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February 10 Homework Solutions

1.
A 500 MW power plant, operating at full capacity, has a heat rejection of 3.5x109 Btu/hr.  What is its efficiency?

In this problem, we are given 
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= 500 MW and 
[image: image2.wmf]L

Q

&

= 3.5x109 Btu/hr.  Using the equation 
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, we find 
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 = 3.5x109 Btu/hr + (500x106 W)(3.412 Btu/kWh) = 3.5x109 Btu/hr + 1.705x109 Btu/h = 5.206x109 Btu/h.  We can thus compute the efficiency as follows.
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 = 32.8%
2.
It takes 2.2 million tons of coal per year to fuel a 1000-MW power plant that operates at a capacity factor of 70%.  If the heating value of the coal is 12,000 Btu/lb, calculate the plant’s efficiency and the heat rate.
In this problem, we are given the following quantities, where 
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without a subscript denotes the annual average power:


[image: image9.wmf]lb

Btu

Q

year

tons

x

m

W

W

MW

W

c

fuel

/

000

,

12

/

10

2

.

2

%

70

1000

6

max

max

=

=

=

=

&

&

&

&


We want to find:
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Equations and basic calculations:
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With these values for power output and heat input we can calculate the desired final results.
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3.
If the ultimate analysis of the coal in problem 1 is 69.76%C, .4.65%H, Nitrogen 1.24%, Sulfur 3.50%, Oxygen 8.14%, and Ash 12.71%, determine the air fuel ratio for 25% excess air (λ = 1.25) combustion.  Assuming that all the sulfur in the coal reacts to SO2, and all the carbon in the coal reacts to CO2, determine the emission rates of SO2 and CO2 in pounds per million Btu of heat input.

We can use the formulas from the combustion notes and lecture to compute the subscripts in the computational fuel formula, CxHySzOwNv and the resulting product species information.

x = wt%C/12.0107 = 69.76/12.0107 = 5.808, 

y = wt%H/1.00794 = 4.65/1.00794 = 4.613

z = wt%S/32.065 = 3.50/32.066 = 0.109,

w = wt%O/16.0004 = 8.14/16.0004 = 0.509

v = wt%N/14.0067 = 1.25/14.0067 = 0.089
The stoichiometric oxygen requirement for CxHySzOwNv is A = x + y/4 + z – w/2 moles O2 = 5.808 + 4.613/4 + 0.109 – 0.509/4 = 6.816.  We can now compute the air fuel ratio on a mass basis.  We have assumed 100 mass units of fuel in computing the fuel molecule and the corresponding mass of air is given as 138.28A on slide 13 of the February 7 lecture presentation.  With the value of A just found and the given value of 1.25 for , we find
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Each pound of coal contains 0.035 pounds of sulfur.  If all the sulfur reacts to SO2, the mass of SO2 formed will be 0035 MSO2/MS = 0.035(64)/(32) = 0.07 lb SO2/lb fuel.  Since each pound of fuel has 12000 Btu = 0.012 MMBtu, the SO2 production per MMBtu is found as follows:
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Similarly, each pound of coal contains 0.6976 pounds of carbon.  If all the carbon reacts to CO2, the mass of CO2 formed will be 0.6976 MCO2/MC = 0.6976(44)/(12) = 2.558 lb SO2/lb fuel.  Since each pound of fuel has 12000 Btu = 0.012 MMBtu, the CO2 production per MMBtu is found as follows:
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4.
The coal plant of problems one and two has a measured NOx concentration of 10 ppm in the dry exhaust.  Assuming that the oxygen content of the dry exhaust is the same as that computed for complete combustion, determine the emission rate of NOx in pounds per million Btu.

In order to compute the emission rate per unit heat input we have to find the partial mass density of the species in question, NOx, the F-factor and the mole percent of O2 in the dry exhaust.  With these three items, we can use in the equation below, which is modified from the equation on slide 16 of the February 6 lecture.
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The first term is the partial density of NOx in the dry exhaust gases.  To find this we start with the molar density given by the ideal gas equation, using a standard pressure of 14.696 psia and a standard temperature of 68oF = 527.67 R.


[image: image19.wmf](

)

(

)

3

3

0025956

.

0

67

.

527

73

.

10

696

.

14

ft

lbmole

R

R

lbmole

ft

psia

psia

RT

P

V

n

=

×

×

=

=


Of these total moles, 10 ppm will be NOx; this is equivalent to a mole fraction of 10x10-6 of NOx which has a molecular weight of 46, so the partial mass density of NOx in the dry exhaust gas will be 
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The second term is the F-factor.  We can use the F-factor for bituminous coal from the notes page of slide 16 on the February 7 lecture: 9780 dscf/MMBtu or alternatively we could compute the F-factor from the ultimate analysis using the K factors from the notes page of slide 17 from the February 6 lecture.  The latter approach gives the following result.
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This gives a value of Fd = 9635 dscf/MMBtu; use of the standard factor would result in only a 1.5% error.

