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1 Summary
ICARUS will develop innovative tools for urban impact assessment in support of air quality and
climate change governance in the EU. This will lead to designing and implementing win-win
strategies to improve the air quality and reduce the carbon footprint in European cities. An
integrated approach will be used for air pollution monitoring and assessment combining groundbased measurements, atmospheric transport and chemical transformation modelling and air
pollution indicators derived from satellite, airborne and personal remote sensing. The ICARUS
methodology and toolkit will be applied in nine EU cities of variable size, socio-economic condition
and history. Technological and non-technological measures and policy options will be analyzed and
proposed to the responsible authorities for air pollution and/or climate change at the city level.
Based on the advanced monitoring and assessment tools outlined above, a cloud-based solution will
be developed to inform citizens of environment-conscious alternatives that may have a positive
impact on air quality and carbon footprint and finally on their health and motivate them to adopt
alternative behaviours. Agent-based modelling will be used to capture the interactions of population
subgroups, industries and service providers in response to the policies considered in the project.
Thus, social and cultural factors, socio-economic status (SES) and societal dynamics will be explicitly
taken into account to assess overall policy impact. Our findings will be translated into a web-based
guidebook for sustainable air pollution and climate change governance in all EU cities. ICARUS will
develop a vision of a future green city: a visionary model that will seek to minimize environmental
and health impacts. Transition pathways will be drawn that will demonstrate how current cities could
be transformed towards cities with close to zero or negative carbon footprint and maximal wellbeing
within the next 50 years. Based on the above, this report aims on the description of the
methodological tools that are going to be developed, refined and used towards the achievement of
the above goals.

D1.2 - Report on conceptual framework of ICARUS
WP1: Methodological framework development

Security:

Public

Author(s): D. Sarigiannis, A. Gotti, S.
Karakitsios, D. Chapizanis

Version: Final

6/40

2 Introduction
2.1 The problem of climate change and air pollution and the
position of ICARUS
Notwithstanding the air quality improvements within European Member States in recent decades, a
significant proportion of Europe's population lives in areas – especially cities – where noncompliance to air quality standards is observed particularly regarding particulate matter (PM),
nitrogen dioxides (NO2) and ozone (O3). This situation is deemed to have a major adverse impact on
human health. Estimates of the health impacts attributable to exposure to air pollution indicate that
fine particulate matter (PM2.5) concentrations in 2011 were responsible for about 430,000
premature deaths in in the EU-28. At the same time, analysis of emissions data show that urban
areas are responsible for almost 70% of European CO2 emissions with urban transport accounting for
70% of the air pollutants and 40% of the GHG emission of European road transport.
Despite the clear interconnections between Carbon Footprint (CFP) and AQ, policies to control GHG
emissions and to improve air quality are still considered separately arriving often to contradictory
results, especially under the complex interactions of socioeconomic pressures and lack of
technological readiness. This was clearly illustrated in the case of Greece. Over the last couple of
years, the use of biomass was allowed in Greece as a CO2-neutral means of space heating in the large
metropolitan areas of Athens and Thessaloniki affecting more than half of the country’s population.
At the same time, the use of light heating diesel was heavily taxed apparently to combat illegal
trafficking of heating diesel. In the same period Greece faces a financial crisis with significant
repercussions on the average household income. That combination of parameters resulted in
increased use of biomass for residential heating in year 2012, followed by a significant increase of
ambient air, indoor air and exposure to PM10 and PM2.5. A comprehensive study (Sarigiannis et al.
2015, Sarigiannis et al. 2015, Sarigiannis et al. 2015) of the phenomenon showed that long term
mortality during the winter increased by 200 excess deaths in a city of almost 900,000 inhabitants or
3540 years of life lost, corresponding to an economic cost of almost 200-250m€. New chronic
bronchitis cases dominate morbidity estimates (490 additional new cases corresponding to a
monetary cost of 30m€. Estimated health and monetary impacts were more severe during the cold
season, despite its smaller duration (4 months). Overall it was concluded that fiscal policy affecting
fuels/technologies used for domestic heating needed to be reconsidered urgently, since the net tax
loss from avoided oil taxation due to reduced consumption was further compounded by the public
health cost of increased mid-term morbidity and mortality. On the other hand, it has been proven
that well targeted policies aiming at GHG emissions reduction related to key activity sectors such as
transportation, result in significant co-benefits in air quality. In a study carried out in Thessaloniki
(Sarigiannis et al. 2016), the effects of feasible traffic policies in year 2020 were assessed and their
potential health impact was compared to a business as usual scenario. Two types of measures are
investigated: operation of underground rail in the city centre and changes in fleet composition.
Potential co-benefits from reduced greenhouse gas emissions on public health by the year 2020 are
computed utilizing state-of-the-art concentration response functions for PMx, NO2 and C6H6. Results
show significant environmental health and monetary co-benefits when the city metro was coupled
with appropriate changes in the traffic composition. Monetary savings due to avoided mortality or
leukaemia incidence corresponding to the reduction in PM10, PM2.5, NO2 and C6H6 exposure were 56.6,
45, 37.7 and 1.0 million euros respectively. Promotion of ‘green’ transportation in the city (i.e. the
wide use of electric vehicles), would provide monetary savings from the reduction in PM10, PM2.5,
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NO2 and C6H6 exposure up to 60.4, 49.1, 41.2 and 1.08 million euros. Overall, it was shown that the
respective GHG emission reduction policies resulted in clear co-benefits in terms of air quality
improvement, public health protection and monetary loss mitigation. The improvements in air
pollution under the implementation of transportation related measures for reducing GHG emissions
have been extensively investigating around the globe and similar results have been identified in
Europe (Perez et al. 2015, Vardoulakis et al. 2015, Tobollik et al. 2016), USA (Galvis et al. 2015,
Garcia-Menendez et al. 2015), China (Chen and He 2014, He and Qiu 2016, Yang and He 2016),
Malaysia (Kwan et al. 2016) and Australia (Xia et al. 2015). When it comes to further improvements
in human health, it has been identified that urban planning and transportation are decisive in terms
of public health co-benefits associated to GHG emission reduction measures. It has been found that
increased physical activity associated with active transport could generate a large net improvement
in population health (Sabel et al. 2016) arising from reduced air pollution, as well as from the
improved physical condition of the population (Maizlish et al. 2013). It is noteworthy that a
statistically significant negative correlation between active travel and diabetes has been established
through a cross-sectional study among 14 countries (Pucher et al. 2010). However, unless additional
measures aiming at minimizing pedestrian and bicyclist injuries are considered, health benefits of
active transport in terms of DALYs might be countered by traffic injuries (Maizlish et al. 2013). Similar
results on the co-benefits on public health from climate change mitigation in transport were
obtained in a comparative study (Woodcock et al. 2009) between London, UK and Delhi, India. That
study identified that irrespectively of the existing status, policies aiming at increasing the
acceptability, appeal, and safety of active urban travel, and discourage travel in private motor
vehicles would provide larger health benefits than would policies that focus solely on lower-emission
motor vehicles. Similar are the results obtained from a health-effectiveness comparison study
exploring different transport-related measures to mitigate climate change in Basel Switzerland (Perez
et al. 2015) and of a parallel study assessing the health impact of transport policies in Rotterdam, the
Netherlands (Tobollik et al. 2016). Indeed, adding physical activity and well-being among the health
effect attributes seems to provide a wider context of the assessed policies. Despite the widely
recognised co-benefits arising from GHG emission reduction policies, systematic consideration of the
suitability of model assumptions, of what should be included and excluded from the model
framework, as well as handling of uncertainty are essential in order to better quantify the active
estimates (Remais et al. 2014).
Based on the above and considering the need for smart, green and healthy cities, ICARUS will aim at
developing an integrated approach to address simultaneously the needs for reductions in air
pollution levels and CFP of cities and to identify the optimal combination of technical and nontechnical measures with co-benefits in air quality and climate change mitigation. This will include
citizens motivation in the participating cities to try the alternative measures in real life. This would be
expected to have a lasting impact on the improvement of air quality and the carbon footprint
reduction in those cities as citizens will learn to apply alternative measures not only by culture or
belief, but also by recognizing the net benefit at the individual level.
The recently released European Environment Synthesis on the European environment states that
‘living well within the limits of the planet requires a transition to a green economy. Through an
interactive and evidence-based process involving diverse stakeholders across the project, ICARUS will
identify interventions, potential investments and innovations in the urban environment towards a
green economy to benefit the health of both man and the environment. Issues of accessibility, equity
(including gender), resilience, and sustainability will be at the heart of the research and interventions
in all cities participating in ICARUS.
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2.2 The main concept of ICARUS
The ICARUS project’s main objective is to develop integrated tools and strategies for urban impact
assessment in support of air quality and climate change governance in EU Member States leading to
the design and implementation of appropriate abatement strategies to improve the air quality and
reduce the carbon footprint in European cities. In ICARUS, detailed policies and measures for air
pollution and climate control for the short and medium term (until ca. 2030) will be developed. For
the long-term perspective (2050 and beyond) we will develop visions of green cities and explore
pathways on how to start realizing these visions.
The specific project objectives are to:
-

quantitatively assess the impact of current and alternative national and local policies on reducing
greenhouse gas (GHG) emissions and improving air quality through a full chain approach and
evaluate the future public health and well-being impacts of these policies in European cities.

