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Abstract: High levels of air pollution pose an urgent social and public health challenge in many Asian
regions. This study evaluates the role of key factors that determined the changes in emission levels in
China, India and Japan over the past 25 years. While emissions of air pollutants have been declining
in Japan since the 1990s, China and India have experienced a rapid growth in pollution levels in recent
years. Around 2005, control measures for sulfur emissions started to deliver expected reductions
in China, followed by cuts in nitrogen oxides ten years later. Despite recent policy interventions,
growing emission trends in India persist. A decomposition analysis of emission-driving factors
indicates that emission levels would have been at least two-times higher without the improvements
in energy intensity and efficiency, combined with end-of-pipe measures. Due to the continuous
reliance on fossil fuels, the abatement effect of a cleaner fuel mix was in most cases significantly
smaller than other factors. A reassessment of emission projections developed in the past suggests
a decisive impact of energy and environmental policies. It is expected that targeted legislative
instruments will play a dominant role in achieving future air-quality goals in Asia.
Keywords: air pollution; decomposition; energy intensity; end-of-pipe measures; emission scenarios

1. Introduction
According to the World Health Organization (WHO), air pollution ranks as the greatest
environmental risk factor for human health worldwide. Each year, more than six million people
die prematurely from the impacts of air pollution. Around three million premature deaths are linked
to outdoor (ambient) air pollution emitted by power plants, industrial facilities, vehicles and ships,
while the use of polluting fuels for indoor cooking and heating causes an additional three million
premature deaths from household air pollution [1]. The latter is primarily linked to energy poverty
and the traditional use of solid biomass for cooking [2]. In addition, air pollution causes substantial
damage to crops and ecosystems [3].
The rapid growth in emerging economies over the last decades has led to dangerous levels
of air pollution throughout Asia, causing social, public health, and environmental problems that
add to the challenges of sustainable development [4,5]. As a result, more than 50% of people living
in Asia are exposed to concentrations of fine particles that do not comply with the least-stringent
WHO air-quality standards (35 µg/m3 ). In fact, less than 10% of the Asian population experience air
quality that complies with WHO guideline values (10 µg/m3 ). Although many Asian countries have
initiated actions to reduce emissions of air pollutants, their benefits are often counteracted by national
development targets focusing on further economic growth, and are therefore not always visible [6].
Worldwide experience clearly demonstrates that clean air can be achieved without compromising
social and economic development (e.g., [7–9]). This requires well-designed policies that prioritize
cost-effective interventions for specific conditions at the sources that deliver the largest benefits,
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and their integration with other development targets. While there is ample evidence for positive
policy impacts—also from wealthy Asian countries [10]—this cannot be directly transferred to all
states in Asia due to differences in economic development, social conditions, meteorological factors
and institutional settings.
With a focus on three major economies in Asia—China, India and Japan—this paper presents
a comprehensive analysis of key determining factors that contributed to the evolution of air pollutant
emissions over the past 25 years. Using the latest available energy and emissions statistics, we identify
and quantify in a consistent way the role of individual driving forces behind emission changes,
and associate the observed emission trends with various policy interventions described in the literature
and legislative documents. This empirical analysis contributes to the interpretation of the past emission
trajectories under three very different economic and policy contexts, and extends our understanding
of the importance of dedicated air-quality strategies.
The quantification of air-pollution levels in Asia has been a subject of scientific examination
since the early 1990s [11,12]. At that time, the first emission projections had been developed using the
scenario approach, and implemented within modeling tools such as Regional Air Pollution INformation
and Simulation (RAINS)-Asia [13,14]. Since then, the scenario literature about air emissions in Asia
has become sizeable, reflecting the past anticipations and various expectations of socioeconomic
drivers, development of the energy sector, technological progress and implications of policy measures.
In this paper, we look back for the first time at a set of selected emission scenarios from the past,
and reexamine how different determinants have influenced the earlier projections.
The structure of the paper is as follows: In the next section, the data sources and the evolution of
