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Abstract This paper provides an analysis of co-benefits for traditional air pollutants made
possible through global climate policies using the Greenhouse Gas and Air Pollution Inter-
actions and Synergies (GAINS) model in the time horizon up to 2050. The impact analysis is
based on projections of energy consumption provided by the Prospective Outlook for the Long
term Energy System (POLES) model for a scenario without any global greenhouse gas
mitigation efforts, and for a 2°C climate policy scenario which assumes internationally coor-
dinated action to mitigate climate change. Outcomes of the analysis are reported globally and
for key world regions: the European Union (EU), China, India and the United States. The
assessment takes into account current air pollution control legislation in each country. Expen-
ditures on air pollution control under the global climate mitigation regime are reduced in 2050
by 250 billion € when compared to the case without climate measures. Around one third of
financial co-benefits estimated world-wide in this study by 2050 occur in China, while an
annual cost saving of 35 billion Euros (€) is estimated for the EU if the current air pollution
legislation and climate policies are adopted in parallel. Health impacts of air pollution are
quantified in terms of loss of life expectancy related to the exposure from anthropogenic
emissions of fine particles, as well as in terms of premature mortality due to ground-level
ozone. For example in China, current ambient concentrations of particulate matter are respon-
sible for about 40 months-losses in the average life expectancy. In 2050, the climate strategies
reduce this indicator by 50 %. Decrease of ozone concentrations estimated for the climate
scenario might save nearly 20,000 cases of premature death per year. Similarly significant are
reductions of impacts on ecosystems due to acidification and eutrophication.
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1 Introduction

The European Commission (EC) has made proposals for keeping climate change to man-
ageable levels in its Communication “Limiting Global Climate Change to 2°Celsius: The
way ahead for 2020 and beyond” (CEC 2007). The Communication proposed ambitious
emission reduction pathways for greenhouse gases (GHG) that the European Union (EU)
should pursue in the context of international climate change negotiations necessary to ensure
that climate change does not cause temperatures to increase beyond 2°C. To establish a
coherent EU position ahead of the 2009 UN Climate Conference in Copenhagen (UNFCCC
2010), the EC has adopted the Communication titled “Towards a comprehensive climate
change agreement in Copenhagen” (CEC 2009a). The Communication has been supported
by modelling activities to assess the technological and economic effects of scenarios that can
meet the EU 2°C target (Russ et al. 2009).

Reaching objectives of the climate policies as proposed by the EU for the period after 2012,
sometimes called also the ‘post-Kyoto’ period, implies an early enforcement of a biding global
agreement to combat the climate change. Such agreement necessarily has to include as many
countries as possible, and the reduction in anthropogenic greenhouse gases (GHG) must be
substantial. Nevertheless, in some regions the climate protection is still considered an issue
conflicting the goals of economic development whereas the benefits of GHG abatement will
mostly be obvious globally in the distant future. At the same time, it is well recognized that
addressing the climate change with a set of emission mitigation strategies might gain numerous
direct positive side-effects occurring in the short-term, for example improved energy supply
security, reduced environmental pressure, or smaller burden on human health (Amann et al.
2008a; van Aardenne et al. 2010; Barker et al. 2007; IEA 2011).

Given different priorities within national and regional development policies, it is essential
to analyse the efficiency of environmental actions, their robustness against other pressures,
as well as the temporary and spatial effects of the climate policy adoption. In this context, it
is of a particular interest for national policy makers and climate negotiators to have an access
to quantitative information on the size of potential co-benefits and synergies between abating
climate change and other goals of sustainable development. The goal of this paper is to
present findings from detailed assessment of the air pollution impacts of future climate
policies consistent with EU 2°C1 target for key world regions, covering main sources of
anthropogenic emissions of greenhouse gases and air pollutants for the period up to 2050.
The target years of analyses are 2020, 2030, and 2050. Co-benefits in terms of control costs,
physical impacts of air pollution on human health and ecosystems are estimated globally, as
well as for Europe (EU-27), China, India and the United States (US).

Work reported here involves the linkage of the global POLES energy-system model with
GAINS, which is a tool to quantify emission levels, costs and impacts of strategies to reduce
both greenhouse gases and conventional air pollutants. Based on activity projections pro-
vided by POLES, emissions scenarios have been developed in GAINS considering a full
implementation of current national legislation to control air pollution by 2030, but not
strengthening it further between 2030 and 2050.

The paper is organised as follows. Section 2 provides a description of the modelling tools
and the methodology applied in models linkage. Section 3 discusses main assumptions
underlying the scenarios and describes the time evolution of socio-economic parameters, as
well as illustrating changes within the global energy system under climate mitigation regime.

1 Units used in this paper: barrel (bl), billion (109), degree Celsius (°C), Euro (€), exajoule (EJ01018 J),
gigatons (Gt0109 t), megatons (Mt0106 t), micrograms per cubic meter (μg/m3), US dollar ($).
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Section 4 summarises impacts of GHG-mitigation on air pollution, emission control costs,
and on selected health and ecosystem indicators. Finally, conclusions and policy insights are
presented in Section 5.

2 Modelling tools

In this study, information from two models, GAINS and POLES, is combined to quantify the
impacts of long-term global GHG-mitigation efforts on air pollution emissions in key world
regions, namely Europe, China, India and the US. The analysis considers emissions of sulphur
dioxide (SO2), nitrogen oxides (NOx) and primary particulates (PM2.5), and how the anticipated
changes in future activity levels combined with progressive implementation of national emission
control legislation will impact these emissions together with associated abatement costs, health
and environmental impacts. In practice, this task has been achieved by setting up a procedure to
facilitate the transfer of activity projections from the global model POLES to the GAINS
integrated assessment framework. By means of this interface it is possible for GAINS to assess
the indirect impact of climate change mitigation policies on traditional local air pollution.

