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Abstract: Ulaanbaatar, the capital city of Mongolia, is facing serious air pollution challenges—
especially during the cold and long winter months—mainly due to fossil fuel combustion. This study
investigates the socioeconomic drivers of the sulfur dioxide (SO;), nitrogen dioxide (NO,), and
particulate matter (PM; 5) concentration changes in Ulaanbaatar between 2005 and 2015 by applying
the index decomposition analysis (IDA) method. Five socio-economic driving forces are considered
in the decomposition analysis. All the driving forces contributed to more air pollution concentration
changes in 2015 than in 2005, despite the decreasing trends of decomposition results for the period
of 2010-2015. In general, economic growth, pollution intensity, and energy intensity significantly
contributed to the changes of air pollutant concentrations, while energy structure and population
growth had marginal effects. Finally, appropriate policy recommendations are proposed to the local
government so that they can initiate feasible policies to effectively reduce air pollution, protect human
health, and respond to climate change in Ulaanbaatar.

Keywords: air pollutants; driving forces; index decomposition analysis; SO,; NO,; PM; 5; Ulaanbaatar
city; governance

1. Introduction

Migration to Ulaanbaatar, the capital city of Mongolia, has increased the population by 55% over
the past fifteen years. Now, it is estimated that 1.4 million residents are living in Ulaanbaatar [1]. With
its increasing population, this city has experienced rapid economic growth [2]. In particular, this city
relies on fossil fuels (see Appendix A, Figures Al and A2) to achieve its gross domestic product (GDP)
growth and to support its rapid urbanization, leading to concerns of both air quality deterioration and
climate change. Located in the dry North Asia, Ulaanbaatar has a very cold winter, with the minimum
temperature below —35 °C in January [3]. The heating season lasts seven months, from mid-October
to mid-May [4]. Unfortunately, Ulaanbaatar has very limited access to petroleum or natural gas
and has to rely on coal for both power generation and heat supply due to its abundant coal reserve.
Over 790,000 people reside in settlements without water, sanitation, or basic infrastructure—often in
traditional Mongolian felt tents, known as gers, where these people rely on wood or coal burning
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stoves for cooking and heating [5]. Furthermore, increasing public and private transport contributes to
the air pollution, as the total number of vehicles increased from 75,000 in 2005 to 383,263 in 2017 [6].
In addition, three coal burning power plants provide electricity to the entire city [7]. Ulaanbaatar is
nestled in a narrow valley and surrounded by mountains, which blocks the dispersion of air pollutants
in winter [8]. Due to the above reasons, Ulaanbaatar is one of the cities with the highest air pollution
level. The notorious air pollution has also induced serious public health concerns. Moreover, with
global concerns of climate change, this city is facing more challenges on addressing this issue.
According to the World Data Atlas [9], raw coal is the major energy source in Ulaanbaatar,
accounting for 93.2% of the total energy production. Such high coal consumption induced a large
amount of air pollutants, including SO,, NO,, and PM; 5. The total concentrations of these air pollutants
far outreached the guideline values provided by the World Health Organization [10]. Figure 1 shows
Ulaanbaatar’s air pollutant concentrations of SO, NO,, and PM;5 in 2015. In Ulaanbaatar, the
Ministry of Environment and Tourism operates 12 air pollution monitoring stations in total. Of the
12 stations, two stations measure the level of concentrations of PM, 5 using tapered element oscillating
microbalances. Other stations measure the levels of concentrations of SO, using pararosaniline
(spectrophotometer) and NO, using the Saltzman measure, respectively [11]. Among these pollutants,
PM; 5 is the pollutant with the highest risk for public health and may influence the national economy [12].
According to one World Bank study [13], the annual mortality rate from air pollution-related diseases
reached 1123 people in Ulaanbaatar in 2013. Many studies investigate the characteristics of PMj 5,
including its concentrations, meteorological conditions, chemical compositions, and human health
impact [14-17]. These studies were written from natural science perspectives. However, there are
very few studies that concentrate on policies. For instance, an emission inventory was established
to measure the household and industrial source effects of the major particulate (PM; 5, PM;jj) and
gaseous (50;, NO,, CO) pollutants in Ulaanbaatar [12]. Therefore, additional studies using different
methods, such as a combination of an emission control method and chemical transport models [18] and
an economic optimization model [19] should be conducted. It is critical to focus on both natural and
social perspectives, since the formation of air pollution involves complicated socio-economic activities,
including public health, economic growth, energy consumption, and pollution control [20].
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Figure 1. Air pollutant concentrations in Ulaanbaatar City in 2015 (data obtained from [21]).

