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Abstract

From the point of view of energy importance and the environmental
impacts associated with conventional energy production methods, and
for the purpose of low-grade waste heat recovery, this thesis
demonstrates an investigative approach to develop and test a novel,
environmentally friendly small-scale Rankine based power generation
prototype system. To fulfil the aim, a range of systems of different
technologies, and employing different working fluids were investigated
to identify the most efficient, cost-effective system for the application.
These systems are the absorption power generation system, and the
flood expansion power generation system employing CO2/Lubricant
mixture as the working fluid, the CO2 SRC power system, and finally
the ORC system employing newly developed HFOs and HCFO-
R1233zd(E) refrigerants. The CO2/lubricant working fluid mixture was
experimentally investigated and thermodynamically modelled. The
performance of the investigated systems was theoretically evaluated
by computer simulations. The results revealed that the ORC
outperformed all other investigated systems, achieving thermal
efficiency and net thermal power output of 14.36% and 4.81 kW
respectively with R1233zd(E). In addition, the evaluation confirmed the
capability of the new refrigerants to replace conventional refrigerants.
A small-scale R1233zd(E) ORC prototype system utilising a specially
developed scroll expander was constructed and tested. In the First
Experiment, an automotive motor was utilised as the electric
generator. The system’s optimum performance was 7.87% thermal
efficiency, 1.39 kW expander power output, and 180 W electric power
output. The main source of performance limitation was identified as the
lower capability of the steam humidifier heat source, in addition to the
speed mismatch between the expander and the motor, the poor
performance of the circulation pump, and the piping configuration in
relation to the positions of heat exchangers. Piping and the position of
heat exchangers were altered, the motor was replaced by an alternator
and the second experiment commenced in which the best overall
experimental performance of 7.6% thermal efficiency, 1 kW expander
power output, 246 W electric power output, was achieved. Very poor
pump efficiency and a large power loss through the power transmission
mechanism to the alternator were observed. Upon completion of the
experiments, the theoretically predicted performance was validated,
and the experimentally obtained results were compared to those of
similar ORCs from literature. The comparison revealed that for the
utilised expander type, a mass flow rate of 0.074 kg/s, and a pressure
ratio of 4.5, achieves the best expander efficiency of 75%. From an
economic point of view, the R1233zd(E) ORC was shown to be a very
attractive and safe investment even for scaled- up systems. The thesis
concluded that the ORC technology remains the most efficient, flexible
technology for low-grade heat recovery, and the evaluation of
R1233zd(E) for the first time expressed the attractive potentials of the
refrigerant in ORC applications. Finally, justified recommendations
were made to replace the heat source and refrigerant pump and to test
other types of expander in order to improve the performance of the
R1233zd(E) ORC prototype system.



II

Acknowledgements

I have been contemplating this moment for a long time, writing the

final words in my PhD thesis. However I realised that this work

would not have been possible without the unconditional support,

trust and love of people around me to whom I will be forever

thankful.

I am very grateful to my supervisor Professor Saffa Riffat for his

support throughout every step of this work, and the amount of time

spent and advice given in numerous discussions to overcome

obstacles I faced as this project progressed. I am also grateful to

my second supervisor, Dr. Yuehong Su, for his valuable advice and

our time spent working together on theoretical and practical issues.

Special thanks go to Dr. Xiaoli ma, who worked very closely with

me for long sessions and provided help and support all the way

through this project.

I also would like to acknowledge Dr. Richard Powell, Mr. Simon

Redford, Pera Technology and Mexichem Fluor UK Ltd. for their

contribution and the assistance and advice they provided to

complete this work.

Lastly, I dedicate this thesis to, and thank my family for their

support and unconditional love; to my parents, who raised me with

a love of knowledge and always encouraged my pursuits; to my

loving sister’s presence and frequent visits which have been very

supportive; and most of all to my beloved, very patient and

encouraging small team of Noora and Abdullah, whose faithful

support and understanding will forever be appreciated.



III

Table of Contents

ABSTRACT ....................................................................................... I

ACKNOWLEDGEMENTS....................................................................II

TABLE OF CONTENTS .................................................................... III

LIST OF TABLES...............................................................................X

LIST OF FIGURES ....................................................................... XIII

NOMENCLATURE............................................................................XX

CHAPTER 1 : INTRODUCTION ..........................................................1

THE IMPORTANCE AND DEMAND FOR ENERGY ....................................... 11.1

ENERGY SOURCES ....................................................................... 21.2

1.2.1 Non-Renewable Energy ...................................................... 2

1.2.2 Renewable Energy ............................................................. 2

ELECTRIC ENERGY ....................................................................... 31.3

GLOBAL WARMING AND THE GREENHOUSE EFFECT ................................. 51.4

1.4.1 The Greenhouse Gases....................................................... 6

1.4.2 International Agreements ................................................... 7

OZONE LAYER DEPLETION AND REFRIGERANTS ..................................... 81.5

INDUSTRIAL WASTE HEAT POTENTIAL IN THE EU................................. 101.6

THESIS STATEMENT FOR PROBLEMS AND NEEDS.................................. 121.7

THESIS AIMS AND OBJECTIVES ...................................................... 131.8

NOVELTY OF THE RESEARCH AND THE SMALL-SCALE R1233ZD(E) ORC1.9

PROTOTYPE SYSTEM ........................................................................... 16

THESIS STRUCTURE ................................................................... 161.10

CHAPTER 2 : A REVIEW OF LOW-GRADE HEAT RECOVERY POWER

GENERATION CYCLES ....................................................................19

INTRODUCTION ........................................................................ 192.1

BACKGROUND .......................................................................... 192.2

THE ORGANIC RANKINE CYCLE (ORC)............................................. 202.3

2.3.1 Principle of Operation....................................................... 20

2.3.2 Working Fluids Selection Criteria ....................................... 21

2.3.3 Conventional ORC Working Fluids ...................................... 23

2.3.4 Environmentally Friendly ORC Working Fluids...................... 25

2.3.4.1 Hydrofluoro Olefin (HFOs) ....................................................... 25

2.3.4.2 Hydrochloroflouroolefins (HCFOs) ............................................. 26

2.3.5 Performance of the Environmentally Friendly Working Fluids . 27

2.3.6 Expansion Device ............................................................ 29

2.3.6.1 Scroll Expanders .................................................................... 30

2.3.7 Applications .................................................................... 32

2.3.8 Novel ORC Designs .......................................................... 34

THE SUPER-CRITICAL RANKINE CYCLE (SRC)..................................... 382.4

2.4.1 Principle of operation ....................................................... 38

2.4.2 Working fluids ................................................................. 40

2.4.2.1 CO2 as a Working Fluid ........................................................... 41

CO2 SRC AND TRC PERFORMANCE AND DESIGN ................................ 422.5

2.5.1 Novel CO2 SRC and TRC Designs ....................................... 45



IV

ABSORPTION POWER GENERATION CYCLE .......................................... 522.6

2.6.1 Principle of operation ....................................................... 52

2.6.2 Working fluids ................................................................. 53

2.6.3 Design and performance of Absorption Power Generation

Systems .................................................................................... 54

2.6.4 Designs for Novel Absorption Power Generation Systems...... 59

CONCLUSIONS ......................................................................... 632.7

2.7.1 ORC............................................................................... 63

2.7.2 SRC and TRC .................................................................. 65

2.7.3 Absorption Power Generation Cycle.................................... 66

CHAPTER 3 : CO2/LUBRICANT OIL MIXTURE AS A WORKING FLUID

......................................................................................................68

INTRODUCTION ........................................................................ 683.1

BACKGROUND ON REFRIGERANT/LUBRICANT OIL MIXTURE STUDIES .......... 683.2

MISCIBILITY AND PHASE EQUILIBRIUM ............................................. 693.3

TYPES OF LUBRICANT OIL FOR REFRIGERATION ................................... 703.4

3.4.1 Mineral Oils (MO)............................................................. 70

3.4.2 Synthetic Lubricant Oils.................................................... 71

3.4.2.1 Polyol Ester (POE) .................................................................. 71

3.4.2.2 Polyalkylene Glycol (PAG)........................................................ 71

3.4.2.3 Polyvinyl Ether (PVE) .............................................................. 72

3.4.2.4 Poly-alfa Olefin (PAO) ............................................................. 72

3.4.2.5 Alkyl Benzenes (AB) ............................................................... 72

LUBRICANT OIL IDENTIFICATION .................................................... 723.5

SELECTION REQUIREMENTS FOR A LUBRICANT OIL IN THE CO2/OIL3.6

ABSORPTION POWER GENERATION SYSTEM................................................ 74

OVERVIEW OF CO2/LUBRICANT OIL MIXTURES................................... 753.7

COMPARISON OF CO2 SOLUBILITY IN A RANGE OF ABSORBENTS .............. 783.8

CONCLUSION ........................................................................... 813.9

CHAPTER 4 : EXPERIMENTAL EVALUATION OF CO2/LUBRICANT OIL

MIXTURES .....................................................................................83

INTRODUCTION ........................................................................ 834.1

MATERIALS ............................................................................. 834.2

THERMOGRAVIMETRIC ANALYSIS (TGA) TEST .................................... 834.3

4.3.1 Operating the TGA Apparatus and Conducting the Test

Procedure .................................................................................. 84

4.3.2 Results and Discussion ..................................................... 86

INTELLIGENT GRAVIMETRIC ANALYSIS (IGA) TEST .............................. 894.4

4.4.1 IGA principle of operation ................................................. 89

4.4.2 Operating the IGA Apparatus and Conducting the Test

Procedure .................................................................................. 90

4.4.3 Results and Discussion ..................................................... 92

4.4.4 IGA Experimental Solubility Data Analysis and Validation...... 94

4.4.4.1 Validation of CO2/POE32 Solubility Data.................................... 95

4.4.4.2 Validation of CO2/POE68 Solubility Data.................................... 96

4.4.4.3 CO2/POEs Comparison............................................................ 96

4.4.4.4 Validation of CO2/PC Solubility Data ......................................... 98

ENHANCED ABSORPTION EXPERIMENT .............................................. 994.5



V

4.5.1 Operating and Modifying the Absorption Apparatus ............ 100

4.5.2 Equipment and Experimental Set-up ................................ 103

4.5.2.1 Oil Circulation Pump ..............................................................103

4.5.2.2 Charging and Evacuation Equipment........................................104

4.5.2.3 Measurement Devices ............................................................105

Measurement Uncertainties................................................1054.5.2.3.1

Thermocouples.................................................................1054.5.2.3.2

Pressure Transducer .........................................................1064.5.2.3.3

Data Acquisition ...............................................................1074.5.2.3.4

4.5.3 Results and discussion ................................................... 109

4.5.3.1 CO2/POE32 ..........................................................................110

4.5.3.2 CO2/POE68 ..........................................................................116

4.5.3.3 CO2/POE32+PC ....................................................................118

CO2/100 ml POE32-10 ml PC .............................................1184.5.3.3.1

CO2/100 ml POE32-30 ml PC .............................................1204.5.3.3.2

CONCLUSIONS ....................................................................... 1224.6

CHAPTER 5 : PREDICTION OF THERMODYNAMIC PROPERTIES OF

THE CO2/LUBRICANT MIXTURES.................................................125

INTRODUCTION ...................................................................... 1255.1

CO2/LUBRICANT MIXTURES MODELLING METHODS ............................ 1265.2

5.2.1 Empirical Correlations .................................................... 126

5.2.2 Cubic EOS Models and the Prediction of Critical Parameters of

CO2/lubricant Mixtures.............................................................. 129

5.2.2.1 Summarised Findings.............................................................134

PROPOSED MODELLING APPROACH................................................ 1355.3

5.3.1 Empirical Correlations .................................................... 135

5.3.2 Cubic EOS Thermodynamic model.................................... 139

5.3.2.1 CO2/POEs model ...................................................................139

5.3.2.2 CO2/PC Model.......................................................................143

IMPLEMENTATION OF THE MIXTURES SPECIFIC ENTHALPY MODELS........... 1445.4

5.4.1 CO2/POE Mixtures ......................................................... 144

5.4.2 CO2/PC Mixture............................................................. 147

VALIDATION OF THE YOKOZEKI-SRK THERMODYNAMIC MODEL .............. 1495.5

CONCLUSIONS ....................................................................... 1545.6

CHAPTER 6 : THEORETICAL ANALYSIS OF SMALL-SCALE POWER

GENERATION SYSTEMS FOR LOW-GRADE WASTE HEAT RECOVERY

....................................................................................................156

INTRODUCTION ...................................................................... 1566.1

GENERAL THERMODYNAMIC MODELS ASSUMPTIONS AND INPUTS............. 1566.2

THERMODYNAMIC MODELS EVALUATION PARAMETERS ......................... 1576.3

CO2/LUBRICANT ABSORPTION POWER GENERATION SYSTEM .................. 1586.4

6.4.1 Cycle Description........................................................... 158

6.4.2 Thermodynamic Model Assumptions................................. 159

6.4.3 Circulation Ratio and Mass Flow Rates .............................. 159

6.4.4 Heat and Mass Balance of System Components ................. 160

6.4.4.1 Heat Exchangers ...................................................................160

Heat Exchanger Effectiveness.............................................1606.4.4.1.1

The Absorber ...................................................................1626.4.4.1.2

The Generator..................................................................1626.4.4.1.3



VI

The Recuperator Heat Exchanger........................................1626.4.4.1.4

6.4.4.2 Expander..............................................................................163

6.4.4.3 Solution Pump ......................................................................163

6.4.4.4 Throttle Valve .......................................................................164

6.4.5 Simulation Results and Analysis....................................... 164

6.4.5.1 The Effect of Absorber Pressure: Simulation Case 1 (Base Case) .165

6.4.5.2 The Effect of Absorber Temperature: Simulation Case 2 .............168

6.4.5.3 The Effect of Generator Pressure: Simulation Case 3 .................171

6.4.6 CO2/Lubricant Absorption Power Generation Theoretical

Analysis Conclusions ................................................................. 173

CO2/POE32 FLOOD EXPANSION POWER GENERATION SYSTEM ............. 1756.5

6.5.1 Principle of Operation and System Requirements ............... 175

6.5.2 Flood Expansion Overview .............................................. 176

6.5.3 Thermodynamic Model of a CO2/POE32 Flood Expansion

System 178

6.5.3.1 Cycle Description...................................................................179

6.5.3.2 Thermodynamic Model Assumptions and Inputs ........................181

6.5.3.3 Heat and Mass Balance of System Components.........................182

Expander.........................................................................1826.5.3.3.1

Mixer 2............................................................................1836.5.3.3.2

Compression Device..........................................................1846.5.3.3.3

Mixer 5............................................................................1846.5.3.3.4

The Recuperator Heat Exchanger........................................1856.5.3.3.5

Mixture Absorber/Cooler....................................................1876.5.3.3.6

Mixture Generator/Heater..................................................1876.5.3.3.7

6.5.3.4 Simulation results and analysis ...............................................188

6.5.3.5 CO2/POE32 Flood Expansion Power Generation System Theoretical

Analysis Conclusions ..........................................................................191

CO2 SRC POWER GENERATION SYSTEM ......................................... 1936.6

6.6.1 Cycle Description........................................................... 194

6.6.2 Heat and Mass Balance of System Components ................. 195

6.6.2.1 Expander..............................................................................195

6.6.2.2 Compression Device ..............................................................195

6.6.2.3 The Recuperator Heat Exchanger.............................................195

6.6.2.4 The CO2 Cooler Heat Exchanger..............................................196

6.6.2.5 The CO2 Heater Heat Exchanger .............................................196

6.6.3 CO2 SRC Power Generation System Thermodynamic Model

Validation ................................................................................ 196

6.6.4 Simulation Results and Analysis....................................... 197

6.6.4.1 The Effect of CO2 Cooler Pressure on the system’s performance..198

6.6.4.2 The Effect of CO2 Heater Outlet Temperature on System

Performance .....................................................................................205

6.6.4.3 The Effect of the Turbine’s Isentropic Efficiency.........................206

6.6.4.4 The Effect of the Compression Device Isentropic Efficiency .........207

6.6.4.5 The Effect of the Recuperator Heat Exchanger Effectiveness .......208

6.6.5 CO2 SRC Power Generation Theoretical Analysis Conclusions

................................................................................... 209

THE ORC SYSTEM EMPLOYING ENVIRONMENTALLY FRIENDLY REFRIGERANTS6.7

........................................................................................ 210

6.7.1 Cycle Description........................................................... 211

6.7.2 Thermodynamic Model Assumptions and Inputs................. 212

6.7.3 ORC System Thermodynamic Model Validation .................. 213

6.7.4 Simulation Results and Analysis....................................... 214



VII

6.7.4.1 Working Fluids Evaluation and Selection...................................214

6.7.4.2 R1233zd(E) ORC Optimised Operating Conditions and Parametric

Analysis ...........................................................................................218

The Effect of the Expander Isentropic Efficiency ....................2216.7.4.2.1

The Effect of R1233zd(E) Pump Isentropic Efficiency..............2226.7.4.2.2

The Effect of the Recuperator Heat Exchanger Effectiveness ...2236.7.4.2.3

6.7.5 The ORC System Conclusions .......................................... 224

CONCLUSIONS ....................................................................... 2256.8

CHAPTER 7 : R1233ZD(E) ORC PROTOTYPE SYSTEM DESIGN AND

CONSTRUCTION ..........................................................................227

INTRODUCTION ...................................................................... 2277.1

ORC PROTOTYPE CONFIGURATION AND DESCRIPTION ......................... 2277.2

7.2.1 Heat Source.................................................................. 230

7.2.2 Heat Sink ..................................................................... 230

7.2.3 Scroll Expander ............................................................. 231

7.2.3.1 Operating Principle ................................................................231

7.2.3.2 Losses and Internal Leakages .................................................232

7.2.3.3 Modification of the Selected Scroll Compressor into the Expander

...........................................................................................233

7.2.4 Electric Power Generator ................................................ 237

7.2.5 R1233zd(E) Circulation Pump.......................................... 243

7.2.6 Brazed Plate Heat Exchangers (BPHEs)............................. 244

R1233ZD(E) ORC PROTOTYPE BPHE MODEL BY LMTD METHOD .......... 2477.3

7.3.1 LMTD ........................................................................... 247

7.3.2 BPHE Model Assumptions and Inputs................................ 248

7.3.3 The BPHE Model Governing Equations .............................. 249

7.3.3.1 Convective Heat Transfer Coefficient Correlations......................252

7.3.4 BPHE Model Results and Discussion.................................. 255

MEASUREMENT DEVICES............................................................ 2567.4

7.4.1 Data Acquisition System................................................. 257

7.4.2 Temperature Measurements............................................ 257

7.4.3 Pressure Measurements.................................................. 258

7.4.4 Flow Rate Measurements ................................................ 259

7.4.5 Tachometer .................................................................. 260

7.4.6 Electronic Load.............................................................. 261

SUMMARY............................................................................. 2657.5

CHAPTER 8 : EXPERIMENTAL INVESTIGATION OF THE R1233ZD(E)

ORC PROTOTYPE SYSTEM ............................................................266

INTRODUCTION ...................................................................... 2668.1

COMPRESSED AIR OPEN LOOP EXPANDER-ALTERNATOR EXPERIMENTAL SYSTEM8.2

........................................................................................ 266

8.2.1 Experimental System Configuration and Description........... 266

8.2.2 System Components ...................................................... 268

8.2.3 Test Procedure .............................................................. 269

8.2.4 Experimental Data Reduction .......................................... 270

8.2.5 Results and Analysis ...................................................... 272

8.2.6 Compressed Air Open Loop Expander-Alternator Experiment

Conclusion ............................................................................... 278

THE R1233ZD(E) ORC PROTOTYPE SYSTEM EXPERIMENTS .................. 2798.3



VIII

8.3.1 Prototype System Initiation and Starting Procedure ........... 279

8.3.2 Prototype System Shutdown Procedure ............................ 282

8.3.3 Experimental Data Reduction .......................................... 283

8.3.4 Results and Analysis ...................................................... 285

8.3.4.1 Experiment 1 ........................................................................285

First Run ..........................................................................2868.3.4.1.1

Temperature and Pressure Profiles ................................2868.3.4.1.1.1

Performance Profiles ...................................................2918.3.4.1.1.2

The Effect of Operating Parameters on System Performance8.3.4.1.1.3

.................................................................................295

First run’s Optimum Performance..................................3068.3.4.1.1.4

Second run.......................................................................3088.3.4.1.2

Temperature and Pressure Profiles................................3098.3.4.1.2.1

Performance Profiles ...................................................3128.3.4.1.2.2

The Effect of Operating Parameters on System Performance8.3.4.1.2.3

.................................................................................315

Second run’s Optimum Performance .............................3218.3.4.1.2.4

Conclusions to Experiment 1...............................................3238.3.4.1.3

8.3.4.2 Experiment 2 ........................................................................324

Temperature and Pressure Profiles ......................................3258.3.4.2.1

Performance Profiles ..........................................................3308.3.4.2.2

