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FOREWORD

The model, MARS, presented in this paper is a complex, ecological-economical
model embodied as a multi-goal, automated system designed to assist the development of
air quality management strategies for urban and mesoscale regions on the basis of
comprehensive monitoring data.

This type of model development could provide an interesting opportunity for
beneficial cooperation between our activities related to environmental monitoring and
acidification.

B.R. Doos
Leader, Environment Program
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ABSTRACT

This paper summarizes the results of research on ecological-economic modeling car-
ried out in the Natural Environment and Climate Monitoring Laboratory (GOSKOMGI-
DROMET) in the period 1979-1987, embodied as a multi-goal, automated system
(MARS). The system is designed to assist in developing air quality management stra-
tegies for urban and mesoscale regions.

Management decisions on controlling atmospheric pollution are made in practice at
several administrative levels, i.e., that of a republic, an economic region, a territorial-
production complex, a separate state and so on. Such a territorial scale corresponds to
the concept of a mesoscale region. One can consider a city as an elementary territorial
administrative unit.

At the present time, management goals for air quality are not simple. In addition, it
is impossible to formulate a model capable of estimating realistically the state of the
near-earth layer of the atmosphere.

In cities and mesoscale regions, some hundred or even thousand sources of pollutants
are situated and the emissions contain various harmful components.

To decrease the pollution of the near-earth layers of atmosphere, some concrete
measures (usually from 5 to 15) can be taken at each of the sources. Thus the task of
identifying and analyzing the effectiveness of various atmosphere protection strategies is
important. The MARS program package solves this complicated task for stationary
sources.

A mesoscale region and a city are represented in MARS by a regular grid of 0.5 km
to 10 km (usually 1 km for a city and 10 km for a region).

MARS is able to analyze the effectiveness of various control measures. The applica-
tion of MARS requires a relatively small data bank comprising two parts:

a) information on natural climatic features of the territory and parameters of emission
sources.

b) information on technology to reduce emission sources.

The first part of the data bank is well worked out and does not cause any difficulties.
The second part of the data bank requires a design study of possible technological meas-
ures for reducing effluents at the sources. For this it is also necessary to generalize analo-
gues for use in other cities/regions.

Proposed models, algorithms, and program packages are used in the USSR as a basis
for strategies of atmosphere protection in cities and regions.
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REGIONAL STRATEGIES FOR
FOR ATMOSPHERIC PROTECTION
USING SIMULATION MODELS

M. Ya. Antonovsky and V.A. Litvin*

1. Statement of the Problem

A modeling method for the assessment of the efficiency of emission control strategies
for industrial sources has been devised by the Natural Environment and Climate Monitor-
ing Laboratory under the USSR State Committee for Hydrometeorology and Control of
the Natural Environment and the USSR Academy of Sciences. This approach is based on
the multi-purpose automated dialogue system (MARS) for personal computers using
FORTRAN algorithmic language.

Within any given region (which could be chosen from amongst cities, industrial
centers, territorial-production complexes, administrative regions, republics), there are, as
a rule, several thousand sources each contributing to the pollution of the lower atmo-
sphere. To control pollution, it is necessary to perform various actions which are charac-
terized by different efficiencies:

Wp=E,/R,, meM;,i€l (1.1)
where
R,, - the cost (e.g. overall investments needed for the realization of the m-th ac-
tion;
M; - the series of actions technically feasible for the :-th source;
I - the set of air pollution sources in the region.

The effect of the realization of the mth-action is determined as a difference:
E,=EWN - E() (1.2)
Component E,(,}) is a basic (before the realization of m-action) share of a certain

source in the lower atmosphere pollution level, and E,(,?) is a share of the source after the

realization of m-action, which could be defined as the atmosphere protective if
Ew > EQ).

The volume of the atmosphere protective resources is limited:
YR,<R meM,iel (1.3)
and for every limit R * the corresponding optimum program can be found:
W=XW, —max, R=R ,meM,icl (1.4)
The reverse setting of a problem reflecting the achievement of a desired state of the atmo-
sphere W is also possible:
R=%R, —min, W=W', meM,;, icl (1.5)

* Natural Environment and Climate Monitoring Laboratory GOSKOMGIDROMET and the USSR
Academy of Sciences.



Thus, depending upon the setting of a problem, the regional strategy of the atmo-
sphere protection is the realization of (1.4) or (1.5) postulates, i.e., realization of a specific
series of the atmosphere protective actions providing the maximum efficiency of W or the
minimum consumption of R resource.

A succession of the optimum programs with the monotonously increasing W
efficiency values and the all-permissible R resource consumption determines the function
of the efficiency of the atmosphere protective actions in the region. The synthesis of the
function is necessary for calculating the amount of the resources used for the protection of
the atmosphere as one of the geophysical media.

The optimum function of the atmosphere protective activities efficiency in a region is
the final product of calculations done through MARS.

2. Structure and Potentials of the Multi-goal Automated Regional System

MARS permits obtaining functions of the atmosphere protective activities efficiency
on five types of criteria (E,(nl] and E,(,f] calculation methods) including the analysis of the
two kinds of expenses (investments and total*). Each of the criteria could be interpreted
depending on the goals of the analysis done. The results of calculation on the criteria
chosen represent the solution of the definite practical problem in the field of the atmo-
sphere protection from the pollution.

MARS has two modifications designated for calculations on a level of an industrial
center or a city (MARS-1) and on a level of a meso-scale region (MARS-2). Those
modifications differ from one another by a composition of initial data base; by model
blocks of pollutant dissipation in the atmosphere; and by sets of criteria of the atmo-
sphere protective actions efficiency.

For calculations using MARS there is no need for special knowledge in the field of
mathematical modeling or computers. However, at the same time, MARS provides good
possibilities for environmental managing based on assessment, monitoring, and control of
an air basin pollution level.

An assessment of a pollution level includes the following:

-]
—

Mapping of pollutants discharge.

o
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Calculation of a structure of economic damage for each of the sources and pollutants.

(¢]
~—

Mapping of economic damage.

(=¥
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Calculation of fields of pollutant maximum concentrations under normal unfavorable

conditions (MARS-1).

e) Calculation of mean annual sulfur compounds concentrations (MARS-2).

f)  Calculation of mean annual sulfur compounds dry deposition over a region (MARS-
2).

g) Calculation of mean annual sulfur compounds wet deposition over a region (MARS-
2).

h) Calculation of mean annual values of sulfur exportation of a region of eight sectors

and of total exportation (MARS-2).

i)  Calculation of indices of potential damage for coniferous forests of a region from sul-
fur total deposition (MARS-2).

j)  Mapping of sulfur concentrations and deposition and of indices of potential damage
for coniferous forests (MARS-2).

* The total expenses could be calculated using one of the known methods of commensuration of diverse
economic expenditures directed at the realization of an atmosphere protective action, e.g.,, P = C + EK,
where C' — expenses on exploitation for one industrial cycle (1-year), K - investments realized during
gseveral industrial cycles, and E - norm of the investments efficiency.



The preparation of decision-making towards the monitoring and control of the atmo-

sphere pollution level is provided by:

a)
b)
c)
d)
e)

Analysis of efficiency of initial atmosphere protection efforts.

Analysis of efficiency of all permissible series of the atmosphere protective efforts.
Calculation of an efficiency optimum function.

Plotting of an optimum function.

Establishing of an optimum series of the atmosphere protective actions in accordance
with (1.4) or (1.5).

Determination of permissible waste norms for sources in accordance with the op-
timum series.

Calculation of completing expenses for the optimum series of actions.

Determination of an expedient amount of expenses for the atmosphere protective
efforts in a region.

Determination of the effect of a range of regional sources coniferous forests (an index
of damage for coniferous forests from sulfur compounds deposition) (MARS-2).

The MARS realized on a personal computer of IBM-PC-AT class analyses the effect

of 1,000 enlarged sources and of seven different pollutants on the air basin of a city or a
meso-scale region, which are presented by a regular grid 50 x 50 with a step (space) from
0.5km up to 10km, correspondingly.

B B
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10.
11.
12.
13.
14.
15.
16.
17.

18.

19.
20.
21.

The MARS structure is given in Figure 2.1. (see p.5).

Block of organization, following the development of data bank.
Bank of environmental and climatic characteristics.

Bank of parameters of stationary atmospheric pollution sources.

Block for modeling structure and spatial distribution of economic damage due to the
atmosphere pollution.

Assessment of economic damage for each of the sources and the pollutants.
Spatial distribution of economic damage for each of the pollutants and total.

Block for modeling of pollutants dissipation in the atmosphere over a city or an in-
dustrial center.

Pollutant concentration fields over a city or an industrial center.

Block for modeling of sulfur compounds concentrations, dry and wet deposition for a
mesoscale region, and of sulfur exportation.

SO, concentration field.

SO42— concentration field.

SO, dry deposition field.

SO2~ dry deposition field.

SO, wet deposition field.

SO42' wet deposition field.

Sulfur compounds total deposition field.

Assessment of sulfur exportation out of a region on eight sectors and of total expor-
tation.

Block for modeling index of coniferous forests potential damage in a region due to
sulfur compounds total deposition.

Spatial distribution of the index of coniferous forests potential damage.
Block for modeling parameters of initial atmosphere protective actions.
Bank of initial atmosphere protective actions.




22. Block of expenses mode selection.
23. Block of selection criterion of the atmosphere protective efforts efficiency.

24. Block of organization of the bank of actions efficient enough for selected mode of ex-
penses and criterion.

25. Bank of actions efficient for selected mode of expenses and criterion.

26. Block for modeling of permissible technological chains for decreasing wastes from
sources and for analysis of their efficiency for selected mode of expenses and cri-
terion.

27. Efficient series of actions for each of the sources (initial information for an optimiza-
tion model).

28. Block for modeling the optimum strategies of the atmosphere protective efforts.
29. Information on parameters of the optimum strategy.
30. Block of selection (the specific optimum strategy).

31. Block of organization (the series of the atmosphere protective actions corresponding
to the optimum strategy selected).

32. The optimum strategy for achieving a predetermined norm of the air basin state.

33. The optimum strategy for expenses distribution on the atmosphere protective ac-
tions with a predetermined limit of resource.

34. Block of listing register.

3. The Efficiency of the Atmosphere Protective Actions

Apparently, at present, there is no ‘“‘ideal” index for E,, effect determination and
therefore there is no ‘‘ideal’’ efficiency of m-action for the atmosphere protection. That is
why, depending on an aim of the atmosphere protective strategy, the calculated assess-
ments of effect used in MARS could be divided into five types.

The first type is based on the calculation of the emitted mass of one or several pollu-
tants. Comparison of pollutants included in the effect index could be done by the
coefficients of toxicity (reverse value to the maximum allowable concentration). In that
case, the efficiency of an action is the reduction of emitted mass per unit of expenses.
This index is simple and convenient and there now exists a developed data base for its
usage. However, the effect of pollution sources is determined not only by the amount of
pollutants entering the lower atmosphere, but also by the peculiarities of pollutant dissi-
pation in the atmosphere and, therefore, by the structure of recipients suffering from ad-
verse waste.

Such moments could be considered while using the index of the second type, namely,
of the economic damage from pollution of the lower layer of the atmosphere (Approzimate
economic damage estimations ..., 1986):

Y=9xoxfxM (3.1)
where
Y - the economic damage (roubles/year);
4 — the average specific economic damage (roubles/comparison ton) for the USSR
is 7= 2.4;
o - the dimensionless value characterizing the structure of recipients located in

the zone of a source active pollution (0.05 < o < 30);

f — the dimensionless correction for the mode of a pollutant dissipation in the at-
mosphere to be dependent on an active height of a source, mean annual wind
velocity, and rate of admixture disposition (1 < f < 10).
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Figure 2.1: The MARS Structure.
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For the organized sources (stacks of height A < 10m) the zone of an active pollution
is presented by a circle with a center in a point of a source location and with a radius of
50h, but for A > 10m the zone is a ring formed by radiuses R;,,., = 2ph, R, = 200k,

where ¢ - dimensionless correction for a plume raising
AT

§0=1+? (3.2)

where

AT - the drop of temperature (in degrees centigrade) between the mouth of a
source and an ambient atmosphere (mean annual temperature): denominator
75 is the temperature in degrees centigrade also.

The given mass of pollutant emission from a source (comparison ton/year):

N
=1
where
m; — the mass of an annual emission of j-pollutant (ton/year).

Coefficient of relative aggressivity of a pollutant:

Aj = ajo ;b2 ;B;
where

a; — an index of the relative danger of a pollutant presence inhaled by a human be-
ing, air;

a; - the correction for the probability of a pollutant accumulation in environmen-
tal compartments, in food chains, and of a pollutant intake into human or-
ganism through any means other than inhalation;

6; — the correction for a pollutant effect on various recipients other than humans;

A j — the correction for the probable secondary discharge of a pollutant into the at-
mosphere,

B; — the correction for the probable formation of secondary pollutants which are

more dangerous than initial pollutants.

A; values for the most frequently occurring pollutants lie within the limits of
1to 12'x 10°.

While using the index of the second type, the efficiency appears to prevent economic
damage per unit of expenses.

The method of economic damage calculation suggested is addressed to particular
sources and based on emission accounting and therefore keeps the advantages of the in-
dices of the first type. However the effect on recipients is considered in the nearest vicinity
of a source (the zone of the active pollution).

The research results show that pollutants could be transported over long distances,
and transformed and deposited on the underlying surface, thus affecting various recipients
far beyond the limits of the active pollution zone. Calculation of the atmosphere deposi-
tion (indices of the third type) is of special importance when the size of a region is several
hundred kilometers. In this case, a decrease in the total deposition per unit of expenses is
the criterion of the efficiency.

The fourth type of indice is sulfur exportation out of a region limit (total or for
directions). This type of indice is of particular interest for the analysis of the effect of a
region under research on bordering regions. It can be also used for producing decisions for
implementing the convention on transboundary transport of sulfur compounds and for
linking the results obtained through MARS-2 to the models of transboundary transport.



The special meso-scale models of transportation, transformation and deposition of
atmospheric pollutants (Section 4) are used for calculating the indices of the third and
fourth types.

