Major Injury
Minor Injury
Fatality
Major Injury
Minor Injury

0
0.226
5.414
0.028
1.009
10.35

of Damage
(mECU/kWh)
0
0.0025
0.0043
0.0100
0.0109
0.0082

It is assumed that the damages calculated using accident rates for the electricity generation and
distribution industry are the most appropriate estimates for the non-radiological health impacts
at Sizewell and these are included in the summary table below.
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7.5 Summary and Interpretation of Results
The damage costs for the nuclear fuel cycle under normal operating conditions are summarised
in Table 7.34. All costs have been calculated assuming a 0% discount rate and using the
YOLL approach. Damages are aggregated by impact category.
The results show the largest damages arise from mining and milling, generation, reprocessing
and global warming. These account for between 98% and 99% of the total damage. The
mining and milling damages arise from the emission of Rn-222 from mine tailings and the
magnitude of the impact depends largely on the management practices at the mine. The
calculations made in this assessment have been based on an ‘average mine’, as defined by
UNSCEAR, however there is concern that this data may not be representative of the true
situation. The Uranium Institute have recently commissioned a study on radon release rates
and collective doses from tailings which will assess the releases from the seven largest uranium
mines which together produce over 50% of the world’s uranium. Radon release rates will be
obtained for the close out strategies as given in the environmental impact assessments for these
mines. It is envisaged that the study will indicate that the current UNSCEAR figures are a
considerable overestimate for the main nuclear generators.
The calculations presented in Section 7.4.1.1 clearly show the importance of the time-scale
over which the mining and milling impacts are assessed. The value included in Table 7.34
represents emissions from the average UNSCEAR mine, assessed over a 10,000 year time
frame. However, if the time-frame is extended to 100,000 years, to be consistent with the
earlier French nuclear fuel cycle work (European Commission, 1995e), the damages increase
to 13 mECU/kWh.
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Table 7.34 Summary of damage estimates.
POWER GENERATION
Public health
Radiological
Accidents
Occupational health
Radiological**
Non-radiological
Major accidents
Crops
Ecosystems
Materials
Noise
Visual impacts
Global warming
Other impacts
OTHER FUEL CYCLE STAGES
Acidification
Public health
Occupational health
Ecological effects
Road damages
Global warming
low
mid 3%
mid 1%
upper

mECU/kWh

σg

0.079
nq

B

0.0044
0.029
nq
nq
nq
nq
nq
nq
negl
nq
nq
2.0
0.071
ng
nq

A
A
B
C
B
B
B
B
B
C

A
A
A
B
A
C

0.04
0.21
0.53
1.59

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
** Includes radiological impacts from other stages located in the UK.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant

Table 7.35 Sub-total damages of the nuclear fuel cycle

YOLL (VSL)

low
mid 3%
mid 1%
upper

mECU/kWh
2.2
2.4
2.7
3.8

The results for the other stages of the fuel cycle obtained using the PC Cream model also show
sensitivity to the time-frame considered. Table 7.36 compares the results obtained using PC
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Cream truncated at 500 years with those obtained assuming all radionuclides decay completely.
In general, the longer the time-frame used for the assessment the greater the uncertainties.
There is considerable uncertainty associated with many of the values used in this assessment.
Uncertainty arises at each stage in the calculations, the discharge data, the models used, the
dose-response functions used and the valuation methodologies. Further sensitivity analyses
have been undertaken to investigate the sensitivity to valuation methodologies and to discount
rate.
Table 7.36 compares the results obtained using the two different approaches to valuing life.
The results show the use of ‘years of life lost’ (YOLL) approach results in lower damages than
the use of the value of statistical life (VOSL). However, the magnitude of the difference
between the two valuation techniques is considerably less than that observed by changing the
time-frame for the assessment.
Table 7.36 - Sensitivity runs to show the effect on public health damages of using VOSL and
of truncating the modelling at 500 years
Damages (mECU/kWh)

Conversion/fuel fabrication
Enrichment
Power generation
Reprocessing

YOLL
Total
0.0092
1.08E-06
0.079
0.087

YOLL
Truncated 500y
0.0020
1.72E-07
0.039
0.063

VOSL
Total
0.011
1.35E-06
0.099
0.109

VOSL
Truncated 500y
0.0024
2.14E-07
0.049
0.079

A set of sensitivity calculations have been undertaken to assess the effect of discount rate on
the damage estimates. In the original nuclear fuel cycle assessment, damages were calculated
at 0%, 3% and 10% discount rates. Discounting takes into account the change in costs for
impacts that occur in the future. Hence, it requires an understanding of the evolution of
radionuclide discharges. In the present work these detailed profiles of future doses were not
available. However, the effect of discount rate has been estimated by assuming the same
profiles as were used in the French assessment. In addition, the monetary values used in the
YOLL approach have been recalculated at 3% and 10% discount rates. The resultant
estimates of the damages are summarised by fuel cycle stage in Table 7.37. Discounting
substantially reduces the damages estimated for long-lived radionuclides. This is clearly seen in
the results below.
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Table 7.37 - The effect of discount rate on public health damages
Damages (mECU/kWh)

Mining and milling
Conversion/fuel fabrication
Enrichment
Power generation
Reprocessing
Total

YOLL, 0% DR
1.9
0.0092
1.08E-06
0.079
0.087
2.08

YOLL, 3% DR
0.003
1.61E-04
1.23E-08
8.67E-04
4.88E-04
0.005

YOLL, 10% DR
0.0004
1.46E-05
1.15E-09
4.52E-05
2.55E-05
0.0005

While a large number of impact pathways have been assessed, some still remain unquantified.
Impacts due to transport, major accidents, waste management and impacts associated with the
construction and decommissioning of the power plant remain unassessed. In the earlier French
work these impacts together accounted for only 8% of the total damage reported, hence they
were not addressed as priority impacts in this study.
The assessment of major accidents has been further addressed since the original French study
was completed. Methodological progress has been made (European Commission, 1998e),
however insufficient information was available to be able to undertake a more rigorous
assessment within this study.
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8. BIOMASS FUEL CYCLE
The Biomass fuel cycle in the UK considers gasification of energy crops and wood wastes.
The energy crop is willow with a small amount of poplar cultivated in Short Rotation Coppice
(SRC); the wood wastes are derived from wood industries and forestry. This chapter defines
the locations, basic technologies and burdens for the UK biomass fuel cycle and presents the
results of the analysis of these burdens.

8.1 The Reference Technologies and Locations
The technologies, and many of the environmental impacts of the SRC fuel cycle, are influenced
by the location of each stage. In this assessment the reference fuel cycle is based on the
Eggborough SRC plant, which is currently being developed. At present, the development is
going through the planning process. Once planning permission has been granted, construction
work will commence and the plant should be commissioned before 2000.
This site has been selected to develop short rotation coppicing because:
• Set-aside land is available in the area to cultivate coppice;
• Electricity produced can readily be fed into the local electricity grid as the generation plant
is close to Eggborough coal fired power plant;
• There are good road and rail links; and
• There are an abundance of local sewage farms. The reference fuel cycle assumes that
sewage sludge will be applied as a fertiliser to the coppice.
Willow and poplar are the two coppice species most suited to the UK climate, because of their
resilience. The reference fuel cycle assumes several varieties of willow and a small amount of
poplar are used, primarily to reduce potential visual impact that may be associated with
monocultures, but also to reduce the risks of crop failure through the effects of disease.
Figure 8.1. shows the location of the reference fuel cycle in the UK.
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Figure 8.1. Location of the Reference Biomass Plant and Plantations .
Within the biomass to electricity fuel cycle, there are a number of stages which must be
considered, these are:
• Cultivation (including land preparation, planting and land management);
• Harvesting and processing;
• Transportation of materials and personnel;
• Storage;
• Construction and decommissioning of plant and machinery;
• Power generation;
• Disposal of wastes.
The reference technologies and locations for each of these steps is described below.
8.1.1 Cultivation
Cultivation activities include land preparation, planting and tending. Land is initially prepared
by deep ploughing. The coppice is then planted at a density of 4,000 - 20,000 trees per hectare
(0.4 - 2.0 trees per m2). Once planted, the seedlings are fertilised and treated with insecticides
and herbicides. Cultivation operations are generally carried out by diesel machinery, usually
tractors, with power output ranging between 100 and 200 horsepower (hp).
The use of fertilisers for SRC is much lower than for other agricultural crops, as research has
shown a poor dose - yield relationship with increased application (ETSU, 1994). The
operators intend to utilise treated domestic sewage sludge from local waste water treatment
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works as fertiliser. The maximum distance covered by lorries transporting sewage sludge will
be 80 km (160 km for a round trip). The number of trips has not been disclosed by the
operator. The sewage sludge is intended to act as a substitute for inorganic fertilisers while
maintaining a good nutrient balance. Typical nutrient values for sewage sludge deposited on
land are shown below:

Nutrient Value (kg/ha)

N

P2O5

K2O

44

65

3

Source: ETSU (1995a)

Concern has been expressed over the metal content of sewage sludge. It is thought that metals
might accumulate in the food chain and reduce microbial activity in the soil, reducing the soil
carbon content. Typical concentrations of heavy metals from sewage sludge in the UK are
presented in Table 8.1.
Table 8.1. Average Heavy Metal Concentration in Sewage Sludge within the UK.
Average Concentration
(mg / kg dry solid)
Arsenic
Cadmium
Chromium
Cobalt
Copper
Lead
Mercury
Molybdenum
Manganese
Nickel
Selenium
Zinc

9.2
4.9
250
8.1
330
353
3.3
8.2
240
47.8
3.3
884

Note: These figures will vary with treatment technology and location of the treatment plant.

Providing that the sludge is digested prior to application, removing odours, fly nuisance and
pathogens, treated sewage sludge has little other impact. Impact to water courses are also
avoided providing that application rates are adhered to and spreading is not conducted at
sensitive times when run-off is at a peak, e.g. in times of flood etc.
Herbicides and insecticides are used only in the first two years to allow plants to establish
themselves. Over time agrochemical use falls as the coppice becomes established, forming a
balanced habitat. No indication of herbicide and insecticide are available and possible impacts
are not discussed further here.
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8.1.2 Harvesting
Plantations of willow and poplar are harvested every two to five years, over a period of 20 to
30 years. Harvesting generally occurs in the winter to minimise nutrient loss. There are two
main methods for harvesting; bundle and forage. Bundle harvesting cuts and stacks coppice in
a trailer for chipping later. Forage harvesting cuts and chips the coppice at the time of
harvesting. The reference fuel cycle assumes bundle harvesting.
In the reference fuel cycle it is assumed that one hectare of coppice will provide 10 - 20 dry
tonnes of wood per year. The reference cycle assumes the coppice is harvested on a three year
cycle over thirty years and yields 12 oven dry tonnes per hectare per year.
8.1.3 Transport
The harvested wood is transported to storage. The reference cycle assumes that 60m3 lorries
will be used for transportation. The maximum distance that wood will have to be transported
is about 40 km (a 80 km round trip).
8.1.4 Storage
The seasonal harvesting pattern necessitates extensive storage facilities. This can include
storage at the coppice, the power plant or at a purpose built storage facility. For the reference
fuel cycle we assume coppice is stored at the field edge and then transported to the combustion
plant prior to burning.
Storage affects the moisture content of wood and therefore the calorific value. Generally there
is a linear relationship between moisture content and calorific value, a 50% moisture content
produces a 50% reduction in calorific value. By drying the wood the calorific value can be
restored. Three options exist for drying; in the field (air drying), enhanced drying using forced
air ventilation; and drying prior to combustion using waste heat from the combustion process.
The reference fuel cycle assumes forced drying prior to combustion, utilising waste heat from
the combustion process. This is expected to reduce the moisture content to 30%, and
increasing the calorific value from 10 GJ / tonne to 13.3 GJ / tonne.
8.1.5 Combustion
Almost all biomass power plants to date operate on a steam cycle; wood is burned in a boiler
and the heat used to raise steam. These plants typically have a low efficiency (around 20%).
With increasing interest in biomass conversion, more efficient steam combustion plant have
become available, with modern plant efficiency of around 30%.
New plants which use gasification or pyrolysis are being developed (see Figure 8.2). In
particular gasification plants are now becoming commercially available. Gasification typically
results in efficiencies of up to 35%. For a new build plant in the UK, gasification technology is
assumed, in order to secure Non Fossil Fuel Obligation (NFFO) funding.
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Ligno-Cellulose crops, e.g. wood.

Combustion
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Gasification
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Figure 8.2 Combustion Alternatives for SRC .
Gasification plant partially burn biomass to produce a combustible gas, comprising mainly of
carbon monoxide (CO), hydrogen, methane and carbon dioxide (CO 2). This low calorific gas
may then be burnt in either gas engines or gas turbines.
The gasification process employed is complex. The plant consists of :
• Air blown gasifier,
• Tar cracker,
• Gas cooler,
• Gas filter,
• Gas scrubber,
• Ash removal system,
• Effluent treatment plant, and
• Ancillaries including; sand and dolomite systems, inert gas generator and a gas flare.
Figure 8.3 provides a schematic of the process.
The gasifier is a insulated, refractory lined, cylindrical pressure vessel. Chipped wood is fed
from high level storage bins, with process air fed continuously into the lower part of the
gasifier, along with batches of sand which acts as the fluidising medium. The temperature in the
gasifier is sustained through partial combustion of wood, but must be prevented from
becoming too hot, as this causes the ash to sinter.

Gas leaving the gasifier will contain some ash, sand and wood char. These solids are separated
using a cyclone and returned to the bottom of the gasifier. Tars are not removed at this stage;
instead they pass onto the tar cracker. The tar cracker is similar to the gasification vessel,
except dolomite and air is used as the fluidising medium. Again partial combustion maintains
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the temperature in the cracker unit. Cyclones are used to remove solids from the gas stream
leaving the cracker.

Stack Emissions

Dryer

Fuel

Gasifier

Gas
Purification

Cracker
Gas
Cooling

Flue
Gas

Heat R ecovery &
Steam Generation

Waste heat
turbine / boiler

Gas
Turbine

Gas
Compressor

Air

Electricity

Figure 8.3 Schematic of the Gasification Process.
At this point, the gas consists of methane, hydrogen, CO, CO 2, nitrogen, water vapour,
particles and trace levels of heavier hydrocarbons. This gas is cooled then filtered through a
bag filter to remove particles.
Prior to combustion, the gas is scrubbed to remove water vapour and to condense the small
fraction of hydrocarbons which otherwise would condense in the gas compressor. Finally
before entering the gas turbine an acidic solution is applied to the gas to remove ammonia and
other trace alkali compounds.
The gas is then split into two streams. The main stream passes to a gas compressor, the other
to the waste heat boiler (power from this is used to dry the coppice prior to combustion). The
gas compressor feeds gas at a steady flow to the gas turbine. The turbine used has been
designed to operate on dual fuels - distillate fuels and natural gas. The turbine is thus modified
to accommodate lower calorific gas.
Wood produces very little ash when burned, typically only around 1%. This ash has high
phosphate and potash content and can be returned to the coppice for use as a fertiliser.
However, this requires an additional transportation stage, and as the ash residue is deficient in
nitrogen and organic content, this practice is rare. The reference fuel cycle assumes ash
residues are landfilled.
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The technical characteristics of the Eggborough SRC generating station are shown in Table
8.2.
Table 8.2. Technical Characteristics of Eggborough SRC Generating Station.
Eggborough SRC Generating Plant
Gross electricity capacity (MW)
Electricity sent out (MW)
Thermal efficiency (%)
Full load hours per year (hours)
Annual Generation (GWh / year)
Fuel Specification
Net Calorific Value (MJ / Kg)
Emissions (mg / Nm 3)
CO2
SO2
NOx
TSP
VOC
Stack Height(m)
Stack Diameter (m)
Flue Gas volume stream (full load) (Nm 3 / h)
Flue Gas Temperature (o K)
Ash Output (tonnes per year)
Bottom Ash
Fly Ash

10
8
30.5
7,446
59.57
13.3
0*
3.1
24.6
4.66
20
41
1.35
77,295
345
936
2,080

* Combustion emissions are assumed to be CO 2 neutral.

The reference technology requires 41,500 oven dry tonnes of wood per year. The operators
anticipate that a minimum of 80% of this will be harvested annually from 2,000 hectares of
coppice. The remainder will come from wood waste which will be transported from various
sources, which have as yet been undefined.

8.2 Environmental Burdens
It is generally accepted that the major environmental burdens of electricity generation result
from the generation process. However, in a production chain with so many individual stages,
there are many other potential burdens which must be considered. Thus, all the stages have
been analysed. There are four main categories of burdens arising from the biomass fuel cycle:
• Emissions to air;
• Emissions to water;
• Solid wastes;
• Other burdens (noise, occupational accidents, etc.).
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The identification and quantification of these burdens are discussed in turn below.
8.2.1 Emissions to Air
Atmospheric emissions data are drawn from measurements on relevant industrial plants,
calculations based on laboratory empirical studies and simple models of combustion and other
processes. Most of the emissions to air result directly from combustion, with total emissions
dominated by emissions during the generation stage. However, emissions from cultivation,
harvesting, combustion and transport have also been considered. Atmospheric emissions are
described below in terms of emissions per unit of electricity (kWh) sent out, for each stage of
the fuel cycle.
Cultivation
Atmospheric emissions from cultivation machinery are shown in Table 8.3. The emissions are
calculated using diesel consumption figures from Matthews et al, (1994), and emissions factors
for a multipurpose tractor. It is assumed that 4.7 kg of diesel is required to harvest one tonne
of coppice. These atmospheric emissions are converted to kWh, assuming a calorific value of
13.3 GJ per tonne and a generating efficiency of 30.5%.
Table 8.3. Total Emissions Associated with Cultivation.
Gas

Emissions (g/kg diesel)

Emissions (g/kWh)

3208.33
3.00
54.17
7.08
25.00
4.17

12.1
0.011
0.205
0.026
0.094
0.015

CO2
SO2
NOx
Particulates
CO
VOC’s
Source: Matthews et al (1994); IEA (1998).

These emissions are as significant as those for generation, therefore impacts and damages have
been evaluated using EcoSense.
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Transport
Energy use in the transportation of energy crops is considerable because of the low energy
content of these fuels. The exact emissions involved are determined by the total distance
travelled, the vehicle size, the fuel mix and the payload. The emissions for the UK reference
fuel cycle, with transport by large heavy goods vehicles, are shown in Table 8.4, and are based
on the following assumptions:
• a distance of 40 km (i.e. a 80 km round-trip) from the collection point to the generation
plant. A typical payload of 20 tonnes is used with an average transport speed of 50
km/hour.
• that only one journey occurs to the generation plant. This may slightly underestimate the
emissions from loading and unloading activities, though these are unlikely to be large.
• the net energy output from 1 tonne of energy crop is 1,127 kWh, based on a generating
efficiency of 30.5% and an energy content of 13.3 GJ/tonne.
Table 8.4. Transport Emissions from Collection and Transportation.
Emissions
CO2
CO
HC
NOx
SO2
Particulates

g/km
882
3.72
1.36
11.25
1.19
0.73

g/kWh
3.13
0.01
0.004
0.04
0.004
0.003

Source: Emission factors (g/km) from NAEI (1997).

When considered alongside emissions from cultivation and combustion, emissions associated
with transport are small, therefore no further evaluation has been conducted.
Generation
Table 8.5 summarises atmospheric emissions from the generation process. These emissions are
based on measurement of a gasification technology in Greece and are used in preference to
those estimates for the UK fuel cycle, as the UK estimates are based on permissible, not actual
emissions.
Special consideration needs to be given to carbon dioxide. Biomass combustion is considered
a carbon dioxide neutral process, as the coppice sequestrates the same amount of carbon
dioxide as emitted through combustion.
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Table 8.5. Emissions from Combustion.
Emissions (mg / Nm3)
SO2
NOx
TSP
CO2
VOC

3.1
24.6
4.66
0
20

Emission (g/kWh)
0.03
0.24
0.05
0
0.19

Source: Emissions (mg/Nm 3) from NTUA (1995) & Oak Ridge National Laboratory (1992).

