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• The Golden Circle:

1. Why = Our Cause, Our Beliefs

2. How = The Actions We Take

3. What = Daily Tasks

• Why = Deliver Energy More Efficiently

• “What Tools Do We Have?”

• “What Role Do We Take?”

• “What Information Do We Share?”

Start With Why



Business As Usual (BAU)



“Energy Is Work Or The Capacity To Do 

Work”

Why Energy Efficiency



• Incandescent Bulb = 13 

Lum/W

• Total Watts Required = 61 

W

• Grid Efficiency = 95%

• Generated Watts = 64 W

• Generation Efficiency = 

42.5%

• Total Watts Required = 151 

W

• LED Fixture = 95 Lum/W

• Total Watts Required = 8 W

• Grid Efficiency = 95%

• Generated Watts = 8.4 W

• Generation Efficiency = 

42.5%

• Total Watts Required = 

19.8 W

One Lightbulb Retrofit Can Save 

131 Watts

Impact Of Increased Efficiency



Start With Why

1. Second Law of Thermodynamics:

• “A Machine Whose Working Fluid Undergoes A Cycle Cannot 

Absorb Heat From A High Temperature Sink And Produce 

Shaft Work Without Rejecting Heat To A Lower Temperature 

Receiver.”

2. More Effective Use of Rejected Heat:

• “The Obvious Way To Improve The Effectiveness Of Use Of 

The Input Energy, Then, Is To Put The Heat Rejected By The 

Cycle To Some Beneficial Use.” – Bill Coad
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Compound Generation 

• Burn Natural Gas To Generate Electricity (Gas Turbine)

• Utilize A Duct Burner and Heat Recovery Steam Generator

• Condense Steam To Generate Electricity (Steam Turbine 

Generator)

• Distribute Steam And Electricity To Campus

• Are All The Added Complexities Worth The Additional Step?

• One Field Trip Sparked The Following Analysis



System Descriptions

1. Conventional System

• Purchase Electricity And Natural Gas

2. System “X”

• Purchase Natural Gas To Generate Electricity

3. System “Y”

• Compound Cycle With Condensing Steam (Mizzou Setup)

• Solar Titan 130-20500 Gas Turbine (13.5 MW @ 13.8kV)

4. System “Z”

• Compound Cycle Without Condensing Steam By Cooling Towers

• Matching Campus Heating Needs And Heating Production Exactly



System Descriptions - Assumptions

System
Electrical 

Output (kW)

Annual 
Electrical 

Output (kWh)

Annual Natural 
Gas Use 
(MMBtu)

Recovered 
Heat (MMBtu)

System “X” 13,477 112,155,594 1,404,060 440,580

System “Y” 21,446 178,470,277 2,014,204 440,580

System “Z” 18,429 153,365,527 2,014,060 799,375



Conventional System



System “X” – Standard Cogeneration



System “Y” – Compound Cogeneration



System “Z” – Compound Cogeneration
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Typical 

Cogeneration 

Analysis 

Techniques

1. Single Equation For Cogeneration

• Developed By Bill Coad

• Approach To Producing Chilled Water

2. Life Cycle Cost Analysis

• Published in ASHRAE by Michael Schwarz

3. “Best Case” Simple Payback

• The Jerry Williams Approach

• First Pass Estimate (With Great Detail)

4. Monte Carlo Simulation

• Since No System Is Ever Static



Single Equation For Cogeneration

𝐾𝐺 = 𝐹 10−4 𝑅 −
1

𝜆𝐵
𝐻𝑟𝑈𝐻 − (

1

𝐴𝑅
)(𝐸𝑅𝑈𝐶𝐻𝑅𝐾𝑃) + 𝑀 + 𝐼 + 𝑋

𝑋 = any other fixed cost, cents per kWh

𝐴𝑅 = fluid heat rate for absorption cooling, Btu 

per ton-hr

𝐸𝑅 = energy requirement for compression 

refrigeration, Kw per ton

𝐾𝑃 = cost of purchased electricity, cents per kWh 

generated

𝑈𝐶 = utilization ratio for heat recovered for 

cooling

𝐾𝐺 = cost to generate electricity, cents per 

kWh

𝑅 = prime mover fuel rate, Btu per kWh

𝐹 = cost of fuel, $ per million Btu

𝐻𝑟 = salvage heat available, Btu per kWh

𝜆𝐵 = boiler efficiency in producing heat from 

fuel

𝑈𝐻 = utilization ratio for recovered heat

𝑀 = cost of maintenance, cents per kWh

𝐼 = amortized investment cost, cents per 

kWh



Single Equation For Cogeneration



Life Cycle

Cost Analysis

Michael 

Schwarz



Life Cycle

Cost Analysis

Michael 

Schwarz

(cont.)

• Published in August 2017 ASHRAE 

Journal

• Comparison To Business-As-Usual (BAU)

• 20-Year Timeline



Best Case Simple Payback

• Perfected By Jerry Williams

• Detailed Approach

• “Must Draw It To 

Understand It”

• Savings Over First Cost

• First Pass Analysis

• Typically Requires Further 

Analysis Before Final 

Recommendation (But Not 

Much)



Best Case Simple Payback



Monte Carlo 

Simulation

(Because No System Is 

Static)

• Technique Used To Understand The 

Impact Of Risk And Uncertainty

• Generate Draws From A Probability 

Distribution

• Require:

• Input Variables (With Ranges)

• Probability Of Different Outcomes

• Repeated Random Sampling

• Deliver:

• Mean And Standard Deviation

• Confidence Interval

• Regression Capabilities



Monte Carlo 

Simulation

(Because No System Is 

Static)
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Typical 

Cogeneration 

Analysis 

Techniques

3. “Best Case” Simple Payback

• The Jerry Williams Approach

• First Pass Estimate (With Great Detail)



Pro Forma Results

System
Value Of Electricity 

Generated

Value Of 

Recovered Steam

Net Annual 

Savings

Total Plant 

Cost

Payback 

Period

Cost / kWh 

Produced

System “X” $8,299,514 $2,202,901 $3,652,461 $30,323,250 8.3 $0.0414

System “Y” $13,206,801 $2,201,834 $5,388,642 $39,487,139 7.3 $0.0438

System “Z” $11,349,049 $3,996,876 $5,602,085 $33,740,079 6.0 $0.0375

System

Absorption 

Chiller Capacity 

Available (Tons)

Value Of Ton-

Hours 

Produced

Value of 

Additional 

Electricity

Net Annual 

Savings

Total Plant 

Cost

Paybac

k Period

Cost / kWh 

Produced

System “X” 6,089 $2,493,526 $434,961 $3,418,401 $33,367,658 9.8 $0.0435

System “Y” 6,086 $2,495,228 $435,258 $5,104,002 $42,530,072 8.3 $0.0454

System “Z” 11,047 $4,524,177 $789,180 $5,217,514 $39,263,760 7.5 $0.0400

Net Of Chilled Water Production

With Absorption Refrigeration Cost And Savings



Agenda

Conclusions & 

Recommendations

5



Conclusions

1. Never Forget The Opportunity Cost Of Electric 

Refrigeration

• The Value Of The Recovered Steam For Absorption 

Refrigeration Is Of Less Value Than The Steam Recovered For 

Heating

2. Steam Turbine Addition Reduces Payback By 10%

3. What If Plant Operating Pressure Was 600 PSIG?

4. What If The Steam Turbine Exhausted At 60 PSIG?

5. What Are The Affects Of Standby Service Riders?

• How Is Generation Calculated?
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Question & Answers
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