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Figure 5.1  Costs and benefits of CBALL scenario
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Figure 5.1 shows the changes in emissions in the CBALL compared to the GCC50 scenario (and 
not BAU). EOP abatement leads to greater reductions in emission of SO2, NOx, NH3, and PM at the 
expense of the stringent CO2 abatement effort in the GCC50 case. As stated above, the higher 
CO2 emissions and the lower SOx emissions to reduce the PM2.5 concentration increase global 
warming slightly. Hence, compared to the GCC50 scenario, there is less expenditure on energy 
and more on EOP abatement leading to slightly increasing climate damage offset by a larger 
reduction in LAP damage.

5.2	 Relevance of policy design in climate policy for the co-benefits

The interactions between CO2 emissions trading and air pollution policies are discussed. The 
marginal costs of abatement of the three variants are presented in Table 5.1.

The BASE case assumes a carbon price in Western Europe to meet emission targets in 2020 and 
2050. These targets are 20%, 50%, and 80% reduction on 1990 emissions in 2020, 2050, and 
2100 respectively. Japan and EEFSU start with a lower carbon price in 2020 than in Western 
Europe, but the price increases by 2% per year.. USA and CANZ also start with a lower carbon 
price which increases by 1.5% per year. The other non-Annex I countries start at US$ 75 (2000) 
per tonne of carbon in 2030, and increases by 1.5% per year up to 2050. Beyond 2050, the 
carbon price increases by 2% per year in all regions, except Western Europe.

The following two cases give insight into the co-benefits and the policy design of permit prices.
The first is an alternative to the 1.	 BASE case and assumes a theoretical global emissions trading 
system with permits allocated according to emissions in the BASE case (GTBS).
The second is the 2.	 GTALL and is the same as GTBS but in this simulation the air pollution 
externality is fully internalised in the regions’ decisions.

Figure 5.3 illustrates the impacts of the BASE case, GTBS, and GTALL to support the argument 
that policy design is relevant to estimates of co-benefits. The information concerns discounted 
changes in the flow of costs and benefits of the policy variants compared to the BAU. The 
compliance costs measure the discounted changes in annual consumption (and not GDP as in the 

Table 5.1  Carbon prices and shadow prices of air pollution in different variants 

Variant name Year usa weur japan canz eefsu china india mopec Row

Carbon Prices in 2000 US$ / tC

BASE 2020 84 342 87 88 75 75 75 0 0

2050 132 615 136 159 136 117 117 101 101

GTBS 2020 57 57 57 57 57 57 57 57 57

2050 187 187 187 187 187 187 187 187 187

GTALL 2020* 0 0 0 0 0 0 0 0 0

2050 71 71 71 71 71 71 71 71 71

Air Pollution Prices in thousands 2000 US$ / (µg/m3 PM2.5)

GTALL 2020 31 34 13 3 3 7 3 3 18

2050 66 57 18 6 11 31 19 15 69

Note: * the carbon price in 2020 in the GTALL is zero, because CO2 emissions decline below the level of the BASE case 
(synergy from simultaneously tackling air pollution and climate change).
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previous chapters) over the entire time horizon in trillions of US dollars at 2000. Likewise, the 
benefits of the policies concern the discounted sum of annual changes in damage associated with 
either LAP or GCC compared to the BAU scenario. The discount rates in these calculations are 4% 
in 2000, linearly declining to 2% in 2100.

The costs in Europe vary in each of the three variants. If Europe aims to comply with the 
-20%, -50% CO2 emission targets, energy-intensive industries can pass on the higher costs of 
production. A terms-of-trade gain is the result that reduces the mitigation costs. The CO2 emis-
sions in China will be lower than in the BAU scenario, and hence mitigation costs are signifi-
cant. However, the air pollution and climate benefits are almost zero as opposed to significant 
numbers in the Climate Change window (Chapter 3) and Air Pollution window (Chapter 4). 
The reason is that the CO2 eq. emission reduction is 50% lower than in the GCC50 case, with 
emissions by 2050 in the GCC50 case about one-third of the BASE case. LAP concentrations are 
little affected because emissions are only reduced from large point sources that have a relatively 
small impact on LAP exposure. Then the argument of catching up on the monetised benefits of 
prevented damage is less pronounced and decline to zero.

The GTBS case lowers the co-benefits more than the decline in mitigation costs. The reason is 
twofold. Firstly, increasing mitigation efforts in the poorer Southern countries, which are paid 
by the Northern countries, reduce the burden of mitigation for the northern countries. Hence, the 
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small loss in consumption becomes a gain in consumption in Western Europe because terms-
of-trade gains are smaller than in the BASE case, but expected to be greater than zero. Secondly, 
the mitigation costs decline in Europe because smaller CO2 emission reduction are paid for, 
for example in China. However, the host countries gain from emissions trading, although as 
illustrated in Figure 5.3, there is little change in consumption in China.

The GTALL case boosts the prevented damages related to air pollution in all regions. In Europe, 
the costs may increase to almost US$ 2.5 trillion (2000) but will be smaller globally. The extra 
costs compared to the BASE case result from the net impact of gains from emissions trading 
and the allocation of resources to end-of-pipe abatement measures. However, the benefits of 
prevented air pollution damage will be greater in Europe and in other OECD counties.

