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1 Introduction 
The IN-STREAM project aims at a quantitative and qualitative assessment of the linkage between 

mainstream economic indicators with important indicators for well-being and sustainability. The 

quantitative evaluation will quantify the costs of reaching specific sustainability targets in traditional 

economic terms and will identify the interrelationships among the economic and the sustainable 

development indicators. Work package 5 of the project targets the development and modelling of 

environmental and social indicators. Within this work package the performance of the selected 

indicators will be analysed through the monitoring of progress towards sustainability. Furthermore, 

selected scenarios will be estimated in order to examine the performance of the indicators.  

The overall objective of the present work packages refers to the development of indicators for 

the effect of airborne emissions on humans, ecosystems and climate. In order to reach sustainability 

targets, these damages by human activities need to be reduced. The development of indicators for 

the three impact categories will serve as a measure for this reduction. As the major disadvantage of 

existing sustainability indicators is their focus on certain pollutants which do not express the overall 

situation, the focus of the analysis here is to develop indicators that cover all relevant substances 

based on a weighting scheme in order to examine the costs and benefits of a policy or measure. This 

weighting will be based on the impacts caused by the emitted pollutants. As one part of work 

package 5, this present study will concentrate on the impacts on human health due to changes in 

emissions. There will be two more indicators, one focussing on impacts on biodiversity and the other 

refers to the costs of meeting European climate change targets. 

The following analysis will be based on the previous work done within the ExternE1 project series, 

with a special focus on the outcomes of the NEEDS2 project. The underlying approach will follow the 

impact pathway taking into account all relevant effects and pollutants. However, as the existing 

results of the ExternE project series mostly cover the emissions of so-called classical airborne 

pollutants, in a first step there will be an analysis if additional pollutants need to be integrated into 

the indicator on human health impacts. Based on this identification of relevant pollutants, the 

indicator will be developed relating changes in emissions to changes in deposition/ambient 

concentrations. This will be done using existing air source-receptor matrices (SR-M) and multi-media 

models. From the changes of concentrations, changes in exposure and in impacts (from existing and 

well established concentration-response-functions and exposure-response functions) will be derived. 

The different endpoints then will be weighted and combined in a unique sustainability indicator. The 

developed indicators for human health impacts, biodiversity losses and climate change will then be 

examined in different pats and future emission scenarios in order to test the performance and the 

applicability of the indicator.  

In addition, due to the general under-representation of social sustainability indicators in the field, 

this deliverable presents a conceptual basis for developing a set of indicators for measuring and 

possibly quantifying social sustainability. 

                                                           

1
 ExternE: Externalities of Energy, http://www.externe.info. A research project series of the European 

Commission.  

2 
NEEDS: New Energy Externalities Development for Sustainability; http://www.needs-project.org 

http://www.externe.info/
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2 Identification of relevant substances for human health 
impacts, biodiversity losses and climate change 

The main objective of the analysis presented in this chapter focuses on the identification of 

substances which are most important with respect to their impacts on human health, biodiversity 

losses and climate change and thus need to be included into the different sustainability indicators to 

be developed later in this study. This analysis becomes important due to the very large number of 

different substances having negative impacts on human health, the ecosystems and climate. While 

some so-called classical airborne pollutants such as nitrogen oxides (NOX), sulphur oxides (SOX), 

ammonia (NH3), non-methane volatile organic compounds (NMVOC) and primary particulate matter 

with a diameter below 10µm and below 2.5µm (PPMcoarse and PPM2.5) as well as a number of heavy 

metals have been subject of numerous studies, with most of them being coordinated within the EU-

project series ExternE, there might be more substances to be relevant. 

Therefore, this chapter will, in a first step, estimate the total airborne emissions of a major part 

of industrial production processes as well as from agricultural production, the energy and transport 

sector. Subsequently, the calculated emissions will be weighted according to their damage potentials 

with respect to human health, biodiversity and climate. In a final step of this analysis the estimated 

damage potentials will be valued in monetary terms applying recent results on external cost factors 

from the EU-project NEEDS (New Energy Externalities Development for Sustainability). These two 

final steps will allow for a ranking of substances according to their impacts and thus will enable to 

identify the major pollutants which will be integrated in the sustainability indicator to be developed 

in this study. 

2.1 Estimation of total emissions 
In order to allow for a classification of different substances according to their (monetary valued) 

impacts on human health, biodiversity and climate change, the quantification of the total airborne 

emissions of all substances is essential. As this part of the study targets to identify the most 

important pollutants with respect to impacts on human health for most of the manufacturing 

processes and services within the EU-27 Member States, extensive datasets for the estimation of 

airborne emissions needed to be analysed. Data on the occurring emissions for a large number of 

production processes is provided by life cycle inventories. These data can be combined with the total 

amounts of actually produced goods and services to estimate the total airborne emissions resulting 

during the production of all goods and services. 

2.1.1 The Life Cycle Inventory EcoInvent 

The emissions resulting from production processes of goods, services or other activities have 

been estimated applying the life cycle inventory (LCI) EcoInvent. This data base provides emission 

factors for more than 4,000 production processes, services and final products, divided into more than 

20 industrial activities. EcoInvent has been developed by the Swiss Center for Life Cylce Inventories 

and the applied version 2.0 has been updated in 2007. A more detailed description of the 

methodology is provided by Frischknecht et al. (2007).3 

                                                           

3
 Further information and reports for EcoInvent can be found at www.ecoinvent.org 

http://www.ecoinvent.org/
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For each production process the EcoInvent database provides emission factors for more than 500 

different pollutants for the production of a certain unit (mass, quantity or area) of the product. 

Furthermore, the emission factors are provided for emissions into air, soil and water with further 

sub-divisions for each of these environmental media. However, it has already been stated that the 

focus of the present study refers to emission into the air.  

In summary, about 540 entries of the LCI with respect to pollutants and the media in which these 

are emitted to have been taken into account for the following estimations. This relatively small 

number compared to the size of the EcoInvent database is explained by the existence of a number of 

cases where the damage factors for pollutants of the life cycle impact assessment (LCIA) databases 

do not match with the pollutants included in the EcoInvent dataset. 

2.1.2 Data on production 

It has already been mentioned that the estimation of airborne emission data will be performed 

for all EU-27 Member States. For this reason, information on the amounts of goods and services 

produced as well as all additional activities are required for these countries. These will then be linked 

to the information from EcoInvent in order to estimate the total emissions for all covered production 

processes in Europe. As a major source of data the European production statistics PRODCOM 

(Production Communautaire) have been analysed. These statistics present a dataset collected by the 

European statistical agency Eurostat which covers more than 4,500 different products and services. 

The classification of goods and services is based on the standardised classification scheme known as 

the PRODCOM list which relies on the statistical nomenclature of economic activities in the European 

Community (Nomenclature statistique des activités économique dans la Communauté européenne, 

NACE).4 In Williams (2008) the major characteristics of the PRODCOM statistics are presented. 

Among others the data collection proceedings are explained, stating that the national statistical 

agencies of the Member States collect data using surveys sent to enterprises.  

In addition to the PRODCOM statistics, covering industrial production data, the United Nations 

Food and Agriculture Organisation (FAO, 2010) provides an online database on agricultural 

production. Furthermore, for the estimation of production data from energy generating activities 

and as well as data on waste processing, the Eurostat databases provide valuable information 

[Eurostat (2010a) und Eurostat (2010b)]. Finally, for the quantification of emissions from transport 

activities results from the TREMOVE model have been applied. TREMOVE refers to a European 

transport and emissions simulation model which was developed on behalf of the European 

Commission. The latest version of the model has been developed by the Belgian Institute for 

Transport and Mobility in Leuven. A detailed presentation of the structure and the results of this 

model are provided by the report of De Ceuster et al. (2007).5 

With the application of these data sources an estimation of the total emissions in the EU-27 

Member States was enabled. This required a combination of more than 700 emission factors for 

                                                           

4
 Further details on the NACE code can be found in the regulation of the European Commission (1990) 

5 The report as well as further information are accessible at www.tremove.org 

http://www.tremove.org/
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production processes from EcoInvent and more than 450 data points for produced goods, services 

and transport activities. 

2.1.3 Remarks on the estimation of total emissions 

This sections aims at highlighting the difficulties for the estimation of total emissions into the air 

based on life cycle inventory and life cycle impact assessment data. First, the numbers presented for 

the covered production processes from EcoInvent and those for the total production of goods and 

services as well as transport activities vary substantially. This difference can be explained by the 

difficulties of explicitly allocating the production data to the respective production process. For this 

reason about 120 of the 450 production data are allocated to two or more production processes. In 

these cases the average emission factors have been estimated and applied to the production data. 

On the other hand the opposite case has also been regarded. There are about 50 cases where 

production processes have been allocated to two or more production data, as it was assumed that 

these products go through a similar production process. An additional difficulty resulted from the 

differences in units for production processes and products. There are a few cases where assumptions 

on the density or the weight of an average product where necessary in order to estimate the 

emissions. 

The underlying data and the assumptions allow for an extensive estimation of emissions for a 

great part of economic activities within the EU-27 Member States. However, a comparison of the 

results with emission data from the European Environmental Agency (EEA) shows that there are 

substantial differences. While the EEA only provides emission data for a number of selected airborne 

pollutants, a comparison of these data already presents some noticeable problems. The most striking 

differences refer to the following issues: 

 The estimated emission data for heavy metals (here: As, Cd, Cr, Cu, Hg, Ni, Pb, Se and Zn) 
in some cases fit well with the data from EEA. However, in four of nine cases the estimated 
data is clearly above the information of EEA. 

 The estimated emissions for SOX are significantly higher than those officially reported by 
EEA. 

 

These differences can be explained with the underlying uncertainties of the applied LCI 

methodology and the production data. These uncertainties will be analysed in detail in section 2.6. 

There are some cases, e.g. NH3 and NMVOC where the estimated emissions are substantially 

lower than those reported by EEA. This can be explained by the fact that a major share of the NH3 

emissions results from agricultural activities while emissions of NMVOC largely result from solvent 

uses. Both sectors are included in the estimations only to a limited extend due to a lack of data on 

total production and production processes in the applied sources. 

 Finally, the estimated amount of total emissions of CO is comparably lower than the 
reported figures of the EEA. As these emissions mostly result from combustion processes 
this signals that theses processes are only covered to an insufficient extend in the applied 
methodology. 

 
In summary, the estimated emission data matches the officially reported EEA data only to a 

limited extend. However, the estimated data will be applied for the estimation of monetised 
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damages as this exercise does not aim at representing the real damages that occur but aims at 

providing a comparison of pollutants according to their damage potentials. Thus, the estimated 

amounts of emissions only serve as background information to get an impression of the amount of 

pollutants emitted across Europe. 

2.2 Estimation of damage potentials applying life cycle impact 
assessment tools 

The main objective of this chapter is to compare a preferably high number of different pollutants 

according to their potential damages with respect to human health, biodiversity and climate change. 

This comparison will allow for a definition of relevant airborne pollutants that should be included in 

external cost studies and will be included in the identification of sustainability indicators within in 

this study. In a first step, the emission data for air pollutants that will be applied as an input for the 

estimations have been calculated and discussed. As the amount emitted of a certain substance is not 

sufficient to make a statement about the potential damages this pollutant might cause and thus is 

not enough to compare different pollutants with respect to their hazard potential, this section will 

introduce different methods of assessing the damage potentials of these substances. The methods 

are based on life cycle impact assessment (LCIA) work and represent different datasets for damage 

factors. 

As research in the field of life cycle analysis in recent years has produced an extensive amount of 

literature and a large number of different results, the focus in this study will refer to only three 

databases. In general, LCIA databases serve as a useful tool to assess potentials for improvement in 

production processes and allow for comparisons of different processes based on indicators such as 

impacts on human health, the ecosystem and climate change. The three different LCIA databases 

applied in the present study will be applied only with respect to stated damage potentials of airborne 

pollutants regarding the three damage categories. The major commonality of the three approaches is 

the estimation of damage factors for different mid- and endpoint categories. For this reason the 

databases are classified to the group of damage-oriented LCIA or endpoint modelling. All three 

methodologies are in agreement with the ISO14044 norm of the European Commission referring to 

standards in life cycle analysis. 

In general it has to be mentioned that the applied damage factors represent a simplified model 

of the much more complex reality. Therefore, they can only be regarded as an approximation of the 

damages caused by the numerous pollutants. This approximation and the following monetary 

valuation must thus not be seen as an exact estimation of the damages, but as an indication of the 

relative importance of some monetary valued pollutants over other pollutants. In order to highlight 

this important issue, there will not be detailed figures presented in this section but a ranking of the 

pollutants with respect to the damage potentials. 

2.2.1 The LCIA database of EcoIndicator99 

The EcoIndicator99 database has already been developed in 1999 by the Product Ecology 

Consultants (PRé). The summary of the main features of EcoIndicator99 presented in this section is 

based on the methodology report of Goedkoop and Spriensma (2001) and the report on the twelfth 

discussion forum on life cycle analysis by Goedkoop et al. (2000). Furthermore, in the reports for the 

EcoInvent database for emission factors, a description of different LCIA methods by Hischier et al. 

(2009) also includes some information on the EcoIndicator99 approach.  
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The EcoIndiactor99 database was designed to be an update and continuation of the 1995 

version. In course of this updating process a new methodology was developed which has a focus on 

the weighting of the estimated damage factors. For this new approach, the so-called top-down 

approach was applied which does not start with the results of the LCA but with the weighting of the 

most important damage categories. In order to keep the number of damage categories as low as 

possible only three categories where chosen for the analysis. These were damages to human health, 

ecosystem quality and resource depletion. Damages to human health are provided in disability 

adjusted life years (DALY) and damages to the ecosystem are reported in potentially disappeared 

fractions of species (PDF). A more detailed discussion of these measures will follow in chapters 4.1 to 

4.3. On the contrary to other LCIA approaches, effects caused by climate change are directly 

measured with their impacts on human health. However, in order to provide a consistent approach 

among all LCIA databases, only human health impacts related to ozone layer depletion, ionising 

radiation, respiratory and carcinogenic effects will be included for the estimation of human health 

impacts. The effects caused by the global warming potentials of greenhouse gases will be regarded in 

the climate change category. 

The following Figure 1 provides an overview on the methodology of EcoIndicator99. As one can 

see, the line of causes ς represented by the directions of the arrows ς starts from the emission of 

different pollutants and other environmental effects and ends with the damage categories. The 

weighting of these damage categories presents the final step in order derive an indicator for the 

damage potentials. 

 

Source: Goedkoop und Spriensma (2001), p. 12 

  Figure 1: Structure of the EcoIndicator99 approach 

 

The estimation of the damage factors in the EcoIndicator99 database is directly related to the 

question of weighting the different impact categories. Goedkopp and Spriensma (2000) focused on 

research within cultural theory and present three major types of behaviour: 

ü The individual perspective states that only clearly proofed effects should be regarded. 
Furthermore, only short-run effects are included as there is a possibility of technological 
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progress leading to improvements with respect to the effects in the long-run. From this 
perspective damages to human health are weighted with respect to the age of the 
ŀŦŦŜŎǘŜŘ ǇŜǊǎƻƴΣ ǾŀƭǳƛƴƎ ŀ ǇŜǊǎƻƴΩǎ ƘŜŀƭǘƘ ōŜǘǿŜŜƴ нл ŀƴŘ пл ȅŜŀǊǎ ƻŦ ŀƎŜ ŀǘ ǘƘŜ ƘƛƎƘŜǎǘΦ 

ü The hierarchic perspective focuses on facts that are accepted from economic and 
political agents. In a way, this perspective reflects a position where there is a 
consideration between the short-run and the long-run level of scientific knowledge. 

ü The egalitarian perspective takes account for the precautionary principle which means 
that all effects are covered regardless of the acceptance of the impacts in the economic 
or political research. This includes a very long-term perspective and does not allow for an 
assumption on the potential abatement of future problems. 

 

Based on the different perspectives for the analysis of the damage factors and the weighting of 

the damage categories, the EcoIndicator99 developers decided to estimate three different lines of 

results and to allow the user to decide which perspective, i.e. which weighting scheme, is seen as 

best suitable. In addition, there is also the possibility for the user to design and apply a personal 

weighting scheme based on a weighting triangle. In general, Goedkoop and Spriensma (2001) 

recommend the use of the hierarchic approach as most models are based on this balance approach 

between long-term and short-term impacts. The remaining two perspectives should, in their opinion, 

be applied for sensitivity analysis of the results. This recommendation will be obeyed in the following 

estimations of this study. 

In a study by Hischier et al. (2009) on the characteristics of different LCIA databases and their 

application in combination with the LCI of EcoInvent, the drawbacks of this methodology have been 

analysed. With respect to impacts on human health, the emission of carcinogenic substances in the 

oceans is criticised to be insufficient. Furthermore, a differentiation of the impacts of certain heavy 

metals caused by inhalation in contrast to the intake via drinking water or food is highlighted. 

However, these drawbacks have been discussed with the developers of the EcoIndicator99 approach 

and solutions have been implemented. The different approaches for improvement of the 

EcoIndicator database will not be discussed in further detail, however, it needs to be mentioned that 

the applied version of EcoIndiactor99 reflects the improved version.  

2.2.2 The LCIA database of IMPACT2002+ 

The presentation of the main characteristics of the LCIA database IMPACT2002+ (Impact 

Assessment of Chemical Toxics) is based on the description of the methodology by Jolliet et al. (2003) 

as well as on Humbert et al. (2005). The authors were involved in the development of the database 

at the Swiss Federal Institute of Technology in Lausanne.6 Furthermore, as for the previous analysis 

of EcoIndiactor99, Hischier et al. (2009) provide a summary of the main features of the IMPACT2002+ 

database. 

In general, the LCIA database of IMPACT2002+ can be seen as a combination of two existing LCIA 

datasets. First, the 1,500 examined substances are classified in 14 midpoint categories, i.e. all 

substances with identical potential impacts are summarised and expressed in kg-equivalents of a 

reference substance. This approach relies on the methodology of the CML (Centre of Environmental 

                                                           

6
 The applied version 2.1 of IMPACT2002+ can be accessed and downloaded at http://www.epfl.ch/impact. 

http://www.epfl.ch/impact
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Science) handbook on LCA published by Guinée et al (2001). In a second step, these midpoints are 

grouped into the damage or endpoint categories human health, ecosystems, climate change and 

resource depletion. This approach is based on the above mentioned damage oriented method of 

EcoIndicator99. However, a major difference to the EcoIndicator99 methodology is the analysis of 

greenhouse gases (GHG) which are examined in a separate endpoint category and thus are not 

directly relating to damages on human health. Another difference between the two LCIA databases 

refers to the damage factors for the midpoint categories human toxicity as well as aquatic and 

terrestrial eco-toxicity. Here, the database of IMPACT2002+ is based on results provided by 

Pennington et al. (2005). Thus, the IMPACT2002+ database provides newly developed concepts and 

methods for the comparison of toxic effects on human health and the ecosystems. 

The following Figure 2 shows the different midpoint categories and their connection to the four 

endpoints of IMACT2002+. In cases where the developers assign a high level of uncertainty between 

mid- and endpoints this is characterised by dotted lines. Furthermore, the figure highlights that the 

developers of IMPACT2002+ regard the midpoint categories as an intermediate step along the 

pathway from emission of a substance to the final endpoint of damages. 

 

 

Source: Jolliet et al. (2003), p. 324 

Figure 2: Structure of the IMPACT2002+ approach 

 

The damage factors for impacts on human health are again given in DALY per kilogram of 

emission. The factors for biodiversity losses are provided in PDFs and climate change is measured in 

terms of CO2-equivalents.  

2.2.3 The LCIA database of ReCiPe 

The estimation of impacts on human health, the ecosystem and climate change has been carried 

out using another LCIA data source for damage factors. This latest database of the three applied 
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sources has been developed in 2008 and is called the ReCiPe methodology.7 The name of this 

database, as it is stated by Goedkoop et al. (2009), was chosen to highlight that this database 

provides a recipe for the valuation of emissions and the estimation of potential damages cause by 

these emissions. Furthermore, the name can also be seen as an acronym for the research institutes 

involved in the development of ReCiPe, i.e. the National Institute for Public Health and the 

Environment (RIVM), the Radboud University of Nijmegen, the already mentioned CML institute and 

the developers of EcoIndicator99 from PRé Consultants. As can be seen from the composition of the 

group of developers, the ReCiPe database was designed to combine and update the methodologies 

of the EcoIndicator99 method and the CML approach. This is also shown in the following Figure 3 

presenting the structure of the ReCiPe database. As can be seen there, the structure is very similar to 

that of the EcoIndicator99 approach. Both methodologies regard the same endpoint or damage 

categories and do not define a separate category for the impacts of climate change as it is the case 

for the IMPACT2002+ approach. However, the present study aims at differentiating between the 

three damage categories. Therefore, the damages caused by global warming potentials will be 

assigned to the climate change category. Furthermore, the ReCiPe database also applies the three 

mentioned weighting perspectives (individual, hierarchic and egalitarian). However, one important 

difference with respect to the EcoIndicator99 damage factors is also shown in the figure. The impacts 

of climate change are not only linked to impacts on human health but are also analysed with respect 

to ecosystem damages. However, in order to provide a consistent approach among all LCIA 

databases, only human health impacts related to ozone layer depletion, ionising radiation, 

respiratory and carcinogenic effects are included in the analysis. 

The objective of combining the approaches of EcoInidicator99 and CML within the ReCiPe 

methodology is similar to the objective of the IMPACT2002+ method, described in the previous 

section. This overlap in methodologies is expected to lead to comparable results of the overall 

impacts of pollutants for all three applied LCIA databases and to allow for the application of 

monetary valuation figures to estimate the external costs.  

                                                           

7
 The applied damage factors provided by the ReCiPe methodology as well as reports on the development of 

the methodology can be accessed on the official website of ReCiPe (http://www.lcia-recipe.net/) 

http://www.lcia-recipe.net/
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Source: Goedkopp et al. (2009), p. 3 

Figure 3: Structure of the ReCiPe methodology 

 

The application of damage factors provided by the ReCiPe database for the estimated emission 

data of the different pollutants allows for the estimation of potential damages for 264 pollutants. 

This number is substantially higher than the number of pollutants covered by the EcoIndicator99 

approach which can be seen as a result of the updating and extending processes of this method. 

However, this number is clearly less in comparison to the results of the IMPACT2002+ application. 

2.3 Monetary valuation of damages  
The previous chapters presented the approach applied for the estimation of emissions data for 

an (as a high as possible) number of different economic activities and on the other hand analysed the 

three LCIA methodologies which will be applied for the estimation of damage potentials for impacts 

on human health, biodiversity and climate change. The results of these estimations will be used for a 

comparison of the different pollutants with respect to their impacts and to identify those pollutants 

which can be classified as being relevant for the further analysis of each of the three damage 

categories. In order to allow for comparison not only with respect to DALY, PDF and CO2-equivalents, 

a monetary valuation of these impacts will also be applied. 

The monetary valuation of impacts is based on results from the currently finished EU-project 

NEEDS (New Energy Externality Development for Sustainability). Within this project Desaigues et al. 

(2011) applied a contingent valuation method asking 1,463 individuals to state their willingness to 
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pay (WTP) for a reduction in mortality risks. Based on these WTP results, Desaigues et al. estimated a 

value of плΣлллϵ2000 for one DALY in the EU-25. This value will now be applied in order to estimate a 

monetary value for the damages calculated with EcoIndicator99, IMPACT2002+ and ReCiPe. A more 

detailed discussion of this indicator for human health will be presented in chapter 4.1. 

For the monetary valuation of biodiversity losses, the outcomes of a study by Ott et al. (2006), 

based on restoration costs to improve a land use type from one with a lower number of different 

species to one with a higher number of species, i.e. assuming the restoration is performed in order to 

increase the biodiversity. The habitat restoration with the least cost resulting in a biodiversity change 

of at least 20 % is the restoration of integrated arable land into organic arable land in Germany. Since 

this is a land conversion common in all of the countries considered, it was selected as the minimal 

marginal cost of improving biodiversity per PDF and m2. The evaluation has been updated according 

to average WTP taken from Kuik et al. (2008) which is for Europe 0.47 ϵ2004/PDF/m2 instead of 

0.45 ϵ2004/PDF/m2 derived from Ott et al. A more detailed presentation of the indicator for ecosystem 

impacts can be found in chapter 4.2. 

Finally, the monetary valuation of climate change impacts is based on the marginal damage costs 

for the Pareto-optimal solution. The optimal point is the one where marginal damage costs are equal 

to marginal avoidance costs. If marginal damage costs would be used for decision making that are 

higher than those in the optimum, emissions would result that are well below the optimum and thus 

welfare would be lower and vice versa. The major lines of argumentation summarised in Preiss et al. 

(2008), are the precautionary principle and equity issues. These issues will not be discussed in the 

present chapter, but will be analysed in more detail in the chapter developing an indicator for the 

costs of climate change. For the screening process presented here, one outcome of the approach 

applied in the NEEDS project is an analysis of a number of different studies referring to the valuation 

of climate change which led to a recommended ǾŀƭǳŜ ƻŦ нмΦм ϵ2000 for one tonne of CO2. While there 

is a high level of uncertainty behind this value, which will be further discussed in chapter 4.3, this 

value was applied to identify the most relevant pollutants with respect to climate change. Changing 

this value in any direction will still lead to the same ranking of the greenhouse gases. For the 

monetary valuation of other pollutants than CO2, the conversion factors for CO2-equivalents provided 

by the Intergovernmental Panel on Climate Change (IPCC, 2007) have been applied. 

The estimated monetised damages for human health impacts, biodiversity losses and climate 

change will be used to identify a ranking of the pollutants for each category to find out the relevant 

substances for the further work. 

2.4 Identification of relevant pollutants 
The linkage of emission data and damage factors as well as the monetary valuation of the 

damages lead to a high number of monetary valued pollutants and a large range of results. For this 

reason it is necessary to define a measure to limit this long list of values to those that can be defined 

as relevant. This limitation procedure is based on two parts: 

ü Only those pollutants will be selected for further analysis, which have a total monetary 
damage value of at least 0.1 per mill of the highest single score. The other pollutants 
with damages below this threshold will be defined as not relevant. 

ü The pollutants which are defined as relevant for the analysis of impacts on human 
health, will, in a second step, be examined across the different LCIA methods of 
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EcoIndicator99, IMPACT2002+ and ReCiPe. As these approaches are based on very 
similar methodologies, a pollutant will be defined as relevant, if it is represented among 
those pollutants that exceed the threshold for at least two of the approaches. 

 

The second criterion is especially required as, besides the basic similarities within the three LCIA 

databases, there are a number of important differences in the valuation of pollutants. The valuation 

of zinc emitted to air can serve as an example for this difficulty. While this substance is not assigned 

any damage factor for human health in the LCIA databases of EcoIndicator99 and thus there is no 

monetised damage, this pollutant results among the pollutants with the highest monetised damage 

potential when applying the methodology of IMPACT2002+. The second criterion is designed to 

adjust for these differences and the underlying uncertainties in the valuation of damage potentials. 

The pollutants that fulfil both criteria will be defined as relevant for the further analysis of 

sustainability indicators for human health impacts, biodiversity losses and climate change. At this 

point it is once more important to underline that the absolute values of the monetary damages are 

not in the focus of the study. However, these are estimated to serve as a unit to compare the 

pollutants to create a ranking of the pollutants. This ranking than allows to get conclusions on the 

relative importance of one pollutant over another pollutant. 

2.4.1 Human health impacts 

The following Table 1 summarises the results of the screening process for relevant substances 

with respect to human health impacts. The table lists those substances which meet the above 

mentioned criteria. It has already been mentioned in the descriptions of the EcoIndiacator99 and the 

ReCiPe approaches that in order to provide a consistent approach among all LCIA databases, only 

human health impacts related to ozone layer depletion, ionising radiation, respiratory and 

carcinogenic effects are included in the analysis. 
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Table 1: Results of the screening process for human health impacts 

relevant pollutants 

Ammonia NH3 

Arsenic  As 

Benzene C6H6 

Benzo[a]pyrene C20H20 

Cadmium Cd 

Carbon-14 Carbon-14 

Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin Dioxine 

Formaldehyde CH2O 

Mercury Hg 

Methane, bromochlorodifluoro-, Halon 1211 CBrClF2 

Methane, bromotrifluoro-, Halon 1301 CBrF3 

Methane CH4 

Methane, tetrachloro-, R-10 CCl4 

Nitrogen oxides  NOX 

NMVOC, non-methane volatile organic compounds NMVOC 

PAH, polycyclic aromatic hydrocarbons PAH 

Particulates, < 2.5 um  PPM2.5 

Particulates, > 2.5 um, and < 10um PPMcoarse 

Radon-222 Radon-222 

Selenium Se 

Sulfur dioxide  SO2 

 

The table above presents 21 pollutants which can be assigned to four main groups: 

ü Classical airborne pollutants NH3, CO, NOX, NMVOC, PPM2.5, PPMcoarse and SO2, 
ü Heavy metals such as As, Cd and Hg, 
ü Radionuclides such as Carbon-14 and Radon-222 as well as 
ü other pollutants such as benzene, benzo[a]pyrene, dioxins, formaldehyde, Halon 1211, 

Halon 1301, R-10, PAHs and Se. 

2.4.2 Biodiversity losses 

Table 2 summarises the results of the screening process for relevant substances with respect to 

biodiversity losses or ecosystem damages caused by eutrophication and acidification. The table lists 

those substances which meet the above mentioned criteria. It has already be mentioned in the 

descriptions of the EcoIndiacator99 and the ReCiPe approaches that in order to provide a consistent 

approach among all LCIA databases, only those damage factors have been applied that are not 

related to global warming potentials. As can be seen from the table, only three classical airborne 

pollutants fulfil the criteria of being relevant for the further analysis. 

Table 2: Results of the screening process for ecosystem damages 

relevant pollutants 

Ammonia NH3 

Nitrogen oxides NOX 

Sulfur dioxide SO2 
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2.4.3 Climate Change 

The results of the estimations for climate change are summarised in Table 3. Again, the table lists 

those substances which meet the above mentioned criteria. It has already be mentioned in the 

descriptions of the EcoIndicator99 and the ReCiPe approaches that in order to provide a consistent 

approach among all LCIA databases, the damage factors relating global warming potentials to human 

health and/or biodiversity impacts had to be extracted from the total amount of damages to these 

two damage categories. 

Table 3: Results of the screening process for climate change 

relevant pollutants 

Carbon dioxide, CO2 

Carbon monoxide CO 

Dinitrogen monoxide N2O 

Ethane, hexafluoro-, HFC-116 C2F6 

Methane CH4 

Methane, tetrafluoro-, R-14 CF4 

Sulfur hexafluoride SF6 

2.5 Availability of emission data  
The previous chapter identified a number of pollutants that ς based on the estimated emission 

data ς can be regarded as relevant with respect to their impacts on human health, biodiversity losses 

and climate change. However, in order to develop an indicator for human health impacts, emission 

data for all of these substances needs to be publicly available. This emission data is then applied to 

the (monetary) damage factors for the different pollutants and allows for an estimation of the overall 

damages to human health, ecosystems or climate change. The changes in the total level of damages 

to each of these categories over time will then serve as an indicator of an ecologically and socially 

sustainable development. 

The European Environmental Agency (EEA) collects data on emissions of airborne substances 

based on different reporting schemes. These schemes will be described in the following paragraphs 

and will be assessed with respect to their applicability for the development of a sustainability 

indicator based on the relevant air pollutants. 

First, the national emission ceilings (NEC) directive requests the 27 Member States of the EU to 

submit annual data on emissions of four main airborne pollutants, i.e. SO2, NOX, NMVOC and NH3. 

These pollutants are in the focus of the NEC directive as they contribute damages on human health 

and the environment by the formation of ozone and particulate matter as well as by causing 

acidification and eutrophication. In order to reduce the potential damages, the NEC directive 

establishes pollutant-specific and legally binding emission ceilings which are to be met by 2010. 

However, as the scope of the NEC directive is limited to the above mentioned pollutants this data 

source is not sufficient for the development of sustainability indicators for human health impacts, 

biodiversity losses and climate change which will include a large number of airborne pollutants. 

Second, there is the data submitted by the European Commission to the Executive Secretary of 

the United Nations Economic Commission for Europe (UNECE) via the Executive Body of the 

Convention on Long-range Transboundary Air Pollution (CLRTAP). The report of the CLRTAP is 

published on an annual base and includes emission data on a number of air pollutants, including SOX, 

NOX, NMVOC, NH3, CO, PPM10, PPM2.5, heavy metals (including Cd, Hg and Pb), dioxins and 
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persistant organic pollutants (POPs). However, the EEA database only provides data on the classical 

airborne pollutants, some heavy metals and dioxins which is not sufficient for the development of a 

sustainability indicator in this study. 

Third, the EEA provides an aggregated and gap filled set of emission data. This data set includes 

the classical airborne pollutants (CO, SOX, NOX, NMVOC, NH3, PPM10 and PPM2.5), heavy metals 

(including As, Cd, Hg and Se) as well as Benzo[a]pyrene and PAHs. However, with respect to 

greenhouse gases only CH4 is included. In sum, 19 of the required 33 pollutants are to be found 

within this database. LŦ Řŀǘŀ ƻƴ ƎǊŜŜƴƘƻǳǎŜ ƎŀǎŜǎ ƛǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ Ψ99! ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ Řŀǘŀ ǾƛŜǿŜǊΩ 

another three substances (CO2, N2O and SF6) can be added to this list. Furthermore, the gap filled 

data set is based on information from the Convention on Long-Range Transboundary Air Pollution 

(CLRTAP) of the United Nations Economic Commission for Europe (UNECE). This data is also 

accessible via the EEA online data bases and provides data on dioxins (and furans). This results in a 

list of 18 pollutants for which emission data are available at the EEA data website. Thus, compared to 

the list of 33 relevant substances it lacks data on benzene, carbon-14, cobalt, HFC-116, 

formaldehyde, halon 1211, halon 1301, R-10, R-14 and Radon-222. These ten substances can not be 

regarded ς and thus have to be excluded from the list of relevant pollutants ς if one wants to assure 

that emission data is publicly accessible (in this case at the EEA). 

