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1 Background introduction

Recently, with the growing recognition and strict regulations on suspending
particle matter emission, the atmospheric PM2.5 concentrations are well
control. But in the contrary, the oxidant air pollutants precursor emissions are
rather hard to control, thus leading to the tropospheric ozone formation
observing in both urban and suburban areas. Direct ozone emission into the
atmosphere is not in significant quantities, instead it is formed from these
directly released precursor pollutants, volatile organic compounds (VOCSs)
and oxides of nitrogen (NOXx).

Many mitigation methods have been done for this environmental issue. The
hybrid vehicle developed recently may be the solution to it for reducing the
fuel consumption, thus reducing exhaust emission.

By adapting atmospheric transportation model, ozone concentration caused
by introduction of hybrid vehicle is calculated, and the health effect is also
estimated.



1.1 Japanese transition

As for Japanese government, several laws have been published to cope
with these photochemical reaction precursors.

For NOx, Air Pollution Control Act, published in 1968, firstly regulated the
maximum permissible limits for the quantities of automobile exhaust by the
Minister of the Environment. Passed in 1992 and most amended in 2011,
Automobile NOx/PM Act demands further reduction on emission quantities.

And for VOCs, Law concerning Pollutant Release and Transfer Register,
published by the Ministry of Economy, Trade and Industry in 2001, legislate
corporations and plants to publish the emission of chemical materials. With
the latest modification in 2013, the Air Pollution Control Act suppress the
VOCs emission from automobile vehicles.

Environmental standard for nitrogen dioxide and photochemical oxidants is
legislated by the Ministry of the Environment. For nitrogen dioxide, the daily
average for hourly values shall be within the 0.04-0.06 ppm zone or below.
For photochemical oxidants, hourly values shall nor exceed 0.06 ppm.
However, for the emission of volatile organic compounds, there is no specific
legislation on hourly emission. Currently used standard comes from Air Quality
Guidelines (1976, July 30th), 3-hours average concentration shall be less than
0.02-0.031ppmC from 6 a.m. to 9 a.m.

Table 1.1 shows the Japanese environmental standards.



Table 1.1 Environmental standards

Substance

Environmental conditions

Nitrogen dioxide

The daily average for hourly values shall be within the 0.04-0.06 ppm

zone or below that zone

Volatile Organic

Compounds

Three hours average shall be less than 0.20-0.31ppmC from 6 a.m. to

9 a.m. (Air Quality Guideline)

Photochemical

oxidants

Hourly values shall not exceed 0.06 ppm




Fig.1.1 shows the NOx concentration observed by air pollution monitoring
station and Motor Vehicle Exhaust Monitoring Station. It shows that in both
monitoring type stations, the emission of NOx decreased significantly in
recently years

Fig.1.2 shows the concentration of Non-methane hydrocarbons (NMHC)
from 6 a.m. to 9 a.m. It shows that the NMHC concentration also decreased
simultaneously.

Fig.1.3 shows the oxidant concentration annual change. Unlike its precursor,
concentrations for oxidant are quite stable, even increasing during recently
years. The increase of oxidant is in association with the complicated NOXx-
VOC-o0zone sensitivity, deeply affected by the automobile emission.

Several reasons have been concluded to explain this symphony.

The background level of tropospheric ozone is increasing, and because of
the jumping increase of NOx emission, the transboundary transportation is
become severe recently, this can be one of the reasons for long-term oxidant
increase.

Non-methane hydrocarbon and NOx are the precursor of photochemical
oxidant, the ratio between non-methane hydrocarbon and NOx also effect the
ozone formation mechanism. For the area around Tokyo Metropolitan, its ratio
high ratio maybe the reason for high oxidant concentration. Further
introduction on VOC-NOx-o0zone will be introduced in the part of ozone,

From 1990, the ultraviolet radiation is increasing as well, there is the
possibility of strengthening the photochemical reaction.
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1.2 Ozone

Ozone (0O3) is the ingredient of photochemical smog and takes large parts
of urban oxidant. Because of its extensive health effect, it is concerned as a

pollutant and monitored.
1.2.1 Ozone formation

Fig.1.4 show the scheme of tropospheric ozone formation. Firstly, this
sequence initiated by the reaction of VOC or CO with hydroxyl radical.

VOC + OH-RO; + H20
CO + OH —»HO; + CO>
Then followed by conversion of NO to NO>
RO2 +NO-VOC + HO2 + NO2
HO2> + NO-OH + NO>

NO: is photolyzed to generate atomic oxygen, which combines with O to
create O3

NO2+hv—>NO+O

O+0,+M-03+M
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1.2.2 VOC-NOx-ozone relationship

Fig.1.5 shows the sensitivity between volatile organic compounds, nitrogen
oxides, and ozone formation. From the picture, there are two regimes to be
paid attention, VOC limited regime and NOx limited regime.

From Fig.1.4, the formation of tropospheric zone formation can be
considered by the drive of odd hydrogen radicals. These two regimes
represent for two main radical sinks for radicals: nitric acid and peroxides.

Odd hydrogen radicals are composed of OH, HO2, and RO>. The initial
reaction of ozone production depends on the abundance of OH, and OH
depends on the source and sink of odd hydrogen radical.

1) VOC limited regime

VOC limited regime occurs when the nitric acid presents for the dominant
radical sink.