Under such circumstances, the purpose of this study is to uncover the key drivers of SO,, NO,, and
PMj; 5 concentrations in Ulaanbaatar, including pollution intensity, energy structure, energy intensity,
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economic growth and population growth, by employing the Logarithmic Mean Divisa Index (LMDI)
method over the period of 2005-2015. We expect that valuable recommendations can be offered to
the local government so that they can prepare effective mitigation policies. We also hope that the
policy implications gained from this paper can be disseminated to other cities with similar challenges.
The remaining part of this paper is structured as the following: Section 2 reviews relevant literature;
Section 3 details research methods and data; Section 4 presents research results; Section 5 discusses
policy implications; finally, Section 6 summarizes the research conclusions.

2. Literature Review

Globally, there are numerous studies on the socioeconomic driving forces of different emissions,
although the majority of these studies focus on carbon emissions [22-24], and on PM, 5, SO;, and
NO; [25-28]. In particular, several studies on the changes of PMj 5 air concentrations are studied [29,30].

Such studies can help to trace the economic, environmental, and social trends [31]. Major
research methods include structural decomposition analysis (SDA) and index decomposition analysis
(IDA) [32-34], which have been widely applied to analyze the impacts of economic growth, technology
changes, and sectorial shifts by using different indicators [31].

By applying an input—-output model to the SDA method, it decomposes relevant changes into
different indicators. This method uses an additive form and a multiplicative form in order to complete
the decomposition analyses [35]. One of the advantages of this method is that it takes the advantages of
the sector details from the input—output tables [31]. For example, with the application of SDA, Rose and
Chen [36] analyzed the changes in sectorial energy consumption in USA. Similarly, Cansino et al. [37]
studied Spanish CO, emissions from structural changes. In addition, Yamakawa and Peters [38]
uncovered the key driving forces on greenhouse gas emissions in Norway by applying this method.

The IDA method can uncover the process of energy supply, energy conversion, and energy
consumption so that key driving factors, such as end-use energy structure, energy mix in electricity
generation, and electricity generation efficiency, can be quantitatively identified. Ang and Zhang [39]
conducted a global review on this method and found that the IDA method is more suitable for analyzing
energy systems, since it pays more attention to technical details. Due to this advantage, this method
has been applied in analyzing energy-related carbon emissions—in particular, in the manufacturing
and heavy industrial sectors [40,41]. Furthermore, several studies applied the IDA method to uncover
the driving forces of air pollutant emissions and concentrations. For instance, at a national level, the
main driving factors inducing changes in China’s air pollutant emissions between 1997 and 2002
were investigated. The major findings of this study showed that the main drivers on inducing more
PM, 5, SO,, and NOy were economic growth and energy intensity [28]. Another study conducted
by Zhang et al. [30] focused on investigating the key drivers of PM; 5 concentrations at a municipal
level so that useful policy recommendations were raised to the municipal authorities to mitigate their
PM; 5 pollutions.

From the above introduction, it is clear that most existing studies focus on one specific air pollutant
concentration without combining these different air pollutant concentrations together. In fact, the
combustion of fossil fuels (in particular, coal) can lead to simultaneous concentrations of PM; 5, SO,,
and NOy. However, few studies focus on other pollutants than PM; 5. Therefore, it is crucial to
initiate integrated studies on all three air pollutants so that more effective policies can be prepared to
improve the overall air quality. With regard to Ulaanbaatar, the existing relevant studies focus on PM, 5
concentrations, chemical components, and its human health impact [6,16,42,43], without examining
the driving forces of air pollutants. Consequently, the literature review provides rationale to conduct
this research.
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3. Methods and Data

3.1. Methods

IDA can not only identify the processes of energy supply, energy conversion, and energy
consumption, but can also uncover critical driving forces, including end-use energy structure, energy
mix in electricity generation, and electricity generation efficiency. Unlike IDA, SDA relies on the
input-output table released by the official statistical agencies. Such a table is not available every
year and its accuracy is also not reliable in many countries where statistic infrastructure is still weak
and data are not accountable. On the contrary, IDA only uses aggregated sector information and
has the advantage of a reduced data requirement and a simpler presentation of results. LMDI is
one of the most widely used IDA methods [44,45]. This method is path-independent and provides a
perfect decomposition, which can resolve the problem of remaining unexplained residual terms in the
decomposition results [45]. Moreover, this method can solve zero-value problems [46]. Owing to these
reasons, this paper applies the LMDI method in order to investigate the driving forces of air pollutants
in Ulaanbaatar City.

