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OVERVIEW
In almost all countries including India, the air pollution legislation is based on a certain accepted level of pollutant concentration. To plan and execute air pollution programmes designed to meet the requirements of the legislation, therefore, we may be called upon to predict the ambient air pollutant concentration that will result from any planned activity. We can make these predictions by using air pollution models, which is the focus of this Unit. Note that meteorological parameters along with atmospheric turbulence and stability aspects, which we studied in Unit 5, contribute to these predictions. We will begin Unit 6 by the purpose of air pollution modelling. We will then discuss the classification of air pollution models with particular reference to fixed-box and diffusion models. We will close the Unit by listing some critical comments on application of the air pollution models. 

LEARNING OBJECTIVES

After completing this Unit, you should be able to:

· explain the aim and classification of air pollution models;

· predict the ambient air concentration using a fixed-box model;

· critically examine the results of a diffusion model;

· choose an appropriate air pollution model.

 

6.1
AIM OF AIR POLLUTION MODELLING

In Unit 5, we studied that depending on the height at which the air pollutant has been discharged, the wind velocity, the wind direction and stability condition of the atmosphere, the air pollutant mixes with the atmospheric air, gets diluted with more and more air and moves along in the direction of the wind. With distance, the concentration of the air pollutant keeps on decreasing. Note that it is generally expected that the ground level concentration should be within the accepted level. For example, the ambient concentration of sulphur dioxide in the atmosphere should not exceed 0.03 ppm on an 8-hour basis. By implication, it is essential for us to gauge the concentration of an air pollutant in the atmosphere after it has been emitted from a source in order to take appropriate steps to prevent/control air pollution. 

It is in this context that air pollution modelling gains importance. For example, by using air pollution modelling, we can understand the transport and dispersion of air pollutants by setting up experiments that simulate the source of release of the air pollutant. There are two approaches to modelling, and these are: 

(i)
Physical modelling: This can be done by designing and operating wind tunnel experiments where we scale down the meteorology around the source of pollution (e.g., the height of the atmosphere, the stack and buildings, etc.) These experiments, however, are expensive, time consuming and sometimes very difficult to conduct.

(ii)
Mathematical modelling: This can be done through mathematical expressions that can describe the transport of the air pollutant. These mathematical expressions can be written by applying the laws of conservation of mass (i.e., material balance), physics and chemistry. By doing so, we can calculate the air pollutant concentration at different distances from the source of air pollution and at different meteorological conditions. In other words, we conduct mathematical modelling in place of physical modelling. With the availability and access to computing machines, mathematical modelling is becoming increasingly popular to understand the air pollution transport. Mathematical modelling easily scores over physical modelling on various counts (e.g., reasonable accuracy, cost and time required.) Air quality models have become state of art tools for formulating and implementing rational air quality management. 

Air pollution modelling can be used for different purposes depending upon the scale of air pollution problem. At local level, for example, the air quality modelling can be used to:   

· establish maximum allowable air pollutant emission rates to meet fixed air quality standards;

· define immediate intervention strategy to avoid severe air pollution episodes in a given region (e.g., warning systems).

At the regional levels, we can use air quality modelling to:

· assess damages on materials, health and vegetation;

· evaluate the effectiveness of air quality networks;

· plan regional development and policies on zoning, traffic routes, etc.

At the continental and global levels, we can make use of air pollution models to:

· resolve air quality related differences;

· develop long-term air pollution control policies in order to protect the global ecosystem as a whole.

Air pollution modelling can be used as a tool for taking decisions in selected cases. We will discuss this in Subsection 6.1.1.

6.1.1
Tool for action

At the very outset, we should be clear that air pollution modelling is only a tool for a rational air quality management and is not the solution of the air pollution problem. In other words, the only solution is air pollution control/prevention. Air pollution control, however, is expensive and hence the need for rational guidance to make the air pollution control measures cost-effective. For example, if air pollution modelling results indicate that the catalytic converters may not be required for all vehicles but only for buses and trucks/lorries, the actual control may be carried out only in that transport segment. Air pollution modelling in this case becomes a tool to prioritise the control action. It is obviously unnecessary in this case to ask every vehicle in the city to install a converter as that will lead to public resistance as well as large expenses.

Another example could be that of a thermal power station (TPS) based on coal. Suppose that a decision has to be taken as to whether a flue gas desulphurisation (FGD) unit should be installed in order to protect a sensitive area where a bird-sanctuary is situated nearby. We can employ air pollution models to determine the transport, dispersion and deposition of SO2 from the tall stacks in the thermal power station. In this case, air pollution modelling becomes a tool to justify the use of expensive desulphurisation measures in order to protect the sensitive nature of the area.

