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Executive summary 

Overview  
The Department for Transport (DfT) commissioned AEA Energy & Environment (AEA), DeltaRail, and 
Paul Watkiss Associates to develop models that can be used to assess the most significant 
environmental impacts and the environmental damage costs associated with all rail services included 
in the Department’s new Network Modelling Framework (NMF).  The main purpose of the NMF is to 
support the High Level Output Specification (HLOS) process, which sets out what the Secretary of 
State and Scottish Ministers would like the rail industry to deliver over the period 2009 to 2014.  It is 
also recognised by the Department that a model that can quantify the environmental impacts and 
damage costs of rail services can also contribute to the development of a long-term future strategy for 
railway services in the UK. 
 
 
Which environmental impacts can be quantified using  the environmental 
models? 
In conjunction with DfT, it was decided that to support the NMF, the environmental modelling should 
focus on quantifying the most important environmental impacts and their associated environmental 
damage costs.  The most significant environmental impacts associated with rail services are: 
 
· emissions of carbon dioxide (CO2), which is a greenhouse gas 
· emissions of air pollutants , in particular oxides of nitrogen (NOx), particulate matter (PM10)

1 and 
sulphur dioxide (SO2)  

· environmental noise 
 
Two separate models were developed in order to be able to quantify these environmental impacts and 
environmental damage costs (externalities) associated with individual train services included in NMF 
timetables.  These are as follows: 

· An emissions model ; and 

· An environmental noise  model. 

 

 

What types of data were required in order to develo p the models? 

In order to develop both the emissions model and the noise model, a significant amount of detailed 
railway and environmental data were required.  These data included the following: 

· Rolling stock data – including train configurations, power output data for each rolling stock class 
and train configuration, and emission factor data; 

· Timetable data  – Timetables from the Network Modelling Framework for 2005 and 2009 were 
used to develop the emissions and noise models. 

· Energy consumption data  – Annual energy consumption data for both diesel and electric 
passenger services, disaggregated by train operating company were obtained from the 
Association of Train Operating Companies (ATOC). 

· Environmental damage cost data  – the unit damage cost values for CO2, air pollution, and 
environmental noise, that are used throughout Government for policy appraisal and analysis were 
used to develop the models’ abilities to estimate the environmental damage costs associated with 
train services. 

· Geographical co-ordinate data for the Strategic Rai l Network  – Detailed co-ordinate data for 
each route link (Strategic Route Section) were obtained from the Network Modelling Framework.  
The co-ordinate data were used to map the whole railway network against the “Area Types” 
included in the National Transport Model (each Area Type relates to a different average population 

                                                      
1 The term PM10 refers to particulate matter with an aerodynamic diameter of less than 10 � m. 
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density value).  This allowed the damage costs associated with the impacts of local air pollution 
and noise to be fully quantified (the damage costs for PM10 emissions and noise are both highly 
dependent on the numbers of people resident near to the emissions/noise source). 

 

How was the emissions model developed?  

DfT’s requirements for the emissions model  were as follows: 

�� Ability to estimate atmospheric emissions  associated with any train service included in NMF 
timetables for any year up to 2068.  Model outputs must be able to be disaggregated by 
Strategic Route, Strategic Route Section, and National Transport Model (NTM) Area Type. 

 
�� Ability to quantify the air pollution and climate change damage costs  associated with train 

services included in NMF timetables for any year up to 2068.  Model outputs must be able to 
be disaggregated by Strategic Route, Strategic Route Section and individual train service 

 

A summary of the capabilities of the emissions model that has been developed is provided below: 

�� The emissions model has been designed to be able to quantify the carbon dioxide and air 
pollutant emissions (oxides of nitrogen, sulphur dioxide, and particulate matter) associated 
with any train service included in DfT’s Network Modelling Framework (NMF) timetables. 

 
�� The emissions model has been designed to operate in a Microsoft Access software 

environment.  This medium allows the very large NMF timetable files to be imported into the 
model without problems (it was not possible to import these files into Microsoft Excel 2000 as 
individual timetables can consist of more than 500,000 rows of data). 

 
�� The model calculates energy consumption and energy output data for each train services and 

uses these parameters in conjunction with rolling stock emission factor data, power station 
emission factors data, and data on the carbon and sulphur content of gas oil and diesel fuel in 
order to estimate emissions of CO2 and air pollutants. 

 
�� The diesel consumption and electricity consumption data generated by the model are 

normalised by calibrating the model outputs against actual rolling stock energy consumption 
data for each train operating company published by ATOC; hence the emissions estimates 
produced by the model for each train service are validated and corrected using real-world 
data. 

 
�� Estimates of CO2 emissions from diesel trains  are calculated in the model using the 

normalised diesel consumption data calculated for each train.  CO2 emissions from diesel 
trains are directly proportional to fuel consumption. 

 
�� To estimate air pollutant emissions from diesel trains , the model makes use of specific 

emission factor data for individual classes of diesel rolling stock, where such data are 
available.  However, it should be noted that emission factors are not available for all current 
designs of rolling stock and it has therefore been necessary make some assumptions with 
regard to the emissions performance of some classes of rolling stock.  However, all of the 
emission factor data included in the model can be readily updated should improved data 
become available. 

 
�� For electric trains , the model quantifies annual emissions using electricity consumption data 

in conjunction with national average power station emission factor data.  Current power station 
emission factors are based on data published by the Department for Business, Enterprise and 
Regulatory Reform (BERR).  For future years, emissions per train kilometre associated with 
electric trains are likely to decline as the UK power station energy mix changes – in particular, 
over the medium to long term, there are likely to be significant reductions in average CO2 
emissions.  The model has been designed to take this factor into account as a set of power 
station emission factors for each year between 2005 and 2068 have been developed and 
included in the model. 
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�� The model includes the provision to quantify the emissions associated with future variants of 
current rolling stock designs that will have improved emission performance due to the need to 
meet the limit values set out in the European Commission’s Non-Road Mobile Machinery 
Directive if/when diesel traction units are re-engined.  Data on new types of rolling stock that 
are not currently in operation can also be added to the model, as and when such trains come 
into service (or when data on these trains becomes available). 

 
�� In addition to quantifying emissions impacts, the model has also been designed to quantify the 

external damage costs associated with CO2 and air pollutant emissions from train services 
included in any NMF timetable.  The approach used within the model is consistent with the 
approach used by Government for policy appraisal, and makes use of the social cost of 
carbon values developed by the Government Economic Service and also uses the approach 
to valuing air pollution externalities developed by the Inter-Department Group on Costs and 
Benefits. 

 
Diagram 1 below shows all of the steps included in the emissions modelling process. 

Diagram 1: Schematic diagram of the operation of th e emissions model 

Step 2:  Identify all SRS that each train service travels through.  
Calculate journey length within each SRS by National Transport 

Model (NTM) Area Type.

Step 3:  Split train formations into constituent stock units.

Step 5:  Calculate maximum power output for each train service

Step 6:  Assigning engine load factors to represent real-world 
engine operating performance

Step 7:  Calculate total energy output for each train service

Step 4:  Assign maximum power and thermal efficiency values to 
each stock unit

Step 8:  Intermediate bottom-up calculation of total energy 
consumption for each train service

Step 9:  Calibration/normalisation of intermediate energy 
consumption values

Step 10:  Calculate corrected energy consumption for each train 
service

Step 11:  Calculate CO2 and SO2 emissions for diesel train 

services

Read timetable 
data

Step1:  Obtain journey durations, distances travelled, and stop 
density for each train service

Step 12:  Calculate NOx and PM10 emissions for diesel train 
services

Step 13:  Calculate CO2, SO2, NOx, and PM10 emissions for each 

electric train service

Step 14:  Quantify the environmental damage costs associated 

with air pollutant emissions and CO2 emissions  
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How was the noise model developed? 

DfT’s requirements for the noise model were as follows: 
 

�� Ability to estimate noise levels  associated with train services included in NMF timetables.  
 
�� Ability to quantify marginal environmental damage costs  associated with changes in noise 

levels due to changes in service operations 
 
A summary of the capabilities of the noise model that has been developed is provided below: 

�� The noise model has been designed to be able to quantify the equivalent continuous noise 
levels on each Strategic Route associated with the train services operating on that route over 
the time 18-hour time period between 6.00 am and midnight, as set out in any given NMF 
timetable. 

 
�� The modelling process was designed around DfT’s Calculation of Railway Noise (CRN) 

procedure in order to calculate average 18-hour A-weighted equivalent continuous noise 
levels (LAeq,18hr) for each Strategic Route.  The CRN procedure is the standard policy and 
scheme appraisal procedure used to assess railway noise impacts in the UK. 

 
�� The model has been designed as a hybrid Microsoft Access/Microsoft Excel model.  This 

approach was necessary, as the extensive data storage capabilities of Access were required 
in order to be able to import NMF timetables into the model, whilst Excel’s ability to implement 
complex formulae was also necessary in order to prevent the model becoming very unwieldy 
and slow. 

 
�� The model operates by first processing timetable data in Access to obtain summary 18-hour 

average speed, traffic flow, and rolling stock data for each Strategic Route.  These outputs are 
then exported to Microsoft Excel part of the model where the detailed noise calculations are 
performed.  The calculated noise impacts are then exported back to the Microsoft Access part 
of the model where the calculation of noise damage costs is carried out. 

 
�� In addition to being able to quantify noise levels on each Strategic Route, the model is also 

able to quantify the marginal noise damage costs associated with any changes in train service 
provision.  The model does this by comparing the noise calculation outputs from two NMF 
timetables, and feeding these outputs into a calculation tool that can calculate the marginal 
noise damage costs.  The approach taken for valuing marginal noise damage costs in the 
model is consistent with the approach set out in DfT’s Transport Analysis Guidance 
(WebTAG) documents. 

 

Diagram 2 overleaf provides an overview of the steps included in the noise modelling procedure. 
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Diagram 2: Schematic diagram of the operation of th e emissions model 

 

 

 

Recommendations for further work 

Whilst the emissions model and the noise model are able to quantify the major environmental impacts 
associated with passenger train services, there are a number of areas where the modelling process 
could be refined or expanded to cover additional aspects that it was not possible to include within the 
resources available for this study. 

Areas where the modelling process could be refined include: 

· Further development of the model to include additional factors that influence energy consumption 
such as train idling; 

· Improving the methods used to apply percentage load factors to represent real-world train 
operating performance; 

· Development of a more detailed approach to modelling noise impacts. 

· Updating the approach used in the model for valuing the climate change damage costs associated 
with CO2 emissions, once the full guidance on the new Shadow Price of Carbon (SPC) valuation 
methodology becomes available. 
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Additional functionality that could be included in future versions of the model include: 

· Ability to model the impacts of regenerative braking on energy consumption and emissions; 

· Ability to model the emissions and noise impacts of rail-freight services. 

 

 

Summary 

The development of the emissions model and the noise model has provided DfT with powerful 
additional modelling capabilities that can be used in conjunction with the other modules included in the 
NMF to assess the overall impacts of potential new policies and strategies.  Together, the 
environmental models developed during this study allow DfT to estimate the main environmental 
impacts associated with any current, or planned future rail services, and allow the emissions impacts, 
noise impacts, and environmental damage costs associated with strategy options and scenarios to be 
quantified at an early stage.  In combination with the other elements of the NMF, the Department now 
has available to it a comprehensive suite of modelling tools that can be used to assess the costs, 
benefits, and impacts of planned future developments on the UK railway network.
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1 Introduction 
 
The Department for Transport (DfT) commissioned AEA Energy & Environment (AEA), DeltaRail, and 
Paul Watkiss Associates to develop a model that can be used to assess the most significant 
environmental impacts and the environmental damage costs associated with all rail services included 
in the Department’s new Network Modelling Framework (NMF).  Such a model is required by DfT 
primarily to support the High Level Output Specification (HLOS) process, which is being used to set 
out what the Government would like the rail industry to achieve over the 2009-2014 period.  It is also 
recognised by the Department that a model that can quantify the environmental impacts and damage 
costs of rail services can also contribute to the development of a long-term future strategy for railway 
services in the UK. 
 
In practice, it proved necessary to develop two separate models: an emissions model and a noise 
model.  These models will be used to quantify impacts and damage costs associated with rail-related 
air pollution, greenhouse gas emissions and environmental noise for current passenger service 
provision scenarios and possible future scenarios.   
 
It is DfT’s aim that the environmental models should, in the future, be fully integrated into the NMF, 
and it is envisaged at this stage that this will happen in 2008. 
 
This final report presents the work that was carried out to develop the emissions model and the noise 
model.  In addition to this introduction, it consists of the following sections: 
 
 
Section 2 provides an overview of the NMF and the purpose of this study. 
 
Section 3  provides details of all the data collected in support of the development of the models.  In 
particular, this section includes details of Strategic Route Section (SRS) co-ordinate data, population 
density data, rolling stock data, NMF timetable data, energy consumption data and emission factor 
data. 
 
Section 4  describes in detail the methodology used to develop the emissions model, and provides full 
information on all of the equations used by the model to estimate the emissions impacts and external 
damage costs associated with both diesel and electric passenger rail services. 
 
Section 5  provides a description of the methodology used to develop the noise model.  As for the 
emissions model, full details of the equations used by the model to estimate the noise impacts and 
external damage costs associated with all passenger services are included in this section. 
 
Section 6 provides a summary of the work carried out for this study and sets out some 
recommendations for further work to refine and expand the scope of the model. 
 



AEAT in Confidence  Estimation of Rail Environmental Costs – Final report 
AEAT/ED05260/R03  �
� � �  

 
AEA Energy & Environment 15 

  



Estimation of Rail Environmental Costs  Restricted – Commercial 
 AEA/ED05260/Issue 1 

16 AEA Energy & Environment 

2 Overview of model requirements and 
structure 

2.1 Overview and structure of the NMF 

In the specification for this project, the Department provided an overview of the rationale, purpose, and 
structure of the Network Modelling Framework (NMF).  A summary is provided in Box 2.1 below. For a 
full description of the structure of NMF and the context in which it was built please visit: 
http://www.dft.gov.uk/about/strategy/whitepapers/whitepapercm7176/railwhitepapersupportingdocs/pdf
netowrkmodelframe1. . 

Box 2.1: The Network Modelling Framework 

The NMF has been designed to support mainly the Hig h Level Output Specification 
(HLOS) process, which is to set out what the Secret ary of State and Scottish Ministers 
would like the rail industry to deliver over the pe riod 2009-14.  The HLOS will cover 
outputs to be delivered by the whole rail industry,  network and services.  
 
The NMF provides the Department with analytical too l to support HLOS. It does this by 
providing robust information and analysis in an eas ily usable form.  The NMF is driven by 
timetables. Any scheme that needs to be tested is i mplemented as a timetable change, 
and the several modules within the model works out the relevant metric and the relevant 
costs and benefits associated with the scheme. 
 
 

 
 
The NMF is used as a strategic tool and it was jointly developed by DfT, the Office of Rail regulation 
(ORR), and Transport Scotland. The NMF is based on a number of interconnected modules, as shown 
in Figure 2.1.  
 

Figure 2.1: Structure of the NMF (source: DfT) 
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Whilst the NMF has primarily been designed to support the HLOS process, the Department has 
recognised the need for a strategic planning model that can be used to aid and facilitate the decision-
making process with regard to the long-term requirements of the rail network.  With all of this in mind, 
the NMF has been developed with the functionality to be able to model and analyse future scenarios 
covering a 60-year period. 
 
The NMF has been designed to cover the complete rail network across Great Britain.  Within the NMF, 
the rail network has been disaggregated to varying levels and in a number of different ways.  The 
network has been split into 26 Strategic Routes, and these Strategic Routes have been further 
subdivided to give a total of approximately 300 Strategic Route Sections (SRS).  These SRS reflect 
Network Rail’s classification of the rail network.  The NMF also classifies the network in terms of 
approximately 560 demand zones (each of which has a unique principal station) and approximately 
850 demand sections.  Each demand section connects either a Principal station or an Interchange 
Station.  For the purposes of the development and implementation of the environmental models, only 
Strategic Routes and their associated SRS have been used to classify the network. 
 
 

2.2 Purpose of this study 

The main aim of this study was to provide DfT with a set of robust estimates for the environmental 
impacts associated with rail travel, comprising both physical impacts (tons of emissions, noise levels) 
and a monetary valuation of the damage caused by these physical impacts.  Following this study, the 
environmental impacts and damage cost estimates will be integrated with the NMF, and hence there 
was a need to develop a model that is consistent with the structure of the NMF.  In particular, there 
was a need for the environmental model to be able to provide outputs for all NMF appraisal years.  
The outputs generated by the emissions model and the noise model will be used to feed into the 
HLOS policy appraisal process, and in the longer term, estimates generated by the models will be 
used to inform the development of future rail-related policies and strategies.  The following sections 
set out the data that was required in order to develop the models, and provide full details of the 
calculation methodologies embedded within the models. 
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3 Data collected from the NMF and other 
sources in support of the model 
development process 

 

3.1 Overview 

The environmental impacts associated with rail transport can be estimated by combining train activity 
data with information on the performance characteristics of individual types of rolling stock.  For the 
purposes of this study, the rail-related environmental impacts that were examined consisted of: 
 

�� air pollutant emissions; 
�� greenhouse gas emissions; and 
�� environmental noise. 

 
Once the environmental impacts have been estimated, the environmental damage costs (or 
externalities) can be calculated in a relatively straightforward manner.  In order to estimate the 
emissions impacts associated with rail travel, the models developed during this study make use of 
activity data (timetabled train movements and energy consumption data) in conjunction with emission 
factor data.  Noise impacts are estimated using timetabled train movement data (speed and number of 
trains passing a particular point over an eighteen hour period), coupled with characteristic noise terms 
for different types of rail vehicles, correction factors to take into account the acoustic properties of the 
ground adjacent to the rail line, and the average distance from the track to the nearest properties that 
would be affected by railway noise.  A comprehensive description of the methodologies used to 
develop estimates of the environmental impacts and damage costs are provided in Sections 4 
(emissions) and 5 (noise) of this report.   
 
This section of the report provides details of the data that were required in order to develop the 
environmental models.  Some of the necessary data were obtained directly from the NMF 
(e.g.timetable data and route co-ordinate data), but additional data were required in order to be able to 
calculate the emissions and noise impacts.  The data required consisted of the following parameters: 
 

�� Data on Area Types included in the National Transport Model 
�� Co-ordinate data for all Strategic Route Sections 
�� Timetable data (including distances and speeds travelled) 
�� Rolling stock data 
�� Energy consumption data 
�� Emission factor data 
�� Environmental damage cost data 

 
Details of where these data were obtained from are provided below. 
 
 

3.2 Data on Area Types in the National Transport Mo del 

In order to develop a model that could estimate the environmental damage costs associated with rail 
travel on the strategic network, there was a need for detailed geographical data regarding the network.  
In particular, there was a need for the strategic network to be mapped against DfT’s National 
Transport Model (NTM) Area Types.  DfT’s National Transport Model includes a disaggregation of 
Great Britain using a parameter known as “Area Type”.  There are ten NTM Area Types, and these are 
used to define different parts of the country according to population and administrative boundaries.   
Each NTM Area Type has a specific population density associated with it, and this data can be used to 
estimate the population exposed to air pollution or noise across any part of the network, thereby 
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enabling estimates of air pollution or noise-related damage costs to be made.  The latest population 
density data for each of the ten NTM Area Types were obtained from DfT and were incorporated into 
the model as a look-up table of values (see Table 3.1 below). 
 

Table 3.1: Population density data for NTM Area Typ es 

Area Type Area Type name Population density (popula tion/km 2) 
1 Central London 7,013.82 
2 Inner London 8,602.25 
3 Outer London 3,531.00 
4 Inner Conurbation 3,491.98 
5 Outer Conurbation 1,148.86 
6 Urban big (> 250,000) 2,579.28 
7 Urban Large (> 100,000) 2,240.65 
8 Urban Medium (> 25,000) 1,653.57 
9 Urban Small (> 10,000) 731.27 
10 Rural 37.78 

 
 

3.3 Co-ordinate data for strategic route sections 

In order to be able to quantify the damage costs associated with air pollution and noise, it was 
necessary to be able to map the strategic rail network against the NTM Area Types.  In order to do 
this, there was a need to obtained detailed geographical data regarding the rail network.  Co-ordinate 
data for the start and end points of each strategic route section (SRS) were required, along with an ID 
number or ID name for each SRS.  Co-ordinate data for all 338 Strategic Route Sections (SRSs), and 
for the subsidiary Timing Point Locations (TIPLOCs) within each SRS were obtained from the NMF, 
and these data were mapped against the NTM Area Types using ArcGIS software.  A full map of the 
complete Strategic Route network, showing the distribution of routes against the ten NTM Area Types 
is presented below in Figure 3.1.  Close-up extracts of this map for selected parts of the UK are 
presented in Figure 3.2 and Figure 3.3.  As can be seen from these figures, by mapping the Strategic 
Route network in this manner, it is possible to identify the NTM Area Type(s) associated with each of 
the 338 SRS.  It should be noted that in a number of cases, SRSs may pass through more than one 
Area Type. 
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Figure 3.1: Strategic Routes mapped against NTM Are a Types 
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Figure 3.2: The Strategic Route network around Lond on 
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Figure 3.3: The Strategic Route network around the Midlands 
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3.4 Timetable data 

In order to quantify all of the environmental impacts and damage costs associated with rail services 
included in the NMF, detailed timetable data from the NMF were required.  Whilst the model was 
developed with functionality to be able to estimate environmental impacts between 2008 and 2068, full 
timetables for each of these years are not currently available in the NMF.  During the study, only two 
timetables were available: the 2005 timetable and a forecast 2009 timetable.  Both of these timetables 
were used to develop the environmental models, although the majority of the model development 
process was carried out using the 2005 timetable.  Timetable data was exported from the NMF into a 
Comma Separate Value (CSV) format file, which was then imported into Microsoft Access for use in 
the model development process.  It should be noted that each timetable in the NMF only presents train 
service information for a single typical working day in any given year. 
 

3.5 Rolling stock data 

The emissions and noise impacts associated with rail vehicles differ according to the specific type of 
rolling stock operating on a particular route.  For this reason, detailed information on all current rolling 
stock train-sets included in the NMF were required in order to develop the environmental model.  The 
NMF includes data on rolling stock at three levels of disaggregation.  These are as follows: 
 

· Stock units 
· Leased units 
· Formations 

 
“Stock units” are the building blocks in the NMF from which specific trainset combinations can be built 
up.  For example, the coding “1 x 321a (4-car)” in the NMF refers to a stock unit consisting of a 4-car 
Class 321 electric multiple unit (EMU) vehicle.  Although there are four carriages in this stock unit, the 
unit cannot be broken down further, and always operates as a four-car unit.  The coding “a” after the 
Class number indicates a particular seating layout within the carriages.  Other seating configurations 
for the same Class of rolling stock are labelled as separate stock units within the NMF - e.g. “1 x 321b 
(4-car)” and “1 x 321c (4-car)”. 
 
“Leased units” are similar to stock units, except for the fact that seating configurations are not used as 
a method of differentiating between classes of rolling stock.  Hence, all four-car Class 321 units would 
have a leased unit identifier as follows: “1 x 321 (4-car). 
 
“Formations” are the combinations of stock units that actually operate and provide rail services across 
the UK.  For example, a formation with the label “2 x 170a (2-car) + 1 x 170i (3-car) + 1 x 170h (3-car)” 
indicates a complete trainset made up of the following stock units: 
 

· Two Class 170 2-car DMU units with seating configuration “a” 
· One Class 170 3-car DMU units with seating configuration “i” 
· One Class 170 3-car DMU units with seating configuration “h” 

 
It should be noted that a formation and a stock unit can be one and the same thing in certain 
circumstances.  For example, “1 x 43/0d (8-car)” is both a stock unit and a formation.  This label refers 
to a trainset pulled by Class 43 locomotives, and with eight carriages.  This is classed as a stock unit, 
because the configuration is never broken down and used with fewer carriages, but it can also be 
classed as a formation because it is not  used as one of the building blocks of a larger trainset. 
 
For the purposes of the environmental model, details of all formations (rather than just stock units or 
leased units) included in the NMF were required.  This is because emissions and noise impacts are 
due to the complete trainsets used to provide particular services, and hence there was a need to 
include information on the total number of engines and carriages – data which are only included in the 
formations.  The full list of all 300 train formations included in the NMF was obtained, and this was 
used to support the model development process. 
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3.6 Data required to estimate CO 2 and air pollutant 
emissions 

3.6.1 Diesel traction 

CO2 and SO 2 emissions 
The emissions model was designed to be able to estimate the amount of CO2 and air pollutants 
emitted associated with any particular train journey.  Only three air pollutants were considered, on the 
understanding that these are the most significant air pollutants associated with rail transport services: 
these are sulphur dioxide (SO2), oxides of nitrogen (NOx), and particulate matter (PM10).  Emissions of 
CO2 and SO2 from a diesel train are directly related to the amount of fuel consumed by the train over 
the journey of interest.  They are related by the carbon and sulphur contents of the fuel, respectively, 
as all the carbon and sulphur in the fuel is directly emitted as CO2 and SO2, or will ultimately produce 
these pollutants in the atmosphere.  For the purposes of the model, data on the carbon and sulphur 
contents of gas oil were required in order to be able to estimate CO2 and SO2 emissions from diesel 
traction.  These data were obtained from the National Atmospheric Emissions Inventory (NAEI)2 which 
contains detailed information relating to the current carbon and sulphur contents of various fuels, as 
well as information on likely changes in these values for future years. 
 
