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Abstract

In this paper, we present ten scenarios developed using the IMAGE framework (Integrated Model to
Assess the Global Environment) to explore how different assumptions on future climate and air
pollution policies influence emissions of greenhouse gases and air pollutants. These scenarios
describe emission developments in 26 world regions for the 21* century, using a matrix of climate
and air pollution policies. For climate policy, the study uses a baseline resulting in forcing levels
slightly above RCP6.0 and an ambitious climate policy scenario similar to RCP2.6. For air pollution,
the study explores increasingly tight emission standards, ranging from no improvement, current
legislation and three variants assuming further improvements. For all pollutants, the results show
that more stringent control policies are needed after 2030 to prevent a rise in emissions due to
increased activities and further reduce emissions. The results also show that climate mitigation
policies have the highest impact on SO, and NOy emissions, while their impact on BC and OC
emissions is relatively low, determined by the overlap between greenhouse gas and air pollutant
emission sources. Climate policy can have important co-benefits; a 10% decrease in global CO,
emissions by 2100 leads to a decrease of SO, and NOy emissions by about 10% and 5%, respectively
compared to 2005 levels. In most regions, low levels of air pollutant emissions can also be achieved
by solely implementing stringent air pollution policies. The largest differences across the scenarios
are found in Asia and other developing regions, where a combination of climate and air pollution
policy is needed to bring air pollution levels below those of today.

Keywords: Climate policy, Air pollution policy, Scenarios, Co-benefits, Representative Concentration
Pathways
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1. Introduction

Previous studies have shown important relationships between air pollution and climate change
(Rogelj et al., 2014b, Bollen and Brink, 2012, McCollum et al., 2012, van Vuuren et al., 2006, UNEP
and WMO, 2011). First of all, air pollutants often originate from the same economic activities as
greenhouse gases (GHGs), e.g. combustion of fossil fuels. This means that greenhouse gas abatement
activities may lead to important co-benefits for air quality. Secondly, many air pollutants also change
the radiative forcing, leading to either a warming effect, e.g. by black carbon and methane, or a
cooling effect, e.g. by sulphur dioxide emissions and subsequent formation of sulphate aerosols.
Thirdly, climate change can lead to changes in concentrations of air pollutants driven by changes in
emissions, formation and removal mechanisms influenced by meteorology (Jacob and Winner, 2009).
And finally, air pollution can influence the functioning of natural systems and agriculture, with an
impact on among others crop growth and the carbon and nitrogen cycles. These linkages can lead to
both co-benefits and trade-offs in reduction strategies. For instance, climate policies often also
reduce regional and urban air pollution (McCollum et al., 2012, Bollen and Brink, 2012, Smith and
Wigley, 2006, Rao et al., 2006, van Vuuren et al., 2006, Syri et al., 2001) or lead to lower costs in
achieving air pollution targets (van Vuuren et al., 2006). Such co-benefits could represent an
important incentive to increase the interest of developing countries in contributing to a global
climate policy.

Air pollution scenarios have traditionally been developed from a regional perspective; several
projections have been made for Europe, Asia, and North America (e.g. Wang et al., 2014, Klimont et
al., 2009, Amann et al., 2005). While the air pollution projections developed with regional models
include a lot of details about anthropogenic sources and short-term transitions, they typically do not
cover land-use related sources in a consistent way. Recently, the interest in global air pollution
scenarios has significantly increased, given the growing evidence that emissions in various world
regions can influence the background concentrations in other regions (e.g. Chuwah et al., 2013, TF-
HTAP, 2010). Moreover, there has been considerable interest in the relationship between emissions
of air pollutants and greenhouse gases. In response, global scenarios with harmonized assumptions
about anthropogenic CO, emissions and key air pollutants’ evolution have been developed with, for
example, the GAINS (Greenhouse Gas and Air Pollution Interactions and Synergies) model (Cofala et
al., 2007, Klimont et al., in preparation) and already used in assessments in either mid-term (UNEP
and WMO, 2011, Shindell et al., 2012, Rafaj et al., 2013, Rao et al., 2013, McCollum et al., 2013) or
long-term (Rogelj et al., 2014a, Rogelj et al., 2014b, Riahi et al., 2012).

The recently developed Representative Concentration Pathways (RCPs) represent a set of
comprehensive scenarios for climate policy that also include corresponding global air pollutant
emission trajectories (van Vuuren et al., 2011b, Moss et al., 2010). The RCPs have been used as input
for the CMIP5 experiments run by a large number of climate and earth system models informing the
IPCC’s fifth assessment report (Taylor et al., 2012). The RCPs are therefore attractive to use in a joint
analysis of global air pollution and climate change. Although the RCPs describe plausible pathways
with respect to air pollution emissions, they do not cover the full range of possible policies and
outcomes (Van Vuuren et al., 2011a, Amann et al., 2013). The underlying reason is that all RCPs,
having a focus on climate policy, assumed a progressive reduction of air pollutant emissions with
increasing wealth. However, these assumptions were not necessarily consistent across RCPs. This
implies that for air pollution policies, the RCP set neither includes a counterfactual “no further
control” nor an aggressive best available technology scenario.

