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1.0 Costs of Generating Electrical Energy
The costs of electrical energy generation arise mainly from three sources: facility construction, ownership costs, and operating costs. The last is the most significant portion of power system operation, and in this section we focus on this aspect.

2.0
Operating Costs

These costs include the costs of labor, but they are dominated by the fuel costs necessary to produce electrical energy (MW) from the plant. Some typical average costs of fuel are given in the following table for coal, petroleum, and natural gas. Average costs of uranium are about $0.65/MBTU.
One should note in particular that 

· The difference between lowest and highest average price over this 11 year period for coal, petroleum, and natural gas are by factors of 1.17, 2.2, and 2.71, respectively, so coal has had more stable price variability than petroleum and natural gas. 

· During 2003, coal is $1.27/MBTU, petroleum $4.45/MBTU, and natural gas $5.36/MBTU, so coal is clearly a more economically attractive fuel for producing electricity.
Table 1:  Receipts, Average Cost, and Quality of Fossil Fuels for the Electric Power Industry, 1991 through 2003, obtained from [1]
	Table 4.5.   Receipts, Average Cost, and Quality of Fossil Fuels for the Electric Power Industry, 1992 through 2003    

	Period 
	Coal[1] 
	Petroleum[2] 
	Natural Gas[3]
	All Fossil Fuels

	
	Receipts (thousand tons) 
	Average Cost 
	Avg. Sulfur Percent by Weight 
	Receipts (thousand barrels)
	Average Cost 
	Avg. Sulfur Percent by Weight 
	Receipts (thousand Mcf) 
	Average Cost (cents/ 10 6 Btu) 
	Average Cost (cents/ 10 6 Btu) 

	
	
	(cents/ 10 6 Btu) 
	(dollars/
ton) 
	
	
	(cents/ 10 6 Btu)
	(dollars/ barrel)
	
	
	
	

	1992 
	775,963 
	141.2 
	29.36 
	1.29 
	147,825 
	251.4 
	15.87 
	1.19 
	2,637,678 
	232.8 
	158.9 

	1993 
	769,152 
	138.5 
	28.58 
	1.18 
	154,144 
	237.3 
	14.95 
	1.34 
	2,574,523 
	256.0 
	159.4 

	1994 
	831,929 
	135.5 
	28.03 
	1.17 
	149,258 
	242.3 
	15.19 
	1.23 
	2,863,904 
	223.0 
	152.5 

	1995 
	826,860 
	131.8 
	27.01 
	1.08 
	89,908 
	256.6 
	16.10 
	1.21 
	3,023,327 
	198.4 
	145.2 

	1996 
	862,701 
	128.9 
	26.45 
	1.10 
	113,678 
	302.6 
	18.98 
	1.26 
	2,604,663 
	264.1 
	151.8 

	1997 
	880,588 
	127.3 
	26.16 
	1.11 
	128,749 
	273.0 
	17.18 
	1.37 
	2,764,734 
	276.0 
	152.0 

	1998 
	929,448 
	125.2 
	25.64 
	1.06 
	181,276 
	202.1 
	12.71 
	1.48 
	2,922,957 
	238.1 
	143.5 

	1999 
	908,232 
	121.6 
	24.72 
	1.01 
	145,939 
	235.9 
	14.81 
	1.51 
	2,809,455 
	257.4 
	143.8 

	2000 
	790,274 
	120.0 
	24.28 
	0.93 
	108,272 
	417.9 
	26.30 
	1.33 
	2,629,986 
	430.2 
	173.5 

	2001 
	762,815 
	123.2 
	24.68 
	0.89 
	124,618 
	369.3 
	23.20 
	1.42 
	2,148,924 R 
	448.7 
	173.0 

	2002[4] 
	884,287 
	125.5 
	25.52 
	0.94 
	120,851 
	334.3 
	20.77 
	1.64 
	5,607,737 
	356.0 
	151.5 

	2003[5] 
	1,026,281 
	127.5 
	25.91 
	0.94 
	205,283 
	445.1 
	27.34 
	1.55 
	5,479,821 
	536.6 
	218.7 