Second Experiment’s Optimum Performance .........................3348.3.4.2.3

8.3.5 R1233zd(E) ORC Prototype System Performance, and

Limitations Discussion ............................................................... 337

8.3.6 Comparative Analysis of The R1233zd(E) ORC Prototype

System’s Power Outputs............................................................ 343

CONCLUSION ......................................................................... 3528.4

CHAPTER 9 : ECONOMIC FEASIBILITY ASSESSMENT OF THE

R1233ZD(E) ORC SYSTEM AND THE CO2 SRC POWER GENERATION

SYSTEM .......................................................................................355

INTRODUCTION ...................................................................... 3559.1

ECONOMIC ANALYSIS EVALUATION INDICATORS ................................ 3569.2

9.2.1 System’s Specific Cost ................................................... 356

9.2.2 Net Present Value (NPV)................................................. 356

9.2.3 Internal Rate of Return (IRR) .......................................... 357

9.2.4 Return on Investment (ROI) ........................................... 357

ECONOMIC ANALYSIS GENERAL ASSUMPTIONS AND INPUTS................... 3579.3

R1233ZD(E) ORC SYSTEM ECONOMIC ANALYSIS ............................. 3609.4

9.4.1 R1233zd(E) ORC Systems Components and Costs ............. 360

9.4.2 Economic Analysis Results and Discussion ........................ 365

9.4.2.1 The 5 kW R1233zd(E) ORC System..........................................366

Sensitivity Analysis............................................................3699.4.2.1.1

The Effect of the System’s Specific Capital Cost..............3699.4.2.1.1.1

The Effect of Electricity Costs .......................................3719.4.2.1.1.2

9.4.2.2 The 20 kW R1233zd(E) ORC System........................................372

Sensitivity Analysis............................................................3759.4.2.2.1

The Effect of the System’s Specific Capital Costs ............3759.4.2.2.1.1

The Effect of Electricity Costs .......................................3769.4.2.2.1.2

5 KW CO2 SRC POWER GENERATION SYSTEM ECONOMIC ANALYSIS....... 3779.5

9.5.1 System’s Components Identification................................. 377

9.5.1.1 CO2 Turbine .........................................................................377



IX

9.5.1.2 CO2 pump............................................................................379

9.5.1.3 Heat Exchangers ...................................................................380

9.5.1.4 Other System Components .....................................................381

9.5.1.5 Measurement Devices ............................................................381

9.5.1.6 Components Identification Discussion ......................................383

9.5.2 Economic Analysis Results and Discussion ........................ 385

9.5.2.1 Sensitivity Analysis................................................................387

The Effect of the System’s Specific Capital Cost.....................3879.5.2.1.1

The Effect of Electricity Costs..............................................3899.5.2.1.2

CONCLUSION ......................................................................... 3909.6

CHAPTER 10 : CONCLUSIONS AND FURTHER WORK ....................393

CONCLUSIONS ....................................................................... 39310.1

RECOMMENDATIONS FOR FURTHER WORK ....................................... 39610.2

BIBLIOGRAPHY ...........................................................................399

................................................................................419APPENDIX A

A.1 IGA EXPERIMENTAL RESULTS ........................................................ 419

A.2 GENERAL EMPIRICAL EQUATION TO PREDICT BUBBLE POINT

PRESSURE/SOLUBILITY ..................................................................... 422

................................................................................423APPENDIX B

B.1 SOLUBILITY, DENSITY AND VISCOSITY CORRELATION COEFFICIENTS OF

CO2/ABSORBENTS .......................................................................... 423

B.2 IDEAL HEAT CAPACITY OF PURE POE COMPOUNDS................................ 424

................................................................................426APPENDIX C

C.1 CO2/LUBRICANT ABSORPTION POWER GENERATION SYSTEM SIMULATION

PROGRAM FLOW CHART..................................................................... 426

C.2 CO2/POE32 FLOOD EXPANSION POWER GENERATION SYSTEM SIMULATION

PROGRAMME FLOW CHART.................................................................. 429

C.3 MIXER SUB-ROUTINE FLOW CHART.................................................. 432

C.4 T3 AND T6 RECUPERATOR EXIT TEMPERATURE SUB-ROUTINE FLOW CHART .. 433

C.5 R1233ZD(E) ORC SYSTEM THERMODYNAMIC MODEL CODE.................... 434

C.6 THERMAL EFFICIENCY COMPARISON OF THE ORC SYSTEM AND THE CO2 SRC

POWER GENERATION SYSTEM ............................................................... 437

................................................................................439APPENDIX D

D.1 R1233ZD(E) SAFETY DATA SHEET ................................................. 439

D.2 BPHE LMTD SUB-ROUTINE FLOW CHART ......................................... 444

................................................................................445APPENDIX E

E.1 COMPRESSED AIR OPEN LOOP EXPANDER-ALTERNATOR EXPERIMENT’S

ELECTRICAL MEASUREMENTS............................................................... 445

E.2 R1233ZD(E) ORC PROTOTYPE’S EXPERIMENTAL RESULTS...................... 446

E.2.1 Experiment 1 ................................................................... 446

E.2.2 Experiment 2 ................................................................... 450

E.3 R1233ZD(E) ORC PROTOTYPE SYSTEM PERFORMANCE IMPROVEMENT SIMULATED

CASES STATE POINTS’ PROPERTIES ....................................................... 451



X

List of Tables

Table 2.1: Thermodynamic and environmental information for the

conventional ORC refrigerants............................................................ 24

Table 2.2: Thermodynamic and environmental information for the

environmentally friendly HCFO and HFO refrigerants............................. 26

Table 2.3: Capacity ranges of expander types. .................................... 29

Table 2.4: Thermodynamic and environmental information for the

conventional SRC refrigerants. ........................................................... 41

Table 2.5: Theoretical performance of CO2 SRC and TRC with ejector. ... 47

Table 3.1: Overview of CO2 miscibility with different types of lubricant oil

...................................................................................................... 75

Table 3.2: List of absorbent candidates and available data. ................... 79

Table 4.1: Absorbents and IGA experimental test conditions.................. 92

Table 4.2: CO2/POE32 IGA solubility data compared to the literature data

at -1°C. .......................................................................................... 95

Table 4.3: CO2/POE68 IGA solubility data compared to the literature data

at 0°C............................................................................................. 96

Table 4.4: Comparison of CO2/POE5 and CO2/POE32 IGA solubility data at

-1°C. .............................................................................................. 97

Table 4.5: Comparison of CO2/POE32 and CO2/POE68 IGA solubility data

at -1°C. .......................................................................................... 98

Table 4.6: Comparison of CO2/PC and CO2/POE32 IGA solubility data at -

2°C. ............................................................................................... 98

Table 4.7: Comparison of theoretical CO2/PC and CO2/POE32 solubility

data at 30°C.................................................................................... 99

Table 4.8: Oil circulating pump specifications..................................... 104

Table 4.9: Names and volumes of the tested absorbents in the enhanced

absorption apparatus. ..................................................................... 109

Table 4.10: Absorbents densities...................................................... 109

Table 4.11: Enhanced CO2/POE32 absorption/desorption experimental

state points. .................................................................................. 114

Table 4.12: Enhanced CO2/POE32 absorption/desorption experimental

results compared to literature solubility data. .................................... 114

Table 4.13: Enhanced CO2/POE68 absorption/desorption experimental

state points. .................................................................................. 116

Table 4.14: Enhanced CO2/POE68 absorption/desorption experimental

results compared to literature solubility data. .................................... 117

Table 4.15: Enhanced CO2/100 ml POE-10 ml PC absorption experimental

state points. .................................................................................. 119

Table 4.16: Enhanced CO2/100 ml POE-10 ml PC absorption experimental

results compared to CO2/POE32 literature solubility data. ................... 120

Table 4.17: Enhanced CO2/100 ml POE-30 ml PC absorption experimental

state points. .................................................................................. 121

Table 4.18: Enhanced CO2/100 ml POE-30 ml PC absorption experimental

results compared to CO2/POE32 literature solubility data. ................... 122

Table 5.1: Yokozeki-SRK modelling constants for CO2 and POE lubricant

oils. .............................................................................................. 144



XI

Table 5.2: SRK modelling constants for CO2 and PC. .......................... 147

Table 5.3: CO2/POE3 constants and interaction parameters. .............. 149

Table 5.4: CO2/POE3 solubility data. ............................................... 149

Table 5.5: Coefficients for CO2/POE3 solubility correlation................... 150

Table 6.1: CO2/lubricant absorption power generation system-Base case

simulation inputs............................................................................ 165

Table 6.2: CO2/lubricant absorption power generation system-Base case

simulation results. .......................................................................... 166

Table 6.3: CO2/lubricant absorption power generation system-Case 2

simulation inputs............................................................................ 168

Table 6.4: CO2/lubricant absorption power generation system-Case 2

simulation results. .......................................................................... 169

Table 6.5: CO2/lubricant absorption power generation system-Case 3

simulation inputs............................................................................ 171

Table 6.6: CO2/lubricant absorption power generation system-Case 3

simulation results. .......................................................................... 171

Table 6.7: CO2/POE32 absorption, flood expansion, and CO2 systems -

Base case simulation results. ........................................................... 189

Table 6.8: CO2 SRC power generation system result validation with Cayer

et al. ............................................................................................ 197

Table 6.9: CO2 SRC power generation system simulation cases inputs.. 198

Table 6.10: CO2 SRC power generation system simulation results........ 199

Table 6.11: CO2 SRC power generation system- Optimum cooler pressures

for net thermal power output........................................................... 203

Table 6.12: ORC thermodynamic model results validation with Shengjun et

al. ................................................................................................ 213

Table 6.13: ORC simulations input.................................................... 214

Table 6.14: Optimum operating conditions for environmentally friendly

refrigerants in the ORC system. ....................................................... 217

Table 6.15: The R1233zd(E) ORC system optimised operating conditions

.................................................................................................... 219

Table 7.1: Experimental alternator efficiency. .................................... 239

Table 7.2: Lynch-LEM-200d-127 motor, general specifications. ............ 240

Table 7.3: General specifications of the 3CP1120 triplex plunger CAT

pump............................................................................................ 244

Table 7.4: BPHE characteristics........................................................ 246

Table 7.5: Heat exchangers LMTD model - plate specifications input..... 248

Table 7.6: Condenser heat exchanger modelling results. ..................... 255

Table 7.7: Evaporator heat exchanger modelling results. .................... 256

Table 7.8: Recuperator heat exchanger modelling results.................... 256

Table 7.9: General specifications for the ORC prototype pressure

transducers. .................................................................................. 258

Table 8.1: Compressed air open loop expander-alternator test results. . 273

Table 8.2: ORC experiment 1, first run – The R1233zd(E) ORC system’s

optimum experimental performance ................................................. 306

Table 8.3: ORC experiment 1, first run – The R1233zd(E) ORC system’s

optimum experimental performance state points’s properties............... 307

Table 8.4: ORC experiment 1, second run – The R1233zd(E) ORC system’s

optimum experimental performance. ................................................ 321



XII

Table 8.5: ORC experiment 1, second run – The R1233zd(E) ORC system’s

optimum experimental state points’ properties................................... 322

Table 8.6: ORC Experiment 2 - The R1233zd(E) ORC system’s optimum

experimental performance............................................................... 334

Table 8.7: ORC experiment 2 - The R1233zd(E) ORC system’s optimum

experimental state points’ properties. ............................................... 335

Table 8.8: R1233zd(E) ORC system’s optimum experimental point

improvements towards the initially predicted thermodynamic model..... 339

Table 8.9: Comparison between the R1233zd(E) prototype system and

Twomey’s experimental results as a function of mass flow rate. ........... 351

Table 8.10: Comparison between R1233zd(E) prototype system and

Twomey’s experimental results as a function of rotational speed. ......... 352

Table 9.1: Annual industrial and domestic electricity prices in the UK.... 359

Table 9.2: R1223zd(E) ORC prototype system and scaled-up system’s bill

of materals.................................................................................... 362

Table 9.3: Specific cost of the R1233zd(E) ORC system. ..................... 365

Table 9.4: Installation costs for the R1233zd(E) ORC system............... 365

Table 9.5: R1233zd(E) ORC system’s economic model inputs. ............. 366

Table 9.6: The 5 kW R1233zd(E) ORC system’s economic model results.367

Table 9.7: The 20 kW R1233zd(E) ORC system’s economic model results

.................................................................................................... 373

Table 9.8: The CO2 pump’s general specifications. ............................. 380

Table 9.9: CO2 power system heat exchanger specifications................ 380

Table 9.10: General specifications for a CO2 solenoid valve. ................ 381

Table 9.11: 5 kW CO2 power system components and costs in original

currencies. .................................................................................... 382

Table 9.12: CO2 SRC power generation system’s fourth case re-simulation

results compared to the original results............................................. 384

Table 9.13: The 5 kW CO2 power system’s economic model inputs....... 385

Table 9.14: Results for the 5 kW CO2 power system economic model. .. 385



XIII

List of Figures

Figure 1-1: World energy consumption by fuel type................................ 3

Figure 1-2: Historical electricity generation by fuel share. ....................... 4

Figure 1-3: World electric power generation by fuel type......................... 4

Figure 1-4: Global temperature increase in the past century.................... 5

Figure 1-5. Changes in global greenhouse gas emissions from 1970 to

2010 in different sectors. .................................................................... 7

Figure 1-6: The evolution of refrigerants. .............................................. 9

Figure 1-7: Industrial heat demands in the EU, estimated by temperature

quality and the manufacturing sector.................................................. 11

Figure 2-1: Temperature variation in the heat addition process- a)

Conventional Rankine cycle. b) ORC. .................................................. 21

Figure 2-2: Three types of working fluids ............................................ 22

Figure 2-3: Optimal selection of working fluids for different heat source

temperatures................................................................................... 23

Figure 2-4: Thermal efficiency of ORC employing low GWP refrigerants,

compared to conventional refrigerants; investigated by Varma and Joost.28

Figure 2-5: Scroll compressor types ................................................... 30

Figure 2-6: Variation of heat source temperatures in different ORC

applications. .................................................................................... 33

Figure 2-7: Market share of each ORC application in terms of the number

of units. .......................................................................................... 34

Figure 2-8: Gas turbine waste heat ORC system ................................. 35

Figure 2-9: Dual loop waste heat ORC system .................................... 36

Figure 2-10: Solar ORC with reverse osmosis desalination .................... 37

Figure 2-11: Temperature variation in the heat addition process for an ORC

and an SRC. .................................................................................... 39

Figure 2-12: The difference between an SRC and a TRC in the CO2 T-S

diagram. ......................................................................................... 39

Figure 2-13: 10 MW CO2 SRC turbine compared to an equivalent steam

turbine............................................................................................ 45

Figure 2-14: CO2 TRC with reheating and two-stage expansion ............ 46

Figure 2-15: CO2 SRC or TRC with an ejector ..................................... 46

Figure 2-16: Low/high heat source CO2 TRC ....................................... 48

Figure 2-17: Low/high heat source CO2 TRC incorporated with a CO2

Bryton cycle ................................................................................... 49

Figure 2-18: Solar CO2 TRC with LNG cooling and thermal storage ........ 50

Figure 2-19: Solar SRC system for combined heat and power ............... 51

Figure 2-20: Temperature variation in the heat addition process for ORC,

Binary fluid in an absorption cycle, SRC. ............................................. 53

Figure 2-21: Ammonia-water phase diagram. ...................................... 54

Figure 2-22: Schematic diagram of Maloney & Robertson absorption power

cycle .............................................................................................. 55

Figure 2-23: Schematic diagram of the Kalina cycle ............................. 57

Figure 2-24: Schematic diagram of Kalina cycle for cement production

waste heat recovery ........................................................................ 60

Figure 2-25: Schematic diagram of Zheng et al’s combined power and

refrigeration absorption cycle ............................................................ 61



XIV

Figure 2-26:Schematic diagram of Zhang and Lior’s combined power and

refrigeration absorption cycle ............................................................ 62

Figure 2-27: Schematic diagram of Wang et al’s combined power and

refrigeration absorption cycle ............................................................ 63

Figure 3-1: Various types of miscibility behaviour................................. 70

Figure 3-2: Three POE32 lubricant oils from different sources. ............... 73

Figure 3-3: Overview of CO2 solubility in different common lubricants. ... 76

Figure 3-4: Overview of viscosity of CO2/lubricant oil mixtures. ............. 77

Figure 3-5: CO2 solubility comparison in different absorbent candidates at

constant temperatures...................................................................... 80

Figure 4-1: Schematic view of the SDT Q600 TGA apparatus. ................ 84

Figure 4-2: Illustration of the SDT Q600 thermogravimetric analyser...... 85

Figure 4-3: TGA results: a) PC, and b) POE5........................................ 87

Figure 4-4: TGA results: a) POE32, and b) POE68. ............................... 88

Figure 4-5: TGA results: a) TG curves for tested absorbents, and b) DTG

curves for tested absorbents.............................................................. 89

Figure 4-6: Schematic of the IGA apparatus. ....................................... 90

Figure 4-7: IGA-300 ......................................................................... 90

Figure 4-8: IGA Experiment interface.................................................. 92

Figure 4-9: IGA absorption experiment results..................................... 94

Figure 4-10: IGA solubility data validation of CO2/POE32 at -1°C........... 95

Figure 4-11: IGA solubility data validation of CO2/POE68 at 0°C. ........... 96

Figure 4-12: Comparison of the results for IGA solubility, from CO2/POE5,

CO2/POE32, and CO2/POE68 at -1°C.................................................. 97

Figure 4-13: Absorption test apparatus before modification ................. 100

Figure 4-14: A schematic view of the modified absorption test apparatus

.................................................................................................... 102

Figure 4-15: Different views of the modified absorption apparatus. ...... 102

Figure 4-16: Experimental setup of the absorption apparatus. ............. 103

Figure 4-17: Oil circulation pump .................................................... 104

Figure 4-18: CO2 cylinder, regulator and charging manifold. ............... 105

Figure 4-19: K- type thermocouple................................................... 106

Figure 4-20: Absolute pressure transducer ........................................ 107

Figure 4-21: DataTaker DT80 .......................................................... 107

Figure 4-22: The DT80 monitoring interface. ..................................... 108

Figure 4-23: Span calibration coordinates ......................................... 108

Figure 4-24: Enhanced CO2/POE32 absorption pressure and temperatures

profile........................................................................................... 110

Figure 4-25: Zoomed-in view of the first enhanced CO2/POE32 absorption

process. ........................................................................................ 111

Figure 4-26: Zoomed-in view of the first enhanced CO2/POE32 desorption

process. ........................................................................................ 113

Figure 4-27: CO2 mass fraction at equilibrium in the CO2/POE32 mixture -

Theoretical vs. experimental. ........................................................... 115

Figure 4-28: Enhanced CO2/POE68 absorption pressure and temperatures

profile........................................................................................... 116

Figure 4-29: CO2 mass fraction at equilibrium in the CO2/POE68 mixture -

Theoretical vs experimental............................................................. 118

Figure 4-30: Enhanced CO2/100 ml POE-10 ml PC absorption pressure and

temperatures profile. ...................................................................... 119



XV

Figure 4-31: Enhanced CO2/100 ml POE-30 ml PC absorption pressure and

temperatures profile. ...................................................................... 121

Figure 5-1: CO2/POE32 vapour pressure at different CO2 mass fractions

.................................................................................................... 128

Figure 5-2: CO2/POE32 phase behaviour........................................... 128

Figure 5-3: Three CO2/POE mixtures correlated using the UniOil concept

.................................................................................................... 132

Figure 5-4: CO2/POE68 vapour pressure at different CO2 mass fractions

.................................................................................................... 137

Figure 5-5: CO2/POE68 phase behaviour........................................... 137

Figure 5-6: CO2/PC vapour pressure at different CO2 mass fractions.... 138

Figure 5-7: CO2/PC phase behaviour. ............................................... 139

Figure 5-8: CO2/POE mixture-specific enthalpy sub-routine flow chart. 146

Figure 5-9: CO2/PC mixture-specific enthalpy sub-routine flow chart. ... 148

Figure 5-10: Comparison of calculated densities for CO2/POE3 using

different Yokozeki-SRK EOS approaches at 40 bar and variable

temperatures................................................................................. 151

Figure 5-11: The relative error of densities calculated using different

Yokozeki-SRK EOS approaches......................................................... 151

Figure 5-12: Comparison of specific enthalpies using different Yokozeki-

SRK EOS approaches calculated at 40 bar and variable temperatures. .. 152

Figure 5-13: The relative error of specific enthalpies calculated using using

different Yokozeki-SRK EOS approaches............................................ 152

Figure 5-14: Comparison of densities calculated using SRK EOS and Seeton

and Hrnjak’s empirical correlation. ................................................... 153

Figure 5-15: The relative error between calculated densities of CO2/POE32

using SRK EOS and Seeton and Hrnjak’s empirical correlation at 40 bar

and variable temperatures............................................................... 153

Figure 5-16: Comparison of densities calculated using SRK EOS and the

empirical correlation developed........................................................ 154