In this study, we describe a set of RCP-like scenarios which allow exploring a wide range of possible
climate and air pollution control futures and their linkages. These scenarios include emissions of
greenhouse gases, sulfur dioxide (S0,), organic carbon (OC), black carbon (BC), nitrogen oxides (NO,),
carbon monoxide (CO), and non-methane volatile organic compounds (NMVOC) on short and long
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term time frames. The set of scenarios is fully developed within the IMAGE 2.4 integrated
assessment model framework, which has also contributed to the development of the RCP scenarios
(van Vuuren et al., 2011c). The scenario set makes full use of the detailed long-term modelling of the
energy system in IMAGE and allows for an analysis of the effects of climate and air pollutant policy
assumptions on air pollutant emissions. Previously, Rogelj et al. (2014a) have also created long term
air pollutant scenarios consistent with the RCP CO, emission pathways. They have estimated instead
how on an aggregate level air pollutant emissions vary with different CO, emission pathways and
subsequently applied different levels of air pollution control to the RCP CO, emission pathways (Rao
et al., 2013).

The paper is structured as follows. Section 2 describes the methods used to develop the scenarios
and the main assumptions behind the baseline scenario. The results for different air pollutants
emission trends in different scenarios are presented in Section 3 and discussions on the main findings
are given in Section 4, which are concluded in Section 5.

2. Methods

2.1 IMAGE 2.4 model framework

The IMAGE integrated assessment model framework allows a scenario analysis of global
environmental change (Bouwman et al., 2006). Main scenario assumptions and model inputs include
population evolution, economic growth, technology development, lifestyle parameters and trade
assumptions. Based on these drivers, the model describes the development of both the energy and
the agricultural system in considerable detail. The resulting greenhouse gas and air pollutant
emissions and land-use change parameters are used to assess climate change and other
environmental variables.

Emissions from the energy system and industrial processes are calculated by The Image Energy
Regional model (TIMER). This expert energy model simulates greenhouse gas and air pollutant
emissions up to 2100 for 12 different primary energy carriers (fossil and biomass) in 26 world
regions, under a range of scenario assumptions. Energy system emissions in TIMER are calculated for
5 energy demand sectors and energy production and conversion. The TIMER model focuses on
dynamic relationships within the energy system, such as inertia and learning-by-doing in capital
stocks, depletion of the resource base and trade among different regions. A carbon tax can be used
to induce a dynamic response, such as an increased use of low- or zero-carbon technologies, energy
efficiency improvements and end-of-pipe emission reduction technologies.

Land-use and land-use change in the IMAGE model is governed by the demand for food, feed and
energy crops. Demand increases for these products could lead to expansion of agricultural land,
causing deforestation and associated greenhouse gas and air pollutant emissions. In addition, IMAGE
covers emissions associated with agricultural activities such as rice production and animal husbandry.
Some natural emissions sources are included as well, mostly as a constant emission source based on
EDGAR data. In some cases, natural emission sources are coupled to dynamic variables such as
temperature and forest extent, e.g. in the case of emissions associated with natural forest fires.

Our scenario analysis focuses on long-term projections of emissions from the energy system, which
dominate total emissions for most species, and industrial processes. Although we also calculate
emissions associated with land-use and land-use change, we have not included specific policy
assumptions to reduce these emissions.
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2.2 Scenario assumptions

2.2.1 Scenario design

The scenarios developed for this study are described by a framework consisting of two main axes,
one describing the level of climate policy and the second describing the level of air pollution control,
both ranging from no policy to stringent emission control (see Table 1). This results in a scenario
matrix that defines a total of 10 different scenarios. Along the climate policy axis, we distinguish two
types of scenarios similar to two of the RCPs. These are the OECD baseline scenario (BL), which leads
to a forcing level similar to RCP6, and a scenario that follows a more ambitious trajectory (450)
similar to the RCP2.6 (van Vuuren et al., 2011c). These are further discussed in section 2.2.2.

For the air pollution policies we use 2005 as the base year and make the following set of key policy

assumptions, in increasing order of stringency (see Table 1):

1. No improvement of policies after 2005, resulting in frozen emission factors for all energy

system emission factors (FRZ).

2. Implementation of current policies, of which the full effects are realized by 2030; thereafter

no change in legislation and therefore in emission factors (CLE).

3. Further tightening of current legislation (CLE) after 2030; the level and pace of introducing
additional policies is based on economic development in a given region — using Kuznets

theory, resulting in further decreasing emission factors (CLE KZN).

4. Implementation of current best available technology by 2030, maximum technically feasible

reductions; no change thereafter (MFR).
5. MFR with further improvement after 2030 (MFR KZN), similar to CLE KZN.

Scenario name

Air pollution policy

Climate policy

2005-2030 2030-2100
BL FRZ 2005 frozen EF values 2005 frozen EF values gg“ccllymate
450ppm
450 FRZ 2005 frozen EF values 2005 frozen EF values .
scenario
BL CLE EF decrease towards 2030 5030 CLE EF values frozen no Fllmate
CLE policy
Continual decrease of EF .
BL CLE KZN Ei:ecrease towards 2030 | | | - rds 2100 using GDP ”g“ccl'mate
driven EF decline policy
450 CLE EF decrease towards 2030 | )36 ¢\ £ £k valyes frozen | 2OPPT
CLE scenario
Continual decrease of EF
450 CLE KZN EF decrease towards 2030 |\ | 1< 2100 using GDP 450ppm
CLE . . scenario
driven EF decline
BL MER EF decrease towards 2030 5030 MER EF values frozen no Fllmate
MFR policy
Continual decrease of EF .
BL MFR KZN E;F‘:{ecrease towards 2030 | |\ - s 2100 using GDP ”gnccl'mate
driven EF decline policy
450 MFR EF decrease towards 2030 | -3 \1eR EF values frozen | +20PP™
MFR scenario
Continual decrease of EF
450 MFR KZN EF decrease towards 2030 towards 2100 using GDP 450""7‘”
MFR scenario