The discounted impacts of the three variants are presented in Figure 5.3. In the GTBS case, the 
OECD region changes from a net-importer of CO2 permits to a net-exporter in the GTALL case, 
and vice-versa for China and India. The reason is that simultaneously tackling the adverse 
impacts of climate change and air pollution is more likely to occur in richer countries with 
resources to do so. The synergy of both environmental issues in the rich OECD countries 
magnifies the CO2 abatement, and hence results in a zero price for carbon in 2020 as the demand 
for permits declines.

In Europe as well as in other OECD countries, there are additional losses in consumption from 
higher abatement costs but these are more than outweighed by the prevented pollution damage. 
The world can generate a lock-in to energy extensive consumption patterns (in the coming 20 
years under BAU, the demand for energy-intensive goods is dominated by the OECD). Hence, 
China also turns the consumer losses to gains in the GTALL case. The simulations show that 
in China – at least up to 2050 - production declines with lower investments by expanding on 
consumption that only beyond 2050.

Thus, the policy assumptions of climate mitigation are important. Emissions trading without 
any additional LAP policy response may yield lower co-benefits. The CO2 emission reductions 
are moved to areas that yield less LAP benefits, that is abatement is moved from transport in the 
OECD region to the electricity sector outside the OECD. However, if there are also LAP policies 
that fully internalise the regional externality in the prices of goods, more CO2 emission reduc-
tions may be yielded in high-cost abatement countries (OECD countries where VSL is five to ten 
times higher than in countries outside the OECD. Hence, there are many more synergies with 
LAP policies in the OECD countries. The synergy is driven by unresolved externality of LAP that 
increases extra CO2 abatement. The drive to pursue extra CO2 abatement is magnified by the 
chance to switch resources from EOP abatement of LAP to extra CO2 abatement. OECD countries 
may become net-exporters of CO2 permits, whereas CO2 abatement is much cheaper in non-
OECD countries.



Co-benefits of climate policy	 PBL

50



Sensitivity analysis  6 

51

6	 Sensitivity analysis

Co-benefits and incentive power of the GCC50 variant are evaluated against the following alter-
native assumptions:

High Value-of-Statistical Life (VSL)
In the literature, there are indications that VSL should reach higher values (doubling the base 
case). Assumptions regarding VSL are the key to cost-benefit analyses. The upper limit is US$ 2.1 
million, corresponding to the estimate for VSL in the USA (US-EPA, 1999). 12)

Using these higher VSL values gives a reason to spend more on EOP emissions abatement in the 
CBALL variant so that more LAP damage is prevented. The synergy of tackling both externalities 
increases and hence reduces the global optimal CO2 eq. emission from 6.3 to about 6 Gt CO2 eq.

Accounting for the co-benefits of preventing LAP from climate policy and considering the oppor-
tunity costs of the same physical benefits within the regions gives an indication of the incentive 
power of co-benefits to join a GHG mitigation strategy. The incentive power at global level from 
the climate perspective will change little as the benefits from LAP policy are the same but the 
costs are much lower than the climate policy. Only in China are there fewer disincentives to 
participate the GCC50 abatement coalition. In 2050, the incentive power increases from minus 
4.6 to minus 4.2% of GDP.

Value-Of-LifeYears (VOLY) approach
The synergy of tackling both externalities reduces and hence increases the global optimal CO2 
eq. emission level from 6.3 to 7.5 Gt CO2 eq. Accounting for the co-benefits of preventing LAP 
from climate policy and considering the opportunity costs of achieving the same physical bene-
fits within the regions gives an indication of the incentive power of co-benefits to join a GHG 
mitigation strategy. The incentive power globally from the climate perspective will change little 
as the benefits from LAP policy are the same but costs are much lower than the climate policy. 
Only in China are there more disincentives to join the GCC50 abatement coalition. In 2050, the 
incentive power increases from -4.6 to -4.7% of GDP.

Impact of various health end points on premature deaths
In this study the effects of air pollution on health has been derived from epidemiological studies 
that showed a relationship between total mortality and particulate matter in air. Epidemiological 
studies also found significant correlation with other health points, such as the effect on cardio-
vascular diseases, lung cancer and pulmonary infection by children under 5 years. The number 
of deaths derived from the relation with cardio-vascular diseases shows, on the average higher 
values at low concentration and lower values at high concentration. Also in space and time the 
ratio with the outcome of total mortality differ, in 2000 the percentage of people dying from 
cardio-vascular diseases varied from 16% (Africa) till 42% (North-America), these percentage 
are expected to convergence and grow gradually, by 2150 this results in percentages between 
41% (Africa) and 48% (North-America). On the average the number of calculated deaths are the 
same order of magnitude, although a higher number in OECD countries and somewhat lower in 
the rest of the world.

12 	 This ‘environmental’ VSL is one-third of the total VSL and the same rule is adopted as applied in Holland et al. (2004).
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Lower income elasticity
Income elasticity of 0.5 as apposed to 1 implies high VSL for low-income countries, but lower 
VSL over time. VSL for non-OECD countries is much higher, and increases by a factor of 2.5 to 
4. But over time, VSL does not rise as rapidly as assumed in the base case, and in non-OECD 
countries, is 25 to 40% higher than the base case. In China, VSL is 25% higher than in the BASE 
case. As already stated, doubling the VSL has little impact on incentive power. There could be an 
impact in China, but then again 25% is much lower than VSL high. Hence, there is no impact on 
the incentive power.