the driving forces behind the observed emission changes of sulfur dioxide (SO2 ), nitrogen oxides (NOx )
and fine particulate matter (PM2.5 ) are presented. Subsequently, air-quality policies and their timing
are summarized for three countries. The quantitative results of a decomposition analysis are provided
in the following chapter, with a focus on the roles of energy intensity, fuel mix and pollution control
for the observed emission trends. The past scenarios of the key pollutants are compared and assessed
for China and India. Finally, policy insights and conclusions are drawn based on the numerical results.
2. Materials and Methods
2.1. Data Sources
The statistical information used in this work has been extracted from the 2017 edition of databases
published by the International Energy Agency (IEA): IEA World Energy Statistics and Balances, sections
“Extended world energy balances” and “World indicators” [15]. Data on air pollutant emissions originate
from the inventories available from the GAINS model (Greenhouse Gas—Air Pollution Interactions and
Synergies) developed by the International Institute for Applied Systems Analysis (IIASA) [16].
2.2. Socioeconomic Drivers
It has been pointed out in the literature that there is a relationship between economic growth and
environmental quality [17]. Indeed, the varying stages of socioeconomic and political development
across countries determine the structure of the production and consumption patterns, as well as
the access and quality of energy services, which in turn has consequences for air pollution [18–20].
Two countries examined in this study—China and India—are characterized by very steep economic
growth over the studied period, with annual growth rates of 9% and 6%, respectively, while the
increase in gross domestic product (GDP) in Japan was about 1% per annum. By 2015, on a per-capita
basis, the annual income in Japan was more than twice as high as in China, and a factor of six higher
than in India.
At the same time, it has been observed that energy intensity (measured as energy needs per unit of
economic output) in China and India did not follow the GDP trend. This decoupling effect was driven
by two factors: (a) the restructuring of the economy by shifting energy demand from energy-intensive
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industries to lighter sectors and services; and (b) the increase in energy efficiencies on the supply and
demand sides of the energy sector. A large portion of the improved energy intensity and demand
reductions was not autonomous, but rather was achieved through targeted policy instruments, such as
efficiency standards, building energy codes and sectorial targets [6]. In addition, fuel price changes,
technological progress and innovative energy management stimulated efficiency gains.
In total, energy intensity in China was 2.5-times lower in 2015 than in 1990, and in India,
it nearly halved during the past 2.5 decades. In an advanced economy such as Japan, energy intensity
improvements did not continue at the same pace as in the emerging economies, because many of the
structural and efficiency measures were realized earlier (or before 1990). It is noted that from 1990 to
2000, a temporary increase in energy intensity was observed, which will be discussed in the sections
below. On average, Japan achieved a −0.8% annual decline rate over the last 25 years, with a part of
this reduction attributed to the reallocation of heavy industry abroad. The diverging trends in GDP
growth and the convergence in energy intensity are depicted in Figure 1.

Figure 1. Evolution of economic growth and energy intensity in China, India and Japan from 1990
to 2015. (Left panel) Change in GDP (adjusted by purchasing power parity—GDP_PPP) relative to the
year 1990. (Right panel) Energy use (in megajoules—MJ) per unit of GDP_PPP per year. Source: [15].

Between 1990 and 2015, total energy consumption in China increased nearly four times and almost
tripled in India, while it stagnated in Japan (2% increase on the 1990’s levels). Observed changes in the
fuel mix have been significant. The evolution of the shares of key fuel categories to the overall energy
demand is shown in Figure 2. The fuel mix in China has been dominated by coal, with this fuel source
accounting for more than half of total energy use. In relative terms, however, the contribution of less
emission-intensive fuels, that is, natural gas and noncombustion-energy forms, increased from 10%
to 30%. The rapid growth in the relative shares of coal in the Indian fuel mix was driven by the demand
in the power sector. In both China and India, the overall importance of biomass has gradually declined,
although biofuels still constitute the second-largest energy source in India. The Japanese energy system
has been characterized by a large portion of nuclear energy in the fuel balance, which has changed
in recent years as a consequence of the Fukushima accident. By 2015, oil and gas became dominant
energy carriers in Japan, while the share of coal has also been growing gradually.
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Figure 2. Change in fuel mix in China, India and Japan from 1990 to 2015. Source: [15].