NOx and PM 10 emissions 
In order to estimate NOx and PM10 emissions from diesel trains, individual emission factors are 
required for each design of rolling stock.  Detailed data for each design of train were not available, but 
selected test data were available for specific rolling stock types.  Type test emission factor data for a 
selection of older classes of rolling stock were obtained from the British Rail Research report 
“Determination of Diesel Exhaust Emissions on British Rail”3.  Emission factor data for selected newer 
classes of rolling stock were taken from information supplied by train operating companies in support 
of previous research on diesel rolling stock emissions carried out by the study team.  For some 
classes of rolling stock, no emission factor data were available.  In these cases, assumptions were 
made in order to assign representative values to these types of rolling stock.  The full set of NOx and 
PM10 emission factors used for current diesel rolling stock classes are presented in Table 3.2 below. 

Table 3.2: Sources of NO x and PM 10 emission factor data used in the model 

Power category / 
class number

NOx 
(g/kWh)

PM 
(g/kWh)

Test condition Source

Locomotives 130-560kW 12.25 0.29 Type test British Rail Research report

560-2000kW 12.83 0.29 Type test British Rail Research report

>2000kW 14.03 0.29 Type test British Rail Research report

DMUs 120 series 14.31 0.62 Type test Estimated based on NAEI assumptions

140 series 10.12 0.31 Type test British Rail Research report

150 series 10.07 0.31 Type test British Rail Research report

Class 165 15.2 0.31 Type test British Rail Research report

Class 168/Class 170 6.32 0.13 Type test Supplied by train operating companies

Class 175 Coradia 5.22 0.11 Type test No data available for this Class - 
assumed to be same as Class 180

Class 180 Adelante 5.22 0.11 Type test Supplied by train operating companies

Class 220/221/222 
(Voyager/Super 
Voyager/Meridan)

5.22 0.11 Type test Fitted with same engines as Class 180 - 
emission factors assumed to be the 
same  

                                                      
2 The National Atmospheric Emissions Inventory (NAEI) compiles the UK’s official estimates of pollutant and greenhouse gas emissions from all 
major sources, including transport, power stations and industrial plant.  The NAEI is funded by Defra, the National Assembly for Wales, the 
Scottish Executive, and the Department of Environment, Northern Ireland.  Please see http://www.naei.org.uk/ for more information on the NAEI. 
3 I Wilkins, “Determination of Diesel Exhaust Emissions on British Rail”, British Rail Research, Materials Science Unit, Report number LR-MSU-
036, January 1994 



AEAT in Confidence  Estimation of Rail Environmental Costs – Final report 
AEAT/ED05260/R03  �
� � �  

 
AEA Energy & Environment 25 

 
 
As the model was required to be able to estimate emissions for future timetables, there was also a 
need to include future NOx and PM10 emission factors to take into account planned improvements in 
the emissions performance of new rolling stock.  In particular, it was necessary for the model to 
include sets of future emissions factors that comply with the requirements of the European 
Commission’s Non-Road Mobile Machinery (NRMM) Directive.  For the rail sector, this Directive 
requires that all new engines used for traction units must meet stricter emissions limits, with two 
phases of emission reductions (known as Stage IIIA and Stage IIIB limits).  The Directive applies to 
new engines fitted to new rolling stock, and to new engines fitted to in-service rolling stock (i.e. re-
engining of current vehicles).  Different emissions limits are specified for DMUs and for locomotives, 
and the emission limits for locomotives are further subdivided into three power categories (130-
560kW, 560-2000 kW, and greater than 2000 kW).  For DMU railcars, all new engines have had to 
comply with the Stage IIIA limits since the beginning of 2006.  For locomotives, the new limits come 
into force in January 2007 for lower power locomotives (130-560 kW) and in January 2009 for higher 
power locomotives (>560 kW).  The Stage IIIB limits come into force for both DMUs and locomotives 
in 2012.  The limit values for Stage IIIA and Stage IIIB have been used within the model to represent 
the emissions performance of future traction units not yet in the UK railway fleet.  These limit values 
are presented below in Table 3.3. 

Table 3.3: NRMM emission limits used in the model t o represent emissions performance of future rolling  
stock 

NOx 
(g/kWh)

PM10 
(g/kWh)

Stage IIIA 130-560 kW 4.0 0.2 Jan 2007

560-2000 kW 4.0 0.2 Jan 2007

>2000 kW 6.0 0.2 Jan 2009

Stage IIIB 130-560 kW 4.0 0.025 Jan 2012

560-2000 kW 4.0 0.025 Jan 2012

>2000 kW 4.0 0.025 Jan 2012

DMUs Stage IIIA All power 
categories

4.0 0.2 Jan 2006

Stage IIIB All power 
categories

2.0 0.025 Jan 2012

Date of 
introduction

Locomotives

Emission limitsPower categoryNRMM stage

 
 
 
The emission limits presented in the table above have been used within the model to represent the 
emissions performance of future rolling stock.  However, the model has been designed with the 
functionality to be able to estimate emissions for any year up to 2068.  At this point in time, no 
estimates are available for the likely emissions performance of diesel traction units that meet more 
stringent limits than the NRMM Stage IIIB limits.  The model has been designed so that additional 
emission factors can be incorporated into the model in the future, as and when these become 
available.  In the meantime, the Stage IIIB limits have been used for all future diesel traction units that 
come into service between 2012 and 2068. 
 
 
Fuel consumption data 
In addition to data on the carbon and sulphur contents of fuels, and specific emission factor data or 
individual classes of rolling stock, data were also required on the fuel consumption of diesel trains.    
Detailed data on fuel consumption for each individual train service and for each design of rolling stock 
were not available, but the Association of Train Operating Companies (ATOC) produces an annual 
baseline energy statement which include details of the amount of gas oil consumed by each of the 
franchised train operating companies over the course of a particular year.  ATOC’s figures for 
2005/06, which also include data for the open access operators, were used as the basis for estimating 
fuel consumption from diesel trains.  Full details of how fuel consumption data were used to estimate 
emissions of CO2 and air pollutants can be found in Section 4.2 of this report. 
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3.6.2 Electric traction 

Emissions of CO2 and air pollutants associated with electric traction are not released at the point of 
train use, but instead are released to the atmosphere at the power stations generating electricity for 
the national grid.  In order to quantify the emissions from electric train services, average power station 
emission factor data were required for each pollutant of interest, along with data on the electricity 
consumed by electric trains. 
 
Power station emission factors 
For the purpose of the model, national average power station emission factors were used (taking into 
account the current UK energy mix and projected changes in the future energy mix for electricity 
generation between 2005 and 2020, as presented in the DTI’s Updated Energy Projections paper 
UEP26 from July 2006).  Beyond 2020, no projections are available, and hence for the period between 
2020 and 2068, professional judgement was used to estimate the uptake of alternative energy and 
carbon abatement technologies.  In particular, the following assumptions have been made: 
 

�� The proportion of electricity generated from renewable and nuclear technologies increases 
after 2020; 

�� The proportion of electricity generated from gas declines from 2020 onwards; 
�� The proportion of electricity generated from coal declines from 2030 onwards; 
�� Carbon Capture and Storage technology for CO2 abatement starts to be introduced to fossil 

fuel power stations from 2020. 
 
These assumptions were made on the basis of assuming that the future energy technology mix 
develops in order to meet the UK’s commitment to reduce CO2 emissions by 60% compared to 1990 
values by the year 2050.  Within the model, these assumptions were used to generate individual sets 
of power station emission factors (covering CO2, SO2, NOx and PM10) for each year between 2005 
and 2050.  Beyond 2050, it has been assumed that the energy mix (and average CO2 emission 
factors) for power stations remain constant, as there is not currently a target for reducing emissions 
beyond the 60% commitment after 2050.  For this reason, the power station emission factors in the 
model for all years from 2050 through to 2068 remain constant.   
 
Electricity consumption 
As with diesel consumption, ATOC prepares information on the annual amount of electricity consumed 
by each train operating company as part of its Baseline Energy Statement.  ATOC’s figures for 
2005/06 were used within the model as the basis for estimating electricity consumption from individual 
train services.   
 
 

3.7 Data required to estimate noise impacts 

Noise levels associated with train services on individual Strategic Routes were quantified within the 
model using the Calculation of Railway Noise (CRN) procedure.  This procedure uses information on 
traffic flows, train speeds, and rolling stock types in order to estimate noise impacts from trains 
operating on a particular line section.  The following basic equation is used within the CRN procedure 
to estimate noise levels from an individual train: 
 
SEL = 31.2 + 20 log V 
 
Where: 
 
SEL= Sound Exposure Level4 
V = train speed 
 
 
                                                      
4 Sound Exposure Level relates to the total noise energy produced from a single noise event. 



AEAT in Confidence  Estimation of Rail Environmental Costs – Final report 
AEAT/ED05260/R03  �
� � �  

 
AEA Energy & Environment 27 

This basic equation does not take into account the individual noise characteristics of different types of 
rolling stock, and hence there are CRN correction factors that are used for individual classes.  For the 
purposes of the noise model developed during this study, it was decided that a simplified set of 
correction factors should be used.  Four different CRN correction factors were specified by DeltaRail, 
one for electric locomotives, one for diesel locomotives, one for electric multiple units and one for 
diesel multiple units.  These correction factors were identified by DeltaRail, based on their professional 
judgement and specialist knowledge in this area. 
 

3.8 Environmental external damage cost data 

The model was designed to be able to quantify the major physical environmental impacts associated 
with train journeys, and the external damage costs associated with these impacts.  External damage 
costs can be calculated by combining the calculated environmental impact data with unit damage cost 
data for CO2, air pollutants, and noise.  The unit damage cost data for these impacts were obtained 
from the following sources: 
 
CO2 emissions : “Estimating the Social Cost of Carbon Emissions”, Government Economic Service 
Working Paper 140, 20025 
 
Air pollutants: Defra Air Quality Strategy Review, Interdepartmental Group on Costs and Benefits 
(IGCB), 20066 
 
Noise: DfT Transport Analysis Guidance (WebTAG): Unit 3.3.2 (Noise)7 
 
 
 
Full details of how the unit damage cost data from these sources are used in the model to quantify the 
environmental external damage costs of train services are presented in Appendix 2. 

                                                      
5 See http://www.hm-treasury.gov.uk/documents/taxation_work_and_welfare/taxation_and_the_environment/tax_env_GESWP140.cfm 
 
6 See http://www.defra.gov.uk/environment/airquality/panels/igcb/guidance/index.htm 
 
7 See http://www.webtag.org.uk/webdocuments/3_Expert/3_Environment_Objective/3.3.2.htm 
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4 Methodology for modelling emissions 

4.1 Overview 

This section of the report describes the detailed methodology that was used in the model to estimate 
emissions of CO2 and air pollutants from individual train services.  DfT’s requirements for the 
emissions model were as follows: 
 

�� Ability to estimate atmospheric emissions  associated with any train service included in NMF 
timetables for any year up to 2068, with the ability to disaggregate model outputs by Strategic 
Route, Strategic Route Section, and National Transport Model (NTM) Area Type. 

 
�� Ability to quantify the air pollution and climate change damage costs  associated with train 

services included in NMF timetables for any year up to 2068, with the ability to disaggregate 
model outputs by Strategic Route, Strategic Route Section and individual train service 

 
Prior to initiating the model development process, it had been thought that it would be possible to 
design and implement the emissions model in a spreadsheet software package (Microsoft Excel).  
However, the very large size of the NMF timetables (each timetable has approximately 500,000 rows 
of data) meant that this was not possible as MS Excel 2000 is only able to work with 64,000 rows of 
data.  For this reason the emissions model was developed using Microsoft Access as its software 
environment.  The following sections provide a description of the calculation methodologies used  
 
The model was developed with the aim of being able to quantify air pollutant and CO2 emissions 
associated with both diesel and electric trains.  With regard to air pollution, only NOx, PM10, and SO2 
emissions were included in the model, primarily because these are the most significant rail-related 
pollutants.  The model development process relied on the use of emission factor data for a selection of 
current diesel locomotives and multiple units, as well as data on current and future average emission 
factors associated with electricity generation, as set out in Section 3.6 of this report. 
 

4.2 Detailed description of methodology 

4.2.1 Overview 

In order to describe the methodology that has been developed for modelling rail emissions, it is 
instructive to use a flow chart to map out the modelling process.  This flow chart is presented overleaf 
in Figure 4.1.  Each of the steps in the flow chart corresponds to sets of database queries in the MS 
Access model.  Full details of the specific Access queries associated with each of the steps in the flow 
chart are given in Appendix 3.  A full description of each of the steps in the modelling process is 
provided in the following sections. 
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Figure 4.1: Flow chart describing emissions modelli ng process 

Step 2:  Identify all SRS that each train service travels through.  
Calculate journey length within each SRS by National Transport 

Model (NTM) Area Type.

Step 3:  Split train formations into constituent stock units.

Step 5:  Calculate maximum power output for each train service

Step 6:  Assigning engine load factors to represent real-world 
engine operating performance

Step 7:  Calculate total energy output for each train service

Step 4:  Assign maximum power and thermal efficiency values to 
each stock unit

Step 8:  Intermediate bottom-up calculation of total energy 
consumption for each train service

Step 9:  Calibration/normalisation of intermediate energy 
consumption values

Step 10:  Calculate corrected energy consumption for each train 
service

Step 11:  Calculate CO2 and SO2 emissions for diesel train 

services

Read timetable 
data

Step1:  Obtain journey durations, distances travelled, and stop 
density for each train service

Step 12:  Calculate NOx and PM10 emissions for diesel train 
services

Step 13:  Calculate CO2, SO2, NOx, and PM10 emissions for each 

electric train service

Step 14:  Quantify the environmental damage costs associated 

with air pollutant emissions and CO2 emissions
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4.2.2 Reading in timetables from the NMF 

The environmental model works with timetable data taken from the NMF.  Timetables have to be 
exported from the Oracle software environment of the NMF into CSV (comma separated value) files, 
which can then be read into Microsoft Access. 
 

4.2.3 Step 1 - Obtain journey duration, distances t ravelled, and stopping 
density data for each train service 

The model has been designed so that the first action taken each time it is run is to process the 
timetable data to obtain information on journey durations for each train service (including the duration 
of travel between intermediate station stops for each journey), distances travelled for each train 
service, and the number of stops that occur in each train service.  These data are also used to 
calculate the “stopping density” for each train service, which is a measure of the number of times the 
train stops per unit distance travelled.  For the purposes of the model, stopping densities are 
calculated in terms of stops per 10,000 km.  Data on stopping densities for each train service are used 
by the model to estimate variations in energy consumption for different train services. 
 

4.2.4 Step 2 - Identify the Strategic Route Section s that each train service 
passes through and link these data to NTM Area Type s  

The model has been designed to estimate railway emissions of NOx, PM10, SO2, and CO2, and the 
external damage costs associated with each of these pollutants.  For NOx, CO2, and SO2, the 
externality values do not vary with location, but for PM10, the recommended externality values vary 
significantly according to population density.  In urban areas, the damage cost value is much higher 
than in rural areas, due to the higher population exposed.  This is explained in more detail in Section 
4.2.16 and in Appendix 2.  In order to be able to properly quantify PM10 externalities within the model, 
it is therefore necessary to be able to quantify variations in population density along the length of each 
route.  As discussed in Section 3.3, each of the 26 Strategic Routes was mapped against the National 
Transport Model Area Types using GIS software, and each Strategic Route Section was assigned to 
one or more NTM Area Types on the basis of the GIS modelling outputs.  This information was used 
by the model to identify each SRS that each train service travels through.  Furthermore, the model 
then calculates the journey length within each SRS that falls within a particular Area Type.   
 

4.2.5 Step 3 - Split the train formation for each s ervice into its constituent 
stock units 

Each timetable includes full details of the train formations that are used to provide individual train 
services.  In order to quantify the emissions associated with individual train services, it is necessary to 
be able to quantify the emissions associated with each train formation.  However, each train formation 
is made up of combinations of stock units, and because it is possible that different train formations 
could be used in the future (e.g. train lengthening could be an option, whereby additional stock units 
are added to trains), it was decided that the model should include power consumption data at the 
stock unit level.  Because of this, it was necessary for the model to be able to split each train formation 
into its constituent stock units.   
 
 

4.2.6 Step 4 – Assign maximum power and thermal eff iciency values to each 
stock unit 

The rated power of an engine or electric motor is its maximum power output.  In subsequent steps of 
the modelling process, this parameter is used in conjunction with other parameters to quantify the total 
energy consumption associated with individual train services.  Rated power information for each class 
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of passenger rolling stock in the UK was obtained from two sources: the British Railways Locomotives 
and Coaching Stock publication and the “RailfanEurope” website.   
 
In addition to rated power values, for diesel traction units it was also necessary to quantify the thermal 
combustion efficiency (TE).  The thermal efficiency value is a measure of how efficient an internal 
combustion engine is in converting energy input into useful energy output (i.e. not all of the energy 
content of diesel is converted to energy output that can be used to power a traction unit as a 
significant proportion is converted to heat energy).  Thermal efficiency values are used in subsequent 
steps of the modelling process in order to calculate energy consumption.  Thermal efficiency values 
were estimated by making reference to previous literature on rail vehicle energy consumption.  
Previous research by AEA Technology Rail (now DeltaRail) has indicated that fuel consumption can 
range from 200 to 250 grams of diesel per kWh power output for different classes of traction units.  
Based on these figures, it was assumed that on average railway traction units all have a fuel 
consumption of 225 grams of diesel per kWh energy output.  In order to calculate an average thermal 
efficiency value for all traction units, it was necessary to quantify the energy content of diesel.  This 
was calculated as follows using the following equations: 

Box 4.1: Estimating the thermal efficiency of railw ay diesel internal combustion engines 

 
Net calorific value of gas oil: 43.3 GJ/tonne8 
 
Mass of gas oil per GJ energy content = 23,095 grams per GJ energy content8 
 
1 GJ is equivalent to 277.78 kWh8 
 
Hence: 
 
Mass of gas oil per kWh energy content  = 83.1 grams 
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Based on the above calculations, it can be seen that the average thermal efficiency for diesel rolling 
stock has been estimated to be 37%.  This value is consistent with figures on the thermal efficiency of 
different sized diesel engines in fundamental textbooks on internal combustion engines.  For example, 
Heywood (1988)9 quotes thermal efficiency figures ranging from 34% in smaller diesel engines to 46% 
for larger marine diesel engines.  The value of 37% has been included in the model by creating a field 
“TE” for assigning thermal efficiency values in the look-up table “tblSplitFormations”.  All classes of 
rolling stock have been assigned this value, but in future years, should more detailed data become 
available, it would be possible to modify the individual TE values assigned against each class.   
 
For electric trains, once electrical energy has been supplied to the train, the energy conversion 
process is much more efficient than for diesel trains, with an efficiency value for electric motors of 
approximately 90%.  This value does not include transmission losses between the high voltage 
national electricity grid and the railway electricity distribution network, which are accounted for 
elsewhere in the modelling process (see Section 4.2.11 for a more detailed explanation of grid 

                                                      
8 Source: Digest of UK Energy Statistics (DUKES), 2006, DTI 
9 “Internal Combustion Engine Fundamentals”, JB Heywood, McGraw-Hill Book Company, 1988, ISBN 0-07-028637-X 
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transmission losses and how electrical energy consumption for each train is calculated within the 
model).   

4.2.7 Step 5 – Calculate maximum power output for e ach train service 

The next step in the modelling process is to multiply the maximum power output for each stock unit by 
the number of stock units in each train formation, in order to calculate the maximum power output for 
each formation.  In addition to calculating these values, the model also outputs the total journey time 
for each train service. 

Box 4.2: Equation for calculating maximum power out put of train formations 

 

stockunitxformationx PRNPR ´=,  

 
 
Where: 
PRx,formation  = maximum power output for the train formation providing train service “x” 
Nx   = Number of stock units in the train formation providing train service “x” 
PRx,stock unit  = maximum power output for the stock units that make up the train formation for train 

service “x” 
 

 
 

4.2.8 Step 6 – Assigning percentage load factors to  represent real-world 
engine operating performance 

Maximum power output data for rolling stock are not representative of actual power output, as trains 
only operate at maximum power for limited periods of time.  The real-world energy output associated 
with a specific train journey is calculated from the train formation’s maximum power output in kW, and 
from the load factor, which is effectively a measure of how hard the engine or motor is working in 
relation to its maximum power output.  A train’s duty cycle over a journey is characterised by the 
amount of acceleration, cruise, deceleration and idling it does.  Energy consumption and energy 
output is greater during acceleration than whilst cruising, so the more stops a train makes in covering 
a given distance, the more energy it consumes, and this is reflected by a higher average load factor 
for the overall length of the journey. 
 
A method was used to calculate average energy output for a train journey using relationships between 
load factors and stopping densities, defined as the number of station stops made per 10,000 km in the 
journey.  As the stopping density increases, the percentage load factor also increases.  The 
relationship between load factor and stopping density was developed using the following procedure.  
For different numbers of stops in an overall journey of a given length, the distances the train spends in 
acceleration, cruise and deceleration were calculated by: 
 

a) making realistic assumptions about average speed for the whole journey (based on timetable 
information); and 

b) assuming that the time and distance spent accelerating from rest to cruise was twice as long 
as the time and distance spent decelerating from cruise to rest at each stop.   

 
The second assumption was based on route information provided by a specific train operating 
company.  It was also assumed that an electric train accelerates and decelerates twice as quickly 
(therefore in half the distance) as a diesel train for a given journey.  Using these assumptions, 
separate profiles on the fraction of journey distances spent accelerating, cruise and decelerating on 
journeys with different stopping densities were calculated for typical Intercity, regional and local 
commuter journeys by diesel and electric trains. 
 
From the accelerating, cruise and decelerating profiles, average journey load factors were calculated 
by assuming that the load factors during cruise and during deceleration were 45% and 1% of the load 
factor during acceleration, respectively.  This was based on information from an actual train operator 
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on notch point and associated power ratings given for these duty cycles during an actual train journey.  
This enabled stopping density versus load factor relationships for diesel and electric trains to be 
developed. 

 
The relationships were calibrated against the average load factor for the ISO 8178 F engine test cycle.  
This is 36%.  For the purposes of the modelling process, it was assumed that the ISO 8178 F cycle is 
a representative average of the load profile for network diesel railway operations in the UK.  Using 
timetable information, the average stopping density on the UK rail network was calculated to be 1,460 
stops/10,000 km (14.6 stops per 100 km).  Hence, the calibration of the stopping density-load factor 
relationships was made on the basis that a stopping density of 1,460 stops/10,000 km was associated 
with an average load factor of 36%.  This calibration led to the stopping density-load factor 
relationships shown in Table 4.1. 
 

Table 4.1: Look-up table of stopping densities vs a verage load factor for diesel and electric trains 

Stop density 
(stops/10,000km)

Diesel Electric

50 27% 26%
100 28% 27%
150 29% 27%
200 29% 28%
250 30% 28%

>250-1000 32% 29%
>1000-3000 36% 30%
>3000-4000 38% 32%
>4000-5000 38% 33%

>5000 38% 35%  
 
 
Within the model, the data presented in Table 4.1above was implemented as a look-up table that is 
referenced by queries in the model in order to calculate the power output associated with individual 
train services.  As can be seen from the table, for diesel traction engines, it has been assumed that 
there is a broader spread of load factors compared to the factors used for electric traction. 
 

4.2.9 Step 7 – Calculate total energy output for ea ch train service  

Once a percentage load factor has been assigned to each train service (using stopping density data 
calculated from the , this information can be used in conjunction with the maximum power output data 
calculated in Step 5, and journey time data in order to develop estimates of the total energy output  
associated with each train service.  This was implemented in the model using a query that multiplies 
train service journey time by calculated power output, as set out in Box 4.3. It is important to note that 
the total energy output is a different parameter to total energy consumption.   

Box 4.3: Equation for calculating total energy outp ut for each train service 

 
Ex,train = PLFx x PRx,formation x Tx 
 
Where: 
Ex,train = total energy output (in kWh) of train service “x” 
PLFx = percentage load factor for train service “x” (based on stopping density) 
PRx,formation = rated power of train formation used to provide train service “x” 
Tx = journey time of train service “x” in hours 
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The same form of equation is used in the model to calculate energy output for both diesel trains and 
electric trains, although within the model, the term “E” (equivalent to Ex,train in the equation above) is 
used for diesel train energy, whilst “EL” is used in the model to denote electricity consumption.  
 