-

For each policy analysed the following effects/impacts will be evaluated:
▪ Change in emissions of air pollutants including life cycle emissions in/outside cities for
selected activities.
▪ Change in emissions of greenhouse gases including life cycle emissions in/outside city (thus
changes in the carbon footprint caused by changes in sectorial activities).
▪ Changes in ambient concentration of air pollutants and greenhouse gases.
▪ Changes in the exposure to air pollutants taking into account important indoor sources.
▪ Changes in the associated impacts on human health.
▪ Societal and economic impacts, including costs for the emission source operator and for
other actors of society, including health impacts, time losses or gains and wider impacts.
▪ Demands regarding implementation of the policies with the consideration of indirect effects
(e.g. changes in urbanization and land-use in the cities which support physical activity by
extending cycling infrastructure and changes in modal split).

-

evaluate (using source apportionment and atmospheric modelling) the current contributions of
the different pollution sources linked to urban activities including heat and power use in the
urban building stock, urban traffic and transportation needs, energy production, industrial
activities including energy production, agriculture and trans-boundary pollution with respect to
GHG-emissions, air quality loading, public health and well-being of the population.

-

propose measures of technological (i.e. measures that will lead to a reduction of emissions at the
source) and non-technological (i.e. measures that induce behavioural changes) nature to reduce
both carbon footprint and air quality burden (win-win solutions). Techno-economic analysis of
possible scenarios for the introduction of such measures will result in the definition of costeffective environmental and climate protection and air quality management plans adapted to the
specific needs of different EU cities and regions. The effect of these measures will be evaluated
jointly taking into account the socioeconomic drivers related to the existing and projected
scenarios.

-

develop visions of green cities with clean air, close to zero or negative carbon footprint and
maximal wellbeing, develop a pathway for the realisation of these visions in the next 50 years
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and propose first steps down that road in the form of a concrete plan towards achieving these
visions in the participating cities.
-

raise awareness of the citizens about the impacts on public health and the climate causes by
their activities or with changes in their activities.

The results of the policy analyses will allow us to determine the most sustainable GHG mitigation and
air quality (AQ) improvement strategies. The latter will be proposed to the authorities competent for
atmospheric pollution and climate protection management and to the main industrial end-users as
guidance for decision- making that would lead towards maximizing the net public health and
wellbeing benefits while taking into consideration the costs associated with air pollution and climate
change in the EU.
In ICARUS, state-of-the-art technologies for fusing the necessary environmental and ancillary
information will be employed to allow for cost-effective air pollution monitoring and assessment.
The tools developed will allow the analytical accounting of the main industrial and area emission
sources in the area and the creation of precise and updated emission inventories. An integrated
approach will be used for air pollution monitoring combining ground-based measurements,
atmospheric transport and chemical transformation modelling and air pollution indicators derived
from satellite, airborne and personal remote sensing. Thus, air quality will be readily assessed across
different spatial scales in the participating cities. Based on the advanced monitoring activities
outlined above, a cloud-based solution will be developed to inform citizens of environmental friendly
alternatives that may have a positive impact on their health, motivate them to adopt these
alternative behaviours by offering them refundable coupons and controlling them either instantly or
over a period of time for the application of the alternative actions. Citizens would use web or
smartphone/tablet-based applications to be informed about actions, collect and redeem coupons
from the participating organisations. ICARUS findings will be translated into a web-based guidebook
that will provide an estimate of the effects of a number of policies in every participating city and will
also give guidance to other European cities. The overall methodological framework of ICARUS is
graphically illustrated in Figure 1.
ICARUS will develop a vision of a future green city: a visionary model that will seek to minimize
environmental, climate and health impacts in the participating cities. To this aim a transition
pathway will be developed, which will demonstrate how current cities in Europe could be
transformed towards green cities within the next 50 years. To raise citizen awareness regarding the
impacts of their activities on air pollution and climate forcing and increase societal acceptance of
emission reduction policies, a web- and smartphone/tablet-based tool will be developed to inform
citizens in participating cities about how their life style affects their carbon footprint and the health
impacts of their actions/consumer choices. They could then explore individually how downstream
impacts change from commensurate change in their behaviour/activities or monitor the overall
social responsibility in their area/neighbourhood and how it affects their quality of life.
Research in ICARUS will be user-driven, scientifically innovative and it is designed to engage local
communities in the participating cities. Starting from the perspective of meeting policy makers and
stakeholders needs has profound analytical and methodological implications. The ICARUS project will
embrace the current perceptions and vulnerabilities of decision-makers, while also embedding
interaction between researchers and stakeholders in all aspects of research, implementation and
dissemination. City partners will have a strong role in the project activities. They would, together
with the scientific partners, analyse the effects of the policies already implemented in the cities,
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estimate the effect of implementing further measures and use results to set up a strategy for their
city in the longer time-frames.
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Figure 1. ICARUS methodological framework
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2.3 Overall approach
ICARUS policies are defined as the use of eco-political instruments (command and control policies,
taxes, etc.) to enforce environmental protection by public authorities, while the induced measures
are reactions of operators of emission sources when confronted with policies. The bundle of policies
and related measures are called options. Policies include urban policies as well as regional/EU wide
policies, as long as the latter have a considerable effect on air pollution in cities (e.g. formation of
SIA-secondary inorganic aerosol). The measures analysed will include technical (i.e. measures that
change emission factors such as use of filters, change of technical process with same output) and
non-technical measures that change behaviour/decisions, e.g. use of a bicycle instead of a private car
or reduction of room temperature.
Polluters do not react as policy makers assume they would, this is for some areas known as the
rebound effect. For instance, if the insulation of buildings is improved, this will often not – as
intended - result in a correspondent reduction of energy consumption and thus emission, instead the
residents will increase the temperature in their homes (as it is now less expensive to do so) and thus
increase their comfort and well-being. Similarly, traffic flows are smoothened by improving traffic
management, resulting in less traffic jams and thus might attract additional traffic. In both cases
wellbeing might increase – and in this project, ICARUS for the first time will use models to estimate
these wellbeing effects, but emission reduction does not occur to the extent that was estimated by
assessing the respective policy. Instead of using unrealistic general equilibrium models to simulate
societal responses to environmental policies, ICARUS will make use of agent-based modelling to
capture the interactions of several population subgroups, industries and service providers in
response to the policies considered in the project. Thus, social and cultural factors, socio- economic
status (SES) and societal dynamics will be explicitly taken into account to assess overall policy impact.
Agent based modelling will be also used to evaluate decisions/behavioural changes of the polluters.
Input for the agent-based model will come firstly from observations in the participating cities (from
policies that they have already implemented), informed from data from wearable technology sensors
and literature-based knowledge.
Proper assessment of the impacts that national and local current and alternative policies would have
on GHG emissions and air quality needs to benefit from developments across the impact pathway
including:
▪ Atmospheric modelling using a new hybrid method combining traditional modelling with

Eulerian models and data fusion based on artificial intelligence and information theory.
▪ Method to generate maps of urban background, street canyon and rural concentrations (of at

least NO2, PM2.5, PM10) through the application of data fusion techniques aiming at
integrating air quality measurements, advanced atmospheric modelling, satellite-derived
information and aerial air quality monitoring from manned aircraft at accurate spatial
resolution to estimate ambient pollution load at different spatial resolutions.
▪ Consideration of interactions between indoor and ambient air coupled with exposure modelling

that takes into account the several microenvironments encountered by the urban population.
▪ Use of complementary methods such as high-resolution satellite imaging and aerial vehicle-

enabled sensing to fill data gaps from air quality monitoring networks in cities.
▪ Use of new and emerging wearable sensor technologies to estimate individual exposure.
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▪ Use of modern mechanisms to stimulate alternative behaviour/actions from the citizens, either

in the short term (e.g. shift to wider use of public transport) or in long-term decisions (e.g.
installation of end-of-pipe technologies to curb air pollutant emissions).
▪ Assessment of concentrations of short lived greenhouse gases and aerosols by estimating the

global warming potential for emissions of precursors.
▪ Sensitivity of European corporations to environmental issues and their involvement in

motivating citizens.
▪ Evaluation of the changes in exposure of the citizens due to application of different protection

