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Preface 

This report is one of a series describing a multidisci- 
plinary multinational IIASA research study on the Management 
of Energy/Environment Systems. The primary objective of the 
research is the development of quantitative tools for regional 
energy and environment policy design and analysis--or, in a 
broader sense, the development of a coherent, realistic approach 
to energy/environment management. Particular attention is being 
devoted to the design and use of these tools at the regional 
level. The outputs of this research program include concepts, 
applied methodologies, and case studies. During 1975, case 
studies were emphasized; they focused on three greatly differ- 
ing regions, namely, the German Democratic Republic, the Rhone- 
Alpes region in southern France, and the state of Wisconsin in 
the U.S.A. The IIASA research was conducted withing a network 
of collaborating institutions composed of the Institute fuer 
Energetik, Leipzig; the Institute Economique et Juridique de 
lnEnergie, Grenoble; and the University of Wisconsin-Madison. 

Other publications on the management of energy/environment 
systems are listed in the Appendix at the end of this report. 

/ 

W.K. Foell 
January, 1977 





ABSTRACT 

This paper discusses air pollution models as used in regional 
development planning in Poland. After outlining the institutional 
structure and legislature dealing with air pollution control, the 
paper describes the air quality standards currently in effect. 
Dispersion models used in predicting air pollution concentrations 
are then detailed. Finally the application of air pollution 
modelling to urban design is discussed. 





INSTITUTIONAL STRUCTURE FOR AIR POLLUTION CONTROL 

Estimation of concentrations of air pollution is one element 
of environmental policy in Poland. Particularly, any new source 
of emission cannot be built without a forecast of ambient concen- 
trations of air pollution. First of all this concerns the coal- 
based power plants which are main sources of air pollution in 
Poland. 

With respect to the institutional structure for environmental 
management in Poland, this is centralized as in most socialist 
countries. The Council of Ministers has responsibility for policy 
making, planning and management of all pollution control activities. 
Two supporting institutions are the Ministry of Health and Social 
Care and the Ministry for Administration, Communal Economy and 
Environmental Protection. The Ministry of Health and Social Care 
defines the tasks of setting ambient standard values and proposes 
these standards in cooperation with the State Institute of Hygiene. 
It also has responsibility for developing a nation-wide pollution 
monitoring system which is realized by the State Sanitary Inspectian. 
The Ministry for Administration, Communal Economy and Environmental 
Protection is responsible for implementation standards, and for 
coordination of all agencies at the voivodships' level. The agencies 
are responsible for pollution control in the region, for fixing 
thresholds of emission for individual plants in caseswhcrz stan- 
dards can not be met because of great density of industry in the 
region, and for executing penalties when emissions from a particular 
plant exceed the permissible amount. 

LEGISLATURE DEALING WITH AIR POLLUTION CONTROL 

The first Polish law concerning protection of the atmosphere 
against pollution was established by the Seym (the Polish parlia- 
ment) in 1966 (9). The aim of this act was to reduce the high 
level of pollution through setting up air quality standards which 
- as a rule - should not be exceeded on Poland's territory. The 
act points out that to avoid high concentrations of pollution the 
decrease of emission as well as the approprite planning of new 
investment locations are necessary. Since 1966, the maximum per- 
missible ambient concentrations for different pollutants have 
been successively set up, covering at present 185 chemical sub- 
stances (6,8,10). The standards for particularly protected regions 
(e.9. hospitals, health resorts, national parks, nature reserva- 
tions) are much more rigorous than for protected areas, i.e. the 
rest of the territory. A separate act provides punitive measures 
for disciplining plants exceeding permitted levels of emissions 
(7); this concerns however, only particulate matter emission. 
Emission levels for individual plants are set up by regional agen- 
cies for environmental protection in cooperation with sanitary in- 
spection in the region. Punitive fines are proportional to the 
volume of emission above the permitted level and vary from approx- 
imately $US2 - 4 when permitted emissions (in kilograms per hour) 



are exceeded by 50 to 100 per cent*. Penalty increases threefold 
when permitted emission is chronically violated. Additionally, 
a plant's manager can also be punished up to $200. Fines are 
subtracted from the factory's final product value and thus have 
an influence onsalaries of the personnel and decrease the social 
budget of a given plant. As a result, a stress from employees on 
managers and on local authorities exists for installing anti-pol- 
lution devices. This feedback usually leads to improvement of air 
quality in the region. However, legislators foresee occasions when 
social or other economic concerns may have higher priority than 
pollution control. 

