Case Problem 2
Cinergy Corporation manufactures and distributes electricity for customers located in Indiana, Kentucky, and Ohio. The company spends $725 to $750 million each year for the fuel needed to operate its coal-fired and gas-fired power plants; 92% to 95% of the fuel used is coal. Cinergy uses 10 coal-burning generating plants: five located inland and five located on the Ohio River. Some plants have more than one generating unit. As the seventh-largest coal-burning utility in the United States, Cinergy uses 28-29 million tons of coal per year at a cost of approximately $2 million every day.
The company purchases coal using fixed-tonnage or variable-tonnage contracts from mines in Indiana (49%), West Virginia (20%), Ohio (12%), Kentucky (11%), Illinois (5%), and Pennsylvania (3%). The company must purchase all of the coal contracted for on fixed-tonnage contracts, but on variable-tonnage contracts it can purchase varying amounts up to the limit specified in the contract. The coal is shipped from the mines to Cinergy’s generating facilities in Ohio, Kentucky, and Indiana. The cost of coal varies from $19 to $35 dollars per ton and transportation/delivery charges range from $1.50 to $5.00 per ton.


A model is used to determine the megawatt hours (mWh) of electricity that each generating unit is expected to produce and to provide a measure of each generating unit’s efficiency, referred to as the heat rate. The heat rate is the total BTU’s required to produce 1-kilowatt hour (kWh) of electrical power.

Coal Allocation Model
Cinergy uses a linear programming model, called the coal allocation model, to allocate coal to its generating facilities. The objective of the coal allocation model is to determine the lowest-cost method for purchasing and distributing coal to the generating units. The supply/availability of the coal is determined by the contracts with the various mines, and the demand for coal at the generating units is determined indirectly by the megawatt hours of electricity each unit must produce.


The cost to process coal, called the add-on cost, depends upon the characteristics of the coal (moisture content, ash content, BTU content, sulfur content, and grindability) and the efficiency of the generating unit. The add-on cost plus the transportation cost are added to the purchase cost of the coal to determine the total cost to purchase and use the coal.

Current Problem
Cinergy signed three fixed-tonnage contracts and four variable-tonnage contracts. The company would like to determine the least cost way to allocate the coal available through these contracts to five generating units. The relevant data for the three fixed-tonnage contracts are as follows:

	Supplier
	Number of Tons

Contracted For
	Cost $/ton
	BTUs/lb

	RAG
	350,000
	22
	13,000

	Peabody Coal Sales
	300,000
	26
	13,300

	American Coal Sales
	275,000
	22
	12,600


For example, the contract signed with RAG requires Cinergy to purchase 350,000 tons of coal at a price of $22 per ton; each pound of this particular coal provides 13,000 BTUs.


The data for the four variable-tonnage contracts follow:

	Supplier
	Number of Tons

Available
	Cost $/ton
	BTUs/lb

	Consol, Inc.
	200,000
	32
	12,250

	Cyprus Amax
	175,000
	35
	12,000

	Addington Mining
	200,000
	31
	12,000

	Waterloo
	180,000
	33
	11,300


For example, the contract with Consol, Inc., enables Cinergy to purchase up to 200,000 tons of coal at a cost of $32 per ton; each pound of this coal provides 12,250 BTUs.


The number of megawatt hours of electricity that each generating unit must produce and the heat rate provided are as follows:

	Generating Unit
	Electricity Produced (mWh)
	Heat Rate (BTUs per kWh)

	Miami Fort Unit 5
	550,000
	10,500

	Miami Fort Unit 7
	500,000
	10,200

	Beckjord Unit 1
	650,000
	10,100

	East Bend Unit 2
	750,000
	10,000

	Zimmer Unit 1
	1,100,000
	10,000


For example, Miami Fort Unit 5 must produce 550,000 megawatt hours of electricity, and 10,500 BTUs are needed to produce each kilowatt hour.