OH +NO>—»HNO3;

In this case, ambient OH concentration will be determined by the reaction
of OH with NO.. Because of the rate of nitric formation decrease with the NOx
concentration increase, OH concentration will increase. So, the ozone
formation increases with the NOx decrease in VOC limited regime.

2) NOx limited regime

NOx limited regime occurs when peroxide is the main dominant radical sink.
HO2 + HO2 — H202 + O2
RO2 + HO2 - ROOH + O>

In this case, ambient HO, and RO> concentrations will be determined by the
peroxide-forming reactions. The ambient HO, and RO concentration vary
little because of the rate of peroxide is quadratic in HO,. With the abundant
RO, and HO3, the reaction with NO determine the formation of ozone. This
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rate increases with the NOx concentration increase. So, the ozone formation
decreases with the NOx decrease in NOx limited regime.
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1.2.3 Effect on human health and crops

Many researches have proved that breathing ozone in the air can do harm
to human health, especially for people with asthma, elder adults, outdoor
workers and children. By constricting the breathing muscles, ozone can cause
shortness of breath, coughing, infectious susceptibility and chronic obstructive
pulmonary diseases. These symptoms have been found in healthy people,
and for sensitive group, such as children and asthma patients, they can be
even more serious. B4

Many meta-analyses of ozone and mortality has been done by researchers,
showing the positive linear relation between ozone concentration and mortality,
even at very low pollution level. Robust evidence is found between ozone
exposure and mortality when using the background concentration only,
typically range from 10 ppb to 25 ppb. Therefore, any anthropogenic
contribution to ambient, no matter how slight, will improve the risk for
premature mortality risk. BleIl7]

Besides, ground-level ozone also harms plants. In fact, the damage to
plants caused by ozone outstand all other air pollutants combined. Ozone
enters the leaves by the normal gas exchange. Ozone is such a strong oxidant
that cause the chlorosis and necrosis. Apart from the bad looking, it effects
the photosynthesis directly, causing the yield loss. Field researches have
proved the production loss for economy crops under current seasonal 8-
hour ozone concentration, from 40 ppbv to 60 ppbv.
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1.3 Diesel vehicle emission
1.3.1 Emission characteristic

Traditional internal combustion engine used for vehicles can be roughly
concluded into two types, the gasoline type and diesel type. Since the different
chemical composition of the fuel, petrol engines and diesel engine differ as
well. Diesel engines use a cycle reminiscent of a four-stroke cycle, but with
compression heating causing ignition, rather than needing a separate ignition
system. The advantage of diesel engine is fewer fuel consumption per unit
distance, thus generating less carbon dioxide. As a result of directly injected
before the power stroke, the fuel can only burn completely when ambient

oxygen is sufficient, this leads to the characteristic diesel emission factors.

No=gro, COE12%

H0=11%

0:2=9%

Pollutant Emissions = 1%
CO| HC [NOx| SO PM

ol 2| %@ 9
@o@o ﬁ

Fig.1.6 Diesel exhaust composition

Fig.1.6 shows the approximately composition of diesel exhaust gas. Less
than 1 percent of the diesel exhaust gas is pollutant emissions. Since the
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diesel engines are lean-combustion designed, the concentration of carbon
monoxide and hydrocarbon is minimal. And the amount of sulfur dioxide is
mostly depending on the fuel specification and quality. Ultra-low sulfur diesel
is provided to prevent harmful effect sulfur dioxide emission. So, the main
emission problem comes from the particle matter and NOx.

Table 1.2 shows the main pollutant concentration in diesel exhaust. NOx
and PM emission are far more than the environmental standard.

Table 1.2 Pollutant in diesel exhaust

Species Fraction Unit
NOx 50-1000 ppm
PM 1-30 mg/m?
co 100-500 ppm

Particle matter emission in the exhaust gas are from the incomplete
combustion of fuel hydrocarbon. A heavy-duty diesel engine is classified as
41 % carbon, 7 % unburned fuel, 25 % unburned oil, 14 % sulfate and water,
13 % ash and other components. Diesel engines particulate matter emission

are considerably higher than that of gasoline engines. [0t

As mentioned above, highly compressed hot air is used to ignite the fuel.
Normally this process generates only water and carbon dioxide. However, the
temperature in the cylinders is above 1,600 °C,causing the nitrogen to react
with oxygen and generating NOx emission. The amount of NOx produced is a
function of the maximum temperature, residence time and oxygen
concentration. Emitted NOXx is formed in the early process of combustion, for
the highest temperature in the cylinder. The relationship between temperature
and NOx emission has been revealed by , showing that the increase of

temperature leads to increase NOx emission amount by as much as threefold
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for every 100 °C increase. (23l

Nearly 40-70 percent urban NOx is contributed by the road transport. And
among multifarious types of emission, diesel vehicles are the most
contributors to the emission. Comparing diesel vehicle and gasoline engines,
the higher combustion temperature of diesel vehicle make it emit more NOx
than traditional petrol vehicles. For a single vehicle, the emission is as much
as 20 times than a petrol one, and for total amount, diesel vehicle should take
responsibility for around 85 percent of all NOx emission from mobile source,
primarily in NO form. &4

With the development of diesel engine, the efficiency of fuel leads to less
incomplete combustion, while the NOx emission will increase simultaneously.
So, the control of NOx emission tends to be a growing problem.

