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Abstract: Along with its rapid urban development, Ho Chi Minh City (HCMC) in recent years
has suffered a high concentration of air pollutants, especially fine particulate matters or PM; .
A comprehensive study is required to evaluate the air quality conditions and their health impact in
this city. Given the lack of adequate air quality monitoring data over a large area of the size of HCMC,
an air quality modeling methodology is adopted to address the requirement. Here, by utilizing a
corresponding emission inventory in combination with The Air Pollution Model-Chemical Transport
Model (TAPM-CTM), the predicted concentration of air pollutants is first obtained for PM; 5, NOx,
and SO,. Then by associating the pollutants exposed with the mortality rate from three causes,
namely Ischemic Heart Disease (IHD), cardiopulmonary, and lung cancer, the impact of air pollution
on human health is obtained for this purpose. Spatial distribution has shown a high amount of
pollutants concentrated in the central city with a high density of combustion vehicles (motorcycles
and automobiles). In addition, a significant amount of emissions can be observed from stevedoring
and harbor activities, including ferries and cargo handling equipment located along the river.
Other sources such as household activities also contribute to an even distribution of emission across
the city. The results of air quality modeling showed that the annual average concentrations of NO,
were higher than the standard of Vietnam National Technical Regulation on Ambient Air Quality
(QCVN 05: 2013 40 pg/mB' ) and World Health Organization (WHO) (40 ug/mg). The annual average
concentrations of PM, 5 were 23 ug/m3 and were also much higher than the WHO (10 ug/m3 ) standard
by about 2.3 times. In terms of public health impacts, PM; 5 was found to be responsible for about
1136 deaths, while the number of mortalities from exposure to NO, and SO, was 172 and 89 deaths,
respectively. These figures demand some stringent measures from the authorities to potentially
remedy the alarming situation of air pollution in HCM City.
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1. Introduction

Currently, air pollution is a big concern in many metropoles due to its adverse effect directly
on human health. Many large cities around the world have been facing air pollution problems
since combustion engine transportation remains one of the major contributors. The proportion of
this source of the total air emission from London UK was 50% (for NOx and PM) [1], more than
60% (for substances except SO,) in Bangkok [2], 39% (PM,5) in Madrid, Spain; and 29% (PM;5) in
Paris, France [3]. Likewise, in 2018, emissions from traffic activities in Ho Chi Minh City (HCMC)
accounted for more than 90% emissions of NOy and CO, while the contribution to SO, and the Total
Suspended Particles (TSP) was 78% and 46%, respectively [4]. This is a consequence of overusing
private vehicles for transportation as per statistics in 2018. Indeed, while the total population of the city
was 8.8 million, the number of registered vehicles was 8,658,087, including 762,581 automobiles and
7,895,506 motorcycles (not to mention the vehicles from surrounding provinces entering the city) [5].

As a result, in recent years the city experienced the exacerbated problem of air pollution with
more frequent high Air Quality Index (AQI) during the year. The index is based on PM; 5 levels
since the particles are less than 2.5 micrometers in diameter, also known as fine particles or PM;,
which poses a risk to human health at all levels. The concentration value was measured and obtained
mostly from the US Embassy station and via low-cost sensor systems around the city by a Vietnamese
company called PAMAIR. In the case of Vietnam in general and HCMC in particular, there is a shortage
in continuous automatic monitoring stations that measure five major pollutants at the same time to
calculate AQI, while compared to other pollutants, the effect of PM; 5 is most dominant in Vietnam and
particularly in HCMC. Therefore, the AQI in the HCMC is mainly attributed by the concentrations of
PM,; 5. Overall, for the past few years, the annual concentration of PMj; 5 has always been higher than
the WHO recommended value (10 pg/m3) and the Vietnamese standard QCVN 05:2013 (25 ug/m3 ),
even though the PM, 5 distribution slightly decreased from 28 pLg/m3 in 2016 to 26.4 ug/rn3 in 2018 [6,7].
The proportion of AQI from 101 to 150, which is unhealthy for sensitive groups, also experienced a
downward trend from 22.3% in 2016 to 15.6% in 2018. In contrast, there is an increase in the number
of days with good air quality (AQI < 50), from 2.4% in 2016 to 6.1% in 2018. From the monitoring
data obtained from the government agency (Department of Natural Resources and Environment,
DONRE), which are collected manually, the city is often subject to a high concentration of Particulate
Matter (PM), NOyx, CO, and Ozone. Noted that 93.8% of PM data recorded from the 19 traffic locations
have exceeded The National Technical Regulation on Ambient Air Quality (QCVN 05: 2013/BTNMT).
These high pollutant concentrations were associated with an increase in the risk of human health in
HCMC [8-10]. The previous study on the relationship between air pollution and human health pointed
out that over 90% of children less than 5 years old in HCMC were infected with some respiratory
issues [9]. This study considered only two Children’s Hospitals in HCMC with the application of the
correlation/statistical method. Another study [10] shows that the number of deaths related to PMjg in
District 5, an administrative region in HCMC with a large population, was five persons/year in 2015,
or 0.0025% in the total population of 194,228 and the PM; pollution caused economic losses of more
than USD 45 million. District 5, over a long history of development with many commercial activities
and concentrated markets, is always crowded with tourists and shoppers. Moreover, the district is
well-known for its dense road network covering the main axes North-South, East-West of the city.
When extrapolating for HCMC, the death related to PM; was 204 persons/year, equivalent to economic
losses of USD 1.836 billion. Up to now, there has been a lack of works focusing on evaluating the overall
impact of PM; 5 as well as SO, and NO; on public health for HCMC. In 2019, an air pollution map
over HCMC for many contaminations was released [4], together with the estimation of air emissions
loading capacity for O3, NO,, SO,, and CO [11]. However, a PM; 5 concentration map has not been
available for HCMC. Therefore, addressing this gap, this research aims to (i) Model the air pollutant
profiles in simulation to obtain a comprehensive air pollution map of NO;, SO, and PM; 5 over HCMC;
and (ii) Use the air pollution map of NO,, SO,, and PM, 5 to estimate the impact of these pollutants