The transportation cost and the add-on cost in dollars per ton are shown here:

	Transportation Cost ($/ton)

	
	Miami Fort 

Unit 5
	Miami Fort

Unit 7
	Beckjord

Unit 1
	East Bend

Unit 2
	Zimmer

Unit 1

	RAG
	5.00
	5.00
	4.75
	5.00
	4.75

	Peabody
	3.75
	3.75
	3.5
	3.75
	3.5

	American
	3.00
	3.00
	2.75
	3.00
	2.75

	Consol
	3.25
	3.25
	2.85
	3.25
	2.85

	Cyprus
	5.00
	5.00
	4.75
	5.00
	4.75

	Addington
	2.25
	2.25
	2.00
	2.25
	2.00

	Waterloo
	2.00
	2.00
	1.60
	2.00
	1.60


	Add-On Cost ($/ton)

	
	Miami Fort 

Unit 5
	Miami Fort

Unit 7
	Beckjord

Unit 1
	East Bend

Unit 2
	Zimmer

Unit 1

	RAG
	10.00
	10.00
	10.00
	5.00
	6.00

	Peabody
	10.00
	10.00
	11.00
	6.00
	7.00

	American
	13.00
	13.00
	15.00
	9.00
	9.00

	Consol
	10.00
	10.00
	11.00
	7.00
	7.00

	Cyprus
	10.00
	10.00
	10.00
	5.00
	6.00

	Addington
	5.00
	5.00
	6.00
	4.00
	4.00

	Waterloo
	11.00
	11.00
	11.00
	7.00
	9.00


FORMULATION:
A Linear Programming problem can be formulated to determine how much coal to purchase from each of the mining companies and how it should be allocated to the generating units so as to minimize the total cost.

DECISION VARIABLES:

Let Xij = Tons of coal purchased from supplier i and used by generating unit j.

As there are 7 suppliers and 5 generating units,

i=1(RAG), 2 (Peaboy), 3(American),4(Consol),5(Cyprus),6(Addington),7(Waterloo)

j=1(MF Unit 5), 2(MF Unit 7), 3(BJ unit 1), 4(EB Unit 2), 5(Zimmer Unit1)
Thus, we have total 35 decision variables as shown in table below:
	Decision variables (Amount of coal shipped from I to j)

	 
	Miami Fort Unit 5 (1)
	Miami Fort Unit 7 (2)
	Beckjord Unit 1 (3)
	East Bend Unit 2 (4)
	Zimmer Unit 1 (5)

	RAG(1)
	X11
	x12
	X13
	X14
	X15

	Peabody(2)
	X21
	X22
	X23
	X24
	X25

	American(3)
	X31
	X32
	X33
	X34
	X35

	Consol(4)
	X41
	X42
	X43
	X44
	X45

	Cyprus(5)
	X51
	X52
	X53
	X54
	X55

	Addington (6)
	X61
	X62
	X63
	X64
	X65

	Waterloo(7)
	X71
	X72
	X73
	X74
	X75


OBJECTIVE FUNCTION:
Objective function would be to minimize total cost of buying and burning coal.

Objective function coefficient Cij = Cost of buying coal from supplier i +Cost of shipping Xij units form supplier I to generating unit j + cost of burning the coal at generating unit j.

For example: fir X11, C11 =22+5+10 =37
The following table shows values of objective function coefficients for all the decision variables.

	 
	Miami Fort Unit 5
	Miami Fort Unit 7
	BeckjordUnit 1
	East Bend Unit 2
	Zimmer Unit 1

	RAG
	37.00
	37.00
	36.75
	32.00
	32.75

	Peabody
	39.75
	39.75
	40.50
	35.75
	36.50

	American
	38.00
	38.00
	39.75
	34.00
	33.75

	Consol
	45.25
	45.25
	45.85
	42.25
	41.85

	Cyprus
	50.00
	50.00
	49.75
	45.00
	45.75

	Addington
	38.25
	38.25
	39.00
	37.25
	37.00

	Waterloo
	46.00
	46.00
	45.60
	42.00
	43.60


Final objective function:
Minimize Z= 37X11 + 39.75X21 + 38 X31 + 45.25X41 + 50X51 + 38.25X61 + 46X71

