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Chapter 4 

MONITORING AND SIMULATION 

Y U K I O  YANAGISAWA 

4 . 1  C0NTI"JS MONITORING 
As mentioned i n  earlier chapters ,  there are air  q u a l i t y  s tandards f o r  f i v e  

air pol lu tan ts  i n  Japan, that i s ,  s u l f u r  dioxide (SO2), carbon monoxide (a), 
suspended p a r t i c u l a t e  mat ter  (SPM), photochemical oxidants (Ox) ,  and ni t rogen 
dioxide (No2). 

chapter are mployed at more than 1,000 monitoring s t a t i o n s  in Japan. 
The measurement mthods  f o r  these p o l l u t a n t s  discussed i n  this 

In  addi t ion  t o  these pol lu tan ts ,  measurement methods for n i t r i c  oxide (No) 
and non-methane hydrocarbons ( M C ) ,  which are measured at several hundred 
m n i t o r m g  s t a t i o n s ,  w i l l  be mntioned b r i e f l y .  

4.1.1 Sulfur  dioxide 
Sulfur  dioxide is produced by the oxidat ion of s u l f u r  i n  fossi l  f u e l s  during 

canbustion. The conductanetric method is taken as t h e  reference method f o r  
SO2 measurement i n  Japan. 
so lu t ion  a f f e c t  the conduct ivi ty  of t h e  so lu t ion ,  the observed change in the 

conduct ivi ty  of t h e  s o l u t i o n  w i l l  be the sun of the e f f e c t s  of all the ions i n  
the solut ion.  
assumed t o  be either constant or r e l a t i v e l y  i n s i g n i f i c a n t ,  the change i n  the 

conduct ivi ty  can be related to  the SO 

As substances which are electrolytes i n  aqueous 

I f  the concentrations of al l  other e lec t ro lyz ing  gases are 

concentration. 2 
After passing through a dust filter and a flow meter, an a i r  sample is 

introduced i n t o  an absorbing so lu t ion  of hydrogen peroxide. 
reacts with hydrogen peroxide: 

Sul fur  dioxide gas 

(1) 
2- SO2 + H202 = H2S04 = 2H' + SO4 

T h e  increased conduct ivi ty  produced by the addi t iona l  hydrogen and s u l f a t e  ions 
is r e l a t e d  t o  the s u l f u r  dioxide concentration. T h e  hydrogen peroxide s o l u t i o n  
is ac id i f ied  with 1 x N s u l f u r i c  acid t o  reduce the in te r fe rence  fran C02. 

A i r  p o l l u t a n t s  such as C12, HC1, No2, H2S, and HF produce positiveerrorsin So2 

masurements, w h i l e  NH produces negative errors. High concentrat ions O f  

m n i a  gas are of ten  found i n  i n d u s t r i a l  areas and farming regions. 
areas, an m n i a  scrubber made of ion-exchange membrane or o x a l i c  a c i d  pellets 

3 
I n  such 



158 

is added prior t o  the SO2 absorption t o  eliminate the NH 

the USA. 
t e t rachlormcura te  solution and converted t o  a monochlorosulfonatacurate 
canplex. 
pararosaniline methyl sulphonic acid which is an intensely colored dye. 

absorption of the dye is measured spectrophotmtrically at 560m. 

interference. 3 
The pararosaniline wet chemical method is employed as a reference method i n  

Sulfur dioxide in  the air  sanple is absorbed i n  a potassium 

Pararosaniline and fomldehyde react with the canplex to  form 

The 

4.1.2 Nitrogen oxides 
Six types of oxidized nitrogen are chemically stable, including N20, No, 

N203, NO2, N205 and No3. 
are primarily generated by canbustion, are considered t o  be a i r  pollutants. 
Nitrogen oxides (Nox) by convention are indicated as the sum of No and No2 

concentrations. 
chemical or by chiluminescent methods. 

Nitrogen dioxide (No2) and n i t r i c  oxide ( N o ) ,  which 

Nitrogen oxides in  anbient a i r  can be measured either by w e t  

The  use of Saltzman reagent, which is one of the wet chemical methods, is 

the  reference method for measurements of No2 and No i n  Japan. 
i n  the a i r  samqle is absorbed i n  the Griess-Salt- azo-dye-forming reagent 
(a mixture of sulfanil ic acid, N-(1-naphthy1)-ethylenediamine dihydrochloride 
and acetic acid) which develops a red-pmple color. 

in the  solution is deternined spectrophotmtrically by measurement a t  5501x11. 
Nitrogen dioxide reacts with the azo-dye-forming reagent as follows: 

Nitrogen dioxide 

The  amount of reduced NO2 

2No + H 0 = HN02 + HN03 
2 2  

S03H + CH3coo51 = 

' 3 H 3 m N 2  -0- S03H + HNo2 + H20 + (1/2)02 (3) 

HN02 + H2N - - S03H + CH3cooH = 0 

CH3COON2 -0 S03H + 0 N H ( C H 2 ) 2 ~ 2  = 

I f  reactions (2 ) ,  ( 4 ) ,  and (5)  occur, 2 moles of No produce 1 mole of 2 
azo-dye and i f  reactions (3). ( 4 ) ,  and (5)  occur, 2 moles of No are converted 
to  2 moles of azo-dye. 
molecules is 0.5 i n  the f i r s t  case and 1.0 i n  the second case. As both 
reactions occur simultaneously i n  actual measurerent, the ra t io  is usually 
empirically determined i n  practice. 

2 
The conversion ra t io  of No molecules to  azo-dye 2 

T h  ra t io  was  reported as 0.72 i n  
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Saltzman's original paper, but t h e  value of 0.84 is currently used i n  Japan. 
No does not react with the azo-dye-forming reagent, but can be measured by 

oxidising to  No2 by passing through acidic potassiun pemgana te  solution. I n  
the continuous Saltzman monitor, nitrogen dioxide i n  the a i r  sample is absorbed 
by the azo-dye-forming reagent after passing through a f i l t e r  and a flow meter.  
The  absorption of the developed color produced by the reaction between No2 and 
the reagent is measured to determine the No 

The remaining a i r  containing No is introduced into an oxidation chamber. 
Finally it is bubbled through mre azo-dye-forming reagent where the oxidized 
No reacts t o  form the azo-dye ccmplex. 
are measured by replacing the azo-dye-forming reagent contained at hourly 
intervals. 
simultaneously i n  the Saltzman method. 

concentration in  the air ssnple. 2 

Average concentrations of No2 and No 

Sanpling of No and No2 and developnent of color are done 

I n  the Jacobs-Hachkiser method or its modification, No2 i n  the air  sanple 
is collected i n  a sodim hydroxide solution for 24 hours and subsequently 
analyzed i n  the laboratory by adding a mixture of phosphoric acid, 
sulfanilamide and N-( 1-naphthyl )-ethylenediamine dihydrochloride. 
absorption of the resultant colored solution is measured at 540m. 

The 

I n  addition to  these w e t  chemical procedures for No2 analysis, a gas phase 
Fundamntally, ckmilminescent method has been used widely i n  recent years. 

the v e t  chemical procedure analyzes No2, while the chemilwninescent method 
measures No concentration as follows: 

No + o3 = No2* + o* (6) 

No2* = No + hv (7) 
No i n  f i l tered a i r  sample is drawn into the reaction vessel and rapidly 

mixed with 03. 

and the intensity of the emitted light is measured by a photomultiplier tube. 
For No2 analysis, the air sanple containing No and No2 is introduced into a 
converter t o  reduce No2 to  No. 

reaction vessel. 
be calculated by subtracting the concentration of No from that for Nox. 

Chemilminescent reactions ( 6 )  arid ( 7 )  take place i n  the vessel 

T h e  reduced gas is then directed into the 
Thus Nox concentration is measured and No2 concentration can 

4.1.3 Carbon monoxide 
Carbon monoxide is produced by inccmplete canbustion. The  carbon monoxide 

concentration i n  ambient a i r  can be measured by non-dispersive infrared 
absorption or  by a gas chrmatographic method. 

The non-dispersive infrared absorption method is the Japanese reference 
method. 
a t  specific wavelengths, so non-dispersive infrared spectroscopy can be used 
for measuring CO. 

cel l  and a reference cell. 

Molecules of different elements such as CO absorb infrared radiation 

Infrared radiation is passed through two cells,  a sample 
Pure ni t rogen gas is contained i n  the reference 
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cell, w h i l e  CO i n  the a i r  sample is pumped through the sample cel l .  The  CO i n  
the a i r  sample absorbs s m  of the infrared radiation at a specific wavelength 
w h i l e  the remaining infrared energy passes through to  a dual cell detector 
located behind the sample and reference cells.  
f i l l ed  with pure CO so that it is sensitive only t o  the infrared radiation a t  
the absorbing wavelength. 
film. 
cell are separately absorbed by each cell of the detector. 
sample cell side receives less energy than t h a t  on the reference cell side due 
to  the removal of energy by CO i n  the a i r  sample. 
displaced t o  ccmpensate for the difference i n  pressure of pure CO gas on both 
sides caused by the inbalance of the intensity of the impinging infrared beams. 

The displacement causes the change i n  capacitance which generates an electrical  
signal. 

T h e  dual ce l l  detector is 

T h e  detector cells are separated by a thin metallic 
The infrared beams passing through the sample cell and the reference 

T h e  detector on the 

The t h i n  metallic film is 

The  gas chranatographic method with a flame ionization detector (FID)  can 
also tx used t o  measure CO i n  ambient a i r .  
measured by the FID by introducing samples into a hydrogen flame burning i n  
air .  
measured as the volatile canpounds burn in  the flame. Carbon monoxide, which 
is not detected by the FID, is f i r s t  reduced t o  methane i n  a catalytic column 
and then detected by the FID af ter  it has been separated fran other canpounds 
i n  the sample by a separation column. 

Volatile organic canpounds are 

Proportional changes i n  an induced electr ic  f ie ld  across the flame are 

4.1.4 Photochemical oxidising agent (Ozone) 
The neutral, buffered, potassiun iodide method (NBKI) is used as the 

reference method for oxidising agents i n  Japan. 
substances, minly ozone, in the neutral buffered potassiun iodide solution 
yields iodine by the following reaction: 

The absorption of oxidising 

2 KI + H 0 + 0 = I2 + 2KOH + O2 ( 8 )  2 3  
The absorption of iodine a t  365 nm indicates the concentration of the oxidising 
agents i n  the a i r  sample. 