Higher discount rate
Higher discount rate are in line with marginal productivity of capital. One of the main reasons 
that in all the sensitivity scenarios the prevented damage (or benefits) from GCC policy is signifi-
cantly lower than those from LAP policy is that GCC is intrinsically a long-term problem. Both 
climate damage and the effects of climate change mitigation only become manifest in the long 
term, and are thus discounted accordingly, at a rate that determines the present-day valuation of 
these impacts.

The consequences of two opposing views on discounting were explored. The utility discount 
factor, used in the goal-function of the maximand, is the difference between the Marginal 
Productivity of Capital (MPC) and the per capita growth rate of GDP. In the base case, a prescrip-
tive view of discounting is adopted, with a MPC of 4% in 2000 that declines linearly to 2% in 
2100 (see Weitzmann, 2001). For the descriptive case, a value of 5% declining to 4% in 2100 
for MPC is assumed. Switching to this descriptive approach, reduces the importance of long-
term GCC damage, and thus reduces climate change mitigation. The discounted damage of LAP 
will also be lower but becomes more important than energy switches to a low-carbon economy. 
Overall, by 2050 emissions will increase to about 7 Gt CO2 eq. (as opposed to 6.3 Gt CO2 eq.). 
There are no impacts on the incentive power as presented in this report because discounting 
does not play a role in this variable.

Adding an externality related to energy security
There is disutility associated with the damages from GCC, LAP, and low values of energy related 
SOS. This is shown by the following relation expressing the objective function (maximand) of the 
total problem, being the Negishi-weighted discounted sum of utility:

( )∑∑
t

t,rt,rt,rt,rt,r
r

r CSFEun log ,	 (8)

with n representing the Negishi weights, u the utility discount factor, E the disutility factor asso-
ciated with GCC, F the disutility factor associated with LAP, and S the disutility factor associated 
with damages from a low SOS.Finally, the argument S is added to account for disutility, associ-
ated with a low energy related SOS:

∑
∈

−=
},{

,,, 1
gasoilf

rtfrt IMPS ,	 (9)

in which IMP is the penalty function for oil and gas, resembling the willingness-to-pay in order 
to avoid a lack in SOS (% consumption) related to one of these types of energy. A low value for 
oil and gas security translates into high values for IMP and lower values for S.
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Analytical supply-of-security expressions can be added to the model for oil and gas (for an 
extensive analysis of this issue, see Bollen (2008). Adding this energy-security externality 
causes a delay in global demand for oil in scenarios without explicit climate change and air 
pollution policy. Even so, oil resources are eventually completely depleted in this case. With 
additional climate change policy, oil resources do not deplete, and when complemented by 
air pollution policy (CBALL variant), reserves of oil remain larger. There is a 20% reduction 
in cumulative demand (over the coming 150 years) for oil compared to the CBALL variant. 
Emissions decline to 6 Gt CO2 eq., which is close the  climate ambitions of G-8. In the 
mid-term, there are substantial CO2 emission reductions in the OECD region. This is induced 
by energy exporters, expanding on combustion of their own abundant (and cheaper) gas and oil 
resources. In turn, this implies that energy importing regions increase CO2 emission reductions, 
thus minimising the damage caused by climate change.
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7	 Conclusions

Two major interrelated environmental policy issues with significant transboundary aspects are 
global climate change and local air pollution. These issues are extensively discussed in the 
international political arena: the first notably in the United Nations Framework Convention 
on Climate Change (UNFCCC), and the second in for instance the United Nations Economic 
Commission for Europe’s task-force on Long-Range Transboundary Air Pollution (UNECE-
LRTAP).

Emissions from combustion of fossil fuels contribute significantly to global climate change 
and local air pollution. Options to mitigate these environmental problems are typically chosen 
to address each exclusively. For example, to achieve emission reductions of SO2, NOx, NH3, or 
particulates, end-of-pipe abatement techniques are used which are dedicated to these respec-
tive effluents and not to the mitigation of the greenhouse gases (GHG). Their application thus 
only contributes to diminishing local air pollution and not global climate change. Alternatively, 
one of the ways to reduce GHG emissions is to equip fossil-fuel power plants with CO2 Capture 
and Storage (CCS) technology. This technology only addresses this greenhouse gas and usually 
not emissions of air pollutants. CCS equipment installed in isolation, therefore, alleviates global 
climate change but not local air pollution. Still, policies to limit transport emissions and conges-
tion will also improve air quality, and have positive effects on GHG emissions.

The analysis here aimed to determine the extent to which co-benefits of climate mitigation poli-
cies offer economic incentive for countries to participate in a global agreement to mitigate GHG 
emissions by addressing the extent to which mitigation cost can be compensated by co-benefits. 
While the analysis was restricted to outdoor air pollution (indoor air pollution was excluded), 
the analysis shows that the co-benefits, in either physical or monetary terms, are substantial 
and increase over time. However, in the coming 20 years, the co-benefits are larger for OECD 
countries than for non-OECD countries. From 2050 onwards, the air quality improvements from 
a global cost-effective GHG mitigations strategy also outside the OECD generate rapidly rising 
co-benefits. Further, the cost of climate policy appears to be high compared to air policies that 
also yields high benefits, thus indicating that the “incentive power” of co-benefits (to participate 
in a climate mitigation agreement) is not very great.