measures which eventually lead to the identification and support of most effective long-term
policies.
Estimation of the marginal change of ambient concentration caused by a change in emissions is a
critical element of the impact pathway. The usual approach, i.e. using atmospheric models, gives very
poor results for key pollutants such as PM2.5 and NO2. Thus, possibilities to improve source
apportionment methods and establish a relationship between emission and concentration variation
will be explored. Input will also come from existing monitoring, including ground based stations and
satellites, as well as new measurements taken with ground and airborne sensors in the participating
cities. Based on this data new data fusion methods using information theory and artificial intelligence
will be developed to describe the link between emissions and concentrations.
Instead of using unrealistic general equilibrium models to simulate societal responses to
environmental policies we will make use of agent-based modelling to capture the interactions of
several population subgroups, industries and service providers in response to the policies considered
in the project. Thus, social and cultural factors, socio-economic status (SES) and societal dynamics
will be explicitly taken into account to assess overall policy impact. Agent based modelling will be
also used to evaluate decisions/behavioural changes of the polluters. Input for the agent-based
model will come firstly from observations in the participating cities (from policies that they have
already implemented), informed from data from wearable technology sensors, a survey and
literature-based knowledge.
Project results will be used to carry out integrated assessment of policy options answering the
questions:
1. What are the most effective and efficient policies for reducing both air pollution and
greenhouse gas emissions in the short to medium term? What is the maximum potential for
reducing air pollution and greenhouse gas emissions taking into account the climatic, socioeconomic and cultural specificities of different European cities and regions?
2. Cost effectiveness: which bundle of policies will lead to the simultaneous fulfilment of pollution
control limits and targets for the reduction of greenhouse gases with the least cost possible
(where costs considered may include both financial and social costs)?
3. Cost benefit analysis: which bundle of policies would maximise welfare for society?
4. What would be long-term visions for a green sustainable city? Which decisions should we take
now so that in the next decade we could be on a pathway to reach these visions?
5. Which approaches work better in conducing citizens towards environment-friendly behaviour?
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2.4 Participating cities
The ICARUS methodology will be applied in nine European cities of variable size starting from
relatively small (Basel, Brno, Ljubljana) to mid-size (Stuttgart, Bristol, Thessaloniki) to large cities
(Athens, Milan and Madrid). They have been selected carefully to represent the mix of urban settings
around Europe and cover the whole spectrum of “green urban management”. Rich large
metropolitan conglomerates, which anyway have enough own resources to establish environmental
plans, have been avoided in order to ensure that the ICARUS approach captures variable, yet realistic
intervention scenarios that are relevant for the vast majority (> 80%) of the urban population in the
EU. The selection was made also on geo-demographic criteria so that the variable socio-economic
dynamics across the EU can be clearly captured and taken into account.
The cities involved cover a wide range of environmental problems as well as of several
countermeasures to reduce air pollution and carbon footprint already adopted or planned. Stuttgart,
Milan, Athens and Thessaloniki have severe air pollution problems due to high emissions mainly from
industrial, transport and domestic heating sectors in some cases worsened by unfavourable climate
characteristics (i.e. Milan and Stuttgart). Other cities suffered mainly in the past from heavy air
pollution (i.e. Brno and Ljubljana), which in recent years has been partly faced due to effective policy
decisions.

Figure 2. Cities participating in ICARUS

All cities involved have already adopted a number of technical and non- technical measures to
reduce air pollution and carbon footprint which ranges from energy use reduction by retrofitting to
enhance carbon-neutral sources of energy generation and from new low carbon transportation plan
to increased energy performance of existing building. These measures have been accompanied by
other non-technical measures such as widespread low speed limit in the cities, traffic restricted
zones, increase of green spaces, new cycle tracks, introduction of fees for transport in restricted
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areas and ban on certain fuels for heating and cooling purposes. All cities have ambitious plans to
bring local government and the local communities together to start implementing a new vision of
green city making them appropriate to demonstrate the ICARUS methodology. Some cities take part
with the local authorities while others through local academic partners who advise local government.
Common to all the cities is the outstanding environmental consciousness of their decision-makers
which provides the ideal framework to establish an active and effective collaboration with city
managers responsible for environmental and health management.
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3 Key methodological elements of ICARUS
The key methodological elements of ICARUS previously outlined, are described below.

3.1 Integrated emission modelling at the regional and urban scales
3.1.1 General considerations related to emissions modelling
An emission model capable of estimating the changes of emissions that occur if policies or
combinations of policies are implemented will be developed. This model will comprise an activityemission factor matrix that contains for each emission source category (according to the NFR format)
an activity (e. g. km of EURO 4 diesel cars driven in urban areas) and all relevant emission factors
related to this activity. Emission factors include factors for greenhouse gas emissions (CO2, CH4, N2O)
and for air pollutants including PM10, PM2.5, NMVOC, CO, SO2, NOx, NH3, OC, BC, selected heavy
metals, PAHs (definitely BaP), dioxins and furans. Emissions will be then estimated by multiplying
activities and emission factors.
A big advantage is that changes in activities will automatically result in consistent changes of
greenhouse gas and air pollutant emissions. Furthermore, both technical measures that change
emission factors, and non- technical measures that change behavior can be easily simulated. Thus,
emission changes related to combinations of measures would be easily and consistently calculated. A
large part of the particulate matter in cities is secondary aerosol formed in the atmosphere from
gaseous precursors that are emitted outside the city, sometimes hundreds of km away. Furthermore,
part of the primary PMx is also transported from outside into the city limits. As a result, an analysis of
opportunities to reduce air pollution in cities has to take into account policies that reduced out-ofcity emissions. Thus, apart from an analysis of emission sources in cities, a regional (Europe-wide)
activity-emission factor matrix also has to be generated.
ICARUS approach will advance the state-of-the-art in emission modelling in the following aspects:
i. developing and using an activity-emission factor data base instead of an emission data base allows
to develop integrated (multi source, multi pollutant, multi effect) strategies for air pollution control
and climate protection. In the top-down approach road transport and railway emission data will be
gathered and produced based on the TRANSPHORM project knowhow and data while activity data
will be based on statistics (EU Pocketbook 2016, European Alternative Fuels Observatory). All other
sectors emission data will be based on the GAINS Eclipse V5a data for both activity and factors. All
above-mentioned data will be corrected according to the more detailed and accurate data compiled
in the bottom-up approach locally for each city from the partners.
ii. the latest available EC activity scenarios will be used; however, they will be improved by adding
newly policies, new trends (e.g. oil prices) and new knowledge about emission factors (e.g. NO 2
emissions of cars in cities).
iii. emission factors for pollutants not yet covered in other data bases will be added, especially for
dioxins, black carbon and selected heavy metals.
iv. spatial disaggregation of national emission data into emission data for grid cells is currently made by
a methodology developed for the EEA. However, for the first time a methodology for spatial
disaggregation will be developed and used, that allows to estimate emissions for all urban areas
with more than 50 000 inhabitants in Europe. The spatial disaggregation of data will depend on
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national activity spatial distributions defining and considering also the city limits. Temporal profiles
will also be applied for seasonal, weekly and diurnal variations.
v. a unique methodology for linking life cycle emissions to the activities will be developed, thus being
able to estimate the impact of changes of activities/behaviour on life cycle emissions.
3.1.2 Generation of future activity-emission factor matrices for the whole of Europe
Business-as-usual scenarios described as activity-emission factor matrices will be generated for
Europe Union Member States and for a baseline year (2015) and selected future years (2020 and
2030). Starting with the scenarios of future activities and emission factors, that have been generated
for the clean air policy package of the EU, these data bases will be improved by (a) adding newly
decided and implemented policies, (b) adding further emission factors (e.g. for dioxins, BC, heavy
metals), (c) estimating data for all agglomerations with more than 50,000 inhabitants in Europe, so
that analyses for urban policies implemented in all cities above a certain number of inhabitants
become possible.
3.1.3