18



1.3.2 Japanese diesel consumption

Table 1.3 shows the 2016 Japanese automobile fuel consumption surveyed
by Ministry of Land, Infrastructure and Transport. According to the survey,
nearly almost gasoline is consumed by private vehicle. And for diesel, more
than 60% are consumed by business vehicle

Table 1.3 Automobile fuel consumption, 2016, Japanese [*°

Business Vehicle

Private Vehicle

Gasoline (106L)

771

50,438

Diesel (106L)

16,922

8,536

Table 1.4 shows the consumption for the Kanto area. In the Kanto area,
most of diesel is consumed by the business vehicles, which should take

responsibility for NOx emission in the Kanto area.

Table 1.4 Automobile fuel consumption, 2016, Kanto *°

Business Vehicle

Private Vehicle

Gasoline (106L)

310

13,544

Diesel (10L)

4,475

2,418
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1.3.3 Japanese NOx emission

Fig.1.7 shows the proportion of total NOx emission for Japan, 2011. Most
NOx emission comes from transport activities. Nearly 20% of total NOXx
emission is caused by the automobile. Compared to the 35% of 1990, the
decrease in NOx emission is quite effective.

W Energy

H Industry

® Transport(Airplane)
Transport(Automobile)

M Transport(Railway)

® Transport(Ship)

Hm Others

Fig.1.7 Total NOx emission(t®
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Fig.1.8 shows the automobile NOx emission proportion. Special diesel
vehicle means the vehicles used off road, for example, heavy equipment used
for constructions like backhoe loader. Although the gasoline emission is
nearly twice of it of diesel, the emission of total automobile only takes 13.8%.
On the contrary, most of NOx emission comes from diesel vehicles. Normal
diesel vehicles take responsibility for 55% of total NOx emission. For further
reduction of NOx, unlike currently used urea selective catalytic reduction, a
new method of hybrid vehicle can be put into practice.

M Diesel vehicle

m Diesel special vehicle

® Gasoline vehicle
Motorbike

m Others

Fig.1.8 Automobile NOx emission!*®!
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1.4 Hybrid vehicles

Hybrid vehicles are vehicle powered by two or more type of energy, with
more than one actuation system. Generally, the energy comes from fuel,
batteries, fuel cells, or suppressed air. And actuation system includes internal
combustion engine, electric motor, turbine engine and so on.

The principle of hybrid engine is to take advantage of the best performance
of different engines under different speeds. For example, the electric motor
can provide better turning power than combustion engines at low speed, and
combustion engines are good at maintaining high power at high turning speed.
By switching the actuation system in proper time, a better fuel efficiency can
be achieved, and fuel consumption can be reduced simultaneously.

For the environmental effects, there are several advantages over traditional
vehicle.

1) By using multiple braking system, the energy can be used to charge the
batteries, thus reducing the fuel consumption and prolong the life expectancy
of vehicles.

2) Taking advantages of different actuation, the fuel efficiency can be
improved.

3) Adapting electric motor to assist the internal combustion, the air pollutant
can be reduced. Because of the high temperature in the cylinder leads to high
pollutant emission, with the assistance of electric motor, time of full power
running conditions for internal combustion engines can be reduced, so does
the air pollutant emission.

4) Consuming less fuel means the CO2 emission from fuel combustion will
be reduced. Although there are some doubts on the total carbon emission of
hybrid vehicle, according to a life cycle assessment report on hybrid vehicle
published by the Europe Union, the total carbon emission is less than

traditional vehicles under the electricity generation conditions of UK.
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1.5 Purpose

The hybrid vehicles have the advantages of less fuel consumption, less
greenhouse gas emission, and less pollutant emission. But the impacts on the
ozone formation are still uncertain due to the fact that sensitivity of VOC-NOXx-
ozone concentration is complicated. This simulation is done to reveal the
ground-level ozone concentration change by introducing the hybrid heavy-
duty vehicle.
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2 Calculation methods

In this research, the Weather Research and Forecasting (WRF) Model and
the Community Multiscale Air Quality (CMAQ) Modeling System are used for
calculating the ground-level ozone concentration. After validating the
simulation data and stationary observed data, new emission inventories of
hybrid vehicles are adopted for predicting the consequence of introduction of
hybrid vehicle to Kanto Area during summer season.
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2.1 WRF

The Weather Research and Forecasting Model is a next-generation
mesoscale numerical weather prediction system designed by the lead of
National Center for Atmospheric Research. The WRF is composed of two
dynamical cores, a data assimilation system, and a parallel computing
program. This model can serve to the meteorological application range from
the scale of tens of meters to thousands of kilometers. Simulations can be
done from inputting the actual atmospheric conditions from observation and
analysis or ideal conditions for prediction.

The WREF is the non-hydrostatic model of complete compression, and the

fundamental equations are shown below

Newton’s second law

dv
E=—an—V(p+F—2w><v

where

a. Specific volume,1/ p
¢: Geographic latitude
F: Frictional force

Continuity equation

Ideal gas equation

pa = RT

25



First law of thermodynamics

Q=C
where
C,: Coefficient of specific heat at constant pressure
Conservation of water vapor mixing ratio

904

Frale =V (pvq) + p(E - C)

where

q: water vapor mixing ratio

E: Represents for evaporation
C: Represents for condensation

Seven equations with seven unknowns, with proper boundary conditions,

for example, the surface and top of the atmosphere, it is possible to integrate
them, and the weather can be forecasted.

In this study, WRFv3.7.1 was used for meteorological calculation.

