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1. Introduction

This report has been generated as an accompaniment to EnvEcon’s marginal damage valuation (MDV) guidebook

for air pollutants in Ireland (2015). The objective of this document is to present additional detail on the methodology

that underpins the MDV guidebook to allow Departments and analysts considering use of the figures to have an

accessible yet more detailed reference for understanding how those values were developed and where future

developments and amendments are expected. This transparency is important to afford analysts confidence in the

rigour of the underlying work by EnvEcon in relation to the MDV development. This report has been designed to

offer more information to users on the methodology applied to generate the MDV values in the guidebook, whilst

still remaining reasonably accessible in terms of format and technical detail. This report should not be considered

as a stand-alone document, but rather as a specific accompaniment to the MDV guidebook of 2015.

1.1. Overview of the MDV concept and the methodology

The marginal damage values in the 2015 guidebook deliver a value for the additional costs or benefits associated

with an incremental (marginal) change in the emissions, and associated concentrations, of a given air pollutant in

Ireland. They do not measure the total costs associated with those air pollutants, i.e. total damage. Therefore, it is

important to understand that one cannot infer from a low marginal damage value for any given pollutant in the

guidebook, that the total damage imposed by the concentration of that pollutant is also low in Ireland. This point

is restated, as it is an important concept to understand in the context of both this report and the MDV guidebook.

The pollutants covered in the guidebook and this methodology document are PM2.5, NOX, SO2, NH3 and VOCs.

Estimating and valuing the damage associated with a specific quantity of any of these air pollutants is an extremely

challenging task. For example, as distinct from using a valuation method which places a ‘price’ on CO2 emissions

using a market value (e.g. from the European Emissions Trading Scheme), air pollution marginal cost estimation

requires consideration of multiple complex factors. Factors include national and international emissions; the

interactions between pollutants; their dispersion and concentration; the sensitivity and exposure of people and the

environment; and the valuation of the damage caused by the changes in exposure. The values presented in the MDV

guidebook were developed from scratch for Ireland with due consideration of these factors applied in the analysis.

The MDV guidebook represents the first major comprehensive development of this work for Ireland, and future

improvements are expected in the coming years. Improvements are expected to be primarily associated with changes

in the availability and quality of national data, and the development of international scientific knowledge. For

example, there are some major international research projects underway regarding the estimation of health and

ecosystem damage and the associated valuation of that damage (e.g. ecosystem services), which will provide new

evidence to consider. Updates to that literature will be relevant to this field of research internationally, and to future

iterations of the guidebook. Furthermore, as recognised in the MDV guidebook, fine-scale emission dispersion
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modelling and improved empirical monitoring of emission concentrations in Ireland are both important factors in

relation to the development of increasingly refined estimates of MDVs for air pollution into the future.

In this report the methodological detail has been split into four major categories for explanation. Each category

relates to a section (or sections) of the MDV guidebook so as to facilitate review. The corresponding summary text

from the Guidebook is also presented at the outset for each section to make it somewhat easier for the reader to

reconcile the two pieces. The four sections of this report are as follows:

1. Spatially distributing national air pollutant emissions.

How EnvEcon mapped the location of emission sources and associated emissions across Ireland.

2. Estimation of pollutant concentrations from emission levels.

How EnvEcon converted the release of emissions across the country into localised pollutant concentrations.

3. Mapping the health and environmental receptors across Ireland.

How EnvEcon mapped the location of environmental resources and people to assess exposure to pollutants.

4. Estimating and valuing the impacts.

How EnvEcon assessed the level of impact and the value associated with those impacts.

1.2. Data sources and emission factors

The MDV work draws upon a broad set of spatial datasets and other national information. The following are a list

of the main spatial datasets used in the analyses and the corresponding dates where relevant and available. The major

sources were official datasets or mimeo data from the Central Statistics Office (CSO), Environmental Protection

Agency (EPA), University College Dublin (UCD), and the Sustainable Energy Authority of Ireland (SEAI).

· Dairy cows 2010 census at Electoral District (ED) level (CSO)

· Other cattle 2010 census at ED level (CSO)

· Year 2000 data for Sheep, Pigs, Horses, Mules, Poultry by 27 local authorities – scaled up to 2010 (EPA)

· Year 2006 Land cover data (URBIS1, UCD)

1 The URBIS database was originally built from OSI data sources and has been continuously improved by the URBIS team in
UCD. The database does not exhibit significant differences from other GIS databases (e.g. OSI). However, the URBIS database
does include some useful additional attributes in their maps, such as road types and the average speeds of roads.
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· Fuel use and emissions per airport 2010 (EPA)

· Airport locations (EPA)

· Electoral Divisions dataset for the 3409 EDs (CSO, 2011 Census)

· Small areas 2011 census data (CSO)

· POWSCAR 2011(CSO)

· Refining facilities included in Pollutant Release and Transfer Register (PRTR) (EPA)

· Number of people engaged in Industry by County 2009 (CSO)

· Road network database (URBIS, UCD)

· Railway network database (URBIS, UCD)

· Emissions by Power Station 2010 (EPA)

· Tonnes of Goods Handled by Type of Cargo, Ports (CSO)

· Employment data obtained by region linked to NACE (CSO)

· Rural Population by EDs (CSO)

· Residential fuel use by EDs (SEAI)

· PRTR air emission data 2010 (EPA)

· Locations of crematoria (EPA)

· Emission estimates at the location of each incinerator (EPA)

· Location of landfills sites and CH4 emissions (EPA)

· Activities and emission estimates (NAIS emissions mapping, EPA)

· Traffic counter data (www.rsa.ie)