There exists a relationship between monitoring and modelling of air pollution. We will now discuss this aspect in Subsection 6.1.2.

6.1.2
Monitoring vs. modelling 

Within the instrumental limitations, air monitoring provides us with the status of the air quality for a given source of pollution at a given time. The measurements may be accurate but costly and are time-dependent. For example, if the wind velocity or direction changes, we will get altogether different results of air pollutant concentration. 

Modelling provide us with a tool for predicting air pollutant concentration with time and space. Models can, therefore be used to prepare continuous profiles of air pollutants in urban areas under different meteorological conditions. 

Put differently, monitoring can, at best, tell us about the existing status of air quality but not about the likely changes in air quality for new projects and activities. Therefore, if additional activities are proposed in a certain location, the likely impact of additional air pollutants on the environment is possible by predicting the concentration levels of air pollutants with the use of air pollution models.

Modelling of air pollution can help us locate sites at which monitoring of air pollutants should be carried out optimally. For example, in a thermal power station located in a backward rural area, air quality modelling can indicate to us the sensitive sites where the pollution levels are likely to be critical under different meteorological conditions. So, instead of locating the monitoring instruments in an ad hoc manner, we can choose such sites and the occasions when the concentration levels are likely to be excessive. 

Air pollution modelling, however, gives only the predicted values of concentration of air pollutants of an existing or planned activity, if we know the quantity of the pollutant coming out of a source per unit time (i.e., actual or estimated using emission factors) and the meteorology of the place. These predicted values require verification so that the validity of the air pollution model can be ensured. This verification can be done by monitoring the air pollutant concentrations at a few representative locations and comparing these values with the predicted ones. 

Monitoring is, thus, necessary for establishing the credibility of the model. Besides, if a number of models are to be compared for their effectiveness, then the actual monitored data on air pollutant concentration can be used for judging the relative performance of the models.

Modelling and monitoring should, therefore, be used in a complementary manner to plan and implement air pollution control strategies. 


 

6.2 
AIR POLLUTION MODELS


In this Section, we will take up a few selected air pollution models for discussion. Some of them are quite simple, while others are very complex. We shall discuss simple models in some detail but avoid a detailed aspect of complex models in the present Unit. 

All air pollution models make use of material balances. In a material balance, we account for an air pollutant across a set of boundaries that are of interest to use. The general representation of material balance is:

Rate of accumulation of a pollutant = in flow rate – out flow rate + rate of creation  – rate of destruction of pollutant  




Equation 6.1
Note that all models are applied to one air pollutant at a time. If we have to consider a number of pollutants in a gas, for example, we should apply the models separately to each. 

6.2.1 
Fixed-box model

Fixed-box model is a low cost air pollution modelling method to roughly and quickly estimate the pollutant concentration in an urban atmosphere. To illustrate, let us consider an urban area, which is rectangular in size. Let us also assume that this urban area consists of different sources of pollution such as vehicles, stacks of industries, combustion activities, etc., as shown in Figure 6.1:
Figure 6.1 

Fixed-Box Model: An Illustration
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Let us now make the following assumptions: 

(i)
The urban area is considered to be rectangular with length, L, and width, W, with wind flowing along the x-direction that is parallel to L.

(ii)
The turbulence level in the mixing height is high enough to completely mix the air pollutants with the air in the urban area under study. 

(iii)
The concentration of the pollutant entering the town is constant at Co and represents the background concentration of the pollutant (e.g., the concentration of the air pollutant if there were no town) in micrograms/m3.

(iv)
The wind blows in x-direction with a uniform air velocity, u, which is constant with height.

(v)
The emission rate of the air pollutant in the town is constant and does not change with time. It is expressed as flux, q, i.e., g/s.m2 and when multiplied by the area of the town gives the total emission rate in g/s. If we refer to Figure 6.1, the total emission rate, Q is given by:

Q = q. LW 




Equation 6.2
      
where the product LW represents the area of the town.

(vi)
The pollutant along with the air does not leave from the top or sides.

(vii)
The nature of the air pollutant does not change with atmospheric reactions, etc.

(Before you read further, note that many of these assumptions will be valid for other air pollution models also.) 