8.2.2 Emissions to Water
Emissions to water arise from two stages of the biomass fuel cycle; coppice cultivation and
power generation, each are considered in turn.
Cultivation
Cultivation requires the application of fertiliser, herbicides and insecticides. Each can have
potential effects on surface and groundwaters. The reference fuel cycle assumes treated
sewage sludge is used as a substitute for fertiliser on the coppice.
In surface waters, dissolved nitrogen from sludge can result in eutrophication, while the
organic content of sludge can increase the Biological Oxygen Demand (BOD). Eutrophication
can result in accelerated growth of aquatic plants, due to nutrient loading, reducing oxygen
available in the water. Similarly, increasing BOD results in an increase in bacteria feeding on
the organic contaminants and again can result in reduced oxygen levels. Both effects can
therefore affect aquatic ecosystems. However, these impacts can be minimised by preventing
the application of sludge during insensitive periods of the year, i.e. adopting good management
practices.
The impact of sewage sludge disposal on land (and possible contamination of groundwater) is
more unclear. Much of the area surrounding the reference plant is underlain by Sherwood
Sandstone, which is extensively used as an aquifer for public drinking water supply and is also
a Nitrate Vulnerable Zone (under EC Directive 91/676/EEC - The Protection of Waters
Against Pollution Caused By Nitrates from Agricultural Sources). In the event of groundwater
contamination from sewage sludge, the costs of cleaning water for drinking would rise.
However, contamination is unlikely as the hydraulic gradient between the overlying glacial drift
and underlying sandstone is small.
Herbicides and insecticides are also used. These are applied early in the life of the coppice to
assist in establishment. As with sewage sludge, pesticides could potentially contaminate
ground and surface waters. However, no data concerning application are available and it is
thought the risk of such contamination is low.
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Power generation
Effluent from scrubbing and other processes are likely to be emitted to foul water drains and
from there into a local river. Emissions to the river are controlled by the Environment Agency,
and limits set according to the carrying capacity, ecological sensitivity and volume of the
receiving body. An effluent treatment works in the project will be installed as part of the
development. As yet no discharge limits have been established so no data are presented for the
generation plant. As no data are available, no impact assessment has been conducted, though
impacts are likely to be low.
8.2.3 Solid Wastes
There are two sources of solid waste, both from the combustion process, namely:
• Bottom ash, from the base of the gasifier, and;
• Fly ash, from the bag filters.
The arisings from the reference plant are 936 tonnes per year of bottom ash from the cyclones
attached to the gasifier and tar cracker and 2,080 tonnes per year of fly ash from the bag filter.
For the reference fuel cycle, we assume this ash will be disposed off site to local landfills, in
accordance with current best practice. There are no plans to apply ash to the coppice, despite
its potential use as a fertiliser.
8.2.4 Other Impacts
Noise
Unwanted anthropogenic sound is generally recognised as a disbenefit. Noise will occur at all
stages of the fuel cycle, but the impacts on amenity are likely to be rather unimportant in
remote locations. For this fuel cycle, impacts from the power station are most significant and
considered to be of the highest priority.
It is assumed that any noise generated is controlled to levels thought to be acceptable on the
basis of existing law and practice, rather than technically achievable limits. The reference point
is usually the nearest and most severely affected dwelling. During construction, noise impacts
at the nearest dwelling are controlled in accordance with current advice to local planning
authorities (the relevant regulators for noise) under the Control of Pollution Act (1974). Local
flexibility is allowed to take account of existing background conditions and location.
The operators consider that there is likely to be a 2 dB (A) increase in noise as a consequence
of the operation of the plant. Given the sparsely inhabited nature of the area around the plant,
it is likely that the effect will be low.
Visual intrusion
The visual impact of the coppice is minimised in accordance with the best practice guidelines
on cultivation of SRC (Yorkshire Environmental, 1996a). It is generally believed that the
impact of coppice is minimal, often enhancing views by increasing diversity.
The planned power plant is dominated by the stack (41m) and the gasifier building (30m).
These are insignificant when considered in the context of the surrounding landscape which is
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dominated by the bulk of Eggborough coal fired power station (2000 MW), and a large area
used to store imported cars.
No further attempt at assessment is made due to scarcity of data and the relevance of possible
monetary values to this specific case.
Employment
Cultivation and harvesting of the energy crops can lead to increased employment in rural areas.
Construction of the combustion plant is likely to offer increased employment for a short
period; operation of the plant will offer a limited amount of permanent employment. It is
estimated that 5 people will be employed at the coppices and 20 at the combustion plant.
Soil Erosion
The rate of soil erosion from managed lands depends on climate (particularly rainfall),
topography, soil characteristics and the crop under cultivation. There are few measurements of
soil erosion from SRC plantations, but it is thought that erosion will be highest in the first two
years after the crop is planted, and then decrease in subsequent years.
Erosion rates for coppices vary widely, with estimates from 0.01 to 0.02 tonnes per hectare per
year for sorghum and cynara plantations in Greece to between 0.6 and 3.0 tonnes per hectare
per year for hardwood coppicing in the USA. Over the lifetime of the coppice, erosion rates
are much lower than for arable land used for annual crops, but higher than for established
woodland. In some locations, where land has become degraded, then the establishment of
energy crop plantations may help to stabilise soils. Therefore impacts on soil erosion will
depend on the type of land use which the energy crop displaces.
The impacts of soil erosion and runoff of soil into streams and rivers can include increased
water turbidity, stream scouring, siltation and increased concentrations of nutrients or
pesticides. Most of the soil removed by erosion is expected to settle in stream beds and
reservoirs; where it could lead to an increased need for dredging, clog drainage ditches and
have an impact on flood control measures. Soil remaining suspended in the water could
increase its turbidity, which in the case of surface waters used for public water supply could
increase the amount of water treatment needed. The impact on aquatic fauna will depend on
the stream size and existing characteristics, but may be adverse for small clear-water streams,
where suspended sediment concentrations can be a long term stress on aquatic organisms.
No data are available on this impact and therefore no impact assessment is conducted.
Biodiversity and habitat
The impact of energy crops on habitat and biodiversity depends not only on the previous land
use and cultivation, but also on the nature of the energy crop. Plantations of woody coppiced
crops (which are perennial) allow ground vegetation to develop and so there is some floral
diversity and a habitat for insects and birds. The requirement for margins at the edges of fields
and wide paths through plots to allow harvesting also provides a diversity of habitats. If parts
of a site are harvested in rotation then there a variety of habitats available, and at least on part
of the site, there is always available shelter for wildlife.
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In the UK, research on willow and poplar coppices has shown that SRC can provide an
attractive habitat for a variety of birds, particularly many migratory songbirds (ETSU, 1994).
A study of willow plantations, which replaced open farmland in Sweden, found an increase in
the number of bird species, and for some species an increase in their abundance as well (ETSU,
1994).
In summary, establishing an SRC plantation in an area formerly under intensive agriculture e.g.
for cereal crops, should increase wildlife diversity. However if the plantation displaced
permanent woodlands or other environmentally sensitive habitats, then impacts are likely to be
negative. Guidelines for those setting up plantations can help to ensure that they are located in
appropriate areas and that they are designed to maximise, as far as possible, habitat diversity.
The reference fuel cycle assumes best practice is followed and therefore impacts on
biodiversity are negligible.
8.2.4.1 Impacts from plant construction
The construction phase (excavation, concreting, mechanical and electrical work, etc.) is a
potential source of many environmental burdens. The impacts will be equivalent to other civil
engineering projects of a similar scale and include:
• Atmospheric emissions from all plant and equipment used on site;
• Noise generated from work-site vehicles and equipment, which may disturb local residents
and ecosystems;
• Increased visual intrusion from site activities; and
• Emissions from road transport of personnel and material.
It is likely that these emissions / impacts will be small when compared to the subsequent
operational phase of the plant and construction impacts have not been assessed further.

8.3 Selection of Priority Impacts
The previous section details the many potential impacts for the biomass fuel cycle. For the
analysis, priority has been given to those impacts likely to lead to the most significant
externalities. This selection of priority impacts was undertaken by literature review, discussion
with relevant experts, and internal discussion. It was concluded that the most serious effects
were expected to include those related to human health and the impacts of atmospheric
emissions from the generation plant and cultivation activities. On this basis, priorities were
established as follows:
1. Effects of atmospheric pollution on human health;
2. Occupational and public accidents;
3. Effects of atmospheric pollution on materials;
4. Effects of atmospheric pollution on crops;
5. Effects of atmospheric pollution on forests;
6. Effects of atmospheric pollution on freshwater fisheries;
7. Effects of atmospheric pollution on unmanaged ecosystems;
8. Impacts of global warming;
9. Impacts of noise.
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The present assessment of the UK biomass fuel cycle has focused on these priority impacts.

8.4 Quantification of Impacts and Damages
The complete list of the impacts assessed and the external costs calculated for the biomass fuel
cycle are presented in detail in Appendix XIV, Table XIV.3. These are discussed by impact
category in the following sections.
8.4.1 Atmospheric emissions
The EcoSense model (version 2) was used to calculate impacts and damages from atmospheric
emissions (NO x, SO2 and particulates) from cultivation and from power generation. Impact
categories considered are; crops; ecosystems; forests; human health; and materials.
The results show:
• Public health impacts dominate the damages for both cultivation emissions and power
generation, with mortality damages exceeding morbidity damages. For power generation,
the damages from nitrate aerosols (secondary particulates formed from NO x emissions) are
greater than for primary particulates; damages from SO 2 and from sulphates (secondary
particulates from SO 2 emissions) are low. A similar pattern is also seen for the emissions
from cultivation.
• Materials damages are low in both cases. The main impacts are to galvanised steel and
paint (due to the large stock at risk of these materials). Impacts arise from acidic
deposition.
• Crop damages are low and for rye there is some beneficial effect.
• Forest damages are low, due to the low emissions of acidic gases.
• No comparison of ecosystems to other impact categories can be made because damages
have not been monetised. Only a few of the impacts appear important, the largest being
Relative Deposition Weight of Nitrogen in the ecosystem areas (RDW n ecosystem area).
8.4.2 Occupational Health Effects
Occupational accidents have been calculated based on historical data in the relevant sectors
(the production and distribution of electricity, gas and other forms of energy, and forestry).
The accident categories are classified into fatalities, major and minor injuries. These are shown
in Appendix XIV Tables XIV.2 and XIV.3.
Based on the accident rates above, and the estimated staff numbers in cultivation and power
plant operation, the number of occupational accidents in the reference fuel cycle have been
calculated. The incidence and valuation of these accidents are shown in Appendix XIV, Table
XIV.3.
The resulting monetary values are lower than from atmospheric emissions. In both ‘sector’
cases, fatalities produce the largest damage and minor injuries the smallest. The total
occupational health damage (calculated as the sum of damages) is 0.00073 mECU/kWh.
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8.4.3 Noise
The planned generation plant at Eggborough is expected to increase ambient noise by about 2
dB (A) at the nearest house (which is positioned 300 metres from the site boundary). Noise
impacts have been calculated using the methodology previously used in the ExternE coal fuel
cycle (European Commission, 1995c).
Population data for the District of Selby, where the Eggborough plant is located, has an
average population density is 130 people per km 2. This is equivalent to 50 houses per km 2
assuming that there are 2.6 people per household. Given changes in noise levels are likely to
be imperceptible beyond 600 m, a preliminary value of 112 household weighted dB units has
been estimated for the plant.
Using a NDSI (noise depreciation sensitivity index) which relates a 1 dB(A) increase in noise
levels to a 0.9% decrease in house prices, and assuming a discount rate of 8% and an average
property value of £60,000, the annualised value of housing is £5,040/house/year. Therefore
the loss of amenity is equivalent to £100.8/house/year, or £5644.8 total. Assuming that the
total power output is 59.57 GWh/year, this is equivalent to 0.01p/kWh or 0.1 mECU/kWh
(assuming an exchange rate of 1.25 ECU to £1).
8.4.4 Global Warming
It is important to treat emissions of greenhouse gases in a consistent manner with other fuel
cycles, by examining the most significant source of emissions. In the wind fuel cycle this
resulted in the inclusion of emissions from the production of wind turbines themselves, as this
was deemed to be the most significant source of greenhouse gases. For biomass, the most
significant source of greenhouse gases is during cultivation of the coppice and transport of the
coppice from the field to the power plant.
The results of the assessment of greenhouse gas emissions are presented in Table 8.6.
Damages have been calculated using the approach recommended by the ExternE global
warming task group (Appendix V). The estimated damages are between 0.05 and 1.79
mECU/kWh.

8.5 Summary and Interpretation of Results
The summary results for the reference biomass fuel cycle are presented in Tables 8.6 to 8.8
below. They show externalities ranging from 5.1 - 7.2 mECU/kWh. The major externalities
are associated with the power generation and cultivation stages of the fuel cycle.
The range of uncertainty associated with these values is indicated by the geometric standard
deviation (σg) confidence bands. These represent:
A = high confidence, corresponding to σg = 2.5 to 4;
B = medium confidence, corresponding to σg = 4 to 6;
C = low confidence, corresponding to σg = 6 to 12;
A full description of the estimation of these uncertainty ratings is given in Appendix VIII.
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Table 8.6. Damages of the Biomass Fuel Cycle.

POWER GENERATION
Public health
Mortality*- YOLL (VSL)
of which TSP
SO2
NOx
NOx (via ozone)
Morbidity
of which TSP, SO2, NOx, CO
NOx (via ozone)
Accidents
Occupational health
Major accidents
Crops
of which SO2
NOx (via ozone)
Ecosystems
Materials
Noise
Visual impacts
Global warming
OTHER FUEL CYCLE STAGES
Public health
Occupational health
Ecological effects
Crops
Materials
Global warming
low
mid 3%
mid 1%
high

mECU/kWh

σg

2.32(11.52)
0.86(3.2)
1.42e-01(0.73)
1.22(4.49)
0.10(3.12)
0.39
0.21
0.18
nq
4.9E-04
nq
0.08
1.3E-03
0.08
nq
1.17e-02
0.1
nq
0.0

B

2.04 (8.92)
2.5e-4
nq
0.07
4.5E-03

A
A
B

A
B
A
A
B

B
B

C

A
C

0.06
0.27
0.70
2.12

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant.

Table 8.7. Sub-Total Damages of the Biomass Fuel Cycle.

YOLL (VSL)

low
mid 3%
mid 1%
high

mECU/kWh
5.1 (21)
5.3 (21)
5.7 (22)
7.2 (23)
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Table 8.8. Damages by Pollutant.

SO2 *- YOLL (VSL)
NOx *- YOLL (VSL)
PM10 *- YOLL (VSL)
NOx (via ozone)
CO2

ECU / t of pollutant
7033.3 (26,667)
5750 (17917)
19,933 (71,111)
1500 (14080)
3.8-139

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.

The results show:
• the largest damages arise from atmospheric emissions from generation, accounting for
between 57 and 40% of total damage,
• atmospheric emissions from cultivation and transportation account for between 43 and 59%
of total damage,
• occupational health impacts and noise impacts are low.
There are environmental burdens that have not been assessed, these relate to water emissions,
wastes and some amenity impacts. These burdens have not been assessed fully due to either a
lack of data, a lack of a common assessment methodology or due to lack of suitable economic
values for end points (especially for amenity effects). Provided good practice is followed with
respect to coppice activities and operation, these are likely to be very low.
Overall, the dominant externalities from the biomass fuel cycle are impacts on public health
from emissions of NO x and particulates during power plant operation and to a lesser extent
from upstream activities associated with cultivation. The total damage for these pollutants is
significantly less than for coal, oil and Orimulsion but to a lesser extent natural gas. In all
cases, the global warming impacts from biomass are very much lower than all fossil fuels, even
when all fuel cycle stages are considered.

153

UK National Implementation

154

Wind Fuel Cycle

9. WIND FUEL CYCLE
The wind fuel cycle was assessed in the previous phase of the ExternE project and has been
discussed in detail in the Wind Fuel Cycle report (European Commission, 1995f). The fuel
cycle has been updated in line with recent methodological progress and is summarised in the
following sections.

9.1 Reference Technologies and Locations
The reference fuel cycle is based on the largest UK wind farm at Penrhyddlan and
Llidiartywaun, Powys in Central Wales. This is in an upland area, with a relatively low
population density, typical of the upland areas of Wales, Scotland and northern England.
Although the area is farmed, the agriculture is not intensive, being predominantly sheep
rearing. There is no particular landscape designation constraining development, although the
site lies in an area proposed, but not adopted, as an AONB (Landscape Practice, 1991).
The wind farm is located in Montgomeryshire District, 10 km from the English border, in the
Rhyddywel Hills, which rise east of the Severn valley to 550 m above sea level. A proposed
long distance footpath, Glyndwr's Way, passes round the southern edge of the site. The
Shropshire Hills AONB lies 12 km to the east. The nearest National Parks are Snowdonia and
the Brecon Beacons which are 25 and 32 km away respectively. Comparison with the
Cambrian Mountains which lie on the opposite side of the Severn Valley indicates that the
landscape quality is of "regional importance" (Landscape Practice, 1991).
The development is actually two separate wind farms of 42 and 61 turbines, Penrhyddlan and
Llidiartywaun respectively. However, at the nearest point the two wind farms are only 1 km
apart, and therefore they can be treated as a single entity for the purposes of environmental
assessment.
The wind farm was developed by Ecogen Ltd, a company specialising in wind farm
development in the UK, but equity has now been sold to Scottish Power plc and a Japanese
company, Tomen. With a total of 103 turbines it is the largest wind farm in the UK, occupying
more 300 hectares. The turbines are arranged in short rows (of 3 to 10 machines) with typical
spacings of 100 m between machines and 300 m between rows.
The wind farm site itself is unpopulated, but scattered dwellings under the western edge of the
hillside lie closer than the nearest village, some as close as 1 km from the nearest turbine. The
small village of Llandinam (population 853) lies 3 km from the northern edge of the site.
Larger settlements in the Severn valley, such as Newtown (population 9269) and Llanidloes
(population 2574) are at distances of more than 10 km. The main A470(T) road passes 2 km
from the site along the Severn Valley.
The turbines are Mitsubishi MWT 250 machines, each with three glass reinforced plastic
blades, and a rated capacity of 300 kW, giving a wind farm total capacity of 30.9 MW. The
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turbines operate at wind speeds of between 5 m/s and 24 m/s. The average wind speed at the
site is 7.56 m/s, and the expected annual load factor is 31% (Gildert, 1993). Each turbine is
supported on a 30 m tower with a rotor diameter of 28 m.
In this case, the electrical connection from each turbine is underground to the western edge of
the site, from where two pole-mounted 33 kV lines run down a valley to the foot of the
plateau. Here electricity is fed into the pre-existing grid.

9.2 Overview of Burdens
9.2.1 Noise
Within the wind fuel cycle and the life cycle of wind turbines, there are a variety of noise
sources, including:
• Operating wind turbines;
• Construction of the turbines at the wind farm site;
• Turbine manufacturing processes;
• Transportation systems used in turbine delivery and maintenance;
• Any overhead conductors used to connect turbines to the grid.
This analysis focused on the noise from the operating turbines. Some of the other noise sources
will be louder to some affected individuals for some of the time in some locations. However,
the noise from the turbines affects a much larger area over a much longer time, and therefore is
the dominant noise problem.
Noise has been a well identified potential problem for wind turbines since the early
development of modern designs. The first major programme of deployment of modern wind
turbines, following the oil crisis of 1973, took place in California. Wind farms were
constructed in some of the passes through the Coastal Range. In general, these were in
uninhabited areas, and therefore the problem of noise was rather limited. Experience more
relevant to European locations can be gained from densely populated European countries
which have deployed wind turbines more quickly than the UK, notably Denmark. A range of
studies has been undertaken in the UK to understand the problem over several years (for
example Clarke, 1988; MKDC, 1989; ISVR, 1990; ETSU, 1992). This study draws on a
recent research project undertaken at ETSU (Gildert, 1993) which is believed to be the first
attempt to follow the noise impact through to a full monetary evaluation.
The noise impact pathway is shown in Figure 9.1. The methodology takes into consideration
the dispersion and abatement of sound, tonality, intermittency, time of day, the interaction with
background noise and human attitudes to noise. Full details of each stage of the analysis are
provided in the wind fuel cycle report (European Commission, 1995f).
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MODELS

PATHWAY STAGE

REFERENCE ENVIRONMENT
CHARACTERISTICS

Turbine type

Turbine noise
characteristics

Dispersion model
Load factor

Emissions of sound

Observed level of
turbine noise
and total noise

House locations
Turbine locations
Atmospheric conditions
Physical barriers
Background noise level

Noise sensitivity
Time of day
Tonality

Perception of
noise

Background noise level
Existing amenity level
Socio-economic factors

Hedonic prices

Valuation of
noise

Attitudes to wind energy

Figure 4.1 Impact Pathway for Wind Turbine Noise.
The noise output of wind turbines is specified in dB(A) relative to 1 pW of sound energy. The
turbines used at Penrhyddlan and Llidiartywaun are Mitsubishi MWT 250s. No noise design
characteristic is available. The Environmental Statement noise assessment, written before the
choice of machine was finalised, was done on the basis of Bonus Combi machines rather than
Mitsubishi MWT 250s (McKenzie, 1991). The Mitsubishi turbines are similar in power rating
and design to Vestas Windane 34 turbines which are used at some other UK wind farms and
which have noise emissions of approximately 97 dB(A), (Gildert, 1993). This value is used in
this analysis. The error introduced by this assumption will be small, assuming the machines are
well manufactured, constructed and maintained.
To assess the noise impact, it is also necessary to know the fraction of time the wind farm is
operating. No reduction is made for non-availability due to technical failure, as this is expected
to be less than 5% for modern turbines (Grubb, 1992). On the basis of the wind regimes at the
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site and turbine "cut in" wind speeds of 4.5 m/s, it is estimated that operating time will be
approximately 70% (Gildert, 1993).
The background noise level used for the site is 37 dB(A). This is derived from the average of
the lowest levels at each monitoring site reported for conditions above the "cut in" wind speed
(McKenzie, 1991).
9.2.2 Visual Amenity
The impact of wind farms on visual amenity is one of the most controversial and difficult to
quantify impacts of wind energy. Despite the care exercised over choice of sites and
technologies, the level of opposition to the visual effects of wind farms has been significant.
The "visual burden" is the size, shape, form and number of the turbines themselves. The
"objective impact" of this is the visual image of the turbines to observers in line of sight from
the wind farm. This depends on the land form and visibility, which define the "zone of visual
intrusion" and the number of observers in that zone. In this context observers may be
residents, workers, through travellers or visitors.
The "perceived impact" will depend on attitudes to the existing land form and scenery, the
changes to these due to the introduction of wind turbines, and on more general attitudes to
wind energy. The valuation of the impact will depend on the same social attitudes and other
socio-economic factors.
Figure 9.2 shows the range of factors which need to be taken into account in an idealised
model of visual amenity externalities. In practice the data and models do not exist to allow all
these influences to be considered. However, this has been used as the basis for the assessment
of the visual amenity impacts for the wind fuel cycle. Full details of the data and models used
are given in the wind fuel cycle report (European Commission, 1995f).
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PATHWAY STAGE

REFERENCE ENVIRONMENT
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Visual
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Landscape
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method

Attitudes to wind
Socio-economic
factors
Valuation

Figure 9.2 Impact Pathway for Visual Intrusion.
The dominant visual effect is the intrusion of the turbines and associated equipment. The
flicker effect of direct sunlight passing through the rotating blades has potential impacts but
only over a very restricted area. Furthermore, counter-measures are relatively straightforward
and therefore the impacts are negligible.
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9.2.3 Atmospheric Emissions
A life cycle analysis approach is used to estimate the emissions of the main atmospheric
pollutants due to a wind turbine. It is shown that the dominant stages of the life cycle are the
processing of the main energy intensive materials (steel, copper, glass and cement) and the
subsequent engineering processes. For the materials processing, sub-sectoral energy and
emissions data have been applied to the weights of the relevant materials used in a turbine. For
the engineering sector, the number of processes is too large to adopt this approach and an
alternative based on energy use and emissions per unit of added value is used. In both cases
detailed and up to date analyses of UK industrial energy use and emissions have been used.
The results are shown in Table 9.1.
Table 9.1 Emissions due to a Typical Wind Turbine
Carbon dioxide Sulphur dioxide Nitrogen oxides
Emissions (in tonnes per turbine)
Emissions (in g/kWh)

190
9.1

1.8
0.087

0.8
0.036

These emissions of carbon dioxide, sulphur dioxide and oxides of nitrogen are 1.0%, 7.9% and
1.7% respectively of the corresponding values for a clean coal fuel cycle (European
Commission, 1995c). The relatively high value for sulphur dioxide results from the assumption
that electricity used in the manufacture of wind turbines is drawn from the UK system, in
which the dominant generation source is coal fired and without desulphurisation.
9.2.4 Accidents
Occupational and public accidents are the main cause of impacts to human health from the
wind fuel cycle. Four types of accident were selected for detailed examination based on the
cost (and therefore presumably human labour) involved and the known "riskiness" of the
activity. The majority of the cost associated with wind turbines is in the manufacture of the
components, followed by the on-site construction costs. Operation and maintenance of the
turbines over their lifetime constitute a lower, but not negligible cost. In general,
manufacturing is a relative safe occupation in European countries, but construction and
transportation have higher accident rates. On this basis, the following priorities were selected
for examination:
• Occupational health impacts in manufacturing;
• Occupational health impacts in construction;
• Public and occupational health impacts due to turbine operation;
• Public health impacts due to personal transport in maintenance activities.
Other impacts are expected to be significantly smaller than these.
In general, it is difficult to obtain data which are directly relevant to accidents due to the
activities distinctive of the wind turbine life cycle. Accident data for factories involved in
turbine manufacture are not separately reported, and accidents in wind farm construction are
not available. In addition, the relative novelty of the UK wind industry would make any

160

Wind Fuel Cycle
statistics in this field too sparse to be statistically significant. Hence statistics from whole
industrial sectors (e.g. engineering and construction) were used to provide indicators on the
likely accidents resulting from wind turbine life cycles. This is consistent with the approach
taken for accidents in other fuel cycles (e.g. European Commission, 1995b). The only
exception is the health risks due to turbine operations themselves, for which it is obvious that
there is no appropriate proxy in the wider industrial context.
9.2.5 Other Impacts
A full discussion of the range of other impacts considered has been included in the wind fuel
cycle report (European Commission, 1995f). These include:
• Impacts on birds
• Direct impacts on terrestrial ecosystems
• Electromagnetic interference
• Other minor impacts, such as musculoskeletal injury to workers, accidents due to driver
distraction by turbines and impacts of particulates from construction and fossil fuel use on
health and visibility.
These impacts are discussed briefly in Section 9.4.5 below. In all cases the lack of data has
only allowed a qualitative assessment of the impact.

