
ABSTRACT

BABU, SARATH. Energy and Economic Analysis of Several Combined Heat and Power System

Installations for an Industrial Facility. (Under the direction of Dr. Stephen Terry.)

An industrial facility located in the Carolinas is looking for solutions to mitigate the high demand

charges incurred each month. This study has identified Combined Heat and Power (CHP) as an

interesting proposition for the site.

In this study, a baseline energy model of the subject facility was developed using Carrier HAP

software. The validity of the model was verified by energy and economic information collected from

the plant. This model was then compared to ten different CHP systems. The performance of each

system was documented and contrasted to the baseline model. Additionally, trigeneration using

absorption chillers was also explored as an option. Finally, an economic analysis was carried out to

evaluate the feasibility of each of the options mentioned above.

From the analysis, it was found that microturbines were the best candidates among the group.

The calculations showed that it would take 10.43 years to break even without any financial subsidies.

A sample economic analysis was also carried out assuming 70% of the capital investment as a loan

from a qualified entity.

The poor performance of these systems may be attributed to the energy pricing available to

the facility. If the electricity pricing were to increase in the future, the feasibility would also im-

prove. Finally, the effect of such an installation to the city was discussed briefly. The project was

noted to bring economic development, improved infrastructure, increased resiliency, and reduced

environmental impact to the city.



© Copyright 2020 by Sarath Babu

All Rights Reserved



Energy and Economic Analysis of Several Combined Heat and Power
System Installations for an Industrial Facility

by
Sarath Babu

A thesis submitted to the Graduate Faculty of
North Carolina State University

in partial fulfillment of the
requirements for the Degree of

Master of Science

Mechanical Engineering

Raleigh, North Carolina

2020

APPROVED BY:

Dr. Alexei Saveliev Dr. Hebert Eckerlin

Dr. Stephen Terry
Chair of Advisory Committee



DEDICATION

To all the folks who live to grow and grow to live.

ii



BIOGRAPHY

Sarath was born and raised in the growing metropolis of Kochi, India. Being exposed to Formula 1

at an early age piqued his interest in engineering. During his undergraduate studies at the Vellore

Institute of Technology, he found his passion for energy engineering.

Eager to make his mark in the industry, he dived headfirst into a Master’s Degree in Mechanical

Engineering at North Carolina State University soon after. His first year was a learning experience for

him is all aspects. He interned at CRB Engineers in Kalamazoo, Michigan, during his first summer

here.

Shortly after returning back to Raleigh, he joined the Industrial Assessment Center as a graduate

research assistant. This opened the doors to the wonderful world of energy management. Since then,

he has participated in six energy audits in manufacturing facilities in and around North Carolina.

From his previous experiences in both academia and industry, Sarath is hoping to contribute to the

built environment and energy industry after graduation.

Apart from his work, Sarath finds happiness in soccer, gaming, cooking, and photography.

iii



ACKNOWLEDGEMENTS

I’d like to thank my parents, Satheesh & Rema, and my sister Shilpa, for providing a platform to

chase my dreams, even when it’s halfway around the world. Without their belief and trust, I wouldn’t

be where I am today.

I’m deeply indebted to my advisor, Dr. Stephen Terry, for the opportunities that he’s opened

up for me, for his invaluable guidance and his words of encouragement. You have inspired me to

become a part of the solution. I would like to thank Dr. Herbert Eckerlin and Dr. Alexei Saveliev for

serving on my graduate committee advisory committee and for all the help they have offered to me

in the last two years.

I’d like to thank all my friends at the Industrial Assessment Center: Anvay, Elizabeth, Erica,

Nicole, Emily, and Kristine. I wish each of you the best for your career. I cherish my time working

with you all.

I would like to state my utmost appreciation to the subject facility for access to their immaculate

plant, their cooperation throughout the process, and assistance in collecting all necessary data.

To my many friends and family, you should know that your support and encouragement was

worth more than I can express on paper.

Thank you, Nikhil, Anvay, Rohan, Aishwarya, and Gautham – you were always there with a word

of encouragement or listening ear. I continue to learn from each of you.