driven EF decline

Table 1 - Overview of the 10 scenarios developed within this study
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The air pollution scenarios thus explore a wide range of possible assumptions. Some parts of this
range may be viewed as sensitivity runs. For example, given historical reductions in emission factors,
a frozen emission factor (after 2005) should be seen as indicative for the upper bound of possible
trajectories. Limited improvement in emission factors may happen when institutional and political
barriers lead to failure in implementation of planned legislation. The air pollution policies are
discussed in more detail in section 2.2.3.

2.2.2 Climate policy scenarios

In this study, we include two basic climate and energy system policy scenarios: 1) a baseline scenario,
similar to RCP6 and in the order of 6.7 W/m?” in 2100 and 2) a stringent 450 ppm CO,-eq climate
policy scenario (similar to RCP2.6). The latter scenario is likely to comply with the UNFCCC target to
limit global temperature change to 2°C by the end of this century, for which we assume full flexibility
to mitigate greenhouse gas emissions across time, sources, and gases.

For the baseline scenario, we use the IMAGE implementation of the OECD Environmental Outlook
baseline (OECD, 2012). This scenario describes the development of the energy system and land use in
the absence of climate policy. It assumes a medium development for main driving forces such as
income, population and energy use. By 2050 the population will increase to around 9 billion and
subsequently more-or-less stabilize (UNDESA, 2011). Assuming no fundamental change in current
policies, fossil fuels are expected to retain a large market share in most situations as their market
price is expected to stay below that of alternative fuels. Feeding a growing population with a more
protein-rich diet requires increases in agricultural production. The necessary expansion of
agricultural land is partly offset by improved agricultural yields. Deforestation due to agricultural
expansion is projected to peak in 2030. Together, this leads to high levels of greenhouse gas
emissions, with a resulting radiative forcing of around 6.7 W/m? in 2100.

The climate policy scenario is derived from the baseline scenario by implementing an equal carbon
tax in all regions and sectors. The carbon tax induces changes in the energy system through a price
mechanism, i.e. increased use of zero and low carbon technologies, energy efficiency and reduction
of non-CO, emissions, due to changes in activities. The baseline and climate policy scenarios are
similar to the ones used by Van Vliet et al. (2014). The main characteristics and the differences due to
the additional air pollution policy scenario assumptions are discussed in section 3.

2.2.3 Air pollution policy scenarios

Air pollution policies and the historic development of air pollution emissions are represented by
time-dependent implied emission factors (EFs). Here, implied EFs are the product of emission factors
and end-of-pipe measures. Air pollution emissions are calculated by multiplying activity levels and
the corresponding EFs, following the so-called Tier 1 approach from IPCC (2006). Air pollution policies
can be represented in this equation by changing these EFs over time.

Emissionss(t) = EFs . p, (t) x Activitys a p(t) (2)

In this equation, the Emissions are those of a specific substance (S, a greenhouse gas or air pollutant);
EF is the activity specific implied emission factor per (a) energy carrier and (b) sector at time t; the
Activity refers to the annual energy input (e.g. for the production of cement) in a given sector. The
sectors identified in the energy system are: industry, transport, residential, service, electricity
generation, transformation (mostly refineries), losses (in fuel production and transportation), and
marine bunkers. For industrial processes, emissions for the following sectors are calculated: copper
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smelting, iron and steel, paper, chemicals and solvents, zinc, cement, adipic and nitric acid
production, chemicals bulk production and feedstock production and use.

The emission factor development can be divided into three distinct periods: a historical period (up to
2005), the 2005-2030 period and the 2030-2100 period. The historical emission factors are calibrated
to EDGAR v4.2 data (EC-JRC/PBL, 2011). For the 2005 — 2030 period the emission factors are based
on the information available from the GAINS model ECLIPSE v4a scenarios (Amann et al., 2011,
Klimont et al., in preparation) where the impact of current legislation and stringent mitigation is
modeled in detail and further converted into TIMER model categories. After 2030 the emission
factors are either frozen or are allowed to evolve as a function of income, similar to what is
sometimes referred to as the Environmental Kuznets Curve (Stern, 2003, van Ruijven et al., 2008).
The detailed implementation of this evolution of emission factors is discussed below.

Historical period (1970 - 2005)

For the period 1970 — 2005, historical data on emission factors derived from the EDGAR v4.2
database has been used (EC-JRC/PBL, 2011). As the EDGAR v4.2 data is more detailed in terms of
activities, implied emissions factors were calculated by technology weighting the more detailed
EDGAR v4.2 emission factors to the aggregated level of the TIMER emission factors. In a few cases,
i.e. for Heavy Liquid Fuel and Light Liquid Fuel, the uncommon use of some fuels was left out in the
calculation of the implied emission factor (for the industry combustion, transportation, residential,
services, power and other sectors in certain regions), in order to obtain more representative
emission factors. Additional information can be found in Table ES1 of the Supplementary Material.