According to Ang [33], V is an energy or environmentally-related aggregate. Assuming that
there are n factors driving the changes in V over time, each factor is associated with a quantitative
variable, whereby there are n variables, including Xi, X ... . X,;. Let subscript i be a sub-category of
the aggregate, and V; expressed as the product of X ;, X5 ;, ... and X,, ;. Therefore, the general IDA

identity is shown in Equation (1):
V=Y Vi= ) XiiXa X (1)

The difference of the aggregate during the period 0 to T can be further decomposed, as shown in
Equation (2):
AVit =V =V = AV,  + AV + ...+ AV )

The sum of absolute change driven by each variable should be equal to the total absolute change
of the aggregate. The term on the right side of Equation (2) is the effect associated with the respective
factors in Equation (1).

Five key driving forces are investigated for uncovering the SO;, NO,, and PM; 5 concentration
changes in this study, including pollution intensity, energy structure, energy intensity, economic growth,
and population growth. The change in each factor helps to quantify all three air pollutant concentration
changes from fossil fuels. The IDA identity in Equation (1) can be rewritten as Equation (3):

Ci=C;/FXF/EXE/GDPxGDP/PxP =CIXESXEIXYXP 3)

where C; represents different air pollutant concentrations; i refers to SO,, NO,, and PM, 5 concentrations,
respectively; F is fossil fuel consumption; E represents total energy consumption; GDP represents gross
domestic product (GDP); P represents population growth; CI = C/F represents pollution intensity;
ES = F/E represents energy structure; EI = E/GDP represents energy intensity; Y = GDP/P represents
economic growth; P represents population growth (see Table 1 for the definition of variables).

The additive form gives direct information about the magnitude of concentration changes by
different decomposed factors. This form is adopted in this study so that the results can be calculated from
different aspects. Equation (4) shows how to calculate the changes of SO,, NO,, or PMj; 5 concentrations.

AC; = C] = CY = ACc+ACEs+ACE+ACy +ACp 4

where AC; represents the pollution changes of different air pollutants; i represents SO,, NO,, or PM, 5,
respectively; AC¢j represents pollution intensity effect; ACgs represents energy structure effect; ACg;
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represents energy intensity effect; ACy represents economic scale effect; ACp represents the population
scale effect.

Table 1. Definition of variables in Equation (3).

Variable Determinant Unit Description Description and Definition

pg/m3 (micrograms per
CI C/F cubic meter)/kilotons of Pollution intensity
oil equivalent (ktoe)

measures the amount of air pollutant
concentrated per unit of fossil fuel

ES F/E ktoe/ktoe Energy structure stands for the energy structure effect

measures the energy consumption per
El E/GDP ktoe/billion dollar Energy intensity unit of GDP, representing the energy
intensity effect

. presents the economic growth scale;
Y GDr/P billion dollar/thousand Economic growth for example, measures the GDP per
people .
capita of P
P P thousand people Population growth measures the population growth

These five effects can be further calculated based on Equations (5)—(9), respectively:

Ara= (in czT T ) ln(@) ®
(CT - CO) EST
A8 T c:T T ) ln(ﬁ) ©

Ao = (In cT - lri ) * ln(_) 7

(CT - CO) YT
T cz.T T @) IH(W) ©
A= (In cliT - 1;1 ) g ln(ﬁ) ©

The pollution intensity effect reflects the impact of the change in fossil fuels mix. The energy
structure effect captures the influence of the change of fossil fuel shares in total energy consumption.
The energy intensity effect denotes the effect of the change of economic dependence on energy use. The
economic growth effect indicates the impact of the change of GDP per capita. The population growth
effect denotes the effect of the population change living in the city. By applying this decomposition
method, the total changes in SO,, NO,, or PM; 5 concentrations in Ulaanbaatar City can be obtained by
the sum of the five effects.