I n  a continuous oxidising agent monitor. The  f i l tered sample reaches the 

absorption vessel through a Cr03 oxidizer w h e r e  sulfur dioxide i n  the air  
sample is oxidised to  sulfuric acid. Sulfur dioxide interferes with the 

oxidising agent measuremnts by reducing the iodine produced by reaction ( 8 ) .  
I n  the absorption vessel, the air sample and potassium iodide solution flow i n  
a counter-current direction. 
before and af ter  contact with the air sample are ccmpared and the difference 
indicates the concentration of oxidising agents i n  the a i r  sample. 

The absorption of the potassium iodide solution 

The solution is repeatedly used af ter  removing iodine by means of an 
Nitrogen dioxide and n i t r ic  oxide which are activated charcoal filter. 
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oxidised by the  C r U  oxidiser produce a positive error in the oxidising agents 
measurements. 

3 

The chemilminescent analytical procedure is based on the chemilminescent 
reaction of ozone with ethylene. 
introduced into a mixing vessel where the ozone reacts quantitatively with the 
ethylene to  emit  light, which is detected by a photanultiplier tube.  

Ethylene and ambient air  containing ozone are 

4.1.5 Suspended particulate matter 
Suspended particulate matter is defined as suspended particles of diamter 

less than 10 pm. 

suspended in the atmsphere for a significant period of time. The reference 
method for measuring the suspended particulate m a t t e r  specifies the use of a 
l o w  v o l w  sampler to  draw air a t  a flaw rate  of 20 l/& through a glass 
fiber f i l t e r  for 24 - 48 hours. 
particulate matter is calculated i n  pg/mj fran the mass of collected particles 
and the v o l m  of a i r  sampled. A cyclone or a cascade inpactor is used t o  
exclude particles larger than 10 Dm frcm the a i r  stream prior t o  the fiber 

f i l t e r  . 

Particles smaller than 10 pm are respirable and remain 

The mass concentration of the suspended 

Errors i n  this method mainly come fran 1) weighting errors, 2 )  non-uniform 
air flow and 3 )  non-uniformity of the separation of fine and coarse particles. 
A difference in the water content in the f i l t e r  before and af ter  the sampling 
is one of the basic errors encountered i n  weighing. 
allowed to  reach equilibrium a t  the same temperature and hmidity prior t o  each 
weighing. 
be lost due to  evaporation of volatile substances. 
cause positive or negative errors i n  the mass measurement of l ightly loaded 
f i l t e rs .  
a Po21o sowce. 
particulate matter is oily or w e t .  
frequently or controlled electronically. 
fine and coarse particles results i n  large deviations of the mass concentration 
i n  the presence of coarse particlates, since the mass of a particle of u n i t  
density is proportional t o  the cube of its diameter. 

T h e  f i l t e r s  should be 

If the f i l t e r s  are stored for a long time after sampling, mass may 
Static charges sanetimes 

Therefore, any s t a t i c  charge on the f i l t e r  should be neutralized with 
A sharp decrease in a i r  flow may occur during sampling i f  the 

The air flaw rate should be checked 
Non-uniformity of the separation of 

Suspended particulate matter can be measured by methods other than 
g r a v h t r i c  measurement. 
to  the mass concentration measurement. 
time measurement include the light scattering method and the piezo-balance 
method. 
where they show linear relation with the gravimetric mthod. The scattered 

light intensity of a single particle is a function of its particle diameter 
(d ) ,  refractive index and the wavelength (x)  of the l ight used. 

The attenuation of beta radiation C a n  be applied 

Direct reading i n s t m n t s  for  real  

These methods are also the reference mthods in Japan within the range 

For particles 
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which are s m a l l  i n  diameter d canpared with the wavelength x, the scattering 
6 4 intensity is directly proportional t o  d and inversely proportional t o  x . 

With increasing particle diameter, its dependence on the particle diameter 
becanes less. 
distribution, refractive index and absorption efficiency of l ight ,  are 
reproducible, the l ight scattering methad may be employed for ambient a i r  
monitoring af ter  calibration against the g r a v k t r i c  method. 
piezo-balance method, particles are pwped t o  a quartz  crystal  surface and 
deposited on it by electrostatic precipitation. The mass change of the crystal 
i n  an oscillator circuit  changes its resonant frequency; the ra te  of frequency 
change reflects particulate mass concentration in the a i r  sample. I n  applying 
this method to  ambient air monitoring, loss of sensit ivity due t o  high particle 
loading on the crystal surface and interference of absorbed water vapor should 
be taken into account. 

If the characteristics of the smple particles, such as d i e t e r  

I n  the 

4.1.6 Non-methane hydrocarbons 
Various kinds of hydrocarbons are found i n  the atmosphere. Sane of these 

are carcinogens and/or take part i n  photochemical oxidation. 
Methane is a natural atmospheric gas exceeding 1 ppn which is released by 

the activity of methane producing bacteria, so only non-methane hydrocarbons 
are considered to  be air pollutants. 
with a f h  ionization detector (FID) have been developed for t o t a l  
non-methane hydrocarbon analysis and for specific hydrocarbon ccmponents. 

Many techniques using gas chranatography 

Two types of GC/FID configurations have been used i n  Japan for autcmated 
analysis of ambient non-methane hydrocarbons; one is a differential  method and 
the other is a direct method. In the differential  method, the concentration of 
non-methane hydrocarbons is determined by subtracting the methane concentration 
from the concentration of t o t a l  hydrocarbons (THC). 

introduced directly into the detector for the THC analysis, then sample of 
methane provided fran a separation column is fed t o  the detector by a switching 
valve. Oxygen can interfere with the differential  methad. Oxygen and 
hydrocarbons i n  the air  sample are introduced into the FID at the same t i m e .  
T h e s e  react to  produce CO and c02 t o  which the F I D  is insensitive. 

prior t o  entering the detector. 
ccmponents of the air sample according t o  their  molecular weights i n  general 
( for  example, inorganic c v u n d s ,  methane and heavier organic canponents) many 
peaks of non-methane hydrocarbons are detected i f  the separation colmn feeds 
directly into the detector. 
af ter  the elution of methane, a plug of non-methane hydrocarbons is obtained a t  
the opposite end of the separation column. 

T h e  air sample is f i r s t  

I n  the direct method non-methane hydrocarbons are separated f r an  oxygen 
As the separation c o l m  separates many 

If  the carrier gas flaw direction is reversed 

By reversing the direction of the 
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carrier gas flow and by switching the connections to  the separation column and 
the detector, mthane and non-methane hydrocarbons are analyzed directly. The  

oxygen interference is thus avoided. 

4.2 PASSIVE lvlONITORIffi 

Spatial and temporal variations of air pollutant concentrations may be so 
great that monitoring stations must be carefully s i ted in order t o  provide data 
representative of their region. 
determined? 
of the a i r  quality? The potential nunber of continuous monitors i n  operation 
is limited by the costs of installation and maintenance although the continuous 
mnitoring methods described i n  the previous section are w e l l  develaped. 
Simple and inexpensive monitoring devices have been developed for simultaneous 
masurmnts  of a i r  pollutant concentrations a t  many locations over long 
periods of the. 
continuous monitors, they are very useful for providing an overview of the air 
quality in an area of interest. 

Haw are the representative locations 
How m y  monitoring stations are required t o  obtain f u l l  kncwledge 

Even i f  these shnple devices are less accurate than the 

A passive monitor which can measure air pollutant concentrations without a 
pwp, can provide simultaneous pollution masuremnts a t  many locations. The  

application of the passive monitor is not limited t o  outdoor measuremnts. 
People spend most of their the indoors, so the importance of indoor air  
quality has b e c m  a significant public health issue i n  recent years. 
indoor a i r  quality is primarily d e t a i n e d  by the emission rate from indoor 
pollutant sources, the a i r  exchange and removal rates, and by outdoor pollutant 
concentrations, air quality can vary widely from house t o  house. It is 
therefore necessary to  collect large mounts of data in order t o  obtain 
s ta t is t ical ly  reliable exposure estimates. 
w e l l  suited for large scale indoor arid personal exposure measuremnts as w e l l  
as for outdoor measurements because it is structurally sinple, s i lent  and 
inexpensive. 

As 

The passive monitor is particularly 

The main difference between passive and active (continuous) monitors is the 
mans by which pollutants are transferred frcm the atmosphere t o  the collecting 
material. 
the collecting material by a p q ,  w h i l e  pollutants are transferred by 
molecular diffusion i n  the passive monitor. 
passive monitor are often analyzed by the s m  chemical procedure as the active 
monitor, so the diffusion process is an essential part of the passive monitor. 
If the diffusion rate or the sampling rate  of the passive monitor is w e l l  
characterized, the pollutant concentrations can be quantitatively measured by 
the passive monitor. I w i l l  describe the th re t i ca l  background of the 
diffusion process to  obtain quantitative r e su l t s  and then introduce several 

I n  the active monitor, pollutants in the a i r  sanple are drawn into 

Pollutants collected by the 
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widely used devices. 

4.2.1 Theoretical analysis of the passive monitor 
(i) Analogy of the diffusion process with electr ic  resistance. The 

3 diffusion process is described by Fick's law. The concentration, C (mole/an ) ,  

of the a i r  pollutant of interest with respect t o  the one-dimensional position, 
x (an), and time, t ( s )  becanes: 

dc d dc 
d t  dx ( D  d x )  
_ = _  

w h e r e  D is the diffusion coefficient. 
The eddy diffusion coefficient i n  turbulent gas flow ranges f ran  100 t o  

2 10000 (an / s ) ,  while the molecular diffusion coefficient is of the order of 0.1 

( a n L / s ) .  

gradient exists only i n  the region of molecular diffusion around the sorbent of 
the passive sampler. 
( 9 )  with boundary conditions of X = 0, C = Co, and X = L,  C = C gives: 

Therefore, it is a reasonable assmption that a concentration 

Under a steady state condition, integration of equation 

a 
N = (D/L)  (Ca - CO) (10) 

where Co is the concentration a t  the surface of the sorbent, L indicates the 
thickness of the region of molecular diffusion and Ca is the concentration 
outside the region. N is the mass flow rate per unit area, which is often 
called the mass flux. If N is thought of as a current, equation (10) is 
similar to  O h ' s  law. The difference i n  concentration (Ca - Co), which is the 

driving force of the flow, is canparable t o  the voltage difference. 
Mass Flux Current 

Concentrat ion Voltage (11) 
The proportional coefficient of current and voltage is resistance. 

case, resistance is expressed as follows: 

I n  our 

R = L/D ( 1 2 )  
The uni t  of R for mass transfer is (s/an). The reciprocal of R, then, has the 

2 
sane units as velocity. 
for a period t ( s ) ,  the mount of absorbed a i r  pollutant M (mole) becanes: 

When we expose an absorbent of area A (an ) t o  the a i r  

M = N * A * t = (A/R) * (Ca - CO) * t (13) 
3 The units of A/R are (an / s )  which are the s a n ~  as for the flow rate  of the 

active sampler. T h e  area, A, and the sampling period, t ,  are the operational 
variables, so characteristics of the diffusion process involve the resistance R 
Shawn in  equation (13).  