2005 - 2030 period

For the 2005 - 2030 period, the GAINS model was used to develop several air pollution scenarios
drawing on the information about implementation of current policies and about the technologically
feasible mitigation opportunities beyond these policies in all key sectors and regions (Rao et al.,
2013, Amann et al., 2013, Klimont et al., in preparation). The GAINS model structure and spatial
resolution is much more detailed than TIMER and therefore aggregated (to TIMER resolution)
emission factors were calculated and implemented in TIMER for 2030, assuming a linear
interpolation starting from the historical emission factors in 2005 to 2030 (equation 2). Three
different sets of assumptions for EFs were used for 2030 (Rafaj et al., 2013): 1) frozen emission
factors (FRZ), 2) current legislation (CLE), and 3) maximum feasible reduction (MFR), see section 2.2.1.

EF(t) = EF2005 - (EFZOOS - EF2030) /(2030 - 2005) X (t - 2005) (2)

Since for the 1970-2005 period EDGAR v4.2 data were used, the GAINS emission factors used for
2030 needed to be checked against the EDGAR data. In most cases, the data were found to be
consistent and the GAINS data was used as described above. In a small number of cases, the GAINS
emission factor values for 2030 were found to be higher than the EDGAR 2005 values. In this case,
the emission factors were kept constant over the 2005 — 2030 period (at the level of the EDGAR
data). In a few other cases, it was not possible to reconcile the GAINS, TIMER and EDGAR sectoral
break-down. In those cases, it was assumed that emission factors would improve over time driven by
income levels, similar to the improvement of emission factors in some scenarios after 2030. This
arises for instance in the determination of emission factors for light and heavy liquid fuels, where the
GAINS model has a higher resolution in which diesel and gasoline are distinguished separately both in
activity data and in respective legislation.
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2030 - 2100 period

For the period after 2030, it is assumed that emission factors either remain constant at 2030 levels
(the CLE and MFR scenarios) or further decline driven by regional income levels (the CLE KZN and
MPFR KZN scenarios). The development of emission factors depends on two main variables: 1) two
income thresholds in terms of GDP per capita (see Table 2) and 2) two sets of fixed emission factor
target values, corresponding to the income thresholds, for each pollutant. The income threshold is
reached at a different point in time for each region, depending on the assumed economic
development.

After the regional income level exceeds the first income threshold the emission factor starts to
decrease from its 2030 value towards the first emission factor target value. This target value is equal
to the average 2005 emission factor for the OECD regions. When a region reaches the second
threshold, the emission factor will decline further towards the second target value. This second
target value is defined as the minimum of the 2030 emission factor across the OECD regions. When a
region crosses the first income threshold, the rate of emission factor decline is equal to the rate of
decline in the 2005 - 2030 period relative to the previous year up to the moment the emission factor
falls below the OECD 2030 minimum (equation 3). For regions that have an emission factor equal to
or lower than the OECD 2030 minimum and are at an income level above ‘Threshold 2’, the emission
factor still continues to decline but at a lower rate (half of the 2005 — 2030 rate of decline).

EF(t) = EF(t'l) X [1 - (EFZOOS - Eongo) /(2030 - 2005)] (3)

In our implementation it is also assumed that developing countries will implement policies slightly
earlier than developed countries in the past, due to a much faster and cheaper technology transfer.
To this end, we assume that income thresholds are not static but declining linearly over time, so that
developing countries implement abatement technologies at lower income levels (see Table 2). Also
for SO, slightly different income threshold values are used as analysis has shown that for this
pollutant EFs start to decline somewhat earlier than for other pollutants (e.g. Rafaj et al., 2014).
Examples of EFs development after 2030 for a number of species, sectors, and energy carriers can be
found in the Supplementary Material.

Threshold 1 (EF starts declining
towards average 2005 EF of
OECD regions)

Threshold 2 (EF starts declining
towards minimum 2030 OECD
EF)

For all gases except SO,

2005 10.000 35.000
2100 5.000 15.000
For SO,

2005 8.000 30.000
2100 2.000 10.000

Table 2 - Thresholds (GDP per capita in 2005 USS) used for EF scenario development

2.2.4 The IMAGE-PEGASOS scenario datasets

The set of 10 scenarios (as summarized in Table 1), combining climate and air pollution policies,
generate emission sets for CO, and CH, and several air pollutants. Scenario results have been

downscaled in a final step from region to country level following the same method described by van
Vuuren et al. (2007). The method employs the IPAT equation (Impact equals Population x Affluence x
Technology).To calculate the downscaled emission levels it uses country level population projections
and an assumption of slow convergence in country scale income levels and emission factors within



289
290
291
292

293

294
295

296

297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314

315
316

317

318
319
320
321
322
323

regions. Country-level emissions values were subsequently downscaled to a 0.5x0.5 degree grid by
changing all grid cells within a country proportionally (see also Figure 4). These downscaled emission
sets can be used as input to chemical transport models allowing the calculation of ambient
concentrations.

3. Scenario results

The scenario results show a rather broad range of different development trajectories in terms of air
pollutant emissions. Below we discuss the results for individual pollutants.