2.1 The GAINS model

The Greenhouse and Air pollution Interactions and Synergies (GAINS) model explores cost-
effective strategies to reduce emissions of greenhouse gases and conventional air pollutants.
The GAINS model (http://gains.iiasa.ac.at) produces emission scenarios for all major air
pollutants for any exogenously supplied projection of future economic activities, abatement
potentials, and costs as well as interactions in abatement between various pollutants (Klaassen
et al. 2004; Amann et al. 2011).

GAINS considers measures for the full range of precursor emissions that cause negative
effects on human health via the exposure of fine particles and ground-level ozone (O3), damage
to vegetation via excess deposition of acidifying and eutrophying compounds, as well as the six
greenhouse gases considered in the Kyoto protocol. In addition, it also assesses how specific
mitigation measures simultaneously influence different pollutants. Thereby, GAINS allows for
a comprehensive and combined analysis of air pollution and climate change mitigation
strategies, which reveals important synergies and trade-offs between these policy areas.

The GAINS multi-pollutant and multi-effect framework is depicted in Fig. 1. A wide
range of technical end-of-pipe measures is used to control emissions directly at their sources.

Fig. 1 The GAINS multi-pollutant/multi-effect framework (Amann et al. 2011)
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GAINS considers about 3500 pollutant-specific measures for reducing emissions of SO2,
NOx, volatile organic compounds (VOC), ammonia (NH3), particulates, methane (CH4),
nitrous oxide (N2O) and Fluorinated (F)-gases. Emission reductions gained through control
technologies neither affect the driving forces of emissions nor modify the energy systems or
agricultural activities. Changes in major driving factors, energy and climate policies target-
ing the carbon dioxide (CO2) emissions, are reflected implicitly through alternative exoge-
nous scenarios.

Sources of air pollutants and GHGs overlap each other mainly for the fuel combustion and
industrial processes. On the other hand, co-control of pollutant emissions and GHGs is less
evident due to a limited set of primary technologies available to eliminate the CO2 emissions. In
the case of carbon capture and storage (CCS) there is, however, an interaction to be expected
since the CO2 scrubbing is preceded by the flue gas cleaning, which in turn is reflected by
GAINS in the emission factors associated with the CCS plants.

The multi-effect approach of GAINS is exemplified for the health impact assessment of
PM2.5, where the source-receptor relationships describe the response in annual mean PM2.5

levels to changes in the precursor emissions of SO2, NOx, NH3 and primary PM2.5. The GAINS
formulation reflects the interplay between SO2, NOx and NH3 emissions in the formation of
secondary sulfate and nitrate aerosols (Amann et al. 2011).

The GAINS model is currently implemented globally on regional, national or provincial
levels for 45 countries in Europe, for the Annex I countries of the Kyoto Protocol (UNFCCC
1998), for fast growing economies of China and India, as well as for remaining countries in
East and South Asia, Africa, Middle East and South America. It covers the time horizon up
to 2050 in 5-years steps.

2.2 The POLES model

The underlying projections of energy activities that determine the levels of greenhouse gases
and air pollution in a given scenario are provided by the global energy system model POLES
(CEC 2006). The POLES (Prospective Outlook for the Long term Energy System) model is a
world simulation model for the energy sector. It works in a year-by-year recursive simulation
and partial equilibrium framework, with endogenous international energy prices and lagged
adjustments of supply and demand by world region (Russ et al. 2007).

The model is developed in the framework of a hierarchical structure of interconnected
modules at the international, regional and national level. It contains technologically-detailed
modules for energy-intensive sectors, including power generation, iron and steel, the chemical
sector, aluminium production, cement making, non-ferrous minerals and modal transportation
sectors (including aviation). The technology dynamics in the power sector is represented
through endogenous learning curve functions, while both ‘learning by doing” and “learning
by research” effects are included.

In each sector, energy consumption is calculated both for substitutable fuels and for
electricity, taking into account specific energy consumption. Each demand equation has an
income or activity variable elasticity, price elasticity, technological trends and, when appro-
priate, saturation effects. Particular attention is paid to the treatment of price effects. The
world is broken down into 47 regions, for which the model delivers detailed energy
balances.

All energy prices are determined endogenously in POLES. Oil prices in the long term
depend primarily on the relative scarcity of oil reserves (i.e. the ratio of reserve to production).
In the short run, the oil price is mainly influenced by spare production capacities of large oil
producing countries (Russ et al. 2009).
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2.3 Linkage of the GAINS and POLES models

In the GAINS model emissions of the pollutants that are examined in this paper (i.e., SO2,
NOx, PM2.5) are calculated as the product of the energy activity levels, the “uncontrolled”
emission factor in absence of any emission control measures, a factor adjusting for the
efficiency of emission control measures and the application rate of such measures. The
configuration of these parameters defines a “control strategy”, which reflects the level of
implementation of emission abatement legislation and adoption of environmental standards.
It is noted that the GAINS database contains information about hundreds of abatement
technologies (or measures) in numerous sectors, applicable to a range of activities or energy
carriers. Since the energy balances of POLES are more aggregated than those of GAINS, it is
necessary to perform some form of aggregation in order to relate the POLES and GAINS
structures to each other.

The POLES energy projections and economic activity pathways were implemented
directly in GAINS in order to develop emission scenarios. Conversion of the input data
requires the relationships between the POLES and GAINS model structures to be determined
in terms of a) regional structure, and b) activities and sectors. Direct mapping of equivalent
regions has ensured the consistency in the regional representation in two models, or a
downscaling procedure was used to disaggregate the regional energy balances of POLES
into the corresponding GAINS regions and subregions. The mapping of POLES to GAINS
regions is provided in Table 1.

Mapping between the activity and sector combinations used in the two models is shown
Table 2. Essentially this indicates which GAINS activity-sector combinations first had to be
aggregated in order to translate POLES activity levels into the GAINS structure. The resulting
ratio between the POLES input-activity and the corresponding aggregated GAINS activity was
then used to scale the existing GAINS activities, providing the converted ‘POLES’ activity
levels for all relevant GAINS activities and sectors.