2.6 Assessment of the uncertainties 
The presented approach of estimating the relevant pollutants underlies some significant 

uncertainties. These uncertainties occur within the LCI approach of EcoInvent, among the different 

LCIA methodologies and for the applied monetary values. This section will discuss the uncertainties in 

detail. 

2.6.1 Uncertainties in EcoInvent 

The uncertainties within the LCI database of EcoInvent do not only refer to the overall 

methodology but to each single emission factor of the database. Frischknecht et al (2007) 

differentiate between fluctuations and stochastic errors, evoked by uncertainties in the 

measurements, problems in the adequacy of the adoption of results for one region to another, 

uncertainties in the modelling approach, e.g. the assumption of linear relationships, and the 

possibility of non-accounting for unknown aspects. A quantification of the uncertainty is only feasible 

for the stochastic errors.  

Frischknecht et al. state a few factors which have not been included in the assessment of the 

uncertainties, which might, however, have an impact on the overall uncertainty of the LCI approach. 

The assessment of the uncertainties was approached by a matrix consisting of information on 

reliability, completeness, temporal and spatial correlation, other technological relations and the size 

of the sample. This matrix is presented in the table below.  
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Table 4: Matrix for the assessment of uncertainties in EcoInvent 

Source: Frischknecht et al. (2007), p. 45 

 

For these five categories a valuation of each process of EcoInvent has been accomplished, valuing 

the respective category from one to five points. Furthermore, an uncertainty factor has been defined 

for each of the categories of the matrix. This factor is presented in Table 5 below. With this 

information a geometric deviation of the results was estimated as well as minimum, maximum and 

average values for the emission factors. 

Table 5: Result of the valuation procedure 

 

Source: Frischknecht et al. (2007), p. 46 

2.6.2 Uncertainty with respect to production data 

In addition to the uncertainties of the emission factors, there is also some level of uncertainty in 

the production data that has been applied in the estimations of the total emissions. As the majority 

of the applied production figures are based on information stated by the national statistical agencies 

of the EU-27 Member States, the overall level of uncertainties can be assumed to be relatively small. 

However, one source of uncertainty is the extrapolation of the available data to the EU-27 level in 

those cases where the national data are confidential. Thus, following the description by Williams 

(2008), the total amounts of production on the EU-27 level represent rounded values in order to 

include a certain level of uncertainty in these values and thus to cope with the confidentiality issues 

of the data. 
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For the estimations of total emissions from the transport sector, results of the TREMOVE model 

have been applied. In the overall documentation of the model by De Ceuster et al. (2007) there is 

only an indication of the difficulties in the assessment of the uncertainties of the model. These 

mainly result from the segmentation of demand within the transport sector which leads to a very 

complex structure and a high number of elasticity parameters. While these characteristics of the 

model are identified as potential sources for uncertainties, there is no further quantification of the 

extent of these uncertainties. 

The estimation of emission data for agricultural production is based on data provided by the 

FAO. The emission data for produced amounts of electricity was extracted from the Eurostat 

database. Both datasets rely on stated figures by the national statistical offices. A detailed analysis of 

the potential uncertainties of the data is not available. However, as both organisations are taking 

part in international conferences and committees working on quality of the data, it can be assumed 

that the uncertainties for the stated production figures for agriculture and electricity are relatively 

small. 

2.6.3 Uncertainties of the LCIA methodologies 

Important sources of potential uncertainties for the estimations of the relevant pollutants are 

the applied LCIA methodologies and the emission factors for the different pollutants estimated in 

these approaches. This section will provide an overview of the major factors of uncertainty and an 

assessment of the overall uncertainties for each of the three applied LCIA methods. 

2.6.3.1 Uncertainties in the Eco-Indicator99 approach 

In the report on the methodology of EcoIndicator99, Goedkopp and Spriensma (2000) list three 

major sources of uncertainties. These are fundamental and operational uncertainties as well as 

uncertainties related to the completeness of the analysed effects. Fundamental uncertainties reflect 

difficulties and errors which arise in the process of developing the methodology. This includes the 

assumptions that are implicitly chosen when a decision is made for a certain methodological concept. 

Thus, this decision is also a choice of a certain range of uncertainties of approach. The operational 

uncertainties result from variations in the estimated results which are based on the respective 

parameters. While it is relatively difficult to assess the fundamental uncertainties, the quantification 

of operational uncertainties is feasible. To limit the extent of fundamental uncertainties the three 

cultural theory perspectives have been applied. The quantitative assessment of operational 

uncertainties was carried out through an estimation of the geometric standard deviation from the 

best approximation with a lower (2.5%) and an upper (97.5%) confidence interval. These estimations 

were accomplished for all damage factors within the database. An assessment of the completeness 

of the database could not be executed in a sufficient way. An analysis was only feasible for those 

pollutants that are less important but not those which are not computable at all. 

2.6.3.2 Uncertainties in the methodology of IMPACT2002+ 

The extent to which the uncertainties of the methodology of IMPACT2002+ were assessed is 

limited to qualitative indicators. In their study on the uncertainties Humbert et al. (2005) focus on 

some general factors of uncertainty in the approach. They state that the uncertainties with respect 

to greenhouse gases and resource depletion are substantially lower than those for effects on human 

health and ecosystem quality. Thus, the analysis of these latter damage categories should include all 

pollutants that have a share of at least 1% of the total damages. These pollutants can be regarded as 
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important as the uncertainties in this range and are about two orders of magnitude. This range of 

uncertainties is seen as relatively precise as Humbert et al. state an overall deviation for all pollutants 

of 12 orders of magnitude. The assessment of relevant substances in the presented approach 

includes all pollutants with a total monetary damage of at least 0.1 per mill and thus holds this 

request. Furthermore, Humbert et al. highlight the importance of changes in the emissions of NOX, 

SOX and primary particles as these pollutants account for the largest share in total impacts. These 

pollutants are also part of the result in this chapter. The following Table 6 summarises the qualitative 

assessment of the uncertainties within the mid- and endpoints of the IMPACT2002+ approach. 

Table 6: Qualitative Assessment of the uncertainties in IMPACT2002+ 

 

Source: Humbert et al. (2005), p. 23 

2.6.3.3 Uncertainties in the methodology of ReCiPe 

In the previous section on the general characteristics of the ReCiPe methodology it has been 

pointed out that this approach reflects an update of the EcoIndicator99 approach. For this reason, 

similar assumptions have been applied for the ReCiPe method, especially with respect to the 

fundamental issues of uncertainties. Thus, the cultural theory perspectives of EcoIndicator99 are also 

implemented in the approach of ReCiPe. There is no additional quantitative assessment of the 

uncertainties in the general documentation of the ReCiPe approach by Goedkopp et al. (2009). For 

these reasons it can be assumed that the uncertainties of ReCiPe are similar to those of the 

EcoIndicator99 approach. 

2.6.4 Uncertainties in monetary valuation of impacts 

The final source of uncertainties is the applied monetary values for the estimation of the 

potential external costs of the damages and the ranking of the pollutants. As most of these values 

have at first been estimated in course of the ExternE project series of the European Commission, this 

project series also provides useful information on the underlying uncertainties. The ExternE 

Methodology Update (European Commission, 2005) presents an extensive quantitative analysis of 

the uncertainties for different stages of the applied impact pathway approach. 
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For the monetary valuation of mortality risks und cases of chronic bronchitis, measured in years 

of life lost (YOLL), the methodology update provides as standard deviation in the values of a factor of 

2. For other damage costs, such as hospital admissions, where the monetary valuation is based on 

market values, a lower standard deviation of 1.1 to 1.3 has been estimated. Furthermore, the 

ExternE project series examined the uncertainties along the total impact pathway for NOX, SO2 and 

primary particulate matter. As a result, the methodology update study provides a geometric standard 

deviation for these pollutants of about a factor of 3. For other substances which cause impacts 

mainly via ingestion of food, such as As, Pb or dioxins, the standard deviation was estimated to be 

around 6. The calculated standard deviations indicate a certain level of uncertainties in the monetary 

valuation of impacts on human health. However, the results of the ExternE project series gain more 

and more acceptance and are increasingly applied and revised in projects financed by the EC.  

2.7 Summarising Remarks 
The analysis and identification of relevant pollutants for a substantial number of economic 

activities includes a range of different uncertainties. Furthermore, the assumptions and uncertainties 

of the applied LCIA methodologies have lead to a very rough assessment of the emissions and the 

resulting damages. In addition, the monetary valuation which allows for a ranking and a comparison 

of the pollutants includes a certain level of uncertainties as well. Besides all these uncertainties, the 

results of this screening process are applicable for the following estimations. This is reflected by the 

fact that the presented list of relevant pollutants includes most of the pollutants that have been 

already assessed in the literature. Furthermore, the relevant substances have been assessed with 

respect to the availability of emission data provided by the EEA. As a result ten of the pollutants 

identified as relevant had to be excluded from the development of an indicator for sustainable 

impacts on human health as there are no data available on the emission of these substances. 

This list of relevant pollutants consists of so-called classical airborne pollutants, heavy metals, 

greenhouse gases ŀƴŘ ǎƻƳŜ ΨƻǘƘŜǊΩ pollutants. Thus, the analysis has not shown surprisingly new 

results with respect to the importance of the substance. However, these results can be regarded as a 

confirmation for the focus of research within this area. The final list of the 18 pollutants to be 

included in the development of sustainability indicators for human health impacts, biodiversity losses 

and climate change is presented below. These 18 pollutants account for 99.5 % of the overall 

damages for all damage categories estimated with the EcoIndicator99 methodology, for 82.4 % of 

the overall results for IMPACT2002+ and 97.9 % for ReCiPe.  
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Table 7: Final result of the screening process for relevant substances 

Pollutants Human health impacts Biodiversity losses Climate change 

Ammonia X X  

Arsenic X   

Benzo(a)pyrene X   

Cadmium X   

Carbon dioxide   X 

Carbon monoxide   X 

Dinitrogen monoxide   X 

Dioxins X   

Mercury X   

Methane X  X 

Nitrogen oxides X X  

NMVOC X   

PAH, polycyclic aromatic hydrocarbons X   

Particulates, < 2.5 um X   

Particulates, > 2.5 um, and < 10um X   

Selenium X   

Sulfur dioxide X X  

Sulfur hexafluoride   X 
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3 General methodology 
The main question in the present study is how the environmental performance of policies (and 

technologies) can be assessed. This can be answered by introducing an integrated impact assessment 

approach. This approach is defined by a multidisciplinary process synthesising knowledge across 

scientific disciplines with the purpose of providing all relevant information to decision makers in 

order to help these in finding their decisions. The integration aspect of this approach refers to the 

consideration of different emissions sources, e.g. transport, energy conversion, agriculture, etc. and a 

range of different pollutants and impact categories, such as the ones defined relevant in the section 

above. Furthermore, different environmental media as well as different scales from local to global 

need to be taken into account. The present study will focus only on emissions to air and to the 

regional, i.e. European, scale. 

3.1 Important issues for integrated impact assessment 
There are a number of important issues which need to be taken into account when carrying out 

an integrated impact assessment. First, the relation between pressures, i.e. emissions, and effects, 

i.e. impacts on human health etc., are in general non linear. This characteristic of pollutants and 

effects makes an assessment of the impacts caused by certain emissions very difficult and require 

assumptions on the effects. There are several different relationships between the dose of a pollutant 

and its effects. The following Figure 4 presents an illustration of different so-called dose-response 

relationships. A detailed description of these relationships can be found in the ExternE methodology 

update (European Commission, 2005).  

 

Source: European Commission (2005), p. 42 

Figure 4: Illustration of different dose-response relationships 
 

Second, and in addition to the general non-linearity of the dose-response relationships, the 

effects are highly dependant on the time and the site of the emitting activity. This leads to different 

impacts for emissions caused by urban transport activities in comparison with emissions from a high 

stack power plant in a rural area. Furthermore, a difference in the effects also occurs for emissions in 

summer and winter due to different background concentration levels and chemical transformation 
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processes. In order to account for these important site specific factors, the later chapters will provide 

estimations which differ between levels of stack heights and the location of different sectors. 

Finally, it is important to mention that it is necessary to assess the impacts or damages, such as 

health risks or ecosystem damages, and not the pressures, i.e. the emissions, in order to provide 

useful information to the policy makers. This becomes important as the pollutants have very 

different impacts on humans or on ecosystems and thus a comparison of the emissions would not be 

sufficient and might lead to policies that do not tackle the targeted problem. 

3.2 The impact pathway approach 
All these issues lead to the requirement of a bottom-up analysis, especially for more complex 

pathways. The bottom-up approach which will be applied in the present study was developed in 

course of the ExternE project series. 8 This so-called impact pathway approach (IPA) is presented in 

Figure 5 below and starts with an analysis of the site specific characteristics of the emitting source 

and links changes in emissions and changes in concentrations. This linkage is based on existing 

source-receptor matrices (SRM) and multi-media models. The changes in concentrations are then 

related to changes in exposure and the resulting impacts via concentration-response functions (CRF). 

The impacts resulting from these changes can then be valued in monetary terms in order to allow for 

a comparison across different damage categories, i.e. damages to human health, buildings and 

materials, crop yields and biodiversity. The latest update of the IPA and all its components has been 

achieved in the recently finished NEEDS and HEIMTSA projects. 

 

Source: European Commission (2005), p. 2 

Figure 5: The impact pathway approach 

                                                           

8
 ExternE: Externalities of Energy, http://www.externe.info. Project series of the European Commission.  

http://www.externe.info/
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The main features of the impact pathway approach are the following: 

 All alternatives, that pose a higher health risk on individuals or exceed sustainability 

targets, e.g. health impacts that occur with higher probability, are excluded in advance. 

Weighting is only possible for small individual risks and reversible ecosystem damage.  

 Assessment of impacts is needed at all spatial levels, i.e. local, regional, hemispheric, global 

levels. The relative importance of larger scale impacts is increasing as emissions from far 

away countries, e.g. China, can influence the concentration level at the European scale. 

Thus, an assessment of the emissions on a global scale becomes more important also for 

European policy making. 

 Life cycle impacts, i.e. construction and dismantling, provision of fuels, waste treatment 

and disposal, should be taken into account in order to assess the total impacts that arise 

from emissions of a certain technology. The assessment of life cycle impacts is especially 

relevant when comparing renewable energy generating technologies as most of these tend 

to have very low emissions from the operation of the technology but emission vary in the 

upstream processes. 

With respect to the monetary valuation of impacts, which is not in the focus of the present study, 

only a few issues need to be mentioned here. The assessment of impacts and the monetary valuation 

are based on the (measured) preferences of the affected well-informed population, i.e. the 

willingness to pay for the avoidance of a certain risk. This requires that the available information 

needs to be explained before measuring the preferences of individuals, e.g. using contingent 

valuation surveys. Furthermore, as these surveys can not ask each and every person, benefit transfer 

of unit values becomes necessary, e.g. using income adjustment. Finally, it is assumed that the 

monetary values increase with increasing income over time. In order to account for this an inter-

temporal income elasticity to GDP per capita growth of 0.7 to 1.0 is applied. 

 It has to be mentioned that there are a number of issues that are not included in the integrated 

assessment approach as it is applied in the present study. That is on the one hand effects that are not 

considered as externalities as there are markets at which these effects are covered. For example the 

effects on employment are not considered within the integrated assessment as the labour market 

covers these effects. This is also the case for the depletion of non-renewable resources (market for 

resources) and changes in research and development expenditures (sunk costs). On the other hand 

there are a number of issues that are not implemented in the integrated assessment approach as no 

data or methods are yet available for the assessment. This leads to an exclusion of an assessment of 

risk aversion, especially so-called Damocles risks with very low probabilities and very high damage 

risks, e.g. a nuclear accident, or risk of terrorism or proliferation. Furthermore, visual intrusion or 

annoyance can not be assessed as there is a large variability in the stated preferences of individuals 

which makes a benefit transfer very difficult. Finally, there are a large number of pollutants already 

included in the analysis, however, the precautionary principle asks for the inclusion of all potentially 

hazardous substances. This is not feasible due to a lack of information which substances this refers to 

and which effects these substances cause. The assessment of relevant pollutants in the first chapter 

of this study tries to account for this principle. 



General methodology 

Page 24 

 A tool for integrated impact assessments is the EcoSense model9, an integrated computer system 

developed within the ExternE project series with latest updates in the EU-project NEEDS. The 

EcoSense model is based on the impact pathway approach. The model allows for an estimation of 

average monetary damage factors per country for all pollutants in order to estimate άexternal costs 

per kg (or per kWh)έ on a country-specific level, including LCA data. It helps to overcome the problem 

of no availability of site-specific input data and it avoids costly sophisticated dispersion model runs. 

                                                           

9
 For more information on the EcoSense model, visit http://ecosenseweb.ier.uni-stuttgart.de.  

 

http://ecosenseweb.ier.uni-stuttgart.de/
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4 Presentation of the selected indicators for assessing 
environmental sustainability  

4.1 Impacts on human health 

4.1.1 Theoretical issues of assessing human health issues 

In the ExternE project series the number of premature death cases caused by airborne pollutants 

have been estimated. However, as an increasing pollution is not directly leading to additional cases 

of premature death but to a reduction of life expectancy, the years of life lost (YOLL) of an increase in 

pollution were estimated. For the assessment of health impacts which are not related to a reduction 

of life expectancy but reduce the quality of life, the years lived with disability (YLD) are estimated.  

The sum of both indicators is the so-called disability adjusted life years (DALY). This indicator assigns 

a value between 0 and 1 for each year, with a score of 1 for death and a score of 0 for perfect health. 

However, it is important to mention that this indicator differs from the original concept of a DALY 

defined by the World Health Organisation (WHO). These differences refer to the fact that the DALY 

indicator, which is increasingly used in life cycle assessment (LCA), is not weighing health impacts 

according to the age of the affected individual. Furthermore, future impacts on human health are not 

discounted in relation to present impacts in the LCA concept. Therefore, the disability weights only 

translate the morbidity factors into YOLL-equivalents (Rabl et al., 2009). It is thus recommended to 

apply the term YOLL-eq. for the estimation of both morbidity and mortality risks within LCA research.  

4.1.2 Assessment of damage factors for unknown spatial characteristics of 
emitting sources 

After identifying the relevant substances with respect to human health impacts based on 

estimated emissions for the EU-27, the damage factors for these pollutants, which will be applied in 

the development of the sustainability indicator for human health impacts, will be discussed. This 

assessment of the damage factors will be based on a comparison of different LCA data sets with 

results from the recently finished EU project NEEDS. 

The assessment of damages will be based on the proceedings of the impact pathway approach 

(IPA) presented in the section above. 

In order to develop an indicator for human health impacts for the average EU-27 scale as well as 

for each of the Member States, the results of the IPA and NEEDS, provided by Preiss et al. (2008), will 

be applied in this study. These damage factors reflect mortality and morbidity impacts per tonne of 

emission of a pollutant. However, the results of NEEDS do not cover all of the substances identified 

as relevant for the analysis.  

Table 8 lists those substances for which a detailed analysis based on the IPA has been carried out. 

Furthermore, the table also shows for which substances damage factors need to be taken from LCA 

databases. As can be seen from the table the majority of the relevant pollutants have already been 

analysed in the NEEDS project and detailed data on damage factors for human health impacts are 

available. Thus, for only four pollutants (Benzo[a]pyrene, Methane, PAHs and Selenium) damage 

factors need to be taken from existing results of LCA data bases. 
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Table 8: Availability of damage factors from NEEDS or LCA data bases 

relevant pollutants 
Recommended source 
of damage factors 

Ammonia (NH3) NEEDS 

Arsenic (As) NEEDS 

Benzo[a]pyrene (C20H20) LCA 

Cadmium (Cd) NEEDS 

Dioxins NEEDS 

Mercury (Hg) NEEDS 

Methane (CH4) LCA 

Nitrogen oxides (NOX) NEEDS 

NMVOC NEEDS 

PAH, polycyclic aromatic hydrocarbons  LCA 

Particulates, < 2.5 um (PPM2.5) NEEDS 

Particulates, > 2.5 um, and < 10um (PPMcoarse) NEEDS 

Selenium (Se) LCA 

Sulfur dioxide (SO2) NEEDS 

 

The four pollutants for which no human health damage factors are available in the results of the 

NEEDS project have been identified as relevant for the analysis of overall human health impacts by 

applying the three LCI data bases EocIndicator99, IMPACT2002+ and ReCiPe. Thus, in order to get the 

damage factors that are missing, the average value of the damage factors for the three LCA data 

bases seems appropriate. On the one hand, this average value accounts for the differences in the 

approaches of the LCA methodologies leading to the identified relevant pollutants and on the other 

hand, the underlying uncertainties of each of the LCA data sets do not allow for a determination of 

one single LCA method as first best choice. The average value equally weighs the applied methods 

and thus the resulting damage factors for human health impacts reflect all three used methods. 

Damage factors for human health impacts for the so-called classical airborne pollutants NH3, 

NMVOC, NOX, SO2, PPM2.5 and PPMcoarse have been derived in course of the NEEDS project. Preiss et 

al. (2008) provide CRFs for these substances based on which the damage factors in YOLL-eq. and in 

monetary terms have been derived. The severity of the different endpoints is also expressed with the 

corresponding monetary values. As less severe endpoints occur with a higher probability, these 

effects on human health contribute considerably to the total external costs. However, it is the loss of 

life expectancy, measured in years of life lost (YOLL) that represents the most important endpoint. 

The damage factors are available for the 27 Member States of the European Union. It is important to 

mention that the damage factors which are presented in the table below and which are applied in 

the estimations of the following sections refer to a situation where the spatial characteristics of the 

emitting sources are unknown. These damage factors allow for a first estimation of the human health 

impacts of changes in the emissions. However, in a situation where more information on the emitting 

sources is available, more detailed estimations of the impacts can be made. Therefore, in the next 
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section, a differentiation of the damage factors according to the height at which pollutants are 

released as well as the location of the source will be presented.  

For heavy metals (As, Cd, Hg) and dioxins, damage factors were estimated in the NEEDS project. 

For As and Cd results for the ingestion pathway have been derived by application of the WATSON 

model and provided by Fantke (2008). For the inhalation pathway results of the ESPREME project 

summarised by Friedrich (2007) have been applied. These values differ from those reported and 

applied for the NEEDS project as an approach of zero-discounting has been used here. For Hg, 

Spadaro and Rabl (2008) estimated the impacts on human health and dioxins have been assessed in 

course of the MethodEx project (2006). While the YOLL-eq. factors for As and Cd are also available 

for each of the EU-27 Member States, the damage factors for Hg and dioxins represent average 

values for the European Union and thus are applicable to all countries of the EU-27. For all of these 

pollutants a differentiation between different levels of stack heights and different levels of 

population density is not possible. 

To summarise the results of the assessment of the damage factors that will be applied for the 

estimation of sustainability indicators for the EU-27 and its Member States, the following Table 9 

presents the damage factors for human health impacts measured in YOLL-eq. per kg for the 14 

different airborne pollutants. The presented factors represent average values for the EU-27. The 

damage factors for the EU-27 Member States are provided in table A1 in the appendix. 

Table 9: Damage factors in YOLL-eq. per kg for the EU-27 

relevant pollutants 
Damage factors in 

YOLL-eq./kg 

Ammonia (NH3) 2.655E-04 

Arsenic (As) 1.567E-02 

Benzo[a]pyrene (C20H20) 3.180E-01 

Cadmium (Cd) 5.814E-03 

Dioxins 1.095E+03 

Mercury (Hg) 2.000E-01 

Methane (CH4) 4.526E-08 

Nitrogen oxides (NOX) 1.609E-04 

NMVOC 1.070E-05 

PAH, polycyclic aromatic hydrocarbons  8.953E-04 

Particulates, < 2.5 um (PPM2.5) 6.986E-04 

Particulates, > 2.5 um, and < 10um (PPMcoarse) 9.880E-05 

Selenium (Se) 2.563E-03 

Sulfur dioxide (SO2) 1.761E-04 

 

However, the factors that have been derived on basis of the LCA data sets only represent generic 

ΨƎƻōŀƭΩ ǾŀƭǳŜǎ ŀƴŘ Ŏŀƴ ǘƘǳǎ ƴƻǘ ōŜ ŀŘƧǳǎǘŜŘ ŦƻǊ ǘƘŜ ŘƛŦŦŜǊŜƴǘ Ŏƻǳƴtries. Furthermore, the average 

country-specific values reflect a situation of lacking details on the sources of emissions. Thus, these 

values can be applied in order to estimate the damages on human health for the case where only the 

total amount of emission of the presented substances is available. In case of availability of sector-

specific emission data a more detailed approach is presented in the following section. 
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4.1.3 Assessment of human health impacts in dependence of spatial 
characteristics of emitting sources 

The results of the EU projects NEEDS and EXIOPOL10 (A new environmental accounting 

framework using externality data and input-output tools for policy analysis) allow for a further 

differentiation of the damage factors with respect to the height of release of the substances as well 

as the location of the emitting source in an urban or rural area. In opposition to the damage factors 

presented above, the height of release and the population density around the source need to be 

known for all emissions within the EU or the 27 Member States. Only in this case the application of 

the following damage factors can be recommended and will lead to more detailed results for the 

calculation of impacts on human health. 

As has been presented in the section above, the differentiation of damage factors according to 

the height of release of pollutants and with respect to population density is focussing on the so called 

classical airborne pollutants as there is no sufficient information on the impacts of heavy metals and 

other pollutants in combination with these spatial characteristics of an emitting source. 

The differentiation presented in this section is again based on the outcomes of the NEEDS project 

with some additional information for the currently ongoing EXIOPOL project presented in Müller et 

al. (2010). There are two parts for the approach of a more detailed spatial estimation of the impacts 

on human health. First, the damage factors for the different categories of stack heights and 

urban/rural location of the sources will be presented. Then, in order to apply these damage factors 

to the different sectors of the economy, these sectors will be analysed and an approach for the 

classification of the emissions of each of the sectors according to the spatial characteristics of the 

emissions will be discussed. These two steps of the analysis then allow for an allocation of the total 

emissions of a sector (as provided by EEA) among the different categories and an application of the 

respective damage factors. 

In the previous sections it has been discussed that the data on emissions provided by the EEA is 

best suited for the present analysis. For this reason, these data will also be analysed in further detail 

in this section. Thus, the total emission data for those sectors covered by the EEA data sets will be 

included in the estimations. In addition, a more detailed sector analysis covering 130 economic 

sectors was carried out within the EXIOPOL project. 

4.1.3.1 Damage factors for different heights of pollutant release and population densities 

In course of the EXIOPOL project, damage factors and monetary values for external cost 

estimations have been derived for the 27 EU Member States as well as 16 non-EU countries. These 

factors differ between four levels of stack heights and a location of the emitting source in either an 

urban or a rural area.  

The differentiation between different levels of stack height is based on the outcomes of the EU 

funded projects NEEDS for emissions from stationary sources and ASSET (Assessing Sensitiveness to 

Transport) for transport related emissions. The results from NEEDS differ between low levels of 

emissions (less than 100m) and high levels (above 100m). This differentiation has been refined in 

                                                           

10
 The EXIOPOL project is funded by the European Commission in the 6

th
 Framework Programme, more 

information is available at www.feem-project.net/exiopol/index.php 

http://www.feem-project.net/exiopol/index.php
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course of the EXIOPOL project and now differs between low (3-20m) and medium (20-100m) high 

stacks. This additional segmentation of the stacks below 100m was especially relevant for the 

distinction of damages in urban and rural areas. In addition to these three levels of stack heights for 

stationary sources, emissions at ground level (0-3m) have been related to transport emissions and 

damage factors derived in ASSET have been applied. The following Table 10 shows the resulting 

damage factors for the differentiation of heights of pollutant release in the EU-27. 

Furthermore, the analysis presented by Müller et al. (2010) also provides results for a 

differentiation of damages according to population densities around the source of emission. In order 

to differ between damages resulting from emissions of sources located in urban and rural areas, 

model runs of the EcoSenseWeb model have been analysed.11 Based on the results of the model runs 

mark-up factors have been estimated which reflect the higher damages in highly populated urban 

areas compared to less densely populated rural areas. However, this differentiation only includes the 

damages to human health caused by primary particulate matter (PPM) as these are highly correlated 

to the population density around the emitting source. The resulting damage factors for the EU-27 are 

presented in Table 10. 

It has already been stated that the EXIOPOL project provides damage factors and monetary 

values for external cost estimations for 43 countries. However, the table below only presents results 

for the overall EU-27 level.  

Table 10: Damage factors for relevant pollutants including spatial characteristics of emission source 

 Damage factors in YOLL-eq./kg 

relevant pollutants 
ground level 

 (0-3m) 
low level 
 (3-20m) 

medium level 
(20-100m) 

high level 
(>100m) 

Ammonia (NH3) 2.65E-04 2.65E-04 2.65E-04 2.65E-04 

Arsenic (As) 1.92E-02 1.92E-02 1.92E-02 1.92E-02 

Benzo[a]pyrene (C20H20) 3.18E-01 3.18E-01 3.18E-01 3.18E-01 

Cadmium (Cd) 5.81E-03 5.81E-03 5.81E-03 5.81E-03 

Dioxins 9.25E+02 9.25E+02 9.25E+02 9.25E+02 

Mercury (Hg) 2.00E-01 2.00E-01 2.00E-01 2.00E-01 

Methane (CH4) 4.53E-08 4.53E-08 4.53E-08 4.53E-08 

Nitrogen oxides (NOX) 1.71E-04 1.71E-04 1.61E-04 1.20E-04 

NMVOC 1.07E-05 1.07E-05 1.07E-05 1.07E-05 

PAH, polycyclic aromatic hydrocarbons  8.95E-04 8.95E-04 8.95E-04 8.95E-04 

Particulates, < 2.5 um (PPM2.5), low pop. density 1.69E-03 6.99E-04 6.99E-04 3.51E-04 

Particulates, < 2.5 um (PPM2.5), high pop. density 9.49E-03 1.52E-03 7.20E-04 3.51E-04 

Particulates, > 2.5 um, and < 10um (PPMcoarse), low pop. density 4.95E-04 9.88E-05 9.88E-05 3.65E-05 

Particulates, > 2.5 um, and < 10um (PPMcoarse), high pop. density 2.71E-03 3.83E-04 1.23E-04 3.65E-05 

Selenium (Se) 2.56E-03 2.56E-03 2.56E-03 2.56E-03 

Sulfur dioxide (SO2) 2.02E-04 2.02E-04 1.76E-04 1.62E-04 

 

                                                           

11
 For more information of the model please visit http://EcoSenseWeb.ier.uni-stuttgart.de. After registration 

Ƴƻǎǘ ǊŜƭŜǾŀƴǘ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ƳƻŘŜƭ ƛǎ ǇǊƻǾƛŘŜŘ ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ άbŜǿǎέΦ 

Comment [vw1]: Stimmt die Tabelle ς 
oder muss das eine andere sein? 

http://ecosenseweb.ier.uni-stuttgart.de/
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4.1.3.2 Spatial characterisation for selected economic sectors 

As already mentioned, the second part of the consideration of spatial characteristics of the 

emitting sources covers the allocation of total emissions (on a sector level) according to the spatial 

categories for stack height and urban/rural location. Again, the procedure is based on the findings of 

the EXIOPOL project presented in Müller et al. (2010). The total emissions of a sector will be 

distributed among the four categories of heights and the two categories with respect to population 

density according to fraction that have to be defined.  

The EXIOPOL project covers 130 different economic sectors. However, the applied database of 

the EEA only refers to a more aggregated definition of sectors. For these sectors, the following 

assumptions have been made with respect to the activities and processes including in the sector. 

CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ 99! ŘŀǘŀōŀǎŜ ŀƭǎƻ ƛƴŎƭǳŘŜǎ ŀ ǎŜŎǘƻǊ ǊŜƳŀǊƪŜŘ ŀǎ άǳƴŀƭƭƻŎŀǘŜŘέ ǿƘƛŎh accounts for 

differences in the sum of officially reported emissions and those included in the database. However, 

ǘƘƛǎ άǎŜŎǘƻǊέ ǿƛƭƭ ƴƻǘ ōŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ŀƴŀƭȅǎƛǎ ǿƛǘƘƛƴ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΦ 

Table 11: Definition of sectors covered by EEA database 
Sector name in EEA Processes included SNAP sectors 

Energy industries Energy production 1A1a 
Energy industries Other energy processes (petroleum refining, manufacture of solid fuels) 1A1b & 1A1c 
Industry (Energy) Energy related processes (e.g. fuel combustion activities in manufacturing ) 1A2 
Road transport Including different types of vehicles 1A3b 
Other transport Including civil aviation, railways, navigation etc. 1A3a,c,d,e 
Other (energy) Residential, commercial or agricultural combustion activities 1A4 and 1A5 
Fugitive Emissions Fugitive emissions from energy related processes 1B1 to 1B3 
Industry (other)  Production processes in manufacturing industries 2 
Other (non-energy) Non-energy related activities such as product use  3 
Agriculture Agricultural activities 4 
Waste Waste activities, e.g. managed waste disposal on land or waste incineration 6 

 

With these definitions for the eleven sectors of the EEA database, assumptions with respect to 

the share of the different stack heights within one sector and the average location within or outside 

an urban area can be made 

Table 12: Allocation of total sector emissions among spatial categories 

SNAP sectors 

Height of release 
0-3m 3-20m 20-100m >100m 

Total 
share 

urban rural 
Total 
share 

urban Rural 
Total 
share 

urban rural 
Total 
share 

1A1a          100% 
1A1b and 1A1c    20%  100% 40%  100% 40% 
1A2    40% 80% 20% 50% 80% 20% 10% 
1A3b 100% 33% 67%        
1A3a,c,d,e 10%  100% 90% 10% 90%     
1A4 and 1A5 20% 20% 80% 80% 100%      
1B1 to 1B3    30% 10% 90% 30% 10% 90% 40% 
2    30% 10% 90% 70% 10% 90%  
3 100% 100%         
4 50%  100% 50%  100%     
6 50%  100%       50% 

 

The presented damage factors and spatial characterisation of selected sectors will be further 

applied with EEA emission data in section 6.1. 
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4.2 Impacts on biodiversity 

4.2.1 Existing biodiversity indicators ς an overview (quasi: state of the art) 

Different approaches exist to give an overview about sustainable development with respect to 

biodiversity. In Germany, for example, the Statistisches Bundesamt (Federal Office of Statistics) 

biannually releases a report on indicators. The last indicator report was published in July 2010 and 

gives an overview of the development of the different parameters. About 21 different indicators 

exist, they are all indexed and their changes are all recorded in the statistics. Additionally, the 

indicators are also classified in following groups to give a better overview: intergenerational justice, 

better life quality, social cohesion and international responsibility. Regarding the single indicators, 

only a few are associated or could indirectly be associated to biodiversity. These are:      

- Greenhouse gas emissions: There is ample evidence that climate change affects biodiversity. 

According to the Millennium Ecosystem Assessment, climate change is likely to become one 

of the most significant drivers of biodiversity loss by the end of the century. Climate change 

is already forcing biodiversity to adapt either through shifting habitat, changing life cycles, or 

the development of new physical traits (CBD)12. But still, there is an urgent need for 

accessible information on the likely impacts of climate change on biodiversityΦ ¢ƘŀǘΩǎ ǿƘȅ 

UNEP WCMC (United Nations Environment Program with World Conservation Monitoring 

Centre) is actively developing projects, seeking new partners and looking for support in order 

to use our resources in the unfolding debate.     

- Air pollution: Especially NOX, SOX and NH3 can (negatively) affect ecosystems by acidification 

and eutrophication. This can impair ecosystem quality and biodiversity. These emissions will 

be in the focus of the present study.  

- Nitrogen surplus: Nitrogen is an important nutrient for plants. But nitrogen surplus can also 

lead to harmful consequences: pollution of ground water, eutrophication of freshwater 

ecosystems, coastal areas, sea but also terrestrial ecosystems, development of greenhouse 

gases and acidifying/eutrophying airborne pollutants with their consequences for climate, 

biodiversity and landscape quality.     

- Increase of settlement and infrastructure area: Direct consequences of land utilisation are 

loss of natural soil functions, loss of fertile soils for arable land and loss of biodiversity.   

- Biodiversity and landscape quality:  This indicator directly describes biodiversity. In Germany, 

ǘƘƛǎ ōƛƻŘƛǾŜǊǎƛǘȅ ƛƴŘŜȄ ƛǎ ōŀǎŜŘ ƻƴ Řŀǘŀ ƻŦ рф άǘȅǇƛŎŀƭέ ōƛǊŘǎΩ ǇƻǇǳƭŀǘƛƻƴǎΦ Lǘ ƛǎ also noted, that 

biodiversity is affected by above mentioned indices, and these are all threats for biodiversity.  

                                                           

12
 http://www.cbd.int/climate/intro.shtml 
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Source: Statistisches Bundesamt (2010), p. 16; slightly modified 

Figure 6: Biodiversity and landscape quality  

 

On the European scale there are also developments to better assess the changes on biodiversity. 

A Pan European initiative, SEBI2010 (Streamlining European 2010 Biodiversity Indicators), started in 

2004. Its goal is to develop a European set of biodiversity indicators to assess and inform about 

progress towards the European 2010 targets13. The work is performed in collaboration between EEA 

(the European Environment Agency), DG Environment of the European Commission, ECNC (the 

European Centre for Nature Conservation), UNEP/ PEBLDS Secretariat with the lead of Czech 

Republic and UNEP-WCMC (the World Conservation Monitoring Centre). In 2005, the Coordination 

Team and Expert groups involving more than 100 experts, nominated by European countries as well 

as non Governmental Organisations, started working for the compilation of a First European Set of 

Biodiversity Indicators for assessing the 2010 target. In 2009, a report was published which shows 

the progress of the 2010 biodiversity targets. Some of the SEBI-indicators are exemplarily shown in 

the following, focusing on threats to biodiversity (see also Schutyser et al., 2009):    

- άNitrogen depositionέ (headline indicator), expressed in άcritical load exceedance for 

nitrogenέ (SEBI 2010 specific indicator): The assessment shows that across the EU-25 

approximately 47% of (semi-) natural ecosystem areas were subject to nutrient nitrogen 

deposition, and 15% of the ecosystem areas received depositions of acidifying compounds 

including nitrogen. The critical load exceedance and its extent vary greatly across Europe. 

                                                           

13
 These targets are: to halt the decline of biodiversity in the EU by 2010 and to significantly reduce the rate of 

biodiversity loss globally by 2010.   
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One important question arises: what are the trends in nitrogen emissions and where in 

Europe does atmospheric nitrogen deposition threaten biodiversity?  

-  άTrends in invasive alien speciesέ, expressed in άinvasive alien species in Europeέ (SEBI2010 

specific indicator): Since 1990 the cumulative number of alien species introduced has been 

constantly increasing. This increase implies a growing potential risk of damage to native 

biodiversity caused by alien species (see also Figure 7).  

- άImpact of climate change on biodiversityέ, expressed in άimpact of climate change on bird 

populationsέ (SEBI2010 specific indicator): Key message is that climate change is having a 

detectable effect on bird populations, both, negative as well as positive effects. This indicator 

has increased in the last two decades, coinciding with a period of rapid climatic warming in 

Europe. Two data sets are combined for this indicator, population trend data and climatic 

envelope model projections for simulated.  

 

 

Source: Schutyser et al. (2009), p. 30 

Figure 7: Cumulative number of alien species established in terrestrial environment in 11 countries  

 

The above mentioned indicators show different aspects of biodiversity. For some, an assessment 

of the development of the indicators in the past is possible. For others, it is also feasible to assess 
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future trends. However, in most cases a comprehensive database is needed. Besides direct 

interventions into the natural environment (e.g. mining, agricultural land use, infrastructure etc.) 

emissions of all kind of pollutants in different environmental media provoke in most cases negative 

effects on biodiversity. In this WP we will focus on biodiversity change due to airborne pollutants.  

To reach sustainability targets these damages by human activities (hence caused by different 

emissions) have to be reduced. Often, proposed indicators are restricted to an individual pollutant 

which does not reflect the real situation. So it is suggested to use a damage related quantity, which is 

flexible. This indicator should  

- consider different pollutants, 

- be applicable for future scenarios.   

- Additionally, access to the relevant data is needed.  

Therefore, the PDF index is proposed. In the following chapter (see chapter 4.2.2) this indicator 

will be presented.    

4.2.2  In INSTREAM proposed biodiversity indicator ς expressed by PDF  

Changes on biodiversity due to eutrophying and acidifying substances from airborne pollution 

was successfully developed and tested in NEEDS integrated project. In the following, the 

development of this indicator will be presented. We will show why this indicator is particularly suited 

for the assessment of changes on biodiversity due to atmospheric depositions of acidifying and 

eutrophying substances.  

First, the methodology will be shortly described. We will therefore focus on the work of Ott et al. 

(2006)14. 

The methodology is subdivided in two branches: Biodiversity losses due to construction-related 

land conversion (e.g. by building a power plant) and biodiversity losses due to atmospheric 

depositions of acidifying/eutrophying substances, especially SOx, NOx and NH3. The first part relies on 

the assumption that species being present at a certain location disappear due to a given pressure. 

This concept is also called PDF-concept (PDF = Potentially Disappeared Fraction) and is presented as 

follows (Ott et al., 2006, p. 16): 

PDF = 1 ς Suse/Sreference   

where:  Suse  = number of target plant species present in an occupied or converted land use type 

 Sreference = average species number in the reference area type  

                                                           

14
 For further reading: http://www.needs-project.org/RS1b/RS1b_D4.2.pdf  

http://www.needs-project.org/RS1b/RS1b_D4.2.pdf
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This relationship is also based on work of Köllner (2001) who presented the Swiss Lowlands15 as 

reference category. The derived PDF-values can be interpreted as the relative decline in biodiversity 

caused by a land use change from Swiss Lowlands use to the respective land use category. The 

following figure gives some examples of resulting PDF-changes. For example, through a conversion 

from Swiss Lowland state to heath land 56% from all species potentially disappear.   

 

Source: Ott et al. (2006), p. 17 

Figure 8: Ecosystem Damage Potential for Different Land Use Categories 

                                                           

15
 The area of the reference category Swiss Lowlands consists of 8.2% high intensity forest, 17.6% low intensity 

forest, 52.8% high intensity agriculture, 9.3% low intensity agriculture, 1.3% lakes, 0.3% non use, 5.8% high 

intensity artificial and 4.8% low intensity artificial.  
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An essential criterion of the NEEDS-methodology for calculating external costs of biodiversity 

losses is the use of restoration costs. It is assumed that each starting habitat can theoretically be 

changed into a different target habitat (which increases habitat quality). 

Information about restoration or replacement costs for different land use categories is derived from 

the costs restoring damaged habitats to more valuable habitats, found in different German studies16 

(Ott refers to Schemel et al. (1993) and Gühnemann et al. (1999) amongst others).  

 

Figure 9: Methodology developed in NEEDS project for Valuing Biodiversity Losses 

The second part of the methodology is the assessment of biodiversity losses due to atmospheric 

depositions. The assessment of impacts on biodiversity is mainly based on work of Goedkoop and 

Spriensma (2001) in Eco-Indicator99. Since eutrophication and acidification do not necessarily lead to 

a reduction of species numbers but also to an increase (as many nitrogen compounds are primary 

nutrients), the concept of target species is applied. Target species are specific for an ecosystem type 

if there are no man-made changes in the nutrient and acidity level. Hence, the indicator used is the 

target species richness. The likelihood at which plant species still occur in an area is influenced by 

different levels of acidification and eutrophication and is called Probability of Occurrence (POO). The 

relationship to PDF is as follows: PDF = 1- POO, meaning that the fraction of the species that do not 

occur can also be described as the fraction of the species that have disappeared.   

In the methodology, the increases or decreases of the number of target species due to additional 

depositions (with respect to background level) are modeled with a damage model (Natuurplanner). 

The model also contains information for more than 40 types of ecosystems. A species is considered 

to meet unfavorable conditions if this probability is lower than some threshold value (set to 2.5%) 

and is suffering from stress caused by combined effects of eutrophication and acidification. In the 

following, the fate and damage modeling was only applied for the Netherlands, and the assumption 

was made, that the Dutch situation is representative for other European countries as well.   

                                                           

16
 Gühnemann et al. (1999): Entwicklung eines Verfahrens zur Aufstellung umweltorientierter 

Fernverkehrskonzepte als Beitrag zur Bundesverkehrswegeplanung. Forschungsbericht im Auftrag des 

Umweltbundesamtes. Berlin. Or: Schemel et al. (1993); Methodik zur Entwicklung von Geldwertäquivalenten 

im Rahmen der Eingriffsregelung ς Naturhaushalt ς (Ausgleichsabgabe), Forschungsvorhaben BFANL   
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The model results are then converted into PDFs per kg of deposited substance/m²/year. Since 

first calculations refer to the total area of the Netherlands but biodiversity loss occurs in natural 

habitats, the share of natural land in the Netherlands has to be included in the calculation.   

Additionally, in the NEEDS methodology it is suggested to consider country-specific background 

conditions of acidification and eutrophication. This is motivated by the fact that additional 

atmospheric depositions will be more harmful the more elevated the background conditions already 

are and the lower the capacity is to absorb the additional atmospheric deposition. Hence, the 

acidification and the eutrophication pressure index are introduced. The acidification and 

eutrophication index is calculated by determining the critical load17 for each grid cell and the 

corresponding nitrogen and phosphorous deposition. The critical load exceedance (for N) for Europe 

is shown in Figure 10. The critical load exceedance can also be applied as an indicator for measuring 

ecosystem quality. 

 

Figure 10: Exceedance of the critical loads for eutrophication in Europe (as average accumulated 
exceedances), 2004

18
 

                                                           

17
 A critical load is defined as άŀ quantitative estimate of an exposure to one or more pollutants below which 

significant harmful effects on specified sensitive elements of the environment do not occur according to present 

ƪƴƻǿƭŜŘƎŜέ. The concept of critical loads was developed within tƘŜ ŦǊŀƳŜǿƻǊƪ ƻŦ ǘƘŜέ Convention on Long 

Range Transboundary Air Pollution (LRTAP) by UNECE (United Nations Economic Commission for Europe), 

which was decided in 1979. More information can be found under www.icpmapping.org; UNECE Convention on 

Long-range Transboundary Air Pollution: Mapping Manual 2004. Manual on methodologies and criteria for 

modelling and mapping critical loads & levels and air pollution effects, risks and trends   

18 Source for figure: http://www.eea.europa.eu/data-and-maps/figures/exceedance-of-the-critical-loads-for-

eutrophication-in-europe-as-average-accumulated-exceedances-2004 

http://www.icpmapping.org/
http://www.eea.europa.eu/data-and-maps/figures/exceedance-of-the-critical-loads-for-eutrophication-in-europe-as-average-accumulated-exceedances-2004
http://www.eea.europa.eu/data-and-maps/figures/exceedance-of-the-critical-loads-for-eutrophication-in-europe-as-average-accumulated-exceedances-2004
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If the sulphur and nitrogen depositions are below the critical loads, no threat to biodiversity is 

assumed (meaning pressure index = 0), if the depositions are higher than 5 times the critical loads, 

threat to biodiversity is assumed to be at its maximum level (pressure index = 100) (ten Brink et al. 

(2000)). Between these values, a linear relationship between critical load exceedance and pressure 

index is assumed.  

 

Source: Ott et al. (2006), p. 34  

Figure 11: Procedure to calculate external costs per kg of pollutant deposition for different countries  

 

In Figure 11 the procedure of calculating the external costs per kg of pollutant deposition is 

presented. The derived country-specific parameters and semi-results are shown in the next table. 
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Table 13: Overview of derived parameters 

 

Source: Ott et al. (2006), p. 38  
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In a final step, monetary values for the damage assessment have to be available. For that, the 

restoration costs are used. Ott et al. (2006) describe the approach for the monetary valuation as 

follows: 

άIn the case of valuing biodiversity losses due to depositions of airborne emissions, the 

average costs of restoration of more or less natural areas to land use categories with high 

biodiversity are relevant. It does not make sense to investigate restoring of e.g. built up 

areas into areas with high biodiversity to valuate the impact of acidification and 

eutrophication, since only more or less natural areas are affected by acidification and 

eutrophication. Therefore average cost/PDF/m2 are calculated by investigating only costs 

of PDF changes due to land use changes from unsealed natural areas with relatively low 

biodiversity (like high intensity agriculture, intensive pasture, etc.) into natural areas with 

high biodiversity (like low intensity agriculture, broad leafed forest, forest edge, etc.). 

Bearing in mind that these costs should reflect some kind of willingness to pay for 

biodiversity changes, we do not expect that there is a willingness to pay for only very 

small and marginal changes of biodiversity. Therefore we consider only perceptible land 

use changes with a ōƛƻŘƛǾŜǊǎƛǘȅ ƛƴŎǊŜŀǎŜ όɲt5Cύ ƻŦ ŀǘ ƭŜŀǎǘ нл҈ ǘƻ ŘŜǘŜǊƳƛƴŜ ǊŜǎǘƻǊŀǘƛƻƴ 

costs per PDFέ.  

Therefore, the most efficient habitat restoration costs which lead to an increase of biodiversity 

for at least 20% are chosen. This is due for the restoration of integrated arable land into organic 

arable land and is лΦпфϵ2004/PDF/m². In a further development of this approach, the value slightly 

changed to 0.47ϵ2004/PDF/m². 

With this assumption in mind, the external costs per kg deposition for the pollutants SOX, NOX 

and NH3 could be derived for European countries (see Table 14).    

 

Advantages of this indicator are: 

- This indicator is ready to be applied 

- There are different values for the respective pollutants 

- These values are country-specific  

- A reference situation (for 2004) already exists and modelling future scenarios is possible 
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Table 14: External costs per kg deposition for the pollutants SOX, NOX and NH3 in European countries for 
2004 (average restoration costs Ґ лΦпф ϵκt5CκƳчύ 

 

Source: Ott et al. (2006), p. 40 
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Based on the model runs performed in NEEDS (compare Ott et al. (2006), p. 30) following input 

values (PDF * m²* year per kg deposition) are given and will be applied for the calculation of total 

impacts on biodiversity in chapter 6.2:  

  SOX:  1.73 PDF*m²* year per kg deposition 

  NO X: 9.52 PDF*m²* year per kg deposition 

  NH3: 25.94 PDF*m²* year per kg deposition 

Secondly, data on natural area (in %) is needed per each country. For the recent situation, data 

from CORINE land cover19 can be used (as also done in NEEDS approach). When modeling future 

scenarios the question arises if a land use change will take place or, more concrete, if the fraction of 

natural area within a country will change.  

Ą Data on future land use trends or the fraction of natural land within a country is needed (for 2020, 

2030 and 2050). First forecasts of land use change on a global scale are given in the SRES scenarios 

(Special Report on Emission Scenarios (see Nakicenovic et al. (2000), p. 223, (IPCC20)). Further 

ƛƴŦƻǊƳŀǘƛƻƴ ŎƻǳƭŘ ŀƭǎƻ ōŜ ƛƴŘƛǊŜŎǘƭȅ ŀǾŀƛƭŀōƭŜ ǿƛǘƘ {9.L ƘŜŀŘƭƛƴŜ ƛƴŘƛŎŀǘƻǊ άǘǊŜƴŘǎ ƛƴ ŜȄǘŜƴǘ ƻŦ 

ǎŜƭŜŎǘŜŘ ōƛƻƳŜǎΣ ŜŎƻǎȅǎǘŜƳǎ ŀƴŘ Ƙŀōƛǘŀǘǎέ  

Ą Fallback solution: qualitative-argumentative expert guess (for each country)  

Acidification/Eutrophication pressure: Based on developed emission scenarios (see also chapter 

5) the future existing ecological pressure should be derived. This factor describes how severely a 

county will already be influenced by depositions of respective pollutants. Central question: will the 

critical loads be exceeded?  

Ą Input: For calculating this index, the critical load21 (see also work from Hettelingh et al., 2008) of 

each grid cell and the corresponding sulphur and nitrogen emissions (from SRM or Polyphemus runs) 

have to be determined.  

CƛƴŀƭƭȅΣ ǘƘŜ ǊŜǎǘƻǊŀǘƛƻƴ Ŏƻǎǘǎ ǇŜǊ t5C όлΦптϵκόt5CϝƳч ύΣ ŦƻǊ DŜǊƳŀƴȅ ƛƴ нллпύ ƘŀǾŜ ǘƻ ōŜ 

corrected by using PPS (Purchasing Power Standard) for the respective countries and scenario years 

which then allows for a comparison of scenarios amongst each others by looking at different external 

Ŏƻǎǘǎ ǇŜǊ ƪƎ ǎǳōǎǘŀƴŎŜ όϵκƪƎύ ǇŜǊ ŜŀŎƘ ŎƻǳƴǘǊȅΦ  

 

                                                           

19
 CORINE = Coordinated Information on the European Environment: 

http://www.eea.europa.eu/publications/COR0-landcover and http://www.eea.europa.eu/data-and-

maps/data/corine-land-cover-clc1990-250-m-version-12-2009.   

20
 IPCC = Intergovernmental Panel on Climate Change 

21
 Critical load ƛǎ ŘŜŦƛƴŜŘ ŀǎ Ŧƻƭƭƻǿǎ αǘƘŜ ǉǳŀƴǘƛǘŀǘƛǾŜ ŜǎǘƛƳŀǘŜ ƻŦ ŀƴ ŜȄǇƻǎǳǊŜ ǘƻ ƻƴŜ ƻǊ ƳƻǊŜ Ǉƻƭƭǳǘŀƴǘǎ ōŜƭƻǿ 

which significant harmful effects on specified sensitive elements of the environment do not occur according to 

ǇǊŜǎŜƴǘ ƪƴƻǿƭŜŘƎŜέ bƛƭǎǎƻƴΣ WΦΣ DǊŜƴƴŦŜƭǘΣ tΦΣ (1988): Critical Loads of Sulphur and Nitrogen. UNECE/Nordic 

Council Workshop Report, Skokloster, Sweden. 

http://www.eea.europa.eu/publications/COR0-landcover
http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-clc1990-250-m-version-12-2009
http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-clc1990-250-m-version-12-2009
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4.3 Costs for meeting climate change targets 

4.3.1 Climate Change ς Problem and impacts 

Since the Forth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change 

(IPCC, 2007) it is unequivocal that we have to face climate change and its impacts. AR4 claims that a 

future rise of global average temperature iǎ άǾŜǊȅ ƭƛƪŜƭȅέΦ CǳǊǘƘŜǊƳƻǊŜ ƛǘ ǇǊŜŘƛŎǘǎ ŀ фл % higher 

occurrence of extreme weather incidents and further partly serious impacts are mentioned. It is 

therefore important to include the impacts of policies on climate change. Impacts through climate 

change that are caused by increased greenhouse gas concentrations should be assessed and 

monetary valued. 

When assessing damage costs the result is often expressed in cost per emitted tonne of 

pollutant. Important Greenhouse gases, besides carbon dioxide (CO2), are methane (CH4), nitrous 

oxide (N2O), hydrofluorocarbons, sulphur hexafluoride (SF6) and ozone (O3). 

Due to anthropogenic activities atmospheric concentrations of CO2, CH4, N2O and SF6 have risen 

significantly. CO2 is the most important anthropogenic greenhouse gas and its primary source is 

consumption of fossil fuels and land use change. CH4 and N2O stem mostly from agriculture, SF6 from 

electricity sector. 

Greenhouse gases (GHG) differ in their warming influence on the global climate system due to 

their different radiative properties and lifetimes in the atmosphere. To illustrate GHGs as only one 

quantity they are often declared in CO2-equivalents (CO2e). The Global Warming Potential (GWP) 

measures the radiative forcing of a unit mass of a greenhouse gas in the present-day atmosphere 

integrated over a chosen time (here 100 years) relative to that of carbon dioxide. This is illustrated in 

Table 15 for methane, nitrous oxide and sulphur hexafluoride. The GWP thereby depends on the 

chosen time frame as the gases have different residence time in atmosphere. For a time horizon of 

100 years 1 ton of CH4 generates as much global warming as 25 tons CO2. 

Table 15: Lifetimes and GWPs relative to CO2 
GHG Chemical Formula Lifetime (years) GWP (100 years) 

Carbon dioxide CO2 ~100 1 

Methane CH4 12 25 

Nitrous oxide N2O 114 298 

Sulfur hexafluoride SF6 3200 22800 

Source: IPCC (2007) and http://cdiac.ornl.gov/pns/current_ghg.html 

Current works aim at identifying the GWPs for SO2 (sulphur dioxide), BC (black carbon), OC 

(organic carbon), VOC (volatile organic compounds) and CO. 
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Table 16: GWPs relative to CO2 (non-GHGs) 

 GWP (100 years) Source Range Reference 

SO2 -40 Fuglestvedt et al., 2009 -24 - -56 Schulz et al., 2006 (±40%) 

BC 680 Bond and Sun, 2006 210-1500 Bond and Sun, 2006 

OC -69 Schulz et al., 2007 -35 - -104 Bond et al. (±50%) 

VOC 3.4 IPCC, AR4 2-7 IPCC, AR4, ref. to Collins et al. 2002 

CO 1.9 IPCC, AR4 1-3 Range from AR3, cited in AR4 

NOx ~0   various sources 

Source: Amann et al. (2010) and Amann (2011) 

Damage categories that can be quantified and monetized are listed below 

(Bundesumweltministerium (BMU) 2006). 

Due to increasing global average temperature sea-level rise occurs that leads to land loss and 

additional costs regarding coast protection. These protection measures are relatively well known and 

accounted for in most models to assess damage costs. However, there are impacts not so easily to 

assess, for instance a higher probability of storm surges, loss of coastal biodiversity or increased 

migration from small islands and low lying coastal areas, which are often not considered. 

There are also impacts of climate change on food and agriculture. These impacts differ widely 

regionally and are dependent on temperature, precipitation, CO2-fertilizing effect and socio-

economic conditions like market accessibility. Middle latitudes, for example, profit from a moderate 

temperature rise by increasing agricultural yields, whereas the tropics suffer losses from further 

warming. This coherence is mostly included in integrated assessment studies. More frequent 

extreme weather incidents will further effect food production, e.g. destruction of crop yields through 

hurricanes or ƛƴŎǊŜŀǎŜ ƻŦ ǾŜǊƳƛƴǎΦ aƻǎǘ ǎǘǳŘƛŜǎ ŘƻƴΩǘ ƛƴŎƭǳŘŜ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ŦƻƻŘ 

production and extreme weather incidents like heavy precipitation, so damages are underestimated. 

Another category is direct and indirect health effects. Extreme weather incidents e.g. lead to an 

increasing number of cardiovascular diseases or asthma. Weather-related catastrophes like floods or 

landslides affect health as they can on the one hand lead to accidents and on the other hand to 

water pollutions. A lack of hitherto studies are indirect health effects caused by vector-borne 

diseases (e. g. through mosquitoes, ticks, flies), for instance malaria, dengue or meningitis. 

Only rudimental approaches for assessment exist for damages in ecosystems and biodiversity. 

They may suffer irreversible damages through climate change, as to boundaries in adaptability of 

species. One should also keep in mind that human society directly and indirectly depends on 

ecosystem goods and services. 

The predicted rise of extreme weather incidents as heat waves, droughts and storms bring about 

regionally different damages as these depend on local circumstances and adaptation mechanisms. 

Material damages for instance will rise with growing wealth but the number of deaths may at the 

same time decline. Impacts of extreme weather incidents are hardly taken into account, but are 

included in the model FUND (Climate Framework for Uncertainty, Negotiation and Distribution) 

which will be explained further below. 
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It is not possible yet to calculate singular non-linear incidents, e. g. collapse or attenuation of 

thermohaline circulation. The effects of such a system swing could be so sudden and disastrous that 

the damage will be very big and an adaptation nearly impossible. 

4.3.2 Existing measurements 

4.3.2.1 Emissions 

For having a closer look at global warming, different existing measurements can be used. One 

measurement is the yearly CO2 emissions. The following Table 17 shows the total greenhouse gas 

emissions worldwide and for the EU27 countries in Mt. 

The table points out that some countries in the EU have started to mitigate greenhouse gases as 

their total GHG emissions decline since 1990 or at least since 2000, e.g. the United Kingdom and 

Germany. 
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Table 17: Total GHG Emissions in Mt CO2e (excludes land use change), in Mt 
 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2007 

World 196.7 330.4 532.2 851.5 1292.3 1933.2 2984.0 3345.9 3785.9 4676.7 5701.9 8990.3 13951.7 18510.3 21068.6 23637.9 29470.5 

European Union (27) 176.8 280.6 426.6 625.9 834.5 1131.2 1438.8 1340.7 1595.1 1824.4 1770.6 2614.8 3837.1 4459.8 4178.5 3953.3 4064.5 

Austria 2.3 6.1 7.4 23.6 13.0 27.7 57.5 14.5 18.9 7.3 20.9 31.5 48.9 58.4 58.6 63.3 72.0 

Belgium 9.3 15.2 24.7 30.4 39.8 49.7 61.3 55.2 93.7 62.1 76.2 87.5 122.5 129.4 111.3 122.2 110.0 

Bulgaria -- -- -- 0.0 0.1 0.3 0.7 1.1 2.6 4.4 7.5 22.3 61.2 86.5 77.3 43.1 51.2 

Cyprus -- -- -- -- -- -- -- -- -- -- 0.3 0.9 1.7 3.2 4.4 7.0 8.3 

Czech Republic -- 0.2 5.0 16.1 27.0 34.9 43.0 35.3 42.5 59.7 59.8 102.1 159.2 168.4 158.7 124.1 124.6 

Denmark 0.3 0.5 1.2 1.9 3.0 5.3 7.6 7.7 15.4 15.3 22.0 31.4 60.3 63.5 51.4 51.4 51.8 

Estonia 0.0 0.0 0.0 0.1 0.2 0.6 0.8 0.2 1.1 3.9 5.4 11.6 18.9 27.7 36.7 14.6 18.4 

Finland -- 0.0 0.1 0.1 0.2 0.6 1.1 0.3 2.7 2.3 6.5 14.8 41.1 56.1 55.2 54.6 65.3 

France 19.6 38.1 50.5 76.1 97.8 129.3 150.6 151.8 248.1 139.7 202.3 267.6 431.0 475.9 365.3 386.8 380.4 

Germany 15.1 36.4 76.6 124.5 208.2 326.8 445.4 429.2 471.8 654.4 510.7 814.0 1004.1 1078.9 969.2 847.3 817.2 

Greece -- -- 0.2 -- -- 0.4 0.7 0.7 2.9 0.2 4.1 8.1 24.1 51.6 76.9 94.9 106.1 

Hungary 0.0 0.9 2.1 3.3 5.3 9.6 11.7 5.6 12.5 15.8 18.4 45.3 61.4 87.7 68.7 55.8 55.6 

Ireland 0.4 -- -- 0.4 -- -- 0.2 0.3 9.6 11.5 9.7 13.3 20.0 26.8 31.4 42.5 46.6 

Italy -- 0.0 2.7 5.1 12.2 13.9 25.7 17.9 39.6 49.0 41.5 106.4 294.3 380.6 417.7 443.1 461.3 

Latvia 0.0 0.0 0.0 0.1 0.1 0.3 0.4 0.1 0.6 2.1 3.0 6.4 10.4 15.3 18.6 6.8 8.5 

Lithuania 0.0 0.0 0.0 0.1 0.2 0.6 0.7 0.2 1.1 3.6 5.1 10.9 17.9 26.3 34.0 11.5 15.0 

Luxembourg -- -- -- -- -- -- -- -- -- -- 7.4 17.3 16.6 12.1 10.8 8.4 11.1 

Malta -- -- -- -- -- -- -- -- -- -- 0.2 0.3 0.7 1.0 2.3 2.1 2.7 

Netherlands 3.1 4.8 4.9 8.0 10.3 14.6 20.8 22.2 40.8 33.4 51.3 66.2 129.9 155.0 158.6 175.0 183.7 

Poland 3.2 7.5 16.7 26.3 41.9 63.3 94.5 76.4 56.6 167.2 112.1 193.9 285.3 422.3 350.0 299.3 313.2 

Portugal -- -- 0.0 0.9 1.7 2.5 3.2 2.1 4.3 3.9 5.6 6.7 14.0 26.7 42.9 64.6 59.4 

Romania -- 0.0 0.0 0.0 0.8 1.1 3.0 4.7 11.6 23.9 19.4 53.4 120.0 183.9 171.8 89.3 96.9 

Slovakia -- 0.1 1.4 4.5 7.5 9.6 11.9 9.7 11.8 16.5 16.7 28.7 44.7 57.2 58.5 38.9 38.7 

Slovenia -- -- -- -- 0.0 0.1 0.2 0.5 1.2 1.3 2.2 4.4 9.0 10.4 13.8 14.6 16.6 

Spain 0.5 1.9 3.1 4.4 7.3 11.2 14.9 14.1 23.6 21.6 33.0 55.3 118.5 201.9 220.0 302.9 371.9 

Sweden 0.2 0.8 1.3 2.8 4.9 9.2 13.0 10.4 18.9 18.5 28.7 47.8 90.9 74.6 54.0 54.1 47.7 

United Kingdom 122.6 168.0 228.5 297.1 353.0 419.7 469.7 480.6 463.2 506.3 500.4 566.6 630.6 578.5 560.3 535.1 530.2 

Source: Climate Analysis Indicators Tool (CAIT) Version 8.0, (Washington, DC: World Resources Institute, 2011)
22

                                                           

22
 Further information on CAIT can be found at http://cait.wri.org/  

http://cait.wri.org/
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These values are also shown in Figure 12 but this time in Pg to make them comparable to Figure 

13, where not total GHG emissions, but only CO2 emissions are presented. 
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 Source: Climate Analysis Indicators Tool (CAIT) Version 8.0, (Washington, DC: World Resources Institute, 2011) 

Figure 12: Total GHG Emissions World and EU27 in Pg CO2e 

 

The total GHG emissions worldwide rise but the EU27 seems to have gained a stabilisation at 

about 4 Pg CO2e per year in the last 20 years. 