The reason is that in the OECD, one of the major contributors to local air pollution is the combus-
tion of oil for transport use. Outside the OECD, income growth especially spurs the demand for 
coal for heating purposes, thus driving deterioration of air quality. However, a global effort 
to cost-effectively reduce GHG emissions in the next 20 years is likely be motivated by OECD 
countries through a reduction of oil, thus significantly affecting local air pollution. However, in 
non-OECD countries, GHG mitigation strategy will mainly affect demand for coal in electricity 
markets (“low-hanging fruit” options). Although this will significantly reduce CO2 emissions, 
it will be less effective in air quality improvement. The main reason is that in the BAU scenario, 
newly installed coal-fired power plants in these regions are likely have low emission intensities 
of the substances relevant for local air pollution anyway.

The co-benefits of air pollution policy, however, are potentially very large, and may yield large 
reductions in CO2 emissions if the adverse health impacts are significantly reduced worldwide. 
The co-benefits of policy simulations through one of the windows indicate the dilemma and the 
priority for environmental policy: global climate change versus local air pollution.
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The extent to which the adverse health impacts of local air pollution are reduced depends on the 
costs of emission abatement of substances affecting air quality, but also the benefits associated 
with prevented damage of these policies. The mitigation costs are for either application of end-
of-pipe techniques, and/or structural energy adjustments (partly making end-of-pipe techniques 
redundant). The prevented damage depends on the assumptions in valuing the physical improve-
ments. In this analysis, it is represented by the number of premature deaths prevented from 
chronic exposure to PM2.5 concentration.

A premature death from long-term exposure to PM2.5 concentrations is valued in Europe as 
US$ 1 million (with an income elasticity of 1 for other regions and future years). The integrated 
approach to tackle global climate change and local air pollution simultaneously may argue for 
substantial GHG emission reductions in the short and medium term. Hence, it is not argued to 
restrict energy policy-making today to the first priority of local air pollution control and to delay 
reduction of GHG emissions. Policies need to be designed to simultaneously address both issues, 
because the combination creates an additional climate change bonus. As such, climate change 
mitigation will prove to be an ancillary benefit of air pollution reduction, rather than the other 
way around.
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Appendix I  Main Assumptions

I.1 	 Assumptions related to Business As Usual (BAU) scenario

Table 1.1  Urban share of population UN projections medium variant (up to 2050)

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

usa 0.81 0.83 0.84 0.86 0.88 0.90 0.90 0.91 0.91 0.92 0.92

weur 0.73 0.74 0.75 0.77 0.78 0.79 0.79 0.79 0.79 0.79 0.79

japan 0.70 0.73 0.75 0.78 0.80 0.83 0.84 0.85 0.86 0.87 0.88

canz 0.70 0.71 0.72 0.73 0.74 0.76 0.76 0.75 0.75 0.75 0.75

eefsu 0.77 0.79 0.82 0.84 0.86 0.88 0.89 0.90 0.90 0.91 0.92

china 0.45 0.53 0.61 0.69 0.77 0.85 0.87 0.88 0.89 0.90 0.92

india 0.31 0.36 0.42 0.47 0.53 0.58 0.61 0.65 0.68 0.71 0.74

mopec 0.66 0.68 0.69 0.71 0.72 0.74 0.75 0.75 0.76 0.76 0.77

row 0.52 0.56 0.60 0.64 0.69 0.73 0.75 0.77 0.79 0.81 0.83

oecd 0.75 0.77 0.78 0.80 0.82 0.84 0.87 0.86 0.86 0.85 0.85

non-oecd 0.50 0.54 0.59 0.64 0.69 0.73 0.76 0.80 0.83 0.86 0.89

world 0.53 0.57 0.61 0.65 0.70 0.74 0.78 0.81 0.83 0.86 0.88

Table 1.2  Urban share of population UN projections medium variant (up to 2050) 

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

usa 0.81 0.83 0.84 0.86 0.88 0.90 0.90 0.91 0.91 0.92 0.92

weur 0.73 0.74 0.75 0.77 0.78 0.79 0.79 0.79 0.79 0.79 0.79

japan 0.70 0.73 0.75 0.78 0.80 0.83 0.84 0.85 0.86 0.87 0.88

canz 0.70 0.71 0.72 0.73 0.74 0.76 0.76 0.75 0.75 0.75 0.75

eefsu 0.77 0.79 0.82 0.84 0.86 0.88 0.89 0.90 0.90 0.91 0.92

china 0.45 0.53 0.61 0.69 0.77 0.85 0.87 0.88 0.89 0.90 0.92

india 0.31 0.36 0.42 0.47 0.53 0.58 0.61 0.65 0.68 0.71 0.74

mopec 0.66 0.68 0.69 0.71 0.72 0.74 0.75 0.75 0.76 0.76 0.77

row 0.52 0.56 0.60 0.64 0.69 0.73 0.75 0.77 0.79 0.81 0.83

oecd 0.75 0.77 0.78 0.80 0.82 0.84 0.87 0.86 0.86 0.85 0.85

non-oecd 0.50 0.54 0.59 0.64 0.69 0.73 0.76 0.80 0.83 0.86 0.89

world 0.53 0.57 0.61 0.65 0.70 0.74 0.78 0.81 0.83 0.86 0.88
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Table 1.3  Crude death rates (pro mills of population), based on PHOENIX (2004) 