Each NMF timetable only includes train service data for a single week-day, and as the model will be 
used to estimate the impacts of policies on annual railway emissions, it is necessary to multiply the 
energy output by an annualisation factor.  The NMF uses an annualisation factor of 300, and this value 
has been used throughout the environmental model to scale up the outputs to provide annual 
estimates of emissions.   
 

4.2.10 Step 8 – Intermediate bottom-up calculation of total energy 
consumption for each train service 

For diesel trains, emissions of CO2 and SO2 are directly proportional to the mass of fuel consumed, 
and hence there was a need for the model to be able to be able to quantify the amount of fuel 
consumed by individual diesel train services.  For diesel trains, energy output  data can be used to 
calculate energy consumption  data on the basis that the internal combustion process is not 100% 
efficient.  As described in Section 4.2.6, it has been estimated that the combustion process for railway 
diesel engines has a thermal efficiency of 37%.  The model includes a query that converts the energy 
output values into estimated diesel fuel consumption values, using the following equation: 

Box 4.4: Conversion of energy output data to diesel  fuel consumption for diesel trains 

 

efficiency Themal
 trainofoutput Energy  contentkWh unit per  consumed fuel of Mass

FCC  trainx,
´

=  

 

TE

E trainx,1.83 ´
=train x,FCC  

 
 
Where: 
 
FCCx, train = Calculated fuel consumption for train service “x” 
 
Ex,train = total energy output (in kWh) of train service “x” 
 
TE = Thermal efficiency factor (37%) 
 
Mass of gas oil per unit energy content = 83.1 grams of gas oil per kWh energy content 
 

 
 
The values calculated during this step in the modelling process are intermediate values used by the 
modelling to calculate “corrected” energy consumption data (see Step 9); these intermediate energy 
consumption values are not used as model outputs. 
 
For electric trains, the model does not include a step to perform an intermediate “bottom-up” 
calculation of electricity consumption, as this process is automatically carried out as part of the 
calibration/normalisation procedure in Step 9.  
 
 

4.2.11 Step 9 – Calibration/normalisation of calcul ated energy consumption 
values 

The foregoing steps in the modelling methodology allow total energy output and total energy 
consumption to be calculated using a “bottom-up” calculation method.  These calculations use data on 
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the rated power of each class of rolling stock in conjunction with estimated load factors that reflect 
variations in engine load over different operating cycles.  However, during the model development 
process it was recognised that this methodology would not, on its own, provide accurate estimates of 
energy output and consumption, and that the model would need to include some form of external 
verification and normalisation of these outputs.  The reasons why bottom-up calculations on their own 
cannot provide accurate estimates, include the following: 
 
· Annual NMF timetables for any particular year are based on a single day of passenger services, 

which are then “annualised” to estimate the provision of services over the course of any particular 
year.  Within the NMF, an annualisation factor of 300 is used, and this value has also been used in 
the environmental model.  In developing the environmental model, the NMF timetable for 2005 
was used.  However, it is known that over the course of that year, there were some changes in 
service provision which mean that bottom-up estimates of energy consumption based on service 
data for a single day would be inaccurate without some form of built-in verification or calibration 
process. 

 
· The bottom-up estimates of energy consumption are based on theoretical planned service 

delivery, with no allowance included for actual delays or changes in services.  Service delays can 
lead to increases in energy consumption  - in particular, if a delay leads to a train stopping part-
way through a service, then actual energy consumption may be higher than that predicted  

 
· The model is a relatively simple model that takes into account some of the parameters that have 

an impact on energy consumption, but it was not possible within the resources available for the 
project to include all of the parameters that affect energy consumption.  The influencing 
parameters that have been taken into account in the model include, traction type (electric or 
diesel), rolling stock class, power output, stopping density, and speed.  The influencing 
parameters that have not  been taken into account in the model include, route gradient and 
aerodynamic effects.  The fact that these parameters are not included in the model means that to 
a certain extent, the bottom-up calculations are likely to underestimate energy consumption for 
each train service. 

 
· It was also not possible within the resources available for this project to enable the model to take 

into account energy consumed by trains during turnarounds at railway termini, and during 
timetabled stops at stations throughout individual journeys.  Energy is consumed when trains are 
stationary, as diesel traction units remain with their engines in idle operation both at station stops 
and during turnarounds, whilst for electric rolling stock, energy is consumed to provide heating and 
lighting when trains stop at stations or during turnarounds at rail termini. 

 
For all of the above reasons, it became clear that it was necessary to introduce a verification, or 
calibration procedure into the model in order to re-scale the calculated bottom-up energy consumption 
data against real-world measured energy consumption data obtained from the rail industry. 
 
Each year, ATOC collates data on the amount of energy used by train operating companies to provide 
passenger rail services.  These data include comprehensive estimates for the amount of diesel and 
electricity consumed by the trains operated by each TOC10, and it was decided that this information 
should be used within the model to create a set of TOC-specific calibration factors that could be used 
to normalise the energy consumption data calculated by the model for each train service.  In simple 
terms, the model was used to calculate a set of bottom-up energy consumption figures for each TOC 
using the 2005 timetable, and the outputs from this process were then compared with the actual 
2005/06 energy consumption data reported by ATOC.  For each TOC, ATOC’s reported energy 
consumption data for 2005 was divided by the model-calculated energy consumption data for the 
same year in order to generate separate TOC-specific calibration factors for diesel and electric 
services.  These calibration factors are used by the model to quantify the relationship between the 
energy consumption/energy output calculated by the model and actual energy consumption for all 
future years.  This is necessary as the model will be used to predict energy consumption and 
emissions for future years where no estimates of actual energy consumption are available.  These 
calibration factors were then incorporated into the model as two look-up tables (one for diesel services 
and one for electric services).  The calibration process differs for diesel train services and for electric 

                                                      
10 Note: these estimates only include the fuel and electricity used to provide power to rolling stock. 
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train services; for diesel services, the calibration factors are used to normalise the bottom-up 
calculations of diesel fuel consumption  that the model carries out against ATOC’s published TOC 
diesel consumption data.  For electric services, the calibration factors are used to convert the bottom-
up calculated energy output  data to electricity consumption values by normalising against ATOC’s 
published TOC electricity consumption data.  Hence, the calibration factors for electricity consumption 
take into account energy losses in the energy conversion at train level.  For diesel trains, these losses 
are explicitly calculated in the model via the thermal efficiency factor, and therefore they are not 
included in the diesel calibration factors.  For both diesel and electric services, the outputs of the 
calibration process provide estimates of energy consumption.  In order to generate these calibration 
factors, a query was set up in the model to perform the following calculations (set out in Box 4.5) for 
each TOC. 

Box 4.5: Calculation of calibration factors for die sel train services 

 
 

�
=

-- =
n
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dtocxDTOC FCCFCC
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,  
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where: 
 
FCCTOC-D = total 2005 annual diesel consumption by train operator “TOC”, as calculated by 
the model; 
 
FCCx,toc-d = annual diesel consumption by train service “x” operated by train operator 
“TOC”, as calculated by the model; 
 
NTOC-D = diesel calibration/normalisation factor for train operator “TOC”; 
 
FCRTOC-D = total 2005 annual diesel consumption by train operator “TOC”, as reported by 
ATOC; 
 

Box 4.6: Calculation of calibration factors for ele ctric train services 
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ETOC-E = total 2005 annual energy output for all electric trains operated by train operator 
“TOC”, as calculated by the model; 
 
Ex,toc-e = annual energy output for electric train service “x” operated by train operator 
“TOC”, as calculated by the model; 
 
NTOC-E = electricity calibration/normalisation factor for train operator “TOC”; 
 
FCRTOC-E = total 2005 annual electricity consumption by train operator “TOC”, as reported 
by ATOC. 
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The equations described above were used in the model to create two look-up tables (“tblNtocDiesel”  
for diesel services and “tblNtocElec”  for electric services) populated with calibration factors for each 
train operating company.  The calibration process and the generation of the two look-up tables was 
carried out as part of the development of the model and is not a process that is repeated each time the 
model is run.  For all subsequent runs, the model uses the same calibration factors from these look-up 
tables, regardless of the year of the timetable being analysed.  A full list of the current calibration 
factors for each TOC is presented below in Table 4.2.  Functionality has been included in the model to 
allow the calibration process to be re-run should new energy consumption data from ATOC be added 
to the model in the future to replace the current data. 
 

Table 4.2: Calibration factors for diesel and elect ricity consumption 

Train operating Company Diesel 
consumption 

calibration factor 
(NTOC-D)

Electricity 
consumption 

calibration factor 
(NTOC-E)

Arriva Trains Wales 2.14 N/A

c2c N/A 1.48

Central Trains Ltd 1.82 1.46

Eurostar (UK) Ltd N/A 0.09

First Capital Connect N/A 2.08

First Greater Western 1.82 N/A

First ScotRail 1.76 1.57

Gatwick Express Ltd N/A 1.97

Great North Eastern Railway 
Ltd

2.67 2.21

Heathrow Express N/A 4.23

Hull Trains 1.97 N/A

Integrated Kent Franchise N/A 1.04

Merseyrail Electrics 2002 Ltd N/A 1.99

Midland Mainline Ltd 1.85 N/A

Northern Rail 2.06 2.10

One 1.87 1.81

Silverlink Train Services Ltd 1.24 2.39

South West Trains Ltd 1.91 2.03

Southern 1.33 1.59

The Chiltern Railway Co.Ltd 1.49 N/A

Transpennine Express 1.70 N/A

Virgin Cross Country 2.60 N/A

Virgin West Coast 3.71 1.67  
 

4.2.12 Step 10 - Calculate corrected energy consump tion for each train service 

The model has been designed to apply the calibration factors for each fuel type and TOC to the 
calculated energy consumption data generated by the model.  Queries have been included in the 
model that multiply the calculated energy consumption for each train service by the appropriate TOC 
calibration factor.  The equations used in these queries are presented below. 
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Box 4.7: Equations for calculating corrected energy  consumption for each train service 

 
For diesel trains: 

DTOCdtocxxd NFCCFCN -- ´= ,  

 
For electric trains 

ETOCetocxxe NEFCN -- ´= ,  

 
where: 
FCNxd = normalised diesel fuel consumption for train service “xd” 
 
FCNxe = normalised electricity consumption for train service “xe” 
 

 

4.2.13 Step 11 – Calculate CO 2 and SO2 emissions for diesel train services 

Emissions of CO2 and SO2 from a diesel train are directly related to the amount of fuel consumed by 
the train over the section of the journey.  They are related by the carbon and sulphur contents of the 
fuel, respectively, as all the carbon and sulphur in the fuel is directly emitted as CO2 and SO2, or will 
ultimately produce these pollutants in the atmosphere.  The equation used in the model for calculating 
CO2 emissions from diesel trains is presented below in Box 4.8. 

Box 4.8: Equation for calculating CO 2 emissions from diesel trains 

 

ycontxdxdCO CFCNE ,, 6667.3
2

´´=  

 
Where: 
 
ECO2,xd = the total emissions of CO2 associated with diesel train service “xd” 
 
FCNxd = normalised diesel fuel consumption for train service “x”  
 
Ccont,y  = carbon content of the fuel used by diesel trains in year y (this is expressed as a 
ratio of the mass of carbon per unit mass of fuel).   
 
Note: in the above equation, “3.6667” is ratio between the relative molecular mass of 
CO2 (44 grams per mole11) and the relative atomic mass of carbon (12 grams per mole). 
 

 
The carbon content parameter changes very little and is currently 0.870, but could change slightly in 
future years with the introduction of lower sulphur fuels for railway use.  The carbon content of ultra-
low sulphur diesel and sulphur-free diesel used in road transport is 0.863.    Within the model, 
projected changes in carbon content have been accounted for by creating a look-up table that holds 
carbon content values for each year between 2005 and 2068.  In practice, Ccont,y has been set to 0.870 
for all years between 2005 and 2009, and to 0.863 for all years from 2010 onwards.  The look-up table 
allows the model to be modified in the future to take into account any other changes in the carbon 
content of diesel fuel that may occur in future years. 
 

Table 4.3: Carbon content values for gas oil/diesel  used in the model 

 2005 2010 2015 2020 >2020 
Ccont,y  0.870 0.863 0.863 0.863 0.863 

                                                      
11 A mole is the SI base unit that provides a standard measure of the amount of any particular substance.  One mole contains 6.022 X 1023 atoms, 
or molecules, of a substance.   
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Emissions of sulphur dioxide are calculated in the model using a similar equation to that for CO2, as 
presented below in Box 4.9. 
 

Box 4.9: Equation for calculating SO 2 emissions from diesel trains 

 

ycontxdSO SFCNE ,2
2

´´=  

 
Where: 
 
ESO2,xd = the total emissions of SO2 associated with diesel train service “xd” 
 
FCNxd = normalised diesel fuel consumption for train service “x”  
 
Scont,y  = sulphur content of the fuel used by diesel trains in year y (this is expressed as a 
ratio of the mass of sulphur per unit mass of fuel).  
 
Note: in the above equation, “2” is ratio between the relative molecular mass of SO2 (64 
grams per mole) and the relative atomic mass of sulphur (32 grams per mole). 
  
 

 
 
As with carbon content, it is envisaged that the sulphur content of railway fuels will change in future 
years.   In particular, it is likely that the UK railways will move from using gas oil with a relatively high 
sulphur content (ca 1490 parts per million) to sulphur-free diesel (sulphur content of 10 ppm).  For the 
purposes of the model, it has been assumed that high-sulphur gas oil is used in all years between 
2005 and 2009, and that sulphur-free diesel will be used from 2010 onwards.  A separate look-up 
table containing projected sulphur-content values for each year between 2005 and 2068 was created 
and included in the model.  As with the carbon content values, the look-up table could be modified in 
future years to take into account any other changes in sulphur content that may happen. 

Table 4.4: Sulphur content values for gas oil/diese l used in the model 

2005 2010 2015 2020 >2020
Scont,y 0.00149 0.00001 0.00001 0.00001 0.00001  
 
 

4.2.14 Step 12 - Calculate NO x and PM 10 emissions associated with each diesel 
train service 

NOx and PM10 emissions are by-products of combustion and are not directly related to the amount of 
fuel consumed, as they also depend on combustion conditions such as temperature, fuel/air ratio and 
efficiency of mixing in the engine.  NOx emissions are therefore calculated from rolling stock-specific 
NOx emission factors expressed in grams of NOx per kWh energy output  (not energy consumption).  
There are different values for different types of locomotives and DMUs in the current rolling stock and 
these will change in future years with the introduction of tighter emission standards for new engines.  
The sources of the specific emission factors used in the model for diesel traction units are set out in 
Section 3.6, and full details of the emission factors assigned to each design of rolling stock can be 
found in Appendix 1. 
 
 
 



Estimation of Rail Environmental Costs  Restricted – Commercial 
 AEA/ED05260/Issue 1 

40 AEA Energy & Environment 

Box 4.10: Equation for calculating NO x emissions from diesel trains 

 

1.83,,,
TE

EFFCNE ClassabcNOxyxNOx ´´=  

 
where : 
 
ENOx,x, = annual NOx emissions (in grams) from  train service “x”, in year “y”. 
 
EFNOx, Class abc = NOx emission factor in gNOx/kWh for rolling stock class “abc”. 
 

 
 
PM10 emissions are calculated in exactly the same way as NOx emissions, as set out in Box 4.11 
below. 

Box 4.11: Equation for calculating PM 10 emissions from diesel trains 

 

1.83,,,
TE

EFFCNE ClassabcPMyxPM ´´=  

 
where : 
EPM,x,y = annual PM10 emissions (in grams) from train service “x” in year “y”. 
 
EFPM,Class abc = PM10 emission factor in gPM10/kWh for rolling stock class “abc”. 
 

 
 
NOx and PM 10 emission factors by year 
Emission factors for diesel traction units are grouped according to engine power range for consistency 
with future Non-Road Mobile Machinery (NRMM) Directive Stage IIIA and IIIB legislative emission 
classes.  Emission factors for the current rolling stock are based on analysis of engine manufacturers’ 
type testing data and from in-service test results.  The type test data were given priority to conform 
with the definition of limit values for Stage IIIA and IIIB.  There are not significant differences in the 
factors among engines of different classes.  Emission factors for different classes of diesel 
locomotives falling within the same engine power range (e.g. 560-2000 kW) were averaged.  The in-
service data, though not directly used, give a useful confirmation of the performance of the engines 
when in service.  The emission factors are lowered for future stock to the limit values set in the 
Directive with implementation of the limit values occurring according to the dates set in the Directive 
which for Stage IIIA differ for different engine size range. 
 
Emission factors for different classes of DMUs in the current rolling stock were also analysed from 
type test data and in-service test results.  Some differences are apparent in factors for NOx from Class 
150 series DMUs to Class 160 and Class 180 series DMUs.  Different factors are therefore given for 
these classes of DMUs and were used as proxy for other classes of rolling stock for which there are no 
test data.  The limit values and implementation dates are the same for all classes of DMUs.  In the 
case of PM10, since Class 168 and Class 180 DMUs already have emission factors below Stage IIIA 
limit values, the current values are maintained for Stage IIIA DMUs and reduced to the Stage IIIB limit 
values when these standards come into effect in 2012.  The emission factors for the different classes 
of locomotives and DMUs to be used in the model for engines brought into service between 2005 and 
2020 can be found in Appendix 1. 
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4.2.15 Step 13 – Calculate CO 2, SO2, NOx, and PM10 emissions for each electric 
train service 

Power station emission factors 
Emissions from electric trains are not released to the atmosphere at the point of train use; rather they 
are released at the power stations that generate the electricity used to provide power to electric 
traction units.  As with diesel trains, for electric trains only emissions of CO2, SO2, NOX, and PM10 are 
taken into account for the purposes of the model.  The mass of emissions released to the atmosphere 
is dependent on the fuel used in the power station – e.g. the emission factors for gas-fired power 
stations are different to the factors for coal fired power stations.  For renewable and nuclear energy 
sources, no emissions are released to the atmosphere.  Rail services draw on electricity supplied to 
the national grid by different types of power stations from all over the UK.  With this in mind, it was 
necessary to use national average power station emission factors that take into account the UK 
average electricity generation energy mix in order to quantify the emissions associated with the use of 
electric trains.   
 
The electricity generation energy mix will change over time as older power stations are 
decommissioned and new power generation capacity (including more electricity generated from 
renewable sources) comes on line.  As the energy mix changes over time, so too will the power station 
emission factors, and consequently, it was necessary to develop average power station emission 
factors for each year covered by the model.  These average emission factors were developed using 
energy and emissions projections published by the Department for Business, Enterprise, and 
Regulatory Reform (BERR)12 in their Updated Emissions Projections paper UEP26 from July 2006.  
Two emissions projection scenarios were developed for UEP26 – a scenario that favours the greater 
uptake of coal powered fire stations in the years leading up to 2020, and a scenario that favours the 
greater uptake of gas-fired powered stations over the same time period.  At the time of the publication 
of UEP26, the “favouring coal” scenario was accepted within Government as the more likely scenario, 
and hence the corresponding emission factors for this scenario were used in the environmental model.   
 
Beyond 2020, no projections are available, and hence UEP26 was only used to develop power station 
emission factors for the years between 2005 and 2020.  For the period between 2020 and 2068, 
professional judgement was used to estimate the uptake of alternative energy and carbon abatement 
technologies in the power generation sector, and this information was used to develop projected 
power station emission factors for each year falling in this time period.  These estimated emission 
factors were developed on the basis that the future energy technology mix develops in order to meet 
the UK’s commitment to reduce CO2 emissions by 60% compared to 1990 values by the year 2050. In 
particular, the following assumptions have been made: 
 

�� The proportion of electricity generated from renewable and nuclear technologies increases 
from 13% in 2020 to 50% in 2050; 

�� The proportion of electricity generated from gas declines from 52% in 2020 to 13% in 2050; 
�� The proportion of electricity generated from coal declines from 22% in 2020 to 13% in 2050; 
�� Carbon Capture and Storage technology for CO2 abatement starts to be introduced to fossil 

fuel power stations from 2021 onwards, so that fossil fuel power station emissions are reduced 
by 2.5% in 2021, rising to a reduction of 75% in 2050. 

 
Beyond 2050, it has been assumed that the energy mix (and average CO2 emission factors) for power 
stations remain constant, as there is not currently a target for reducing emissions beyond the 60% 
commitment after 2050.   
 
The power station emission factors developed for the model are based on electrical energy supplied to 
the rail distribution network from the high voltage national grid (rather than the electrical energy 
supplied to trains from the rail distribution network).  This is because the data on railway electricity 
consumption obtained from ATOC consists of the electricity supplied to the rail distribution network 
from the grid.  This is the electricity consumption after  transmission losses between the national grid 
and supply to the rail distribution network have been take into account, but before the further 
transmission losses incurred between the rail distribution network and supply to individual trains.  

                                                      
12 Formerly the Department of Trade and Industry. 
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Losses between the high voltage grid and the rail distribution network are estimated to be 1.5%13.  For 
these reasons, the power station emission factors developed for the model are only to be used in 
conjunction with data on railway electricity consumption, as supplied to the rail distribution network .  
The full set of power station emission factors used in the environmental model are presented in 
Appendix 1 (Table A1.7).  As new power station emission factors become available, these should be 
uprated by 1.5% before being inputted into the model to account for the losses across the high voltage 
national grid.   
 
Emissions from individual electric trains are calculated in the model by multiplying the normalised 
(calibrated) electricity consumption by the relevant emission factors for the particular timetable year of 
interest, as presented in the equations below. 

Box 4.12: Equations for estimating emissions from e lectric train services 

SO2 emissions 

ySOyxeyxeSO EFPSFCNE ,2,,,2
´=  

 
CO2 emissions 

yCOyxeyxeCO EFPSFCNE ,2,,,2
´=  

 
NOx emissions 

yNOxyxeyxeNOx EFPSFCNE ,,,, ´=  

 
PM10 emissions 

yPMyxexePM EFPSFCNyE ,,, , ´=  

 
where: 
 
ECO2,xe,y = the total emissions of CO2 associated with electric train service 
“xe” in year “y” 
 
ESO2,xe,y = total emissions of SO2 associated with electric train service “xe” 
in year “y” 
 
ENOx,xe,y = the total emissions of CO2 associated with electric train service 
“xe” in year “y” 
 
EPM,xe,y = the total emissions of CO2 associated with electric train service 
“xe” in year “y” 
 
FCNx,ye = normalised electricity consumption for train service “xe” in year 
“y” 
 
EFPSSO2,y = Power station emission factor for SO2 in year “y” 
 
EFPSCO2,y = Power station emission factor for CO2 in year “y” 
 
EFPSNOx,y = Power station emission factor for NOx in year “y” 
 
EFPSPM,y = Power station emission factor for PM10 in year “y” 
 
 

 
 

                                                      
13 As estimated in the Digest of UK Energy Statistics,  
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4.2.16 Step 14 – Quantify the environmental damage costs associated with air 
pollutant emissions and greenhouse gas emissions 

In addition to quantifying the physical emission impacts of train services, the model was also 
developed to be able to quantify the environmental damage costs (or externalities) associated with the 
air pollutant emissions and CO2 emissions from individual train services.  Full details of the aspects 
included in the environmental damage costs of CO2 and air pollutant emissions can be found in 
Appendix 2.   
 
The damage costs associated with pollutant emissions are quantified in terms of costs per tonne of 
pollutant emitted.  For the purposes of policy appraisal, a range of values is used in Government to 
reflect the uncertainty associated with this type of valuation.  Hence, for CO2 and air pollutant 
emissions, low, central and high damage costs per tonne of pollutant are used. 
 
CO2 damage costs 
For CO2 emissions, the damage costs are referred to as the Social Costs of Carbon (SCC), and 
research undertaken by the Government Economic Service in 2002 recommended an illustrative 
estimate for the SCC of £70/tonne of carbon (tC), within a range of £35 to £140/tC (for year 2000 
emissions).  For use in policy appraisal across Government, it was recommended that these values 
should be increased at the rate of £1/tC per year.  Defra’s current guidance recommends that 
environmental damage costs should be reported in 2002 prices, and hence for use in the 
environmental model, the values quoted above needed to be inflated to 2002 prices.  Following 
discussions with Defra, it has been recommended to apply the £1/tC increase in real terms first, and 
then adjust for inflation to the desired base year.  This gives low, central, and high starting values in 
2002 prices of £38, £75 and £148 respectively using a 2% annual increase for adjusting to 2002.  
These are then increased in real terms at £1/tC in the model for all subsequent years. This is 
consistent with recent Defra guidance (Greenhouse Gas Policy Evaluation and Appraisal in 
Government Departments - Defra 2006). 
 