Atmosphere 2020, 11, 750 3 0f 20

levels to mortality caused by ischemic heart disease (IHD), cardio-pulmonary and lung cancer for the
whole HCMC.

The paper is organized as follows. After the introduction, Section 2 presents the modeling
methodology. Results and discussion are included in Section 3. The paper’s conclusion is drawn in
Section 4.

2. Modeling Methodology

2.1. Emissions Data

There are several approaches to identify contribution sources to air pollution for a city. One of
them is to conduct full air emission inventory (EI) and the other is to estimate source apportionment
by chemical analysis for PM; 5 and PM;g [12]. In this paper, we will update a detailed air emission
inventory for HCMC from a previous work by Bang et.al. in 2019 [4], and then simulate the dispersion
throughout the year, but focusing on PM, 5 since it was unaccounted for in the previous study.
The emission inventory was implemented in detail for four source groups: point sources, area sources,
line sources, and biogenic sources. The emissions of each source were estimated using a specific
approach following the European Environment Agency guideline, in accordance with available data
obtained in HCMC. All input information was collected via a survey with more than 4442 questionnaires
(including 1099 for on-road sources; 750 for point sources; 2593 for area sources) and by counting traffic
vehicle-flow for over 85 streets across the city. The survey objective was to find out how much energy
an activity consumed at the mean levels included in Equation (1) for point sources and Equation (3) for
area sources shown hereafter. For example, the mean value of fuel consumption of a motorcycle per
day and the volume of gases (LPG) burning in a house for 1 day (or a certain period). PM; 5 emissions
are depending on the quantity of fuel consumption and current combustion technologies, indicated by
the relevant emission factors and emission treatment technologies.

PM, 5 emissions for point sources are calculated using emission factors (EFs) and activities data as

E = A x EF x[1 - (ER/100)] 1)

where E is emissions (usually in tons/year), A is the activities rate (amount of fuel use, capacity or
number of products), EF is the emission factor (related to A), and ER is the emission reduction (only if
abatement devices are installed).

In the emissions for pointed sources estimated above, the activity rate was the amount of fuel
used and the productivity gained from the survey. Moreover, we also gathered the data from the
energy consumption report of the enterprises. The industry of HCMC is diverse with many sectors and
sub-sectors. Among that, according to the Ho Chi Minh Statistic Office in 2018 [13], the manufacturing
industry for wearing apparel and textiles has witnessed the most remarkable number of factories
(more than 11,000 factories), followed by fabricated metal products (except machinery and equipment)
with more than 6000 facilities, and food production with more than 3000 factories. Most of those
factories are installed with boilers and chimneys that emit a significant amount of pollutants into
the atmosphere. Therefore, to estimate the amount of emissions, the quantity of each type of energy
consumed, the capacity and the production of the company was the key information to obtain in
the survey. From this, selecting suitable EFs was based on AP-42 [14] and the air pollutant emission
inventory guidebook of EMEP/EEA [15] for both emissions exhausted from burning fuel and during
the operation processes.