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

usa 8.2 8.9 9.7 10.4 10.4 10.4 10.4 10.4 10.4 10.4 10.4

weur 11.0 11.0 10.9 10.9 10.8 10.7 10.6 10.6 10.5 10.5 10.4

japan 10.0 10.5 10.9 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4

canz 6.6 6.8 7.1 7.3 7.8 8.3 8.6 9.0 9.3 9.7 10.0

eefsu 12.3 12.3 12.3 12.2 12.2 12.2 12.1 12.1 12.1 12.0 12.0

china 7.6 8.2 8.9 9.5 11.0 12.4 12.4 12.4 12.4 12.4 12.4

india 8.6 9.9 11.1 12.4 12.4 12.4 12.4 12.4 12.4 12.4 12.4

mopec 5.5 5.5 5.5 5.5 5.6 5.6 6.9 8.2 9.4 10.7 12.0

row 9.6 9.5 9.4 9.2 8.9 8.7 9.7 10.7 11.8 12.8 13.8

oecd 9.7 9.9 10.2 10.5 10.5 10.5 10.9 10.8 10.6 10.6 10.5

non-oecd 8.7 9.0 9.3 9.6 9.7 9.8 10.6 11.4 12.3 13.2 14.0

world 8.8 9.1 9.4 9.7 9.8 9.8 10.6 11.4 12.1 12.9 13.6

Table 1.4  Indexed growth of exposure from urbanization and population dynamics (ageing+growth) 

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

usa 1 1.2 1.4 1.7 1.7 1.8 1.8 1.8 1.8 1.8 1.8

weur 1 1.0 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0

japan 1 1.1 1.1 1.2 1.2 1.1 1.1 1.1 1.1 1.2 1.2

canz 1 1.1 1.3 1.4 1.6 1.8 1.9 2.0 2.0 2.1 2.2

eefsu 1 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9

china 1 1.3 1.6 1.9 2.4 2.8 2.8 2.9 2.9 2.9 3.0

india 1 1.5 2.1 2.7 3.1 3.5 3.6 3.8 3.9 4.1 4.2

mopec 1 1.2 1.4 1.6 1.8 1.9 2.5 3.1 3.7 4.3 5.0

row 1 1.2 1.5 1.7 1.9 2.1 2.5 2.9 3.3 3.7 4.1

oecd 1 1.1 1.2 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3

non-oecd 1 1.2 1.5 1.8 2.0 2.2 2.5 2.8 3.1 3.4 3.7

world 1 1.2 1.5 1.7 1.9 2.0 2.3 2.5 2.7 2.9 3.2

Table 1.5  Emission Coefficients 

Technology Name Identification/Examples Costs in 2000 
$/GJ

Carbon (C.)
t/GJ

SO2

gr/GJ
NOx

gr/GJ
primPM

gr/GJ
CLDU Coal-direct use 2.5 0.024 0,3378 0,2177 0,1212

OIL-1-10 Oil 1-10 cost categories 3.0-5.3 0.020 0,1512 0,0349 0,0167

GAS-1-10 Gas 1-10  cost categories 2.0-4.3 0.014 0,0000 0,3518 0,0000

RNEW Renewables 6 0 0,0000 0,0000 0,0112

LBDN Carbon free: learning by doing 14 / 6 0 0,0000 0,0000 0,0000
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1.2 	 Air Pollution modeling

Table I.7 shows the values of exogenous parameters (see also chapter 2) mentioned in equation 
1 and 2 below.

The equations summarize the relation between the average yearly PM2.5 concentration in μg/m3 
in year t and region r:

∑
∈

=
Ss

rtst,r H  G ,, ,	 (1)

With s the index referring to the substances SO2, NOx, PM10, and NH3, and H the substance-
specific contribution to the regional yearly PM2.5 concentration, which is based on the weighted 
mean of urban and rural concentrations following equation (2):

	 ( ) ( )( )
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The values of α are derived from the 2000 emission situation and the modeled (EMEP, 2007) 
impact of these emissions on the PM concentration in WEU. Substances specific correction factor 
were introduced for each region to account for differences in meteorological situations and the 
average density (inhabitants/km2) of the urban population. Table I.7: shows the relative impact 
of 1 kg emissions per capita relative to primary particulate emissions, due to the relative slow 
conversion of SOx, NOx and NH3. The values for the regional level are in good agreement with 
de values used by de Leeuw (2002). The table shows that the urban increase of PM2.5 is domi-

Table 1.6  The characteristics of the technologies used in the BAU inside and outside the electricity sector and the 
differences between countries

Technology 
Name (earliest 
possible  year of 
introduction)