9.3 Selection of Priority Impacts
The following impacts were assessed as high priorities, and quantified as far as possible along
the impact pathway:
• Noise from the turbines;
• Visual intrusion of the turbines and associated equipment;
• Accidents affecting workers in manufacturing, construction and operation;
• Accidents affecting the general public due to turbine operation and road travel by workers;
• Impacts of global warming and acid deposition due to emissions from materials processing
and component manufacturing.
Medium priority was given to:
• Impacts of the turbines on birds;
• Impacts of construction on terrestrial ecosystems;
• Radio interference.
These latter impacts were reviewed qualitatively.

9.4 Quantification of Impacts and Damages
9.4.1 Noise
The methodology for evaluating the noise externality has been improved considerably from
that used for the original coal fuel cycle (European Commission, 1995c). The methodology
draws on recent work on wind farm noise (Gildert, 1993): the noise dispersion model accounts
for atmospheric absorption, and the observed sound levels add the contributions from spatially
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separated turbines and the background noise level. The methodology distinguishes clearly
between physically measurable noise levels and their perception by human observers. The
perceived levels allow for intermittency of turbine operation, tonality of output and time of
day. However, some deficiencies in the model remain: in particular, the assumption of uniform
background noise levels in the area surrounding the turbines is not wholly satisfactory as it
avoids the problems of sheltered locations in which background noise levels can remain low
despite relatively high wind speeds at the turbine.
Values for the turbine noise and observed noise levels at populated sites in the vicinity of
Penrhyddlan and Llidiartywaun were calculated. The calculation was restricted to nearby
houses and the closest villages, Llandinam, Llanidloes, Caersws and Newtown. The largest
noise increment at any house is 3.4 dB(A), but values of this order are found only at a few
houses. Calculated noise increments are always less than 2 dB(A) at distances of 1.5 km from
the nearest turbine. At the nearest village, Llandinam, the increments are typically only 0.05
dB(A).
The largest problems remain in the treatment of perceived noise levels. Background noise
levels can be very low in rural areas, so that the conditions set for some wind farms require
noise levels at houses to be lower than experienced by 90% of the UK population. These low
background noise levels make the use of noise studies based on general road traffic noise
problematic. However, no studies on the valuation of wind turbine noise are available, so
traffic noise studies must be used if progress is to be made with current knowledge. To
investigate the sensitivity of the results to noise perception methodology, two different
approaches have been used: one based on the simple approach used for the coal fuel cycle
(European Commission, 1995c), the other a more complex model based on annoyance
probability (Gildert, 1993). It is concluded that the simpler approach is probably preferable.
The value of the aggregate noise externality is highly site specific, depending mainly on the
population density in the area around the wind farm. Accurate calculation of the total
externality is not yet possible due to the uncertainties in valuation. However, it is clear that the
planning conditions being applied in the UK will reduce noise externalities due to the turbines
to a low level. The best estimate for Penrhyddlan and Llidiartywaun is 0.07 mECU/kWh. In
most UK wind farm locations the damage will be less than 1 mECU/kWh. There may well be
some scope for internalisation through community participation in wind energy projects, but
there is insufficient data on this in the UK to draw any firm conclusions.
9.4.2 Visual amenity
The methodology used to estimate external costs of visual amenity is similar to that for noise,
in so far as it is necessary to distinguish between the actual visible image and human responses
to it. The visual amenity impact addressed is that of the whole wind farm, rather than
individual elements of it. Attitudes may well be affected by ownership and control of the wind
farm, but it is not possible to allow for these effects with present knowledge. Different groups
which might be affected are considered and it is concluded that residents and tourists are the
most important.
A range of tools for objective assessment of visual amenity exists and is used in the planning
process. Zones of visual intrusion - areas from which the turbines can be seen - may be

162

Wind Fuel Cycle
calculated. Landscape assessment procedures have been developed which maximise the
objective content of a description of visual impact for any development, and these have been
applied in the better Environmental Assessments of UK wind farms. It can be concluded that
there is unlikely to be any significant visual impact at a range of greater than 6 km.
However, there has been no attempt to extend these techniques to develop a quantitative
metric of amenity change, and therefore they cannot be used in valuation. Valuation of visual
amenity requires the use of contingent valuation. Even leading exponents of the technique
believe it is unreliable when applied to amenity resources which are substitutable. This implies
that CVM is unsuitable for use on small areas or for marginal changes in visual amenity. The
approach which has been adopted here, therefore, is the valuation of the impact of a
programme of wind farms over a larger and well-defined area, which represents an amenity
that cannot be substituted.
A literature review of visual amenity CVM studies shows that none is directly applicable to
wind turbines. Studies on other land use changes in rural areas of the UK are used as the
nearest available alternatives, although this is less than satisfactory, as some surveys indicate
that public attitudes to the visual impact of wind farms may not be negative. Indeed, it is clear
that attitudes to wind energy will be very likely to affect aesthetic judgements about visual
amenity, and therefore that the "visual damage" due to the UK wind energy programme as it
develops may be influenced by social and political processes rather than vice versa.
Early public attitude surveys indicate no great hostility to the visual effects of wind turbines,
and therefore the minimum value of the damage is estimated to be zero. The literature review
of UK landscape amenity CVM studies is used to provide a tentative assessment of the
plausible upper end of the range. The most relevant study (Willis and Garrod, 1991) considers
the "willingness to pay (WTP)" for different landscapes in the Yorkshire Dales National Park.
Annual WTP, for both residents and visitors, to preserve today's landscape was approximately
£25 (35 ECU). This is a highly prized landscape - nationally designated primarily on scenic
grounds. The available evidence concerning areas of lesser landscape value is limited, but it is
clear that lower values will apply.
A methodology has been derived for calculating the aggregate visual amenity damage of wind
farms, which uses CVM values, the affected population and the wind resource over a suitably
large area - in the case of the UK a county. The affected population is the sum of the resident
population and the annual number of tourists; the wind resource is the output of wind farms
covering the area available when populated areas, physical constraints and designated areas are
excluded.
The amenity impact estimated in this way depends principally on the affected population, which
will only be large in scenic areas with high tourism. The provisional calculations show that
there could be a large damage cost in a National Park. However, it is exceedingly unlikely that
developments of this type would be allowed in this type of location.
The absence of reliable monetary values for changes in visual amenity due to wind farms
prevents estimation of damage costs. Using WTP values from other land use studies, gives an
indicative damage estimate for Penrhyddlan and Llidiartywaun of 0.09 mECU/kWh.
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Further research is required to allow more accurate determination of the externality as a
function of landscape type and other variables. However, it is clear that an accountable land
use planning system is likely to control the visual amenity externality effectively, by addressing
the protection of environmental quality outside the welfare economics paradigm.
9.4.3 Atmospheric Emissions
The secondary emissions of NO x, SO2 and CO2 have been used in conjunction with the
aggregated damage values derived for the UK using the multi-source EcoSense (see Chapter
10) to estimate the damage costs. The monetary value of the damages cannot be estimated
with any accuracy, due to the problems in calculating some of the fossil fuel externalities.
However, it is clear that for the wind fuel cycle the damages are likely to be small. The best
estimates are 0.03 - 1.05 mECU/kWh for greenhouse gases and 0.78 mECU/kWh for acid
emissions.
9.4.4 Accidents
Consideration of accident data indicates that the major sources of accidents are the
manufacturing, construction and operational stages of the life cycle along with accidents
caused by home to work travel associated with the wind farm. The last category is the only
source of accidents to the public apart from operational accidents involving members of the
public. The other accident categories are occupational, and therefore the damage may well be
internalised, at least partly, through wage or insurance costs.
The probability of the sudden detachment of a large part of a turbine rotor and it then hitting a
person is very low. Impacts to the general public from turbine accidents are therefore
negligible.
Industrial accidents are derived from average UK data for the relevant sectors, and traffic
accidents from UK average rates. The estimated damages are 0.26 mECU/kWh for
occupational accidents and 0.09 mECU/kWh for public accidents.
9.4.5 Other Impacts
Major studies of the effects of wind turbines on birds have been undertaken in the Netherlands
and the USA. The US study found some significant impacts on raptor species, but comparable
effects in UK locations are very unlikely. The Netherlands study found more limited effects,
mainly on gulls and small song birds. Assessment of the likely impacts in the UK concludes
that impacts should be negligible, provided that wind farms are located away from important
ornithological sites.
The land space occupied by turbines even within a wind farm is very small, and therefore only
the effects of construction activities are of potential concern for terrestrial ecosystems. Even
these will, in general, be small and reversible. The only exceptions are for very fragile
ecosystems, where the disruption of even limited construction activity could induce major
changes. Some peat bogs could fall into this category.
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The rotating blades of wind turbines scatter electromagnetic signals, and can therefore cause
interference in a range of communication systems. Military and industrial users of potentially
affected systems are consulted during planning and guidelines for avoiding problems with these
systems are available to planners. These systems are therefore unaffected. Impacts on
television reception close to the wind farm are possible. These will be confined to a small area,
typically 2 km by a few hundred metres. Here, the problem can be rectified relatively easily.
The costs would normally fall on the wind farm developer and therefore be internalised.
All other impacts are negligible.

9.5 Interpretation of Results and Sensitivity Analysis
Noise and visual intrusion are believed by wind energy developers to be the two major
environmental issues affecting the rate of deployment of wind energy in the UK. Some, but
not all, of the recently built wind farms have led to complaints from residents nearby
concerning noise (Spode, 1992; Gildert, 1993). In some cases this is due to "teething
problems", where wind farms have been constructed rapidly and were not subjected to
extensive commissioning tests, because of the need to ensure early operation in the financial
climate determined by the UK Non-Fossil Fuel Obligation. In other cases, late decisions on
choice of turbine manufacturer may have prevented extensive consideration of noise issues.
Although technical adjustments may be expected to reduce problems, the effects on public
perception of wind turbine noise could still be significant in some areas.
Similarly, opposition to wind energy on the grounds of loss of visual amenity is a major
problem for the UK wind industry, although most environmental groups and planning
authorities have taken a broader view of environmental issues than the committed opponents in
some "countryside protection" groups. In general, a consensus has developed amongst the
wind industry that applications for developments in areas designated to be of national scenic
value should be avoided.
Both noise and the loss of visual amenity impacts are local in nature and very site specific
(Table 9.9). For the reference wind farm the level of damage estimates for both impacts are
relatively low due to the low population density in the vicinity of the wind farm. Interestingly,
in this case the damage estimates for the impacts associated with atmospheric emissions arising
from the energy use in the manufacture of the wind turbine and its materials are significantly
greater in value than the direct local impacts. This clearly illustrates the importance of
considering a life cycle approach in the assessment.
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Table 9.9 Damages of the wind fuel cycle
mECU/kWh
POWER GENERATION
Public health
Mortality*- YOLL (VSL)
of which TSP
SO2
NOx
NOx (via ozone)
Morbidity
of which TSP, SO2, NOx, CO
NOx (via ozone)
Accidents
Occupational health
Major accidents
Crops
of which SO2
NOx (via ozone)
Ecosystems
Materials
Noise
Visual impacts
Global warming
OTHER FUEL CYCLE STAGES
Acidification
Occupational health
Ecological effects
Road damages
Global warming
low
mid 3%
mid 1%
high

-

σg

B

-

0.09
0.1
nq
nq
0.07
nq
0.78
0.16
ng
nq

A
B
A
A
B

B
B

C
A
A
B
A
C

0.03
0.14
0.35
1.05

*Yoll= mortality impacts based on ‘years of life lost’ approach, VSL= impacts evaluated based on ‘value of
statistical life’ approach.
ng: negligible; nq: not quantified; iq: only impact quantified; - : not relevant

Table 9.10 Sub-total damages of the wind fuel cycle

YOLL (VSL)

low
mid 3%
mid 1%
high

mECU/kWh
1.2
1.3
1.5
2.3
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9.5.1 Sensitivity case considering a wind farm at a different location
As discussed above, the most important local impacts of wind farms are highly site specific.
Hence a second wind farm was considered at a rather different type of location at Delabole in
Cornwall, SW England. This was the first commercial wind farm in the UK, it is a
considerably smaller farm comprising just 10 turbines. It is located in a rural, but fairly densely
populated agricultural area on an open plateau. The turbines are 3 bladed Vestra Windane 34
machines with a 400 kW capacity at the design wind speed of 13 m/s.
The results for this wind farm site show considerably higher noise externalities of 1.1
mECU/kWh compared to the 0.07 mECU/kWh damage cost estimated for the Penrhyddlan
and Llidiartywaun wind farm. This was due to the higher population density around the
Delabole wind farm. Similarly, the visual amenity impacts for the Delabole site are expected to
be higher. Indicative damage estimates for Delabole are 1.9 mECU/kWh compared to 0.09
mECU/kWh calculated for the Penrhyylan and Llidiartywaun wind farm. However, it is
envisaged that the Delabole value is almost certainly an over-estimate, as it assumes that all
tourists to Cornwall would have a significant willingness to pay to avoid the visual effects of
wind farms.
In the UK, noise and visual amenity impacts are controlled through the land use planning
system. This system pays little or no attention to the concept of external cost, but generally
succeeds in reducing the damage costs of local impacts such as these to very low levels.
It is concluded that siting of wind turbines is the key issue in determining the level of
environmental externalities. Provided that wind farms are not sited:
• very close to centres of population;
• in areas of nationally designated scenic importance;
• close to ornithologically important sites;
• on important ecosystems sensitive to disruption by construction; or
• on communication system routes.
the external environmental costs are estimated to be very small. The methodology developed
here indicates that siting outside these constraints is likely to increase the external costs.
The external costs of wind farms located within the above constraints are smaller than those
competing "conventional" fuels. Also, the major impacts of well located wind farms are
temporary and reversible.
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10. AGGREGATION
10.1 Comparison of results
The preceeding chapters of this report have described in detail the assessment of 7 reference
fuel cycles for the UK. In this chapter the results are compared and then used to estimate the
total externalities for the UK electricity sector.
The results for the individual UK reference fuel cycles are summarised in Table 10.1 and
Figure 10.1. Those for the fossil fuels are significant compared to the private costs of
electricity generation (30-45 mECU/kWh).
Table 10.1 Summary of the externalities for UK reference fuel cycles (mECU/kWh)

Public health
Occup. health
Crops
Materials
Noise
Global
warming*
Other
Sub-total

Coal
23.5
0.85
0.79
0.65
0.15
28.7

Oil
Orimulsion
19.8
17.3
0.26
0.01
0.28
0.44
0.41
0.34
0.15
0.15
20.9
23.6

Gas
Nuclear
3.3
2.1
0.10
0.10
0.16
0
0.03
0
0.03
0
12.9
0.37

Wind Biomass
0.78
4.7
0.26
0.01
0
0.15
0
0.02
0.07
0.10
0.25
0.49

nq

nq

nq

nq

nq

nq

nq

54.6

41.8

41.8

16.5

2.6

1.4

5.5

* Mean of mid 3% and mid 1% values

The results clearly show the externalities for all fuel cycles are dominated by the effects of air
pollution on public health and the impacts of global warming. Those for the fossil fuel cycles
are considerably higher than those for the nuclear and renewable fuel cycles and are dominated
by regional and global impacts whereas for renewable technologies the local impacts are also
significant. The differences between the global warming impacts for the fossil fuels reflects the
carbon content of the different fuels and the different efficiencies of the generating plant. For
example, the higher global warming impact of the Orimulsion plant compared to the oil plant is
largely due to the lower efficiency of the Orimulsion plant considered in the assessment; the
reference fuel cycle was based on the retrofit of an existing plant whilst the oil fuel cycle
represents a new combined cycle power plant. Similarly, the higher public health impacts of
the coal, oil and Orimulsion fuel cycles reflect the higher levels of atmospheric emissions of
SO2 and NOx.
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Figure 10.1 Comparison of the external costs for the UK reference fuel cycles

10.2

The UK electricity sector

Prior to 1990, the power sector in England and Wales comprised the publicly owned
Electricity Council, Central Electricity Generating Board (CEGB), and 12 Area Electricity
Boards. With the introduction of the The Electricity Act 1989, this monopoly was split up into
separate generation and regional distribution companies on 31 March 1990. The objective of
this Act was to stimulate competition in the electricity supply industry. The power sector in
Scotland, which comprised the South of Scotland Electricity Board (SSEB) and the North of
Scotland Hydro-electricity Board (NSHEB), with the exception of a name change, was not
affected by the introduction of the Act. The SSEB and the NSHEB were renamed Scottish
Power and Scottish Hydro, respectively. Similarly, the only effect of the Act on the power
sector in Northern Ireland, was a name change from the NI Electricity Service to NI
Electricity.
Initially, the non-nuclear generating capacity of the CEGB was divided between National
Power and PowerGen, two newly formed companies. A third company, Nuclear Electric, was
also formed to look after nuclear generation. While fossil-fuelled generation in Scotland
remained unchanged with the introduction of the Act, a new company, Scottish Nuclear (part
of British Energy), took over SSEB’s nuclear generation activities.
The Act requires all generators over a certain capacity to sell their electricity to the newly
formed National Grid Company (NGC), a joint holding company of the 12 new Regional
Electricity companies. This grid “pool” serves as a market through which electricity is sold.
The NGC does not actually buy or sell electricity itself; rather it acts as a wholesale electricity
trader. To sell to the grid, all generators require a licence. These licences require each
generator to conform with the “grid code”, and to submit their stations for “merit order”
operation.
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10.2.1 Electricity Statistics 1990-1995
Electricity consumption in the UK between 1990 and 1995 is shown in Table 10.2. In 1990
consumption in the UK total 284.808 TWh, whereas in 1995, it had increased to 306.172
TWh. This represents an annual increase of just under 1.5 per cent. Over the six year period,
only the energy conversion industry experienced a decline in electricity consumption. This
implies that less electricity was used to convert primary and secondary fuels to electricity, and
to delivery it to the final consumer. Electricity consumption by the energy conversion industry
was around 16 per cent lower in 1995 than in 1990.
Table 10.2 Electricity consumption in the UK (TWh) 1
Energy Industries
Iron and Steel
Industry
Other Industry
Transport
Domestic
Public
Administration
Agriculture
Commercial/Service
Total
1

1990
9.974
8.841

1991
9.794
8.968

1992
9.984
8.505

1993
9.615
9.106

1994
7.518
9.570

1995
8.393
10.016

91.517
5.837
93.793
19.322

90.602
5.274
98.098
22.751

86.772
5.361
99.482
25.497

87.736
7.451
100.456
21.677

85.497
6.970
101.407
22.325

92.491
7.535
101.648
23.468

3.875
51.649
284.808

3.938
51.416
290.841

3.846
52.007
291.453

3.913
55.792
295.746

3.831
54.664
291.782

3.868
58.753
306.172

DTI (1996) and DTI (1991)

In 1995 the total electricity generated in the UK was 336 TWh. This represents the highest
annual figure on record (see Table 10.3). Over the last six years electricity generation has
increased at an average annual rate of just under 1 per cent. The mix of plant used to generate
the electricity has continued to evolve over the same period. Generation from conventional
steam stations fell by 24 per cent, equivalent to an annual decline of just over 5 per cent.
Consequently, their share of total generation fell to 56 per cent from a peak of 77 per cent in
1990. In contrast, combined cycle gas turbine (CCGT) generation plant generated nearly 50
TWh of electricity in 1995 as opposed to zero in 1990, taking their share of the total generated
to 15 per cent. The development of nuclear generation over the same period means that it now
accounts for 27 per cent of the electricity generated in the UK.
Electricity generation from renewables in 1995 amounted to 7.7 TWh, with nearly 70 per cent
of this from hydro (natural flow). This accounted for just over 2 per cent of the total
electricity generated in the UK. Between 1990 and 1995 the electricity generated from
renewable sources in the UK increased at an annual rate of 5 per cent. The majority of this
increase resulted from the increased use of onshore wind and biofuels in electricity generation.
As a result of the changing mix of plant used to generate electricity, less electricity is now used
on works, thus making more available for sale. Since 1990, the amount of electricity supplied
has consistently risen faster than the amount of electricity generated.
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Table 10.3 Electricity generated in the UK by all generating companies (TWh)
Steam stations
CCGT stations
Nuclear stations
Gas turb./oil engines
Hydro: natural flow
Hydro: pumped
storage
Onshore wind
Biofuels
Total
1

1

1990
245.732
65.747
437
5.080
1.982

1991
244.420
0.622
70.543
356
4.624
1.523

1992
232.277
3.400
76.807
358
5.431
1.697

1993
202.651
23.418
89.353
359
4.302
1.437

1994
190.228
37.873
88.282
244
5.094
1.463

1995
186.442
49.657
88.964
190
5.284
1.552

0.029
0.432
319.439

0.011
0.776
322.875

0.033
1.038
321.041

0.218
1.363
323.101

0.342
1.875
325.401

0.411
2.013
334.513

DTI (1996) and DTI (1991)

In 1990, coal provided over 63 per cent of the fuel input for electricity generation, with
petroleum and nuclear’s oil equivalent input making up virtually all the rest (see Table 10.4).
By 1995, coal’s share had fallen to just over 47 per cent, nevertheless, it still represented the
most significant fuel input to electricity generation. The use of petroleum as a fuel input to
electricity generation exhibited a similar trend over the last five years, declining by 54 per cent
between 1990 and 1995. In contrast, the role of natural gas in electricity generation has grown
rapidly since 1990; its share rising from 1 percent in 1990 to 2 per cent in 1992, 13 per cent in
1994, and 16 per cent in 1995. Nuclear generation has also grown steadily since 1990,
accounting for 28 per cent of the total fuel input in 1995.
Table 10.4 Fuel used in electricity generated in the UK (million toe)
Coal
Oil 3, 4
Gas5, 6
Nuclear
Hydro: natural flow
Other fuels 7
Net imports
Total
1
2
3
4
5
6
7

1990
49.7
7.8
0.9
14.2
1.6
0.9
2.9
78.0

1991
49.98
7.56
0.57
17.43
0.39
0.94
1.41
78.28

1992
46.94
8.07
1.54
18.45
0.46
1.09
1.44
78.00

1993
39.61
5.78
7.04
21.49
0.37
1.02
1.44
76.75

1, 2

1994
37.11
4.05
9.86
21.21
0.44
1.06
and
75.18

1995
36.10
3.60
12.54
21.37
0.45
1.14
1.40
76.60

DTI (1996) and DTI (1991)
Energy supplied basis for all generating companies.
Includes refinery gas.
Includes Orimulsion, oil used in gas turbine and diesel plant, and oil used for lighting up coal fired boilers.
For 1990 gas used by major generating companies is included with other fuels for reasons of confidentiality.
Includes colliery methane.
Other fuels included are waste products from chemical processes, sludge gas, coke oven gas and blast furnace gas.