For on-road traffic sources, the EMISENS model [16] was chosen. The model divides the emissions
into three emission stages: hot emission (Ej,t), cold emission (E,4), and evaporation emissions (Eeyap)
as in Equation (2).

E = Epot + Ecord + Eevup )
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Therein, emissions during the warming up stage are cold emissions; hot emissions start when
the engine runs with a steady temperature; and evaporation emissions occur during the varying
temperatures throughout the day as running losses, hot soak, and diurnal losses. Classified in the model,
vehicles were divided into five categories: motorcycles, automobiles (under 25 seats), buses/coaches
(more than 25 seats), heavy-duty vehicles (more than 3.5 tons weight), and light-duty vehicles (under
3.5 tons weight); while roads were categorized as highway/national road, ring road/provincial highway,
main urban road, residential road, and industrial zone road. The input data for the model were
gathered from the questionnaires that include the information about the number of trips per day,
the engine technology, type of fuel use, number of trips per day, and average mileage.

Area sources cover the emissions from household activities, street-cooking, construction sites, gas
stations, etc. with even distribution. Emissions from area sources were estimated based on the average
amount of fuel consumption (including LPG, coal, charcoal, wood, etc.) that were collected from
2593 questionnaires, completed by each district to indicate the characteristic properties of the primary
source of energy use. The questions were focused on the type of fuel use in the house/restaurants and
its quantity of consumption; operation time was also recorded. The simplified equation used for this
source is as follows (Equation (3)), with the corresponding emission factors (EF) for fuel types (k) and
source type (j).

E = Zj,k EFj; X Ajx 3)

The total of questionnaires collected for this study was shown in Table 1 with source classifications.
Area sources were entirely collected in 2017 and 2018, similarly for the industrial sources, while the data
of on-road transport had been gathered from 2010 until 2017 with the total number of questionnaires
reaching 4023. Due to the long service life of the vehicles (more than 10 years), the data from the
previous studies in the past years were also considered by re-calculation for the baseline year of 2017,
hence the reliability of the survey data could be increased. Moreover, based on the manufacture year
of the vehicle model and the Vietnam emission standard roadmap, vehicles were classified according
to the Euro Standard, which is referred to in the emission factors used for the model.

Table 1. The number of samples examined by the source types (Bang et al., 2018 [4]).

. . Number of Source  Total Number of
Emission Sources . . . .
Questionnaire Type Questionnaire
Motorcycles 1179
Automobiles 948
Buses/coaches 656 Line 4023
Light-duty vehicles 604
Heavy-duty vehicles 618
Household 1939
Other of area sources 504 Area 2533
(street cooking, construction sites, Gas stations, etc.)
Factories 750 Point 750
Counting vehicle flow Line 227 (streets)

2.2. Air Quality Modeling Using TAPM-CTM System

The Air Pollution Model (TAPM) model was developed by the Commonwealth Scientific and
Industrial Research Organization (CRISO) of Australia. This mesoscale model is used to predict
meteorological conditions within an area using synoptic data input provided by global meteorological
model (such as NCEP GFS or ACCESS-G) and air pollution concentration in three dimensions.
This model has been applied in many areas such as Melbourne (Australia) [17], Cabauw Tower
(Netherlands) [18]. Data on topographic, soil and crop data, and sea surface temperature, are integrated
in TAPM, allowing it to analyze meteorological conditions applied to many countries and regions
around the world.
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The TAPM was developed by Hurley et.al, since 1999 [19]. From 1999 up to now the model has still
been developed and improved. The research was a comparison between the simulation of air quality
for the Port Phillip and the observed values at monitoring stations of EPA Victoria, Australia [18],
and between the simulation of PMjy and the observed values at monitoring station Christchurch,
New Zealand [20]. A Chemical Transport Model (CTM) based on Carbon Bond 5 photochemistry was
incorporated into the TAPM-CTM model. This model has also been used for modeling air quality
in the Greater Metropolitan Region in New South Wales, Australia [21-23]. The TAPM-CTM model
was applied in HCMC to simulate the photochemical smog in HCMC in 2018, and in the Southern
of Vietnam for simulating meteorology and air pollutants dispersion [24]. Built on previous studies,
in this paper, the TAPM-CTM version 4 was also used as the modeling method.