A
0
y ¼ Ay � f

where

A
0
y is the ‘POLES’ activity in GAINS structure in year y

Ay is the GAINS activity in year y
and the factor f is taken to be the minimum of:

f ¼ Py

Gy

and

f ¼ Py

Gy
� G2005

P2005

where

Py is the POLES activity in year y
Gy is the aggregated GAINS activity in POLES structure in year y

The scaling algorithm also assures that the resulting energy projections adopted in
GAINS correspond to overall primary energy consumption of the main energy carriers as
modelled in POLES. The model interface has been implemented as a set of database queries
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that provide a consistent and efficient means of repeating the model linkage whenever
required.

Although the POLES inputs provide information on the time evolution of the energy
sector until 2050, there is a set of emission sources not covered directly by the energy model.
Missing information has therefore been completed based on scenarios already available in
GAINS or has been derived from relevant drivers, for example, gross domestic product
(GDP) and population projections. In particular, this included derivation of sector-specific
data for transport (vehicle-kilometres, vehicle numbers) and estimation of activities causing
process emissions (production of energy-intensive products, agricultural activities, storage
and handling of materials, waste treatment, etc.). Projections of activities for the process
sector have been based on national statistics, however, for all countries no changes in
production structure of energy-intensive commodities and no shift from industrialised
countries to the developing world was assumed.

Table 1 Mapping of POLES and GAINS regions

POLES Country/ Group GAINS regions

EU27 Austria, Belgium, Bulgaria, Cyprus, Czech Rep, Denmark,
Estonia, Finland, France, Germany, Greece, Hungary, Ireland,
Italy, Latvia, Lithuania, Malta, Netherlands, Poland, Portugal,
Romania, Slovakia, Slovenia, Spain, Sweden, United Kingdom

ROWE Iceland, Norway, Switzerland

RCEU Albania, Bosnia and Herzegovina, Croatia, Macedonia, Serbia
and Montenegro

TUR Turkey

UKR Ukraine

RUS Russia European, Russia Asian

RIS Armenia, Azerbaijan, Belarus, Geogie, Kazakstan, Kyrgyzstan,
Moldova, Rest of FSU

CAN Canada

USA United States

MEX Mexico

BRA Brazil

RSAM RCAM COR South Korea (4 subregions)

JPN Japan (6 subregions)

CHN China (32 subregions incl. Hong Kong)

NDE India (23 subregions)

RSAS Afghanistan, Bangladesh (2 subregions), Bhutan, Nepal,
Sri Lanka, Pakistan (4 subregions)

RSEA Brunei, Cambodia, Indonesia (4 subregions), Lao, Malaysia
(3 subregions), Mongolia, Myanmar, North Korea, Philippines
(3 subregions), Singapore, Thailand (6 subregions), Taiwan,
Vietnam (2 subregions)

RJAN Australia, New Zealand

EGY Egypt

NOAN NOAP North Africa

SSAF South Africa

Other Africa

GOLF MEME Middle East, Israel
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3 Scenarios

Using the procedure outlined above provides a GAINS implementation of a POLES scenario
that can be used for emission, cost and impact calculations. The data translation has been
performed for two POLES scenarios, allowing the impact of climate change mitigation
policies on traditional air pollutants to be assessed:

& Baseline scenario that reflects unchanged governmental energy and climate policies,
and

& Mitigation scenario which assumes implementation of policies to limit the increase in
average global temperatures to about 2°C.

Both scenarios were developed in the course of analyses carried out and presented in this
report. Scenarios represent versions as of June 2011 and are consistent with analyses
performed to support the EC’s Communications. Underlying drivers and assumptions behind

Table 2 Mapping of POLES and GAINS sectors. Note: Only major combustible fuels are displayed: biomass
(BIO), brown coal grades 1, 2 (BC1, BC2), hard coal grades 1, 2, 3 (HC1, HC2, HC3), coke (DC), natural gas
(GAS), medium distillates (MD), gasoline (GSL), liquefied petroleum gas (LPG), fuel oil (HF), solid biofuels (OS1),
wastes (OS2). Detailed definition of the GAINS fuels and sectors is provided at http://gains.iiasa.ac.at
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the POLES energy projections summarised below are described in detail by Russ et al.
(2009).

3.1 Baseline scenario

The Baseline scenario explores a pessimistic situation in which no further climate and air
pollution policies are implemented beyond what was in place in the year 2010. This means that
energy consumption from 2010 to 2050 is driven by population and economic growth (see
Fig. 2) but not by energy efficiency/climate change policies. The Baseline scenario takes into
account the existence of the Emissions Trading Scheme (ETS) market in the EU and the
prospect of future climate policies in other countries, the consequences of the financial crisis in
2008/2009, and the evolution of the oil prices.

In the Baseline, the carbon dioxide price in the EU-ETS starts at 20 €/tCO2 in 2010 and
increases linearly to 24 €/tCO2 in 2030 and beyond. However, the Baseline for the EU used
for the present assessment includes neither the implementation of the unilateral GHG
reduction target (20 % compared to 1990 by 2020) nor the renewables target (20 % by
2020) as proposed in the EU energy and climate change package (CEC 2008), which were
still under discussion when the initial energy projection were developed. Although the
Baseline used in the present analysis does not fully reflect the implications of the recently
approved policy changes under the climate change and energy package, its impact on the
potential air pollution co-benefits for the EU in the long-term would not influence substan-
tially the modelling results reported herein.

In the other developed countries a 5 €/tCO2 carbon dioxide price is included for the same
sectors as those included in the EU’s ETS. This aims to simulate the fact that also in developed
countries that presently lack ambitious climate change policies, investment decisions are
already influenced by the prospect of future mitigation policies. Assumptions made on carbon
prices are not intended to simulate an achievement of GHG reductions as offered by parties in
the form of country-specific pledges within the Copenhagen accord (UNFCCC 2009). Oil
prices in the Baseline scenario are projected to reach 78 US$/bl in 2020, 96 US$/bl in 2030 and
138 US$/bl in 2050 (in 2005 prices).