· Traffic survey data (Dublin Transportation Office)

· Traffic counter data estimated from high-resolution satellite images (EnvEcon, Google)

· Deprivation index (www.pobal.ie)

· County income data 2010 (CSO)

· Meteorological data (Met Ėireann)

· Data from monitoring stations 2010 (EPA)

· Irish critical load and wet deposition percentage data (Julian Aherne)

Details of how the sourced data have been used in developing the guidebook are presented in this report. Some of

the major uses of these data have been to identify sources and levels of pollution spatially, and to identify sensitive

populations and areas that are affected by pollution. So for example, populations from census data as well as land

cover data have been used to inform the mapping of both receptors and emission sources. Understanding the

location of population centres helps with estimating exposure to pollution and associated human health impacts,

and similarly information on activities such as transport, or the location of animals helps with identifying spatially

referenced estimates of emission sources.
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2. Spatially Distributing Air Pollutant Emissions

Pollution sources were initially divided into either point sources (e.g. power stations, industrial incinerators),

polyline sources (e.g. transport pollution,) or area sources (e.g. residential pollution and agricultural pollution).

Emissions from the point sources were spatially allocated using an improved inverse distance model that considered

Irish meteorological data and other parameters. Emissions from the polyline sources and area sources were allocated

evenly along the relevant networks (e.g. along the road network) or within the areas for that source (e.g. location of

the herd or households). Prior work by the EPA in regards to spatial distribution of emissions was considered, in

particular with regard to the location of agricultural livestock and associated emissions. Residential sector emissions

were allocated principally utilising census data.

These sources of pollution were summed to generate an aggregate spatially allocated level of emissions in each area.

The work is consistent with the 2014 version of the 2010 EPA emission inventory. Emission factors are drawn from

the 2013 version of the EMEP/EEA air pollutant emission inventory guidebook. Further detail on the approach to

point, line and area sources are presented under individual headings below with associated map samples.

2.1  Point Sources and Dispersion Model

Point sources, such as power stations, industrial incinerators

and refineries can produce a relatively large amount of

pollutants and do so in a fixed location. Those emissions are

generally more easily identified given the information

available with regard to monitoring and regulation of such

point sources. However, it is the dispersion of those emissions

to other areas, and their subsequent contribution to the

concentration of pollution in those other areas that is of most

importance to the MDV methodology. The concentration of

pollution in an area is a function of emissions from all sectors

and locations that may at some point be present in an area.

Weather, the elevation point of the emissions and other

factors all potentially contribute to how much, how far and

how quickly pollutants may travel. In the MDV methodology,

all national point sources, polyline sources and area sources

must be considered. Background emissions from other

regions and sources were accounted for as part of the monitoring station data processing which is discussed at a

later point in this methodological report.

Regarding point sources, there are many detailed dispersion models that can be specifically applied to point sources.

However, these tools are often focused solely on that single source, and directly estimate only the pollutant

Figure 1 Point source dispersion map
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concentrations around that point. These tools were not used in the MDV methodology as the analysis required only

the dispersion of emissions, given that the team applied an in-house methodology for the subsequent concentration

of emissions based on all sources. A further reason related simply to the resources and time available to the original

project with regard to individual detailed point source analysis. The final approach taken was to use an inverse

distance weighting model for the point sources. This approach considered the effects of the weather in a local area

to generate an estimated dispersion of emissions from a given point source.  A Gaussian plume model was used to

determine the parameters in the inverse distance weighting model. This combination approach is from the paper

written by Mesnard (2013). The model is used to disperse the annual emissions from a point source to neighbouring

areas, and the emissions from the point sources are then added to the emissions of the same type from other sectors

to generate the total emissions (including dispersed emissions) in an area.

Figure 1 presents the dispersion results for a selection of the main representative point sources in Ireland. An

examination of the map in conjunction with a list of major licensed IPPC industrial facilities would offer clarity on

some of the major national point sources. For example, one can see where coal-fired power generation in the South

West occurs, where refinery, pharmaceutical and associated incineration activities take place in the South, and where

alumina production takes place in the midlands. Values for emissions relate to the inventory records for 2010.

2.2  Area Sources – Agriculture and Residential

As compared with point sources, area sources are spread more broadly, and each individual source (e.g. a cow) in

an area may emit only a small amount of any given pollutant. Some area sources are stationary sources, such as

residential or commercial sector emissions, whilst others are somewhat more mobile, such as cattle. The distinction

drawn in the MDV methodology is that whilst some area sources can move, they are not considered to be able to

move out of a given area. This distinguishes these sources from the more mobile line sources such as motor vehicles.

Emission estimation from area sources were informed by spatially referenced factors such as population,

employment, households, animal numbers, fuel type use and relevant emission factors. As an example, Figure 2

provides spatially referenced detail on the density of the cattle herd across Ireland. In this case, those data were used

to attribute emissions to an area based on the expected emissions from an animal of a given type over a given period

of time. So, for example, if a dairy cow delivered Y amount of a given pollutant, then the contribution to emissions

in that area would be Y times the number of that category of animal identified as being in that location.
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Regarding the residential sector, there is a good deal of useful data that has been considered. For example, data on

fuel use, household location and size, building energy ratings, and primary heating systems are available for this

sector, and these have supported the estimation of spatially referenced emissions through the normal process of

linking an amount of fuel use activity of a specific fuel type with a specific technology emission factor. Limited detail

on the technologies in use across the residential sector remains a constraint, and this has resulted in tier 1 emission

factors being used. However, into the future more detail on residential energy use, specific combustion technologies,

and behavioural patterns will allow for related air pollution to be estimated with greater accuracy. Figure 3 presents

spatially distributed PM2.5 emissions from the residential sector. These consider the household distribution,

residential energy consumption and fuel types in each area. Emission values on the map are divided by the size of

the area (emission density) to avoid larger areas showing higher values.