3.1 Greenhouse gas emissions (CO, and CH,)

In this study, CO, and CH, emissions are affected only by climate policy. This implies that air pollution
policies do not have an impact on energy demand (e.g. through implementation of end-of-pipe
measures). In the baseline scenario (without climate policy) total anthropogenic emissions of CO,
and CH, increase almost 300% and 90% by 2100 respectively, compared to 2005 levels. Energy
system CO, and CH, emissions increase by about 300% (see also Van Vliet et al., 2012). In contrast, in
the 450 ppm scenario, substantial reductions are needed: total greenhouse gas emissions peak
before 2020, are lower by around 50% in 2050 compared to 2005, and are slightly above zero by
2100. While total energy system CH, emissions are reduced by about 50% (see Figure 1), the CO,
emissions are in fact reduced more than total greenhouse gas emissions and become negative in the
latter half of the century by using BECCS (bio-energy with carbon capture and storage). CH,; emission
reductions in the energy sector are realized predominantly by fuel substitution while agricultural
emissions are reduced by introducing measures affecting enteric fermentation and emissions from
animal manure. In the model, a rapid transformation of the energy system to a low-carbon system is
achieved via a global carbon price, reaching a level of 325 USD/tCO,-eq in 2050. The changes in the
energy system include: implementation of energy efficiency, substitution of high with low carbon
fuels and rapid introduction of zero-carbon technologies, including renewables, nuclear, and CCS
(carbon capture and storage).
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Figure 1 — CO, and CH, energy system emissions for the baseline (BL) and climate policy scenarios
(450), independent of air pollution policy assumptions.

3.2 NOyx emissions

Transportation and electricity generation are the most important sources of NOy. Reduction of NOy
emissions can be achieved by fuel switching, efficiency improvement, and implementation of
measures involving catalytic reduction; the latter being most efficient for both mobile and stationary
sources. Without further application of such measures, NOx emissions are expected to increase
rapidly — as depicted by the ‘frozen emission factors’ baseline (BL FRZ) scenario.

~——BL
450
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The baseline scenarios (i.e. those without climate policy) show a wide range of possible NOyemission
trajectories. The MFR scenario would result in 60% global emissions reduction compared to 2005
levels in the next decades, which is consistent with the results also found by Cofala et al.
(2007).However, emissions within the current legislation scenario (CLE) are expected to remain
relatively stable up to 2030 (see Figure 2). One important reason for this is that the further
introduction of emission reduction technologies and measures (e.g. stricter emissions standards in
the transport sector) is counterbalanced by the rapid growth of fuel consumption, especially for
power generation. Eventually, this leads to a rebound of the emission trajectory indicating that
further legislation, beyond implemented in the CLE scenario, would be needed to constrain the
emissions. In contrast, in the Kuznets (CLE KZN) scenario emissions remain more-or-less constant
before decreasing after 2050 at a global scale as a result of declining emissions factors that
counteract the growth in activities. Only in the second half of the century emissions decline due to a
slowdown in the growth of activities. Also, the relative share of the transport sector emissions
decreases after 2050 significantly from almost 50% of energy emissions to a value between 2% and
14%, depending on the type of air pollution policy.

For scenarios with climate policy, a decline in NOx emissions is observed. For the 450 CLE scenario,
emissions in 2030 are reduced by almost 40% compared to 2005 and they are lower by about 25%
compared to the CLE scenario without climate policy. Also, NOx emissions peak earlier through
systemic changes in the energy system. These systemic changes, such as fuel switches, a transition
to alternative fuel vehicles and an increased use of renewable energy, induced by climate policy
result in an overall decline of emissions. Thus, differences between the various air pollution
scenarios become less pronounced. In general, in the power sector a 10% reduction in CO, emissions
leads to a 5% reduction in NOy emissions. The available data also suggests that this ‘co-benefit’ ratio
is somewhat reduced on the long term, i.e. lower NOy reduction for a given reduction of CO, (Van
Vuuren et al., 2011a).

The strongest reductions (in the long term) are achieved under a combined climate and air pollution
scenario. The impact of climate policy under current air pollution policies is a reduction of NOy
emissions to 10 Tg N/yr — almost a third of the current level. Trends may differ regionally; developed
regions show declining levels of NOyx emissions in the absence of further policies, while at the same
time many other regions exhibit large increases in emissions. For the latter, either very strict air
pollution policies (MFR KZN) are required or a combination of climate and air pollution policies (450
CLE KZN) to reduce NOy emissions below current levels in 2050 (see Figure 4), whereas India and
some African regions reach levels lower than in 2005 under very strict air pollution policies.
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361 Figure 2 — global NOx emissions; upper panels — energy and industry emissions, with air pollution only
362  scenarios on the left and climate policy combined with air pollution policy scenarios on the right;

363 lower panel — energy, industry and land use emissions for 2005, and scenario emissions for 2050 and
364 2100, influenced by climate and air pollution policies.

365 3.3 50, emissions

366  For most regions, the energy sector is a key source of SO, emissions. However, industrial combustion
367  and processes, refineries and in some regions transportation can have significant shares. All

368  scenarios where some form of climate or air pollution policy is included show a rapid reduction in SO,
369  emissions until 2030 (see Figure 3), although the CLE scenario shows an increase in emissions

370 thereafter, as emissions factors do not decline further after 2030. Climate policy, on the other hand
371 has a lasting and relatively strong impact on reducing SO, emissions. Data from a set of scenarios
372  from different models suggests that in the context of climate mitigation, on average a 10% reduction
373 in CO, emissions also leads to a 10% reduction in SO, emissions (Van Vuuren et al., 2008); this is

374  confirmed by the scenarios in this study. The strongest reduction of SO, emissions is achieved mainly
375 in the power sector, in particular by the progressive phase-out of coal power plants. SO, emissions
376  are also reduced with the introduction of plants with CCS, as flue gas desulphurization is required in
377 such plants.
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Figure 3 — global SO, emissions; upper panels — energy and industry scenarios, with air pollution only
scenarios on the left and climate policy combined with air pollution policy scenarios on the right;

lower panel — energy, industry and land use emissions for 2005, and scenario emissions for 2050 and
2100, influenced by climate and air pollution policies.