Finally, I extend my gratitude to all my family, friends, and well-wishers around the globe. They

go unmentioned for want of space, but thank you for everything.

iv



TABLE OF CONTENTS

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Chapter 2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Cogeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Trigeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.3 Past Developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.4 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.5 Energy Organisations and Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Chapter 3 Fundamentals of Combined Heat and Power . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 Power Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.1 Prime Movers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.1 Heat Recovery Steam Generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.2 Heat Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.3 Combined Cycle efficiency vs CHP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3 Cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1 Heat Pumps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.2 Absorption Chillers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3.3 Cooling Tower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.5 Economics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5.1 System Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5.2 Operation and Maintenance Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5.3 Energy Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Other Economic Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.6.1 Payback Period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.6.2 Net Present Value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.6.3 Benefit-Cost Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.6.4 Internal Rate of Return (IRR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.6.5 Tax Credits and Other Economic Incentives . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.6.6 Cost Sharing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.6.7 Spark Spread . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Chapter 4 Baseline Energy Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

v



4.1 Building Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Footprint and Envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1.2 Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1.3 Internal Heat Gain De�nition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1.4 Hours of Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 HVAC Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.1 Air-Conditioning System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.2 Cleanrooms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Chapter 5 Cogeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .51

5.1 Heat Recovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.2 Load Duration Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3 Peak Shaving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.4 Base Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5 Full load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5.1 Net Metering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.6 Sample Economic Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Chapter 6 Trigeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .72

6.1 Sample Calculations for Trigeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.2 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Chapter 7 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .80

APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .84

Appendix A Building Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Appendix B Space and System De�nition in HAP . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Appendix C Results of HAP Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Appendix D Summary of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

vi



LIST OF TABLES

Table 3.1 Properties of Working Pairs in Absorption Chillers [37] . . . . . . . . . . . . . . . . . 28

Table 3.2 Summary of Acceptable Fuels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Table 3.3 Emission Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Table 3.4 Capital and Maintenance Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Table 4.1 Space Utilization Breakdown . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Table 4.2 Setpoints for the Energy Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Table 4.3 ISO 14644-1 Cleanroom Standards [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Table 4.4 Results of Baseline Model Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Table 4.5 Information Collected From the Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Table 5.1 Summary of Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Table 5.2 Peak Shaving Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Table 5.3 Base Load Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Table 5.4 Results of Economic Feasibility Analysis for Cogeneration . . . . . . . . . . . . . . 70

Table 5.5 Results of Economic Feasibility Analysis for Cogeneration (contd.) . . . . . . . . 71

Table 6.1 Comparison of Absorption Chiller Performance . . . . . . . . . . . . . . . . . . . . . . 76

Table 6.2 Different modes of operation for System 10 . . . . . . . . . . . . . . . . . . . . . . . . . 76

vii



LIST OF FIGURES

Figure 1.1 Facility Layout (Courtesy of Google Maps) . . . . . . . . . . . . . . . . . . . . . . . . . 2

Figure 2.1 The Gas Turbine and HRSG installation at NCSU (Courtesy of MAE NCSU) . 5

Figure 3.1 Rankine Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Figure 3.2 Types of Steam Turbines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Figure 3.3 Open Brayton Cycle with Heat Recovery . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Figure 3.4 Gas Turbine Ef�ciencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Figure 3.5 Microturbine Process Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Figure 3.6 Internal Combustion Engine with Heat Recovery . . . . . . . . . . . . . . . . . . . . 19

Figure 3.7 Energy Balance Diagram for the Gas Turbine . . . . . . . . . . . . . . . . . . . . . . . 23

Figure 3.8 Vapor Compression Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 3.9 Absorption Chiller Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Figure 3.10 Energy Balance for Chillers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Figure 4.1 Monthly Average Outdoor Temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Figure 4.2 Sample Schedule of Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 4.3 Sample VAV System from Carrier HAP Software . . . . . . . . . . . . . . . . . . . . . 42

Figure 4.4 Monthly Natural Gas Consumption Pro�le . . . . . . . . . . . . . . . . . . . . . . . . . 46