	   [1] Anthracite, bituminous coal, subbituminous coal, lignite, waste coal, and synthetic coal. 
   [2] Distillate fuel oil (all diesel and No. 1, No. 2, and No. 4 fuel oils), residual fuel oil (No. 5 and No. 6 fuel oils and bunker C fuel oil), jet fuel, kerosene, petroleum coke (converted to liquid petroleum, see Technical Notes for conversion methodology), and waste oil. 
   [3] Natural gas, including a small amount of supplemental gaseous fuels that cannot be identified separately.   Natural gas values for 2001 forward do not include blast furnace gas or other gas. 
   [4] Beginning in 2002, data from the Form EIA-423, "Monthly Cost and Quality of Fuels for Electric Plants Report" for independent power producers and combined heat and power producers are included in this data dissemination.   Prior to 2002, these data were not collected; the data for 2001 and previous years include only data collected from electric utilities via the FERC Form 423. 
   [5] For 2003 only, estimates were developed for missing or incomplete data from some facilities reporting on the FERC Form 423.   This was not done for earlier years.   Therefore, 2003 data cannot be directly compared to previous years' data.   Additional information regarding the estimation procedures that were used is provided in the Technical Notes. 
    R = Revised. 
    Notes: Totals may not equal sum of components because of independent rounding. Receipts data for regulated utilities are compiled by EIA from data collected by the Federal Energy Regulatory Commission (FERC) on the FERC Form 423. These data are collected by FERC for regulatory rather than statistical and publication purposes. The FERC Form 423 data published by EIA have been reviewed for consistency between volumes and prices and for their consistency over time. Nonutility data include fuel delivered to electric generating plants with a total fossil-fueled nameplate generating capacity of 50 or more megawatts; utility data include fuel delivered to plants whose total fossil-fueled steam turbine electric generating capacity and/or combined-cycle (gas turbine with associated steam turbine) generating capacity is 50 or more megawatts. Mcf = thousand cubic feet. Monetary values are expressed in nominal terms.   
    Sources: Energy Information Administration, Form EIA-423, "Monthly Cost and Quality of Fuels for Electric Plants Report;" Federal Energy Regulatory Commission, FERC Form 423, "Monthly Report of Cost and Quality of Fuels for Electric Plants." 


Despite the high price of natural gas as a fuel relative to coal, the past 10 years have seen new gas-fired plants far outpace new coal-fired plants, with gas or petroleum-gas fired plants accounting for over 99% of new capacity in this time period [2]. The reason for this has been that natural-gas-fired plants have lower capital costs, higher fuel efficiency, shorter construction lead times, and lower emissions. In addition, projections are that natural gas prices will decline in the next few years, but so far they haven’t, largely as a result of the increased power plant use.
These values reflect only the cost of fuel input to a generation plant; they do not reflect the actual costs of producing electrical energy as output from the plant because substantial losses occur during production. Some power plants have overall efficiencies as low as 35%; in addition, the plant efficiency varies as a function of the generation level Pg. We illustrate this point in what follows.

We represent plant efficiency by η. Then η=energy output/energy input. We obtain η as a function of Pg by measuring the energy output of the plant in MWhrs and the energy input to the plant in MBTU. 
We could get the energy output by using a wattmeter to obtain Pg over a given period of time, say an hour, and we could get the energy input by measuring the coal tonnage used during the hour and then multiply by the coal energy content in MBTU/ton. 
We could then plot the fuel input in MBTU/hr as a function of the power output Pg in MW. Such a plot is called an input-output curve. A typical input-output curve is shown in Fig. 1a. We will denote it as R.
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Fig. 1a: Input-output curve

To obtain η, we want the output energy divided by the input energy, which is Pg ÷ MBTU/hr to give units of MWhr/MBTU. Notice that these units are energy/energy, as they should be when computing η. However, the MBTU and MWhr are different units of energy, and so we are not getting η exactly, but we are getting something proportional to η.
So let’s obtain the ratio of the fuel rate to the power for every point on the input-output curve, and plot the results against Pg. Fig. 1b shows a plot of the ratio MWHR/MBTU versus Pg.
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Fig. 1b: Plot of MWhr/MBTU vs. Pg
Figure 1b indicates that efficiency is poor for low generation levels and increases with generation, but at some optimum level it begins to diminish. Most power plants are designed so that the optimum level is close to the rated output.
The heat rate curve is similar to Fig. 1 except that the y-axis is inverted to yield MBTU/MWhrs, which is proportional to 1/η. This curve is illustrated in Fig. 2. We denote heat rate by H. Since the heat rate depends on operating point, we write H=H(Pg). Some typical heat rates for units at maximum output are (in MBTU/MWhrs) 9.5 for fossil-steam units, 10.5 for nuclear units, 13.0 for combustion turbines [3], and 9.0 for combined cycle units. It is important to understand that the lower the heat rate, the more efficient the unit.
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Fig. 2: Plot of Heat Rate (H) vs. Generation (Pg)

It is also important to understand that the heat rate curve is a ratio of values of fuel rate to values of generation. It is NOT a ratio of incremental values, i.e., it is not the slope of the input-output curve.
We are primarily interested in how the cost per MWHR changes with Pg, because that will tell us something about how to achieve the most economic dispatch of generation for a given demand. 