The difference between CO2 and CO2e can be explained as follows: The CO2-equivalent emission 

is the amount of CO2 emission that would cause the same time-integrated radiative forcing, over a 

given time horizon, as an emitted amount of a long-lived GHG or a mixture of GHGs. The equivalent 

CO2 emission is obtained by multiplying the emission of a GHG by its Global Warming Potential 

(GWP) for the given time horizon. For a mix of GHGs it is obtained by summing the equivalent CO2 

emissions of each gas. Equivalent CO2 emission is a standard and useful metric for comparing 

emissions of different GHGs but does not imply the same climate change responses. (Bernstein et al. 

2007). Figure 13 shows the total CO2 emissions in PgC/year from 1850-2005. 
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Source: RCP Database (Version 2.0.5) generated: 2011-03-17
23

 

Figure 13: Total CO2 emissions worldwide 

 

CO2 is the most important anthropogenic GHG. According to the IPCC (Bernstein et al. 2007) it 

represented 77 % of total anthropogenic GHG emissions in 2004. 

4.3.2.2 Concentration 

Another important measurement is the change of atmospheric concentration of CO2 in the 

atmosphere. Figure 14 shows the historic concentrations of CO2 in ppm (parts per million) since 1959 

in yearly units. These values are constantly measured in Mauna Loa Hawaii. 

 

                                                           

23
 Further information on the RCP database can be found at: http://www.iiasa.ac.at/web-

apps/tnt/RcpDb/dsd?Action=htmlpage&page=compare 

http://www.iiasa.ac.at/web-apps/tnt/RcpDb/dsd?Action=htmlpage&page=compare
http://www.iiasa.ac.at/web-apps/tnt/RcpDb/dsd?Action=htmlpage&page=compare
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Source: ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_annmean_mlo.txt  

Figure 14: Concentration of CO2 in ppm Mauna Loa Hawaii 

 

It is obvious that the concentration rises from year to year. Figure 15 answers the question how 

fast this happens. Besides the concentration also the annual growth rate of ppm is measured and can 

serve as an indicator for climate change. 
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Source: http://www.esrl.noaa.gov/gmd/ccgg/trends/  

Figure 15: Annual mean growth rate for Mauna Loa, Hawaii 

 

ftp://ftp.cmdl.noaa.gov/ccg/co2/trends/co2_annmean_mlo.txt
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The figure shows that the growth rate is rising since 1959. In 2010 the concentration rose 2.4 

ppm compared to 2009. Between 2001 and 2010 the ppm concentration rose on average 2 ppm per 

year compared to 1.5 ppm on average between 1980 and 2000.  

The measurement of concentration is important to mention as policy targets in scenarios that 

underlie models are often expressed in ppm CO2e. CO2-equivalent concentration is the concentration 

of CO2 that would cause the same amount of radiative forcing as a given mixture of CO2 and other 

forcing components (Bernstein et al. 2007). 

Scenarios from IPCC (SRES) show following possibilities for future concentrations of GHGs: 

 

Source: http://www.eea.europa.eu/data-and-maps/figures/projected-increase-of-ghg-concentration-in-the-

atmosphere-for-four-different-possible-futures  

Figure 16: Projected increase of GHG concentration in the atmosphere for four different possible futures 

The graph shows that SRES B1 is the only one of the scenarios that is near a stabilisation of GHGs 

at 450 ppm CO2e and thus lies within the 2 °C target. 

The concentration of CO2 in the atmosphere can be an indicator for climate change as the IPCC 

showed in 2007 that a concentration of 450 ppm CO2e would most likely lead to a global warming of 

2 °C above industrial level (see Table 18). Thus if a concentration above 445-490 ppm CO2e or 350-

400 ppm CO2 is observed for a longer period of time it can be concluded that the targets will not be 

met with current measures. 

4.3.2.3 Temperature 

As the greenhouse effect leads to increasing average global temperature it is worth looking at the 

development of the annual average global temperature. 

http://www.eea.europa.eu/data-and-maps/figures/projected-increase-of-ghg-concentration-in-the-atmosphere-for-four-different-possible-futures
http://www.eea.europa.eu/data-and-maps/figures/projected-increase-of-ghg-concentration-in-the-atmosphere-for-four-different-possible-futures


Presentation of the selected indicators for assessing environmental sustainability 

Page 51 

 

Source: http://data.giss.nasa.gov/gistemp/graphs/ 

Figure 17: Global Land-Ocean Temperature Index  

The dotted black line is the annual mean temperature anomaly. The red line is the five-year 

mean and the green bars show the uncertainty estimates. The image follows the methodology 

outlined by Hansen et al. (2006). The zero in this figure is the mean temperature from 1961-1990 and 

thus the image follows the common practice of the IPCC. The Figure 17 shows that in 2010 the global 

annual mean temperature was about 0.63 °C higher than in the reference period 1961-1990. 

Furthermore a rising trend is observable. 

Future Temperature: 

 

Source: EU (2008), p. 26 

Figure 18: Predicted temperature rise until 2100 

Note: The bars on the right of the figure indicate the best estimate and likely range for the six IPCC marker 

scenarios at 2090-2099 (relative to 1990-1999). 

http://data.giss.nasa.gov/gistemp/graphs/
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Model simulations by the Intergovernmental Panel on Climate Change estimate that Earth will 

warm between two and six degrees Celsius over the next century, depending on how fast carbon 

dioxide emissions grow. Scenarios that assume that people will burn more and more fossil fuel 

provide the estimates in the top end of the temperature range, while scenarios that assume that 

greenhouse gas emissions will grow slowly give lower temperature predictions. The orange line 

provides an estimate of global temperatures if greenhouse gases stayed at year 2000 levels. 24 

The 2 °C target is internationally accepted and partly agreed on, e. g. in 2010 at the COP16 in 

/ŀƴŎǳƴΦ ¢ƘŜ ƛƴŘƛŎŀǘƻǊ άŀǾŜǊŀƎŜ Ǝƭƻōŀƭ ǘŜƳǇŜǊŀǘǳǊŜέ ǎƘƻǿǎ ƛŦ ǘƘŜ ŀƎǊŜŜŘ ǘŀǊƎŜǘ Ŏŀƴ ōŜ ƳŀƛƴǘŀƛƴŜŘ ƻǊ 

if more has to be done to reduce emissions. 

4.3.2.4 Impacts 

The following Figure 19 published by the IPCC 2007 illustrates examples of impacts associated with 

global average temperature change. 

 

Source: IPCC (2007), p.10 

Figure 19: Examples of impacts associated with global average temperature change (Impacts will vary by 
extent of adaptation, rate of temperature change and socio-economic pathway) 

 

                                                           

24
 Source: http://earthobservatory.nasa.gov/Features/GlobalWarming/page5.php 

http://earthobservatory.nasa.gov/Features/GlobalWarming/page5.php
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The figure shows the projected impacts of global warming on different sectors subject to the 

temperature increase relative to 1980-1999. The black lines link impacts and the broken-line arrows 

indicate that impacts continue with rising temperature. (IPCC 2007) 

The figure illustrates that there are already impacts at a rise of global average temperature 

below 2 °C but nevertheless a target of not exceeding a rise of global average temperature of more 

than 2 °C is scientifically and politically pursued as it seems possible to achieve.  

Table 18 contrasts which stabilisation levels lead to which temperature increase. It also contains 

information about the point of time where the CO2 emissions should peak and which percentage 

changes in global CO2 emissions have to be achieved in 2050 related to 2000. 

Table 18: Characteristics of post-TAR stabilisation scenarios and resulting long-term equilibrium global 
average temperature and the sea level rise component from thermal expansion 

 

Source: IPCC (2007) 

Notes: 

a) The emission reductions to meet a particular stabilisation level reported in the mitigation studies assessed 
here might be underestimated due to missing carbon cycle feedbacks. 

b) Atmospheric CO2 concentrations were 379ppm in 2005. The best estimate of total CO2e concentration in 
2005 for all long-lived GHGs is about 455ppm, while the corresponding value including the net effect of all 
anthropogenic forcing agents is 375ppm CO2e. 

c) Ranges correspond to the 15th to 85th percentile of the post-TAR scenario distribution. CO2 emissions are 
shown so multi-gas scenarios can be compared with CO2 -only scenarios. 

d) The best estimate of climate sensitivity is 3°C. 

e) Note that global average temperature at equilibrium is different from expected global average 
temperature at the time of stabilisation of GHG concentrations due to the inertia of the climate system. For 
the majority of scenarios assessed, stabilisation of GHG concentrations occurs between 2100 and 2150. 

f) Equilibrium sea level rise is for the contribution from ocean thermal expansion only and does not reach 
equilibrium for at least many centuries. These values have been estimated using relatively simple climate 
models (one low-resolution AOGCM and several EMICs based on the best estimate of 3°C climate sensitivity) 
and do not include contributions from melting ice sheets, glaciers and ice caps. Long-term thermal expansion 
is projected to result in 0.2 to 0.6m per degree Celsius of global average warming above pre-industrial. 
(AOGCM refers to Atmosphere-Ocean General Circulation Model and EMICs to Earth System Models of 
Intermediate Complexity.) 



Presentation of the selected indicators for assessing environmental sustainability 

Page 54 

Table 18 points out which boundary conditions are necessary to reach the 2 °C target. The 

peaking year of CO2 emissions should lie between 2000 and 2015 and the change in global CO2 

emissions should be -85 % to -50 % in 2050. The stabilisation target would have to be between 445-

490 ppm CO2e or 350-400 ppm CO2. In 2010 the concentration of CO2 was about 390 ppm CO2 (see 

Figure 14 above). 

4.3.3 Existing targets 

4.3.3.1 International targets 

- Kyoto Protocol 

In 1997 the Kyoto Protocol was adopted and it entered into force in 2005. Details were decided 

on in 2001 in Marrakesh. There are three market-based mechanisms in the Kyoto Protocol. These are 

Emissions trading, Clean development mechanism (CDM) and Joint implementation (JI). The 

instruments shall help the parties to meet their emission targets. The actual emissions of the 

countries are monitored by annual emission inventories submitted by the parties und precise records 

of the trading are made. The first commitment period of the Kyoto Protocol ends in 2012. Until now 

no new international framework has been negotiated and ratified that would ensure that the 

stringent emission reductions that the IPCC indicated as inevitable are executed. 

The targets in the Kyoto Protocol cover the six mail greenhouse gases, namely: Carbon dioxide 

(CO2), Methane (CH4), Nitrous oxide (N2O), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and 

Sulphur hexafluoride (SF6). The assigned amount of emissions (measured in carbon dioxide 

equivalent) that the EU may emit over the commitment period is -8 % of the emissions in the base 

year 1990. Table 19 shows all countries included in Annex B to the Kyoto Protocol and their 

emissions targets. 

Table 19: Kyoto - included countries and their emission targets  

Country 
Target (1990** - 

2008/2012) 

EU-15*, Bulgaria, Czech Republic, Estonia, Latvia,Liechtenstein, 
Lithuania, Monaco, Romania,Slovakia,Slovenia, Switzerland 

-8% 

US*** -7% 

Canada, Hungary, Japan, Poland -6% 

Croatia -5% 

New Zealand, Russian Federation, Ukraine 0 

Norway 1% 

Australia 8% 

Iceland 10% 

Source: UNFCCC (2011a) 

*  The 15 States who were EU members in 1997 when the Kyoto Protocol was adopted, took on that 8% target 

that will be redistributed among themselves, taking advantage of a scheme under the Protocol known as a 

άōǳōōƭŜέΣ ǿƘŜǊŜōȅ ŎƻǳƴǘǊƛŜǎ ƘŀǾŜ ŘƛŦŦŜǊŜƴǘ ƛƴŘƛǾƛŘǳŀƭ ǘŀǊƎŜǘǎΣ ōǳǘ ǿƘƛŎƘ ŎƻƳōƛƴŜŘ ƳŀƪŜ ŀƴ ƻǾŜǊŀƭƭ ǘŀǊƎŜǘ ŦƻǊ 

that group of countries. The EU has already reached agreement on how its targets will be redistributed. 

**  Some EITs have a baseline other than 1990. 

***  The US has indicated its intention not to ratify the Kyoto Protocol. 
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bƻǘŜΥ !ƭǘƘƻǳƎƘ ǘƘŜȅ ŀǊŜ ƭƛǎǘŜŘ ƛƴ ǘƘŜ /ƻƴǾŜƴǘƛƻƴΩǎ !ƴƴŜȄ LΣ .ŜƭŀǊǳǎ ŀƴŘ ¢ǳǊƪŜȅ ŀǊŜ ƴƻǘ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ 

tǊƻǘƻŎƻƭΩǎ !ƴƴŜȄ B as they were not Parties to the Convention when the Protocol was adopted.  

- Cancun - COP 16 

The latest Climate Change Conference of the United Nations (COP 16 - Conference of the Parties) 

in 2010 in Cancun, Mexico wasn't able to decide upon a post-Kyoto Protocol but several agreements 

were achieved. 

It was agreed that human-generated greenhouse gas emissions should be reduced over time in 

order to keep the global average temperature rise below 2 °C. Further all countries should be 

encouraged to participate in reducing emissions according to their responsibility and capability. All 

measures taken up should be made transparent and a global progress towards the long-term goal 

shall be reviewed in a timely way. Clean technology should be promoted to achieve the best effect. 

Alongside developing countries should be enabled by funds to take greater and effective action, like 

adaptation to inevitable impacts. Beyond that the world's forests should be protected as they are a 

major repository of carbon. And finally effective institutions and systems to ensure these objectives 

should be established. (UNFCCC, 2011c) 

These agreements are significant as they form the basis for the largest collective effort the world 

takes on to reduce emissions. Developing nations shall be supported in dealing with climate change 

by finance, technology and capacity-building support. The agreements also include a timely schedule 

for nations under the Climate Change Convention to review the progress of keeping the 2 °C target. 

(UNFCCC, 2011b) 

4.3.3.2 European Union 

Combating climate change is a top priority for the European Union. Scientific evidence shows 

that the world needs to limit global warming to no more than 2 °C above the pre-industrial 

temperature in order to prevent the most severe climate change impacts. That is just 1.2 °C above 

today's level. 

To achieve the 2 °C target the EU has on the one hand to fulfil the quota demanded by the Kyoto 

Protocol (-8 % until 2012). On the other hand the EU wants to encourage other nations and regions 

to do more, so it sets an example by expressing further targets regarding reductions of greenhouse 

gas emissions. 

In 2007 an integrated approach to climate and energy policy was endorsed to transform Europe 

to a highly energy-efficient, low carbon economy. Targets formulated and implemented by binding 

legislation were that the EU wants to cut emissions by at least 20 % of 1990 levels by 2020. If other 

major emitting countries would participate in cutting their emissions the EU offered to increase the 

reduction to -30 % by 2020 (European Commission, 2010). 

By 2050 global GHG emissions must be reduced by at least 50 % compared to 1990, which means 

reductions in developed countries of 60-80 % compared to 1990 levels (European Union, 2008). 
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4.3.4 Costs 

4.3.4.1 Methodology 

There are different approaches to express the costs of climate change. Usually damages should 

be monetized by assessing the damage costs. It is thereby necessary to be able to assess damages 

due to climate change. As this is not possible e. g. because of unexpected or until now unknown 

damages the alternative is to assess abatement costs. Marginal abatement costs express how much 

the last ton of carbon abated costs to reach a given target. Both approaches, damage cost and 

abatement cost, are described below. 

Damage cost approach 

The approach models the physical impacts of climate change (e. g. health impacts), assesses the 

damages and combines that, if applicable, with estimations of further measures to reduce damages, 

for instance air conditioning. An example for damage costs are impacts on agriculture that could be 

expressed as costs or benefits for producers and consumers (e. g. crop failures). 

However it is more difficult to monetize non-market impacts like biodiversity or human health. 

Although the theory and its application are accepted it is not undisputed. Uncertainties arise from 

physical impacts of climate change. Some impacts will very likely occur and are covered in detailed 

models whereas other possible impacts like the increase in floods and hurricanes or non-linear 

effects like a slowing down or even collapse of the Gulf Stream are often not included as there is a 

shortage of information. Side effects like possible social damages (e. g. regional conflicts) are even 

harder to assess. 

Existing damage costs assessments differ considerably as there are various assumptions with 

regard to equity and probability. So besides taking into account physical impacts other factors lead to 

differing values in damage cost assessment. These are: the discount rate, equity weighting and time 

horizon. 

The advantage of the damage cost approach is that the damage is quantified open-ended. If the 

assessment offers passable and ascertainable uncertainty bands the results can be directly used in 

cost-benefit considerations. In the modelling of climate change impacts this is not warranted as the 

damages mainly occur in the future and there are damages that disclose minor probability but great 

measure of damages. As quantifiable damage costs are relatively low, alternative assessment 

methods are considered due to the precautionary principle. One alternative is the assessment of 

avoidance costs that is explained below (Maibach et al. 2008). 

Abatement cost approach 

An alternative method to assess external costs of greenhouse gas emissions is the abatement 

cost approach. Uncertainties in assessing damages are evaded by assessing marginal abatement 

costs of CO2-emissions to reach a given target (e. g. national, EU or worldwide level). The approach is 

not the "first-best" solution but theoretically correct if one assumes that the chosen target reflects 

human preferences. By assuming that the marginal abatement costs are a "willingness-to-pay"-value 

the abatement cost approach should mainly be used with reduction goals established in existing and 

legally binding policies. Sensitivity analyses can be performed to calculate abatement costs of other 
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targets, e.g. expert guesses but not yet established in policies. Important is to disclose the targets 

and reasons behind the assessment. 

The Kyoto protocol set targets for the reduction of CO2-emissions that have been accepted by 

many countries as binding. The EU furthermore decided on a reduction of -20 % in 2020 compared to 

1990 and also developed a strategy to accomplish the target (energy and climate package). Long-

term targets like the 2 °C target are accepted in Germany, the EU and lately at the COP in Cancun. 

However until now there is no allocation of tasks and no international cooperation on how and which 

measures should be applied to reach this target. Nevertheless the assessment of marginal abatement 

costs for this target is an important input for policy-making. 

With reduction targets for CO2 getting stricter the marginal costs per ton of carbon will rise. 

Internalisation of higher external costs will promote CO2-reduction measures that have higher 

abatement costs. 

At first, the implementation of relatively cheap measures should be promoted, whereas later 

stronger price incentives are necessary to support more expensive measures (Maibach et al. 2008). 

In scenarios without climate protection marginal damage costs often are high and measures with 

abatement costs of the same amount are demanded to be implemented. Economically this is not 

right as it leads to reductions and costs that lie above the optimal degree. In fact, the decision-

making for reduction measures has to be based on the marginal damage costs of a Pareto-optimal 

solution and thereby internalise them. But it can be reasonable at first to set higher price signals 

(accordant to damage costs) in order to reach adaptation and later reduce them gradually. In the 

optimum the marginal damage costs equal the marginal abatement costs. If marginal damage costs 

are used for decision-making which are higher than in the optimum then the emissions would lie 

beneath the optimum and thus welfare would be lower. This is shown in the following figure. 
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Source: Friedrich (2008) 

Figure 20: Pareto-optimal costs for mitigation of GHGs 

The x-axis reflects increasing cumulated GHG emissions. With increasing emissions, marginal damage 

Ŏƻǎǘǎ ǿƛƭƭ ŀƭǎƻ ƛƴŎǊŜŀǎŜΣ ǿƘƛŎƘ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ŎǳǊǾŜ άƳŀǊƎƛƴŀƭ ŘŀƳŀƎŜ ŎƻǎǘǎέΦ CǳǊǘƘŜǊƳƻǊŜ ƛŦ ǿŜ 
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start to reduce GHG emissions, we would start with the most efficient reduction measures and then 

with decreasing emissions will have to use more and more expensive measures, thus marginal 

ŀōŀǘŜƳŜƴǘ ŀƴŘ ŀǾƻƛŘŀƴŎŜ Ŏƻǎǘǎ ǿƛƭƭ ƛƴŎǊŜŀǎŜ ǿƛǘƘ ŘŜŎǊŜŀǎƛƴƎ ŜƳƛǎǎƛƻƴ ǎŎŜƴŀǊƛƻǎ όŎǳǊǾŜ άƳŀǊƎƛƴŀƭ 

ŀōŀǘŜƳŜƴǘ ŎƻǎǘǎέύΦ ¢ƘŜ ƻǇǘƛƳŀƭ ǎƻƭǳǘƛƻƴΣ ǿƘŜǊŜ ǿŜƭŦŀǊŜ ƛǎ ƳŀȄƛƳƛȊŜŘΣ ƛǎ ǘƘŜ ŜƳƛǎǎƛƻƴ ǎŎŜƴŀǊƛƻ άƻǇǘέΣ 

as here marginal damage costs and marginal avoidance costs are equal (Friedrich 2008).  

 

Excursus: Example for marginal abatement costs: McKinsey (2010) 

aŎYƛƴǎŜȅΩǎ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŀōŀǘŜƳŜƴǘ Ŏƻǎǘ ŎǳǊǾŜ ǇǊƻǾƛŘŜǎ ŀ ǉǳŀƴǘƛǘŀǘƛǾŜ ōŀǎƛǎ for discussions about 

what actions would be most effective in delivering emissions reductions, and what they might cost. It 

provides a global mapping of opportunities to reduce the emissions of greenhouse gases across 

regions and sectors. 

 

 

Source: McKinsey & Company (2010) 

Figure 21: Global GHG abatement costs curve beyond business-as-usual - 2030 

 

Practical application of the approaches 

Both approaches described above are applied in so-ŎŀƭƭŜŘ άƛƴǘŜƎǊŀǘŜŘ ŀǎǎŜǎǎƳŜƴǘ ƳƻŘŜƭǎέ όL!aύΦ 

These models try to display the whole chain of climate change from anthropogenic impacts across 

atmospheric and climatic changes up to impacts on natural systems and society. With IAMs one can 

describe the monetary impacts of global climate change. 
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The aim is to create an approach that combines physical and economic aspects to better assess 

climate change. IAMs try to integrate information by connecting mathematical accounts of different 

components of environmental, economic and social systems in one computer model (Risbey et al. 

1996, p. 396). Economic models are extended by stylised climatic effect relationships or submodels. 

IAMs join several tasks. First they aim at assessing possible answers to questions relating to 

climate change. By describing climate change with costs and impacts, the costs and benefits of 

measures against it can be described. Furthermore knowledge can be structured. Integrating 

knowledge of different fields they can create a framework that leads together current knowledge on 

climate change. Thus advantages and uncertainties can be identified. In addition IAMs can relate 

climate to other social and economic changes that occur at the same time. At last IAMs are research 

instruments which can, apart from a direct assessment, independently promote basic knowledge and 

understanding (Parson, Fisher-Vanden 1997, p. 593). 

Thus we can state that IAMs may have constraints but nevertheless they are a useful tool as they 

are - up to date - the best way to assess aggregate costs and risks of climate change (Stern 2008, p. 

145). 

An example for an IAM is the FUND model (Climate Framework for Uncertainty, Negotiation and 

Distribution) from Richard Tol which is now co-developed by David Anthoff. 

Important subjective influencing variables 

One difficulty when assessing impacts of climate change is emissions being emitted regionally but 

their impacts appearing globally. 

Thus the assessment of monetary values per ton of carbon strongly depends on the fact if these 

values are adjusted to income levels and, in case they are future values, if they are discounted. The 

values depend on a number of assumptions and judgements. Below key factors that lead to different 

assessments are further described. 

 Equity weighting 

According to our knowledge today, poorer countries like Africa, South America and India are 

more negatively affected by climate change than richer countries in middle and northern latitudes. 

Thus the method to aggregate damages and benefits of different regions to a global value has a 

decisive influence on the height of the total damage costs. 

In economic assessment of climate change induced damages it has been enforced to take into 

account the differences in welfare of concerned regions by equity weighting in sensitivity analyses. 

This is based on the theory of declining marginal utility with increasing income. An additional Euro 

thus offers a higher value for a poor person than for a rich person. Contrariwise, a damage of one 

Euro is more serious for a poor person than for a rich person. 

The following consideration further describes this: climate change causes an assumptive damage 

of one Euro - independently of the region. If this damage occurs in a poorer country which holds an 

average income of 100 Euro per capita, the damage is 1/100 of the per capita income and the 

compensation would have to be according to that amount. In other words: the willingness to pay to 

avoid the damage is up to one Euro. If the damage occurs in a rich country with an average income of 



Presentation of the selected indicators for assessing environmental sustainability 

Page 60 

5000 Euro, the damage is 1/5000 of the per capita income. The damage likewise has to be 

compensated with one Euro. In relation to the income the damage in the rich county is less serious. 

To illustrate how severe the damage in the poorer region equity weighting is used which shows that 

the damage of one Euro in the poorer region weighs 50 times the damage in the richer region. 1/100 

of the rich country income would be 50 Euro. If one accounts with the weighted damage of 50 Euro it 

is obvious that with equity weighting the different weight of damages in different regions can be 

expressed. 

Equity weighting can increase damage costs of climate change up to times 10 - Defra (2005) 

showed that with the model FUND and sensitivity analyses. 

Excursus: Equity weighting 

The utilitiarian framework states thaǘ ŜŀŎƘ ǇŜǊǎƻƴΩǎ ǳǘƛƭƛǘȅ ƛǎ Ŝǉǳŀƭƭȅ ƛƳǇƻǊǘŀƴǘ ŀƴŘ ǎƻ ǘƘŜǊŜ ƛǎ ƴƻ 

weighting of utilities. In economic theory it is almost universally accepted that the marginal utility of 

consumption is diminishing. That means that a rich person gets less utility of one Euro than a poor 

one. Utility thus rises with consumption but at a declining rate. Figure 22 clarifies this correlation for 

different presumed values of E (=elasticity of marginal utility). 

Utility

Consumption

Low E

High E

 

Source: European Commission (2005b), p. 38 

Figure 22: Utility functions for different values of E 

The higher E, the faster the marginal utility decreases with increasing wealth. A high value of E 

means that there is a strong aversion to inequality as people who are already rich gain less additional 

utility from additional consumption. The influence of different values for E is evident when 

comparing two countries, one rich (R) and one poor (P). Suppose that R has ten times the per capita 

income of A, then the value of a marginal Euro for R in relation to the value of a marginal Euro to A 

can be calculated. For E=0 (no equity weighting) a Euro has exactly the same value for both countries. 

E=1 (used value for United Kingdom in literature) holds that giving 10 cent to P increases his utility 

the same amount as giving 1 Euro to R. 
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Table 20: Effects of inequality aversion when income (R)=10*income(P) 
E 0 0.5 0.8 1 1.2 1.5 2 4 

Loss to R as a fraction of gain to P 1 0.31 0.16 0.1 0.06 0.03 0.01 0 

 

Although a utilitarian would not weigh utility he would weigh consumption flows due to 

diminishing marginal utility. In assessment of climate change consequences the average global 

income is used as benchmark. This is appropriate if the weighted damages are compared with 

abatement costs that are weighted with the same benchmark (European Commission, 2005b). 

Equity weighting is affected by different factors. One is the assumption regarding the elasticity of 

marginal utility of income. Beyond that the distribution of damages between rich and poor countries 

and the temporal distribution matters. By means of the temporal distribution the choice of discount 

rate has to be accounted for. It is described below. 

 Discount rate 

When assessing damage costs the choice of discount rate is of great importance. The costs and 

benefits that occur at different points of time are converted to a net present value and thus are 

comparable. Many integrated assessment models use a constant discount rate or a constant pure 

rate of time preference. Newer works suggest a declining discount rate for very long periods of time. 

Low or declining discount rates lead by trend to higher damage costs as future damages gain more 

weight. As the values are thus influenced by the discount rate the damage costs of climate change 

are often stated for different assumed discount rates. According to Watkiss (Defra, 2005) a sensitivity 

analysis with the model FUND shows that the damage costs of FUND with a pure rate of time 

preference of 0 % are higher by a factor of five than with a time preference rate of 1 %. With a higher 

rate of time preference and without equity weighting the short-term positive effects gain greater 

weight so that the aggregated net value of damage costs can be negative and thus there would be a 

benefit out of climate change (Bundesumweltministerium (BMU) 2006). 

 Uncertainty 

Assessments of marginal damages of greenhouse gases are afflicted with considerable 

uncertainties. Reasons are the assumptions on socio-economic development, incomplete knowledge 

about physical processes in atmosphere, difficulties at the assessment of the dimension of damages 

and influences as well as impacts that are not included in the models (Anthoff, 2007).  

When examining risk aversion and time preference in relation to marginal damage costs of 

carbon estimates by Anthoff et al. (2009) show that the assumed rate of risk aversion is as important 

as the assumed rate of time preference. The assessment of marginal damage costs can be negative 

όǘƘŀǘΩǎ ŀ ǎƻŎƛŀƭ ōŜƴŜŦƛǘύΣ but even the positive assessments can differ by a factor of six orders of 

magnitude. That depends on the rate of risk aversion as well as on the assumed rate of time 

preference. 

4.3.4.2 Models to assess damage costs 

Integrated assessment models are used to assess damage costs. Three known and accepted 

models are described further below. 
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FUND 

The FUND model (Climate Framework for Uncertainty, Negotiation and Distribution) developed 

by Richard Tol contains several exogenous scenarios and endogenous perturbations. It distinguishes 

16 different regions, the time horizon starts 1950 and runs up to 2300 in one year steps. One 

assumption is that the previous year influences the impacts of climate change in the following year. 

Thus adaptation measures can be accounted for. The time horizon from 1950-1990 serves the model 

calibration, 1990-2000 is based on observations. The climate scenarios from 2010-2100 are based on 

the EMF14 standardized scenario which lies between the IPCC scenarios IS92a and IS92f. Population 

growth, economic growth, autonomous energy efficiency improvement (AEEI), the rate of 

decarbonisation of the energy use (ACEI) and land-use changes determine the scenarios. 

Different causes for additional deaths through climate change are accounted for. Examples are: 

heat stress, cold stress, malaria and tropical cyclones. 

On the long-term climate change reduces economic growth but measures to mitigate CO2 as well 

add to that. Atmospheric concentrations of carbon dioxide, methane and nitrogen oxides, the global 

average temperature, the influence of mitigation measures of carbon dioxide on economic growth 

and emission development as well as damages and population changes through climate change are 

endogenous impacts in FUND. 

The base scenario assumes a rise of global average temperature in equilibrium of 2.5 °C, while 

assuming a doubling of concentration of CO2e. The regional temperature ensues from multiplication 

of global average temperature with a constant factor that is built from a mean over 14 GCMs (Global 

Climate Models) which accords to the spatial climate pattern. 

The climate impact module from Richard Tol includes the following categories: agriculture, 

forestry, sea-level rise, cardiovascular and respiratory disorders in relation with heat and cold stress, 

malaria, dengue fever, schistosomiasis, diarrhoea, energy use, water resources and unmanaged 

ecosystems. 

The impacts of climate change on coasts, forestry, ecosystems, water resources, diarrhoea, 

malaria, dengue fever and schistosomiasis are modelled with simple performance functions. Thus the 

impacts are neither negative nor positive and they don't change their sign. 

Damage potential out of climate change alters with population growth, economic growth and 

technological progress. It is expected that some systems get more vulnerable, e. g. water resources 

(with increasing population), heat-related diseases (with urbanisation) and ecosystems and health 

(with higher per capita income). Other systems are expected to get less vulnerable like energy use 

(with technical progress), agriculture (with economic growth) and vector- and water-related diseases 

(with improved health care system) (Anthoff, 2007).  

DICE 

The DICE model (Dynamic Integrated model of Climate and the Economy) of William Nordhaus is 

a simple model of economy and climate. It is a version of Ramsey's model of economic growth but it 

has some additions regarding direct climate damages and shifting resources due to emission 

mitigation measures. DICE combines factors like economic growth, carbon dioxide emissions, the 

carbon cycle, climate change, climate damages and climate policy. Its origin is economic growth 
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theory where economies invest in capital, education and technologies. Nordhaus here adds 

environmental capital. Parameters like population, resources and technological progress are given. 

Endogenous variables are global output and capital stock, carbon dioxide emissions and 

concentrations, global temperature changes and climate damages (e. g. agriculture, sea-level rise, 

health, catastrophes). It maximises the discounted net benefit of per capita consumption. Only one 

geographic region and one aggregated economic sector is used. 

The model answers, depending on the examined policy, the political answer in terms of carbon 

taxes or emission mitigation. Although the equations are widely accepted there remain a lot of 

uncertainties (Nordhaus, 2007). 

PAGE 

The PAGE 2002 model (Policy Analysis for the Greenhouse Effect) contains equations that 

reproduce the following. First there is the development of emissions of three primary greenhouse 

gases (CO2, CH4 und SF6). Other greenhouse gases like N2O are modelled as time-varying addition to 

the background radiation. Furthermore the greenhouse gas effect is simulated by modelling the 

concentrations of anthropogenic greenhouse gases in the atmosphere and the resulting radiative 

forcing. Also the cooling effect of sulphur aerosols as well as the direct and indirect reductions of 

radiative forcing is simulated. PAGE2002 contains 8 regions and by building the difference between 

the warming greenhouse gas effect and the regional cooling effect of sulphur aerosols regional 

temperature effects are examined. The influences on regional economic growth are assessed as the 

percentage loss of GDP in every region. Also investment in adaptation measures like dykes is taken 

into account. Economic effects are included in a highly aggregated form. Climate damages e.g. of the 

following sectors are considered: agriculture, energy use, health and climate catastrophes (e.g. 

meltdown of the west Antarctic ice shield). A complete list of all equations and default settings of 

PAGE2002 can be looked up in Hope (2006). 