Air emissions from power stations in the UK are reported in Table 10.5. Power stations are
the largest single source of CO 2, accounting for about 30 per cent of total CO2 emissions in
1995. In the same year, NOx emissions from power stations totalled 498 kt, accounting for
just over 22 per cent of all NO x emissions. With the reduction in the use of coal and the
installation of low- NO x burners on coal fired power stations, NO x emissions fell steadily
between 1990 and 1995. NO x emissions from power stations in 1995 were 36 per cent lower
than in 1990. In 1995, 69 per cent of total SO 2 emissions were emitted by power stations. As
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a result of lower coal consumption by power stations and the introduction of flue gas
desulphurisation, SO 2 emissions in 1995 were 40 per cent lower than in 1990. In 1995, PM 10
emissions were around 87 per cent of their 1990 levels. PM 10 emissions from power stations in
1995 totalled 34 kt, which is just under 13 per cent of total PM 10 emissions.
As illustrated in Table 10.5, air emissions from power stations have fallen steadily since 1990,
whilst electricity generation has risen over the same period (see Table 10.3). Consequently,
CO2, NOx, SO2 and PM 10 emissions per unit of electricity generated has declined consistently.
This is mainly due to the changing fuel mix discussed above, and general improvements in the
efficiency of power stations.
Table 10.5 Air Emissions from Power Stations in the UK 1, 2
1990
3

CO2 (m tonnes)
SO2 (k tonnes)
NOx (k tonnes)
PM10 (k tonnes)
1
2
3

1991

54
2,722
781
39

54
2,534
680
39

1992
51
2,428
669
39

1993
46
2,089
579
40

1994
44
1,759
526
36

1995
44
1,626
505
34

National Environmental Technology Centre; CSO, 1997
By UNECE source category.
Expressed in terms of weight of carbon emitted.

10.3 Aggregation methodology
While the standard ExternE approach is focused on the detailed bottom-up analysis of a single
power station at a specific site, this procedure is not appropriate to derive results on a more
aggregated level, e.g. to calculate externalities from a country’s power sector. The detailed
analysis of each individual emission source within the power sector would be very time
consuming, and in addition this approach would not take into account potential non-linearities
in chemical conversion processes in the atmosphere as well as in impact mechanisms which
might be of importance as soon as significant changes in emission levels are analysed. Hence,
the EcoSense model, the tool used for analysing single point sources, has been extended to
allow the assessment of multiple-sources. This enables the advantages and benefits of using a
detailed bottom-up modelling approach to be retained whilst providing aggregated results for
the electricity sector.
The multi-source version of EcoSense is linked to the CORINAIR database which is used to
define European wide emission scenarios. For example, in this study scenarios with and
without the emissions from the UK power sector were considered. The CORINAIR database
provides emission data for a wide range of pollutants according to both a sectoral (SNAP
categories) and geographic (NUTS categories) dissaggregation scheme (Table 10.6). A
transformation module implemented in EcoSense supports the transformation of emission data
between the NUTS administrative units (country, state, municipality) and the grid system
required for air quality modelling (EUROGRID or EMEP), see Figure 10.2.
Based on this functionality, emissions from a selected industry sector within a specific
administrative unit can be selected, a new gridded European-wide emission scenario can be
created taking into account the previously specified modifications, and environmental impacts
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and resulting external costs between different scenarios can be compared. Following this
approach, we have used the CORINAIR 1990 emission data as reference scenario, and created
an additional scenario by se tting emissions from the UK ‘public power and cogeneration
plants’(SNAP category 0101) to zero.
CORINAIR 1990 does not provide data on particulate emissions. For the present analysis,
particulate emissions from the power sector were taken from other sources (see below). As
particulates are considered as non-reactive pollutants, there are no problems arising from this
procedure.
The EcoSense model does not presently include the assessment of impacts of ozone, estimates
of these impacts were made using an empirical relationship based on the level of NO x emissions
(as mentioned previously in Section 2.4.5).
The aggregation of data for UK nuclear and renewable fuel cycles was undertaken by
extrapolation of the appropriate reference fuel cycle results since the EcoSense model is
restricted to the assessment of fossil fuel cycles.
Table 10.6 CORINAIR sectoral and geographical dissaggregation scheme (examples)
01
01 01 01
01 01 04

SNAP Categories
Public power, cogeneration
Combustion plants >= 300 MW
Gas turbines

03

Industrial combustions

04
04 01 01
04 03 01

Production processes
Petroleum products processing
Aluminium production

05

Extraction/Distribution of fossil fuels

07

Road transport

11
11 08

Nature
Volcanoes

R

NUTS Categories
EUR 15

R1
R18
R181

Germany
Baden-Württemberg
Stuttgart

R2
R21

France
Ile de France

R5
Belgium
R5300 Brussels
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Public power and cogeneration
Germany
all emission = 0

total emission for all
other sectors

Transformation
Module

01 01
R1

Figure 10.2 Transformation of emissions data between the NUTS administrative units and the
grid system required for air quality modelling

10.4 Aggregation results
The external costs arising from the UK power sector in 1990, were estimated using the
procedure described above with the CORINAIR 1990 emission inventory as the reference
baseline scenario. Figure 10.3 shows the CORINAIR 1990 emissions of SO 2 for the UK
power sector. An example of the change in pollutant concentration levels and the spatial
distribution of impacts calculated using the multi-source EcoSense is shown in Figure 10.4.
Damage costs resulting from the operation of fossil fired public power plants in the UK in
1990 are presented in Table 10.7, while Table 10.8 shows the calculated aggregated damage
costs per tonne of pollutant emitted.
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Figure 10.3 SO2 emissions from the UK public power sector

Figure 10.4 Increment on SO2 concentration due to the UK public power sector
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For the purpose of comparison, Table 10.8 includes results that have been calculated
previously for the West Burton coal fired power station. While the damage costs per tonne of
pollutant are similar for PM 10 and SO2, those for NOx differ significantly. T hese differences are
explained by the spatial variations in SO2, NOx and NH3 emissions, which strongly influence the
formation of sulphate and nitrate aerosols. The difference between the aggregated damage
value for the UK calculated using the multi-source EcoSense and that calculated for West
Burton indicates the level of inaccuracy which would be experienced by extrapolating damage
costs from a single reference power station to the entire power sector.
Table 10.7 Damage costs in MECU from fossil fired public power and cogeneration plants in
the UK in 1990 (Emission data from CORINAIR 1990)
MECU
SO2, NOx , PM10
Health effects
mortality 1)
19,631
morbidity
1,736
Crops
146
Materials
895
1,164
Ozone impacts (aggregated)
Global warming
low
756
mid 1%
3,564
mid 3%
9,180
high
27,540
1)
Valuation of mortality is based on the YOLL-approach, 0% discounting.

Table 10.8 Damage costs per tonne of pollutant emitted (excluding ozone damage)
SO2
Change in
annual
emissions
(in kt)

UK
West Burton

- 2729
+163.0

Damage costs
per tonne SO2
(ECU/t)

7397
8135

NOx
Change in
annual
emissions
(in kt)

- 776
+29.0

Damage costs
per tonne NOx
(ECU/t)

2332
5413

PM10
Change in
annual
emissions
(in kt)

Damage costs
per tonne PM10
(ECU/t)

- 27

16934
18730

Using the damage costs per tonne of pollutant reported in Table 10.8 and data on SO 2, NOx
and PM 10 emissions obtained from the UK National Environmental Technology Centre, public
health, agriculture and material damage costs resulting from electricity generation in the 1995
have been estimated for each fossil fuel cycle. These estimates are reported in Table 10.9.
Total damages are in the region of 13 800 M. ECU, with just over 87 per cent of this figure
resulting from SO 2 emissions. Comparison with the equivalent data for 1990 in Table 10.7
shows that damage costs arising from impacts on public health, agriculture and materials in
1995 are 39 per cent lower than those in 1990. This is mainly due to changes in the mix of
plant used to generate electricity, efficiency improvements, and the implementation of low NO x
burners and flue gas desulphurisation equipment.
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Table 10.9. Public health, agriculture and material damage costs associated with electricity
generation from fossil fuels in the UK in 1995
SO2
Emissions
(kt)
1 481.26
71.60
73.20
1626.06

Coal
Oil (peak)
Natural Gas
Orimulsion
Total

ECU
1.10E+10
5.30E+08
5.41E+08
1.21E+10

NOx
Emissions
(kt)
431.75
30.00
23.33
8.88
493.96

ECU
1.01E+09
7.01E+07
5.43E+07
2.07E+07
1.16E+09

PM10
Emissions
ECU
(kt)
33.00
5.60E+08
0.87
1.47E+07
0.13
2.21E+06
34.00
5.77E+08

Aggregated damages for the nuclear power plant were estimated based on the results obtained
for the reference nuclear fuel cycle (Section 7) and results for renewables were estimated based
on the reference wind fuel cycle (Section 9) and previously published ExternE results for the
hydro fuel cycle (European Commission, 1995e). The externalities associated with renewables
are very site specific and damage estimates have been made based on some major assumptions
concerning the transferability of data.
Aggregated damages for the UK power sector are presented in terms of total damage costs per
year and average costs per unit electricity in Table 10.10.
Table 10.10 Aggregated results for the UK power sector in 1995

Fossil
Nuclear
Renewables

Low
15124
196
13

Global Warming Scenario
Mid 3%
Mid 1%
17414
21931
214
240
13
13

Total (MECU)

15333

17641

22184

37283

Aggregated
damage
(mECU/kWh)

45.8

52.7

66.3

111

High
36932
338
13

10.5 Conclusions
The multi-source EcoSense has been successfully used to estimate preliminary damage costs
for the UK power sector. It is the first attempt to do so using a detailed ‘bottom-up’ impact
pathway approach. From the results obtained the following conclusions can be drawn:
• Total damage costs from the power sector in the UK are estimated to be around 2 % of
GDP.
• There is a significant difference between the damage costs per tonne of pollutant calculated
for a reference fuel cycle and that calculated by the multi-source EcoSense for the power
sector in the UK. Similar differences have been found between countries.
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• The ‘background’ emissions of SO2, NOx and NH3 are among the important parameters
determining the external costs from the power sector.
• The current results underline the importance of a site-specific analysis not only for a single
power plant, but also for emissions from a whole industrial sector.
• The new insights from the aggregation work raise some new questions related to energy
policy: What are the optimal and operational instruments for internalisation on a European
level, taking into account the spatial variation in damage costs, and the mutual influence of
emissions from different industry sectors on the same impact categories?
Further discussion of the methodology used and the results obtained are given in the updated
ExternE methodology report (European Commission, 1998a).
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11. CONCLUSIONS
The UK National Implementation of the ExternE Project provides the most extensive and
detailed analysis of the externalities of the electricity supply industry (ESI) ever undertaken for
the United Kingdom. The work has considered the external costs of the major fuel cycles for
the UK, such as coal and gas, together with some that may become significant in the future,
such as biomass and Orimulsion.
The main results are that effects of air pollution on health, and of greenhouse gas emissions
from the use of fossil fuels are likely to dominate the external costs of the ESI. Effects of acid
and eutrophying emissions on ecosystems have not been valued yet, and these would clearly
add to the other effects that have been quantified. However, the results presented here and
those for other countries presented in their ExternE National Implementation reports,
demonstrate that the externalities of fossil fuel cycles can be greatly reduced by the application
of appropriate techniques for reducing emissions.
All results, with the exception of those for climate change, show a high degree of variation
with the location selected for the fuel cycle. This emphasises the fact that the detailed
approach adopted under the ExternE Project is essential in order to adequately quantify the
externalities of energy use.
Much comment (not least by the Project team themselves) is made of the uncertainties that
affect externality assessment. These uncertainties are a reflection of existing knowledge rather
than a function of the methodology used. Indeed, a particular benefit of the ExternE
methodology is that it allows the analyst to be explicit about uncertainties. The study team has
tried to tackle uncertainty in a thorough and systematic way: estimates made elsewhere that do
not admit to significant uncertainty should be viewed with caution. The ExternE results
therefore provide the information that policy makers need to make informed decisions about
energy/environment issues, enabling them to balance the risks of not taking action against the
costs of doing so. It must be remembered that policy makers need to make decisions now, not
in ten or twenty years time when a better understanding of these issues is obtained.
In addition to the work presented here, additional analysis for the UK has been undertaken
providing an aggregated assessment of fuel cycle externalities in the same format that is
traditionally used for describing energy balances. Policy case studies have also been
undertaken, investigating the European Commission’s Large Combustion Plant Directive and
Acidification Strategy, and the UK’s Non-Fossil Fuel Obligation (NFFO) from the perspective
of externalities research There was not sufficient room in this report to cover these issues,
though details are published elsewhere.
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APPENDIX VI
1. UK OIL REFINERY MODEL
To calculate the input and breakdown of products and the products specification, we have used
a refinery model (ETSU, 1994). This looks at the processes and emissions generated in the
reference refinery for each processing step and allocates refinery emissions to the various
refinery products. The model assumes:
• A crude oil mix of 75% from UK sources and 25% Arabian;
• Refinery emissions are calculated from refinery fuel consumption;
• Refinery emissions and energy use are assigned to all products of the refinery;
• Refinery emissions and energy use are assigned in proportion to the amount of product
produced in each refinery process unit.
The process heating and boiler emissions have been allocated to our reference refinery
processes based upon the modelled fuel consumption in each unit, outputting quantity and
composition. FCC emissions and vacuum distillation emissions have been confined to these
particular units. Fugitive emissions have been distributed between all products in proportion to
the amounts produced. In this way the energy use and emissions due to each product can be
calculated. Carbon dioxide emissions have been based on complete combustion of the carbon
in the refinery fuel components and sulphur dioxide on sulphur content. Emissions of carbon
monoxide, hydrocarbons and methane have been calculated using emission factors from the
US-EPA for natural gas and residual fuel oil combustion in utility boilers.
The fuel consumed by different stages of the refinery process is analysed. By quantifying how
much product results from each stage, the fuel consumption for each product of the refinery
can be calculated. Emissions are calculated from the fuel consumption, although in practice
they may vary depending on the nature of the processes.
The output from the model shows that with a standard UK FCC refinery, 19.2% of the total
refinery emissions are due to the production of heavy fuel oil. It could be argued that as heavy
fuel oil is a by-product of the refinery processes, all emissions should be attributed to the
primary products which the processes are designed to maximise. However, for the basis of this
study, we assume this is a fair approximation for the fuel cycle under analysis.
Scaling the refinery model to the throughput of the Fawley refinery, approximately 18.8% is
used by the reference power plant.
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2. PC CREAM
A PC PACKAGE TO ASSESS THE CONSEQUENCES OF
RADIOACTIVE DISCHARGES DUE TO NORMAL OPERATIONS
INTRODUCTION
PC CREAM is a suite of models and data for performing radiological impact assessments of
routine and continuous discharges of radionuclides. The main features of the package include:
• A suite of environmental transfer models to estimate the transfer of radionuclides through
the environment
• Annual discharge to the atmospheric, marine or river environment can all be modelled
• A comprehensive list of exposure pathways
• Results in terms of individual or collection doses, using effective dose as defined by ICRP60
• The facility to assess the radiological impact of discharges of radionuclides from virtually
any site, for regulatory purposes, and/or health impact studies.
PACKAGE DESCRIPTION
PC CREAM consists of six programs, the assessment program and five supporting programs.
Assessor
ASSESSOR forms the pivotal dose assessment role within the system. The program has been
designed to lead the user through an assessment in a logical and straightforward manner. site
and assessment specific details are recorded as the user progresses through the data entry
screens. Having entered such data as radionuclide discharge rates, and the location and age
group of the exposed individuals, the user can select from a comprehensive list of exposure
pathways. When all the relevant data have been entered the assessment can be run. The
calculated doses are written to a file and may be displayed in tabular or graphical format.
The program can be used with input data libraries provided with the system, with those
generated by the user using the supporting programs, or with those generated by their own
programs, provided they are in CREAM format.
Discharges to river systems are more site specific and for that reason the two river models in
PC CREAM, a simple dilution model, and a more complex dynamic river model, are contained
entirely within the assessment program.
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At all points throughout an assessment an outline help facility is available.
SUPPORTING PROGRAMMES
Farmland
A dynamic terrestrial foodchain model capable of modelling radionuclide transfer into foods
from a continuous deposition from atmosphere. The output is annual average activity
concentrations in the following foods: Cow meat, liver and milk. Sheep meat and liver, leafy
green vegetables, root vegetables, fruit and grain products.
Plume
A Gaussian plume atmospheric dispersion model for calculating average activity concentrations
in air. Incorporating models for deposition and external gamma exposure from airborne
activity.
Doris
A marine dispersion model for European waters capable of calculating activity concentrations
in seawater, and marine sediments.
Granis
A model for calculating external gamma exposure to an individual from deposited activity in
soil.
Resus
A time dependent resuspension model for calculating annual average activity concentrations in
air due to the resuspension of previously deposited activity.
IN SUMMARY
PC CREAM can be used to assess the radiological impact of route releases from virtually any
type of installation including nuclear power plants and nuclear fuel cycle facilities. The
development of PC CREAM was carried out under contract to the European Commission,
DGXI.
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APPENDIX IX . DEFINITION OF THE COAL FUEL CYCLE,
DATA AND RESULTS

1
Coal mining

2
Coal cleaning

4
Limestone extraction

3
Coal transport

5
Limestone transport

6
Power generation

7
Transmission

8
Transport of waste
9
Waste disposal
Also considered:

10
Construction and dismantling of facilities

Figure IX.1 Coal fuel cycle
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IX.1 Definition of the coal fuel cycle
Table IX.1 Definition of the coal fuel cycle
Stage
1. Coal mining

Parameter

Value

Location

Type of mine
Calorific value of coal
Mine air quality control
Control of mine methane
emissions
Mine waste disposal site
Composition of coal

Source

Rotherham District,
South Yorks; Bassetlaw
District, Notts., UK
Shaft
24.5 MJ/kg
not specified
none specified

CEGB, 1988

Adjacent mine dump

CEGB, 1988
ETSU, 1991

Water
Ashes
Carbon
Oxygen
Sulphur
Hydrogen
Chlorine
Nitrogen

CEGB, 1988
ETSU, 1991

12%
15%
60%
6%
1.6%
3.9%
0.2%
1.3%

2. Coal transport
Distance to power station
Mode of transport
Number of trainloads (1000te)

44 km (average)
Rail
18 per day

CEGB, 1988
CEGB, 1988
CEGB, 1988

Processes adopted

Rotary breaking,
screening, dense media
separation, crushing,
washing, froth flotation,
vacuum filtration
not used
not used

ETSU, 1991

3. Coal cleaning

Adv. chemical treatment
Biological S removal
Waste streams
solid shale waste
liquid effluent

ETSU, 1991
ETSU, 1991

nq
nq

4. Limestone extraction
Location
Annual production

Tunstead, Derbyshire, UK
Over 300 Kte

CEGB, 1988

Distance to power station
Mode of transport
Number of loads

100 km
Rail
2 per day

CEGB, 1988
CEGB, 1988
CEGB, 1988

Fuel
Type of plant

Coal
Pulverised fuel + FGD

CEGB, 1988

5. Limestone transport

6. Power generation
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Stage

Parameter
Location
Installed power
Efficiency
Load factor
Lifetime
Pollution control

Value
West Burton ‘B’, UK
1800 MW gross
37.5%
76%
40 years

ESP
low NOx burners
FGD
recirculation of cooling water
waste water treatment
Stack parameters
height
diameter
flue gas volume
flue gas temperature
Cooling towers
number
height
Material demands
coal
limestone
cooling water
boiler feed water
FGD water

Source
CEGB, 1988
CEGB, 1988
UK DEn, 1988
CEGB, 1988
CEGB, 1988

99.7%
nq
90%
97%
nq

CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988

230m
nq
nq
nq

CEGB, 1988
CEGB, 1988

3
169m

CEGB, 1988
CEGB, 1988

5 Mte per year
300,000 te per year
145,000 m3 per day
9,000 m3 per day
nq

CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988

7. Transmission
Length of new lines

0 km

CEGB, 1988

Site
Distance to power station
Mode of transport
Number of loads

Whitwell
33 km
Rail
5 per day

CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988

Type of facility

CEGB, 1988

PFA
FBA
Gypsum
FGD sludge

Landfill, Magnesian
limestone quarry
800,000t/y
200,000t/y
500,000t/y
21,000t/y

CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988

cement
steel
sand
surfacing material
coarse aggregates
pulverised fuel ash

50,000 t
52,000 t
100,000 t
400,000 t
200,000 t
25,000 t

CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988

8. Transport of waste

9. Waste disposal

Wastes

10. Construction of power
plant
Material demands
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IX.2 Quantification of burdens of the coal fuel cycle
Table IX.2 Burdens of the coal fuel cycle
Stage

Burden

1. Coal mining

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
noise levels
exposure to physical stress
radon levels in mines
coal mine dust
Air emissions
CO2
CH4
SO2
NOx
Other burdens
mine drainage
subsidence
noise
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Public health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
SO2
NOx
Particulates
Other burdens
noise (NNI)
burden on infrastructure

2. Coal transport

3. Coal cleaning
4. Limestone
extraction

Source of data

Impact
assessed?