Here, TAPM-CTM was applied to simulate emissions of NO,, SO, and PM, 5 over HCMC, by using
nesting-grid technique to down-scale the weather data from global scale (ACCESS-G) to the city scale.
The four nesting-grids are used in the TAPM-CTM run. Each domain was divided into 40 squared-cells
in horizontal and 40 squared-cells in vertical; only the size of the domain is different, ranging from
largest to smallest: 800 km, 400 km, 200 km, and 100 km, with the resolution of each cell respectively
being 20, 10, 5, and 2.5 km. After generating the meteorology by TAPM, the model will automatically
use the obtained data for calculating the dispersion and chemical reaction in CTM. More details of
the TAPM-CTM model and configuration was described in [4]. The most inner grid was used as
the main study area, generally covering the boundary of HCMC. In CTM model, by selecting the
CB05-aerosol mechanism, it allows the users to generate a specific dispersion for PMj; 5, taking into
account the precursors as NO, and SO, [25]. The CTM has been used as a part of Australian Air
Quality Forecasting System in the study of modeling primary and secondary particles in the study of
Cope, taking into account the emission from urban sources and from natural sources [26].

The models have been set up to cover appropriately the HCMC area as well as in verification
tasks [4,24]. For meteorology, the simulation data was compared with monitoring data at Tan Son Hoa
station (near the Tan Son Nhat international airport) and for air quality data; the results were compared
with monitoring data at Nguyen Van Cu station (10.762549° N, 106.682428° E). The comparison between
the predicted meteorology and observed results from January to December in 2017 shows a strong
correlation, as shown in Figures 1 and 2, respectively, for ozone and fine particles. As for temperature,
the difference was about 1.0 °C and 1.4 °C respectively in February and June 2017. The coefficient of
determination R? between simulation and monitoring for temperature was 0.77 in February and 0.74 in
June [4]. TAPM model also well performed for simulating the wind speed in the study area, whereby
the mean values of wind speed in both predicted and observed were approximately 2 m/s during the
study period.
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Figure 1. Comparison of simulation and monitoring data for O3 at Nguyen Van Cu station from
12-16 June 2017.
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Figure 2. Comparison results of PM; 5 simulation and monitoring from Nguyen Van Cu station from
12-17 June 2017.

Table 2 provided the results of validation for SO,, NO,, O3, and PM; 5 generated by TAPM-CTM
models, using the coefficient of determination R? and the mean normalized gross error (MNGE) [4].
In comparison with the air quality monitoring data taken from Nguyen Van Cu station located in
District 5, it shows that the predicted outcomes from the air quality model were quite comparable
with the hourly monitoring data of SO,, NO,, O3, and PM; 5 for the period of 12/06/2017 to 17/06/2017;
the R-squared coefficient recorded for this was 0.677, 0.635, 0.694, and 0.60, respectively (see also
Figures 1 and 2). Therefore, the previous setting of the TAPM-CTM model remained unchanged for
simulation of this study for PM, 5, NO,, and SO,.

Table 2. Results of air quality model validation for SO,, NO,, O3, and PM; 5.

SO, NO, 03 PM; 5
R2 0.677 0.635 0.694 0.600
MNGE (ng/m3) -1694  -1047  19.29 49

2.3. Air Pollution and Health Impact Calculation Methodology

The effects of air pollution on health have been studied and proven on a global scale. There are
many studies that have been carried out to find the correlation of air pollution exposure and mortality,
especially in the US and in European countries, and most of them strongly confirm the significant
associations between air pollution and mortality [12,26-28]. In the report of WHO as “Review
of evidence on health aspects of air pollution—REVIHAAP” Project [29] and “Health risks of air
pollution in Europe—HRAPIE” project [30], they illustrated clearly the correlation of air pollution
(for PM;g, PM; 5, O3 and NO,) to human health, interpreted by concentration-response functions.
Moreover, in the research of Pope et al. in 2002 [31], they give the results that fine particulate and
sulfur oxide-related pollution were associated with all-cause, lung cancer, and cardiopulmonary
mortality, by an increase of 10 pg/m? in fine PM; air pollution was associated with approximately a 4%
increase risk of all-cause mortality, 6% of cardiopulmonary mortality and 8% lung cancer mortality.
Moreover, in 2006, the analysis of the Harvard Six Cities adult cohort study showed an association
between long-term ambient PM; 5 and mortality from 1979 to 1988. The results showed that PM; 5
exposure was associated with lung cancer (RR, 1.27; 95% CI, 0.96-1.69) and cardiovascular deaths
(RR, 1.28; 95% CI, 1.13-1.44) [32].