The fifth type of indice is based on the comparison of the maximum near-the-earth
pollutant concentrations, calculated for so-called normal unfavorable meteorological con-
ditions* to their maximum allowable values; this is most important for urban territories
where the major recipient is the population. If there are other recipients sensitive to the
pollution of the territory of a city, it is necessary to compare the concentrations to the
maximum allowable values for those recipients (secondary norms), but we must bear in
mind that such a base of standards is not sufficiently developed nowadays.

The model of an admixture dissipation in the atmosphere (Beryland, 1985) was
modified for the purpose of calculating the maximum pollutant concentrations in the
near-the-earth layer over urban territories under normal unfavorable conditions. The
peculiarity of the modification is a considerable reduction of time needed for calculation;
this is most important when using that block in optimization blocks of MARS-1 complex
(Section 5). When using indices of the fifth type, the efficiency of actions is evaluated by
the decrease of the index of pollutant concentrations per unit of expenses. The
corresponding index is decreased per unit of expenses. The corresponding index is deter-
mined for those elements of the regular grid where exceeding the calculated concentra-
tions over the maximum allowable ones exists:

g = E ; c}"k)/pj, for V¥ cJ("k) > p; (3.4)
1
where
g; — the index of calculated maximum concentrations of j-pollutant (the sum of
exceeding the maximum occasional of the maximum allowable concentrations
in a city);

cJ("k) - the maximum calculated concentration of j-pollutant in (i,k) raster element

of a regular grid presenting a city;
p; — the maximum occasional of the maximum allowable concentration of j-

pollutant in the atmosphere over a settlement.

The state of an air basin over a city could be considered satisfactory when:
;<1 for Vj (3.5)

The general index of an air basin pollution for several pollutants over a city*:

Q=34¢;. (3.6)
]

At the same time for reaching the satisfactory state of an air basin of a city for
several pollutants simultaneously, a more strict condition in comparison to (3.5) should
be carried out:

Q<1 (3.7)

There is a possibility in MARS to produce additional efficiency criteria like (1.1)
under different methods of E,, calculation, if any of the five indices listed above are used.
The simplest ‘“‘dose-effect’’ model permitting calculation of the index of potential damage

* The normal unfavorable meteorological conditions presuppose the non-stable stratification of the atmo-
sphere and occur rather frequently during a year. Beryland, (1985) permits the conclusion that a decrease in
pollutant maximum concentrations in cities under normal unfavorable conditions to the level of the max-
imum occasional of the maximum allowable concentrations would provide, as well, values not exceeding the
mean daily maximum allowance concentrations. The reverse premise is not considered. That is why the cri-
terion of minimization of ““the maximum pollutant concentrations” indices is realized in MARS-1.

* For a group of pollutants having the property of summarizing their effect.



for coniferous forests of a region from sulfur compounds deposition could serve as an ex-
ample of such an additional criteria, which illustrates the expediency of the use of MARS
in order to protect the atmosphere from pollution.

The method considering the direct effect of sulfur compounds deposition on coni-
ferous forests, devised in the GDR Center for Environmental Formation, is used for the
calculation of that index:

d=3; 2’3 dig (3.8)

for
d; = 10 — 10/exp(v?/36), (3.9)
where

v — the mean annual atmospheric deposition of sulfur compounds on the territory
(i,k), a raster element of a regular grid presenting a region (in g/m®).

0 <d;; < 10 is an assessment of sulfur atmospheric deposition on coniferous forests in
a raster element (i,k).

There is a possibility in MARS-2 of setting the threshold sensitivity of coniferous to
sulfur compounds atmospheric deposition. If that threshold value (p) is known, then in-
dex (3.8) transforms to:

d=Y Y d, for dy>p (3.10)
Tk

4. Meso-Scale Models of Transport and Transformation of Sulfur Dioxide
in the Atmosphere

Two types of meso-scale models that allow one to compute concentration, dry and
wet deposition of atmospheric SO, and SOZ’, as well as sulfur transport out of the region,
have been developed, algorithmically presented and tested within MARS to implement
the subsystems ‘“Region”. The models enable the criteria for minimizing the total deposi-
tion and removal of sulfur compounds to develop, as well as to enter, the automated com-
plex of blocks presenting the atmospheric pollutant effects on the regional ecosystems
which are constructed according to the ‘‘dose-effect’ principle.

The models of transport and transformation of sulfur compounds in the atmosphere
developed for MARS meet the following requirements:

e The spatial scale of pollutant transport in the atmosphere amounts to several hun-
dred kilometers and corresponds to the size of a territorial administrative unit
(meso-scale level);

e The time resolution equals a year (as a rule, the technical and economic parameters
of air protection measures which form the basis of the optimization analysis refer to
this very period);

e The models have been realized as climatic ones, i.e., pollutant transport is computed
for meteorological conditions averaged over a long period (10 years and more) rather
than within the fields of real (current) wind and precipitation; this is related to the
fact that the efficiency of air protection measures is estimated in prospect;

e The period of calculation using a personal computer is relatively short, since the op-
timization is carried out in the iterative regime.

e Pollution levels are computed for each of the regional emission sources where air pro-
tection measures are carried out.

It should be noted that models which meet all the above requirements are unavail-
able at present. It is this fact that has stimulated the development of meso-scale tran-
sport models based on two approaches:




e Temporal variations of concentrations were calculated within the coordinate system
related to the moving mass of the pollutant (Model 1 — Lagrangian approach);

e Pollutant concentration variations are calculated within a spatially fixed coordinate
system (Model 2 — Eulerian approach).

The necessity to develop two different types of meso-scale transport models is also
caused by the limited possibility of adapting each of them separately using the observa-
tional data on atmospheric pollution.

As compared to Model 2, Model 1 requires considerably less time for computer pro-
cessing, which makes it especially efficient in the block of ecological and economic optimi-
zation. In addition, Model 1 allows the calculation of sulfur removal outside the region by
sectors. However, the model is highly parameterized (assumptions have been made on the
instant and uniform vertical distribution of pollutant concentrations in the mixing layer,
uniform horizontal pollutant distribution in a portion, linearity of dry deposition). Com-
paring the calculations made using both models with observations below the pollution lev-
el would allow, on the one hand, to estimate the errors resulting from simplifications
adopted in Model 1 and, on the other hand, to adapt each model to the specific regional
conditions.

Models 1 and 2 have a number of common peculiarities.

The region is presented as a regular grid whose square rasters usually have dimen-
sions of 10 x 10 km.

A climatic wind rise is introduced for the considered region which presents probabili-
ties of various wind directions and a mean velocity of pollutant transport in the atmo-
sphere.

Transport velocity, recurrence of various wind directions, and the horizontal and
vertical coefficients of turbulent exchange are computed as mean ones in the mixing layer.
It is assumed that the wind velocity varies exponentially with height; the vertical ex-
change coefficient linearly increases with height in the mixing layer, remaining constant
above it; and the horizontal exchange coefficient varies with height like the wind velocity.

The wind and precipitation field in the region is homogeneous.

Constants of dry and wet sulfur deposition from the atmosphere, chemical transfor-
mation of sulfur dioxide into sulfate, turbulent exchange coefficients, the height of the
mixing layer, the height of the surface layer, are introduced as mean annual values
(averaging period being equal to 10 years) and are constant over the region territory.

Wet deposition of sulfur compounds, chemical transformation of sulfur dioxide into
sulfate are described as linear processes.

No consideration is taken of the region relief.

Sulfur dioxide emission shows no variations throughout the year.

Table 4.1. presents designations and dimensions of variables used in model descrip-
tions.

Table 4.1. The use of models 1 and 2 and their dimensions.

Mark of a Variable Dimensions
variable Model 1 Model 1
1 2 3 4
v Mean velocity of pollutant transport km/T m/sec
in the mixing layer of the atmosphere
of a region
Vo Wind velocity near the ground at km/T m/sec

Z, height in a region

Bm Mean wind reiteration of m-direction dimension-  dimension-
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in the mixing layer in a region

Composite velocities of pollutant
transport in the atmosphere in
m-direction along OX and OY axes,
correspondingly

Mean vertical and horizontal co-
efficients of turbulent exchange in
the mixing layer in a region

Vertical coefficient of turbulent
exchange near the ground in a region

Air temperature near the ground

Atmosphere stratification parameter
in a region (exponent in the ex-
ponent law of wind distribution with
height)

Height of the mixing layer in a region

Height of the surface layer of the
atmosphere in a region

Precipitation amount in a region

Coefficient of SO, and SO3~ washout
from the atmosphere

SO, and SO3~ residence time
relative to wet deposition from the
atmosphere, correspondingly

The same, but relative to dry atmosphere

SO, residence time in the atmosphere

relative to chemical transformation into SO%~

Size of a grid raster

SO, and SOf“ dry deposition rates,
correspondingly

Time interval

Interval number after which the tracing
of a portion is finished

Sulfur mass in a portion, which could
not be traced any longer due to a
little one

Coordinates of the center of a portion
in k-interval in m-direction

Size (diameter) of a portion for OX and OY
axes in k-interval in m-direction

SO, and SO32~ dry deposition from a
portion in k-interval

The same, but wet deposition

Chemical transformation of SO, into SO~
in a portion in k-interval

less
km/T

kmz/T

kmz/T

dimension-
less

mm/yr

1/mm
1/mm

T
T

km
km/T

min

dimension-
less

kgs/km2
km

km
kgS/T

kgS/T
kgS

less

m?2 /sec

m? /sec
C°

dimension-
less

mm/yr

1/mm

1/mm

sec

m/sec

dimension-
less
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SO,, SO2~, and SO, + SO%~ mass,
correspondingly, remaining in a
portion after k-interval

Raster numbers in a region ‘‘striked’’ by

a portion in k-interval in m-direction

SO, and SOZ— dry and wet deposition
from a portion over l-raster ‘‘striked”
in k-interval in m-direction

SO, and SO2~ dry and wet deposition
from a portion over 1-raster in m-
direction

SO, and SO2~ mean annual dry and wet

deposition over 1-raster of a region

SO, and SO2~ mean annual near the
ground concentrations over 1-raster
of a region

Duration of a year in T intervals
Effective height of an emission source
Source stack geometric height
Volume of a source emission
Diameter of a source (stack) emission
Temperature of a source emission

Intensity of SO, emission

SO, and SO3~ concentration in
(x,y,z) (OX axis along the wind)

SO, and 8042_ dry and wet deposition
in t(z,y) (OX axis along the wind)

Opening (angle) of a flow, inside
of which wind directions effect
significantly the pollution in
(z,0,0) (OX axis along the wind)

Mean wind recurrence inside ag(z)
sector in the mixing layer

kgS

dimension-
less

kgS/Tkm?
2
kgS/Tkm

kgS/ kmzyr

mcgs/m3

T/yr

thou tn
§0,/yr

8 8 8 3
(¢}

degrees

thou/tn

50, /yr

mS

thou tn S/
km2yr

degrees

dimension-
less

Let us consider each type of meso-scale model in more detail.

Model 1.

The assessment of mean (for the period of a year and more) atmospheric pollution
using trajectory models is usually carried out by successive computations of concentra-
tions and deposition along the observed trajectories and subsequent averaging of the ob-
tained results. Since a 10-year period includes tens of thousands of air trajectories, and
the model is to be used in an iterative regime, such an approach to the pollution assess-
ment is unacceptable. Therefore, real trajectories are substituted by a number of straight
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ones, each being realized with a certain probability B,,. The possibility to consider
straight trajectories is related to the meso-scale of pollutant transport in the atmosphere.

The model assumes a one-layer wind. In the mixing layer (at height H) pollutants
are mixed instantly.

Sulfur emission is presented as a sequence of portions ejected from the source in
discrete time intervals t=k -T, k=0, 1, ... K, where T (min) is a time step and K is the
number of the step after which the observation of the portion has ended. The time step is
selected so that, first, the distance passed by a portion during the step T was less than
the dimensions of the raster, and second, pollutant portions were superimposed on each
other forming a continuous stream.

The sequence of portions emitted by the source forms a stream. The location (coor-
dinates of the center) of the portion and its characteristics (dimensions, dry and wet depo-
sition, chemical transportations) are measured using the model for discrete time period.
Successive locations of the portion center in discrete time periods present the trajectory of
the portion movement. The stream is stationary during the regional-scale transport. It
follows from the condition of stationarity that to calculate the fields of sulfur compound
deposition and content, it is sufficient to trace the locations and characteristics of a single
portion in the stream. The model considers m = 1,24 stationary locations of the stream
corresponding to 24 wind directions.

The spatial resolution of the model is presented by the dimensions of the raster.
Surface concentrations and deposition (averaged over the raster) are calculated in each
raster at each m-th direction of the stream. Then the results are averaged in all direc-
tions to obtain annual assessments.

Dry deposition of SO, and SO2~ is also described as a linear process.

At the initial moment, the portion is uniformly distributed over the raster, its
centers coinciding.

The following parameters are calculated at each k-th step at the m-th wind direction
(stream location).

Coordinates of the portion center:
Tkm = Tg—1,m T Vzm >
Yim = Yk-1,m t Yym » (4.1)

Horizontal widening of the stream is taken into account only if it is directed across
the portion movement; horizontal diffusion at each step is shown in Figure 4.1.

Zhen = zk_l,m + 02|vym| ,
Yim = Yk—1,m + 0.2| vy | (4.2)

Dry and wet deposition of SO, and SOE_ form the portion. It is assumed that the
portion contributes to the deposition at a given raster in cases where its center lies within
the portion, i.e., is “covered” by it.

Dry deposition of SO, and SOE_ :

1
Dyp= My g1~ g’ (4.3)
1
Do = My k- T’ (4.4)
Dk
D =—7F. 4.5
1km Lkm'L2 ( )
Dyt
Dogm = w5 (4.6)

Lip-L?
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Figure 4.1: The portion movement.

Wet deposition of SO, into SO%~

1
Wik= My >

1
W., = M 1
2k = Mg g P
Witk
Wi = — 5 ,
lkm Lkm'Lz
W
wi 2k
2km Lkm'L2
Chemical transformation of SO, into SOZ~:
1
AMp=Myp 1" —
0

Masses of SO,, SO42_ remaining in the portion:
Myy=My; - AMp— Dy — Wy,
Map =My} 1 — AMp — Dy — Wy,
My=M, + My, .