(ii) Model of the passive sampler. The re  are usually three regions around 
the sorbent of the passive monitor w h e r e  air  pollutants can diffuse by 
molecular diffusion (Fig. 4 . 1 ) .  

resistance i n  the process of a i r  pollutants diffusing fran the a i r  t o  the 
sorbent. 

T h i s  b l i e s  that there are three types of 

A i r  pollutants collected by the sorbent must pass 1) a boundary layer 
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around the interface of the air and the passive monitor ( R l ) ,  2) a stagnant 
region produced by a diffusion barrier (R2) and 3) a boundary layer at the 
sorbent (R3). 

These resistances connect i n  series. By analogy with electrical resistance, 
the overall resistance (Ro) of the diffusion becanes: 

RO = R1 + R2 + R3 ( 1 4 )  

The reciprocal of Ro is often called an overall mass transfer coefficient 
(Kog = l/Ro). 

absorbed, it is a reasonable assunption that Co in equation (13) is nearly 
equal t o  zero, equation (13) then becanes: 

If a very small amount of the air pollutant of interest  is 

M = (A/Ro) * Ca * t = Kog * A * Ca * t (15) 

which allaws us t o  easily calculate the pollutant concentration during the 
sample exposure period ( t )  . 

chemical reaction occurs a t  the boundary layer in the gas phase region, R 1  could 
be described by the following equation: 

(iii) Descriptions of diffusion resistance by physical parmeters. Unless a 

R1 = b /D (16) 

Here, b is the thickness of the boundary layer and g stands for  gas phase. 
the same manner R2 becanes: 

In 

R2 = L / ( D  * v)  (17)  

w h e r e  L and v are the length of the diffusion barrier and the void fraction of 
tk, barrier, respectively. 

If the reaction between the a i r  pollutant of interest and the absorbent is 
f i r s t  order, irreversible and rapid, with reaction rate of k ( l / s ) ,  then the 

R 1  

R2 1 R3 

BOUNDARY LAYER 

RESISTANCE I N  
D I F F U S I O N  CONTROLLIIiG 
STAGNANT REGION 

RESISTANCE I N  SORBENT 

Fig. 4.1. A &el of passive sampler. 
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third resistance becomes: 
(18) R3 = m/(k * DL) 1 / 2  

where m is Henry's constant and DL is the diffusion coefficient i n  the liquid 
phase. 

( i v )  Effects of enviromntal  factors on physical parasneters. Surface wind 
velocity, tenperatwe and relative hunidity are the three mjor environmental 
factors affecting the physical parameters. 

Surface wind velocity (WV) has an effect on the thickness of the boundary 
layer b. 

boundary layer near the leading edge of a f l a t  plate can be described by the 
distance frun the leading edge and the kinetic viscosity. 
flow indoors and outdoors is not laminar; therefore, we cannot predict the 
thickness of the boundary layer. 

If  the a i r  stream is laminar and inccmpressible, the thickness of the 

I n  most cases, air  

It should be examined experimentally. 
T k  diffusion coefficients and the chemical reaction rate constant are 

functions of temperature. 
i n  an ideal gas is proportional t o  T3l2 w h e r e  T indicates absolute temperature. 
I n  a real gas mixture, the exponent of T is slightly larger than 3/2. 
theory to  predict the gas phase diffusion coefficient a t  a specific temperature 
is w e l l  developed. For example, if the Lenard-Jones potential parameters for 
the binary gas mixture are known, the diffusion coefficient is calculated from 
the equation derived by Hirschfelder et 
the theory to  estimate the diffusion coefficient i n  the liquid phase is 
insufficient. 
elevation of temperature following Arrhenius' l a w .  

Kinetic theory shows that  the diffusion coefficient 

The 

On the other hand, developrent of 

T h e  reaction rate constant increases exponentially with 

If  the relative hmidity affects the w a t e r  content of the sorbent, then the 
diffusion coefficient i n  the liquid phase and the reaction rate  constant may be 

changed. The exact relation between them is not clear yet. 
Overall resistance to  the diffusion process in th passive monitor could be 

described as functions of these enviromntal  factors: 
Ro(WV, T, RH) = b(WV)/D(T) + L/D(T) 

+ m ( T ) / ( k ( T ,  RH) DL(T, RH))  ll2 ( 1 9 )  

Only the length of the diffusion barrier, L ,  can easily be controlled (eqn. 
1 9 ) .  
and third tern due to  change in the enviromntal  conditions. 
second term is very large, the sensit ivity of m a s u r a m t s  which are 
proportional t o  the reciprocal of Ro, that i s ,  Kof, is lowered. Therefore, we 
have t o  determine an appropriate length for the diffusion barrier. 
environmental factors, the influence of the surface wind velocity on the 
overall resistance has been w e l l  examined empirically. 

For very large values of L ,  we can suppress the variation of the f i r s t  
Hawever, i f  the 

Of these 

4.2.2 Lead peroxide candle method 
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3 The lead peroxide candle method developed in  1934 is a semi-quantitative 
method for  ambient sulfur dioxide measurmnt. 
sulfur dioxide concentration is not expressed in parts per bi l l ion but as the 

In this method, the ambient 

sulfation rate  [mg =,/(day x lOOan' Pbo;!)]. 
a useful historical  overview of sulfur oxide pollution. For example, Fig. 4 .2  

shows sulfur oxides concentrations in  scm3 urban and industrial  areas i n  Japan 
since 1957. Although the monitoring mthod is semi-quantitative, the results 
indicated w e l l  the progress of industrialization and the worsening of air  
quality. 

Nevertheless, this method provides 

The underlying principle of the method is t o  measure the amount of sulfate  
produced by the reaction : 

so2 + Pbo2 = Pbsoq (20) 

An activated paste containing lead peroxide is hanogenized in gun tragacanth. 
This is coated on cotton gauze which is then wrapped around a porcelain 
cylinder t o  fonn a candle. 
air for one month t o  absorb SO2. 

sodium carbonate solution t o  dissolve the lead sulfate. The lead sulfate  
f i l tered fran the lead peroxide solution is acidified with hydrochloric acid. 
After removing the carbonate ions, bariun chloride solution is added and then 

The candle held i n  a shelter is exposed to  polluted 
After exposure, the cotton gauze is soaked in 

h I 

i 

. d' 
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0 " " ' " " " '  
'57 '60 '62 '65 '67 

Fig.  4.2.  Sulfur  oxide concentration in '60s measured by 
lead peroxide candle method. 
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the result ing barium sulfate  is weighed. 
The  sulfation rate is calculated as: 

2 Sulfation rate [nv$O3/(day x 100 an Pbo2)] 
= ( W 1  - W 2 )  3 (80/233) x (100/a) x ( l / n )  

= 34.3 x ( W 1  - W2)/(a  x n )  (21) 
w h e r e  W 1  and W 2  are the weights of B"s04 in the sample and the blank, 

respectively. 
period. 

'a' is the area of P W 2  exposed t o  the air  and n is the exposure 

F'urther studies are required f o r  monitoring the sulfur  oxide concentration 
quantitatively by th i s  simple, inexpensive method. 
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Fig. 4.3. Seasonal change of personal No2 exposures of users of 
unventd or vented space heaters. 
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4 . 2 . 3  Filter badge and palmes tube 
5 The filter badge and the Palms tube6 were developed for quantitative 

measurements of outdoor and indoor No2 concentrations and personal exposures t o  

No2. 
personal No exposures masured by the f i l t e r  badge.7 
neighbr living i n  a residential area i n  Tokyo were exposed t o  considerably 
different levels of No2 though outdoor No2 concentrations around their houses 
were the saw. 

simpler i n  configuration, but less sensitive than the f i l t e r  badge. I w i l l  

explaln the details  of the f i l t e r  badge here: the Palmes tube is described 
elsewhere. 

For example, Fig. 4 . 3  shows the seasonal change in  daily averages of 
A housewife and her 2 

They used different types of space heaters. The Palmes tube is 

The f i l t e r  badge consists of three parts: a badge case, an absorbent sheet 
and a diffusion controlling mat (Fig. 4 . 4 ) .  The badge case has an opening to  
the a i r  on one side. 
paper containing a triethanolanine solution to  absorb No2 gas. 
controlling mat is a filter of hydrophobic fiber made of a fluorine containing 

polymer. Since the f i l t e r  has an average pore s i ze  of 5 um, the transfer of 
gas through the mat appears t o  be by molecular diffusion; thus the diffusion 
velocity controls the absorption rate. 

The absorbent sheet is made frcm a cellulose fiber f i l t e r  
The diffusion 

After exposing the  f i l t e r  badge to  the atmosphere, the absorbent sheet is 
put into a glass-stoppered cylinder and soaked i n  azo-dye-forming reagent. 
azo-dye-forming reagent is a mixture of sulfanil ic acid, concentrated 
phosphoric acid and N-(l-naphtyl)-ethylenediahe dihydrochloride solution. 
After allowing 40 min for ccmplete color development a t  25 - 30°C, the 
absorbance is masured a t  545 m. 

The 

The performance of the f i l t e r  badge w a s  examined by using a wind tunnel. 
When the absorbent sheet w a s  directly exposed to  the standard No2 gas in the 
wind tunnel, the absorption rate  a t  a wind velocity of 4.0 m/sec w a s  2.7 t k s  
as great as the absorption rate  at 0.15 m/sec. The absorption rate might be 

Fig. 4 . 4 .  Fil ter  badge for measurement 

A: BADGE CASE 
B: ABSORBENT SHEET 

c : DI FFUSION CONTROLLI NG MAT 

D: CLASP 

of nitrogen dioxide. 
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enhanced by turbulent mixing a t  high wind velocity. 
absorption rates decreased as more layers were applied; however, a t  the s m  

time the absorption rate  i tself  decreased. The opthim nmber  of layers w a s  
determined using the cr i te r ia  that the effect of wind velocity should be 
sufficiently suppressed, and tha t  the sensit ivity should be adequate. 