Figure 4.5 Monthly Demand Load Pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Figure 4.6 Monthly Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Figure 4.7 Monthly Energy Consumption Pro�le . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Figure 5.1 Energy Balance for System 9 from Table 5.1 . . . . . . . . . . . . . . . . . . . . . . . . 53

Figure 5.2 Overall CHP Thermal Ef�ciency Comparison for Systems from Table 5.1 . . . 55

Figure 5.3 Load Duration Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Figure 5.4 Monthly Revenue from Net Metering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Figure 5.5 Financial Analysis Results from RETScreen Software for System 1 . . . . . . . . 68

Figure 5.6 Financial Analysis Results from RETScreen Software for System 1 . . . . . . . . 69

Figure 5.7 Financial Analysis Results from RETScreen Software for System 3 . . . . . . . . 69

Figure 5.8 Financial Analysis Results from RETScreen Software for System 3 . . . . . . . . 70

viii



CHAPTER1

Introduction

A manufacturing plant is shown in Figure 1.1 located in the Carolinas is looking for opportunities to

reduce the coincident peak demand charges incurred by the facility. Combined Heat and Power

(CHP) seems to be an attractive solution as it offers the improved system ef�ciency, a degree of

independence from the electrical grid, reduced emissions and lower operating costs [35]. The plant

is currently operational with plans to expand production in the future.

This project is an early investigation into the feasibility of the site for CHP potential and explores

different technologies to arrive at the most suitable recommendation for the facility. Due to the scale

of the project, there will be various stakeholders ranging from the company to the local government

if the project moves to the development phase.

Being a manufacturing plant, it is advantageous to consider alternative power generation ca-

pabilities to reduce the energy consumption charges and act independently from the grid. It can

be bene�cial when considering expansions or changes in process loads. In recent times, CHP has

gathered momentum in this �eld and is adaptable to different sizes and industries.

The downside to the implementation is the high initial capital investment. Often there are

multiple parties involved, and decisions are slow to come to fruition. Hence, it is key to investigate

all avenues and seek support from the public entities in the form of tax rebates or loans.
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Figure 1.1 Facility Layout (Courtesy of Google Maps)

This study will assess the feasibility of installing an on-site power generation system with waste

heat recovery. This may be in the form of cogeneration or trigeneration. Since the project is for an

operational facility, a base model will be developed, and economic analysis of the various options

will also be performed. This study is only an exercise to explore the options available to the project

and is not intended to be considered as a comprehensive answer for the scenario.

The contents of this thesis are covered over seven chapters, as follows: Chapter 1 is a brief

write-up on the goals of the project. Chapter 2 introduces the concepts and the literature review

to understand the current climate of the topics discussed. Chapter 3 looks into the technologies

and working principles used in the measures suggested by this study. Chapter 4 is an analysis
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of the baseline model of the facility. Chapters 5 and 6 cover the implementation of the various

cogeneration and trigeneration technologies, respectively. Finally, Chapter 7 summarizes the results

of the study and provides closing remarks to the facility.
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CHAPTER2

Background

2.1 Cogeneration

Cogeneration or Combined Heat and Power (CHP) is the concurrent production of electricity and

heat energy from a single source. Most CHP installations are on-site, which helps to bypass the

losses associated with the transport of energy. Any form of available energy sources can power CHP

systems, be it fossil- or renewable-based. These systems can operate at ef�ciencies of up to 75%

due to the capture of thermal energy generated during power generation.

In 2012, North Carolina State University brought an 11 MW CHP system online as a part of the

Cates Utility Plant. Later in 2019, an additional 5.5 MW CHP plant was installed at the Centennial

Campus Utility Plant. The Centennial plant pictured below in Figure 2.1, has a 5.5 MW Solar Taurus 60

gas turbine with HRSG producing 30,000 PPH of steam. With supplemental heating, the output can

be raised to 60,000 PPH. In addition, a 1 MW steam turbine uses steam during peak demand periods

to produce electricity. Finally, a 3.4 million gallon chilled water storage system was also installed to

provide 25,000 ton-hours of cooling. This new CHP system can meet 30% of the maximum campus

electrical demand. The project payback period is 17 years. The �ndings from this project have

motivated the analysis carried out in this study.
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