Furthermore, it should be noted that consistent with the WHO (2014) study, only AAP (Ambient Air Pollution) is

considered for residential in Ireland. Indoor HAP (Household Air Pollution) is considered a less significant issue in

developed countries. Nonetheless this is something that can be revisited in future iterations of the guidebook.

Figure 2 Spatial Distribution of Cattle (density) Figure 3 Spatial Distribution of Residential PM2.5 (density)
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2.3  Polyline Sources – Transport

The land based transport sector is a major source of air

pollutants and greenhouse gas emissions. Fuel sale data

and vehicle licensing and registration information allows

reasonable aggregate estimation of national scale

emissions from this sector. However, the mobile nature

of the transport sector, and the variations in travel by

different classes of vehicle pose a significant challenge for

analysts seeking to spatially reference the associated

transport emissions across the entire country. The road

and rail network and the regular trips that individuals take

on these networks can however offer the means to

dramatically refine the spatial estimates of land transport

emissions. Rail is a less significant source, and so we

focus here on the approach to road emissions. Also, it

should be noted that the methodology for the road

transport sector has been enhanced to a finer scale as part

of some intervening research since the original release

of the MDV guidebook. The fundamental approach

is however unchanged. The revisions allow for higher

resolution estimates of spatial emissions, but these have not been utilised to generate those high resolution marginal

damage values. As such the values in the MDV guidebook remain appropriate for use. As an example of the

outcomes of the method, Figure 4 presents the spatial allocation of NOX emissions from road transport.

The first stage of the methodology was to assemble the full road map of Ireland, with appropriate road classifications.

Specifically, the approach was to align the roads to international classifications so that annual average daily traffic

values (AADTs) and temporal distributions might be compared with appropriate international data. Motorways and

national ways offer automated traffic counts in many cases, and these data were used. However, for regional and

Figure 4 NOx emission from road transport, based on traffic data
on road networks
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Figure 5 Samples of hourly or daily traffic distributions
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local roads there are generally only occasional surveys of traffic use available. For the busier regional and local routes

where fixed period surveys were available, the approach was to extrapolate these surveys to weekly, monthly and

annual values using evidence on comparable temporal distributions. In the case of Dublin, for example, the

distributions derived from hourly, daily, weekly and yearly counts of M50 traffic data were used to inform scaled

values for other nearby roads. In the case of

other areas (e.g. rural areas) traffic

distributions were informed by values from

the United Kingdom. This required the

classification of urban areas, rural areas, and

high and low traffic areas. For example,

residential roads (e.g. cul de sacs or no-

through roads) were identified by a GIS

technique that found all such ‘dangling streets’

and redefined those sections of road as very

low traffic influenced principally by residential

population values. An example of the

residential streets identified by the GIS

technique, and the types of traffic

distributions are shown in Figure 5 and 6.

Initial values for AADTs on all routes were

generated by this method for Ireland. However, these offered only traffic counts without a distribution of trips

according to vehicle type. In the case of major routes, the traffic count data identified heavy goods vehicles (HGVs)

and these data were used. For other roads and vehicle classes, the approach was to apportion trips to vehicle types

on the basis of data on the composition of the national fleet, and other sources of information (e.g. road user

monitoring report of the DTO and data from the National Transport Authority).

At this point the AADTs represented average values, and in some cases were drawing upon UK distribution data.

These distributions were then refined using small area data from the census for each road segment. The census and

specifically the Place of Work, School or College, Census of Anonymised Records (POWSCAR) data from the

census offers small area scale data that was used to adjust the AADTs. Information on household composition, car

ownership, places of work, travel information and so forth, were combined to adjust the representative AADTs to

values specific to an area. Several approaches were tested and compared in this process, including OLS regression,

Log-linear regression, neural network and our own population-employment density based approach. The latter was

ultimately deemed the most reliable approach. The underlying equation used to adjust the representative AADTs to

specific AADTs of a given road segment is presented in Equation 1. Indices i,j,k respectively denote urban or rural,

road types and the identities of road segments in each type of road. A represents AADTs, P stands for residential

Figure 6 Residential streets identified in GIS by ‘dangling’ street method
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plus work/school population density. Without exponent α, it is a linear equation that adjusts the road segment with

the lowest population density to the minimum AADTs of that type of road, and adjusts the road segment with the

highest population density to the maximum AADTs for that type of road. However, the relationship is nonlinear,

so we add an exponent to population densities, which adjusts the road segments with mean population density to

mean AADTs for that type of road2.

, , =
[ , , ]
[  ( , )  ( , )]

× , , − ( , ) + ( , )                                 (1)

This method was applied to all segments of the road network to allow for spatial distribution of traffic activity and

thereby emissions across the entire country. The full detail of this work has been compiled within an internationally

peer reviewed academic paper relating to annual average daily traffic estimations for Ireland (Fu, Kelly and Clinch,

2017). The paper will be released as an accompaniment to the MDV guidebook when published.

2.4  Aggregation of emissions from different sources

Emissions from all sources are generally aggregated from ED scale as the final analysis is on a more aggregate set

of scales. Most CSO data are available at ED level, and road traffic and transport emissions can also be allocated to

EDs based on locations of the road segments (split by the boundaries of relevant EDs). Point sources are clearly

identifiable within an ED, and emissions from point sources to neighbouring EDs can be achieved as described

earlier. Ultimately this work can therefore be refined to offer far higher resolution MDV values at ED level or below.