3.2. Data Collection

Due to data accessibility, the related data between 2005 and 2015 were collected from different
sources. Ulaanbaatar’s primary SO,, NO,, and PM; 5 concentration data were gathered from the
National Statistical Information Center [21]. The final energy consumption data were collected from
the IEA World Energy Balances database [47]. The GDP data were collected from the World Bank

national accounts data [48] and the population data were acquired from the Statistic Department of
Ulaanbaatar [49].
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4. Results

Using Equations (5)—(9), we calculated the contribution rates of pollution intensity, energy structure,
energy intensity, economic growth, and population growth to the changes of SO, NO,, and PM; 5
concentrations in Ulaanbaatar. The annual decomposition results of the air pollutant concentrations
are presented in Figures 2—4. The detailed decomposition results of three air pollutant concentrations
are presented in Tables A1-A4 respectively (See Appendix B, Tables A1-A4).

Figure 2 shows the decomposition results of SO, concentration. We can see that the most important
factor that contributed to the increase of SO, concentration in most of the years during 2005-2015
was the economic growth effect. The fluctuation of the economic growth effect between 2005 and
2015 echoed Ulaanbaatar’s economy. Ulaanbaatar’s GDP increased from 2.2 billion dollars in 2005 to
7.5 billion dollars in 2015 based upon the 2005 prices (see Appendix A, Figure A3). Normally, economic
growth can result in high energy consumption [50]. In this regard, the total energy consumption of
Ulaanbaatar increased from 2960 ktoe in 2005 to 4714 ktoe in 2015, which followed this relationship.
On the contrary, pollution intensity played a crucial role in reducing SO, concentration in most of the
years during 2005-2015. The pollution intensity effect of the SO, concentration reduction increased
by 6.8 times, ranging from 2.96 pg/m? in 2005 to 23.11 pg/m? concentration in 2015. Interestingly, the
pollution intensity effect of SO, concentration decreased from 2011 to 2015, coupled with the decrease
of the economic growth effect during the same period. In 2010, the SO, concentration level increased
by 85%, and this surge affected the pollution intensity effect, which grew from 6.5 ug/m? in 2009 to
28.9 pg/m? in 2010. In contrast, the pollution intensity effect of SO, decreased to —21.1 pg/m? in 2013
due to the reduced concentration level of SO,, which was around 23% compared to the previous year.
The pollution intensity of SO, concentration was —4.2 pg/m3 in 2014 and decreased to —23.1 pg/m? in
2015. As a result, the SO, concentration level reduced by 53%.
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Figure 2. Annual decomposition results of SO, concentration changes during 2005-2015.

Energy intensity was another factor on SO, concentration reduction, from 2.98 pg/m? in 2005
to 8.61 pg/m> in 2015. The other two factors (population growth and energy structure) made
marginal contributions to the changes of SO, concentration. Population growth contributed to the SO,



Sustainability 2020, 12, 3185 7 of 17

concentration increase in all years—excluding the year 2014—while energy structure led to the SO,
concentration increase in all years, excluding the years 2008, 2010, 2013, 2014, and 2015.

Figure 3 shows the additive decomposition results of NO, concentration. The two main
contributors for the NO, concentration changes were economic growth and pollution intensity.
The contribution of the economic growth effect to the NO, concentration increase ranged from
6.10 pg/m? in 2005 to 9.30 ng/m? in 2012, and then decreased to —0.35 pg/m? in 2015. The contribution
of pollution intensity increased from —6.35 pg/m?> in 2005 to 12.87 pg/m? in 2011, in parallel with the
increase of the NO, concentration, which grew from 31.0 pg/m? in 2005 to 76.5 pg/m? in 2011. Then,
the pollution intensity effect fluctuated between 2012 and 2015, with significant contributions to NO,
concentration changes. Overall, the mitigating effect of pollution intensity on NO, concentration
increased from 6.35 pg/m? in 2005 to 16.98 pg/m?3 in 2015, mainly resulting from the increased use of
concentration abatement technologies and low NO, burners. These measures helped to reduce NO,
concentration by controlling the mix and proportions of fuels and air in the combustion process. Energy
intensity was another important influencing factor on NO, concentration reduction. The contribution
of energy intensity to the NO, concentration reduction fluctuated around 4.5 pg/m? during the period of
2005-2015. In contrast, energy structure and population growth contributed to the NO, concentration
increase in most years. However, the mitigating effect from energy structure started to appear between
2013 and 2015, primarily because of the transition of energy structure to clean and renewable energy in
Ulaanbaatar in recent years.