Within the model, the SCC values have been incorporated as a look-up table of low, central, and high 
values for each year between 2002 and 2075.  For the purposes of the model, the quantification of 
damage costs has been based around CO2 emissions, rather than carbon, and hence it was 
necessary to convert the damage cost per tonne of carbon values quoted above into damage costs 
per tonne of CO2, by taking into account the proportion of carbon in a tonne of CO2.  The model then 
calculates damage costs for each train service by multiplying the total annual CO2 emissions for each 
train service by the appropriate CO2 damage cost value.  The model requires the user to enter the 
year of the timetable and whether low, central, or high damage costs should be used when calculating 
damage costs, and these parameters are used to determine which CO2 damage cost value should be 
used by the model for a particular model run.  The equation used by the model to calculate CO2 
damage costs is as follows: 

Box 4.13: Equation for quantifying CO 2 damage costs for diesel and electric trains 

 

syyxCOsyxCO SCCEEXT ,,,2,,,2 ´=  

 
where: 
 
EXTCO2,x,y = Annual CO2 damage costs associated with train service “x” in 
year “y” for scenario “s” (i.e. low, central, or high damage costs) 
 
ECO2,x,y = Annual CO2 emissions associated with train service “x” in year “y” 
 
SCCy,s = Social Cost of Carbon in year “y” for damage cost scenario “s” (i.e. 
low, central, or high damage costs) 
 

 
 
It should be noted that in August 2007, Defra published interim guidance that replaces the Social Cost 
of Carbon with a new Shadow Price of Carbon (SPC).  Full guidance on the new SPC methodology 



Estimation of Rail Environmental Costs  Restricted – Commercial 
 AEA/ED05260/Issue 1 

44 AEA Energy & Environment 

will be published in the coming months; at that point the model will need to be updated to take into 
account the new SPC values.  Further information on the Shadow Price of Carbon is presented in 
Section A.2.2 in Appendix 2. 
 
 
Air pollution damage costs 
Air pollution has a number of important impacts on human health, as well as on the natural and man-
made environment.  These include impacts of short-term and long-term exposure to air pollution on 
our health, damage to building materials, effects on crops (reduced yield) and impacts on natural and 
semi-natural ecosystems (both terrestrial and aquatic).  There are a number of possible ways to derive 
estimates of air pollution cost values.  The most thorough is to analyse using the impact pathway 
approach (see Appendix 2).  As part of work that AEA carried out for Defra in support of the Air Quality 
Strategy Review, a full set of updated air pollution damage cost values were developed using a 
simplified impact-pathway approach.  These values are now used by Government for policy appraisal 
and are the most appropriate values for use in the NMF.  As with damage cost values for CO2 
emissions, low, central, and high damage cost values were incorporated into the model for each year 
between 2002 and 2075.  All values are quoted in 2002 prices, with a 2% uplift each year to account 
for real-term changes in damage costs over time. 
 
The approaches taken for valuing the damage costs associated with air pollution vary depending on 
whether primary or secondary pollutants are being dealt with.  Primary pollutants are those that are 
released directly into the atmosphere due to combustion processes (e.g. directly from diesel engines, 
or power station emissions for electric traction), whilst secondary pollutants are formed in the 
atmosphere over time.  With regard to the pollutants included in the model framework, PM10 is classed 
as a primary pollutant, whereas NOx and SO2 are classed as secondary pollutants. 
 
The damage cost valuation for pollutants takes into account the population exposed, and for primary 
PM10 emissions there are significant differences depending on the location at which the pollutants are 
released.  In urban areas where population density is high, the damage cost values associated with 
PM10 emissions can be orders of magnitude higher than in rural locations.  The PM10 damage cost 
values developed as part of the AQS Review included separate values for each sector.  For the 
transport sector, the values were further disaggregated to give individual values for each of the ten 
Area Types in the National Transport Model.   A separate, average damage cost value for PM10 
emitted by power stations14 has also been developed and used in the model to quantify PM10 damage 
costs associated with electric traction services.   
 
It is these values that have been used in the model to quantify the damage costs associated with 
PM10.  For secondary pollutants, only one damage cost value is necessary, as there is a much lower 
level of dependence on population density.  This is because secondary pollutants are formed over 
time in the atmosphere, and hence the location at which the precursor emissions were originally 
released is of less importance.  A more detailed explanation of the valuation methodologies used for 
primary and secondary air pollutants can be found in Appendix 2.   
 
Within the model, the damage costs associated with the secondary pollutants NOx and SO2 are 
calculated in the same way as the damage costs for CO2.  The equations used within the model are 
presented below. 

Box 4.14: Equation for quantifying SO 2 and NOx damage costs for diesel and electric train s 

 

sySOyxSOsyxSO UDEEXT ,,2,,2,,,2 ´=  

 

syNOxyxNOxsyxNOx UDEEXT ,,,,,,, ´=  

 
where: 

                                                      
14 Note: a separate damage cost value for power stations is required as emissions from power stations are released at much greater heights than 
transport emissions, and power stations are typically located in areas of low population density.  The UK average damage cost value for PM10 from 
power stations takes both of these factors into account.  PM10 damage costs for power station emissions are significantly smaller than the PM10 
damage costs for transport.  It should be noted that the damage cost values for PM10 from power stations is not tied to any particular NTM area, 
but is an average value. 
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EXTSO2,x,y,s = Annual SO2 external damage costs associated with train service 
“x” in year “y” for scenario “s” 
 
EXTNOx,x,y,s = Annual NOx external damage costs associated with train service 
“x” in year “y” for scenario “s” 
 
ESO2,x = Annual SO2 emissions associated with train service “x” in year “y” 
 
ENOx,x = Annual NOx emissions associated with train service “x” in year “y” 
 
UDSO2,y,s = Unit damage cost for SO2 in year “y” for damage cost scenario “s” 
(i.e. low, central, or high damage costs) 
 
UDNOx,y,s = Unit damage cost for NOx in year “y” for damage cost scenario 
“s” (i.e. low, central, or high damage costs) 
 

 
PM10 damage costs for diesel train services 
In order to quantify the damage costs associated with PM10 emissions from diesel trains, it was 
necessary for the model to be able to disaggregate these emissions by NTM Area Type.  As part of 
the model development process, the Strategic Route network was mapped against NTM Area Type 
data using GIS software (see Section 3.3).   This mapping process was used to quantify the length of 
each SRS that falls within a particular Area Type.  Within the model, the mapping information was 
used to set up a look-up table to hold information on the lengths of each SRS associated with each 
Area Type (tblGISoutput ).  The environmental model was designed to be able to estimate the 
emissions associated with a particular train service disaggregated by SRS, and hence using 
information on estimated PM10 emissions for each SRS in conjunction with the split of each SRS by 
Area Type, it was possible to estimate the PM10 emissions associated with any diesel train service, 
split by the Area Types the service runs through. 
 

Box 4.15: Equation for quantifying PM 10 emissions from diesel trains by NTM Area Type 

 

totalxd

ixd
ytotalxdyixd gthJourneyLen

gthJourneyLen
EPMEPM

,

,
,,,,, ´=  

 
where 
 
EPMxd,i = PM10 emissions from diesel train service “xd” in Area Type “i” in year “y” 
 
EPMxd,total = total PM10 emissions from diesel train service “xd” in year “y” 
 
JourneyLengthxd,i = distance travelled by train service “xd” in Area Type “i” 
 
JourneyLengthxd,total = total distance travelled by train service “xd” 
 

 
The model uses the equation above to estimate total emissions for each train service, split by Area 
Type, and these values are then used to calculate individual PM10 damage costs for each Area Type. 
 

Box 4.16: Equation for quantifying PM 10 damage costs for diesel trains by NTM Area Type 

 

isyPMyixdPMsyixdPM UDEEXT ,,,,,,,,,, ´=  

 
where: 
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EXTPM,xd,i,y,s = Annual PM10 external damage costs associated with diesel train service 
“xd” for Area Type “i” in year “y” for scenario “s” 
 
EPM,x,i = Annual PM10 emissions associated with diesel train service “xd” for Area 
Type “i” in year “y” 
 
UDPM,y,s,i = Unit damage cost for PM10 in year “y” for damage cost scenario “s” (i.e. 
low, central, or high damage costs) for Area Type “i” 
 

 
 
PM10 damage costs for electric train services 
The quantification of the damage costs for PM10 emissions associated with electric trains is carried out 
in the model in a similar manner to the quantification of damage costs for NOx and SO2 emissions.  
This is because there is no need to take into account major variations in the population exposed to 
PM10 emissions as trains travel through different parts of the country, as all of the emissions are 
released at power stations.  The equation used within the model is presented below in Box 4.17. 

Box 4.17: Equation for quantifying PM 10 damage costs for electric trains 

 

syEPMyxePMsyxePM UDEEXT ,,,,,,, -´=  

 
where: 
 
EXTPM,xe,y,s = Annual PM10 external damage costs associated with electric train 
service “xe” in year “y” for scenario “s” 
 
EPM,xe = Annual PM10 emissions associated with electric train service “xe” in 
year “y” 
 
UDPM-E,y,s = Unit damage cost for PM10 from electric trains in year “y” for 
damage cost scenario “s” (i.e. low, central, or high damage costs) 
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5 Methodology for modelling 
environmental noise 

5.1 Overview 

With regard to quantifying noise impacts, DfT’s requirements for the model were as follows: 
 

�� Ability to estimate 18-hour equivalent continuous noise levels (LAeq18h) associated with train 
services included in NMF timetables.  

 
�� Ability to quantify marginal environmental damage costs associated with changes in noise 

levels due to changes in service operations 
 
The noise model was developed around the Calculation of Railway Noise (CRN) methodology15, which 
is the standard method used in UK railway scheme appraisal for estimating railway noise impacts.  All 
of the equations used in the model for calculating noise levels are based on CRN procedures.  Within 
the resources available for the development of this model, it was necessary to use a simplified 
modelling approach that takes into account average train speeds and train numbers across the whole 
of a particular Strategic Route, rather than using specific speeds and train numbers for each SRS.    
This approach means that the outputs from the model should be treated as indicative rather than 
precise, and in the future there may be scope for refining this methodology to take account of traffic 
variation across a Strategic Route.  However, it should be noted that the average traffic data have 
been used within the model to assign individual noise levels to each SRS, taking into account whether 
a particular SRS is located in an urban environment (greater housing density, that provides a noise 
barrier effect) or in a rural environment. 
 
It should also be noted that the whilst the noise modelling approach is able to take into account 
changes in service frequencies and train speeds, it is not able to take into account changes in train 
length.  This is due to the simplified modelling approach applied; whilst the full CRN approach does 
allow the number of carriages to be taken into account in estimating the noise levels associated with a 
particular train service, within the resources available for this study, it was necessary to use a simpler 
approach that assumes that noise levels do not change with increasing train length.  In future, the 
model could be modified to allow this functionality to be included.    
 
The noise model has been developed with the aim of being able to quantify noise levels over the 18-
hour period between 6 am and 12 midnight, as set out in the CRN procedure.  However, the European 
Commission’s Environmental Noise Directive, which sets out the requirements for noise mapping of 
urban agglomerations requires that the 24-hour noise metric Lden and the eight-hour night-time noise 
metric Lnight should be quantified.  It should be noted that it would be a relatively straightforward 
procedure to modify the noise model in the future to provide data that meets these requirements.  
Defra have additionally set out a requirement for the metrics Lday and Levening to be quantified, and 
again, it would be straightforward to modify the model in the future to provide these outputs. 
 
The noise model was developed as a separate, stand-alone module that was not incorporated into the 
emissions model.  The main reason for doing this was to ensure that the memory limitations of 
Microsoft Access were not exceeded, and to enable both the emissions model and the noise model to 
run more quickly.  To improve efficiency further, the noise model was developed as a hybrid model 
that operates in two software environments – namely Microsoft Access 2000 and Microsoft Excel 
2000.  The reason for doing this was that the CRN calculation formulae are very complex in 
comparison to the formulae used to calculate emission impacts, and it is much more straightforward to 
implement these formulae in MS Excel.  MS Access is required as a repository for all of the timetable 
data, as MS Excel 2000 is unable to handle more than 64,000 rows of data.  For the emissions model 
it was not possible for the emission calculations to be carried out in MS Excel, as each row of 
timetable data was needed in order to calculate the emissions impacts.  For the noise modelling, once 
the average speed and average traffic for each Strategic Route have been extracted, the full timetable 
                                                      
15 Calculation of Railway Noise, Department for Transport, 1995 
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data is no longer required, and hence the required noise calculations can easily be implemented in MS 
Excel.   
 
With regard to estimating noise damage costs, the model makes use of DfT’s WebTAG guidance on 
quantifying the affected population that would be annoyed by noise.  This method is based on 
estimating households’ willingness to pay to avoid transport-related noise over the appraisal period, 
using the effect of noise on house prices as means of valuing noise impacts.   
 
The following sections describe in detail the modelling methodology for estimating noise impacts and 
noise damage costs. 
 

5.2 Detailed description of the noise modelling 
methodology 

5.2.1 Overview 

As with the emissions model, to aid understanding of the steps included in the modelling process, a 
flow chart has been used to set out the processes used to model the noise impacts and externalities 
associated with train services in any NMF timetable.   
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Figure 5.1: Flow chart describing noise modelling p rocess 

Step 2:  Identify all SRS that each train service travels through.  
Calculate journey length within each SRS by National Transport 

Model (NTM) Area Type.

Step 3:  Split train formations into constituent stock units.

Step 5:  Calculate maximum power output for each train service

Step 6:  Assigning engine load factors to represent real-world 
engine operating performance

Step 7:  Calculate total energy output for each train service

Step 4:  Assign maximum power and thermal efficiency values to 
each stock unit

Step 8:  Intermediate bottom-up calculation of total energy 
consumption for each train service

Step 9:  Calibration/normalisation of intermediate energy 
consumption values

Step 10:  Calculate corrected energy consumption for each train 
service

Step 11:  Calculate CO2 and SO2 emissions for diesel train 

services

Read timetable 
data

Step1:  Obtain journey durations, distances travelled, and stop 
density for each train service

Step 12:  Calculate NOx and PM10 emissions for diesel train 
services

Step 13:  Calculate CO2, SO2, NOx, and PM10 emissions for each 

electric train service

Step 14:  Quantify the environmental damage costs associated 

with air pollutant emissions and CO2 emissions
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It should be noted that the modelling process is used to calculate average 18-hour noise levels for an 
individual weekday, which do not  need to be annualised, as it is assumed that noise levels are the 
same for each day of the year. 
 
The model includes processes to calculate the external damage costs associated with railway noise, 
but it should be noted that the valuations of noise damage costs are not adjusted to take into account 
“time of day” effects (i.e. noise impacts incur greater levels of annoyance during the night).  The 
approach used in the model for valuing noise damage externalities is in accordance with the guidance 
provided by DfT in WebTAG – full information on the approach used can be found in Section A.2.3.2 
of Appendix 2. 
 
 

5.2.2 Step 1 – quantify average number of trains of  each type on each 
Strategic Route between 6am and midnight 

The CRN calculation methodology only takes into account noise impacts that occur over the eighteen-
hour period between 6 am and midnight.  For this reason it was necessary to quantify the numbers of 
trains operating on each Strategic Route between these hours.  The noise characteristics of trains 
vary depending on type, configuration, and traction method, and for the purposes of the noise model, 
four different categories of rolling stock were used (the coding used in the model is given in brackets): 
 

· Electric locomotive-hauled passenger train (EP) 
· Diesel locomotive-hauled passenger train (DP) 
· Electric multiple unit (EMU) 
· Diesel multiple unit (DMU) 

 
As the majority of trains do not operate over the full length of a Strategic Route, it was necessary to 
calculate the distance-weighted average numbers of trains operating on each route, and use these 
values for calculating the noise impacts.  A number of sub-steps were required in order to calculate 
the distance-weighted average train numbers, as follows. 
 
Identification of the unique train services that op erate within each SRS 
Within the NMF timetables, each train service has an individual train ID, but each service is broken 
down into a number of journey steps, and hence for any particular SRS, the same train ID can appear 
more than once.  In order to count the number of individual train services, the first step in the 
modelling process is to remove duplicate instances, so that each train ID only appears once against a 
particular SRS. 
 
Count unique train IDs for each SRS 
Once all of the duplicate train IDs have been removed, the model counts the unique train IDs that pass 
through each SRS, and disaggregates this information by rolling stock category, giving information on 
the numbers of electric locomotives, diesel locomotives, EMUs and DMUs that pass through each 
SRS. 
 
Calculate distance-weighted average number of train s for each Strategic Route 
The model calculates the distance-weighted average number of trains on each Strategic Route using 
the following equation: 

Box 5.1: Equations for calculating the distance-wei ghted average number of trains for each Strategic 
Route 
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NA = Distance-weighted average number of trains operating on Strategic Route “A” 
 
Lsrs,a = Length of SRS “a” 
 
nsrs,a = Number of individual train services operating on SRS “a” 
 
LA = Total length of Strategic Route “A” 
 
The model then takes the outputs from this calculation and splits the results by rolling stock 
category, and rounds the results to the nearest integer.   
 
 

DMUAEMUADPAEPAA NNNNN ---- +++=
 

 
Where: 
 
NA-EP = Number of electric locomotives on Strategic Route “A” 
 
NA-DP = Number of diesel locomotives on Strategic Route “A” 
 
NA-EMU = Number of electric multiple units on Strategic Route “A” 
 
NA-DMU = Number of diesel multiple units on Strategic Route “A”  
 

 
 
The outputs from these calculations are used in the following steps as part of the modelling process 
for quantifying the noise levels on each Strategic Route.  These outputs depend on the number of 
trains in the timetable, but not on the lengths of the trains.   
 

5.2.3 Step 2 – Quantify average train speed for eac h Strategic Route 

The CRN methodology also requires average speed data in order to calculate noise levels.  Within the 
MS Access part of the model, this has been implemented by calculating distance-weighted average 
speeds for each of the four rolling stock categories for each Strategic Route.  An example of the 
equation used for calculating the average speeds for electric locomotive-hauled passenger trains on 
one Strategic Route is given below. 

Box 5.2: Equation for calculating average train spe eds 
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where: 
 
Vavg,EP = Distance-weighted average speed for Electric locomotive trains 
 
SEP,n = Distance travelled by electric locomotive “n” 
 
VEP,n = Speed of electric locomotive “n” 
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The same equation is used to calculate distance-weighted average speeds for each of the three other 
categories of rolling stock, substituting specific distance and speed data for these types of rolling stock 
(i.e. SDP, VDP, SEMU, VEMU, SDMU, and VDMU).  The process is then repeated for all remaining Strategic 
Routes, using route-specific speed and distance data. 
 

5.2.4 Step 3 – Export traffic and average speed dat a to Microsoft Excel 

Once the number of trains and average speeds for each rolling stock category and for each Strategic 
Route have been calculated in MS Access from the timetable, it is necessary to export these data to 
an MS Excel part of the noise model (a file named “NoiseCalculator.xls”).  This file constitutes the part 
of the noise model where all of the more complex noise calculations are carried out.  This includes two 
worksheets (“Q_Average_Speed_Traincount_Base” and “Q_Average_Speed_Traincount_Comp”) 
where traffic and speed data for the baseline and comparison timetables respectively can be received 
from the MS Access part of the model.  Steps 4 to 11 of the noise modelling process are all carried out 
in the NoiseCalculator.xls spreadsheet. 
 

5.2.5 Step 4 – Calculate Sound Exposure Levels for a single train of each 
type at a distance of 25 metres from the track 

In order to calculate railway noise impacts for each Strategic Route, it is first necessary to calculate 
the Sound Exposure Level (SEL) associated with each category of rolling stock, at a distance of 25 
metres from the track (this is the standard distance used in CRN for appraising noise impacts).  The 
Sound Exposure Level is the total noise energy related to a single noise event, in this case the energy 
related to a single train passing.  SEL values for each of the four categories of rolling stock are 
calculated for each Strategic Route using the equation set out in Box 5.3. 

Box 5.3: Equation for calculating sound exposure le vels for a single train 

 

RSCcrnRSCARSCSINGLEA CVSEL ,,,, log202.31 ++=
 

 
where: 
 
RSC = Rolling Stock Category (EP for electric passenger locomotives, DP for 
diesel passenger locomotives, EMU for electric multiple units, DMU for diesel 
multiple units) 
 
SELA,SINGLE,RSC = Sound Exposure Level on Strategic Route “A” for a single train 
of rolling stock category RSC at a distance of 25 metres from the track 
 
VA,RSC = Average speed of trains of type RSC on Strategic Route “A” 
 
CCRN,RSC = Calculation of Railway Noise acoustic correction factor for rolling 
stock category RSC 
 
 

 
The CCRN terms used in the equation are correction factors that account for the different acoustic 
properties of each category of rolling stock.  These correction terms are averages for each rolling 
stock category, based on observations of actual train movements on the UK rail network carried out as 
part of a previous study carried out by AEA Technology Rail (now DeltaRail) for Defra16 in 2004.  The 
specific CCRN terms used in the model are as follows: 
 

                                                      
16 AEJ Hardy and RRK Jones, “Rail and wheel roughness – implications for noise mapping based on the Calculation of Railway Noise procedure”, 
March 204 
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· CCRN,EP = 19 (Electric locomotives) 
 

· CCRN,DP = 20 (Diesel locomotives) 
 

· CCRN,EP = 13 (Electric multiple units) 
 

· CCRN,EP = 13 (Diesel multiple units) 
 

5.2.6 Step 5 – Calculate total SEL for each Strateg ic Route for the eighteen 
hour period 06:00am to midnight 

The standard method of estimating railway noise levels in the CRN procedure requires that noise 
impacts that occur in the eighteen-hour period between 06:00 am and midnight need to be taken into 
account.  For this reason, the next step in the modelling process was to convert the SEL values for 
single trains in each rolling stock category into total SEL values that take into account all trains in each 
rolling stock category operating between 6 am and midnight.  Total SEL values were calculated by 
using the following equation taken from the CRN procedure for each category of rolling stock: 

Box 5.4: Equation to calculate 18-hour Sound Exposu re Level for each Strategic Route 

 

RSCARSCSINGLEARSCTOTALA NSELSEL -+= log10,,,,  

 
where: 
 
SELA,TOTAL = Total Sound Exposure Level between 6am and midnight for 
rolling stock category “RSC” on Strategic Route “A”. 
 
SELA,SINGLE,RSC = Sound Exposure Level on Strategic Route “A” for a single 
train of rolling stock category RSC at a distance of 25 metres from the track 
 
NA = Distance-weighted average number of trains operating on Strategic 
Route “A” 
 

 

5.2.7 Step 6 – Calculate noise levels up to 500 met res from the track 

In order to assess the impacts of railway noise on the population resident in the vicinity of rail services, 
it was necessary for the model to be able to calculate how noise propagates away from the track at 
any given location.  The standard CRN methodology calculates noise levels at a distance of 25 metres 
from the track, but there are additional terms that can be included in the CRN equations to calculate 
noise levels at any particular distance required.   
 
For the purposes of the model, it was decided that noise levels would be calculated at distances up to 
a maximum of 500 metres from the track.  In order to simplify the modelling process, noise levels were 
calculated at three distances between 0 and 500 metres.  These distances were as follows: 

Box 5.5: Distances at which average noise levels ar e calculated in the model 

 
D1 = 50 metres: (assumed to give an average noise level value for the range from 0 metres to 100 
metres); 
 
D2 = 200 metres: (assumed to give an average noise level value for the range from 100 metres to 
300 metres); 
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D3 = 400 metres: (assumed to give an average noise level value for the range from 300 metres to 
500 metres). 
 

 

5.2.8 Step 7 – Calculate noise levels at each dista nce for urban and rural 
locations 

The way in which noise propagates is influenced by the characteristics of the environment near to the 
noise source.  Both ground characteristics and man-made barriers can have a significant impact on 
noise propagation, and hence on the noise levels experienced by the population resident in the vicinity 
of rail services.  For the purposes of the noise model, it was decided that two acoustic environments 
would be included in the model: urban and rural.  All Strategic Route Sections that fall in any of the 
NTM Area Types between 1 and 9 are classed as urban  within the model, whilst all SRS in Area Type 
10 are classed as rural .  In cases where SRS fall partially in Area Type 10 and partially in one or more 
other Area Types, the dominant Area Type is used to classify the SRS as either urban or rural in 
character.  Within the model, a look-up table (tblSRS_Length_new) was set up with a full list of all 
SRS, and information as to whether each SRS is urban or rural in character.  Based on this list, the 
model then assigned each SRS within a particular Strategic Route with either the urban LAeq or rural 
LAeq noise level for the relevant Strategic Route. 
 
