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precursor  concentrations  are  averaged  over  half-hour 
intervals in the expectation  that  each  half-hour air packet 
would  randomly  move  to  a  different  part  of  the  airshed,  and 
contribute to  the ozone  values  within the airshed; 

data  are  treated  as 8 half-hour  averages  between 0600 and 
1000 hours. Thus in principle  these  generate 8 maximum 
one-hour  average  concentrations  for  the day. The  daily 
one-hour  maximum in the  real airshed and  implied by Dodge 
is normally  associated  with  the  average  concentrations  of 
precursors  over the 0600 to 0900 hour  period; 

the  Dodge  model  does  not  apply  to  multi-day  irradiations or 
to continuous  emissions of hydrocarbons and  NOx. The 
empirical  correction  factor  aggregates  such  episodes  along 
with  single  day  irradiations  despite the mechanistic 
differences in ozone  production.  Such  an  aggregation  factor 
could  have  an  extremely  non-linear  dependence on reaction 
conditiqns and time; and 

no  temporal  or  spatial  correlations  between  precursors and 
ozone  maxima  are  established.  Thus it is not  clear  that 
the  precursor  set  and  the  ozone  maximum  with  which it 
correlates  occur on the same  day, or that the  air packet 
containing  these  sets  actually  moves  to  a  position  in  the 
air basin  where  ozone is observed. 

The  oxidant  potentials  of  these  sets  of  data  are  discussed in 
the following  section in terms of the potential  ozone  (Daly  1977) 
(Daly  1978)  which  could  result  from  a  range  of  control  options. 

OZONE PRECURSOR  MODELS FOR SYDNEY 

Two  models  have  been  put  forward to describe  ozone-precursor 
relationships in the Sydney  airshed.  These  are  a  modified 
version  of  the  Dodge  model  (Post and Bilger  1978)  and  an 
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empirical  relationship  proposed  (Post  1979a)  to  correlate 
observed  ozone  concentrations  with  precursor  concentrations. 
These  are  briefly  described below. 

The  Modified  Dodge  Model 

The  Dodge  model  has  been  described  earlier  and is based on  an 
assumed  kinetic  reaction  mechanism  (Appendix A) with  assigned 
rate  constants  and a defined  time  of  reaction. For fixed 
reaction  conditions the model is considered  useful in determining 
the  relative  dependencies of ozone  formed  in  one-day  irradiations 
upon  the  concentrations of fresh  emissions of hydrocarbon and 
NOx. The  model  is  not  considered  to  apply  to  the  absolute 
calculation of ozone  concentrations  (Dodge 1977b). No standard 
deviations  for  curve-fitting  relationships  are  given,  but  errors 
in the reproduceability of smog  chamber data  are typically  15  to 
20 per cent  (Dodge  1977b)  (Dodge  1977a). 

Post and  Bilger  (1978)  have  proposed  that  the ozone 
concentrations  formed  in  the  Sydney  airshed  are  well  described 
by the Dodge  model  providing  that the  ozone  concentrations 
calculated by the  model  are  multiplied by the  empirical  factor 
0.67. This  conclusion  extends the model to  the calculation  of 
absolute  concentrations of ozone  and is  based  on  the  evidence 
offered by 16 sets of concentrations of ozone,  hydrocarbon,  and 
NOx measured  during  the  Sydney  Oxidant  Study.  These 16 sets 
are shown  together  with the ozone  isopleths  they are  said  to 
validate in Figure 5.2. 

The  hydrocarbon  and  NOx  concentrations in Figure 5.2 are plotted 
on  a  logarithmic  scale.  The  numbers  appended to  the points  list 
the  observed  averaged  ozone  concentrations.  Figure 5.2 shows 
that  the apparent  fit of the  airshed  data to the adjusted  Dodge 
isopleths is poor. This is confirmed by considering  the 
magnitudes of the adjustments in either  hydrocarbons ar NOx 
concentrations  necessary to make  the  observed  averaged  ozone 
concentrations  fit the adjusted  isopleths of the model.  Typical 
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adjustments  required  in  either  hydrocarbons or NOx  involve  both 
increases and decreases of about 50 per cent in the airshed 
concentration.  Some  adjustments  to  accommodate  the  higher  ozone 
concentrations  are  greater  than  this  level. 

The  airshed  data  offered  as  validation  of  the  modified  Dodge 
model  are  such  that,  even  were  the  fit  satisfactory,  the 
correlation  could  conceal  important  mechanistic  differences 
between the airshed and the model.  The  model,  for example, 
correlates  initial  concentrations of hydrocarbons and NOx  with 
the maximum  one-hour  average  concentration of ozone  formed  in 
a  nine-hour  irradiation. This is not  the  case for the  airshed 
correlation.  Thus, for example, the  airshed  concentrations 
NMHC = 0.93 ppmC  and  NOx = 0.044 ppm are  correlated  with the 
ozone  concentration  03 = 0,144 ppm in  Figure 5.2 (Post  et  a1 
1976a) . These  data  appear to stem  from the average of the 3 
minute  averages  NMHC = 1.05 and 0.81 ppmC  and  NOx = 3.045 and 
0.043 ppm observed  at  0930 and 0940 hr at  Leichhardt Park on 
12  December,  1975,  which  are  correlated  with  the  average of five 
three-minute  averages of ozone  concentrations  obeserved  at 
Canterbury  Racecourse  on  the  same  day, viz.,  0.117 ppm (at  1020 
hr) , 0.150 pprn (1030 hr) , 0.133 ppm (1040 hr) , 0.163  ppm (1050 
hr) and 0.157 ppm (1100 hr) . Hydrocarbon  and  NOx  concentrations 
observed  earlier in  the airshed  are  considered to make  no 
contribution to the  ozone  averaged  between 1020 and l100 hr. 
This  correlation  allows  only 40 to 60 minutes  between  the 
selected  initial  hydrocarbon  and  NOx  concentrations  and  the 
designated  oxidant peak. This  seems an insufficient  reaction 
time  to  permit  naximun  ozone  formation by the  Dodge  mechanism 
when  about 30 per cent of the  NOx sampled at  the  tines mentioned 
above  was in the  form  of  nitric  oxide. 

- 

All  of  the  airshed  data sets used to validate the Dodge  model 
€or Sydney are biased  towards  short  irradiation  times  between 
the chosen  initial  concentrations and  the onset of the oxidants 
peak. This is shown in Table 5.1. 
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TABLE 5.1 - DISTRIBUTION  OF  IRRADIATION  TIMES  FOR  OZONE 
PRECURSORS 

~ 

Irradiation  Time 

(hr) 

Proportion of Ozone  Precursor  Pairs 
(cum.  per cent) 

13 
39 
78 
87 
100 

Source:  Post  and  Bilger  1977. 

The  ozone  isopleths  of  the  Dodge  model  are  explicitly  derived 
for one  day irradiations of freshly  emitted  hydrocarbons  and 
nitrogen  oxides?  and  apply  within  stated  limits  for  defined 
mechanisms of ozone  formation.  The  airshed  observations for 
Sydney  suggest  not  only  that  ozone  levels  are  not  satisfactorily 
described by the modified  model, but  that  there  are  conditions 
for oxidant  formation in Sydney  which  differ  from  those  of  the 
model.  For example,  oxidant  levels in Campbelltown may involve 
a  contribution  from  extended  irradiation  periods  due  to  the 
operation of certain  meteorological  factors.  The  relative 
importance of this  contribution is likely  to  increase from its 
present  level of significance  as the population of receptors 
in Campbelltown  grows,  and as emissions  into  the  Sydney  airshed 
grow. Again the observation  (Post et a1 1976b) of ozone  peaks 
of 0.140 and 0.145 ppm at  Concord  as  early  as  0910 and 0920 hr 
on  12 December,  1975  suggests the importance of photochemical 
processes  other  than  the  one-day  irradiations  described by the 
Dodge  model. 