Figure 5-17: The relative error between densities of CO2/POE68 calculated

using SRK EOS and the empirical correlation developed at 40 bar and

variable temperatures..................................................................... 154

Figure 6-1: Schematic of the CO2/lubricant absorption power generation

system.......................................................................................... 159

Figure 6-2: Simple counter flow heat exchanger................................. 161

Figure 6-3: The effect of the absorber’s operating pressure on the

absorption power generation system’s performance at 30°C. ............... 168

Figure 6-4: The effect of absorber temperature on the absorption power

generation system’s performance at 10°C. ........................................ 170

Figure 6-5: The effect of the generator’s operating pressure on the

absorption power generation system’s overall performance, at an absorber

temperature of 30°C and generator pressure of 100 bar. .................... 173

Figure 6-6: Schematics of a) Flood expansion system reproduced from

reference, and b) CO2/acetone absorption power generation system .... 177

Figure 6-7: Schematic of the CO2/lubricant flood expansion system. .... 179

Figure 6-8: Schematic of the CO2/lubricant flood expansion system for

simulation. .................................................................................... 181

Figure 6-9: CO2/POE32 mixer 2 process flow..................................... 183



XVI

Figure 6-10: Specific heat of CO2 at expected operating pressures, against

the operating temperature range. .................................................... 185

Figure 6-11: Thermal efficiency comparison between the CO2/POE32

absorption, flood expansion, and CO2 systems at base case conditions. 190

Figure 6-12: Net thermal power output comparison between CO2/POE32

absorption, flood expansion and CO2 systems at base case conditions. . 191

Figure 6-13: Schematic of the CO2 SRC power generation system........ 194

Figure 6-14: CO2 SRC power generation system thermodynamic model

validation ...................................................................................... 197

Figure 6-15: CO2 SRC power generation system-T-S diagram of the base

case optimum operating condition. ................................................... 200

Figure 6-16: CO2 SRC power generation system-P-H diagram of the base

case optimum operating condition. ................................................... 200

Figure 6-17: CO2 SRC power generation system-T-S diagram of the fourth

simulation case’s optimum operating condition in the super-critical region

.................................................................................................... 201

Figure 6-18: CO2 SRC power generation system-P-H diagram of the fourth

simulation case’s optimum operating condition in the super-critical region

.................................................................................................... 202

Figure 6-19: Simulation results for the CO2 SRC power generation system

performance. ................................................................................. 204

Figure 6-20: CO2 SRC power generation system thermal efficiency and net

thermal power output as a function of the CO2 heater outlet temperature

.................................................................................................... 206

Figure 6-21: CO2 SRC power generation system thermal efficiency and net

thermal power output as functions of the turbine’s isentropic efficiency

.................................................................................................... 207

Figure 6-22: CO2 SRC power generation system thermal efficiency and net

thermal power output as functions of the compression device isentropic

efficiency. ..................................................................................... 208

Figure 6-23: CO2 SRC power generation system thermal efficiency and net

thermal power output as functions of the recuperator heat exchanger

effectiveness. ................................................................................ 209

Figure 6-24: Schematic of the ORC system........................................ 212

Figure 6-25: ORC thermodynamic model validation ............................ 214

Figure 6-26: ORC working fluids performance at 100°C....................... 215

Figure 6-27: ORC working fluids performance comparison at 120°C ..... 216

Figure 6-28: R1233zd(E) ORC system thermal efficiency and net power as

a function of evaporator pressure and dependant super-heating

temperature. ................................................................................. 219

Figure 6-29: R1233zd(E) ORC optimised operating conditions, T-S

diagram. ....................................................................................... 220

Figure 6-30: R1233zd(E) ORC optimised operating conditions, P-H

diagram. ....................................................................................... 221

Figure 6-31: R1233zd(E) ORC thermal efficiency and net thermal power

output as functions of the expander isentropic efficiency. .................... 222

Figure 6-32: R1233zd(E) ORC thermal efficiency and net thermal power

output as functions of the R1233zd(E) pump isentropic efficiency......... 223

Figure 6-33: R1233zd(E) ORC thermal efficiency and net thermal power

output as functions of the recuperator heat exchanger effectiveness..... 223



XVII

Figure 7-1: A schematic diagram of the R1233zd(E) ORC prototype

system.......................................................................................... 228

Figure 7-2: 3D illustration of the R1233zd(E) ORC prototype system. ... 229

Figure 7-3: 3D illustrations of the R1233zd(E) ORC prototype system with

rugged industrial casing. ................................................................. 229

Figure 7-4: Heat source - Carel humisteam X-plus EU090 steam humidifier

.................................................................................................... 230

Figure 7-5: Heat sink - Corema 56 kW industrial chiller unit. ............... 231

Figure 7-6: Scroll expander operation. .............................................. 231

Figure 7-7: Types of internal leakage in scroll expanders. ................... 233

Figure 7-8: Sanden TRSA09 ............................................................ 233

Figure 7-9: Performance curve of the Sanden TRSA09 compressor. ...... 234

Figure 7-10: Views of scroll compressor modification procedures 1....... 235

Figure 7-11: Views of the scroll compressor modification procedures 2 . 236

Figure 7-12: The scroll expander after assembly. ............................... 236

Figure 7-13: The automotive alternator............................................. 237

Figure 7-14: A battery supplies the field current to the rotor coil through

the brushes and slip rings. .............................................................. 238

Figure 7-15: Automotive alternator performance................................ 238

Figure 7-16: Lynch-LEM-200d-127 motor, general view. ..................... 239

Figure 7-17: Lynch-LEM-200d-127 motor performance curve. ............. 240

Figure 7-18: Lynch- LEM-200d-127 motor installed on the ORC prototype

system.......................................................................................... 240

Figure 7-19: Autoelectro AEC1761 automotive alternator. ................... 241

Figure 7-20: Performance curves of a 150 amp-12V DC alternator. ...... 242

Figure 7-21: Autoelectro AEC1761 automotive alternator installed on the

ORC prototype system. ................................................................... 243

Figure 7-22: 3CP1120 triplex plunger CAT pump................................ 243

Figure 7-23: The corrugated plates of the BPHEs................................ 244

Figure 7-24: Two types of flow pattern in BPHEs. ............................... 244

Figure 7-25: The chevron angle of the plate heat exchanger................ 245

Figure 7-26: A BPHE as an evaporator and condenser in a refrigeration

system.......................................................................................... 246

Figure 7-27: ORC prototype heat exchangers................................... ..247

Figure 7-28: Simple counter-flow heat exchanger. ............................. 248

Figure 7-29: Overall thermal resistance in a BPHE. ............................ 250

Figure 7-30: Agilent 34907A data acquisition system.......................... 257

Figure 7-31: Pressure transducers installed on the ORC prototype........ 259

Figure 7-32: Variable area flow meter principle. ................................ 259

Figure 7-33: R1233zd(E) flow meter, Platon FGMT154L. ..................... 260

Figure 7-34: Condenser cooling water flow meter, Key Instrument FR4500

.................................................................................................... 260

Figure 7-35: Smart T55 digital tachometer ........................................ 261

Figure 7-36: PLZ1004W and PLZ2004WB DC dummy load................... 262

Figure 7-37: Side view of the ORC prototype during construction. ........ 262

Figure 7-38: Back view of the ORC prototype during construction......... 263

Figure 7-39: Front view of the final ORC prototype. ............................ 263

Figure 7-40: Back view of the final ORC prototype.............................. 264

Figure 7-41: General view of the final ORC prototype. ........................ 264



XVIII

Figure 8-1: Schematic of the compressed air open loop expander-

alternator test bench. ..................................................................... 267

Figure 8-2: SMC-PF2A703H digital air flow sensor. ............................. 268

Figure 8-3: Camozzi C401-D000 air filter regulator lubricator unit. ....... 268

Figure 8-4: Compressed air open loop expander-alternator test bench set-

up. ............................................................................................... 269

Figure 8-5: Voltage and current displayed on the adjustable load screen

.................................................................................................... 271

Figure 8-6: Compressed air open loop expander-alternator test’s power

generation profile. .......................................................................... 274

Figure 8-7: Generated power variation with air inlet pressure. ............. 275

Figure 8-8: Variation in generated power with air flow rate.................. 276

Figure 8-9: The expander’s isentropic efficiency and the alternator’s

efficiency. ..................................................................................... 276

Figure 8-10: The relationship between the expander’s power output and

the alternator’s electric power output................................................ 277

Figure 8-11: The relationship between the expander’s power output and

the expander’s rotational speed. ...................................................... 277

Figure 8-12: Variation in air temperature across the expander............. 278

Figure 8-13: Expander-DC electric power generator arrangement......... 285

Figure 8-14: ORC experiment 1, first run - Temperature and pressure

profiles. ........................................................................................ 288

Figure 8-15: ORC experiment 1, first run - Overall system performance

profile........................................................................................... 292

Figure 8-16: ORC experiment 1, first run - The effect of expander power

output on system performance. ....................................................... 297

Figure 8-17: ORC experiment 1, first run - The effect of pressure ratio

across the expander on system performance. .................................... 302

Figure 8-18: ORC experiment 1, first run’s parameters relationships..... 305

Figure 8-19: ORC experiment 1, first run - Optimum experimental

performance point represented on the R1233zd(E) T-S diagram........... 307

Figure 8-20: ORC experiment 1, first run - Optimum experimental

performance point represented on the R1233zd(E) P-H diagram. ......... 308

Figure 8-21: ORC experiment 1, second run - Temperature and pressure

profiles. ........................................................................................ 311

Figure 8-22: ORC experiment 1, second run - Overall system performance

profile........................................................................................... 314

Figure 8-23: ORC experiment 1, second run - The effect of the expander’s

power output on system performance. .............................................. 317

Figure 8-24: ORC experiment 1, second run - The effect of the pressure

ratio across the expander on system performance.............................. 319

Figure 8-25: ORC experiment 1, second run’s parameters relationships 320

Figure 8-26: ORC experiment 1, second run - Optimum performance point

represented on the R1233zd(E) T-S diagram ..................................... 322

Figure 8-27: ORC experiment 1, second run - Optimum performance point

represented on the R1233zd(E) P-H diagram ..................................... 323

Figure 8-28: ORC Experiment 2 – temperature and pressure profiles. ... 328

Figure 8-29: ORC Experiment 2 - Overall system performance profiles.. 332

Figure 8-30: ORC experiment 2 - Optimum performance point represented

on the R1233zd(E) T-S diagram. ...................................................... 336



XIX

Figure 8-31: ORC experiment 2 - Optimum performance point represented

on the R1233zd(E) P-H diagram....................................................... 337

Figure 8-32: Improvements of the optimum experimental point towards

the initial thermodynamic model T-S diagram. ................................... 342

Figure 8-33: Improvements of the optimum experimental point towards

the initial thermodynamic model P-H diagram.................................... 343

Figure 8-34: Comparison between the R1233zd(E) ORC prototype system

and preliminary expander-alternator’s experimental results 1. ............. 347

Figure 8-35: Comparison between the R1233zd(E) ORC prototype system

and preliminary expander-alternator’s experimental results 2 .............. 349

Figure 8-36: Comparison between the R1233zd(E) ORC prototype system

and Twomey’s experimental results ................................................. 351

Figure 9-1: CPI percentage change from 2010 to 2014. ...................... 359

Figure 9-2: Exploded view of the R1233zd(E) ORC prototype system.... 363

Figure 9-3: Cash flow variation for the 5 kW R1233zd(E) ORC system over

20 years. ...................................................................................... 367

Figure 9-4: Net present value of the 5 kW R1233zd(E) ORC system over 20

years. ........................................................................................... 368

Figure 9-5: Net present value of the 5 kW R1233zd(E) ORC system over 5

years. ........................................................................................... 369

Figure 9-6: The effect of specific capital cost on the 5 kW R1233zd(E) ORC

system’s economic indicators........................................................... 370

Figure 9-7: The effect of electricity price on the 5 kW R1233zd(E) ORC

system’s economic indicators........................................................... 371

Figure 9-8: Cash flow variation for the 20 kW R1233zd(E) ORC system

over 20 years. ............................................................................... 373

Figure 9-9: Net present value of the 20 kW R1233zd(E) ORC system over

20 years. ...................................................................................... 374

Figure 9-10: Net present value of the 20 kW R1233zd(E) ORC system over

5 years. ........................................................................................ 374

Figure 9-11: The effect of specific capital cost on the 20 kW R1233zd(E)

ORC system’s economic indicators.................................................... 375

Figure 9-12: The effect of electricity price per unit on the 20 kW

R1233zd(E) ORC system’s economic indicators. ................................. 376

Figure 9-13: Infinity IT10 turbine..................................................... 378

Figure 9-14: Enogia CO2 turbine ...................................................... 379

Figure 9-15: Ninjang Yalong Technology CO2 boosting pump............... 380

Figure 9-16: General view of G2H15 high pressure flow sensor. ........... 382

Figure 9-17: Cash flow variation throughout the 5 kW CO2 SRC power

generation system lifetime. ............................................................. 386

Figure 9-18: Net present value of the 5 kW CO2 SRC power generation

system.......................................................................................... 387

Figure 9-19: The effect of the specific capital cost of the 5 kW CO2 SRC

power generation system’s economic indicators. ................................ 388

Figure 9-20: The effect of electricity price on the 5 kW CO2 SRC power

generation system’s economic indicators........................................... 389



XX

Nomenclature

A Heat exchanger heat transfer area [m2]

a EOS attraction parameter [J.m3/ mol2]

Ac Plate heat exchanger cannel crosses sectional area of

[m2]

Ap Projected area of a single plate [m2]

A, B Polynomial EOS parameters

a,b,c Correlation coefficients [-]

b EOS volume limiting parameter [m3/ mol]

bc Channel spacing gap between plates [m]

Bo Boiling number [-]

C0 Capital Cost [$]

Ct Cash flow

Co Convective number [-]

cp Isobaric specific heat capacity [J/kg·K, J/mol.K]

CPI Consumer price index [%]

Dh Hydraulic diameter [m]

f Fugacity [Pa]

ff Fouling factor [%]

f,m,K,l EOS binary interaction parameters [-]

Fr Froude number [-]

Frl Fluid dependent Constant

G Mass flux [kg/m2 s]

g Gravitational acceleration [9.81 m/s2]

H Molar enthalpy [j/mol]

h Specific Enthalpy [kJ/kg]

hc Convective heat transfer coefficient [W/m2 K]

hfg Refrigerant’s latent heat of vaporisation

I Current [Amps]

i Discount rate [%]

IRR Internal rate of return [%]

k Thermal conductivity [W/m2 K]

LMTD Log mean temperature difference [°C]

L,w Length, and width of a plate [m]
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M Mass [kg]

݉ሶ Mass flow rate [kg/s]

݉ሶ Mass flow rate of refrigerant [kg/s]

݉ሶ௦ Mass flow rate of solution [kg/s]

N Number of plates

nc Number of heat exchanger’s cold channels

nh Number of heat exchanger’s hot channels

n Investment lifetime

NPV Net present value [$]

Nu Nusselt number [-]

O&M Operation and maintenance costs [$]

P Pressure [bar, kPa, Pa]

ܲ Atmospheric pressure [1.01325×105 Pa]

Pr Prandll number [-]

Q̇ Heat rate [kW]

R  Resistance [Ω]   

R Universal gas constant [8314.51 J/mol.K]

r Binary working fluid circulation ratio [-]

Re Reynolds number [-]

ROI Return on investment [%]

S Molar entropy [J/mol.K]

s Specific entropy [kJ/kg.k]

T Temperature [°C, K]

t Wall thickness [m]

U Overall heat transfer coefficient [W/m2 K]

u Velocity [m/s]

ܸ̇ Volumetric flow rate [l/min]

V Voltage [V DC]

V Volume [m3/kg]

ܸ Molar volume [m3/mol]

W Power [kW]

X Absorbent mass fraction [kg/kg]

x Molar fraction [mol/mol]

Z Compressibility factor [-]
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Greek Letters

α(T)  EOS temperature dependent parameter [-] 

βi Yokozeki’s EOS model coefficients [-]

β Chevron angle [rad]

ε  Heat exchanger effectiveness [%] 

η  Efficiency [%] 

ηSystem First thermodynamic law thermal efficiency [%]

ρ  Density [kg/m3]

τ  EOS binary interaction parameters [-] 

ν  Kinematic viscosity [Cst] 

ω  CO2 mass fraction [kg/kg] 

ωf EOS acentric factor [-]

ψ  Kinematic viscosity correlation constant [1.244068] 

φ  Fugacity coefficient [-] 

φf Heat exchanger’s plate enlargement factor [-]

μ  Dynamic viscosity [kg/m s] 

Superscripts

ID Ideal

L Liquid

V Vapour

Subscripts

A Absorber

Abs Absorber, Absorbed

C Cooler

c Critical, cold

(c) CO2

ci Cold fluid inlet

co Cold fluid outlet

Cond Condenser

Des Desorber, Desorbed

Dk Two phase

E Electrical

Electgen Electrical generator
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Evap Evaporator

Exp Expander

f Fluid

G Generator

Go Fully developed vapour phase

H Heater

h Hot

Hex Recuperator heat exchanger

hi Hot fluid inlet

ho Hot fluid outlet

i,j Components of a binary mixture

L Liquid

Lo Fully developed liquid phase

(m) Mixture

Net Net thermal power output

r Reduced

rl Refrigerant liquid

T Total

Trans Transmitted

W Water

Acronyms

AB Alkyl benzene

ASHRAE American Society for Heating, Refrigerating and Air

Conditioning Engineers

ASTM American Society for Testing and Materials

CFCs chlorofluorocarbons

CHP Combined heat and power

DTG Differential thermogravimetry

EOS Cubic equation of state model

GDP Gross domestic product

GHG Greenhouse gas

GWP Global warming potential

HCs Hydrocarbons

HCFCs Hydrochlorofluorocarbons
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HCFOs Hydrochloroflouroolefins

HFCs Hydrofluorocarbons

HFEs Hydrofluoroethers

HFOs Hydrofluoroolefins

IEA International Energy Agency

IGA Intelligent gravimetric analysis

ISO International Standardization Organization

KCS11 Kalina cycle system 11

LLE Liquid-liquid-equilibrium

MO Mineral oil

ODP Ozone depleting potential

OECD Organisation for Economic Cooperation and

Development

ORC Organic Rankine cycle

PAG Polyalkylene glycol

PAO Poly-alfa olefin

PC Propylene carbonate

PFCs Perfluorocarbons

POE Polyolester

PR Peng-Robinson

PVE Polyvinyl ether

SRC Super-critical Rankine cycle

SRK Soave-Redlich-Kwong

TGA Thermogravimetric analysis

TRC Trans-critical Rankine cycle

UNFCCC United Nations Framework Convention on Climate

Change

VLE Vapour-liquid-equilibrium

VLEE Vapour-liquid-liquid-equilibrium
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Chapter 1 : Introduction

The Importance and Demand for Energy1.1

Energy is a fundamental factor in human development and the

economic growth of a country. It is consumed in different forms

from various sources in every aspect of daily life, such as heating,

lighting, transportation, communication and manufacturing.

However, the global energy demand and consumption rate is

increasing rapidly, along with the world’s population and

economies. In the international energy outlook for 2013 [1], the US

Information Administration announced that total world energy

consumption was 552.85 quadrillion kJ (524 quadrillion Btu) in

2010. A 56% increase in this consumption is expected by 2040.

90% of this energy is predicted to be consumed in countries that

are not members of the Organisation for Economic Cooperation and

Development (OECD), where the energy demand is driven by long-

term economic growth, which is indirectly related to population

growth. On the other hand, demand in OECD countries is expected

to increase by just 17%.

Besides the growth in world economy, energy demand and

consumption is directly related to population growth. In 2013, the

world’s population reached 7.1 billion, which means it has more

than doubled in the past 60 years and is estimated to reach 9.7

billion by 2050 [2]. According to the International Energy Agency

(IEA), in their energy outlook for 2012 [3], world population is

anticipated to grow from the 6.8 billion reported for 2010, to 8.6

billion in 2035. This growth is expected to occur in non-OECD

countries; specifically in Asia and Africa, whereas India’s population

is expected to exceed China’s by 2035. Consequently, it is

anticipated that urban populations will increase from 51% in 2010,

to 61% in 2035, affecting the amount and type of energy required,

as well as energy efficiency.
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Energy Sources1.2

Energy can be classified, depending on its source, as non-renewable

or renewable energy [4].

1.2.1 Non-Renewable Energy

These are the conventional energy sources consumed on the planet.

With this type, These binary pairs consist derive from an existing

and finite amount of natural stock that cannot be generated or

reproduced. These sources are consumed at a more rapid rate than

nature can create them. Non-renewable energy sources include

nuclear power in the form of uranium and fossil fuels such as oil,

natural gas and coal.