Comparison FUND, DICE and PAGE 

The three IAMs are the ones most widely used. For instance the current publication of the 

Committee on Health, Environmental, and Other External Costs and Benefits of Energy Production 

and Consumption des National Research Council USA (National Academy of Sciences, 2010) used 

them. Table 21 shows the input parameters of the three models. 
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Table 21: Overview parameters of FUND, DICE and PAGE2002 

  FUND DICE PAGE2002 

Regions 16 1 7 

Time horizon 1950-2300 (yearly time steps) 10-year time steps 2000-2200 (several time steps) 

Scenario EMF14
25

  SRES A2
26

 

Exogenous population growth population  

  economic growth resources  

  AEEI
27

 technological progress  

  ACEI
28

   

  land-use change   

Endogenous CO2-emissions global output technological progress 

  CH4-emissions capital stock  

  NOX-emissions CO2-emissions  

  average temperature CO2-concentration  

  abatement measures temperature change  

  emission development climate damages  

  damages   

  population change through climate change   

Source: own compilation 

The table shows that the FUND model is the most transparent of the three. Publicly available, 

that is free downloadable on the internet, are FUND (www.fund-model.org) and DICE 

(http://nordhaus.econ.yale.edu/DICE2007.htm). The recommendation for damage costs below are 

based on FUND, as this model is accepted worldwide and often used, e.g. in the EU-ǇǊƻƧŜŎǘǎ α¢ƘŜ 

ŜŎƻƴƻƳƛŎǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŀŘŀǇǘŀǘƛƻƴ ƛƴ 9¦ Ŏƻŀǎǘŀƭ ŀǊŜŀǎά ŦǊƻƳ нллфΣ 9b{9a.[9{ ό9b{9a.[9-

based Predictions of Climate Changes and their Impacts), ATLANTIS (Atlantic Sea Level Rise: 

Adaptation to Imaginable Worst Case Climate Change), NEEDS (New Energy Externalities 

Development for Sustainability), CIRCE (Climate change and impact research: the Mediterranean 

environment) etc.. Table 22 shows the climate damages included in the models FUND, DICE and 

PAGE. 

 

 

 

 

 

                                                           

25
 Scenario of the Energy Modeling Forum 14: Integrated Assessment of Climate Change. 

26
 One scenario of the IPCC-Report: Special Report on Emission Scenarios (2000). 

27
 Autonomous Energy Efficiency Improvement. 

28
 Autonomous Carbon Efficiency Improvement. 



Presentation of the selected indicators for assessing environmental sustainability 

Page 65 

Table 22: Climate damages in FUND, DICE and PAGE 

FUND DICE PAGE 

agriculture 
Relation climate-damages: 
damages are a function of 
temperature, sea-level rise 
and CO2-concentrations 

Total damage is sum of damages of different 
sectors forestry 

sea-level rise 
Damages based on temperature rise, not 
GHG-concentration 

cardiovascular and respiratory 
disorders by heat and cold stress 

malaria no catastrophes Includes: risks for ecosystemes and extreme 
climate incidents dengue fever   

schistosomiasis     

diarrhoea     

energy use     

water resources     

ecosystems     

Source: own compilation 

4.3.4.3 Overview on assumptions and results of existing studies 

This chapter presents an overview of accepted and relevant studies. Table 23 lists all relevant 

studies. The used models and assumptions are shortly described. Below follows a more detailed view 

on the studies. 

Table 23: Overview of assumptions of the studies 

Study Used model Assumptions 

Social Cost of Carbon 

PAGE 
scenario A2; decreasing SRTP

29
Σ ƭƛƪŜ άDǊŜŜƴ 

ōƻƻƪέ
30

; equity weight =1 

FUND  
not enlisted in detail, values higher that the 
ones of PAGE 

result is mix of SCC
31

 and MAC
32

   

IMPACT 
 

literature review (amongst others with 
FUND, PAGE, POLES, GEM E3) 

short-term recommended values (2010-2020) 
based on marginal abatement costs relying on 
EU target -20% to -30% until 2020; long-term 
values (2030-2050) based on damage costs 

CASES Meta-analysis 
marginal abatement costs to reach target 
550ppm CO2-concentration 

Kuik et al. (2009) Meta-analysis (62 studies) 
marginal abatement costs (cost curves 
depending on CO2 stabilizing targets) 

Quinet et al. (2008) 
several (own (similar to DICE), POLES, 
IMACLIM, GEMINI-E3) 

450 ppm CO2e, discounted with 4 % after 2030, 
until 2030 progressive development up to 
100 ϵκǘ /h2 

DEFRA no information 550 ppm CO2e, shadow prices 

Stern Report PAGE 
450-550 ppm CO2e, marginal damage costs, 
costs rise in future 

                                                           

29
 Social Rate of Time Preference 

30
 See Great Britain H.M. Treasury (2003) 

31
 SCC = Social Cost of Carbon (damage costs) 

32
 MAC = Marginal Abatement Cost 



Presentation of the selected indicators for assessing environmental sustainability 

Page 66 

Study Used model Assumptions 

IPCC no information 550 ppm CO2e 

NEEDS, Anthoff (2007) FUND 
EMF

33
 14 scenario, variable discount rate, 

variable PRTP
34

, variable equity weighting  

NEEDS, EcoSenseWeb FUND and meta-analysis 
different scenarios (2 °C-target, Kyoto+, EMF14 
without EW) 

Source: own compilation 

Social Cost of Carbon 

A detailed assessment of damage costs was conducted in the project Social Cost of Carbon by 

AEA Technology and the Stockholm Environment Institute on behalf of Defra UK (2005). The term 

Social Cost of Carbon (SCC) describes damage costs (in contrast to Marginal Abatement Costs (MAC)). 

The study examined a huge number of existing studies on damage cost assessment and compared 

them to own modelled results. Results calculated with the model PAGE are shown in Table 24 and 

Table 10. Watkiss (Defra, 2005) states that SCC rise over time. 35 The rising SCC can be explained by: 

 finite but long lifetime of carbon in atmosphere, 

 decreasing discount rates (social rates of time preference) for future damages due to 

uncertainties of future economic development, 

 non-linearity of impacts of CO2-emissions. 

Table 24: Example of development of damage costs of CO2 over time (results of PAGE model for SCC over 
ǘƛƳŜ ƛƴ ϵκǘ /h2). Results are given in monetary value of year of emission. 

36
 

   
  

{// ƛƴ ȅŜŀǊ ƻŦ ŜƳƛǎǎƛƻƴ όϵκǘ /h2) 

5 %
37

 central value 95 % 

2001 3.6 18.4 52 

2010 4.8 24.4 63.6 

2020 5.6 30.8 86 

2040 10.8 50.8 129.6 

2060 13.6 74.8 205.2 

Source: Defra (2005) 

                                                           

33
 EMF = Energy Modelling Forum (http://emf.stanford.edu/) 

34
 PRTP = Pure Rate of Time Preference 

35
 N.B.: The original source states the values in £/tC but here are converted to Euro per ton of CO2. Conversion 

factor of 1.45  ϵκϻ ǘƘŜ ŘŀƳŀƎŜ Ŏƻǎǘǎ ƻŦ м £ per ton of carbon (£/t C) equal 0.4 ϵ ǇŜǊ ǘƻƴ ƻŦ /hн όϵκǘ /h2). 

36
 When discounting on the year of emission one assesses the net value of the year of emission. 

37
 A range between 5 and 95 % is given. Range means the length of the smallest interval that contains all data. 

It's calculated by subtracting the smallest observation (sample minimum) from the biggest (sample maximum). 

Here the maximum and minimum 5 % of the sample are cut off and then the range is calculated. It thus lies 

2001 between 3.6-52 ϵκǘ /h2. 
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Based on A2 scenario with PPP exchange rates, Green book SRTP (Social Rate of Time 

Preference) 
38

, equity weight of 1
39

. The results of the PAGE model contain several (but not all) 

climate incidents. Not included are social effects.  

The social cost of methane emissions were explicitly calculated in this project, based on radiative 

forcing and are not a product of the values of CO2 with a specific GWP (Global Warming Potential - 

e.g. 25 for CH4 according to (Intergovernmental Panel on Climate Change 2007). The costs of CH4 rise 

faster than the SCC values of CO2 that are listed above. This shows that a simple multiplication of the 

CO2 costs with the GWP would first lead to higher and then to lower than the actual costs of 

methane.  

Table 25: Example of the development of damage costs of CH4 over time 

  
  

{/ ƛƴ ȅŜŀǊ ƻŦ ŜƳƛǎǎƛƻƴ όϵκǘ /I4) 

5 % central value 95 % 

2001 59.45 281.3 768.5 

2010 108.75 459.65 1220.9 

2020 147.9 664.1 1769 

2040 284.2 1334 3606.15 

2060 437.9 2528.8 7335.55 

Source: Defra (2005) 

Based on scenario A2, with PPP exchange rates, Green book SRTP, equity weight of 1. 

The results of the PAGE model contain several (but not all) climate incidents. Not 

included are social effects.  

In Table 26 the lower values are based on damage costs while the upper values are derived 

from comparison of damage costs and abatement cost curves. 

Table 26: Example shadow prices with regard to recommendations of the study 

  lower bound lower value central value upper value upper bound 

2000 4 14 22 52 88 

2010 4.8 16 26 64 104 

2020 6 20 32 82 124 

2030 8 26 40 104 148 

2040 10 36 56 132 180 

2050 12 52 84 168 220 

Source: Defra (2005) 

IMPACT 

                                                           

38
 Great Britain H.M. Treasury 2003states the SRTP at 3.5 % in the first 30 years, year 31-75 at 3 %, year 76-125 

at 2.5 %, year 126-200 at 2 %, year 201-300 at 1.5 % and at 1 % for more than 300 years. 

39
 A parameter of 1 means that the loss of 1 ϵ ŦƻǊ ǎƻƳŜƻƴŜ ǿƛǘƘ ŀƴ ƛƴŎƻƳŜ ƻŦ м,000 ϵ per year is ten times 

worse than the loss of 1 ϵ ŦƻǊ ǎƻƳŜƻƴŜ ǿƛǘƘ ŀƴ ƛƴŎƻƳŜ ƻŦ млΣллл ϵ ǇŜǊ ȅŜŀǊΦ 
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The results described above were also included in the following study on external costs of 

transport (Maibach et al. 2008) - IMPACT. Table 27 shows the overview of IMPACT on damage costs 

of climate change.  

Table 27:  hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ŘŀƳŀƎŜ Ŏƻǎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ όƛƴ ϵκǘ /h2) as estimated by various studies 

  5ŀƳŀƎŜ Ŏƻǎǘǎ όϵκǘ /h2) 

Source 
Year of  

application 
Min Central Max Comments 

ExternE, 2005 2010  9   

Watkiss, 2005b 

2000 14 22 87 

Results based on damage costs 
only 

2010 17 27 107 

2020 20 32 138 

2030 25 39 144 

2040 28 44 162 

2050 36 57 198 

Watkiss, 2005b 

2000 14 22 51 

Results based on comparsion of 
damage and avoidance costs 

2010 16 26 63 

2020 20 32 81 

2030 26 40 103 

2040 36 55 131 

2050 51 83 166 

Tol, 2005  -4 11 53 Based on studies with PRTP=1% 

Stern, 2006 

2050  71  Business-as-usual scenario 

2050  25  Stabilisation at 550 ppm 

2050  21  Stabilisation at 450 ppm 

DLR, 2006  15 70 280 Based on Downing, 2005 

 

 

Figure 23: hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ŘŀƳŀƎŜ Ŏƻǎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ όƛƴ ϵκǘƻƴƴŜ /h2) as estimated by various 
studies 

  The black markers and grey lines correspond to the recommended values of IMPACT (see 

Table 29 and Figure 25). IMPACT also created an overview of avoidance costs of CO2. 
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Table 28: Overview of the CO2 ŀǾƻƛŘŀƴŎŜ Ŏƻǎǘǎ όƛƴ ϵκǘƻƴƴŜ /h2) as estimated by various studies 

  !ǾƻƛŘŀƴŎŜ Ŏƻǎǘǎ όϵκǘƻƴƴŜ /h2) 

Source 
Year of 

application 
Min Central Max Reference for avoidance costs 

RECORDIT, 2000/1 

2010  37  Kyoto target 

2050  135  Long term IPCC 50% reduction target 

Capros and Mantzos, 2000 2010 5  38 
Kyoto target: lower value based on trading with 
countries outside EU, upper value on situation 

without trading outside EU 

UNITE, 2003 2010 5 20 38 Based on Capros and Mantzos, 2000 

INFRAS, 2004 

2010  20  Kyoto target 

2050  140  Long term IPCC 50% reduction target 

ExternE, 2005 

2010 5 19 20 Kyoto target 

2050  95  Stabilisation at 2°C temperature increase 

Stern, 2006 

2015 32 49 65 

Average abatement costs 2025 16 27 45 

2050 -41 18 81 

SEC, (2007)8 

2010  14  
Stabilisation at 2°C temperature increase 

2020  38  

2030  64  

Lineair extrapolation based on 2020-2030 data 2050   120   

 

Figure 24: Overview of the CO2 ŀǾƻƛŘŀƴŎŜ Ŏƻǎǘǎ όƛƴ ϵκǘƻƴƴŜ /h2) as estimated by various studies 
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Finally the recommended values for cost per ton of CO2 in IMPACT are presented: 

Table 29Υ wŜŎƻƳƳŜƴŘŜŘ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ŜȄǘŜǊƴŀƭ Ŏƻǎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ όƛƴ ϵκǘƻƴƴŜ CO2) expressed as 
single values for a central estimate and lower and upper values  

 /ŜƴǘǊŀƭ ǾŀƭǳŜǎ όϵκǘ /h2) 

Year of application Lower value Central value Upper value 

2010 7 25 45 

2020 17 40 70 

2030 22 55 100 

2040 22 70 135 

2050 20 85 180 

 

 

Figure 25: wŜŎƻƳƳŜƴŘŜŘ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ŜȄǘŜǊƴŀƭ Ŏƻǎǘǎ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ όƛƴ ϵκǘƻƴƴŜ /h2), expressed as 
single values for a central estimate and lower and upper values 

The recommended values were chosen on the basis of following considerations. Short-term 

values (2010 until 2020) were chosen on the basis of avoidance costs as the policy targets are known. 

For 2010 the Kyoto Protocol was considered and 2020 the targets of the European Commission (20 % 

mitigation of emissions until 2020) flew in. Long-term values (2030-2050) are based on damage costs 

as the concept of damage costs is preferred over avoidance costs and on the long term the policy 

targets are not expressed so clearly and binding. Enhanced insights on impacts of climate change 

(like modelled in FUND) indicate that damage costs are higher than assumed until now, hence newer 

studies use higher damage values. 

CASES 

Kuik (2007) in the project CASES carried out a meta-analysis of 26 different models to gain the 

marginal abatement costs for a stabilisation target of 500 ppm CO2 by using a therefore developed 

meta-regression model. 

Table 30: Central values for margiƴŀƭ ŀōŀǘŜƳŜƴǘ Ŏƻǎǘǎ ƻŦ ƎǊŜŜƴƘƻǳǎŜ ƎŀǎŜǎ όϵ2005/t)  
 2010 2015 2020 2025 2030 2040 2050 

CO2 19 19 19 23 30 46 61 

CH4 399 399 399 475 636 958 1120 

N2O 5890 5890 5890 7006 9387 11768 16529 
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Meta-Analysis of different studies (Kuik et al. 2009) 

In a further study Kuik et al. (2009) examined marginal abatement costs of 62 studies. These 

studies analysed the marginal abatement costs to reach different long-term stabilising targets. For 

the meta-analysis 62 observations of abatement costs for 2025 and 2050 were collected. These 

observations were noǊƳŀƭƛȊŜŘ ƻƴ ϵ2005/t CO2 from different dimensions and currencies. The average 

stabilisation target of the data basis is 611 ppm CO2e and 17 observations include technological 

progress. 26 models are used in the database of the meta-analysis. 

The analysis shows that the stabilisation target ς as expected ς has a significant negative effect 

on the marginal abatement costs. The coefficient is about -6.5. This implies that the decline of the 

target by 1 % (a stricter target) raises the marginal abatement costs by 6.5 %. The following example 

demonstrates this: the average marginal abatement costs 2050 for a stabilisation target of 600 ppm 

ǿƻǳƭŘ ŀƳƻǳƴǘ ǘƻ нр ϵκǘ ŀƴŘ ǿƻǳƭŘ ǊƛǎŜ ǘƻ оф ϵκǘΣ ƛŦ ǘƘŜ ǎǘŀōƛƭƛǎŀǘƛƻƴ ǘŀǊƎŜǘ ǿƻǳƭŘ ƭƛŜ ŀǘ ррл ǇǇƳ ς 

ǘƘŀǘΩǎ у ҈ ǎǘǊƛŎǘŜǊΦ 

Summing up the meta-analysis shows that the differences between marginal abatement costs 

may be partly explained by the different stabilisation targets, the number of considered regions, the 

energy sources, the inter-temporal optimisation and the inclusion of non-CO2-gases. 

 

Figure 26: Marginal abatement costs as function of stabilisation target (left 2025; right 2050) after Kuik 
et al. (2009) 

Figure 26 shows the determined marginal abatement costs as well as the confidence interval for 

different stabilisation targets between 450-675 ppm CO2e. The image shows that the marginal 

abatement costs rise with the stringency of the long-term target and that the uncertainty of the 

forecast rises if the aim gets more ambitious. 

The curve reveals: the stricter that means the lower the stabilisation target, the higher are the 

marginal abatement costs per ton CO2. Marginal abatement costs with a strict 450 ppm target lie 

нлнр ŀǘ мнф ϵκǘ /h2e (with a range of 69-нпм ϵύ ŀƴŘ ŀǘ ннр ϵκǘ /h2e in 2050 (128-офс ϵύΦ 

Table 31 shows further marginal abatement costs, in this case for the United Kingdom a 

mitigation of greenhouse gases by 60 % until 2050 and for the EU27 for a mitigation of greenhouse 

gases by 20 % until 2020. 



Presentation of the selected indicators for assessing environmental sustainability 

Page 72 

Table 31: bŀǘƛƻƴŀƭΣ ǊŜƎƛƻƴŀƭ ŀƴŘ Ǝƭƻōŀƭ ƳŀǊƎƛƴŀƭ ŀōŀǘŜƳŜƴǘ Ŏƻǎǘǎ ƛƴ ϵ2005/t CO2 

 2020 2050 Source 

UK 15-60 142-193 Defra, 2005 

EU27 23-93  Den Elzen et al., 2007 

MAC(500) 37-119 79-226 see Figure 26 (Kuik, 2009) 

MAC(450) 69-241 128-396 see Figure 26 (Kuik, 2009) 

 

La valeur tutélaire du carbone 

¢ƘŜ CǊŜƴŎƘ ƎƻǾŜǊƴƳŜƴǘ ƛƴ нллу ŎƻƳƳƛǎǎƛƻƴŜŘ ǘƘŜ /ŜƴǘǊŜ ŘΩŀƴŀƭȅǎŜ ǎǘǊŀǘŞƎƛǉǳŜ ǘƻ ŎŀƭŎǳƭŀǘŜ ŀ 

current value for one ton of carbon dioxide that should be used in calculations for public investments 

(Quinet et al. 2008). An expert commission was established (industry, research and public 

authorities) and they gained the following results. 

Base is the 2 °C target and therefore a stabilisation target at 450 ppm CO2e. The EU targets (-20 % 

until 2020 and -60-80 % until 2050) were considered. In principle the commission assumed 2030 a 

ǾŀƭǳŜ ƻŦ млл ϵκǘ /h2. This value is based on calculations with different models, but for a global target 

of 450 ppm CO2Ŝ ŀ ǾŀƭǳŜ ƻŦ ус ϵ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘΦ IƻǿŜǾŜǊ ƛƴ ǘƘŜ ǎŎŜƴŀǊƛƻ ά9ǳǊƻǇŜ ¦ƴƛƭŀǘŞǊŀƭέ ƛƴ ǘƘŜ 

study a ǾŀƭǳŜ ƻŦ млл ϵ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ŀƴŘ ǘƘƛǎ ǿŀǎ ǘƘŜƴ ǳǎŜŘ ŀǎ ōŀǎƛǎΦ 

Based on this knowledge two scenarios were considered between 2010 and 2030. The first 

ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ǾŀƭǳŜ нлол ƛǎ млл ϵ ŀƴŘ ǘƘŜƴ ƛǎ ŜŀŎƘ ǘƛƳŜ ŘƛǎŎƻǳƴǘŜŘ ǿƛǘƘ п ҈ όIƻǘŜƭƭƛƴƎ-rule). The 

probƭŜƳ ƛǎ ǘƘŀǘ ǘƘŜ ǾŀƭǳŜ нлмл ƛƴ ǊŜŀƭƛǘȅ ƛǎ нт ϵ ŀƴŘ ǿƛǘƘ ŘƛǎŎƻǳƴǘƛƴƎ ŦǊƻƳ млл ϵ нлол ǿƛǘƘ п ҈ ǿƻǳƭŘ 

ƭƛŜ ŀǘ пр ϵ ƛƴ нлмлΦ ²ƛǘƘ ǘƘŜ ŀǎǎǳƳǇǘƛƻƴ ƻŦ п ҈ ŘƛǎŎƻǳƴǘ ǊŀǘŜ ǘƘŜ ǾŀƭǳŜ нлрл ŀƳƻǳƴǘǎ ŀōƻǳǘ нлл ϵΦ 

¢ƘŜ ǎŜŎƻƴŘ ǎŎŜƴŀǊƛƻ ŀǎǎǳƳŜǎ ŀ ǾŀƭǳŜ ƻŦ млл ϵ ƛƴ нлол ŀƴŘ ōȅ discounting with a rate of 5.8 % 

ǳƴǘƛƭ нлмлΣ ŀ ǾŀƭǳŜ ƻŦ он ϵ ƛǎ ŀŎƘƛŜǾŜŘ ƛƴ нлмлΦ 5ƛǎŎƻǳƴǘƛƴƎ ǿƛǘƘ п ҈ ŀŦǘŜǊ нлол ǘƘŜ ǾŀƭǳŜ нлрл 

ŀƳƻǳƴǘǎ ŀōƻǳǘ нлл ϵΣ ōǳǘ ǘƘŜ ŎƻƳƳƛǎǎƛƻƴ ƛƴŘƛŎŀǘŜǎ ŀ ǊŀƴƎŜ from 150-орл ϵ ŘǳŜ ǘƻ ǳƴŎŜǊǘŀƛƴǘƛŜǎΦ 

This second scenario is the recommendation of the study. 

Table 32Υ wŜŎƻƳƳŜƴŘŜŘ ǾŀƭǳŜ ƻŦ ǘƘŜ ŎƻƳƳƛǎǎƛƻƴ ƛƴ ϵκǘ /h2  

 2010 2020 2030 2050 

recommended value 32 56 100 
200  

(150-350) 

value of Boiteaux (updated) 32 42 57 103 

 

DEFRA: Shadow price 

The British Department for Environment, Food and Rural Affairs (DEFRA) in 2007 published a 

guideline how to use SCC and shadow prices for economic assessments in the United Kingdom (Defra 

2007a and 2007b). The recommended values in Table 18 are based on the stabilisation target of 

550 ppm CO2e.  

Table 33: Shadow pǊƛŎŜ ƛƴ ϵκǘ /h2e 

Year 2010 2020 2025 2030 2040 2050 

shadow price carbon dioxide 39.5 48.1 53.2 58.6 71.5 87.1 

Source: Defra Economics Group (2007a) 

The guideline recommends in each case to adjust the shadow prices to the starting year of a 

policy measure in order to include inflation. In case a measure starts 2011, the recommendation is to 
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heighten the value of 2010 with 2 % per year. After that all values of the shadow price should again 

rise by 2 % per year to account for the rising damages. 

Stern Review 

The Stern Review is a report that was conducted by (Stern, 2008) by order of the British 

government. The intention of the enquiry was an assessment of economic impacts of global 

warming. The current Social Cost of Carbon (SCC) in the business-as-usual scenario (BAU) in Stern is 

85 $/t CO2Σ ǿƘƛŎƘ Ŝǉǳŀƭǎ тмΦс ϵκǘ /h2. In future costs will rise. For a stabilisation path between 450-

550 ppm CO2e the damage costs today amount to 25-30 $/t CO2 which equals 21.1-нрΦо ϵκǘ /h2. It is 

also assumed that the costs rise in future.  

The damage costs of the Stern Review are relatively high in comparison with other studies. 

Furthermore the Stern Review was noticed worldwide. Hence there were several reactions of 

scientists on the publication that are worth mentioning. Tol and Yohe (2006) for example agree with 

the evidence that there is an economic reason for climate policy and that the costs of every climate 

policy rise. But in detail they think that the height of the assessments is doubtful. They criticise that 

the Stern Review offers no new assessments of damage- or abatement costs of climate change but 

only depicts existent material. The higher assessments compared to previous studies can be 

explained with the very low discount rates that were used. Further criticism is that the costs of 

climate policy were set very low due to the short time horizon (until 2050). In addition they think 

ǘƘŀǘ ǘƘŜ ŀǎǎŜǎǎƳŜƴǘǎ ƻŦ Ŏƻǎǘǎ ŀƴŘ ōŜƴŜŦƛǘǎ ŘƻƴΩǘ Ŧƛǘ ǘƻ ǘƘŜ ŎƻƴŎƭǳǎƛƻƴǎ ŀǎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǘŀǊƎŜǘ 

should be stricter than the one demanded in the Stern Review. 

IPCC 

The Intergovernmental Panel on Climate Change (IPCC) (2007) calculated in its Fourth 

Assessment Report: Climate Change 2007 (AR4) in model studies the following marginal abatement 

costs for a stabilisation level at 500 ppm CO2e until 2100: 20-80 US$/ t CO2e in 2030 and 30-155 

US$/t CO2e 2050. This equals 17-ст ϵκǘ /h2e in 2030 and 25-мом ϵκǘ /h2e in 2050. When considering 

technological change the costs decrease to 5-65 US$/t CO2e 2030 and 15-130 US$/t CO2e 2050. This 

equals 4-рр ϵκ /h2e 2030 and 13-млф ϵκǘ /h2e 2050. 

NEEDS 

Anthoff (2007) in NEEDS calculated values with FUND 3.0. The emission scenario used is called 

άǎǘŀƴŘŀǊŘƛǎŜŘ 9aC мпέ ǎŎŜƴŀǊƛƻΦ Lǘ ŀǎǎǳƳŜǎ ŜƳƛǎǎƛƻƴǎ ǘƘŀǘ ƭƛŜ ōŜǘǿŜŜƴ мр-17 Gt C/a in 2050 and 20-

26 Gt C/a 2100 2100. This equals approximately the IPCC scenario SRES A1 (at least until 2080) and 

mirrors a moderate business as usual scenario. Table 34 shows the results in detail. After 1000 runs  

a wide range results. The description considers different modes of equity weighting, discount rate 

and averaging principle. 
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Table 34: hǾŜǊǾƛŜǿ ǊŜǎǳƭǘǎ C¦b5 όȅŜŀǊ ƻŦ ŜƳƛǎǎƛƻƴύ ƛƴ ϵκǘ /h2 

  2005 2015 2035 2055 

Median 

NoEW_0%PRTP_m 9.90 14.89 16.12 25.62 

AvEW_0%PRTP_m 31.38 35.48 33.47 41.37 

WeuEW_0%PRTP_m 149.49 175.20 170.04 203.27 

NoEW_1%PRTP_m 0.38 1.50 1.71 5.53 

AvEW_1%PRTP_m 6.29 8.44 7.21 11.66 

WeuEW_1%PRTP_m 29.96 41.69 36.62 57.42 

NoEW_3%PRTP_m -2.09 -2.17 -2.37 -1.37 

AvEW_3%PRTP_m -1.67 -1.43 -1.73 -0.16 

WeuEW_3%PRTP_m -7.93 -7.08 -8.78 -0.80 

NoEW_ddr_m 0.55 1.36 0.95 2.99 

AvEW_ddr_m 2.71 3.52 2.93 5.13 

Average 

NoEW_0%PRTP_Av 46.01 59.11 92.13 160.53 

AvEW_0%PRTP_Av 105.65 117.45 132.48 161.81 

WeuEW_0%PRTP_Av 503.01 579.54 672.51 794.69 

NoEW_1%PRTP_Av 10.33 14.52 25.63 52.73 

AvEW_1%PRTP_Av 28.10 32.84 41.50 54.24 

WeuEW_1%PRTP_Av 133.78 162.00 210.62 266.36 

NoEW_3%PRTP_Av -0.12 0.69 3.05 10.53 

AvEW_3%PRTP_Av 2.82 4.01 6.74 10.89 

WeuEW_3%PRTP_Av 13.42 19.76 34.18 53.45 

NoEW_ddr_Av 13.55 16.05 20.96 35.37 

AvEW_ddr_Av 16.22 18.77 23.44 30.42 

Average 1 % trimmed 

NoEW_0%PRTP_Av1% 36.36 50.34 61.56 95.31 

AvEW_0%PRTP_Av1% 87.53 103.75 100.38 136.69 

WeuEW_0%PRTP_Av1% 416.72 511.97 509.50 671.33 

NoEW_1%PRTP_Av1% 8.03 12.17 17.56 31.25 

AvEW_1%PRTP_Av1% 23.49 28.62 31.24 46.01 

WeuEW_1%PRTP_Av1% 111.81 141.23 158.51 225.95 

NoEW_3%PRTP_Av1% -0.54 0.15 1.56 5.50 

AvEW_3%PRTP_Av1% 1.97 3.01 4.41 8.98 

WeuEW_3%PRTP_Av1% 9.39 14.83 22.38 44.04 

NoEW_ddr_Av1% 10.37 13.46 15.29 24.28 

AvEW_ddr_Av1% 13.39 16.15 17.34 25.67 

Source: Anthoff (2007) ŎƻƴǾŜǊǘŜŘ ǘƻ ϵκǘ /h2 

Comment on abbreviations: NoEW = no equity weighting (willingness-to-pay per country), AvEW = 

average equity weighted (willingness-to-pay world average), WeuEW = West-Europe equity 

weighted (willingness-to-pay like in the EU), PRTP = Pure Rate of Time Preference, ddr = declining 

discount rate, m = median, Av = average, Av1% = Average 1 % trimmed. 
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Figure 27: hǾŜǊǾƛŜǿ ǊŜǎǳƭǘǎ C¦b5 όȅŜŀǊ ƻŦ ŜƳƛǎǎƛƻƴύ ƛƴ ϵκǘ /h2 
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¢ƘŜǊŜ ǿŜǊŜ ŘƛŦŦŜǊŜƴǘ ǾƛŜǿǎ ƻƴ ǘƘŜ ǳǎŜ ƻŦ άŜǉǳƛǘȅ ǿŜƛƎƘǘƛƴƎέ ƛƴ ǘƘŜ ǇǊƻƧŜŎǘ b995{Φ ¢ƘŜǊŜŦƻǊŜ ǘƘŜ 

coordinator and the consortium decided on three procedures that were agreed on by the majority of 

the project: 

1) pure economic cost-benefit-analysis (NoEW):  

Results of FUND (marginal damage costs) for a pure rate of time preference of 1 % (as it is a 

Monte-Carlo-Simulation this is equivalent with a decreasing future time preference rate in a 

deterministic calculation) and no equity weighting are used. 

2) Precautionary principle, use of agreed objectives (MAC_Kyoto+): 

Marginal abatement costs for Kyoto targets in 2010, -20 % in 2020, then rise of the discount rate 

with 3 %/year.  

For Kyoto the current CO2-priceǎ ŀǊŜ ŀ ōƛǘ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ мф ϵκǘ /h2 that one assumes at the 

moment. On the other hand the full implementation of the trading mechanisms might lead to a 

ǊŜŘǳŎǘƛƻƴ ƻŦ ǇǊƛŎŜǎ ŀƎŀƛƴ ƛƴ ǘƘŜ ŦǳǘǳǊŜ ǎƻ ǘƘŀǘ ŀƴ ŀǾŜǊŀƎŜ ŎŀǊōƻƴ ǇǊƛŎŜ ƻŦ ноΦр ϵκǘ /h2 for 2010 

could be used. 

The marginal abatement costs rise with a discount rate of 3 % which leads to marginal 

ŀōŀǘŜƳŜƴǘ Ŏƻǎǘǎ ƻŦ тт ϵκǘ /h2 in 2050. This result is in accordance with results of the HEATCO- 

and Watkiss-study. It is also similar to the French recommendatƛƻƴ ά.ƻƛǘŜǳȄέ όŎƛǘŜŘ ŦǊƻƳ ά±ŀƭŜǳǊ 

ǘǳǘŜƭŀƛǊ Řǳ ŎŀǊōƻƴŜέнллуύΦ  

With these marginal abatement costs the 2 °C-target will probably not be reached. According to 

YǳƛƪΩǎ ƳŜǘŀ-model one would reach 450 ppm CO2 (not CO2-equivalents), which equals a warming 

of 2.8 °C. This again nearly fits the Pareto-optimal climate protection path that Nordhaus 

determined. 