Penalties from factories and plants are inc1uded;in the regional 
administration income, but are not necessarily used for improving 
environmental quality. This is a matter of central planning at the 
level of ministries. 

AIR QUALITY STANDARDS 

Air quality standards in Poland refer to concentrations of 
gas pollutants and particulate matter of diameter less than 20 vm 
with averaging time of 20 minutes (D20), 24 hours (D24) and 1 year 
(Da) - Table 1. Also, dust fallout cannot exceed the value of 
250 tons per square kilometer in protected regions and 40 tons 
per square kilometer in particularly protected regions (6). 

Table 1: Highest Concentrations of Selected Pollutants Currently 
Permitted in Poland 

According to the interpretation of the above standards by the 
Ministry of Health and Social Care, the Dl4 values should not be 
exceeded more than 5% of the time during the whole year, and the 
D20 value more than 0.5% of the time during the year (3). 

Pollutant 

S02 

H2S04 

N2°5 

Particles 
9 < 20pm 

New regulations are expected to be issued by the end of 1976 
with more rigorous restrictions (see following sections). 

* 
The official rate of $1 - 20 zlotys (Polish currency) is used here. 

Concentrations mg/m 3 

Protected Regions 

D 2 ~  D2 4 Da 

0.9 0.35 0.097 

0.3 0.10 0.025 

0.6 0.20 0.050 

0.6 0.20 0.050 

Particularly Protected 
Regions 

D 2 ~  D2 4 Da 

0.25 0.075 0.018 

0.15 0.050 0.012 

0.15 0.050 0.012 

0.20 0.075 0.020 



DECISIOIJ MAKING IN NEW INVESTMENT LOCATION PLANNING 

Generally speaking, the problem of air pollution depends on 
technology and appropriate locations of industrial plants. The 
scheme of decision making in planning locations of a new source of 
pollution is shown in Figure 1. The starting point is the question 
of whether any increase of pollution is permissible in the region 
under consideration (1). The answer comes from the comparison of 
air quality standards (2) and background concentration of pollution 
(3) in the region. The next step is the prediction of pollution 
caused by a new source (4); this may be done using mathematical 
models of poilution dispersion (5). Dispersion models need infor- 
mation onemissions and emitters ( 6 1 ,  on technology process and type 
of pollutants (7) , and on meteorological ( 8 )  and topographical ( 9 )  
conditions of the region. Comparing the permissible increase of 
pollution with the predicted increase of pollution from a new 
source -- the decision makers can say whether the proposed plant 
site is reasonable. 

Since meteorological conditions and topography of the region 
remain constant, the chan~einspatial pattern of concentration of 
pollution caused by a new investment can be only obtained through 
change of emission and emitter parameters, through a change of fuel 
technology and by installing better anti-pollution devices, or 
through a shift of proposed location of industrial plant. Thus the 
procedure of predicting the increase of pollution is repeated until 
a reasonable solution is obtained within the above me,:tioned con- 
straints. 

DISPERSION MODELS 

Dispersion models being used in predicting air pollution con- 
centrations in surroundings of emission sources are unified in the 
scale of the whole country [Ill. Up to now, Sutton's equation is 
obligatory for point sources of emission, with diffusion coeffi- 
cients Cy, Cz? and meteorological factor n expressed simply as a 
function of a cllrface wind speed. ,Holland's formula is in use to 
estimate an efftctive height of emission. 