This would be of value for more localised impact assessments or indeed simply higher resolution national studies.

3. Estimation of Pollutant Concentrations from Emission Levels

To move from spatially allocated levels of emissions from all sectors to concentrations of pollution, EnvEcon has

conducted extensive spatial analysis work to reconcile refined estimates of nationally distributed emissions with

empirical estimates of pollutant concentrations from the national air quality monitoring network. This approach

used the initial spatial estimates of the incidence of emissions across the country as described in Section 2 of this

report. These were analysed in parallel with empirical data on pollution concentrations from the national monitoring

network. The monitoring network data should implicitly capture key factors such as weather patterns, dispersion,

background concentrations and natural sources. Using regression techniques, a relationship was estimated to

2 α is estimated by adjusting the road segments with mean population density to mean AADTs for that type of road. α varies
from 1 to 0.0333, depending on road type and area type, which indicates the relationship between population density and annual
average daily traffic is varying from linear to concave functions.
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reconcile the estimated spatial distribution of emissions, with the empirically observed concentrations of pollution3

in all areas across the country. These relationships were then also used to inform pollution concentration estimates

in comparable or similar areas around the country where no monitoring data was available. Obviously, this type of

work is influenced by the quantity and quality of air pollution monitoring. As such it is noted that greater coverage

and longer periods of wider coverage of monitoring from this network will be of value to future revisions of the

MDV guidebook. Indeed, as technologies for monitoring improve, there is scope and hope that low cost monitoring

solutions will become more widespread in the coming years and thereby dramatically enhance the data available with

respect to fine-scale air pollution research in Ireland.

There are two additional notes to consider, specifically in relation to NH3 and Ozone. In the case of NH3,

concentrations are not regularly monitored, and in those cases the MDV methodology draws upon survey data

instead4. The maps in Figure 7 illustrate how EnvEcon have combined emission sources (cattle in this case) and

weather conditions (wind and rainfall) to estimate the concentrations of NH3. Cattle numbers are derived from the

dairy cows and other cattle 2010 census by ED as sourced from the CSO. Rainfall, wind data and other

meteorological information are from Met Ėireann. Spatial distributions of these data and the spatial relationship

among those data are obtained based on GIS analyses. Regressions that consider those spatial relationships have

been used to create a model that determines the NH3 concentrations in locations that are not covered by the survey.

Ozone is formed as opposed to emitted from a single source and ozone concentrations are monitored only at some

stations. However, ozone is an important pollutant with respect to health and environmental impacts. The approach

taken with ozone was to focus on the precursors of ozone, specifically VOC and NOx, and to use these in the

process of reconciling how spatially distributed emissions of those pollutants related to observed ozone

concentrations. As a support to the estimation and validation of ozone values in the study, the spatial distribution

3 Initially we tried advanced approaches, such as spatial econometrics to determine concentrations from emissions. Indeed, we
are experienced in this area, having used these more advanced methods in several previous studies (where better data was
available). Such spatial econometric approaches allow us to distinguish spatial correlations and quantify spill-over effects from
neighbouring areas (e.g. background pollution in this context) and were therefore the first approach we considered. However,
even though we had more than 3000 samples of values at an ED level for explanatory variables, the sample size of the
corresponding dependant variable, i.e., the concentration readings from the monitoring stations, was, and remains, limited in
Ireland. With insufficient samples for the dependant variable, spatial econometric methods perform less well than less complex
approaches that require fewer samples. Thus, the advanced methods that require more data were deemed inappropriate in this
context. Instead we took the spatial statistics and data we had (as listed in section 1.2) and used GIS spatial analysis methods
and regressions to build and reconcile spatial emissions with concentrations. In areas where there is no monitoring we built
simulations that drew on the evidence in other comparable areas to understand the relationship between emissions and
concentrations. This approach required extensive manual interventions but offered the best approach to determining a good fit
between estimated concentrations in areas across the country and the current data on concentrations from the monitoring
network in Ireland. Development of the national monitoring network will enable further progress in this area into the future.

4 Ammonia survey data are from Kluizenaar and Farrell (2000) Ammonia monitoring in Ireland — A full year of ammonia
monitoring; set-up and results, Forest Ecosystem Research Group Report Number 56. We assume that the distribution of
agricultural activities have not changed significantly.  However,  if  there is new NH3 concentration monitoring or survey data
available, we can update our estimation.
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data for emissions and concentrations as produced by the European Monitoring and Evaluation Programme

(EMEP) were used for comparison purposes. Details of the approach are presented in section 5 of this report.

4. Mapping the Health and Environmental Receptors Across Ireland

Receptors in this context can be loosely described as those things affected by air pollution concentrations in a given

area. There are two principal categories of receptors utilised in the MDV guidebook. These are people, for

estimating human health impacts, and then croplands and natural areas for estimating ecosystem and

environmental impacts. In the case of health, the spatial population distribution used is drawn from the 2011 Census.

These data were paired with average income estimations derived from analysis of the Pobal HP Deprivation Index

(www.pobal.ie). Mortality, Morbidity and hospital expenditure data were sourced from the Central Statistics Office

(CSO), as well as various other national health statistics and reports, and the mortality indicator database of the

World Health Organisation (WHO). These values assisted in the valuation of health damage in an Irish context.