These  considerations  lead  to  the  conclusion  that  the 
applicability of the Dodge  model to the  problem of calculatinq 
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ozone  concentrations  in  the  Sydney  basin  has  not  been  established 
between the limits of NMHC/NOx ratios of 5 to 20 for which 
airshed  values  are  reported. 

No  verification of the  steeply  reverse-angled  isopleths  outside 
these  limits  has been reported.  Extrapolation of airshed values, 
especially  those for which  the NMHC/NOx ratios  are  below 5, is 
based on the assumption  that the Dodge model  holds, and that 
the  mechanism  of  and  all  the  conditions  for  oxidant  formation 
in the Sydney  airshed  conform to those of  the model.  Thus the 
applicability  of  the  models in this  region  where  the  isopleths 
change  more  rapidly  as  a  function of  NMHC  and  NOx is also not 
justified. 

The  likely  reason  for  the  general  lack  of  applicability of the 
models is that  the airshed  processes are  more  complex  than  those 
used  in the  Dodge  model. 

The  Empirical  Model 

Post  (1979a)  has  extended  the  method of correlating  frequency 
distributions, used by Daly and Steele  (1975)  (1976) to describe 
inert  pollutants,  to  the  analysis  of  ozone  concentrations  in 
the Sydney  airshed, and has  shown  that,  between the limits  of 
NMHC/NOx  from 5 to 20, the  observed  ozone  concentrations  are 
described by the empirical  relationship: 

The  relationship  correlates  the 836 sets  of  half-hour  average 
concentrations of hydrocarbons and NOx obtained in the Sydney 
Oxidant  Study  and  analysed by Post and  Bilger. 

The  application of such  a  model to the prediction of future 
trends  requires  that  major  variables  which  influence  the 
formation of oxidants  maintain the present  relativity of their 
contributions.  Thus  the  present  meteorological  dispersion  forces 
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and geographical  distributions  of  precursor  sources  and  receptors 
would be required to satisfactorily  typify the airbasin in the 
future. 

Post  (1979a)  showed  that  with  certain  adjustments  of  frequencies 
the  modified  Dodge  model  correlates -the same 836 sets  of 
half-hour  average  concentrations  of  hydrocarbons  and  NOx  with 
ozone  maxima  accumulated  across the  basin  as  well  as  does  the 
empirical  relationship.  This  observation  also  applies  between 
the limits of NMHC/NOx  from 5 to 20. Again no spatial or 
temporal  correlations  between  precursors  and  ozone  are 
established, and  the empirical  model  must be regarded as an 
empirical  correlation of observed  data  within  the  stated  limits. 

ASSESSMENT OF JOINT  AND  SINGLE  EMISSION  CONTROLS 

The  results  obtained  from  the  analysis  of  distributions of 
potential  ozone based  on  airshed  data  for Sydney  depend  upon  the 
airshed  model  used  to  evaluate  the  potential  ozone. Post has 
assumed  that  the  modified  Dodge  model  describes  oxidant  formation 
in the  Sydxey  basin  (Post  1979a)  and  has  applied  the  technique 
(Daly  1977)  (Daly  1978) of evaluating  potential  ozone  for 
several  emission  reduction  strategies to the 836 sets of half- 
hour ozone  precursor  averages. 

The  results  of  the  analysis led Post to conclude  firstly  (Post 
1979a),  that  hydrocarbon  control is the  most  effective  strategy 
for  containing  oxidant in the  Sydney  airshed,  and  secondly  (Post 
1979 b) that 

'it is unproductive,  and  in  fact  counterproductive,  to 
pursue a policy of constraining NOx emissions to present 
levels  whilst  reducing  NMHC  emissions.' 
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_ _ _ _ ~  Joint  Emission  Controls 

Calculations  have  been  made  of  the  potential  violations  of  ozone 
concentrations of 0.12, 0 .14, 0.15  and 0.20 parts per million  for 
a  range  of  combinations  of  joint  control,  based  on  the 836 sets 
of precursor  concentrations  (Daly 1979). They  have  been 
presented  as a function  of  percentage  reductions in both 
hydrocarbons and nitrogen  oxide  concentrations.  The  computations 
for example,  show  that  a 3 3  per cent  equal  reduction of both 
hydrocarbons and nitrogen  oxides  levels  has  the  same  relative 
effect  as a 54 per cent  reduction of hydrocarbons  only  in 
reducing  potential  violations of both the (3.10 and 0 .l4 parts 
per million  level  of  ozone  and  becones  more  effective  in  reducing 
potential  violations of  the 0.20 parts per million  level  (Daly 
1979) . 

The  computations  also  reproduce  the  ozone  distribution  reported 
for Sydney by Ferrari et a1 (1979).  Equal joint  controls  are 
not  necessarily  the  optimal  strategy  for  joint  emission 
reduction.  Even if they were  optimal in theory, it could  be 
difficult  in  practice  to  achieve  equal  reduction  across  the  range 
of sources in an  airshed. 

Examples  of  joint  emission  reduction  strategies  not  involving 
equal  joint  control  are  shown in Table 5.2. This  Table  shows  the 
alternative  strategies  that  could  be  applied to eliminate  all 
ozone  levels  exceeding 0.20 parts per million in Sydney, based on 
the 836 sets  of  data  obtained  during  the  Sydney  Oxidant  Study. 

The  computations  discussed  above do not  support the conclusion 
by Post  (1979a)  (1979b)  that  Sydney  ozone  concentrations  are 
not  favoured by reductions in nitrogen  axide  concentrations. 

These  computed  results  are  relative  rather  than  absolute,  but 
show  that,  within the limits of  the empirical  model,  less 
stringent  controls  of  both  hydrocarbons  and  nitrogen  oxides  are 
as effective  as  more  stringent  controls of hydrocarbons  alone. 
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TABLE 5.2 - ALTERNATIVE  JOINT  EMISSION  REDUCTION  STRATEGIES  TO 
ELIMINATE  OZONE  LEVELS  ABOVE 0.20 PPM IN  SYDNEY 

Reduction 
of  HC 

( % l  

Reduction 
of NOx 

( % l  

63 
54 
47 
40 

0 

0 

20 
30 
39 
G 3  

Source:  Daly 1979. 

Figure 5.3 illustrates  the  isopleths  for  ozone  concentrations  of 
0.10, 0.14 and 0.20 parts per million  upon the concentrations of 
hydrocarbons  and  nitrogen  oxides  derived  from  both  the  empirical 
and the modified Dodge models.  Within  the  area  bounded by the 
lines  showing  the  loci  of  NMHC/NOx = 5 and  NMHC/NOx = 20, both 
models  are  essentially in agreement  because the corresponding 
isopleths  €or  each  model  are in close proximity. Thus  both 
models  imply that the reduction of the frequency of occurrence 
of ozone  episodes is equally  sensitive  to  reductions in 
hydrocarbons and in nitrogen  oxides.  Joint  control of these 
emissions is likely  to  confer  further  benefits in ozone  control 
during  extended  irradiations, and in limiting  accumulations  of 
nitrogen  dioxide  and  perhaps  nitrate  aerosols. 

- Hydrocarbon  only  Controls 

Implementation  of  combined  controls  on  both  hydrocarbon  and  NOx 
concentrations  should  not  signiEicantly  alter the distribution 
of  NMHC/NOx  ratios,  and so the  distribution  should  remain in 
the region of NMHC/NOx of 5 to 20 for  which  validation  has  been 
attempted.  However,  when  the  impact of large  scale  controls on 
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hydrocarbons  only is assessed,  the  effect of such  reduction is 
to move  significant  numbers of the sets of precursor 
concentrations  into  the  region  below  the  NMHC/NOx  ratio  of 5. 
No  airshed  correlations of hydrocarbon,  NOx, and ozone  exist 
for this  ,region.  Neither  the  Dodge  model  nor  the  empirical  model 
have been validated for  this  region. Since  results  are  subject 
to  the  limits  of  the  models  used,  evauation  of  the  effect o f ,  
hydrocarbon  only  controls  must be regarded  as  speculative. 