In the Baseline between 2005 and 2050, average yearly GDP growth in Purchasing Power
Parity (PPP) is 1.7 % for developed countries and 4.4 % for developing countries, resulting
in a yearly average global growth of 2.7 %. The Baseline takes into account the current
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Fig. 2 GDP and population projections in the Baseline scenario by regions. Source: POLES
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financial crisis. The growth projections were adapted when the deterioration of growth
prospects became obvious in autumn 2008. Growth rates were reduced for the main regions
for the coming 2 years using the then most recent economic forecasts of the International
Monetary Fund (IMF 2008). Afterwards, it is assumed that growth will return to higher
levels. The population projections are consistent with the United Nations World Population
Outlooks (UN 2009) and assume an annual growth of 0.8 % globally between 2005 and
2050. In absolute terms, the world population is expected to increase from the current 6.5
billion to about 9.2 billion people in 2050.

3.2 Mitigation scenario

The Mitigation scenario provided by the POLES model is a GHG reduction scenario with
global CO2 emissions reduced by 60 % in 2050 compared to 1990. These reductions,
together with those in agriculture and in land-use change and forestry (de-forestation),
would contribute to achieving a global mean temperature increase of less than 2 degrees
above its pre-industrial value (Russ et al. 2007). The Mitigation scenario explored in this
analysis corresponds to the updated version of the ‘Central scenario’ belonging to the group
of global climate policy cases defined by Russ et al. (2009). The Mitigation scenario
simultaneously takes into account four main indicators responsible for emission changes:
GDP/capita, GHG/GDP, GHG emission trends and population trends. Each developed
country has intermediate targets which lie between the extremes of the single-indicator
targets. For the developing countries it was assumed that they would also introduce internal
actions to ensure global emissions are on a pathway to stay within the 2°C objective. In order
to determine the level of action by developing countries in this scenario, similar indicators
were used as for developed countries.

Developed countries take on a collective emission reduction target and they set up a trading
system such as the EU ETS or similar policy measures that establish a carbon (C) price for the
energy intensive industrial sectors, including the power sector. A C market exists for the
sectors included in the EU ETS but it is not perfect and the effective carbon prices are assumed
to vary between the various regions in the world because of differences in transaction costs and
they converge over time. Energy intensive sectors in developing countries are exposed to a
low C price in 2012, simulating the limited penetration or visibility of a C price for all
individual firms through policy instruments such as the Clean development mechanisms
(CDM). However, between 2025 and 2030, differences in C prices become relatively smaller
for all groups of countries apart from low income countries (Russ et al. 2009). Further details
on assumptions behind the climate policies adopted in the Mitigation scenario are described in
CEC (2009b).

Macroeconomic projections in the Mitigation scenario by 2050 do not differ from those
assumed in the Baseline. However, because of the demand reductions induced by carbon tax on
fossil fuels, oil prices in the Mitigation scenario decreased relative to the Baseline and reach
levels of 74 US$/bl in 2020, 77 US$/bl in 2030 and 69 US$/bl in 2050.

3.3 Changes in energy consumption

Calculation of emissions by GAINS is based on projections of the economic activities that
cover the energy sector, industrial processes, waste treatment and agriculture. Activity
projections from POLES that are used in this analysis comprise the energy sector and steel
production. Some activities relevant for emission calculation, which are not included in the
POLES input, e.g., the energy transformation sector or industrial processes, are derived from
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the GAINS data using general trends from POLES. The final use of energy as well as the
fuel mix for electricity production is provided, however, explicit technology mixes for power
supply or transport services are distinguished for the Baseline and Mitigation scenarios based
on additional information used in disaggregating POLES data into the GAINS structure, as
described in Section 2.3.

Because of different mitigation costs and abatement potentials, the resulting cuts in GHG
emissions differ largely across regions. The underlying structural changes in the national and
regional energy systems differ too, as illustrated in Figs. 3, 4 and 5, showing the evolution of the
fuel mix globally, in EU-27 and China, for the Baseline and Mitigation scenarios. At both the
global and regional levels, coal undergoes the largest reduction in the climate-policy scenario
when compared to the Baseline. Reduction in the use of coal is significant in spite of rapid
introduction of carbon capture systems in the power sector. For example, in China the use of
coal drops by 50% in 2030 and by 75% in 2050, relative to the Baseline. Other fossil fuels, i.e.,
oil products and gas, are reduced in 2050 by a smaller extent, 60 % and 40 %, respectively.
Consumption of solid biomass, renewables and nuclear power increases significantly over the
Baseline levels. Although not seen from Figs. 3, 4 and 5, the substantial reductions in the use of
fossil fuels are further balanced by the growth in energy efficiency, as well as by demand
reductions.

3.4 Air pollution control and associated costs

Control strategies used for calculation of global emissions are based on the most recent
national legislation and environmental planning, i.e., policies that were in force or in the
final stage of legislative process as of 2010 (Cofala et al. 2010). In particular, for Europe all
emission limit values and fuel quality standards have been included, as used in the analysis
for the revision of the National Emission Ceilings (NEC) Directive (Amann et al. 2008b).
For other countries policies have been assessed based on available literature (compare with
Cofala et al. 2007). They take into account recent updates done in collaboration with
national expert teams (Klimont et al. 2009). In addition, assumptions about emission
controls in the power plant sector have been cross-checked with detailed information from
the database on world coal-fired power plants (IEA CCC 2010). An important role in air
pollution abatement is played by controlling emissions from mobile sources. Again, for
Europe the same assumptions have been made as for the modelling work for the revision of
the NEC Directive. For other countries information from DieselNet (2010) and national
sources was used.
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Temporal penetration of emission-abatement measures until 2030, i.e., the latest year for
which GAINS contains detailed information on the current abatement legislation for
countries in industrialised and developing world, is described in Rafaj et al. (2010). The
question, however, how such emission factors will change in the long run after 2030, cannot
be answered in an unambiguous way as it is influenced by the rate of technological progress
on emission control measures and intentional changes in national air quality legislation.
While a wide range of developments is conceivable, a conservative assumption that tech-
nologies and legislation would not change beyond 2030 has been adopted in the emission
calculations reported herein. The Current Legislation (CLE) approach for defining assump-
tions on emission control by 2050 assumes no autonomous change of end-of-pipe control
measures beyond the status adopted in 2030. Obviously, this case defines an upper range of
emission projections.