(4.7)

(4.8)
(4.9)

(4.10)

(4.11)

(4.12)
(4.13)
(4.14)

SO, and SO2~ lifetimes in the atmosphere in relation to wet deposition are calculat-

ed in the model as:

(4.15)
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where

T ~ is the duration of the year in the units T (T/year).

The description of dry deposition as a linear process is adopted according to Izrael
(1983), where the analytical solution of the turbulent diffusion equation has resulted in
the derivation of the so-called ‘‘dry-deposition function’ which shows a fraction of pollu-
tant remaining in the atmosphere since the moment of its generation in the absence of
other removal processes. The function is shown to be approximated by an exponential re-
lationship. The lifetimes in relation to dry deposition are calculated as:

2k,
M1d — y

"(Vl)z

2K, (4.16)
2d = . .

x(Vy)?

Testing the conditions for further observation of the portion, the observation ends in
cases where:

e The portion has left the region (coordinates of its center do not belong to the re-

gion):
e Sulfur content in the portion is below a certain value:
M,
T 2 < €.
Lim'L

Since the s.tr.ean.l is stationary, the values Di’km D%km Wi’km am:] W; km are interpret-
ed as the deposition in the [-th raster at any moment from the portion of k-th age at the
m-th location of the stream.

Then the deposition of SO, and SOE‘ in the [-th raster from the portion of all ages
at the m-th location of the stream:

K
Dl = kz_j‘l Dyim - (4.17)

l

2ms Wém, W{m is carried out in a similar way.

The summation for D

Mean annual dry and wet deposition of SO, and SOE_ and their concentrations at
the [-th raster of the region:

i < l 3
D]. =T 2 Dlm . ﬂm , (4.18)
m=1

Similarly for D} _ W}, W%.

2m»
Mean annual surface concentrations of SO, and SOE_ :

D!
1 _ Y
Cl - Vl'T ’
D;
ch = Vor - (4.19)

The assessment of meteorological elements and model parameters.
While assessing numerical values of V, P, H, Em, U, K,, }?y, in a specific region,
aerological data from the stations located in its territory are used, and data from adjacent

regional stations are applied while assessing the boundary values of the variation range of
these values used to estimate the sensitivity of the model. Table 4.3 (see p. 8) presents an
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example of meteorological element and model parameter calculation performed at one of
the north-western regions of the European USSR.

Transport velocity.
Wind velocity varies with height z by an exponential law (Air Pollution, 1982):

P
V=yv X (4.20)
%0
Then mean transport velocity in the mixing layer (at a height H) is equal to:
H P 174 P
5 1 z 0 H
V== V)| — = — 4.
H f 0‘ zO dZ P+1 Zo ’ ( 21)
and OX and OY axis components of the transport velocity are equal to:
Vg = V cos a, ,
Uym = Vsinay,, (4.22)

respectively, where a,, is the angle between the OX axis and the m-th wind direction in
the coordinate system selected for the region.

Atmospheric stratification parameter.

Mean annual values of the stratification parameter are calculated using aerological
data on mean monthly wind velocities (for 10 years) obtained at various heights of the
mixing layer (see Table 4.2).

Mizing layer height.

The mixing layer height is presented in the model as a height where the vertical
temperature gradient becomes less than the dry adiabatic one. Mean annual values of H
can be found, e.g., in Climatic characteristics ... (1983). Relatively low values of H are re-
lated to the experimental region being situated in the coastal zone.

Recurrence of various wind directions.

Recurrence of various wind direction B, varies with height. Mean recurrence of
wind directions in the mixing layer, §,,, m=1,12 was obtained using radio sounding data
from a regional station (New atrclimatic reference book ... 1987) with due regard to the
number of wind observations at each level (see Table 4.2). The 12-bearing wind rise was
transformed into a 24-bearing one (used in the model) on the assumption that any wind
direction within each of the twelve 30-degree sectors can occur with equal probability.

Precipitation.

The value U is taken in the model as the mean annual precipitation (over a period of
75 years) with due corrections to regional station rain gauge measurements. The
minimum and maximum mean annual precipitation levels over the region are taken as
threshold values.



Table 4.3: Mean annual meteorological parameters used in models 1 and 2.

Station Atmosphere  Wind Height Height Vertical Mean vertical Mean horizontal
Stratifi- velocity of mixing  of surface coefficient coefficient coefficient
cation near ground layer layer of turbulent of turbulent of turbulent
parameter exchange exchange in exchange in

near ground mixing layer mixing layer
p Vo H h, K, K, I?v
dimension- m/sec m m m?/sec m? /sec m?/sec
less
Regional 0.09 5.1 680 60 0.12 6.9 8.2
In the

territory of

a neighboring
region 0.17 3.2 800 35 0.07 2.4 3.6

In the
territory of
a neighboring

region 0.16 3.5 730 35 0.07 2.4 3.4

Remark calculation data from data from calculation data from calculation calculation
using data e * using formula * using formula  using formulae
from ** (4.26) (4.25) (4.72), (4.73)

*  Climatic characteristics ... (1983)
**  New atrclimatic ... (1987)

-9‘[_
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Parameters of dry and wet deposition and chemical transformation.

The values 7, Vy, V, are obtained from generalized literature data. SO, and SO~
residence times relative to wet deposition can be calculated by the following formula:

w=I"®A, (4.23)

where I" is the precipitation intensity (mm/h), and 0.7 < n < 1; ® is the precipitation
duration over a year, fractions of a unity; A is the Langmuir coefficient dependent on pre-
cipitation type, season, etc.

Assuming that in (4.23): n = 1.0;® =0.1; A = 3-10~* .(10™* divide 1073) s~ ! for
SO, and 1073 .(10™* divide 3-1073) s~! for SOZ~, washout coefficients k;, k, included in
calculation formulae (4.15) were obtained. ® was calculated based on New airclimatic
reference book ... (1987). A was obtained from generalized literature data.

T1d> To4 Were estimated by formula (4.16) taking into account V;, V, selected in the
model and K, (mean vertical coefficient of turbulent exchange in the mixing layer) calcu-
lated by (4.25), (4.26). K, was evaluated in the following way. As established by Bery-
land (1985), the law of K, variation with height (z) is often described as:

Koi 2< h,
K()=) (4.24)
Ko—z— z > h.!
0

where K is the vertical turbulent exchange coefficient near the surface at height z; &, is
the height of the atmospheric surface layer.

Then

K, = Kok, H h, 4.25
= Hzg (H-<) (4.25)

1
=g K ( z)dz =

o

The height of the atmospheric surface layer k, can be assessed as (New airclimatic refer-
ence book ... 1987):
KO

h, = 0.025 o (4.26)

where wy, is the vertical component of the Earth’s angular rotation velocity. Table 4.3
presents A, and K, calculated by formulae (4.25) and (4.26) for the aerologic stations of
the experimental region. K, for the same stations are taken from Climatic characteristics
... (1983).

Model input data.

Model 1 for the experimental region includes the following input data required to
calculate annual deposition and concentrations of sulfur compounds:

L - raster size: 10km;

T - time interval: 10 min.
x,y — {emission source coordinates, km;

M - SO, emission from the sources, thousand t SO,/yr.

Vo — mean annual wind speed near the surface in the region: 5.1 m/s;

U - mean annual precipitation in the region; 687 (596-806) mm/yr.
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Table 4.2 Mean annual average wind recurrence of various directions in the mixing layer
Bpm=1,.-- 12

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

B % 90 121 138 122 96 76 59 53 65 53 52 74

Note: Calculations based on New airclimatic reference book ... (1987) data, m=1 - is the
south wind, further in 30° clockwise.

Bm — mean annual, average for the mixing layer recurrence of various wind direc-
tions in the region, dimensionless; §,, is defined in Table 4.2;

714 — SOg residence time relative to dry deposition: 13 (3-25), h;
o4 — same for SO2~: 200(50-800), h;
7o — SO, residence time relative to its transformation to SO%~: 40(30-120), h;

k;, - SO, washout coefficient with due regards for precipitation duration over a
year: 0.11 (0.036-0.36), 1/mm;

k; — same for SO%~: 0.36(0.11-1.08), 1/mm;

V) — S0, dry deposition rate: (0.002(0.001-0.003), m/s;

V, - same for SO{™: 0.002(0.001-0.003), m/s;

¢ — sulfur mass in an air parcel which cannot be traced further due to its small
size: 0.0005 kg S/km?;

P - mean annual parameter of the atmosphere stratification: 0.09(0.07-0.17), di-
mensionless;

H - mean annual mixing layer height for the region: 680(680-940), m.

Model 2.

The Eulerian approach is based on the analytical or numerical integration of the at-
mosphere diffusion equation. The application of numerical methods (Air pollution ...
1982; Van Egmont and Kessenboom, 1983; Renner et al, 1985) to evaluate the pollution
level from each emission source (the number of sources in a region can be as large as a few
hundred) would drastically increase the computer time, making the models of this type
inapplicable as regards the assessment of the effectiveness of many atmosphere protection
activities carried out in the region.

The model proposed hereafter is the realization of the analytical solution of the com-
bined equations of the atmosphere diffusion describing the transport and transformation
of SO, and chemical transformation products, SOE', in the atmosphere.

Model peculiarities.
The vertical component of the wind speed is zero.

Pollutant diffusion is taken into account both in the horizontal and vertical direc-
tion. Diffusion along the transport direction is negligible as compared to the advection
transport.

The gravitational speed of aerosol deposition in the atmosphere is zero.
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The calculated fields of sulfur compound concentrations and deposition are given for
the centers of the rasters.

Pollutant transport is stationary in any given direction within the region.

In such conditions with the axis OX directed along the wind and axis OZ along the
vertical, the atmosphere diffusion equation for SO, is as follows:

2 2
7 EaCTl = R, aayc21 X, % - % (4.27)
with boundary conditions:
M = C\(0,y,2) 8(y)6(z—-H,)V,
C(z,£ 00,z) =0,
Cy(z,y,00) =0, (3.28)
_ ac,
z= _az_|z=0 = VICI|2=0 .
The corresponding equation for the products of SO, transformation, SOZ_, is:
2 2
with boundary conditions:
Cy(0,y,2) =0,
Cq(z,£00,z) =0, (4.30)
Cy(2z,y,00) =0,
_ 9C,
K, 5, |z=0= V2Csl:=0:
where C, and C, - SO, and SOE— atmospheric concentrations, respectively;
M - SO, atmospheric emission intensity;
§ — delta-function;
71 — SO, residence time relative to wet deposition and chemical transformation to
SO~
1_1,.1

n T MNm
H, - effective emission height for SO,.

Equations (4.27)-(4.30) were analytically solved in Lee (1985), using the Laplace
transformations.

. - m? A s(z—H,)? _ #(z+H.)*
Ci(z,y,2) =B S ¢ z e z + e z

- WE S (N L () + V) (431



B
C2(£ayaz) = :Bl 7 €
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‘(z_He)z

_ 6(2+H?)

+ e—Fz[r\/; ebz+k(2+H¢) CffC[\/g(z'i'He)l + Vbz — DVz Fo

4y

1+ Nu?

my “e_

_ H, 8
—ec2 f\/; egz+t(z+ ) erfc[\/-i—(z%—H,) + \/E

z

+

— qeute erfc(

2

€

1
2Vu

1 e_ 4H,(pz—u) _ 7877(pz—u)+kz"fc(

z

[e

+ a\/?)]

e

—cz _

z
2H,Vpz—u

c_FX]

+ 7sz—u)] du.

(4.32)

(4.33)

(4.34)
(4.35)
(4.36)

(4.37)
(4.38)

(4.39)
(4.40)

(4.41)

(4.42)

(4.43)
(4.44)

(4.45)

(4.46)
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a=tH,
~ = kH,
N
— A2 _ AY
n=a 4
r = V4rxb
VH?
4K,
o v
7K,

Then according to (4.31)-(4.33) the surface concentration of SO, and SOZ~ is:

- my _h —_ —
R S S B NN

(4.47)
(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

_mt _h — —
Cy(z,9,0) = ﬂl_B‘ e %2 F(e c—eFr) — emcT pVgesmta erfC[\/% + \/%]

+ e-F.‘E

where

pz _ 1+ Nu?

VXU

My = Fy(2=0) = [ L _gemuta erfcl
(/]

Tpl\/_(z_——uj — ~ye2(pz—u) erfe(vV{pz—u) )” du .

The coefficients included in (4.53)-(4.55) are determined by (4.34)-(4.52).
Then dry atmospheric deposition of SO, and SOf' can be calculated as:

Dl(z)y) = Cl(x)y)o) Vlﬂz )
D2(z)y) = 02(2)!()0) V2ﬂ2 )

and wet deposition as:

[0 o]
[ Ci(z,y,2)dz

0
Wl(z’y) =

[0 o)
f Cy(z,y,2)dz

W2(z’y) =2

rVz ebTt7 erfc[\/% + \/%l ~ DVz MOH,

(4.54)

(4.55)

(4.56)
(4.57)

(4.58)

(4.59)
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Let us present the obtained calculation formulae omitting all the numerous compu-
tations of integrals (4.58), (4.59):

Wl(z:y) =

_my? — —
= B3 71:\/; e Z {1+e9z+a erfcl‘\/—:- + \/E;l - erfc“\/%“; (4.60)
W2(2,y) =

mya

= B, % e_ T [e—cz _eFz _e—czle’fc(-\/g) — edzta e,fc[\/§+\/g_zll (4.61)

—Fz I — pbztn -\/I — (~y—
+e erfe ('\/ z) e erfe( z+\/'b_i:-) (y—a)Ng
where
pz 2
No= [ ¢ (pz—u) erfe(yVpz—u)
/]
1+ Nu?
1. 4“u —ae™ erfc L | oval|du (4.62)
Vru 2Vu ’
where
A
A=—"01 (4.63)
70(r1—72m)
M
= —— 4.64
47rVKy ( )

The rest of the coefficients included in (4.60)-(4.62) are determined by (4.34)-(4.52).