We assume that we know K, the cost of the input fuel in $/MBTU. 
Define:

· R as the rate at which the plant uses fuel, in MBTU/hr (which is dependent on Pg) – it is just the input-output curve.
· C as the cost per hour in $/hour.
Then R = PgH(Pg) and C = RK = PgH(Pg)K. 
A typical plot of C vs. Pg is illustrated in Fig. 3. 
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Fig. 3: Plot of cost per hr (C) vs. generation (Pg)

Fig. 3 shows that the cost per hour increases with generation, a feature that one would expect since higher generation levels require greater fuel intake per hour.
The desired $/MWHR characteristic, called the incremental cost curve for the plant, can be obtained by differentiating the plot in Fig. 3, i.e., by computing dC/dPg. A typical incremental cost curve is shown in Fig. 4. 
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Figure 4: Plot of Incremental Cost (IC) vs. Generation (Pg)
One last thing about getting incremental cost. Recall that the cost per hour is given by                 C = RK, where R is just the input-output curve. 
Therefore dC/dPg=K(dR/dPg). The term dR/dPg is the derivative of the input-output curve. Note carefully that it will have units of MBTU/MWhr, exactly the same units as the heat rate. 
But where heat rate is the ratio of the values of the input-output curve, dR/dPg is the ratio of the incremental values. Although they have the same units, they are quite different things. The ratio dR/dPg is called the incremental heat rate. 

Since dC/dPg=K(dR/dPg), we see that the incremental cost rate is obtained from multiplying fuel price by the incremental heat rate.

Please note, however, that dJ/dPg≠dH/dPg.
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Example    1

An 100 MW coal-fired plant uses a type of coal having an energy content of 12,000 BTU/lb. The coal cost is $1.5/MBTU. Typical coal usage corresponding to the daily loading schedule for the plant is as follows:

Table 2

	Time of Day
	Electric Output (MW)
	Coal Used (tons)

	12:00am-6:00am
	40
	105.0

	6:00am-10:00am
	70
	94.5

	10:00am-4:00pm
	80
	156.0

	4:00pm-12:00am
	100
	270.0


For each of the four load levels, find (a) the efficiency η,  (b) the heat rate H (MBTU/MWhr) (c) the cost per hour, C ($/hr). Also, for the loading levels of 40, 70, and 80 MW, use a piecewise linear plot of F vs P to obtain incremental cost IC as a function of unit loading P. Then plot incremental cost as a function of unit loading. The conversion factor from joules to BTU is 1054.85 joules/BTU).
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Solution

Let T be the number of hours the plant is producing P MW while using y tons of coal. We need to compute the total energy out of the plant and divide by the total energy into the plant.
(a) 
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Note that the above expression for efficiency is dimensionless.

(b) The heat rate is the amount of MBTUs used in the amount of time T divided by the number of MW-hrs output in the amount of time T.
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Note that 
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, and the above expression has units of MBTU/MWhr. Thus, if a unit is 100% efficient, then it will have a heat rate of 3.41 MBTU/MWhr, the absolute best heat rate possible.
(c) C = RK where R is the rate at which the plant uses fuel and K is fuel cost in $/MBTU. Note from units of P and H that 
R = PH ( C = PHK where H is a function of P.

Application of these expressions for each load level yields the following results:

Table 3
	T (hrs)
	P (MW)
	y (tons)
	η
	H (mbtu/mwhr)
	C ($/hr)

	6
	40
	105.0
	0.33
	10.5
	630

	4
	70
	94.5
	0.42
	8.1
	850

	6
	80
	156.0
	0.44
	7.8
	936

	8
	100
	270.0
	0.42
	8.1
	1215


To obtain incremental cost 
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, we can plot C vs. P and then get an approximation on the derivative by assuming a piecewise linear model as shown in Figure 5.
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Figure 5: Calculation of Incremental Cost