Generation of future activity-emission factor matrices for the participating
cities
Business-as-usual scenarios for activity-emission factor matrices will be generated for the
participating cities and the years 2015, 2020 and 2030. All cities involved in ICARUS have already
emission inventories and most have some emission scenarios that are used as a basis for developing
the activity-emission factor matrices for the baseline year (2015) and selected years in the future
(2020 and 2030).
3.1.4 Life cycle emissions and carbon footprint estimation
In order to estimate the change in the carbon footprint, in air pollutant emissions and health impacts
when implementing a measure, emissions of relevant up- and downstream processes need to be
included. This becomes all the more important when considering non-technical measures which
affect behavioral and consumer choice patterns or institutional change. In ICARUS, measures will be
developed and analysed, activities and processes that bring significant changes in life cycle emissions.
For these activities life cycle emission data will be collected and added to the activity-emission factor
matrices using SimaPro 7.0, the Ecoinvent 3.1 database and results of the NEEDS project. With these
data, changes in life cycle emissions can be automatically and consistently estimated alongside with
the changes of the direct urban-level emissions.
Refined footprint estimation will be carried out through the latest edition of the CoolClimate
Calculator (Edward and Jones 2015) developed by the Institute of the Environment (BIE) and the
Renewable and Appropriate Energy Laboratory (RAEL) of the University of California, Berkeley. The
calculator shows how different lifestyles contribute to global warming and allows individuals,
households, small businesses and even cities to estimate the amount of CO2 they generate annually
based on their mode of transportation and their food, housing and lifestyle choices. Using
CoolClimate areas where the C footprint can be reduced significantly will be identified and the results
to the footprints of similar households in different large urban areas will be compared. In ICARUS the
CoolClimate Calculator will be adapted to reflect the European dimension to provide residents with
more precise information that is based, for example, on available energy sources and modes of
public transportation, and local food and energy prices.
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3.2 Integrated atmospheric modelling
3.2.1 Atmospheric modelling and data fusion
Translation of anthropogenic emissions into urban and regional air quality will be estimated coupling
different modelling approaches, including (a) an Eulerian model, (b) artificial intelligence algorithms
for urban scale pollution and (c) data fusion and remote sensing algorithms for satellite data and
airborne data. The photochemical dispersion models WRF-CHEM (Fast, Gustafson et al. 2006), mainly,
and CMAQ (Liang, Martien et al. 2004), will provide hourly concentrations (μg/m3) of PM10, PM2.5,
NO2, ozone, and benzo(a)pyrene. WRF-CHEM will be applied initially for a regional domain covering
whole Europe in a coarser resolution of 12x12 km that is downscaled for specific regions to 4x4 km
and finally to 1x1 km. The focusing domains correspond to the ICARUS cities. This nesting approach
enables a smooth account of larger scale pollutant penetration in urban scale simulations with
optimal computational cost. Boundary conditions for the European domain will be obtained from
available climate simulation datasets (e.g. the Euro-CORDEX Regional Climate data) from models and
scenarios (e.g. GFDL-CM3 model under RCP8.5 scenario) selected under WP3-Task 3.3.
Emission data for the European domain will be provided by the relevant emission modelling
methodology for down to 1x1 km hourly resolution and disaggregated to main pollutant categories.
Further splitting of emission data to the chemical species used by the photochemical models will be
applied based on literature emission speciation for the NFR categories of the emission database.
Characterization factors developed in projects INTARESE (Briggs 2008) and ESPREME (ESPREME 2007)
will be used for dioxins and furans.
For traffic corridors, the Operational Street Pollution Model – (OSPM) (Berkowicz 2000) and the
street network model SIRANE (Soulhac et al. 2011) will be used to compute variation in
concentration for the major air pollutants due to transportation. The two models treat urban street
canyons differently, the former accounting for building as obstacles to a flow, the latter focusing on
the city as a network. The emissions required will be computed via the COPERT4 methodology
(Ntziachristos et al. 2009), using as input traffic volume and vehicle-specific emission factors. Speeddependent expressions for vehicle-specific emission factors are already available to the ICARUS team.
Activity data (e.g. vehicle count by technology) will be provided and updated according to the
emission data gathered in the bottom-up approach of the emission data preparation relevant
methodologies.
Data fusion will be carried out combining modelled data with monitored data, especially from
existing monitoring stations and from satellites; this will be done as well for air pollutants as for
selected greenhouse gases (except CO2).
The envisaged approach will assimilate satellite Earth observation data with ground data (from
monitoring networks as well as from the ICARUS field campaigns), and with atmospheric dispersion
modelling results to derive pollution concentration at high spatial resolution at the ground level. The
key to the success of the data fusion approach is the combination of physical and chemical process
modeling that allows linking physical (e.g. optical) properties of tropospheric aerosol with the
atmospheric physical-chemical processes that determine the total concentration of pollutants. The
methodology to be applied is based on the calculation of the Aerosol Optical Depth (AOD) from
satellite data in the visible spectrum as a measure of atmospheric turbidity. AOD represents the
starting point of the data fusion methodology. The latter consists of a tiered approach composed of
two consecutive steps. The first step, namely data fusion, consists of the fusion between groundbased data concentration of PM and gaseous chemicals as measured by the regulatory monitoring
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network and by the ICARUS measurements campaigns properly processed, the extinction coefficient
reckoned from EO-derived aerosol optical depth (AOD), the mixing layer height and the relative
humidity as calculated from meteorological model. In a second step (model fusion) the concentration
levels obtained from the previous step (i.e. data fusion) will be used to calculate a more refined
concentration field, which involves the integration with the concentration values resulting from
atmospheric chemical transport model. The aim of the model fusion process is to merge on cell-bycell basis these two classes of information in order to obtain an improved final concentration field
that presents the lowest residual error. Different data assimilation techniques will be applied
including the Kalman filter which has been specifically designed to account for the relative error
introduced by each of the two computation models. Other data fusion approaches such as the
stationary variational method (3Dvar and its one and two-dimensional variants) and Optimal
Interpolation (OI) will be investigated. They may be used as well depending on structure and quality
of the local air pollution datasets.
Data gaps due to paucity of the information needed to run the multi-scale atmospheric modeling
system above in all participating cities in the EU will be filled using artificial intelligence and remote
sensing data fusion.
Artificial intelligence systems such as artificial neural networks (ANN) have been proven remarkable
tools for addressing urban air quality for both particulate (Sarigiannis et al. 2014) and gaseous
(Karakitsios et al. 2006) pollutants. Beyond purely forecasting tools, the utility of these types of
modelling systems is of interest when: (a) higher spatial resolution is required and the existing
monitoring network is not sufficiently dense and (b) there are significant gaps in the time series of
the data available.
Remote sensing data will be derived from:
a. an eco-friendly NASA-awarded Light Manned Aircraft specialized in aerial mapping, air quality
& environmental monitoring. The aircraft will provide air quality data at different height profiles
as well as remote sensing images using hyperspectral sensors at very high spatial resolution
(1x1m) and
b. the use of high spatial resolution (HSR) satellite observations such as MODIS, SPOT and
Landsat. HSR satellites provide independent "spatial measurements" on the columnar aerosol
optical depth (AOD) in the visible spectrum, which could be used as indicator of atmospheric
turbidity.
In addition, the Greenhouse Gases Observing SATellite (GOSAT) (GOSAT 2017) for column-averaged
dry-air mole fractions of CH4, and CO2 and the NASA's Orbiting Carbon Observatory (OCO-2) for CO2
tropospheric concentration will be used. Moreover, the use of EO data from the very recent
TROPOMI sensor aboard Sentinel-5P platform for column-averaged dry-air mole fractions of CH4, and
CO2, will be investigated.
3.2.2 Source apportionment
Source apportionment is a methodology that allows us to find out, which part of the concentrations
of air pollutants and greenhouse gases (beyond CO2) measured in cities is caused by which sources
and locations (local, regional). First, this information can be used to evaluate emission and
atmospheric transport modelling by comparing model results with results of the source
apportionment, thus detecting source specific deviations. Secondly, it can be used as a shortcut for
estimating effects of measures on concentrations without using transport models. For example, if

D1.2 - Report on conceptual framework of ICARUS
WP1: Methodological framework development

Security:

Public

Author(s): D. Sarigiannis, A. Gotti, S.
Karakitsios, D. Chapizanis

Version: Final

20/40

the share of local wood firings on concentrations of PM2.5 is x%, then a reduction of y% on emissions
of wood burning will result in a reduction of (x*y)/100 % of the concentration.
Source apportionment of key air pollutants will be based on well-established receptor models (RMs)
apportion methodologies such as Chemical Mass Balance (CMB) and Positive Matrix Factorization
(PMF) as well as the Lenschow approach. Assessment of chemical mass balance will rely on air
pollution monitoring data coming from the regulatory monitoring networks, remote sensing (satellite
and aerial) data, as far as available data from measurement campaigns or eventually modelled data
in order to fill data gaps. In order to guarantee the homogeneity and comparability of air pollution
data and enhance the health relevance of the results, a state-of-the-art quality protocol will be
followed. Although a wide variety of pollutants (e.g. CO, NOx, O3, BC, SO2, benzene, BaP) will be
included, focus will be given to data of PM chemical speciation (ions, heavy metals, OC/EC); the latter
will give plenty of information on the contribution of the various sources present in urban
agglomerations. Source apportionment will also allow us to better understand the relative effect of
regional scale air quality to the urban scale; our ability to estimate this interaction precisely will
affect the efficacy of the proposed mitigation and abatement measures.
For air pollutants source apportionment, the above mentioned existing measurement data will be
used; data gaps will be filled in by targeted annual monitoring campaigns in the ICARUS cities. For
selected greenhouse gases (CO2, BC, CH4, N2O, SF6) measurements will be carried out. The GHG will
be measured using a specially designed greenhouse gas analyzer and air samples from all
participating cities will be collected in canisters and analyzed by the same laboratory, so as to avoid
interlaboratory errors. Furthermore, air pollution emission sources will allow the cross- validation the
presence of sources (e.g. industrial, transportation, central heating) that emit non-CO2 GHGs. It has
to be noted that PM and especially BC has a great impact on radiative forcing on climate change positive as well as negative effects are known.
The results will be used to develop a methodology for estimating concentration changes caused by
changes in emissions of local emission sources. This method will directly link emissions to
concentrations, thus avoiding the use of atmospheric dispersion models.
3.2.3 Radiative forcing and climate modeling
Radiative forcing and climate modeling will provide all the climate data and information required to
the impact assessments and analyses that will be performed in the frame of ICARUS. To this aim,
different climate change projections will be considered, according to the most recent CMIP5
emission scenarios. Specifically, high-resolution climate simulations performed within the EuroCORDEX (Jacob et al. 2014) and Med-CORDEX (Ruti et al. 2016) programs will be used. Furthermore,
in order to provide an assessment of the uncertainties related either to the models and to the
emission scenarios, ensembles of simulations will be considered and analyzed. The climate data will
be suitably processed to build and provide indicators according to the case studies requirements.
Different future climate scenarios will be considered, such as RCP4.5 and RCP8.5, covering the
current century.
Furthermore, radiative forcing change (ΔF) due to short-lived greenhouse gases, especially aerosols
and tropospheric ozone, will be estimated according to the IPCC simplified methodology, which
estimates ΔF as a function of changing gas concentration through algebraic formulations specific to
each gas. The impact of aerosol on the local radiative balance can be large but also very complex. The
effect is the scattering of part of the incoming solar radiation back into space. This causes a negative
radiative forcing which may partly, and locally even completely, offset the enhanced greenhouse
effect. However, due to their short atmospheric lifetime, the radiative forcing of aerosols is very
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inhomogeneous in space and in time. Some aerosols, such as soot, absorb solar radiation directly,
leading to local heating of the atmosphere, or absorb and emit infrared radiation, adding to the
enhanced greenhouse effect. This forcing depends on aerosol concentration and chemistry (the
latter determines not only absorption of radiation by soot but also growth by water uptake and
increased backscatter) and the aerosol mixing state. In ICARUS aerosol optical depth (AOD) and
single scattering albedo derived from satellite measurements, surface albedo and phase function will
be used for the calculation of radiative forcing. The value of ΔF consists of the longwave and
shortwave parts. Shortwave radiative forcing is the primary target of ICARUS. Characterization of
aerosols in terms of global warming potential will be done through the development of a simplified
scheme that translates different types of emissions into a first order assessment of radiative forcing.
This will be done by comparing emissions of different species with the resulting average aerosol
characteristics and the resulting radiative forcing. The significance of the obtained results in terms of
radiative forcing change will be evaluated. In case of significant differences, we plan to simulate the
corresponding climate through the CMCC regional climate model in an ensemble framework to
provide surface temperature, mass and energy fluxes for impact studies.