26



2.2 CMAQ

The Community Multiscale Air Quality (CMAQ) modeling system is being
developed and maintained under the leadership of the EPA National Exposure
Research Laboratory.

Air quality models integrate understandings of the complex processes that
affect the concentrations of pollutants in the atmosphere. Establishing the
relationships among meteorology, chemical transformations, emissions of
chemical species, and removal processes in the context of atmospheric
pollutants is the fundamental goal of an air quality model (Seinfeld and Pandis,
1998)

' METEOROLOGY CHEMISTRY

Mete;ﬁfgm o Initial Conditions |l Boundary Conditions
(e.&., WRF or MM5) (et (BEN)

Inline emissions
options *

Chemistry Transport Model (CMAQ) J

POST-PROCESSING AND ANALYSIS

Meteorology-
Chemistry Interface
Processor (MCIP)

i o e

OPTIONAL MODEI.SJ
Agriculture
(EPIC)

EMISSIONS

NZO==>0=r77>p

‘ Sparse Matrix Analysls Sottwar
Operator Kernel for (AMET) — .
I Emissions (SMOKE) J | PTHON | | R
Visualization rmo——
(VERDI) || mstooLs | | el

* plume rise, biogenic, lightning generated NO, sea salt, windblown dust, bidirectional exchange of ammonia

Fig.2.1 CMAQ structure [

Fig.2.1 shows a simple structure of CMAQ program. We can see three parts
of data are necessary for running chemistry transport model.

Meteorology data generated from the WRF determines the physical
conditions of chemical reaction, such as solar radiation, humidity, and
pressure.
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Emission data comes from inventories under different instructions. The
more detailed the inventories are, the less errors would have in chemical
reaction and transportation. By modifying the emission data, the sensitivity

analysis of a certain emission source can be evaluated.

In chemistry part, reaction equations are defined. Aerosol chemistry and
gas chemistry are two important parts for atmospheric chemical reactions.
Mechanism and kinetics of reactions are defined in the model files. They can

be easily modified to the latest research.

Other two important parts are the initial conditions and boundary conditions.
Initial conditions show the starting concentration of target species, the
beginning of simulation. Boundary conditions are the concentration on the
fringe of certain area. Chemical exchange for grid on the boarder of area can
be calculated with data. For the largest domain, some global chemical model
such as HTAP-2 and MOZART are adapted to get boundary and initial
conditions. For the second domain and third domain, these condition can be

derived from calculation of parent domains.

The 3-D chemical transport of model of mass concentration can be
concluded in to this equation
aC; a¢; aC; aC;

l
ot T¥ax TV TV

_J (k aCi>+ g (k aCi)+ g (k aC")+R +D;+S
S ox\ T oax/) ox\Yay) ox\7Zoz T

where

R;: Reaction of chemical i

D;: Deposition of chemical i

S;: Source emission of chemical i

Paragraphs from left to right represents concentration change, advection,
dispersion, diffusion, chemical reaction, deposition and emission sources for
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chemical i respectively. Meteorological prediction for advection, dispersion
and diffusion, mechanism for chemical reaction and deposition, detailed
inventories for emission sources, the concentration change can be calculated.

The velocity of u, v, w and the coefficient of dispersion of k,, k,, k, are

derived from the result of WRF meteorological calculation,

In this study, CMAQV5.2.0 was used for chemistry transport calculation.
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2.3 Calculation Conditions
2.3.1 Period

Pollution events with high ozone concentration are highly associated with
sunshine and warm temperature. High ozone is very rare when the
temperature is under 20°C, quite common with the temperature over 30°C.
Besides temperature and sunshine, high ozone concentration conditions
appear more easily when relatively wind is light and conditions that vertical
mixing in the atmosphere is suppressed because of thermal inversion or
subsidence layers.

Concerning these parameters, the simulation is conducted for two weeks,
from 2013-7-21 to 2013-8-3, as shown in Table 2.1.

Table 2.1 Meteorological data from 2013/7/21 to 2013/8/3[8

Temperature/°C Humidity/% Wind velocity/m/s

Date  Air pressure/kPa  Rainfall/mm mverage  Highest Lowest Average  Lowest Average Lowest Sunshine duration/h
7121 1007.6 - 24.8 29 21 62 51 2.5 5.6 8.7
7122 1005.2 0 265 304 235 77 64 2.8 6.5 6.1
7123 1002.3 245 28 352 252 76 44 22 75 5.9
7124 1001.4 15 254 271 243 85 78 2.6 4.8 0
725 1000.3 0 267 293 241 80 68 15 3 0
7126 1000.2 - 284 323 255 76 61 2.7 53 5.1
7127 1000.2 195 276 331 223 77 59 3 7.8 5.2
7128 1002.2 0.5 273 318 229 71 54 2 4.3 8.1
7129 999.4 7 263 273 249 83 73 2.1 4.6 0
7/30 996.8 0 278 312 25 78 63 25 5.6 2.3
7/31 999.6 0 274 307 252 7 65 2.7 5.6 0.8
8/1 1000.1 0.5 275 328 242 80 59 24 5.7 3.2
812 1004.7 0 256 291 23 73 61 2.6 53 4
8/3 1005.2 -- 26.7 308 235 68 53 25 5 6.6

30



From Table 2.1 we can see the meteorological data of Tokyo for the
simulation periods. During these period, most of the highest temperature are
above 30°C, which are quite ideal for the ozone formation. Wind are not so

strong that ozone can accumulate easily.
2.3.2 Domain

Before simulation, it is necessary to define the calculation area. For both
guickness and preciseness requirement of calculation, generally from the
largest to the target region, three domains are defined.