Comparison  of  the  isopleths in Figure 5.3 shows  that  the 
isopleths based  on  the Dodge  model  give  an  advantage  to 
hydrocarbon  controls in comparison  with  those  conferred by the 
empirical  model.  Thus  predictions for  the effects  of 
hydrocarbons  only  controls  appear to be more  optimistic  when 
based  on  the Dodge  model  than  they  are  when based  on  the 
empirically  observed  correlation  of  observed  airshed  data  when 
both  are extrapolated into  the region  where  precursor  sets  have 
NMHC/NOx  ratios  less  than  about 3. 

This  apparent  advantage  originates  because the chemical  component 
of the  Dodge  model  shows  that  the  addition  of  nitric  oxide 
depresses  ozone  concentrations.  This  type of suppression 
behaviour is seen  at  low  values of the  NMMC/NOx  ratio  for  short- 
term irradiations in smog  chambers  although the exact  positioning 
of  the  ozone  isopleths  depends  upon  experimental  conditions. 

These  effects  have  been  discussed  earlier in this  work  and 
elsewhere  (Daly 1977). Thus  were  the  formation  of  oxidant in 
Sydney to approximate to the conditions of a  well-mixed  smog 
chamber  in  which  each  episode is a  short-term  irradiation  of 
fresh  emissions, and  were  ozone  formation to  be the only 
criterion  rather  than  total  oxidant OK the  sum  of  selected 
constituents of oxidant, and  were  ozone  able to  be described 
in the  low  ratio  area by Dodge, the  NOx  depression  of  ozone  could 
be an advantage  provided it did  not  lead to increased  ozone 
downwind.  However, in reality,  evidence is accumulating  that 
oxidants  other than ozone  also need to be considered, and that 
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irradiations of aged  mixtures  and  transport  and  recirculation 
effects do occur in the basin and are  likely to become  more 
important  as  the  population in the  basin  grows. 

It  could  seem  that the results  from the modified  Dodge  model 
should  be used in  the  case  of  examining  the  effect  of  hydrocarbon 
only  controls  since the original  model is based on  a  chemical 
reaction  scheme  and  a  number of smog chamber  experiments  and 
thus  has  physical  meaning.  Such  usage  does  not  take into account 
the  knowledge  that: 

the  original  Dodge  model is not  validated  for  the  airshed, 
for which  conditions may differ  markedly  from  model 
conditions,  especially in the  region  of  interest; 

there is the  uncertainty  described  earlier  over  values 
assigned  to  certain  of  the  rate  constants  in  the  model; 

the model  refers  specifically to 9-hour  irradiations; 

. no account is taken of the  effects of accumulation  of N02; 
and 

the  results  accrue  from  methods  which  depart  from  the 
physical  conditions of the  model. 

In  addition to these  factors,  Dodge  (1977a) has stressed  with 
respect to the Dodge  model  isopleths  of  Figure 2 .l0 (and 
therefore  also  Figure 5.3) that: 

'the  extreme  upper  left  and  lower  right  portions  which 
correspond to very low  and  very  high  HC-to-NOx  ratios, 
should be viewed  with caution.' 

The  five  points  mentioned  above  become  important  since  the 
regions  mentioned by Dodge  are tho-se where  single  control 
strategies  gain  their  advantage  over  joint  controls. 
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Meteorological  studies  described  earlier  show  that  multi-day 
irradiations  presently  contribute to oxidant  formation in Sydney 
and are  likely to become  more  important  as  the  region  grows. 
The  effects of extended  irradiations  have been described  earlier, 
and  lead  to  a  set  of  ozone  precursor  relationships  quite 
different  from  those of Dodge. A likely  effect  would be  to make 
ozone  formation  less  sensitive to hydrocarbons  and  more  sensitive 
to NOx  which  would  Contribute to moving  an  averaged  position  of 
the  ozone  isopleths  from  the  Dodge  location  towards  that  of  the 
empirical  model in the regions of low  NMHC/NOx ratios  where  the 
models  appear  to  differ.  Study  of  this  region is clearly 
warranted. 

THE  DIVIDING  LINE  CONCEPT 

Dodge  has  proposed  the  'dividing  line'  concept  as  an aid  to 
deciding the comparative  effects of alternative  emission  control 
strategies  (Dodge 1977b). 

Originally  the  line  was  positioned  to  locate  the  'apex'  points 
of the ozope  isopleths  on the Dodge  model and was  described by 
the  equation  NMHC = 5.6 NOx  (Dodge 1977b). The  line is shown in 
Figure 2.10 and  was believed to divide the diagram into  two 
regions  for  control  purposes  (Dodge 1977a). 

The  first of these  regions is described  as  predominantly 
hydrocarbon-rich  and  is  characterised by values of the  ratio 
NMHC/NOx exceeding 5.6. In  this  region  reduction of nitrogen 
oxides  was  seen  to  offer  the  most  effective  means  of  ozone 
control.  The  second  region is described  as  predominantly 
NOx-rich  and is characterised by values  of  the  ratio  NMHC/NOx 
less  than 5.6. In  this  region  control of hydrocarbons  was  seen 
to  offer  the  most  effective  means O E  ozone  control. 

Bilger  (1977)  has  accepted the  'dividing  line'  concept  and 
proposed  that  the  criterion  for  selecting  the  dividing  line be 
that  the  line describe the points for which  fractional reduction: 
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in hydrocarbons  yield  the  same  reductions  in  ozone  concentrations 
as the corresponding  fractional  reduction in nitrogen  oxides. 
Using  this  more  satisfactory  criterion,  the  dividing  line  has 
the equation NMHC = 9.0 NOx. On this  basis it was  concluded 
that,  where  hydrocarbon  and  nitrogen  oxides  controls  are  equally 
costly, the oxidant  control  strategies  required are: control 
of  hydrocarbon  emissions  for  an  airshed  characterised by a  ratio 
below 9.0, and control of nitrogen  oxides  emissions for an 
airshed  characterised  hy  a  ratio  in  excess  of 9.0. 

The use of the  dividing  line  concept in an  airshed  involves  three 
important  assumptions  which  need to  be examined.  These are: 

the oxidant  problem  involves  one-day  irradiations of fresh 
enissions  only; 

the  Dodge  model  describes  the  ozone-precursor  relationships 
for  the one-day  irradiations; and 

the  optimum  control  strategy is taken as either  control  of 
hydrocarbons - or  control of NOx emissions.  Simultaneous 
controls  on  both  species  are  not  examined. 

In  addition,  problems  arise in  applyincj the dividinrj line  concept 
when  deciding  what  value of the  ratio NMHC/NOx characterises  the 
airshed.  Thus the State  Pollution  Control  Commission  reported 
that  the  average  ratio for the  Sydney  basin based on predicted 
mass  emissions of NMHC and  NOx is 9.3, whereas that obtained  €or 
the  geographical  areas  of  highest  oxidant  potential is 7.8 (State 
Pollution  Control  Commission  of NSW 1977).  These  values of the 
ratio  fall  on  different  sides  of  the  value of 9.0 used as  the 
basis for the dividing  line  concept. 

The  difficulty of applying  the  dividing  line  concept is shown 
by examining  sets  of  airshed  data.  Figure 5.3 shows  the 
cumulative  frequency  distribution  (Daly  1978)  of N?JIHC,/NOx based 
upon 836 sets of hydrocarbon  and  nitrogen  oxides  concentrations 
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measured  (Post and Bilger  1978)  during  the  Sydney  Oxidant  Study 
for the years  1975-76 and 1976-77 by the Sydney  University team. 
While  the  ratio is seen to  have  fallen  from  one  year to the  next, 
the distribution of airshed  values  straddles the dividing  line 
value  NMHC/NOx = 9.0. Thus in 1975-76 the ratio  was  less  than 
9.0 for about 62 per cent of the values, and for 1976-77  was 
less than 9.0 for 84 per cent of the  values. 