NO, concentration (ug/m?)
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Figure 3. Annual decomposition results of NO, concentration changes during 2005-2015.

Figure 4 shows the decomposition results of the PM; 5 concentration changes. The overall PM; 5
concentration increased by 152% during 2005-2015. Pollution intensity was the most influential factor
of PM, 5 concentration in general. In 2008, it contributed to 29.34 pg/m?® of the concentration increase,
which was the highest compared with those in other years. In 2009, the pollution intensity effect of
PM; 5 concentration was the highest among all the driving forces. The pollution intensity of PM; 5
concentration was 2.4 ug/m? in 2014 and increased to 8.0 ug/m? in 2015 due to the level of PM, 5
concentration increasing by 5.3%. Economic growth and energy intensity also had significant effects on
PM; 5 concentration. The contribution of economic growth to PM, 5 concentration increased from 3.58
tg/m3 in 2005 to 8.89 pg/m3 in 2010, followed by the decrease to —0.34 pig/m?3 in 2015. Energy intensity
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was the mitigating factor of PM; 5 concentration. This mitigating effect from energy intensity increased
from 2.66 pg/m3 in 2005 to 10.69 pg/m? in 2010, and then dropped to 4.06 pg/m3 in 2015. In contrast,
both the population growth and energy structure effects of PM; 5 concentration were positive, although
they had very marginal impacts.

PM, . concentration (ug/m?)

68
65.00 63.0

49.7 514 48.9
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33.0

25.00 184 18.5

5.00
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Cl mmmm ES El Y P PM 2.5

Figure 4. Annual decomposition results of PM; 5 concentration changes during 2005-2015.

To compare the effects from different driving factors on air pollution concentration changes during
different time intervals, we split the entire period (2005-2015) into two sub-periods. The first sub-period
started in 2005 and ended in 2010, considering that the decomposition result showed that all factors
of air pollution concentration increased between 2005 and 2010. The second sub-period covered the
period of 2010-2015, given the fact that all factors except the energy intensity effect decreased during
these years. Figure 5 shows the decomposition results of the SO,, NO,, and PM; 5 concentration
changes during 2005-2010 and 2010-2015. Pollution intensity contributed to the increase of 25.26 pg/m3
of SO, concentration during 2005-2010, while it led to a decrease of —41.94 ug/m3 of SO, concentration
during 2010-2015. Thus, pollution intensity transformed from the largest enhancing factor to the
largest mitigating factor of SO, concentration. Energy intensity was the only mitigating factor of SO,
concentration during 2005-2010, while pollution intensity, energy intensity, and energy structure jointly
contributed to the SO, concentration reduction during 2010-2015. Economic growth was the largest
influential factor on the SO, concentration increase during 2010-2015, which was surpassed by the
pollution intensity effect during 2005-2010. The effect from energy structure on SO, concentration
also transformed, from being positive 3.74 pg/m? during 2005-2010 to negative —2.13 pg/m® during
2010-2015. Both the effects from economic growth and population growth decreased from the first
sub-period (2005-2010) to the second sub-period (2010-2015), with the decreasing rates of 45% and
40%, respectively.

With regard to NO, concentration, economic growth was the dominant driving force of the NO,
concentration increase during the two sub-periods, with contributions of 20.55 pg/m?3 during 2005-2010
and 11.6 pg/m? during 2010-2015, respectively. Population growth was the second driving force of
the NO, concentration increase, and its contribution decreased from 8.24 pg/m3 during 2005-2010
to 5.07 ug/m? during 2010-2015. In contrast, energy intensity exerted a significant reduction effect
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on NO, concentration during the two sub-periods, with the reduction effects of 14.98 pg/m?® during
2005-2010 and 11.15 pg/m?® during 2010-2015, respectively. The effects of pollution intensity and
energy structure were much smaller during the first sub-period (2005-2010), with contributions of
3.22 pg/m? and 3.97 pg/m? of NO, concentration, respectively. However, it is noteworthy that pollution
intensity and energy structure turned out to be the largest and smallest mitigation factors of NO,
concentration during the second sub-period (2010-2015), respectively, which greatly contributed to the
sharp reduction of NO, concentration from 52 pg/m3 in 2010 to 37 pg/m3 in 2015.