The  difference in the 

The effect of the relative hunidity on the absorption rate  was also 
examined. 
ranging fran 40% t o  80%. 
a relative hunidity of 60%, but its variation due t o  relative humidity w a s  less 
than that due to  wind velocity. 

The absorption rate varied about 20%, with the relative hmidity 
The  overall mass transfer coefficient w a s  highest a t  

The f i l t e r  badge method w a s  canpared with the Saltzman continuous monitor by 
changing the sanpling period frcm one day t o  seven days. 
concentrations measured with the f i l t e r  badge method were nearly equivalent t o  
the r e s u l t s  obtained fran the Saltzman mthod (Fig. 4.5). 
canparative tests, the f i l t e r  badge can remain effective af ter  7 days' 
exposure. It  may be possible to  expose for  up t o  one month. 

Nitrogen dioxide 

According t o  these 

4.3 ATWPHERIC MODELS 

What is the most cost effective way t o  maintain acceptable air  quality? A i r  

quality control requires a lot  of money, labor, and significant technical 
developnent. These are very controversial poli t ical ,  econanical and 
technological issues. 
a i r  quality; for exaqle, a change of energy sources, installation of pollution 
control equiprent i n  au tmbi l e s  and industrial plants, relocation of 
industries, etc. Simulation modeling of the present environmental air quality 

There are several alternatives for maintaining adequate 
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Fig. 4.5. Canparison of f i l t e r  badge and SaltPMn method. 
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and of future trends is a useful way to  determine how t o  meet a i r  quality 
standards best. 

The behavior of pollutants emitted fran specific sources is a ccmplicated 
function of meteorological and source emission conditions. 
be physically described by a diffusion equation using meteorological conditions 
as parameters. T k  meteorological conditions, hawever, can fluctuate so 
quickly and widely t h a t  we cannot feed r a w  mteorological data directly into 
the model, even using a very large ccmputer. 
meteorological and source conditions into several categories. 
explanation of a dispersion model and the categorization of mteorological and 
source mission conditions w i l l  be briefly described in the follaving sections. 

This behavior can 

One must sinplify the 
A theoretical 

4.3.1 Dispersion model 

The concentration of pollutant released fran a stack on a f l a t  surface, is 
given by equation ( 2 2 )  assming a steady s ta te  (Fig. 4.6). 

This equation is c m n l y  used to  calculate the concentration, C(g/m 3 1, of 

gaseous or particulate pollutants of srrall diameter at a point (x, y, z) i n  a 
buoyant p l w  fran an effective stack height, H, which is the sun of physical 

Fig. 4.6. Coordinated system for Gaussian dispersion of plume. 
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stack height 
equation, is 

T h e  f i r s t  
distribution 

and plume rise. This equation, the so-called Gaussian plume 
derived with the following assunptions. 
assumption is that the spatial  profile of the average pollutant 
has a normal (Gaussian) distribution with a standard deviation of 

s horizontally and sz vertically. 
conditions. Secondly, the mean wind velocity, U (m/s), is high enough to  
ignore the diffusion effect  i n  the downwind direction. Thirdly, pollutants, 
once discharged fran a stack, are conserved and are reflected canpletely rather 
than being absorbed by the  earth 's  surface. 
pollutant emission rate,  Q (g / s ) ,  is uniform and continuous for a longer period 
than the travel time to  any specific downwind position. 

Both are determined by the meterological 
Y 

The f inal  assumption is that the 

The actual profile of the plme, which is governed by the vertical  
distribution of temperature and wind does not always f i t  the Gaussian 
distribution as shown i n  Fig. 4.7,' but the p l m  model is still  useful for 
calculating an average concentration over a relatively long period. 

If the man wind velocity, U, is zero or very small (U less than lm/sec), 
the diffusion effect cannot be ignored in  canparison with the advection effect. 
Dispersed pollutant concentrations emitted fran an instantaneous source with 
low man wind velocity are estimated using the puff equation. 

Here, t ( s )  is the time elapsed s i n c e  a puff emission and Q'  ( 9 )  is the mass 

emitted fran the instantaneous source. 
particular point is described by the model as the superposition of many puffs 
discharged before that t i m e .  

The pollutant concentration a t  the 

The plme and puff equations are basic model equations, so many derivative 
equations are employed for specific conditions. 

4.3.2 Parameters of the dispersion model 

The parameters used i n  eqns. ( 2 2 )  and (23) to  determine the pollutant 
concentration a t  a particular point (x, y, z )  must be related to  the s tab i l i ty  
of the atmosphere and the source emission conditions. 

(1) Stabili ty of the atmosphere. If  a parcel of dry air moves freely upward 

i n  a hydrostatically stable environment and expands s lmly  without exchanging 
heat with its enviromnt  ( i .e .  adiabatic expansion), its temperature decreases 
0.98 "C per 100 m of elevation. This adiabatic ra te  of temperature decrease, 



173 

the adiabatic lapse rate, is obtained fran the hydrostatic equation (eqn. 2 4 )  

and the f i r s t  l a w  of thermodynamics(qn. 25). 

dp _ -  & - -P4 

1 o = c d r - - d p  
P P 

The observed rate of temperature change with height is called the 
enviromntal (temperature) rate.  
decrease is the s m  as the adiabatic lapse rate,  then an adiabatically 
displaced parcel is said to  be i n  neutral equilibrium as it is moved upward. 

If the enviromntal  ra te  of temperature 

(A) STRONG LAPSE CONDITION (LOOPING) 
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Fig. 4.7. Stack gas behavior under various conditions of stabil i ty.  
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When the environmental temperature ra te  decreases faster than the adiabatic 
lapse rate, then an a i r  parcel moving upwards becames warmer and less dense 
than the surrounding enviromnt.  
accelerates upward, powered by buoyancy forces. 
enviromntal  temperature decreases a t  less than the adiabatic lapse rate (or  
even a t  a negative ra te ) ,  the parcel is i n  stable equilibrium and is forced 
back to  its start ing height by ( an t i )  buoyancy forces. 

The parcel is i n  unstable equilibrium and 
On the other hand, i f  the 

When an a i r  parcel a t  temperature T is brought adiabatically from a pressure 
P t o  sea-level pressure Po  (100 KPa), the temperature of the parcel becaws its 
potential temperature which is often used to  express the vertical  temperature 
profile. By substituting (1/0) in eqn. (25)  with (1/0) = Rp/P derived fran the 
equation of s ta te  for the atmosphere and by integrating fran the sea-level 
pressure Po to  the pressure at any level, the potential temperature is 
calculated as follows: 

Tp = T * (Po/P)  R/Cp (26 )  

The vertical  gradient of the potential temperature (dTp/dZ) is approximated 

When ( ap /dZ)  is zero, it is said to  be 
by ( a / d Z )  + a, w k e  a indicates the adiabatic lapse rate. 
indicates the equilibrium conditions. 
the neut ra l  condition. If  (dT /dZ) i n  a layer is negative, the layer is 
unstable; i f  it is positive, the layer is stable. 

Therefore (dTp/dZ) 

P 

A typical enviromntal  temperature profile (Fig. 4.8)  is determined by the 
ea r th ' s  surface characteristics, the amount of incaning solar radiation and the 
wind ve loc i ty .  Normally temperature decreases with height. If temperature in- 

TEMPERATURE, * C 

Fig. 4.8. Typical environmental temperature profiles. 
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creases with height a t  a p a r t i c u l a r  location, then the area is said to  be 
experiencing an "atmospheric temperature inversion", o r  simply "inversion". 
Nighttime inversion of the temperature p ro f i l e  sanetimes occurs, and this  is 
due t o  the absence of radiation. 

As already shown in  Fig. 4.7, the temperature prof i le  controls the amount of 
thermal turbulence and consequently the extent of p l m  and puff dispersion. 
In addition t o  the thermal turbulence, f luctuations of instantaneous and 
average wind speed and direction are major factors i n  the dispersion process. 
Three-dimensional measurements of these fluctuations of the a i r  are needed to 
determine the dispersion parameters f o r  eqns. ( 2 2 )  and (23). Unfortunately, a 
data base of such masurements may be lacking fo r  the area of the intended 
model calculation. 

10 Instead of relying on such detailed measurerrents of turbulence, Pasquill  
developed a simple scheme f o r  estimating the ax ia l  standard deviations of 
dispersion by classifying atmospheric s t a b i l i t y  in  terms of simple and 
inexpensive measurerents of surface wind velocity and in tens i ty  of so l a r  
radiation. 
through C represent the unstable condition, class D indicates neutral  
conditions, and classes E through F are the s tab le  conditions. 
insolation" corresponds t o  a so la r  a l t i t ude  greater than 
"Slight insolation" means a so la r  altitude of 15' to  35' with clear skies.  I f  
5/8 t o  7/8 of the sky is covered with broken, middle-level clouds a t  the  
"strong insolation" level,  incaning radiation is expected t o  reduce to the  
"s l igh t  insolation" leve l  when the sky is covered w i t h  law broken clouds. 
Thus, solar a l t i t ude  and the amount of clouds determine th? d a y t h  s t a b i l i t y  

Table 4 . 1  shows Pasquill 's  s t a b i l i t y  classes i n  which classes A 

"Strong 
60' with clear skies.  

TABLE 4 . 1  

Stabi l i ty  classes 11 1 

Surface wind 
speed [m/sl 

Solar Insolation (daytime) Cloudness ( night ) 

Strong Moderate Sl ight  >4/0 l o w  cloud <3/0 cloud 
( th in ly  overcast) 

< 2  A A-B B 
2 A-B B C E E 
4 B B-C C D D 
6 C C-D D D D 

> 6  C D D D D 

A : Extremely unstable conditions D : Neutral conditions 
B : Moderately unstable conditions E : Sl ight ly  s tab le  conditions 
C : Slightly unstable conditions F : Moderately s tab le  conditions 

Turner, D.B., "Workbook of Atmospheric Dispersion Estimates", US EPA (1970) 
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class. 

clouds. 
T h e  nighttime s t a b i l i t y  class is determined 

A modified t a b l e  (Table 4.2) is used i n  Japan i n  
rad ia t ion  greater than 50 [ c a l / ( a n  x hr)], between 2 

only by the amount of 

which measured solar 
I 

49 and 25 [cal/(cmL x 
correspond with "s t rong inso la t ion" ,  "moderate inso la t ion"  and " s l i g h t  
inso la t ion" ,  respec t ive ly .  