Such  a  straddling of  the dividing  line  shows the difficulties 
inherent in regarding  the  policy  options  as  either  control of 
hydrocarbons - or  control of nitrogen  oxides.  This  evidence,  when 
compounded  with  the  assumptions  implicit in the  dividing  line 
concept, the chemical  evidence  (Chapter 2) suggesting  the 
necessity  €or  hydrocarbon  controls  and  for  optimising  the  ratio 
NHMC/NOx to high  values, and  the effectiveness of combined 
controls in evaluations  based  on  Sydney  airshed  data,  justifies 
full examination of the eEfectiveness of combinations of controls 
in reducing  oxidants. 

It is instructive  to  determine  the  cause of the  decline  in  the 
overall NMHC/NOx  ratio. The  data of Post (1979) show that during 
the  years  of  observation  the  distribution  of  maximum  hydrocarbon 
concentrations  remained  unaltered and  the distribution of maximum 
NOx  concentrations  showed  an  increase in the  population of higher 
levels.  From  the  1975-76  year to the 1976-77  year the growth in 
median  (50th  percentile  level) NOx concentrations  were: 

over all sites,  28% 
at  Sydney  University  site,  25% 
sites  other  than  Sydney  University 3 5% 

The  causes of this  rapid  increase  need  to be examined  given  that 
nitrogen  dioxide is a  toxic  substance and  there is the 
possibility  that  the  effects of nitrogen  dioxide  and  ozone  are 
cumulative  (Mizoguchi et  a1 1977)  (Ehrlich et a1 1977). Such 
an increase, if established,  would  have  control  implications, 
since it would show that emissions of hydrocarbons and  NOx are 
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not strongly  coupled.  It is also  possible  that the strategy  of 
hydrocarbon  only  control if implemented  would be less  efEective 
in  reducing  oxidant  levels  across  the  basin if NOx ernissions 
are  on  this  rising trend.  In general  terms the dividing  line 
approach  to  the  formulation  of  policy is made  difficult  because 
of  the  range of airshed  concentratins of hydrocarbons and NOx 
which  commonly  3ccur  in  an  airshed.  This  leads  to a wide  range 
of  values in the distribution of the ratio NMHC/NOx. Thus  the 
average  value  of  this  range  does  not  necessarily  reflect a 
sensible  characterisation of the  airshed.  Additionally,  the 
dividing  line  approach is an  either-or  approach  and  does  not 
consider  all the possihle  options. 

The  alternative  approach  of  applying  the  two  criteria  of  reducing 
hydrocarbons and also  reducing  NOx to optimise  the  airshed 
distribution of the  ratios  of  NMHC  to  NOx  across  the  airshed 
appears to contain  guidelines  which  incorp3rate  safeguards 
against  known  and  potential  effects  of  oxidant  formation  over 
the  range of airshed  conditions  observed. 

CONTROL  MEASURES  ADOPTED 

Some  control  of  oxidant  levels is expected to result  from  the 
implementation of Australian  Design  Rule  (ADR) 27A  which  came 
into  effect  on 1 July  1975,  and  which  seeks  to  reduce  emissions 
of non-methane  hydrocarbon and nitrogen  oxides  from  light  duty 
motor  vehicles  (Australian  Design  Rules  for  Motor  Vehicle  Safety, 
1976). Exactly  what the reductions  will be  is uncertain,  but 
likely  figures  are  that  average  emissions  of  non-methane 
hydrocarbons  could  fall by about 25  to 50 per cent and nitroqen 
oxides  could  fall by up to 15 per  cent  (Daly  1977).  There  seems 
to  be no agreement  on the rate  at  which the vehicle  emissions 
will  deteriorate  from  the  standards  set by ADR  27A  as  the  engines 
of vehicles  built to these  standards  increase in age. 

Emissions  from  stationary  sources  are  either  controlled  or  are  in 
the process of being  controlled to conform  with  standards 
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recolnmended by the  National  Health  and  Medical  Research  Council 
(Proceedings of the Workshop  on the  Air Pollution  1977), 
although  the  rates  of  emissions  of  hydrocarbons  and  nitrogen 
oxides do not  specifically  relate to the objectives of an 
oxidants  control  program. 

There is general  acceptance  that  further  controls  on  emissions 
will he necessary to meet the desired  oxidant  goals,  although 
there  are  differences  between  authorities  as  to  what  these 
controls  should be. There is still  debate  over  whether  oxidant 
control is best  achieved by control  of  emissions  of  hydrocarbons, 
or control of emissions of both  hydrocarbons and nitrogen  oxides 
(State  Pollution  Control  Commission  of NSW 1977)  (Daly  1977). 

ImDact  of  Australian  Desian  Rule  27A 

The  major  initiative  in  the  program  to  control  the  concentrations 
of photochemical  oxidants in Australian  airsheds  has  been  the 
implementation  of  the  controls  on  motor  vehicle emissi.ons 
contained in ADR 27A. At  present  there is an  interest in 
evaluating  the  impact  of  these  controls. 

In  principle, the impact of the Rule  can be calculated  from  the 
application of photochemical  models.  It is assumed that: 

one-day  irradiations  occur; 

ADR  27A  leads  to  a 50 per  cent  reduction  in  hydrocarbon 
emissions and a 20 per cent  reduction in NOx emissions, 
using  ADR  27  as  a  basis  for  comparison; 

all vehicles  meet the standards 9 years  into the program; 
and 

the  motor  vehicle  fleet  increases  in  size  at  a  rate  of 3 
per cent per annum  over the  period. 
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It is possible to apply  the  Dodge  model to present  airshed 
concentrations of precursors to estimate the potential  ozone 
distribution in the  ninth  year  of  the  progran. If it  is assumed 
that  the present  sets of hydrocarbon and nitrogen  oxides 
concentrations  averaged  over  the 0600 to 9900 hr period are  due 
entirely to motor  vehicles, the hydrocarbon  concentrations  in 
year 9 would  be  reduced to 67 per cent of present  values,  and 
nitrogen  oxides  would  remain  unchanged.  The  potential  ozone 
distribution  resulting  from  these assun~tions is compared  with 
the existing  distribution in Figure 5.4. Such  a  change  in 
emissions would give  an  airshed  a  potsntial  for  exceeding 0.20 
parts per million of ozone, the level  above  which 78 per cent 
of health  damage is said  to  occur  (Figure 4.7) , with a 
probability of 2.5 per cent  compared  with the present  probability 
of  about 15 per cent. In  practice this analysis  holds  only to 
the extent to which the assumptions  hold,  which  appears to be 
limited  to  an  unknown  proportion of all oxidant  forming  episodes. 

In Sydney, air basin  episodes  such  as  that of 22 December  l975 
involved  a  tail-pipe  contribution to emissions oE from 8 to 20 
per cent (‘dawke et  a1 1975). Additionally,  oxidant  episodes 
in  the  Parramatta  valley  are  likely to involve  recirculation 
of precursors to permit  second-day  irradiation  (Hyde et a1 
1978a),  while in Melbourne  episodes  have  occurred  in  which 
multi-day  irradiations  operate  (Le  Roy et a1 1976). The  data 
required to perrnit some  quantification of  the  ozone-effectiveness 
of the controls  require a classification Q €  oxidant  episodes  into 
groups by proportion  of  industrial  and  motor  vehicle  emissions 
and by length of irradiation  times. 
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FIGURE 5.4 
ESTIMATED EFFECTS  OF  ADR 27A CONTROLS  ON 

OXIDANT EPISODES ARISING FROM  MOTOR VEHICLE EMISSIONS ONLY 
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CHAPTER 6 - CONCLUSIONS 

The  controllable  factors  which  determine  the  intensity of an 
oxidant-Eorming  episode  are the ambient  concentrations of 
hydrocarbons  and  nitrogen  oxides.  The  amount  of  Control 
necessary  depends  upon  particular  airshed  conditions. 