3) Precautionary principle, ambitious goal, 2 °C-target (MAC_2°C): 

IŜǊŜ ǘƘŜ ǾŀƭǳŜǎ ƻŦ YǳƛƪΩǎ ƳŜǘŀ-model from the CASES-project are used (marginal abatement 

costs). The meta-model examines a series of different models and compares them. When 

assuming a 365 ppm CO2 stabilisation target for the 2 °C-target then the model produces a value 

ƻŦ ŀōƻǳǘ млл ϵκǘ /h2 ƛƴ нлнр ŀƴŘ ŀōƻǳǘ нлл ϵκǘ ŦƻǊ нлрл Φ ¢ƘŜ ǾŀƭǳŜ ŦƻǊ нлнр ƛǎ much higher than 

ƛƴ ǘƘŜ Ww/ wŜǇƻǊǘ ƻŦ нллт όwǳǎǎ Ŝǘ ŀƭΦ нллтύ ǿƘƛŎƘ ƻƴƭȅ ƎƛǾŜǎ от ϵκǘ /h2 ƛƴ нлнл ŀƴŘ сп ϵκǘ ƛƴ 

2030 to reach the 2 °C-target, but no values after 2030 are given. The results of the NEEDS-model 

ŀǊŜΥ от ϵκǘ /h2 in 2020 (in accordance with Jw/ύΣ нм ϵκǘ ƛƴ нлнрΣ стл ϵκǘ ƛƴ нлрлΦ ¢ƘŜ ƭŀǎǘ ǊŜǎǳƭǘ ƛǎ 

an artefact, as no expansive mitigation measures for emissions are included in the model. One 

has to bear in mind that there are forty years to gain new innovative technological solutions. 

Especially ǿƘŜƴ ƻƴŜ ŀǎǎǳƳŜǎ ǘƘŀǘ ŀōŀǘŜƳŜƴǘ Ŏƻǎǘǎ ƻŦ стл ϵκǘ ŀǊŜ ǎƻŎƛŀƭƭȅ ƴƻǘ ŀŎŎŜǇǘŜŘΦ 

.ŀǎŜŘ ƻƴ ǘƘŜǎŜ ƻōǎŜǊǾŀǘƛƻƴǎ ǿŜ ǊŜŎƻƳƳŜƴŘ ǘƻ ǳǎŜ ŀ ǾŀƭǳŜ ƻŦ ŀōƻǳǘ нлл ϵκǘ /h2 in 2050 from 

Kuik, but to exponentially interpolate between 2010 and 2050. This leads the values of 2020 

closer to the JRC and NEEDS estimations. This can be seen as Best guess, as one knows that after 

2030 the values are even less reliable and could change if one gains better results. 
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Lƴ ǘƘŜ ǇǊƻƧŜŎǘ b995{ ǘƘƛǎ ƭŜŀŘ ǘƻ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǊŜŎƻƳƳŜƴŘŜŘ ǾŀƭǳŜǎ ƻŦ ϵ2005/t CO2 in year of 

emission. 

Table 35: wŜŎƻƳƳŜƴŘŀǘƛƻƴ ǇǊƻƧŜŎǘ b995{ ƛƴ ϵκǘ /h2 

 

 

 

Source: Friedrich (2008) 

The growth rate in the higher alternative is 5.5 %/year. This equals a lower rate of opportunity 

costs for private investments and also climate policy measures. Often even a lower rate of social time 

preference of 3 %/year is recommended. If one uses this rate the following developing of the higher 

alternative is produced: 

Table 36Υ wŜŎƻƳƳŜƴŘŀǘƛƻƴ ǇǊƻƧŜŎǘ b995{ ƛƴ ϵκǘ /h2 - higher value updated 

[Euro2005 per tonne CO2 eq] 2010 2015 2025 2035 2045 2050 

MAC_2°, 3 %/a 61 70 95 127 171 198 

Interpolation with 3 % instead of 5.5 % 

It is not considered that due to the higher costs in the years before 2050 the marginal abatement 

costs 2050 could be significantly lower. The values in Table 36 probably overestimate the costs. 

Methodenkonvention (2007) 

The German Umweltbundesamt (UBA) published the Methodenkonvention in 2007 and due to 

avaƛƭŀōƭŜ ƭƛǘŜǊŀǘǳǊŜ ǊŜŎƻƳƳŜƴŘŜŘ ǘƻ ǳǎŜ ŀ ǾŀƭǳŜ ƻŦ тл ϵκǘ /h2 to assess external costs of greenhouse 

gas emissions. Considered are the damages in the next 100 years, a time preference rate of 1 % and 

equity weighting. It is further recommended to carry out seƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ǿƛǘƘ нл ϵκǘ /h2 and 280 

ϵκǘ /h2Φ ¢ƘŜ ƭƻǿŜǊ ǾŀƭǳŜ ǎǘŜƳǎ ŦǊƻƳ ǘƘŜ ŜȄǇŜǊǘ ƎǳŜǎǎ ǘƘŀǘ ǘƘŜ Ŏƻǎǘǎ ŀǊŜ ǾŜǊȅ ƭƛƪŜƭȅ ƘƛƎƘŜǊ ǘƘŀƴ мп ϵκǘ 

CO2 and on the other side from model calculations without weighting regional damages, where the 

value is above нн ϵκǘ /h2 and tƘŜ ǳǇǇŜǊ ǾŀƭǳŜ ƻŦ нул ϵκǘ /h2 results from the use of a time 

preference rate of 0 %. 

Own calculations with FUND model (2011) 

Calculation for marginal damage costs of greenhouse gases were made using the FUND model 

Version 3.6 developed by Richard Tol and David Anthoff. 

The cost per ton of the four greenhouse gases carbon dioxide, methane, nitrous oxide and 

ǎǳƭǇƘǳǊ ƘŜȄŀŦƭǳƻǊƛŘŜ ŀǊŜ ƭƛǎǘŜŘ ōŜƭƻǿΦ ¢ƘŜȅ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ϵ2010. The FUND model produces values 

in $1995. These are converted by a deflator of 1.371 and an exchange rate of 1.173, which leads to a 

conversion factor of 1.608. Marginal damage costs of carbon are produced as costs per ton of carbon 

and therefore also have to be converted to costs per ton of carbon dioxide by dividing the values by a 

factor of 3.67. 

Two different scenarios were used, the SRES A1b and SRES B1 of the IPCC. SRES B1 in 2100 leads 

approximately to a temperature rise of 2 °C whereas the SRES A1b could be seen as a business-as-

usual scenario. 1000 Monte Carlo runs were carried out. Scientifically consented is the choice of a 

[Euro2005 per tonne CO2 eq] 2010 2015 2025 2035 2045 2050 

1) NoEW 9 11 14 15 17 22 

2) MAC_Kyoto+ 23.5 27 32 37 66 77 

3) MAC_2° 23.5 31 52 89 152 198 
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discount rate of 1 % PRTP and averaging with 1 % trimmed. The following tables show the values for 

damage costs with the assumption of a pure rate of time preference between 0-3 %, an average that 

is trimmed with 1 % and different kinds of equity weighting. 

Table 37: Average 1%trimmed, A1b scenario -  ϵ2010/t  

 2010 2020 2030 2050 

CO2 

AvEW_0%_Av1% 340.53 452.23 616.55 1116.27 

NoEW_0%_Av1% 131.10 214.29 347.76 719.17 

WeuEW_0%_Av1% 1607.13 1900.64 2237.50 3112.31 

AvEW_1%_Av1% 29.80 40.41 54.54 99.45 

NoEW_1%_Av1% 14.60 22.88 34.60 70.60 

WeuEW_1%_Av1% 140.64 169.84 197.92 276.29 

AvEW_3%_Av1% 1.21 3.07 5.57 14.32 

NoEW_3%_Av1% 0.26 1.21 2.71 9.43 

WeuEW_3%_Av1% 5.71 12.96 20.28 39.86 

CH4 

AvEW_0%_Av1% 4370.13 5903.83 7848.59 14268.88 

NoEW_0%_Av1% 1579.18 2677.66 4333.99 9171.56 

WeuEW_0%_Av1% 20622.58 24812.53 28483.90 39749.66 

AvEW_1%_Av1% 959.16 1259.70 1624.58 2741.42 

NoEW_1%_Av1% 489.49 751.52 1095.85 2072.15 

WeuEW_1%_Av1% 4526.63 5292.67 5894.92 7614.40 

AvEW_3%_Av1% 358.14 475.93 621.11 1074.16 

NoEW_3%_Av1% 195.09 300.63 440.88 854.32 

WeuEW_3%_Av1% 1690.39 1999.87 2254.12 2983.29 

N2O 

AvEW_0%_Av1% 211463.74 289107.38 407948.30 784605.72 

NoEW_0%_Av1% 84050.14 140504.25 235094.35 512088.89 

WeuEW_0%_Av1% 997902.98 1215159.96 1480033.23 2187364.70 

AvEW_1%_Av1% 27238.01 36680.14 49290.93 90074.44 

NoEW_1%_Av1% 14951.87 22985.08 34494.39 68761.30 

WeuEW_1%_Av1% 128541.71 154106.29 178772.89 250040.71 

AvEW_3%_Av1% 5998.52 8121.54 10874.51 19752.84 

NoEW_3%_Av1% 3477.05 5374.47 8038.70 16120.58 

WeuEW_3%_Av1% 28310.95 34123.74 39451.60 54814.17 

SF6 

AvEW_0%_Av1% 21958.83 29893.90 41905.82 79803.11 

NoEW_0%_Av1% 9549.78 15259.99 24466.38 52484.70 

WeuEW_0%_Av1% 103625.62 125496.91 151831.15 220694.36 

AvEW_1%_Av1% 1652.50 2202.07 3017.85 5512.71 

NoEW_1%_Av1% 931.18 1399.76 2115.97 4205.18 

WeuEW_1%_Av1% 7798.22 9243.79 10931.48 15230.56 

AvEW_3%_Av1% 251.57 336.91 460.78 816.30 

NoEW_3%_Av1% 149.25 227.73 345.66 675.84 

WeuEW_3%_Av1% 1187.32 1414.61 1669.72 2256.18 
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Table 38: Average 1%trimmed, B1 scenario - ϵ2010/t  

 2010 2020 2030 2050 

CO2 

AvEW_0%_Av1% 269.46 340.59 434.05 744.24 

NoEW_0%_Av1% 109.88 159.32 235.21 468.53 

WeuEW_0%_Av1% 1304.11 1546.28 1760.14 2298.27 

AvEW_1%_Av1% 21.86 28.22 36.24 61.58 

NoEW_1%_Av1% 10.63 15.39 21.55 41.85 

WeuEW_1%_Av1% 105.82 128.14 147.01 189.83 

AvEW_3%_Av1% -0.62 0.25 1.51 5.83 

NoEW_3%_Av1% -0.69 -0.36 0.10 2.81 

WeuEW_3%_Av1% -3.00 1.16 6.20 18.07 

CH4 

AvEW_0%_Av1% 1985.31 2426.11 1816.80 2771.20 

NoEW_0%_Av1% 2596.54 1970.96 2164.18 1730.62 

WeuEW_0%_Av1% 1718.18 1859.93 1824.25 2936.34 

AvEW_1%_Av1% 2185.33 1637.14 2202.34 1612.94 

NoEW_1%_Av1% 2052.83 2527.14 1915.44 2039.90 

WeuEW_1%_Av1% 1959.47 2247.22 1837.16 2982.26 

AvEW_3%_Av1% 2418.88 1516.43 2202.95 1818.63 

NoEW_3%_Av1% 2126.04 1893.53 2059.97 2946.69 

WeuEW_3%_Av1% 1547.52 1839.26 2020.70 2670.83 

N2O 

AvEW_0%_Av1% 144502.16 185711.83 236524.15 412671.86 

NoEW_0%_Av1% 61413.74 89594.78 132258.57 264631.70 

WeuEW_0%_Av1% 699331.06 843142.02 959058.94 1274036.55 

AvEW_1%_Av1% 21340.40 26453.54 32387.85 51376.43 

NoEW_1%_Av1% 11796.60 16272.05 21938.73 39101.08 

WeuEW_1%_Av1% 103278.64 120071.79 131270.86 158188.32 

AvEW_3%_Av1% 5232.08 6390.53 7748.78 12068.60 

NoEW_3%_Av1% 2926.34 4038.61 5434.35 9704.30 

WeuEW_3%_Av1% 25322.44 29009.84 31410.94 37142.76 

SF6 

AvEW_0%_Av1% 14256.81 18410.31 24046.37 42160.11 

NoEW_0%_Av1% 6655.96 9613.88 14124.87 28038.44 

WeuEW_0%_Av1% 68998.23 83592.76 97489.28 130062.98 

AvEW_1%_Av1% 1227.94 1556.95 1954.07 3225.60 

NoEW_1%_Av1% 714.90 995.34 1359.11 2479.95 

WeuEW_1%_Av1% 5942.58 7066.48 7920.40 9932.04 

AvEW_3%_Av1% 215.48 267.21 328.28 524.71 

NoEW_3%_Av1% 124.30 173.27 235.38 428.42 

WeuEW_3%_Av1% 1042.89 1212.94 1330.59 1614.67 
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Figure 28: Results FUND ς Marginal ŘŀƳŀƎŜ Ŏƻǎǘǎ ϵκǘ /hн 
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Comments on abbreviations:  

NoEW = no equity weighting (willingness-to-pay per country), AvEW = average equity weighted 

(willingness-to-pay world average), WeuEW = West-Europe equity weighted (willingness-to-pay like 

in the EU), PRTP = Pure Rate of Time Preference, Av1% = Average 1 % trimmed, A1b = SRES A1b 

scenario, B1 = SRES B1 scenario. 

Further kinds of average building are shown in the appendix for climate change estimations in Tables 

A16 to A23. 

 

4.3.4.4 Recommendation of costs per ton of carbon for indicators 

Following the explained methodology above (Chapter 4.3.4.1) two modes of costs can be seen as 

indicator if climate change targets are achieved. The future abatement and damage costs. 

Abatement costs 

Recommendations for abatement costs are based on the values of the meta-study of (Kuik et al. 

2009) for a 450 ppm CO2e-target. A stabilisation target of 450 ppm CO2e equals the worldwide 

aspired 2 °C-target which was also confirmed at the Climate Change Conference 2010 in Cancun. The 

abatement costs lie at 225 ϵκǘ /h2e (128-396 ϵκǘ /h2e) in 2050. By interpolating the given values 

with 5 % which considers the market interest rate one gains the values in Table 39. Thus in 2010 a 

central value of 32 ϵκǘ /h2e (18-56 ϵκǘ CO2e) follows. 

Table 39: Abatement costs for 450 ppm target ƛƴ ϵκǘ /h2 - interpolated with 5 % 
  2010 2020 2025 2030 2040 2050 

lower value 18 30 38 48 79 128 

central value 32 52 66 85 138 225 

upper value 56 92 117 149 243 396 

 

Table 40 shows the abatement costs for a target of 550 ppm which leads to a global warming of 

about 3 °C. The abatement costs thus lie at 83 ϵκǘ /h2e (49-134 ϵκǘ /h2e) in 2050 and at 12 ϵκǘ /h2e 

(7-19 ϵκǘ /h2e) in 2010. 

Table 40: Abatement costs for 550 ǇǇƳ ǘŀǊƎŜǘ ƛƴ ϵκǘ /h2 - interpolated with 5 % 
  2010 2020 2025 2030 2040 2050 

lower value 7 11 15 19 30 49 

central value 12 19 25 31 51 83 

upper value 19 31 40 51 82 134 
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Damage costs 

The recommended values for damage costs of carbon dioxide stem from the model FUND. Values 

for other GHGs (methane, nitrous oxide and sulphur hexafluoride) are listed in the appendix. 

Scientifically consented is the choice of a discount rate of 1 % PRTP and averaging with 1 % trimmed. 

As lower value we recommend the value for damage costs without equity weighting and as upper 

value the value which is equity weighted for a European average. All values are discounted to the 

year of emission. 

Table 41Υ wŜŎƻƳƳŜƴŘŀǘƛƻƴ ƳŀǊƎƛƴŀƭ ŘŀƳŀƎŜ Ŏƻǎǘǎ ƛƴ ϵ2010/t CO2 in relation to scenario 
A1b 2010 2020 2030 2050 

lower value NoEW_1%_Av1% 14.60 22.88 34.60 70.60 

upper value WeuEW_1%_Av1% 140.64 169.84 197.92 276.29 

 

B1 2010 2020 2030 2050 

lower value NoEW_1%_Av1% 10.63 15.39 21.55 41.85 

upper value WeuEW_1%_Av1% 105.82 128.14 147.01 189.83 
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Figure 29Υ wŜŎƻƳƳŜƴŘŀǘƛƻƴ ϵκǘ /h2 
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Cost indicator 

An indicator for the sustainability of the costs for meeting climate change targets could be the 

comparison with carbon price in the EU-ETS40. At the moment the prices in Table 42 are traded. The 

comparison of the traded prices with the calculated marginal abatement costs ƛƴŘƛŎŀǘŜǎ ƛŦ ǿŜ ŀǊŜ άon 

the right pathά towards tackling climate change. Unfortunately not all carbon intensive sectors are 

included in the trading scheme but it is nevertheless a landmark. 

Table 42: Current price per ton of carbon dioxide 
EUA price (EU-ETS) March 2011 

  Dec. 2011 Dec. 2012 Dec. 2013 Dec. 2014 

28.02.-06.03.2011 15.83 16.52 17.75 18.66 

07.03.-13.03.2011 15.76 16.40 17.54 18.43 

14.03.-20.03.2011 17.12 17.81 18.96 19.89 

21.03.-27.03.2011 16.80 17.50 18.70 19.70 

Source: http://www.iccgov.org/policy-4_carbon-market-at-a-glance.htm, 09.05.2011 

If the traded emission price is lower than the calculated marginal abatement costs per ton of 

carbon a higher emission path than the 2 °C target path is indicated. To gain the target emission path 

one would have to avoid emissions until the costs per ton of carbon equal the calculated marginal 

abatement costs. 

 

 

 

                                                           

40
 European Emission Trading Scheme 

http://www.iccgov.org/policy-4_carbon-market-at-a-glance.htm
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5 Scenario development for future emission scenarios 
The assessment of the performance of the indicators not only refers to existing data for past 

years but also for future scenarios. While the outline of the present work package asks for the 

assessment of the indicators for the years 2005 and 2020, data is also available for 2030 and 2050. 

These future years have been analysed in course of the integrated assessment within the HEIMTSA 

project of the EU. For each scenario a business-as-usual (BAU) has been compared to a scenario 

including additional policy measure to reduce CO2-equivalent emissions according to the EU climate 

policy targets, i.e. a reduction of CO2-equivalent pollutants by about 71% compared to 1990. A more 

detailed description of the sustainability/climate scenarios will be presented within this chapter. 

 

5.1 The BAU scenario 
In a first analysis of the HEIMTSA scenarios the business-as-usual scenarios for the years 2020, 

2030 and 2050 will be described. A presentation of the baseline scenarios is taken from project 

reports of the HEIMTSA project, especially the report on the design of the case studies (HEIMTSA, 

2009). These reports outline the general assumptions and databases that have been applied for the 

estimation of the BAU scenarios. 

As a major source for the estimation of the baseline scenarios the EU energy system model 

PRIMES and the therewith derived energy policy scenarios up to 2020 were applied. The 

corresponding assumptions refer to technical-economic parameters, policy assumptions, CO2 prices, 

degree days, discount rates, population and household size, GDP and sectoral production, energy 

import prices and tax rates. Furthermore, PRIMES is linked to other models such as population 

growth by Eurostat, economic forecasts from the DG Economic and Financial Affairs for the EU, or 

transport network developments by a model named SCENES. The BAU scenarios for the estimations 

in HEIMTSA include policy measures that have been agreed on the political arena. However, climate 

policy measures are only included up to the year 2012. For the years after 2012 no additional climate 

policy measures have been assumed to be implemented in the BAU cases. 

The emission data for air pollutants and greenhouse gases for the HEIMTSA baseline scenarios 

were provided by the GAINS (Greenhouse Gas and Air Pollution Interactions and Synergies) database. 

GAINS is an integrated assessment model analysing co-benefits of reduction strategies from air 

pollution and greenhouse gas sources. Data on emissions are provided on national level for Europe 

(EU-27 plus Switzerland, Norway, Croatia and Turkey). Emission baseline and policy scenarios are 

available for the years 2010, 2015 and 2020. In order to establish one common coding system within 

the project, the Nomenclature for Reporting (NFR) coding system has been chosen and the 445 

subsectors of the GAINS dataset were allocated according to the NFR structure. Furthermore, as the 

GAINS emission baseline scenario is accessible until 2030, it was extrapolated to 2050. This was done 

on the basis of indicators from POLES model runs representing a trend development per NFR sector 

from the years 2030 to 2050.  

The emission data for airborne heavy metals are mostly based on the results of the EU project 

DROPS. In addition, projections of coal combustion for electricity generation to year 2050 were used. 

While the DROPS project only focused on emissions from the energy sector, emission factors and 

activities of other sources of emission or projections of emissions were used.  
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Finally, emissions from waste incineration were derived based on a description of waste flows for 

a number of countries. The developed database and model consider waste quantities, material and 

elemental waste compositions, and various technical incineration plant layouts. The waste types 

considered are household waste, commercial waste, medical waste, and sewage sludge forming the 

mixture of municipal solid waste.  

5.2 The climate scenarios 
As mentioned in the section above, for the BAU scenario no climate policy measures after 2012 

have been assumed to be implemented. Thus, these measures will only be assessed in the climate 

scenarios of the HEIMTSA project. 

The policy measures that were analysed in the HEIMTSA project are summarised in Table 43 and 

Table 44. The tables only summarise those policy options which refer to pollutants that have been 

identified as being relevant for the analysis in the present study. Thus, not all policy measures 

analysed in the HEIMTSA project are shown here. As can be seen from the tables, the scenarios cover 

different economic sectors and pollutants. This variety in economic activities and pollutants allows 

for an integrated assessment of the impacts of the different measures to human health as it is in the 

focus of the HEIMTSA analysis. However, the changes in impacts on climate change and biodiversity 

can also be estimated based on these policy measures. A more detailed description of a number of 

specific scenarios will be presented later in this section in order to provide an insight of the different 

steps and assumptions for the calculations of impacts. 

Table 43: Policy measures assessed in the HEIMTSA scenarios (air pollutants and GHG) 
Policy Policy content Sector Stressor Source 

Revision 
2001/81/EC (NECD) 

National emission ceilings for 
EU member states in 2020 

All PM2.5, VOC, NH3 SO2 and 
NOx 

http://ec.europa.eu/envi
ronment/air/pollutants/r
ev_nec_dir.htm 

  Revision of the CAFÉ-framework All PM2.5, VOC, NH3 SO2 and 
NOx 

  

2001/93/EC, 
1999/74/EC, 
2007/43/EC 

Improvement of welfare of 
farmed animals (pigs, laying 
hens and broilers) 

Agriculture NH3, PM10 and PM2.5 http://ec.europa.eu/foo
d/animal/welfare/farm/i
ndex_en.htm 

COM(2008) 306 
final 

Streamlining the CAP in the 
fields of direct aid system, 
market instruments and rural 
development 

Agriculture NH3, CH4, PM10 and PM2.5 http://ec.europa.eu/agri
culture/healthcheck/ind
ex_en.htm 

COM(2008) 18 final Carbon capture and storage 
(CCS): Commission proposal for 
a Directive on the geological 
storage of carbon dioxide 

All CO2 http://eur -
lex.europa.eu/LexUriServ
/LexUriServ.do?uri=CELE
X:52008PC0018:EN:NOT 

COM(2008) 16 final Streamlining and increasing the 
scope of the EU emission 
allowance trading system (ETS) 
post 2012 

All CO2, (N2O, PFC) http://ec.europa.eu/envi
ronment/climat/emissio
n/pdf/com_2008_16_en.
pdf  

Directive 
2006/32/EC  

Directive on end-use energy 
efficiency and energy services 
(achievement of a 9% end-use 
energy savings target per 
member state) 

Energy, 
Households 

CO2 http://eur -
lex.europa.eu/LexUriServ
/LexUriServ.do?uri=CELE
X:32006L0032:EN:NOT 

Directive 
2005/32/EC 

Framework Directive on the 
eco-design of Energy-using 
Products (EuP) 

Energy, 
Industry, 
Households 

GHG, AP http://ec.europa.eu/ent
erprise/eco_design/inde
x_en.htm 
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Policy Policy content Sector Stressor Source 

COM/2007/0844 
final 

Proposal for a Directive on 
industrial emission (recast of 
IPPC Directive, Large 
Combustion Plants Directive, 
Waste Incineration Directive, 
Solvents Emissions Directive 
and Titanium Dioxide 
Directives) 

Energy, 
Industry, 
Solvent use, 
Waste 
disposal 

SO2, NOx, PM, VOC   

COM(2008) 19  Proposal for a directive on the 
promotion of energy from 
renewable sources (20% share 
of renewable energy sources in 
2020) 

Energy CO2 http://ec.europa.eu/ene
rgy/climate_actions/inde
x_en.htm 

MEMO/08/492 Greening Transport Package 
(Internalisation of transport 
external costs, charging of 
heavy goods vehicles, rail noise 
abatement) 

Transport CO2, noise http://ec.europa.eu/tran
sport/greening/index_en
.htm 

COM/2007/0856 
final 

CO2-emission based tax, quotas 
or caps 

Transport, 
Waste 

CO2 http://www.euractiv.co
m/en/transport/cars-
co2/article-162412 

COM(2005) 667 
final 

Revision of Waste Framework 
Directive (Recycling targets, 
obligation for national waste 
policies)  

Waste CO2, NOx, PM10, PM2.5, 
Heavy Metals, POPs 

http://register.consilium.
europa.eu/pdf/en/08/st
03/st03646.en08.pdf 

  Biowaste management 
(Biological waste treatment is 
so far not regulated at EU level) 

Waste CO2, NOx, PM10, PM2.5, 
Heavy Metals, POPs 

http://www.biowaste.at/
fileadmin/download/sla_
060609_positionpaper_b
russels01june.pdf 

Source: HEIMTSA project 

Table 44: Policy measures assessed in the HEIMTSA (heavy metals and dioxins/furans) 

Sector 

DROPS scenarios for EU-28 +EEA countries: 

Heavy metals Dioxins/ furans 

Large 
Combustion 
Plants 

Baseline 2010 
- IPPC Directive 96/61/EC + IPPC Draft Reference Document 

on Best Available Techniques for Large Combustion Plants 
(BREF) 

- Large Combustion Plants Directive 2001/80/EC 
Á dedusting: fabric filters and electrostatic precipitators 

operated in combination with FGD 
Baseline 2020 
emerging techniques 
Á techniques for heavy metals reduction (activated 

carbon, sulphur-impregnated adsorbents and 

selenium impregnated filters) 

(IPPC Directive 96/61/EC) 
In BREF not described BATs specific 

for dioxins emission reduction 
  
Baseline 2010 and 2020 
Á see techniques for heavy 

metals 
Á additionally SCR to 2010 

MFTR 2010 = Baseline 2020 
  
MFTR 2020 
- Kyoto Protocol and Council Decision 2002/358/EC 
- Directive 2001/77/EC 
emerging techniques 
Á Integrated gasification combined cycle (IGCC)  and 

supercritical polyvalent technologies ς in 2020 50% 

participation in electricity generation by thermal 

method 

MFTR 2010 and 2020 
Á see techniques for heavy 

metals 
Á additionally SCR to 2010 
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Sector 

DROPS scenarios for EU-28 +EEA countries: 

Heavy metals Dioxins/ furans 

Iron & Steel 
production 

Baseline 2010 
- IPPC Directive 96/61/EC + IPPC Best Available Techniques 

Reference Document on the Production of Iron and Steel (BREF) 
Á in sintering: fine wet scrubbing systems or fabric 

filters with addition of lignite coke powder 
Á in blast furnaces: scrubbers or wet ESPs for BF gas 

treatment 
Á in basic oxygen furnace:   

- dry ESPs or scrubbing for primary dedusting                                              
- fabric filters or ESPs for secondary dedusting 

Á in electric arc furnaces: fabric filters 
  
Baseline 2020 
emerging techniques 
Á in sintering: catalytic oxidation  

  
  

Baseline 2010 
- IPPC Directive 96/61/EC + BREF 
- Stockholm Convention 
Á in sintering: fine wet 

scrubbing systems (<0.4 ng 
TEQ/Nm

3
) or fabric filtration 

with addition of lignite coke 
powder (PCDD/F emissions 
0.1-0.5 ng TEQ/Nm

3
) 

Á in electric arc furnaces: 
appropriate post-combustion 
or injection of lignite powder 
into the duct before fabric 
filters 

  
Baseline 2020 
emerging techniques 
Á in sintering: catalytic 

oxidation  
Á in electric arc furnaces: both 

techniques 

MFTR 2010 
Á Baseline 2010 and 2020 techniques in existing 

installations 
Á sorting of scrap 

  
  
MFTR 2020 
emerging techniques 

Á new iron-making techniques - direct reduction and 
smelting reduction 

  

MFTR 2010 
Á Baseline 2010 and 2020 

techniques in existing 
installations 

Á sorting of scrap 
  
MFTR 2020 
emerging techniques 
Á new iron-making techniques - 

direct reduction and smelting 
reduction 

Heavy metals       
- Cement 
Industry 
  
  
  
  
  
  
  
  
  
  
  
  
 

  Baseline 2010 
- IPPC Directive 96/61/EC + IPPC Draft Reference Document 

on Best Available Techniques in the Cement and Lime 
Manufacturing Industries 
Á dedusting: fabric filters and electrostatic precipitators 

  

Baseline 2020 
emerging techniques 
Á FGD techniques in all plants, many plants with 

techniques for heavy metals reduction (activated 
carbon filters) 

--------- 

MFTR 2010 
      = Baseline 2020 

    
MFTR 2020 
emerging techniques 
Á all plants with techniques for heavy metals reduction 

Hg 
ς Chlor-alkali 
industry 
  
  
  

Baseline 2010 
- IPPC Directive 96/61/EC + IPPC Reference Document on Best 

Available Techniques in the Chlor-Alkali Manufacturing industry 
- PARCOM Decision 90/3LRTAP 
- LRTAP Aarhus Protocol on Heavy Metals 
Á phase-out of mercury cells 

---------- 

MFTR 2010 
      = Baseline 2010 
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Sector 

DROPS scenarios for EU-28 +EEA countries: 

Heavy metals Dioxins/ furans 

Pb - Petrol Baseline 2010 
- Directives 98/70/EC and 2003/17/EC 
Á ban for use of leaded petrol 
Á 5 mg Pb/l in unlead petrol 
Á high share of passenger cars comply with Euro 2000 

and 2005 norms 
Á high share of heavy duties comply with Euro III norms 

  
Baseline 2020 
Á significant increase of share of LPG cars 
Á high share of heavy duties comply with Euro IV and V 

norms 
---------- 

MFTR 2010 
= Baseline 2010 
Á additionally significant increase of share of LPG cars 

  
MFTR 2020 
Á increase of share of cars with electric engines and 

fuel cells 

Source: HEIMTSA project 

The scenarios shown in the tables above lead to changes in the emissions of the pollutants by the 

different sectors. These changes in emissions can now be compared to the situation in the BAU 

scenario and the impacts on human health, biodiversity and climate change can be analysed for both 

scenarios. This was done in course of the HEIMTSA project and while not all potential scenarios have 

been presented in the tables, for the estimation of the sustainability indicators in the future years, 

the emission scenarios of HEIMTSA including all policy measures will be applied. For more detail on 

the scenarios please refer to the HEIMTSA project reports. 
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6 Performance of the indicators for human health, 
biodiversity and climate change 

6.1 DALY 

6.1.1 Development of the indicator from 1990 to 2007 

An indicator for the EU-27 for unknown emission sources 

In a first application, the YOLL-eq. factors for unknown spatial characteristics of the emission 

sources will be applied to estimate the human health impacts for the overall EU-27. Therefore, the 

damage factors developed in chapter 2.1 will be applied to recent emission data for the relevant 

substances.  

Besides the underlying uncertainties in the EEA aggregated and gap filled data set, these data will 

be applied for a first assessment of the human health impacts as the data are available for all of the 

relevant substances. The most recent available emission data is available for 2007 but emission data 

are available from 1990. The data provided by the EEA consists of information of the emission of 

PPM10 and PPM2.5, thus, in order to get the emissions for PPMcoarse the amount reported for PPM2.5 

will be subtracted from the amount reported for PPM10. Furthermore, as the EEA aggregated and gap 

filled data does not report emission data for dioxins, this data will be taken from the data based on 

the CLRTAP data set. Table A1 in the appendix presents the data. These data will be analysed and the 

resulting YOLL-eq. and monetary values will be estimated. However, due to limited information on 

changes in the impacts caused by the relevant pollutants, it is assumed that the damage factors for 

2007 presented in Table 9 are valid for the past years. This is not necessarily given in reality as the 

impacts on human health caused by different pollutants change with changing densities of 

population. 

In section 2.3, a monetary valuation of the damages to human health has been carried out in 

order to estimate the external costs caused by the pollutants. The value applied for the monetisation 

of human health impaŎǘǎ ǿŀǎ плΣлллϵ2000 for one YOLL-eq. This value has been reported by 

Desaigues et al. (2011) for the NEEDS project and will be applied here to calculate the monetary 

damages to human health caused by the 14 relevant pollutants. In order to convert this value into 

ϵ2010, inflation data provided by Eurostat have been applied. 