   + 37X12 + 39.75X22 + 38 X32 + 45.25X42 + 50X52 + 38.25X62 + 46X72

   + 36.75X13 + 40.50X23 + 39.75X33 + 45.85X43 + 49.75X53 + 39X63 + 45.6X73


   + 32X14 + 35.75X24 + 34X34 + 42.25X44 + 45X54 + 37.25X64 + 42X74


   + 32.75X15 + 36.5X25 + 33.75X35 + 41.85X45 + 45.75X55 + 37X65 + 43.6X75   

CONSTRAINTS:

There are two types of constraints: supply constraints and demand constraints.  
· SUPPLY CONSTRAINTS:

The supply constraints limit the amount of coal that can be bought under the various contracts.  
There are 7 suppliers so there are 7 supply constraints:

First three constraints are for the suppliers with fixed tonnage contract. Thus the constraint inequalities are =.


X11+X12+X13+X14+X15 =350,000 (RAG)

X21+X22+X23+X24+X25=300,000 (Peabody

X31+X32+X33+X34+X35=275,000 (American)
 Last 4 constraints are for the suppliers with variable tonnage contract. This means that the   maximum      amount purchased is the amount specified in the contract. Thus, these constraints have <= inequality.

X41+X42+X43+X44+X45 <=200,000 (Consol)

X51+X52+X53+X54+X55<=175,000 (Cyprus)

X61+X62+X63+X64+X65<=200,000(Addington)

X71+X72+X73+X74+X75<=180,000(Waterloo)
· DEMAND CONSTRAINTS:
The demand constraints specify the number of mWh of electricity that must be generated by each generating unit. 
Let aij = mWh hours of electricity generated by a ton of coal purchased from supplier i and used by generating unit j.

This quantity is not given directly and needs to be calculated as follows:

For Supplier 1(RAG), the BTU/lb = 13,000

As all other units used for weight are tons, we convert this to BTU/kg by dividing it by 0.454.
We use the universal conversion: 1lb =454 grams or 0.454 kgs
Thus, for supplier 1, BTU/Kg of coal = 13,000/0.454 =28,634.
We need the quantity for say mWh/ton for supplier 1 to generating unit 1.

Heat rate for generating unit 1(MF Unit 1) = 10,500 BTU/kWh

So we divide the value of BTU/Kg of coal by BTU/kWh and we get the value of a11
Thus, a11 = 28,364/10,500 = 2.73
Similarly, all other values for aij are calculated. The values are shown in following table:

	
	Demand constraints(mWh/Ton)

	 
	Miami Fort Unit 5
	Miami Fort Unit 7
	Beckjord Unit 1
	East Bend Unit 2
	Zimmer Unit 1

	RAG
	2.73
	2.81
	2.84
	2.86
	2.86

	Peabody
	2.79
	2.87
	2.90
	2.93
	2.93

	American
	2.64
	2.72
	2.75
	2.78
	2.78

	Consol
	2.57
	2.65
	2.67
	2.70
	2.70

	Cyprus
	2.52
	2.59
	2.62
	2.64
	2.64

	Addington
	2.52
	2.59
	2.62
	2.64
	2.64

	Waterloo
	2.37
	2.44
	2.46
	2.49
	2.49


Thus, we get following demand constraints:

2.73X11 + 2.79X21 + 2.64X31 +2.57X41 + 2.52X51 + 2.52 X61 + 2.37X71 =550,000 (MF unit 5)
2.81X12 + 2.87X22 +2.72X32 + 2.65X42+2.59X52+2.59X62+2.44X72=500,000(MF Unit7)
2.84X13 + 2.9X23 +2.75X33 +2.67X43 +2.62X53 +2.62X63 + 2.46X73 =650,000(BJ unit1) 

2.86X14 + 2.93X24 +2.78X34 +2.7X44 +2.64X54 +2.64X64 + 2.469X74 =750,000(EB unit 1) 
2.86X15+ 2.93X25 +2.78X35 +2.7X45 +2.64X55 +2.64X65 + 2.469X75 =1100,000(Zimmer unit 1) 
NOTE:  The excel file shows all the calculations of objective function co-efficient and constraints. It also shows the solution done using Excel solver.
Prepare a report that summarizes your recommendations regarding Cinergy’s coal allocation problem. Be sure to include information and analysis for the following issues.