1.2.2 Renewable Energy

With renewable energy, the energy is derived from natural sources

that are available in enormous amounts and which restock

themselves over short periods of time. Sources of renewable energy

include the sun, wind, water, waste heat, geothermal heat and

biomass. However, fossil fuels are the world’s primary source of

energy, supplying 80% of demand. This is expected to continue

through to 2040 at the same percentage rate. With such an

accelerated rate of consumption, these sources will be depleted in

the coming decades. On the other hand, the shift towards

sustainable energy technologies in order to efficiently harness

renewable energy sources, along with nuclear energy are growing

more rapidly, demonstrating an annual expected increase of 2.8%

and 2.5%, respectively. Figure 1-1, below, shows the historical and

future projections of energy consumption by fuel type [1].
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Figure 1-1: World energy consumption by fuel type. (source:[1])

Electric Energy1.3

Specifically for electricity, the world’s demand is growing twice as

fast as total world energy consumption [3]. Future projections

suggest that electricity demand will increase by 93% from 20.2

trillion kW in 2010, to 39 trillion kW in 2040 [1]. The main

challenge is highlighted by the need for investment to replace the

current aging power sector infrastructure, which is mainly coal-fired

and thermal-driven. Figure 1-2 shows a historical comparison of the

world’s electricity consumption between 1973 and 2011. The Figure

shows fossil fuel as the dominant source of electricity. However, the

share of oil reduced significantly between 1973 and 2011 and was

compensated by natural gas and coal. Other sources increased from

0.6% to 4.5%, indicating a rapidly growing sector. These sources

comprise renewable energy of different types other than

hydropower, including solar, waste heat, geothermal and biomass.

This means that the renewable energy share in 2011 amounted to

20.3% of all power produced.
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Figure 1-2: Historical electricity generation by fuel share. (source: [5])

Although future projections suggest that coal will remain the

primary source of power, with an annual increase of 1.8% [1], one

third of the existing power infrastructure needs to be replaced. Half

of the new capacity will consist of fast-growing renewable sources

[3], followed by the second fastest-growing natural gas and nuclear

power sources. Figure 1-3 shows historical and future projections

for electric power generation by fuel type. The Figure subdivides

renewable energy into hydropower and non-hydropower renewable

energy.

Figure 1-3: World electric power generation by fuel type. (source:[1])

It is very important to understand that the projections made by

energy organisations do not take into account future international

agreements and policies that may be introduced to reduce or limit

the growth of fossil fuel consumption. These would be aimed at

controlling greenhouse gas (GHG) emissions, the primary source of
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global warming. Such agreements could also have an impact on the

growth of nuclear power, especially after the Fukushima Daiichi

nuclear disaster in 2011, with the possible phasing out of nuclear

power generation around the world.

Global Warming and the Greenhouse Effect1.4

Global warming can be defined as an average increase in

temperature which has taken place near the earth’s surface, in the

air and in the oceans since the middle of the 20th century [6]. As

shown in Figure 1-4, the average surface temperature of the earth

increased by 0.74ºC throughout the 20th century. However, this

temperature has shown a more rapid increase in the past few

decades, where the average temperature in 2011 was found to be

0.51ºC higher than the temperature recorded for the middle of the

20th century [7].

Figure 1-4: Global temperature increase in the past century (source:[7])

The greenhouse effect is a natural process whereby the earth

maintains its energy balance and warms up by absorbing solar

radiation and releasing infrared radiation, according to its surface

temperature. However, the greenhouse effect has exhibited

continuous acceleration since the Industrial Revolution, due to

human activities driven by economic and industrial pressure.

Subsequently, greenhouse gas emissions have been released at

higher rates into the atmosphere. These highly concentrated gases

absorb some of the incoming solar radiation and the outgoing

infrared radiation from the earth. Eventually, this trapped heat or

radiation is released into the earth’s atmosphere, adding to the
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incoming solar radiation and causing the earth’s surface

temperature to increase [8]. Consequently, global warming leads to

a serious long-term impact on the environment, affecting the

earth’s climate and ecosystems, as well as human beings. The most

significant impact of global warming is as follows [9, 10]:

· Acceleration of the melting of glaciers and consequent rise in

sea level

· The spread of diseases in tropical and temperate regions

· Impact on human health and increased mortality rates, due

to a lack of clean water

· Climate change, more frequent and harsh weather events,

abnormal season times, stronger and more frequent

heatwaves

· Sudden and more frequent flooding

· Ecological damage to agricultural harvests and food supplies.

1.4.1 The Greenhouse Gases

The greenhouse emissions emitted by human activities are primarily

carbon dioxide (CO2), methane (CH4), nitrous dioxide (N2O),

sulphur hexafluoride (SF6), and synthetic halocarbons, including

chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs),

hydrochlorofluorocarbons (HCFCs), and Perfluorocarbons (PFCs)

[10, 11]. Total world greenhouse emissions are measured on the

basis of CO2 equivalents [3], since CO2-related emissions are the

predominant emissions in the atmosphere, produced by burning

fossil fuels. These have increased by 30% in the past 150 years,

due to industrialisation, as indicated above [11]. The UN Emissions

Gap report of 2012 [12] specified that the total global greenhouse

emissions for 2010 contained 50.1 gigatonnes of CO2 equivalents.

This amount is expected to increase by up to 59 gigatonnes in 2020

[13]. Specifically for CO2-related emissions, recent records show

that 31.2 gigatonnes formed 60% of total world greenhouse

emissions in 2010 [3]. This record reached 34.5 gigatonnes in 2012

– an increase of 1.4% [14]. Figure 1-5 shows the historical trend of

total global greenhouse gas emissions for the period 1979 to 2010,
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by sector. It can be clearly seen that greenhouse gas emissions

increased by 25% in 2010, compared to 1990, and almost doubled

what was recorded for 1970. As shown, the energy production and

conversion sector is the primary contributor to the emissions

produced, with rapidly increasing rates.

Figure 1-5. Changes in global greenhouse gas emissions from 1970 to
2010 in different sectors. (source: [12])

The global awareness of environmental impact and the

consequences of greenhouse gas emissions over the past two

decades, combined with concerns over the security of energy

supplies, have driven governments around the world to draft

policies in support of the promotion of renewable energy sources.

International agreements have therefore been signed, aiming to

limit the effect of greenhouse gas emissions on the world’s climate.

1.4.2 International Agreements

The Kyoto protocol was an international agreement within the

United Nations Framework Convention on Climate Change

(UNFCCC), signed in 1997 by 113 governments. This came into

effect in 2005 and expired at the end of 2012. The Agreement’s

objective was to reduce the overall concentration of greenhouse gas

emissions in the atmosphere to 5.2% below the 1990 level, over

the period 2008 to 2012. This was intended to prevent dangerous
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human interference with the global climate. The Agreement

targeted six greenhouse gas emissions: CO2, CH4, N2O, SF6, HFCs,

and PFCs [15]. The Copenhagen UNFCCC Climate Change

Conference held in 2009 was promoted as a last chance and was

expected to deliver a legally binding international agreement as a

successor to the Kyoto Protocol, subsequent to 2012. Instead, it

resulted in a non-binding agreement [16] that supports the

reduction of greenhouse gas emissions, the exploration and

application of new alternative clean energy sources, and the

maintaining of global temperature increases at below 1.5 ºC. In

other words, an attempt was being made to keep CO2

concentration in the atmosphere at less than 350 ppm [17].

The European Union, most of the members of which signed the

Kyoto Protocol, played a leading role in the Copenhagen Agreement

and has collectively recognised the threat of climate change,

making decisions to implement its own measures [18]. Europe 2020

is a 10-year strategy proposed by the European Commission in

2010. In the energy-related aspect of the strategy, the Commission

has set targets that are even more ambitious than the Kyoto

Protocol. These targets are [19]:

· The reduction of greenhouse gas emissions by 20%,

compared to the 1990 levels

· Increases in the share of renewable energy in final energy

consumption by 20%

· Achieving a 20% increase in energy efficiency.

Ozone Layer Depletion and Refrigerants1.5

Halocarbons are a harmful group of greenhouse gases that either

contains chlorine, such as in CFCs and HCFCs, fluorine, as in HFCs,

PFCs and SF6, or bromine, as in halons. These contribute heavily to

the depletion of the ozone layer and increase in global warming

[20]. In fact, these substances are involved in everyday activities,

mainly as refrigerants. They are also found as cleaning agents,

aerosol propellants, and foam-blowing agents. Specifically as
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refrigerants, these substances, alongside other non-halocarbons,

have been classified into four generations, based on their ultimate

target as illustrated in Figure 1-6.

Figure 1-6: The evolution of refrigerants. (Source: [21])

The first generation, developed from 1830 to the 1930s, mainly

consisted of the use of any substance which could be effective. In

the second generation, from 1931 to the 1990s, the main aim in

employing refrigerants was safety and durability, which promoted

CFCs as the refrigerants of choice. However, CFCs are highly stable.

Once they are emitted, they stay in the atmosphere for hundreds or

even thousands of years [22]. During their lifetime, they rise to the

stratosphere, where they are decomposed by the sun’s radiation to

release chlorine atoms, which subsequently destroy ozone

molecules and deplete the ozone layer [23]. After the ozone hole

was discovered over Antarctica, the obligatory Montreal Protocol

became effective in 1987, urging the total phasing out of CFCs and

other ozone-depleting substances [23].

The phasing out of CFCs promoted the use of HFCs and HCFCs

between 1990 and 2010 as non-ozone depleting alternative

refrigerants [23, 24]. However, HCFCs are similar to CFCs, but with

shorter lifetimes, and far less ozone depletion and global warming

effects [22]. Under the Montreal Protocol, they have also been

gradually phased out, at a rate of 90% by 2015 and completely by
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2020 [20]. HFCs, alongside PFCs and SF6, are fluorinated

greenhouse gases (F-gases) with no ozone depletion potential, but

with high global warming effect, greater than that of CO2

emissions. Nevertheless, these gases are controlled by the Kyoto

Protocol [25]. Notwithstanding the above and despite the fact that

the Montreal Protocol addresses the harm caused by HFCs, the

Agreement does not bind its signatories to phase them out [26].

However, recently and parallel to the international agreements, the

F-gas regulation adopted by the European Union in 2014 became

very effective in combating climate change. The regulations aimed

to reduce F-gas emissions by two thirds of the 2014 levels, by 2030

and this, with:

· A gradual phasing out of F-gases by limiting their sale in the

EU from the beginning of 2015, until one fifth of the sales for

2014 is reached in 2030.

· A ban on the use of F-gases in new equipment. This was

recently noted in the automotive industry, where R134a was

replaced by the new environmentally friendly R1234yf.

· The prevention of F-gas emissions from existing equipment

by conducting frequent and thorough checks, servicing,

recovery and disposal of these gases by the end of the

equipment’s lifetime.

From 2010 onwards, the search for new refrigerants became a

priority, where zero or low ozone depleting potential (ODP), low

global warming potential (GWP), short atmospheric lifetime, and

relatively high efficiency became the governing criteria for fourth

generation refrigerants [21].

Industrial Waste Heat Potential in the EU1.6

Among the existing renewable energy sources is the heat generated

by industrial processes in the form of flue gas or fluid. This is simply

wasted by releasing it into the environment. These industrial

processes include chemical and pharmaceutical production, vehicle

manufacture, cement and lime production, metal refining and
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smelting, glass production, petroleum fluid heaters and many

others. It is estimated that around 20 - 50% of industrial energy

consumption is waste heat [27]. These enormous amounts of waste

heated represent a very attractive potential for heat recovery

applications.

The EU’s manufacturing sector is very important to its economy,

generating around 17.1% of its gross domestic product (GDP). In

2007, it was estimated that the total demand for industrial heating

was 13.2 EJ (13.2x1018J), with 4.4 EJ (4.4x1018J) being for

electricity and 8.7 EJ (8.7x1018J) for direct heating. The CO2

emissions associated with this industrial waste heat consist of 537

Mt of CO2/year. The most demanding industrial processes as far as

energy is concerned across the EU involve metals, chemicals, non-

metallic minerals, food, paper and pulp. These account for around

64% of the EU’s CO2 emissions [28]. Furthermore, in terms of

temperature profile, the industrial heating requirements across the

EU are [29]:

 43% for high temperatures (>400°C);

 30% for medium temperatures (100-400°C);

 27% for low temperatures (<100°C).

Figure 1-7 shows a breakdown of the temperature profile for a

range of different industries.

Figure 1-7: Industrial heat demands in the EU, estimated by temperature
quality and the manufacturing sector (source:[29])
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For high quality waste heat at over 400°C, waste heat energy

recovery technologies, based on both passive and active

technology, have already been successfully developed for a range of

industries. Due to the high temperatures required, the systems are

inherently thermodynamically efficient and therefore cost-effective

to implement. However, a high proportion (27%) of the unavoidable

industrial waste heat energy is of low quality, namely below 100°C.

Nevertheless, waste heat recovery at lower temperatures is now

becoming much more attractive due to increasing energy prices,

technological developments and decreasing equipment costs. This

portion of heat is suitable for use in active waste heat recovery

technologies, where waste heat is converted to a higher

temperature or to electricity.

Thesis Statement for Problems and Needs1.7

A major study on the Competitiveness of European Companies and

Resource Efficiency was published in 2011 [30]. It concluded that

‘resource efficiency is one of the main challenges the European

Union is facing at the moment. Globalisation, the increasing world

population and the rise of emerging economies has resulted in

increased competition over natural resources across the world. In

Europe, various resources are subject to depletion, or are not

necessarily extractable’. As a result, EU companies are becoming

more dependent on imports and have higher production costs

compared to their international competitors, who face less stringent

environmental policies. In addition, there are increasing concerns

about the effects of emissions on health and the environment. It is

therefore important that the EU makes the transition to a low

carbon, energy efficient and resource-efficient economy. In the face

of these challenges, European companies are adopting several

measures to increase the efficiency of the resources they use. For

example, the energy intensity of EU industry has fallen by almost

30% since 1990, due to both the introduction of new energy

efficient technologies and the recovery of unavoidable waste heat

[31].
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In the context and for the EU, a disruptive technology step is

required to enable the EU’s industrial sector to cost-effectively

convert low-temperature, unavoidable waste heat energy into

useful energy. In so doing, industrial companies which have

unavoidable low-grade waste heat streams will have the

opportunity to achieve higher energy efficiency and thus help to

reduce CO2 emissions. Consequently, this will enable them to be

more competitive with non-EU economies, where environmental

legislation is not very strict.

Thesis Aims and Objectives1.8

The current research was conducted in line with a European-funded

project under the Seventh Framework Programme. It aims to

develop and test a small-scale, novel and thermally driven power

generation prototype system for low-grade waste heat recovery

from industrial processes in the range of 60°C to 120°C.

The specific objectives of this thesis are as follows:

 To identify the most suitable thermal power generation

technology and working fluid that can fulfil the aim of the

research based on a comprehensive and up-to-date review

conducted on low-grade heat thermal power generation

technologies which are mainly based on the Rankine cycle.

However, the system developed should introduce a

breakthrough by employing an environmentally friendly, non-

toxic, non-flammable working fluid, while also achieving

relatively high thermal efficiency. The technologies and

selected working fluids to be investigated are specifically:

(1) The absorption power generation system employing a

binary mixture of CO2/lubricant as a working fluid.

Another new technology using the same working fluid

called (Flood expansion) was also investigated, as a

substitute to the absorption power generation system.
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(2) The super-critical Rankine cycle power generation system

(SRC) employing CO2 as a working fluid.

(3) The organic Rankine cycle power generation system

(ORC) employing newly emerged refrigerants, such as

HFOs and HCFO-R1233zd(E), evaluated for ORC

applications for the first time.

 The developments of thermodynamic models which will

enable the accurate evaluation of the theoretical performance

of the systems investigated and provide a fundamental

understanding of optimum working conditions to yield

maximum efficiency and power output.

 In the case of the CO2/lubricant absorption, and flood

expansion systems:

(1) To identify the most suitable absorbent lubricant for

the CO2 refrigerant from a screened range of

refrigeration lubricant oil types and grades based on

the maximum CO2 solubility.

(2) To conduct lab-based experiments to examine the

thermal stability of the selected lubricants, validate the

gathered absorption data, as well as examine the

enhancement of the absorption and desorption

processes.

(3) To produce thermodynamic models that will enable the

thermodynamic properties of the selected CO2/

lubricant mixtures to be predicted, and which will

therefore allow a thermodynamic evaluation of the

systems.

 To design and construct a small-scale prototype system

based on the selected technology, working fluid, and the
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thermodynamic model’s simulated optimum operating

conditions. However, the technology which was finally

selected here was ORC, employing the only recently

developed, environmentally friendly R1233zd(E) refrigerant.

 To produce a prototype expansion device suitable for the

study’s prototype. However, this thesis does not aim to

design and construct an expansion device. Instead, a positive

displacement scroll compressor that is already commercially

available was converted to function as an expander.

 To preliminary evaluate the performance of the prototype

expander produced and the electric power generation

arrangement by undertaking a lab-based test on a specially

constructed bench, where the expander is coupled with an

electric generator.

 To practically proof the feasibility, as well as evaluate and

monitor the performance of the small-scale R1233zd(E)

prototype system by undertaking lab-based tests, where a

steam boiler is used to simulate the waste heat flue gas. The

system would be instrumented to allow its performance and

characteristics to be determined; for example, the system’s

heat input, mechanical power output and electric power

output for a set of given operating conditions.

 To address the sources of destructions, recommend

improvements for the system, and validate the

thermodynamic model’s results with the experimental results.

 To conduct economic evaluation and analysis of the system,

in order to assure its economic feasibility and cost-

effectiveness by determining the key economic parameters,

such as net present value (NPV), payback, internal rate of

return (IRR), and rate of interest (ROI), taking into account
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the system’s performance, manufacturing costs, electricity

costs, and operating and maintenance (O&M) costs.

In achieving this, the power generation system developed will offer

greatly improved environmental performance due to enhanced

efficiency and reduced CO2 emissions, at a cost which is affordable

for the end-user. Consequently, this will lead to significant

economic and benefits for manufacturers.

Novelty of the Research and the Small-scale1.9

R1233zd(E) ORC Prototype System

For the first time, the new environmentally friendly HCFO-

R1233zd(E) is to be theoretically evaluated for ORC applications.

Similarly, for the first time the heat exchangers’ sizing for the

R133zd(E) are thermodynamically predicted and validated.

Consequently, the current research is the first of its kind to

experimentally test R1233zd(E) in a specially constructed ORC

system, exclusively for this purpose.

Also, one of the major innovations of this work is the deployment of

a large scroll expander rated at 7 kW and converted from an

automotive compressor. Past studies employing scroll expanders

have either used 1 kW scroll expanders with integrated alternators,

or larger refrigeration scroll expanders of a hermetic type.

Thesis Structure1.10

The present work is organised as follows:

Chapter 2 presents the background of low-grade heat recovery

power generation technologies, specifically focusing on Rankine

cycle’s derivatives. The chapter also provides an overview of the

ORC, SRC, and binary fluid absorption power generation cycles,

addressing the working fluids, applications, performance, as well as
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presents notable and recent state-of-the-art designs for each

technology and in different applications.

Chapter 3 reviews the CO2/lubricant oil research background, the

lubricant requirements in order to suit CO2 applications, and

identifies the most suitable lubricants for the binary working fluid

mixture based on comparison of collected CO2/lubricant solubility

data.

Chapter 4 presents the experimental tests carried out on the

selected lubricants with CO2, where the lubricants’ thermal

stabilities were evaluated, the absorption data were validated, and

the enhancement of absorption and desorption processes was

investigated.

Chapter 5 reviews the most common approaches conducted in

literature in order to predict the thermodynamic properties of

CO2/lubricants. The chapter also presents and describes the

proposed thermodynamic model adopted for properties prediction.

Chapter 6 Presents theoretical and parametric investigations of

several small-scale power generation systems covering the

reviewed Rankine cycle based technologies, in order to determine

the most suitable cycle for the research application, and the

prototype systems intended to be constructed and tested. The

investigated systems were, namely, the CO2/lubricant absorption,

the CO2/POE32 lubricant flood expansion, the CO2 SRC, and the

environmentally friendly ORC power generation systems.

Chapter 7 describes the design and construction of the R1233zd(E)

ORC prototype system, which was selected for the application,

based on the superior performance it has shown in comparison to

other theoretically investigated fluids and systems. The prototype

system’s components are presented, and their principle of operation

is described. The chapter also presents and describes the
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modification of the automotive scroll compressor into expander and

proposes a thermodynamic model for the R1233zd(E) ORC system’s

heat exchangers’ sizing.

Chapter 8 describes the experimental work carried out

preliminarily on the expander-electric power generator, and the

main experimental work on the R1233zd(E) prototype system. The

chapter also presents and discusses the obtained results, addresses

the system’s limitations, validates the thermodynamically predicted

results, and compares the experimentally obtained outputs to

similar systems from literature.

Chapter 9 Assesses the economic feasibility of the R1233zd(E)

ORC power generation system based on the experimentally

obtained results. The presented analysis includes two systems of 5

kW and 20 kW intended for mass manufacture. The chapter also

presents the outcome of comprehensive market research carried

out to identify suitable components for the CO2 SRC power

generation system. Furthermore, the economic feasibility of a 5 kW

CO2 SRC power generation system was analysed based on the

theoretically predicted performance.