(ii) Standard devia t ions  of plum? dispers ion.  Fig. 4.9 shows the standard 
deviat ions of the plume d ispers ion ,  Sy and Sz, as funct ions of downwind 
dis tances  and s t a b i l i t y  classes. 
T h e  experiments r e s u l t i n g  i n  P a s q u i l l ' s  curve were performed under the 

following conditions: uniform t e r r a i n  wi th  the release of  p o l l u t a n t s  f r a n  near 
ground level and wi th  measurements of p o l l u t a n t  concentrat ions at downwind 
dis tances  of less than 1 h. 
downwind distances less than 1 Ian f r a n  the source, tk standard devia t ions  a t  
dis tances  f u r t h e r  than 1 h were est imated by ex t rapola t ion  of the curve. 

These  funct ions w e r e  der ived experimentally. 

Although the observations were performed a t  

Briggs ( 1973)13 smmarized a similar set of experiments of d i spers ion  
s tandard devia t ions  done by the Brookhaven National Laboratory, t h e  Tennessee 
Valley Authority and Pasqui l l .  
open-country and urban condi t ions were developed by i n t e r p o l a t i n g  tkse 
observations i n  order  t o  e l imina te  t h e  uncer ta in ty  of ex t rapola t ion  of 
P a s q u i l l ' s  curves. 

The sets of curves and formulas f o r  both 

I f  measuremnts of turbulence are ava i lab le ,  then it is preferab le  t o  
est imate  the s tandard deviat ions of t h e  plum? dispers ion  f r a n  the standard 
deviat ions of wind d i r e c t i o n  f luc tua t ions .  
e t  a1 (1977)14 to  use turbulence measurements for es t imat ing  the standard 

Despite the recarmendation by Hanna 

TABLE 4.2 
Modified t a b l e  of  s t a b i l i t y  classes used i n  Japan 12 1 

Surface wind Day Day and Night Night 
speed a t  1om Solar  Radiation Cloud Amount Cloud Amount 