The incremental costs are plotted as a function of loading in Fig. 6.
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Fig 6: Incremental cost curve from piecewise-linear cost curve
We may use another procedure to model the incremental costs. In this procedure, we first fit the data to a quadratic polynomial. Matlab commands for doing so are below:
>> p=[40
70
80
100]';

>> c=[630
850
936
1215]';

>> X = [ones(size(p))  p  p.^2];

>> a=X\c

a =

  604.8533

   -2.9553

    0.0903

>> T = (0:1:100)';

>> Y = [ones(size(T))  T  T.^2]*a;

>> plot(T,Y,'-',t,y,'o'), grid on

The quadratic function is therefore 

C(P)=0.0903P2-2.9553P+604.85

Figure 7 shows the plot obtained from Matlab.
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Fig 7: Quadratic Curve Fit for Cost Rate Curve
Clearly, the curve is inaccurate for very low values of power (note it is above $605/hr at P=0 and decreases to about $590/hr at P=10). We can get the incremental cost curve by differentiating C(P):

IC(P)=0.1806P-2.9553

This curve is overlaid on the incremental cost curve of Fig. 6, resulting in Fig. 8.
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Fig. 8: Comparison of incremental cost curve obtained from piecewise linear cost curve (solid line) and from quadratic cost curve (dotted line)
3.0 Effect of Valve Points in Fossil-Fired Units

Figures 3 and 7 well represent cost curves of small steam power plants, but actual cost curves of large steam power plants differ in one important way from the curves shown in Figs. 3 and 7 – they are not smooth! The light curve of Fig. 8 [4] more closely captures the cost variation of a large steam power plant.
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Fig. 8: Cost curve for large steam power plant [4]
The reason for the discontinuities in the cost curve of Fig. 8 is because of multiple steam valves. In this case, there are 5 different steam valves. Large steam power plants are operated so that valves are opened sequentially, i.e., power production is increased by increasing the opening of only a single valve, and the next valve is not opened until the previous one is fully opened. So the discontinuities of Fig. 8 represent where each valve is opened.
The cost curve increases at a greater rate with power production just as a valve is opened. The reason for this is that the so-called throttling losses due to gaseous friction around the valve edges are greatest just as the valve is opened and taper off as the valve opening increases and the steam flow smoothens.

The significance of this effect is that the actual cost curve function of a large steam plant is not continuous, but even more important, it is non-convex. A simple way (and the most common way) to handle these two issues is to approximate the actual curve with a smooth, convex curve, similar to the dark line of Fig. 8.

4.0 Combined cycle units
The following information was developed from [3,5,6,7].
Combined cycle units utilize both gas turbines and steam turbines. Gas turbines are very similar to jet engines where fuel (can be either liquid or gas) mixed with compressed air is ignited. The combustion increases the temperature and volume of the gas flow, which when directed through a valve-controlled nozzle over turbine blades, spins the turbine which drives a synchronous generator. On the other hand, steam turbines utilize a fuel (coal, natural gas, petroleum, or uranium) to create heat which, when applied to a boiler, transforms water into high pressure superheated (above the temperature of boiling water) steam. The steam is directed through a valve-controlled nozzle over turbine blades, which spins the turbine to drive a synchronous generator.
A combined cycle power plant combines gas turbine (also called combustion turbine) generator(s) with turbine exhaust waste heat boiler(s) (also called heat recovery steam generators or HRSG) and steam turbine generator(s) for the production of electric power. The waste heat from the combustion turbine(s) is fed into the boiler(s) and steam from the boiler(s) is used to run steam turbine(s). Both the combustion turbine(s) and the steam turbine(s) produce electrical energy. Generally, the combustion turbine(s) can be operated with or without the boiler(s).

A combustion turbine is also referred to as a simple cycle gas turbine generator. They are relatively inefficient with net heat rates at full load of over 15 MBtu/MWhr per kilowatt-hour. Consequently, simple cycle gas turbine generators are relatively inefficient, and this fact, combined with what are typically high natural gas prices, make the gas turbine expensive. Yet, they can ramp up and down very quickly, so as a result, combustion turbines have mainly been used only for peaking or standby service. The efficiency of such units is poor compared to the 8.5 to 9.0 MBtu/MWhr heat rates typical of a large fossil fuel fired utility generating station.