The emission rate formula requires the dry exhaust oxygen mole percentage.  The total dry moles in the exhaust is found from the equation, D = x + z + ( – 1)A + 3.77A + v/2 = 5.808 + 0.109 + (1.25 – 1)(8.520) + 3.77(8.520) + 0.089/2 = 40.213.  The moles of O2 in the exhaust are computed as (-1)A = (1.25 – 1)(8.520) = 2.130 so the dry mole fraction is 2.130/40.213 = 5.297%.  
We now have all the information we need to compute the NOx emission rate per unit heat input.
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ENOx,dry = 0.015 lbm/MMBtu
5.
Problem 5.2 in text.
a.
Determine whether it is advantageous to sue compact fluorescent bulbs instead of conventional incandescent lights by comparing levelized annual expenditures, $/yr over an appropriate time horizon for bulbs having equivalent light output and the following characteristics:
	
	Compact fluorescent
	Incandescent
	Use rate: 1,000 hr.yr

Electricity cost: $0.08/kWh (time zero)

Interest (discount) rate 7%/yr (continuous)

Inflation (escalation) rate 4%/yr (continuous)

	Power, W
	15
	60
	

	Useful light, hr
	9,000
	1,000
	

	Today’s cost, each
	$18
	$1
	


The appropriate time period is nine years for which it is necessary to purchase one compact fluorescent bulb and nine incandescent bulbs.  The annual electricity cost for the incandescent bulb is (60 W)(1000 hr/yr)($0.08/kWh)*(1 kW/1000 W) = $4.80/yr.  The same cost for the compact fluorescent bulb is (14 W)(1000 hr/yr)($0.08/kWh)*(1 kW/1000 W) = $1.20/yr.  The levelized cost is given by equation (A-2) on page 245 of the text.  Substituting the data from this problem (x = 7%/yr, y = 4%/yr, T = 9 yr) gives the following result.
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So the levelized electricity costs for each bulb are 1.181 times the electricity costs computed above.  The annualized costs of the initial light bulb purchases can be computed using equation 5-5 in the text.
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For the compact fluorescent, P = $18, the lifetime, T, is nine years and the interest rate, i, is 7%.  This gives an annualized equivalent of the initial capital cost as
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The incandescent bulb has to be purchased nine times.  The initial purchase price is $1.  In future years the cost would be eyT times the original cost due to inflation.  However, the present worth of the future cost would be e–xT.  The present worth of future purchases of incandescent bulbs would then be the following sum.
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We can use the same formula just used for the initial cost of the incandescent bulb to determine the annual (levelized) cost for this present worth.
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Thus the total costs for the incandescent bulbs (annualized capital plus electricity) are $1.199/yr + (1.181)($4.80/yr) = $6.868/yr.

Thus the total costs for the compact fluorescent bulbs (annualized capital plus electricity) are $2.696/yr + (1.181)($1.20/yr) = $4.113/yr.

The compact fluorescent bulbs have the lower annual costs.

b.
Economists find that consumers often behave as if their required rate of return is very high.  Repeat the above comparison for a discount rate of 40%/yr.
Repeating the calculations above for x = 40% gives
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We can use the same formula just used for the initial cost of the incandescent bulb to determine the annual (levelized) cost for this present worth.
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Thus the total costs for the incandescent bulbs (annualized capital plus electricity) are $1.307/yr + (1.098)($4.80/yr) = $6.575/yr.

Thus the total costs for the compact fluorescent bulbs (annualized capital plus electricity) are $7.402/yr + (1.181)($1.20/yr) = $8.719/yr.

With this discount rate, the incandescent have the lower annual costs.

c.
List other major consumer sector examples of items where inexpensive first cost dominates purchasing decisions even though future continuing expenditures are actually high enough to justify behaving otherwise.

Other household appliances such as refrigerators, air conditioners, etc.  Hybrid cars.  Home costs for a low energy home.  Photovoltaic solar cells.
d.
Briefly discuss any aspects not included in the above analysis which should be taken into account in a complete lifetime analysis.

If the compact fluorescent were broken in an accident the cost differential would not pay off.  One would have to consider the low probability of such an accident.  Use rate is also important.  Although an annual use of 1000 hr was specified in this problem, a bulb that was used only infrequently could have lower costs as an incandescent bulb..
6.
This is a revised version of problem 5.10 in text.

a.
Using the approach outlined in Table 5.3, estimate the busbar cost of electricity generated by a CCGT power plant with the following characteristics:

Overnight capital cost: $500/kWe

Construction time c = 3 yrs

Thermodynamic efficiency  = 50%

Initial O&M cost (O/K)0 = $27/kWe/yr

Initial fuel cost, f0 = $2.60/KSCF

and all other parameters are as listed in Table 5.3

The cost component equations from Table 5.3 are copied below with data from this problem 

or the original table as appropriate.  First we compute the capital cost in cents per kWh.
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Next we find the O&M costs.
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Finally we compute the fuel costs.
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Adding these three components gives a busbar cost of 4.737 cents per kWh.
7.
This is another revised version of problem 5.10 in text.

a.
Using the approach outlined in Table 5.3, estimate the residential cost of electricity generated by a solar photovoltaic cell operating in the Los Angeles area with the following characteristics:

Overnight capital cost: $9000/kWe

Construction time c = 0.25 yrs

An installation with a rated peak power of 3 kW will generate 4400 kWh in one year.

O&M costs are negligible and all other parameters are as listed in Table 5.3.

Since the solar collector will have no fuel cost and we are told to assume that the O&M costs are negligible, the only equation that we need is the equation for capital costs (with units of ¢/kWh). The equation for the capital cost from Table 5.3 is copied below with data from this problem.
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The capacity factor, L, is the annual energy produced divided by the amount that could be produced if the collector operated at peak power for the entire year.  For this collector with a peak power of 3 kW and an average year of 8,766 hours, the maximum annual energy is (8766 h)(3 kW) = 26,298 kWh.  The actual annual energy output of 4400 kWh thus represents a capacity factor of (4400) / (26,298) = 0.1673.  Using this value of L gives the following result.
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The cost of 93.5 ¢/kWh is high due to the assumed return of 15% on the investment.  If the homeowner were satisfied with a 3% return on the investment, the cost would drop to 18.7 ¢/kWh.
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