With regard to environmental impacts, spatial land cover data, including arable lands (crops), pastures, and natural

areas (e.g. coniferous forests, deciduous forests, mixed forests, natural grasslands, sparsely vegetated areas, inland

marshes and peat bogs), these were derived from the URBIS database at University College Dublin (UCD). These

data were also supplemented or checked against records from other sources (e.g. Department of Agriculture,

Forestry and the Marine). Market resource prices and production values were used to support the damage valuation

estimation of specific resources e.g. certain crop types. Valuation is discussed separately in section 5. Mapping of

receptors is dealt with in this section.

Cattle Wind NH3 ConcentrationRainfall+ + =>

Figure 7 Estimation of spatial NH3 concentrations based on emission sources and weather factors
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4.1  Receptors – People

Population, including details of age and gender,

were drawn from the 2011 Census data. Whilst

the distribution of the population across the

country is a key factor for estimating health

impacts, filters, such as age, are also key

parameters with regard to assessing health impact

risks. For example, international literature and

WHO synthesis studies (WHO 2013ab and 2014)

indicate that the risk ratios of bronchitis from PM

pollution are quite different between adults and

children. Similarly, air pollution is shown to have

significant effects on the incidence of asthma in

children, whilst all-cause mortality impacts on

adults by PM2.5 usually start from age 30. For this

reason, the spatial recognition of where people are

in Ireland, was considered with additional

consideration of factors such as age. Figure 8

shows the mapped population density across

Ireland. As the population density is higher in big

cities, and health damage forms the major part of total air pollution damage, the final marginal damage values are

significantly correlated to the population density. This is the reason why increases in pollution concentrations in

cities leads to appreciably higher damage values than in more sparsely populated rural areas. The census data

provided an excellent resource for mapping the population with the desired level of detail, and this work can be

revised in response to future census results to ensure an appropriate spatial distribution of the population is

maintained in future versions of the MDV guidebook.

Figure 8 Distribution of population density in Ireland
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4.2  Receptors – Land Use

Land use data are used to estimate the sizes and types

of croplands, grasslands and natural areas.

Tropospheric ozone pollution can affect the growth of

crops and natural vegetation. However, the types of

crops and natural vegetation are also relevant

considerations as some vegetation are particularly

sensitive as compared with others that are resistant to

ozone damage. The approach taken internationally is

generally to consider the accumulated ozone over a

threshold of 40 parts per billion (AOT40). The amount

of excess ozone over time in an area then allows the

estimation of associated damage with respect to the

specific natural area or vegetation. This is discussed in

more detail in section 5

Land use data is also relevant to the estimation of

impacts associated with acidification and

eutrophication. Excess acid or nutrients can damage an

ecosystem and cause the loss of species in an area. In

this regard, land types, the proportion of aquatic areas

and precipitation are all relevant factors in the assessment of the impact of acid deposition and nitrogen deposition

in the environment. As mentioned, the spatial mapping of land cover and bodies of water was drawn from the

URBIS database of UCD, with values cross-checked and complemented by other sources provided directly from

relevant Government Departments such as DAFM.

5. Estimating and valuing the impacts

In this section the approach to estimating and valuing the impacts5 associated with changes in air pollutants is

discussed. The section briefly mentions some supplementary parameters considered in the process, and this is

5 Currently, the impacts of air pollution on materials and structures have not been considered. Such impacts were also omitted
in the Clean Air For Europe program due to the lack of stock at risk inventories and valuation data across Europe. Requisite
data were unavailable for Ireland, and development of the data was beyond the scope and resources of the original MDV work.
Therefore material and structural damage are excluded for the time being.

Figure 9 Land cover map of Ireland from URBIS database
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ultimately followed by an explanation of the overall approach to health impact assessment and valuation, and then

environmental impact assessment and valuation.

5.1  Supplementary Parameters – Deprivation Index

Income is an important parameter for the estimation of the Value of

Statistical Life (VSL). However, the spatial distribution of income is

often considered sensitive information and is not generally available.

The most detailed income data is usually limited to county level

comparisons. A complementary source of data in the Irish case is the

Deprivation Index of Ireland. The Deprivation Index (DI) offers a

relative value for income. For example, if a location has average

income, it will have a value of zero on the DI. A value of 10 indicates

one standard deviation above the average, and -10 would signal one

standard deviation below. Deprivation index data were used to

inform income data estimation. However the MDV guidebook

ultimately presents marginal damage values for Ireland as a whole and

only at different urban, rural and nationwide scales.

5.2  Health Impact Assessment Overall Approach

Based on concentration-response functions, EnvEcon assessed the health impacts (mortality and morbidity)

associated with both PM2.5 and ground level ozone. For direct health damage caused by particulates, the methods

and parameters used draw upon the Institute of Occupational Medicine (IOM) model6. The IOM life tables are a

spreadsheet system for life-table calculations in the context of health impact assessments. They can be used for

predictions of the patterns of mortality and life expectancy ensuing from a change in mortality rates, from whatever

hazard sources present7. The MDV methodology uses these mortality hazard rates for air pollution and calculates

remaining life expectancy for age groups, and gains or losses in years of life expectancy where hazard rates change.

EnvEcon have adjusted these tables with Irish parameters, e.g., population data from census, age and gender

structure of the population and income indices, and have extended the model to include mortality costs, so as to

tailor them for the MDV work. The theoretical base and many other parameters used in the MDV guidebook were

6  The original IOM model can be downloaded from http://www.iom-world.org/
7 The source of mortality rate data for Ireland is the World Health Organisation Mortality Database at
http://www.who.int/healthinfo/mortality_data/en/

Figure 10 Deprivation index for Ireland from Pobal
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drawn from the major WHO works in 2013 and Holland (2014). These studies capture and detail the latest research,

methods and tools for assessing the health risks of air pollution and estimating Values of Statistical Life (VSL)

(WHO EU, 2014). These studies were principally focused on supporting health impact assessment largely in a

European policy context. Therefore they offer both a contemporary and relevant source of robust information. The

main elements of the approach are covered briefly under subsequent headings but the source material is also

recommended reading.