Fig.2.2 shows the nesting of calculation area.

Domain 1 is the whole east Asia, and its grid size is 45 km x 45 km. This
domain is calculated because the advection of pollutant from continent has
affected the air quality significantly. Besides, warm and humidity wind from
Indian Ocean and Pacific Ocean in summer are highly associated with rainfall
and cloud formation for Japan. Calculated conditions can be used as the initial
and boundary condition for next simulation.

Domain 2 is the whole Japan, with a grid size of 15 km x 15 km. With a
smaller grid size, pollutants transported from continent are calculated by a
more precise form.

Domain 3 is the target area, Kanto area. Grid size is 5 km x 5 km.
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Fig.2.2 Domain nesting of simulation area
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2.3.3 Emission inventory

The inventory of vehicle emission is made under the instruction of JEI-DB
(Japan Auto-Oil Program Emission Inventory Data Base). Except for
automobile emission, stationary sources, biogenic volatile organic emission,
and volcano is also included. For the necessary requirement of atmosphere
simulation, this inventory is not just the total amount of emission, but the
monthly, hourly changing pollution data of the 1-kilometer grid.

Inventories for biogenic volatile organic compounds are derived from Model
of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1.

Inventories for volcano are derived from Japan Meteorological Agency,
mainly for Mt. Asama, Miyakejima, and Mt. Aso.
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2.3.4 Scenario

Three scenarios are adopted for the calculation. One scenario is the base
scenario, for validating the simulated data and stationary observed data. Other
two scenario are the introduction of diesel hybrid vehicles (hybrid scenario 1)
and diesel hybrid vehicles with gasoline hybrid emission factors (hybrid
scenario 2).

According to the JEI-DB (Japan Emission Inventory-Data Base), the vehicle
emission consists of six parts: diurnal breathing loss, hot soak loss, running
emission, running loss, start emission, and the particulate matter from friction.

Diurnal breathing loss is the permeation of long-time parking and hot soak
loss is the permeation that evaporates after daily use, until the temperature of
tanks and pipes go down to the ambient temperature. Running loss emissions
are evaporated gasoline emissions occurring while a vehicle is driven due to
the heating of the fuel and fuel lines. These three types of emission can be
derived to the tank design, pipe material, and canister capacity.

Running emission is the exhaust of engine strokes. Start emission is the
exhaust when the engine starts to work, depending on the initial conditions of
the engine.

Friction is due to the friction between tire and ground, tire and brake block.
Particulate matters, usually PM10 is generated during this process.

Since this research is focus on the exhaust change by introducing hybrid
power engine, the change of evaporation of fuel and friction particles are
ignored, only focusing on the emission of running and start.
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Tables 2.3 and 2.4 show the emission factors from chassis dynamometer
experiment conducted in Tokyo Metropolitan Research Institute for
Environmental Protection. Emission factors mean the emission of pollutant on
the assumption that the original emission is 1. Emission factors of diesel
hybrid vehicles and gasoline hybrid for NOx and non-methane hydrocarbon

are listed.
Table 2.3 Diesel hybrid emission factors
NOx NMHC
Cold start emission 0.918 0.050
Run emission 0.992 0.126
Table 2.4 Gasoline hybrid emission factors
NOX NMHC
Cold start emission 0.140 0.256
Run emission 0.339 0.467

From the table, we can see the NOx reduction rate of diesel-hybrid vehicle
is much less than that of gasoline-hybrid vehicle, as a result, the final
simulation of diesel hybrid introduction scenario is not so straight. So, the
gasoline emission factor is also adapted, assuming that with the technology
improvement the effectiveness of diesel-hybrid vehicle can reach current

gasoline-hybrid level.
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3 Result and discussion
3.1 Model Validation

Validation is done for the capital cities of seven prefectures of the Kanto
Area, Tokyo, Kanagawa, Chiba, Saitama, Tochigi, Gunma and Ibaraki. The
validation of this simulation is concluded in two parts, the correlation validation

and preciseness validation.
3.1.1 Correlation

Correlation validation is to compare the changing trend of base observed
data and calculation data for base scenario, to verify the calculation data can
reflect the fluctuation of pollutants.

Figs.3.1 to 3.7 show the tendency validation for 7 prefectures capital cities.
Figs.3.1 to 3.4 exhibit the hourly ozone concentration comparation of
simulation data and observe data of southern part of the Kanto area. The
correlation coefficients of four cities range from 0.610 to 0.726, quite high for
the field of simulation. For the first several hours, the model needs a small
period of warming up, thus causing some errors for Tokyo and Kanagawa. And
from July 28th to July 31st, the sun duration time is relatively short compared
with other days. But the solar radiation for these days is overestimated, and
because the solar radiation is quite an important factor for oxidant formation,
the simulation data is much more than observed data. And for these four cities
in the southern part of Kanto area, the concentration transitions are like

observed data.
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Correlation coefficient equals 0.633
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Fig.3.1 Comparation of hourly ozone concentration for Tokyo
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Correlation coefficient equals 0.647
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Fig.3.2 Comparation of hourly ozone concentration for Chiba
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Correlation coefficient equals 0.726

Saitama
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Fig.3.3 Comparation of hourly ozone concentration for Saitama



Correlation coefficient equals 0.610

Kanagawa
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Fig.3.4 Comparation of hourly ozone concentration for Kanagawa
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Figs.3.5 to 3.7 show the hourly ozone concentration comparation of
simulation data and observe data of northern part of the Kanto area. The
differences between the simulation data and observed data are obviously,
most of simulation data are overestimated. The correlation coefficient ranges
from 0.484 to 0.626.