Urban noise levels 
In urban areas, the ground tends to be hard (and hence acoustically reflective), and nearby housing 
tends to act as a barrier to propagation.  Based on the professional judgement of the study team, the 
model has been designed to assume that in urban areas, semi-detached housing is located 100 
metres from the track.  The barrier effect associated with this type of housing leads to a halving of 
sound energy beyond 100 metres (this equates to a drop of 3 decibels).  The equations used in the 
model to calculate urban noise levels at each distance are as follows: 

Box 5.6: Equations for calculating urban noise leve ls between 0 and 500 metres from the track 

 
Urban noise levels at 0 to 100 metres 

( ) ( )1008.02.0log10
25

1
,,1,, DSELSEL D
RSCTOTALADRSCURBANA ´-+-=-  

 
Urban noise levels at 100 to 300 metres 

( ) ( ) 32008.02.0log10
25

2
,,2,, -´-+-=- DSELSEL D
RSCTOTALADRSCURBANA  

 
Urban noise levels at 300 to 500 metres 

( ) ( ) 33008.02.0log10
25

3
,,3,, -´-+-=- DSELSEL D
RSCTOTALADRSCURBANA  

 
 
where: 
 
SELA-URBAN,RSC,D1 = 18-hour urban Sound Exposure Level on Strategic Route “A” at a distance of 
50 metres from the track, due to trains in rolling stock category “RSC”; 
 
SELA-URBAN,RSC,D2 = 18-hour urban Sound Exposure Level on Strategic Route “A” at a distance of 
200 metres from the track, due to trains in rolling stock category “RSC”; 
 
SELA-URBAN,RSC,D3 = 18-hour urban Sound Exposure Level on Strategic Route “A” at a distance of 
400 metres from the track, due to trains in rolling stock category “RSC”. 
 
 

 
It should be noted that the resultant impacts on calculated noise levels are very sensitive to the 
distance chosen for the location of semi-detached housing.  For example, if it were to be assumed that 
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semi-detached housing is located 50 metres from the track, rather than 100 metres, then the model 
would assume that a larger proportion of houses in urban areas are subject to lower noise levels. 
 
 
Rural noise levels 
In rural areas, the ground adjacent to the track tends to be soft (and hence acoustically absorptive), 
and this has the effect of impeding the propagation of railway noise.  Based on professional judgment, 
it has been assumed that in rural areas, there is no housing within 500 metres of the railway track, and 
hence there is no barrier effect.  The equations used in the model to calculate rural noise levels at 
each distance are set out in Box 5.7. 
 

Box 5.7: Equations for calculating rural noise leve ls between 0 and 500 metres from the track 

 
Rural noise levels at 0 to 100 metres 

( ) ( ) ( )
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1
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Rural noise levels at 100 to 300 metres 
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Rural noise levels at 300 to 500 metres 
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where: 
 
SELA-RURAL,RSC,D1 = 18-hour rural Sound Exposure Level on Strategic Route “A” at a distance of 
50 metres from the track, due to trains in rolling stock category “RSC”; 
 
SELA-RURAL,RSC,D2 = 18-hour rural Sound Exposure Level on Strategic Route “A” at a distance of 
200 metres from the track, due to trains in rolling stock category “RSC”; 
 
SELA-RURAL,RSC,D3 = 18-hour rural Sound Exposure Level on Strategic Route “A” at a distance of 
400 metres from the track, due to trains in rolling stock category “RSC”. 
 

 
 

5.2.9 Step 8 – Conversion of Sound Exposure Levels into Equivalent 
Continuous Sound Levels 

The CRN procedure makes use of the 18-hour equivalent continuous sound level (LAeq,18h) metric as a 
means to quantify noise levels from rail services.  This metric provides a time-averaged equivalent 
sound level that takes into account both noisy periods and quiet periods over an 18-hour interval.  The 
next step in modelling the noise impacts associated with rail services is to convert the urban and rural 
SEL values calculated in Step 7 into urban and rural LAeq18h values.  The model uses the following 
equation for this conversion process: 

Box 5.8: Equation to convert sound exposure levels into equivalent continuous sound levels 

 
( )606018log101,,1,, ´´-= -- DRSCURBANADRSCURBANA SELLAeq  

 
where:  
 
LAeqA-URBAN,RSC,D1 = Equivalent continuous sound level from rolling stock category “RSC” in 
urban areas on Strategic Route “A”, at distance D1 from the track. 
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SELA-URBAN,RSC,D1 = 18-hour urban Sound Exposure Level on Strategic Route “A” at a distance of 
50 metres from the track, due to trains in rolling stock category “RSC”; 
 
RSC = Rolling stock category (individual SEL and LAeq values must be calculated for each 
rolling stock category  - i.e. EP (electric locomotives), DP (diesel locomotives), EMU (electric 
multiple units), DMU (diesel multiple units)) 
 
 

 
The same equation format is used to calculate LAeq values for rural areas at distances D2 and D3, and 
for urban areas at all three distances by substituting the relevant rural Sound Exposure Level value 
into the above equation in place of SELA-URBAN,RSC,D1. 
 

5.2.10 Step 9 - Calculation of total L Aeq values combining noise levels for all 
rolling stock categories 

The final step in the modelling process is to combine the individual LAeq values for each rolling stock 
category to give overall urban and rural noise levels for each Strategic Route at each of the three 
distances, D1, D2, and D3.  The noise model uses the equations set out in Box 5.9 to calculate the 
combined LAeq urban noise levels, and the equations in Box 5.10 to calculate combined rural noise 
levels. 

Box 5.9: Equations for calculating combined urban L Aeq noise levels for all rolling stock categories 

 
Urban LAeq noise levels at 0 to 100 metres from the track 
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Urban LAeq noise levels at 100 to 300 metres from the track 
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Urban LAeq noise levels at 300 to 500 metres from the track 
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Box 5.10: Equations for calculating combined rural LAeq noise levels for all rolling stock categories 

 
Rural LAeq noise levels at 0 to 100 metres from the track 
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Rural LAeq noise levels at 100 to 300 metres from the track 
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Rural LAeq noise levels at 300 to 500 metres from the track 
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5.2.11 Step 10 - Assigning urban or rural L Aeq noise levels to individual 
Strategic Route Sections 

For the purposes of the modelling procedure, all SRS that fall into Area Types 1 to 9 are classed as 
urban areas, whilst all SRS in Area Type 10 are classed as rural areas.  In cases where SRS fall 
partially in Area Type 10 and partially in one or more other Area Types, the dominant Area Type is 
used to classify the SRS as either urban or rural in character.  Within the model, a look-up table 
(tblSRS_Length_new) was set up with a full list of all SRS, and information as to whether each SRS is 
urban or rural in character.  Based on this list, the model then assigned each SRS within a particular 
Strategic Route with either the urban LAeq or rural LAeq noise level for the relevant Strategic Route. 
 

5.2.12 Step 11 – Estimating marginal noise damage c osts 

The methodology for valuing damage costs follows the guidance published by DfT in WebTAG17.  This 
approach is based on hedonic pricing, where noise differences reflected in the market value of 
housing are analysed and used to derive relationships linking average noise levels to changes in 
property prices or rents.  In summary, the method used applies damage cost values to changes in 
noise levels in terms of £ per decibel (dB(A)) change per household.  The latest guidance also 
indicates that the damage cost associated with changes in noise levels increases as the baseline 
noise level increases.  Hence, a 1 dB increase from a baseline level of 55 dB(A) to 56 dB(A) has a 
greater damage cost than a 1dB(A) increase from a baseline of 45 dB(A) to 46 dB(A).  It should be 
noted that the valuation approach does not take into account differences in noise annoyance during 
the day compared to during the night.  Damage cost valuation has been implemented in the model 
using a look-up table of the individual damage cost values for 1 dB(A) increases in level for each 
baseline noise level from 45 dB(A) to 81 dB(A) (as shown in Table 5.1 below).  Full details of the 
valuation approach can be found in Section A.2.3.3 of Appendix 2. 
 

Table 5.1: Monetary valuation of changes in noise l evel (£ per decibel per household, 2002 prices) 

LAeq, 18hr  dB(A) £ per household  L Aeq, 18hr  dB(A) £ per household  

Low High   Low High  

 <45 £0  63 64 £55.90 

45 46 £8.40  64 65 £58.50 

46 47 £11.10  65 66 £61.10 

47 48 £13.70  66 67 £63.80 

48 49 £16.30  67 68 £66.40 

49 50 £19.00  68 69 £69.00 

50 51 £21.60  69 70 £71.70 

51 52 £24.20  70 71 £74.30 

52 53 £26.90  71 72 £76.90 

53 54 £29.50  72 73 £79.60 

54 55 £32.10  73 74 £82.20 

55 56 £34.80  74 75 £84.90 

56 57 £37.40  75 76 £87.50 

57 58 £40.00  76 77 £90.10 

58 59 £42.70  77 78 £92.80 

59 60 £45.30  78 79 £95.40 

60 61 £48.00  79 80 £98.00 

61 62 £50.60  80 81 £98.00 

                                                      
17 Department for Transport – Transport Analysis Guidance 
http://www.webtag.org.uk/webdocuments/3_Expert/3_Environment_Objective/3.3.2.htm#01 
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Estimating the number of households in each distanc e band 
In order to estimate changes in damage costs associated with a particular timetable scenario 
compared to a baseline timetable, it is necessary for the model to be able to estimate the number of 
households that would be affected by any change in noise level in each of the three distance bands 
(D1, D2, and D3). The number of households in each distance band is calculated for each Strategic 
Route by using data on the proportion (by length) of each Strategic Route that falls into each NTM 
Area type, in conjunction with average household density data (households per km2) for each Area 
Type, taken directly from the NTM (see Section 3.2).  The equations used in the model for calculating 
the numbers of households exposed to particular noise levels in each distance band for each NTM 
Area Type are presented below in Box 5.11. 

Box 5.11: Equations for estimating number of househ olds in each distance band 

 
Number of households adjacent to Strategic Route “A” in distance band D1 for Area Type “i” 
 

iADAiDiA PWLHDNH ,11,, ´´´=  

 
 
Total number of households in all Area Types adjacent to Strategic Route “A” in distance band D1 
 

�
=

=
10

1
1,,1,

i
DiADA NHNH  

   
Where: 
 
NHA,i,D1 = Number of households in Area type “i”, within distance band D1 from the track for Strategic 
Route “A” 
 
NHA,D1 = Total number of households (all Area Types) within distance band D1 from the track for 
Strategic Route “A”. 
 
HDi = Household density (households per km2) for Area Type “i” 
 
LA = total length of Strategic Route “A” 
 
WD1 = Width of distance band D1 (100 metres, or 0.1 km) 
 
PA,i = proportion (by length) of Strategic Route “A” that falls into Area Type “i” 
 

 
 
Estimating marginal noise damage costs for each Str ategic Route 
For each Strategic Route, the model then uses the calculated number of households in each Area 
Type to estimate the marginal damage costs associated with any change in noise levels due to 
different timetable scenarios.  An example of how this calculation is performed in the model is given 
below, using hypothetical noise levels for distance band D1 adjacent to Strategic Route “A”.   

Box 5.12: Example of marginal noise damage costs ca lculations 

 
Noise level at distance D1 for Strategic Route “A” in Area Type “i” (baseline timetable): 47 dB(A) 
 
Noise level at distance D1 for Strategic Route “A” in Area Type “i” (comparison timetable): 49 dB(A) 
 
Damage cost per household associated with increase in noise level from 47 dB(A) to 48 dB(A) = £13.70 
 
Damage cost per household associated with increase in noise level from 48 dB(A) to 49 dB(A) = £16.30 
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Therefore, total marginal noise damage cost per household for the proportion of Strategic Route “A” 
located in NTM Area Type “i” associated with an increase in nose level from 47 dBA) to 49 dBA) = 
£30.00. 
 
Note that the noise level for Area Type “i” is always either the urban or rural noise level for the 
particular Strategic Route (depending on the value of “i”) as discussed in Section 5.2.8. 
 
 
 

 
The model then takes the marginal damage cost per household for each Area Type and multiplies this 
value by the total number of households within distance band D1 for the same Area Type in order to 
estimate the marginal damage costs associated with this change in noise level for all households in 
distance band D1.  The model then repeats the same calculations for distance bands D2 and D3, 
using the relevant noise levels, damage costs, and estimated numbers of households for these bands.  
It should be noted that for noise levels below 45 dB there are no damage costs. 
 

Box 5.13: Equations for calculating external noise damage costs for each distance band 

 

1,,1,,1,,, DiADiADiANoise NHCostEXT ´=  

 

2,,2,,2,,, DiADiADiANoise NHCostEXT ´=  

 

3,,3,,3,,, DiADiADiANoise NHCostEXT ´=  

 
where: 
 
EXTNoise,A,i,D1 = External noise damage costs for all households within distance band D1 that fall into 
Area Type “i” along Strategic Route “A” 
 
CostA,i,D1 = Marginal noise damage cost per household for a change in noise level within distance band 
D1 in Area Type “i” along Strategic Route “A” 
 
NHA,i,D1 = Total number of households in distance band D1 that fall into Area Type “i” along Strategic 
Route “A” 
 
 

 

Box 5.14: Equation for calculating total external n oise damage costs for all households in Area Type “ i” 
along Strategic Route “A” 

 

3,,,2,,,1,,,,, DiANoiseDiANoiseDiANoiseiANoise EXTEXTEXTEXT ++=  

 
where: 
 
EXTNoise,A,i = Total external noise damage costs for all households that fall into Area Type “i” along 
Strategic Route “A” 
 
 

 
 
The model is able to output noise damage costs in the form presented above in Box 5.14 (i.e. 
disaggregated by Area Type), or alternatively, the functionality has been built in to sum the damage 
costs across all Area Types, as set out in the equation below. 
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Box 5.15: Equation for calculating total external n oise damage costs for all households along Strategi c 
Route “A” 

 

�
=

=
10

1
,,,

i
iANoiseANoise EXTEXT  

 
where: 
 
EXTNoise,Ai = Total external noise damage costs for all households along Strategic Route “A” 
EXTNoise,Ai = Total external noise damage costs for all households in Area Type “i” along Strategic Route 
“A” 
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6 Summary and recommendations for 
further work 

6.1 Summary 

This study has been used to develop two stand-alone models that are able to quantify the most 
significant environmental impacts and environmental externalities associated with passenger rail 
operations.  In particular, these models are able to quantify the emissions impacts and externalities as 
well as the noise impacts and externalities associated with passenger train services.  These models 
have been developed with the aim of being incorporated into DfT’s Network Modelling Framework, 
which has been developed primarily to support the High Level Output Specification (HLOS) process.  
The purpose of HLOS is to set out what the Secretary of State and Scottish Ministers would like the 
rail industry to deliver over the period of an Access Charge Review. 
 
The following sections provide a summary of how the emissions model and the noise model were 
developed.   
 

6.1.1 Emissions model 

�� The emissions model has been designed to be able to quantify the CO2 and air pollutant 
emissions associated with any train service included in DfT’s Network Modelling Framework 
(NMF) timetables. 

 
�� The emissions model has been designed to operate in a Microsoft Access software 

environment.  This medium allows the very large NMF timetable files to be imported into the 
model without problems (it was not possible to import these files into MS Excel). 

 
�� The model calculates energy consumption and energy output data and uses these parameters 

in conjunction with rolling stock emission factor data, power station emission factors data, and 
data on the carbon and sulphur content of gas oil and diesel fuel in order to estimate 
emissions of CO2 and air pollutants. 

 
�� The energy consumption data generated by the model is calibrated against actual rolling stock 

energy consumption data published by ATOC, and hence the emissions estimates produced 
by the model are validated against real-world data. 

 
�� Where available, the model makes use of emission factor data collated from previous 

research for different types of diesel rolling stock.  However, it should be noted that emission 
factors are not available for all current designs of rolling stock and it has therefore been 
necessary make some assumptions with regard to the emissions performance of some 
classes of rolling stock.  However, all of the emission factor data included in the model can be 
readily updated should improved data become available. 

 
�� The model includes provision to quantify the emissions associated with future variants of 

current rolling stock designs that will have improved emission performance due to the need to 
meet the limit values set out in the European Commission’s Non-Road Mobile Machinery 
Directive. 

 
�� For electric trains, the model quantifies annual emissions using electricity consumption data in 

conjunction with national average power station emission factor data.  Current power station 
emission factors are based on data published by the Department of Trade and Industry.  For 
future years, emissions per train kilometre associated with electric trains are likely to decline 
as the UK power station energy mix changes – in particular, over the medium to long term, 
there are likely to be significant reductions in average CO2 emissions.  The model has been 
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designed to take this factor into account as a set of power station emission factors for each 
year between 2005 and 2068 have been developed and included in the model. 

 
�� In addition to quantifying emissions impacts, the model has also been designed to quantify the 

external damage costs associated with CO2 and air pollutant emissions from train services 
included in any NMF timetable.  The approach used within the model is consistent with the 
approach used by Government for policy appraisal, and makes use of the social cost of 
carbon values developed by the Government Economic Service and also uses the approach 
to valuing air pollution externalities developed by the Inter-Department Group on Costs and 
Benefits. 

 
 
 

6.1.2 Noise model 

�� The noise model has been designed to be able to quantify the noise impacts on each 
Strategic Route associated with the train services in any given NMF timetable. 

 
�� The modelling process was designed around using DfT’s Calculation of Railway Noise (CRN) 

procedure in order to calculate average 18-hour A-weighted equivalent continuous noise 
levels (LAeq,18hr) for each Strategic Route. 

 
�� The model has been designed as a hybrid MS Access/MS Excel model.  This approach was 

necessary as the extensive data storage capabilities of Access were required in order to be 
able to import NMF timetables into the model, whilst Excel’s ability to implement complex 
formulae was also necessary in order to prevent the model becoming very unwieldy and slow. 

 
�� The model operates by first processing timetable data in Access to obtain summary average 

speed, traffic flow, and rolling stock data for each Strategic Route.  These outputs are then 
exported to MS Excel where the detailed noise modelling is carried out.  The calculated noise 
impacts are then exported back to MS Access where the calculation of noise damage costs is 
carried out. 

 
�� In addition to being able to quantify noise levels on each Strategic Route, the model is also 

able to quantify the noise damage costs associated with these levels.  The approach taken in 
the model is consistent with the approach set out in DfT’s Transport Analysis Guidance 
(WebTAG) documents. 

 
�� Whilst the WebTAG guidance highlights that a 3 dB change is required to bring about any 

noticeable change in noise nuisance, this threshold has not been implemented in the model, 
and hence changes in noise damage costs are calculated for changes in noise levels that are 
greater than or equal to 1 dB. 

 
 
 

6.2 Recommendations for further work 

6.2.1 Overview 

Whilst the emissions model and the noise model are able to quantify the major environmental impacts 
associated with passenger train services, there are a number of areas where the modelling process 
could be refined or expanded to cover additional aspects that it was not possible to include within the 
resources available for this study.  This section provides some recommendations for improving the 
functionality of the models. 
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6.2.2 Improvements to the methods for modelling fac tors that influence 
energy consumption 

The model has been designed to take into account one of the main parameters that influences energy 
consumption and emissions – namely the number of times a train stops per journey.  However, there 
are a number of other factors that influence energy consumption that it was not possible to include in 
the model.  These parameters include the following: 
· The amount of time diesel trains spend idling (e.g. at rail termini between the end of one journey 

and the start of another journey) 
 
· Route gradients 
 
· Aerodynamic effects 
 
Of these, it is recommended that the contribution of engine idling to energy consumption and 
emissions could be investigated further. 
 
 

6.2.3 Improving the characterisation of percentage load factors 

Percentage load factors have been incorporated in the model to allow variations in train stopping 
frequencies to be included as a variable parameter that has an impact on energy consumption and 
consequently emissions.  However, within the resources available for this study, it was necessary to 
apply a relatively simplistic approach to this issue.  It is recommended that the characterisation of 
percentage load factors could be improved to develop a more detailed and robust set of factors for use 
in the model. 
 

6.2.4 Regenerative braking 

Modern electric traction units are typically equipped with regenerative braking capability that if used, 
allows a train’s kinetic energy to be converted into electrical energy that can be fed back into the 
electricity grid.  A number of services operating on the West Coast Mainline have been using this 
technology, including services that use the Class 323, Class 350, and Class 390 Pendolino rolling 
stock.  During 2007, One Railway’s Class 360 rolling stock, and c2c’s Class 357 stock have also 
started using regenerative braking.  Tests have shown that each train can return between 15% and 
20% of the energy it uses as reusable energy via the on-board regenerative braking equipment.  Train 
operating companies that use regenerative braking are currently eligible for 16.5% discount on the 
track access charges payable to Network Rail.  With of all the above factors in mind, it would be useful 
for the emissions model to be modified to include the capability to explicitly quantify reductions in 
electricity consumption due to the application of regenerative braking technology.    
 

6.2.5 Noise modelling 

Within the resources available for this study, it was not possible to develop a very detailed approach to 
noise modelling.  In particular, it was necessary to simplify the modelling procedure so that average 
noise levels were calculated across each Strategic Route, with additional disaggregation for urban and 
rural areas along each route.  In future, the noise modelling methodology could be refined by 
developing a more detailed approach that is able to provide outputs for each Strategic Route Section.  
Furthermore, it may also be useful to increase the number and complexity of the generic noise 
scenarios (e.g. it may be useful to increase the number of CRN source terms used to describe the 
different types of rolling stock, or the number of noise propagation scenarios could be increased). 
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6.2.6 Inclusion of freight operations 

Both the emissions model and the noise model only cover passenger train services.  This is because 
the primary purpose of the model is to support the HLOS process, which is focused on specifying the 
requirements for the passenger network.  However, in future years, it may be useful for the model to 
be developed further so that it can also be used to quantify the environmental impacts associated with 
freight services.  In order to do this, detailed timetable data would be required for freight operations, 
along with full information on freight rolling stock, including freight locomotive emission factors, 
maximum power output data, diesel and electricity consumption data, and information on the noise 
characteristics of freight rolling stock. 
 
 

6.2.7 Using the Shadow Price of Carbon in the CO 2 damage cost valuation 
methodology 

The model currently uses the Social Cost of Carbon (SCC) methodology for valuing the external 
damage costs associated with CO2 emissions.  However, as discussed in Section 4.2.16, the SCC 
methodology is in the process of being replaced by the new Shadow Price of Carbon (SPC) 
methodology for valuing the damage costs associated with climate change.  Interim guidance on this 
approach is currently available, and full guidance will be available later in 2007.  Once this full 
guidance becomes available, it is recommended that the emissions model should be updated to take 
the SPC valuation approach into account. 
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Appendix 1 
 

 
Input data used in the emissions model and in the noise model 
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Appendix 1: Input data used in 
the emissions model and noise 
model 
 
The emissions model makes use of a wide variety of input data taken from a range of sources in order 
to be able to estimate the air pollutant and CO2 emissions and externalities associated with any 
particular train service between 2005 and 2068.  Within the model, these data have been incorporated 
into a series of data look-up tables.  The data in these look-up tables are referenced by specific MS 
Access queries within the model structure in order to be able to estimate physical emissions impacts 
and external damage costs.  These data provide detailed information on the following parameters: 
 

�� Rolling stock class data 
�� Diesel engine thermal efficiency values 
�� Rolling stock maximum power output data 
�� NOx and PM10 emission factors for diesel trains 
�� Power station emission factors (for electric trains) 
�� Data on carbon content of gas oil / diesel 
�� Data on sulphur content of gas oil / diesel 
 

 
This appendix provide full details of the input data included in the model, along with information on the 
sources of the data, and the specific look-up tables where each set of data can be found within the 
model. 

 

A1.1 Rolling stock class data and diesel engine the rmal 
efficiency values 

The emissions and noise impacts of train services vary according to the specific design of rolling stock 
used to provide the service.  The full set of rolling stock types included in the 2005 NMF timetable 
were included in the model, and the functionality was included in the model to add data on potential 
future variants of current rolling stock classes.   
 
Within the model there was a need to group different rolling stock classes together – in particular, this 
was necessary as there is only limited emission factor data available for diesel rolling stock classes, 
and in a number of cases, it was necessary to assume that similar classes of rolling stock have the 
same emissions characteristics.   Ten class IDs have been used within the model (in look-up table 
tblClassID ) to represent current rolling stock classes: all of the current electric traction units have 
been grouped together using class ID “10”.  Current diesel rolling stock designs have been allocated 
an ID between “1” and “9”.  Rolling stock classes with similar NOx and PM10 emissions characteristics 
have been grouped together under the same Class ID.  The same look-up table also includes 
identifiers for potential future variants of current rolling stock classes.  In particular, provision in the 
model has been made for re-engined and new rolling stock that have to meet new emissions limits set 
out in Stage IIIA and Stage IIIB of the Non-Road Mobile Machinery Directive.  Potential rolling stock 
classes that would meet Stage IIIA are denoted within the look-up table using an “x” either side of the 
rolling stock class number (e.g. “Class x180x” as opposed to the current Class 180), and designs that 
would meet Stage IIIB are denoted using a “y” either side of the class number.  Post-Stage IIIB 
designs are denoted in the same manner using the letter “z” as the indicator.  These potential future 
rolling stock classes have also been grouped together using Class ID codes in a similar manner to the 
current rolling stock types.  Classes 101 to 109 are used for Stage IIIA-compliant trains, Classes 201 
to 209 are used for Stage IIIB-compliant trains, and Classes 301 to 309 are used for post-Stage IIIB 
trains. 
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The look-up table tblClassID also includes a column for providing information on the thermal efficiency 
of diesel engines.  This parameter is necessary for calculating emissions, and as set out in Section 
4.2.6 of this report, it has been estimated that current diesel rolling stock designs use engines that 
operate with an average thermal efficiency of 37%.  It is possible that alternative estimates for this 
value may be developed in the future, or that new engine designs may be able to achieve significant 
improvements in thermal efficiency.  With this in mind, the values in tblClassID can be modified in 
future if necessary.  
 