A special note is required with regard to health damage from the precursors of secondary particulate matter, NOX,

NH3, SO2 and VOC. In these cases a primary “PM-equivalent” exchange rate and corresponding approaches from

Amann and Wagner (2014), were used. In brief the PM-equivalent exchange rates adapt a quantity of a precursor

pollutant to a proportion of primary PM, thereby allowing a single coherent methodology to be applied for primary

and secondary PM impact valuation in the MDV guidebook.

Beyond particulate health impacts, a special note is also required with regard to ground level ozone as the other

source of health impacts valued in the MDV methodology. Tropospheric ozone is formed at ground level by a

reaction of other pollutants, specifically VOC, NOX and CO, in the presence of sunlight. Such ground level ozone

is a strong oxidising agent that can cause damage to both human health and vegetation. To consider changes in the

levels of ground level ozone formation, the marginal increase in those precursors of ozone were used to assess

changes in exposure (SOMO35 is used for health impacts and AOT40 is used for vegetation8) in specific areas. It

should be noted that whilst VOC and NOX both serve as ozone precursors, all of the health and environment

related ozone damage in the MDV guidebook has been allocated to VOCs. The reason for this decision is that our

empirical studies suggest that Ireland is generally in a “VOC limited” condition – a state where increasing VOC will

be expected to increase ozone, whilst increasing NOx is expected to actually reduce ozone9. Therefore, NOX is not

considered a strong precursor of ozone under these specific Irish conditions and it is more sensible for the

guidebook format to attribute the health an environmental damage to ozone increases. A more complex approach

to handling changes in NOX and VOC could be developed, but for a non-dynamic format such as a guidebook, this

could prove somewhat difficult to describe and implement. Furthermore, the impact on the overall damage values

would not be expected to be particularly large.

8  SOMO35 and AOT40 are good indicators of cumulative values of the concentrations of Ozone that exceed the thresholds,
35 ppb and 40 ppb respectively. For example, SOMO35=0 or AOT40=0, means no exceedance in a given year, the larger the
value, the greater the exceedance in a given year. The average values of SOMO35 and AOT40 have been estimated based on
monitoring station records in 2010 and are 1437.8 for SOMO35 and 1084.9 for AOT40.

9 Discussion relating to the VOC limited condition can also be found in reference to “the weekend effect” in the literature. In
Ireland, the EPA Air Quality in Ireland 2013 report also suggests that ground-level ozone is depleted through reactions with
traffic-emitted pollutants. As a consequence of this, the levels of ozone can be found to be higher in rural areas than in urban
areas.  As  NOX is a major pollutant from transport emissions, the increase of NOX emissions, which is mixed with those
pollutants that deplete ozone, may be the cause of the observed reduction of ozone concentrations in urban and road network
proximate areas. As a result of these observations we have determined that VOC is a better indicator than NOX in relation to
the formation of ground-level ozone and use it as the sole precursor.
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5.2.1  Health Impacts (Mortality and Morbidity) – Concentration Response Functions

The concentrations of ambient air pollution have been associated with a range of adverse health effects, particularly

mortality and morbidity due to cardiovascular and respiratory diseases. Concentration response functions describe

the relationship between the concentration change of air pollutants and the related health risk changes (odds ratios).

The WHO are leaders in this area of research and have compiled some of the principal synthesis reviews that

currently inform the cost-benefit analysis applied in relation to European air quality policy (WHO, 2013ab). In broad

terms, PM is currently recognised as the most important pollutant used for health impact estimation, and ozone,

the second. The share of PM mortality in total health effects has been estimated at 89.5%, and the share of mortality

in total health effects is 91% (WHO, 2014). Therefore, PM mortality is at the very core of health impact assessment.

To offer some insight into the nature of the concentration response literature underpinning the concentration

response functions, a brief example of this research is presented in box 1 below. Data from such concentration

response function studies are what have been used in this project to assess the impacts on health from air pollution.

Box 1 Examples of concentration response literature findings

5.2.2  Health Impacts (Mortality and Morbidity) – PM Equivalents

PM2.5 can be emitted directly as ‘Primary PM’ but can also be formed through the interactions of other pollutants

and airborne matter. Pollutants such as SO2, NOX, NH3 and VOC can all serve as PM precursors in the formation

of what is known as secondary PM. In order to estimate the levels of secondary PM formation in the atmosphere

from precursor gases through gas-phase photochemical reactions or through liquid phase reactions in clouds and

fog droplets, PM equivalent approaches are used in the underlying methodology of the MDV guidebook. This

approach has been adopted by international leaders in this field of research such as IIASA (www.iiasa.ac.at) and as

part of major international policy framework research such as the Clean Air for Europe programme10. PM equivalent

10 Specifically see the report at http://www.iiasa.ac.at/web/home/research/researchPrograms/air/policy/TSAP_15-v1.pdf

A review (Hoek et al., 2013) of research in this area shows that the pooled effect estimate, expressed as excess risk per 10

ug/m3 increase in PM2.5 exposure, was 6% (95% CI 4, 8%) for all-cause mortality and 11% (95% 5, 16%) for cardiovascular

mortality.  Studies (e.g.  Miller et al.,  2007) also reveal that PM has greater effects on women than men and find a 24%

increase in the risk of a cardiovascular event and a 76% increase in risk of death with each increase of 10 ug/m3 in long-

term PM2.5 exposure for women. The transport sector is the major source of PM 2.5 pollution and it is found that for

residents living within 150 m of major roads, compared with those living further away, the odds ratio (OR) for prevalence

of  coronary  heart  diseases  at  high  traffic  exposure  was  significantly  elevated  (1.62,  95%CI 1.12-2.34)  and rose  to  1.85