Generally, there are many approaches to estimate the health effect from air quality, such as
sampling exposure and cell analysis [28], cohort study [32,33], etc. In this research, we applied the
second approach by using an impact function relating the levels of air pollution change, the exposure
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population, the baseline incidence rate and the relative risk coefficient from epidemiological study.
The function can be described as the following formula (Equation (4)):

AY =Y (1 - e ™) x Pop (4)

where Y, is the death rate baseline in the study area (%); p—the effect estimate calculated by
relative risk relating to the specific change in pollutant concentration and can be found in the cohort
studies; APM—the air quality change (increase or decrease) in pollutant concentration (pg/m3 or ppb);
and Pop—the exposed population in the study area (people). This study presents these parameter
as a map layer, including: the pollutant concentration data which is the output of CTM model for
yearly-average of PM, 5, NO, and SO; at cell resolution; the number of exposed people collected from
the HCMC Statistic Office for the year of 2017; the relative risk (RR) coefficients for each parameter are
obtained from the report of Health Effects Institute by Daniel Krewski and colleagues (Table 3) [33];
and the death rate baseline is from Vietnamese A6 mortality reporting system (A6 system).

Table 3. The relative risk of pollutants and selected cause of deaths [33].

Pollutants Cause of Deaths Incremental Change Risk Factor
Cardio-pulmonary 1.09 (1.06-1.12)
PM,5 Lung cancer 10 pg/m? 1.11 (1.11-1.20)
IHD 1.15 (1.04-1.18)
Cardio-pulmonary 1.01 (1.00-1.02)
NO, Lung cancer 10 ppb 1.01 (0.97-1.01)
IHD 1.02 (1.00-1.03)
Cardio-pulmonary 1.02 (1.01-1.03)
SO, Lung cancer 5 ppb 1.00 (0.98-1.02)
IHD 1.04 (1.02-1.05)

The study of Krewski has been carried out for 18 years, involving approximately 360,000
participants residing around the USA in 1980 and increasing up to around 500,000 people in 2000.
These people were fully tracked for the levels of PM; 5 exposure and their status are also recorded on
their diseases and mortality. The RR value in Table 3 shows that PM; 5 was strongly associated with
the death due to lung cancer and IDH with the RR being higher than those of the other pollutants.
Meanwhile, there is a weaker association between the disease and the mass of the larger size of particles,
as well as with the concentration of SO,.

For the mortality baseline incident rate in HCMC, the total number of deaths was gathered from
the Ministry of Public Health in the form of the Vietnamese A6 mortality reporting system. This is
a data set built from 1992 to record the death from the commune level, aggregated then and posted
to the central level. Health storage system A6 in Vietnam recorded relatively full (94%) the number
of deaths and correctly classified the top three causes of death (accounting for 66% of total deaths),
which is related to the circulatory system, cancer, and trauma. The mortality data for three main causes
of deaths such as IHD, cardio-pulmonary, and lung cancer was defined based on the classification
in the cohort study of Krewski [33] and Pope [34] on the studies of health impact assessment of air
pollution on mortality in the US. These codes are related to the diseases that Krewski et al. was given
throughout his cohort researches about health impact assessment [35]. In their studies, they classified
the diseases according to the International Classification of Diseases (ICD) 9th version—ICD-9, which is
a medical classification list by WHO); therefore, these codes need to be converted into the corresponding
code in the 10th version. Table 4 below shows the classification of disease according to the ICD code,
comparing the 9th version and the 10th version for the diseases concerned. According to this, cardio-
pulmonary can be defined with the code in the ICD-10 for Disease of the circulatory system ranging
from I10-115, 120128, 130-152, 160-179, and Disease of the Respiratory system, which is ranging from
J00-J99, while IHD corresponding to 120-125 and Lung cancer is C33-C34.
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Table 4. Disease classification codes in ICD-9 and ICD-10.

Cause of Death ICD-9 IDC-10
401-405: Hypertensive Disease 110-115: Hypertensive diseases
410-414: Ischemic Heart Disease 120-125: Ischaemic heart diseases

126-128: Pulmonary heart disease and
diseases of pulmonary circulation

Cardiopul-monary 115 417. piseases of Pulmonary Circulation

420-429: Other Forms of Heart Disease 130-152: Other forms of heart disease
430-438: Cerebrovascular Disease 160-169: Cerebrovascular diseases
440—Atherosclerosis 170: Atherosclerosis

460-519: Diseases of The Respiratory System  J00-J99: Diseases of the respiratory system

C33: Malignant neoplasm of trachea
C34: Malignant neoplasm of bronchus
and lung

IHD 410-414: Ischemic Heart Disease 120-125: Ischaemic heart diseases
Source: [35]; ICD9-CM version 2002; ICD-10-CM version 2019.