1. Determine how much coal to purchase from each of the mining companies and how it should be allocated to the generating units. What is the cost to purchase, deliver, and process the coal?
Following table shows the quantities of coal to be purchased from each of the mining companies and allocation of these quantities to various generating units:
	 
	Miami Fort Unit 5
	Miami Fort Unit 7
	Beckjord Unit 1
	East Bend Unit 2
	Zimmer Unit 1
	Total coal shipped

	RAG
	0.00
	0.00
	88076.92
	261923.08
	0.00
	350000

	Peabody
	190770.68
	0.00
	109229.32
	0.00
	0.00
	300000

	American
	0.00
	0.00
	0.00
	0.00
	275000.00
	275000

	Consol
	0.00
	0.00
	31245.71
	0.00
	124816.33
	156062

	Cyprus
	0.00
	0.00
	0.00
	0.00
	0.00
	0

	Addington
	7050.00
	192950.00
	0.00
	0.00
	0.00
	200000

	Waterloo
	0.00
	0.00
	0.00
	0.00
	0.00
	0

	Total coal purchased (tons)
	197821
	192950
	228552
	261923
	399816
	

	Total mWh
	          550,000.00 
	      500,000.00 
	      650,000.00 
	      750,000.00 
	     1,100,000.00 
	


The total cost to purchase, deliver, and process the coal is $ 47,212,716.64 
2. Compute the average cost of coal in cents per million BTUs for each generating unit (a measure of the cost of fuel for the generating units).
To calculate this quantity, we first need to calculate BTUs in millions as follows:

To calculate this, we use following formula:
· First calculate BTU in millions: BTU in millions for MF unit 5= Total mWh at MF unit 5* Heat rate at MF Unit 5 * 1000/1000000 

BTU in millions for MF unit 5= 550,000*10,500/1000 = 5775000

Other BTUs in millions are calculated and are shown in following table.

· Next calculate cents/million BTUs.
As this is the cost of fuel, we consider only the costs that are related to fuel. Thus, Add-on cost is not considered. Only the cost of coal/ton of supplier i and Transportation cost of shipping units Xij from supplier i to generating unit j are considered.
Cents per million BTU at MF unit 5 =
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=(190770.68*(22+5) + 7050*(31+2.25))*100 /5775000 

Cents per million BTU at MF unit 5 =102.33 cents

The calculations are shown in excel file. Following table shows the results of calculations.

	 
	Miami Fort Unit 5
	Miami Fort Unit 7
	Beckjord  Unit 1
	East Bend Unit 2
	Zimmer Unit 1

	BTU Millions
	            5,775,000 
	        5,100,000 
	        6,565,000 
	        7,500,000 
	        11,000,000 

	Cents per million BTU
	102.33
	125.80
	101.56
	94.29
	101.42


3. Compute the average number of BTUs per pound of coal received at each generating unit (a measure of the energy efficiency of the coal received at each unit).
BTU/pound of coal is calculated as follows:
BTU/Pound for MF Unit 5 = Total mWh for MF Unit5 * Heat rate (BTU/kWh) for MF Unit 5*0.454/Sum of coal shipped to MF5.