SO, concentration (ug/m?) NO, concentration (ug/m?)
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Figure 5. Decomposition results of SO;, NO,, and PM; 5 concentrations changes during 2005-2010
and 2010-2015.

Finally, with regard to PM, 5 concentration, pollution intensity was the dominant factor, with
17.47 ug/m® of PM, 5 concentration growth during the first sub-period (2005-2010), followed by
economic growth of 15.95 pg/m3. In contrast, population growth and energy structure had
marginal contributions to the PM, 5 concentration increase during the first sub-period. Energy
intensity remained the largest mitigation factor of PM; 5 concentration during the two sub-periods.
The concentration—reduction effect of energy intensity had little increase, from —11.63 pg/m> during
2005-2010 to —12.14 pg/m3 during 2010-2015. Pollution intensity was the second driving factor of
the PM, 5 concentration reduction, while energy structure exerted the least mitigating effect on PM; 5
concentration during the second sub-period (2010-2015). On the contrary, economic growth was the
largest contributor to the PM; 5 concentration increase during 2010-2015, followed by population
growth. As a result, the PM,5 concentration increased by 170% during the first sub-period and
decreased by 7% during the second sub-period. SO, and PMj 5 are pollutants that can primarily be
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associated with the types and amounts of combusted fuels. Therefore, it can be concluded that the
contents of the sulfur and ash were responsible for the concentrations of SO, and PM, 5, given the fact
that fossil fuel combustion in ger districts is a major contributor to air pollution in Ulaanbaatar.

5. Discussions

Despite the fact that the SO,, NO,, and PM, 5 concentrations in Ulaanbaatar decreased during
the second sub-period (2010-2015), the concentration levels remain higher than the standard level set
by the World Health Organization [10]. This decrease could be associated with the actions taken by
the local government’s effort to subsidize electricity costs in ger districts to combat the air pollution.
However, the combustion of fossil fuel remains the largest source of air pollution in the city and it
can be concluded that the contents of the sulfur and ash are responsible for the concentrations of air
pollutants. Hence, more efforts should be made to improve the local air quality in Ulaanbaatar.

According to the decomposition results, the effect of economic growth was the key factor for the
increase of all three air pollutants in Ulaanbaatar, especially during the rapid economic boom period
that happened between 2009 and 2011. While this economic growth effect played a significant role in
the increase of air pollutants, pollution intensity and energy intensity had significant effects on the
decreases of SO, NO,, and PM; 5 concentrations in most years between 2005 and 2015.

Throughout the two sub-periods, the contributions of pollution intensity to the SO,, NO,, and
PM, 5 concentrations fluctuated. However, its overall effect on those concentrations decreased in 2015,
compared to 2005. This negative contribution was due to the increased use of electricity, leading
to the pollution intensity effect on PM; 5 concentrations becoming positive in 2015 compared to its
negative effect in 2005. Although the energy structure factor led to the increase in all three pollutant
concentrations, these changes were not significant enough to make any differences. Interestingly,
its effects on air pollutant concentrations started to decrease during 2012-2015.

Lastly, the contribution of population growth reduced for all three air pollutants in the second
sub-period compared to the first sub-period. As per the data released by the Statistic Department of
Ulaanbaatar [51], the number of people living in the ger districts increased between 2010 and 2018,
in line with the overall population growth of Ulaanbaatar. Thus, there was no direct link between
population growth in the ger districts and the population growth factor.

Sustainable urbanization requires that urban development processes should not deteriorate the
local environment, while still meeting the demands of the local population [13]. According to the
Green Development Strategic Action Plan, Ulaanbaatar should consider effecting the environmentally
sustainable policies, which will achieve inclusive economic growth, active public participation, and a
safe and healthy living environment for its citizens [52].