For the northern cities, because of the rather high pressure of summer sea
surface, the sea breeze effect is strong, transporting the urban originated air
mass to northern part. The oxidant of downwind area is supposed to be higher
than urban area, in the simulation this phenomenon is reflected. And the
overestimation of oxidant may be caused by the poor reproducibility of
problems on ozone formation during the dispersion and transportation of air
mass. Same phenomenon was reported by other researchers’ model
performance evaluation for the Kanto areal’®?’ Besides, the ozone
concentration for nighttime is also estimated. This tendency is reported by the
research for American urban area and rural area, possible reason is the

problem on nighttime NOx reproducibility.
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Correlation coefficient equals 0.626
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Fig.3.5 Comparation of hourly ozone concentration for Tochigi
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Correlation coefficient equals 0.484
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Fig.3.6 Comparation of hourly ozone concentration for Gunma
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Correlation coefficient equals 0.575

Ibaraki
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Fig.3.7 Comparation of hourly ozone concentration for Ibaraki
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3.1.2 Preciseness

Preciseness validation is to compare the observed data and simulated data.
The comparation is shown in the scatter plot with three base lines: 1:1,1:2
and 2:1. X axis means the observed data, Y axis means the calculation data.
The more near the plot is to the 1:1 line, the more precise is the simulation.
And if the plot is located between the two lines of 1:2 and 2:1, it shows this
data is meaningful for the simulation.

Figs.3.8 to 3.14 show the preciseness validation for 7 prefectures capital
cities.

The preciseness evaluation can be also concluded southern urban area and
northern rural area.

For the urban area, plots are located on the both sides of 1:1 line, evenly
and randomly. And most plots are between the two dash lines, meaning

acceptable for simulation.

For the rural area, the plots are not evenly. Almost all ozone concentration
simulation of Tochigi and Gunma are more than 20 ppbv, 10 ppbv of Ibaraki,
while low ozone concentrations are observed in the area above. Besides,
most of plots are in the upper part of graph, meaning that the simulation
concentration is higher than observed concentration nearly all the time. There
are several possible reasons for this phenomenon. One reason, as mentioned
above, the overestimation of ozone formation during the progress of
dispersion transportation. Other one reason is the effect of NOx titration
(NO+03=02+NO3>) for rural area is underestimated, which is crucial in the
reduction of ozone. Besides, the transportation model for mountain area and
the change of biogenic volatile organic compounds caused by climate change
should also be considered.
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Fig.3.8 Scatter plot of ozone concentration for Tokyo
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Fig.3.9 Scatter plot of ozone concentration for Chiba
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Saitama
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Fig.3.10 Scatter plot of ozone concentration for Saitama
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Kanagawa
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Fig.3.11 Scatter plot of ozone concentration for Kanagawa
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Fig.3.12 Scatter plot of ozone concentration for Tochigi
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Fig.3.13 Scatter plot of ozone concentration for Gunma
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Ibaraki

100

90

80

70

60

50

40

30

20

10

0 20 40 60 80 100

Fig.3.14 Scatter plot of ozone concentration for Ibaraki
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3.2 Ozone concentration change

By using the CMAQ model, pollutants concentrations for every grid and
every hour is calculated. By comparing the concentration calculated by base
scenario and hybrid scenarios, the effects on replacing traditional diesel high
duty vehicle would be shown directly. The ozone concentration change
between scenarios is analyzed for the case of space and time.
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3.2.1 Spatial distribution

Fig.3.15 shows the ozone concentration change of spatial distribution,
hybrid scenario 1. The color series show concentration change after the
scenario calculated. In the central part of Kanto area which is typical city
terrain, the ozone increased. And the northwest and west part of Kanto area,
covered by forest and affected by the sea-land breeze pollution transportation
from urban area, the ozone concentration slightly decreased. Ozone changing
pattern is in contrast of urban area and suburban area, however, the absolute
value of ozone change is relatively small compared with background ozone
level. The largest ozone concentration increase is 0.057ppbyv, simulated near
the Yokosuka city, meanwhile 2013 average annual ozone concentration is
47ppbv. So, under current diesel hybrid emission factors, the ozone
concentration changes are meaningful in the aspect of mathematic, the effect

on the environment and human beings can be ignored.

Fig.3.16 shows the ozone concentration change of spatial distribution,
hybrid scenario 2. In this case, with a higher NOx reduction ratio, the pollutant
emission and oxidant concentration vary significantly. Referring to the satellite
map, it is very straight that for the land covered by vegetations, average ozone
concentration decreases, and for the concrete urban terrain, the concentration
increases. And specially, the ozone concentration has a strange increase in
Tokyo bay, further discussion will be done in chapter 3.2.3.