BTU/lb for MF5 = 550,000*10,500*0.454/ (197821) =13,253.67
Similarly BTU/lb is calculated for all the generating units. Values are shown in following table:
	
	Miami Fort Unit 5
	Miami Fort Unit 7
	Beckjord Unit 1
	East Bend Unit 2
	Zimmer Unit 1

	BTU/LB
	            13,253.67 
	       12,000.00 
	       13,040.84 
	       13,000.00 
	         12,490.74 


4. Suppose that Cinergy can purchase an additional 80,000 tons of coal from American Coal Sales as an “all or nothing deal”, for $30 per ton. Should Cinergy purchase the additional 80,000 tons of coal?
EXCEL SENSITIVITY REPORT:

	 
	 
	Final
	Shadow
	Constraint
	Allowable
	Allowable

	Cell
	Name
	Value
	Price
	R.H. Side
	Increase
	Decrease

	$J$19
	RAG Total coal shipped
	350000
	-11.91
	350000
	29443.07692
	41403.07692

	$J$20
	Peabody Total coal shipped
	300000
	-9.28
	300000
	28778.94737
	40469.17293

	$J$21
	American Total coal shipped
	275000
	-9.30
	275000
	121349.2063
	42717.46032

	$J$22
	Consol Total coal shipped
	156062
	0.00
	200000
	1E+30
	43937.95918

	$J$23
	Cyprus Total coal shipped
	0
	0.00
	175000
	1E+30
	175000

	$J$24
	Addington Total coal shipped
	200000
	-5.99
	200000
	31896.66667
	7050

	$J$25
	Waterloo Total coal shipped
	0
	0.00
	180000
	1E+30
	180000

	
	
	
	
	
	
	


It can be seen from the sensitivity report that the shadow price per ton of coal purchased from American coal sales is -$9.30 per ton. This means that every additional ton of coal purchased from American coal sales at current price of $22 per ton would decrease the cost by $9.30. Allowable increase is 121349 tons. This means that this shadow price is valid till the quantity is increased by 121349 tons. Thus, paying $30 per ton will still decrease the cost by $9.30-($30-22) = $1.30. Thus, if Cinergy buys the extra 80000 tons, the total cost would reduce by $1.30(80,000)= $104,000. Thus, Cinergy should buy the additional coal at proposed rate.
5. Suppose that Cinergy learns that the energy content of the coal from Cyprus Amax is actually 13,000 BTUs per pound. Should Cinergy revise its procurement plan?
The LP model is re-solved after revising the model for given condition. The solution does not change. That is; the procurement plan does not need to be revised. The excel File “118063_Condition4.xls” is attached.
6. Cinergy has learned from its trading group that Cinergy can sell 50,000 megawatt hours of electricity over the grid (to other electricity suppliers) at a price of $30 per megawatt hour. Should Cinergy sell the electricity? If so, which generating units should produce the additional electricity?
EXCEL SENSITIVITY REPORT:
	 
	 
	Final
	Shadow
	Constraint
	Allowable
	Allowable

	Cell
	Name
	Value
	Price
	R.H. Side
	Increase
	Decrease

	$J$27
	Total mWh (MF unit 5)
	550000
	17.57
	550000
	112909.5867
	80293.68576

	$J$28
	Total mWh (MF Unit 7)
	500000
	17.07
	500000
	18268.9816
	82655.26475

	$J$29
	Total mWh (Beckjord Unit1)
	650000
	17.16
	650000
	117381.2535
	83473.63371

	$J$30
	Total mWh (East bend unit 2)
	750000
	15.33
	750000
	118555.0661
	84308.37004

	$J$31
	Total mWh (Zimmer unit 1)
	1100000
	15.51
	1100000
	118555.0661
	336784.141


The above table shows shadow prices for demand constraints from the Excel’s sensitivity report. It can be seen that the East Bend unit 1 is the one with minimum shadow price of $15.33. This means that by increasing the generation at East bends by 1mWh, the total cost would increase by $15.33. As the additional electricity is to be sold at a price of $30/megawatt hour, the profit would still be of $30-15.33 =14.67/mWh. Also, the allowable increase is 118555 mWh. Thus, the shadow price is valid for 50,000 mWh. 
Thus, Cinergy should sell the 50,000mWh over the grid. The additional electricity should be produced at Ease bend generating unit. Cinergy’s total profit would be $14.67*50,000 =$733,000 by selling this additional power.
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