By the end of 1976 new regulations are expected with formulae 
for point, linear a17,d area sources of emission [4]. Let us con- 
centrate on these re9,llations. The most typcial case of the spread 
of gas pollutants from a point source will be considered (Figure 2). 
The concentreation S of a gas at x, y, z from a continuous source 
is given be a Pasquill eqaation in modified form: 

S - - E exp ($1 {e-,p [-(z-~)'l 
z + H )  

xyz 2Triio a 
Y z 

202 1 + P i  exp[-( 20 2 2]p2\pl 

- 
where E - emission rate, u - mean wind speed affectiny the plume, 

oz - horizontal and vertical standard deviations of plume con- 
zg~tration distribution of a Gaussian shape, H = h + Ah is the 
emission effective height, and is the sum of a geometrical stack 
height, h, and the plume thermal and dynamic rise Ah. 
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Figure 2: Coordinate System Showing Gaussian Distribution of a 
Plume in Horizontal and Vertical Planes 



The modification of the above equation refers to the functions 
pl, p2, p3. The function p1 describes the transformation of 
pollution in the atmosphere, such as an oxidation of SO2, photo- 
chemical conversion of SO2 into H2S04, etc. The above mentioned 
reactions take place at different rates and in the presence of 
secondary factors, such as washing-out of SO2 by precipitation, 
or dillution of SO2 in water. A simple proportional mechanism of 
transformation has been assumed 

Given this assumption, function pl may be expressed in form 

where T = x 6 is a residence time of pollution in the atmosphere, 
T+ is a half-life transformation of pollutant, i.e. time after 
which the concentration of pollution decreases by half (Figure 3). 
In the case of SO2 the values of T%, given in Table 2, have been 
estimated. 

Table 2: Half-Life Transformation of SO2 

I 
Region 

Highly polluted (urban/industrial) 

Less polluted (suburban) 

Non-polluted (rural 

Function p2 refers to the reflection of pollution at the 
inversion layer (Figure 4). The value of p2 depends on the sign 
of ( z  - H) ; thus 

T+ 

2-3 hours 

5 hours 

8-10 hours 



CONCENTRATION OF 
POLLUTION 

n c / n 3  

DISTANCE km 
35 ' ' XG - A RESIDENCE T IME OF POLLUTION I N  THE ATMOSPHERE a ~ - - ~ "  

- r q  - A HALF-LIFE TRANSFORMATION OF POLLUTANT 
P = EXP - wT 
1 '4 

AREA I ' L  1 

Figure  3: Decrease of P o l l u t i o n  Concentra t ion  Due t o  Transformation 
i n  t h e  Atmosphere 



F i g u r e  4 :  S i m p l i f i e d  Model o f  I n f l u e n c e  o f  Temperature  
I n v e r s i o n  on  C o n c e n t r a t i o n  o f  P o l l u t i o n  

The f u n c t i o n  p3  d e s c r i b e s  t h e  r e f l e c t i o n  o f  p o l l u t a n t s  a t  t h e  
e a r t h ' s  s u r f a c e .  The v a l u e  o f  t h e  f u n c t i o n  v a r i e s  f rom +1  ( t o t a l  
r e f l e c t i o n  a t  t h e  e a r t h ' s  s u r f a c e )  t o  -1 ( t o t a l  a b s o r p t i o n  by t h e  
s u r f a c e ) .  So f a r  no d e t a i l e d  i n f o r m a t i o n  on t h e  v a l u e s  o f  p3  is  
a v a i l a b l e  i n  case o f  p a r t i a l  a b s o r p t i o n  o f  a  g a s ,  s o  t h a t  u s u a l l y  
p 3  = 1 is  assumed i n  t h e  model.  Fo r  p a r t i c u l a t e  m a t t e r  t h e  v a l u e  

= 1 is  recommended i f  s u r f a c e  wind speed  uo < 7  m/S and p3 = uo/7 Y2 u  2 7  m / s .  
0 

- 1 mean t h a t  n e i t h e r  t r ans fo rma-  The v a l u e s  pl = 1, p2 = 0, p3 - 
t i o n  o f  p o l l u t i o n  n o r  r e f l e c t i o n  a t  t h e  i n v e r s i o n  nox a b s o r p t i o n  
a t  t h e  e a r t h ' s  s u r f a c e  a r e  c o n s i d e r e d  and t h e n  P a s q u i l l ' s  e q u a t i o n  
t a k e s  i t s  p r i m a r y  form. 