GAINS calculates costs of abatement measures defined in the control strategy from the
perspective of a social planner, with a focus on resource costs of emission controls to
societies. Costs for add-on controls are estimated based on the assumption that, at a free
market for emission control options, the same technology will be available to all countries at
the same costs. Regional and sector specifics, e.g., boiler sizes, capacity factors, fuel quality,
local energy and labour costs, etc., are reflected in the actual unit costs of abatement (Amann
et al. 2011). Also, technological progress is considered in the performance and cost
characteristics, however, the vast majority of end-of-pipe measures are well established
technologies with rather limited cost-reduction potential. Finally, it is emphasised that the
emission and cost co-benefits of GHG mitigation policies for air quality emerge solely from
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the reconfiguration of the energy system, and not from more stringent air pollution emission
control measures under a climate protection regime.

4 Results

The POLES energy scenarios have been implemented in the GAINS model for the full set of
regions included in GAINS, which covers the whole world. In some cases GAINS regions
represent the sub-national level (e.g. for India and China), in others individual countries, and
still others as country groups. Emissions and costs can be quantified not only globally but for
each of these regions separately, if required. For the purpose of illustration, the following
sections explore the emissions and costs globally, as well as for four regions representing major
emitters, viz, the EU-27, China, India and the United States. The quantification of physical
impacts is reported for three regions: the EU-27, China and India.

4.1 Impacts on CO2 emissions

Figure 6 illustrates impacts of climate policy targets on the reduction of CO2 emissions by
2050. Globally, CO2 emissions decrease by 13 %, 40 % and 80 % as compared to the
Baseline emission levels in 2020, 2030 and 2050. While reductions in developing regions
(China and India) are marginal by 2020, it is assumed that early emission cuts are achieved
in industrialised countries: 12 % and 23 % in EU-27 and in the US, respectively. By 2050,
both China and India adopt stringent GHG mitigation policies, which results in significant
CO2 reductions at a range of 80 % relative to the Baseline scenario. The largest contribution to
emission reductions in all regions is observed in the power sector, followed by combustion in
manufacturing industry and in the transport sector.

4.2 Impacts on emissions of air pollutants and control costs

The linkage established between the GAINS and POLES models results in trajectories for air
pollutants that combine short-term air pollution control policies with the long-term evolution of
the global energy system driven by the climate mitigation objectives. Global emission estimates
of SO2, NOx and PM2.5 for the Baseline andMitigation scenarios for the period 2005–2050 are
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Fig. 6 CO2 emissions of the Baseline and Mitigation scenarios by regions. Source: POLES
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compared in Fig. 7. Globally, some reduction in emissions between the two scenarios is
apparent by 2020 but this is relatively small (11 % for SO2, 7 % for NOx). In 2030 the change
is more pronounced, with 40 % less SO2 emitted, 30 % less NOx and a reduction in PM2.5

emissions of 5%. In 2050, sulphur emissions are reduced by nearly 80Mt SO2 per annum; NOx

is reduced by 53Mt/yr and PM2.5 by 11Mt/yr, which corresponds to relative reductions over the
Baseline of 70 %, 60 % and 30 %, respectively.

The largest relative reductions in emissions are achieved in the power plant sector, with about
85 % less air pollution in 2050, related to the much-reduced use of coal in the Mitigation scenario.
There are also significant reductions of 60% fromhouseholds and industry for SO2 andNOx,while
PM2.5 and NOx emissions from transport are halved in comparison to the Baseline levels in 2050.

Besides the considerable environmental impacts, carbon mitigation policies can have
significant economic side-benefits in the form of savings from implementing air pollution
measures that are required by legislation. Such financial co-benefits imply that an alternative
energy planning would reduce costs for air pollution abatement because of the lower demand
for fossil fuels, which in turn involve fewer installations of air-pollution control equipment.

Under the GAINS cost assumptions (see Amann et al. 2011) and using a 4 % discount
rate, global control costs for SO2, NOx and PM2.5 (i.e., the sum of costs of all world regions/
countries defined in GAINS) were about 152 billion €/a in 2005. Until 2050 these costs
increase in the Baseline scenario by a factor of three, which is due to higher activity levels
(e.g., higher energy consumption, higher car ownership) and increasing stringency of
controls. In 2050, about 70 % of the total abatement expenditures are the costs of reducing
the Baseline emissions from road transport sources. The climate policy scenario brings 22 %
cost savings in 2030 and 54 % less costs in 2050 compared with the Baseline. In 2050, the
annual savings incurred globally through the GHG mitigation policies are more than 250
billion Euros. The most affected is the power sector with cost reduction of 93 %, followed by
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the transport sector, where the control cost is halved in 2050, relative to the Baseline. Co-
benefits in terms of global reduction in air pollution control costs in the Baseline and in the
Mitigation scenarios by major sectors are summarised in Fig. 7.