The  extent to which  the  precursors  form  oxidants, as measured 
by ozone  concentrations,  depends  upon the length of the period 
oE solar  irradiation.  In  broad  terns  this  irradiation-time is 
determined by the meteorology  of the air basin and needs to be 
determined  for  each  airshed  of  concern. 

The  chemical  €actors  described in Chapter 2 lead to the 
conclusion  that  the  irradiation of 'aged'  smog  mixtures  produces 
a  diEferent  set of ozone-precursor  relationships from those  due 
to the  irradiation of fresh  mixtures.  Thus  the  evaluation of 

the impact of the range of ambient  concentrations of hydrocarbons 
and  nitrogen  oxides  in  an  airshed  requires  a  knowledge of the 
range of meteorological  conditions in the airshed. 

The  range of meteorological  conditions  should  be  classified €OK 
airsheds of concern into  categories  which  permit the assessment 
of  the  relative  proportions oE each  of  the  following  reaction 
conditions: 

partial-day  or  one-day  irradiations of fresh  emissions; 

partial-day or one-day  irradiations of 'aged'  mixtures; 

partial-day or one-day  irradiations  of  mixtures  of  fresh 
emissions and  'aged'  mixtures;  and 

multi-day  irradiations. 

This  compilation  would  also  permit  an  evaluation of the 
effectiveness  of  selected  controls  on  hydrocarbons  such  as  those 
of the Californian  Rule 66 (Chapter 2). 
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TO complement  these  meteorological  classifications,  a  set  of 
ozone-precursor  relationships  needs to  be developed for  each of 
the  meteorological  categories  which  are  found to  be important 
in the airshed of concern.  Such  a  data-base is a  necessary 
adjunct to  the evaluation  of  the  emissions  controls  required to 
meet  some  selected  oxidants  goal. It follows that the necessary 
ozone-precursor  relationships  should be developed for the 
a i rsheds of concern. 

The  development  of  emissions  controls  requires  the  identification 
of the sources of oxidant-forming  precursors.  The  trajectory 
analyses  observed in Sydney  (Chapter 4) show  that  some  oxidant 
Eorming  episodes may arise  substantially  from  industrial 
emissions,  while,  one  presumes,  others  are  substantially  due  to 
motor  vehicle  emissions.  Three broad classes of oxidant  episodes 
may need  to  be recognised: 

episodes in which  the  precursors  arise  substantially frorn 
industrial  emissions; 

episodes in which  the  precursors  arise  substantially  from 
motor  vehicle  emissions;  and 

episodes in which  both  industrial  and  motor  vehicle 
emissions  contribute to precursor  concentrations. 

Consideration  of  the  chemical  and  meteorological  factors  involved 
in ozone  formation lead to the conclusion that effective  oxidant 
,control  requires  limits to  be placed on  emissions  of  both 
hydrocarbons and nitrogen  oxides  (Chapters 3 and 4). 

The  required  extent of control  on  the  gross  emissions of 
hydrocarbons and nitrogen  oxides  depends  upon the oxidant  goal 
which  the cornmunity judges  to be  the  best  compromise  between the 
adverse  effects of air  pollution and  the advantages from minimal 
controls.  The  classical  approach is to set  an  oxidant  goal  which 
represents a threshold  which iE crossed  constitutes  a  threat  to 



public  health.  There  are  indications  that  the  physiological 
effects of the  additivity of oxidants need to Se considered in 
addition  to  the  yardstick  provided by the  ozone  concentration 
alone.  At  present  the  physiological  evidence is not conclusive 
and  further  studies  are  required. h 
Until  such  studies  provide the evidence  necessary for choosing 
an  oxidant  goal, it seems  prudent to set  an  interim  goal  which, 
while  not too stringent,  would  represent  a  notable sllccess for 
an  oxidant  abatement  program. 

An interim  objective  of  a  one-hour  average  naximun  concentration 
of ozone  of 0.15 parts per million may Se regarded as a  desirable 
goal.  Such a temporary  goal is sensible  at  the  present  time, 
since it marks the concentration at which  health  damage  may 
become  significant,  and is greatly ex'zeeded in S~73ney and 
Melbourne,  where the maximm ozone  concentrations  observed  are 
about  twice  this  value. 

A recent  approach to the  problems of oxidant  goals is the 
examination of health  damage  functions  as  described in Chapter 4. 
Progress  made  in  this  area  to  date surjqests t5at  the  classical 
'threshold-level'  approach to the  setting of oxidant  goals  does 
not  lead to a correlation  between t:?e severity of episodes  at 
alternative  receptor  areas and  the magnitclde  of  the health  damage 
which  occurs  at  the  locations. 

The  analysis  of  health  damage  functions  offers t?le advantage of 
describing the relative  intensities of oxidant  episodes in terns 
of  per  capita  health  damage.  The  Californian stludy reviewed  in 
Chapter 4 clearly  shows  that the greatest  gains in reducing  the 
possibilities of health  damage  come  from  controlling  the  highest 
concentrations of oxidant. 

Combining  health  damage  functions  with  analyses of distributions 
of potential  ozone  permits the estimation of the  total  benefits 
and  costs  of  control  alternatives  as  far as health  effects  are 
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concerned. It appears to be highly  desirable  that  health  damage 
€unctions  appropriate to Australian  conditions be developed. 

In  principle,  the  methodology  for  the  development  of 
materials-damage  functions  should  parallel that of health  damage. 
Such  functions  are  necessary to permit  assessment  of the  total 
benefits and costs of emission  controls, and should be developed 
where  possible. 

The  choice  between  alternative  strategies  for  oxidant  control 
requires  information  on the relative  costings of alternative 
measures. At present  the  information  on  costs  €or  the  high 
degrees of control  often  discussed is extremely  sketchy,  and 
estimates  can  differ  sufficiently  to  lead  to  di€ferent  strategies 
being  proposed. A definitive  statement  on the cost  structures of 
emission  controls  across  the  major  mobile  and  industrial  sources 
is lacking  at  present. 

Chapter 5 contains  a  discussion of two  models  which  have  been 
put forward to describe  ozone-precursor  relationships in the 
Sydney  airshed.  They  are  a  modified  version  of  a  model by Dodge 
and a  simplification oE the modified  Dodge  model. 

Both  models  are  claimed  to be validated by observed  airshed 
values for which the ratios of concentrations of non-methane 
hydrocarbons  and  nitrogen  oxides  (NMHC/NOx)  are  between 5 and 20. 
It is shown  that the relationship  proposed  between  these 
cornpounds and ozone  has  not  been  established  between  these 
NMHC/NOx limits. Thus  ozone  levels  observed in Sydney are not 
satisfactorily  explained by these  models.  The  likely  reason  for 
this is that the mechanisms  associated with the formation  of 
ozone in the  airshed  are  more  complex  than  those  assumed in the 
modelling  process. 

It is also shown  that  the  extrapolation  of  the  models  to  evaluate 
ozone  formation  outside the  NMHC/NOx  range of 5 to 20 is not 
justified on  present evidence.  Consequently  neither  model  can 
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be used  to  predict  the  outcome  of  emission  control  strategies 
involving  large  proportional  reductions in non-methane 
hydrocarbons  only,  since  these  strategies  would  have  the  effect 
of reducing the NMHC/NOx ratios of ozone  precursor  concentrations 
below t!le value of 5 which  represents  the  lower  limit a €  combined 
observations of non-methane  hydrocarbons,  nitrogen  oxides  and 
ozone  concentrations in  Sydney. 

The  analysis  presented in Chapter S shows  that in terms  of 
present  information  Sydney's  ozone  concentrations  appear to be 
equally  dependent  on  changes in nitrogen  oxide  concentrations 
as on  changes in non-methane  hydrocarbon  concentrations. 
Computations  are  discussed  which  support  this  contention. 

