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September 18 Homework Solutions

9.1
Compute the emission rate of SO2 (lb/s) from a large, coal-fired power plant that uses 2 million short tons of coal per year having a sulfur content of 2% by weight.
In this problem, we are given the following quantities:
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We want to find the SO2 emission rate (lb/s).

From the data given, we can compute the average rate of SO2, by assuming that all the sulfur in the coal is converted to SO2 by the reaction S + O2 → SO2.  In this reaction, 32.065 pounds of sulfur will react to form 64.064 pounds of SO2.  The mass ratio of SO2 produced to sulfur reacted is 1.9979, which is usually set to two.  With this assumption, the annual average SO2 emission rate for this problem can be computed as follows.


[image: image2.wmf]s

400

,

86

day

days

365

year

S

lb

065

.

32

SO

lb

064

.

64

coal

lb

S

lb

02

.

0

year

coal

lb

10

x

4

M

M

w

m

m

2

9

S

SO

S

fuel

SO

2

2

ú

û

ù

ê

ë

é

ú

û

ù

ê

ë

é

=

=

&

&



[image: image3.wmf]s

lb

07

.

5

m

2

SO

=

&


9.2
Calculate the emission rate of SO2 per fuel heat input (g/GJ) for coal with a heating value of 30 MJ/kg and a sulfur content of 2% by weight.
In this problem, we are given the fuel sulfur content, wS = 0.02, and the heat of combustion of the fuel, Qc = 30 MJ/kg.

We want to find the ratio of SO2 emissions to the heat input rate of the fuel, 
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.  We can do this by using the relation between fuel sulfur and SO2 emissions derived in the solution to problem 9.1, and the usual relationship that the fuel heat input is the mass flow rate of the fuel times its heat of combustion.  This gives the following result.
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Substituting the problem data gives.
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9.4
The ozone data in the table represent hourly values on a high pollution day in Los Angeles.  Plot the diurnal ozone profile.  Determine the arithmetic average and geometric average ozone concentration for that day.  Determine the maximum eight-hour average concentration and compare it with the new ambient ozone standard of 80 ppb by volume.

The first two columns in the table below are taken from the problem statement.  The third column shows the results of computing the eight-hour averages.  The data from the problem statement are plotted in the figure below to give the diurnal ozone profile.

	Hour
	Ozone (ppb vol)
	Eight-hour average

	1
	12
	

	2
	8
	

	3
	4
	

	4
	4
	

	5
	6
	

	6
	10
	

	7
	23
	

	8
	42
	13.6

	9
	63
	20.0

	10
	88
	30.0

	11
	112
	43.5

	12
	183
	65.9

	13
	212
	91.6

	14
	254
	122.1

	15
	302
	157.0

	16
	312
	190.8

	17
	315
	222.3

	18
	312
	250.3

	19
	204
	261.8

	20
	162
	259.1

	21
	88
	243.6

	22
	34
	216.1

	23
	23
	181.3

	24
	18
	144.5
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The daily average concentrations, both the arithmetic mean and the geometric mean are computed by the Excel spreadsheet functions average and geomean, respectively.  This gives the following results.

Daily arithmetic mean = 116 ppb(vol)

Daily geometric mean = 53 ppb(vol)

In data with wide variations between the lowest and highest data points, the geometric mean gives greater weight to the lower data (as compared to the arithmetic mean.)

The individual  eight-hour means in the table above were computed using the Excel average function.  The maximum eight-hour and one-hour means are shown below.

Maximum daily eight-hour mean = 262 ppb(vol)

Maximum daily one-hour mean = 53 ppb(vol)

The maximum eight-hour value is much greater than the new 80 ppb NAAQS for ozone.  However, that standard applies to the three-year average of the fourth-highest daily maximum during each year.  You should examine a three-year set of data to determine the exact difference between the standard and the current ambient concentrations.  (However, a difference this great almost certainly means that the standard would be exceeded.)  The problem does not give the year in which these data were obtained, but there has not been a peak ozone reading at or above 300 ppbV in Los Angeles for several years.

The diurnal profile plotted on the previous page is typical of photochemical ozone formation.  During night hours, the ozone is destroyed by various reactions.  The reaction NO + O3 → NO2 + O2 provides a rapid destruction of ozone.  When sunlight is present, the ozone formation reactions start and build the ozone concentration during the day.  This concentration reaches a maximum level in the late afternoon as the available solar energy decreases.  In this “heavily polluted day”, the ozone is near its peak value at 3:00 pm and only increases slightly after that.  After 6:00 pm, there is a rapid decline in ozone because the photochemical reactions producing ozone cease.

9.9
Using the EKMA plot of Figure 9.6, assuming that the peak afternoon concentration of ozone is 200 ppbV, estimate the percentage of necessary reductions of VOC and NOx to achieve an afternoon peak ozone concentration of 120 ppbV for an urban (NOx:VOC = 4:1), suburban (NOx:VOC = 8:1) and rural (NOx:VOC = 16:1) environment.  Estimate the reductions in two ways, VOC only and NOx only.  Explain why in one environment it is more effective to reduce VOC concentrations, whereas in another environment, it is more effective to reduce NOx concentrations.  Is it possible to achieve a 120 ppbV concentration by actually increasing morning NOx concentrations?  In which environment is that possible and what would that do to downwind concentrations.

The EKMA diagram from the course notes, which is similar to the one in the text, is shown below.  From this diagram, we can read the NOx and VOC concentrations that correspond to the three initial conditions in the problem statement.  Each of these initial conditions leads to two final conditions at which the ozone concentration is 120 ppbV: one for NOx only control, the other for VOC only control.  These concentrations, read from the diagram, are shown in the table below.

	Area
	Initial VOC/NOx ratio
	Initial Conditions
	Final Conditions

	
	
	VOC (ppm C)
	NOx (ppm)
	NOx only controls
	VOC only controls

	
	
	
	
	ppm NOx
	% reduction
	ppmC VOC
	% reduction

	Urban
	4:1
	0.55
	0.13
	0.02
	85%
	0.37
	33%

	Suburban
	8:1
	0.60
	0.07
	0.02
	56%
	0.27
	55%

	Rural
	16:1
	0.87
	0.05
	0.02
	40%
	0.27
	69%
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The NOx only control strategies require an 85%, 71%, and 60% reduction in NOx under a NOx only strategy for the VOC/NOx ratios of 4:1, 8:1, and 16:1, respectively.  The VOC only strategies require a 35%, 58%, and 79% reduction in VOC for the same three VOC/NOx ratios.  These differences occur because of the relative amounts of reactants in the photochemical process.  At low VOC/NOx ratios, there is a large amount of excess NOx available and reductions in NOx do not make significant reductions in ozone.  In contrast, at high VOC/NOx ratios, there is a large amount of excess VOC and reductions in NOx are more effective in reducing ozone.

In the VOC limited region, on the left-hand side of the chart, it is possible to decrease the final ozone concentrations by increasing the initial NOx concentrations.  For example, starting from the initial condition given above for 200 ppbV ozone at a VOC/NOx ratio of 4:1 (initial VOC = 0.57 ppmV; initial NOx = 0.13 ppmV), it would be possible to reach an ozone concentration of 120 ppbV by increasing NOx to 0.21 ppmV while holding VOC constant.  Although this would be effective in the core urban area, it would be done by the reaction NO + O3 → NO2 + O2.  This would remove ozone locally, but it would produce additional NO2 which could be subsequently photolyzed by the reaction NO2 + h → NO + O.  This would increase the ozone concentration downwind.
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