The model h a s  been  v e r i f i e d  w i t h  r e s u l t s  d i f f e r i n g  from 
measured c o n c e n t r a t i o n s  on t h e  a v e r a g e  by 15% w i t h i n  t h e  a r e a  of  
t h e  h i g h e s t  p o l l u t i o n ,  and o n  t h e  a v e r a g e  by 50% a t  g r e a t e r  d i s -  
t a n c e s  f rom t h e  s o u r c e  o f  e m i s s i o n .  ~t t h e  same t i m e  t h e  p r e d i c t e d  
d i r e c t i o n  o f  t h e  h i g h e s t  c o n c e n t r a t i o n s  d i d  n o t  c o i n c i d e  e x a c t l ~ _  
w i t h  t h e  d i r e c t i o n  o f  t h e  measured maximum c o n c e n t r a t i o n s .  A t u r n  
t o  t h e  l e f t  v a r y i n g  from LO0 t o  4 0 °  was obse rved  which p robab ly  
r e s u l t s  f rom t h e  a c t i o n  o f  a  wind s h e a r  a t  above-sur face  a l t i t u d e s  
w h i l e  o n l y  s u r f a c e  wind d a t a  w e r e  i n t r o d u c e d  i n t o  t h e  model. 



CRITERIA FOR SITING A NEW POLLUTION SOURCE 

A s  was mentioned p r e v i o u s l y ,  a i r  q u a l i t y  s t a n d a r d s  i n  Poland 
r e f e r  t o  c o n c e n t r a t i o n s  of p o l l u t i o n  w i t h  ave rag ing  t i m e  of  2 0  minutes  
( D 2  ) , 2 4  hours  ( D 2 4 ) ,  and 1 y e a r  (Da)  . Thus i f  co r re spond ing  pre-  
dic?ed ( c a l c u l a t e d  from t h e  model) v a l u e s  a r e  S201 s24# Sat t h e n  t h e  
fo l lowing  c r i t e r i a  f o r  s i t i n g  a  new p o l l u t i o n  source  should  be 
f u l f i l l e d .  

( a )  P r e d i c t e d  mean annual  v a l u e ,  i n c l u d i n g  background concen t ra -  
t i o n ,  cannot  exceed 80% of t h e  s t a n d a r d  c o n c e n t r a t i o n  o f  
a  g i v e n  p o l l u t a n t ,  i . e .  

(b)  D24 s t a n d a r d  v a l u e  is  n o t  t o  b e  exceeded on more t h a n  e i g h t  
days ,  t h a t  i s  2.2% of t i m e  d u r i n g  t h e  y e a r ,  i . e .  

where F (X) = P ( Z  5 x )  is  t h e  D 2 4  c o n c e n t r a t i o n  p r o b a b i l i t y  
cumula t ive  d i s t r i b u t i o n ;  

( C )  D28 
s t a n d a r d  v a l u e  i s  n o t  t o  be exceeded on more t h a n  1 2  

ho rs d u r i n g  t h e  whole y e a r ,  i . e .  

(d )  I f  more t h a n  one g a s  i s  e m i t t e d  i n t o  t h e  atmosphere t h e n  
a n  a d d i t i o n a l  index  must be  e v a l u a t e d ,  namely t h e  annua l  
dose  of  p o l l u t i o n .  The dose of  p o l l u t i o n  i s  a  c o n v e n t i o n a l  
measure o f  envi ronmenta l  impact d e f i n e d  a s :  

where n  is  t h e  number o f  p o l l u t a n t s  e m i t t e d  i n t o  t h e  
atmosphere,  S i  i s  t h e  c o n c e n t r a t i o n s  of i n d i v i d u a l  p o l l u -  
t a n t s ,  and k i  i s  t h e  t o x i c  c o e f f i c i e n t  f o r  any i n d i v i d u a l  
p o l l u t a n t .  The t o x i c  c o e f f i c i e n t  i s  r e l a t e 2  t o  t h e  
t o x i c i t y  of  SO2 i n  t h e  fo l lowing  way: 