Table A1. 1: Current and future rolling stock class es included in the model 

(Look-up table tblClassID) 
 

ClassID Class Name Class 
Desciption

Year Into 
Service ID

Thermal 
Efficiency Value

1 Class 121 DMU pre 2006 0.37

2 Classes 142, 143, 144 DMU pre 2006 0.37

3 Classes 150, 153, 156, 158, 159 DMU pre 2006 0.37

4 Class 165/Class 166 DMU pre 2006 0.37

5 Class 168/Class 170 DMU pre 2006 0.37

6 Classes 180, 185, 220, 221, 222 DMU pre 2006 0.37

7 130-560KW Locomotive pre 2006 0.37

8 560-2000KW Locomotive pre 2006 0.37

9 >2000KW Locomotive pre 2006 0.37

10 Electric traction units All years

101 Class x121x DMU 2006 to 2011 0.37

102 Classes x142x, x143x, x144x DMU 2006 to 2011 0.37

103 Classes x150x, x153x, x156x, x158x, x159x DMU 2006 to 2011 0.37

104 Class x165x/Class x166x DMU 2006 to 2011 0.37

105 Class x168x/Class x170x DMU 2006 to 2011 0.37

106 Classes x180x, x185x, x220x, x221x, x222x DMU 2006 to 2011 0.37

107 130-560KW Locomotive 2006 to 2011 0.37

108 560-2000KW Locomotive 2006 to 2011 0.37

109 >2000KW Locomotive 2006 to 2011 0.37

201 Class y121y DMU 2012 to 2019 0.37

202 Classes y142y, y143y, y144y DMU 2012 to 2019 0.37

203 Classes y150y, y153y, y156y, y158y, y159y DMU 2012 to 2019 0.37

204 Class y165y/Class y166y DMU 2012 to 2019 0.37

205 Class y168y/Class y170y DMU 2012 to 2019 0.37

206 Classes y180y, y185y, y220y, y221y, y222y DMU 2012 to 2019 0.37

207 130-560KW Locomotive 2012 to 2019 0.37

208 560-2000KW Locomotive 2012 to 2019 0.37

209 >2000KW Locomotive 2012 to 2019 0.37

301 Class z121z DMU 2020 onwards 0.37

302 Classes z142z, z143z, z144z DMU 2020 onwards 0.37

303 Classes z150z, z153z, z156z, z158z, z159z DMU 2020 onwards 0.37

304 Class z165z/Class z166z DMU 2020 onwards 0.37

305 Class z168z/Class z170z DMU 2020 onwards 0.37

306 Classes z180z, z185z, z220z, z221z, z222z DMU 2020 onwards 0.37

307 130-560KW Locomotive 2020 onwards 0.37

308 560-2000KW Locomotive 2020 onwards 0.37

309 >2000KW Locomotive 2020 onwards 0.37  
Data sources: thermal efficiency values derived from “Internal Combustion Engine Fundamentals”, JB Heywood, 
McGraw-Hill Book Company, 1988, ISBN 0-07-028637-X 
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A1.2 Rolling stock maximum power output data 

Maximum power output were required for the emissions modelling process as set out in Section 4.2.7 
of this report.  Data on the maximum power output of each rolling stock class were obtained from two 
sources, as follows: 
 

�� “British Railways Locomotives and Coaching Stock 2004”; and 
�� the European Railway Server website (www.railfaneurope.net) 

 
Within the MS Access model, these data are held in the look-up table tblUnitFormation .  The data 
included in this look-up table is presented overleaf in Table A.1.2.  Additional classes of rolling stock 
can be added to this look-up table in the future, as and when such trains come into service. 
 
In addition to maximum power output data, this look-up table also holds data on how each rolling stock 
class is powered (using the Fuel ID code), and also groups traction units with similar emissions 
characteristics together (using the Class ID code).  Three fuel IDs have been used within the model: 
ID code “1” indicates electric traction, ID code “2” indicates diesel traction, and ID code “3” indicates 
diesel-electric traction.   
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Table A1. 2: Rolling maximum power output data 

(Look-up table tblUnitFormation)  

 
Data sources: “British Railways Locomotives and Coaching Stock 2004”; and the European Railway Server 
website (www.railfaneurope.net) 
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A1.3 NOx and PM 10 emission factors for diesel trains 

As set out in Section 3.6.1of this report, in order to estimate NOx and PM10 emissions from diesel 
trains, individual emission factors are required for each class of rolling stock.  Only a limited set of data 
were available for current rolling stock classes, and it was necessary to assume that the emission 
factors for some different classes of rolling stock are the same.  For example, different rolling stock 
designs that are fitted with the same engine types were assumed to have the same emissions 
characteristics.  Emission factor data for all current rolling stock designs were included in the model in 
the look-up table tblEFNOxPM10.    These data are presented as separate emission factors for each 
of the nine diesel Class IDs (Class ID 1 to 9) described in the previous section. 
 
In addition to emission factor data for current rolling stock, this look-up table was also populated with 
estimated emission factor data for the potential future variants of current rolling stock designs.  New 
rolling stock or re-engined rolling stock have to meet the emissions limits set out in the Non-Road 
Mobile Machinery Directive, and these emission factors have been set out in this look-up table.  
Classes 101 to 109 relate to potential future rolling stock that comply with Stage IIIA of the NRMM 
Directive, whilst Classes 201 to 209 relate to potential future rolling stock that comply with Stage IIIB.  
In the lack of any other information, the published emission limits for these two Stages have been 
assumed to be the actual emission factors for these potential future trains.   
 
No railway vehicle emission limits have been agreed beyond those set out for NRMM Stage IIIB, but 
the model has been developed with the functionality to be able to incorporate future emissions limits.  
Classes 301 to 309 relate to post-Stage IIIB rolling stock (assumed to be post-2020).  At this point in 
time, the emission factors included for post-Stage IIIB are the same as the Stage IIIB limits, but as and 
when new data on these vehicles become available, these values can be replaced within the look-up 
table. 
 
The assumed current and future NOx and PM10 emission factors used in the model are set out in 
Table A1. 3 to Table A1. 5.  

Table A1. 3: NOx and PM 10 emission factors for current classes of rolling st ock 

(look-up table tblEFNOxPM10)  

EF Unit Pollutant ClassID EF

g/kWh NOx 1 14.31

g/kWh PM10 1 0.62

g/kWh NOx 2 8.41

g/kWh PM10 2 0.32

g/kWh NOx 3 10.07

g/kWh PM10 3 0.31

g/kWh NOx 4 15.2

g/kWh PM10 4 0.31

g/kWh NOx 5 6.32

g/kWh PM10 5 0.13

g/kWh NOx 6 5.22

g/kWh PM10 6 0.11

g/kWh NOx 7 12.25

g/kWh PM10 7 0.29

g/kWh NOx 8 12.83

g/kWh PM10 8 0.29

g/kWh NOx 9 14.03

g/kWh PM10 9 0.29  
Data sources: “Determination of Diesel Exhaust Emissions on British Rail”, British Rail Research – Scientifics 
Report, 1994 
 
 
 
 



 

AEA Energy & Environment 75
  

 
 
 
 

Table A1. 4: NOx and PM 10 emission factors for rolling stock that comply wit h the NRMM Stage IIIA 
emissions limits (post 2006 for DMUs and post 2007- 09 for locomotives) 

(look-up table tblEFNOxPM10) 
 

EF Unit Pollutant ClassID EF

g/kWh NOx 101 4

g/kWh PM10 101 0.2

g/kWh NOx 102 4

g/kWh PM10 102 0.2

g/kWh NOx 103 4

g/kWh PM10 103 0.2

g/kWh NOx 104 4

g/kWh PM10 104 0.2

g/kWh NOx 105 4

g/kWh PM10 105 0.13

g/kWh NOx 106 4

g/kWh PM10 106 0.11

g/kWh NOx 107 4

g/kWh PM10 107 0.2

g/kWh NOx 108 6

g/kWh PM10 108 0.2

g/kWh NOx 109 7.4

g/kWh PM10 109 0.2  
Data sources: Non road Mobile Machinery Directive 
 

Table A1. 5: NOx and PM 10 emission factors for rolling stock that comply wit h the NRMM Stage IIIB 
emissions limits (post-2012) 

(look-up table tblEFNOxPM10)  
 

EF Unit Pollutant ClassID EF

g/kWh NOx 201 2

g/kWh PM10 201 0.025

g/kWh NOx 202 2

g/kWh PM10 202 0.025

g/kWh NOx 203 2

g/kWh PM10 203 0.025

g/kWh NOx 204 2

g/kWh PM10 204 0.025

g/kWh NOx 205 2

g/kWh PM10 205 0.025

g/kWh NOx 206 2

g/kWh PM10 206 0.025

g/kWh NOx 207 4

g/kWh PM10 207 0.025

g/kWh NOx 208 4

g/kWh PM10 208 0.025

g/kWh NOx 209 4

g/kWh PM10 209 0.025  
Data sources: Non road Mobile Machinery Directive 
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A1.4 Carbon and sulphur content of gas oil / diesel  

As set out in Section 0, emissions if CO2 and SO2 from a diesel train are directly proportional to the 
amount of fuel consumed by the train.  In order to calculate CO2 emissions and SO2 emissions from 
diesel trains, the model uses fuel consumption data in conjunction with data on the carbon and sulphur 
content of the fuel.  Data on the carbon and sulphur content of fuel is held in the model in the look-up 
table tblCScontent .  Within this look-up table, the carbon content is expressed in terms of  kilograms 
of carbon per kilogram of fuel (0.87 kg of carbon in 2005, dropping to 0.863 of kg of carbon from 2010 
onwards), whilst the sulphur content is expressed as a percentage value (0.149% sulphur content in 
2005, dropping to 0.001% from 2010 onwards.  These data are consistent with the values used in the 
National Atmospheric Emissions Inventory for gas oil and sulphur-free diesel 
 
For the purposes of the model, it has been assumed that from 2010 onwards, sulphur-free diesel will 
be used by the railway industry in the UK.  If this move is delayed, the carbon and sulphur content  
values from 2010 onwards should be replaced with the gas oil values used for 2005-2009. 
 

Table A1. 6: Data on the carbon and sulphur content  of gas oil / diesel 

(Look-up table tblCScontent)  

Year Carbon Sulphur

2005 0.87 0.149
2006 0.87 0.149
2007 0.87 0.149
2008 0.87 0.149
2009 0.87 0.149
2010 0.863 0.001

2068 0.863 0.001  
Data sources: National Atmospheric Emissions Inventory (Defra / AEA Energy & Environment) 

 

A1.5 Power station emission factors 

For the purpose of the model, national average power station emission factors were used (taking into 
account the current UK energy mix and projected changes in the future energy mix for electricity 
generation between 2005 and 2020, as presented in the DTI’s Updated Energy Projections paper 
UEP26 from July 2006 (favouring coal scenario).  For the period between 2020 and 2068, 
assumptions were made with respect to the uptake of alternative energy and carbon abatement 
technologies.  In particular, the following assumptions have been made: 
 

�� The proportion of electricity generated from renewable and nuclear technologies increases 
from 13% in 2020 to 50% in 2050; 

�� The proportion of electricity generated from gas declines from 52% in 2020 to 13% in 2050; 
�� The proportion of electricity generated from coal declines from 225 in 2020 to 13% in 2050; 
�� Carbon Capture and Storage technology for CO2 abatement starts to be introduced to fossil 

fuel power stations from 2021 onwards, so that fossil fuel power station emissions are reduced 
by 2.5% in 2021, rising to a reduction of 75% in 2050. 
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The UK projected power station energy mix that was used in the model to generate average power 
station emission factors for each year is presented below in Table A.1.7, Table A.1.8, and Table A.1.9. 
 
 

Table A1. 7: Projected energy mix for 2005 to 2020 (taken from UEP 26) 

 
 
 

Table A1. 8: Projected energy mix for 2021 to 2035 (estimates based on professional judgement)  

 
 
 
Table: A.1.9: Projected energy mix for 2036 to 2050  (estimates based on professional judgement) 

Table A1. 9: Projected energy mix for 2036 to 2050 (estimates based on professional judgement) 

 
 
 
These assumptions were made on the basis of assuming that the future energy technology mix 
develops in order to meet the UK’s commitment to reduce CO2 emissions by 60% compared to 1990 
values by the year 2050.  Beyond 2050, it has been assumed that the energy mix (and average CO2 
emission factors) for power stations remain constant, as there is not currently a target for reducing 
emissions beyond the 60% commitment after 2050.  Within the model, these assumptions were used 
to generate individual sets of power station emission factors (covering CO2, SO2, NOx and PM10) for 
each year between 2005 and 2068.   These emission factors can be found in the model in the look-up 
table tblEFPowerStations (see Table A1. 10 below).    
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Table A1. 10: Power station emission factors 

(Look-up table tblEFPowerStations)  

 
Data sources: Data for years up to 2020 derived from DTI Updated Energy Projections, UEP26.  All data for years 
after 2020 are estimates developed by AEA Energy & Environment 
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Appendix 2 
 

 
Detailed methodologies for calculating environmental damage 
costs 
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Appendix 2: Detailed 
methodologies for calculating of 
environmental damage costs 
 
 

A2.1 Introduction 

This section outlines the approach used to quantify environmental damage costs, i.e. external costs or 
externalities18.  These damage costs are economic costs not included in the price of goods or services 
that arise from greenhouse gas emissions (GHG), air pollution, or noise. 
 
There has been widespread use of environmental cost values for air pollution across Government, for 
a wide range of sectors.  The approach used here has ensured consistency with the latest values in 
use (as recommended by Defra) and in use across appraisal in Government.  
 

A2.2 CO2 damage costs 

The effects of global climate change are diverse and potentially very large.  Traditionally the policy 
debate has focused on the costs of mitigation, but there is an increasing interest in the economic costs 
(social costs) of climate change.   
 
In the UK, the Shadow Price of Carbon (SPC) can be used to assess the economic benefits of climate 
change policy, or the economic impacts of greenhouse gas emissions.  The SPC replaces the 
previous Social Cost of Carbon, and is different in that it takes more account of uncertainty, is based 
on a greenhouse gas stabilisation trajectory, and is in line with the marginal abatement costs of 
attaining the stabilisation goal.  SPC values should always be quoted in terms of £ per tonne of carbon 
dioxide equivalent (CO2e).  For 2007, the SPC is £25 per tonne of CO2e in 2007 prices.  For future 
years, the SPC (in 2007 prices) increases by 2% to account for the rising damage costs associated 
higher greenhouse gas concentrations.  Interim guidance from Defra on how to use the Shadow Price 
of Carbon can be found at the following link: 
 
http://www.defra.gov.uk/Environment/climatechange/research/carboncost/index.htm 
    
Full guidance on the Shadow Price of carbon will be published in Autumn 2007, following a peer 
review; after this point, the NMF environmental model will need to be updated to replace the Social 
Cost of Carbon valuation methodology with the new SPC methodology. 
 
  
 

A2.3 Air Pollutant damage costs 

Introduction 

Air pollution has a number of important impacts on human health, as well as on the natural and man-
made environment.  These include impacts of short-term and long-term exposure to air pollution on 

                                                      
18 In some policy areas, there have been moves to internalise these external costs through the use of economic 
instruments.  For clarification, we refer to the quantification and valuation of ‘environmental’ costs and 
‘environmental’ damage costs, rather than external costs.  The use of these values in policy appraisal, or in the 
potential design of economic instruments, would have to consider potential issues of internalisation in existing 
policies. 
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our health, damage to building materials, effects on crops (reduced yield) and impacts on natural and 
semi-natural ecosystems (both terrestrial and aquatic).   
 

Impact pathway approach to estimating air pollution  damage costs 

There are a number of possible ways to derive estimates of air pollution cost values.  .  The most 
thorough is to analyse using the impact pathway approach (see box below).  
 
The Impact Pathway Approach 
 
The usual approach taken for the detailed quantification of the benefits of air pollution emissions 
through to monetisation is often referred to as the ‘impact pathway approach’ a logical progression 
from emission, through dispersion and exposure to quantification of impacts and their valuation.  It has 
also been used extensively in past work on UK and European air quality legislation and thus has been 
widely debated through the air quality steering group and the working parties that informed it.   
 

 

Figure 7.1: Impact Pathway Approach 

The final stage, valuation, is generally done from the perspective of ‘willingness to pay’ (WTP).  For 
some effects, such as damage to crops, or to buildings of little or no cultural merit this can be done 
using appropriate market data.  Some elements of the valuation of health impacts can also be 
quantified from ‘market’ data (e.g. the cost of medicines and care), though other elements such as 
willingness to pay to avoid being ill in the first place are clearly not quantifiable from such sources.   
 

 
Such an approach was adopted in the most recent published UK Government (Defra) analysis of air 
quality externalities in the UK - the Air Quality Strategy Review (AQSR).  The underlying approach 
used was developed and published by the IGCB (the Inter-Department Group on Costs and Benefits) 
and published in the ‘Economic Analysis to Inform the Air Quality Strategy Review Consultation’ in 
April 2006 (IGCB, 2006).   
 
However, the AQSR report also recommended the use of simpler damage cost estimates in some 
cases (see later).  These unit pollution values (damage cost per tonne of pollutant) were derived 
based on the detailed methodology in the full report (Watkiss et al, 2006b) and were presented in 
Annex 3 of the IGCB report.   
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These damage costs– intended for policy appraisal – reflect the marginal damage costs of pollution, 
i.e. the additional marginal effect of one extra tonne of pollution (or the removal of one extra tonne of 
pollution).  They are the most appropriate way of including environmental costs in the NMF framework.  
 
Previous studies have shown that the marginal damage costs of air pollution can very significantly (per 
tonne of pollutant emitted) according to a range of parameters including: 
• Location of emissions; 
• Height of emission; 
• Local and regional meteorology and other secondary pollutant precursors; 
• Local and regional receptors (density of receptors and geographical spread). 
 
For primary particulates (PM10) the IGCB analysis produced separate values for each major sector, 
and for transport it produced different values for each of the different area types based around the 10 
NTM area codes.  This reflects the importance of PM as a local pollutant, and takes into account the 
stack height and location of emissions (in relation to population density).  This is extremely important, 
because previous analysis (see Watkiss, 2005) has shown that order of magnitude differences can 
occur in the damage costs of PM10 between different locations and different sources.  In summary, 
areas of higher population density/local population (urban areas) have higher damage costs, because 
emissions lead to higher population weighted exposure per tonne emitted. 
 
For secondary pollutants (e.g. ozone or secondary particulates), one uniform value has been derived 
for the UK, i.e. for SO2  and NOx emissions in the damage costs.  This reflects the fact that local 
effects are less important for these pollutants. These secondary pollutants form in the atmosphere 
over time, and so the immediate local environment is less important in determining damage costs19.   
 
The main damage costs used her are expressed as the social cost (£) per tonne of pollutant emitted 
(or the converse, i.e. benefits (£) per tonne of pollutant reduced).  It is stressed that these relate only 
to the environmental effects, they do not include any mitigation costs (i.e. the costs of measures to 
reduce pollution). Separate values are presented for each pollutant, with different values for PM 
relating to source or location of emission.  Different values for PM are given for each area code for 
diesel rail emissions, and for electricity emissions (for electric traction).  
 
The values used represent the damage costs in the UK from UK emissions. They do not include the 
impacts from UK emissions in the rest of Europe (i.e. trans-boundary pollution).  The values include 
the health and non-health effects of both primary and secondary pollution from each pollutant – 
including secondary particulates and ozone, and effects on crops and buildings.   
 

Table A2. 1: Effects included in the damage costs 

Burden Effect 
Human exposure to 
PM10/PM2.5 (emitted directly 
or formed indirectly from NO2 
or SO2) 

Chronic effects on Mortality 
Acute effects on Morbidity (Respiratory and Cardiovascular 
hospital admissions)  

Human exposure to ozone 
(formed indirectly from VOCs 
and NO2) 

Acute effects on Mortality and Morbidity (Respiratory hospital 
admissions) 

Human exposure to SO2 
(emitted directly) 

Acute effects on Mortality and Morbidity (Respiratory hospital 
admissions) 

Exposure of crops to ozone Yield loss for barley, cotton, fruit, grape, hops, millet, maize, 
oats, olive, potato, pulses, rapeseed, rice, rye, seed cotton, 
soybean, sugar beet, sunflower seed, tobacco, wheat 

Damage to materials  Acidic deposition 
Ozone damage to polymeric materials 
Building soiling 

                                                      
19 The use of a single value for secondary pollutants is more uncertain for the effects of NOx on ozone.  In 
practice, the formation of ozone from this precursor will vary significantly between urban and rural sites.  This has 
not been taken fully into account in this analysis.  Given that ozone damages are found to be small compared to 
PM effects, this should have little effect on the results.   
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However, it is also highlighted that not all potential benefits of air quality have been quantified / valued, 
because quantification is not possible or highly uncertain.  Amongst those effects actually or 
potentially excluded are: 

· The effects of VOC emissions on inorganic particle concentrations. 

· Impacts on ecosystems through exceedance of critical loads and critical levels (including forests, 
freshwaters, etc.).  This has long been regarded as a serious problem, with potentially significant 
consequences for ecological sustainability.  With respect to acidification, which is linked to 
emissions of SO2, NH3 and NOx.  Problems of eutrophication, caused by emissions of nitrogen-
containing pollutants (NOX, NH3) are widespread in Europe, with particular hot-spots in a few 
countries, such as the Netherlands.  A modelling framework for describing exceedance of critical 
loads and levels is well developed across Europe.  Valuation of these impacts is not yet possible 
because of limited research in this area that has specific relevance to reductions in air pollutant 
emissions.   

· Additional health impacts from PM.  A number of other major studies, including peer-reviewed 
work by the EC, has identified a much larger number of morbidity effects from PM pollution than 
used in UK quantification .  These include serious effects such as infant mortality, chronic 
morbidity (e.g. bronchitis) and minor acute morbidity effects (lower respiratory symptoms, 
restricted activity days, etc).  These additional effects add significantly to the overall damage 
costs.  There are also additional effects suspected on morbidity from chronic (long-term) 
exposure.   

· Additional health impacts from ozone. The same studies (as above) have identified a much larger 
number of morbidity effects from ozone.  There may also be additional effects on morbidity and 
mortality from chronic (long-term) exposure to ozone.   

· Damage to cultural heritage, such as cathedrals and other fine buildings, statues, etc has not been 
assessed (only damages to utilitarian buildings).  Whilst the effects on historical buildings provided 
the earliest and clearest demonstration of air pollution effects, its importance has decreased 
substantially over time, as urban SO2 levels have reduced.  It is unknown whether this reduced 
rate of deterioration is still important.  Analysis is not possible because of a lack of data on stock at 
risk (e.g. number of culturally important buildings, surface areas, number and size of statues) and 
repair and maintenance costs. 

· Additional effects of ozone on crops in relation to visible damage (of marketed produce).  Non-
ozone effects on agriculture (e.g. through acid deposition, nutrient deposition, interactions 
between pollutants and pests and pathogens, etc.).   

· Change in visibility (visual range) as a function of particle and NO2 concentration.  Research in the 
USA suggests that this results in a serious loss of amenity.  However, following analysis carried 
out for EC DG Environment and the UNECE, and resulting debate, it was concluded that the issue 
is not regarded as being so serious in Europe (possibly because reduced visibility through poor air 
quality is now less of a problem than it was a few years ago).  It has been concluded that the US 
results are not transferable to Europe, though their inclusion would significantly increase the 
benefits values. 

· Macroeconomic effects of reduced crop yield and damage to building materials. 

· Altruistic effects of health impacts 
 
The values used in the model are the damage costs for annual changes in air emissions (known as an 
annual pulse).  They can therefore be used to estimate the environmental costs or benefits from 
emissions in each year, consistent with the rest of the framework. 
 

A2.3.1 Summary of health methodology 

The main health outcomes quantified in the damage costs are short-term (acute) pollution effects - 
deaths brought forward and respiratory and cardiovascular hospital admissions; and long-term 
(chronic) effects - changes in life expectancy, known as chronic mortality.   
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Chronic effects on mortality have become the main focus for quantification of the health impacts of 
particulate exposure.  The analysis method used, consistent with similar studies, uses the risk 
estimates that are based on analyses of the American Cancer Society (ACS) cohort by Pope et al 
(1995,) and updated in 2002.  The analysis and implementation assume no threshold of effects.  The 
main results from the Pope et al (1995) study give a central estimate of 6% per 10 µgm-3 PM2.5, and in 
line with recent COMEAP guidance20, this is used here.  Note consistent with the IGCB approach, this 
hazard rate is applied to marginal emissions of PM10 (though most transport emission PM10 falls within 
the PM2.5 size fraction).  
 