Given  the  limitations of available  models  in  defining  the 
relationship  between  ozone  precursors and ozone  levels in Sydney, 
analysis  of  the  models  indicates  that  strategies  based  on  the 
conbined  control of hydrocarbons and nitrogen  oxide  emissions  can 
be as  effective  in  reducing  oxidant  levels  as  strategies 
involving  reduction of hydrocarbons  only, and would require  less 
stringent  control  standards  to  achieve  this result.  Such  an 
approach  does  not  require  major  extrapolation of the existing 
models  beyond  the  regime for which  they  have  been  claimed to be 
validated or apply in order to predict the resultant  reductions 
in ozone  formation.  These  less  stringent  controls,  since  they 
incorporate  controls  on  nitrogen  oxides,  are  likely to confer 
additional  benefits  not  available  when  hydrocarbons  only  are 
controlled. 
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APPENDIX A - SUMMARY OF ELEMENTARY  REACTIONS  USED  IN 
PHOTOCHEMICAL  MODELS 

When  a  large  set  of  chemical  reactions  goes to make  up  a  chemical 
mechanism  this  can be translated into a  set of complex, 
non-linear,  first-order  differential  equations. 

The  differential  equation  for  each  chemical  reaction  shows  the 
variation  with  respect  to  time  of  the  concentration  of  any 
species  C, and has the general  form 

- dC = (F - R)C 
dt 

F is the  summation  of  all  rates  forming  C  and R is the  summation 
of all  rates  removing C. Appropriate  values for F and R for each 
species  need to be measured  (Demerjian  et  a1 1974)  or  determined 
by the methods of thermochemical  kinetics  (Renson 196.5). 

For the  reactions  which  occur  in  the  airshed  the  range  of  values 
for  R  and F differ by several  orders of magnitude and accordingly 
the  times  associated  with  meaningful  changes in the 
concentrations of species  also  differ by several  orders  of 
magnitude.  The  computational  difficulties  introduced by these 
differences  are  satisfactorily  handled by use of the  'STIFF' 
routine  (Gear  1971)  (Gelinas 1972). 

The  photodissociation of NO2 is the step which  initiates  the 
reaction  sequence and is brought  about by sunlight  with 
wavelengths  from  290-430 mm as  described  in  Chapter 3. 
Calculation of the intensity of solar  irradiation at  the  earth's 
surface  needs to include  the  ability to vary  latitude,  time  of 
year,  time  of  day and wavelength  across the spectral  region  of 
interest.  The  guidelines  for  such  a  model  have  been  set  down by 
Leighton  (1951) . 

The  set  of  differential  equations  which  make  up  the  chemical 
model  can be solved by  the methods of numerical  integration. 
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This  has  been  successfully  carried  out  on  reactions (l), (2) and 
(3). 

NO2 + hu -t NO + 0 

0 + 02 - 03 
03 + NO + 02 + NO2 

In  practical  terms  the  vast  number  of  chemical  reactions  becomes 
too  unwieldy to process.  Accordingly  there is a need to reduce 
this  number  and to replace  individual  values  of F, R and C by 
lumped  parameters  thereby  making the  model  'semi-empirical' . 
Thus  Hecht  et  a1  have  described  the  photochemistry by 50 
reactions  (Hecht  et a1 1974) and  the General  Research 
Corporation  model  (Allen  and  Bilger 1976) reduces  the  number  to 
16. Such empiricism lead to great sirnplifications,  but the 
representation of the  reactivities  of  whole  classes  of 
hydrocarbons by a  'lumped  parameter' is considered to make  the 
model  lose  specificity  and  possibly  integrity  (Pitts  et  a1 
1975) . 

Because  of  the loss of specificity  the  integrity of the  reduced 
model  can be guaranteed  only for the range  of  conditions  for 
which  it  can  be  validated  by  airshed data. The  validation 
amounts to a  calibration in which the 'lumped  parameters'  are 
adjusted  enpirically  to  provide  the  best  €it of measured  data. 

At present  computer  models based  on a  moderately  detailed 
reaction  mechanism  have  the  capability gf describing  the 
processes  occurring  during  laboratory  simulations in smog 
chambers  (Rerr  et  a1 1972). The  descriFtion of airshed  data 
still  appears  remote,  although the use of models and real  airshed 
data to calculate  frequency  distributions  of  potential  ozone 
offers  a  useful  technique  €or  comparing the relative  effects 
of  alternative  strategies  (Daly 1979). 

The reaction  mechanism and  the rate  constraints for the 
elementary  reactions  are  given  for  the TNO models  (Tables A.l and 
A.2) and the Dodge model  (Table A.3) . 
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TABLE A.l - REACTION  SCHEME  1 - TNO  MODEL  1 

- 
no. k (25°C) (a)  Reaction(b) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
P 

Ib 
14 
15 
16 

17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 

4.0 E-01 
2.1 E+01 
2.5 E+01 
5.0 E-02 
1.3 E+04 
5.6 E+03 
2.4 E+01 
5.0 E-06 
5.0 E-07 
1.4 E-03 
1.3 E-01 
1.0 E-03 

5.0 E-03 
8.7 E+10 
1.0 E-tO5 
5.0 E+05 

1.8 E+03 
8.8 E+03 
8.8 E+03 
2.0 E+01 
4.0 E+03 
2.0 E-04 

1.2 Et00 
8.7 E+01 
2.1 E+O2 
3.8 E+04 
1.8 E+03 

NO2 + 4 N O + O  
0 + 02 + (M) - 03 + (M) 
03 + NO 4 NO2 + 02 
03 + NO2 - - NO3 + 0 2  
NO3 + NO -c 2  NO2 
NO3 + NO2 - M205 
2O5 "c NO3 + NO2 

N 205 + H20 --c 2  HNO3 
NO + NO2 + H20 - 2  HNO2 
2 HNO2 - NO + NO2 + H20 
HNO2 + h -L OH t NO 

03 + h" + 02 + 01D 

03 + hy - 0 2 + 0  

o ( ~ D )  + 03 - 2 02 O(lD) + (M) - 0 + (M) 
O(lD) + H20 "+ 2  OH 

H02 + NO - OH + NO2 
OH + NO2 + (M) 4 HNO3 + (M) 
OH + NO + (M) - HNO2 + (M) 
H02 + NO2 -L HNO2 + 02 
H02 + H02 - H202 + 02 
H202 + & - 2  OH 
H02 + 03 - OH + 2  02 
OH + 03 --L H02 + 02 
OH + CO --c H02 + C02 
01 + OH + (02) "-) ROH02 
ROHO2 t NO - ROHO t NO2 

no. k(25OC)  (a) 

28 3.0 E+05 
29 3.8 E+03 
30 1.8 E+03 
31 1.0 E+OO 
32 1.9 E-02 

33 3.0 E-03 
34 3.0 E-04 
35 2.0 E-04 
36 1.0 E+04 
37 1.0 E+04 
38 1.5 E+03 
39 2.4 E-02 
40 4.9 E+03 
41 4.9 E+03 
42 4.0 E+03 

43 1.0 E+04 
44 1.0 E+04 
45 1.0 E+04 
46 5.0 E-05 
47 1.0 E-03 

48 5.0 E-04 
49 1.0 E+OO 
50 1.0 E+OO 

51 1.0 E+OO 
52 1.0 E+OO 
53 1.0 E+OO 

Reaction(h) 

ROHO + (02) -L RCHO + CH20 + H02 

Pa + OH + (02) -c R02 + I120 

R02 + NO - R0 + NO2 
R0 + 02 - yRCHO + (1-y)CHzO + H02 
01 + 0 3  + (02) - OH + 0.98 RCHO + 0.02 CH20 

+ 0.98 H C O ~  + 0.02 R C O ~  
CH20 + - CO + H2 
CH20 + (02) + -c HCO3 + H02 
RCHO t (02) + - HCO3 + R02 
CH20 OH + (02) "c HC03 + H20 

RCHO + OH + (02) "--c RC03 + H20 
RC03 + NO2 "c PAN 

PAN -c RC03 + NO 
RC03 + NO + (02) - R02 + CO2 + NO2 
HCO3 + NO 4 H02 + C02 + NO2 
H02 + R02 "c products 
H02 + HCO3 "-t products 
H02 + RC03 "-c products 
H02 + ROHOz - products 
(W) "-C NO2 

(W) + 03 - products 
(W) + PAN -+ products 
(W) + H02 - products 
(W) + R02 "-c products 
(W) + ROH02 - products 
(W) + HCO3 --c products 
(W) + R C O ~  - products 

(a)  Rate  constant in units of ppm-l  min-l  unless  otherwise  indicated. 
(b)  Compounds  within brackets do  not  determine  kinetics 

Note: 4.0 E-01 = 4.0 X 10-1 
W = wall,  01 = olefin,  PAN = peroxyacetyl  nitrate,  Pa = parafin  aliphatic  hydrocarbon, 
M = inert  third  body  molecule  (NZ or 02). 