(95%CI 1.21-2.84) after adjusting for cardiovascular risk factors and background air pollution. Subgroup analysis showed

stronger effects for men (OR 2.33, 95%CI 1.44-3.78), participants younger than 60 years (OR 2.67, 95%CI 1.24-5.74) and

never-smokers (OR 2.72, 95%CI 1.40-5.29) (Hoffmann, 2006).
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values thereby offer an efficient and internationally recognised means of capturing the effects of secondary PM from

SO2, NOX, NH3 (which are sources of acidification and eutrophication) and VOCs (precursor of ozone).

5.2.3  Health Impacts (Mortality) – Life table approach to estimate life year loss

With Census 2011 data from the CSO, EnvEcon created national life tables which include the age structure for each

gender based on the earlier mentioned IOM methodology. The concentration response functions require such

information for the assessment of the damage from air pollution, and provide the corresponding odds ratios that

can then be applied to that population. In the base case, normal life expectancy is estimated with life tables, and

under an increased concentration scenario, a new life expectancy is then generated with life tables. The difference

between the two life expectancies are the estimated loss of life years. The estimated loss of life years are then

multiplied by the Value of Statistical Life (VSL) to monetise the loss.

5.2.4  Health Impacts (Mortality) – VSL Approach to monetise life year loss

Value of Statistical Life (VSL) is an assessment value of life based on statistical data. It is based on a willingness to

pay (WTP) approach. WTP is the maximum amount an individual is willing to sacrifice to procure a good or avoid

something undesirable, and air pollution is the bad thing to avoid in this case. The OECD-recommended values for

average adult VSL in units of 2005 USD range from USD 1.5 million to 4.5 million for OECD countries (OECD,

2012). The values for Ireland have been calibrated to national data (principally income and census data) and updated

to 2010 euros to further tailor the health impact monetisation in the MDV guidebook to Ireland. Results of this

research place the VSL at just over €3m.

5.2.5  Health Impacts (Morbidity) – Monetised with health expenditure and social costs

Mortality as a result of air pollution is estimated in the MDV guidebook by considering the loss of life years.

Morbidity loss, however, requires an alternative approach and its evaluation has been supported by analysing health

expenditure data collected from hospitals and also by estimating the social cost of so called restricted activity days

(RADS). Health expenditure data, including public expenditure and private expenditure data, were all considered as

part of the MDV guidebook methodology in order to put values on health impacts. As the expenditures vary

significantly between in-patients and out-patients, it was necessary to evaluate hospital admissions and discharge

data in order to distinguish in-patients from out-patients. Admission/discharge data plus the corresponding hospital

expenditure are used for the estimation of in-patients costs. Out-patient costs were calculated based on average daily
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health expenditure per person. RADS were calculated based on GDP per capita per day. These corresponding costs

were then utilised to value the estimated impacts in terms of morbidity.

5.3.  Estimating Environmental Impacts

The environmental damage from these air pollutants can be split between ozone related damage on the one hand,

and acidification and eutrophication damage by NOX, NH3 and SO2 on the other. With respect to the latter, the

models used and some key parameters, were derived from the international literature and some of the major EU

research project outputs in this area, such as “Assessment of Biodiversity Losses” (NEEDS, 2006). As noted,

EnvEcon recognise that the future release of other environmental damage estimation research (e.g. the ECLAIRE

project) may be important to review into the future. For ozone damage, the models and parameters were derived

from a number of literature sources and adapted as appropriate (e.g. Mills et al., 2007 and CLRTAP, 2014). Specific

details on these methods are presented under individual headings below.

5.3.1  Environmental Impacts – Dose response functions and ozone impacts

Dose response functions are used to assess the biomass loss caused by ozone pollution. AOT40 indicators, an

accumulative value for 8 hours mean ozone concentration over 40 ppb in summer time,  are calculated from ozone

concentration data collected in each monitoring station that have then been distributed spatially over the country.

The relationship between AOT40 and vegetation damage is drawn from the existing literature. A good review for

ozone does-response functions for a wide range of European agricultural and horticultural crops is provided by

Mills et al. (2007). They group crops into ozone sensitive crops (wheat, water melon, pulse, cotton tomato, onion,

soybean and lettuce), moderately sensitive crops (sugar beet, potato, oilseed rape, tobacco, rice, maize, grape and

broccoli) and ozone resistant crops (barley and fruit represented by plum and strawberry). On a global scale, Anvery

et al. (2011) forecast the associated crop production losses and related economic values in 2030. Usually, ozone

levels are higher in developed countries, and lower in developing countries. However, ozone levels are higher in

rural areas in Ireland according to the monitoring data. Therefore, our monitoring data based approach can represent

the characteristics of ozone damage in Ireland. In addition to crop damage studies, other research (Karlsson et al.,

2004) focuses on the damaging effect of ozone on natural vegetation, such as forests, and gives corresponding dose

response functions. In the guidebook both crops and natural vegetation are included in the damage estimation.