The gas turbine exhausts relatively large quantities of gases at temperatures over 900 °F, In combined cycle operation, then, the exhaust gases from each gas turbine will be ducted to a waste heat boiler. The heat in these gases, ordinarily exhausted to the atmosphere, generates high pressure superheated steam. This steam will be piped to a steam turbine generator. The resulting combined cycle heat rate is in the 8.5 to 10.5 MBtu/MWhr range, significantly less than a simple cycle gas turbine generator.
In addition to the good heat rates, combined cycle units have flexibility to utilize different fuels. This flexibility, together with the fast ramp rates of the combustion turbines and relatively low heat rates, has made the combined cycle unit the unit of choice for a large percentage of recent new power plant installations.

Fig. 9 shows the simplest kind of combined cycle arrangement, where there is one combustion turbine and one HRSG and corresponding steam turbine. 
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Fig. 9: Single Gas Turbine with Single HRSG
One additional level of complexity would have two combustion turbines (CT A and B) and one boiler. In such a design, the following six combinations are possible.
· CT A alone

· CT B alone

· CT A and CT B together

· CT A and boiler

· CT B and boiler

· CT A and B and boiler

The modes with the boiler are more efficient than the modes without the boiler (since the boiler utilizes CT exhaust heat that is otherwise wasted), with the last mode listed being the most efficient.

Each of these six combinations will have their own unique cost-curve characteristic. Therefore, in performing economic dispatch [8], we need to be able to shift between these various cost curve characteristics, but this is not much of a problem to do.
But there is another more serious problem. Consider the transition between the combined cycle power plant operation just as the HRSG is ramped up. Previous to HRSG start-up, only the CT is generating, with a specified amount of fuel per hour being consumed, as a function of the CT power generation level. Then, after HRSG start-up, the fuel input remains almost constant, but the MW output of the (now) two generation units has increased by the amount of power produced by the steam turbine driven by the HRSG. A typical cost curve for this situation is shown in Fig. 10.
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Fig. 10: Cost curve for a combined cycle plant
An important feature of the curve in Fig. 10 is that it is not convex, which means its slope (i.e., its incremental cost) does not monotonically increase with PG. Figure 11 illustrates incremental cost variation with P​G.
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Fig. 11: Incremental cost curve for a combined cycle plant

5.0 Economic dispatch and convexity of objective functions in optimization

The traditional economic dispatch (ED) approach used by electric utilities for many years is very well described in [8]. This approach is still used directly by owners of multiple generation facilities when they make one offer to the market and then need to dispatch their units in the most economic fashion to deliver on this offer. This approach also provides one way to view the method by which locational marginal prices are computed in most of today’s real-time market systems.
The ED problem formulation is as follows:

Minimize: 
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Here, we note that the equality constraint is linear in the decision variables Pi. In the Newton approach to solving this problem ([8]), we form the Lagrangian according to:
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If each and every individual cost curve Ci(Pi), i=1,n,  is quadratic, then they are all convex. Because the sum of convex functions is also a convex function, when all cost curves are convex, then the objective function of the above problem is also convex. This fact allows us to find the solution by applying first order conditions, which are in this case:
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(Inequality constraints may be handled by checking the resulting solution against them, and for any violation, setting up another equality constraint which binds the given decision variable to the limit which was violated). 

Because Z is convex, and because g is linear (and therefore also convex), we can be certain that application of the above equations will result in the unique minimum cost solution.

As seen in Section 4.0 above, combined cycle units do not have convex objective functions. As a result, generation owners which utilize combined cycle units must use special techniques to solve the EDC problem. Some of these techniques are listed in the following:
1. Enumeration/Iteration: In this method, all possible solutions are enumerated and evaluated, and then the lowest cost solution is identified. This method will always work but can be quite computational.
2. Dynamic programming: See pp. 51-54 of reference [3].
3. Sequential unconstrained minimization technique (SUMT): This method is described on pp 473-477 of reference [9]. 
4. Heuristic optimization methods: There are a number of methods in this class, including Genetic Algorithm simulated annealing, tabu search, and particle swarm. A good reference on these methods is [10].
5. There is a matlab toolbox for handling non-convex  optimization. It provides 2 different algorithms together with references on papers that describe the algorithms, located at http://tomlab.biz/. There are two methods provided

(a) Radial Basis Function (RBF) interpolation: 

(b) Efficient Global Optimization (EGO) algorithm: The idea of the EGO algorithm is to first fit a response surface to data collected by evaluating the objective function at a few points. Then, EGO balances between finding the minimum of the surface and improving the approximation by sampling where the prediction error may be high.
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