The fall of SO, emissions in the climate policy scenarios is stronger than in air quality policy scenarios
where only end-of-pipe measures are implemented. The results also demonstrate that emission
differences that result from the use of different emission factors, corresponding to a range of air
pollution control policies, in the context of climate policy have a relatively small impact, specifically in
the long term. At the end of the century, SO, is reduced in several scenarios to nearly zero.
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Regionally, the projected increase in SO, emissions in the absence of additional policies (BL FRZ) —
specifically in India and China — can be abated by a combination of air pollution and climate policies,
while for some developed regions a decline from 2005 levels is projected even in the absence of
additional policies. In India SO, emissions increase even under air pollution policies (BL CLE KZN),
whereas climate policies reduce emissions significantly (see Figure 4).
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401 Figure 5 — global NMVOC emissions; upper panels— energy and industry emissions, with air pollution
402 only scenarios on the left and climate policy combined with air pollution policy scenarios on the right;
403 lower panel — energy, industry and land use emissions for 2005, and scenario emissions for 2050 and
404 2100, influenced by climate and air pollution policies.

405

406  Inindustrialized countries, anthropogenic NMVOC emissions originate mainly from the transport and
407  industry sectors, more specifically from solvent use. In developing countries with high use of solid
408  fuels for cooking, the residential sector is an important contributor to NMVOC emissions followed by
409  transport. The source structure might change quickly as transport emissions can be effectively

410  controlled and growth in chemical industry and personal wealth will drive solvent use related

411 emissions, see for example recent developments in China (Wei et al., 2008) and India (Sharma et al.,
412 2015). Globally, the majority of NMVOC emissions, however, originates from natural sources, e.g.,
413  forests but also open biomass burning.

414

415 Global NMVOC emissions are expected to decline (except in the BL FRZ case) until 2030 by 25% to
416  over 60% compared to 2005, depending on the implemented policies . However, in absence of

417  further air quality policies, emissions increase again until 2060 (Figure 5). After 2060, higher oil prices
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and a transition to a service-based economy drive a reduction in oil use. This reduction causes
NMVOC emissions to decline, independent of climate or air pollution control policies. Assuming
neither climate nor further air quality policies beyond 2005 (BL FRZ), the emissions increase from 150
Tg VOC/yr in 2005 to around 220 Tg VOC/yr by 2060, while with climate policies (450 FRZ) the
NMVOC emissions more-or-less stabilize at the current level. Obviously, relatively the largest impact
of climate policies is expected for cases with little additional air quality legislation, owing to a
decrease of losses and the large contribution of transport emissions which can be effectively reduced
by bringing down reliance on oil. Additionally, air pollution policies can reduce emissions further
through end-of-pipe technologies. The analyzed scenarios suggest that the most stringent
combination of climate and air quality policies could reduce emissions of NMVOC by nearly 75% by
the end of the century.

3.5 CO emissions

In general, about half of anthropogenic CO emissions originates from incomplete combustion in the
residential and commercial sectors and one-third from road transport. As for NMVOC emissions, the
reduced use of oil after 2060, cause the CO emissions to decline independent from climate policy or
air pollution control policies. In general, air pollution policies have a relatively strong impact on CO
emissions (Figure 6).

In the CLE scenarios, the decrease of EFs will result in a continued decline of global emissions, leading
to 25% reduction by 2030 compared to 2005. This decoupling between economic growth and CO
emissions is related to the declining use of coal and fuel wood and to further reductions of emissions
from vehicles. The introduction of alternative propulsion systems for vehicles could also lower the CO
emissions further (Dorado et al., 2003, Chang and McCarty, 1996). The introduction of climate policy
has a similar impact as for NOy and SO,. However, at the end of the century a larger share of
emissions remain, partly because a larger share of emissions originates from land use change.
Although these emissions only represent a small share of the total at the moment, reduction of CO
emissions from the energy system and industry implies a much larger share for land-use change
emissions at the end of the century.
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448 Figure 6 — global CO emissions; upper panels — energy and industry emissions, with air pollution only
449  scenarios on the left and climate policy combined with air pollution policy scenarios on the right;
450  lower panel — energy, industry and land use emissions for 2005, and scenario emissions for 2050 and
451 2100, influenced by climate and air pollution policies.

452 3.6 Carbonaceous particles - BC and OC emissions

453 Uncertainties surrounding black carbon (BC) and organic carbon (OC) emissions are large (Bond et al.,
454 2013, Granier et al., 2011, Lamarque et al., 2010, Dentener et al., 2006, Bond et al., 2004). Contrary
455  to SO, or NOy, a significant share of the emissions originates from open biomass burning, especially
456  for OC. For anthropogenic sources from the energy system, emissions from combustion of solid fuels
457 (biomass and coal) for cooking and heating and diesel fuel in the transport sector are among the

458 largest contributors worldwide. In our scenarios, BC and OC emissions are strongly influenced by 1)
459 policies and trends in fuel use in the residential sector, 2) reduction of deforestation rates and 3)
460 introduction of air pollution policies in transport sector (see Figure 7). Furthermore, especially in
461 developing regions, dedicated policies to introduce a fuel switch from traditional biomass to cleaner
462 energy sources or further electrification can significantly increase early reductions in the residential
463 sector.