Developing countries often face a dilemma with their pollution control, as their efforts may
undermine economic growth. It is crucial for developing countries to provide cheap electricity to
support their industries and citizens. Renewable energy requires significant investment despite the low
operating cost. Therefore, it is not easy to widely promote renewable energy applications in the short
term due to the lack of financial resources. However, innovative mitigation policies should be prepared
to reduce air pollution and protect human health, even without the wide promotion of renewable
energy. For instance, district heating is one effective measure to reduce the overall air pollutants.
Furthermore, the local government may set up pollution limits from a range of sources and ban or limit
the used motor vehicle imports. Financial subsidies should be provided to those factories that produce
semi-coke briquettes and use energy efficient stoves. Moreover, long term action plans should focus on
renewable energy production. For instance, there is an opportunity to promote solar water heating
systems for new housing complexes because, annually, there are 250 sunny days in this city [53].

Practically, “the 2017 Mongolia National Program” states to reduce air pollutants by 80% in
2025 [54] and calls for phasing out the practice of unprocessed coal, excluding three power plants in
Ulaanbaatar. In order to achieve this target, the local government initiated several efforts. For example,
in 2016, the local government offered subsidies for more efficient wood and coal burning stoves and
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provided free electricity to several ger districts during the night. Another measure was to promote
the use of electrical heat generators and the application of central heating systems in the ger districts.
However, such efforts were not sufficient, since only 3.6% of total final energy consumption in this
city in 2015 was based upon renewable energy sources [55]. Consequently, it is critical for the local
government to actively encourage the promotion of renewable energy, such as solar power and
wind power. In addition, geothermal power, such as the use of ground source heat pumps, can
significantly reduce the overall use of fossil fuels and corresponding air pollutants and greenhouse
gas emissions [56]. Therefore, the local government should support the potential application of such
innovative technologies.

Improving coal quality while reducing coal consumption is another measure that should be further
applied in Ulaanbaatar, especially for controlling energy intensity-driven concentrations. According to
the World Bank study [13], coal is expected to be the primary energy source for the next 5-10 years in
Ulaanbaatar. Facing such a challenge, the local government is currently promoting the use of improved
coal, such as semi-coke briquettes. Also, as one measure for cleaning up this city’s air quality, the local
government banned the usage of raw coal in May 2019. However, the real implementation of this
policy is not effective, since raw coal is cheaper and can be easily obtained by those in the ger districts.
Under such a condition, the initiation of more capacity-building activities has been suggested in order
to educate different stakeholders so that they can realize the potential damages to their health and
local air quality. Similar efforts should also be initiated to grassroot enforcement officials so that they
can better enforce related policies. Moreover, the local government should support more research and
development (R&D) activities so that more energy efficient technologies will be available, such as
energy cascading technology, energy efficient stoves, and energy audits.

Finally, accurate and timely data are essential for effective air quality management. Asa developing
country, Mongolia is lacking advanced information and communication technologies. Local decision
makers find it difficult to obtain relevant information. Thus, the local government may consider
investing to build a dynamic information platform so that all the related information and data can be
integrated. Such an information platform can serve as one decision support system so that different
stakeholders can share the data and information. It can also be beneficial for the decision makers to
identify the key areas with the application of a geographical information system (GIS) and predict
the potential impacts of different policies. Besides this information platform, it is crucial for the local
government to install on-site sensors in the key pollution sites (such as the ger districts and coal burning
power plants) so that real data can be collected and local air quality can be monitored. In order to make
sure that such an integrated system can function well, it is recommended that the local government
should collaborate with the local research institutes or universities so that the whole system can be
operated and maintained more effectively.

6. Conclusions

The serious air pollution in Ulaanbaatar receives increasing attention. The reliance on coal has
further exacerbated this problem. Under such conditions, this study investigates the changes of
three air pollutant concentrations (including SO,, NO,, and PM;5) for the period of 2005-2015 in
Ulaanbaatar by applying the LMDI method so that the driving forces for the changes of these air
pollutant concentrations can be identified. Five socio-economic driving forces are considered in the
decomposition analysis: i.e., pollution intensity, energy structure, energy intensity, economic growth,
and population growth. The results showed that all the driving forces contributed to more air pollution
concentration changes in 2015 than in 2005. Economic growth, pollution intensity, and energy intensity
significantly contributed to the changes of air pollutant concentrations, while energy structure and
population growth had marginal effects. Economic growth was the major factor that contributed to the
increase of SO, NO,, and PM, 5 concentrations in most years during 2005-2015, while energy intensity
had a visible effect on decreasing SO,, NO,, and PM, 5 concentrations in most years during 2005-2015.
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The effects of pollution intensity on SO,, NO,, and PM, 5 concentrations were significant, but with
volatile intervals of pollution increase and decrease.