While the damages measured in YOLL-eq. will serve as an indicator for human health impacts, 

the monetary valuation allows for an integration of these damages into cost-benefit analysis and 

thus serves as an input into environmental accounting. The estimation of human health impacts 

(HHI), measured in YOLL-eq represents the sum of the multiplication of the damage factor (DF), 

measured in YOLL-eq per kg for each pollutant i with its emission data (E). Thus, the formula looks as 

follows:  

i

ii EDFHHI *  

An application of this formula for each of the pollutants results in a sum of about 5.3 million 

YOLL-eq or 266 billion ϵ2010. 
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Table 45 and Table 46 show the results of the estimations. As can be seen from the tables, the 

damages to human health in the EU-27 for 2007 measured in YOLL-eq. as well as in monetary terms 

have almost been reduced to half of the amount of 1990. This decrease in the overall damages to 

human health can also be seen from Figure 30 where the YOLL-eq. for the so-called classical airborne 

pollutants NH3, NOX, PPM2.5, and SO2 are shown. These pollutants account for about 96 % of the total 

damages for each year for the time period of 1990 to 2007. The figure also shows that the largest 

share of the decrease in the overall amount of YOLL-eq. results from the reduced impacts on human 

health caused by SO2 emissions. 

In summary the decrease in emissions of the regarded pollutants from 1990 to 2007 lead to a 

decrease in human health impacts for the overall EU-27 level. If it can be assumed that a decrease in 

human health impacts is comparable to an increase in quality of life of the European population, the 

estimated YOLL-eq. point towards a sustainable pathway with respect to air pollution. 

Human health impacts in EU-27
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Figure 30: Development of the damages to human health in EU-27 for selected pollutants 
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Table 45: Human health impacts measured in YOLL-eq for the EU-27 from 1990 to 2007 

elevant pollutants YOLL-eq for EU-27 from 1990 to 2007 

1990 1991 1992 1993 1994 1995 1996 1997 1998 

NH3 1,351,422.23 1,270,482.17 1,234,794.77 1,187,392.95 1,181,252.43 1,164,211.02 1,156,609.24 1,154,884.74 1,151,190.77 
As 8,582.36 7,362.56 6,369.65 5,598.80 4,831.17 4,401.88 4,540.75 4,459.19 4,104.43 

Benzo[a]pyrene  85.99 80.43 71.94 64.32 61.58 60.15 56.81 56.71 54.90 

Cd 1,548.00 1,459.03 1,409.07 1,341.66 1,275.02 1,245.10 1,242.78 1,205.89 988.15 

Dioxins 12,311.0171 11,874.7317 11,266.3641 10,532.7128 9,831.4717 9,216.7118 7,920.8927 6,842.1269 6,083.4438 

Hg 45,534.28 43,187.56 40,768.78 35,589.05 33,928.31 33,318.85 31,515.75 29,355.74 28,022.45 

CH4 1,287.37 1,257.84 1,221.17 1,200.82 1,168.89 1,166.10 1,153.86 1,119.57 1,076.50 

NOX 2,733,278.85 2,659,038.30 2,574,619.62 2,478,032.36 2,381,223.47 2,337,293.14 2,306,432.26 2,227,692.19 2,165,016.40 

NMVOC 180,850.04 171,353.19 165,066.65 157,557.13 150,202.02 144,180.54 141,506.86 137,203.28 132,989.39 

PAH 3,744.35 3,577.66 3,671.53 3,522.76 3,185.50 3,328.69 2,834.06 2,511.99 2,402.41 

PPM2.5 1,269,396.90 1,303,785.91 1,283,340.55 1,259,986.34 1,231,231.18 1,217,853.28 1,204,895.53 1,180,322.89 1,157,170.15 

PPMcoarse 88,968.56 88,970.51 87,850.08 85,128.75 83,906.49 82,422.26 80,963.29 81,725.49 81,345.51 

Se 607.04 612.61 619.92 591.57 587.58 575.93 577.94 564.98 585.55 

SO2 4,615,148.15 4,108,053.57 3,778,561.87 3,563,287.65 3,268,214.83 2,942,231.27 2,737,640.54 2,552,008.11 2,256,967.29 

TOTAL 10,312,765.14 9,671,096.07 9,189,631.98 8,789,826.87 8,350,899.93 7,941,504.91 7,677,890.55 7,379,952.90 6,987,997.34 
 

relevant pollutants YOLL-eq for EU-27 from 1990 to 2007 

1999 2000 2001 2002 2003 2004 2005 2006 2007 

NH3 1,142,960.73 1,115,306.88 1,103,386.85 1,089,678.36 1,079,339.58 1,072,036.81 1,068,375.57 1,051,622.34 1,050,129.22 
As 3,588.97 3,588.22 3,641.52 3,456.01 3,419.04 3,424.05 3,458.14 3,407.80 3,373.83 

Benzo[a]pyrene  54.20 53.09 53.83 52.61 51.00 50.01 49.32 48.39 46.73 

Cd 1,004.10 928.80 931.02 900.79 852.33 811.61 806.90 759.75 690.94 

Dioxins 5,117.1103 4,678.8619 4,177.2095 3,353.2574 3,020.2420 2,964.0842 2,811.3282 2,698.4256 2,421.3979 

Hg 26,562.92 25,953.18 25,047.48 24,355.35 22,996.95 22,832.02 23,091.10 20,777.10 19,739.83 

CH4 1,053.59 1,024.40 994.02 973.59 949.85 922.78 907.42 897.42 886.37 

NOX 2,092,436.56 2,028,198.55 1,982,198.73 1,947,085.95 1,938,657.20 1,909,458.01 1,857,976.01 1,829,959.52 1,760,351.74 

NMVOC 125,856.89 117,411.00 115,176.81 112,915.94 107,980.76 105,959.48 102,462.76 100,815.80 95,805.89 

PAH 2,247.08 2,037.41 1,934.78 1,422.80 1,476.83 1,513.81 1,493.46 1,508.43 1,389.23 

PPM2.5 1,132,346.40 1,100,882.29 1,086,699.17 1,043,694.86 1,031,716.94 1,035,402.30 1,004,803.51 981,998.28 961,638.97 

PPMcoarse 82,038.50 80,540.01 82,668.11 79,380.84 77,861.88 77,597.69 76,776.54 75,779.40 75,780.25 

Se 561.79 591.67 610.33 616.60 658.56 665.62 696.44 636.58 627.76 

SO2 1,999,235.96 1,747,982.74 1,749,975.33 1,665,265.79 1,566,908.01 1,466,462.41 1,432,812.15 1,389,092.37 1,310,373.40 

TOTAL 6,615,064.81 6,229,177.10 6,157,495.19 5,973,152.76 5,835,889.17 5,700,100.69 5,576,520.66 5,460,001.63 5,283,255.55 
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Table 46: Monetary values for human health impacts for the EU-27 from 1990 to 2007, in million Euro2010 
 

relevant pollutants Human health impacts in million Euro2010 

1990 1991 1992 1993 1994 1995 1996 1997 1998 

NH3 68.052,34 63.976,51 62.179,44 59.792,47 59.483,25 58.625,11 58.242,32 58.155,48 57.969,47 

As 432,17 370,75 320,75 281,93 243,28 221,66 228,65 224,55 206,68 

Benzo[a]pyrene  4,33 4,05 3,62 3,24 3,10 3,03 2,86 2,86 2,76 

Cd 77.95 73.47 70.96 67.56 64.21 62.70 62.58 60.72 49.76 

Dioxins 619,93 597,97 567,33 530,39 495,07 464,12 398,87 344,54 306,34 

Hg 2,292.93 2,174.76 2,052.96 1,792.13 1,708.50 1,677.81 1,587.01 1,478.24 1,411.10 

CH4 64,83 63,34 61,49 60,47 58,86 58,72 58,10 56,38 54,21 

NOX 137.637,24 133.898,77 129.647,78 124.784,02 119.909,10 117.696,94 116.142,91 112.177,87 109.021,76 

NMVOC 9.106,90 8.628,68 8.312,11 7.933,96 7.563,59 7.260,37 7.125,73 6.909,02 6.696,83 

PAH 188,55 180,16 184,88 177,39 160,41 167,62 142,71 126,49 120,98 

PPM2.5 63.921,86 65.653,56 64.624,01 63.447,99 61.999,99 61.326,33 60.673,83 59.436,45 58.270,56 

PPMcoarse 4.480,11 4.480,21 4.423,79 4.286,75 4.225,20 4.150,46 4.076,99 4.115,38 4.096,24 

Se 30,57 30,85 31,22 29,79 29,59 29,00 29,10 28,45 29,49 

SO2 232.400,82 206.865,52 190.273,60 179.433,23 164.574,52 148.159,26 137.856,87 128.509,15 113.652,05 

TOTAL 519,310.53 486,998.58 462,753.94 442,621.31 420,518.67 399,903.14 386,628.55 371,625.57 351,888.22 
 

relevant pollutants Human health impacts in million Euro2010 

1999 2000 2001 2002 2003 2004 2005 2006 2007 

NH3 57.555,03 56.162,49 55.562,25 54.871,94 54.351,32 53.983,58 53.799,22 52.955,59 52.880,40 

As 180,73 180,69 183,37 174,03 172,17 172,42 174,14 171,60 169,89 

Benzo[a]pyrene  2,73 2,67 2,71 2,65 2,57 2,52 2,48 2,44 2,35 

Cd 50.56 46.77 46.88 45.36 42.92 40.87 40.63 38.26 34.79 

Dioxins 257,68 235,61 210,35 168,86 152,09 149,26 141,57 135,88 121,93 

Hg 1,337.60 1,306.90 1,261.29 1,226.44 1,158.04 1,149.73 1,162.78 1,046.25 994.02 

CH4 53,05 51,58 50,05 49,03 47,83 46,47 45,69 45,19 44,63 

NOX 105.366,92 102.132,15 99.815,78 98.047,64 97.623,20 96.152,84 93.560,41 92.149,61 88.644,43 

NMVOC 6.337,66 5.912,36 5.799,85 5.686,01 5.437,49 5.335,71 5.159,62 5.076,69 4.824,41 

PAH 113,15 102,60 97,43 71,65 74,37 76,23 75,20 75,96 69,96 

PPM2.5 57.020,54 55.436,13 54.721,92 52.556,39 51.953,23 52.138,81 50.597,98 49.449,59 48.424,38 

PPMcoarse 4.131,14 4.055,68 4.162,84 3.997,31 3.920,82 3.907,52 3.866,17 3.815,95 3.816,00 

Se 28,29 29,79 30,73 31,05 33,16 33,52 35,07 32,06 31,61 

SO2 100.673,71 88.021,58 88.121,92 83.856,27 78.903,36 73.845,31 72.150,82 69.949,26 65.985,28 

TOTAL 333,108.80 313,677.00 310,067.38 300,784.62 293,872.56 287,034.78 280,811.78 274,944.33 266,044.09 
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A country-specific analysis for the EU-27 Member States 

Analogously to the approach presented for the determination of human health impacts in terms 

of damages (YOLL-eq) and monetary units for the overall EU-27 level, the results will also be shown 

for each of the 27 Member States. These results allow for a more detailed analysis of the human 

health impacts across Europe. Thus, the emission data for the 14 relevant pollutants was again taken 

from the data bases of the EEA and CLRTAP.  

An application of the formula presented in section 6.1.1 results in a sum of about 5.2million 

YOLL-eq. and 262 billion Euro2010 for 2007. These total numbers as well as the country-specific YOLL-

eq. and monetary values are presented in tables A2 and A3 in the appendix. The difference in the 

total amount of estimated YOLL-eq. for the EU-27 and the sum for all 27 Member States results from 

the fact that the damage factors applied for the EU-27 overall results do not represent average 

values of the country-specific values but have been estimated weighing the country-specific factors 

with the emissions of the respective pollutant in each country. In summary, these differences in the 

applied damage factors lead to a higher total amount of YOLL-eq. for the direct approach to estimate 

the impacts on human health for the overall EU-27. This value is about 2.4 % higher than the sum of 

the national results for YOLL-eq. presented in Table 45. Consequently, the monetised damages to 

human health also differ between both approaches. While the direct calculations for the EU-27 result 

in about 266 billion Euro2010, the calculation and summation of country-specific damages for the 

Member States results in about 262 billion Euro2010.  

To analyse the development of overall human health impacts, Figure 31 summarises the results 

presented in tables A2 and A3 for France, Germany, Italy, Spain and the UK for the years 1990, 1995, 

2000 and 2005. As can be seen from this figure, there is a clear downward tendency for human 

health impacts with respect to airborne pollutants in the selected major European countries. 

Furthermore, the figure also shows that there are significant differences in the changes of impacts on 

human health. There is a large decrease to be seen in Germany, starting from a high level of impacts, 

which is mainly caused by the high number of SO2 emissions reported in the EEA database. This 

decrease is clearly lower for Spain, departing from a lower level in 1990. However, it will have to be 

assessed whether this tendency can be found in projections for future years. This work will be 

presented in the next chapter. 
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Figure 31: Development of the damages to human health in selected EU-27 Member States 

 

An indicator for human health impacts based on sector-specific damage factors 

In addition to the estimation of human health impacts based on average damage factors, the 

following section will apply the sector-specific characteristics and the corresponding damage factors 

developed in section 4.1.3. For these estimations the data provided by the EEA gap filled and 

aggregated database will be applied. However, in contrast to the estimations presented above, the 

emissions will be regarded on a sector level and will be weighted according to their damage 

potentials for the different spatial categories. The emissions of the different sectors are summarised 

in tables A5 to A15 in the appendix. 

The application of the sector emission data from the EEA, allocated according to the shares 

stated in Table 12, with the damage factors for the different levels of stack heights as well as urban 

and rural locations leads to more detailed results on the overall impacts on human health in the EU-

27. While data on the damage factors for the different spatial categories is also available for each of 

the 27 EU Member States and the EEA data base also provides sector emission data for each of these 

countries, the present study will only cover the overall EU-27 level.  

The results for these calculations are presented in the following Table 47, where the overall 

impacts on human health in YOLL-eq. are shown. !ƴ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀ ǾŀƭǳŜ ƻŦ плΣлллϵ ǇŜǊ ¸h[[-eq. 

will lead to the external costs for the human health impacts caused by the 14 relevant pollutants 

taking into account the spatial characteristics of the emissions. 

As can be seen from these results, the impacts on human health are substantially higher than for 

the estimation without further spatial differentiation of the emissions. While the previous 

estimations result in a total amount of 5.3million YOLL-eq. for 2007 (decreasing from 10.3million 
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YOLL-eq. in 1990), the consideration of spatial attributes of the emissions leads to human health 

impacts of 7.6million YOLL-eq. in 2007 (starting at 12.6million YOLL-eq. in 1990). This outcome 

highlights the importance of the consideration of spatial (an additional temporal) information of the 

emissions with respect to human health. This importance especially refers to the analysis of impacts 

caused by primary particulate matter as the damages caused by these pollutants increase with the 

density of the affected population and lower heights of release. This increase in human health 

impacts caused by primary particles can also be seen from Figure 32 below. In addition to this 

presentation of the results, the calculated impacts on human health can also be shown for the 

different sectors of the economy. Figure 33 presents these results for the time span covered by the 

EEA emission data. 

However, if the information on the spatial characteristics of the sectors and emission sources is 

not available, an estimation applying average damage factors will serve as good first estimate of the 

order of magnitude of impacts on human health. CƻǊ Ƴƻǎǘ Ǉƻƭƭǳǘŀƴǘǎ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ΨŀǾŜǊŀƎŜΩ ŀƴŘ 

ǘƘŜ ΨǎǇŀǘƛŀƭΩ ŜǎǘƛƳŀǘƛƻƴǎ ǊŜǎǳƭǘ ƛƴ ǘƘŜ ǎŀƳŜ ŀƳƻǳƴǘ ƻŦ ŘŀƳŀƎŜǎ ǘƻ ƘǳƳŀƴ ƘŜŀƭǘƘΦ IƻǿŜǾŜǊΣ ŦƻǊ ǘƘŜ 

most relevant pollutants, namely NO·Ω, SO2 and especially PPM2.5 and PPMcoarse, the more detailed 

ΨǎǇŀǘƛŀƭΩ ŀƴŀƭȅǎƛǎ ǎƘƻǿǎ ǎǳōǎǘŀƴǘƛŀƭƭȅ ƘƛƎƘŜǊ ǊŜǎǳƭǘǎ ŘǳŜ ǘƻ ǘƘŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ŜƳƛǎǎƛƻƴǎ ƛƴ ƘƛƎƘƭȅ 

populated areas from low level sources such as for transport related activities. 

The estimations have been carried out for the EU-27 level only but country-specific estimations 

are also feasible with the results of the NEEDS and EXIOPOL projects. These estimates will not be 

presented in the present study. 

Human health impacts in EU-27
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Figure 32: Damages to human health for selected pollutants including spatial characterisations 
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Human health impacts by sectors
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Figure 33: Damages to human health by economic sector 
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Table 47: Monetary values for human health impacts for the EU-27 from 1990 to 2007, in million Euro2010 

sectors 1990 1991 1992 1993 1994 1995 1996 1997 1998 

1A1a 2,675,467.16 2,537,209.54 2,361,062.54 2,174,837.54 1,993,821.99 1,873,896.76 1,763,026.60 1,644,695.89 1,507,868.22 

1A1b and 1A1c 372,307.92 367,824.24 339,108.62 330,903.70 298,827.45 244,607.13 230,607.86 221,751.38 209,497.66 

1A2 1,383,348.44 1,265,052.37 1,188,130.48 1,111,346.90 1,077,163.67 1,026,504.48 935,694.29 935,713.34 832,375.21 

1A3b 2,801,562.66 2,820,970.42 2,860,665.33 2,828,387.24 2,782,235.10 2,730,073.09 2,682,628.15 2,592,084.46 2,557,658.99 

1A3a,c,d,e 560,339.85 531,435.65 515,475.73 510,153.24 504,857.59 492,386.75 498,561.53 492,232.17 490,133.75 

1A4 and 1A5 1,733,034.42 1,744,467.57 1,638,421.12 1,593,950.71 1,458,870.83 1,412,691.62 1,455,311.36 1,381,415.22 1,349,897.04 

1B1 to 1B3 123,675.68 109,935.21 105,757.93 108,857.26 98,405.63 93,822.39 90,601.76 86,160.88 85,293.53 

2 407,514.73 375,524.21 362,425.65 342,814.39 344,404.99 341,412.47 311,359.56 315,531.45 312,119.52 

3 1,192,939.21 1,129,837.60 1,073,242.88 1,049,674.04 1,026,100.53 975,704.40 979,067.04 937,667.94 862,902.47 

4 1,320,667.31 1,284,610.29 1,263,661.94 1,237,055.69 1,232,954.41 1,225,255.10 1,231,830.91 1,241,413.62 1,237,527.92 

6 59,303.18 65,025.51 62,326.60 60,771.76 59,210.61 59,535.95 59,061.31 59,773.64 59,397.15 

Total 12,630,160.54 12,231,892.62 11,770,278.82 11,348,752.47 10,876,852.79 10,475,890.13 10,237,750.36 9,908,439.98 9,504,671.46 
 
 

 
 

 

sectors 1999 2000 2001 2002 2003 2004 2005 2006 2007 

1A1a 1,358,447.70 1,272,633.92 1,232,541.02 1,208,194.54 1,171,317.28 1,096,479.44 1,058,611.40 1,049,301.89 998,094.67 

1A1b and 1A1c 196,359.22 174,307.07 166,450.42 167,624.21 160,664.25 163,289.18 167,341.16 159,493.85 159,874.63 

1A2 782,739.63 762,405.47 752,788.41 717,201.26 679,584.96 666,582.14 673,199.85 648,962.35 627,220.96 

1A3b 2,502,088.36 2,408,919.36 2,355,382.02 2,276,474.65 2,200,885.82 2,160,251.91 2,012,499.16 1,954,444.98 1,910,356.68 

1A3a,c,d,e 483,624.90 465,110.91 464,301.55 459,275.06 462,958.43 462,011.53 460,036.78 474,279.51 449,293.99 

1A4 and 1A5 1,306,970.38 1,246,842.55 1,239,187.08 1,155,680.01 1,181,965.89 1,167,014.71 1,177,070.96 1,124,859.83 1,060,008.48 

1B1 to 1B3 76,868.57 70,662.60 68,493.85 68,485.66 66,216.56 64,073.97 67,532.09 69,593.50 65,088.92 

2 310,409.42 322,235.27 307,396.77 291,876.30 287,550.57 297,429.68 293,732.84 293,397.98 297,468.09 

3 817,476.80 814,382.68 809,958.32 811,013.33 807,968.00 807,923.15 806,927.11 810,479.35 796,493.90 

4 1,238,463.08 1,217,221.28 1,211,435.18 1,197,015.16 1,179,409.07 1,171,007.54 1,159,981.88 1,149,055.86 1,147,712.37 

6 60,309.32 57,627.08 58,941.01 58,253.10 56,226.40 60,796.04 59,734.99 47,554.78 47,320.60 

Total 9,133,757.39 8,812,348.20 8,666,875.62 8,411,093.28 8,254,747.23 8,116,859.29 7,936,668.22 7,781,423.87 7,558,933.28 
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6.1.2 Analysis of future development of the indicator 

In chapter 5 the scenarios for future years have been described in detail. These scenarios cover a 

business-as-usual (BAU) scenario as well as a scenario with respect to climate change policies for the 

years 2005, 2020, 2030 and 2050. In order to apply the resulting emission data for these scenarios, 

these data have been compared with the officially reported data by the EEA as applied in the 

previous chapter. 

As a first result of the comparison it has to be noted that the future scenarios developed in the 

HEIMTSA project do not cover all of the substances which have been identified as being relevant with 

respect to human health impacts. However, the three pollutants (Benzo[a]pyrene, PAHs and 

Selenium) not included in the following analysis represent less than 1% of the total monetised human 

health impacts estimated by the LCA tools of EcoIndicator99, IMPACT2002+ and ReCiPe. Thus the 

analysis of future scenarios in this section includes the most important substances affecting human 

health. Furthermore, these three pollutants are among those substances that were not assessed 

using the NEEDS results. Thus, for the analysis of the future performance of the human health 

indicator it is only the impacts caused by CH4 that will be based on LCA information. 

A second comparison focuses on the amounts of emission data estimated in the previous 

sections of the present study and the data reported for the future scenarios. The following Table 48 

shows the result of this comparison. As can be seen there, large differences in the data exist. These 

differences result from the fact that different data sources are the basis for the emission data. While 

the HEIMTSA emission data is based on estimations from GAINS, the EEA data relies on national 

reported emissions. Furthermore, the EEA data needed to be gap filled as emission data was not 

provided in sufficient detail. These differences in the sources of the emission data lead to the figures 

presented in the table below. However, the scenarios developed within the HEIMTSA project provide 

a consistent projection of the emission data for the BAU case and the reduction scenarios. Thus, the 

analysis of the future performance of the indicator for human health impacts will be carried out 

based on these emission data. 

Table 48: Comparison of EEA Emission data and BAU 2005 data 

 EEA Emissions 2005 2005 BAU scenario Difference 

NH3 4,023.90 3,533.09 13.89% 

CH4 20,048.11 27,202.43 -26.30% 

NOX 11,545.24 12,296.04 -6.11% 

PPM2.5 1,438.37 1,636.20 -12.09% 

PPMcoarse 777.09 1,211.49 -35.86% 

SO2 8,137.52 6,862.52 18.58% 

 

The emission data which are applied in the following estimations of YOLL-eq. and monetised 

human health impacts are presented in Table 45. As already stated above, these data are analysed 

for the years 2020, 2030 and 2050. In addition to the business as usual case with no additional 

reduction measures, a scenario focusing on CO2 reductions has been estimated for each of these 

years. These emissions are also presented in the table below. 

An additional analysis of the different sets of emission data was based on the estimation of an 

ŀƴƴǳŀƭ Ŏƻƴǎǘŀƴǘ ΨƎǊƻǿǘƘ ǊŀǘŜΩ ŦƻǊ ǘƘŜ ȅŜŀǊǎ мффл ǘƻ нллт ŦƻǊ ǘƘŜ 99! ŜƳƛǎǎƛƻƴǎΦ ¢Ƙƛǎ ǊŀǘŜ ǿŀǎ ǘƘŜƴ 

applied to estimate the emissions for 2020 based on the developments reported by the EEA. The 

resulting future emissions where compared to the HEIMTSA emission scenario for the same year. 
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This comparison resulted in clearly lower emissions for the EEA projections compared to the 

HEIMTSA data. This fact can be interpreted as follows: The differences in the emission data can be 

explained by the different underlying data as shown in section 5. However, as the emissions of the 

applied HEIMTSA data are higher than those that result from a rough forecast of the EEA database, 

these results seem to be more reliable and present some form of worst case for the development of 

emissions in the future. 

Table 49: Emission data for future years for EU-27, in kt 

  
 Pollutant 

2020 2030 2050 

BAU 
Climate 
scenario 

BAU 
Climate 
scenario 

BAU 
Climate 
scenario 

[kt] [kt] [kt] [kt] [kt] [kt] 

CH4 21,685.92 24,200.16 20,919.61 23,704.32 19,917.68 22,042.30 

NH3 3,295.18 6,344.18 3,376.78 6,538.95 3,357.08 6,701.83 

NMVOC 6,560.85 6,685.15 6,519.81 6,535.38 6,267.12 4,743.23 

NOX 6,700.20 6,409.55 5,937.56 5,285.28 5,444.95 3,917.54 

PPM2.5 1,264.92 1,425.29 1,515.14 1,581.80 1,471.24 1,028.67 

PPMcoarse 1,107.92 1,384.06 1,143.90 1,371.94 1,126.54 1,239.51 

SO2 3,086.67 2,799.81 2,988.83 2,333.15 2,841.95 1,414.78 

As 1,142.19 1,232.58 1,145.03 1,066.51 1,096.73 611.41 

Cd 982.43 1,074.22 985.64 935.34 942.67 541.71 

Dioxins 8,018.34 8,723.66 8,012.60 7,539.59 7,681.70 4,319.45 

Hg 245.15 262.52 245.62 224.88 234.44 137.44 

 

With the emission data presented above, the impacts on human health for the three future years 

and for both scenarios have been estimated. It is important to mention, that the estimations have 

been carried including spatial characteristics such as the height of stacks and the location of the 

emitting source in urban or rural areas. The approach to include the additional information is 

analogue to the approach presented in the section above. 

The results are summarised in Figure 34. As can be seen there, the overall amount of YOLL-eq. 

estimated for the EU-27 in 2020 matches the decrease in human health impacts estimated for 1990-

2007 using EEA emission data. This is further supported by the decrease in human health impacts 

caused by SO2 while the impacts caused by NOX and PPM2.5 are relatively constant, showing lower 

decreases in the impacts. Comparing Figure 32 and Figure 34 also shows the increasing relevance of 

primary particles for human health analysis. These impacts play a major role when assessing the 

human health effects for the future years of the HEIMTSA project.  

 



Performance of the indicators for human health, biodiversity and climate change  

Page 101 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

BAU Climate

scenario

BAU Climate

scenario

BAU Climate

scenario

2020 2030 2050

[M
il

li
o

n
 D

A
L

Y
]

NH3 NOX PPM2.5 PPMcoarse SO2 other
 

Figure 34: Human health impacts for future scenarios with respect to climate policy measures 

 

Furthermore, the figure shows that the introduction of different CO2-related policy measures will 

lead to an increase in human health impacts for the years 2020 and 2030 before these impacts 

decrease for both scenarios in 2050. This increase refers to the increasing amounts of emissions of 

NH3 and PPM, both PPMcoarse and PPM2.5. These changes in emissions are related to the policy 

measure described in more detail in chapter 5. 

The application of the indicator for human health, including the most relevant airborne 

pollutants, within the analysis of potential climate policy measures aiming at the reduction of CO2 

down to a certain level highlights the applicability and relevance of such an indicator. While there is 

no doubt in the necessity of measures tackling greenhouse gas emissions, the side-effects of such 

measures, caused by changes in production processes or individual behaviour, need to be taken into 

account. As can be seen from the exercise presented in this chapter, the impacts on human health 

are increasing in the first place when CO2-reducing measures are implemented. Only in the very long 

run (here 2050) the benefits of these policies can also be felt with respect to human health impacts. 

Consequently, an indicator for changes in human health impacts can help decision makers to 

implement only those measures (for reducing greenhouse gas emissions) which have no or small 

effects on other areas of human life. 

It is very important at this point to mention again that the emissions of greenhouse gases have 

not been related to human health impacts. While this relation is made in the LCA databases of 

EcoIndicator99 and ReCiPe, linking changes in temperature to impacts on human health, the high 

level of uncertainties underlying these relations and the occurrence of these effects only in the very 

far future lead to substantial difficulties for the (monetary) valuation of these potential impacts. It 

has thus been decided to analyse the emissions of greenhouse gases in a separate chapter. 
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Furthermore, there will not be a presentation of a country-specific analysis of the human health 

impacts for the future scenarios. This is mainly due to the large amount of data that would be 

required to be presented in this report. However, it has to be highlighted that these estimations are 

feasible and results will be presented in course of the HEIMTSA project. 
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6.2 PDF 
The analysis of the performance of the indicator for biodiversity losses due to eutrophication and 

acidification effects, measured in PDFs, will follow the same structure as for the assessment of the 

indicator for human health impacts. Thus, as a first application of the PDF indicator, data provided by 

the EEA will be analysed for the years 1990 to 2007. In a second step, the future scenarios developed in 

the HEIMTSA project will be examined with respect to the changes in biodiversity caused by the 

implementation of different climate policy measures. 

6.2.1 Development of the indicator from 1990 to 2007 

As for the indicator for human health impacts, the indicator for biodiversity losses will be analysed 

using EEA emissions for the years 1990 to 2007. These emission data are presented in table A1 in the 

appendix. Again, the damage factors applied for the estimations are assumed to be valid for all these 

years. For the monetary valuation the factor applied in chapter 2.3 of 0.47 Euro2004 per PDF*m² will also 

be used in this chapter. However, as for the human health calculations, this value will be converted in 

Euro2010. The estimation of biodiversity losses (BL), measured in PDF*m² represents the sum of the 

multiplication of the damage factor (DF), measured in PDF*m² per kg for each pollutant i with its 

emission data (E).  

An application of this formula for the three relevant pollutants (NH3, NOX and SO2) results in about 

220 billion PDFs which is equal to 119 billion Euro2010 for 2007. These results are summarised in Table 50 

and Table 51. Figure 35 shows the development of biodiversity losses due to eutrophication and 

acidification, measured in PDF*m², for the time from 1990 to 2007. As can be seen from this figure, the 

damages to biodiversity are decreasing by about one third for the time analysed. As for the human 

health effects part of this decrease can be explained by the decreasing amounts of SO2 emissions for the 

time regarded. In addition, decreases in the emissions of the other two pollutants (NH3 and NOX) are 

responsible for the overall decline in impacts on biodiversity. 
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Figure 35: Development of the damages to human health in selected EU-27 Member States 
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Table 50: Biodiversity losses due to eutrophication and acidification in EU-27, in billion PDF*m² 

relevant pollutants 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 

NH3 132,03 124,13 120,64 116,01 115,41 113,74 113,00 112,83 112,47 111,67 108,97 107,80 106,46 105,45 104,74 104,38 102,74 102,60 

NOX 161,69 157,30 152,30 146,59 140,86 138,27 136,44 131,78 128,07 123,78 119,98 117,26 115,18 114,68 112,96 109,91 108,25 104,14 

SO2 45,35 40,36 37,13 35,01 32,11 28,91 26,90 25,07 22,18 19,64 17,17 17,19 16,36 15,40 14,41 14,08 13,65 12,87 

TOTAL 339,07 321,79 310,07 297,61 288,38 280,92 276,34 269,69 262,72 255,09 246,12 242,25 238,01 235,53 232,10 228,37 224,64 219,61 

 

Table 51: Monetised biodiversity losses due to eutrophication and acidification in EU-27, in million Euro2010 

relevant pollutants 1990 1991 1992 1993 1994 1995 1996 1997 1998 

NH3 71.298,18 67.027,95 65.145,16 62.644,34 62.320,38 61.421,31 61.020,25 60.929,27 60.734,39 

NOX 87.312,74 84.941,18 82.244,48 79.159,07 76.066,57 74.663,25 73.677,42 71.162,12 69.159,98 

SO2 24.486,60 21.796,10 20.047,92 18.905,74 17.340,17 15.610,60 14.525,10 13.540,19 11.974,79 

TOTAL 183.097,52 173.765,23 167.437,56 160.709,15 155.727,12 151.695,16 149.222,78 145.631,59 141.869,17 

 

relevant pollutants 1999 2000 2001 2002 2003 2004 2005 2006 2007 

NH3 60.300,19 58.841,23 58.212,35 57.489,12 56.943,67 56.558,39 56.365,23 55.481,37 55.402,59 

NOX 66.841,47 64.789,43 63.320,00 62.198,34 61.929,09 60.996,34 59.351,79 58.456,82 56.233,25 

SO2 10.607,35 9.274,27 9.284,85 8.835,40 8.313,55 7.780,61 7.602,07 7.370,11 6.952,45 

TOTAL 137.749,01 132.904,93 130.817,20 128.522,87 127.186,31 125.335,35 123.319,09 121.308,30 118.588,29 
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Analogously to the approach presented for the determination of human health impacts in terms of 

damages (YOLL-eq) and monetary units, the results will also be shown for each of the 27 Member 

States. These results allow for a more detailed analysis of the human health impacts across Europe. 

Thus, the emission data for the three relevant pollutants was again taken from the data base of the EEA.   