0.048/TWh
1.96/TWh
16.8/TWh
nq
nq
0.018/TWh

EC,1995
EC,1995
EC,1995

ü
ü
ü

EC,1995
EC,1995

ü
ü

19 g/kWh
2.9 g/kWh
negligible
nq

Eyre, 1990
Creedy (1990)
Eyre, 1990

ü
ü

0.042/TWh
0.166/TWh
2.25/TWh

EC,1995
EC,1995
EC,1995

ü
ü
ü

0.0015/TWh
0.0012/TWh
0.0039/TWh

EC,1995
EC,1995
EC,1995

ü
ü
ü

1 g/kWh
negligible
nq
negligible

Eyre, 1990
Eyre, 1990

ü

4410 units
nq

EC, 1995

ü

0.0009/TWh
0.022/TWh
0.117/TWh
nq
nq

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

nq
nq
nq

CEGB, 1988

burdens included in other
stages
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
noise levels
exposure to physical stress
Air emissions
CO2
SO2

8

Quantity

nq
negligible

Eyre, 1990
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Stage

5. Limestone
transport

6. Power generation

Burden

Quantity

NOx
Particulates
Emissions to water
suspended solids
Other burdens
noise

nq
nq

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Public health
accidents - fatal
accidents - injury
Air emissions
CO2
SO2
NOx
Particulates
Noise (NNI)
Burden on infrastructure
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
noise levels
exposure to physical stress
Public health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
CO2 from SO2 clean up
N2O
SO2
NOx
Particulates
Mercury
evaporated water from
Noise emissions
Solid waste production
PFA
FBA

Source of data

Impact
assessed?

nq
nq

0.0022/TWh
0.011/TWh
0.234/TWh

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

nq
nq
nq
negligible
nq
negligible
1451 units
nq

Eyre, 1990
CEGB, 1988
EC, 1995

ü

0.0007/TWh
0.016/TWh
0.76/TWh
nq
nq

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

0.011/TWh
0.121/TWh
0.55/TWh

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

848 g/kWh
7 g/kWh
60 mg/kWh

CEGB, 1988
CEGB, 1988
Sloan & Laird,
1991
CEGB, 1998
Sloan & Laird,
1991
CEGB, 1988
CEGB, 1988
CEGB, 1988

ü
ü

1.1 g/kWh
2.2 g/kWh
0.16 g/kWh
0.7 te/year
58,000m3/day
23,500 dB(A)
800,000t/y
200,000t/y

ü
ü

CEGB, 1988
CEGB, 1988
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Stage

7. Transmission
8. Transport of
waste

10. Construction

10

Burden

Quantity

gypsum
Sludge contaminants
Aluminium
Chromium
Copper
Fluoride
Iron
Lead
Manganese
Molybdenum
Zinc
Water abstraction
Emissions to water from.
cooling system
temperature of cooling
water on return
ash handling plant
boiler
FGD plant
evaporative losses
calcium
chloride

500,000t/y

Source of data

Impact
assessed?

1070 te/year
17.4 te/year
23.7 te/year
1082 te/year
497 te/year
28 te/year
37 te/year
13.4 te/year
37 te/year
62,000m3/day
21°C average

CEGB, 1988
CEGB, 1988

12,000m3/day
<9,000m3/day
<9,000m3/day
58,000m3/day
8 kte/year
13 kte/year

CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988
CEGB, 1988

No additional burdens

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Public health
accidents - fatal
accidents - injury
Air emissions
CO2
SO2
NOx
Particulates
Noise
Burden on infrastructure
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Public health
accidents -fatal
accidents - major
accidents minor
Air emissions from materials
transport
CO2

nq
nq
nq
nq
nq
nq
nq
nq
negligible
nq
nq

Eyre, 1990
CEGB, 1988
ü

0.007/TWh
0.190/TWh
0.92/TWh

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

0.003/TWh
0.031/TWh
0.141/TWh

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

nq
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Stage

Burden

Quantity

SO2
NOx
Particulates
Noise

nq
nq
nq
nq

Source of data

Impact
assessed?

IX.3 Impacts and damages of the coal fuel cycle
Table IX.3 Impacts and damages of the coal fuel cycle
Impacts
Receptor

Receptor SubGroup

Impact

1. Coal mining
Occupational accidents
human
workers
human
workers
human
workers
human
workers

occupational accidents
occupational accidents
occupational accidents
occupational health

human

occupational health

workers

Global warming x CO2 ,CH4
global

2. Coal transport
Occupational accidents
human
workers
human
workers
human
workers
Public accidents
human
total
human
total
human
total
Global warming x CO2
global

Noise pollution
human
total
4. Limestone extraction
Occupational accidents
human
workers
human
workers
human
workers
Noise pollution
human
total
5. Limestone transport
Occupational accidents
human
workers

global warming low
mid 3%
mid 1%
high

occupational accidents
occupational accidents
occupational accidents
public accidents
public accidents
public accidents
global warming low
mid 3%
mid 1%
high

/TWh

Units

0.048
1.96
16.8
0.018

deaths
major injuries
minor injuries
radon induced lung
cancer
respiratory diseases mortality

ëg

0.15
0.19
0.12
0.056

A
A
A
A

0.068

A

C
0.20
0.93
2.4
7.2

0.042 deaths
0.166 major injuries
2.251 minor injuries

0.13
0.016
0.016

A
A
A

0.0015 deaths
0.0012 major injuries
0.0039 minor injuries

4.7E-03
1.1E-04
2.7E-05

A
A
A

1000 t/TWh

C
3.8E-03
0.02
0.05
0.14

0.0009 deaths
0.022 major injuries
0.117 minor injuries

limestone quarrying noise

occupational accidents

mECU/kWh

51.8E+03 t/TWh

rail traffic noise

occupational accidents
occupational accidents
occupational accidents

Damages

0.0022 deaths

0.02

B

0.003
0.002
0.0008

A
A
A

0.0024

B

0.007

A
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Impacts
Receptor

Receptor SubGroup

Impact

human
human

workers
workers

occupational accidents
occupational accidents

Noise pollution
human
total
Global warming x CO2
global
6. Power generation

rail traffic noise
global warming

/TWh

Units
0.011 major injuries
0.234 minor injuries

Damages
mECU/kWh
0.001
0.002

ëg
A
A

Included in coal transportation
nq

C

Air pollution x crops
Acidity
crops

total

add. lime needed in kg

na [kg] per TWh

na

A

crops

total

add. fertil. needed [kg]

na [kg] per TWh

na

A

crops

barley

yield loss [dt]

337.1 [dt] per TWh

0.002

A

crops

potato

yield loss [dt]

270.1 [dt] per TWh

0.00243

A

crops

wheat

yield loss [dt]

871.8 [dt] per TWh

0.0092

A

crops

sugar beet

yield loss [dt]

460.9 [dt] per TWh

0.00243

A

total

yield loss [dt]

0.77

B

SO2

Ozone
crops

Air pollution x ecosystems
ecosystems

alk. unimpr. grass

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

alpine meadows

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(nutr.imb.)

0 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(gr.fl.ch.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(nutr.imb.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(N satur.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(gr.fl.ch.)

0 [km2] per TWh

na

B

ecosystems

mediterranean scrub

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

non-alk.unimpr.grass

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

peat bog

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

swamp marsh

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

tundra/rock/ice

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

NOx exceedance area

0 [km2] per TWh

na

B

ecosystems

total

SO2 exceedance area

0 [km2] per TWh

na

B

0.004

C

Air pollution x forest
forest

total

timber loss

38.8 [m3] per TWh

Air pollution x human health
NOx-all from nitrate aerosol
Acute effects
human

above_65_yrs

congestive heart failure

0.7317 [case] per TWh

0.00576

B

human

adults

Restr. activity days

4327 [days] per TWh

0.3245

B

human

asthma_adults

Bronchodilator usage

988.7 [case] per TWh

0.03658

B

human

asthma_adults

cough

1017 [day] per TWh

0.00712

A

human

asthma_adults

Lower resp. symptoms

367.8 [days] per TWh

0.00276

A

human

asthma_children

Bronchodilator usage

198.1 [case] per TWh

0.00733

B

human

asthma_children

cough

341.1 [day] per TWh

0.00239

A

human

asthma_children

Lower resp. symptoms

263 [days] per TWh

0.00197

A

human

total

resp. hosp. admission

0.6298 [case] per TWh

0.00496

A

human

total

cerebrovascular hosp. adm

1.533 [case] per TWh

0.01207

B
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
mECU/kWh

ëg

Chronic effects
human

adults

'chronic' mortality

12.5 [deaths] per TWh

38.7

B

human

adults

'chronic' YOLL

human

adults

chronic bronchitis

124.9 [years] per TWh

10.53

B

8.498 [cases] per TWh

0.8922

human

children

chronic cough

A

151.1 [episode] per TWh

0.03401

human

children

case of chr. bronchitis

B

117.6 [case] per TWh

0.02645

B

human

total

mortality - YOLL

human

total

mortality - VSL

0.9

B

28.6

B

human

total

morbidity

1.61

B

NOx-via ozone
Acute effects

SO2-all from sulphate, unless marked SO2
Acute effects
human

total

acute' mortality SO2

2.786 [deaths] per TWh

8.635

B

human

total

acute' YOLL SO2

2.089 [years] per TWh

0.3238

B

human

total

resp. hosp. admission SO2

0.7983 [case] per TWh

0.00628

human

total

resp. hosp. admission

0.3471 [case] per TWh

0.00273

A

human

above_65_yrs

congestive heart failure

0.4029 [case] per TWh

0.00317

B

human

adults

Restr. activity days

2376 [days] per TWh

0.1782

B

human

asthma_adults

Bronchodilator usage

543.4 [case] per TWh

0.0201

B

human

asthma_adults

cough

559 [day] per TWh

0.00391

A

human

asthma_adults

Lower resp. symptoms

202.1 [days] per TWh

0.00152

A

human

asthma_children

Bronchodilator usage

108.9 [case] per TWh

0.00403

B

human

asthma_children

cough

187.4 [day] per TWh

0.00131

A

human

asthma_children

Lower resp. symptoms

144.5 [days] per TWh

0.00108

A

human

total

cerebrovascular hosp. adm

0.8444 [case] per TWh

0.00665

B

human

adults

'chronic' mortality

human

adults

'chronic' YOLL

human

adults

chronic bronchitis

human

children

human

Chronic effects
21.3

B

68.62 [years] per TWh

6.86 [deaths] per TWh

5.787

B

4.46 [cases] per TWh

0.4683

A

chronic cough

83.23 [episode] per TWh

0.01873

B

children

case of chr. bronchitis

64.73 [case] per TWh

0.01457

B

human

above_65_yrs

congestive heart failure

0.1368 [case] per TWh

0.00108

B

human

adults

Restr. activity days

808.8 [days] per TWh

0.06066

B

human

asthma_adults

Bronchodilator usage

184.8 [case] per TWh

0.00684

B

human

asthma_adults

cough

190.2 [day] per TWh

0.00133

A

human

asthma_adults

Lower resp. symptoms

68.75 [days] per TWh

0.00052

A

human

asthma_children

Bronchodilator usage

37.02 [case] per TWh

0.00137

B

human

asthma_children

cough

63.75 [day] per TWh

0.00045

A

human

asthma_children

Lower resp. symptoms

49.16 [days] per TWh

0.00037

A

human

total

resp. hosp. admission

0.1177 [case] per TWh

0.00093

A

human

total

cerebrovascular hosp. adm

0.2866 [case] per TWh

0.00226

B

human

above_65_yrs

ischaemic heart disease

0.1294 [case] per TWh

0.00102

Particulates (tsp)
Acute effects

Chronic effects
human

adults

'chronic' mortality

7.22

B

human

adults

'chronic' YOLL

23.34 [years] per TWh

2.33 [deaths] per TWh

1.968

B

human

adults

chronic bronchitis

1.588 [cases] per TWh

0.1668

A
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
mECU/kWh

ëg

human

children

chronic cough

28.25 [episode] per TWh

0.00636

B

human

children

case of chr. bronchitis

21.97 [case] per TWh

0.00494

B

Air pollution x materials
SO2
material

galvanised st.

maintenance surface (m2)

9866 [m2] per TWh

0.4978

B

material

limestone

maintenance surface (m2)

0.8424 [m2] per TWh

0.00024

B

material

mortar

maintenance surface (m2)

1060 [m2] per TWh

0.03268

B

material

natural stone

maintenance surface (m2)

0.7649 [m2] per TWh

0.00894

B

material

paint

maintenance surface (m2)

7982 [m2] per TWh

0.1003

B

material

rendering

maintenance surface (m2)

319 [m2] per TWh

0.00984

B

material

sandstone

maintenance surface (m2)

1.115 [m2] per TWh

0.00031

B

material

zinc

maintenance surface (m2)

26.03 [m2] per TWh

0.00065

B

Occupational accidents
human

workers

occupational accidents

0.0022

A

human

workers

occupational accidents

0.0007 deaths
0.016 major injuries

0.0015

A

human

workers

occupational accidents

0.76 minor injuries

0.0053

A

Public accidents
human

workers

public accidents

0.011 deaths

0.034

A

human

workers

public accidents

0.121 major injuries

0.012

A

human

workers

public accidents

0.55 minor injuries

0.0038

A

0.13

B

0.002

B

Noise pollution
human

operational noise

human

road traffic

Global warming x CO2
global

global warming -

8.48E+05 t/TWh
low
mid 3%
mid 1%
high

C
3.22
15.26
39.01
117.9

8. Waste transport
Noise pollution
human

total

rail traffic noise

Included in coal transportation

10. Construction / dismantling
Occupational accidents
human

workers

occupational accidents

0.007 deaths

0.018

A

human

workers

occupational accidents

0.190 major injuries

0.024

A

human

workers

occupational accidents

0.92 minor injuries

0.0018

A

Public accidents
human

workers

public accidents

0.003 deaths

0.0093

A

human

workers

public accidents

0.031 major injuries

0.0029

A

human

workers

public accidents

0.141 minor injuries

0.00098

A
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APPENDIX X. DEFINITION OF THE OIL FUEL CYCLE,
DATA AND RESULTS

1
Oil exploration

2
Oil extraction

3
Oil transportation

4
Oil refining

5
Power generation

6
Power transmission

7
Waste disposal

Also considered:

8,
Construction of plants

Figure X.1 Oil fuel Cycle
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Table X.1 Definition of the oil fuel cycle
Stage
1. Oil exploration

Parameter
Location
Depth of water at field
Drilling plant used
Drilling mud used
Number of production wells

Value

Source

UK Central North Sea
Basin
138 m
semi-submersible rig
oil-based
15

European
Commission, 1995

2. Oil extraction
Location
Total field development cost
Oil field production
Operational lifetime

Alba field, UKCS North
Sea
£1 billion
3.7 million te/yr
15-20 years (estimated)

Mode of transport
Distance to refinery
Shuttle tanker weight
Capacity of tanker
Frequency of loading

shuttle tanker
1,100 km
78,000 te
500,000 barrels
Every 5-7 days

Location
Refining capacity
Technology deployed
Average crude oil composition
UK origin
Gulf import
Heavy fuel oil composition
Carbon
Hydrogen
Sulphur
Nitrogen
Ash
Moisture
GCV
NCV
Proportion of refinery emissions
due to HFO production
Proportion of HFO output used
for the combined cycle plant

Fawley, Hampshire
15 million te
fluid catalytic cracking

DTI, 1994

3. Oil transportation

4. Oil refining

5. Power generation
Combined cycle plant

16

75%
25%
BP, 1990
86.3%
11%
1.5-3.5%
0.2-0.3%
0.04-0.1%
0.1-1% vol.
41.6-42.7 MJ/kg
39.3-40.3 MJ/kg
19.2%
18.8%

Location
Fawley, Hampshire
Type
gas and steam turbine
Fuel used
heavy fuel oil
Abatement Technology:
Low NOx Burners
FGD

EC, 1995

Appendix X: Oil Fuel Cycle

Stage

Parameter

Value

Source

ESP
Gross electricity capacity
Net electricity sent out
Thermal efficiency
Annual load factor
Annual electricity generation
Projected lifetime
Fuel oil input
Stack height
Stack diameter
Flue gas volume stream
Flue gas temperature

547.6 MW
527.9 MW
47.5%
6500 hr (74.2%)
3.431 TWh
35 years
607,050 te
250 m
10 m
3,764,310 Nm3/h
155 °C

Length of new lines

0 km

Site
Distance to power station
Mode of transport

nq
nq
nq

Material demands
Labour

nq
nq

6. Power transmission

7. Waste disposal

8. Construction of plant

X.2 Quantification of burdens of the oil fuel cycle

Table X.2 Burdens of the oil fuel cycle
Stage

Burden

1. Oil exploration

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions:
CO2
CH4
SO2
NOx
CO
VOC
N2O
Water emissions
oil discharge

Quantity

Source of data

0.00023/TWh
0.0054/TWh
0.037/TWh

DEn (1991)
DEn (1991)
DEn (1991)

ü
ü
ü
ü
ü

0.013 g/kWh
0.000022 g/kWh
0 g/kWh
0.00008 g/kWh
0.00017 g/kWh
0.000017 g/kWh
0.000009 g/kWh
700 te

Impact
assessed?

ü
ü
ü
ü
DTI, 1995

ü
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Stage

Burden
from cuttings with an oilbased mud
barite
base oil
CaCl
emulsifier
filtrate control
lime
viscosifier
oil in drain water
Other burdens
noise

2. Oil extraction

18

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions:
flaring
CO2
NOx
CO
VOC
CH4
venting
CO2
NOx
CO
VOC
CH4
own use
CO2
NOx
CO
VOC
CH4
Water emissions:.
oil with drill cuttings
oil in produced water
oil spills
cadmium and compounds
mercury and compounds
organo-phosphorous comp
persistent synthetic comp.
zinc
lead
chromium
nickel
copper
Other burdens
noise
Major accidents

Quantity

Source of data

Impact
assessed?

Davies &
Kingston, 1992
ü
ü
ü
ü
ü
ü
ü
ü

409 te
210 te
22 te
15 te
12 te
2 te
2 te
40 mg/l
nq

ü
ü
ü

0.00584/TWh
0.0659/TWh
0.508/TWh

13.34 g/kWh
0.041 g/kWh
0.0031 g/kWh
0.046 g/kWh
0.045 g/kWh

ü
ü
ü
ü
ü

0.0068 g/kWh
0 g/kWh
0 g/kWh
0.024 g/kWh
0.060 g/kWh

ü

11.13 g/kWh
0.027 g/kWh
0.0075 g/kWh
0.0088 g/kWh
0.0014 g/kWh

ü
ü
ü
ü
ü

ü
ü

0.0021 g/kWh
0.0033 g/kWh
0.0017 g/kWh
6.1E-06 g/kWh
1.7E-06 g/kWh
9.6E-06 g/kWh
2.0E-05 g/kWh
1.4E-04 g/kWh
2.0E-05 g/kWh
3.0E-05 g/kWh
2.4E-05 g/kWh
6.5E-05 g/kWh

DTI, 1995
DTI, 1995
DTI, 1995
NSTF, 1993
NSTF, 1993
NSTF, 1993
NSTF, 1993
NSTF, 1993
NSTF, 1993
NSTF, 1993
NSTF, 1993
NSTF, 1993

nq
1.49E-02 deaths

ETSU, 1995

ü
ü
ü
ü
ü
ü
ü
ü
ü
ü
ü
ü
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Stage

Burden

3. Oil transportation

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions due to tanker
transport:
CO2
SO2
NOx
CO
Particulates
VOC
CH4
transfer
VOC
CH4
Air emissions due to pipeline
refinery - power plant
CO2
SO2
NOx
CO
Particulates
VOC
CH4
Water emissions
oil discharge
tanker ballast water
Other burdens
noise

4. Oil refining

Occupational health - refinery
construction
accidents - fatal
accidents - major injury
accidents - minor injury
Occupational health production
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions: combined cycle
CO2
SO2
NOx
CO
Particulates
VOC
CH4
Water emissions
Other burdens

Quantity

Source of data

Impact
assessed?

0.02655/TWh
0.156/TWh
2.057/TWh

EC, 1995

ü
ü
ü

3.0 g/kWh
0.057 g/kWh
0.08 g/kWh
0.0085 g/kWh
0.0024 g/kWh
0.0023 g/kWh
0.000024 g/kWh

IMO
IMO
IMO
IMO
IMO
IMO
IMO

ü
ü
ü
ü
ü
ü
ü

0.1825 g/kWh
0.001842 g/kWh

Passant, 1993
Passant, 1993

ü
ü
ü
ü
ü
ü
ü
ü
ü

0.38 g/kWh
0.0005 g/kWh
0.0005 g/kWh
0.00018 g/kWh
7.5E-06 g/kWh
0.000033 g/kWh
0.000014 g/kWh
nq
nq
nq

0.00109/TWh
0.0336/TWh
0.160/TWh

CSO, 1993
CSO, 1993
CSO, 1993

ü
ü
ü

2.00E-05/TWh
0.0013/TWh
0.009/TWh

CSO, 1993
CSO, 1993
CSO, 1993

ü
ü
ü

CONCAWE
CONCAWE

ü
ü
ü
ü
ü
ü
ü

18.61 g/kWh
0.17 g/kWh
0.041 g/kWh
0.0047 g/kWh
0.0043 g/kWh
0.4 g/kWh
0.00086 g/kWh
nq

CONCAWE
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Stage

Burden
noise
effect on landscape

5. Power generation

7. Waste disposal

8. Construction

20

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions:
SO2
NOx
CO2
CH4
N2O
Particulates
Water emissions
Solid waste:
ash (mainly gypsum)
Other burdens
noise
effect on landscape
transport
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
Water emissions
Other emissions
noise
Occupational health - const.
offshore platform
accidents - fatal
accidents - major injury
accidents - minor injury
Occupational health construction power plant
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions from transport
Water emissions
Solid waste production
top soil
debris
Other burdens
noise
road traffic

Quantity

Source of data

Impact
assessed?

nq
nq
ü
ü
ü

2.40E-04/TWh
0.0243/TWh
0.317/TWh
EC, 1995

ü
ü
ü
ü
ü
ü

0.798 g/kWh
0.798 g/kWh
608 g/kWh
0.0227 g/kWh
0.015 g/kWh
0.012 g/kWh
nq
EC, 1995

ü

0.00555/TWh
0.1717/TWh
0.816/TWh

DEn, 1991
DEn, 1991
DEn, 1991

ü
ü
ü

0.00334/TWh
0.1032/TWh
0.491/TWh
nq
nq

CSO, 1993
CSO, 1993
CSO, 1993

ü
ü
ü

411 te/yr
nq
nq
nq
nq
nq
nq
nq
nq
nq

negligible
nq
nq
nq
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X.3 Impacts and damages of the oil fuel cycle

Table X.3 Impacts and damages of the oil fuel cycle
Impacts
Receptor

Receptor SubGroup

1. Oil exploration
Occupational accidents
human
workers
human
workers
human
workers
ecosystem
fish
ecosystem

fish

mECU/kWh

ëg

7.22E-04
5.13E-04
2.58E-04
1.5E-06

A
A
A
C

5.0E-05

C

0.00046

A

1.83E-02
6.26E-03
3.54E-03
4.68E-02

A
A
A
A

major oil spill
drill cuttings
produced water

0.032
4.8E-05
1.4E-06

C
C
C

NOx emissions

0.39

A

8.34E-02
1.48E-02
1.43E-02

A
A
A

0.46
0.39
0.034

A
A
A

6.28E-05
1.24E-04
6.27E-05

A
A
A

0.39
1.70
0.10

A
A
A

Impact

offshore drilling - accidents
offshore drilling - accidents
offshore drilling - accidents
commercial fishery loss produced water
commercial fishery loss drill cuttings

/TWh

Units

0.23E-03 deaths
0.0054 major injuries
0.037 minor injuries

Air Pollution NOx
human/material/crops
2. Oil extraction
Occupational accidents
human
workers
human
workers
human
workers
human
workers
Ecological impacts
ecosystems
marine
ecosystems
marine
ecosystems
marine
Air Pollution
human/material/crops
3. Oil transportation
Occupational accidents
human
workers
human
workers
human
workers
Air Pollution
human/material/crops
human/material/crops
human/material/crops
4. Oil refining
Occupational accidents
human
workers
human
workers
human
workers
Air Pollution
human/material/crops
human/material/crops
human/material/crops
Stages 1-4 Global Warming
global

Damages

offshore operation
offshore operation
offshore operation
major offshore accidents

tanker transport - accidents
tanker transport - accidents
tanker transport - accidents

0.58E-02
0.066
0.051
1.49E-02

deaths
major injuries
minor injuries
deaths

0.027 deaths
0.156 minor injuries
2.057 major injuries

NOx emissions
SO2 emissions
Particulates

refinery operation
refinery operation
refinery operation

2.00E-05 deaths
0.0013 major injuries
0.009 minor injuries

NOx emissions
SO2 emissions
Particulates

4.65E+04 t/TWh

C
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Low
mid 3%
mid 1%
High

Damages
mECU/kWh

ëg

0.18
0.84
2.14
6.46

5. Power generation (base load)
Air pollution x crops
Acidity
crops

total

add. lime needed in kg

na [kg] per TWh

na

A

crops

total

add. fertil. needed [kg]

na] per TWh

na

A

SO2
crops

barley

yield loss [dt]

151.5 [dt] per TWh

0.0008991

A

crops

potato

yield loss [dt]

99.8 [dt] per TWh

0.0008994

A

crops

wheat

yield loss [dt]

498.5 [dt] per TWh

5.26E-03

A

crops

sugar beet

yield loss [dt]

342 [dt] per TWh

0.001804

A

total

yield loss [dt]

0.28

B

Ozone
crops

Air pollution x ecosystems
ecosystems

alk. unimpr. grass

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

alpine meadows

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(nutr.imb.)