3.3 Population exposure
3.3.1 General aspects
Existing approaches use ambient concentrations and apply concentration-response functions (CRFs)
to estimate adverse health effects. However, this over-simplification is highly inadequate as it does
not take into account the actual individual exposure to chemical stressors, which depends on timeactivity profiles of individuals (e.g. time spent in traffic vs. indoors) as well as on the intensity of
activity. Moreover, this approach fails to quantitatively assess the uptake of toxic substances into the
body via inhalation. To overcome these limitations, we make use of agent-based modelling informed
from wearable technology sensors to capture individual spatio-temporal behaviours for modelling
the total individual exposure. Using hierarchical modeling individual exposures will be translated into
estimates of population subgroup exposures. In addition, particle deposition in the pulmonary
system will be modelled so as to provide a biological metric to estimate adverse health effect. As
people spend most of the time indoors, indoor concentrations will be estimated by taking into
account outdoor pollutants penetrating into the room as well as important indoor sources including
wood stoves and cooking with gas.
3.3.2 Collection of multi-sensor data for personal exposure monitoring
The determination of a person's exposure to air pollutants requires the knowledge of the various
microenvironments where one moves and the activities he/she undertakes. As personal “smart”
technologies become more prevalent there is the promise of portable, lower cost sensor systems
that enable monitoring of either personal exposure or external exposures close to the personal level,
thus providing a more reliable “time–geography of exposure” shifting the current risk assessment
paradigm from a classical “population-based” one to on that is based on an “individual” level risk
assessment. The ability to monitor personal exposure using low-cost, portable and easy to use
sensors has the additional potential to provide citizens and communities with the opportunity to
directly monitor phenomena that can benefit their lives and wellbeing.
In broader terms, sensors are distinguished between two types: air quality sensors (AQ), and physical
activity (PA) including location (GPS) tracking sensors. Within the first group we consider sensors
measuring presence/concentrations of gases, particulate matter as well as specific environmental
(e.g., meteorological) parameters. Second group comprise various physical activity sensors:
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accelerometers (also included in smartphone devices), respiration, heart rate, R-R interval, breathing
rate, etc.
The sensors that will be used in the ICARUS project, aiming to measure dynamically in time personal
exposure, location, intensity of activity as well as some key meteorological parameters, include: a)
GPS, personal movement/activity and intensity of activity detection sensors (e.g. Fitbit, Moves app or
Activ8) and b) sensors that track environmental factors, such as temperature, relative humidity and
visible light. In addition, we will explore the possibilities of using portable air quality monitors for air
pollutants such as PM and NOX (e.g. Aeroqual, Dylos or Sensaris), as well as for toxic organic
compounds such as PAHs, dioxins, furans, using and adapting smartphone technology, commercial
off the shelf sensors and academic technological developments.

Figure 3. Collection of multi-sensor data for personal exposure monitoring

Data acquired by individual sensors are worthless without interpretation (e.g. human behaviour
recognition). This requires statistical advances, sophisticated data mining techniques, computing
power as well as a careful sharing of data sources while also maintaining privacy protections for
personal data. To this aim a multi-platform data collection tool will be developed in order to store,
manage and analyze all data coming from different devices.

3.3.3 Use of ABM to derive activity patterns and exposure profiles
In order to fill the data gaps regarding real individual space-time movement data for whole
populations, or for subgroups for which no available information exists, ICARUS simulates movement
and human using Agent Based Modelling (ABM), informed by multiple sensor technologies. This aims
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at deriving exposure profiles representative of population subgroups, which will be used to
quantitatively estimate the associated adverse health impact.
Agent-Based Modelling (ΑΒΜ) helps to understand and explore phenomena, where typically
independent and autonomous entities interact together to form a new emergent whole. While direct
representation of the behaviours of individuals is organisationally difficult, ΑΒΜ simplifies this
process by managing information at the agent level. The agents (which can be people, buildings,
roads, vehicles, cities, animals, products, etc.) have internal states and behavioural rules and are
programmed to react and act in their environment. Some states are fixed for the agent’s life, while
others change through interaction with other agents or with the external environment. For example,
when agents simulate human beings, an agent’s gender is fixed for life. However, individual
economic preferences, wealth or health can all change as agents move around and interact. These
movements, interactions, changes of state all depend on rules of behaviour. The agents’ rules vary,
but only parametrically, not structurally. For example, every agent has a utility function. Culturally
varying parameters enter into these utility functions, but the function’s algebraic form remains fixed,
as does the agent’s practice of maximising the function. One might begin with a population of agents,
each with a different rule, and allow selection pressure to change the rule distribution over time.
After setting up the agents’ system, one can run a model and spin forward in time to observe the
macroscopic social structures that arise. The collective structures that emerge can also have
feedback effects in the agent population, altering the behaviour of individuals.
An example of a system that could be simulated using ABM, is the flocking behaviour of birds (Levy
1993). Although each bird is independent, they interact together to form a flock, and seemingly
without any leading entity, manage to stay in tight formations. With this in mind, simulations using
ABM attempt to discover the rules embedded in these individual entities that could lead to the
emergent behaviour and eventually attempt to make interpretations about future states of these
systems. It is, therefore, a simulation technique, capable of representing the kinds of systems where
one level of abstraction (individual agents) can generate a new level of abstraction through the
interactions that occur in the system, such as how individual birds form a flock.
It should be noted that an ABM requires many simulations to evaluate any particular situation as it is
based upon an underlying stochastic model. It is also worth noting that the resulting model is often
one where a full explanation of the model behaviour calls for a chronological interpretation of the
events in the model. Describing and understanding the model particular agent-agent interactions will
matter, and a detailed account of the model “history” may be necessary for a complete
understanding of any particular model run. The difference from the real-world target system we seek
to understand, is that a model allows repeated runs and enables a probabilistic or general account of
the system behaviours and tendencies to be developed.
The ability of ABMs to describe the behaviour and interactions of a system allows for system
dynamics to be directly incorporated into the model. This represents a movement away from the
static nature of earlier styles of urban and regional modelling. Moreover, in a traditional ordinary
differential equation model (epidemic spread with susceptible and infectives or ecosystem models
with predators and preys - references) where the total population is divided into subpopulations, all
subgroups are homogenous; nothing distinguishes one member from another. By contrast, in ABMs
there is no such aggregation. The spatially distributed population is heterogeneous, consisted of
distinct agents, each with its own genetically and culturally transmitted traits (attributes and rules of
behavior). Individual traits can change – adapt in the course of each agent’s life, as a result of
interaction with other agents and with the environment. In evolutionary time (which can elapse
quickly on computers), selection pressures operate to alter the distribution of traits in populations.
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ICARUS paradigm
For the purposes of this project, a city-based model will be developed that will feed into a
population-based exposure assessment, basing estimations onto emerging properties of the
behaviour of the agents that compose the modelled system (city).
In this attempt, the GAMA agent-based simulation platform (Grignard, Taillandier et al. 2013) will be
used. This platform offers a complete modelling and simulation development environment for
building spatially explicit multi-agent simulations. GAMA provides a rich modelling language based on
Java, GAML, which allows to define complex models integrating at the same time, entities of
different scales and geographical vector data. The agents’ geometry can be defined by the modeller
(a list of points) or directly loaded from a shapefile. Agent states of various sub-populations can be
measured and aggregated across many simulation runs at each point in time in the simulation.
City’s road and building GIS shapefiles of a building block resolution, together with population data
are being collected for all the ICARUS cities to be transformed into building, road and human agents
respectively. Questionnaires and measured data derived from the ICARUS sensors campaigns will be
analysed and extrapolated to a city scale representative population before being transformed into
human agents’ behavioural rules.
Particular emphasis is given to the incorporation of socioeconomic status (SES) data. Data on lifestyle
patterns, derived from EU scale survey outputs (MTUS, HETUS databases) and literature associations
of how personal characteristics affect decision making will be transformed into human agents’
behavioural rules and implemented in the human agents’ population as utility functions that shape
human agents’ preferences. Individual characteristics (age, gender, etc.) provide capabilities or
constraints on the agents’ behavioural rules. Different human agents based on different age, gender
or income follow different rules and express different behaviours, as the move in space and time.