The link between economic development and emissions is further illustrated in Figure 3, where the
observed changes in emissions of SO2 , NOx and PM2.5 in the period 1990–2015 are expressed as
a function of annual income per capita. There are significant differences in the trends between the
selected pollutants and countries: Different economy structures and energy mixes, together with the
implementation (or lack) of air-quality policies, determine these variations, as will be discussed below.

Figure 3. Changes of emissions per capita through per-capita income from 1990–2015 in China,
India and Japan. Adopted from IEA [15] and GAINS [16].

For PM2.5 , a declining trend is reported for all three countries from 1990 to 2015, suggesting
a correlation between increasing welfare and transition from solid fuels to cleaner energy forms
and more efficient devices. The trends for SO2 indicate that coal-based power and industry sectors
supported the strong push for economic growth, and led to increasing sulfur emissions, however,
the impact of regulations induced a reverted/downward trend in China from 2005 to 2015. Similarly,
rising incomes are likely to accelerate growth in NOx emissions, mainly because of an increase in
transport services. The example of China suggests that emission reductions can be achieved at lower
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income levels when compared to, for example, Japan, where the declining emission trends in recent
years are dominated by devoted control measures. A turning point for Indian emissions has not been
observed yet.
2.3. Policy Context
Since the 1980s, growing awareness and scientific evidence about the extent and impacts of air
pollution in Asia have led to the development of initial emission standards and air-protection laws
in many countries [21,22]. In general, over the past 25 years these standards have been updated
and made more and more stringent, depending on the environmental goals of individual countries,
considerations about economic development, and the competitiveness and evolution of the structure of
economies. There are various obstacles reported in the literature that, in many cases, have had negative
impacts on the effectiveness of policies and delayed their implementation, such as an underdeveloped
institutional capacity, fragmented policy-making regime, lack of enforcement mechanisms, or moderate
public pressure [23].
It is beyond the scope of this paper to analyze the complex policy-development procedures
in the three selected countries. Therefore, we focus here on the evolution of emission standards in
two key emitting sectors in the past, namely, coal-based power generation and passenger transport.
A common pattern has been observed—the control of PM in the power sector occurs as a first policy
target, followed by emission standards for SO2 and NOx emissions (Table 1). Furthermore, the very
first (quantitative) emission limits were frozen (and sometimes relaxed) during the first one-and-a-half
decades, and only substantially tightened later on. The current standards for coal power plants in
China and India are comparably as stringent as those in Japan, Europe or in the USA [2].
Table 1. Evolution of emission standards in coal-fired power plants (mg/m3 ).
Country

Policy

Revision

PM

SO2

NOx

China

Emission standards for coal-fired power plants

1992
1996
2004
2012

200–3300
200–3300
50–600
20–30

1200–2100
400–2100
50–400

650–1000
450–1100
100–200

India

Environmental protection rules

1986
2003
2015

150–350
50–100
30–100

100–600

100–600

1968
1996
1998

600–2000
50–200
30–100

Japan

Air pollution control law

410–720
120–300

Notes: The ranges reflect specific limit values for existing and new plants of different types and capacity. Japanese
standards for SO2 are region specific and depend further on the size, fuel and technology in a given facility. Values
adopted from IEA [2], Jin et al. [23], Hashimoto [24], IEA CCC [25], McConville [26].