Chapter 10 presents a summary of the conclusions of all chapters

leading to the final conclusion of the current research, and also

presents justified recommendations for further work in order to

improve the performance of the R1233zd(E) ORC prototype system.
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Chapter 2 : A Review of Low-Grade Heat
Recovery Power Generation Cycles

Introduction2.1

This chapter provides a comprehensive overview of the low-grade

heat recovery power generation cycles. The chapter presents the

background and the most recent state of art of each investigated

technology, provides an insight of the performance range of each

technology and identifies their applications, employed working fluids

and system equipment and highlights the research gaps.

Background2.2

The Rankine cycle is a nineteenth century technology that is based

on utilising steam water as a working fluid in a sequence of

isentropic/isothermal thermodynamic processes [32] to convert

heat into useful work. It is the most used cycle in electric power

generation application[33] and has the highest thermal efficiency

when compared to other thermodynamic energy conversion cycles

[34]. The typical thermal efficiency of the steam Rankine cycle falls

in the range of 35% to 40% in the most modern coal fired systems

[35]. Water as working fluid offers many advantages, such as very

good thermal and chemical stability, high latent and specific heat

and the fact that water is abundant, cheap, non-flammable, non-

toxic and environmentally friendly[34, 36]. However, the drawbacks

encountered with the steam Rankine cycle are mainly excess

pressure in the evaporator, the complexity and high cost of the

turbine, the compulsory requirement for super-heat in order to

prevent condensation during expansion, and the possibility of

corrosion of the turbine blades [37]. For these reasons, the

conventional steam Rankine cycle is more appropriate for large and

centralised systems using high temperature heat sources [36].

With respect to low-grade heat sources and for small and medium

system sizes, the conventional steam Rankine cycle becomes
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infeasible technically and economically[34, 38] for the mentioned

limitations beside the fact that larger system installations are

required due to the high specific volume of steam and lower

operating temperatures and pressures [39]. In this context,

addressing these limitations by replacing the working fluid was the

key introduction to various Rankine based thermodynamic cycles

such as ORC, SRC, and the binary fluid absorption power cycles that

employ a wide range of working fluids and allow the conversion of

the enormous amounts of available low-grade heat into useful

electricity.

The Organic Rankine Cycle (ORC)2.3

ORC is a Rankine cycle derivative which has been of growing

interest and has been extensively investigated recently in low-grade

heat recovery. Large numbers of theoretical and experimental

investigations have been carried out in the area of ORCs. The key

subjects of these investigations revolve around the selection of

working fluids, which is the critical factor in characterising the

performance of the system, the investigation and selection of

expanders, and the evaluation of ORC performance in different

applications.

2.3.1 Principle of Operation

ORC applies the same concept and has the same configuration as

the conventional steam Rankine cycle but on a smaller scale.

However, the ORC employs organic working fluids with low boiling

points that allow better exploitation of the low-grade heat source.

Figure 2-1 illustrates the difference between the temperature

variations of the conventional Rankine cycle and the ORC during the

heat addition process.
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Figure 2-1: Temperature variation in the heat addition process- a)
Conventional Rankine cycle. b) ORC. (Source: [40])

The ORC technology is well-established and is now becoming

attractive because of its flexibility and the availability of all its

components, since it is compatible with equipment for refrigeration

applications [41]. One of the ORC’s advantages is its suitability to

fit a large variety of heat sources and sinks characteristics simply

by selecting the appropriate working fluid. Another advantage is the

ORC’s flexibility in employing single stage expanders. These

expanders are usually converted from a wide variety of existing

refrigeration compressors which are cheap and mass-produced.

However, the main disadvantage of ORC technology is the

mismatch between the heat source, sink and cycle, due to

isothermal heat addition and rejection processes.

2.3.2 Working Fluids Selection Criteria

The selection of working fluids is of primary importance and will

directly influence the performance and economy of ORC systems

[37]. Working fluids can be categorised into three types, according

to the slope of their saturation curve of on the fluid’s T-S diagram.

A positive slope denotes a dry fluid, as in R601; a vertical slope

denotes an isentropic fluid, as in R11, and finally, a negative slope
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denotes a wet fluid, as in CO2 and water [42, 43]. Figure 2-2 shows

the three types of fluids on a T–S diagram.

Figure 2-2: Three types of working fluids- a) wet, b) isentropic and c) dry.
(Source: [43])

Working fluid selection criteria have been extensively investigated

in the literature, such as in references [41-45]. A general outline of

the selection criteria would suggest that the potential working fluid

should have good thermodynamic and physical properties; high

thermal and chemical stability; low environmental impact, with low

GWP and ODP, and be non-toxic, non-flammable and non-corrosive.

The working fluid should also be commercially available and

affordable. Specifically for ORCs, Quoilin and Lemort [41] and Chen

et al. [42] proposed the use of dry and isentropic fluids, in order to

avoid working fluid droplets from damaging the turbine blades. This

is something which can occur with wet fluids. Moreover, both

studies suggest the use of a recuperator heat exchanger if dry fluids

are used. This is explained as being due to the fact that dry fluids

will exit the expander in a super-heated state. Consequently, more

heat rejection requirements are imposed upon the condenser and

the use of a recuperator heat exchanger is important for recovering

heat from the super-heated turbine exhaust and increasing ORC

efficiency. In this regard, Wang et al. [46] and Li et al. [47] have

compared simple and regenerative ORC and reported a 20-30%

increase in efficiency when a recuperator is used.
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However, with reference to the working fluid requirements, Quoilin

and Lemort [41] add that high vapour density is a key requirement

in selection, where low density would consequently lead to a larger

equipment size, especially in terms of the expander and condenser.

The working fluid should also have moderate operating pressure for

safety and economic reasons. From an economic point of view, high

pressure means a more complex system with high investment

costs.

2.3.3 Conventional ORC Working Fluids

The most extensively investigated working fluids in terms of theory

and experimentation in ORC literature are R600, R600a, and R601

of the dry type, and R245fa, R134a, R123, and R245ca of the

isentropic type. These studies include the theoretical evaluation

carried out by Wang et al. [48], where it is suggested that the

selection of working fluid is mainly determined by the temperature

of the heat source, as shown in Figure 2-3.

Figure 2-3: Optimal selection of working fluids for different heat source
temperatures. (Source: [48])

In numerous attempts to fulfil the selection criteria, many studies

have been undertaken to screen and evaluate potential working

fluids. The most common approach seen in the literature is the

evaluation of system performance using a range of working fluids to

screen the most suitable fluid for a particular ORC system. The

main evaluation parameter in such an analysis is the system’s

thermal efficiency, which is the ratio of the net thermal power

output of the system to the heat input in the system’s evaporator.
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Another key evaluation parameter is the net thermal power output,

which is the difference between the power produced by the

expander, and the power consumed by the refrigerant pump.

Saleh et al. [49] evaluated the performance of ORC using 31

working fluids and recommended R245fa, R600, R601a, RE245,

RE134, R236ea, and R245ca. Hung [50] specifically investigated dry

fluids for waste heat recovery. The study included benzene,

toluene, p-Xylene, R113 and R123. The results show that p-Xylene

has the greatest thermal efficiency and is suitable for recovering

high temperature waste heat sources, while R113 and R123 are

more appropriate for low temperature waste heat sources. For dry

fluids, Mago et al. [51] theoretically examined the performance of

R245ca, R123, R113, and R600. The greatest thermal efficiency

was achieved by R113, while the lowest was reached using R600.

References [49-51] indicated that the highest efficiency is obtained

from the fluid with the highest boiling point. Table 2.1 lists the

conventional ORC refregirants commonly found in literature

alongside their critical and environmental properties [37, 52-56].

Table 2.1: Thermodynamic and environmental information for the
conventional ORC refrigerants.

Refrige
rant
Type

Refrige
rant
name

Chemical
name

Molecular
weight
[kg/kmol]

Critical
temper
ature
[K]

Critical
pressur
e [bar]

OD
P

GWP ASHR
AE
Safet
y
group

CFC R113 1,1,2-
Trichlorotr
ifluoroetha
ne

187.4 487.21 33.92 1 613
0

A1

HC Benzen
e

1,3,5-
Cyclohexa
triene

78.11 562.02 48.94 - - -

HC P-
Xylene

1,1-
Dimethylb
enzene

106.17 616.16
8

35.32 - - -

HC R600 Butane 58.1 425.16 37.96 0 4 A3

HC R600a Isobutane 58.1 407.85 36.40 0 3 A3

HC R601 Isopentan
e

72.1 469.71 33.58 0 4±2 A3

HC R601a Isopentan
e

72.1 460.93 33.78 0 4±2 A3

HC Toluene Methylben
zene

92.14 591.75 41.26 - - -

HCFC R123 2,2-
Dichloro-

152.9 456.82 36.62 0.0
2

77 B1
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2.3.4 Environmentally Friendly ORC Working Fluids

Very recently, new groups of fourth generation refrigerants, namely

HFOs and HCFOs have emerged as environmentally friendly

refrigerants, with almost no environmental impact. The potential of

these refrigerants in ORC applications has become a very popular

investigation topic in order to identify new working fluids for ORC

applications.

2.3.4.1 Hydrofluoro Olefin (HFOs)

The investigation of halogenated olefins with fluorinated propane 

isomers is currently endured as a potential low GWP replacement

for R134a in automotive applications. This effort is mainly related to

the European F-gas regulations. Amongst HFOs, R1234yf is

identified as a promising alternative to R134a in automotive

applications [57]. R1234ze(Z) and R1234ze(E) are other HFO

refrigerants that have been developed to substitute R134a in

refrigeration applications, where sink temperature may be as high

as 70°C [57, 58]. However, R1234ze has been commercially

available as a foam blowing agent [59]. The performance of HFOs is

1,1,1-
trifluoroet
hane

HFC R236ea 1,1,1,2,3,
3-
Hexafluoro
propane

152 412.44 35.02 0 137
0

-

HFC R245fa 1,1,1,3,3-
Pentafluor
opropane

134 427.2 36.40 0 103
0

B1

HFC R245ca 1,1,2,2,3-
Pentafluor
opropane

134 447.57 39.25 0 693
6

B1

HFC R134a 1,1,1,2,2-
Tetrafluor
oethane

102 374.21 40.59 0 143
0

A1

HFE RE134 Difluorom
ethoxy-
difluoro-
methane

118.03 420.15 34.2 - 632
0

-

HFE RE245 1,1,1-
trifluoro-
2-
Difluorom
ethoxy-
ethane

150.05 443.15 34.2 - 659 -

Keys:
A1: Non-flammable with very low toxicity.
A3: High flammability and low toxicity.
B1: Non-flammable, with higher toxicity.
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reported to be similar to that of R134a, with a similar system size

and operating pressure. Moreover, they are compatible with

available R134a components. Unlike 134a, the R1234yf and both

R1234ze types have mild flammability, where they are classified as

Class 2 refrigerants. However, to ignite a Class 2 refrigerant, a

significantly large amount of energy is required [60].

2.3.4.2 Hydrochloroflouroolefins (HCFOs)

In particular, R1233zd(E) was developed by Honeywell as a foam

blowing agent and cleaning solvent to replace CFCs, HFCs and

HCFCs [61]. However, the refrigerant has been promoted by

developers as a promising alternative to R123 and R245fa in ORC

applications, high capacity chillers and high temperature

applications [62]. Although R1233zd(E) contains chlorine, the

refrigerant is non-flammable, non-toxic, has negligible ODP, very

low GWP and a very short atmospheric lifetime of 26 days [63].

Table 2.2 presents the critical and environmental properties of the

environmentally friendly HFCO and HFO refrigerants [57, 63-66].

Table 2.2: Thermodynamic and environmental information for the
environmentally friendly HCFO and HFO refrigerants.

Refrige
rant
type

Refriger
ant
name

Chemical
name

Molecular
weight
[kg/kmol]

Critical
Tempera
ture [K]

Critical
pressur
e [bar]

ODP GWP ASHR
AE
Safet
y
group

HCFO R1233z
d(E)

1-chloro-

3,3,3-

trifluoropr

opene

130.496 438.75 35.709 0 >5 A1

HFO R1234y
f

2,3,3,3-
tetrafluoro
propene

114.042 367.85 33.822 0 4 A2L

HFO R1234z
e(Z)

1,3,3,3-
tetrafluoro
propene

114.042 423.27 35.33 0 6 A2L

HFO R1234z
e(E)

trans-
1,3,3,3-
tetrafluoro
propene

114.042 382.52 36.3625 0 6 A2L

Keys:
A1: Non-flammable with very low toxicity.
A2L: Moderate flammability and low toxicity.
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2.3.5 Performance of the Environmentally Friendly

Working Fluids

Liu et al. [67] has theoretically investigated the potential of HFOs

for geothermal application. The study included 8 new HFOs, the

performance of which was compared with that of conventional

refrigerants, namely R134a, R245fa and R601a. The results show

that R245fa has the greatest thermal efficiency of 9.37%, followed

by R1234ze(Z) with 8.9%, which indicates the merit and capability

of R1234ze(Z) to replace R245fa, if the environmental impact

criterion is favoured over performance. Furthermore, the study

recommends R1234yf for a heat source temperature of around

120°C, and R1225yeE refrigerant for temperatures of around

150°C.

Yamada et al. [68] expressed the potential of R1234yf refrigerant in

ORCs for low to medium waste heat sources. The authors compared

the thermal efficiency performance of the new refrigerant alongside

intensively investigated high performance refrigerants, such as

R134a, R245fa, R601a and ethanol. The results show that R1234yf

and R134a have nearly identical performance. The thermal

efficiency of R1234yf ranged between 8.8 to 11.4%, depending on

the operating conditions. The authors concluded that R1234yf can

replace R134a as a working fluid. In addition, R1234yf is suitable

for low and medium temperature ORC application with heat source

temperatures of up to 170°C, despite the fact it did not

demonstrate the best thermal efficiency.

Shu et al. [45] evaluated R124, R134a, R245fa, R600, R600a and

R1234yf in their proposed novel dual-loop ORC system for waste

heat recovery. The maximum thermal efficiency was 20.07% and

20.06%, achieved by R600 and R245fa, respectively. However,

R1234yf achieved the highest net thermal power output and

maximum exergy efficiency. Finally, the study recommended the

use of R1234yf at high operating loads.
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Varma and Joost [66] investigated the potential of several new

refrigerants and compared their thermal performance to that of

conventional ORC refrigerants, such as R123, R245fa, R601, R134a

and toluene. The new refrigerants investigated were R1234ze,

R1234yf, DR-2, C6FK, D4 and D5. The ORC investigated has a

simple configuration and operates between 80°C and 100°C. The

theoretical results were calibrated and minimised according to

existing ORCs. The results show that the new refrigerants have

fairly good thermal efficiencies and the potential to replace

conventional working fluids.

Figure 2-4: Thermal efficiency of ORC employing low GWP refrigerants,
compared to conventional refrigerants; investigated by Varma and

Joost.(Source: [66])

The study concluded that DR-2 is a potential replacement for R123.

R1234yf and R1234ze(E), demonstrating a similar performance to

R134a, but still with a lower performance than R245fa. However,

newly developed, environmentally friendly R1233zd(E) may be a

fluid which could replace R245fa. Nevertheless, the properties of

R1233zd(E) are still under investigation and the refrigerant is not

commercially available.
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2.3.6 Expansion Device

The expander is the most important piece of equipment in an ORC

system and it also has a direct influence on system performance

and its economy. Generally, expanders can be categorised into two

types: the dynamic (velocity) type and the positive displacement

(volume) type. Velocity expanders include axial and radial-flow

turbine expanders, and volume types include screw expanders,

scroll expanders, reciprocal piston expanders and rotary vane

expanders [69]. The capacity ranges of the aforementioned

expander types are shown in Table 2.3.

Table 2.3: Capacity ranges of expander types. (Source: [37])

Type Capacity range [kW]

Rotary vane expander 1-10

Scroll expander 1-10

Reciprocating piston expander 20-100

Screw expander 15-200

Radial-inflow turbine 50-500

According to Table 2.3, turbine expanders are suitable for large

scale applications. Scroll expanders and rotary vane expanders

have limited capacity but are very convenient for small-scale

applications. Screw expanders and reciprocating piston expanders

may be used for medium-sized ORC applications. It is reported that

screw expanders have been widely used for geothermal and waste

heat applications [37], while reciprocating piston expanders are

widely used in the heat recovery of internal-combustion engine

exhausts [70]. Review investigations to be found in the literature

have mainly listed experimental work carried out on various types

of expansion device, alongside the working fluids employed and the

performance characteristics, such as Quoilin et al.’s study [71],

which presents a comprehensive review covering different aspects

and Song et al.’s study [72], which specifically reviews the

performance of scroll expanders in ORC applications.

As the current research is concerned with small-scale ORC systems,

the most attractive option is identified as the scroll expanders. For
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this reason, scroll expanders are the only reviewed type in order to

characterise its performance with different working fluids. However,

other types were present in ORC literature such as radial inflow

turbines in Yamamoto et al. [73] beside other expanders of volume

type such as the screw expander in Smith et al. [74] and Mu et al.

[75] , the rotary vane type expander converted from an air

compressor in Qiu et al. [76], and the rolling piston expander in

Wang et al. [77].

2.3.6.1 Scroll Expanders

Scroll expanders have gained interest recently in small-scale ORC

systems for the qualities they offer in comparison with other volume

expander types. They have few moving parts, with no valves, are

mass-produced and cost very little compared to other expansion

devices [69]. In general, scroll expanders are modified from

commercially available scroll compressors that are used in different

applications, as shown in Figure 2-5.

Figure 2-5: Scroll compressor types - a) hermetic refrigeration b) open
drive automotive A/C c) semi-hermetic automotive A/C, and d) air

compressor. (Source: [72])

Figure 2-5 (a) illustrates a hermitic scroll compressor that is used in

commercial and residential refrigeration and air conditioning

applications. Hermetic compressors come in different sizes, offering

a wide range of power and cooling capacities. In this type, the

compressor and motor are installed on a common shaft and

enclosed in a gas-tight welded container that cannot be opened [72,

78]. The open-drive compressor shown in Figure 2-5 (b) is used

widely in automotive air-conditioning systems. It consists of the

compressor and an external clutch that engages and disengages the
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power transmission [72]. Unlike other compressor types, the motor

in this type is external and driven by the automotive engine shaft

through either direct coupling or belt and pulley [79]. Figure 2-5 (c)

shows the semi-hermetic type, also referred to as the serviceable

hermetic type. In this type, the compressor and the motor are

installed on a common shaft, similar to the hermetic type [78].

However, unlike the hermetic type, the semi-hermetic compressor

is bolted. Therefore, its internal parts are accessible offering the

advantage of being serviceable. Furthermore, they are more

compact and lighter in weight [80]. Finally, Figure 2-5 (d) illustrates

an open drive oil-less air compressor that is used in industrial

applications, and externally driven, similar to the open drive

automotive air conditioning compressor.

Recent ORC literature is very rich in experimental and theoretical

investigations on scroll expanders in relation to ORCs and with

different working fluids. Song et al. [72] presented an extensive

review of scroll expanders utilising ORCs for low-grade heat

recovery. The study gives insights into relevant work covering

various aspects, such as performance, technical features, simulation

techniques and applications.

Jradi and Riffat [81] and Jradi et al. [82] experimentally

investigated a low cost, compact electrical scroll expander of 1 kW

electrical capacity. The expander was modified from an automotive

A/C compressor in a micro-scale ORC, based on a tri-generation

system in [81] and on a micro-CHP in [82]. This ORC system

employed environmentally friendly HFE7100 as the working fluid.

The reported ORC thermal efficiency was 5.64% and the maximum

electric power extracted from the expander was 500W. The

reported isentropic efficiency of the expander was in the range of

74.2% to 81%.

Further to the above, Mathias et al. [38] tested a hermetic

refrigeration scroll and rotary piston gerotor expanders in a low-
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grade heat ORC experimental set-up, employing R123 as the

working fluid. The results obtained indicate that both types are

suitable for ORC applications. The scroll expander yielded 2.96 kW

with an isentropic efficiency of 83%, while the gerotor yielded 2.07

kW with 85% isentropic efficiency.

Moreover, Tarique [83] and Tarique et al. [84] investigated the

performance of scroll expanders in an ORC employing R134a as the

working fluid. At optimum operation, when the heat source was at

120°C, isentropic efficiency was found to be in the range of 50% to

64%. The maximum power output obtained was 920W, with a

thermal efficiency of 8.5% [84].

Li et al. [85] also examined a scroll expander in a laboratory test

bench ORC. The system was evaluated employing R245fa and a

mixture of R245fa and R601a. R245fa showed thermal efficiency of

4.38% with a scroll expander isentropic efficiency of 71% to 82%,

while R245fa/R601a achieved 4.45% thermal efficiency, with an

isentropic efficiency ranging from 72.5% to 83.3%. The maximum

power output reported was 550W.