4.2.1 EU-27

Sizeable emission reductions in EU-27 Member States are expected already in the Baseline
scenario as a result of changing fuel mix and consumption patterns, combined with imple-
mentation of current air quality legislation. A 72 % reduction in SO2 emissions is expected
between 2005 and 2050, while a drop by 45 % is projected for PM2.5 for the same period of
time. Reduced consumption of fossil fuels in the Mitigation scenario leads, however, to even
lower emissions of air pollutants to the atmosphere. Figure 8 compares the estimated
emissions of SO2, NOx and PM2.5 in the EU-27 for the two scenarios for the period
2005–2050. Here the SO2 emissions in the climate scenario are estimated to be 60 % lower
than in the Baseline in 2030, with the largest reductions from the power sector and industry.
NOx emissions in 2050 are 46 % lower in the climate scenario than in the Baseline, with the
largest relative reductions in the power sector and in industry. Transport-related NOx

emissions are reduced by 40 %. The less carbon-intensive energy use structure in the climate
scenario also leads to lower emissions of particulate matter. However, the emission reduction
of −20 % is less than for SO2 and NOx due to increased combustion of biomass.

Costs of implementation of the current legislation within EU until 2050 are estimated at
about 76 billion €2005 per year (see Fig. 8). The GAINS calculation suggests that this cost can be
halved by 2050, if the climate targets assumed in theMitigation scenarios are met. By 2050, the
largest contribution to the cost savings of 35 billion €2005 emerges in the EU-transport sector
and amounts to about 80 % of the total cost reduction.
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Fig. 8 EU-27: Emission estimates of SO2 (top left panel), NOx (top right panel) and PM2.5 (low left panel) for
the Baseline (BAS) and Mitigation (MIT) scenarios for the period 2005–2050; Air pollution control costs by
scenarios and by sectors (low right panel)
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4.2.2 China

Chinese emissions of SO2, NOx and PM2.5 for the Baseline and Mitigation scenarios for the
period 2005–2050 are compared in Fig. 9. In 2020 the overall difference in emissions of air
pollutants between the two scenarios is negligible. By 2030, however, emissions of SO2 are
expected to be 42 % lower in the climate scenario than in the Baseline, with corresponding
reductions in NOx and PM2.5 emissions of 36 % and 16 %, respectively. The synergetic
effect of GHG abatement towards air pollution in 2050 invokes further Chinese emission
reductions by 75 % for SO2, 70 % for NOx, and 40 % for PM2.5 in comparison to the
Baseline projections. For all pollutants in question, the power sector benefits the most from
climate policies, showing substantial emission reductions of around 90 %.

An adoption of current legislation planned in China for improving air quality by 2050
would result in costs ten times higher than costs spent in 2005. The potential for savings
through structural changes induced by climate policies up to 2050 is estimated at 83 billion
€2005. Contribution of the power sector to the overall cost savings in China is marginal by
2020. By 2030, however, the savings associated with the rapid fuel switching away from
fossil fuels, in particular from coal, increases the cost-reduction share of the Chinese power
sector to 50 %. Until 2050, the overall cost reduction is dominated by the share of road
transport, where the annual contribution to savings are quantified at 50 billion €2005.

4.2.3 India

Figure 10 compares the estimated emissions of SO2, NOx and PM2.5 in India for the two
scenarios for the period 2005–2050. Again, the overall difference in emissions of air pollutants
between the two scenarios is small in 2020. By 2030 emissions of SO2 are expected to be 27 %
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Fig. 9 China: Emission estimates of SO2 (top left panel), NOx (top right panel) and PM2.5 (low left panel) for
the Baseline (BAS) and Mitigation (MIT) scenarios for the period 2005–2050; Air pollution control costs by
scenarios and by sectors (low right panel)
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lower in the Mitigation scenario than in the Baseline, with the largest decreases occurring in the
power sector and in industry. The corresponding reductions in NOx and PM2.5 emissions are
23 % and 14 %, respectively. By 2050, emission reductions are substantial, whereas particularly
the power sector and industry contribute to the overall sulphur and NOx emissions drop.
Especially important for the Indian air quality is the reduction of PM2.5 emitted in the domestic
sector by 1.3 Mt PM2.5, or −73 % per year, when compared to the Baseline projections up to
2050.

Expressed in monetary terms, savings from an adoption of climate polices in India
amounts to 8 billion €2005/yr in 2050. In other words, GHG mitigation results in halving
expenditures projected for an implementation of current air pollution legislation. Similarly to
China, the power sector contributes to the overall cost savings in India only in the second
half of the computation period. By 2050, the cost savings in the power sector reach about
25 % of the total reduction in costs. The largest share of about 60 % in the overall cost
reduction in the Mitigation scenario is allocated to the transport sector.

4.2.4 United States

On top of the 8 Mt of reduction in SO2 emissions estimated in the Baseline scenario between
2005 and 2050, the Mitigation scenario indicates that SO2 emissions will be 70 % lower than
in the Baseline in 2050, with most of the decreases coming from power plants and industry.
Emissions of NOx are 56 % lower in the Mitigation scenario in 2050, and the corresponding
overall decrease for PM2.5 is 23 %. The largest reduction in PM2.5 emissions is observed in
the domestic sector. An increase in the US’s emissions of particulate matter relative to the
Baseline is reported for the period 2020 to 2030, which is associated with the assumptions
on biomass combustion in the domestic sector. Emission profiles of SO2, NOx and PM2.5
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Fig. 10 India: Emission estimates of SO2 (top left panel), NOx (top right panel) and PM2.5 (low left panel) for
the Baseline (BAS) and Mitigation (MIT) scenarios for the period 2005–2050; Air pollution control costs by
scenarios and by sectors (low right panel)
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from the United States for the Baseline and Mitigation scenarios for the period 2005–2050
are compared in Fig. 11.

As also shown in Fig. 11, by 2030 the contribution to the cost savings estimated for the
Mitigation scenario in the US is equally distributed between the power plants and transport
sectors. Until 2050, nearly two thirds of the overall cost reduction is attributed to road and
off-road transport. The cost savings from indirect abatement of SO2, NOx and PM2.5, as
calculated in GAINS for US in the years 2030 and 2050, are quantified at 25 billion €2005/yr
and 52 billion €2005/yr, respectively, compared to the Baseline scenario.