There remains no consensus on the lag period for chronic effects, i.e. the period between exposure 
and impact.  COMEAP (Committee on the Medical Effects of Air Pollutants) 2001 gave a range 
assuming a lag of between 0 and 40 years. However, in its 2006 Interim Statement, COMEAP stated 
that, although the evidence was limited, its judgement tended towards a greater proportion of the 
effect occurring in the years soon after pollution reduction rather than later.  Whilst the values used 
here report the low and high value from the use of the lag phase, with a central value as the average 
of these, it is likely that in practice the central estimate will be closer to the higher value.  
 
The analysis of chronic effects in the underlying IGCB work has been undertaken using a life-table 
approach, using the life-tables held by IOM.  The analysis has assessed both the changes from a 
sustained pollution pulse (over 5, 20 and 100 years) and an annual pollution pulse.  The approach 
applies equally to primary PM, and secondary PM (formed from SO2 and NOx emissions as sulphates 
and nitrates). The annual pulse values have been used in the NTM model, as they allow the appraisal 
of change over time in a consistent framework with other elements.  
 
Ozone and SO2 as a gas have a separate effect on mortality (acute mortality), which COMEAP (1998) 
recommended for quantification (i.e. that is separate to the chronic mortality analysis for PM above). 
Analysis of the ozone effect is more difficult because of the possibility of thresholds.  Consistent with 
earlier COMEAP implementation, IGCB quantified without threshold, and with a threshold of 50 ppb.  
The analysis has also quantified at 35 ppb.   
 
In addition to mortality, there are effects on ill health from air pollution (morbidity).  The basic approach 
to estimating the effects of air pollution on human mortality (acute) and morbidity uses a 
concentration-response (C-R) function and background rate.    
 
The relevant functions for acute mortality and morbidity, as recommended by COMEAP, are shown 
below.  
 
 

Table A2. 2: Concentration Response Relationships ( COMEAP) 

Impact Function 
Respiratory Hospital 
Admissions PM10 

Risk estimate of 0.8% increase in RHA per 10 µg/m3 PM10 
Baseline rate 980 per 100,000 

Cardiovascular Hospital 
Admissions PM10 

Risk estimate of 0.8% increase in CHA per 10 µg/m3 PM10 
Baseline rate 981 per 100,000 

Respiratory Hospital 
Admissions ozone 

Risk estimate of 0.7% increase in RHA per 10 µg/m3 O3. 
Quantified at concentrations greater than 0 ppb, 35ppb and 50 ppb 
(maximum 8-hr mean). Baseline rate 980 per 100,000 

Deaths brought forward 
from SO2 

Risk estimate of 0.6% increase in daily mortality per 10 µg/m3 SO2. 
Baseline rate 990 per 100,000 

Respiratory Hospital 
Admissions from SO2 

Risk estimate of 0.5% increase in RHA per 10 µg/m3 SO2 
Baseline rate 980 per 100,000 

 
The functions for PM (including primary and secondary PM) and SO2 as a gas are included in the 
damage costs. 
 

                                                      
20 Interim Statement on the Quantification of the Effects of Air Pollutants on Heath in the UK’, Committee on the 
Medical Effects of Air Pollution, Department of Health (2006b). Available at 
http://www.advisorybodies.doh.gov.uk/comeap/pdfs/interimlongtermeffects2006.pdf 
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However, the analysis of ozone effects are more complicated – and damage cost estimates were not 
published in Annex 3.  The analysis in IGCB using detailed ozone models showed that the two ozone 
precursors (VOC and NOx) lead to different changes in ozone: reductions in VOC reduce ozone 
(leading to health benefits), whilst at current concentrations, reductions in NOx in urban areas 
increase ozone (leading to health impacts).  This can be explained because reductions in either VOC 
or NOx emissions will tend to decrease photochemical ozone concentration in rural areas. Reductions 
in NOx emissions in urban areas, however, tend to lead to an increase in local ozone concentrations, 
because the scavenging of ozone by NO occurs to a lesser extent. In terms of population-weighted 
mean concentrations across the UK this local titration effect generally dominates. Large enough 
reductions in NOx emissions will lead to reductions in ozone concentrations, particularly in the north 
and west of the UK. These issues of non-linearities do mean that a higher level of uncertainty is 
attached to the ozone analysis – and it is difficult to accurately estimate marginal damage costs.   
 
For the analysis here, the contribution of ozone from NOx (likely to be negative) is insignificant 
compared to the main damage costs (the dis-benefit of NOx reductions in increasing ozone are 
around 2 orders of magnitude lower than the benefits of NOx reduction in reducing secondary PM).  
The damage costs for NOx therefore ignore ozone formation.   
 
For VOCs the initial work in the IGCB analysis indicated a benefit close to zero.  Previous work 
(Watkiss et al, 2005 – in the air quality evaluation) found higher values.  Given the uncertainties that 
remain on VOC and ozone, the IGCB estimate has been used as a lower bound and the air quality 
evaluation as an upper.   
 
COMEAP also recommended sensitivity for NO2 as a gas, though this has not been included in the 
estimates here (note the inclusion of potential direct NO2 effects makes no difference to the economic 
costs overall, i.e. several orders of magnitude lower than other NOx effects).  
 
The estimated health effects are valued using recommended Defra values.  Values for a range of 
health endpoints, including mortality, have now been agreed, following recommendations by the IGCB. 
These recommendations have drawn upon recent research in the area, particularly the Defra-led study 
by Chilton et al (2004) which aimed to identify the willingness to pay to reduce the health impacts 
associated with air pollution, using a survey-style contingent valuation approach.  This updates earlier 
recommendations from EAHEAP. 
 
 
 
 
 
 

Table A2. 3: Summary of IGCB Recommendations on Hea lth Valuation 

Health Effect Form of measurement to 
which the valuations will 
apply 

Valuation – (2004 prices) 

  Central Value Sensitivity 
Acute Mortality 
(ozone) 

Number of years of life lost 
due to air pollution (life years) 
– assuming 2-6 months loss of 
life expectancy for every death 
brought forward. 
Life-expectancy losses 
assumed to be in poor health.  

£15,000 10% and 15% of life years 
valued at 29,000 instead of 
£15,000 (to account for 
avoidance of sudden 
cardiac deaths in those in 
apparently good health) 

Chronic Mortality Number of years of life lost 
due to air pollution (life years)  
- Life-expectancy losses 
assumed to be in normal 
health. 

£29,000 
 

£21,700 - £36,200 
(sensitivity around the 95% 
confidence intervals) 

Respiratory 
Hospital 
Admissions 

Case of a hospital admission - 
of average duration 8 days. 

£1,900 – £9,100 
 

£1,900– £9,600 

Cardiovascular Case of a hospital admission - £2,000  – £9,200 £2,000 – £9,800 
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Hospital 
Admissions  

of average duration 9 days. 

 
For morbidity, the estimates include resource costs (e.g. NHS costs) and dis-utility (opportunity costs, 
i.e. lost productivity, are considered in the sensitivity)21.   
 

A2.3.2 Population Weighted Exposure from Diesel Rai l Emissions 

The damage cost values for PM pollution used here have been derived for road transport emissions 
(note for secondary pollution precursors a common UK values is used for all sources – see above).  
The IGCB analysis did not specifically model rail diesel PM emissions.   
 
At first, it might appear that the use of road transport values might introduce a potential error into the 
analysis, when applied to diesel rail (note specific values for electricity PM are used in the model).  In 
practice there is likely to be some difference (see below) but we believe these differences will be small 
for a number of reasons: 

· The modelling analysis used in the underlying impact pathway approach does not work with high 
resolution local modelling.  It does not model pollution increments at roadside and calculate 
population weighted exposure, but instead works to estimate the change in the local background 
ambient concentrations and link this to population at a fairly aggregate level (this is necessary, as 
this is the measurement metric that is used in the epidemiological studies and the concentration-
response functions). 

· The resolution of the pollution mapping model used in the IGCB analysis is mostly at a fairly high 
aggregation level (1 km2 for most sources) – adjustment is made for the height of emission in 
estimating population exposure between different sources (e.g. industry vs. road), but as rail and 
road both emit at near ground level, they would be expected to make similar contributions to 
ambient background concentrations per tonne of pollutant. 

 
In terms of the method used here, therefore, the differences between road and rail emissions – 
released in the same area type – can be approximated to be equivalent.  It is acknowledged that rail 
may lead to lower population weighted exposure than road at a micro-scale in a given area type (e.g. 
because of the distance between emission location and local houses is usually greater for rail, and 
because of potential barriers (e.g. railway sidings)).  It would be possible, with detailed modelling work 
to investigate this potential difference and potentially build in a correction factor to the PM damage 
costs. 
 

A2.3.3 Materials, crops and ecosystems 

The damage cost estimates also include effects on materials and crops.  
 
Damage to materials has historically been one of the major air pollution issues.  A number of impacts 
exist, the most important of which are: 

· Acid corrosion of stone, metals and paints in ‘utilitarian’ applications; 

· Ozone damage to polymeric materials, particularly natural rubbers; 

· Soiling of buildings and materials used in other applications 
 
The method for quantification of damage to materials follows work carried out by the Europe-wide ICP 
Materials and quantification under various studies for DG Research, and included in the IGCB analysis 

                                                      
21 COMEAP, in the quantification report, presents the functions for respiratory hospital admissions as ‘brought 
forward and additional’, recognising that some or all of these cases would have occurred in the absence of the 
additional pollution.  As is usual in most HIA work, we have assumed that hospital admissions attributable to air 
pollution are additional to those that would have occurred anyway, and not simply the bringing forward of 
admissions that would otherwise still have occurred, but only later.  In practice, there is likely to be a mixture of 
both, but the underlying time series studies are strictly uninformative about the balance between them.  We 
highlight that this assumption does not have a significant impact on the overall economic benefits (because the 
effects of RHAs are so low compared to the overall values). 
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for the AQSR.  The most significant impacts are those on natural stone and zinc coated materials.  
The ‘impact pathway’ approach works well for those applications that are used in every day life.  
These have been included in the damage costs used here. Note the values exclude air pollutant 
impacts on cultural and historic buildings22.   
 
For crops, ozone is the most serious regional air pollution problem.  The analysis in the air quality 
review has directly quantified the changes in crop yields in the UK and valued these using 
international crop prices.  Again, these are included in the damage cost estimates.  
 
However, as highlighted above, the numbers do not include effects on ecosystems.  Whilst there has 
been progress in valuation studies looking at specific ecosystems, there is no way to currently 
translate this through to an marginal impact pathway approach.  The omission of effects on ecosystem 
does mean the damage costs are a sub-total of all damages.  
 

A2.3.4 Other pollutants 

A number of other pollutants are potentially important for transport, but were not considered in the 
recent AQSR.  This includes CO and trace hydrocarbons.  For these pollutants, unit pollution values 
have been taken from the previous Defra Air Quality Evaluation (Watkiss et al, 2005 ). 
 

A2.3.5 Updated modelling on secondary particulate f ormation 

Following the IGCB analysis, a revised approach has been adopted for the underlying AEA Energy & 
Environment modelling of secondary particulates (from NOx and SOx emissions).  This has altered the 
marginal formation rate of secondary particulates downwards by one half (so an emission of NOx or 
SOx will form 50% of the particulate previously assumed in the Defra AQSR).  This revised approach 
is consistent with the updated IGCB analysis of the AQSR, due for publication this summer (2007) and 
has been used here.  
 

A2.3.6 The use in appraisal frameworks 

The IGCB damage cost values are given in 2005 prices.  
 
The IGCB analysis (2006) also made recommendations on how damage costs should be used in 
policy.  These are adopted here.  In line with this, the values included in the database (for future 
years) include a 2% uplift for health (annual constant uplift), consistent with the latest IGCB guidance 
for appraisal.  This reflects the assumption that willingness to pay will rise in line with economic 
growth.  Note the values in the model are not discounted – allowing the user to adopt the relevant 
discount rate as part of the appraisal analysis.  
 
For consistency with other parts of NTM, the 2005 IGCB values have been adjusted to 2002 prices by 
adjusting for the uplift (so 2005 values/1.02^3), and the appropriate GDP deflator to change the price 
base to 2002. 
 

A2.3.7 Caveats with the values 

The damage cost values are intended for use either: 
· as part of a filtering mechanism to narrow down a wide range of policy options into a smaller 

number that are then taken forward for more comprehensive assessment; 
· where air quality impact are expected to be ancillary to the primary objectives. 
 

                                                      
22 Whilst this is possible in theory, in practice there is a lack of data at several points in the impact pathway with respect to the stock at risk and 
valuation.  As a result, effects of air pollution on cultural heritage cannot be quantified. 
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They are not recommended for policies which will lead to very large changes in air quality (such as a 
transport white paper23).  The use here as part of the Rail NTM model is consistent with the intended 
application.  
 
The damage costs are based on a number of assumptions.  These should be noted, along with a 
number of caveats, in any application or interpretation of the values.  These are: 

· External costs of air pollution vary according to a variety of environmental factors, including overall 
levels of pollution, geographic location of emission sources, height of emission source, local and 
regional population density, meteorology and so on.  These numbers take these issues into 
account to a certain degree only.   

· Related to this, the numbers produced are based on national level analysis (and national 
averages).  They are therefore potentially more relevant for national policies than specific local 
analysis.  

· Values for NOx and SO2 include secondary particulate (PM10) formation (nitrates and sulphates); 

· Values for VOC and NOx include ozone formation and effects; 

· With the exception of ozone, all impacts are assumed to have no threshold of effects, and have 
been implemented using linear concentration-response functions; 

· The relationship between emissions and concentrations is linear.  For PM and secondary 
pollutants this assumption is acceptable.  However, it is an extremely simplistic assumption with 
respect to ozone formation.  The analysis does not separate between urban and rural area in 
relation to ozone precursor emissions, nor fully take account of interactions between NO and 
ozone in urban areas. 

· Future life years lost have been uplifted (at 2%).  

· The year of life lost analysis uses PM2.5 functions and applies these to changes in PM10 
pollution; 

· PM mortality from acute (sensitivity) and chronic exposure to PM are not added.  
 
It is also stressed that the values exclude a number of important effects.  

· The numbers only include costs that occur in the UK - all trans-boundary pollution and impacts are 
excluded; 

· The numbers exclude effects on ecosystems (acidification, eutrophication, etc); 

· The numbers exclude effects on cultural or historic buildings from air pollution; 

· The potential effects of VOC emissions on inorganic particle concentrations; 

· Potential additional morbidity from acute exposure to PM and ozone; 

· Potential mortality effects in children from acute exposure to PM; 

· Potential morbidity effects from chronic (long-term) exposure to PM; 

· Potential mortality and morbidity effects from chronic (long-term) exposure to ozone; 

· Visibility (visual range); 

· Non-ozone effects on agriculture. 
 
They are therefore a sub-total (a likely underestimate) of the full social costs of air pollutants. 
 
 
 

A2.3 Noise 

Introduction 
Noise is a major nuisance (annoyance) and is widely recognised as a dis-benefit affecting daily life. It 
may also lead to a number of health impacts, through a variety of direct and indirect effects, although 
there is considerable debate on the reliability of the evidence24. 

                                                      
23 For such schemes, the full impact pathway analysis is still recommended.   
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For this analysis, we have only quantified and valued the impacts of noise to annoyance – we have 
not assessed the potential health effects, though these would be additional to the values derived here 
(see later discussion).   
 

A2.3.1 Introduction  

The quantification and valuation of noise annoyance is difficult, because it is related to the duration 
and the frequency components of sound and because annoyance relies on subjective measures and 
the sensitivity or susceptibility of individuals.  Moreover, unlike the analysis of GHG and air quality 
damages, noise is extremely site-specific, which makes quantification and valuation in an aggregated 
model, such as the NRM, very challenging.  
 
The basic measurement index for noise (sound) is the decibel (dB), a logarithmic quantity reflecting 
the nature of the human ear’s response to sound pressure.  As well as responding to sound in a 
logarithmic manner, the ear is also more sensitive at some frequencies than at others.  This frequency 
sensitivity is included by applying an appropriate frequency weighting to measurements and 
calculations, the most common of these being the “A weighting”, hence the use of “dB(A)”.  
Traditionally, noise impact in the vicinity of transport sources has been assessed using methods 
based around the concept of the Equivalent Continuous Sound Level (Leq).  This technique for 
“energy-averaging” a fluctuating noise environment is defined as the steady noise level over a defined 
period that contains the same acoustic energy as the fluctuating level over that period.  Most of the 
existing valuation studies relate to this metric, so it has been used in the DfT guidance and here for 
the analysis model.  
 
It is stressed that different indices have been proposed in the EU Noise Directive, which account for 
the possibility of greater annoyance at different times of the day, particularly at night.  This includes 
the Lden indicator25.  Unfortunately there are no valuation studies to allow use of this indicator, so it has 
not been included in the NRM.   
 
While the use of Leq, is consistent with the existing DfT guidance, DfT might want to consider the Lden 
indicator in the future versions of the model for two reasons.  

1) The UK, in line with the EU Noise Directive, is compiling a national rail noise map, with Lden 
analysis.  This will be published.  For consistency with other policy analysis (e.g. in relation to 
noise), it would be useful for the NRM to have the capacity to quantify (and value) this metric 
in the future (i.e. assuming that noise valuation approaches are developed). 

2) The use of the Lden indicator could change the relative impacts of certain policy options, as it 
will quantify the change in marginal noise from different rail projects differently to the current 
Leq metric.  The one area that is highlighted as a particular issue is night-time movements – 
especially for rail freight at night26. 

 
Unlike the air quality and GHG effects, a threshold is usually included in noise analysis, i.e. a level 
below which the noise effect is considered negligible.  In 1980, the WHO set a general environmental 
health goal for outdoor noise of 55LAeq. In 1995 this was changed to a threshold below which few 
people are seriously annoyed, also set at 55LAeq (WHO, 1999).  As discussed later, the recent work in 
the UK has set a lower threshold level for marginal noise increases. 

                                                                                                                                                                      
24 The conclusive impact of the health effects of noise is mostly limited to cases of hearing loss and tinnitus 
caused by long periods of (occupational) exposure. These effects are generally not important at the typical levels 
of noise arising from rail transport. A number of studies also point to potential physiological and psychological 
impacts from the noise levels associated with transport (including road, rail and aircraft), including speech 
interference, annoyance, sleep disturbance, educational performance, cardiovascular and physiological effects, 
and mental health effects.   
25 Here the 24 hour period is divided into a 12 hour day, a 4 hour evening and an 8 hour night.  The Leq is 
calculated for each period in terms of dB(A), but 5 dB(A) is added to the evening value and 10 dB(A) is added to 
night value.  The three resulting values are then logarithmically added to form a single time-weighted Leq, the Lden. 
26 This issue could be important.  If changes in the national rail timetable push more freight movements to night, or 
if there is a policy shift to greater freight night movements, then there will be a dis-proportionatly large increase in 
the Lden indicator (compared to the Leq indicator).  Given the logarithmic nature of noise, small increases in 
absolute numbers of freight trains at night-time will lead to much larger marginal noise increases.  
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A2.3.2 Noise Valuation 

The majority of noise valuation studies in the literature are based on hedonic pricing, where noise 
differences reflected in the market value of housing are analysed, taking into account other variables.  
The information from these hedonic studies can be used to derive relationships linking average noise 
levels to changes in property prices or rents – known as a Noise Depreciation Sensitivity Index (NDSI) 
and usually reported as a percentage reduction in property value for a 1dB (marginal) increase in 
noise levels.  Note, these studies do not measure directly individual or household WTP to avoid noise 
exposure per unit time (though other studies, such as Soguel (1994) that focus on monthly rent, do 
this explicitly). Most estimates in the literature quote a NDSI of between 0.2 and 1.5%, with most 
studies concentrated between 0.5 - 1% (Sansom et al, 2001).  These have been used in previous 
noise valuation work, such as the earlier ITS surface transport costs and charges study.  
 
However, since this time, the UK has commissioned state-of-the-art research in this area using 
complex GIS analysis, to provide accurate hedonic price information (Bateman et al (2004)). These 
studies, have in turn, been assessed to provide valuation guidance for transport appraisal in the UK 
(Nellthorp et al (2005)) for incorporation in WebTAG27.  
 

A2.3.3 The Webtag Noise Guidance 

The approach for quantification and valuation of noise for multi-modal transport appraisal is set out in 
TAG Unit 3.3.228.   
 
The guidance sets out the approach for the quantification of the affected population who would be 
annoyed by noise, for the 'with scheme' and 'without scheme' scenarios. It then provides a method for 
valuing this, by estimating the present value of households' willingness to pay to avoid transport 
related noise over the appraisal period.  This valuation is based on the effect of noise on house prices.  
There is a spreadsheet which provides a way to undertake the analysis (working on noise bands and 
an automated calculation).  
 
The webtag guidance does highlight that large changes in traffic flows are generally required to bring 
about significant changes in response to noise nuisance (for the road transport side, for free flowing 
traffic, a change of around 3dB is quoted – this is actually very significant as this equates to a doubling 
of traffic flow).  The guidance does acknowledge, however, that a change in nuisance could occur with 
a 1dB change in the noise level if the change is associated with changes in the view of traffic, or if the 
change occurs suddenly.  The potential issue of appropriate marginal noise change to use in the NMF 
is a potential issue – we have used a value of 1 dB.  The guidance does also highlight the differences 
that can occur from increases in night-time travel (as mentioned above), as people are more sensitive 
to night-time noise.  These effects are not captured, due to the use of the 18 hour metrics in the noise 
assessment guidance.  
 
Within the webtag guidance, the recommended approach for quantifying railway noise is to use the 
Calculation of Railway Noise, DoT, 1995.  This calculates noise levels in LAeq, 18 hr, which is the same 
metric that has been used for the noise valuation guidance (so no additional conversions are needed).  
Note however, that there is no standard annoyance response relationship for railway noise, and the 
DfT guidance has therefore developed a relationship based on the road studies.   
 
In transferring guidance from road to rail noise, there is the issue of equivalence.  There is a long 
history of studies that show that even when noise levels are equivalent, as measured using the LAeq, 18 

hr scale, people respond differently to the same level of road and rail noise.  This has led to the 
widespread use of a ‘rail bonus’ and such a bonus has been proposed in the EU Noise Directive.  
However, evidence in the UK is more contradictory; indeed some of the recent hedonic price work in 
Birmingham indicated the reverse may be true29.   

                                                      
27 http://www.webtag.org.uk/  
28 http://www.webtag.org.uk/webdocuments/3_Expert/3_Environment_Objective/3.3.2.htm  
29 In practice, any ‘rail bonus’ is likely to depend on the exact nature of the noise, frequency, intermittency, etc., 
and it is likely that social and cultural factors might have a strong influence on the response. 
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The differential between road and rail noise for equal annoyance has been taken as varying between: 
· 0 at 55dB LAeq, 18hr; and  
· 6dB at 70dB LAeq, 18hr.  
 
It is highlighted by webtag that annoyance can vary with rail noise type, e.g. between: i) high speed 
rail, which produces a significantly different spectrum of noise than conventional rail; ii) low frequency 
noise from light rail systems in urban areas.  The study team also highlight the potential difference 
between equivalent noise levels for diesel and electric trains (i.e. over and above the absolute noise 
levels generated by the two traction types, which are in themselves very different).  The analysis here 
has made no additional adjustments for differences in annoyance levels for the different frequencies of 
rail noise types.  
 
As with the latest guidance, appraisal is undertaken for noise above a cut-off level below which only a 
small percentage of the population would be annoyed. Whilst the earlier WHO work suggests a 55dB 
LAeq,18 hr cut-off, recent research suggests a positive willingness to pay to avoid transport related noise 
down to 45dB LAeq,18 hr, and this level is used as the cut-off for both annoyance and valuation 
calculations.  This threshold is built into the model framework.  Annoyance response functions and 
monetary valuations of noise are provided for noise levels up to 81dB LAeq,18 hr. Although noise levels in 
excess of this may be experienced track-side, it is unlikely that adjacent properties will be affected by 
such high noise levels30.  The resulting rail noise values are shown in the table below. 

                                                      
30 The zero value placed on the impact of noise below 45dB LAeq reflects the finding of the DfT research which 
showed that below this level the monetary values people placed on noise could not be shown to be different from 
zero at a 95% confidence level. Similarly the research did not provide evidence on values of the impact of noise 
above 81dB LAeq, therefore it is assumed the monetary value placed on a decibel change in noise remains 
constant above this. 
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Table A2. 4: Annoyance Response Relationships for R ail Traffic Noise 

 

 
The underlying UK webtag guidance (based on the primary valuation studies) provides the data to 
estimate the valuation of noise on property prices. Note there was no data on whether railway noise 
had a different effect on property prices to road transport, so the values used are consistent between 
modes.  The recommended webtag values, which have been used here for the NRM noise model, are 
shown below, for the annual value of the impact of a 1dB change in exposure to noise at noise levels 
from 45 to 81 dB LAeq, 18 hr.  These are the standard appraisal values based on the UK average 
household income, for general use. They are expressed at 2002 prices and values and are assumed 
to grow in line with real GDP per household. They should be used with a positive sign to value the 
benefit of noise reductions and with a negative sign to value the disbenefit of noise increases. 