162—Malignant neoplasm of trachea

Lung cancer bronchus and lung

As recorded from A6 health system of Ho Chi Minh City, there were about 6630 deaths per year
related to cardiopulmonary disease (accounting for 30.05% of total deaths), 3314 deaths due to IHD
(accounting for 15.02% of total deaths) and 437 deaths from lung cancer (accounting for 2.00% of
total deaths).

3. Results and Discussion

3.1. Emissions Maps

Figure 3 demonstrated the main sources of PM; 5 in HCMC, in which the industrial sources account
for around 30% of total PM; 5 emissions (textiles (3%), food processing (6%), and paper processing
(4%)); area sources accounted for 20% the total emissions, while emissions from transportation sources
including on-road and non-road sources were about 50%. Therein, the largest proportion belonged to
the emissions of motorcycles (18%), following by vehicles’” brake wear and road surface (14%) and
household activities (14%).

The total of PM, 5 emissions is shown in Table 5, together with the percentage of source components
of the other pollutants. Accordingly, transportation was the main air emission sources of the city,
accounting for more than 90% of NOy, CO, NMVOC (Non-Methane Volatile Organic Compound),
and 45% of PM, 5, while point sources contributed a notable amount to emissions of PM; 5, SO,,
and TSP with 32%, 22%, and 21% respectively. Area sources only contributed 33% of the total amount
of TSP, 23% of PM, 5, and a negligible amount of other pollutants (<3%).

Table 5. The proportion of source types in total emissions in HCMC in 2017 [4].

Emission Sources NOy coO SO, NMVOC TSP PM; 5
Line (%) 93 99 78 97 46 45
Area (%) 2 0.20 0.14 0.16 33 23
Point (%) 5 1 22 1 21 32

Biogenic (%) - - - 1 - -
Total (tons/year) 50,386 3,533,982 12,919 602,625 6271 4029
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Figure 3. Source component of PM, 5 in HCMC.

In order to prepare the input data for the air quality simulation model, the emissions of PM; 5
distributed over the city were collated and calculated over the HCMC domain, as shown in Figure 4.
Similarly to the distribution pattern of other pollutants, the emission pattern of PM; 5 was concentrated
in the middle of the area—which is the city center with a lot of activities, such as highest road network
density and highest population density (Table 6) in core center districts of 1, 3 and 5 (Figure 4).

Overall, transportation was the main source of PM; 5, which contributed up to 44.8% of total
emissions, whereas industry ranked second with 33.6% and area sources contributed to 22.6%.
This figure is similar to the study of Cohen et al., 2010 who reported that the main source of
PM, 5 in Hanoi from 20012008 was traffic sources, contributing 40%, whereas the proportion of
industrial sources was 36% [35]. Despite the difference in the approach of the two studies, the sources
apportionment of air pollution shared the same pattern [36] between HCMC and Hanoi. It could
be understood since Hanoi and HCMC are principal cities in Vietham having similarities of vehicle
composition in the fleet and also industrial location pattern outside the city and in the neighboring
provinces. For instance, they are the two largest cities in Vietham with the highest population
density and the highest number of personal vehicles, especially for motorcycles. Moreover, industrial
production in general has many similarities in technologies and sectors of works. This would be
considered to affect the character of sources of pollutants in the two cities.
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Figure 4. Spatial distribution of PM; 5 emissions for transportation sources (a); PM; 5 emissions

distribution for all sources (b) in HCMC.
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Table 6. Area, population and population density of HCMC in 2018 by District [13].

Average Population (Person)  Square Area (km?)  Population Density (Person/km?)