Figure 4. ABM model overview

At the end of a model run, activity patterns can be determined for every individual, as an outcome of
the prevalence of specific preferences and decision-making throughout the simulated time of
experiment. Then, combining information on position with spatially resolved pollution levels allows
the assignment of pollutant concentrations to a person, leading to the estimation of their personal
exposure profile.
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The ABM exported GIS layer can then be superposed onto high spatial resolution urban air quality
modelled maps of hourly (outdoor) concentration of pollutants (such as PM10, PM2.5 and NOx)
which leads to the calculation of personal (external) exposure. For the cases where human agents
are found to be in an indoor environment, indoor concentration can be estimated using a mass
balance model (INTERA platform), that takes into account the major processes governing particle
concentration i.e. emissions, deposition, indoor/outdoor exchange rate, and outdoor infiltration.
Personal exposure, expressed as inhalation-adjusted exposure to air pollutants, can then be
evaluated by assigning pollutant concentrations to a participant based on his/her coordinates,
recorded activities and a corresponding inhalation rate.
An example of the input for the model can be understood if we look at means of transportation. In
this case, the overall population would originally be distributed to use a certain transport mode; for
example, 60% will use the car, 25% will walk, 10% cycle, and 5% will use public transport. However,
this will change with each human agent depending on sociodemographic characteristics and distance
to their destination and infrastructure. This leads to many ‘rules’ which are applied and thus alter the
initial distribution. Thus, if for example, an agent is male, employed, and belongs to a high-income
group, the agent will have a higher probability of using the car to travel to work and be in the car for
longer, than a woman, who is a homemaker, with children. The output provides us with information
regarding the distribution of transport mode choice throughout the day and we can focus: a) on
certain time windows within a day or b) on observations related to specific groups of the human
agent population. This is an example where we can achieve a deeper and more precise
understanding of the underlying phenomena and how they affect overall human exposure.
Grouping individual exposure profiles based on criteria such as age, gender, area of
residence/work/study, SES and behavioural patterns, leads to the extraction of representative
exposure profiles for subgroups of population. The exposure profile calculation process will be
validated against real exposure data retrieved by the personal sensor campaigns.
3.3.4 Influence of Socio Economic Status (SES)
Individual health and well-being are influenced by past and present behaviour, health care provision
and ‘wider determinants’ including social, cultural and environmental factors.
Given that exposure varies depending on sociodemographic characteristics as well as in space and
time, there is the need for a methodology that accounts for this, rather than potentially
misclassifying exposures by ignoring or improperly accounting for differences
As a result, the way external exposure varies by SES, ethnicity, marital status, occupation al status,
gender and age will be investigated. SES can explain differences in external exposure because of
different prevalence of specific behaviours in some groups, e.g. differences in diet habits. A thorough
research will take place that will unravel the connection of SES characteristics with human
movement patterns and interaction behaviour, leading to better conclusions on the association
between SES and exposure to air quality.
Agent-based modeling will be used to capture socioeconomic dynamics by identifying viability kernel
criteria for the socio-economic- environmental dynamic system. The model will be informed by
personal sensors and will comprise a large number of virtual actors interacting with each other in the
context of the changing socio-economic and environmental landscape. Actors will be bundled to
represent different population subgroups according with their socio-economic status. The model
simulates activity changes over time as societal response to environmental policies. Technical and
non-technical measures will be defined and translated into actor actions.
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3.4 Health impact assessment
Aiming at a more precise translation of the environmental exposure into health effects, various tools
will be incorporated for enhancing the health impact assessment methodology. This will allow us to
better translate the effect of different policies on emissions and public health. The concentrationresponse functions established by WHO in the HRAPIE project will be used for the health impact
assessment of the major air pollutants (PM, CO, NO2, O3) as a starting point. Innovations beyond the
state of the art will be incorporated taking into account:
(a) the integral of indoor/outdoor and in transit exposure, estimated with the methods
described above, accounting for the concentration to which a person is exposed over a given
period of time (Sarigiannis et al. 2014), including indoor and outdoor activities. Personalized
parameters affecting actual intake such as inhalation rates, which in turn are based on the
respective activities will also be taken into account (Sarigiannis et al. 2012, Sarigiannis et al.
2014).
(b) when available, more refined methodologies that estimate intake and internal dose. These
include the use of human respiratory tract deposition of particles accounting for their PAHs
content and the use of a biokinetic model coupled to biology based does response relation
for toxic organic pollutants such as benzene.
More in detail, for PM and the respective PAHs adsorbed on PM, it is important to capture
differences in toxicity (in terms of PAH content) as well as size distribution of PM emitted from
different sources. A comprehensive methodology has been developed and applied, for assessing the
lung cancer risk attributed to PAHs adsorbed on PM (Sarigiannis et al. 2015), that takes into account:
-

The overall toxicity of the mixtures of PAHs expressed as per the respective Toxic Equivalency
Concentration (TEQ), which is determined using relative Toxic Equivalent Factors (TEFs),
taking the TEF for B[a]P as basis and thus equal to 1 (Nisbet and LaGoy 1992).

-

Translation of the inhalation unit risk of B[a]P (IURB[a]P) value of 1.1 × 10-3 m3 μg-1 (CEPA 2004)
into a slope factor (SF), assuming that IURB[a]P refers to a human of 70 kg inhaling 20 m3 of
ambient air per day; this results in a SF equal to 3.85 × 10-6 (kg day) ng-1 B[a]P.

-

Estimation of the size fractioned PM mass deposited across different HRT regions employing
the MPPD HRT deposition model (de Winter-Sorkina and Cassee 2002).

-

Calculation of the actual TEQ dose retained by HRT by combining the TEQ levels of the
different sized fractioned PM and the way they deposit across HRT.

This methodology has been very efficient for identifying the differences in the impact of climate
change policies under intense socioeconomic pressures. More in detail, incorporation of the (a) PM
size distribution emitted from different sources, (b) PAH adsorption on the different particle size
fractions and (c) deposition distribution of different PM size fractions across the human respiratory
tract, allows us to further differentiate risks among age groups, spatially distributed levels of air
pollution and (contribution of sources to health effects) as well population groups of different SES
(Sarigiannis et al. 2015).
With regard to exposure and benzene and more specifically to the quaternary mixture of BTEX, a
more refined exposure and health impact assessment methodology is proposed, that takes into
account benzene toxicokinetics and a biology-based dose response. In practice, this allows to
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account for (a) the dynamic of exposure to benzene and the respective internal dose of metabolites
over time, accounting for the daily variation, that depends on the individual activity profiles, the
contamination of the different micro-environments encountered and the inter-individual variability
(Karakitsios, Sarigiannis et al. 2013) and (b) the differences in the BTEX mixture composition
(reflecting the emissions from different sources), that alter benzene toxicokinetics, the biologically
effective dose and the associated risks (Sarigiannis and Gotti 2008).
The impacts on health of exercise or proximity to green space will also be considered. By refining the
methodologies of health impact assessment, we will be able to better translate the effect of different
air quality management options and changes of emissions into health and monetary impact.

3.5 Integrated assessment for short to medium term policies and
measures
3.5.1

Identification of feasible mitigation and abatement options and estimation of
effects and costs
Possible policies across all emission sectors, that motivate or force emission source operators to
implement technological and non-technological measures are identified. In a screening process,
feasible policy/measure combinations (options), i.e. options, that are as well effective (i.e. leading to
a certain reduction of emissions), as efficient, i.e. reducing emissions with not too high costs and/or
other disadvantages, are selected. In Table 1, a number of exemplary measures have been tabled,
that might be selected and will certainly be analysed in this screening process. Most of the measures
listed are already implemented in one or several of the partner cities, thus providing an empirical
basis for the estimation of the effect of the measures.
Table 1. Indicative technological and non-technological measures for consideration in ICARUS

TECHNOLOGICAL MEASURES
TRANSPORT

Retrofitting conventional vehicles

Access limitations zone to city centres

Penetration of bio-fuel

Increased parking spaces

Penetration of electric cars

Expansion of bus lanes network

Withdrawal of old cars

Promotion of bicycle use – construction of enhanced
bicycle lane network
Taxation based on emissions, increased car sharing

Introduction of underground railways and trams
Enhancement of electricity-based public transportation
(e.g. trolley buses)

URBAN
PLANNING

RESIDENTIAL

NON TECHNOLOGICAL MEASURES

Different shares of space heating technologies (light
heating oil, natural gas, heat pumps, biomass burning)
Specifications in energy conservation requirements
Introduction of green roofs
Energy efficient design of buildings

Intelligent Air Pollution Defense for mitigating exposure;
replace air with rail transport
Intelligent traffic management systems
Low emission zones
Introduction of bicycle lanes
Improved design of and creation of additional green spaces
and outdoor fitness spaces
Public awareness about energy conservation
Ecolabelling of energy efficient products
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TECHNOLOGICAL MEASURES
ENERGY
PRODUCTION

INDUSTRY

NON TECHNOLOGICAL MEASURES

Change of fuel shares away from coal

Subsidies and environmental taxes

Penetration of renewable energy sources and biofuels
Rational waste management with material recycling and
energy recovery
Natural gas penetration

Environmental taxes

End-of-pipe industrial measures
Regular maintenance of heavy oil burners
Intense monitoring of environmental standards
Improved practices for fugitive emissions
Structural change in industry following socioeconomic
changes in central and eastern Europe and the EU
financial crisis
Substitution of industrial processes (e.g. use of electricity
based processes)
AGRICULTURE

Optimized fertilizer use to reduce N2O and NH3 emissions
Reduced CH4 from animal breeding
Structural change in the agricultural sector (following the
socioeconomic changes in central and eastern Europe and
the current financial crisis)
Changes of demand for agricultural products (e.g. less
meat)