TABLE A.2 - REACTION  SCHEME  2 - TNO MODEL 2 

no. k (25OC) (a) Reaction(b) 

NO2 + hy 
0 + 02  + (M) 
03 + NO 
0 + NO2 
03 + NO2 
NO3 + NO 
NO3 + NO2 

N205 + (M) 
N205 + H20 
NO + NO2 + H20 
2  HN02 
HNO2 + hy 
NO2 f OH + (M) 
NO + on + ( M )  
CO + OH + (02) 
H02 + NO2 
H02 + Q3 
1102 + NO 
2  HQ2 
n202 + hy 
01 + OH + (02) 
01 + 03 + (02) 

01 + 0 + (02) 
Ar + OH + (02) 
Pa + OH + (02) 

NO + Q 

03 + (M) 
NO2 + 0 2  
NO + 0 2  
NO3 f 02 
2  NO2 

IJ2O5 
NO3 f NO2 + (M) 
2 HNO3 
2 H N O ~  
NO + NO2 + H20 
OH + NO 
HNO3 + (M) 
HN02 + (M) 
C02 + H02 
HO2N02 
OH + 2 0 2  

H202 + 02 

OH f NO2 

2 OH 
ROH02 
OH + 0.98 RCHO + 0.02  CH20 
+ 0.98 HCO3 + 0.02 RC03 
0.5 RC03 + 0.5 HCO3 
ROHO2 
R02 + H02 

ROH02 + NO + (02) NO2 + RCHO + CH20 + H02 
R02 + N O  --c R0 + NO2 

R0 + (02) - 0.5 RCHO + 0.5 CH20 + H02 
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TABLE A.2 (CONT’D) - REACTION  SCHEME  2 - TNO  MODEL  2 

no. k (25OC) (a)  Reaction (b) 

29 8.0 X 10-4 
30 7.0 X 10-3 
31 1.0 10-3 
32 1.0 104 
33 1.0 104 
34 4.9 103 
35 4.9 103 
36 1.5 X 103 
37 1.5 X 1017e-12900/T 
38 1.0 104 
39 1.0 104 
40 4.0 X la3 
41 4.0 X l03 
42 4.0 X 103 
43 1 
44 1 
45 1 

46 l 
47 1 10-3 
48 1 10-3 
49 1 X 10-3 
50 .l 10-3 
51 1 X 10-3 
52 1 10-3 
53 1 10-4 
54  5 10-5 
55 1 10-4 
56 1 10-4 

CH20 + & + (02) 
CH20 + hv 
RCHO + 111_ + (02) 
CH20 + OH + (02) 
RCHO + OH + ( 02) 

- 

HCO3 + NO + (02) 
RC03 + NO + (02) 
RC03 + NO2 
PAN 
HC03 + H02 
RC03 + H02 
R02 + H02 
ROH02 + H02 
2  ROH02 
H02 + aerosol 
ROH02 + aerosol 
NCO3 + aerosol 
RC03 + aerosol 
03 + aerosol 
PAN + aerosol 
NO2 + aerosol 
H202 + aerosol 
CH20 + aerosol 
RCHO + aerosol 
03 + ground 
PAN + ground 
NO2 + ground 
H202 + ground 

HCO3 + H02 
CO + (M) 
R02 + HCO3 
HC03 + H20 
RC03 + H20 
H02 + NO2 + C02 
R02 + NO2 + C02 
PAN 
RC03 + NO2 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
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TABLE A.2 (CONT'D) - REACTION  SCHEME 2 - TNO  MODEL  2 

no. k(250C) (a) 

(a)  Rate  constant  in  units  of  pFrn(l-q)  min-l  where q is  reaction  order. 
(b)  Compounds  within  brackets do not  determine  kinetics. 

Note:  Ar = aromatic  hydrocarbon, Pa = parafin  aliphatic  hydrocarbon, 
PAN = peroxyacetyl  nitrate, 01 = olefin,  M = inert  third  body  molecule 
(N2 or 02). 

Source:  Nieber  H.,  van  den  Eikhoff J. and  Whittebrood L.J.J., 1978. 

117 



TABLE A.3 - REACTION  MECHANISM  USED TO GENERATE 03 ISOPLETHS 

No. Reaction Rate Constant ( a )  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

NO2 + hu - -+ NO + o(~P) 

o ( ~ P )  + o2 + (~1-03 + M 

0 3  + NO + NO2 + 02 

NO2 + 03 - ~ 0 3  + 02 

NO2 + 0 (3P) + NO + 02 

NO3 + NO "+ 2  NO2 

NO2 + NO3 + NZ05 

2O5 "+ NO2 + NO3 

N2O5 + H20 + 2  HN03 

NO + NO2 + H20 + 2  HONO 

2  HONO -+ NO + NO2 + H20 

MONO + hu 

OH + NO2 + (M) HNO3 (M) 

OH + NO + (M) -+ HONO (M) 

H02 + NO -P NO2 + OH 

H02 + H02 + HOOH + 02 

- + OH + NO 

H009 + hu -W 2 OH 

03 + @ --t O(lD) 

03 + + o(~P) 

O(l3) + M + o ( ~ P )  + M 

O( 'D) + H20 + 2 OH 

OH + 03 --C H02 + 02 

03 + H02 --L Oil + 2 02 

- 

PROP + 3H --C ADD 

ADD + NO --C X + NO2 
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~ "" __ 

No.  Reaction  Rate  Constant(a) 
" 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

ADD + ADD 

ADD + Me92 

ADD + C202 

ADD + C302 

ADD + C402 

ADD + ScO2 

X 

PROP + 03 

PROP + 03 

BUT + OH 

RUT + OH 

NO + C402 

NO + S C O ~  

NO + C302 

NO + C202 

NO -t Me02 

c 40 
sco 

c 30 
c 20 
C40 + 02 

sco + 02 

C30 + 02 

c20 + 02 

2 x  

X + .p4 e 0 

X + c20 

X + C30 

X + C40 

X + sco 

HCHO + ALD2 + H02 

OH + H02 + ALD2 

33 + C203 + HCHO 

sc02 

C402 

NO2 + C40 

N02 + sco 

E02 + C30 

K02 + C20 

NO2 + Me0 

HCHO + C302 

ALD2 + C202 

HCHO + C202 

ECHO + Me02 

ALD4 + H02 

MEK + H02 

ALD3 + H02 

ALD2 + H02 
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TABLE A.3 (CONT'D) - REACTION  MECHANISM  USED  TO  GENERATE 
0 2  ISOPLETHS 

No. Reaction  Rate  Constant(a) 