0 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(gr.fl.ch.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(nutr.imb.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(N satur.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(gr.fl.ch.)

0 [km2] per TWh

na

B

ecosystems

mediterranean scrub

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

non-alk.unimpr.grass

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

peat bog

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

swamp marsh

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

tundra/rock/ice

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

NOx exceedance area

0 [km2] per TWh

na

B

ecosystems

total

SO2 exceedance area

0 [km2] per TWh

na

B

Air pollution x forest
forest

total

timber loss

23.35 [m3] per TWh

0.00136

Air pollution x human health
NOx-all from nitrate aerosol
Acute effects
human

above_65_yrs

congestive heart failure

0.4695 [case] per TWh

0.003695

B

human

adults

Restr. activity days

2777 [days] per TWh

0.2082

B

human

asthma_adults

Bronchodilator usage

634.5 [case] per TWh

0.02348

B

human

asthma_adults

cough

652.8 [day] per TWh

0.004569

A

human

asthma_adults

Lower resp. symptoms

236 [days] per TWh

0.00177

A

human

asthma_children

Bronchodilator usage

127.1 [case] per TWh

0.004703

B

human

asthma_children

cough

218.9 [day] per TWh

0.001532

A

human

asthma_children

Lower resp. symptoms

human

total

resp. hosp. admission

168.8 [days] per TWh

0.001266

A

0.4041 [case] per TWh

0.003181

human

total

A

cerebrovascular hosp. adm

0.984 [case] per TWh

0.007744

B

human
human

adults

'chronic' mortality

8.012 [deaths] per TWh

24.8

B

adults

'chronic' YOLL

80.12 [years] per TWh

6.757

B

Chronic effects
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
mECU/kWh

ëg

human

adults

chronic bronchitis

5.453 [cases] per TWh

0.5725

A

human

children

chronic cough

96.99 [episode] per TWh

0.02182

B

human

children

case of chr. bronchitis

75.44 [case] per TWh

0.01697

B

human

total

mortality YOLL

human

total

mortality VSL

human

total

morbidity

NOx-via ozone
Acute effects
0.33

B

10.37

B

0.58

B

SO2-all from sulphate, unless marked SO2
Acute effects
human

total

acute' mortality SO2

2.658 [deaths] per TWh

8.241

B

human

total

acute' YOLL SO2

1.994 [years] per TWh

0.622

B

human

total

resp. hosp. admission SO2

0.7618 [case] per TWh

0.005996

human

above_65_yrs

congestive heart failure

0.4299 [case] per TWh

0.003383

B

human

adults

Restr. activity days

2.54E+03 [days] per TWh

0.1901

B

human

asthma_adults

Bronchodilator usage

579.7 [case] per TWh

0.02145

B

human

asthma_adults

cough

596.4 [day] per TWh

0.004174

A

human

asthma_adults

Lower resp. symptoms

215.7 [days] per TWh

0.001617

A

human

asthma_children

Bronchodilator usage

116.2 [case] per TWh

0.004298

B

human

asthma_children

cough

199.9 [day] per TWh

0.0014

A

human

asthma_children

Lower resp. symptoms

154.2 [days] per TWh

0.001156

A

human

total

cerebrovascular hosp. adm

0.9008 [case] per TWh

0.007089

B

human

adults

'chronic' mortality

22.68

B

human

adults

'chronic' YOLL

73.21 [years] per TWh

6.173

B

human

adults

chronic bronchitis

4.758 [cases] per TWh

0.4996

A

human

children

chronic cough

88.79 [episode] per TWh

0.01998

B

human

children

case of chr. bronchitis

69.06 [case] per TWh

0.01554

B

human

above_65_yrs

congestive heart failure

0.0143 [case] per TWh

0.0001125

B

human

adults

Restr. activity days

84.56 [days] per TWh

0.006342

B

human

asthma_adults

Bronchodilator usage

19.32 [case] per TWh

0.000715

B

human

asthma_adults

cough

19.88 [day] per TWh

0.0001392

A

human

asthma_adults

Lower resp. symptoms

7.189 [days] per TWh

5.39E-05

A

human

asthma_children

Bronchodilator usage

3.871 [case] per TWh

0.0001432

B

human

asthma_children

cough

6.666 [day] per TWh

4.67E-05

A

human

asthma_children

Lower resp. symptoms

5.14 [days] per TWh

3.86E-05

A

human

total

resp. hosp. admission

0.01231 [case] per TWh

9.69E-05

A

human

total

cerebrovascular hosp. adm

0.02997 [case] per TWh

0.0002359

B

human

adults

'chronic' mortality

human

adults

'chronic' YOLL

human

adults

chronic bronchitis

human

children

chronic cough

2.954 [episode] per TWh

human

children

case of chr. bronchitis

2.298 [case] per TWh

maintenance surface (m2)

5870 [m2] per TWh

Chronic effects
7.32 [deaths] per TWh

Particulates (tsp)
Acute effects

Chronic effects
0.244 [deaths] per TWh

0.76

B

2.44 [years] per TWh

0.2058

B

0.1661 [cases] per TWh

0.01744

A

0.0006647

B

0.000517

B

0.2964

B

Air pollution x materials
SO2
material

galvanised st.
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
mECU/kWh

ëg

material

limestone

maintenance surface (m2)

0.9227 [m2] per TWh

0.0002582

B

material

mortar

maintenance surface (m2)

634.2 [m2] per TWh

0.01956

B

material

natural stone

maintenance surface (m2)

0.8615 [m2] per TWh

0.0002411

B

material

paint

maintenance surface (m2)

6967 [m2] per TWh

0.08755

B

material

rendering

maintenance surface (m2)

245.4 [m2] per TWh

0.007568

B

material

sandstone

maintenance surface (m2)

1.256 [m2] per TWh

0.0003514

B

material

zinc

maintenance surface (m2)

29.21 [m2] per TWh

0.0007341

B

0.000754

A

Occupational accidents
human

workers

occupational accidents

0.00024 deaths

human

workers

occupational accidents

0.0243 major injuries

0.00231

A

human

workers

occupational accidents

0.317 minor injuries

0.00221

A

total

operation noise

Noise pollution
human

na

nq

Global warming x CO2
global

global warming -

6.08E+05 t/TWh
Low
mid 3%
mid 1%
high
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C
2.31
10.94
27.97
84.51

Appendix XI: Orimulsion Fuel Cycle

APPENDIX XI. DEFINITION OF THE ORIMULSION FUEL
CYCLE, DATA AND RESULTS

1
Orimulsion extraction

3
Limestone extraction

2
Orimulsion transport

4
Limestone transport

5
Power generation

6
Power transmission

7
Transport of waste

8
Waste disposal

Also considered:

9, 10
Construction and demolition of facilities

Figure XI.1 Orimulsion fuel cycle
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Table XI.1 Definition of the Orimulsion fuel cycle
Stage
1. Orimulsion
Extraction

Parameter
Location(s)
Calorific value of
Orimulsion
Composition of
Orimulsion
water
ash
carbon
oxygen
hydrogen
sulphur
nitrogen
chlorine

2. Orimulsion
transport

Quantity
Orinoco Basin,
Venezuela
27.6 MJ/kg

Source of data, comments

30%
0.2%
60%
0.2%
7.3%
2.7%
0.5%
0.006%

BITOR (1997)
BITOR (1997)
BITOR (1997)
BITOR (1997)
BITOR (1997)
BITOR (1997)
BITOR (1997)
BITOR (1997)

Distance to power station

14600km

Mode of transport
Number of tankers

Pipeline - Tanker
27/ y, each of
150,000t

BITOR (1997)

3. Extraction, production of pollution abatement materials
Location
Undecided
3a. Limestone
Annual production
Undecided

4. Transport of pollution abatement materials
Distance to power station
4a. Limestone
Mode of transport
Number of trainloads
5. Power generation

Fuel
Type of plant
Location
Power generation
gross
sent out
Efficiency
Load factor
Operation time
Lifetime
Pollution control
ESPs
low NOx burners
FGD
cooling water
Stack parameters
height
diameter
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Undecided
Undecided
Undecided
Orimulsion
Steam
Pembroke

National Power (1995)

2000 MW
1940 MW
37.5% (HHV basis)
73.6%
6,229 full load hrs/yr
? years

National Power (1995)
National Power (1995)
National Power (1995)
National Power (1995)
National Power (1995)
National Power (1995)

99.9% effective

BITOR (1997)
BITOR (1997)
BITOR (1997)

99% effective
Once through from
Milford Haven
213 m
11.3 m

National Power (1995)
National Power (1995)
National Power (1995)

Appendix XI: Orimulsion Fuel Cycle

flue gas volume
flue gas temperature
Material demands
Orimulsion
limestone
cooling water
boiler feed water
domestic water

5,250,000 Nm3/h
353 K
4,000,000 t/yr
Undecided

National Power (1995)
National Power (1995)
National Power (1995)

6. Transmission

Length of new lines

0 km

National Power (1995)

7. Transport of
waste

Site

Undecided

Distance to power station
Mode of transport
Number of trainloads

Undecided
Undecided
Undecided

Type of facility

Landfill / metals
recovery

8. Waste disposal

9. Construction of facilities
Materials needed
Orimulsion
Extraction
Labour
Limestone quarry Materials needed
Construction materials
Power station
surfacing material
cement
sand
coarse aggregates
PFA
steel
Transmission lines Materials needed
10. Demolition of facilities
Waste arising
Metals
Aggregates

negligible
1,150 workers
negligible
Not given
Not given
Not given
Not given
Not given
Not given
negligible

Not given
Not given
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XI.2 Quantification of burdens of the Orimulsion fuel cycle
Table XI.2 Burdens of the Orimulsion fuel cycle
Stage

Burden

1. Orimulsion extraction and processing outside EU
Air emissions - flaring
CO2
NOx
Air emissions - processing
SO2
NOx
PM10
2. Orimulsion
transport
Air emissions
CO2
SO2
NOx
PM10 - combustion

Quantity

Source of data

Impact
assessed?
ü

2.62 g/kWh
0.016 g/kWh
0.004 g/kWh
0.005 g/kWh
0.003 g/kWh

NETCEN 1996
4.93 g/kWh
0.08 g/kWh
0.01 g/kWh
0.004 g/kWh

ü

3. Extraction, production of pollution abatement materials
3a. Limestone
Occupational health
accidents - fatal
not quantified
accidents - major injury
not quantified
accidents - minor injury
not quantified
4. Transport of pollution abatement materials
Occupational health
4a. Limestone
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
SO2
NOx
PM10 - combustion
PM10 - fugitive dust
Noise
5. Power generation

28

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
noise levels
exposure to physical stress
Air emissions
CO2
N2O

not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified

0.01 / year
0.4 / year
4 / year
not quantified
not quantified

ü
ü
ü

728 g/kWh
not quantified

ü
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Stage

Burden

Quantity

CH4
SO2
NOx
PM10
trace elements
Solid waste production
FBA
gypsum
FGD sludge
silt from cooling towers
Water abstraction
Emissions to water from.
cooling system
temperature of cooling
water on return
chloride
FGD plant

not quantified
1.07 g/kWh
1.22 g/kWh
0.07 g/kWh
See Table 5.6

6. Transmission

No additional burdens

not quantified

7. Transport of
waste

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
SO2
NOx
PM10 - combustion
PM10 - fugitive dust
Noise
Burden on infrastructure

8. Waste disposal

9. Construction

10. Demolition

Source of data

Impact
assessed?
ü
ü
ü

6,400 t/yr
800,000 t/yr
21,000 t/yr
not quantified

not quantified

not quantified
not quantified

not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Leachate
Quantity of waste
Noise
Road use

not quantified
not quantified
not quantified
not quantified
not quantified
not quantified
not quantified

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury

not quantified
not quantified
not quantified

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury

not quantified
not quantified
not quantified
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XI.3 Impacts and damages of the Orimulsion fuel cycle
Table XI.3 Impacts and damages of the Orimulsion fuel cycle
Impacts
Receptor

Receptor SubGroup

Impact

/TWh

1-2. Orimulsion extraction and transportation
Global warming x CO2
global
global warming -

Units

Damages
ëg

mECU/kWh

7.55E+03 t/TWh
low
mid 3%
mid 1%
high

C
0.03
0.14
0.35
1.05

6. Power generation
Air pollution x crops
Acidity
crops

total

add. lime needed in kg

na [kg] per TWh

na

A

crops

total

add. fertil. needed [kg]

na [kg] per TWh

na

A

barley

yield loss [dt]

239 [dt] per TWh

0.001418

A

SO2
crops
crops

potato

yield loss [dt]

259.8 [dt] per TWh

0.002323

A

crops

wheat

yield loss [dt]

432.8 [dt] per TWh

0.004549

A

crops

sugar beet

yield loss [dt]

389.5 [dt] per TWh

0.00202

A

total

yield loss [dt]

0.43

B

Ozone
crops

Air pollution x ecosystems
ecosystems

alk. unimpr. grass

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

alpine meadows

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(nutr.imb.)

0.00E+00 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(gr.fl.ch.)

0.00E+00 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(nutr.imb.)

0.00E+00 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(N satur.)

0.00E+00 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(gr.fl.ch.)

0.00E+00 [km2] per TWh

na

B

ecosystems

mediterranean scrub

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

non-alk.unimpr.grass

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

peat bog

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

swamp marsh

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

tundra/rock/ice

N dep. exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

total

NOx exceedance area

0.00E+00 [km2] per TWh

na

B

ecosystems

total

SO2 exceedance area

0.00E+00 [km2] per TWh

na

B

0.001

B

Air pollution x forest
forest

total

Air pollution x human health
NOx-all from nitrate aerosol
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22.56 [m3] per TWh
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Impacts
Receptor

/TWh

Units

Damages
ëg

Receptor SubGroup

Impact

mECU/kWh

above_65_yrs

congestive heart failure

0.57 [case] per TWh
3361 [days] per TWh

0.25

B

768 [case] per TWh

2.84E-02

B

Acute effects
human

4.47E-03

B

human

adults

Restr. activity days

human

asthma_adults

Bronchodilator usage

human

asthma_adults

cough

790.1 [day] per TWh

5.53E-03

A

human

asthma_adults

Lower resp. symptoms

285.7 [days] per TWh

2.14E-03

A
B

human

asthma_children

Bronchodilator usage

153.8 [case] per TWh

5.69E-03

human

asthma_children

cough

117.4 [day] per TWh

2.64E-02

A

human

asthma_children

Lower resp. symptoms

204 [days] per TWh

1.53E-03

A

human

total

resp. hosp. admission

0.49 [case] per TWh

3.85E-03

A

human

total

cerebrovascular hosp. adm

1.19 [case] per TWh

9.37E-03

B

Chronic effects
human

adults

chronic' mortality

human

adults

'chronic' YOLL

9.7 [deaths] per TWh
97.0 [years] per TWh
6.6 [cases] per TWh

30.1

B

8.18

B

human

adults

chronic bronchitis

0.69

A

human

children

chronic cough

117.4 [episode] per TWh

2.64E-02

B

human

children

chronic bronchitis

91.31 [case] per TWh

2.05E-02

B

NOx-via ozone
Acute effects
human

total

mortality-YOLL

0.5

B

human

total

mortality-VSL

15.9

B

human

total

morbidity

0.89

B

SO2-all from sulphate unless marked SO2
Acute effects
human

total

Acute mortality SO2

1.69 [deaths] per TWh

5.24

B

human

total

acute' YOLL SO2

1.27 [years] per TWh

0.20

B

human

total

resp. hosp. admission

0.33 [cases] per TWh

2.56E-03

A

human

above_65_yrs

congestive heart failure

0.38 [days] per TWh

2.97E-03

A

human

adults

Restr. activity days

2227 [cases] per TWh

0.17

A

human

asthma_adults

Bronchodilator usage

509.3 [days] per TWh

1.88E-02

A

human

asthma_adults

cough

523.9 [days] per TWh

3.67E-03

A

human

asthma_adults

Lower resp. symptoms

189.5 [cases] per TWh

1.42E-03

A
A

human

asthma_children

Bronchodilator usage

102 [days] per TWh

3.78E-03

human

asthma_children

cough

175.7 [days] per TWh

1.23E-03

A

human

asthma_children

Lower resp. symptoms

135.5 [cases] per TWh

1.02E-03

A

human

total

cerebrovascular hosp. adm

0.79 [case] per TWh

6.23E-03

B

Chronic effects
human

adults

'chronic' mortality

6.432 [deaths] per TWh

19.9

B

human

adults

'chronic' YOLL

64.32 [years] per TWh

5.42

B

human

adults

chronic bronchitis

0.44

A

human

children

chronic cough

78.01 [episode] per TWh

418 [cases] per TWh

1.76E-02

B

human

children

case of chr. bronchitis

60.68 [case] per TWh

1.37E-02

B

0.0341 [case] per TWh

2.72E-04

B

204.4 [days] per TWh

1.53E-02

B

43.7 [case] per TWh

1.73E-03

B

Particulates (tsp)
Acute effects
human

above_65_yrs

congestive heart failure

human

adults

Restr. activity days

human

asthma_adults

Bronchodilator usage

human

asthma_adults

cough

48.05 [day] per TWh

3.36E-04

A

human

asthma_adults

Lower resp. symptoms

17.37 [days] per TWh

1.30E-02

A
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
ëg

mECU/kWh

human

asthma_children

Bronchodilator usage

9.36 [case] per TWh

3.46E-04

B

human

asthma_children

cough

16.11 [day] per TWh

1.13E-04

A

human

asthma_children

Lower resp. symptoms

12.42 [days] per TWh

9.32E-05

A

human

total

resp. hosp. admission

0.03 [case] per TWh

2.34E-04

A

human

total

cerebrovascular hosp. adm

0.07 [case] per TWh

5.70E-04

B

Chronic effects
human

adults

'chronic' mortality

human

adults

'chronic' YOLL

0.59 [deaths] per TWh
5.897 [years] per TWh

1.83

B

0.49

B

human

adults

chronic bronchitis

0.4 [case] per TWh

0.04

A

human

children

chronic cough

7.14 [epis] per TWh

1.61E-03

B

human

children

case of chr. bronchitis

5.55 [case] per TWh

1.25E-03

B

Air pollution x materials
SO2
material

galvanised st.

maintenance surface (m2)

4070.00 [m2] per TWh

0.26

B

material

limestone

maintenance surface (m2)

0.46 [m2] per TWh

1.62E-04

B

material

mortar

maintenance surface (m2)

432.80 [m2] per TWh

1.67E-02

B

material

natural stone

maintenance surface (m2)

0.42 [m2] per TWh

1.48E-04

B

material

paint

maintenance surface (m2)

3962.00 [m2] per TWh

5.86E-02

B

material

rendering

maintenance surface (m2)

154.30 [m2] per TWh

5.95E-03

B

material

sandstone

maintenance surface (m2)

0.62 [m2] per TWh

2.16E-04

B

material

zinc

maintenance surface (m2)

13.79 [m2] per TWh

4.36E-04

B

Occupational accidents
human

workers

occupational accidents

3.98E-03

A

human

workers

occupational accidents

1.27E-03 deaths
0.0126 major injuries

1.20E-03

A

human

workers

occupational accidents

0.165 minor injuries

1.15E-03

A

Noise pollution
human
operation noise
total
Global warming x CO2

na

global

global warming -

na

7.28E+05 t/TWh
Low
mid 3%
mid 1%
high

32

na

C
2.8
13.1
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APPENDIX XII. GAS FUEL CYCLE, DATA AND RESULTS.