Rail Noise 

LAeq, 18hr  dB % annoyed 

<45 0 
45 3 
46 4 
47 4 
48 5 
49 5 
50 6 
51 6 
52 7 
53 8 
54 8 
55 9 
56 10 
57 11 
58 12 
59 13 
60 15 
61 16 
62 17 
63 19 
64 20 
65 22 
66 23 
67 25 
68 27 
69 29 
70 30 
71 32 
72 34 
73 36 
74 38 
75 40 
76 42 
77 44 
78 46 
79 48 
80 50 
81 52 

>81 55 
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Table A2. 5: Monetary valuation of changes in noise  level (per household, 2002 prices) 

LAeq, 18hr  dB(A) £ per household  

Low High per dB change 

  <45 0 
45 46 8.4 
46 47 11.1 
47 48 13.7 
48 49 16.3 
49 50 19 
50 51 21.6 
51 52 24.2 
52 53 26.9 
53 54 29.5 
54 55 32.1 
55 56 34.8 
56 57 37.4 
57 58 40 
58 59 42.7 
59 60 45.3 
60 61 48 
61 62 50.6 
62 63 53.2 
63 64 55.9 
64 65 58.5 
65 66 61.1 
66 67 63.8 
67 68 66.4 
68 69 69 
69 70 71.7 
70 71 74.3 
71 72 76.9 
72 73 79.6 
73 74 82.2 
74 75 84.9 
75 76 87.5 
76 77 90.1 
77 78 92.8 
78 79 95.4 
79 80 98 
80 81 98 

 
 
The table can be interpreted as follows (see supplementary guidance31). If, for example, a household 
experienced a reduction in noise from 60 to 59dBLeq, this would be valued at £45.30 per annum (at 
2002 prices and values). If the same household experienced a reduction from 61 to 59dBLeq, that 
would be valued at £48.00 + £45.30 = £95.90 per annum (at 2002 prices and values). On the other 
hand, a noise increase from 58 to 65dBLeq would be valued at £-42.70 - £45.30 - £48.00 - £50.60 - 
£54.30 - £55.90 - £58.60 = £-354.20 per annum (at 2002 prices and values). Note that when 
aggregated over a long appraisal period, these rather small annual values become more significant, 
e.g. £354.20 per annum over 60 years is worth £9,300 after discounting at standard Treasury rates. 

                                                      
31 http://www.webtag.org.uk/webdocuments/3_Expert/3_Environment_Objective/msword/3.3.2-supplementaryguidance.doc 
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The shape of the values over the range are shown below.  These show a linearly increasing response 
with dB increase (though note the dB scale is logarithmic).  
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Figure 7.2: Monetary valuation of changes in noise level (per household, 2002 prices) 

 
The monetary values are national average values per household per year at 2002 prices. The NRM 
needs to build in forecasts of GDP per household, for the time period to 2070.   
 
Values for transport-related noise are assumed to grow in line with real GDP per household and are 
presented in the webtag supplementary guidance. The final column below gives the annual growth 
which should be applied. In the longer term, from 2032 onwards, the forecast growth in real GDP is 
adjusted downward in proportion to the reduction in the discount rate, following Treasury advice. This 
is reflected in the value growth adjustment column. The growth rates shown in the final column have 
been incorporated within the TAG Noise Spreadsheet. 
 
The table was constructed under the assumption that 2002 is the current year, and that in practice, 
these value growth factors are applied towards the end of the noise valuation process and that the 
interpolation and extrapolation stage is undertaken using pre-growth values (i.e. the values for the 
year 2002). 
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 Table A2. 6: Growth in the Values of Noise Change 

Range of years

Real GDP 
growth,               

% per annum

Household 
growth,                  

% per annum

Value growth 
'adjustment 

factor'

Growth in values of 
noise change,                       
% per annum

2002-2003 2.25 0.75 1.0000 1.4888
2003-2004 2.50 0.75 1.0000 1.7370
2004-2005 3.50 0.75 1.0000 2.7295
2005-2006 3.25 0.75 1.0000 2.4814
2006-2007 2.75 0.76 1.0000 1.9750
2007-2011 2.50 0.76 1.0000 1.7269
2011-2021 2.25 0.67 1.0000 1.5695
2021-2031 1.75 0.33 1.0000 1.4153
2031-2032 2.00 0.17 1.0000 1.8269
2032-2036 2.00 0.17 0.8571 1.5417
2036-2051 2.00 0.00 0.8571 1.7143
2051-2061 1.75 0.00 0.8571 1.5000
2061 onwards 2.00 0.00 0.8571 1.7143  
 

Table A2. 7: Example - Value of a Change in Transpo rt-Related Noise in the Year 2027 

 Value of a 1dB change in 
2002, £ per household per 

dB per annum

Value growth, 
2002-2027

Value of a 1dB change in 
2027, £ per household per 

dB per annum
. . . . .
. . . . .
. . . . .

51 52 24.2 1.5091 36.5
52 53 26.9 1.5091 40.6
53 54 29.5 1.5091 44.5
54 55 32.1 1.5091 48.4
55 56 34.8 1.5091 52.5
56 57 37.4 1.5091 56.4
57 58 40.0 1.5091 60.4
58 59 42.7 1.5091 64.4
59 60 45.3 1.5091 68.4
60 61 48.0 1.5091 72.4
61 62 50.6 1.5091 76.4
62 63 53.2 1.5091 80.3
63 64 55.9 1.5091 84.4
64 65 58.5 1.5091 88.3
65 66 61.1 1.5091 92.2
66 67 63.8 1.5091 96.3
67 68 66.4 1.5091 100.2
68 69 69.0 1.5091 104.1
69 70 71.7 1.5091 108.2
etc etc etc etc etc

Noise change in the 
interval, dB(A)Leq 18hr

 
 
Within the WebTAG spreadsheet, noise data is compiled into 3dB(A) bands. These bands are <45, 
45-47.9, 48-50.9, 51-53.9, 54-56.9, 57-59.9, 60-62.9, 63-65.9, 66-68.9, 69-71.9, 72-74.9, 75-77.9, 78-
80.9,and >81dB in terms of LAeq 18hr.  For the framework here, a slightly alternative approach has been 
adopted – aggregating the analysis of households into distance bands (and then calculating the noise 
levels in each distance band).  This approach is necessary to deal with the very large number of sites 
being considered in the NRM framework. Noise levels are estimated out to 500 metres on either side 
of the railway.   
 
The model estimates the background level for the baseline timetable, and then the marginal increment 
in each distance band, with the new timetable.  The marginal change between the two is then valued 
as per the guidance values above.  This is equivalent to the with and without scheme approach used 
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in WebTAG.  The model cannot be used to estimate the total baseline noise annoyance level, and 
noise valuation levels, for the timetables.    
 
For the calculation of noise annoyance, data on population is needed.  This is taken from the 
population data in the NTM areas.  These are shown below.  Household density has been derived 
using the national average of 2.36 people per household (2001 Census).  In practice household 
density will vary by NTM area, but this data are not available.  

Table A2. 8: Population and household density for N TM areas (Great Britain) 

NTM Area Population density Household density 
1 7014 2972 
2 8602 3645 
3 3531 1496 
4 3492 1480 
5 1149 487 
6 2579 1093 
7 2241 949 
8 1654 701 
9 731 310 
10 38 16 

 

Table A2. 9: Population and household density for N TM areas (England only) 

NTM Area Population density Household density 
1 7014 2972 
2 8602 3645 
3 3531 1496 
4 3412 1446 
5 1274 540 
6 2506 1062 
7 2247 952 
8 1674 709 
9 836 354 
10 56 24 

 
There is an issue whether the population/household data should be increased over time, in line with 
the estimated growth in UK Population.  The webtag guidance acknowledges that it is possible that the 
resident population in the affected properties or the number of properties in the study area will change 
over time but as a general rule appraisers should assume a constant number of households over time.  
However, the time-scales potentially being considered in the NRM are long (up to 2070) and while for 
this version of the model, no adjustments have been made, this would be possible using population 
projections in future revisions.  
 
The model makes no adjustment for the potential for double counting populations exposed to multiple 
sources of transport noise. As the webtag guidance sets out: 
 
‘There is little known about annoyance from multiple sources.  For example, those disturbed by railway 
noise may be different from those who would be disturbed by road traffic noise, or, where noise 
sources are transient in nature, noise from one source might 'fill the gaps' in the varying noise levels 
arising from another. Furthermore, multiple sources may impact different facades of exposed 
buildings. For example, a road might affect the front of a property, while a railway line might be to the 
rear of the same property. Even if the facade noise levels generated by the two sources were similar, 
there is no reason to assume that the annoyance caused would be identical.’ 
 
The approach adopted is considered fit for purpose, but as this is a national modelling exercise, there 
are a number of uncertainties. These are discussed in the box below.  
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It is also stressed that the marginal costs are very sensitive to the existing flows on a route.  There is a 
logarithmic relationship between rail traffic volume and noise.  Halving or doubling the amount of rail 
traffic will change the noise level by 3dB, irrespective of the existing flow (similarly a 10% increase in 
trains will lead to a 0.4 dB increase).  This means that a doubling of the number of trains (if identical 
train types) leads to the same absolute noise increase, irrespective of the absolute number of trains 
(e.g. a doubling of train volumes from 10 to 20 trains leads to the same absolute dB increases as a 
doubling from 20 to 40).  However, as in the earlier figure, the valuation of increases in noise are 
essentially linear, with a near constant unit value per dB applied irrespective of the background noise 
level (at least between 45 and 85 db).   
 
Therefore, the marginal noise costs are extremely sensitive to the existing railway activity.  On rail 
routes with high levels of existing traffic, even large numbers of extra trains will only have very small 
increases in dB levels and will therefore have low marginal costs.  Conversely, small increases in the 
absolute numbers of vehicles on routes with little traffic may lead to significant marginal costs 
(provided the threshold of effect is exceeded).  Some care is therefore needed in interpreting output 
from the model. 
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Uncertainties with noise analysis and valuation 

· Background.  A simplified approach has been adopted within the case studies, assuming the noise 
from the rail line is the sole source (consistent with CRN).  There are questions how applicable this 
approach is for assessing ambient noise.  In reality, other noise levels (e.g. interaction from nearby 
road or rail lines, aircraft noise, industrial noise) will contribute to the noise levels.  Additional noise 
levels might increase the background noise – raising dB levels above the thresholds in certain 
cases, or altering the effect of marginal rail noise.   

· Model and data resolution (Road). The approach assumes that trains are running at speeds that 
are near to the maximum speed for the line or the maximum speed for the train.  This means that 
noise from the locomotive will not be significant in terms of the LAeq. The overall effect will be to 
predict levels that are towards the high end of the distributions of speeds. In practice, trains run at 
speeds where traction noise is significant at only a few locations such as stations.  In such areas 
there will be differences from the type of locomotive and the use of diesel or electric traction (we 
assume no differences in this analysis).  A greater problem was the lack of detailed data on the 
speeds and flows of trains in use across the network by route (including gradient variations and 
stopping distance).  The case studies are based on example speeds and flows and this will introduce 
uncertainty to the national level results.  Finally, the CRN method omits rail corrugation: a large 
proportion of the rail on most networks is corrugated, i.e. with a periodic wear pattern on the rail 
head, and this can underestimate actual noise levels by as much as 20 dB.  

· Local conditions. Noise is a very localised effect, with potential impacts often extending only tens 
of metres (in urban areas).  The actual noise impact along any track is therefore subject to large 
uncertainties, because of potential differences in local conditions, numbers of buildings, etc.  This is 
especially important when looking at the typical distribution of receptors (and distance from) 
railways and roads. Furthermore the presence of buildings and barriers will reduce noise levels 
through a screening effect.  Other than a simple barrier effect in urban areas, screening effects 
were not taken into account. 

· Perception.  The response to noise is extremely subjective.  In reality, the level of annoyance from 
individual noise sources depends on a large number of issues: the nature and duration of the noise 
source, typical background levels, perceptions towards the individual noise source itself, etc.  . 

· Valuation.  There are a number of issues in the approach used here for valuation.  Firstly, the use 
of daily equivalent noise levels will omit other parameters that are important with respect to 
annoyance (e.g. time of day effects). There are also concerns that hedonic pricing reveals the 
value placed on differentials between noise in stable environments, as opposed to assessing the 
effects of actual change (e.g. from changes in noise levels from changes to noise sources or 
levels).  There is a significantly greater reaction to changes in noise than might be expected from 
the steady state relationship.  There is evidence of similar reactions in terms of attitudes towards 
the level of noise for decreases as well as increases in noise.  There may also be important 
differences between urban and rural contexts in terms of expectations about noise climates. 
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Finally, a number of additional issues exist that were not captured in this analysis.  These include: 

· The effects of rail freight.  Additional movements from rail freight are not captured in the model 
framework – this may mean baseline levels are underestimated, and may mean some error 
(potential underestimates) for marginal noise increases.   

· Time of day effects.  Night-time movements are not captured in the model due to the use of the 18 
hour metric. There is the issue of potential annoyance from night time movements.  This is 
important when the potential inter-relationships of rail passenger and freight transport is 
considered, i.e. the knock on effects of passenger policies on freight movements, especially if this 
changes the time of day when freight operators (e.g. moving more freight to night, and so 
increasing night-time disturbance from freight). 

· Effects of vibration; 

· The intermittent nature of rail noise; 

· Perception of different types of rail vehicles and effects on annoyance from specific spectrum of 
noise (e.g. high speed vs low speed lines, diesel vs electric)  

· Potential effects on tranquillity.  Note the approach here only values noise changes on occupied 
buildings – though because it uses the NTM average population density, it does assume that all 
rural areas have some (albeit low) numbers of households.  As the webtag guidance identifies, the 
debate on noise impacts stimulated by developing EC noise policy has raised concern about other 
spaces, particularly those used for recreation, that currently enjoy a peaceful environment, 
referred to as 'quiet areas'. There is a perceived need to protect these quiet or tranquil areas.  This 
has led to concerns that attempts to improve the noise climate in areas of high exposure may lead 
to a spreading of noise across areas that are currently almost free from transportation noise. The 
model here does not capture the potential noise effects in tranquil rural areas differently from the 
generic ‘rural’ NTM area, and therefore does not capture these effects. Note unlike the webtag 
analysis, the NRM framework does not assess potential effects on landscape, and so these 
tranquillity effects are omitted from the analysis (i.e. there is no double counting).  

· The potential health impacts from noise exposure.   
 
The omission of health effects could mean noise effects are underestimated.  The evidence of effects 
of environmental noise on health are strongest for sleep disturbance, ischaemic heart disease and 
performance by school children.  It is stressed that much of the evidence in support of actual health 
effects other than annoyance and some indicators of sleep disturbance is quite weak.  The data on 
other possible health consequences, such as low birth-weight and psychiatric disorders, are 
inconclusive.  For a review of transport noise and health effects, see Watkiss et al, 2000.  Recent work 
in Europe has quantified and monetised the health effects of noise – looking at road and rail transport 
(Droste-Franke et al, 2006), see box, though this shows that damages from health are likely to be 
lower than annoyance, they could increase overall damages by around 50%.  
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The potential health effects of noise – initial wor k on quantification and valuation 
 
There is still considerable debate on the reliability of the evidence for noise impacts on human health. 
However, there is some evidence in the scientific literature on health and psychosocial effects that 
noise may lead to a number of health impacts through a variety of direct and indirect effects. Some 
studies also derive exposure response functions.  One study (Droste-Franke et al, 2006) assessed the 
potential health effects of noise, and converted to monetary values.  This used data on people 
exposed to noise above a level of 55 dB due to different sources. The noise levels were interpreted as 
LAeq,7-23.  The results for the UK, for road and rail transport, are shown below.  It can be seen that the 
largest share of damage costs is caused by amenity losses due to road transport. As the noise 
exposure is highly non-linear, the values assessed for the different transport modes, road, rail, and 
aviation must not be simply added.   
 

 Damage Costs [thousand � 2000] 

 Impact United Kingdom 
Ischaemic heart disease 120000 
Hypertension 130 
Subjective sleep quality (COI) 410000 
Annoyance 1400000 R

oa
d 

Subtotal 1900000 
Ischaemic heart disease 2100 
Hypertension 1 
Subjective sleep quality (COI) 12000 
Annoyance 24000 

T
ra

in
 

Subtotal 39000 
  
 
 
 

A2.3.4 Summary of approach for model 

The model approach is summarised below, along with the choice of key parameters.  

· The model only values the marginal change in noise annoyance and valuation, it does not quantify 
and value the absolute noise impacts from the timetable, or the total noise annoyance and 
valuation from the rail network.  

· The model only outputs valuation estimates, it does not quantify and output the intermediate 
values of number of people annoyed.  

· The model includes a threshold set at 45dB LAeq,18 hr, below which no valuation is provided. 

· The model adopts a minimum marginal noise change of 1 dB, for valuation to occur (below this it 
is assumed that the noise change is imperceptible).  

· Baseline values are expressed at 2002 prices 

· Values and are assumed to grow in line with real GDP per household. GDP per household is 
taken from the supplementary guidance. 

· The model uses a positive sign to value the benefit of noise reductions and with a negative sign to 
value the disbenefit of noise increases. 

· Noise is modelled and valued out to 500m either side 

· Population density is assumed to be constant. 
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Appendix 3 
 

 
List of Microsoft Access queries included in the emissions 
model and the noise model 
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Appendix 3: List of Microsoft 
Access queries included in the 
emissions model and the noise 
model 
 
A.3.1 Introduction 

This appendix includes a full list of the names of each MS Access query included in both the 
emissions model and the noise model.  The modelling process has been broken down into the 
modelling steps described in the main part of this report, and against each step, the relevant MS 
Access queries have been listed. 
 
 

A.3.2 MS Access queries included in the emissions m odel 
and how they relate to each step of the modelling p rocess 

 
Step 1: Obtain journey durations, distances travell ed, and stop density for each train service 
 
qryTrips1 
qryTrips2 
qryTrips3 
qryRouteDistance1 
qryRouteDistance2 
qryRouteDistance3 
qryRouteDistance3a 
qryRouteDistance4 
qrySumofdistance 
qryRouteDistance5 
qryTotalJourneyDistanceByTrainID 
qryTrainIDBySRS 
qryDistanceRatioBySRS 
 
 
Step 2: identify all SRS that each train service tr avels through.  Calculate journey length within 
each SRS by NTM Area Type. 
 
qryRoutebyAreaType 
qryRoutebyAreaType _SRS 
qryRoutebyAreaTypeTotal 
qryRoutebyAreaTypeTotal_SRS 
qryRoutebyAreaTypeTotalFraction 
qryRoutebyAreaTypeTotalFraction_SRS 
 
 
Step 3: Split train formations into constituent sto ck units 
 
qrySplitFormations1 
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qrySplitFormations2 
qrySplitFormations3 
qrySplitFormations4 
qrySplitFormations5 
 
 
Step 4; Assign maximum power and thermal efficiency  values to each stock unit 
 
qrySplitFormationsPower 
qryCheckTrainUnitsInTable1 
qryCheckTrainUnitsInTable2 
qryCheckTrainUnitsInTable3 
 
 
Step 5: calculate maximum power output for each tra in service 
 
qryDieselEnergyConsumption 
qryElectricityConsumption 
 
 
Step 6; Assigning engine load factors to represent real-world operating performance 
 
qrydieselEnergyconsumption2 
qrydieselEnergyconsumption3 
qryElectricityEnergyconsumption2 
qryElectricityEnergyconsumption3 
 
 
Step 7: calculate total energy output for each trai n service 
 
qrydieselEnergyconsumption4 
qrydieselEnergyconsumption4a 
qryElectricityEnergyconsumption4 
qryElectricityEnergyconsumption4a 
 
 
Step 8: Intermediate bottom-up calculation of total  energy consumption for each train service 
 
QryDieselFuelConsumption1 
qryFuelConsumptionByUnit 
qryDieselEnergyConsumptionByTOC 
 
 
Step 9: Calibration/normalisation of intermediate e nergy consumption values 
 
qryCalibrationFractorNtocdiesel 
qryDieselFuelConsumptionByTOC 
qryCalibrationFractorNtocElec 
qryElectricityConsumptionByTOC 
 
 
Step 10: Calculate corrected energy consumption for  each train service 
 
qryDieselFuelConsumptionFraction1 
qryDieselFuelConsumptionFraction2 
 
 
Step 11: Calculate CO 2 and SO 2 emissions for diesel train services 
 
qryEmissionsPerYearCO2 
qryEmissionsPerYearSO2 
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Step 12: Calculate NOx and PM 10 emissions for diesel train services 
 
qryEmissionsPerYearNOx1 
qryEmissionsPerYearNOx2 
qryEmissionsPerYearNOx3 
qryEmissionsPerYearPM101 
qryEmissionsPerYearPM102 
qryEmissionsPerYearPM103 
 
 
Step 13: Calculate CO 2, SO2, NOx, and PM 10 emissions for each electric train service 
 
 
qryElectricityEmissionsPoll 
 
 
Step 14: Quantify the environmental damage costs as sociated with air pollutant emissions and 
CO2 emissions 
 
 
qryDieselEmissionsBySRS 
qryElectricEmissionsBySRS 
qryDieselEmissionsBySRSByPollID 
qryElectricEmissionsBySRSByPollID 
qryDieselExternalityCostBySRSByPollID3&4 
qryDieselExternalityCostBySRSByCO2 
qryCheckUnassignedRoute 
qrySetDefaultAreaType 
qrySetDefaultAreaType_SRS 
qryDieselEmissionsByAreaType_PM10 
qryDieselExtCostByPM10_BySRS 
qryDieselExtCostByPM10_default area type 
qryElectricExternalityCostBySRSByPollID3&4 
qryElectricExternalityCostBySRSByCO2 
qryElectricExternalityCostBySRSByPM10 
qryDieselExtCostSRSxTab 
qryDieselExtCostSRS_SumFinal 
qryTripsInTimetableAndNotInGIS 
qryAppendATOCTotal 
qryDieselExtCostsBySRSByCO2_Sum 
qryDieselExtCostsBySRSByPM10 
 
 

A.3.3 MS Access queries included in the noise model  and 
how they relate to each step of the modelling proce ss 

 
The noise model is a hybrid MSAccess/MS Excel model, and hence some modelling steps are carried 
out in Access, whilst others are carried out in Excel.  Steps 1, 2, 3, and 11 of the noise modelling 
processes are carried out using MS Access queries.  Steps 4 to 10 are all carried out in MS Excel. 
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Step 1: Quantify average number of trains of each t ype on each Strategic Route between 6am 
and midnight 
 
 
Q_SRS_TrainType_Base 
Q_SR_Lengths 
qrySplitFOrmations1 
qrySplitFOrmationsUnit1 
qrySRS_Train 
qryCountTrains_ByTrainType_2 
qryCountTrains_ByTrainType_3 
qryCountTrains_ByTrainType_4a 
qryCountTrains_ByTrainType_4b 
qryCountTrains_ByTrainType_5 
qryCountTrains_ByTrainType_8a 
qryCountTrains_ByTrainType_8b 
qryCountTrains_ByTrainType_9a 
qryCountTrains_ByTrainType_9b 
qryCountTrains_ByTrainType_Final 
 
 
Step 2: Quantify average train speed for each Strat egic Route 
 
qryNoiseAverageSpeed 
qryNoiseAverageSpeedfinal 
 
 
Step 3: Export traffic and average speed data to MS  Excel 
 
Q_AverageSpeed_TrainCount_EXPORT_Base 
Q_AverageSpeed_TrainCount_EXPORT_Comparison 
qryNoiseLevels_Summary 
 
 
Steps 4 to 10 covered by MS Excel part of the model  
 
 
Step 11: Estimating marginal noise damage costs 
 
qryNoiseCosts_Year_Filter 
qryNoiseComaprisonsCosts 
qryNoiseComaprisonCostsBySR 
qryAreaType_HouseholdDensity 
qryAreaType_HouseholdTotalCosts 
qryAreaType_HouseholdTotalCosts_By_SR 
qry_SR_AreaType_Length 
 
 
 
 
 
 
 
 
 
 
 



 

108   AEA Energy & Environment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The Gemini Building 
Fermi Avenue 
Harwell International Business Centre 
Didcot 
Oxfordshire 
OX11 0QR 
 
Tel: 0845 345 3302 
Fax: 0870 190 6318 
 
E-mail: info@aeat.co.uk 
 
www.aea-energy-and-environment.co.uk 