Urban Districts
District 1 211,220 8 27,360
District 2 161,957 50 3253
District 3 199,095 5 40,466
District 4 183,894 4 43,994
District 5 183,544 4 42,985
District 6 262,757 7 36,801
District 7 327,223 36 9168
District 8 432,558 19 22,635
District 9 310,739 114 2726
District 10 241,327 6 42,190
District 11 237,110 5 46,130
District 12 549,064 53 10,411
Binh Thanh 490,618 21 23,610
Binh Tan 729,366 52 14,021
Go Vap 663,313 20 33,620
Phu Nhuan 183,288 5 37,714
Tan Binh 470,699 22 20,985
Tan Phu 491,300 16 30,764
Thu Duc 542,612 48 11,352
Rural District
Binh Chanh 652,900 253 2585
Can Gio 5759 704 108
Cu Chi 418,655 435 963
Hoc Mon 446,056 109 4086
Nha Be 177,990 100 1772

Comparing with the study of Hien et al. 2001 [36], on source apportionment of PM; concentration
in Ho Chi Minh City from 1996 to 1998, there are some similarities. For example, the proportions of
particles from road dust and vehicles in Hien’s study were 13% and 17%, respectively. This contribution
is also quite similar when comparing the source contribution of the friction of vehicle to the road surface
and motorcycle exhausts, being 14% and 18.3%, respectively, in our study. The percentage of emissions
from industrial sources in this study was 33.6%, larger than that in the study [36] (13%). It can also be
explained by the difference in conducting source apportionment in the two studies. Therein, source
apportionment was conducted at only one site, located at the rooftop of an eight-floor building in
the city center, surrounded by compact houses, narrow streets, and high vehicle density, with no big
industrial plant within a radius of 10 km. In our study, many major sources throughout the city were
taken into account, including line, point, and area sources. In addition, the industrial sources in this
study were determined by both the production process and fuel combustion, so the results partially
cover the coal source, which contributes 10% [36]. It can be seen that in these two studies, despite
having different approaches, the formerly used receptor modeling, and the later applied emission
inventory, they share some certain similarities.
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3.2. Air Quality Modeling

Air quality simulation was carried out for the whole year of 2017 over HCMC. The results show
that the maximum 1-h concentrations of NO, were 353 ug/m3, exceeding QCVN 05:2013/BTNMT
(200 ug/m3) (QCVN). The maximum 1-h concentrations of SO, were 61.9 ug/m3 and much lower than the
standard in QCVN. The results in Figure 5 also showed that the annual average concentrations of NO,
were 67.1 ug/m3, higher than QCVN (40 ug/m3). In contrast, the annual levels of PM, 5 were 23 ug/m3,
levels of SO, were 19.2 ],Lg/m?’, lower than QCVN (25 p.g/m3 and 50 ug/m“”). However, the PM, 5 levels
in most areas in the city were about two times higher than WHO recommendations (10 pLg/m3 ), with the
exception of some areas in the south of the city (Can Gio District). The highest concentration was in
District 4 and District 2 (detail location of each district is in Figure 6) where there were concentrated
ports. There are 34 ports in HCMC. These results were relatively similar to the PM, 5 pattern observed
by using continuous monitoring in the period of 2011-2015.
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Figure 5. Cont.
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Figure 5. Air pollution dispersion map for (a) NO,, (b) PM; 5, and (c) SO, annually in HCMC.
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Figure 6. District boundary of Ho Chi Minh City Map and distribution of emissions sources.

3.3. Results of Impacts of Air Pollution on Public Health

As the current work aimed to investigate the health impact of PM ; 5 in HCMC, here all prepared
data used for impact assessment were presented as the maps of air pollution, health baseline incidence
rate, and the exposed population. Indeed, the map of mortality for three diseases (Lung cancer,
Cardio-pulmonary, and IHD) related to PM, 5, SO,, and NO, were generated as shown in Figure 7a—c.
The pattern of deaths due to Cardio-pulmonary and IHD associated with PM, 5, SO,, and NO, are
similar to the pattern in Figure 5. The number of death cases is high in the center of HCMC because
the population density is high and the air in the center of HCMC is more polluted than in suburban
districts such as Cu Chi and Hoc Mon in Northwest of HCMC, and suburban districts as Can Gio
and Nha Be in Southeast of HCMC. In addition, in the impact function formula (Equation (4)) which
was used to calculate health effect (number of mortalities) related to air pollutant, concentration does
not only depend on the air pollution map but also depends on the map of health baseline incidence
of HCMC and exposed population map. The exposed population map also shows that population
density is higher in the center of HCMC since almost all social and economic activities concentrate in
this area. The map of health baseline incidence of HCMC referred from the A6 system also shows that
there are higher deaths in the city center than in the suburban areas.
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Figure 7. Mortality map (death/year/cell) related to lung cancer cases over HCMC due to (a) NO,,
(b) PM, 5, and (c) SO,.