If we now consider the material balance of the pollutant across the city, you will notice that there is no accumulation (i.e., steady state flow) and no creation or destruction of the pollutant. Therefore, the Equation 6.1 becomes:

Pollutant inflow rate = Pollutant outflow rate

Equation 6.3
The pollutant inflow rate in the town is due to two factors: the air entering the town (it could be zero, if no pollutant is present in this) and the other, it is generated in the town itself. The Equation 6.3, thus, becomes:

uWHC0 + qWL = uWHC 



Equation 6.4
where
C = the concentration of the air pollutant in the entire town. It is uniform because of complete mixing of air. (Note that the other terms used in Equation 6.4 have been explained in Figure 6.1.)

We can re-arrange Equation 6.4 as follows: 

C = C0 + qL / uH




Equation 6.5
Let us now consider an example. A small town is 10 km long and 5 km wide. The effective mixing height has been found to be 500 m. The air that enters the town contains particulate concentration of 100 microgram/m3 and blows at a velocity of 5 m/s. The generation rate of particulate matter in the town due to vehicular traffic, combustion of fuels, crushing operations, etc., is 50 g/m2. On the basis of the factors given above, let us find the concentration of particulate mater all over the town. 

Here,
C0 = 100 g / m 3

q = 50 g/m2.s

L = 10,000 m

W = 5000 m

H = 500 m

Velocity of air, u = 5m/s    

To use Equation 6.5:

C
=
100 + {(50). (10000)}/{(5)(500)}


= 
100 + 200


= 
300 g/m3

The expected concentration is, therefore, 300 g/m3.

6.2.2 Diffusion models

Diffusion models are also referred to as dispersion models because in actual practice it is dispersion by turbulent flows that help spreading of air pollutants instead of the diffusion due only to molecular movement. Among the most commonly used diffusion models is the Gaussian Plume Model, which can predict the ground level concentration of an air pollutant within a few kilometers from the source.  Without going into the detailed derivations, we will discuss the basic concepts of this model and outline the ways to use it.

Gaussian plume model

Let us consider the gases coming out of a stack as shown in Figure 6.2: 
Figure 6.2

Representation of the Plume Rise and 

Effective Height of Stack
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We expect that the gases containing a pollutant will get diluted with the air in the atmosphere. The gas stream also called a plume rises from the stack well above the top end of the stack/chimney. Such gas plumes generally rise a considerable
distance above the stack due to high temperature and large velocity of the gases. As a result, the effective stack height, H, becomes more than the physical height of the stack. In fact, it is a sum of the physical height of the stack and the so-called plume rise as shown in Figure 6.2.

While, it is easy to determine the height of the physical stack, the calculations for the estimation of plume rise is not so straightforward. In fact, we have to use some empirical expressions. In fact, the plume rise determination is indeed crucial for the Gaussian Plume model. Even a small error in plume rise calculation will change the final result substantially. 

At the base of the stack (see Figure 6.2), the coordinates are (0,0,0), which means the distances in x, y and z directions are all zero. In Gaussian Plume calculation, the starting point is (0, 0, H) and we go riding with the air in an aeroplane. After passing over the stack, we will notice that the pollutant in the air reduces in its concentration due to rapid mixing with air in the atmosphere by turbulent mixing. The air spreads in all three directions, i.e., x, y and z – horizontal, lateral and vertical. If required, we can find the concentration of an air pollutant at any point as we go along with the air. The final equations for use for the two-dimensional spreading are as follows:
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Equation 6.6
which is the basic Gaussian Plume equation. 

In Equation 6.6:

C 
=
concentration of the air pollutant, in the plume, kg/m3;

Q
= 
emission rate of the pollutant, kg/s;

U 
= 
average wind velocity, m/s;

y, z 
= 
distances from the centre line of the plume, m;

(y, (z
= 
horizontal and vertical dispersion coefficients;

H  
= 
effective stack height, m.

Note that in Equation 6.6, H is the effective stack height, which is different from the physical height of the stack. Let us now highlight the importance of effective stack height and how the same can be estimated.

Effective stack height

To apply Equation 6.6, a critical input parameter is the effective stack height (H). This is equal to the physical height of the stack plus the plume rise, which is the distance above the top of the stack before the gas plume levels out. The plume rise can be appreciable and may, sometimes, be between 2 to 10 times the physical stack heights. This is, thus, an important factor in deciding the ground level concentration of air pollutants.  There are innumerous empirical formulations for estimating plume rise, some of them based partially on laws of fluid mechanics. (We will not reproduce here these equations on plume rise. It is sufficient to mention here that the equations proposed by Briggs (1969) are widely used for determining the plume rise.)