464

465 For BC, if no further air quality measures are taken (BL FRZ scenario) BC emissions are projected to be
466  30% higher in 2030 than in 2005. The important reductions brought by air pollution scenarios (CLE
467  and MFR) are achieved in the residential sector by improved efficiency of appliances (stoves) and
468 policies in the transport sector (diesel particulate controls). Some additional reductions are also

469 achieved as a result of a fuel switch, i.e. move from traditional biomass and coal to modern clean
470  energy sources for cooking and heating.

471

472 In our scenarios OC follows more or less the same temporal development as BC, although it should
473 be noted that even if current legislation is implemented, emissions remain relatively high towards
474  the middle of the century (see Figure 8). Implementation of stringent air pollution control and

475 climate policy (450 MFR KZN) could reduce BC and OC emissions related to combustion of fuels

476  substantially.

477
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Figure 7 — global BC emissions; energy and industry emissions with air pollution only scenarios on the
left and climate policy combined with air pollution policy scenarios on the right.
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left and climate policy combined with air pollution policy scenarios on the right.

4. Co-benefits of climate policy on air pollution control: impact on air pollutant emissions

Implementation of a combined set of climate and air pollution policies affects air pollutant levels in
different ways; the co-benefits and resulting air emission trends from 2005 to 2100 are discussed
here. Figure 9 summarizes the results for NOy, SO,, CO and VOC by plotting the emissions as a
function of time (panel a-c) and as a fraction of the BL-FRZ scenario versus the reduction of CO,
emissions (panel d). For 2050, the co-benefits of climate policy are presented in Figure 9d, where
future air pollution policy would move emissions along the y-axis only, while climate policy would
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move emissions jointly across the x-axis and y-axis, depending on the level of coupling between
climate and air pollution policies.

Reduction values near the diagonal line imply that they are reduced almost at the same rate as CO,
indicating a strong coupling. The figure clearly shows that future air pollution policies can benefit
from climate policies in reducing air pollutant emissions. SO, reductions profit the most from climate
policy (see Figure 9), reducing nearly two thirds of 2005 emission levels without air pollution control
measures (450 FRZ). SO, emissions could drop to levels close to zero by 2100 by a combination of
climate policies with strict air pollution policies (450 CLE KZN and stricter scenarios). Roughly, a 10%
reduction in CO, emissions leads to a simultaneous reduction of SO, emissions by 10%.

NOy emission reduction also benefits from climate policy, but to a lesser extent: here, emissions
levels in 2100 could decrease by 40% due to climate policy alone (450 FRZ) compared to 2005, while
an even larger decrease in emissions is realized with respect to a business as usual scenario (BL FRZ)
of over 45% by 2050. In contrast, an incremental improvement of current air pollution policies (BL
CLE KZN) leads to an emission decline by more than 50% compared to 2005 levels. Similar to SO,, a
combination of climate mitigation and strict air pollution policies (e.g. 450 CLE KZN) would reduce
emissions more substantially (see also Figure 2).
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Figure 9 - BC, NOyx, OC, SO,, VOC, and CO energy and industry emissions over time relative to 2005
emission levels. Lower right figure depicts the co-benefits of climate policy by comparing relative CO,
emission levels to air pollutant emissions in 2050.

Solvent use is an important source of NMVOC emissions and becomes the dominating source by
2100. Introducing climate policy has only a modest effect on mid-century emissions, but a stronger
impact by the end of the century. The high level of emissions can be attributed to an increase in the
chemical industry, and use of paint and personal products, especially in the developing world. Air
pollution policies beyond current legislation are projected to be essential in reaching low NMVOC
emission levels, by reducing industrial sources.

The significant decrease in oil use in the second half of the century has important implications for
emissions of NMVOC, CO, but also BC and OC, leading to their decline. Such a development in the
baseline leads to a smaller effect in mitigation potential for climate policies and stricter air pollution
policies. Also, an important switch away from solid fuels for cooking and heating, reducing BC and OC
emissions.

The scenarios that strengthen the air pollution policies after 2030 (CLE KZN and MFR KZN) show the
largest effects toward the end of the century, as the EFs have then declined the most with respect to
those in an MFR scenario. Strengthened air pollution policies can bridge the gap between emission
reductions of the very strict (MFR) air pollution scenarios and those implementing current legislation.
Combined with climate policies, the resulting reduction can become more or less equal (for NOx and
CO) or surpass (SO, and NMVOC) those under very strict air pollution policies.

5. EDGAR and GAINS comparison

In this study, the historic 2005 emission factors originate from the EDGAR v4.2 database while the
activity levels are based on the IMAGE model. For the period up to 2030, emission factors are based
on the GAINS scenarios. Therefore, here we compare the absolute emission levels of IMAGE to these
original sources, i.e. for the historical period with the EDGAR v4.2 emission inventory, and for the
future period with the GAINS projections for the ECLIPSE V4a scenario (Klimont et al., in preparation),
see Figure 10.