Coefficients 8; = 15.85:10%, B, = 31536, B; = 5-10° serve to reduce
Dy(z,y), Dy(z,y), Wi(z,y), Wo(z,y) to respective dimensions (Table 4.1). Integral M,
was taken numerically. Since the integrand in (4.55) — oo at « — pz, M was assessed
in the following way: it was taken numerically within the integration range [0, 0.95pz] us-
ing the Simpson method; and analytically within the range [0.95pz,pz]. At u — pz ex-
pression e7a(Pz—4) erfc(yVpz—u) — 4. Therefore, the ‘“analytical addition” can be
presented as:

pz
1 V0.2pz
M| Pz = Ao(—=——= —7) du = Ao(—EX - 0.05 4.85
0lo.05 0.91;” ol Va(pz—u) 7) du = Ao . pz7), (4.65)
A+A, )
where Ay = — A, and A, - values of expression
_ 1+ Nu?
il U _ ™t erfe( 2\1/7 + aVu)

at points u = 0.95pz and u = pz, respectively.
Integral N was solved numerically using the Simpson method.
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Formulae (4.53)-(4.55), (4.56), (4.57), (4.60)—(4.62) are used to calculate mean an-
nual concentrations and deposition of sulfur compounds within the region.

According to (4.53)-(4.55), (4.60)-(4.62) pollutant concentrations and degosition ra-
pidly decrease in the direction perpendicular to the plume axis, as exp(— ﬂg—) There-

fore, the angular spread of the plume (angle «) in Figure 4.2, within which wind direc-
tions (between OB and OB’) affect the pollution level in the raster center (p.A), is very
small. For instance, at 1000m < z < 400 000 m, 0.25° < ap < 0.006° if ¢y = 100 (eq
means that the concentration at the plume boundary at p.B is ¢j times lower than at its

axis at p.A). B

2z

Figure 4.2: Emission source is located at p.0, raster center is at p.A, OA - the plume
axis.

Therefore, in this case, a standard assessment of annual pollution levels using the
sequential concentration calculation for each wind direction of the R-point wind rise and
their further averaging is unacceptable. (The wind rise should be exceptionally fine in
this case, with a time interval of no more than a few minutes). Mean annual pollution
fields are calculated in the following way.

For each raster center depending on distance X from the center to the emission
source we determined angular plume spread oy within which wind directions affected pol-

2
lution in the raster center. Assuming that exp(— m—:-) = %, the angle is
0

Ine, ]1/2

ag(z) =2 arctyg (4.66)

mz

Distance OA does not differ practically from OB in Figure 4.2 (even at the lowest X
values the difference does not exceed 10~° times). Therefore, differences in pollution lev-
els with the wind blowing along OB (and all intermediate directions between OB and OA)

and along OA are determined only by factor exp(— mTy) Then, integrating
C1(z,9,0), Cy(z,9,0), Wy(z,y), Wy(z,y) over the plume cross-section, i.e., replacing factor
2

ezp(— ﬂg—) by the factor given below, we would take into account pollution contribution

in the raster center from all wind directions within the angular plume spread:

+¥o
1 _m 2 _ 7
Ty o= )= e w0 (4.67)
where
Ineg 1/2

z= AB, Figure 4.2.

Yo~—=
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Assuming that any wind direction is equally probable within angular plume spread
ag, we would obtain a mean annual probability of wind direction realization within sector

ap for each raster center, with a given mean annual R-point wind rose for the region
By, m=1,R:

ag(z)R _

8(z) = g5 Pm’ (4.68)

where m’ - point number of the R-point wind rose comprising sector oy (sector axis).

Mean annual concentrations, dry and wet deposition of SO, and SOz' from a given
emission source in the raster centers are calculated by formulae (4. 52) (4.54), (4.60),
(4.60)-(4.62) mulglplylng them by respective recurrences ©(z) estimated from (4.68).

Factor exp(— %) in the calculation formulae is replaced by (4.67), and z - distance

from the emission source to the raster center.

Assessments of meteorological elements and model parameters.

Bm,» H, V, K,, Vo, h,, ky, ky, Vy, Vo, 75, P, V, 7y pu, Tam Were estimated similar to
model 1 and have similar numerical values.

The effective emission height for the source is calculated as

H,=Hy,+ AH
where

Hy - geometric height of the emission source (stack height);

AH - plume rise calculated in the model based on recommendations (Beryland,
1985):
2,39/ vy, 6,5TD,(T,—T
g 2Vw | eSTD(T-T) | oo
Dy Vo 273°+ To) V,
where

vy, Dy, T}, — source emission volume, diameter and temperature;

Ty, Vo - mean annual surface air temperature and wind speed.

To calculate horizontal diffusion coefficient K we used the following relation ob-
tained in Beryland (1985):

K,(z) = Gu(2) , (4.70)
where

G - a certain numerical coefficient.

It can be assessed (as in Beryland, 1985) proceeding from the condition above the surface
layer KiKr Taking h, at the surface layer boundary as

Gu(z=h,) = k,(2=h,) (4.71)
and taking into account (4.20), (4.24), we would obtain:
KO ha 1-¢
= —% [z] (4.72)

Then, with due regard for (4.20) and (4.72), I? is:

H
P Ho
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K, was calculated by (4.73) using data from Table 4.3.

Model input data.
Model 2 included the following input data:

Hy Dy - height and diameter of emission stacks in the region, m:
2, b :4
vpi — volume of emission from sources, m®/s;
T, - emission temperature, degr.C;

Ty - mean annual surface air temperature in the region, degr.C;

K, — mean annual, average for the mixing layer vertical turbulent exchange
coefficient in the region: 6.9 (2.4 + 6.9), m%/s;

K, - mean annual average for the mixing lz;yer horizontal turbulent exchange
coefficient in the region: 8.2(3.4 = 8.2), m /s;

as well as L, z,y, M, Vy, B, P, V, H, Vy, Vy, 15, ky, kg defined as model 1 input data
which have similar numerical values.

5. Estimation of Maximum Surface Pollutant Concentrations in Cities

Surface concentrations from an emission source at any urban site are estimated on
the basis of the analytical solution of the atmosphere diffusion equation (Beryland, 1985)
under the following conditions:

e atmospheric pollutant dispersion over a period comparable to the time of transport
from the source to the given point in a stationary process (Marchuk, 1982):

e the underlying surface totally reflects the pollutant, i.e., it does not interact with the
soil, does not accumulate, and turbulent air flows return it to the atmosphere;

e the vertical component of the wind speed is zero (in the case of a light pollutant pos-
sessing no transport speed of its own); in the case of a heavy pollutant the gravita-
tional deposition rate is taken into account;

e effective emission source height is used (corrected for the thermal plume rise).

Surface concentrations averaged at 20-30 minutes are determined for the so-called
normal unfavorable weather conditions occurring during an unbalanced (unstable)
stratification of the atmosphere, i.e., during an intensive vertical mixing throughout the
boundary layer (about 1 km.) which differs essentially from the zero temperature gra-
dient. In this case it is assumed that the vertical turbulent exchange coefficient in the
surface layer increases linearly with height (exchange model) (New asrclimatic reference
book ..., 1987), the wind speed varies with height according to the power law, and the hor-
izontal turbulent exchange coefficient is proportional to the wind speed.

Thus the parameters governing pollutant dispersion conditions are the functions of
the wind speed and for each emission source a ‘““dangerous’ speed Uj;, can be calculated
at which the surface concentration along the plume axis (i.e., when the wind is directed
from the source to the calculated point) has the maximum value.

In cases where the surface concentration is estimated for a group of sources each of
which has its own dangerous speed and direction of wind (with the plume axis direction
being determined by the source and calculated point coordinates), assumptions on these
conditions common to all emittants should be taken.

In dispersion block MARS-1, the directions of the wind blowing from the source are
selected with a certain fixed angular step (usually 5° or 10°, which corresponds to 72 or 36
directions providing the required accuracy of maximum concentration assessment). The
common dangerous wind speed for N emittants of the k-th pollutant is estimated as a
mean weighted value (the modified dangerous wind speed):
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f) cPu

U(k)z 1=1

S o)

(5.1)

—

where

C,(]f) — maximum concentration of the k-th pollutant from the 1—th source along the
plume axis, achieved at dangerous wind speed U,

Then the maximum concentration of the k-th pollutant emitted from N sources
under normal unfavorable weather conditions at a calculated point with coordinated (z,y)
is

C(k)( ) = max, Z C(") z,y,0,U (k)) (5.2)
e,
where
C, (E) _ gurface concentration produced by the i-th source at wind direction ¢ and

dangerous wind speed Uk

The accuracy of C(¥ )(z,y) estimates depend on the adequacy of the selection of the
wind speed and the direction at which the total surface concentration is calculated by for-
mula (5.2). Therefore, MARS-1 envisages the possibility of varying the modified
dangerous wind speed w1th1n 0.5m/s -4 Utk (since dangerous speeds for the major ur-
ban emittants vary thhm this particular range) with the following averaging of the
relevant calculated C

Normal unfavorable weather conditions are relatively frequent during the year (un-
like anomalous unfavorable weather conditions, e.g., inversions with calms, fogs, etc.). As
is shown in Beryland (1985), mean diurnal concentrations do not exceed mean daily
MPCs if surface concentrations calculated for normal unfavorable weather conditions do
not exceed single maximum permissible sanitary standards averaged over 20 minutes (the
opposite statement is not true). Therefore, MARS-1 uses maximum permissible pollutant
concentrations under normal unfavorable conditions as a criterion for the respective as-
sessment.

In Beryland (1985), where the calculation model of maximum concentrations under
normal unfavorable conditions is summarized on the basis of numerical methods, correla-
tions are obtained for the determination of the ‘“‘dangerous” wind speed (at a windcock
level - usually 10m above the ground) for the i-th emission source m/s depending on
parameters vp:*

0,5 , if v <05,
UM = LV 2 lf 0,5 y UM _<_2 y (53)
v (1+0,12v7) , i vy > 2,
where
f=1621,14 ——— Ve AT >0, f<100, (5.4)
H2D3AT’
and

1/3
vy = 0,651&;)— . (5.5)

* To simplify the formulae, the 1-th source index will be omitted whenever possible.
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In formulae (5.4) and (5.5)

V - volume of the gas/air mixture (m®/s);
H - emission source height (m);
D - source outlet diameter (m);
AT - zgmpeéa).ture difference between the emitted gas/air mixture and ambient air
egr.C),

If AT > 0 and F < 100, the source emission is considered warm (or otherwise cold)
and U), is determined using the following formulae:

0,5, if vy < 0.5
UM = UM, if 05< vy < 2, (5.6)
2,2 vy, if vy > 2
where
v

The maximum concentration (mg/m3) is reached at ‘“‘dangerous’ wind speed uy, at
distance X, from the source along the plume axis:
For warm emission:
AM-Fm-n

Oy = M omen .
M~ g2 (vam)'i? (5:8)

For cold emissions:
A-M-F-D-n

Cy =0,125 AV (5.9)
where
A - coefficient depending on the temperature stratification of the atmosphere and
governing the conditions for the vertical and horizontal atmospheric disper-
sion of noxious materials (82/3-mg-degr.l/3/g);
M - pollutant mass emitted into the atmosphere per unit time (g/s);
F - a dimensionless coefficient taking into account the vertical component of the
pollutant transport speed (deposition rate) in the atmosphere;
m,n — dimensionless coefficients taking into account the conditions for gas/air mix-

ture release from the source outlet:

1

" 0674017 +0,343F (5.10)
3 if vy <03,

n={3- /{0 -03)d36—vy), if 03<u,<2, (5.11)
1, if vy > 2.

Coefficient A, which also depends on the surface layer height and underlying surface
roughness, is calculated for open, flat terrains in various geographical regions of the USSR
and, accounting for relief correction, varies within 100-260. For other countries, A can be
taken based on the similarity of the climatic characteristics of the turbulent regime.
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Parameter F differs for gases, light aerosols, and dust. It is dependent on the parti-
cle size distribution which is related to the performance of dust collecting facilities in
cases where they are installed at the source. For gases and aerosols (with the settling rate
below 5 m/s F = 1, for dust which is transported as a heavy pollutant, F equals 2, 2.5
and 3 if the performances of dust collecting facilities are over 90%, 90-75% and below
75%, respectively.

The maximum surface pollutant concentration C,; along the plume axis (in the
direction of an average wind) is achieved at distance X, from the emission source (m):

Y dH if  F=1 6.12)
_ 5.12
M= s_F i F>2.
2L an,

Parameter d is calculated as a function of v)s determined for warm and cold emis-
sions by formulae (5.5) and (5.7) respectively.

For warm emissions:

4,95v,(140,283VF), i uy <2,
d= _ _ . (5.13)
TV up(140,283VF) , i vy >2

For cold emissions:

11,40M if Upy S 2 ,
d= - (5.14)
16,1/vy,, if oy >2.

If the dangerous wind speed is taken as the modified value (5.2), deviation U, from i)
is possible for each s-th emission source. In this case the maximum surface concentration
18

where

r — dimensionless quantity determined depending on the relation ¢ = U (k)/ U :

0,67q + 1,67¢> - 1,34¢%, if ¢<1,
r = (5.16)
3q if g>1.

2¢>~q+2 "’

Surface pollutant concentrations in the atmosphere along the plume axis at distance z
from the source are calculated by the following formulae:

C.=8-Cyqy, (5.17)
where
8; — dimensionless quantity, which depending on relation
z

=5 (5.18)

satisfies the following conditions:

3:4-85+622, if z<1,
1,13/(0,1322+1) if 1<z<8,

8y = ’ ’ (5.19)

z/(3,5822-35,22+120), if  z>8and F=1,
1/(0,122+2,47z-17,8), i 2z>8andF22.
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When the calculated point is shifted perpendicular to the plume axis at distance y,
the surface pollutant concentration in the atmosphere is

Cy = 82'Cz y (5.20)
where
85 — dimensionless quantity given for wind speed UsubM and relation g=y/z:
8 1 (5.21)

T (1+8,4U,,9%)(1+28,2 Ul,q%)

Thus, the surface pollutant concentration at a point with coordinates (z,y) from the
i-th emission source, dangerous wind speed U (¥) and a fixed transport direction ¢ (along
the plume axis z) is

Civ(z,y) = rs;:89Cpy . (5.22)
Distance Xy where the surface concentration Cpyp is achieved is
Xpmy = p- Xy (5.23)
where
3 if g <025,
p =18,43(1-¢)°+1, if 025<g<1, (5.24)
0.32¢+0,68 , if g>1.