Note that in Equation 6.6, (y, (z, are the dispersion coefficients in the horizontal and vertical directions. Next, we will consider how they can be estimated.

Dispersion coefficients 

We require the values of dispersion coefficients in order to use Equation 6.6.  The most widely used method for the determination of the dispersion coefficient is based on the Pasquill-Gifford curves as shown in Figures 6.3 and 6.4. We can obtain stability categories A, B, C, D, E and F from the Subsection 5.2 in Unit 5. 

We can estimate the horizontal dispersion coefficient as a function of downwind distance by making use of Figure 6.3:

Figure 6.3

Horizontal Dispersion Coefficient as a 

Function of Downwind Distance
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Similarly, the vertical dispersion as a function of downwind distance can be estimated from Figure 6.4:

Figure 6.4

Vertical Dispersion Coefficient as a 

Function of Downwind Distance
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Let us now calculate the dispersion coefficients at a point 1 km away from a source of pollutant under the following conditions:

· Wind speed 


=
4 m/s

· Time of the day


=
Day-time, sunny

· Incoming solar radiation 
=
strong

From Table 5.1 (see Unit 5), we find that the conditions correspond to the stability class B.

From Figure 6.3 for class B at a downwind distance of 1 km, the dispersion coefficient (y, may be read as 165 m. Similarly, from Figure 6.4, (z may be read as 115 m. Now, consider an application making use of the dispersion coefficients.

Let us assume a foundry emitting 500 kg/day of SO2 from a stack of physical height, 50 m. We will also assume that we like to estimate the maximum concentration of the pollutant in the direction of the wind at ground level at a distance of 1700 m. The prevalent wind velocity in the horizontal direction, u = 2 m/s. We will further assume the stability class to be E. We have from Equation 6.6:
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At ground level and at a distance of 1700 m, 

x 
=
1700 m 

y 
= 
0 

z
= 
0 

we get:
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For the stability class E, and at a distance of 1700 m, we get:  (y = 80 m and (z = 30 m, making use of Figure 6.3 and Figure 6.4. 

Further, 

H = 50 m; 

u = 2 m/s; 

Q = 500 kg/day = 5.787 g/sec

Therefore:
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= 7.695 x 10-4 g/m3
= 0.77 mg/m3

Thus we see that the ground level concentration of SO2 for a non-buoyant plume (effective stack height = physical height of the stack) at a distance of 1700m and stability class E turns out to be equal to 0.77 mg/m3. This concentration of 770 (gms/m3 is much higher than the acceptable value of 80 (gms/m3 on an 8-hour basis.

On similar lines, we have worked out the ground level concentration for different distances form the source, other parameters remaining the same. The ground level concentrations of sulphur dioxide so calculated have been plotted in Figure 6.5: 

Figure 6.5

Variation of Ground level Concentration of 

SO2 for H = 50m, Stability Class E, 

Wind Velocity = 2m/s and Initial Rate of 500kg/day

[image: image9.png]0 [72] - «© N - [~}
S e o e e 9
o o (-] o o (-]

Jajaw 21qna Jad Bw ul uoneUaIdU0H

-0.01

Distance in meters




It can be observed that the concentration of sulphur dioxide reaches a peak of 0.06 mg/m3 or 60 (g/m3 at a distance of about 1000 m and then falls of gradually with distance. This value is lower than the acceptable value of 80 (g/m3.

We can also calculate the ground level concentration of sulphur dioxide when the source of emission is at the ground level, i.e., we do not use a stack (H = 0). When all the other parameters are kept constant (except stack height), we can calculate the ground level concentration by making use of the earlier equation, i.e., Equation 6.6. The variation of the ground level concentration of SO2 so calculated has been plotted and is shown in Figure 6.6:  

Figure 6.6

Variation of Concentration of SO2 with 

Distance from the Source of Emission
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You can notice from Figure 6.6 that the concentration reaches a maximum of 12.8 mg/m3 or 12800 (g/m3 at a distance of about 200m from the source of the emission and then falls off with distance. This value is much higher than 80(g/m3, which is the accepted value.


Classification of air pollution models

Air pollution models try to link emissions of air pollutants to their likely concentration in the atmosphere. They can be classified in terms of transport and time scales. 

Under the transport scale, we have the following effects of air pollution: 

· Near-source effect: This stands for distance less than 1 km from the source of pollution, wherein the flow of air is affected by the presence of buildings and other structures. Here, people and materials near the source of pollution are affected.

· Short-range transport: This stands for distances less than 10 km from the source, wherein air pollutants directly impact on the ground after their discharge from an elevated source.