In principle the comparison shows similar emissions in TIMER and EDGAR v4.2, with differences of 5%
- 20%. One cause of these differences is that in IMAGE, activities are already simulated in the 1970-
2005 period, leading to some differences with reported activity data (see e.g. van Ruijven et al.,
2009). Differences are relatively small on the level of total primary energy consumption, but are
typically of the same order of magnitude (5-20%) at the sector/energy carrier level. The differences
between EDGAR v4.2 and GAINS are of a similar order. The comparison of the IMAGE and GAINS
scenarios shows that for several components both scenario sets lead to comparable results. However
for BC and CO emissions, about 10% of the emissions could not be attributed to an IMAGE emission
source category. For OC this factor is about 17% of total emissions. These unattributed emissions are
included in the GAINS emission levels in Figure 10. Furthermore, the differences between EDGAR and
GAINS are a result of different emission factors used, but also because of large uncertainties in
estimates of activities and emissions from solvent use, biomass use and cooking. GAINS also includes
a number of sources that are not part of EDGAR v4.2, specifically high-emitting vehicles, residential
trash burning and kerosene wick lamps. These are especially important, to varying extent, for NOy,
CO, BC, and OC, explaining at least partly higher GAINS estimates (Klimont et al., in preparation).



558 Moreover, variations in the underlying economic data play a major role in explaining the differences
559 including uncertainties in economic activity levels, fuel choice and characteristics of the technology
560  considered.
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562  Figure 10 - IMAGE-TIMER energy emission scenarios (MFR and CLE) for 6 air pollutants, excluding
563 international shipping and aviation. TIMER emissions are compared with historical (1970 — 2005)
564 EDGAR v4.2, 2000 — 2050 Gains CLE and 2030 - 2050 Gains MFR emissions
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6. Discussion and conclusions

The scenarios presented in this article explore a wide range of future air pollution trajectories, with
a regional to global long-term perspective. The scenarios systematically explore two key
uncertainties: the stringency of climate policy and the stringency of air pollution control. The
resulting range of emission trajectories is much wider than the original RCPs. This range — including
the description of underlying assumptions — makes the scenario set attractive for exploring the
impacts of air pollution control, in conjunction with climate policy. The purpose of developing this
wide set of scenarios was to respond to three limitations of currently available scenarios: limited
exploration of the full range of possible air pollution futures (as in the RCPs), the rather short-term,
from the perspective of climate discussion, and often only regional or sectoral focus of air pollution
projections. The newly developed scenarios have made progress in these areas.

The developed scenarios have some limitations, specifically with respect to potential impact of air
pollution policies on land use, including agricultural waste burning. In some regions open burning of
biomass contributes strongly to local pollution episodes and would be targeted by air pollution
policy; such scenarios were not explored here. These limitations could be addressed in future work.
Furthermore, for specific regions, more detailed scenarios exist that provide finer spatial resolution
and a much more specific representation of policies.

The implementation of climate mitigation policies is highly relevant for air pollution control, due to
important co-benefits between climate policy and reduction of air pollutant emissions. Especially
for some species (SO, and NOy), climate policy may result in substantial co-benefits. This is for
instance illustrated by the fact that implementing stringent climate policies can reduce emissions of
these species further than even the most tight air pollution policies in place. The combination of air
pollution and climate policy could form an effective strategy for reducing emissions, especially in
Asian regions now characterized by very high emission levels.

After 2030, additional policies that go beyond current policies are necessary to avoid an increase in
air pollutant emissions. The implementation of a CLE scenario is expected to halt the growth and
stabilize global emissions towards 2030 for most of the species (NOy, BC, OC, CO, VOC) and generate
substantial decreases for SO,. At the regional level, developments are more diverse. The maximum
feasible reduction scenario would result in a more than 75% reduction in 2030 compared to the 2005
emissions of NOy, SO, and CO. However, unless stricter controls after 2030 are enforced, emissions
might start to increase again, primarily for SO, and NOy, due to increases in activity levels induced by
population and GDP growth. Alternatively, introduction of ambitious climate policies could help in
reversing these trends.

In the period after 2030, the simulations are based on the assumed relationship between economic
growth and emissions factors. There is substantial evidence that wealthier societies tend to
introduce more stringent air pollution control policies, at least for some pollutants (e.g. trends are
observed for SO,, but not for CO,). There is substantial debate on the question whether income can
be seen as a real driver of this process (or instead policy interventions) and whether the observations
for some income levels and species can be applied more universally. Here, we have used income to
derive possible trajectories for future emission factors. However, it is not implied that such emission
factor improvements will be implemented automatically; rather they need a well-designed and
targeted multi-pollutant policy.

In the context of climate policy, stringent air pollution control policies are most relevant by mid-
century. Towards the end of the century air pollutant emissions strongly decrease given the shift
towards renewable energy and significant improvements in energy efficiency. Mid-century maximum
feasible reduction policies can have a considerable impact. To reach ambitious air pollution control
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targets during the century, strict air pollution control policies are required also in a world with
effective greenhouse gas mitigation policies in place. The most promising perspective to reach low air
pollutant levels would be combining important reductions of CO, and other long-lived greenhouse
gases, with accelerated action on air pollutants.
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provided the sectoral Implied Emission Factors from 1970-2008 for the 26 IMAGE regions that were
used for model calibration. Data availability via ECCAD (http://eccad.sedoo.fr) platform under the
scenario family PBL-PEGASOSv2.
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The co-benefits of future climate and air pollution policies are assessed

A wide range of emission trajectories explores policy co-benefits

Climate mitigation policies are found highly relevant for air pollution control
Strengthened air pollution policies can offset growth in future air pollutants
Carbon-intensive Asian regions benefit from joint air pollutant and climate policy