Utilising dose-response functions, EnvEcon estimated the loss caused by the concentration change of air pollutants

to a given crop or natural vegetation. As noted, the types of land cover were used to identify what crops and

vegetation were affected, whilst the production values for different types of crops were sourced from the Statistical

Yearbook of Ireland 2011(CSO). In the case of certain ecosystems, such as wetlands and peatland, these have been

handled using the corresponding approaches detailed under the NEEDS project - http://www.needs-project.org/.
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5.3.2  Environmental Impacts – Approach to acidification and eutrophication Impacts

To estimate the effect of acidification and eutrophication, EnvEcon first transformed spatial emissions data into

deposition data. As a considerable share of wet deposition is often taken away by precipitation and rivers to the

ocean, this specific wet deposition component has been excluded for explicit analysis in the current guidebook.

Dentener et al. (2006) point out that 36–51% of all NOy, NHx, and SOx is deposited over the ocean, and between

40% and 70% of NOy is removed by wet deposition. For NHx, the fraction of wet deposition ranges from less than

40% to more than 80%, and wet deposition contributes between 50 and 70% to the total global SOx deposition.

Most importantly, 50–80% of the fraction of deposition on land falls on natural vegetation, and 11% of the world’s

natural vegetation receives nitrogen deposition in excess of the critical load threshold of 1000 mg(N)/m2/yr. Given

the resources available to the initial guidebook, natural areas of Ireland were the focus of the methodology in this

context using a total deposition approach. It is also important to recall that the monetised environmental damage

aspect of the MDVs are far smaller on aggregate than the health damage. EnvEcon estimated the damage to natural

areas using a similar method to that used in NEEDS (2006). The approach includes estimation of the lost fraction,

restoration costs, critical loads, acidification and eutrophication pressures. All parameters were calibrated with

available Irish data. Depositions of pollutants are represented via pressure indices. These were calculated from

critical load values and annual depositions according to the definitions of those pressure indices in the NEEDS

research project11. In terms of the valuation of impacts, the WTP approach from NEEDS has been followed.

6. Final Results – Marginal Damage Values

Final damage values in the guidebook are the sum of health damage and environmental damage in relation to a one

tonne increase of a specific pollutant. PM2.5 is the major source for health damage, and the damage caused by primary

PM2.5 is shown under the label of PM2.5. Damage caused by secondary PM is included in the damage caused by each

precursor of secondary PM2.5, e.g., NOx, NH3, SO2 and VOC. With regard to ozone health damage, acidification

and eutrophication, the approach for each of the five defined pollutants are defined within the following equations:

Damage value of NOX = Direct health impact + Secondary PM2.5 health impact + Eutrophication damage + Acidification damage

Damage value of NH3 = Secondary PM2.5 health impact + Eutrophication damage + Acidification damage

Damage value of SO2 = Secondary PM2.5 health impact + Acidification damage

Damage value of VOC = Secondary PM2.5 health impact + Ozone health damage (SOMO35) + Ozone environmental damage (AOT40)

Damage value of PM2.5 = Primary PM2.5 health impact (mortality and morbidity)

11 Natural vegetation areas are obtained from URBIS land cover data and Irish critical load and wet deposition percentage data
have been sourced from the work of Julian Aherne.
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EnvEcon also recognise that some of the pollutants may have additional impacts (e.g. SO2 can have a direct health

impact), and that there are other pollutants, not included in the table, which may cause additional damage. However,

the MDV guidebook holds to the initial defined pollutants and confines damage estimations to the equations shown

above, which themselves are based on the methodology used in WHO (2013). This approach helps to avoid any

overlapping damage effects, and/or the inclusion of any damage estimations that are not yet well studied and

quantified. In terms of the weight of impact, it is also important to remember that WHO 2014 estimates that

environmental damage constitutes less than 5% of total damage in this context. Thus health impacts are generally

recognised as the core component of air pollution health impacts and were therefore the initial priority for this work.

7. Discussion and Future Research

The MDV guidebook is based upon a systematic and structured approach for estimating marginal damage values

for air pollution. The structure and methods used are flexible and can be adapted to changes in the quantity and

quality of national data in Ireland regarding emission sources, concentrations and receptors. Indeed, should

extensive new monitoring data become available this would enable the application and testing of other approaches

that are not possible at this time with current national data sets. Therefore, the strongest recommendation for future

development of this research is to expand the air pollution monitoring network to offer greater spatial and temporal

cover of pollution concentrations across the country. Beyond that development, there is also scope to extend the

MDV work to incorporate additional pollutants (e.g. NO2) and indeed to refine these MDV values to very specific

areas across the country (e.g. generating MDV values at localised ED scales). These developments would introduce

new challenges such as addressing the overlapping impacts of certain pollutants, and would require more time-

intensive research to develop. They would however strengthen capacity in this area in Ireland, and facilitate national,

regional and local impact evaluations that appropriately account for air pollution impacts, and thereby encourage

better, broader policy development. The future focus of this research will be discussed with stakeholders in time.

In the intervening period the developed MDV guidebook has generated nationally tailored values by targeting the

available time and resources for this work, and adapting it to the official national datasets available. Given the

evidence from the international literature the EnvEcon team invested particular effort into the work on the health

impact assessment methodology, the estimation of emissions and concentrations of PM2.5 and Ozone, and on

spatially mapping transport activity. The reason for this approach was simply that the available international research

indicates that health impacts dominate the costs of air pollution, PM and ozone dominate the impacts on health,

and transport is a dominant sectoral source of emissions and impacts. Thus whilst there are aspects that can be

enhanced under further research, the initial work has focused resources on the critical factors.  The outcome of the

work is a set of marginal damage values that apply internationally recognised approaches and which offer a national

set of values that are comparable to WHO estimates but refined for use in an Irish context such that air pollution

can be given an appropriate weighting in national decision making.
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