SO Me0 + 02 

51  HCHO + hv 

S2 HCHO + hv 

53  HCHO + OH 

- 

- 

S4 ALD2 + hv 

55  ALD2 + hv 

S6 ALD2 + OH 

- 

- 

S7  ALD3 + hv - 
58  ALD3 + hv 

59 ALD3 + OH 

- 

60 ALD4 + hv 

61 ALD4 + hv 

- 
- 

62 ALD4 + OH 

63  C403 + NO 

64 C303 + NO 

65 C203 + NO 

66 C403 + NO2 

67 C303 + NO2 

68 C203 + NO2 

69  C402 + H02 

70  C302 + H02 

71 ScO2 + H02 

72 C202 + H02 

73 Me02 + H02 

HCHO + H02 

stable  products 

2 H02 

H02 

stable  products 

Me02 + H02 

c203 

stable  products 

C202 + H02 

c 303 
stable  products 

C302 + H02 

c 403 
C302 + NO2 

C203 + NO2 

Me02 + NO2 

PAN 

PAN 

PAN 

stable  products 

stable  products 

stable  products 

stable  products 

stable  products 

4 X 10-1 

kva  ry 

kvary 

1.5 104 

kva  ry 

kva  ry 

1.5 104 

6.0 X 10-5 min-l 

2.5 X 10-3 min-1 

4.5 X 104 

6.0 X 10-5 min-1 

1.9 X 10-3 min-1 

4.5 104 

8.0 X 102 

8.0 X 102 

8.0 X 102 

1 .o X 10,2' 

1.0 X 102 

1.0 X 102 

4.0 X 103 

4.0 X 103 

4.0 103 

4.0 X 103 

4.0 X 103 



TABLE A.3 (CONT'D) - REACTION  MECHANISM  USED  TO  GENERATE 
03  ISOPLETHS - 

No. Reaction  Rate  Constant (a) 

74 C403 + H02  stable  products 4.0 103 

75 C303 + H02 "+ stable  products 4.0 103 

76 c203 + H02  stable  products 4.3 103 

Note: V = inert third body molecule  (X2 or 02). 

(a)  Units of ppm-lmin-1  unless  otherwise  indicated. 

Symbo 1 Definition 

kva ry Diurnal l-hour average  photolytic  rate  constant 

PROP c 3H6 
BUT n-C 4 H1 0 

ADD CH3CH (OH) CH2OG 

X CH3CH(OH) CH20 

Me02  CH302 

c202  CH3CH 202 

C3O2 CH 3CH 2CH 202 

C4O2 CH 3CH 2CH  2CH  202 

SCO 2 CH3CH(32)  CH2CR3 

ALD2 CH3CFl3 

ALD3 CH 3.CH 2CB0 

ALD4 CH 3 CH 2CH 2CHO 

C2O3  CH3C03 

c303 CH  3CE  2CO3 

c403 CH 3 CH 2CH 2C0 3 

Source:  Dodge :??73. 



APPENDIX  B - EMISSION  CONTROL  COST  MODELS - 

GENERAL  COMMENTS 

A major  consideration  in  the  selection of the  appropriate 
emission  controls for oxidant  abatement is the cost of the 
proposed  program.  In  principle  it is possible  to  make  reasonable 
estimates of the  effectiveness  of  proposed  controls in reducing 
oxidants by the  use  of  photochemical  models.  It  then  becomes 
desirable to have the means  of  evaluating the relative  costs  of 
implementing  the  various  control  alternatives.  In  practice,  the 
estimation of costs of controls  across the  range of emitters  in 
an  airshed  appears to be difficult. 

It  does  appear,  however,  that  there is a  general  agreement  on  the 
way in which  relative  costs of reductions  of  emissions  vary  with 
the degree of emission  control.  Thus the US National  Academy  of 
Sciences  use  a  cost  model  which  shows  that  costs  increase  with  an 
exponential or power series  dependence  upon the degree of 
fractional  reduction  in  emissions  (Pierrard  1974).  In  a  study 
oE the economics  and  technology of  the control  of  hydrocarbon 
emissions Erom stationary  sources  Bowey  showed  a  similar 
dependence of cost  upon the proportion of total  reduction in 
emissions  (Bowey 1977). 

These  cost  models  have  implications  for  the  costing  of  the 
control  measures for oxidant  control.  At  present  there is 
controversy  over  whether  controls  should  be  exerted  through 
limiting  hydrocarbon  emissions  only, or through  less  stringent 
reductions  on  both  hydrocarbons  and  nitrogen  oxides.  Where  the 
rate of increase of costs of controls  increases  sharply  with 
the  percentage  reduction  in  emissions  it is clear  that  €or  any 
percentage  reduction in emissions of one  precursor  there is a 
corresponding  smaller  percentage  reduction  in  emissions of both 
precursors to  be  had for  the same  cost. 
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In  addition, it follows  that  the  higher  the  percentage  reduction 
of one  precursor  sought, the  more  competitive  becomes the option 
of joint  controls.  Thus  for  airsheds  where  a  high  degree  of 
control of one  precursor is sought - e.g. reductions of 
hydrocarbons  between 75 and 86 per cent  have  been  proposed  for 
Sydney  (Bilger 1978) - smaller  joint  reductions of both 
precursors  merit  attention on cost  grounds. 

The  results of the estimation  of the relative  costs of 
alternative  reduction  programs  depend  upon  the  cost  nodel  used. 
At  present  cost  models  appear to  be insufficiently  developed to 
enable  any  but  the  most  crude  comparisons of the  costs  of 
projected  controls. 

COST MODELS FOR SYDNEY 

Recently,  from  consideration of the  Dodge nodel for  ozone 
production, and  the assumption  that the relative  cost  of 
controlling  nitrogen  oxides  emissions  are  twice  those of 
controlling  emissions of hydrocarbons,  Bilger  has  claimed  that 
control  of  hydrocarbons is the  optimum  control  strategy  for 
photochemical  oxidant  (Bilger 1978) . 

The  following  assumptions  are  inherent in the  proposal: 

the oxidants  problem is one  of  Ozone  formed  during  one-day 
irradiations of fresh  emissions; 

NOx controls  are  twice as costly  as  those of hydrocarbons; 

the  choice  of  controls is intended to limit  either 
hydrocarbons  or NOx emissions;  and 

~~ 

- 

a cost  nodel  which is unspecified. 

The  proposal  does n'ot consider the possibility of less stringent 
joint  controls,  nor  takes  into  account the increasing  rate  at 
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which  costs  increase  with  the  degree  of  reduction in emissions. 
MO estimation of benefits is included. 

Because  of  the  importance  of  the  conclusion  of  Rilger, it is 
pertinent to examine the result  for  its  sensitivity to a  second 
cost model.  Such  a  sensitivity  test is given by considering  an 
example.  The  following  assumptions  are  made in the second  cost 
model: 

following  Bilger,  costs of nitrogen  oxides  controls  are 
taken  as  twice  those of hydrocarbon  controls for  the same 
degree  of  fractional  reduction; and 

costs of control  are  taken as increasing  with  a  first-order 
dependence  upon  the  fractional  reduction in emissions  for 
both hydrocarbon and nitrogen  oxides  controls.  This  rate 
of  cost  increase  with  extent  of  control  rises  less  sharply 
than  the  near-exponential rate used Sy Pierrard. 

On  the  basls  of  these  assumptions,  it  follows  that a reduction 
of about 50 per cent in emissions of hydrocarbons  has the same 
cost  as  a  reduction  of 33 per cent in  both  hydrocarbons and 
nitrogen  oxides  emissions. 

Analysis  of  airshed  data  shows  that  each  of  these  reduction 
programs  would be equally  as  effective in controlling  ozone 
formed in one-day  irradiations as calculated by the  modified 
Dodge model  (Daly  1979). 

Daly  and  Fuller  (1979)  have  examined  the  relative  effectiveness 
of equal  joint  controls  versus  hydrocarbon  only  controls in 
reducing  violations  of  various  ozone  concentrations  based  on 
Sydney  airshed  data  reported  (Post  1979a) for the oxidant  seasons 
1975-75 and 1976-77.  These colnparisons were  based  on  the 
empirical  airshed  model  (Chapter 5). The  results  show  that  both 
joint  reductions  and  reductions  of  hydrocarbons  only  can  lead to 
the same  distribution of ozone  formed in the  airshed. These 
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results  clearly show that  the  choice of the  optimum  control 
strategy is most  sensitive to the cost  model  chosen,  where i t  

becomes  necessary to evaluate  costs of more  stringent  hydrocarbon 
controls  only  versus  that of less stringent  joint  controls. 
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