4.3 Comparison of CO2 and air pollutant reductions

The relation between CO2 mitigation and air pollution emissions is further depicted in Fig. 12,
showing the emissions reductions relative to the year 2005 for both Baseline and Mitigation
cases. In the Baseline, CO2 emissions are reduced or stabilised in EU-27 and in US, while fast
growing economies of China and India experience a rapid growth in CO2 emissions up to 2050.
At the same time, gradual changes in the energy sectors and adoption of emission controls lead
to a large decrease in air pollution levels in EU-27 and in US, when compared to present. In
China and India, the penetration of abatement technologies keeps the growth in PM2.5

emissions at a moderate rate. SO2 emissions are basically stabilised in China by 2050,
but the sulphur emissions from Indian installations remain mostly uncontrolled.

In the Mitigation scenario, in large emitting regions with the exception of India, the
biggest reduction is achieved for SO2 emissions in 2050, whereas the cuts in CO2 and SO2

emissions are nearly proportional following a massive decrease in the demand for coal for
power generation and reduced industrial coal use. An important role in the lowering of NOx

emissions is played by control policies in the road transport sector, however, fuel switches

BASMIT BASMIT BASMIT
0

5

10

15
2005 2020 2030 2050

M
t S

O
2
/y

r

Other

Transport

Industry

Domestic

Energy

BASMIT BASMIT BASMIT
0

5

10

15

20
2005 2020 2030 2050

M
t N

O
x
/y

r

Other

Transport

Industry

Domestic

Energy

BASMIT BASMIT BASMIT
0.0

0.5

1.0

2005 2020 2030 2050

M
t P

M
2

.5
/y

r

Other

Transport

Industry

Domestic

Energy

BASMIT BASMIT BASMIT
0

25

50

75

100
2005 2020 2030 2050

B
ill

io
n

 E
u

ro
2

0
0

5
/y

r Other

Transport

Industry

Domestic

Energy

Fig. 11 USA: Emission estimates of SO2 (top left panel), NOx (top right panel) and PM2.5 (low left panel) for
the Baseline (BAS) and Mitigation (MIT) scenarios for the period 2005–2050; Air pollution control costs by
scenarios and by sectors (low right panel)
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toward natural gas and biomass combustion in the power sector lead to lesser reductions as
compared to SO2. Similarly, an increased use of biofuels for combustion in the domestic and
industrial sectors limits the PM2.5 reduction achieved by the GHG mitigation policies.

4.4 Health and environmental impacts

The assessment presented above does not cover the full extent of the potential co-benefits
attributable to a climate mitigation strategy. Additional benefits would be expected from
reduced health impacts and decreases in crop damage and burdens to ecosystems.

The GAINS model can estimate a range of health and environmental impacts,
including the statistical loss of life expectancy attributable to anthropogenic sources
of PM2.5, premature mortality due to ozone, ecosystems areas with acid deposition or
nitrogen deposition exceeding critical loads and crop losses due to ozone (Amann et
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al. 2011). These calculations depend on GAINS emission estimates and the results
from detailed atmospheric chemistry and transport models, combined with other
necessary data such as critical loads and levels, relative risk factors, population,
ecosystems areas, etc. Currently, the GAINS impact assessments are available for
Europe, China and India. Countries included cover, however, nearly half of the world
population. Ambient PM2.5 concentrations include primary PM2.5 as well as secondary
aerosols (sulphates and nitrates).

Figure 13 illustrates the impact of climate policies on the ambient concentrations of PM2.5 up
to 2050 for these three regions. High concentrations of PM2.5 in the ambient air are directly
responsible for severe health damages and declined life expectancy. While in Europe by 2050
only few countries do not comply with air quality guidelines on PM2.5 published by the World
Health Organisation (WHO 2006), most of regions in China and India are affected by concen-
trations far above the guideline level of 10 μg PM2.5/m

3. Weighted by the population in
individual sub-regions, average ambient concentrations of PM2.5 in EU-27 are by 36 % lover
in the Mitigation scenario when compared to the Baseline projections in 2050. Corresponding
reductions in China and India are quantified at 47 % and 63 %, respectively.

The following sections provide a selection of health and environmental impact
estimates derived from the two POLES scenarios for the three key regions—EU-27,
China and India. It is noted that the assessment provided herein considers only
outdoor exposure and does not cover negative health effects of indoor air pollution.
Monetisation of the co-benefits from combined control of regional air pollutants and
GHGs for the two scenarios goes beyond the scope of this paper, and is reported in detail by
Holland et al. (2011).

4.4.1 Europe

The Baseline case results in more than 50 % reduction in the loss in average life expectancy
due to PM2.5 between 2005 and 2050 in Europe as a whole. The Mitigation scenario
achieves a further 35 % reduction in 2050 in loss of life expectancy than the Baseline case.
Taking a population-weighted average for EU-27 in 2050, loss in statistical life expectancy
due to PM2.5 for adults older than 30 years attributable to exposure to PM2.5 from anthro-
pogenic sources is reduced from 3.4 months in the Baseline to 2.2 months in the Mitigation
scenario.

The Mitigation scenario is less effective in reducing premature mortality due to ozone,
bringing an improvement of 6 % in 2030 and 15 % in 2050 relative to the Baseline. In
absolute terms, there are nearly 2500 fewer premature deaths attributable to exposure to
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ground-level ozone in Europe by 2050 in the Mitigation scenario when compared to the
Baseline.

Figure 14 shows the spatially distributed impacts of climate policies on loss of life
expectancy estimated for European countries, for the Baseline and the Mitigation scenarios
in 2050.

Impact indicators related to ecosystems in Europe are given in Figs. 15 and 16. The Baseline
case shows a 70 % reduction in the forest area with acid deposition exceeding critical loads
between 2005 and 2050. TheMitigation scenario achieves a further 15% reduction in exceeded
area than the Baseline case in 2050. As is seen in Figs. 15 and 16, the difference between the
two scenarios is much less apparent for the area of ecosystems where nitrogen deposition
exceeds critical loads in Europe. This is to be expected since the ammonia emissions contrib-
uting to the eutrophication are similar in both cases.