Wsl [ cal /an2 hr]  
> 50 49-25 <24 8-10 5-10 0-4 

~~~ ~ ~ ~~~~~ ~ 

< 2  A A-B B D G G 
2-3 A-B B C D E E 
3-4 B B-C C D D D 
4-6 C C-D D D D D 

6 <  C D D D D D 

A : Extremely unstable  condi t ions E : S l i g h t l y  s t a b l e  condi t ions 
B : Moderately unstable  condi t ions F : Moderately s t a b l e  condi t ions 
C : S l i g h t l y  unstable  condi t ions G : Extremely s t a b l e  condi t ions 
D : Neutral condi t ions 
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deviation of the plume dispersion, Pasquill 's  curve is still popular because it 
is easy t o  use. 

Under calm conditions, the ax ia l  standard deviation of the puff dispersion 
model is not a function of the downwind distance, but rather a function of the 
tirw elapsed s i n c e  a puff release. The standard deviations are assured t o  be 

proportional to  the elapsed time t [sec]; 

sx = sy = a * y (27)  

s z =  y * y  (28) 

The proportional constants, a and y ,  are empirically determined according t o  

the s t a b i l i t y  classes (Table 4 . 3 ) .  

(iii) Effective plume height. The effective p l m  height is the  swn of 
stack height and estimated plum rise. 
determining the maximum pollutant concentration at qound leve l  where most 
people breathe. Plun-e rise occurs due t o  the upward momentun of the stack 
effluent at the out le t  and the  upward force of buoyancy. 
m v m n t  of tk stack effluent is governed by the forces of manentun and 
f r ic t ion .  
equilibrium with its surroundings; therefore, the p l m  rise also depends on 
the atmospheric s t a b i l i t y  and the surrounding man wind velocity. 

This is an inportant fac tor  i n  

The i n i t i a l  upward 

T h e  buoyancy force operates continuously on the p l m  u n t i l  it is a t  

There are n w r o u s  formulas for  predicting plum rise based on empirical 
and/or theoretical  considerations. 
equations, whose coefficients c m  from experimental data,  are derived f ran  the 

The functional form of the theore t ica l  

1,000 

1 
,000 100 1,000 10,000 100 

DISTANCE DOWNWIND (M) 

,000 

Fig. 4.9. Horizontal and ver t ica l  dispersion standard deviations as function 
12 of downwind distance from source by Gifford (1961). 
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conservational laws of heat and nmrentun. 
complex t o  include a l l  of the variables which may affect the plum rise i n  the 
rather simple model equations. 
the theoretical equations for specific conditions. 
applied to  different conditions, saw p a r a t e r s  may need to  be adjusted. The 
mst popular p l m  r i se  equations are af ter  Moses and Kraimer (1972) and found 
in  their textbook . 

However, atmospheric motion is too 

mirical equations can be more accurate than 
When empirical models are 

9 

E a r l i e r  work predicting p l m  rise was perfomd by Holland (1953),  whose 
formula included two terms concerning the mcmentun and the buoyancy forces. 
Various studies have indicated that this equation underestimates the p l m  r i se  
by a factor of 2 or 3. 

Morse and Carson developed the empirical equation accounting for atmospheric 
stabil i ty,  i n  which the effect of buoyancy w a s  expressed by the square root of 
the heat emission rate. 

Briggs p l m  rise equations classified by heat emission rate and potential 
temperature gradient are currently used i n  many applications. 

( i v )  V e r t i c a l  profile of wind speed over the earth's surface. Surface wind 
velocity is usually measured a t  15 m above the ground in  Japan, a height lower 

than the typical stack height. 
surface layer should be examined t o  obtain the proper man wind velocity for 
use i n  the dispersion models. 

due to  the highly variable frictional effects of the earth's rough surface. 
Three equations for predicting the wind velocity at a specific height w i l l  be 

discussed. 

A wind velocity profile i n  the atmospheric 

Wind velocity generally increases with elevation 

The f i r s t  two are based on physical phenanena and the third is 

TABLE 4.3 

Dispersion paraneters for puff equation 12 1 

Stabili ty Wind speed 
class 0.4 [rn/sl 0.5-0.9 [m/sl 

ax = uy = at , az = y t  

a Y a Y 

A 
A-B 

B 
B-C 

C 
C-D 

D 
E 
F 
G 

0.948 
0.859 
0.781 
0.702 
0.635 
0.542 
0.470 
0.439 
0.439 
0.439 

1.569 
0.862 
0.474 
0.314 
0.208 
0.153 
0.113 
0.067 
0.048 
0.029 

0.748 
0.659 
0.581 
0.502 
0.435 
0.342 
0.270 
0.239 
0.239 
0.239 

1.569 
0.862 
0.474 
0.314 
0.208 
0.153 
0.113 
0.067 
0.048 
0.029 
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empirically drawn. 

If a constant shear stress with elevation is assuoed, then the mean wind 
velocity profile i n  the surface layer of several tens of meters is: 

U = (Uo/k) ln(Z/Zo) (29) 

Here, k is the K m  constant ( k  = 0.4) .  The friction velocity, Uo, is 
related to  the surface shear stress (So) and air density ( p )  as follows: 

Uo is usually determined fran the wind velocity profile. 

stabil i ty conditions, while for non-neutral s tabi l i ty  conditions a log-linear 
fonn is given: 

T h i s  logarithmic velocity profile formula should be used only for neutral 

U = (Uo/k) (ln(Z/Zo) t a * Z/L) (31) 

The Monin-Obukhov s tabi l i ty  length, L, is a function of heat transfer ra te  at 
the surface, which is diff icul t  t o  obtain. 

Therefore, the power l a w  velocity profile equation, which is empirically 
derived, is used i n  many cases. 

u = u1 * (Z/Zl)P (32) 

where U1 is the observed wind velocity a t  a height Z1. 
ranges from 0.1 t o  0.3 relating to  the s tabi l i ty  classes. 

Values of exponent p 
12 

4 . 4  ESTIMATION OF EMISSION 

A i r  pollutants found in the atmosphere are discharged fran a variety of 
different sources. 
Emissions produced by human activit ies are the principal contributors t o  
pollution in urban and suburban areas. 
t k s e  sources are generally placed i n  two categories: 
mbile  sources. 

These include natural processes and human activit ies.  

The contributions t o  air pollution fran 
stationary sowces and 

4 . 4 . 1  Stationary sources 
The  time averaged emissions, from stationary sources identified with a plant 

or an installation fixed at a certain location, are primarily fran fuel 
canbustion, industrial processes and solid w a s t e  disposal. 

Canbustion fuels include petroleun o i l s  (heavy o i l ,  light o i l ,  kerosene and 
naphtha), coal, coke, natural gas, liquid petroleun gas and wood. The 
industrial processes include metals melting, petroleun refining, mineral 

products processing and chemical processes. The solid w a s t e  disposal processes 



include incineration and agricultural burning. 
frcm painting, gasoline retail ing and residential canbustion f r an  cooking and 
heating are miscellaneous sources. 

Organic solvent evaporation 

The emission sources are identified as point sources and area sources 
depending on their physical scale. 
sources of pollutants emitted frcm the ta l l  stacks of power plants for example. 
Area sources, which are treated differently fran point sources i n  model 

calculations because of their scale, however, contribute substantially t o  a i r  
pollution i n  urban and suburban areas. These area sources are nunerous small 
industries, ccmnercial buildings and residences. 

Point sources are often large, single 

Sulfur oxides, nitrogen oxides, carbon monoxide, hydrocarbon ccanpounds and 
particulate matter are considered primary pollutant species fran these sources. 
I n  addition, toxic subtances such as hydrogen chloride and mercury vapor, which 
are smt imes  found due t o  w a s t e  incineration processes, are included as a i r  
pollutants. 

Sulfur oxides are released into the atmosphere by the oxidation of sulfur in 
coal or other fuels during canbustion processes such as electric pcwer 
generation, smelting of sulfur bearing ores, use and manufacturing of sulfuric 
acid, paper production, w a s t e  disposal processes, etc. Sulfur dioxide is the 
primary ccanponent of the sulfur oxides. It  is emitted mainly fran liquid and 
solid fuel canbustion. 
equation and assuming that the sulfur in the fuel is converted t o  SO2. The 
accuracy of the estimate depends on the accuracy of the fuel sulfur content 
determination and on the fuel consq t ion  rate. 
crude o i l  varies widely frcm approxhte ly  0.1% t o  7%. according t o  the 

geological source of the fuel. 
fraction of crude oi l .  Heavier crude o i l  fractions contain mre sulfur. 
Japanese standards for sulfur content in heavy o i l  and kerosene are l is ted i n  
Table 4 . 4 .  We-treatment t o  remove sulfur is required t o  meet the standards. 
T h e  average sulfur content of crude o i l  inported into Japan w a s  1.4% i n  1983. 
The  capacity for pre-treatment of heavy o i l  w a s  about 80 million cubic mters, 
adequate for the d m s t i c  havy o i l  consqt ion .  
stack gas removal of sulfur dioxide is also taken into account. 
removal capacity of SO2 was 140 x 10 
control devices. 

Rnissions can be estimated using the mass balance 

The sulfur content of coal and 

Sulfur content also varies in each dis t i l led 

In model calculations, the 
The 1983 

Nn /hr for about 1400 a i r  pollution 6 3  

Stationary sources of carbon monoxide emission in urban areas are normally 
quite s m a l l  i n  canparison with transportation sources. 
insufficient oxygen which smtimes occucs i n  cooking and heating by c i ty  gas 
or charcoal can produce large amounts of carbon monoxide. 

Canbustion with 

Nitrogen oxides, including n i t r i c  oxide (No) and nitrogen dioxide ( N o 2 ) ,  are 
emitted fran f u e l  canbustion, production and use of n i t r i c  acid, explosives 
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production and other industrial processes. 
canbustion process is mre complicated than formation of sulfur oxides because 
they are produced fran nitrogen gas i n  the a i r  as w e l l  as fran nitrogen 
ccmpounds i n  the fue l .  
atmospheric nitrogen, sanetimes called thermal Nox, is primarily influenced by 
the flame temperature. 
of fuel to  a i r ,  fuel type and the burner type. 
emission based on tk fuel consimption rate is therefore less accurate than 
that of sulfur oxides. 
fuel consumption rates are required to  estimate Nox emission. Ambient Nox is 
usually considered to  be conserved i n  the model calculations, but the ra t io  of 
No2 to  No is variable. 
canbustion and discharged from a source. 
photochemically oxidized to  nitrogen dioxide, a strong oxidant which is 
considered t o  cause adverse health effects. 
concentrations are the subject of a i r  quality standards in Japan and other 
countries, the enviromntal  nitrogen dioxide concentration should be estimated 
by the a i r  quality models. 
produced nitrogen dioxide w i l l  be discussed in the following section. 

Formation of nitrogen oxides i n  a 

The rate  of formation of nitrogen oxides derived fran 

Them1 N3 production may be determined fran the ra t io  
X 

Estimation of nitrogen oxides 

Specific operating conditions of appliances as w e l l  as 

Nitric oxide is primarily produced at the point of 
X 

I n  the atmosphere, n i t r i c  oxide is 

Because ambient nitrogen dioxide 

The methods used t o  evaluate photochemically 

hiss ions of volatile hydrocarbons fran stationary sources are caused by 
evaporation fran storage areas, by solvent extraction processes, and by 
conswner gasoline distribution, etc. Hydrocarbon emissions f ran  canbustion are 
normally quite small because of the almost canplete canbustion of the fuel. 

Particulate emission fran stationary sources results from canbustion 
processes, grinding operations and fran other minor processes. Rnission rates 
of canbustion particles vary widely depending on fuel type, ash content of the 
fuel, temperature of the combustion, a i r  flow rate t o  the combustion and 
hmidity as w e l l  as combustion equipent conditions. These emissions can be 

TABLE 4.4 

Japanese standards for fuel sulfur content 

Class Sulfur content ( w t % )  

Kerosene 1 
7 
L 

< 0.015 
< 0.50 

Heavy o i l  A < 2.0 
B < 3.0 
C < 3.5 



largely eliminated i f  adequate controlling techniques are applied, such as, 
cyclones, filters, electrostatic precipitators and w e t  scrubbers. Emissions 
from non-canbustion processes are produced by chemical manufacturing, petroleun 
refining, metal processing, etc. Particulate formation by atmospheric 

reactions is also important i n  evaluating acid deposition, and so on. 
Size distribution and chemical ccmposition of particulate matter are 

essential i n  assessing the hlrman health impact. 

respiratory system are gross toxicity fran heavy metals, carcinogenesis frcm 
organics and direct damage by deposition of granular and corrosive materials. 
The deposition efficiency of particulates i n  the pulmonary system varies with 
particle size. 
reach the pulmonary region and remain i n  the lungs; therefore the fraction of 
fine particles should be monitored t o  evaluate health effects. I n  Japan, the 

mass concentration of suspended particulate matter of diameter less than 10 urn 
is measured. 

Among the effects on the 

As the particle size decreases, particles are more likely to  

I t  is unrealistic t o  measure the actual emissions from a l l  a i r  pollution 