1
Gas exploration

2
Gas extraction

3a
Pipeline construction

3
Gas transport

4
Power generation

Also considered:

5
Construction and dismantling of facilities

Figure XII.1 Gas fuel cycle
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XII.1 Definition of the gas fuel cycle
Table XII.1 Definition of the gas fuel cycle
Stage
2. Gas extraction

Parameter

Value

Location

Gas field production
Operational lifetime
Topside unit total weight
Composition of gas
Methane
Ethane
Heavier alkanes
Nitrogen
Carbon dioxide
Hydrogen sulphide
Heating value

Source

Caister Gas Field, UK
North Sea Southern
Basin
1.25 billion m3/year
15 years
1350 te

DTI, 1993
Knot, 1993
BGC, 1990

93%
3%
1%
3%
0.3%
nq
nq

3. Gas transport
Mode of transport
Pipeline length
Pipeline diameter
Gas volume transported
Gas leakages
Number of compressor stations
Compression station
location
installed power
gas consumption
Number of valve stations
Air emissions
NOx
CH4
CO2
Labour

Pipeline
170 km + 70 km
26''
3.4million m3/day
nq
1

Smith, 1992
Smith, 1992
Smith, 1992
DTI, 1993

Theddlethorpe, Lincs.
nq
nq
3
0.001 g/kWh
0.06 g/kWh
0.02 g/kWh

Williams, 1993
Williams, 1993

nq

3a. Construction of pipeline
Material demands
steel
Labour
Construction period

nq
nq
nq
National Power,
1992

4. Power generation
Fuel
Technology
Location
Installed power
Net electrical efficiency
Gas consumption (estimate)
Projected load factor
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Natural gas
Combined cycle
West Burton, Notts.
652 MW
51.6%
1.1 billion m3/year
90%

MPS, 1993
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Stage

Parameter
Technical lifetime
30 years
Pollution control
dry low-NOx combustors
Size of the plant
land area required
cooling system water source
cooling system extraction
evaporative loss
purge to river
water mains use: treatment plant
cooling tower discharge height
stack height
number of stacks
Labour
Air emissions
flue gas volume
flue gas temperature
CO2
CH4
Particulates
NOx
SO2
N2O

Value

Source

MPS, 1993
13 ha
River Trent
39,600 m3/day
14,000 m3/day
25,600 m3/day
280 m3/day
18 m
65 m
3
nq
nq
100 ºC
393 g/kWh
MPS, 1993
negligible
negligible
NP, 1992
0.46 g/kWh
2.14 mg/Nm3
NP, 1992
13 mg/kWh Eyre & Michaelis,
1991

Waste products
filter sands
boiler acid wastes
decarbonation sludges
water make up sludges
mineral oils

nq
nq
nq
nq
nq

5. Construction of power
plant
Material demands per turbine
module
concrete
reinforcing steel
structural steel
cladding & roofing
Labour
nq
Construction period
nq
Material demands for gas
treatment works
concrete aggregates
cement
hardcore and crushed rock
gravel
rebar

CEGB, 1989
20,000 m3
2,500 te
3,500 te
20,000 m3

ERL, 1990
3,000 m3
600 m3
3,500 m3
1,000 m3
550 te
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XII.2 Quantification of burdens of the gas fuel cycle
Table XII.2 Burdens of the gas fuel cycle
Stage

Burden

1. Gas exploration

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Atmospheric emissions
CO2
CH4
N2O
NOx
Particulates
SO2
Emissions to water from
cuttings with an oil based mud
barite
base oil
CaCl
emulsifier
filtrate control
lime
viscosifier
Other burdens
noise

2. Gas extraction

3. Gas transport
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Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Atmospheric emissions
CO2
from flaring
from combustion
CH4
N2O
NOx
Particulates
SO2
Emissions to water
Other burdens
noise
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Atmospheric emissions
CO2
from leakage

Quantity

Source of data

0.00016/TWh
0.0038/TWh
0.026/TWh

EC, 1995
EC, 1995
EC, 1995

nq
nq
nq
negligible
negligible
negligible

Impact
assessed?
ü
ü
ü

Amanda, 1990

Davies &
Kingston, 1992
ü
ü
ü
ü
ü
ü
ü
ü

409 te
210 te
22 te
15 te
12 te
2 te
2 te
nq

0.0048
0.0689
0.4819

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

0.2 g/kWh
6 g/kWh
0.11 g/kWh
0.001 g/kWh
negligible
negligible
negligible
negligible

Williams, 1993
Williams, 1993
Williams, 1992

ü
ü
ü
ü

nq
ü
ü
ü

6.90E-05/TWh
0.0025/TWh
0.026/TWh

0.02 g/kWh

Williams, 1993

ü
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Stage

Burden
from compression
onshore processing
SO2
N2O
NOx
Particulates
Emissions to water from the
gas treatment plant
total hydrocarbons
amines
iron
zinc
Solid waste production from
the gas treatment plant
general wastes
empty paint/thinner tins
empty oil drums
scrap metal
process sludge
Other burdens
noise

3a. Construction of
pipeline
4. Power generation

burdens included in other
stages
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Public health
accidents - fatal
accidents - major injury
accidents - minor injury
Atmospheric emissions
CO2
CH4
N2O
NOx
Particulates
SO2
Sulphur
Water
Emissions to water
Total hardness (as CaCO3)
Sodium (as Na)
Alkalinity (as CaCO3)
Chloride (as Cl)
Sulphate (as SO4)
Suspended solids
Solid waste production
boiler cleaning residues
used air filters

Quantity

Source of data

2 g/kWh
0.11 g/kWh
negligible
0.001 g/kWh
nq
negligible

ETSU, 1995

Impact
assessed?
ü
ü
ü

ü
ü
ü
ü

98 mg/l
88 mg/l
261 mg/l
52.1 mg/l
Conoco, 1993

ü
ü
ü
ü
ü

160 te/year
10 te/year
12.5 te/year
100 te/year
10 te/year
nq

6.70E-04/TWh
0.024/TWh
0.25/TWh

ü
ü
ü

0.001/TWh
0.015/TWh
0.068/TWh

ü
ü
ü

393 g/kWh
negligible
0.013 g/kWh
0.46 g/kWh
negligible
none
2.14 mg/Nm3
14,000 m3/day
6,400 mg/l
10,400 mg/l
120 mg/l
16,000 mg/l
2,600 mg/l
800 mg/l

MPS, 1993

ü

Eyre &
Michaelis, 1991

ü
ü

NP, 1992
NP, 1992
NP, 1992
NP, 1992

ü
ü
ü
ü
ü
ü
ü
ü
ü

nq
nq
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Stage

5. Construction of
power plant

Burden

Quantity

waste oil
Other burdens
noise

nq

Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Public health
accidents - fatal
accidents - major
accidents - minor
Atmospheric emissions
CO2
CH4
N2O
NOx
Particulates
SO2
Emissions to water
Solid waste production
disposal to landfill
Other burdens
noise
road transport

Source of data

Impact
assessed?

nq

0.0025/TWh
0.078/TWh
0.37/TWh

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

2.9E-04/TWh
0.003/TWh
0.015/TWh

EC, 1995
EC, 1995
EC, 1995

ü
ü
ü

negligible
negligible
negligible
negligible
negligible
negligible
negligible
nq
nq
nq

XII.3 Impacts and damages of the gas fuel cycle
Table XII.3 Impacts and damages of the gas fuel cycle
Impacts
Receptor

Receptor SubGroup

1. Gas exploration
Occupational accidents
human
workers
human
workers
human
workers
human
workers
human
workers
human
workers
2. Gas extraction
Occupational accidents
human
workers
human
workers
human
workers
human
workers
3. Gas transport
Occupational accidents
human
workers
human
workers
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Impact

/TWh

Damages
Units

mECU/kWh

ëg

offshore drilling - accidents
offshore drilling - accidents
offshore drilling - accidents
offshore development - accid.
offshore development - accid.
offshore development - accid.

0.00016
0.0038
0.026
0.0022
0.068
0.32

deaths
major injuries
minor injuries
deaths
major injuries
minor injuries

5.02E04
3.61E-04
1.81E-04
6.91E-03
6.46E-03
2.23E-03

A
A
A
A
A
A

offshore operation - accidents
offshore operation - accidents
offshore operation - accidents
major offshore accidents

0.0048
0.0689
0.4819
0.016

deaths
major injuries
minor injuries
deaths

1.51E-02
6.55E-03
3.36E-03
5.02E-02

A
A
A
C

gas treatment plant accidents
gas treatment plant accidents

6.90E-05
0.0025

deaths
major injuries

2.17E-04
2.38E-04

A
A
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Impacts
Receptor

Receptor SubGroup

Impact

human
workers
gas treatment plant accidents
1-3. Global warming x CO2 and CH4
global
global warming - CH4
CO2
low
mid 3%
mid 1%
high
4. Power generation

/TWh

Damages
Units

0.026

minor injuries

mECU/kWh

ëg

1.81E-04

A

0.28 g/TWh
8.22 g/TWh

C
0.04
0.20
0.52
1.58

Air pollution x crops
Acidity
crops

total

add. lime needed in kg

na [kg] per TWh

na

A

crops

total

add. fertil. needed [kg]

na [kg] per TWh

na

A

crops

barley

yield loss [dt]

6.039 [dt] per TWh

3.58E-05

A

crops

potato

yield loss [dt]

4.727 [dt] per TWh

0.0000426

A

crops

sugar beet

yield loss [dt]

7.103 [dt] per TWh

3.75E-05

A

crops

wheat

yield loss [dt]

18.01 [dt] per TWh

0.00019

A

total

yield loss [dt]

0.16

B

SO2

Ozone
crops

Air pollution x ecosystems
ecosystems

alk. unimpr. grass

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

alpine meadows

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(nutr.imb.)

0 [km2] per TWh

na

B

ecosystems

beech, various oaks

N dep.exc.area(gr.fl.ch.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(nutr.imb.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(N satur.)

0 [km2] per TWh

na

B

ecosystems

birch, pine, ... mix

N dep.exc.area(gr.fl.ch.)

0 [km2] per TWh

na

B

ecosystems

mediterranean scrub

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

non-alk.unimpr.grass

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

peat bog

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

swamp marsh

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

tundra/rock/ice

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

NOx exceedance area

0 [km2] per TWh

na

B

ecosystems

total

SO2 exceedance area

0 [km2] per TWh

na

B

Air pollution x forest
forest

total

timber loss

4.98 [m3] per TWh

0.0002901

Air pollution x human health
NOx - all from nitrate aerosol
Acute effects
human

Above 65 years

congestive heart failure

0.1649 [case] per TWh

0.001297

B

human

adults

Restr. activity days

974.9 [days] per TWh

0.07312

B

human

asthmatic adults

Bronchodilator usage

222.8 [case] per TWh

0.008243

B

human

asthmatic adults

cough

229.2 [day] per TWh

0.001604

A

human

asthmatic adults

Lower resp. symptoms

82.87 [days] per TWh

0.0006216

A

39

Appendix XII: Gas Fuel Cycle

Impacts

Damages
mECU/kWh

ëg

44.63 [case] per TWh

0.001651

B

76.84 [day] per TWh

0.0005379

A

59.25 [days] per TWh

0.0004444

A

0.1419 [case] per TWh

0.001117

A

0.002719

B

Receptor

Receptor SubGroup

Impact

/TWh

Units

human

asthmatic children

Bronchodilator usage

human

asthmatic children

cough

human

asthmatic children

Lower resp. symptoms

human

total

resp. hosp. admission

human

total

cerebrovascular hosp. adm

0.3455 [case] per TWh

Chronic effects
human

adults

'chronic' mortality

8.72

B

human

adults

'chronic' YOLL

28.13 [years] per TWh

2.81 [deaths] per TWh

2.372

B

human

adults

chronic bronchitis

1.915 [cases] per TWh

0.201

A

human

children

chronic cough

34.06 [episode] per TWh

0.007662

B

human

children

case of chr. bronchitis

26.49 [case] per TWh

0.00596

B

NOx - via ozone
Acute effects
human

total

mortality -YOLL

0.19

B

human

total

mortality - VSL

5.98

B

human

total

morbidity

0.34

B

0.1207

B

SO2 - all from sulphate, unless marked SO2
Acute effects
human

adults

'acute' mortality SO2

0.03893 [deaths] per TWh

human

total

‘acute' YOLL SO2

0.02919 [years] per TWh

0.004525

B

human

total

resp. hosp. admission

-0.0023 [case] per TWh

-1.78E-05

A

human

Above 65 years

congestive heart failure

-0.0026 [case] per TWh

-2.07E-05

B

human

adults

Restr. activity days

-15.48 [days] per TWh

-0.001161

B

human

asthmatic adults

Bronchodilator usage

-3.541 [case] per TWh

-0.000131

B

human

asthmatic adults

cough

-3.643 [day] per TWh

-2.55E-05

A

human

asthmatic adults

Lower resp. symptoms

-1.317 [days] per TWh

-9.88E-06

A

human

asthmatic children

Bronchodilator usage

-0.7095 [case] per TWh

-2.63E-05

B

human

asthmatic children

cough

-1.221 [day] per TWh

-8.55E-06

A

human

asthmatic children

Lower resp. symptoms

-0.9418 [days] per TWh

-7.06E-06

A

human

total

cerebrovascular hosp. adm

-0.0055 [case] per TWh

-4.33E-05

B

Chronic effects
human

adults

'chronic' mortality

-0.139

B

human

adults

'chronic' YOLL

-0.4472 [years] per TWh

-0.045 [deaths] per TWh

-0.3771

B

human

adults

chronic bronchitis

-0.0291 [cases] per TWh

-0.003052

A

human

children

chronic cough

-0.5424 [episode] per TWh

-0.000122

B

human

children

case of chr. bronchitis

-0.4219 [case] per TWh

-9.49E-05

B

Air pollution x materials
SO2
material

galvanised st.

maintenance surface (m2)

322.5 [m2] per TWh

0.01556

B

material

limestone

maintenance surface (m2)

0.08326 [m2] per TWh

0.0000233

B

material

mortar

maintenance surface (m2)

32.23 [m2] per TWh

0.0009942

B

material

natural stone

maintenance surface (m2)

0.06934 [m2] per TWh

1.94E-05

B

material

paint

maintenance surface (m2)

896 [m2] per TWh

0.01126

B

material

rendering

maintenance surface (m2)

16.86 [m2] per TWh

0.0005202

B

material

sandstone

maintenance surface (m2)

0.1011 [m2] per TWh

2.83E-05

B

material

zinc

maintenance surface (m2)

2.521 [m2] per TWh

6.34E-05

B

2.10E-03

A

2.28E-03

A

Occupational accidents
human

workers

occupational accidents

human

workers

occupational accidents
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0.024 major injuries
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Impacts
Receptor

Receptor SubGroup

Impact

human

workers

occupational accidents

Damages

/TWh

Units
0.25 minor injuries

mECU/kWh

ëg

1.74E-03

A

Public accidents
human

workers

public accidents

0.001 deaths

3.14E-03

human

workers

public accidents

0.015 major injuries

1.43E-03

human

workers

public accidents

0.068 minor injuries

4.74E-04

Noise pollution
human
operation noise
total
Global warming x CO2

na

global

global warming -

0.027

na

3.93E+05 t/TWh

C

low
mid 3%
mid 1%
high

1.49
7.07
18.08
54.63

5. Construction of power plant
Occupational accidents
human

workers

occupational accidents

0.0025

deaths

7.85E-03

human

workers

occupational accidents

0.078

major injuries

7.41E-03

human

workers

occupational accidents

0.37

minor injuries

2.58E-03

Public accidents
human

workers

Public accidents

2.9E-04

deaths

9.11E-04

human

workers

Public accidents

0.003

major injuries

2.85E-04

human

workers

Public accidents

0.015

minor injuries

1.05E-04
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APPENDIX XIII. DEFINITION OF THE NUCLEAR FUEL
CYCLE, DATA AND RESULTS
1
Uranium mining and milling
↓
2
Conversion of yellow cake to UF4
and then to UF6
↓
3
Enrichment of natural uranium
↓
4
Fuel fabrication

5
Power generation
↓
6
Reprocessing

7
Waste disposal
Also considered:
9
Construction of power plant
not considered
Decommissioning of power plant
Transportation between stages
Figure XIII.1: Nuclear fuel cycle.
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XIII.1 Definition of the nuclear fuel cycle
Table XIII.1 Definition of the nuclear fuel cycle
Stage
1. Mining and milling

Parameter

Value

Source

Origin of the uranium

Uranium Institute
(1997)

Africa
Western Europe
Eastern Europe
CIS
Asia
Canada
USA
Australia
Other

21%
3.9%
2.8%
18.8%
2.2%
32%
7.1%
11.3%
0.6%

Type of mining

Underground/open pit/insitu leaching

Plant

BNFL, Springfields
Conversion to UF6

Plant

URENCO, Capenhurst
Gas Centrifuge Plant

BNFL (1992)

Plant

BNFL, Springfields, UK
Integrated Dry Route

BNFL (1992)

Fuel
Technology
Location
Installed power (gross)
Load factor

UO2
PWR
Sizewell B, UK
1258 MW
84.2%

THORP
Total Capacity

BNFL, UK
1,200 tonnes/year

BNFL (1993)
HMSO (1995)

2. Conversion

3. Enrichment

4. Fuel fabrication

5. Power generation

Nuclear Electric (1998)

6. Reprocessing

7. Waste disposal

8. Transportation
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LLW

BNFL, Drigg, UK

ILW and HLW

At point of arising. Long
term disposal to be decided

All transportation steps

NQ
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9. Construction and
dismantling

Global warming damages
assessed

XIII.2 Quantification of burdens of the Nuclear Fuel Cycle
Table XIII.2 Burdens of the nuclear fuel cycle
Stage

Burden

1. Mining and milling

Radioactive emissions
liquid:
U-238
Ra-222
gaseous:
U-238
Ra-222
Non radioactive emissions
liquid:
gaseous:
Radioactive emissions
liquid:
Th-230
Th-232
U-234
U-238
gaseous:
U-234
U-235
U-238

2. Conversion

3. Enrichment

4. Fabrication

Radioactive emissions
liquid:
U-234
U-238
Th-234
gaseous:
U-234
U-235
U-238
Radioactive emissions
liquid:
U-234
U-238
Np-237
Tc-99
gaseous:
U-234
U-235

Quantity
per year

Source

Impact
assessed

NQ
NQ
NQ
9.5E+11 Bq

UNSCEAR,1993

ü

5.7E+10 Bq
1.6E+09 Bq
1.3E+10 Bq
1.3E+10 Bq

BNFL, 1996
BNFL, 1996
BNFL, 1996
BNFL, 1996

ü
ü
ü
ü

3.3E+08 Bq
1.4E+07 Bq
3.3E+08 Bq

BNFL, 1996
BNFL, 1996
BNFL, 1996

ü
ü
ü

3.1E+06 Bq
3.0E+06 Bq
7.4E+07 Bq

URENCO, 1996
URENCO, 1996
URENCO, 1996

ü
ü
ü

3.3E+03 Bq
1.3E+02 Bq
3.3E+03 Bq

URENCO, 1996
URENCO, 1996
URENCO, 1996

ü
ü
ü

9.6E+07 Bq
9.4E+07 Bq
2.0E+08 Bq
3E+10 Bq

BNFL, 1996
BNFL, 1996
BNFL, 1996
BNFL, 1996

ü
ü
ü
ü

5.9E+07 Bq
2.4E+06 Bq

BNFL, 1996
BNFL, 1996

ü
ü

NQ
NQ
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Stage

Burden
U-238

5. Power Generation

Radioactive emissions
liquid:
C-14

Quantity
per year
5.9E+07 Bq

Source

6.0E+10 Bq

Nuclear Electric,
1994
Nuclear Electric,
1994
Nuclear Electric,
1994

ü

Nuclear Electric,
1994
Nuclear Electric,
1994
Nuclear Electric,
1994

ü

BNFL, 1993
BNFL, 1993
BNFL, 1993
BNFL, 1993

ü
ü
ü
ü

BNFL, 1993
BNFL, 1993
BNFL, 1993
BNFL, 1993

ü
ü
ü
ü

Co-58

4.1E+11 Bq

Co-60

3.3E+10 Bq

gaseous:
C-14

6.0E+11 Bq

Co-58

7.5E+08 Bq

Co-60

2.4E+08 Bq

BNFL, 1996

Impact
assessed
ü

ü
ü

ü
ü

Full listing of radionuclides used in the
analysis is included in text
6. Reprocessing

7. Waste Disposal

9. Construction
Sizewell
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Radioactive emissions from
THORP Plant
liquid:
C-14
4.97E+11 Bq
Ru-106
1.49E+13 Bq
I-129
1.40E+12 Bq
Cs-137
6.46E+12 Bq
gaseous:
H-3
2.2E+13 Bq
C-14
4.3E+11 Bq
Kr-85
3.7E+17 Bq
I-129
2.5E+10 Bq
Full listing of radionuclides used in the
analysis is included in text
Radioactive emissions
liquid:
gaseous:
Non radioactive emissions
liquid:
gaseous:
Non radioactive emissions
liquid:
gaseous:
CO2
CH4
N2O

NQ
NQ
NQ
NQ
See text

NQ
10,665 t/TWh
20.6 t/TWh
0.66 t/TWh

ü
ü
ü

Appendix XIII: Nuclear Fuel Cycle

Stage

Burden

THORP

Quantity
per year
NQ

liquid:
gaseous:
CO2
CH4
N2O

Source

Impact
assessed

ü
ü
ü

326 t/TWh
0.63 t/TWh
0.02 t/TWh

XIII.3 Impacts and damages of the nuclear fuel cycle
Table XIII.3 Impacts and damages of the nuclear fuel cycle
Stage

Impact

1. Mining and milling
Public health
collective dose
fatal cancers
Yoll approach
VSL approach
non-fatal cancers
hereditary effects
Occupational health
collective dose
fatal cancers
non fatal cancers
hereditary effects
2. Conversion and 4. Fabrication
Public health
collective dose
fatal cancers
Yoll-approach
VSL-approach
non fatal cancers
hereditary effects
Occupational health*

Impact units/TWh

manSv

Impacts
number

Damages
mECU/kWh
0% DR

16.7

-

0.85
0.90
0.17

manSv
-deaths
-occurrence
-occurrence

0.7
0.028
0.084
0.0042

manSv
-deaths

0.047
0.0024

occurrenceoccurrence

0.0057
4.7E-04

manSv
deaths

5.6E-06
2.8E-07

0.0284
0.0378
0.0043

5.16E-03
7.43E-03
2.55E-03
1.49E-03

3. Enrichment
Public health
collective dose
fatal cancers
Yoll-approach
VSL-approach
non fatal cancers
hereditary effects
Occupational health*

6.08E-07
8.75E-07
occurrence
occurrence

6.7E-07
5.6E-08

3.01E-07
1.75E-07

5 Power generation
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Stage

Impact

Public health
collective dose
fatal cancers
Yoll-approach
VSL-approach
non fatal cancers
hereditary effects
Occupational health*
collective dose
fatal cancers
Yoll-approach
VSL-approach
non fatal cancers
hereditary effects
accidents - fatal
accidents - minor injury
accidents - major injury
Other impacts
major nuclear accident
6. Reprocessing
Public health
collective dose
fatal cancers
Yoll-approach
VSL-approach
non fatal cancers
hereditary effects
Occupational health*

Impact units/TWh

manSv
deaths

Impacts
number
0.407
0.020

occurrences
occurrences

0.049
0.075

manSv
deaths

0.028

occurrences
occurrences
deaths
injuries
injuries

Damages
mECU/kWh
0% DR

0.044
0.064
0.022
0.013

0.011

2.4E-3

0.0034
0.00017
0.0032
0.115
1.181

1.5E-3
5.2E-4
0.010
0.011
0.008

NQ

manSv
deaths

occurrence
occurrence

0.448
0.022

0.054
0.0045

0.0488
0.0703
0.024
0.014

9. Construction and dismantling
Construction of Sizewell B +
THORP plants
Global warming low
mid 3%
mid 1%
high
* Occupational health values are based on figures for UK nuclear industry
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0.043
0.206
0.525
1.588

Appendix XIV: Biomass Fuel Cycle

APPENDIX XIV. DEFINITION OF THE BIOMASS FUEL
CYCLE, DATA AND RESULTS

1
Cultivation

2
Harvesting and processing

3
Biomass transport

4
Power generation

5
Waste disposal

Also considered:

6, 7
Construction and dismantling of facilities

Figure XIV.1 Biomass fuel cycle
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XIV.1 Definition of the biomass fuel cycle
Table XIV.1 Definition of the biomass fuel cycle
Stage
1. Cultivation

Parameter

Value

Source

Location of plantation

Eggborough, UK

Yorkshire
Environmental, 1996

Type of plantation
Species
Rotation period
Total area required
Productivity
Plantation density
Fertiliser used
transportation distance

Short rotation coppice
Willow and Poplar
3 years for 30 years
2,000 ha
12 odt/ha/year
4,000 - 20,000 trees/ha
treated sewage sludge
80 km

Method of operation

mechanical bundle

Harvester productivity (m3/h)

nq

Distance to power station

up to 40 km

Mode of transport
Lorry capacity
Number of loads per year
Quantity transported
Biomass characteristics

Road
60 m3
2075
41,500 te/year
chips

Location

Eggborough, UK

Type of plant
Fuel
Net calorific value
Gross electricity capacity
Electricity output
Thermal efficiency
Full load hours
Annual generation
Lifetime
Pollution control

gasification unit
wood chips
13.3 GJ/te
10 MW
8 MW
30.5 %
7,446 hrs/year
59.57 GWh/year
10 years

2. Harvesting & processing
Yorkshire
Environmental, 1996

3. Biomass transport
Yorkshire
Environmental, 1996

4. Power generation

ESP
Plant characteristics
land area required
cooling system
stack height
stack diameter
surface elevation at height
Material demands
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Yorkshire
Environmental, 1996

91.5 % effective
nq
nq
41 m
1.35 m
8m

Appendix XIV: Biomass Fuel Cycle

Stage

Parameter
wood chips
cooling water
boiler feed water
Other characteristics
flue gas temperature
flue gas volume stream

Value
41,500 te/year
nq
nq

Source

345 °K
77,295 Nm3/h

5. Waste disposal
Quantity of solid waste
bottom ash
fly ash
Method of disposal
Site
Distance to power station
Mode of transport
Number of loads per year

Yorkshire
Environmental, 1996
936 te/year
2,080 te/year
Landfill
nq
nq
Road
nq

6. Construction of facilities
Material demands
concrete
steel
sand
coarse aggregate
surfacing material
cladding & roofing
Labour
Construction period

nq
nq
nq
nq
nq
nq
nq
nq

XIV.2 Quantification of burdens of the biomass fuel cycle
Table XIV.2 Burdens of the biomass fuel cycle
Stage

Burden

Quantity

Source of data

Impact
assessed?