4.4.2 China

In China, improvements in the health impact indicators brought about by the climate
scenario only begin to be seen in 2030, in line with the changes in emissions of air pollutants
between the two scenarios. By 2050, loss in statistical life expectancy due to PM2.5 is halved
in the Mitigation scenario. When compared to the Baseline, the average life expectancy in
China increases by nearly 20 months in the end of the computation period. In addition,
premature deaths attributable to ozone are reduced annually by 20,000 cases. Regional
distribution of health impacts in the adults’ population in China attributable to exposure to
PM2.5 is illustrated in Fig. 17.

4.4.3 India

In India too, the climate scenario only really brings improvements in 2030, with 20 % reductions
in loss of life expectancy and in premature mortality due to ozone. By 2050, the two health
indicators are improved significantly showing the annual reductions of above 60% relative to the
Baseline. The gain in the statistical life expectancy invoked by the climate policies in India is
estimated at 30 months, while the projected premature death-rates due to ground-level ozone are
by 55,000 cases annually lower in comparison to the Baseline case. Spatial distribution of health
impacts because of anthropogenic PM2.5 in India is shown in Fig. 18.

Fig. 14 Statistical loss of life expectancy in Europe due to anthropogenic PM2.5 for the Baseline (left panel)
and Mitigation (right panel) scenarios in 2050; month
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5 Summary and conclusions

This paper presents an analysis of co-benefits from stringent climate mitigation strategies for air
quality and associated effects on human health and ecosystems. The GAINS model is used to
assess the impact of global greenhouse gas policies on traditional air pollutants (SO2, NOx and
PM2.5) worldwide and for regions of EU, China, India and the US, up to 2050. Based on energy
and economy projections provided by the POLES energy-system model, this analysis comprise
two scenarios, i.e., a current policy Baseline scenario without any post-2012 global GHG
reduction target, and a 2°C climate Mitigation scenario which assumes internationally coor-
dinated action to mitigate climate change. The same air pollution control policies successfully
adopted by 2030 are taken into account in both scenarios under examination.

The projections of SO2, NOx and PM2.5 emissions in the Mitigation scenario reveal
important reductions in all three pollutants by 2050 and correspond globally to relative
decrease over the Baseline of 70 %, 60 % and 30 %, respectively. The scope of emission
reduction in different regions depends on the fuel and technology shifts under GHGs con-
straints, as well as being determined by the rate of adoption of the air quality policies. Because
of these factors, the potential for co-benefits is estimated to be higher in fast growing economies
of China and India as compared to industrialised regions of EU-27 and US. On the other hand,

Fig. 16 Exceedance of critical loads for nutrient N to all ecosystems in Europe for the Baseline (left panel)
and Mitigation (right panel) scenarios in 2050; %

Fig. 15 Exceedance of critical loads for acidification to forest ecosystems in Europe for the Baseline (left
panel) and Mitigation (right panel) scenarios in 2050; %
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trade-offs have been shown in the periods 2020 and 2030 resulting in the higher PM2.5 and NOx

emissions in the Mitigation scenario due to an increase in biomass consumption, particularly in
the domestic sector.

Expenditures on air pollution control in the Mitigation scenario are reduced in 2050 by
250 billion €/year compared with the Baseline case. The corresponding annual reductions in
EU-27, China and India are estimated at 35, 83, 8 and 52 billion €2005, respectively. In
general, the largest cost saving potential has been found in the road transport sector,
followed by the power generation sector. Relative contribution of these sectors to overall
cost savings is 60 % for transport and 30 % for the power sector. Quantification of control
costs incurred by the adoption of current air pollution legislation indicates the scale of the
savings that are made possible through global climate policies.

Our results demonstrate that impact of air pollution on human health is significantly
lower for the scenario with long-term climate measures in both industrialised and develop-
ing countries. In 2050, loss of life expectancy in Europe, China and India attributable to the
exposure from anthropogenic emissions of PM2.5 decreases in the Mitigation scenario by
35 %, 46 % and 63 %, respectively. When expressed in absolute terms, the average life
expectancy in 2050 increases by 1.2 months in Europe, 19 months in China and nearly
30 months in India. Furthermore, the climate policies reduce premature mortality due to
ground level ozone by 80 thousand cases yearly in these three regions combined.

The analysis shows that even with stringent climate policies there is a substantial share of
population exposed to ambient concentrations of PM2.5, which are significantly higher than
levels recommended by the WHO guidelines. Although the concentrations of particulates in

Fig. 18 Statistical loss of life expectancy in India due to anthropogenic PM2.5 for the Baseline (left panel) and
Mitigation (right panel) scenarios in 2050; month

Fig. 17 Statistical loss of life expectancy in China due to anthropogenic PM2.5 for the Baseline (left panel)
and Mitigation (right panel) scenarios in 2050; month
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regions of China and India drop rapidly because of global GHG-mitigation efforts when
compared to the Baseline emission levels, these policies are not effective enough to bring the
PM2.5 exposures to the desired standards. This indicates that the current policy set-up will
have to be extended and further targeted abatement measures need to be taken in order to
offset the growth in emissions associated with the fossil fuels combustion.

The co-benefits of the air pollution control and climate strategies for ecosystems have
been calculated for Europe and comprise impacts on acidification and eutrophication. The
forest area exposed to acidification deposition exceeding critical loads in 2050 is by 42
thousand km2 less in the Mitigation scenario as compared to the Baseline. Co-benefits for
ecosystems area with nitrogen deposition in excess of the critical loads for eutrophication in
EU-27 is less pronounced in the Mitigation scenario because of the growing ammonia
emissions from agriculture, nevertheless the affected area in 2050 is smaller by 145 thousand
km2 due to less NOx from fuel combustion.
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