The urgency to control emissions from land-based mobile sources has been growing in Asia as
a result of increasing urbanization, car ownership rates (directly linked with wealth and changing
preferences), and infrastructure development. Table 2 provides an example of the time evolution of PM
and NOx emission limits for passenger light-duty vehicles. In contrast to the stationary sources, NOx
standards were introduced earlier than PM limits, which is associated with the later uptake of diesel
cars that needed to be equipped with particulate filters. In Japan, standards for passenger cars were
introduced around 20 years earlier than in China and India. Although both countries have recently
been catching up on implementing more stringent regulations, Japanese norms are currently still more
stringent for both gasoline and diesel vehicles [2].
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Table 2. Evolution of emission standards for gasoline and diesel cars (g/km).
Country

Policy

Revision

PM

NOx

China

Limits for emissions from light-duty vehicles

2000
2004
2007
2010

0.14–0.2
0.08–0.1
0.05
0.025

0.97–1.36
0.5–0.9
0.15–0.5
0.08–0.25

India

Bharat stages

2000
2005
2010

0.025–0.1

0.14–0.25
0.08–0.17
0.08–0.8

0.014
0.005–0.007

0.25–0.9
0.25–0.48
0.05–0.15
0.05–0.11

Japan

Air pollution control law
Motor vehicle NOx law
New short-term standards
Post new long-term emissions standards

1978
1992
2001
2009

Notes: The ranges reflect different limit values for gasoline and diesel vehicles. Values adopted from IEA [2], Jin et al. [23],
Hashimoto [24], DieselNet [27], MoE Japan [28].

2.4. Computation Method
The various driving forces and policy interventions described in previous sections were
responsible for the changes in emissions in the selected Asian countries. To disentangle the impacts of
autonomous changes in economic growth, structural shifts, or technical innovations from dedicated
energy and air-quality policies, we present the results of a simplified additive form of the index
decomposition analysis elaborated by Hoekstra and van den Bergh [29], adopted for decomposing
past air-emissions changes in Europe by Rafaj et al. [30]. Similar methods used here for China, India
and Japan have been applied for various European assessments [31,32], as well as for China [33].
To quantify the relative importance of key determinants of changes in emission levels, we apply
the identity defined in Rafaj et al. [30] following the evolution of three driving factors: (a) energy
intensity; (b) fuel mix; and (c) air-pollution abatement measures. Formally, emission changes relative
to the selected base year (1990) can be described as a result of:

 

 
Emissions
Energy
· ∆η · ∆
·[(1 − e f f ) · ∆X ],
∆Emissions = GDP· ∆
GDP
Energy
{z
}
|
|
{z
}|
{z
}
(c)
( a)

(b)

where the three factors under examination represent:
(a)

(b)

(c)

Temporal change in energy intensity, that is, the Energy consumed per unit of economic output
(GDP), which determines the size of energy demand, structure of energy services, and reflects
differences in socioeconomic structures, as well as in behavioral patterns. Energy intensity is
complemented by the impacts of efficiency improvements of the energy system (∆η), in other
words, the efficiency at which primary energy is converted into secondary and final energy.
The evolution of the fuel mix of different energy forms affects emission intensities, comprising
inter-fossil-fuel switch and changes in the fraction of non-fossil fuels in energy supply.
Substitution of traditional/combustible fuels by electricity and district heating contributes to this
mitigation component on the demand side of the energy system.
The changes in aggregated emission factors over time—or the amount of pollutants emitted per
unit of energy—which typically follow the implementation of end-of-pipe measures and fuel
quality standards. The resulting emission coefficient reflects the removal efficiency (eff ) of a given
abatement measure adopted at a specific rate (∆X).