From Fig.3.17, in the northwest direction of Tokyo, the ozone concentration
is higher. As mentioned above, because of the pollutant transportation by the
sea-land breeze, ozone concentration is higher in the downwind direction.
With the reduction of NOx emission, environmental issues for those area are
mitigated. Urban area has a better atmospheric quality than downwind area,
however, the reduction of NOx would aggravate its environmental issues.
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Fig.3.15 Ozone concentration change for Scenario 1
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Fig.3.16 Ozone concentration change for Scenario 2
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Fig.3.17 Base scenario ozone average concentration
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3.2.2 Time series

The graphs of time series aim to show the hourly change of ozone
concentration for a certain area. Unlike the spatial distribution, the time series
graph focuses more on the ozone change for day time and night time, looking
forward to explaining the reason for ozone concentration change for a certain

area.

Three cities are selected for time series analysis: Tokyo, Maebashi, and
Tateyama.

Tokyo represents for typical urban area.

Maebashi represents for the rural area with the downwind sea-land breeze
effect.

Tateyama represents for rural area without pollutant transporting event.

Figs.3.18 to 3.20 show the hourly ozone concentration change. Fig.3.18 is
hourly ozone concentration change of Tokyo, the average concentration
increased. This can be also shown in its time series graph. In fact, the hourly
change of Tokyo fluctuates a lot. For the day time, it is hard to draw conclusion
because of the complicated conditions for urban area pollutant formation.
There is concentration increase peak from July 28" to July 31%, the simulation
data for these days are not in good correlation with observed data, however.
The most possible reason is the meteorological simulation for this period is
not so perfect, thus affecting the photochemical reaction. Besides, Tokyo area
locates in the area of VOC limited regime, the reduction of NOx is less
effective on mitigating ozone formation. Hourly change for night time is more
regular. From 0 a.m. to 6 a.m., photochemical reaction is restrained for the
lack of solar radiation, so the change of ozone concentration is because of the
NOX titration.

NO+03=N02+02

Most of NOx are in the form of NO, with the reduction of total NOx, the
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formula above moves left, leading to the increase of night ozone concentration.

Fig.3.19 is hourly ozone concentration change of Maebashi, the average
ozone concentration decreased. Affected by the downwind transporting
pollutant, the changes of hourly concentration are more regular and significant.
Night time ozone concentration increases because of the same season of
NOx titration balance move. Daytime ozone concentration decrease in
Maebashi is very significant, because Maebashi is in the NOx limited area.
Most of its NOx pollutant are not emitted locally, transported from upwind area
instead. The decrease of NOx is rather effective on ozone burden. It also
shows that the pollutant transportation of urban contributes a lot to rural air
quality deterioration. Combing the slight increase of nighttime and great
decrease of daytime, the average ozone of Maebashi has an obvious
decrease. Although average ozone decreased, the absolute ozone
concentration of Maebashi is still higher than that of Tokyo. The introduction
of hybrid vehicle mitigates the environmental issues for downwind rural areas,

with the cost of making urban air issues severe

Fig.3.20 is hourly ozone concentration change of Tateyama, the average
ozone concentration decreases slightly. Different from Maebashi, Tateyama
locates in the southeast part of Tokyo gulf, the pollutant from Tokyo is hard to
be transported to this area, so the ozone concentration change for this area is
more ideal without the advection disturbance. With low NOx concentration,
the effect of NOx titration is rather small, night time concentration keeps stable.
And for day time photochemical reaction, referring to the NOx-VOC-ozone
sensitivity, under low NOx concentration and abundant biogenic volatile
organic compounds, the decrease of NOx is effective for ozone reduction. In
conclusion, the introduction for hybrid vehicle improve air quality in term of
ozone for isolated rural area.
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Fig.3.18 Hourly ozone concentration change for Tokyo
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Fig.3.19 Hourly ozone concentration change for Maebashi
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Fig.3.20 Hourly ozone concentration change for Tateyama
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3.2.3 Ozone increase in Tokyo Bay

From Fig.3.16, the ozone concentration increases strangely from the central
Tokyo Bay to the southwest direction. For in this calculation, only emission
from heavy-duty vehicles are modified, there must be some reasons for the
ozone increase of sea surface.

Figs.3.21 and 3.22 show the hourly ozone concentration change of the

highest two mesh on the sea surface.
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Fig.3.21 Hourly ozone concentration change for highest mesh
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Fig.3.22 Hourly ozone concentration change for second highest mesh
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The concentration change trend for those two meshes are very similar, there
are four main ozone concentration increase on July 23, 28", 30", and August
2" from midnight to the noon. Comparing with Fig.3.20, the ozone
concentration increase periods are very similar. It means that for the area
where NOx emission from heavy-duty vehicles are not so high, the ozone
concentration changes with the same pattern. And for the sea surface, the
main NOx emission comes from ship transport, and for Tateyama, main
emission from heavy-duty is not so significant as well. This similarity in NOx
emission leads to the similar changing pattern.

There are four similar peaks on ozone concentration, by checking the
calculation data, the reason for the increase are similar, so here just discuss
the increase on July 30™. From Figs.3.21 and 3.22, the ozone concentration
change starts to increase from 0 a.m., reach the peak at noon and fall. This is
the typical changing trend of NOXx titration.