To determine the maximum surface concentration fields for several pollutants in a
city whose territory is represented by a regular grid, one usually has to calculate about
1000 matrices each of which contains over 1000 elements. Such calculations, associated
with the exhaustive search of wind directions and speeds, require much computer time.
Therefore, MARS-1 employs a number of methods reducing the calculation time based on
prescribing an ‘“‘expediency constant” elF). The constant is taken equal to 0.05 pl¥)
where P(¥) — maximum permissible atmospheric concentration of the k-th pollutant (sani-
tary standard).

When calculating surface concentrations at every algorithm step, various means for
adjusting the components of formula (5.24) are used to fulfill the following condition:

c > ¥, (5.25)

If condition (5.25) cannot be fulfilled, calculations for the i-th source at a given algo-
rithm step are interrupted.

A. Maximum concentration CsubiM(*) (5.8) or (5.9) is tested. If for the i-th source
c) < ¥ (5.26)
the source is not considered for the k-th pollutant.

Thus, U () (5.1) is determined taking into account only emittants for which relation
(5.26) is fulfilled, so parameter N { number of sources included in calculations for the
k-th pollutant) can differ from the total number of emission sources considered in the
model

B. C{), is tested (5.15). If for the i-th source
cly < ) (5.27)

the source is also omitted from further calculations for the k-th pollutant.
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C. Based on (5.19), the radius of the pollution zone R(¥) is established for each i-th
source at

8, =0,05PK)/cll), | (5.28)
which is found from (5.17).

R,(z") determines the coordinates of calculated points of the urban regular grid, at
which concentrations are to be calculated. The application of pollution zone radii al-
lows a drastic reduction in the number of calculated points due to the peculiarities of
elevated and low emissions.

D. According to (5.21), the flux dispersion angle perpendicular to the plume axis is esta-

blished at
8, = 0,05P)/C, (5.29)
g—=tga is determined where a — the angle required.

Thus, the i-th source pollution zone is a sector with angle a of a circle with radius
R (in the upwind direction (at x < 0 ) pollutant concentrations are 0).

Test runs of MARS-1 indicated that the calculation time of a dispersion model for
200 emission sources and 7 pollutants based on a result grid of 30 x 34 does not exceed 15
minutes for personal computers. The result is quite satisfactory when using the model
considered in the optimization block.

6. Choosing Optimal Strategies

Several hundred or even thousand pollutant emission sources are disposed in the ter-
ritory of a real city/region. 5-15 air protection measures can be implemented at each of
them, some activities may be united in various sets. Thus, a great number of variants of
air basin protection from the pollution arises whose comparative analysis requires the use
of special optimization algorithms.

Within MARS, optimal strategies are being selected on the basis of an algorithm in-
cluding three stages.

A. Forming the bank of initial measures.

Constructing the bank includes an analysis of each action on pollutant emission de-
crease which is technically available for the considered source. Such measures are noted
by great variety, carried out for a single or several emitters and, in general cases, can
change any parameter characterizing the conditions of pollutant emission into the atmo-
sphere of the city/region. Therefore, MARS provides the possibility to analyze a wide
range of innovations aimed at air basin protection, making it possible to:

e change any combination of parameters characterizing a single emitter;
e change any combination of parameters characterizing several emitters;
e eliminate the emitter;

e ecliminate the emitter with partial or complete transfer of its functions to other emis-
sion sources located or newly disposed at the territory of the city/region;

e remove the emitter or several emitters to another city/region;
e select the least dangerous dislocation of single or several emitters in the city/region.

The considered optimization algorithm suggest splitting the bank of initial measures
into groups uniting pollution sources with similar technological processes (any air protec-
tion measure is definitely related to an emitter). MARS specifies no strict requirements
on the composition of the group, however, the bank division according to a certain princi-
ple (e.g., industrial) expedites the interpretation of results obtained at subsequent algo-
rithm stages.
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Let L be the number of groups in the initial action bank, [ =1, L. The number of
measures in each group M,, m = 1, M,.

As was shown above, to analyze and control the atmospheric pollution in the
city /region, MARS applies various criteria formalized using a complex of models aimed at
calculating the economic damage, assessing the potential danger to coniferous forests and
sulfur compound transport, evaluating the maximum surface concentrations of pollutants.
Let us assume that @ types of criteria used (¢ = 1, @) allows an integrated assessment of
the air basin pollution level in the city/region.

Then, at stage A, a matrix is calculated for each group
E, = (Ef) (6.1)

which consists of M lines and @ columns, where EY, is the effect of implementing the m-
th action according to the g-th criterion. Then each line of the matrix E; presents the
“criterion vector’’ and the action M is effective in cases of at least a single element

E3>0. (6.2)
The total number of efficient actions comprising the bank:
L
M=% M, (6.3)
=1

B. Forming the permissible sets of measures.

According to the possibilities of the initial bank ‘‘permissible sets of measures” can
be formed for each I-th emitter group which present various types of air protection activi-
ty in the city /region. The set is considered permissible if it includes no ‘‘alternative pair”’
of measures. Two measures are called alternative if they cannot be simultaneously imple-
mented to reduce pollutant emissions either for technical reasons or due to the inex-
pediency of such a combination. The situation frequently occurs, e.g., while using two
types of dust collectors with equal efficiency at a single source or simultaneous transfer of
a boiler house to gaseous fuel and the installation of sulfur refining equipment. Combined
implementation of activities depends on a number of specific conditions and, in general,
one fails to formalize the search for alternative pairs in a large set of air protection meas-
ures. Therefore, while formalizing the bank of initial actions, the table of alternatives is
assumed for each group in the form of square logic matrices having the dimension M;.

Taking account of alternative pairs while establishing permissible sets is necessary to
provide practical efficiency of the analytical results.

Let us fix criterion ¢*=¢,=1,Q (a corresponding column of the matrix
E; I =1, L and select the type of costs (capital or total).

Let us distinguish the measures within the [-th group for which
EY>0,m=1, M (6.4)

Then all permissible sets of measures could be made up for the I-th group whose number,
in case of the absence of alternative pairs, is equal to:

(6.5)

where C is the number of combination of M;— the number of measures that satisfy the re-
quirements (6.4) for the group I. When p=1 the analysis includes the initial measures of
the I-th bank group.

Considerable values of M and a small number of alternative pairs S can become

quite large, however, not all permissible sets are efficient. Therefore, each set successfully
formed according to formula (6.5) is compared to the earlier compiled ones. One of the
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two sets is considered efficient if:

e at lower costs it provides equal or larger effect;

e at equal costs it provides larger effect;

e at larger costs it provides larger effect;

e at smaller costs it provides smaller effect.

The set having the above characteristics is memorized and used in further analysis,

and the one which at larger or equal costs provides smaller effect is excluded from subse-
quent analysis.

Thus, for each group !, a monotic sequence of combined air protection measures is
formed which provides increased effect at raised costs.

To describe these sequences let us introduce the functions:
Z;= g(X), =1, L (6.6)

where X denotes the costs of a relevant efficient set of measures; Z; is the effect achieved
at given costs in the group I.

The costs of air protection measures are of a discrete nature, i.e., a specific action re-
quires a certain fixed amount of costs and, depending on the allocated funds, the activity
is either implemented completely or not carried out at all. At the same time the effect of
measures is nonlinerly related to the costs. Therefore, the “cost-effect” functions (6.6) for
the group ! are discrete, nonlinear, assigned in the form of tables and, in general, it is im-
possible to evaluate their mathematic parameters. Besides, the number of cost levels N,
for the measures of the l-th group (the domain of X) corresponding to the number of
efficient permissible sets can be rather consideraIlJ)Ie, their sum amounting to several

thousand variants. Thus, further analysis of N = Y N, permissible effective sets requires
=1
the use of specific optimization models.

C. Optimizing the distribution of costs of air protection measures.

A special distribution model is meant to evaluate optimal sets of air protection
measures in the city /region depending on the type of costs and criteria selected at stage B
(the set of permissible effective variants is used as initial information). The obtained per-
missible effective sets are characterized by their alternative nature within each group
I=1, L. Therefore, at stage C, optimal sets are compiled by combining the measures
referring to different groups.

Optimal sets determine optimal cost-effect functions for the city/region in general,
which is the main result of MARS.

Completely alternative nature N, of effective sets within group [ allows to present
cost distribution as a sequence of dynamic programming steps. While enabling to solve

discrete problems, such an approach specifies no strict requirements to mathematical pro-
perties of the functions (6.6).

The optimization model has the following form:

L
Y Z, = R(X,,X,, -+ ,X;) — maz. (6.7)
=1
Z)= g(X), =1, L; (6.8)
L
L X <K; (6.9)
=1
X;>0,1=1,L, (6.10)
where X; X, ---, X are the costs of air protection measures carried out at the sources

of the 1,2: - -+, L groups, respectively.
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Model (6.7)-(6.10) maximizes the total effect of air protection measures within the
allocated costs K. While realizing model (6.7)-(6.10), dynamic programming allows to
obtain a family of solutions (optimal sets), each corresponding to a certain level of costs
not exceeding K. Thus, relationship (6.9) serves as the upper limit.

Since the multitude of permissible effective combinations (stage B) is discrete and
finite (N), a complete optimal set can be compiled in which the costs K, are maximum in
respect to the possibilities of initial measure bank. Substitution into the right-hand part
of inequality (6.5) K=K, would yield a complete optimal cost-effect function for the
city /region obtained for the whole multitude of efficient variants. Complete optimal
cost-effect function characterizes the achieved technological progress in the protection of
an air basin, the condition of which is described by a relevant criterion g¢*.

The main principle of constructing a multi-step procedure to solve model
(6.7)-(6.10) using dynamic programming consists of the following.

Assuming that at stage B discrete values of costs are obtained within each group !
for permissible effective sets:

Vi) = vD, n=1,N; (6.11)
Let us introduce the sequence of steps t=1, L-1 and determine the functions:
fi(y1) = max(g;(X;) + g2(X5)), y; € U, y; < K; (6.12)
x; € vit)
X, € vi2)
X +X, < K
fo(y2) = max[fy(v;) + 93(Xa)], yp € U3, (6.13)
y; € UO)
X; e V3
yj+ X3 < K
fi(ye) = max[fy_y(y—1) + 9(Xp)], 9 € UV (6.14)
gy € U
x, e vl
Y1+ Xy < K

where U(!) is the definition domain of argument y; representing the sub-multitude
t )

U v,

=1

fi(y;) characterizes the maximum effect obtained from the distribution of costs K by
t+1 groups and presents the optimal cost-effect function for these groups.

Recurrent correlation (6.14) is the operator of transition from step t-1 to step t.

Thus the multi-step procedure presents the solution of model (6.7)-(6.10) as a pair-
wise combination of permissible effective sets referring to different group { = 1, L (Bursh-
tein, 1968).

The described process can be illustrated by the scheme (Figure 6.1).

Let us consider the multi-step computer procedure of solving model (6.7)—(6.10).

I. t=1 (the first step). Calculation of total estimates

v':j = v'(l) -+ 01(2)
y 1'—_—1, Nl’ j:'l,NZ (6.15)
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Functional scheme of cost distribution.
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for discrete values of costs and relevant effects (groups 1 and 2):
v(Wipfl) vﬂ} Fof2), < VN g2) (6.16)
1 1); 7(2), 2(2 2
zfh 2V, 2 2D 2P, .., 2ff)
and construction of vectors

v= (9, o3, ) = (v)

r=1,N*, N*:N1+N2+N1'N2 (6.17)
zZ= (Zt(l)’zj(2 7Z|'j) =(2,)
II. Arranging components of vector v according to the rising of costs.
III. Exclusion of inefficient estimates. If

re>rAZ, -2 <e,rp=1 N ry=1, N+, (6.18)

variant r, is considered inefficient as compared to r;, and r,-th elements of vectors v and

Z are excluded. The constant ¢ determines the accuracy of model solution (the number of
optimal cost-effect function components). Thus, € helps to rarefy (decrease dimensionabil-
ity) of vectors v and Z at each step.

IV. Testing the limitations of (6.9). If
v, > K, r=1N", (6.19)

the elements of vectors v and Z under number r, r+1,...,N* are excluded from further
analysis.

V. Test: t=L—1. If the condition is fulfilled, we transfer to item VIII, otherwise to
item VI

VI. Step t+1. At the t-th step we obtain resultant cost vectors and relevant effects
— t
Y = (yi( ))

w, = fi(yy) = (w(¥)

i=1, N} (6.20)

Calculation of total estimates

g 4+ oft+)

\.

o (6.21)
IJ= ‘()+Zj(t+l) 'Zl, t’J:]"Nt+1

where vj(‘“) are components of vector v, y; ZJ(H'” = gH_l(vJ('H)) , and make up
v= (y{ (H_l ) vt’j) = (v)

Z= (w“) Z[H-l) ZJ) = (Zr)

=1, N*, N* = (N{+N{ 1+ Ni Ny, ) (8.22)

VII. Transition to item II.

VIII. Completed calculations. An optimal cost-effect function for the city/region is
obtained.

The above process of constructing the optimal cost-effect function allows to memor-
ize the ordinal number of each action included in the optimal set in a corresponding group
of the initial bank formed according to the criterion g* and selected type of costs. There-
fore, the algorithm being realized, any optimal strategy can be finalized in a certificate
presenting the plan of air protection measures in the city/region, depending on the al-
lowed funds or according to the given standard value of the criterion.



- 36 -

The considered algorithm is characterized by fast response and allows to carry out
imitation calculations.

7. Information Support

MARS-based calculations employing various performance criteria require the follow-
ing initial data.