Identification/Examples Costs in 2000 
Mills/kWh

Carbon (C.)
Bn tons/TWH

SO2

Mt/TWh
NOx

Mt/TWh
primPM
Mt/TWh

HYDRO Hydroelectric and geothermal 40 0 0,0000 0,0000 0,0000

NUC Remaining initial nuclear 50 0 0,0000 0,0000 0,0000

GAS-R Remaining initial gas fired 36 0.14 0,0000 0,2572 0,0000

OIL-R Remaining initial oil fired 38 0.21 1,8744 0,3952 0,0108

COAL-R Remaining initial coal fired 20 0.25 0,9949 0,4198 0,0125

GAS-N (2010) Advanced combined cycle 13 0.09 0,0000 0,2304 0,0000

GAS-A (2020) Gas fuel cells + capture & 
sequestration

30 0 0,0000 0,0000 0,0000

COAL-N (2010) Pulverized coal without CO2 
recovery

41 0.20 0,0000 0,3472 0,0000

COAL-A (2050) Fuel cells with CCS - coal fuel 56 0.01 0,0287 0,0120 0,0003

IGCC (2030) Integrated Gasification + CCS 
- coal

62 0.02 0,0358 0,2259 0,0012

LBDE (2010) Carbon-free: learning by doing 100 / 50 0 0,0000 0,0000 0,0000
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nated by the contribution of primary particulate emissions. Globally the largest urban population 
density and adverse weather conditions are found in Japan, China and India.

Figure I.1 illustrates how the concentration exposure is modelled for a generic area. Emissions 
of SOx and NOx and NH3 contribute secondary aerosol formation to the background concentra-
tions of PM2.5. By moving upwards from one source category to another, the local contribution 
of emissions to ambient concentration increases, and thus the transboundary aspect of emissions 
declines. These types of concentrations are mostly characterised by local emissions.

Although sulphates and nitrates add mostly to the background contribution of 
PM2.5concentration, secondary aerosols are only part of the problem (see also EPA, 2004). 13) Our 
analysis includes all energy-related primary PM, which is dominated by concentrations in urban 
and rural areas.

The contribution of the PM precursor to PM2.5 exposure is different from the proportion of emis-
sions of that particular substance compared to the other precursors (SOx, NOx, and NH3). Thus 
attaining a health improvement does not imply that the contribution to average concentrations 

13  	 In urban areas, PM2.5 concentrations correlate with black and organic carbon, which depends on primary and secondary PM10 emissions, see 

EPA (2004), CANADA-United States – Transboundary PM – Science Assessment, see http://www.msc-smc.ec.gc.ca/saib. 

Table 1.7  Values of exogenous parameters mentioned in equation 2. 

OECD* China India

αurban
SOx 3.8 1.5 5.3

NOx 5.9 2.5 8.8

NH3 1.7 1.6 1.2

PM10 2.5 1.1 1.9

αrural
SOx 3.2 2.1 3.6

NOx 2.1 1.4 2.4

NH3 4.4 8.9 5.8

PM10 6.2 6.6 13.1

U 2000 0.75 0.45 0.31

2030 0.80 0.69 0.47

2050 0.84 0.85 0.58

2100 0.85 0.92 0.74

Relative regional contribution of 1 kg/cap emission compared to 1 kg/capita PMprim emission

SO2 0.50 0.50 0.50

NOx 0.82 0.82 0.82

NH3 0.40 0.40 0.40

Relative urban contribution of 1 kg/cap emission compared to 1 kg/capita PMprim emission

SO2 0.05 0.05 0.05

NOx 0.02 0.02 0.02

NH3 0.10 0.10 0.10

Relative urban density/meteorological correction factor compared to weu

0.3-USA 0.7-CANZ 2-Jap 2 2

Note: OECD numbers are population weighted averages of the regions usa, weur, canz, and japan
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(ug/m3) and also emissions (tonnes) can be used to claim that sulphur emission reductions are 
more effective (leaving aside the differences in marginal abatement costs of specific substances). 
To illustrate this, sulphur tends to be emitted by large point sources in suburban areas and to 
disperse over larger areas, whereas PM10 emissions are also emitted in urban areas and remain 
for quite some time. From examining the options to optimally reduce average exposure to 
ambient urban PM2.5, the more effective response is to reduce energy-related PM emissions rather 
than to reduce sulphur emissions. This point certainly holds for the EU countries (see also model 
simulations by Amman et al., 2004), but can also be shown to hold for the USA, although histori-
cally there are fewer SO2 mitigation programs than in the EU.

In addition, the assumption that substances in LAP affect air quality only in that local region may 
seem unfortunate. However, this simplification does not lead to significant errors in the simula-
tions, because

Calculations refer to averages over one region. The regions are large, and cover urban and 1.	
rural areas. Thus, air quality in border areas does affect the average, but does not fully 
represent the average concentration in a region.
Average contributions in the base year are dominated by urban concentrations. Transbound-2.	
ary issues related to urban-dominated concentrations are less important. Thus, any error may 
be small. Emissions of primary PM remain close to the source as compared to SO2 emissions 
and its conversion to sulphates which is actually substance contributing to the exposure of 
PM2.5 concentrations, mainly because the height of emissions of SO2 is on average larger than 
for PM. Careful checking of the RAINS model regard to SO2 emissions shows the following:

80% emissions in Western Europe contribute to air quality in this region, and on average, a.	
20% leaks to central European countries (as part of eefsu in MERGE).
Only 5% of emissions in Central Europeleak to Western Europe.b.	