The calculated result of the impact of air pollution due to PM; 5 on public health is shown in
Table 7, which shows that the number of deaths from PM, 5 accounts for 81% of total deaths among 3
pollutants (PM; 5, SO,, and NO,). The second-largest impact was NO,, accounting for about 12.2%,
and the third pollutant was SO, with 6.3%. These results can also be explained by the fact that
PM; 5 is very dangerous and has a higher impact as mentioned by WHO: “PM; 5 pollution has health
impacts even at very low concentrations — indeed no threshold has been identified below which no
damage to health is observed. Therefore, the WHO 2005 guideline limits aimed to achieve the lowest
concentrations of PM possible” [37]. This result of highest death due to PM; 5 is consistent with the air
quality monitoring data done by HCMC environmental monitoring center (the PM; 5 is usually higher
than QCVN) and is consistent with the results of PMj; 5 air quality modeling in this study (the annual
average concentrations of PM, 5 is much higher than WHO (10 pg/m3 ) about 2.3 times).

Table 7. Mortality burden from air pollution in HCMC (Unit: Death case).

Pollutants Lung Cancer  Cardio-Pulmonary IHD Total
PM; 5 64 715 357 1136
50, 3 43 43 89
NO, 6 83 83 172
Deaths due to PM, 5, SO,, and NO, 73 841 483 1397
Vietnamese A6 mortality reporting
system for whole HCMC 437 6630 3314 10,381

Proportion of deaths due to PM; 5,

SO, and NO, (%) 16.70 12.68 14.57 13.45
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The above results are compared with the health record system for HCMC, namely the Vietnamese
A6 mortality reporting system. The results show that lung cancer deaths due to air pollution (PM, 5,
SO,, and NO,) account for about 16.6% of whole lung cancer deaths in HCMC. The record shows
that cardio-pulmonary deaths due to air pollution (PM; 5, SO,, and NO,) account for about 12.68% of
whole cardio-pulmonary deaths in HCMC. In addition, our results show that IHD deaths due to air
pollution (PM; 5, SO,, and NO;) account for about 14.57% of whole IHD deaths in HCMC. PM; 5 is
responsible for the largest number of deaths from cardio-pulmonary disease with 715 cases, followed
by NO, with 83 cases, and finally SO, with 43 cases. The number of deaths due to heart-lung disease is
quite similar to that in the study of Yorifuji in 2015 when they calculated the number of deaths due to
this disease caused by PM; 5 was 964 cases in Ho Chi Minh City [38].

3.4. Sensitivity Analysis

This is the first study in Vietnam for assessing the impact of air pollution on human health in
Vietnam, in particular HCMC, by applying the air quality modeling approach. Here, some limitations
and sensitivity of results could be mentioned: (i) The total number of deaths was gathered from the
Ministry of Public Health in the form of the Vietnamese A6 mortality reporting system. An evaluation
of the A6 system shows that the sensitivity of the A6 system varies according to the cause of death.
The sensitivity for death from injury was 75.4%, for cancer 66.9% and for circulatory system disease
63.1% [39]; (ii) Since HCMC does not have a reliable system for recording detail data for air emission
inventory, the air emission inventory results may have uncertainty, and this is unavoidable and requires
future improvements for air quality modeling. Currently, the validation of the TAPM-CTM model at
R? about 0.7 (comparing air quality modeling results and air quality monitoring results) appears to be
acceptable. The future study should focus on increasing the air emission inventory accuracy and also a
more rigorous evaluation of the local A6 health recording system.

4. Conclusions

This paper has presented the first effort to assess the overall impact of air pollutants (PM; 5, NO,,
and SO,) on public health by modeling methods in HCMC Vietnam. The results of air quality modeling
show that the maximum 1-h concentrations of NO, were 353 ug/m3, exceeding QCVN (200 ug/m3 )-
The annually average concentrations of NO, were higher than that of QCVN and WHO (i.e., 40 pg/m?).
The annually average concentrations of PM, 5 were 23 pg/m3, which appears to be much higher (about
2.3 times) than the WHO guideline (10 ug/m3).

The outcome of this study on the impact of air pollution on public health showed that air pollution
in HCMC was seriously affecting public health. The approximate total death cases are found to be
1396 for three diseases (lung cancer, cardio-pulmonary, and IHD) due to population exposure to the
combination of PM; 5, SO,, and NO; pollutant levels. Among these air pollutants, PM; 5 has the
highest impact in terms of mortality with a total of 1.136 deaths, followed by NO, with 172 cases and
89 cases by SO,. These concerning results demand some stringent measures from the authorities to
potentially remedy the alarming situation.
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