Table 7.1. Initial data for calculations employing various performance criteria.

Initial data Types of criteria
Emission source parameters (individual for each source)
Height, m 2,3%,4,5,6
Diameters, m 3*%,4,5,6
Emission rate, m3/s 3*,4,5,6
Emission temperature, degr.C 2,3*% 4,5,6
Dust removal coefficient, % 2,5
Source coordinates, km 2,3,4,5,6

Mean annual emission of pollutants
(individual for each pollutant),

thousand t/yr 1,2,3,4,6
Maximum pollutant emission (individual
for each pollutant), g/s 5

Technological and economic characteristics of atmosphere protection activities (individual
for each type of activity)

Capital outlays required to implement
the activity, thousand rbl. 1,2,3,4,5,6

Total expenses required to implement,
the activity, thousand rbl.*** 1,2,3,4,5,6

Changes in pollutant emission after

the implementation of the activity

at each relevant source (percent of

the initial emission from the source) 1,2,3,4,5,6

Characteristics of a raster grid representing a city /region

Region size (number of raster elements from
west to east and from south to north) 1,2,3,4,5,6

Grid spacing (raster element size), km 1,2,3,4,5,6

Relative danger coefficients o for each
raster element 2

Meteorological characteristics
Mean annual precipitation, mm/yr 2,3,4,6

Mean annual surface wind speed within
8-speed wind rose, m/s 2,3,4,6

Mean annual surface wind recurrence within
8-point wind rose 2,3,4,5,6

Mean annual wind recurrence in the mixing
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layer within 12-point wind rose 3,4,6
Mean annual surface air temperature, degr.C 2,3%% 4,6

Surface air temperature in July/January
at 1 p.m., degr. C 5

Mean annual parameter of atmosphere
stratification (exponent in the power law

of wind speed change with height) 3,4,6
Mean annual height of the mixing layer, m 3,4,6
Mean annual height of the mixing layer, m 3,4,6

Vertical and horizontal turbulent exchange
coefficients average for the mixing layer,

sq.m/s 3%, 4,6
Physiochemical parameters
Sulfur dioxide dry deposition rate, m/s 3,4,6
Sulfate dry deposition rate, m/s 3,4,6

% %

3 3k

Sulfur dioxide residence time in the
atmosphere relative to its chemical
transformation to sulfate, hr 3,4,6

Coefficient of sulfur dioxide washout from
the atmosphere with precipitation, 1/mm 3,4,6

Coefficient of sulfate washout from
the atmosphere with precipitation, 1/mm 3,4,6

Sulfur dioxide residence time in the
atmosphere relative to dry deposition, hr 3**% 4.6

Sulfate residence time in the atmosphere
relative to dry deposition, hr 3** 4,6

When model 1 is used to calculate the parameters of sulfur dioxide atmospheric tran-
sport and transformation.

When model 2 is used to calculate the parameters of sulfur dioxide atmospheric tran-
sport and transformation.

In case the performance of atmosphere protection activities is evaluated by total ex-
penses.

The figures in Table 7.1 stand for the following types of criteria:

maximum reduction of pollutant emission mass;

maximum prevention of the economic damage;

maximum reduction of total atmospheric deposition of sulfur compounds within the
region;

maximum reduction of sulfur transport outside the region;

maximum reduction of the surface concentration index in the city;

maximum reduction of the index of potential threat to coniferous forests in the re-
gion caused by sulfur compound deposition.
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Emission source parameters.

Such information can be obtained from atmospheric pollution source inventories or
state statistical reports. Respective urban/regional services dispose of this type of infor-
mation nowadays.

Since the number of atmosphere pollution sources in a city/region usually equals
several hundred or even thousand and exceeds the permissible dimensions of respective
models, it is necessary to select the largest ones combining together the smaller sources.
The latter can be combined, for instance, by method (Recommendations on source ...
1983) for emittants whose parameters differ within the following limits:

e not more than 10 m in height;
e not more than by the factor of 2 in outlet diameters and air/gas mixture volume;
e not more than by the factor of 1.5 in air/gas mixture overheat.
The size of the area over which sources are combined should satisfy the following condi-

tion
— 6
L_O,SI\/ 15 (7.1)

L. - maximum distance between the source combined, m;
! — minimum distance from the source combined to the calculation grid points;

§ - allowable error related to the reduction of the coordinates of the sources com-
bined to the coordinates of an equivalent source (usually § < 25%).

Parameters of the equivalent source are calculated as:
H

min+Hma.x

Hy= — (7.2)
D_i.+D
DO — mln2 max , (7.3)
V.. +V
Toin T
TO — mln2 max (7.5)
X+ X
XO = min 2 max (7_6)
Y intY,
o — mm2 max ; (7.7)
FontF
o — min 2 max (7_8)
N
1=1
where
Hy - stack height;
Dy - stack outlet diameter;
Vo - emission volume;
Ty, - air/gas mixture temperatures;

X; Y, - coordinates;
b
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Fy - dust removal coefficient;

M, - equivalent source emission mass.

MARS can be used to calculate air basin pollution by seven different pollutants from
800—1000 sources in a city /region based on personal computers.

Raster grid characteristics.

MARS presents the territory of a city/region as a rectangle with a superimposed reg-
ular grid. The rectangle is described by the three parameters given in Table 7.1. The
coordinate system of the city/region starts in the left lower corner of the rectangle. In
MARS, all computations are carried out for the vertices of the left lower corners of respec-
tive raster elements.

Technological and economic characteristics of initial atmosphere protection
activities.

An atmosphere protection activity in MARS

e is technologically feasible for a given source;
e reduces pollutant emission;
e contains the economic assessment of expenses.

When preparing information on the technological and economic characteristics of at-
mosphere protection activities, one should employ the most complete set using data from
enterprises whose sources are considered, information from research and design institu-
tions, literature data, domestic and foreign experience. In this case MARS would be able
to realize one of its essential advantages — high technological and spatial resolution of
model calculations.

Since atmosphere protection activities are characterized by high variability and are
closely connected with the specific peculiarities of emittents, at present it is not possible
to suggest an unambiguous methodology for composing the initial data bank for a given
city /region. However, for each source type a ‘‘universal” activity series can be selected,
which can usually be employed when developing the initial data bank. Let us give a few
examples referring to emittents encountered in any city/region.

Large-scale power protection facilities:
e gas treatment (electrostatic precipitators, wet ash collectors, battery cyclones);

e Nitrogen oxide emission reducing processes ( a coefficient — excess air — reduction,
stack gas recirculation, two-stage fuel combustion, installation of straight-flow
burners, steam supply into boiler furnaces, catalytic reduction of nitrogen oxides);

e processes reducing atmospheric emission of sulfur dioxide (stack gas desulfurization
using lime, magnesite and ammonia-digestion technique, fluidized-bed fuel combus-
tion, conversion to fuels with a lower sulfur content).

Industrial and municipal botlers:
e elimination owing to power production from other sources;
e conversion to fuels with a lower sulfur content.
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Machine building and metal-processing enterprises:
e installation of various dust collectors (fibre filters, wet dust collectors, Venturi
scrubbers, etc.);
replacement of heating furnaces by the induction ones;
replacement of cupolas by induction furnaces;
installation of core-making machines instead of driers;

reburning of cupola gases.

Building material production:
e installation of various dust collectors (electrostatic precipitators, bag filters);
o stack gas desulfurization using lime (at rotating furnaces of large cement plants).

These examples (far from being complete) can be extended in the process of accumu-
lating experience of MARS application to various cities/regions. In this respect the appli-
cation of MARS is considered one of the most realistic ways to compose inventories of at-
mosphere protection activities. In practice, when preparing data on initial activities, it is
convenient to use a system of specific indices developed with regard to various atmosphere
protection processes and associated with specific sources. This approach can be con-
sidered another step towards composing a classification of atmosphere protection activi-
ties.

As an illustration, let us give data characterizing the variations of specific cost in-
dices for some technological solutions which are often used: energy production to reduce
the emission of ash (Table 7.2); nitrogen oxides (Table 7.3); and sulfur oxides (Table 7.4).
Similar grounds to determining the characteristics of various air protection measures can
also be developed for other industries.

Table 7.2  Ash emission decreasing characteristics.

I
Measure | Emission Cepital Operational
name | Decrease Costs Costs
, % rub/Km3/hour rub/Mm3
Multicyclone 95.0 225 13.5
Recirculstion
Multicyclone 95.0 250 14.0
Bag~filter 95.0 170 13.5
Vet Venturi 96.0 135 9.0
Vet Scrubber 96.0 105 7.5
Vet Scrubber D 98.0 120 8.0
Electric Precipitator
UG-2-3 98.0 690 30.0
Electric Precipitator
UuG-3-3 99.0 780 26.0
Electric Precipitator
UG-2-4 99.0 885 39.0
Electric Precipitator
UG-3-4 99.5 900 31.5

Centrifugal Scrubber plus
Electric Precipitator
UG-2-3 99.5 765 23.0




- 41 -

Table 7.3 NO, emission decreasing characteristics for the set of measures. Gas and
liquid fuel.
I
Measure | Emission  Vapour Capital Operational
name | Decrease productiv. Costs Costs
| of boiler rub/Km3/hour rub/Mm3
I
Stright flow
burners 20.0 220-670 78 0.6-2.0
950~1750 46
2650-3650 27
Boilers transfer 30.0 220-670 156 0.4-4.0
to combustion with 950-1750 129
low air access 2650-3650 18
Transfer to direct 50.0 220-670 123 5.0-15.0
injection or 950-1750 66
installation of 2650-3650 36
aeration for high
moisture coal
Complex of measures 60.0 220-670 280 6.0-20.0
950-1750 214
2650-3650 53
Table 7.4 NO, emission decreasing characteristics for the set measures. Pulverized coal
fuel.
|
Measure | Emission  Vapour Capital Operational
name | Decrease productiv. Costs Costs
| % of boiler rub/Km3/hour rub/Mm3
|
Two stage combustion 20-25 120-170 120 1.5-2.6
210-275 110
320-500 78
6€40-670 59
800-1250 55
Gas recyculation into 20-25 120-170 245 2.0-4.0
combustion core for 210-275 175
solid bottom 320-500 120
640-670 100
800-1250 80
Transfer to direct 20-25 120-170 600 7.0-18.0
injection or installation 210-275 500
of aeration mills for 320-500 480
high moisture coals 640-670 325
800-1250 280
Furnace tranfer from 20-25 120-170 1760 27.9-96
liquid to solid sleg 210-275 1050
removal for high 320-500 700
moisture coals 640-670 500
800-1250

About 150-250 large air pollution sources are usually considered in real cities with
the population of 0.5-1 million people. The initial bank usually includes 100-200 meas-

ures on reduction of the most typical pollutant emissions.

In meso—scale regions the

amount of aggregated sources usually makes up 300-500, the number of initial measures
being equal to 150-200, since MARS-2 treats sulfur compounds as “‘the main’’ pollutant.
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Calculation of relative danger coefficients.

The mean values of o in each raster of the regular grid are evaluated in accordance
with Approzimate economic damage ... (1986):

a,-—Si
S )

o=

where S is the area of the raster; S; the area within the raster covered by the i-th type of
recipients (forests, agricultural lands, populated areas, etc.). o; values are tabulated.
To assess the areas occupied by various recipients in each raster one can use the data

on the land use structure in the given region. If a city is considered, a single value of o
can be calculated for the whole territory in accordance with the population density.

Calculation of meteorological parameters.

To evaluate meteorological parameters, one can use climatic hand-book data for
relevant aerologic stations situated in (or adjacent to) the territory of the city/region.
Calculation methods are considered in detail in Section 4.

Phystco-chemical parameters.

These parameters are obtained by generalizing reported data, in particular from re-
views (Eliassen, 1980; Air pollution, 1982; Ryaloshapko, 1983; Galperin, 1985; Fisher,
1983; Henry et al., 1984).

The formation and accompaniment of a data base in MARS is carried out by special
programs.
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8. INustrative Examples

The calculation was done for a hypothetical city and region. The test city is
represented by the regular grid 9 x 6 with a space of 1 km. Twelve sources emitting six
types of pollutants into the air basin are located on its territory. All the data necessary
for calculation using the MARS model blocks are given in Tables 8.1, 8.2, and 8.3. The
maximum emissions (in g/sec) are used for calculation of the near ground concentrations
under normal unfavorable conditions.

Table 8.1 Data about the city.

Number of sources: 12

Vind directions | South S-Uest \West N-West Nord N-East East S-East

Reiteration | 0.150 0.170 0.130 0.100 0.100 0.100 0.110 14
speed(m/s): | 5.9 6.4 59 56 48 5.1 ie %5
Mean annual speed of the wind near the surface (m/s): 5.5000
Mean annual temperature of the air ( C ): 5.0000
Temperature in June/July in 13.00 ( C ): 19.0

Regular grid parameters for the city:

The number of cells from the Vest to the East (X-axes): 9
The number of cells from the South to the Nord(Y-axes ): 6
Grid step (km): 1.0
Accuracy of the "SIQMA" calculation: 4

Potlutant number upon which
the data have been entered: 1 2 3 4 6 7

"SIGMA matrix"

test (city)
6 1.60 2.40 2.70 0.80 3.40 3.90 3.10 5.20 5.90
S 4,00 4.00 4.00 6.20 7.80 6.30 4.60 4.20 3.40
4 2.30 2.60 2.90 3.60 2.80 1.30 1.40 1.40 2.30
3 1.60 0.50 0.80 3.10 3.60 2.30 2.70 2.80 4.30
2 4.00 4.00 1.50 1.90 5.20 5.10 5.20 6.30 7.00
1 4.00 3.60 1.30 1.80 4.20 4.60 5.00 4.10 3.20

1 2 3 4 5 6 7 8 9

Table 8.2 Information about the sources of the city.