sources. Bnission rate estimates, are generally based on fuel consmption 
rates and/or production rates which are validated by on-the-spot inspections. 
This is a practical means of canpiling an emission inventory. The f i r s t  step 
i n  constructing the emission inventory is to  collect basic information frcm a l l  
sources. The basic information consists of five items: 1) identification of a 
particular factory: 2 )  information on the manufacturing processes; 3) a i r  
pollution control equipment; 4 )  range of operating conditions; and 5 )  smoke and 
a i r  pollutant emissions at the operating conditions. 

T h e  factory identification includes name, address, telephone number, 
category of the factory and name of the person responsible for air pollution 
control. 
name, product name, and characteristics of the fuel, burners and stacks. Fuel 
in fomt ion  for each fac i l i ty  includes the type and amounts used per year, and 
the contents of sulfur, nitrogen and ash. As for  burners and stacks, the type 
and ratlng s i z e  of burners, and the height and location of stacks are reported 
as well as the capacity and efficiency of pollution control equipment and the 
name and type of device (i. e. electrostatic precipitator, scrubber, fabric 
f i l t e r ,  e tc . )  Operating conditions include typical production rates,  f u e l  
consmption rates and operation periods and schedules of the fac i l i t i es .  
emission rate  of smoke, its temperature and oxygen content as w e l l  as the 

emission rate  of Nox, SOx and dust are reported. 

are required to  confirm their accuracy. It is desirable to  do the on-the-spot 
inspection on a l l  of the large scale sources, while for the area sources, a 
certain percentage of fac i l i t i es  should be the subject of inspection. Emission 

The information on the manufacturing process includes the process 

T h e  

After collecting these data i n  the area of interest, on-the-spot inspections 
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factors of pollutants fran various types of fuel and fac i l i t i es  can be obtained 
based on the basic information and on-the-spot inspection data. 

The mission inventory of the region is canpiled using the emission factors, 
If the pollutant concentration data fuel consumption rate and production rate. 

a t  the outlet of the stack are available, the emission rate is calculated by: 
Rnission rate  [kg/hr] = pollutant concentration [ppn] 

x dry gas discharging rate  [Nn3/hrl 

x molecular weight [g] x (1 /22 .4)  x (33) 
When the emission factors are used, the emission rate  is: 

Emission rate  [kg/hr]  = emission factor [kg/kcal] 
x fuel consuption rate [kg/hr] 

x calorific value [kcal/kg] (34) 
For sulfur oxides emission, the sulfur content of the fuel instead of the 
emission factor can be used for the emission rate  calculation: 

Rnission rate  [kg/hr] = fuel consumption rate [kg/hr] 

x sulfur content [wt%] x (35) 

4.4.2 Mobile sources 
Transportation, on land, sea, and i n  the a i r ,  contributes air pollution 

burdens which match stationary source emissions. The principal pollutants 
emitted during transportation are carbon monoxide, nitrogen oxides, sulfur 
oxides, hydrocarbons and particulate matter. M e t a l  aerosols originate fran 
fuel treatment additives, such as lead, and fuel impurities. Discussion here 
w i l l  focus on vehicle emissions which account for a large fraction of urban air 
pollutants. The magnitude of vehicle emissions is estimated by constructing 
an emission inventory using emission factors and t ra f f ic  flow volumes in a 
specific region. 

(i) Traffic flow. Vehicle emission factor differ with vehicle class, so the 
t raff ic  flow m u s t  be measured for each class. 
Construction uses 8 vehicle categories in standard road t ra f f ic  surveys: 
1) light passenger car; 2 )  passenger car; 3) bus; 4 )  light truck; 5 )  

ccmpact truck; 6 )  freight-passenger car; 7 )  heavy duty truck; and 8)  special 
purpose vehicle. 
These 8 classes are sanetimes collapsed into 6 classes by canbining classes 4 

and 5 ,  and classes 7 and 8. 

T h e  Japanese Ministry of 

I n  model calculations, highways and intercity roads, where t r a f f i c  volunes 
are usually large and vehicle speed is relatively high, are treated as l i n e  
sources of a i r  pollutants, w h i l e  ccxnnunity roads w i t h i n  cities and towns are 
considered to  be area sources. 

The t ra f f ic  flow volume can be measured or estimated i n  various ways. 
most accurate but labor intensive way is to  count the nmber of vehicles 

The 
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passing a specific location mchanically or manually. 
intervals are needed to  reliably measure diurnal, weekly and seasonal average 
t ra f f ic  flaws. Hawever, it is not rea l i s t ic  t o  observe t ra f f ic  flow on a l l  
roads i n  the region of interest. 
fran a t  least two aerial  photographs which are taken at specific intervals. 
The aerial  photographic resolution should be adequate to  identify vehicle 
classes. 
canprise mre than 80% of the vehicles in the urban aer ia l  photographs. 

Traffic flow on cannunity roads can be estimated from socio-econanic 

Appropriate counting 

T h e  alternative is to  estimate t ra f f ic  flaw 

We have t o  be careful not t o  count parked vehicles which s awtks  

parameters, such as type of land use, and population and road density. Toll 
tickets may be used for counting t ra f f ic  on t o l l  roads, tunnels and bridges. 

Using these methods, t ra f f ic  flow is obtained i n  the units of (nmber of 
For the line sources such as highways and intercity roads, vehicles x km/hr). 

t ra f f ic  flow is calculated fran direct observation: 
Traffic flow = [nmber  of vehicles per hour] 

x [length of road] (36) 
and from the a i r  photograph: 

Traffic flaw = [number of vehicles per 1 km of road] 
x [driving speed] x [length of road] 

( 3 7 )  

For the area sources, t ra f f ic  flow on comnunity roads is calculated fran the 

following equations based on the aerial photographs. 
Traffic flow = [number of moving vehicles per area] 

x [area] x [driving speed] (38) 
The driving speed is calculated fran the two aer ia l  photographs taken at 
specific intervals. 

(ii) hiss ion  factors. 
(ii-1) Regulations. Since autanobile exhaust w a s  identified as the major 

source of air pollution in urban and suburban areas, the regulation of exhaust 
gas has proceeded by encouraging technological developments. 
standards w e r e  intensified, so pollutant emissions from autanobiles varied w i t h  
their  model year. I n  the early days of the regulation beginning i n  1961 i n  
California, simple, low cost technology w a s  applied, for example, crankcase 
emission controls. 
1966 i n  the U.S.A.  and i n  Japan. 
regulated. 
development, started i n  1971 i n  the U . S . A .  and in 1973 in Japan. 
emissions of 1978 model passenger cars were reduced by 90% of their  1973 
levels. 

As the emission 

Ehission standards for  exhaust gases were first enacted i n  
Only hydrocarbons and carbon monoxide wre 

The control of nitrogen dioxide, which required mre technological 
I n  Japan, Nox 

The emission standards are prescribed for specific test cycle modes which 
must reflect the actual emissions. Rnissions vary considerably with different 
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driving conditions, that is, long or short tr ips,  stop and go driving in u r b  
t raff ic  and high speed traveling on highways, etc.  It  is almost impossible to  
include a l l  of the driving conditions i n  the emission tests. 
cycle modes were developed t o  represent the typical t ra f f ic  patterns i n  urban 
areas where autcmobile exhaust is a mjor  source of air  pollution. 

The standard test 

A 10-mode test cycle used i n  Japan represents a d a y t h  t ra f f ic  pattern in 
urban areas. 
speed is 17.7 km/hr. 
performed on a dynamcmeter according to  the 10 mode test cycle. Since 1975, an 
11-mode test  cycle which simultates camnrter t raff ic  conditions frcm a suburban 
area to  the tom center w a s  added to  the Nox emission test. 
early morning or late evening driving conditions, the 11-mode test is done 
without warming up the engine. 

Distance traveled per test cycle is 0.664 h and average driving 
After warming up the engine, the Nox emission test is 

As it simulates 

( i i - 2 )  Typical driving pattern. As the 10-mode and 11-mode test cycles 
were developed for regulatory purposes, they do not always represent the 
typical t ra f f ic  pattern i n  a specific region. 
the  emission inventory is t o  use the 10-mode or 11-mode test cycles as 
representative of the driving pattern in the area of interest ,  it is often 
necessary to  approximate the typical driving patterns i n  the region for the 
model calculations. 

Although the easiest way to  do 

The steps used to  determine the typical t ra f f ic  pattern are as follows: 

1) Select the representative roads in the region by road type, number of 
t raff ic  lanes, t raff ic  flow v o l m ,  etc. as cr i ter ia .  

2 )  Decide the observation times, tha t  i s ,  on weekdays and weekends a t  peak 
and off-peak times, and so on. 

3) Drive a tes t  car equipped with a driving pattern analyzer which can 

record driving speed, driving modes (gearbox position), brake operation, engine 
rpm, etc. 

4 )  Analyze the observed driving pattern data to  determine the typical 
driving patterns. Extraction of the typical driving patterns is perfonwd by 
classifying the data according to: a )  time fraction of idling, acceleration, 
deceleration, and constant speed periods, b) acceleration, deceleration, and 
constant speed, c )  t r i p  length and nunber of modes between idlings, and d )  
average speed. 

Fig. 4.10 shows examples of the typical t ra f f ic  patterns found on various 
types of roads i n  urban areas. 

( i i - 3 )  Measurement of emission. Once the typical driving pattern is 
determined, emission rates of pollutants for the driving pattern can be 
measured i n  laboratories using the dynamaneter. 
t o  reflect the chronological changes i n  emission standards. 

T e s t  cars should be selected 
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Fig. 4.10. Examples of driving patterns in urban area. 

4 . 5  EXAMPLE OF CCErIPUl'ER SIMULATION 

4.5.1 Subject of s imulat ion 
I n  the f o m r  s e c t i o n s ,  I b r i e f l y  descr ibed the sub-models ccmposing t h e  

simulation for reproducing the present  environmental condi t ions or f o r  
pred ic t ing  the f u t u r e  t rend .  
simulation for ambient No concentrations.16 A p r o j e c t  team w a s  set up by 
local g o v e r m n t  including experts f r a n  u n i v e r s i t i e s ,  research  i n s t i t u t e s  and 
local g o v e r m n t  departments. 
reproduce the tQ2 concentrat ion p r o f i l e  of the basic year (1978) and then use 

I n  this s e c t i o n ,  I w i l l  show an Pxample of t h e  

2 

They developed a s imulat ion model which could 
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the model t o  predict the future PD2 prof i le  through 1985 by entering the 
predicted emission rates of nitrogen oxides. 

2 The study region for t h i s  simulation is about 3,800 km , located north of 
Tokyo. 
t o t a l  area and is f l a t  land w h i l e  the western part  is hi l ly .  
area has a high population density. 
smoke and the t o t a l  road length is 47,000 km. 
vehicles registered i n  the region or almost one per family. 

The central  and eastern parts of the region canprise two-thirds of the 
T h e  southeast 

There are about 5,000 f a c i l i t i e s  emitting 
There are about 1.6 million 

Pmbient No and No concentrations are continuously monitored at 50 2 
observation stations over the e n t i r e  region and 9 additional s ta t ions are 
located along roads. 
past 5 years w a s  almost constant at about 23 ppb i n  the south and 18 ppb i n  the 

north. 

Yearly averages of No2 and Nox concentrations over the 

Although ambient No2 concentrations were the primary subject of this study, 
the Nox prof i le  w a s  modeled f i r s t ,  followed by the No2 simulation. 
dioxide is not considered t o  be a conserved canponent due t o  its formation fran 
No by photochemical reactions, while No, is assuned to  be conserved in the 

simulation. 

Nitrogen 

4.5.2 Input data 
(i) Meteorological data. The i n i t i a l  year of the simulation w a s  1978. The 

fractional distribution of the wind direction, monthly averages of wind 
velocity and temperatures of the i n i t i a l  year were collected together with the 
averages for  the past decade. W e  can conclude from these observations that the 

Fig. 4.11. Seasonal variations of observed nitrcqen oxides concentrations. 
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i n i t i a l  year w a s  not a meteorologically extraordinary year. 
Frequency distributions of the s t a b i l i t y  classes were calculated from the 

mteorological data at 34 observation s ta t ions in the region. About half the 
meteorological conditions belong t o  s t a b i l i t y  class D (neutral  condition), 
w h i l e  G (very s table  condition) is the second highest frequency class. 