In our approach, which is described in additional details by Rafaj et al. [30] and Åström et al. [31],
we construct four counterfactual comparative emission scenarios by sequentially adding the impact
of the factors listed above. First, an upper limit for emissions is calculated for the hypothetical case
in which emission-reduction components are kept at the base-year levels, so that the emission path
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follows GDP growth. The observed development in energy intensity and efficiency improvements
are accounted for in the second scenario, where fuel mix and emission controls are kept unchanged.
The third scenario reflects actual trends in the share of fuels in key sectors. The fuel-mix component
is not considered here for fugitive and industrial process emissions from cement, iron and steel
production. Finally, the contribution of control measures in the fourth scenario is based on reported
observations. In most cases, the ordering of factors in our analysis follows the sequence in which the
determinants appear in the real world [32].
3. Results and Discussion
3.1. Decomposition Analysis
3.1.1. China
Similar to energy intensity, emissions of the three pollutants—SO2 , NOx and PM2.5 —did not
follow the rapid GDP growth in China from 1990 to 2015. After the period of gradual increase, emission
levels were peaking at different times: SO2 around 2005, NOx declined after 2010, and PM2.5 has
been on a declining trajectory since the end of the 1990s. As shown in Figure 4, the combined effect
of improved energy intensity and efficiency gains is identified as the dominant factor behind the
observed emission trends, and is most pronounced for fine particles. The evolution of Chinese energy
intensity is analyzed in detail by the IEA [6], which associates the large improvements with high rates
of capital stock turnover and related investments in modern technologies. It is reported that the energy
intensity of heavy industries, such as cement and steel production, declined by 30–50% since the 2000s,
while the efficiency of the service sector improved by more than 25%, suggesting a large additional
energy-saving potential [34].

Figure 4. Determinants of changes in SO2 , NOx and PM2.5 emissions in China, 1990–2015.

The Chinese government enforced the closure of inefficient small-scale industrial installations
within the past five-year plans. However, coal remains the dominant energy source in industry
and in the power sector. This is the main reason why the contribution of fuel-mix changes towards
air pollution abatement has been significantly smaller compared to energy-intensity improvements.
Investments into pollution controls, on the other hand, have been immense. The share of coal-fired
power plants equipped with sulfur scrubbers, for example, increased from 10% in 2005 to 85% in 2015,
and nearly 1.5% of GDP in China has been spent on investments in pollution control over this period.
However, the overall policy framework suffered from numerous flaws and deficiencies [23,35] and did
not prevent the repeated haze pollution crisis in 2013 and beyond [36,37].
We estimate that by 2015, end-of-pipe measures for SO2 and NOx contributed around one third to
overall emissions reductions. This share is significantly smaller for the reductions of PM2.5 , where the
overall decline in emissions resulted from structural changes in industry and in the domestic sectors.
Our results are in line with the decomposition exercise reported by Xu et al. [38], which identifies

Energies 2018, 11, 1299

8 of 14

improved energy intensity as the decisive factor behind the air-emission changes from 2005 to 2012.
Other studies [39,40], based on national and provincial statistical yearbooks of China, highlight the
growing role of end-of-pipe measures, especially in recent years.
3.1.2. India
Since 1990, SO2 emissions in India have increased by a factor of three, driven mostly by
coal consumption in the power sector. This growth would have been even stronger without the
energy-efficiency improvements and fuel-mix changes that by 2015 contributed 55% and 15%,
respectively, to lower sulfur emissions. Although many plants and industrial facilities were equipped
with emission controls, they were not sufficient to revert the increasing trend. By 2015, NOx emissions
had more than doubled compared to 1990 levels, mainly from the transportation and power plant
sectors. The majority of NOx emissions in transport originated from land-based road transport, such
as diesel-driven trucks and buses. The increased relative share of diesel vehicles has counteracted the
mitigation effect of the emission standards introduced as of the 2000s.
Emissions of PM2.5 did not grow as rapidly as SO2 or NOx , although a 20% increase has been
observed in India since 1990 (Figure 5). The strong decoupling between GDP and emissions can be
attributed to several factors. Most important are structural shifts, energy intensity, and efficiency
improvements in key emission sources, that is, the use of traditional solid fuels in households and the
penetration of improved devices, as well as transitions in industry [2]. Fuel-mix changes had lesser
impacts than SO2 and delivered a 3% emission reduction in 2015. Without the combined impact of
control technologies in the power sector, industry, and transport, current PM2.5 levels in India would
be 50% higher.

Figure 5. Determinants of changes in SO2 , NOx and PM2.5 emissions in India, 1990–2015.