1. Cultivation
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
CO
SO2
NOx
Particulates

ü
ü
ü

0.000837
0.00913
0.025862
Zierock,
Envicon 1994
720 t/yr
5.6 t/yr
0.7 t/yr
12 t/yr
1.5 t/yr

ü
ü
ü
ü
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Stage

Burden
VOC
Emissions to water
Emissions to soil - nutrients
nitrogen
phosphorus
potassium
Emissions to soil - pesticides
Other burdens
biodiversity and habitat
soil erosion
visual intrusion
fire risk
noise

Quantity

Source of data

Impact
assessed?

0.9 t/yr
nq
nq
nq
nq
na
nq
nq
nq
nq
nq

3. Biomass transport
Road accidents
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
CO
SO2
NOx
particulates
VOC
Other burdens
noise
road use

nq
nq
nq
NAEI, 1997
ü
negligible
negligible
negligible
negligible
negligible

186 t/yr
0.6 t/yr
0.2 t/yr
2.4 t/yr
0.2 t/yr
nq
nq
166,000 km/yr

Yorkshire
Environ. 1996

4. Power generation
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
CO
SO2
NOx
particulates
VOC
Emissions to water
Solid waste emissions
bottom ash
fly ash
Other burdens
noise
visual intrusion
5. Waste disposal
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ü
ü
ü

0.001393
0.050433
0.517506
NTUA, 1995
0 mg/Nm3
9.7 mg/Nm3
3.1 mg/Nm3
24.6 mg/Nm3
4.66 mg/Nm3
20 mg/Nm3
nq

negligible
ü
ü
ü

Yorkshire
Environ. 1996
936 te/year
2,080 te/year
2 dB (A)
increase
nq

Yorkshire
Environ. 1996

ü
negligible

Appendix XIV: Biomass Fuel Cycle

Stage

Burden
Road accidents
accidents - fatal
accidents - major injury
accidents - minor injury
Solid waste emissions - ash
composition
nitrogen
phosphorus
potassium
calcium
magnesium
Air emissions
Other burdens
noise
road use
visual intrusion

Quantity

Source of data

Impact
assessed?

nq
nq
nq

nq
nq
nq
nq
nq
nq
nq
nq
nq

6. Construction
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
SO2
NOx
particulates
Other burdens
noise
road use
visual intrusion

nq
nq
nq
nq
nq
nq
nq
nq
nq
nq

7. Dismantling
Occupational health
accidents - fatal
accidents - major injury
accidents - minor injury
Air emissions
CO2
SO2
NOx
particulates
Other burdens
noise
road use
visual intrusion

nq
nq
nq
nq
nq
nq
nq
nq
nq
nq
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XIV.3 Impacts and damages of the biomass fuel cycle
Table XIV.3 Impacts and damages of the biomass fuel cycle
Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Damages

Units

mECU/kWh

σg

1. Cultivation
Occupational accidents
human

workers

occupational accidents

deaths

2.29E-04

A

human

workers

occupational accidents

major injuries

1.80E-05

A

human

workers

occupational accidents

minor injuries

1.75E-07

A

Global warming x CO2
global

global warming -

12.1 g/kWh
low
mid 3%
mid 1%
high

C
0.05
0.22
0.56
1.68

Air pollution x crops
SO2
crops

barley

yield loss [dt]

9.29 [dt] per TWh

5.50E-05

A

crops

potato

yield loss [dt]

1.46 [dt] per TWh

1.30E-05

A

crops

sugar beet

yield loss [dt]

5.31 [dt] per TWh

2.80E-05

A

crops

wheat

yield loss [dt]

27.19 [dt] per TWh

2.90E-04

A

total

yield loss [dt]

0.07

B
B

Ozone
crops

Air pollution x ecosystems
ecosystems

total

SO2 exceedance area

0 [km2] per TWh

na

ecosystems

total

NOx exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [%] per TWh

na

B

ecosystems

total

SO2 exceedance area

0 [%] per TWh

na

B

ecosystems

total

NOx exceedance area

0 [%] per TWh

na

B

Air pollution
x forest
forest
total

timber loss

2.8 [m3] per TWh

1.63E-04

Air pollution x human health
NOx - all from nitrate aerosol
Acute effects
human

above_65_yrs

congestive heart failure

human

adults

Restr. activity days

0.07 [case] per TWh

5.77E-04

B

433.7 [case] per TWh

0.03

human

asthma_adults

B

Bronchodilator usage

99.1 [case] per TWh

3.67E-03

human

B

asthma_adults

cough

102 [day] per TWh

7.14E-04

A

human

asthma_adults

Lower resp. symptoms

36.87 [days] per TWh

2.77E-04

A

human

asthma_children

Bronchodilator usage

19.85 [case] per TWh

7.35E-04

B

human

asthma_children

cough

34.18 [day] per TWh

2.39E-04

A

human

asthma_children

Lower resp. symptoms

26.36 [days] per TWh

1.98E-04

A

human

total

resp. hosp. admission

0.06 [case] per TWh

4.97E-04

A

human

total

cerebrovascular hosp. adm

0.15 [case] per TWh

1.21E-03

B

Chronic
effects
human

adults

'chronic' mortality

human

adults

'chronic' YOLL

human

adults

chronic bronchitis
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3.875

B

12.51 [years] per TWh

1.25 [deaths] per TWh

1.06

B

0.85 [cases] per TWh

0.09

A
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
mECU/kWh

σg

human

children

chronic cough

15.15 [episode] per TWh

3.41E-03

B

human

children

case of chr. bronchitis

11.78 [case] per TWh

2.65E-03

B

human

total

mortality - YOLL

0.08

B

human

total

mortality - VSL

2.67

B

human

total

morbidity

0.15

B

NOx - via
ozone
Acute effects

SO2 - all from sulphate, unless marked SO2
Acute effects
human

total

'acute' mortality SO2

0.03 [deaths] per TWh

0.1

B

human

total

acute' YOLL SO2

0.02 [years] per TWh

3.85E-03

B

human

total

resp. hosp. admission SO2

0.01 [case] per TWh

7.47E-05

human

total

resp. hosp. admission

0 [case] per TWh

2.47E-05

A

human

above_65_yrs

congestive heart failure

3.64E-03 [case] per TWh

2.87E-05

B

human

adults

Restr. activity days

21.48 [case] per TWh

1.61E-03

B

human

asthma_adults

Bronchodilator usage

4.91 [case] per TWh

1.82E-04

B

human

asthma_adults

cough

5.05 [day] per TWh

3.54E-05

A

human

asthma_adults

Lower resp. symptoms

1.83 [days] per TWh

1.37E-05

A

human

asthma_children

Bronchodilator usage

0.98 [case] per TWh

3.64E-05

B

human

asthma_children

cough

1.69 [day] per TWh

1.19E-05

A

human

asthma_children

Lower resp. symptoms

1.31 [days] per TWh

9.80E-06

A

human

total

cerebrovascular hosp. adm

0.01 [case] per TWh

6.01E-05

B

Chronic
effects
human

adults

'chronic' mortality

0.192

B

human

adults

'chronic' YOLL

0.62 [years] per TWh

0.05

B

human

adults

chronic bronchitis

0.04 [cases] per TWh

4.23E-03

A

human

children

chronic cough

0.75 [episode] per TWh

1.69E-04

B

human

children

case of chr. bronchitis

0.59 [case] per TWh

1.32E-04

B

0.062 [deaths] per TWh

Particulates (tsp)
Acute effects
human

above_65_yrs

congestive heart failure

human

adults

Restr. activity days

0.03 [case] per TWh

2.71E-04

B

203.5 [case] per TWh

0.02

B

human

asthma_adults

human

asthma_adults

Bronchodilator usage

46.51 [case] per TWh

1.72E-03

B

cough

47.86 [day] per TWh

3.35E-04

A

human

asthma_adults

Lower resp. symptoms

human

asthma_children

Bronchodilator usage

17.3 [days] per TWh

1.30E-04

A

9.32 [case] per TWh

3.45E-04

human

asthma_children

B

cough

16.04 [day] per TWh

1.12E-04

A

human
human

asthma_children

Lower resp. symptoms

12.37 [days] per TWh

9.28E-05

A

total

resp. hosp. admission

0.03 [case] per TWh

2.33E-04

human

A

total

cerebrovascular hosp. adm

0.07 [case] per TWh

5.68E-04

B

1.820

B

Chronic effects
human

adults

'chronic' mortality

human

adults

'chronic' YOLL

human

adults

chronic bronchitis

human

children

chronic cough

human

children

case of chr. bronchitis

0.587 [deaths] per TWh
5.87 [years] per TWh

0.5

B

0.4 [cases] per TWh

0.04

A

7.11 [episode] per TWh

1.60E-03

B

5.53 [case] per TWh

1.24E-03

B

3.84E-03

B

Air pollution x materials
SO2
material

galvanised st.

maintenance surface (m2)

108.8 [m2] per TWh
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
σg

mECU/kWh

material

limestone

maintenance surface (m2)

0.05 [m2] per TWh

1.26E-05

B

material

mortar

maintenance surface (m2)

11.76 [m2] per TWh

3.63E-04

B

material

natural stone

maintenance surface (m2)

0.04 [m2] per TWh

1.02E-05

B

material

rendering

maintenance surface (m2)

8.64 [m2] per TWh

2.67E-04

B

material

zinc

maintenance surface (m2)

1.49 [m2] per TWh

3.75E-05

B

3. Biomass transport
Global warming x CO2
global

global warming -

3.13 g/kWh
low
mid 3%
mid 1%
high

C
0.01
0.06
0.14
0.44

4. Power generation
Air pollution x crops
SO2
crops

barley

yield loss [dt]

29.31 [dt] per TWh

1.74E-04

A

crops

potato

yield loss [dt]

12.68 [dt] per TWh

1.14E-04

A

crops

wheat

yield loss [dt]

80.89 [dt] per TWh

8.53E-04

A

crops

sugar beet

yield loss [dt]

23.21 [dt] per TWh

1.23E-04

A

total

yield loss [dt]

0.08

B

Ozone
crops

Air pollution x ecosystems
ecosystems

total

SO2 exceedance area

0 [km2] per TWh

na

B

ecosystems

total

NOx exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [km2] per TWh

na

B

ecosystems

total

N dep. exceedance area

0 [%] per TWh

na

B

ecosystems

total

SO2 exceedance area

0 [%] per TWh

na

B

ecosystems

total

NOx exceedance area

0 [%] per TWh

na

B

Air pollution x forest
forest

total

timber loss

3.51 [m3] per TWh

2.05E-04

Air pollution x human health
NOx - all from nitrate aerosol
Acute effects
human

above_65_yrs

congestive heart failure

0.08 [case] per TWh

6.68E-04

B

human

adults

Restr. activity days

501.6 [case] per TWh

4.00E-02

B

human

asthma_adults

Bronchodilator usage

114.6 [case] per TWh

4.24E-03

B

human

asthma_adults

cough

117.9 [day] per TWh

8.26E-04

A

human

asthma_adults

Lower resp. symptoms

42.64 [days] per TWh

3.20E-04

A

human

asthma_children

Bronchodilator usage

22.96 [case] per TWh

8.50E-04

B

human

asthma_children

cough

39.54 [day] per TWh

2.77E-04

A

human

asthma_children

Lower resp. symptoms

30.49 [days] per TWh

2.29E-04

A

human

total

resp. hosp. admission

0.07 [case] per TWh

5.75E-04

A

human

total

cerebrovascular hosp. adm

0.18 [case] per TWh

1.40E-03

B
B

Chronic effects
human

adults

'chronic' mortality

1.448 [deaths] per TWh

4.49

human

adults

'chronic' YOLL

14.48 [years] per TWh

1.22

B

human

adults

chronic bronchitis

0.99 [cases] per TWh

1.00E-01

A

human

children

chronic cough

17.52 [episode] per TWh

3.94E-03

B

human

children

case of chr. bronchitis

13.63 [case] per TWh

3.07E-03

B

NOx - via ozone
Acute effects
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Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
σg

mECU/kWh

human

total

mortality - YOLL

0.10

human

total

mortality - VSL

3.12

B

human

total

morbidity

0.17

B

SO2 - all from sulphate, unless marked SO2
Acute effects
human

total

'acute' mortality SO2

1.00E-01 [deaths] per TWh

3.20E-01

B

human

total

acute' YOLL SO2

8.00E-02 [years] per TWh

1.21E-02

B

human

total

0.03 [case] per TWh

2.34E-04

human

total

resp. hosp. admission
SO2
resp. hosp. admission

7.79E-03 [case] per TWh

6.13E-05

A

human

above_65_yrs

congestive heart failure

9.05E-03 [case] per TWh

7.12E-05

B

human

adults

Restr. activity days

53.35 [case] per TWh

4.00E-03

B

human

asthma_adults

Bronchodilator usage

12.2 [case] per TWh

4.51E-04

B

human

asthma_adults

cough

12.55 [day] per TWh

8.79E-05

A

human

asthma_adults

Lower resp. symptoms

4.54 [days] per TWh

3.40E-05

A

human

asthma_children

Bronchodilator usage

2.445 [case] per TWh

9.05E-05

B

human

asthma_children

cough

4.208 [day] per TWh

2.95E-05

A

human

asthma_children

Lower resp. symptoms

3.25 [days] per TWh

2.43E-05

A

human

total

‘acute’mortality

0.02 [deaths] per TWh

human

total

‘acute’YOLL

0.01 [years] per TWh

1.76E-03

human

total

cerebrovascular hosp.
adm

0.02 [case] per TWh

1.49E-04

B

human

adults

'chronic' mortality

0.477

B

human

adults

'chronic' YOLL

human

adults

chronic bronchitis

human

children

chronic cough

human

children

case of chr. bronchitis

0.05

Chronic effects
0.154 [deaths] per
TWh
1.54 [years] per TWh

1.30E-01

B

0.1 [cases] per TWh

1.05E-02

A

1.87 [episode] per
TWh
1.45 [case] per TWh

4.21E-04

B

3.27E-04

B

Particulates (tsp)
Acute effects
human

above_65_yrs

congestive heart failure

0.06 [case] per TWh

4.73E-04

B

human

adults

Restr. activity days

355.2 [case] per TWh

3.00E-02

B

human

asthma_adults

Bronchodilator usage

81.17 [case] per TWh

3.00E-03

B

human

asthma_adults

cough

83.51 [day] per TWh

5.85E-04

A

human

asthma_adults

Lower resp. symptoms

30.2 [days] per TWh

2.27E-04

A

human

asthma_children

Bronchodilator usage

16.26 [case] per TWh

6.02E-04

B

human

asthma_children

cough

28 [day] per TWh

1.96E-04

A

human

asthma_children

Lower resp. symptoms

21.59 [days] per TWh

1.62E-04

A

human

total

resp. hosp. admission

0.05 [case] per TWh

4.07E-04

A

human

total

cerebrovascular hosp.
adm

0.13 [case] per TWh

9.91E-04

B

1.025 [deaths] per
TWh
10.25 [years] per TWh

3.18

B

0.86

B

0.7 [cases] per TWh

0.70

A

2.79E-03

B

2.17E-03

B

Chronic effects
human

adults

'chronic' mortality

human

adults

'chronic' YOLL

human

adults

chronic bronchitis

human

children

chronic cough

human

children

case of chr. bronchitis

12.41 [episode] per
TWh
9.65 [case] per TWh

Air pollution x materials
SO2
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Appendix XIV: Biomass Fuel Cycle

Impacts
Receptor

Receptor SubGroup

Impact

/TWh

Units

Damages
σg

mECU/kWh

material

galvanised st.

maintenance surface (m2)

177 [m2] per TWh

7.17E-03

B

material

limestone

maintenance surface (m2)

0.06 [m2] per TWh

1.74E-05

B

material

mortar

maintenance surface (m2)

21.77 [m2] per TWh

6.71E-04

B

material

natural stone

maintenance surface (m2)

0.05 [m2] per TWh

1.46E-05

B

material

paint

maintenance surface (m2)

694.9 [m2] per TWh

8.73E-03

B

material

rendering

maintenance surface (m2)

13.47 [m2] per TWh

4.16E-04

B

material

sandstone

maintenance surface (m2)

0.08 [m2] per TWh

2.12E-05

B

material

zinc

maintenance surface (m2)

2.03 [m2] per TWh

5.11E-05

B

Occupational accidents
human

workers

occupational accidents

deaths

3.82E-04

A

human

workers

occupational accidents

major injuries

9.94E-05

A

human

workers

occupational accidents

minor injuries

3.50E-06

A

0.1

C

Noise pollution
human
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total

ambient noise

na

Appendix XV: Wind Fuel Cycle

APPENDIX XV. DEFINITION OF THE WIND FUEL CYCLE,
DATA AND RESULTS

1
Turbine construction

2
Turbine operation

3
Electricity distribution

Figure XV.1 Wind fuel cycle

XV.1 Definition of the wind fuel cycle
Table XV.1 Definition of the wind fuel cycle
Stage
1. Turbine construction

Parameter

Value

Source

Location
Type
Mitsubishi MWT 250
Nº of wind turbines
103
Characteristics of turbines
Rated power
300 kW
Rotor diameter
28 m
Rotor speed
30 -50 r.p.m.
Rated wind speed
5-24 ms-1
Tower height
30 m
Weight
85 t
Composition of turbines
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Stage

Parameter

Value
Glass fibre
Copper
Steel
Concrete

Source
4.5 t
0.625 t
37.375 t
42.5 t

2. Turbine operation
Location
Power generation
Capacity factor
Lifetime
Noise level at the nacelle
O& M staff
Yearly maintenance staff

Penrhyddlan and
Llidiartywaun
30.9 MW
0.31
97 dB (A)

XV.2 Quantification of burdens of the wind fuel cycle
Table XV.2 Burdens of the wind fuel cycle
Stage

Burden

Quantity

Source of data

Impact
assessed?

EC (1995f)
EC (1995f)
EC (1995f)

ü
ü
ü

1. Turbine manufacture
Occupational health
accidents - deaths
accidents - major injury
accidents - minor injury
Atmospheic emissions
NOx
SO2
CO2

0.036
0.087
9.1

g/kWh
g/kWh
g/kWh

ü
ü
ü

2. Turbine construction
Occupational health
accidents - deaths
accidents - major injury
accidents - minor injury
Public health
accidents - deaths
accidents - major injury
accidents - minor injury

EC (1995f)
EC (1995f)
EC (1995f)

ü
ü
ü

EC (1995f)
EC (1995f)
EC (1995f)

ü
ü
ü

EC (1995f)
EC (1995f)

ü
ü

nq
nq
nq

3. Turbine operation
Occupational health
accidents - deaths
accidents - major injury
accidents - minor injury
Public health
accidents - deaths
accidents - major injury
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Stage

Burden

Quantity

accidents - minor injury
em radiation - health
Amenity impacts
noise
visual intrusion
- flicker annoyance
scattering of radio waves
Ecological impacts
land use - habitat loss
land use - land loss
turbine motion - injury

Source of data
EC (1995f)

Impact
assessed?
ü

EC (1995f)

ü

nq

nq
nq
nq
nq
nq
nq

XV.3 Impacts and damages of the wind fuel cycle
Table XV.3 Impacts and damages of the wind fuel cycle
Receptor Receptor
SubGroup

1. Turbine manufacture
Occupational accidents
human
workers
human
workers
human
workers
Atmospheric emissions
human/materials/crops
global

Impact

occupational accidents
occupational accidents
occupational accidents

/TWh

Impacts
Units

deaths
major injuries
minor injuries

health/damage
global warming - low
mid 3%
mid 1%
high

mECU/
kWh

Damages
σg

0.015
0.035
na

A
A
A

0.78
0.03
0.16
0.42
1.26

B
C
C
C
C

2. Turbine construction
Occupational accidents
human
workers
human
workers
human
workers
Road accidents
human
general public
human
general public
human
general public
3. Turbine operation
Occupational accidents
human
workers
human
workers
human
workers
Public accidents
man
general public

occupational accidents
occupational accidents
occupational accidents

deaths
major injuries
minor injuries

0.06
0.05
na

A
A

occupational accidents
occupational accidents
occupational accidents

deaths
major injuries
minor injuries

0.07
0.02
na

A
A
B

occupational accidents
occupational accidents
occupational accidents

deaths
major injuries
minor injuries

negl
negl
negl

A
A
A

public accidents

deaths

negl

A
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Receptor Receptor
SubGroup

Impact

human
general public
human
general public
Noise pollution
human
resident
population
Visual amenity
human
resident
population

public accidents
public accidents

62

/TWh

Impacts
Units

major injuries
minor injuries

mECU/
kWh

Damages
σg

negl
negl

A
A

0.07

B

nq

B
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