Various contributions to the outdoor concentration of PM2.5

Background contributions from 
region, continent and hemisphere

Mostly primary PM

Mostly primary PM

From PM

Mostly from SOx,
NOx, NH3

Urban area Rural area

Urban 
contribution

Streets

Concentration (μg/m3)

Concentration of
premature death 
of energy related PM

Contribution of 
Secondary aerosols to
Concentration of PM2.5

Average urban
and rural area

Figure I.1  PM2.5 concentrations and sources in urban and rural areas in generic world regions 
Source: derived from OECD (2008)
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This could serve as an extreme upper estimate for leakage of energy-related primary PM, but 
should be interpreted as maximum estimate.. Figure 2 shows how the assumption for SO2 leak-
ages applied to PM affects the net emissions of Western Europe and EEFSU.

It can be seen that when transboundary aspects are not included the number of premature deaths 
in OECD-Europe is overestimated by 11% in 2010, and 20% in 2040. At the same time, the 
number of premature deaths in EEFSU is underestimated by up to 9%.. This suggests – with a 
linear impact on concentrations, premature deaths, and monetisation - an even smaller error in 
the damage valuations (including discounting) relevant for utility that may lead to relocation of 
resources for CO2 abatement (in Westerne Europe, 3% in 2010 and 2% in 2040; and for EEFSU, 
1%).The errors in the global estimates are even smaller, because other regions are even larger 
than Western Europe and EEFSU, and also leakages are cancelled out (an increase in one region 
is a reduction in the other) thus leading much lower leakages.

In conclusion, as regions are large, leakages and transboundary air quality impacts are limited. 
The transboundary aspects of sulphur emissions are larger than for PM10 emissions, as shown in 
Figure 1. Errors resulting from not including transboundary air pollution on discounted welfare 
changes at the regional level are less than 3%, and thus our approximation is not likely to have 
a significant impact on the optimal regional emissions of CO2 and PM10 or on reallocation of 
resources.

2010 2020 2030 2040 2050
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6
Mt PM10

BAU scenario

Without leakages

With leakages

CBALL variant

Without leakages

With leakages

Western Europe

Emission of particulate matter by variant

2010 2020 2030 2040 2050
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0,2

0,4

0,6
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1,0

1,2

1,4

1,6
Mt PM10

Eastern Europe and former Sovjet Union

Figure I.2  Emissions of PM10 for two regions (OECD-EU and EEFSU) and two scenarios (BAU and 
GCC&LAP) with and without leakages.
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1.3	 Assumptions emissions of GHG and air pollutants

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
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Appendix II  More detailed results of variants

Table II.1 presents the CO2eq emissions for the regions and scenario’s discussed in the previous 
chapters. The BAU scenario is consistent with OECD baseline of the recently published 2050 
OECD Outlook. The CBall scenario is the optimal (minimal damage by climate change and air 
pollution and maximum economic growth) outcome of the MERGE model. The climate change 
policy scenarios are based on a pre determined 2050 global emission reduction (compared to 
2005). For the period 2020-2040 the climate change reduction scenarios follow an optimal 
global reduction path based on gradually increase of the permit price (see table II.3) for CO2eq.

Table II.2 presents the premature deaths for the regions and scenario’s discussed in the previous 
chapters. The CBall scenario is the optimal (minimal damage by climate change and air 
pollution and maximum economic growth) outcome of the MERGE model. The Air pollution 
scenario is based on a pre determined regional premature death reduction (25% in 2050 
compared to 2005). The premature death reduction was based on the ratio of CO2eq reduction for 

Table II.1  Green house gas emissions  of the climate and Air pollution policy scenarios (GCC25, GCC35, GCC50, 
AP25, CBall) 