2.3.7 Applications

ORC applications are based on their heat sources. These

applications mainly include biomass, solar, geothermal, and waste

heat, including industrial and engine exhausts. The variation of ORC

applications along the heat source temperature range is

demonstrated in Figure 2-6.
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Figure 2-6: Variation of heat source temperatures in different ORC
applications. (Source: [86])

Several scientific reviews have been conducted to provide up-to-

date insights into the current status of ORC technologies, covering

various aspects and applications. These investigations have

observed similar approaches and are shown to be in agreement. For

example, Tchanche et al. [36] reviewed existing applications of ORC

and analysed their maturity; Vélez et al. [43] reviewed the current

technical, economical and market aspects of ORC in different

applications, and Quoilin et al. [41, 71] present a technological and

economic survey of the current status of ORCs. These studies

discussed ORC applications found in the literature, listing the

commercially available ORC systems. However, Tchanche et al. [36]

indicated that, geothermal and biomass CHP ORC technologies are

already mature, while waste heat recovery ORC systems can expect

rapid growth in the near future. Solar ORC systems are being

intensely investigated on a smaller scale and large plants are also

expected for tropical regions in the future, while Vélez et al. [43]

indicated that all applications of ORC are still considered under

investigation. However, commercial and experimental systems have

grown rapidly. Both Quoilin et al. [41, 71] and Vélez et al. [43]

present current commercial ORC distribution per application, as

shown in Figure 2-7. The distribution depicted points out the

availability of ORCs in the range from kW to several MW and

indicates the maturity of ORCs in waste heat recovery, biomass and

geothermal application.
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Figure 2-7: Market share of each ORC application in terms of the number
of units. (Source:[41])

In a different approach, Schuster et al. [87] exclusively reviewed

state-of-the-art ORC systems in micro-CHP, biomass, geothermal,

solar, and waste heat recovery, while Wong et al. [70] concentrated

on waste heat recovery, specifically from internal combustion

engine exhausts in automotive applications. The above study

reviewed related research developments including various working

fluids, configurations and expanders. It also indicates that the main

drawback in the application consists of lower efficiency due to lower

exhaust temperature and the size of the ORC components to be

accommodated, which are rather large.

2.3.8 Novel ORC Designs

Besides the commonly studied simple and regenerative

configurations, several designs for various applications may be

found in the literature. Carcasci and Miliotti [88] theoretically

investigated an ORC bottoming cycle in low-medium waste heat

recovery from gas turbine power plants, using four dry working

fluids, toluene, benzene, cyclopentane and cydhexane. The system

incorporated an oil loop to transfer heat to the refrigerant loop, as

shown in Figure 2-8. The oil loop was incorporated for safety, in

order to avoid explosions resulting from the high flammability of the
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selected working fluids. However, the system was simulated at

temperatures ranging from 360°C to 400°C.

Figure 2-8: Gas turbine waste heat ORC system reproduced from reference
[88].

As shown in the schematic of the system in Figure 2-8, the hot

exhaust from the gas turbine plant heats the oil entering the super-

heater, evaporator and economiser, in order for it to heat the

working fluid flowing in a counter-direction in the refrigerant loop.

The heated working fluid enters the expander and passes through

the recuperator, exchanging heat with the condensed working fluid.

However, the working fluid finally enters the condenser to be cooled

down before it is pressurised by the pump, again. The analysis

showed that only cyclohexane requires the super-heater heat

exchangers, while other working fluids perform best without the

super-heater. However, Carcasci and Miliotti [88] recommends

cyclohexane for low temperatures, benzene for medium

temperatures and toluene for high temperatures.

Shu et al. [45] propose a novel dual loop organic Rankine cycle

consisting of a high temperature loop and a low temperature loop

for waste heat recovery from the exhaust, engine coolant and

residue from the hot temperature loop. The high temperature loop

employs water as the working fluid in a steam Rankine cycle, while

the low temperature loop employs a range of different working
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fluids in an ORC. Figure 2-9 shows a schematic of the proposed

system.

Figure 2-9: Dual loop waste heat ORC system reproduced from reference
[45].

In this configuration and in order to obtain greater thermal

efficiency, the super-heating for the high temperature loop should

be maximised but this would be avoided in the low temperature

loop, which employs either a dry or isentropic working fluid. The

high pressure liquid water at state Point 1 flows into the evaporator

to be heated and super-heated by the counter-exhaust stream. The

high pressure steam vapour exits at state Point 2 and expands to

low pressure through the high temperature expander. The low

pressure vapour at state Point 4 passes through the condenser and

transfers heat to the working fluid in the low temperature loop. The

water vapour then condenses and exits at Point 4, before being

pumped to high pressure and the high temperature loop being

completed. In the low temperature loop, the high pressure working

fluid at state Point 5 is heated by the engine coolant in the first

evaporator and exits at state Point 6, before being further heated

by the counter-stream of hotter water in the second evaporator and
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exiting at state Point 7, and by the residual heat from the exhaust

in the third evaporator, before exiting at state Point 8, where it is

directed towards the low temperature expander. After expansion,

the low pressure vapour at state Point 9 enters the condenser,

which is cooled with water so that it exits in a liquid state at state

Point 10. It is then pumped again to a higher pressure, where the

cycle is completed.

Moreover, Manolakos et al. [89, 90] propose a low temperature

solar-driven ORC employing R134a as the working fluid, and

incorporating a reverse osmosis sea water desalination system.

Figure 2-10 shows a schematic of the proposed system.

Figure 2-10: Solar ORC with reverse osmosis desalination reproduced from
reference [89].

The thermal energy produced by the solar collectors is used to

evaporate and super-heat the R134a working fluid in the evaporator

heat exchanger at 71.7°C and 75°C, respectively. The super-heated

R134a vapour drives the expanders and the power output yielded is
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used to drive the system pumps, including the desalination unit’s

high pressure water pump. However, the low pressure vapour at

the expander exit is directed towards the condenser, where it is

cooled and exits in a liquid state at 35°C, before being pressurised

again and directed to the solar collector to complete the cycle. The

system was evaluated both theoretically and experimentally. The

results show a maximum system efficiency of 4%, expander

isentropic efficiency of 65%, and a maximum power output of 2.05

kW.

The Super-critical Rankine cycle (SRC)2.4

Super-critical (SRC) and trans-critical (TRC) Rankine cycles are

Rankine cycle derivatives that are used in low-grade heat recovery

applications. The vast majority of studies seen in the literature refer

to either cycle simply as SRC. In general, nearly all SRC and TRC

research, particularly in the investigation of CO2 as a working fluid,

are still in their theoretical phase. However, these studies cover a

wide range of applications and have been carried out for the sake of

evaluating the performance and feasibility of CO2 SRC and TRC,

proposing novel CO2 SRC and TRC systems for different

applications, in order to improve overall performance, to investigate

alternative working fluids performance in comparison to CO2, and

to compare SRC and TRC performance to that of an organic Rankine

cycle (ORC). This section provides a comprehensive review of SRCs

and TRCs from the perspective of CO2 as a working fluid.

2.4.1 Principle of operation

The general concept of both cycles is to employ refrigerants with

relatively lower critical temperatures and pressures in order to allow

operation above the critical point and bypass the two-phase region

in the heat addition process [42]. Therefore, the heat addition

process takes place non-isothermally, allowing improved thermal

match with the heat source temperature glide, the reduction of

irreversibility, the avoidance of pinch limitation [91], and optimal

thermal efficiency to be gained, with the highest power output
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possible [92]. Figure 2-11 shows the heat addition process in both

an ORC and an SRC. The isothermal heat addition process causes a

mismatch between the working fluid and the gliding temperature of

the heat source; it also incites irreversible destruction in the heat

addition process.

Figure 2-11: Temperature variation in the heat addition process for an
ORC and an SRC. (Source:[93])

However, the difference between SRC and TRC is simply in the

cooling process. In TRC, the heat rejection process takes place

isothermally in the sub-critical region, where the working fluid

condenses, going through the two-phase region before it is pumped

to super-critical state. On the other hand, in SRC, the entire cycle

processes take place above the critical point. Therefore, the cooling

process in SRC also takes place non-isothermally and a good match

with the heat sink is achieved [94]. Figure 2-12 illustrates the

difference between SRC and TRC on the CO2 T-S diagram.

Figure 2-12: The difference between an SRC and a TRC in the CO2 T-S
diagram. (Source:[94])
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2.4.2 Working fluids

Similar to the ORC, the selection of the working fluid is a key

element in performance for both the SRC and TRC [95]. Chen et al.

[42] recommended wet fluids such as CO2; ethane; R143a; R32;

R23; R125; R41 and R116 for SRC applications, and indicated dry

fluids may be used as well. A similar range of working fluids is seen

in Guo et al. [91] and Shengjun et al. [96] comparative studies in

geothermal applications. The latter study concluded that R125

constitutes the most suitable working fluid in geothermal

applications. Also for geothermal applications, Vidhi et al. [97]

indicate that R125 and R143a deliver the best overall performance.

Meanwhile, Cayer et al. [98] recommend either CO2, ethane, or

R125 for industrial waste heat recovery and Baik et al.[99]

compared CO2 and R125, concluding that R125 demonstrates

superior performance to that of CO2. In addition, Vetter et al. [100]

investigated the performance of 10 working fluids, comparing them

with CO2 and propane. R134a was found to have the best

performance overall. On the other hand, Zhang et al. [101]

concluded that CO2 outperforms water, propane, ammonia, and

R134a in solar applications. In an interesting study by Chen et al.

[95], a zeotropic mixture of 70% R134a and 30% R32 was

introduced as a working fluid for an SRC cycle and its performance

compared to an ORC employing R134a. However, despite the

intensive undergoing evaluation of various refrigerants in SRC

applications, most of the investigated refrigerants are either

subjected to be phased out, or highly flammable such as

hydrocarbons. In fact, to date, CO2 is the most favoured refrigerant

for super-critical applications, not only for Rankine based cycles,

but also for high efficiency Bryton cycles for medium and high

temperature sources, such as in nuclear power and concentrated

solar power applications [102-104]. Table 2.4 lists the conventional

SRC refregirants alongside their critical and environmental

properties [54, 56].
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Table 2.4: Thermodynamic and environmental information for the
conventional SRC refrigerants.

2.4.2.1 CO2 as a Working Fluid

CO2 is a natural refrigerant that possesses many popular

environmental and thermodynamic qualities. It was extensively

used during the first decade of the 20th century, especially in

marine applications. However, by the 1950s, CO2 was replaced by

halocarbon refrigerants [105]. In recent years, CO2 has regained

interest and emerged as a promising refrigerant, due to

environmental concerns and conventional refrigerants [106] have

been phased out. CO2 is abundant in nature with 0 ODP and 1 GWP

over 100 lifetimes. Moreover, it is a non- flammable, non-toxic and

inexpensive substance. In addition, it has favourable

thermodynamic and transport properties which are well known,

even in the super-critical region [107]. On the other hand, the

fundamental limitations of using CO2 are the lower performance

compared to other refrigerants, and the complexity of the CO2

system [106]. In order to achieve condensation in TRC, operation

below the critical temperature is required which introduces technical

challenges with regard to designing the cooling system. On the

Refrige
rant
Type

Refrige
rant
name

Chemical
name

Molecular
weight
[kg/kmol]

Critical
temper
ature
[K]

Critical
pressur
e [bar]

OD
P

GWP ASHR
AE
Safet
y
group

Natural R744 CO2 44 304.22 73.80 0 1 A1

HC R170 Ethane 30.07 305.33 48.72 0 5.5 A3

HFC R143a 1,1,1-
Trifluoroet
hane

84 346.04 37.76 0 447
0

A2L

HFC R32 Difluorom
ethane

52 351.26 57.82 0 675 A2L

HFC R23 Trifluorom
ethane

70 299.1 48.36 0 148
00

A1

HFC R125 Pentafluor
oethane

120 339.33 36.29 0 350
0

A1

HFC R41 Fluoromet
hane

34 317.28 58.97 0 92 -

PFC R116 Hexafluoro
ethane

138 293.03 30.42 0 122
00

A1

Keys:
A1: Non-flammable with very low toxicity.
A2L: Moderate flammability and low toxicity.
A3: High flammability and low toxicity.
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other hand, for both SRC and TRC, the operation above the

relatively high critical pressure of CO2 raises safety concerns and

introduces a technical challenge related to design system

equipment that could stand such a high operation pressure [42, 91,

94].

CO2 SRC and TRC Performance and Design2.5

Chen et al. [92] expressed the potential of CO2 TRC over ORCs as a

bottoming cycle in their comparative study between regenerative

R123 ORC and CO2 TRC. The CO2 TRC showed no pinch limitation

and achieved slightly higher output of 8.16 kW, but lower thermal

efficiency of 9.2%. Conversely, Guo et al.[108] conducted a

thermodynamic and techno-economic comparison between a CO2

TRC and an R245fa ORC in geothermal applications, in order to

determine the maximum net thermal power output with the

minimum investment. The results show that the CO2 TRC achieved

the best net thermal power output but at very high pressure in

comparison with the ORC. On the other hand, the ORC achieved the

best thermal efficiency.

Detailed theoretical studies using several evaluation parameters,

such as the first and the second thermodynamic laws efficiencies,

net thermal power output, heat exchanger sizes and economic

parameters are also present in the literature for the purpose of

evaluating and assessing the feasibility of CO2 SRCs and TRCs,

investigating alternative working fluid performance in comparison to

CO2 and comparing the performance of SRCs and TRCs with that of

the ORC. Cayer et al. [107] have expressed the potential of CO2

TRC for heat recovery from low-grade industrial waste heat and

carried out a detailed analysis on simple and regenerative

configurations of CO2 TRC using four evaluation parameters. The

same authors [98] extended their analysis to a simple TRC

configuration and compared the performances of CO2, ethane and

R125. The study applied six performance evaluation parameters.

The comparison showed that R125 achieved the best thermal
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efficiency, followed by ethane, and finally CO2 which is close behind

ethane, but at higher pressure. For the net thermal power output,

ethane achieved the best net thermal power output, followed by

CO2 and finally, R125. The study concluded that none of the

working fluids compared outperformed the others; instead, each

system had its own qualities. Furthermore, from an economic point

of view, there was an optimum operating point, where the most

profitable net thermal power output could be achieved at minimum

capital cost. The reported specific net thermal power output and

thermal efficiency for CO2 were 19 kJ/kg and 8.6% respectively.

In a similar approach, Guo et al. [91], favoured R125 over CO2 in

their comparison of a range of working fluids. However, the study

indicates that despite the qualities offered by CO2 as a working

fluid, the feasibility of the CO2 system would mainly rely on the

availability and cost of high pressure equipment. The latter opinion

corresponds well with the conclusions reached by Vélez et al. [93],

who evaluated the performance of simple and regenerative CO2

TRC for industrial waste heat recovery and reported 6.4% to 9.8%

thermal efficiency and 12.6 to 18 kJ/kg specific net thermal power

output.

In a different approach, Baik et al. [99] carried out a power based

comparison between simple CO2 and R125 TRCs. The study took

into account pressure drop and heat transfer in heat exchangers

and concluded that CO2 showed better pressure drops and heat

transfer characteristics but R125 outperformed CO2 by 14% when

the net thermal power output was compared. The reason the CO2

cycle demonstrated lower power output is mainly due to the large

energy input required for the pumping process. However, the

reported thermal efficiency and net thermal power output for CO2

were 8.74% and 17.77 kW respectively.

With regard to system optimisation taking into account different

performance evaluation parameters, studies in references [93, 96,
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98, 107, 109] indicate that it is impossible to simultaneously

optimise all performance evaluation parameters. Instead, there is

the option of either trading off or compromising. Moreover, the

selection of working fluid will influence the improvement of the

selected performance parameter [96]. However, in the context of

free heat sources, studies in references [92-94, 98, 99, 107, 110],

the aim is to maximise the net thermal power output over thermal

efficiency in particular and over other evaluation parameters in

general. On the other hand, the reviewed studies in references [96,

109] aim to minimise system cost at the expense of other

performance parameters.

Comparing simple and regenerative SRC and TRC configurations,

the reviewed studies in references [107, 109, 111] confirm that

incorporating a recuperator heat exchanger will marginally improve

the system’s thermal efficiency and reduce the heater’s operating

pressure at which maximum thermal efficiency is achieved.

However, it does not have any effect on the net thermal power

output of the system. Also with the relatively high pressure of CO2,

studies in references [92, 96, 108] indicated that the CO2 system

would be more compact, with a smaller turbine than is the case

with an ORC. This mainly relates to the low specific volume of CO2

at the expander inlet and the small volumetric expansion ratio in

the turbine; a favourable feature, despite lower thermal efficiency,

than is the case with other working fluids [96]. Figure 2-13 shows a

compact 10 MW CO2 SRC turbine, compared with a steam turbine.



Chapter 2: A Review of Low-Grade Heat Recovery Power Generation
Cycles

45

Figure 2-13: 10 MW CO2 SRC turbine compared to an equivalent steam
turbine.(Source: [112])

However, for the CO2 heat transfer surface area, Guo et al. [108]

indicate that a greater heat transfer surface area is required for the

CO2 heat exchangers than is seen with ORCs, based on the UA

value and the heat transfer coefficient of the CO2.

2.5.1 Novel CO2 SRC and TRC Designs

This section presents an up-to-date review of theoretical and

experimental studies carried out on CO2 SRCs and TRCs. For

industrial waste heat recovery, Tuo [109] compared a regenerative

CO2 TRC with a proposed regenerative CO2 TRC with two stage

expansion and reheating processes, similar to those seen in water

steam Rankine cycles. The aim of the above study was to achieve

the best performance possible at minimum cost. Figure 2-14 shows

a schematic diagram of the CO2 TRC re-heating system. The CO2 is

expanded to intermediate pressure at state point 4 and then

reheated to the maximum turbine inlet temperature at state point

6, so that it can be expanded through the second stage expander.

Thus, overall performance of the CO2 TRC system can be improved.

Nevertheless, the study identifies the optimum operating conditions

from a thermodynamic point of view as 84 bar for the CO2 heater

and 57 bar for the CO2 cooler heat exchangers, concluding that

optimum operating conditions are significantly lower from an

economic perspective, in order to prove the practicability of the

system. This is due to the fact that the pump and turbine are

dominant expenses among the cycle components and their cost will
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increase significantly as the pressure increases. However, the study

reported thermal efficiency and specific net thermal power output of

8.74%, and 17.77 kJ/kg, respectively.

Figure 2-14: CO2 TRC with reheating and two-stage expansion reproduced
from reference [109].

For geothermal applications, Li et al. [94] proposed a regenerative

CO2 SRC and TRC, incorporating an ejector as shown in Figure

2-15, in order to maximise the net thermal power output. The study

compared the proposed systems with equivalent systems without

ejectors.

Figure 2-15: CO2 SRC or TRC with an ejector reproduced from reference
[94].
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As shown in Figure 2-15, the SRC and TRC with an ejector

incorporate a second stage heater. The liquid from the second stage

heater at state point 2 is used as the primary fluid in the ejector to

drag the turbine outlet exhaust at state point 3. Therefore, the

turbine inlet pressures decreases and the differential pressure

across the turbine increases. As shown in the study’s results listed

in Table 2.5, the best net thermal power output was achieved in

this case by the SRC with an ejector, followed by the TRC with an

ejector, then the SRC and finally, the TRC. The results also show

that the net thermal power output improved by incorporating the

ejector was at the expense of the thermal efficiency, where the TRC

showed the best thermal efficiency, followed by the SRC, then the

SRC with an ejector, and finally, the TRC with an ejector.

Table 2.5: Theoretical performance of CO2 SRC and TRC with ejector.
(Source: [94])

Cycle type Pressure [bar] Temperature
[°C]

System
thermal
efficiency [%]

Net thermal
power output
[kW]

TRC 122.91 60-90 8.19 9.25

SRC 128.58 7.88 9.45

TRC/ejector 124.74 6.23 10.19

SRC/ejector 131.34 6.30 10.32

In a similar approach designed to maximise the net thermal power

output, Kim et al. [110] proposed and compared several

configurations of a CO2 TRC and SRC, simultaneously using high

and low temperature heat sources for applications like concentrated

solar power, combustion, and nuclear power. The configurations

studied had adopted both the Rankine and Bryton cycle concepts.

Figure 2-16 shows the proposed CO2 TRC simultaneously using

both low and high temperature heat sources and incorporating

recuperator heat exchangers for each heat source.
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Figure 2-16: Low/high heat source CO2 TRC reproduced from reference
[110].

Figure 2-17 shows a proposed system for nuclear plants. The

system operates as a TRC during the day and as an SRC Bryton

cycle during the night, when the power demand is low. The study

concludes that a CO2 SRC cycle will always have better thermal

efficiency than a CO2 TRC for temperatures lower than 120°C.

However, incorporating another low temperature heat source,

besides the main high temperature heat source will compensate the

difference in CO2 heat capacity between the low and high

temperature sides, which will increase TRC thermal efficiency and

makes it more effective than the SRC.
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Figure 2-17: Low/high heat source CO2 TRC incorporated with a CO2
Bryton cycle reproduced from reference [110].