For each of the options above, the feasibility of using it will be analysed in detail for the participating
9 cities (taking into account, the extent to which measures are already implemented, whether it is
technically possible to implement them and necessary requirements are fulfilled and so on) and in
less detail for clusters of all European cities (based on statistical, geographical and meteorological
data), furthermore for non-urban measures for the whole of the EU. Measure uptake and efficiency
is expected to vary across Europe. Implementation of the measures will be evaluated on different
timescales taking into account socioeconomic projections, cross-technology elasticities and expected
levels of technological readiness.
In a next step, for each policy, the choice of technical and non-technical measures by emission source
operators is modelled using agent-based modelling. The effects of the measures on activities and/or
emission factors is then further estimated resulting in a mathematical operator, that applied on the
emission factor/activity data base for the cities and the EU will result in distributions of changes of
activities and emission factors. In addition, algorithms for estimating costs and – as far as relevant –
utility gains or losses will be developed.
3.5.2 Estimating the health and climate impacts of policy/measure options
The estimation of impacts of options includes the estimation of changes in health impacts and the
estimation of changes of climate forcing relative to the changed global warming potential expressed
in tCO2, eq. Change in exposure and health impacts will be assessed using the methodologies
described in Chapters 3.3 and 3.4. Health impacts in a city come to a considerable part from
emissions outside of the city and emissions in a city cause health impacts outside of this city. Some of
the most effective options to reduce impacts in a city are options that are implemented outside of
the city. Thus, all options will be assessed in a nested scheme combining an EU-wide analysis with
detailed analysis in the participating cities. Furthermore, all other cities in Europe will be analyzed
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with less detail. For each option, a scenario will be produced regarding where (e.g. in which city or
cities) the option would be applied. Coupling socioeconomic dynamic modeling, atmospheric
modelling, exposure modelling and health impact assessment, the health and climate impacts will be
calculated.
3.5.3 Monetary valuation of impacts and cost-benefit analysis
Cost-benefit analysis will be performed for each of the defined options. First all benefits, damages
and costs will be calculated and the non-monetary (intangible) items will be transformed into
monetary values including:
- Societal costs, e.g. costs for the source operator and the state, minus income and savings (e.g. state
income from taxation).
- Monetized health impacts: the estimated health impacts will be valued using either existing
estimates of values from the literature using appropriate “value transfer” methods from contingent
valuation and/or cost of illness studies as appropriate. A primary survey will also be conducted to
value particular health impacts that have been less well covered in the literature – likely based
around a choice experiment approach. Life expectancy has generally been less addressed than the
value of a statistical life – and the studies that have specifically focused on this in the European
context (e.g. the NEEDS project) (NEEDS 2011) had small sample sizes which would not allow for
testing of differences by country. Issues of non-attendance and possible satisficing behaviour will be
considered. The survey will also include behavioural questions that can feed the development of the
agent based. This will be useful to better inform and calibrate the ABM model to derive exposure
profiles at individual level. The online survey will also be conducted to value particular health impacts
that have been less well covered in the literature. The target of the survey is the urban population in
the targeted cities.
- Monetized contributions to climate change: estimates of marginal impacts per ton of CO2 eq
emitted from different sources are highly uncertain and vary by orders of magnitude. Here, the
‘standard-price approach’ will be followed, i.e. the agreed aims for GHG reduction are assume to be
decisions, taken after consideration of (a) current knowledge about impacts and mitigation and
adaptation measures, and (b) the possibilities of additional unknown risks (precautionary principle).
To reach these aims, the marginal avoidance costs (MAC) will be estimated and in particular the
European Commission goal to reduce greenhouse gas emissions by 40% from 1990 to 2030 and to
limit the temperature increase to 2°C within an international strategy. After that, the numerous
existing studies to estimate the marginal costs per t of CO2 eq will be exploited. As a new element in
this assessment the global warming potential of short-lived greenhouse gases like ozone, black
carbon and aerosols will be estimated.
- Utility gains and losses: technologies (e.g. cars) are often used, although they are more expensive
for the user than alternative technologies (e.g. public transport, bicycle); this means that the
expensive technologies must bring some benefit (more comfort, time gains). Benefits will be
monetized by analyzing observations of behavioral changes and estimating the consumer surplus
with the rule of one half.
- Other benefits and damages, e.g. increase of health and well-being caused by physical activity when
cycling.
The net benefit for each option will be estimated and policies will be ranked according to their net
benefit. Furthermore, options will be combined to create strategies (bundles of options) including
several strategies combining the most efficient options with different levels of ambition.
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3.5.4 Feasibility evaluation of strategies/options at the city level
The ultimate aim of this evaluation is the identification of the potential (willingness, affordability,
agreement among city stakeholders) to implement the most appropriate strategies, in each
particular city. The exercise will be demonstrated across the 9 participating cities.
Once general measures for air pollution reduction, climate change mitigation and public health
improvement from interventions in sectors such as transport at the city level are known and have
been proven successful, for example a change of modal split towards increased walking, cycling and
public transport, or increased share of low emission vehicles (hybrid, electric, Euro6) in public fleet,
etc. the question remains whether these measures are going to be implemented in a particular city
and at what total societal costs. The latter include political and economic justification among all
involved stakeholders, as well as changes in the urbanization of the cities, refurbishment of existing
and construction of new infrastructure, changes in mode of goods transport, etc. New urban plans
will require citizen engagement and participation; this will eventually allow us to understand which
set of measures will be perceived and accepted as the most effective and eventually acceptable by
the civic society. Similarly, consideration of changes in other activities/sectors in the city, for example
industry, energy provision, and other services towards lower pollution and energy consumption will
constitute alternative strategies for long-term environment and health improvements. The
comparative evaluation of alternatives will produce the basis for further development of the most
appropriate strategies/options in a particular city. These strategies will then be the subject of final
integrated modelling and assessment.
The core of the evaluation is to get insight on the drivers and barriers during the preparation,
implementation and operation of the measures considered in the project at the city level. This
knowledge will enable the development of approaches and strategies towards providing efficient
support to drivers and avoidance of barriers at both the city level and in the wider context. The latter
include assessment of the transferability potential of the policies from one city to another and to a
region/EU level, as appropriate.

3.6 Developing pathways to green smart and healthy cities
3.6.1 General considerations
The analyzed short and medium-term options contain innovative elements, e.g. the use of dust filters
for small stoves or the use of long lasting tires and brakes and of electric cars. Yet, they are
fundamentally incremental improvements upon the environmental performance of currently existing
systems and structures. With these options, the reduction in GHG emissions and concentrations of
air pollution remains limited; it seems unlikely that the quite ambitious long-term climate protection
aims and a satisfactorily clean air can be reached. Thus, in this WP we use a Foresight based
approach to develop a vision for a future truly green city and then explore how fast, to what extent,
and how European cities can be transformed into such a visionary future.
3.6.2 Developing visions for smart green and healthy cities
To develop the visions, horizon scanning methods will be employed, coupling stakeholder
engagement, web- based horizon scanning and synthesis of existing literature. Key stakeholders will
be engaged in participatory workshops to present them with the initial results of ICARUS,
supplemented by horizon scanning of issues in urban design stemming from literature review and
web-based methods to identify emerging issues (Palomino et al, 2013). There are two agendas
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currently competing within the same broad space forming the focus of the ICARUS project– those
broadly defined as Future Cities, and Smart Cities. The World Health Organization (WHO) has created
a Healthy Cities network focusing on enhancing public health via environmental interventions. These
are not mutually exclusive agendas, but each has its own paradigm. Future Cities tends to be
populated by architects and planners using a more qualitative set of approaches. Smart Cities on the
other hand is technology focused, tending to try to embed sensors within infrastructure or to use
citizens as sensors themselves. Healthy Cities promote public health improvements through targeted
interventions focusing on improving the quality of the urban environment as a whole. ICARUS strives
to blend these agendas together with their respective stakeholders. For the sites and population of
the participating cities, visionary scenarios of future green cities would be developed. The
development would build on proposals for future cities, smart, and healthy cities but also on the first
attempts to realize smart and green cities (such as Masdar/AbuDhabi, Kashiwa-no-ha, Barcelona22@
and Hafen City Hamburg) and on engaging with future city networks such as the EU-based Future
Cities urban network (www.future-cities-eu). The main element will be a combination of the use of
digital technologies and green city planning to optimize wellbeing and at the same time curb air
pollution and mitigate climate change. Examples of such systems may include smart energy and
smart buildings. Among the proposals put forward for the different sectors, the ones with the highest
potential to drastically reduce air pollution and GHG emissions will be selected and combined to
form several visionary concepts.
3.6.3 Assessment of the visions
Based on the description of the visions, by the use of energy models, energy demand and supply
(including upstream processes outside of the city) will be determined. For assessing the transport
system, origin – destination matrices would be determined and fed into the ICARUS transport model.
With the transport model estimate the number of electric cars needed and the km driven including
the empty runs for charging the batteries and driving from targets to the next source will be
estimated. Changes in consumer/citizen behavior or in logistics systems and infrastructure, that
enable the vision to happen or even optimize it, will be identified. Power requirements will be
estimated, and power supply will be estimated dynamically with the energy model. Thus, emissions
of air pollutants and greenhouse gases for the vision would be generated; thus, changes in health
and climate impacts compared to the current situation would be estimated and valued.
The assessment of novel urban visions will use a dynamic urban socio-economic model (ComplexCity)
adopting the agent-based modelling (ABM) methodology implemented on the GAMA platform
(Grignard, Taillandier et al. 2013) to allow for easy integration of spatial aspects of social geography.
The ComplexCity model captures interdependencies between different economic and social activity
sectors taking into account their spatial distribution in cities. In this way, the ICARUS methodology
will take stock of the socio-economic dynamics that influence uptake of air pollution and GHG
mitigation measures. Vision assessment would include adjusting parameters in the ABM to reflect
different contextual elements, the estimation of emissions and health outcomes and valuing the
impacts on society. Stochastic modelling of the sector inter-dependence using the ABM coupled with
Markov chain Monte Carlo simulations will allow the assessment of the viability of the assessed
vision in the medium and long run. Workshops with stakeholders in the participating cities will then
be used to communicate the visions and transition pathways, with multi-criteria decision analysis
being used to assess the weights that could be placed on different attributes. Preferred “visions” or
“pathways” could then be identified by stakeholders in a deliberative way. A synthesis of the
different visions and pathways of the cities will be prepared to allow for comparison of the outcomes.
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3.6.4 Developing a transition pathway
Of course, it is not possible to build these visionary cities starting from a green field. The question
thus is, whether and how a transition can be made from the current urban paradigm to a city that is
more or less close to the developed visions. Policy currently is driven by actions, that promise success
for the short to medium term, at best within one election period. However, the overall
improvements achievable by the long-term strategies is much higher than the improvements
achievable by the short to medium term policies. However, it takes much longer to achieve the
results. For instance, with a renovation rate of 1% per year 50% of the buildings in a city could be
adapted in 50 years; if the renovation rate rose to 2%, almost 100% of dwellings could follow the
new vision in that time frame. But if renovation does not start now, approximation of the visions will
not be feasible. The main focus of this task will be to find out which policies and regulations city
authorities (or the national government or the EU as a whole) should use now and in the next decade
to enable and support the transition. This would involve development of buildings, city planning,
transport systems, but also improvements in energy and resource efficiency in all sectors. The barrier,
that actions are necessary to start now, although the main benefits will show up e.g. in several
decades is addressed, and proposal for overcoming the barrier are proposed. Citizens are key actors
in such a path. For the transition to come true it is crucial that citizens are well aware of the effects
their lifestyle choices have on atmospheric pollution and GHG burden. To this aim the innovative
web and mobile-based tools envisaged to be developed in ICARUS will play a central role supporting
the strong engagement of citizens and their active involvement in air pollution and global warming
mitigation.