GT CO2 eq 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Global

BAU 8.7 11.2 13.1 15.4 17.4 18.3 20.4 22.6 25 27.9 30.7

GCC25 8.7 10.7 10.7 9.7 8.4 7.5 6.4 5.8 5.4 5.2 5.1

GCC35 8.7 10.7 10.5 9.4 8.3 6.5 5.5 4.6 3.9 3.5 3.2

GCC50 8.7 10.5 9.5 8 6.4 5.0 3.6 3.2 2.9 2.5 2.4

AP25 8.7 11.2 10.5 10.3 9.1 7.5 6.3 5.6 5.1 4.8 4.6

CBAll 8.7 10.7 10.2 9.7 8.2 6.3 4.9 4.0 3.3 2.8 2.4

OECD

BAU 3.6 4.0 4.3 4.4 4.6 4.7 4.6 4.5 4.4 4.4 4.5

GCC25 3.6 3.8 3.5 2.4 1.8 1.4 1.1 0.92 0.82 0.79 0.70

GCC35 3.6 3.8 3.4 2.4 1.8 1.4 1.1 0.89 0.72 0.60 0.51

GCC50 3.6 3.7 2.9 2.1 1.6 1.2 0.98 0.79 0.66 0.55 0.47

AP25 3.6 4.0 3.3 2.7 2.0 1.5 1.2 1.0 0.8 0.7 0.7

CBAll 3.6 3.3 2.8 2.3 1.8 1.4 1.1 0.88 0.72 0.59 0.50

China

BAU 1.1 2.3 3.3 4.0 4.7 4.9 6.1 6.8 7.9 9.3 10.9

GCC25 1.1 2.1 2.4 2.4 2.2 2.0 1.8 1.6 1.4 1.3 1.2

GCC35 1.1 2.1 2.4 2.4 2.2 1.5 1.3 0.99 0.85 0.88 0.92

GCC50 1.1 2.0 2.2 1.9 1.4 0.95 0.66 0.47 0.37 0.26 0.37

AP25 1.1 2.2 2.5 2.5 2.4 1.9 1.6 1.6 1.4 1.4 1.3

CBAll 1.1 2.3 2.6 2.5 2.0 1.4 0.96 0.69 0.50 0.36 0.26

India

BAU 0.48 0.71 0.89 1.2 1.5 1.8 2.1 2.4 2.8 3.3 3.8

GCC25 0.48 0.69 0.73 0.75 0.73 0.79 0.71 0.67 0.62 0.58 0.55

GCC35 0.48 0.69 0.72 0.75 0.75 0.61 0.54 0.47 0.41 0.34 0.29

GCC50 0.48 0.67 0.67 0.61 0.51 0.42 0.35 0.31 0.28 0.25 0.24

AP25 0.48 0.71 0.73 0.77 0.80 0.76 0.67 0.53 0.61 0.57 0.54

CBAll 0.48 0.72 0.72 0.74 0.64 0.49 0.40 0.34 0.30 0.26 0.24
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the GCC25 variant in relation to the BAU and CBall emissions, the same ratio was applied for 
the premature death reduction.

Table II.2  Premature deaths of the climate and air policy scenarios (GCC25, GCC35, GCC50, AP25, CBall)  

millions 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Global

BAU 4.5 5.8 7.5 9.4 11.5 13.0 14.0 14.7 15.6 16.6 17.6

GCC25 4.5 5.7 6.9 8.4 9.3 10.5 10.6 11.1 11.7 12.3 13.2

GCC35 4.5 5.6 6.9 8.4 9.5 9.2 9.2 9.6 10.1 10.6 11.1

GCC50 4.5 5.6 6.5 7.3 7.6 7.6 7.6 8.2 8.9 9.5 10.3

AP25 4,5 5,7 6,9 8,4 9,3 10 11 11 12 12 13

CBall 4.5 5.6 6.0 6.1 5.3 4.3 3.8 3.5 3.5 3.4 3.4

OECD

BAU 0.88 0.77 0.80 0.88 0.92 0.94 0.92 0.91 0.91 0.93 0.94

GCC25 0.88 0.75 0.72 0.63 0.62 0.65 0.63 0.64 0.67 0.75 0.78

GCC35 0.88 0.75 0.69 0.62 0.61 0.65 0.62 0.63 0.64 0.68 0.71

GCC50 0.88 0.74 0.65 0.62 0.59 0.63 0.61 0.62 0.64 0.67 0.71

AP25 0,88 0,75 0,72 0,63 0,62 0,65 0,63 0,64 0,67 0,75 0,78

CBall 0.88 0.60 0.42 0.34 0.28 0.24 0.22 0.21 0.20 0.20 0.19

China

BAU 0.93 1.6 2.2 2.5 3.1 3.4 3.6 3.6 3.6 3.7 3.8

GCC25 0.93 1.6 2.0 2.4 2.8 3.1 3.1 3.1 3.1 3.2 3.2

GCC35 0.93 1.6 2.0 2.4 2.9 2.6 2.4 2.4 2.5 2.7 2.9

GCC50 0.93 1.6 1.9 2.0 2.0 1.9 1.8 1.9 2.1 2.2 2.4

AP25 0,93 1,6 2,0 2,4 2,8 3,1 3,1 3,1 3,1 3,2 3,2

CBall 0.93 1.6 1.8 1.9 1.6 1.2 0.99 0.93 0.93 0.91 0.89

India

BAU 0.46 0.84 1.5 2.2 3.0 3.4 3.7 3.8 4.0 4.3 4.5

GCC25 0.46 0.82 1.3 2.1 2.5 3.1 3.1 3.4 3.5 3.6 3.8

GCC35 0.46 0.82 1.3 2.1 2.6 2.6 2.6 2.8 3.0 3.1 3.2

GCC50 0.46 0.81 1.3 1.8 2.0 2.1 2.1 2.3 2.6 2.8 3.1

AP25 0,46 0,82 1,3 2,1 2,5 3,1 3,1 3,4 3,5 3,6 3,8

CBall 0.46 0.85 1.2 1.7 1.6 1.3 1.1 1.0 1.0 0.99 1.0

Table II.3  Permit price for the climate policy scenarios (GCC25, GCC35, GCC50, CBall) 

2010 2020 2030 2040 2050

Euro/ton Ceq

GCC25 0 118 207 258 262

GCC35 0 131 228 363 610

GCC50 0 166 340 584 965

CBall 64 95 131 184 251

Euro/ton CO2eq

GCC25 0 32 56 70 71

GCC35 0 36 62 99 166

GCC50 0 45 93 159 263

CBall 17 26 36 50 68
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Global climate policy will reduce outdoor air 

pollution 

A stringent global climate policy will lead to 

considerable improvements in local air quality and 

consequently improves human health. Measures 

to reduce emissions of greenhouse gases to 50% 

of 2005 levels, by 2050, can reduce the number 

of premature deaths from the chronic exposure 

to air pollution by 20 to 40%. Climate policy will 

already generate air quality improvements in 

the OECD countries (particularly in the USA) in 

the mid-term, whereas in developing countries 

these benefits will only in the longer run show to 

be significant. This is the main message of this 

report that was carried out for the OECD. 
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