- - s t a n d a r d  annua l  mean v a l u e  of SO2 c o h c e n t r a t i o n  
ki s t a n d a r d  annual  mean v a l u e  of a  g i v e n  p o l l u t a n t  



Toxic  c o e f f i c i e n t s  f o r  d i f f e r e n t  p o l l u t a n t s  a r e  g i v e n  i n  
Tab le  3 .  The computed annua l  dose of  p o l l u t i o n  c a n n o t e x c e e d  t h e  
s t a n d a r d  mean annua l  SO c o n c e n t r a t i o n  by more t h a n  50 p e r c e n t ,  
i . e .  2 

T a b l e  3: Tox ic  C o e f f i c i e n t s  f o r  S e l e c t e d  P o l l u t a n t s  

P o l l u t a n t  

Su lphur  d i o x i d e  S02 

S u l p h u r i c  a c i d  H2S04 

Ni t rogen  o x i d e s  N2°5 

Carbon monoxide CO 

C h l o r i n e  C 1  

F l u o r i n e  F2 

S u l p h u r e t t e d  hydrogen H2S2 

The f i n a l  r e s u l t s  o b t a i n e d  from t h e  model a r e  p r e s e n t e d  i n  
form o f  maps w i t h  i s o l i n e s  o f :  

- mean a n n u a l  c o n c e n t r a t i o n s  o f  p o l l u t i o n  ( F i g u r s  5 ) ;  

- f r e q u e n c i e s  o f  exceed ing  D20 and D 2 4  s t a n d a r d  v a l u e s  (Fig. 6 ) ;  

- a n n u a l  dose  o f  p o l l u t i o n .  

The c a l c u l a t i o n s  shou ld  c o v e r  t h e  a r e a  w i t h i n  t h e  r a d i u s  of  

k 
i 

1 . 0  

3.9 

1 . 9  

0 .4  

13.9 

48.5 

19.4 

where h  i s  t h e  g e o m e t r i c a l  h e i g h t  of a  s t a c k  i n  meters. 

I t  i s  wor thwhi le  t o  ment ion t h a t  e f f e c t i v e  h e i g h t  o f  emis s ion  
i n  t h e  above model i s  e s t i m a t e d  from H o l l a n d ' s  formula  f o r  s t a c k  
h e i g h t ,  h  5 30 m e t e r s ,  and from Concave 's  formula  f o r  s t a c k  h e i g h t ,  
h  > 30 m e t e r s .  D i f f u s i o n  c o e f f i c i e n t s  a r e  d e f i n e d  a s  



Fiqure 5: Spatial Distribution of Predicted SaSO, Concentrations: 
'3 

Figure 6: Spatial Distribution of the P(S24s02 ' D 2 4 ~ ~ 2  
) Probabilities; 

(D2 4 so2 1 r 2.2%. 



where x i s  a  downwind d i s t a n c e  from t h e  s o u r c e  o f  e m i s s i o n ,  and 
A ,  B,  a ,  b  a r e  c o e f f i c i e n t s  d e f i n e d  e m p i r i c a l l y  by Nowicki [ 5 ]  
a s  t h e  f u n c t i o n s  o f  roughness  parameter  zo ,  h e i g h t  above ground 
l e v e l  z, and m e t e o r o l o g i c a l  f a c t o r  m dependent  on s t a b i l i t y  c l a s s  
of t h e  atmosphere.  The f a c t o r  m has  t h e  same meaning a s  a  power 
i n  a  wind p r o f i l e  power formula .  

The fo rmulas  f o r  c a l c u l a t i n g  a i r  p o l l u t i o n  c o n c e n t r a t i o n s  
caused  by l i n e a r  and a r e a  s o u r c e s  of emis s ion  a r e  found i n  1 4 1 .  