The effects of all factors, excluding energy intensity, decreased during the second sub-period
compared to the first sub-period. Economic growth maintained to be the largest contributor to the
increase of three air pollutant concentrations in both of the two sub-periods. In contrast, the energy
intensity factor was the mitigating factor during the two sub-periods. The effect of pollution intensity
transformed from positive to negative on SO,, NO,, and PM; 5 concentrations from the first sub-period
(2005-2010) to the second sub-period (2010-2015). Population growth and energy structure had
relatively small effects on the three pollutants.

In order to respond to this air pollution issue, the Ulaanbaatar government has taken several
measures, such as the promotion of semi-coke briquettes and subsidies to local communities for using
electric stoves. However, these efforts are far from achieving their proposed target. By considering the
local realities, policy recommendations, including energy structure optimization, energy efficiency
improvements, and capacity-building efforts, are provided. We expect that the key findings from
this study can help other cities with similar challenges to better prepare their mitigation policies by
considering local realities.
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Figure A3. Energy Consumption and Total Gross Domestic Product, (US billion dollars) of Ulaanbaatar.

2005-2015. Source: [48]

Appendix B

Table A1. Time series of additive decomposition results of SO,.

Year AC; ACes AC,; ACy AC,
2005 ~2.96 0.87 -2.98 401 0.96
2006 ~5.82 2.10 0.25 3.79 0.78
2007 -3.19 0.22 ~1.52 1.50 0.89
2008 5.67 -0.10 -3.92 335 1.00
2009 6.54 0.02 1.39 ~1.20 1.25
2010 28.90 -0.29 -8.61 7.16 1.84
2011 2.49 3.02 1.72 5.80 2.37
2012 ~491 0.44 ~5.03 10.39 1.90
2013 -21.20 ~0.14 1.23 ~1.45 2.86
2014 —421 —2.73 -8.05 446 -0.38
2015 —23.11 ~1.85 -3.25 -027 0.87

Note: ci—pollution intensity, es—energy structure, ei—energy intensity, y—economic growth, p—population growth.
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Table A2. Time series of additive decomposition results of NO,.

14 of 17

Year AC,; ACes AC,; ACy ACy
2005 —-6.35 1.32 —4.52 6.10 1.46
2006 -8.02 3.13 0.37 5.65 1.17
2007 2.86 0.37 -2.57 2.54 1.50
2008 —4.51 -0.15 -6.17 5.27 1.56
2009 3.21 0.02 1.70 -1.46 1.53
2010 1291 -0.28 —-8.28 6.89 1.76
2011 12.87 2.72 1.55 5.22 2.14
2012 -16.80 0.40 —4.50 9.30 1.70
2013 19.70 -0.15 1.33 -1.57 3.10
2014 —20.45 -3.53 -10.40 5.77 -0.49
2015 -16.98 -2.43 —4.28 -0.35 1.15
Table A3. Time series of additive decomposition results of PM, 5.
Year AC,; ACes AC,; ACy ACy
2005 -3.30 0.77 —2.66 3.58 0.86
2006 -5.89 1.79 0.21 324 0.67
2007 13.26 0.26 -1.81 1.79 1.05
2008 29.34 -0.20 -7.96 6.80 2.02
2009 1.79 0.04 3.05 -2.63 2.74
2010 -18.42 -0.36 -10.69 8.89 2.28
2011 -7.57 217 1.23 4.16 1.70
2012 -7.34 0.28 -3.16 6.53 1.19
2013 -3.77 -0.09 0.82 -0.97 1.92
2014 243 -2.18 -6.41 3.56 -0.30
2015 8.02 -2.31 —-4.06 -0.34 1.09

Table A4. Two periods of additive decomposition results of SO,, NO,, and PM, 5

v SO, NO, PM; 5
ear
2005-2010 2010-2015 2005-2010 2010-2015 2005-2010 2010-2015
CI 25.26 —41.94 3.22 -18.20 17.47 —-6.89
ES 3.74 -2.13 3.97 -2.32 3.08 -2.52
EI -14.11 -10.22 —-14.98 -11.15 —-11.63 -12.14
Y 19.35 10.63 20.55 11.60 15.95 12.62
P 7.76 4.65 8.236 5.074 6.39 5.52
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