Song et al. [113] proposed a solar driven CO2 TRC using a liquefied

natural gas evaporation system as the heat sink. Figure 2-18

illustrates the proposed system, which consists of two loops: the

solar collector loop, comprising the flat plate collector, the thermal

storage tank, and the auxiliary heater. The purpose of thermal

storage is to compensate the energy required in case of solar

energy destruction, while the auxiliary heater provides a backup

energy source to maintain the thermal storage temperature supply

at a defined reference temperature when needed. The other loop is

a simple CO2 TRC system made of conventional components.
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Figure 2-18: Solar CO2 TRC with LNG cooling and thermal storage
reproduced from reference [113].

The simulation results show that solar radiation is the main

influence on the net thermal power output of the system. In

addition, the system shows the capability of producing energy

during the night, utilising energy from the thermal storage tank.

However, system performance is significantly influenced by the

condenser temperature, unlike the turbine inlet temperature. The

study reported 8.45 kW for the net thermal power output and

8.48% for the thermal efficiency.

The absence of experimental studies was noted in the literature

reviewed, aside from a detailed series of theoretical and

experimental studies conducted by Zhang et al. [101, 114-119] and

Yamaguchi et al. [120] on their proposed solar-driven, combined

power and heat CO2 SRC cycle, shown in Figure 2-19.
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Figure 2-19: Solar SRC system for combined heat and power reproduced
from reference [120].

As illustrated in Figure 2-19, this system consists of a solar collector

of an evacuated type to heat high pressure CO2 flow in the

collector’s channels. The super-critical CO2 then expands through

the turbine to produce the system power output. The super-critical

CO2 at the expander exit will still be in a super-heated state and

could be utilised as a heat source for an absorption refrigeration

system in a high temperature heat recovery system and for a hot

water supply in a low temperature heat recovery system, before it

is cooled to be pumped again to a higher pressure. However, Zhang

et al. [101, 114, 116] carried out detailed theoretical analysis on

the proposed system, and experimentally evaluated the system

performance throughout the year. The results show a solar

collection efficiency of 65% to 70%. The system efficiency obtained

was 8.78% to 9.45%, compared to the theoretically calculated

values of 10.7 to 11.6 [118]. However it was reported that pump

power consumption was not considered in the efficiency calculation,

due to the high power consumption of 220W observed while

running the system.

It is very important to underline that in all the experiments

conducted, the authors used an expansion valve to expand the

CO2, instead of a turbine, because of the absence of a turbine that
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could handle super-critical CO2 when the studies were conducted.

In addition, power generation is assumed to be equal to throttling

loss through the expansion valve. This does not represent the real

power output, which could be obtained where a real turbine is used.

Finally, the studies expressed the potential for system enhancement

by replacing the pump with a more efficient one and incorporating a

real turbine.

Absorption power Generation cycle2.6

In the literature, most of the studies related to absorption power

generation are still in their theoretical phase apart from the well-

established Kalina technology. However, these researches mainly

focused on proposing either Kalina or Rankine based cycles for low-

grade heat recovery in various applications, introducing novel

combined power generation and refrigeration cycles, conducting

performance evaluations and parametric investigations in order to

increase the proposed systems performance.

2.6.1 Principle of operation

Absorption power cycles are based on employing binary mixtures as

the working fluid. The key objective of the cycle is to allow good

exploitation of low-grade heat sources by taking advantage of the

mixture heat transfer characteristics where the heat transfer occurs

at variable temperatures while at constant pressure [121]. The non-

isothermal heat transfer processes allows better temperature glide

and match between the cycle and the heat source and sink during

the heat addition and heat rejection processes respectively. It

therefore avoids the pinch limitation that is usually associated with

the Rankine cycle, and reduces exergy destruction in the heat

exchangers [107, 122]. Figure 2-20 depicts the difference between

the isothermal and non-isothermal heat addition process shown for

the ORC, the binary mixture absorption cycle and the SRC

respectively.
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Figure 2-20: Temperature variation in the heat addition process for ORC,
Binary fluid in an absorption cycle, SRC. (Source:[107])

2.6.2 Working fluids

A binary working fluid consists of a refrigerant and an absorbent

that behaves like a new fluid altogether [35]. The general

requirements for the binary mixture are that in the liquid phase, the

mixture must exhibit good miscibility within the cycle operating

temperatures and pressures. It also should have favourable

transport properties such as viscosity, conductivity and diffusion

coefficient that can enhance the heat and mass transfer processes.

The difference between the boiling temperature of the pure

refrigerant and the mixture at the same pressure should also be as

high as possible. In addition, the mixture should be chemically

stable, non-corrosive, environmentally friendly, non- toxic, and

non-flammable. The refrigerant component of the mixture should

have high heat of vaporisation and high solubility in the absorbent

component in order to maintain low circulation ratios between the

generator and the absorber heat exchangers and therefore achieve

lower mass flow rates [123].

Ammonia-water and water-lithium bromide mixtures are the

commonly used mixtures where water is the absorbent and

ammonia is the refrigerant in the ammonia-water absorption

system and water is the refrigerant while lithium bromide is the

absorbent in the water-lithium bromide system. However, due to

the large specific volume of water and freezing issues, water is not

suitable as a refrigerant for low temperature applications [124].
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Instead, ammonia-water mixture is the most used working fluid

because of its suitability for the combined power and cooling

generation application.

Beside the known qualities of water as working fluid, ammonia is

widely available, inexpensive, except for its toxicity and

flammability. However, the ammonia-water mixture has excellent

thermo-physical properties that can be altered throughout the cycle

by varying ammonia concentrations [125]. Figure 2-21 shows the

ammonia concentration variation with respect to temperature on

the ammonia-water phase diagram.

Figure 2-21: Ammonia-water phase diagram. (Source:[126])

Other binary pairs were also theoretically evaluated for absorption

refrigeration, combined vapour absorption and compression

refrigeration applications. These binary pairs consist of HFCs

employed as refrigerants and chemicals or alcohols as absorbents

[127].

2.6.3 Design and performance of Absorption Power

Generation Systems

The first known absorption based power cycle was introduced by

Maloney and Robertson [128] in the early 1950’s. The cycle shown

in Figure 2-22 employed ammonia-water as the working fluid and

introduced the absorber and the distillation unit which are not used

in the Rankine cycle [121]. In this system the boiler delivers a
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vapour rich in ammonia through the flash tank to the super-heater.

After being super-heated, the vapour expands through the turbine

and produces work. The turbine exhaust reunites with the weak

solution from the distillation unit and enters the absorber-condenser

heat exchanger to absorb the rich vapour in ammonia and generate

the basic solution. The basic solution is then pumped to higher

pressure and partially heated in the recuperator heat exchanger

before entering the flash tank [122]. However, the system

concluded that it does not have any significant thermodynamic

advantage over the conventional Rankine cycle within the examined

operation conditions. Instead, the excessive expansion pressure

caused exergy destruction in the condensation-absorption process

that occurs at variable temperatures.

Figure 2-22: Schematic diagram of Maloney & Robertson absorption power
cycle reproduced from reference. [122]

Kalina [129] proposed an ammonia-water absorption power cycle in

the early 1980’s, and claimed 1.6% to 1.9% higher thermal

efficiency compared to the conventional Rankine cycle. The novelty
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of Kalina’s work is in adopting variable ammonia-water mixture

concentrations in different parts of the cycle and replacing the

condensation process with an absorption process that solved the

high turbine backpressure and therefore minimised the exergy

destruction in the heat rejection process. The operation of the

Kalina cycle is illustrated in the cycle schematic diagram presented

in Figure 2-23 where the strong vapour mixture from the flash tank

is mixed with a bypass basic mixture delivered from the absorber.

The mixed working fluid enters the secondary condenser which

allows the distillation unit to operate at lower pressure than the

vapour generator. Then, the liquid mixture is pumped to the vapour

generator pressure to be pre-heated, boiled, and super-heated

before it expands through the turbine. The turbine exhaust then

partially heats the upcoming counter stream of basic solution on its

way to the flash tank. At the exit of the recuperator, the low

pressure weak solution reunites with the weak solution from the

flash tank and enters the absorber where the absorption takes place

at low temperatures and the basic solution is formed. On the

absorber outlet, the basic solution is pumped to intermediate

pressure and split into two streams. 80% of the stream recovers

heat in the recuperator and enters the flash tank, and 20% bypass

the flash tank to be mixed with the strong vapour going to the

secondary condenser [122].
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Figure 2-23: Schematic diagram of the Kalina cycle reproduced from
reference. [122]

Appreciation of Kalina’s work has renewed the interest in absorption

power generation and has been the introduction of many novel

power, and combined power and refrigeration systems that produce

power and cooling effect simultaneously.

Based on Kalina’s cycle concept, Jawahar, Raja, and Saravanan

[130] proposed and parametrically analysed a combined power and

cooling cycle. The study reported that the energy consumption in

the proposed cycle is lower by 12% compared to separate systems

of regenerative ORC and a single effect ammonia-water absorption

cooling cycle. However, the reported performance for the proposed

cycle was 15.64% for the thermal efficiency, 22.04 kW for the net

thermal power output and 0.122 for the power to cooling ratio. For

low-grade geothermal heat sources, Li et al. [131] proposed a

Kalina cycle system 11 (KCS11) with an ejector that replaces the

throttle valve and the absorber in the conventional KCS11. The
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modifications reduced the turbine exhaust pressure, increased the

power output and the system thermal efficiency. The maximum

reported thermal efficiency and net thermal power output for the

proposed system were 8.36% and 13.49 kW respectively, compared

to 8.16% and 8.16% and 12.77 kW achieved by the conventional

KCS11 system.

Based on Rankine’s concept, Wang, Dai, and Gao [132] proposed a

combined power and cooling absorption cycle. their theoretical

evaluation revealed 20.45% thermal efficiency. For the net thermal

power output, the study reported 612 kW, while the refrigeration

output was 224.608 kW. Xu, Goswami, and Bhagwat [133]

proposed a novel solar driven combined power and cooling cycle.

The study reported a thermal efficiency of 23.54% and a total net

power and cooling output of 99.23 kW. The latter cycle was further

extensively analysed by Martin and Goswami [126] who studied the

effectiveness of cooling production, and by Sadrameli Goswami

[134] who investigated the optimum operating condition for the

cycle. Furthermore, Vidal et al.[135] analysed the same cycle

taking exergical approach. The reported thermal efficiency and net

thermal power output were 15.3% and 52.6 kW respectively. Sun

et al. [136] proposed and analysed a combined cycle that uses

medium and low waste heat sources, where the medium heat

source drives a Rankine based cycle, while the low temperature

source in addition to the power sub-system exhaust are used to

drive the refrigeration sub-system. The power consumption in the

proposed cycle was shown to be lower by 17.1% compared to

separate power and refrigeration systems. However, the system

achieved up to 18.6% thermal efficiency and 32.6 kW net thermal

power output.
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2.6.4 Designs for Novel Absorption Power Generation

Systems

Mirolli [137] proposed a Kalina based system for waste heat

recovery from the cement production process. As depicted in the

system schematic presented in Figure 2-24, the heat source

exhaust boils off and super-heats the working fluid mixture in both

heat recovery vapour generators (HRVG1, 2). The super-heated

vapour then expands through the backpressure turbine to be cooled

and diluted with the weak solution mixture from the downstream of

vapour separator/demister, allowing full condensation in the low

pressure condenser (LPC). The solution is then pumped to an

intermediate pressure and most of the diluted fluid is partially

boiled and sent to the vapour separator/demister through heat

exchangers and the rest of the solution is mixed with the high

concentration vapour stream from the vapour separator/demister.

The working fluid is then condensed in the high pressure condenser

(HPC) and pumped through the heat recovery vapour generators. In

this system, the distillation and condensation sub system (DCSS) is

a key component of higher efficiency where the distillation process

leans out the ammonia-water mixture in the turbine exhaust just

before it enters the low pressure condenser and since a leaner

mixture has a lower saturation pressure at a given temperature, the

turbine exhaust stream will then condense at a lower pressure. The

lower turbine exhaust pressure increases the expansion of the

working fluid through the turbine, thus maximizing turbine power.



Chapter 2: A Review of Low-Grade Heat Recovery Power Generation
Cycles

60

Figure 2-24: Schematic diagram of Kalina cycle for cement production
waste heat recovery reproduced from reference [137].

Zheng et al. [138] proposed a combined power and cooling

absorption cycle based on Kalina’s technology and reported system

thermal efficiency and net thermal power output of 24.2% and

742.28 kW respectively. To enhance the ammonia-water separation

process and acquire higher purity of ammonia for refrigeration, the

flash tank of the Kalina cycle was replaced by a rectifier. The

proposed system also introduced a condenser and an evaporator

between the second absorber and the rectifier as shown in system

schematic illustrated in Figure 2-25. With introduced modifications

the cycle was able to provide a cooling effect beside power, where

the outflow from the top of the rectifier passes through the throttle

valve before mixing with the main stream. A splitting/absorption

unit is introduced in order to meet different working fluid

concentration requirements, integrated with the main cycle and

with an ammonia refrigeration cycle.
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Figure 2-25: Schematic diagram of Zheng et al’s combined power and
refrigeration absorption cycle reproduced from reference [138].

Based on Rankine’s principles, Zhang and Lior [125] proposed a

combined cooling and power generation cycle that employs

ammonia-water mixture as the working fluid. The cycle schematic

presented in Figure 2-26 illustrates that the cycle operates in a

parallel combined cycle mode as an ammonia-water Rankine cycle

and ammonia refrigeration cycle interconnected by absorption,

separation and heat transfer processes. A rectifier is introduced to

split the feed into two streams, the top outflow stream is rich with

ammonia and used for the refrigeration section while the bottom

weak outflow is used for power generation. A condenser and a re-

boiler are necessary at the top and bottom of the rectifier in order

to maintain continuous heat and mass exchange in each rectifier

stage. The thermodynamic analysis revealed that the system

achieves thermal efficiency and net thermal power output of 27.7%

and 724.8 kW respectively. Further investigations were carried out

on the cycle where Zhang and Lior[139] proposed general principles

for the integration of refrigeration and power systems in order to
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increase both thermal and exergy efficiencies. Furthermore, the

investigation carried out by Liu and Zhang[140] revealed that there

is a certain split fraction for a given basic working fluid

concentration at which the maximum system performance is

obtained.

Figure 2-26:Schematic diagram of Zhang and Lior’s combined power and
refrigeration absorption cycle reproduced from reference [125].

Wang et al. [132] criticized the systems proposed in references

[125, 139] for their complicity, resulting in higher capital

investment, and proposed a Rankine based ammonia-water

combined power and refrigeration generation cycle. The cycle

eliminated the excessive pumping requirements and the secondary

condensers. Further development was carried out on the system in

Wang et al. [141], where the refrigeration cycle incorporated an

ejector, and the power cycle incorporated an extraction turbine

between the heat recovery vapour generator as illustrated in the

cycle schematic presented in Figure 2-27. After expansion through

the turbine, the exhaust enters the supersonic nozzle of the ejector

as the primary vapour. The high velocity vapour at the exit of the

nozzle produces a high vacuum at the inlet of the mixing chamber
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and drags a secondary vapour from the evaporator into the

chamber. After mixing, the two streams become a transient

supersonic stream. After passing the constant cross section zone,

the subsonic mixed stream discharges from the ejector to the

condenser. A fraction of the working fluid stream leaving the

condenser enters the evaporator after passing through the throttle

valve where it vaporises by absorbing heat from the cooled media

and therefore the cooling effect is produced. The rest of the working

fluid stream from the condenser is pumped to the boiler pressure to

complete the cycle. The reported thermal efficiency and net thermal

power output were 14.92% and 114.098 kW respectively.

Figure 2-27: Schematic diagram of Wang et al’s combined power and
refrigeration absorption cycle reproduced from reference [141].

Conclusions2.7

2.7.1 ORC

The review revealed the attractiveness and flexibility of ORCs for

fitting different low-grade heat recovery applications. It also

indicated the maturity of several ORC applications and the rapid

development of the technology, in comparison with other low-grade

heat recovery technologies. However, the main gap is clearly
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identified as the unavailability of new working fluids that can fulfil

the selection criteria, especially concerning environmental and

safety aspects. It is important to underline that although scientific

research has screened a wide range of working fluids, there are

only a few which are actually used in ORC plants. These fluids

include R134a in geothermal applications and low temperature

waste heat recovery; R245fa in low-grade waste heat recovery, n-

Pentane in low waste heat recovery, and medium temperature

geothermal applications and solar ORC in the U.S. [37]. A list of

these existing systems, working fluids and manufacturers may be

found in several ORC review studies such as in those conducted by

Vélez et al. [43].

From an environmental and safety point of view, the importance of

identifying new working fluids for ORC applications becomes a

matter of urgency as the reviewed recent investigations of several

HFOs indicated. Nevertheless, as HFOs alongside HCFO-R1233zd(E)

have only very recently appeared in the literature, these

refrigerants have not been seen in real ORC applications. Most

importantly, the promising HCFO-R1233zd(E) is still not available

commercially and its thermodynamic properties are not publicly

available. As a result, it has not yet been evaluated either

theoretically or experimentally.

In terms of expansion devices, it was noticed that expanders

employed in ORC systems suffer from key problems including

excessive working fluid internal leakage, thermal losses, lower

isentropic efficiency and high costs. The majority of these

commercially available expanders are for medium and large-scale

applications (>100 kW). However, for small-scale ORC systems,

scroll expanders are reported to be the optimal expander option.

Several experimental researches were conducted utilising scroll

compressors but with major technical problems reported, and

relatively expensive prices for those units. To overcome the key

problems reported for expanders, scroll expanders modified from
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automotive A/C scroll compressors represent the best potential

candidates for a small-scale ORC system. Automotive A/C scroll

compressors are reported to have high isentropic efficiency, besides

their commercial availability and the fact they are mass-produced

at low cost. Nevertheless, automotive scrolls are enclosed in a

semi-hermetic housing, decreasing the risk of any working

refrigerant leakage and therefore allowing more environmentally

friendly operation. However, although the utilisation of automotive

scroll expanders has been reported in the ORC literature, those

researches utilised small scroll expanders rated at 1 kW power

output and more rarely, up to ~2 kW.

The identified gaps suggest thermodynamic evaluation of the

performance of the new emerging environmentally friendly

refrigerants in a small-scale regenerative ORC system, especially

the promising R1233zd(E) in order to assess their viability for the

proposed power generation prototype system for waste heat

recovery.

2.7.2 SRC and TRC

The reviewed literature provided sufficient understanding of the

concept of SRCs and TRCs in general. It also identified the

investigated and recommended working fluids for various

applications. The search for new working fluids was found to be a

key subject in the studies reviewed beside the assessment of the

CO2 cycle technical and the economic feasibility. However, CO2

remains the most favoured working fluid for the cycle despite the

promotion of HFC-R125, which has better performance, but also has

a high GWP of 3500, and therefore it is subjected to be phased out.

However, In comparison to its ORC counterparts, CO2 SRC and TRC

proved to have lower thermal efficiency, but higher net thermal

power output. Moreover, employing CO2 as the working fluid

enables a compact design for the system and turbine. Nevertheless,

the practical feasibility of such a system will heavily depend on the

availability of its components, specifically the turbine and the pump.
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The experimental studies revealed the absence of a turbine that can

handle super-critical CO2. For the compression device, if the option

is to employ CO2 TRC, then there are a wide variety of high

pressure pumps that can handle pumping the CO2 liquid. The

limitations would be the pump’s efficiency and its power

consumption, as seen in the reviewed experimental study.

Moreover, the inlet pressure of the pump would be limited to certain

pressure levels, which may restrict the operation of the system.

Pump inlet temperature is another concern, where the CO2 must be

a fully-developed and sub-cooled liquid. In other words, high

operating pressure and low temperatures are required for the

cooler/condenser heat exchanger. If the option is the adoption of a

CO2 SRC system, a compression device similar to the turbine is

required to handle the super-critical CO2. In fact, the only available

experimental work, namely by Zhang et al. [101, 114-119] and

Yamaguchi et al. [120] was carried out from 2005-2007 and is

therefore considered outdated. The reason is simply the recent

interest shown in CO2 as a working fluid, from both an

environmental and thermodynamic point of view. Additionally, the

recent phasing out of CFCs and HFCs has rapidly improved the

research and development of equipment which is compatible with

CO2 and most likely to operate in a super-critical state.

For these reasons, both CO2 SRC and TRC present a potential

system for heat recovery from low-grade heat sources, especially

nowadays. Therefore, a small-scale regenerative CO2 SRC power

generation system will be theoretically investigated to assess its

technical feasibility for the power generation prototype system

proposed. Market research will be commenced to identify suitable

system components and costs to allow assessment of the system

from an economic perspective.