· Intermediate transport: This stands for distances between 10 and 100 km wherein the air pollutants undergo atmospheric reactions.

· Long-range transport: This stands for distances more than 100 km wherein large-scale meteorological effects of air pollutants on regional (e.g., interstate) scale become important. 

· Global effects: This refers to air pollutants affecting the entire atmosphere on the earth (e.g., CO2 accumulation in the atmosphere leading to global warming etc.).

Under the time scale, we have the following averaging models for air quality: 

· Short-term averaging models: These typically predict concentrations for averaging time up to 60 minutes. These models are useful to assess the compliance of air quality standards that are based on short-term. They are normally applied to figure out any immediate acute effects of air pollutants.

· Long-time averaging models: These predict the concentrations of air pollutants for averaging time varying from 1 day to a month. These models are useful in assessing the long-term impacts of air pollutants on the health of people, on vegetation and on materials of construction. We can also assess the compliance with the long-term air quality standards. Note that the averaging time for 1 day means the average of predictions or measurements of air pollutant over a period of one day.

It is important to note that a proper understanding of transport and dispersion of air pollutants is required in order to bring out these linkages.

 

6.3
APPLICATION OF AIR POLLUTION MODELS

The construct of a theoretical air pollution model is an exercise to develop an understanding of the transport and dispersion of an air pollutant. The model needs to be solved and applied with the whole lot of actual field data in order to determine air pollutant concentrations at different locations of interest under different meteorological conditions. The Gaussian Plume model and its various variants present expressions for computation of concentrations of the air pollutants.  However, these models do not present analytical expressions that can be solved easily. They demand the use of numerical solution techniques. The use of computers is, therefore, indispensable. 

In what follows in this Section, we give below two lists, one containing parameters that are generally measured and the other generally estimated, both of which are required for the application of the Gaussian Plume model for an elevated point source. 

Parameters that are directly measured

The directly measured parameters are as follows:

· Physical height of the stack.

· Stack diameter.

· Average velocity of gas in the stack.

· Exit gas temperature.

· Average ambient temperature.

· Flow rate and concentration of different air pollutants in the exit gas.

· Wind velocity and directions (Wind-rose)

· Cloud cover and solar insolation.

· Mixing height.

Parameters that are estimated

The estimated parameters are as follows:

· Dispersion coefficients.

· Plume rise.

· Atmospheric stability.

· Wind velocity at the tip of the stack.

· Mixing height using temperature data.

Apart from the above parameters discussed above, i.e., those directly measured and estimated, we need to consider the following as well: 

· There are sometimes uncertainties in data collection relating to pollution source and the meteorological data. There can also be errors in estimation of parameters not directly measured.

· Credibility of the model must be established by judging its performance with the set of observed air quality data.

· Models on air pollution continue to be applied without proper calibration. Some models do include some aspects of uncertainty analysis to take care of errors in the data that includes both estimated and observed components.

· It is impossible to expect that the estimated values of air pollutant concentration will exactly match with the observed values. The mismatch between the calculated and observed values is more if short-term pollutant concentrations are modelled. For modelling average concentrations over long period of time, more encouraging results are obtained. 

· For long-range air quality models, factors like particle deposition, and atmospheric reactions, which are generally neglected in short-range dispersion, become significant.

New software for air pollution problems is critically examined in every issue in the Journal of the Air Pollution Control Association (Now, the Journal of Air and Waste Management Association).

SUMMARY

In this Unit, our focus was on air pollution modelling. We explained the aim an air pollution modelling and how it is used as a tool for action. We also pointed out the complementary aspects between air pollution modelling and monitoring. We then discussed air pollution models focussing mainly on fixed-box and diffusion models. We closed the Unit by explaining the application of air pollution models.  
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(LEARNING ACTIVITY 6.3





Assume that for an air pollution model, you have the required parameters (i.e., exit temperature of the gas from a stack: plume rise, wind velocity, plume rise, average velocity of gasses through the stack and atmospheric stability.) Which among the above parameters are generally experimentally determined and others estimated?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.














(LEARNING ACTIVITY 6.2





In a small town, the concentration of NOx is found to be 30 ppm when the measured wind velocity was 3 m/s. Assuming that the incoming air into the town contains no NOx, other things remaining the same, what will be concentration of NOx in the town, if the wind velocity is doubled to 6 m/s?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.














(LEARNING ACTIVITY 6.1





Explain why air pollution monitoring should complement air pollution modelling.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with your tutor.
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