3.1.3. Japan
In Japan, emissions of all three air pollutants have declined since 1990. Among industrialized
countries, the Japanese energy sector is one of the least emission intensive, and air-quality standards are
among the most stringent. The role of key determinants, however, has changed during the computation
period. For SO2 , end-of-pipe measures were the dominant abatement component. The contribution
of fuel-mix changes has been significant, and resulted from the increased non-fossil fraction in the
power generation mix and in industry. Due to the temporary closure of nuclear power plants following
the 2011 earthquake, the potential negative impacts from higher coal and oil consumption were
ameliorated through additional energy-efficiency and intensity improvements.
Changes in the fuel mix played only a marginal role in the abatement of NOx and PM2.5 (Figure 6).
On the contrary, the enhanced use of combustible fuels in recent years resulted in a growing trend
for both pollutants, particularly in the power sector. Furthermore, NOx emissions increased in Japan
during the 1990s from passenger and freight transport, which has been experiencing a growth in overall
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energy intensity since the base year (1990). Worsening energy intensity in transport before 2005 was
analyzed in detail by Lipscy and Schipper [41], who attributed it to changes in Japanese consumer
preferences, local reforms that resulted in a larger fuel use by kei-cars, as well as to tax policies favoring
larger vehicles. As shown in the middle panel of Figure 6, the deteriorated energy intensity of the
transport sector between 1990 up to 2005 has been counteracting the positive NOx -reduction impacts
of the adoption of emission-control technologies.

Figure 6. Determinants of changes in SO2 , NOx and PM2.5 emissions in Japan, 1990–2015.

3.2. Reassessment of Air Pollutant Scenarios for Asia
In this section, we compare the evolution of projections of SO2 and NOx emissions for China
and India, as they were developed and published over time, with a focus on past expectations for
key driving forces. In order to achieve methodological consistency, we have selected five scenarios
implemented in the RAINS model, or in its later expanded variant, GAINS:
RAINS_1995—based on the initial modeling results for SO2 reported by Amann and Cofala [11]
and Shah et al. [14].
WASP_2001—based on the central scenario implemented in the extended RAINS-Asia model and
presented by Klimont et al. [42].
TELLUS_2009—an application of the GAINS-Asia tool based on national activity projections as
reported by Klimont et al. [43].
ACP_2014—a business-as-usual type of scenario for China, developed by Wang et al. [44] using
information on pollution controls from GAINS.
GAINS_2017—recent emission projections based on the latest projections by the International
Energy Agency [6].
In the RAINS_1995 and WASP_2001 projections, we can see a nearly linear relationship between
the projected energy consumption and emission trends in China. Only SO2 trends of WASP_2001
after 2000 decouple from the growth in energy use, due to assumptions made for control technologies.
Furthermore, the activity projections (e.g., energy use) developed by national energy planners at the
time did not anticipate the accelerated growth in GDP and in fossil-fuel consumption (Figure 7). While
RAINS_1995 did not foresee any policy interventions in the baseline scenario storyline, WASP_2001
already considered the newly adopted legislation on SO2 and NOx , which made an impact on the
flattened SO2 trajectory.
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Figure 7. Comparison of past projections and observed trends for energy use, and for SO2 and NOx
emissions in China.

More recent scenarios—TELLUS_2009 and ACP_2014—captured the steeper growth in energy
use and associated emission increases. Still, both scenarios—based on information available in the
2000s—were too pessimistic when projecting the actual impacts of the combined effects of structural
changes and control legislation on SO2 and NOx emissions. In contrast, the downward trend for both
pollutants in China after 2005/2010 is projected to continue in the newest GAINS_2017 scenario.
In India, due to the absence or lower effectiveness of end-of-pipe control measures, SO2 and
NOx emissions closely followed the projections of GDP-driven energy consumption. For energy use,
larger variations across scenarios, and relative to the historic data, occur only after the year 2010
(Figure 8). The same can be said for emission projections in the set of past estimates, where the most
recent scenario (GAINS_2017) suggests that the currently proposed and adopted policies might deliver
substantial reduction impacts that would ultimately lead to a slowdown, or even to a decline of air
pollution levels in India around 2020.