The estimation of biodiversity losses due to eutrophication and acidification caused by NH3, NOX and 

SO2 emissions for the EU-27 results in about 219 billion PDFs and 125 billion Euro2010. These total 

numbers as well as the country-specific PDF*m² and monetary values are presented in tables A5 and A6 

in the appendix. The difference in the total amount of monetised biodiversity losses for the EU-27 and 

the sum for all 27 Member States results from tƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ŀǾŜǊŀƎŜ ƳƻƴŜǘŀǊȅ ǾŀƭǳŜ ƻŦ лΦпт ϵ2004 has 

been adjusted for each country and cƻƴǾŜǊǘŜŘ ƛƴǘƻ ϵ2010. In summary, these differences in the applied 

damage factors lead to a higher total amount of Euro2010 for the estimation of the country-specific 

biodiversity losses. This value is about 5% higher than the sum for the EU-27 presented in Table 46.  

To analyse the development of overall biodiversity losses, Figure 36 summarises the results 

presented in tables A5 and A6 for France, Germany, Italy, Spain and the UK for the years 1990, 1995, 

2000 and 2005. As can be seen from this figure, there is a clear downward tendency for biodiversity 

impacts with respect to the three airborne pollutants in the selected major European countries. 

Furthermore, the figure also shows that there are significant differences between the countries. There is 

a large decrease to be seen in Germany, starting from a high level of impacts, which is mainly caused by 

the high number of SO2 emissions reported in the EEA database. On the other hand, there is an increase 

in impacts on biodiversity to be seen for Spain. This increase is the outcome of increasing emissions of 

NH3 and NOX in Spain from 1990 to 2007. However, it will have to be assessed whether this tendency can 

be found in projections for future years. This work will be presented in the next chapter. 
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Figure 36: Development of biodiversity losses in selected EU-27 Member States 
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6.2.2 Analysis of future development of the indicator 

In chapter 5 the scenarios for future years have been described in detail. These scenarios cover a 

business-as-usual (BAU) scenario as well as a scenario with respect to climate change policies for the 

years 2005, 2020, 2030 and 2050. In order to apply the resulting emission data for these scenarios, 

these data have been compared with the officially reported data by the EEA as applied in the previous 

chapter. A comparison of these data with the data reported by the EEA has already been shown in 

chapter 6.1.2. 

The emission data which are applied in the following estimations of PDFs and monetised biodiversity 

impacts are presented in Table 52. As already stated above, these data are analysed for the years 2020, 

2030 and 2050. In addition to the business as usual case with no additional reduction measures, a 

scenario focusing on CO2 reductions has been estimated for each of these years. These emissions are 

also presented in the table below. 

Table 52: Emission data for future years for EU-27, in kt 

  
 Pollutant 

2020 2030 2050 

BAU 
Climate 
scenario 

BAU 
Climate 
scenario 

BAU 
Climate 
scenario 

[kt] [kt] [kt] [kt] [kt] [kt] 

NH3 3,295.18 6,344.18 3,376.78 6,538.95 3,357.08 6,701.83 

NOX 6,700.20 6,409.55 5,937.56 5,285.28 5,444.95 3,917.54 

SO2 3,086.67 2,799.81 2,988.83 2,333.15 2,841.95 1,414.78 

 

With the emission data presented above, the impacts on biodiversity for the three future years and 

for both scenarios have been estimated. The results are summarised in Figure 37. As can be seen there, 

overall amount of PDFs estimated for the EU-27 in 2020 is substantially less than the impacts estimated 

for 2007 using EEA emission data. This difference can be explained by significant differences in the 

applied emission data in both cases as already discussed in chapter 6.1.2 as well as by the assumption of 

a further decrease in the emissions up to 2020. Comparing Figure 35 and Figure 37 shows that the 

weight of the different pollutants is similar for both calculations.  
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Figure 37: Development of biodiversity losses in selected EU-27 Member States 
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6.3 Climate change 
The performance of the indicator άcosts for meeting climate change targetsέ will be as follows. At 

first a sustainable emission path has to be established. A worldwide accepted target is the 2 °C target 

mentioned in chapter 4.3.3. In a second step a future scenario, developed in the project HEIMTSA 

with the TIMES model, will depict a possible future emission path. Based on the scenario we can 

detect the distance to the desired target ς in this case the emission path for a rise of average global 

temperature of no more than 2 °C. After identifying a possible deviance from the target emission 

path, this deviance can in a third step be monetary valued. In a last step the total damage costs of EU 

emissions can be calculated. All mentioned steps are described and carried out in detail below. 

6.3.1 Emissions 

By using the GWPs shown in Table 16 all emissions known to be related to the greenhouse effect 

can be displayed in CO2e. The following figure shows the emissions in 2005 in CO2e. The great 

influence of CO2 emissions is visible as well as the cooling effect of SO2. A new feature is the 

depiction of the non-GHGs BC, OC and SO2. It is obvious that black carbon has a greater influence 

than the known GHG N2O and a cooling effect of OC and SO2 is apparent. Air quality restrictions 

which limit the emissions of OC and SO2 will thus affect global warming. 

Source: HEIMTSA Common Case Study, UNFCCC, http://gains.iiasa.ac.at 

Figure 38: GHG emissions 2005 in EU29 in CO2e 

A single measure not only including the substances mentioned above but also all processes that 

influence global warming, like changes in vegetation, carbon storage, albedo change would be best 

but is up to date not available.  

A future sustainable emission path for Europe leading to a worldwide accepted target to limit 

climate change has to be developed. Worldwide accepted is the 2 °C target which equals a 

concentration of 450 ppm CO2e. 
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The following graphs show two different future emission paths for GHGs in Mt CO2e for EU29 

regarding all sectors and were derived and calculated within the project HEIMTSA. In order to 

ƛƭƭǳǎǘǊŀǘŜ ǘƘŜ ŎŀǎŜ ǘƘŀǘ ǘƘŜ ŀŎǘǳŀƭ ŜƳƛǎǎƛƻƴǎ ŘƻƴΩǘ Ŝǉǳŀƭ ǘƘŜ н °C emission path, the BAU/REF case is 

displayed. Figure 39 shows the net emission paths whereas Figure 38 displays the substances 

separately. 

 

Source: HEIMTSA Common Case Study 

Figure 39: GHG emission path in EU29 in CO2e 

 

Source: HEIMTSA Common Case Study 

Figure 40: Net GHG emission path for EU29 in Mt CO2e 

0

1,000

2,000

3,000

4,000

5,000

6,000

2005 2020 2030 2050

year

M
t 

C
O

2
e

REF

450ppm

-1,000

0

1,000

2,000

3,000

4,000

5,000

6,000

B
A

U

B
A

U

4
5

0
p

p
m

B
A

U

4
5

0
p

p
m

B
A

U

4
5

0
p

p
m

2005 2020 2030 2050
year

M
t 

C
O

2
e

NMVOC

N2O

CO

CH4

CO2

SO2



Performance of the indicators for human health, biodiversity and climate change  

Page 109 

The indicator for Europe is to observe the difference between the target emission path 

(450 ppm) shown above and the actual emissions of CO2e in the EU.  

6.3.2 Distance to target 

The indicator distance to target compares the actual emissions with a sustainable emission path 

for the 2°C target. Figure 41 shows emission paths for the EU29 calculated with the TIMES model 

within the project HEIMTSA (Blesl et al., 2011). The REF path represents a business as usual scenario 

and the 450 ppm path the European contribution to reach the global 2 °C target. As the TIMES model 

only displays the energy sector this emission paths only represent energy-related emissions. The REF 

path is included to show a possible development of the indicator until 2050 as future actual 

emissions are at the moment unknown. 

 

Source: TIMES model within HEIMTSA Common Case Study 

Figure 41: Emission path EU29 (only energy-related) 
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Source: TIMES model within HEIMTSA Common Case Study 

Figure 42: Net emission path EU29 (energy) 

Figure 42 displays the net emission paths for the REF and the 450 ppm scenario and Figure 43 

shows the above mentioned distance to the target emission path of 450 ppm for GHGs. 

 

Figure 43: GHG - distance to the target emission path 
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is not sustainable. The redundant emissions will have to be abated in future years so that in the end 

the target (amount of emitted tons e.g. of carbon that was set as a target, see chapter 6.3.1) can be 

reached. Thus the άtarget ǇŀǘƘέ ŎƘŀƴƎŜǎ ŜǾŜǊȅ ȅŜŀǊΣ ŀǎ ŀ ŘŜǾƛŀǘƛƻƴ ŎƘŀƴƎŜǎ ǘƘŜ ǇŀǘƘ ƛƴ ŦǳǘǳǊŜΦ Lƴ 

2000 and 2005 there is no deviation as these two are past years. If acting consistent one would have 

ǘƻ ōǳƛƭŘ ŀ ƴŜǿ ǘŀǊƎŜǘ ǇŀǘƘ ŜǾŜǊȅ ǘƛƳŜ ǘƘŜ ŀŎǘǳŀƭ ŜƳƛǎǎƛƻƴǎ ŘƻƴΩǘ Ŝǉǳŀƭ ǘƘŜ ǘŀǊƎŜǘ ǇŀǘƘΦ !ŦǘŜǊǿŀǊŘǎ ŀ 

new model run would be necessary41. Only if, apart from the GHG emissions, the assumptions are the 

same one can take the difference as a measure. 

An alternative and easier way of applying the indicator would be to calculate the cumulated 

deviance every year. The problem with this approach is the negligence of the point of avoidance. 

 

Figure 44: Cumulated distance to target emissions EU29 

In a last step the distance to target can also be expressed as costs. The TIMES model calculates 

Annual System Costs. The difference between the Annual System Costs of the two scenarios thus 

expresses the avoidance costs to meet the climate change target. Note: the Annual System Costs in 

TIMES not only depend on the avoided emissions but also on side restrictions like energy supply 

security. Figure 45 shows the distance between the Annual System Costs of the REF and the 450 ppm 

path. 

                                                           

41 Note: the TIMES model only shows the energy sector. To include more sectors one would have to build a 

composite model of energy and agriculture (e.g. TIMES and ESIM) (see Banse, M., Grethe, H., Deppermann, A. 

and S. Nolte (2010): European Simulation Model (ESIM): Documentation of the Model Code, https://apo.uni-

hohenheim.de/qisserver/rds?state=medialoader&objectid=5794&application=lsf) 
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Figure 45: Distance of Annual System Costs (TIMES) 

6.3.3 Total Damage Costs 

The indicator total damage costs shows the damage of emitted greenhouse gas emissions (e.g. 

for EU29). It is calculated by multiplying damage costs per ton of carbon with emissions (e.g. EU29) 

from all sectors in CO2e. Although it is only the second-best approach to use the marginal damage 

costs instead of average damage costs to calculate the total damage costs of climate change, the 

calculation is a benchmark which costs are to be expected. Table 53 shows the used damage costs 

calculated with the FUND model. 

Table 53Υ aŀǊƎƛƴŀƭ ŘŀƳŀƎŜ Ŏƻǎǘǎ ƛƴ ϵнлмлκǘ /hн 
A1b 2005 2020 2030 2050 

lower value NoEW_1%_Av1% 26.51 22.88 34.60 70.60 

upper value WeuEW_1%_Av1% 126.41 169.84 197.92 276.29 

 

B1 2005 2020 2030 2050 

lower value NoEW_1%_Av1% 9.17 15.39 21.55 41.85 

upper value WeuEW_1%_Av1% 94.48 128.14 147.01 189.83 
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Figure 46: Total damage costs of EU29 GHG emissions 

Figure 46 shows the range of total damage costs of EU29 emissions (from TIMES, only energy-

related). The example uses the marginal damage costs of SRES A1B for the REF scenario and the 

marginal damage costs of SRES B1 for the 450 ppm scenario to illustrate a possible range of damage 

costs which are an approximation of the real values. Furthermore we used global marginal damage 

costs, as locally emitted emissions cause damages worldwide and thus global marginal damage costs 

can be applied for EU emissions.  

An extra feature of the indicator is that avoided damages can be compared with avoidance costs 

(Annual System Costs shown above). 
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Figure 47: Avoided damage costs EU29 

Figure 47 shows the avoided damages if the target emission path is achieved. The green line 

represents values which are European equity weighted (WeuEW) and are thus an upper bound, the 

blue line are avoided damages without equity weighting (noEW) which represents a lower bound. 

 

Figure 48: Avoided damages and avoidance costs EU29 

Figure 48 includes the difference of the Annual System Costs in the prior figure to illustrate if the 

avoided damages are worth the effort. In this case the effort is only worth the expense if the avoided 

damage costs are WeuEW. 

0

200,000

400,000

600,000

800,000

1,000,000

1,200,000

2005 2010 2020 2030 2040 2050

year

M
i
o
.
 
ú

avoided_damages_
REF_450_noEW

avoided_damages_
REF_450_WeuEW

annual system costs
smoothed

0

200,000

400,000

600,000

800,000

1,000,000

1,200,000

2005 2010 2020 2030 2040 2050

year

M
i
o
.
 
ú

avoided_damages_
REF_450_noEW

avoided_damages_
REF_450_WeuEW



Performance of the indicators for human health, biodiversity and climate change  

Page 115 

6.3.4 Conclusion 

The indicator άGHG emissionsέ is easy to calculate and only minor errors occur. A new aspect is 

the incorporation of non-GHGs like black carbon (BC), organic carbon (OC), non-methane volatile 

organic compounds (NMVOC), sulphur dioxide (SO2) and carbon monoxide (CO). A weak point is that 

only a relative comparison to the previous year is possible and the uncertainty if the target path is 

really sustainable. 

With the άdistance to targetέ a sustainable path is visible but the path has to be calculated by a 

model and the 2 °C target is placed and not deviated from research results. The indicator άcosts of 

distance to targetέ is comparable to other indicators and an aggregation is possible. Unfortunately 

the costs depend on assumptions, e.g. it is difficult to determine the innovation potential. 

άTotal damage costsέ as indicator are similar to the costs of distance to target. It is an aggregate 

measure for damages and account for a worldwide emission path. A disadvantage is that perhaps not 

all damages are included and it has to be politically decided if equity weighting is applied. 

All indicators have strengths and weaknesses and thus should and could be further developed. 
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7 Social sustainability 

7.1 Introduction 
The social aspects of sustainability have been given less attention than the economic and 

environmental aspects. This includes attempts to develop indicators to help measure sustainability, and 

the quantitative research of IN-STREAM is no exception. This means that it is harder to integrate social 

sustainability indicators into the sophisticated analysis above and so this section will take a more basic 

approach to understanding social sustainability with the aim of developing a foundation for future 

research, both qualitative and quantitative. It should therefore be read alongside the more quantitative 

results and the other deliverables to reinforce the key finding that social aspects of sustainability are key 

and must not be overlooked. 

 This section first presents an overview of conceptual issues around social sustainability, well-being, 

and indicators for these. A number of potential indicators are then suggested that are theoretically 

coherent and policy relevant, including crime rate, corruption and unemployment. 

7.2 Concepts of Social Sustainability 
¢ƘŜ ǘŜǊƳ ΨǎǳǎǘŀƛƴŀōƛƭƛǘȅΩ Ƙŀǎ ōŜŎƻƳŜ ŀ ōǳȊȊǿƻǊŘ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎΣ ŎƻǾŜǊƛƴƎ ŜǾŜǊȅǘƘƛƴƎ ŦǊƻƳ ǇǊŜŎƛǎŜ 

ŘŜŦƛƴƛǘƛƻƴǎ ƻŦ ŎŀǇƛǘŀƭ ǎǘƻŎƪ ŎƘŀƴƎŜǎΣ ǘƻ ōŜƛƴƎ ŀ ǎȅƴƻƴȅƳ ŦƻǊ ΨƎǊŜŜƴΩ ƻǊ ΨenvƛǊƻƴƳŜƴǘŀƭƭȅ ŦǊƛŜƴŘƭȅΩΣ or 

being a useful adjective to describe new policies or activities. However, for many environmental 

economists and policy makers, it is crucial to have a deep, well-balanced understanding of the concept 

and of how it can be measured. In particular, indicators for sustainability are needed in order to gauge 

how sustainable states are, and where they are unsustainable. 

Typically, sustainability is seen as having three pillars, or dimensions ς economic, environmental 

and social. The understanding of the social dimension is very low compared with the other pillars, and 

so policies for sustainability are likely to underestimate the social dimension. The recent report 

commissioned by Nicolas Sarkozy, known as the Stiglitz-Sen-Fitoussi report, recommends that greater 

attention is paid to the wider dimensions of sustainability, including social aspects such as health, 

education and personal activities (see, for example, recommendation 6 in Stiglitz et al., 2010). Also, 

sociologists have noted the lack of engagement with sustainability from within their discipline (Becker et 

al., 1999; Littig and Griessler, 2005; Colantonio, 2008). 

Social sustainability, as a concept, is in no small part based on the World Bank Commission on 

Environment and DeveƭƻǇƳŜƴǘΩǎ мфут ǊŜǇƻǊǘΣ hǳǊ /ƻƳƳƻƴ CǳǘǳǊŜΣ ŦǊŜǉǳŜƴǘƭȅ ƪƴƻǿƴ ŀǎ ǘƘŜ .ǊǳƴŘǘƭŀƴŘ 

Report after its lead author (World Bank, 1987). This was very influential in bringing sustainable 

development into the forefront of the development dialogue, and was also influential outside the 

development world. It focused on how the growth of nations and economies is more than just about 

GDP growth, and crucially, how growth now has to not be at the cost of growth in the future. Or, to 

quote the key definition from the report, ŘŜǾŜƭƻǇƳŜƴǘ ƛǎ ǎǳǎǘŀƛƴŀōƭŜ ǿƘŜƴ ƛǘ άƳŜŜǘǎ ǘƘŜ ƴŜŜŘǎ ƻŦ ǘƘŜ 

ǇǊŜǎŜƴǘ ǿƛǘƘƻǳǘ ŎƻƳǇǊƻƳƛǎƛƴƎ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ ŦǳǘǳǊŜ ƎŜƴŜǊŀǘƛƻƴǎ ǘƻ ƳŜŜǘ ǘƘŜƛǊ ƻǿƴ ƴŜŜŘǎΦέ όǇΦмсύ 

Another key conceptual message from the report is that this development has to be multi-dimensional, 

and the key dimensions are environmental, economic and social. These are often referred to as the 

άǘƘǊŜŜ ǇƛƭƭŀǊǎέ ƻŦ ǎǳǎǘŀƛƴŀōƛƭƛǘȅΦ ¢Ƙŀǘ ƛǎΣ ǘƘŜ ƴŜŜŘǎ ǘƘŀǘ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ǊŜŦŜǊǎ ǘƻ ƘŀǾŜ ǘƻ ōŜ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ŀ 

wider sphere than just food, water and shelter.  
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The Brundtland approach to sustainability is of course, rooted in issues of development. However, 

sustainability in itself is important even without an international development context. The definition 

above can still be applied, but in societies where needs are mostly met, the debate may move to a level 

where it is well-being or quality of life that has to be met now and in the future, rather than just needs. 

Here, we can take a metric such as quality of life, social welfare or well-being as a guide to a ǎƻŎƛŜǘȅΩǎ 

aim, and if it decreases in the future, the society can be held to be in an unsustainable position. Or, to 

put it another way, sustainability is a non-decreasing future stream of well-being. 

Of course, measuring the well-being or quality of life of an individual is a contentious business, let 

ŀƭƻƴŜ ŀ ǎƻŎƛŜǘȅΩǎΦ ¢ƘŜ ƴŜȄǘ ǎŜŎǘƛƻƴ ƻŦ ǘƘƛǎ ǇŀǇŜǊ ǇǊŜǎŜƴǘǎ ŀ ōǊƛŜŦ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǿŜƭƭ-

being and some established indicators. At this stage we can look at well-being, howsoever defined or 

measured, as the principal aim of a society, knowing that this statement has been much discussed over 

many centuries, and never yet agreed upon. Also, whilst recognising that society is not simply the 

aggregation or the average of its members, it may be necessary to take such a shortcut in order to begin 

to instrumentalise such a many-faceted concept.  

It is clear that the state of the future is an intrinsic part of the concept of sustainability. Since 

predicting the future is at best difficult, moving from a definition of sustainability to measurement of it 

has to allow for the uncertainties and errors of prediction. In particular, we do not know how future 

generations are going to derive their well-being or quality of life, so we do not know how we are 

currently depleting their ability to create well-being; however, we can be aware of critical factors and 

take safety-first approaches. Whilst it is likely that future technological and socio-political shifts will 

change the game, we can still attempt to assess whether future well-being is non-decreasing.  

Defining sustainability may be possible at a conceptual level, but a more pragmatic approach may be 

to follow Becker et al (1999) and define unsustainable states and use these to find a sustainable path. 

That is, it may be easier to identify unsustainable behaviour or situations, and set policy to avoid these. 

However, whilst this approach may be useful for short-term emergency planning, a longer-term 

sustainability policy would need to know what it is aiming for. Of course, a useful insight from this 

approach is to note that sustainability is not a narrow pathway into the future, but encompasses a large 

realm of possibilities which cannot all be identified beforehand, but still are all sustainable. 

In economics, sustainability is usually linked to capital stocks, that is, if capital is non-decreasing. 

Capital here can be natural capital, such as iron ore, forests, clean air or crude oil reserve, or human 

capital, such as educated individuals or skilled labour. Strong sustainability is where there is no 

substitutability between types of capital, and so if natural capital stocks are being depleted, then it is 

unsustainable. Weak sustainability allows for substitutability between capital types, so if the depletion 

of natural capital is replaced by an identical, or greater, rise in human capital, then this is held to be 

weakly sustainable. Here, social capital is likely to be considered part of human capital. However, this 

approach does not really allow for different aspects of sustainability, and requires all resources available 

ǘƻ ǎƻŎƛŜǘȅ ǘƻ ōŜ ƳƻƴŜǘƛǎŜŘΦ IƻǿŜǾŜǊΣ ǘƘŜ ƛŘŜŀ ǘƘŀǘ ǎƻŎƛŀƭ ǊŜǎƻǳǊŎŜǎ ŀǊŜ ΨŎŀǇƛǘŀƭΩ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀƴ ƛƴǇǳǘ 

into something is useful. 

In order to understand sustainability, we are interested in finding out how inputs to well-being are 

converted to well-being itself. A society will be unsustainable if either the inputs or the conversion 

processes are declining. Figure 49 shows a basic flow from resources, such as environmental assets and 

economic wealth, through systems, which are likely to be economic or social institutions and 
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frameworks, to outputs, here simplified to well-being. It should be noted also that some resources 

create well-being directly, such as the non-use values of certain environmental and social assets such as 

charismatic species, natural wonders, or people we value for themselves. However, it could be argued 

that these values are negotiated through various social systems ς for instance, friendship, or the 

communication media which point us towards valuing certain natural phenomena more than others. 

Also, it should be noted that the processes may not lead linearly to outputs, and that different 

combinations of inputs may lead to the same output, and that there is not a strict temporal relationship 

here ς that is, changes in the input side may cause changes in outputs in some later time period(s). 

 

 

Figure 49: Schematic of flows to well-being 

 

Using this idea of sustainability means that whilst we are fundamentally concerned with the 

outputs, it may be more useful to monitor the resources/input levels and the functioning of the systems 

since these govern the level of outputs. In other words, whilst societal well-being may be the arbiter of 

sustainability, indicators for sustainability may more focus on how sustainability is to be generated. 

Over time, conceptions of social sustainability have changed, as Colantonio (2008) argues. Table 54 

presents the more traditional key themes in the subject, such as basic needs and employment, alongside 

the more recent themes, here labelled emerging, such as social mixing and cohesion, and social capital. 

These present an interesting comparison. It is noteworthy that the emerging themes seem harder to 

define simply, but this may be because they have had less time in the dialogue to be simplified. The 

table shows that the emerging themes are perhaps less to do with development and more to do with 

ΨǎƻŦǘŜǊΩ ǎƻŎƛŀƭ characteristics. In general though, these present a useful overview of the various aspects 

of social sustainability. 

Table 54: Traditional and Emerging Social Sustainability Key Themes (Colantonio, 2008:8) 

Traditional Emerging 

Basic Needs, including housing and environmental health  Demographic Change (aging, migration and mobility  

Education and skills  Social mixing and cohesion  

Employment  Identity, sense of place and culture  

Equity  Empowerment, participation and access  

Human rights and gender  Health and safety  

Poverty  Social capital  

Social justice  Well-being, happiness and Quality of Life  

 

It is important at this point to note that social sustainability is different from social desirability, that 

is, ideological ŎƻƴŎŜǊƴǎ ŀōƻǳǘ ǿƘŀǘ ƳŀƪŜǎ ǎƻŎƛŜǘȅ ΨƎƻƻŘΩ ƻǊ ǾŀƭǳŜŘ ƘŀǾŜ ǘƻ ōŜ ǎŜǇŀǊŀǘŜŘ ŦǊƻƳ ǿƘŀǘ 

makes society sustainable. Whilst there is clearly some overlap, there are a number of other factors 
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which must be clarified, for example, some things that may improve well-being now could cause a long-

term decline in well-being, such as rapid social change. Also, ideologically, increasing divorce rates could 

be seen as primarily either a symptom of increased freedom or decreased social ties, in other words, 

increasing sustaiƴŀōƛƭƛǘȅ ƻǊ ŘŜŎǊŜŀǎƛƴƎ ƛǘΦ !ƭǎƻΣ ǇŜǊƘŀǇǎ ƳƻǊŜ ŎƻƴǘǊƻǾŜǊǎƛŀƭƭȅΣ ƛƴŎǊŜŀǎƛƴƎ ǿƻƳŜƴΩǎ ǊƛƎƘǘǎ 

may be seen by some nations as diminishing social frameworks and cultural identity, whereas other 

nations would see it as an essential human right and key to sustainability and well-being improvements. 

7.3 Definitions 
As the above section has outlined, sustainability can be seen to be fundamentally about the 

outcomes of the system, and in general, sustainability is about the well-being of societies or individuals. 

This paper will suggest that a usable definition of social sustainability can be: 

Social sustainability is the extent to which social functions enable the individual or set of 

individuals in question to maintain non-decreasing well-being into the future. 

The above definition still leaves a number of things unsaid, such as who sustainability is about, 

whether it is a global, national or individual concept, and what social functionings are. Here, they are 

held to be institutions in a broad sense, and relationships, and other social structures that help 

individuals and society create well-being, and has overlaps with the concept of social capital. However, it 

is similar to that used by Stiglitz et al (2010:97) which focuses of maintaining the current level of well-

being for future generations. It takes an anthropocentric view, where humans are the reason for 

sustainability, rather than an ecocentric view, where the environment is the key recipient. It also 

ǎƛƳǇƭƛŦƛŜǎ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ άǘƘǊŜŜ ǇƛƭƭŀǊǎέ ƻŦ ŜƴǾƛǊƻnment, economy and society and 

overlooks the complex overlaps. However, it does this in order to be usable. 

Therefore, the paper will explore now what well-being is and how it can be measured, and what 

indicators may suggest that the future wellbeing is non-decreasing (or not). 

7.4 Well-being 
The idea that an individual's - or to that matter, a society's - quality of life can be measured and 

defined in one metric is a contentious one. Without presenting a comprehensive overview of the 

academic and political field, this section will  explore a commonly used idea of "well-being", which is 

more general than "welfare" or "utility" as used by economists that is still focussed enough to be of use 

in assessing social sustainability. 

There are a number of aspects to quality of life that people may use themselves to guide their 

decision making, if indeed ǘƘŜȅ ǳǎŜ ŀƴȅǘƘƛƴƎ ŀǘ ŀƭƭΦ {ǘƛƎƭƛǘȊ Ŝǘ ŀƭ όнлмлΥсмύ ǎǘŀǘŜ ǘƘŀǘ άƛǘ ƛƴŎƭǳŘŜǎ ǘƘŜ Ŧǳƭƭ 

range of factors that influence what we value in living, reaching beyond its material ǎƛŘŜέΦ ¢ƘŜǎŜ ǘƘƛƴƎǎ 

include having basic needs met, investments into the future, happiness, satisfaction, relative quality of 

life and so on.  

Compressing all these into one indicator obviously means losing detail in order to gain simplicity and 

usability. Also, it allows a greater level of generalisation to say that people (or groups of people) can 

measure all the above within an overall framework of "well-being" and whilst different people have 

different constructions of well-being, the practical outcome is the same. Scaling to an aggregate level 

such as "society" also brings problems, since it is by no means universally accepted that social well-being 

is the sum of individual's well-being (see, for example, Fleurbay, 2008). For example, inequalities, 
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absolute poverty, and the possibility of some people losing well-being in order to increase other 

peoples' well-being, are all likely to be important in measuring societal well-being. 

If we accept the preceding generalisations as workable, we can say that well-being is a key metric of 

sustainability, since if overall well-being is decreasing or in a situation where it must decrease in the 

future, the situation is unsustainable.  

A number of methods have been proposed to measure well-being itself, falling broadly into two 

categories - subjective and objective approaches. 

Subjective well-being (SWB) takes a direct approach, which is to say, what do individuals say their 

own well-being is? This may seem extraordinarily simple but given that well-being is to a large extent a 

subjective condition, to collect it subjectively is consistent and logical. The process of collecting it is to 

ask people a question such as "Taking all things together, how satisfied are you with your life as a whole 

these days? Are you very satisfied, satisfied, not very satisfied, not at all satisfied?" (Fleurbay, 2008: 28) 

or, as the WHO's Quality of Life survey puts it, "How would you rate your quality of life? Very poor, poor, 

neither poor nor good, good or very good?" (WHO, 2004). Since these are open to a degree of criticism 

concerning translation and cultural paradigms, a lot of work has gone into how the core concept can be 

applied across cultures and languages, and a lot of testing has shown that it is, in fact, a robust method. 

For example, in bilingual countries, the language of the question does not affect the outcome 

(Economist, 2005). Oswald and Wu (2010) used SWB data from the USA, along with geographical data to 

test how well subjective well-being relates to objective. The survey uǎŜŘ ŀǎƪŜŘ άƛƴ ƎŜƴŜǊŀƭΣ Ƙƻǿ ǎŀǘƛǎŦƛŜŘ 

are you with your life?" with a 4-point scale response. They find that there is a significant relationship 

between objective quality of life indicators in a state and the subjective well-being reported by residents 

in that state. Other studies have also found a relationship between SWB and brain activity (Economist, 

2005) All of this suggests that SWB is a usable metric.  

However, Fleurbay (2008) raises some conceptual criticisms; aside from the philosophical critiques 

of utilitarianism (where social welfare is the sum of individuals' welfare) there is a problem in that 

"subjective adaptation is likely to hide objective inequalities". Or, to phrase it differently, "if subjective 

well-being is not so sensitive to objective circumstances, should we stop caring about inequalities, 

safety, and productivity?" (p.29). In particular, there are two key "treadmills" that shape SWB over time, 

the hedonic treadmill whereby people become desensitized to repeated events/inputs to well-being, 

and the aspirational treadmill where people evaluate their SWB by adaptive aspiration levels. In other 

words, using SWB as a metric of national well-being means that the measurable inputs to the quality of 

life are not relevant, since the processes of turning inputs to well-being are not fixed, and change even 

with the level of well-being. This highlights the fact that subjective and objective well-being indicators 

do measure different things and cannot be used interchangeably. This does not rule out using either as a 

metric, but it highlights that clarity is a priority.  

Another use of SWB as an indicator of well-being has been developed by Veenhofen (1996), who 

combined it with life expectancy to create "Happy life years" (HLY) or happy life expectancy. Here, the 

SWB score for a country is converted to a ratio between 0 and 1, where 0 means that everyone is 

completely unsatisfied and 1 is where everyone is completely satisfied. This is multiplied by the life 

expectancy to give an indication of how many "happy years" someone would be expected to live. For 

example, if the SWB ratio is 0.5 and the life expectancy is 70, then the HLY would be 35 years. This is not 

a "value profile" like indices are, but a value in itself, just as GDP is. Veenhofen says that HLY is the 
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"degree to which people live long and happy" and is thus a measurement of the outcomes of Quality of 

Life rather than the inputs. Veenhofen (2007) has also shown how HLY is correlated to a number of 

quality of life indicators, shown in Table 55. Here, Veenhofen has not given an indication of the 

significance of the variables, other than to mark some with an asterisk, which the text suggests, but 

never confirms, shows significance. Together, the significant variables explain 66% of the overall 

variation. It can be seen that wealth is important, as is freedom and justice, whilst it is worth noting that 

disparity in incomes has a negative effect, and that the insignificant variables include personal freedom, 

tolerance and social security. HLY is a notable indicator because of its conceptual strengths, but is a 

slow-moving statistic which makes it difficult for policy-makers to use as an indicator of sustainability. 

Table 55: Correlation of HLY with various other metrics (Veenhofen, 2005) 

 

Objective well-being is built on the idea that SWB is based on measurable inputs, and that 

ǉǳŀƴǘƛŦȅƛƴƎ ǘƘŜǎŜ ƛƴǇǳǘǎ ƛǎ ŀ ǿŀȅ ƻŦ ƳŜŀǎǳǊƛƴƎ ǎƻŎƛŜǘȅΩǎ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜΦ hƴŜ ǎǳŎƘ ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ǘƘŜ 

World Bank's Human Development Index (HDI) which, as the name suggests, looks at the development 

of nations. Here, development is not equal to quality of life or well-being, but is a proxy for these. The 

index takes GDP per capita, life expectancy at birth, and literacy rate and school enrolment rates to rank 

countries in an index. The assumption behind this is that these indicators - wealth, health and education 

- are the key inputs to development and quality of life. They are weighted equally in the index, which is 

based on the assumption that each is equally important to development. 




