[Number| H |Diam| Temp. [Volume|Coeff| % | Total emission of pollutants ktons/year | Source |
| | | | | |SIGMA| Dust | |Coordinat., km|
| ] m | m|grad.C | 3 | | sep. | Dust | SO | NO | NH | CH | HF I CO | |
] | | | im /s | I | [ 2 | X | 3 | | | X 1Y |
] 1 | 2 1 3| 4 | S | 6 | 7 | 8 | 9 | 10 | n | 12 | 13 | 14 | 15 | 16 |
| 1. 1200.0] 8.1] 138.0 | 225.9] 3.49] 0.0 | 0.500 |25.600 | 1.150 | 0.000 | 0.000 | 0.000 | 1.344 | 2.25 | 3.50]
| 2. | 83.0] 7.4| 220.0 | 303.8| 3.90] 0.0 | 0.210 | 9.700 | 0.540 | 0.000 } 0.000 | 0.000 | 0.000 | 7.50 | 4.90]
| 3. [103.0] 4.8 200.0 | 81.7| 3.49] 0.0 | 0.054 | 1.200 | 0.100 | 0.000 | 0.000 | 0.000 | 0.000 | 5.70 | 2.10]
| 4 | 20.0] 0.6 210.0 | 0.3] 4.66] 0.0 | 0.000 | 0.130 | 0.020 | 0.000 | 0.000 | 0.000 | 0.000 | 4.49 | 4.92]
{ 5. | 20.0{ 0.3} 200.0| 0.5/ 2.08/ 0.0 | 0.070 { 0.090 | 0.010 | 0.000 | 0.000 | 0.000 | 0.016 | 2.67 | 1.83|
| 6. | 18.0] 0.6] 160.0 | 0.1} 3.52] 0.0 | 0.050 | 0.040 | 0.000 | 0.000 | 0.000 ] 0.000 | 0.008 | 8.22 | 2.43|
| 7. | 15.0] 0.5] 45.0 | 0.0} 2.71] 0.0 | 0.060 | 0.060 | 0.000 | 0.000 | 0.000 | 0.000 | 0.014 | 6.46 | 3.81]
| 8. | 24.0/ 0.8] 180.0 | 0.5| 4.18] 0.0 | 0.010 | 0.140 | 0.010 | 0.000 | 0.000 | 0.000 | 0.002 | 3.57 | 3.30|
| 9. |102.0] 2.0} 45.0 | 19.4] 3.15| 0.0 | 0.000 | 9.700 | 4.300 | 0.000 | 0.000 | 0.000 | 0.000 | 1.50 | 5.16|
| 10. | 33.0] 0.8] 20.0 | 1.6] 4.14} 81.1 { 1.100 | 0.000 | 0.000 | 0.000 | 0.000 | 0.220 | 0.000 | 4.31 | 1.66}
| 11. | 30.0] 0.4] 20.0 | 1.5] 4.49] 0.0 | 3.200 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 5.12 | 3.87|
] 12. | 23.0] 0.6] 37.0 | 2.6] 2.00] 0.0 ] 0.020 | 0.000 | 0.000 | 1.503 | 0.000 | 0.008 | 0.000 | 1.91 ] 1.72]

Total emission of pollutants in region | 5.3 46.7]| 6.1] 1.5] 0.0]| 0.2]| 1.4 | |
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Table 8.3 Max emission data (city).

|Source | MAX emission, g/s |
{number |

| | Dust | SO | NO ] NH | CH I HF | CO |
I I i 2 | X 3 I | I
| 1 | 17 | 18 | 19 | 20' | 21 | 22 | 23 |
| 1. | 40.30 | 990.00 | 312.00 | 0.00 | 0.00 | 0.00 | 107.53 |
| 2. | 40.60 | 960.10 | 72.60 | 0.00 | 0.00 | 0.00 | 0.00 |
| 3. | 10.10 | 560.30 | 18.40 | 0.00 | 0.00 | 0.00 | 0.00 |
| 4. | 0.00 | 8.00 | 0.70 | 0.00 | 0.00 | 0.00 | 0.00 |
| S. | 3.70 | 4.90 | 0.40 | 0.00 | 0.00 | 0.00 | 0.76 |
| 6. | 2.70 | 2.70 | 0.00 | 0.00 | 0.00 | 0.00 | 0.48 |
| 7. | 3.90 | 3.60 | 0.00 | 0.00 | 0.00 | 0.00 | 0.90 |
| 8. | 1.00 | 12.00 | 1.10 | 0.00 | 0.00 | 0.00 | 0.20 |
| 9. | 0.00 | 304.60 | 132.40 | 0.00 | 0.00 | 0.00 | 0.00 |
| 10. | 7.40 | 0.00 | 0.00 | 0.00 | 0.00 | 6.90 | 0.00 |
| 1. | 62.20 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 |
| 12. | 3.50 | 0.00 | 0.00 |  45.97 | 0.00 | 0.26 | 0.00 |

The structure of the economic damage according to the sources and pollutants is
obtained (Table 8.4) after realization of the model of determination.

Table 8.4 Economic damage structure in the city.

{Source]| Full economic damage components Krubles/year | Full | Full
|Number | | economic | economic

| |  Dust | SO | NO | NH | CH | HF | co | Damage | Damage

| | | 2 | X | 3 | | | Krubles/year | %

[ | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 10

| 1. | 1883.3] 330. 4| 37.0] 0.0] 0.0] 0.0] 1.1} 2251.77 | 10.09
| 2. 883.8| 217.6]| 30.2} 0.0] 0.0] 0.0] 0.0} 1131.48 | 5.07
i3 203.5/| 21.5] 4.5] 0.0] 0.0] 0.0] 0.0] 229.52 | 1.03
| 4. 0.0] 8.4] 3.2] 0.0] 0.0] 0.0] 0.0] 11.62 | 0.05
| 5. 157.1] 2.6} 0.7] 0.0] 0.0] 0.0] 0.0] 160.52 | 0.72
| 6. | 190.3] 2.2| 0.0] 0.0] 0.0] 0.0]| 0.0] 192.57 | 0.86
| 7. 175.4| 3.2] 0.0] 0.0| 0.0] 0.0] 0.0] 178.60 | 0.80
| 8. | 45.1] 7.9 1.4] 0.0] 0.0] 0.0} 0.0] 54.38 | 0.24
| 9. ] 0.0] 288.4] 318. 4| 0.0] 0.0] 0.0] 0.0] 606.79 | 2.72
| 10. | 952.9] 0.0] 0.0] 0.0] 0.0] 938. 3] 0.0} 1891.26 | 8.48
| 11, ] 15526.5] 0.0} 0.0| 0.0] 0.0] 0.0] 0.0]| 15526.49 | 69.59
| 12, ] 43.1] 0.0} 0.0] 15.4] 0.0] 17.3| 0.0] 75.78 | 0.34
[Total | 20061.0} 882.2] 395. 4] 15.4] 0.0] 955.6| 1.2] 22310.77 |

| % | 89.9| 4.0] 1.8} 0.1] 0.0} 4.3 0.0] | 100.00

The results obtained at the A stage of the optimization algorithm are given in
Tables 8.5-8.7. Here the bank of initial actions is divided into groups, where each of
columns 6-21 characterizes the corresponding action from the point of view of one of the
criteria. Expenses on realization of the given action are shown in columns 4 and 5 of the
tables. The table of alternatives associated with each of the groups permits composition
of permissible series at the stage B of the algorithm.
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Initial measures database for emission decrease in the sources (“‘+” increase,

4.7 decrease).

group 2

|Number [Number [ Invest. | Full | Pollutants emission variations, Ktons/year |Variation|
|meas. |Sour. | |expend. | | damage |
| | K | K | Dust | SO | NO | NH ] CH | HF | Co K |
| | rb/year |rb/year | | 2 | X 3 | | Irub/year |
2. ] 1. | 4. | 16.8] 9.1 ] 0.000] -0.130] -0.074] 0.000] 0.000] 0.000] 0.000] -10.7|
I 2.1 2. ] 4. | 10.0] -6.6 | 0.000] -0.020| -0.020| 0.000| 0.000] 0.000] 0.000] -227.4|
| 2.1 3.1 5. | 6.0} -7.4 | -0.069] 0.070} 0.020] 0.000} 0.000] 0.000| -0.016] -221.1}
| 2. 4. ] 6. | 6.0] -4.6 | -0.049| 0.030] 0.000]| 0.000]| 0.000] 0.000| -0.008| -224.4|
| 2. 5.1 7. | 9.0| -6.2 | -0.059| 0.040] 0.000] 0.000] 0.000] 0.000] -0.014] -223.1|
{Number |[Number |Source | [ndex variations | Total |
|group |measur |number| | |

|ment | | Dust | SO | NO | NH ] CH | HW | CO | |
I | | ! I 2 | X 31 | I | I
| I 2 | 14 | 15 16 | | 18 | 19 | 20 | 21 |
| 2. ] 1. ] 4. | 0.00] -1.08] -0.25] 0.00] 0.00] 0.00] 0.00] -1.32]
f2. 1 2.1 4. | 0.00f -1.08| -0.35] 0.00| 0.00} 0.00] 0.00} -1.43]
| 2.1 3.1 5. 0.00] 0.00] -0.11] 0.00] 0.00] 0.00| 0.00{ ~0.11]
| 2.1 4. | 6.1 0.00] 0.00] 0.00] 0.00] 0.00] 0.00] 0.00] 0.00]
| 2.1 S. 1 7. 0.00] 0.00] 0.00] 0.00] 0.00| 0.00] 0.00] 0.00]

TN N =

group 2

"The table of the incompatible measures
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Table 8.7 Initial measures database for emission decrease in the sources (‘‘+’’ increase,
¢“.” decrease).

group 1

|Number [Number | [nvest. | Full | Pollutants emission variations, Ktons/year |Variation|

|meas. |Sour. | |expend. |- | damage |

| | | K | K | Dust | SO |  NO | NH | CH | W | €O | K |

I | Irb/year |rb/year | | 2 | X | 3 ] | | |rub/year |

|1 I 2 | 3 | 4 5 | 6 | 7 | 8 ] 9 | 10 | 1 | 12 | 13 |
[ 3.7 1.7 9.1 78i0.0 | 1000.0 | 0.000T  -9.700] -4.300] 0.000] 0.000] 0.000] 0.000] -606.8]|
| 3. ] 2. ] 10. | 650.0 | 99.0 | -1.093| 0.000]| 0.000]| 0.000] 0.000] -0.220] 0.000] -1885.3|
o3 3 11| 60.4 | 27.0 | -3.139| 0.000| 0.000} 0.000] 0.000]| 0.000]| 0.000} -15513.8|
| 3. | 4. 12. | 1260.0 | 178.0 | 0.000}| 0.000} 0.000] -1.423| 0.000| -0.003] 0.000| -21.3]
|Number |[Number [Source | Index variations | Total |

|group [measur [number | | |

| |ment | | Dust | SO | NO | NH | CH | HW | €O | |

| ! | | | 2 | X | 31 I | I |

| 1 1 2 | 3 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 |

| 3.1 1.1 9. 0.00] -8.89| -47.18| 0.00] 0.00] 0.00} 0.00| -56.06]

| 3.1 2.1 10. | 0.00] 0.00] 0.00] 0.00| 0.00|] -~11.61] 0.00] -11.61}

| 3.1 3. 11| -17.30] 0.00] 0.00j 0.00] 0.00] 0.00| 0.00| -17.30|

|3 4. 12, | 0.00] 0.00] 0.00] -36.06] 0.00] 0.00{ 0.00| -36.061

"The table of the incompatible measures
group

NN —
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The major results of the MARS-I use for calculations for a hypothetical city are the
optimum functions of expense-effect received for various criteria for the investments
presented in Figure 8.1.

Curves 1,2,3, are the optimum trajectories of particulate matter, SO;, NO, annual
emission reduction, correspondingly.

Curve 4 characterizes the possibility of the economic damage prevention.

Curves 5,6 are plotted for the index of particle concentrations and for the total index
of all six pollutant concentrations participating in calculation.

The example of the optimum series of actions for the A point, corresponding to an
expense of 10.8 min. roubles (the optimum strategy) is given in Table 8.8.
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Pollutant emission variations,

Optimal strategy (‘‘+” increase, ‘-’ decrease).
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Tables 8.9 and 8.10 comprise the data on the region and pollutants necessary for cal-

The regional test is calculated for a territory of 60 km x 50 km ( 6 x 5 with the
culation using MARS-2 as a region.

space of 10 km) and seven sources of five pollutants.
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Data about the region.
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Number of sources: 7
Vind directions | South S-Vest Vest N-Vest  Nord N-East East S-East
Reiteration | 0.400 0.100 0.100 0.050 0.050 0.050 0.050 0.200
Vind directions | Dir. 1 Dir. 2 Dir. 3 Dir. 4 Dir. 5 Dir. 6 Dir. 7 Dir. 8 Dir. 9 Dir.10 Dir.11 Dir.12
Reiteration | 0.200 0.200 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.100 0.100
Mean annual speed of the wind near the surface (m/s): 5.1000
Mean annual temperature of the air ( C ): 5.0000
Mean annual height of the layer permeation (m): 680.0000
Mean annual pecipitation (mm/year): 700.0000
Mean annual atm. stratification parameter: 0.0%00
Mean ann. vertic. diffusion coeff. in layer permition (m**2/s): 6.9000
Mean ann. goriz. diffusion coeff. in layer permition (m**2/s): 8.2000
S02 time span relative to its transformation into SO4(hour): 67.0000
S02 time span relative to its dry deposition (hour): 13.0000
S04 time span relative to its dry deposition (hour): 300.0000
S02 wash-out coefficient (1/mm): 0.3600
S04 wash-out coefficient (1/mm): 0.3600
S02 dry deposition speed (m/s): 0.0100
S04 dry deposition speed (m/s): 0.0020
Time interval (min): 10.0000
Regular grid parameters for the region:
The quantity of cells from the Vest to the East (X-axes): 6
The quantity of cells from the South to the Nord(Y-axes): 5
Grid step (km): 10.0
Accuracy of the "SIGMA" calculation: 10

Pollutant numbers upon which
the data has been entered:

1

2 3 4 6

Agressive pollutants coefficients:

1.