According t o  the ve r t i ca l  gradients of potential  temperature, n i g h t t h  w a s  
usually more stable  than d a y t h ,  and wintertime w a s  more stable than 
s w m e r t h .  
the high ambient No2 and No 

4.11.  

The  observed ve r t i ca l  gradients of potential  temperature lead t o  

concentrations in  the wintertime as shown i n  Fig. 
X 

Mean wind velocity in  the upper layer w a s  estimated based on the pawer law.  
(ii) Source emission data. An inventory of No emissions from stationary 

X 
sources w a s  made using measurements of stack gas and calculated emissions. 
Data w a s  collected fran more than 5,000 f a c i l i t i e s  i n  the region. 
following equations were used t o  calculate Nox emissions: 
Waste disposal process: 

The 

Rnission (kg/yr) = mount of w a s t e  ( ton/yr) x 
emission (1.04 kg/ton) 

Cupola furnace: 
Rnission (kg/yr) = coke consmption (kg/yr) x 

ca lo r i f i c  value (kcal/kg) x 

emission factor (4.31 kg/kcal) 
Electric arc furnace: 

Rnission (kg/yr) = production (ton/yr) x 

emission factor (0.779 kg/ton) 
Other f ac i l i t i e s :  

h i s s i o n  (kg/yr) = fuel  consumption x ca lo r i f i c  value 
x emission factor 

Total  N3 emissions fran the stationary sources were about 18,000 ton/yr. 
X 

Nox emission fran c-nt kilns located i n  the western par t  of the region 
accounts fo r  over half the t o t a l  emission of the stationary sources. 

The  No emission inventory of mobile sources w a s  prepared using the 
X 

following procedures. Traff ic  flow, on highways or in t e rc i ty  roads, was  
obtained fran observations of each road. 
estimated by the following equation: 

Traff ic  flow on cannunity roads w a s  

Y = 81.215 X 1  + 309.812 X2 + 5.171 X3 + 94.803 X4 
- 2.590 X5 + 441.281 ( R  = 0.817) 

w h e r e  : 
Y(n&r of cars x h /12h)  = Estimated t r a f f i c  flow 
X l : ( l a n  ) = Square of road length of width between 2.5 and 2 

5.5 m 
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2 X2:(km ) = Square of road length of width between 5.5 m and 
11.0 m 

x3: 
x4 : 
x5: = N u m b e r  of service faci l i t ies  
T h i s  equation was  derived from the aerial  photography and the observations of 
t ra f f ic  flow i n  scme areas i n  the region. 

= Square root of population 
= Nmber of manufacturing fac i l i t i es  

Nox emission factors for the various classes of vehicles a t  various driving 

Since the emission factors change with the driving speed, 
speeds were obtained from the dynamanster test. 
t a k e n  into account. 
the average driving speeds on the highways were calculated by: 

The car age distribution was  

V = 0.741 x Mn + 979 x (WIDE/Q) + 6.61 x (l /cROs) 
- 4.94 x TP1 - 2.70 x TP2 - 13.8 ( R  = 0.841) 

where : 

V( h / h )  = average driving speed 
W h / h )  = regulated driving speed 
WIDE/Q(m x h/#) = reciprocal of t raff ic  density 

= (road width (m)/traffic flow rate  (# /h ) )  

= reciprocal of t ra f f ic  light density l / C R O s ( h / # )  
TP1 = d m y  variable 
TP2 = dmny variable 

( i n  the evening peak, TP2 = 2,  otheMlke TP2 = 0) 

For the cannunity roads, average driving speeds were estimated separately by 
type of area, for example, 17 h/hr i n  the business area and 43 h/hr for 
farmland. 
ton/y of which highways and intercity roads contributed 738. 
polluted by mobile source emissions were i n  the southeast and along the 
highways and intercity roads (Fig. 4.12).  

The  total  No, emission from a l l  mobile sources w a s  about 42,000 
The areas highly 

The No emission from miscellaneous sources such as gas stoves and space 
X 

ka te r s  i n  residences w a s  also estimated fran the fuel consmqtion and 
corresponded t o  2.5% of the to ta l  Nox emission. 

stack, tk Morses & Carson's equation w a s  used for windy conditions and the 
Brigg's equation was used for calm conditions. 
heights were used. 

assumed to  be the  road height for highways and 3 m for  cmun i ty  roads. 
calm conditions, they were ass& to be 4 m for cannunity roads and the road 
height plus 3 m for highways. 

The effective k igh t s  of the emission sources were estimated. For a high 

For the lower stacks, typical 
Release heights of mobile exhaust for windy conditions were 

For 

4.5.3 Calculations 
T k  p l m  and puff equations were used for windy 0 0 . 4  m / s )  and calm ((0.4 



16 
Fig. 4.12. An example of spatial distribution of NOx emission from autawbiles in a suburb of Tokyo. 
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m / s )  conditions. 
height point sources (stack higher than 20 m )  and area sources (stack lower 
than 20 m). 
camunity roads are considered l ine sources and area sources, respectively. 

Miscellaneous sources ~ J X  treated as area sources. 

Stationary sources were classified according to  their stack 

Mobile emissions from highways and intercity roads, and fran 

Spatial and temporal scales of the calculation were determined by population 
density and temporal variation of ambient No2 concentrations. 
region, which is about 70 km fran east t o  west and 60 Ian fran north to  south, 
was divided into 1 km squares i n  high population density areas and 2 h squares 
i n  rural areas. The total  nmber of cel ls  w a s  2076. 
categories were set  up and a yearly average was  obtained fran weighted averages 
of these time categories. 
with 4 periods i n  each day: 
through November), with morning, daytime, evening, and nighttime. 

The  study 

Eight different time 

The eight t ime  categories consisted of 2 seasons 
winter  (December through March) and sunmer (April 

N3 concentrations were calculated using a simulation model and t h e  
X 

corresponding No2 concentrations were predicted by the following equation based 
on tk calculated Nox concentrations: 

where, a is the rat io  of No t o  No at a release p i n t  (a  = 0.85 in this case) 
and b is a suppression factor of No oxidation to  No2, which depends on the 
intensity of sunlight and the ozone concentration. 

No2 = Nox * (1 - a * (exp(-kt) + b ) / ( l  + b ) )  

X 

In this case, b varies with 

TABLE 4.5 

Criteria for validation of simulation 12 1 

Rank of 
accuracy 

Criteria 

= ( Y  - X); Y = average of obserbed concentrations: Y ( i )  = observed conc. a t  
i - t h  location; X = average of calculated conc.; X ( i )  = calculated conc. a t  

t of observed on c&dated conc. ; i - t h  location; P = regression coe 
r = correlation coefficient; S '  = I Y ( i )  - A, + ~ ( i ) 1 2 - 7 ( i - 2 ) :  
Bg = back ground concentration {in this case Bg(No2) = 0.002 ppn, Bg(Q) = 
0.003 ppnl 

5"" 



192 

the time period of the ca lcu la t ion  ranging f r a n  0.3 t o  0.55. 
ind ica tes  the overall reac t ion  rate of N3 oxidat ion,  which d i f f e r s  f o r  
d i f f e r e n t  emission sources as follows: 
k = 0.00618 x U x (03) 

The exponent, k, 

: s t a t i o n a r y  poin t  source 
= 0.0618 x U x (03) : s t a t i o n a r y  area source 
= 0.100 x U x (03) : mobile, miscellaneous source 

w h e r e  U (m/s) and (03)(ppn) are the average wind velocities and the background 
ozone concentrations. 

The simulation w a s  va l ida ted  by canparing observed and predic ted  No, 
concentrations. T h e  va l ida t ion  criteria are: 1) di f fe rence  between observed 
and predic ted  average concentrat ions;  2 )  c o r r e l a t i o n  c o e f f i c i e n t  between them; 
3) regression coef f ic ien t  of the predic ted  concentrat ions canpared to  the 
observed concentrat ions;  and 4 )  the s tandard error of the predic ted  
concentrat ions f r a n  the regress ion  line w h e r e  the regress ion  c o e f f i c i e n t  is 
f ixed  at 1.0. 
according t o  t h e  criteria (Table 4 .5) .  
year ly  average concentrat ion and rank C f o r  the 8 time ca tegor ies  (Table 4 .6) .  

i n  a l l  of the time categories .  
concentrat ions and observed concentrat ions at 34 s t a t i o n s  in the region agreed 
w e l l  as shown in Fig. 4.13. 
average of No2 concentrat ion is shown in Fig. 4.14, in which high No2 

concentrat ion areas were found i n  the southeas t ,  and pol lu ted  lines tended t o  
be in the northwest. 
of No2 pol lu t ion  i n  this region as c l e a r l y  shown i n  Fig. 4.12. 

T k  prec is ion  of the predic t ion  is evaluated by 3 ranks 
Precis ion rank A is requi red  f o r  t h e  

The s imulat ion of the ambient Nox and NO2 concentrat ions w a s  highly accurate 
For example, year ly  averages of pred ic ted  

The spatial d i s t r i b u t i o n  of the predicted year ly  

T h i s  suggested that automobile traffic w a s  a major source 

4.5.4 Predict ion of f u t u r e  NI2 concentrat ions 

1978, f u t u r e  No2 concentrat ions can be predic ted  by e n t e r i n g  est imated source 
emission d a t a  i n t o  the &el. 

Since the s imulat ion s a t i s f a c t o r i l y  reproduced ambient No2 concentrat ions i n  

TABLE 4.6 
Desirable  rank to  be achieved by simulat ion a t  each time ca tegor ies  12 1 

S m r  Winter Yearly average 

6 m - l O ~ n  C 
l o a m -  4 p n  C 
4 P n -  9 P n  C 
9 ~ -  6 ~ n  C 

Daily average B 
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I 

0,Ol 0,02 0.03 

CALCULATED YEARLY AVERAGE NO2 CONCENTRATION (PPM)  

16 Fig. 4.13. Correlation of calculated and observed MI2 concentrations . 

Nox emissions from stationary sources were estimated as follows. Rnissions 
fran major f a c i l i t i e s  were assessed f ran  an indus t r ia l  questionnaire polling 
their  production plans. 
sources, estimated production growth rates fo r  each business category or 
projected population growth in  the region were used t o  predict  fu ture  emission 
changes. Developmnt plans fo r  new indus t r ia l  parks were a lso  taken in to  
account. T h e  calculations indicated that No, emissions frcm s ta t ionary  sources 
in 1985 were expected t o  increase by 33% over 1978 leve ls  f r m  18 Kton/yr t o  24 
Kton/yr . 

For minor enterprises,  which were treated as area 

Estimates of mobile source emissions were ccmposed of the predicted t r a f f i c  
flows on existing and planned roads. 
f o r  changes i n  age d is t r ibu t ion  of vehicles and chronological change of exhaust 
gas regulation. 
planned t o  be i n  use by 1985. The  t r a f f i c  flaw used i n  the 1978 simulation w a s  
re-allocated t o  the ex is t ing  and planned roads by assming that a l l  the planned 
roads would be open fo r  t r a f f i c  during the ta rge t  year. 
t r a f f i c  flow were estimated by comparing the t r a f f i c  flaw i n  1977 and 1980. 
Since the maximum capacity of t r a f f i c  flow is physically limited, the growth 

Rnission factors were modified allowing 

About 250 lun of additional highways and cannunity roads were 

Growth rates of 



I- 
W 
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Fig. 4.14. An example of calculated No2 concentration distribution in a suburb of Tokyo 15 . 
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rate of t r a f f i c  flow on each road varies with the extent of t r a f f i c  jam. 
the extent of t r a f f i c  jams w a s  less than 1, the t r a f f i c  flow on an existing 
road might increase by about 5% yearly. 
it w a s  assumed the t r a f f i c  flow could not increase any mre. 
increase of t r a f f i c  flow during the 7 years prior t o  1985 was calculated fo r  
each road by applying the growth rates. 
increase by 30% from 43 x 10 

km)/day (1985). 

When 

However, i f  the  extent exceeded 1.8, 
The  expected 

The t r a f f i c  flow w a s  projected t o  
6 6 (vehicle x km)/day (1978) t o  56 x 10 (vehicle x 

The age distribution of vehicles is estimated by the survival curve of 
Vehicle registration data w a s  used t o  obtain the vehicles i n  the region. 

survival curve but the data for  vehicles over 10 years old was  not available, 
so  the lifetime of a l l  kinds of vehicles was  assured t o  be 13 years. 

No emissions from mobile sources i n  the region were calculated based on the 
X 

estimation of the t r a f f i c  flow, the age distribution of vehicles, and 
regulatory standards for  exhaust gases. 
t r a f f i c  flow of 30% over 7 years, the No, emissions i n  the region were 

Despite an expected increase i n  the 

16 Fig. 4.15. No2 concentration predicted fran estimated mission . 
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predicted to  decrease by 24% due t o  the r e p l a m n t  of old vehicles with 
stringently regulated vehicles. 

Total No, emission would be reduced by jmplementation of tfae regulations, 
but some areas which are along the heavily traveled roads or a t  the southeast 
edge of the region, would not achieve the No2 ambient a i r  quality standard, 
(Fig. 4.15). There are 11 cel ls  out of the 2076 of the shulat ion,  where No 

concentrations are expected to  exceed 30 ppb for the yearly average 
concentration. 
a i r  quality standard a l l  over the region are still  needed. 
50% reduction of mobile source emissions, the yearly average of No2 
concentration in a l l  of these cel ls  would be lower than 30 ppb. 
reduction by 40% of mobile source emissions and 50% of stationary source 
emissions would bring about the  same result. 

2 

Feasible alternatives for  reducing Nox pollution to  meet the 
If  we can make a 

A canbined 
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