Figs.3.23 and 3.24 show the NOx concentration for both base scenario and
hybrid 2 scenario, 8 a.m. in the morning. NOx concentration spatial
distributions are similar, and for hybrid 2 scenario, the NOx concentration is
less than that of base scenario. And by checking the wind trend of that day,
the wind blew to the southwest direction, transporting the high NOx emission
air parcel from Tokyo Metropolitan area to the sea surface.
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Fig.3.23 NOx concentration for base scenario, 7/30 8:00
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Fig.3.24 NOx concentration for hybrid 2 scenario, 7/30 8:00
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Fig.3.25 shows the average NOx concentration change for the calculation
period. It shows that the ozone increase area is in accordance with the NOx
concentration decrease area, proving the NOXx titration contributes a lot to the
0zone concentration increase.

Here comes to the conclusion that the strange increase on sea surface is
because of the wind transport of NOx from urban area to sea surface. With
the reduction of NOx emission, sea surface NOx concentration decreases
meanwhile, then the decrease of NOX titration caused the ozone increase.
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Fig.3.25 Average NOx concentration change for calculation period
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3.3 Mortality estimation

The ozone associated mortality estimation can be generally concluded for
two types, long-term exposure and short-term exposure 1. For long-term
estimation, the accumulate ozone exposure of a threshold of certain
concentration is most focused 22 2% However, this simulation is just
conducted for two weeks’ calculation, and most of high ozone pollution cases
appear in summer season, the short-term exposure of ozone is estimated.
The key factor of short-term ozone mortality estimation is maximum 8-hour
mean concentration. 8-hour mean for a certain hour is the mean of the hourly
average concentration for that hour and preceding 7 hours.

Based on the calculation result, premature mortality change associated with
ozone can be estimated by following equation 2

y=yo (1 —eF4).p
where
y. Premature mortality change
y,. Baseline incidence rate per unit population

B: Ozone concentration—response coefficient

_ In RR
A[O3]gr

RR: Relative risk for ozone, 1.003 suggested by WHO[?®!
A[O3]gg: 109/m3

Ax : Concentration change of maximum 8-hour ozone mean
concentration

P: Population
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Table 3.1 shows the 8-hour maximum concentration change calculated by
CMAQ model. With higher NOx reduction rate, the ozone concentration
changes are higher as well

Table 3.1 8-hour maximum concentration change for capital area

AO3/ppbv Ibaraki Tochigi Gunma Saitama  Chiba Tokyo Kanagawa
hybrid 1 0.027 0.029 0.024 0.037 0.03 0.039 0.028
hybrid 2 0.849 0.521 -0.407 1.326 0.307 1.207 0.985

Table 3.2 show the mortality change rate for capital areas of seven
prefectures in the Kanto area. The mortality changes range from minimum
-0.024% to the maximum 0.079% for hybrid 2 scenario.

Table 3.2 Mortality change rate (%) for capital area

Scenario hybrid 1 hybrid 2

Mito 0.0016 0.0509
Utsunomiya 0.0017 0.0312
Maebashi 0.0014 -0.0244
Saitama 0.0022 0.0794
Chiba 0.0018 0.0184
Shinjuku 0.0023 0.0723
Yokohama 0.0017 0.0590

Table 3.3 shows the total Japanese mortality of 2013, from National Institute
of Population and Social Security Research. High mortality increase are in
accordance with high mortality number, means that the health effect for these
high population density area is quite severe.
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Table 3.3 Total mortality, 2013[?"]

Prefecture Total mortality
Ibaraki 30368
Tochigi 20591
Gunma 21661
Saitama 60264
Chiba 53603
Tokyo 110507
Kanagawa 72970

Introducing current diesel hybrid vehicle do not affect much. But with the
development of technologies and NOx reduction ratio, the consequence
becomes more severe. For example, the rate of mortality caused by traffic
accidents is 0.32%, compared with the 0.07% mortality increase of ozone
alone, the further effects on mortality cannot be ignored. Noticing that this is
the rough calculation for only capital area of every area, the highest population
density area, the effect of whole prefecture may be more serious.
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4 Summary
4.1 Current Conclusion

The CMAQ model for predicting urban area ozone concentration is reliable
with the high correlation coefficient. However, CMAQ model have the
tendency to overestimated ozone concentration at night time for rural area.

The NOx emission reduction has contrast results on ozone concentration:
increase in urban the area and decrease in the rural area.

For the short calculation period, the influence of wind is rather strong, longer
period calculation is suggested for more precise calculation results.

Under current diesel hybrid technologies conditions, introducing diesel-
hybrid vehicles do not affect atmosphere environment. With the improvement
on battery and engine management, different counter measures should be
enacted by analyzing specific VOC-NOx-o0zone sensitivity. The introduction of
hybrid vehicle sometimes can be harmful for ozone concentration and human
health.

Mortality estimation shows that slight change in ozone concentration should
be concerned for the high population density and influence of urban area.
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4.2 Future plans

In this research, only CMAQ default boundary conditions are used. Other
global emission inventories, such as HATP-2 and MOZART-4 are widely used
as well. Same simulation may be done with different global emission
inventories to evaluate their performances separately.

For winter season, because of the pollutant transportation from China and
less solar radiation, the ozone concentration can be affects by these factors.
Further simulations for winter season can be done to have a thorough view of
ozone concentration change.

For the term of human health effect, PM2.5 has a much higher relative risk
value of 1.04 than ozone relative risk of 1.003. Different from ozone, the health
effect of PM2.5 is associated with its composition, which depends on both
local anthropogenic emission and biogenic emission?®. And most of all, the
PM2.5 calculation is not in good accordance with observed data, because the
formation mechanisms of secondary organic carbon are not fully revealed.
Further research can be done in this field.
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