Dust

2.502
3.NOx

4.
5.
6.
7.
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- MW~
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co
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The structure of the economic damage according to sources and pollutants and the

distribution of the total economic damage along the elements of the regular grid are

emission of pollutants in region

presented in Table 8.11.
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Table 8.11 Economic damage structure in the region.

|Source| Full economic damage components Krubles/year | Full | Full
|Numbe r | ====== == e | economic | economic
| |  Dust | SO | NO | NH | CH | HF | co | Damage | Damage

| | | 2 | X | 3] | | | Krubles/year | %
[ [ 2 [ 3 | 4 | 5 | 6 | 7 | 8 [ 9 | 10

| 1. | 42.1) 193. 1] 96.2] 0.0] 0.0 0.0] 0.0] 331.46 | V.
| 2. 192.81 246.2| 81.8| 0.0] 0.0} 0.0] 0.0} 520.74 | 2.
| 3. 311.7) 4(83.5] 197. 1| 0.0} 0.0} 0.0| 0.0} 992.19 | 4.
|4 68.9] 252.7] 209.8| 0.0]| 0.0] 0.0] 0.0 531.46 | 2.
| 5. | 4249.5] 207.8| 51.8] 0.0} 0.0] 0.0] 0.0] 4509.10 | 21.
| 6. | 4957.2) 0.0} 0.0} 20.7| 0.0} 4370} 0.0] S414.87 | 25.
| 7. ] 8100.0| 0.0] 0.0| 37.1] 0.01 876.6| 0.0 9013.68 | 42.
[Total | 17922.3| 1383.3] 636.61 57.71 0.0] 1313.6] 0.0] 21313.50 |

% 84.1} 6.5] 3.0] 0.3 0.0} 6.21 0.01 | 100.

Ecomomic damage distribution in the region (%)
TEST REGION Pollutant 1
1% of the economic damage = 179.223 Krubles/year

S /1117117 /<<<dith |

[/7777777/<<<#& |

4 177777111/ /7|

17777/ /7 |

3 11111/<<<////17)
2

|
|
| 717777<<<///777]
|
|
|

2.46 >>> 4.92

.00_ ///  0.01_ \\\ _ B
NN 492 > 7.37

0
0.00° /// 2.46
7
9

<<<
<<<

L37_ 44+ 9.83
.83 44+ 1229

1 12.29_ 222 14.74_
I 14,747 222 17.20

S§SS 17.20_ XXX 19.65

_ 22.11_ 838 24.56_
SSS 19.657 XXX 22.11

24.56° 888 27.02

WAV 27.02_ $$% 29.48_ ™= 31.93_ ### 34.39_
WA 29.48  $88 31.93 ==~ 3439 ### 36.84

The calculation results on the model of transport, transformation and deposition of
SO, in the atmosphere of the region and the distribution of the potential damage indices
for coniferous from sulfur compounds total deposition, as well, are presented in the same
table.

Tables 8.12-8.14 are the bank of the initial regional actions.
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Initial measures database for emission decrease in the sources (“‘+” increase,

group 1

INumber [Number | Invest. | Full | Pollutants emission variations, Ktons/year [Variation]|
Imeas . |Sour. | fexpend. |--——--mmmrmmmom oo oo oo o oo o oo m oS m o mse oo oo | damage |
| | | K | K | Dust | SO | NO | MNH | CH | HF | Co | K |
| | |rb/year |rb/year | | 2 | X | | | | |[rub/year |
| 2 | 3 1 4 b5 I 6 ] 7 J 8 ] 9 | 10 | t | 12 | 13 I
| V. ] 1. 1 360.0] 170.0] -0.618] -1.000] 0.000] 0.000]1 0.000] 0.000] 0.000] -51.9]
| 2. | 1.1 370.0f 90.0] -0.6541% 0.000] 0.000] 0.000¢ 0.000| 0.000] 0.000] -34.5]
| 3.1 1. | 1860.0] 520.0] 0.000f -1.000f -D.400| 0.0001 0.000] 0.000] 0.000] ~38.6|
| 4. | 1. | 3000.0] 700.0| 0.000| -3.000] 0.000] 0.000| 0.000] 0.000}| 0.000] -57.9]
| S. | 2. | 4800.0] 500.0j 0.000| -4.500| -1.000| 0.000} 0.000] 0.000] 0.000] -114.7]
| 6. 2. | 190.0{ 50.01 -0.470f -1.500] 0.000] 0.000] 0.000] 0.000] 0.000] -205.9]|
| 7.1 2. | 5000.0f 600.0| 0.000f -9.000} 0.0001 0.000] 0.000| 0.000] 0.000] -147.7|
| 8. 2. | 3500.0/ 400.0] 0.000] -3.750] 0.000] 0.000| 0.000| 0.000| 0.000] -61.5]
|Number |[Number |[Variation| Variation Sulphur transfer out of region, Ktons/year |Variation]|

| meas.| sour.| total }------————-—----— | index |

| | | deposit.| Total |sectorl|sectorl|sector3|sectoré4|sectorS|sector6|sector?|sector8| danger |

| ] {Ktons /yer{ | J | conifer |
2 1 3 | 14 | 15 | 16 | 17 | 18 | 19 | 20 |21 ] 22 | 23 | 24 |

| 1. ] 1. ] =-0.04 | -0.46 | -0.129| -0.095| -0.059| -0.034| -0.033| -0.033| -0.033| -0.043| -0.06 |

| 2. | 1. ] 0.00 | 0.00 | 0.000| 0.000| 0.000| 0.000| 0.000f 0.000) 0.000| G.000] 0.00 |

I 3.1 1.1 -0.04 | -0.46 | -0.129| -0.095| -0.059| -0.034| -0.033} -0.033] -0.033] -0.043] -0.06 |

| 4. 1. ] =0.12 | -1.38 | -0.388| -0.284| -0.178| -0.102| -0.099| -0.099| -0.099| -0.129] -0.16 |

| 5.1 2. -0.18] ~2.07 | -0.599| -0.415| ~0.257| -0.145| -0.145) -0.154| -0.155| -0.201| -0.34 |

] 6. ] 2. -0.06 | -0.69 | -0.200] -0.138| -0.086| -0.048| -0.048) -0.051] -0.052| -0.067| -0.13

| 7.1 2. -0.36| =414 | -1.199| -0.829} -0.515| -0.291( -0.291| -0.308| -0.311| -0.401] -0.56 |

| 8 | 2. -0.15] -1.73 | -0.499| -0.346| -0.215| -0.121{ -0.121| -0.128] -0.129| -0.167] -0.29 |

The table of the incompatible measures

group 1

*

12 3 45 6 7 8

*

M ~NONU I (NP —
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Initial measures database for emission decrease in the sources (‘“‘+ increase,

group 2

[Number [Number | Tnvest. | Full | Pollutants emission variations, Ktons/year |Variation]|
|meas. |Sour. | |expend. |———===m oo oo o e e | damage |
| | | K | K | Dust | SO | NO | NH | CH | HF | €O | K |
| | irb/year |rb/year | | 2 | X | 3 | | | |rub/year |
2 1T 3 71 4 I 5 [ 6 i 7 | 8 | 9 | 10 ! 11 [ 12 | 13
] 1. ] 3. ] 44000.0] 5780.0] -0.381] -37.320] -2.700] 0.000] 0.000] 0.000] 0.000] -309.1)
t 2.1 3. | 1280.0] 350.0/ 0.000] -11.000] -1.800} 0.000] 0.000]| 0.000] 0.000] -136.1]
| 3. | 3. | 2480.0] 370.0| -1.950] -5.500] 0.000] 0.000| 0.000| 0.000 0.000]| -95.1)
| 4. ] 4. | 700.0] 1650.0] -1.200] =-12.000] -1.000]| 0.0001 0.000/{ 0.000| 0.000] -374.1]
1 5. 4, | 150.0| 70.01 -0.960| 0.000] 0.000] 0.000] 0.000] 0.000| 0.000]| -55.1]
| 6. | 4. | 5640.0{ 2920.0] ~1.200| -12.000| -3.400] 0.000] 0.000| 0.000] 0.000] -S00.0]
| 7.1 3. | 2000.0§ 300.0] 0.000| -11.000} 0.000] 0.000} 0.000] 0.000] 0.000| -96.7|
|Number [Number [Variation| Variation Sulphur transfer out of region, Ktons/year |Variation|
| meas.| sour.| total [==——=——memmm e e | index |

| | deposit.| Total |[sectorl|sector2|sector3|sectorilsectorS|sectoré|sector?|sector8| danger |
| | |[Ktons/yer | | | | | | | conifer |
| 2 1 3 14 | 15 | 16 | 17 | 8 | 19 | 20 | 21 | 22 | 23 | 24 |
| 1.1 3.1 -1.8 | -16.80 | -4.618] -3.394| -2.135| -1.277) =-1.277| -1.277) -1.277| -1.548] -9.17 |
| 2.1 3. -0.55] -4£.95 | -1.361| -1.000| -0.629| -0.376| -0.376| -0.376] -0.376| -0.456|] -3.50 |
| 3.1 3. -0.27 | -2.48 | -0.681| -0.500f -0.315| -0.188| -0.188| -0.188{ ~0.188| -0.228] -1.83 |
| 4. | 4. | -=0.35 | -5.65 | -1.622| -1.182] -0.739] -0.433t -0.411| -0.387] -0.383| -0.495| -0.28 |
| 5.1 4. | 0.00 | 0.00 | 0.000| 0.000f 0.000| 0.000| 0.000/ 0.000| O0.000|] 0.000f 0©.00 |
| 6. 4. | -0.35 | -5.65 | -1.622| -1.182| -0.739| -0.433] -0.41Y{ -0.387| -0.383| -0.495| -0.28 ¢
| 7.}V 3.1 -0.55 | -4.95 | -1.361} -1.000] -0.629| -0.376| -0.376] -0.376| -0.376| -0.456| -3.50 |

The table of
group 2

5 6 7

*

»*
»*

NV NN —

the incompatible measures
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Table 8.14 Initial measures database for emission decrease in the sources (“+’’ increase,
“.”” decrease).

group 3

[Number [Number [Tnvest. | Full | Pollutants emission variations, Ktons/year [Variation|
imeas. |Sour. | lexpend. f==mmmmm oo e e e e e e e e e e | damage |
| | | K ] K | Dust | SO | NO | NH | CH | HF | Co | K |
| | Irb/year |rb/year | | 2 X | 3 | | |rub/year |
2 |1 3 | A j 5 | 6 | 7 | 8 ] 9 [ 10 [ 11 ] 12 | 13

| 1.1 5. | 1000.0]f 120.0] -0.280] 1.000] 1.000] 0.000] 0.000] 0.000] 0.000] -4210.8]
| 2. ] 6. | 650.0] 100.0] -2.584] 0.0001 0.000] 0.000] 0.000] ~0.380] 0.000| =-14292.5|
I 3. ] 6. | 1260.0] 200.0] 0.000]| 0.000] 0.000] -0.947] 0.000] -0.041] 0.000]| -197 .4
I R | 700.0} 100.0] -1.190] 0.000] 0.000| -2.110] 0.000] -0.280] 0.000| -9013.7|
| 5.1 7.1 350.0} 150.0] -1.054] 0.000] 0.000] 0.000] 0.000] 0.000] 0.000| -5022.0]
|Number |Number [Var iation| Variation Sulphur transfer out of region, Ktons/year |Variation|

| meas.| sour.| total |- e e e e e | index |

| | | deposit.| Total |sectorlisector?|sector3|sectoré|sectorS|sectoré|sector?|sector8| danger |

| | |[Ktons/yer | | | | | | | | | | conifer |

| 2 } 3 | 14 i 15 | 16 |17 ] 18 | 19 | 20 |21 | 22 | 23 | 24 |

| 1.1 5. 0.00 | 0.50 | 0.139] 0.124] 0.077] 0.041] 0.031) 0.022| 0.024] O0.043] 0.%9 |

| 2.1 6.1 0.00 | 0.00 | 0.000} 0.000| O0.000] 0.000/ 0.000f O0.000| 0.000| 0.000] 0.00 |

| 3.} 6. | 0.00 | 0.00 | 0.000f O0.000f O0.000f O0.000f O0.0001 0.000f O.000} 0.000} 0.00 |

[ Y S| 0.00 | 0.00 | 0.000| 0.000f O0.000| O0.000f O0.000( 0.000] O0.000| 0.000| O©.00 |

| S, 7. 0.00 | 0.00 | 0.000] O0.000| O0.000| O0.0001 0.000} 0.000| 0.000|] 0.000] 0.00 |

The table of the incompatible measures
group 3

TN —

* % % %

Figure 8.2 represents the optimum functions of expense-effect calculated for the
three types of criteria:

a. the maximum decreasing of total sulfur compounds emission;

b. the maximum prevention of the economic damage from the atmosphere pollution in
the region.

Table 8.15 is the optimum series of actions for B point (Figure 8.2) corresponding to
the expense of 63.7 mln. roubles and decreasing of sulfur compounds deposition for 85.8%.
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9. Experience Gained from the MARS Practical Use

The system of models devised was used in the USSR to assess the efficiency of atmo-
sphere protective actions in a particular city and region. The region (Estonian SSR) was
presented by a regular grid of 32 x 32 with a cell size of 10 km x 10 km. Calculations
were done for 298 enlarged sources of atmosphere pollution and 176 initial actions were
analyzed.

In the grid of the industrial center of Tallin City of 30 x 34 with a cell of 1 km x 1
km, 149 enlarged sources were located.

Calculation results for seven pollutants (partlculate matter, SO, NO, NH; CH,
HF, and CO,) on each of the criteria included in the MARS and in the mltlal data banks,
are nowadays used in practice.

The examples of spatial distributions of emission, economic damage, and the max-
imum surface concentrations of particulate matter, SO, and NO, for the capital of
Estonia, Tallin, are given in Figures 9.1, 9.2, and 9.3. The maximum surface concentra-
tions are calculated in MARS parts for dangerous wind directions indicated in the
corresponding positions of the matrix (first direction is the wind from the West to the
East, further counterclockwise in 10 degrees).
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Examples of spatial distributions of particulate matter emissions.

Figure 9.1
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Figure 9.2 Examples of spatial distributions of economic damage in Tallin (Estonia,

USSR).
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