Figure 8. Comparison of past projections and observed trends for energy use, and for SO2 and
NOx emissions in India. Note: India was not covered by the ACP_2014 scenario and is replaced by
projections developed in GAINS at the time, within the ECLIPSE project [45].
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4. Conclusions
At present, environmental pollution causes about nine million deaths worldwide, with inadequate
air quality linked to two-thirds of this number. The majority of these deaths occur in low- and
middle-income countries such as India, where the current share of pollution-related deaths reaches
nearly 25% of total mortality [46]. With a focus on three Asian countries, this paper presents an
analysis of the key factors responsible for changes in the most important air pollutants—SO2 , NOx and
PM2.5 —over the past 25 years.
From 1990 onwards, emissions in China and India showed a steady increase. Particularly
large increases occurred for SO2 and NOx until 2005–2010, which closely followed the growth in
economic activities (measured in GDP), while PM2.5 emissions, for which nonindustrial sources are
more important (e.g., waste sector, agriculture, residential combustion of biomass), developed along
a less-steep growth path. However, after 2005, policy interventions, especially the sulfur controls for
power plants and the introduction of emission standards for vehicles, led to a distinct decoupling of
SO2 and NOx emissions from economic growth in China. Policy interventions in India helped to slow
down the growth rates of emissions, although the linkage to economic growth persists. Air protection
has been a priority in Japan since the 1970s, and the stringent control measures have been essential in
maintaining the declining emission trajectory.
Our decomposition analysis shows that the three Asian countries have experienced significant
reductions in the energy intensity of their economies through dedicated energy-efficiency
policies and a restructuring of production towards less energy-intensive products, meaning that
energy-consumption trends decoupled from economic growth. Without the positive effect of improved
energy intensity and efficiency gains, air pollutant emissions would have been higher by 30% to
a factor of 10, depending on the country and pollutant. At the same time, the emerging Asian
economies showed a strong reliance on fossil fuels like coal and oil, and therefore the mitigation
effect of a cleaner fuel mix has been much less pronounced than other factors. Using the example of
Japan, we demonstrated that in the past some driving forces counteracted the aforementioned positive
abatement effects: (a) Due to a combination of fiscal and behavioral factors, the energy intensity
of the Japanese transport sector actually worsened until the middle 2000s; and (b) the Fukushima
accident induced an abrupt fuel-mix change toward fossil fuels. The reassessment of the past emission
scenarios for China and India confirms that emission projections were determined by the assumptions
on future energy policies and the effective implementation of emission-control legislation. In the
fast-growing Asian economies, air pollution has been strongly influenced by the stringency of policy
interventions and enforcement. These human/societal factors are often hard to predict. However,
our analysis strongly indicates that the likelihood for strengthened policies increases with improved
public understanding of the benefits of clean air. At the same time, it has to be noted that demographic
trends, urbanization, rebound effects and rising energy demand might counteract the benefits of
intensified policy efforts.
As pointed out by empirical studies of past developments (e.g., [47]), projections of future energy
(and resource) consumption should not assume autonomous decoupling from economic growth.
The same is valid for projecting future emission trends—an effective and timely enforcement of
dedicated legislation will form a firm basis for controlling air pollution in the future. Other policy
efforts can add to the positive effects of environmental legislation, such as targets for energy efficiency
and intensity improvements, and a climate-mitigation-driven transformation of Asian energy systems
where fossil fuels have a less-prominent role. Systems science and suitable integrated assessment
tools can help to strengthen the role of air-quality management by providing relevant information to
enhance public pressure and by indicating cost-effective policy intervention options.
Author Contributions: Both authors have read and approved the final manuscript. P.R. and M.A. designed and
performed the experiments, analyzed the data, and wrote the paper.
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