APPLICATION OF A I R  POLLUTION MODELLING TO URBAN DESIGN 

L e t  u s  p r e s e n t  an  example o f  u s i n g  a i r  p o l l u t i o n  models f o r  
comparing t h e o r e t i c a l  u rban  d e s i g n s  from t h e  p o i n t  o f  view o f  a i r  
p o l l u t i o n  p r o t e c t i o n  from i n d u s t r i a l  p l a n t s  s i t e d  w i t h i n  t h e  towns. 
The comparison d e a l s  w i t h  t h e  concep t s  o f  c o n c e n t r i c  town models,  
l i n e a r  models ,  and s a t e l l i t e  ones  ( F i g u r e  7 ) .  The f o l l o w i n g  
assumpt ions  have been t a k e n  under  c o n s i d e r a t i o n  [ 2 ] :  

( a )  The number o f  i n h a b i t a n t s  i n  a  newly des igned  town 
does  n o t  exceed  200,000; 

2  
( b )  P o p u l a t i o n  d e n s i t y  i s  approximate ly  10,000 persons/km . 

According t o  t h i s  assumpt ion ,  t h e  a r e a  o f  each  town 
i s  e q u a l  t o  20 km2; 

( c )  The a r e a  o f  t h e  town h a s  been cove red  by a  g r i d  Q i t h  20 
g r i d  p o i n t s ,  e a c h  r e p r e s e n t i n g  t h e  a r e a  of  1 km2; 

( d )  The p o l l u t i o n  dose  h a s  been e v a l u a t e d  a t  t h e s e  p o i n t s ,  
and t h e n  t h e  v a l u e  was averaged  o v e r  t h e  whole a r e a ;  

(e )  With in  t h e  town t h e r e  e x i s t  e i g h t  l a r g e  i n d u s t r i a l  p l a n t s  
' e m i t t i n g  v a r i o u s  p o l l u t a n t s  i n t o  t h e  atmosphere;  theemnis- 

s i o n  r a t e  f o r e v e r y  s o u r c e ,  r e l a t e d  t o  S 0 2 , i s  1000 g / s .  
The emiss ion  h e i g h t  i s  100m, g a s  o u t p u t  v e l o c i t y  a t  t h e  
t e m p e r a t u r e  4 0 0 %  i s  25m/s; 

( f )  I n d u s t r i a l  p l a n t s  a r e  s i t e d  a t  t h e  same d i s t a n c e  500 
m e t e r s  from i n h a b i t e d  suburbs ;  

( g )  M e t e o r o l o g i c a l  c o n d i t i o n s  a r e  u n i f i e d  f o r  each  urban  a r e a  
w i t h  p r e v a i l i n g  winds from S W  and W.  

P o l l u t i o n  d o s e s  ave raged  o v e r  t h e  town a r e a s  a r e  shown i n  
Tab le  4 .  One can see from t h e  d a t a  t h a t  t h e  most comfor t ab le  con- 
d i t i o n s  e x i s t  i n  towns o f  l i n e a r  s h a p e , p e r p e n d i c u l a r  t o  t h e  pre-  
v a i l i n g  winds.  T h i s  is  t h e  a r g u m e n t a g a i n s t  t h e  c o n c e p t s  of t h e  
c o n c e n t r i c  urban  models which w e r e  s t r o n q l y  advoca ted  i n  t h e  p a s t .  
However, a l l  advan tages  r e s u l t i n g  from t h e  l i n e a r  models can be  
n e g a t e d  by i n a p p r o p r i a t e  l o c a t i o n  o f  i n d u s t r i a l  p l a n t s .  T h i s  may 
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URBAN MODEL 

L I N E A R  20x1 KM 

L I N E A R  10x2 KM 

L:[ NEAR 10x2 KM 

SEMI  C  I RCULAR 

SEMIC IRCULAR 

HORSESHOE 

L I N E A R  10x2 KM 

ANNULAR 

S A T E L L I T E  

CONCENTRIC 

L I N E A R  10x2 KM 

AVERAGED DOSE 
OF PCILLUT I ON 

M G / M ~  

Table 4: Comparison of Theoretical Models in Aspects of 
Air Protection Against Pollution 



be seen when comparing the linear models with industrial plants 
located along the N- or the S-edge of the city. This last case 
is. the worst among all the urban models, including the concentric 
ones. 

The three concentric urban models subject to examination seem 
to be of equal rank. Particularly uncomfortable conditions exist 
in the satellite model where pollution dose varies from 0.05 mg/m3 
(S suburb) to 0.13 mg/m3 (E suburb) . 
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