3.7 Motivating citizens towards the vision
Web and mobile-based tools will be developed in the frame of ICARUS, so as to raise awareness and
motivate citizens towards an environment-friendly behavior. To date no tool combines information
about GHG emissions with information about impacts of air pollution. Thus, the initial point will be
an existing carbon footprint tool (the CoolClimate Carbon Footprint Calculator of the University of
California at Berkeley) (Edward and Jones 2015). The impacts per activity for the cities will be then
estimated and the results will be used as input for the tools. A combination of web and mobile
platforms will be developed, so that citizens can seamlessly access relevant information everywhere.
At first, the web platform will inform citizens about the carbon footprint and the air pollution levels
and associated health impacts of their actions. Citizens can then explore how impacts change by
modifying their behavior/activities. Secondly, the platform will offer a personalized service to citizens
so that they can monitor at an individual level the results of their actions. By providing metrics on
their lifestyles (e.g. their mode of transportation and their food, housing and lifestyle choices, etc.
over time) the platform will offer them information on how their lifestyles contribute to air pollution
and global warming. In this way, they can identify the changes that would have the highest leverage
on air quality improvement and climate change mitigation. The personal calculator of the effect of
behavioral changes will also be developed as a mobile app with functionalities similar to those
offered by the web platform (e.g. a personal CFP calculator for behavior changes and interactive AQ
maps to inform citizens about high exposures).
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3.8 Involvement of stakeholders
3.8.1 Development of the ICARUS Decision Support System
ICARUS will deliver a Decision Support System (DSS), a web-based, flexible and interactive platform
aimed at assisting stakeholders in the selection, application and evaluation of the available datasets
and tools for urban impact assessment in support of air quality and climate change governance at
different spatial and temporal scales and taking into account the specific regulatory context. The
platform will include: (a) a web- based guidebook for estimating the effects of a number of policies in
each participating city; (b) a GeoDatabase, which will support data collection and give access to the
ICARUS city data; and (c) a computational system allowing the integration of existing and new
models and tools in a modelling chain supporting AQ and GHG policy option assessment. The ICARUS
DSS platform will be developed through interactive dialogue with all contributors and potential users,
in order to define an efficient structure for the collection, storing and extracting of information, and
elucidate the relationships between datasets, models and other tools. This process will be based on
the use of questionnaires and expert elicitation using the Delphi methodology on stakeholder focus
groups from all participating cities. The different modules defined in the design phase will be brought
together to form the overall DSS. For the assessment and management of spatially resolved data and
models, the platform will rely on an open-source WebGIS infrastructure to integrate all project
information enabling users to manage and process spatial data (e.g. spatial statistical analysis) and to
effectively visualize the results of spatially resolved models. Particular attention will be paid to the
analysis of the spatial and temporal relations between the data types involved.
3.8.2 Engagement of city partners and main polluters
Stakeholder input is a key element to help guide the project, and ensure that it addresses user needs.
This task will begin with developing a framework for engagement in the research, knowledge
exchange and dissemination that reflects the need for effective stakeholder engagement across
ICARUS. Differentiated approaches recognizing the specific needs and existing capacities of the
stakeholders and researchers involved will be followed to promote stakeholder buy-in and
engagement. Stakeholders will be mapped and their profiles analyzed. Focus should be mainly on the
primary stakeholders, who include policy-makers and planners as well as main polluters but
additional identified stakeholders. The proposed engagement framework will build on existing
capabilities and networks, building in-situ capacity for stakeholder engagement that will have a
legacy beyond ICARUS. Stakeholders engaged throughout the project life will make use of several
communication channels encompassing regular workshops, work meetings and a web-based
discussion portal of a Wiki type (i.e. Dissemination and Exploitation Forum) will offer feedback
features via e.g. user surveys allowing continuous exchange of opinion on the salient issues of the
project, on-line document co-editing and reviewing, as well as blog-type dialogue spaces for fast
exchange of ideas.
3.8.3 Recommendations for policy makers
The results of model runs in relation to emissions, air quality, exposure and health effects for the
selected participating cities will be used to examine the main science questions of the project. These
pertain to the interaction between air quality management and climate change mitigation in cities
and the extent to which air quality and climate affects public health. Answering these questions will
lead to optimally design and implement appropriate abatement and preventive strategies to improve
the air quality and reduce the carbon footprint in European cities. The mitigation and policy
implications will be examined and hence there will be close interaction between the respective WPs
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dealing with these tasks. In ICARUS a novel approach will be implemented, where impact
assessments are made and published online, with constant opportunity for feedback, criticism, and
improvement in all parts of the assessment. An elementary task of the approach is to collect and
synthesize also value judgments from stakeholders and decision makers. To ensure rich input,
surveys targeted to specific critical issues will be performed and results will be incorporated into the
assessments before producing policy recommendations. Critical issues will be determined based on
the value of information metric. Recommendations will be made for a number of issues including
among others: How different policy options and technical/non-technical measures impact on human
health and on social costs? How pollutants and GHGs emission from cities affect air quality on urban
and regional scales? How will the growth of cities affect future climate at different spatial scales?
What is the impact of large-scale dynamic processes on urban air quality?
The proposed recommendations will be drafted as guidelines for policy-makers and urban planners
and their implementation will be supported by the ICARUS Decision Support System (DSS). The latter
will be tested in close consultation with key urban stakeholders, policy makers, and urban networks.
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4 Conclusions
In ICARUS, a comprehensive framework that fosters scientific innovation and involves citizens and
various stakeholders has been developed and will be applied. In conclusion, the highlights of ICARUS
methodological approach are as follows:
-

Integrated methodology for estimating emissions at the various spatial scales, accounting for
the life cycle emissions of air pollutants and GHGs; this methodology will also allow the more
accurate prediction of change in emissions on future scenarios, investigating different
technological and non-technological options.

-

Integrating atmospheric modelling that fuses data from various sources that include ground
measurements, satellite data, air quality modelling and expert systems, as well as radiative
forcing and climate modelling.

-

Novel methodologies for exposure assessment, of high spatial and temporal resolution, taking
stock of
o

the latest advances in sensor technologies.

o

The effect of the various SES components and how they define citizen and consumer
behavioral changes. The latter will be seamlessly incorporated into the socioeconomic
dynamic modeling environment that will be used to assess alternative policy scenarios
and futures through agent-based modelling.

-

Estimation of health effects due to exposure to air pollutants, accounting for the differences in
the composition of PM and their toxic burden; this is of particular importance, since different
sources, emit PM with different characteristics that are not fully reflected in the PM mass
concentrations

-

Detailed evaluation for short to medium term policies and measures (including both
technological and non-technological measures), that include both health effects and the
associated monetary costs

-

After evaluation of the alternative policies and options considered, integrated pathways
towards green, smart and healthy cities, will be proposed

-

Strong involvement of the citizens and the stakeholders, who will be further supported by the
respective web/mobile app and the ICARUS Decision Support System (DSS).
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