2.7.3 Absorption Power Generation Cycle

The absorption power generation cycle review revealed the absence

of any working fluid other than the ammonia-water mixture beside
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several other working fluid pairs which were rarely reported in

literature. In fact, all the reported working fluid pairs, including the

ammonia-water do not fulfil the safety and environmental aspects

of the working fluid selection criteria. Therefore, the search for new

working fluid mixtures consists of completely safe, environmentally

friendly components, and the study of their behaviour and impact

on the performance of the cycle are much recommended.

For the working fluid mixture employed, the review revealed that

the mass fraction of the mixture plays the key rule in characterising

the system performance. Several systems configurations showed

improved systems performance. This indicates that the

configuration also contributes significantly to the overall system

performance and therefore it must be considered.

Finally, almost all reviewed absorption power generation cycles are

still in the theoretical phase of research and there is no evidence in

the literature for a pilot plant, prototype, or experimental, apart

from the well-established Kalina power cycle.

For these reasons, the current research proposes a working fluid

mixture that consists of the environmentally friendly CO2

refrigerant and synthetic compressor lubricant oil that is made of

environmentally friendly compositions. Several CO2/lubricant oil

mixtures will be investigated both theoretically and experimentally

in order to determine the most suitable lubricant for the mixture.

The candidate CO2/lubricant oil mixtures will then be

thermodynamically modelled in order to obtain the mixtures’

thermodynamic properties. Upon thermodynamic modelling of the

nominated working fluid mixture pairs, their performance is to be

evaluated theoretically in a small-scale absorption power generation

system in order to assess its technical feasibility to develop the

proposed power generation prototype system for waste heat

recovery.
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Chapter 3 : CO2/Lubricant Oil Mixture as a
Working Fluid

Introduction3.1

This chapter presents some background on refrigerant/lubricant oil

mixture studies and identifies the conventional lubricant oils

currently used in refrigeration applications. A literature review was

carried out to investigate the lubricant oil requirements for CO2

refrigerant and CO2/lubricant mixture behaviour. CO2/lubricant

vapour liquid equilibrium (VLE) solubility data and other properties

were collected throughout the literature review, in order to screen a

range of potential lubricant oils as CO2 absorbents. Besides

lubricant oils, propylene carbonate (PC) was also investigated as a

CO2 absorbent. The solubility screen comparison resulted in the

selection of PC, POE68, POE32 and POE5 for further experimental

investigation, in order to validate the collected solubility data.

Background on Refrigerant/Lubricant Oil Mixture3.2

Studies

In the open literature, most studies concerned with refrigerant

dissolution in refrigeration lubricants were carried out for the

purpose of making proper selections of lubricant oil and designing

improvements for cycle components in vapour compression

refrigeration and air-conditioning applications [142-144].

Due to the dynamic nature of such cycles, compressor oil is liable to

migrate from the compressor to other cycle components, even with

an oil separator installed. If the oil is miscible with the refrigerant

over the cycle’s operating temperature and pressure, it will return

to the compressor. However, if the oil is immiscible or only partially

miscible, and exhibits phase separation at any point in the cycle,

several problems will appear. The most obvious is insufficient oil

return to the compressor; that could cause damage to the

compressor [145]. In addition, oil will accumulate in heat
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exchangers, causing flow configuration to decrease the heat

transfer coefficients and increase pressure drop, which will affect

overall performance [146]. Despite the fact that, in principle, the oil

should be fully miscible with the refrigerant [147], high miscibility

and solubility tend to reduce the viscosity of the lubricant oil and

consequently instigate damage to the compressor [148]. Therefore,

the best selection of lubricant oil will depend on both the properties

of the oil and the properties of the oil/refrigerant mixture [145].

Miscibility and Phase Equilibrium3.3

Miscibility is defined as the ability of two or more liquids to dissolve

into a single homogenous liquid phase [149]. Usually, miscibility is

described as the separation temperature where a second liquid

phase is formed. It is measured as a function of mixture

composition [150].

If the oil is miscible with the refrigerant, a mass of the refrigerant

will be absorbed by the oil to form a homogenous liquid phase

[151]. In this case, the refrigerant/oil mixture will only exhibit

vapour-liquid-equilibrium (VLE) behaviour [152]. At VLE, the

refrigerant/oil mixture pressure is always lower than the pressure

for the pure refrigerant, where the vapour is formed solely by the

refrigerant [151]. If the oil is partially miscible, the refrigerant/oil

mixture will exhibit vapour-liquid-liquid-equilibrium (VLLE) phase

behaviour; or liquid-liquid-equilibrium phase behaviour (LLE), if the

oil is immiscible [152]. In fact, VLE and VLLE are also referred to as

solubility, which is defined as the equilibrium mass fraction of an oil

or refrigerant in a mixture [153]. The solubility of a refrigerant in oil

is strongly dependent on temperature and pressure and has a

significant influence on the thermo-physical properties of the

resulting mixture [106]. This is due to the fact that the refrigerant

changes from being pure, with well-known thermo-physical

properties, to a mixture that is poorly understood, with properties

that depend on the mixture’s composition [154]. Hence, a sound

knowledge of the solubility data is essential for being able to
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estimate the thermo-physical properties of a refrigerant/oil mixture

[155]. The shaded areas illustrated in Figure 3-1 represent various

types of miscibility region in refrigerant with lubricant oils.

Figure 3-1: Various types of miscibility behaviour. (Source: [147])

Upper critical solution temperature (UCST) and lower critical

solution temperature (LCST) are the maximum and minimum

temperatures where a two-phase behaviour of the mixture may

exist. With respect to UCST and LCST, Type A in Figure 3-1

represents the most common phase diagram where the miscibility

region exist in the whole temperature range with no critical solution

temperature. Type B represents a partially miscible mixture where

the miscibility region exists between the UCST and the LCST. Type

C represents a mixture with UCST where the miscibility is limited by

a high temperature, while type D represents the opposite behaviour

where the miscibility is limited by the LCST [156].

Types of Lubricant Oil for Refrigeration3.4

The conventional lubricant oils currently used in refrigeration are

either mineral- or synthetic-based. This section identifies the most

common types and their applications.

3.4.1 Mineral Oils (MO)

Mineral lubricant oils are used with chlorinated refrigerants [157].

These lubricants are incompatible with the new generations of
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refrigerants, including CO2, where they show very limited miscibility

[145].

3.4.2 Synthetic Lubricant Oils

These are synthetic based oils that have replaced mineral oil in

refrigeration and air-conditioning applications. Synthetic lubricant

oils are categorised in five main groups, and have various solubility

behaviours with refrigerants. The main groups of synthetic lubricant

oils are:

3.4.2.1 Polyol Ester (POE)

Polyol esters are commercial ester-based lubricants that are widely

used in domestic and commercial refrigeration applications. They

can be synthesised from a wide variety of materials and bio-

gradable renewable resources [145]. For this reason, POE lubricants

offer flexibility for their design, up to the required physical

characteristics [158]. Moreover, POEs are almost completely non-

toxic [159] and have excellent thermal stability [160]. On the other

hand, POE lubricants are hygroscopic and have a tendency to

absorb water. Therefore, good maintenance should be considered to

avoid excess moisture within a system [160]. Finally, POEs have

been extensively investigated because of their attractive ecological

properties and well-established technical performance, which

promotes them as a suitable base oil for high performance,

environmentally-friendly lubricant oils [159].

3.4.2.2 Polyalkylene Glycol (PAG)

PAG lubricants are used in automotive air-conditioning with R134a

refrigerant [160]. They may be customised to exhibit the desired

miscibility and solubility with refrigerants [161]. PAG lubricants

have a wide range of viscosity indices [162] and excellent

lubrication characteristics, but are at the same time extremely

hygroscopic and can absorb more water than POE lubricants [160].

Consequently, they may introduce corrosion into a system [163].



Chapter 3: CO2/Lubricant Oil Mixture as a Working Fluid

72

Moreover, they are less thermally stable than other synthetic

lubricants [150].

3.4.2.3 Polyvinyl Ether (PVE)

PVEs are new ether-based lubricants used in refrigeration. The

chemical structure of PVE lubricants resembles that of PAG oils, but

with some exceptions [158]. For example, they can be compared to

POE lubricants, since both are polymer-based oils. As with POE

lubricants, the chemical structure of PVEs can be easily modified.

However, unlike POE lubricants, PVE lubricants are less hygroscopic,

and have lower densities [145]. They are also less thermally stable

than POE lubricants and have oxidation characteristics.

Nevertheless, the potential for oxidation can be addressed with

additives [150].

3.4.2.4 Poly-alfa Olefin (PAO)

Poly-alfa olefins are synthetic hydrocarbon lubricants [161]. PAO

lubricants are used in aerospace, military applications and low

temperature ammonia applications [145]. They are also non-

hygroscopic [145] and are able to operate at elevated temperatures

[161]. Furthermore, they have a wide range of viscosity and good

thermal and oxidation stability [164].

3.4.2.5 Alkyl Benzenes (AB)

Alkyl benzenes are synthetic hydrocarbon lubricants[145]. AB

lubricants are usually used in systems which employ R-22 and R-

502 [150]. They are immiscible with most other refrigerants and

therefore cannot compete with POE and PAG lubricants [145]. AB

lubricants have good thermal and oxidation stability, with relatively

lower viscosity indices than mineral lubricants [150].

Lubricant Oil Identification3.5

Lubricant oils in refrigeration and air-conditioning applications often

refer to commercial products which are varied in their composition

and display different performance characteristics. Lubricants of the
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same type will also possess diverse properties, which will vary

according to their source. Figure 3-2 shows Bobbo et al.’s [165]

results for an experimental analysis of three POE32 oils from

different manufacturers. The study revealed that even the same

ISO grade for the same oil type constitutes different compounds

and composition.

Figure 3-2: Three POE32 lubricant oils from different sources. (Source:
[165]).

Hence, to identify specific lubricants, the American Society for

Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) has

established the ANSI-ASHRAE 99-2006 Standard. This standard

characterises lubricants by conducting test procedures in

accordance with the standards of the American Society for Testing

and Materials (ASTM). The principle of this characterisation is to
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identify lubricant oils on the basis of their chemical and physical

properties, as well as their chemical structure, without reference to

their commercial names [166]. The lubricant oil properties are, for

example, viscosity and viscosity index; density; colour; pour point,

and volatility. Further properties and tests for lubricant/refrigerant

mixtures are also described under the ASHRAE standards, such as

solubility and mutual solubility with refrigerants, chemical stability,

viscosity and density [167].

However, these Lubricants are sold according to the International

Standardization Organization’s (ISO) viscosity grades [167], where

lubricants are identified by their type and ISO viscosity grade. The

ISO viscosity grade system (ISO VG) consists of 18 definite

kinematic viscosity grades, measured in centistokes (cSt) at 40°C

[168]. For example, polyol ester oil with a kinematic viscosity of 32

cSt at 40°C is designated as POE ISO VG 32, POE ISO 32, or simply

as POE32. Within every viscosity grade, ±10% of the median

viscosity value is allowed as a limit. Thus, an oil with 140 cSt at

40°C is classified as ISO VG 150 [169].

Selection Requirements for a Lubricant Oil in the3.6

CO2/Oil Absorption Power Generation System

To start with, it is very important to understand that CO2 has a

relatively low critical temperature of 31.1°C and a high critical

pressure of 73.8 bar. The selection of a suitable lubricant oil to work

with CO2 will therefore depend on the application and the proposed

system [170]. For the current research, the proposed absorption

power generation system requires operation near or above the

critical point of CO2. Moreover, the proposed system employs

CO2/lubricants as working fluid mixtures. Therefore, the selection is

influenced by a combination of the thermo-physical properties of

the working fluid and high solubility within the operating pressure

and temperature range, where the mixture should only exhibit VLE

behaviour. The selected lubricant must also display high thermal
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and chemical stability, acceptable viscosity, good flow

characteristics [171], and low hygroscopicity [158]. Despite the

significance of a high solubility factor in selection, such high

solubility will lead to a reduction in viscosity, as mentioned

previously [172]. Therefore, the CO2/lubricant mixture must also

be able to provide sufficient lubrication and cooling to hot parts in

the pump and expansion device [171]. Moreover, the high pressure

associated with CO2 requires anti-wear properties in the oil, due to

the high load on the bearing in the expansion device [158]. Besides

the technical requirements for oil candidates, the selected oil should

be environmentally friendly, non-toxic, and commercially available.

Overview of CO2/Lubricant Oil Mixtures3.7

Investigation of CO2/lubricant mixtures has received increasing

attention due to the fact that CO2 has become the promising

alternative refrigerant for environmental, safety and economic

reasons. Table 3.1 presents an overview of the miscibility of CO2

with different types of lubricant oils.

Table 3.1: Overview of CO2 miscibility with different types of lubricant oil.

Lubricant Type Miscibility Reference

POE Miscible [158, 161, 171, 173, 174]

PAG Partially miscible [158, 161, 171, 173, 174]

AB Immiscible [158, 173]

PAO Immiscible [158, 161, 171, 173]

MO Immiscible [158, 173]

PC Miscible [174]

PVE Miscible [158, 174]

AN Partially miscible [161]

AN/PAG Partially miscible [161]

Hauk and Weidner [171] have compared CO2/lubricant mixtures of

PAO, PAG and POE types. Their study indicates that the low CO2

solubility in PAG and PAO types may cause them to become trapped

in unwanted places around the system. On the contrary, CO2 has

high solubility in a POE lubricant type and the CO2/POE mixture

shows good flow characteristics. The above study concludes that

either POE or PAG oil types could be used with CO2. Meanwhile,

Ikeda et al. [174] and Kawaguchi et al. [175] have evaluated the
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miscibility, solubility and mixture viscosity, and lubricity of

CO2/lubricant oil mixtures, with certain additives. The study

included POE, PAG and PVE, besides polycarbonate (PC). The above

research confirms that CO2 has high solubility with POE alongside

PVE and PC types. However, the authors recommend PAG oil type

for CO2 applications, as the CO2/PAG mixture showed better

performance with regard to lubricity, viscosity and stability,

compared to other mixtures under super-critical conditions. On the

other hand, the study indicated that PC showed the worst overall

performance.

Randles et al. [173] carried out a critical assessment and screened

different types of lubricant oil for CO2 applications. The study

nominated PAG and POE types for further investigation and

recommended either to be used with CO2. Moreover, Beattie and

Karnaz [59] advocated the use of PAG and POE types for CO2

applications and indicated that the high solubility of CO2 in POEs

eliminates the need for expensive separation techniques and allows

the mixture to be used in direct expansion applications. For the PAG

type, the main drawbacks consist of its relatively high cost and

significant potential to absorb water, besides its limited miscibility.

Figure 3-3 shows an overview of CO2 solubility in various types of

lubricant oil.

Figure 3-3: Overview of CO2 solubility in different common lubricants.

Furthermore, the studies reviewed confirm that solubility has a

significant influence on viscosity and flow behaviour. In Hauk and
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Weidner’s [171] experimental work, the CO2/POE mixture showed

the lowest viscosity in all the conditions tested, while CO2/PAG had

the highest viscosity in all conditions tested, mainly due to the

limited solubility and higher viscosity index of the pure PAG oil. In

the experimental work conducted in [174, 175], all tested lubricants

were of the same ISO viscosity grade but the CO2/PAG mixture still

showed the highest viscosity. Figure 3-4 shows an overview of

several CO2/lubricants and the viscosity of their mixtures.

Figure 3-4: Overview of viscosity of CO2/lubricant oil mixtures.

Besides the reduction in the viscosity of the mixture due to the high

CO2 solubility in POEs, Randles et al. [173] have discussed the

potential of foaming. These issues could in fact be resolved by

selecting POE lubricants with a higher viscosity index and the use of

conventional anti-foaming agents, but with POE and PAG oil types,

high moisture levels may also cause problems, as water may react

with CO2 and form carbonic acid. In reality, PAG and POE oils have

been used as CO2 processes gas lubricants without any issues.

Further studies reviewed [148, 172, 176-178] clearly identified POE

and PAG lubricant oils as the lubricants of choice for CO2. However,

POE lubricant oils have drawn more attention and had wider market

acceptance because of their environmentally friendly and

biodegradable characteristics [177].

Other studies on the solubility of CO2 in liquid solvents may be

found in the literature. These studies are mainly concerned with the

removal of acidic CO2 and hydrogen sulphide (H2S) from natural
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and industrial gas streams [179]. At higher temperatures and

pressures, propylene carbonate (PC) is considered as the

commonest absorbent for CO2 [180]. Murrieta-Guevara et al. [181]

experimentally measured CO2 solubility in propylene carbonate

(PC). Their study concluded that CO2 demonstrated good solubility

in PC, compared with other absorbents examined. In a similar

study, Mantor et al. [180] measured the solubility of CO2 in PC at

elevated pressures and temperatures, where the CO2 was in a

super-critical state. The results confirm the good solubility of CO2 in

PC and correspond with those of previously conducted experimental

studies. Although PC has relatively low flash point of 116°C and

does not have any lubricantion characteristics [182], it could be

used to evaluate CO2/Lubricant power generation system

performance, and be blended with a lubricant of choice for practical

investigation.

Comparison of CO2 Solubility in a Range of3.8

Absorbents

Although the literature reviewed recommends either PAG or POE oil

types for CO2, further comparison of CO2/lubricant oil solubility

data should be carried out to determine the highest solubility

achieved under the proposed absorption power generation cycle’s

absorber and generator expected operating conditions, which will

give an initial indication of the absorbents to be selected.

Even though many studies have investigated CO2/commercial

lubricant oil mixtures, the availability of solubility data is still

scarce. Few of these published studies include the experimentally

obtained solubility data. For the current comparison, the selection

of oil candidate types and ISO viscosity grades was essentially

based on the availability of VLE solubility data, the range of data,

and available information on mixtures properties. Table 3.2

presents a list of the selected lubricant candidates, besides PC,

along with data information, range and sources.
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Table 3.2: List of absorbent candidates and available data.

Absorbe
nt name

Reference Data type Temperature
range [K]

Maximum
pressure
[bar]

POE32 [183] Empirical correlations of
solubility, density and
kinematic viscosity

243.15 to
398.15

140

POE68 [152, 184] Solubility data and
density [184]
Solubility data, density
and dynamic viscosity
[152]

285.15 to
348 [184]
236.15 to
373.15[152]

121.3
[184]
123.41
[152]

PVE68 [152] Solubility data, density
and dynamic viscosity

253.15 to
373.15

123.26

PAG46 [152] Solubility data, density
and dynamic viscosity

253.15 to
373.15

123.70

AB32 [184] Solubility data and
density

285.15 to
348.15

111.6

PAO68 [185] Solubility data, density
and dynamic viscosity

278.15 to
373.15

153

PC [180] Solubility data 299.85 to
377.55

60.9

In the current research, a comparison of solubility at four different

temperatures and at variable pressure with correspondingly

absorbed CO2 mass fractions was established. Two low

temperatures of 283.15K (10°C) and 303.15K (30°C) were selected

as potential absorber temperatures, while the potential

temperatures selected for the generator were 353.15K (80°C) and

373.15K (100°C). It is useful to underline that these absorber

temperatures and pressures are below the critical point for CO2,

while the generator temperatures cited are above the critical

temperature for CO2 and the pressures are trans-critical. In

addition, the points compared and their trend lines shown in Figure

3-5 are not necessarily the exact same experimental tested points

collected from references. The collected solubility data were either

correlated or interpolated, as appropriate, to allow comparison

under the same pressures and temperatures.
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Figure 3-5: CO2 solubility comparison in different absorbent candidates at
constant temperatures.

Figure 3-5 shows that CO2 has the lowest solubility in AB32,

followed by PAO68. As shown, both AB32 and PAO68 solubility data

deviate from the rest of the absorbents, which seem to cluster

together and follow similar trends. This was clearly seen at 283.15K

and 303.15K. Moreover, the limited miscibility of AB32 with CO2 is

obvious, where there is no solubility data at 353.15K and 373.15K.

Therefore, AB32 and PAG68 will be excluded from further

investigation. On the other hand, the remaining absorbents showed

satisfactory solubility, but the Figure demonstrates that solubility is

higher at lower temperatures and decreases gradually as the

temperature increases. Overall, CO2 showed the highest solubility

in PC, followed by POE68, which is nearly similar to CO2’s solubility
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in PVE68. Similar behaviour may be observed in the case of PAG46

and POE32, where PAG46 is slightly higher than POE32. At

373.15K, CO2’s solubility in PAG46 was found to increase

unexpectedly, achieving the highest solubility overall.

Conclusion3.9

This chapter presented an overview of the lubricant oil types in

refrigeration application and their solubility behaviour with

refrigerants in general. The chapter also discussed the lubricant oil

requirements in order to work with CO2 in the proposed

CO2/lubricant absorption power generation system. Furthermore,

various CO2/ lubricants solubility data were collected, and the

solubility of CO2 in these lubricants was overviewed from available

literature. The available VLE data were then used for solubility

comparison in order to identify the most suitable absorbent

candidates.

From the solubility comparison, PC and POE lubricant types were

selected for further experimental and theoretical investigations,

namely to examine the selected absorbants’ thermal stability, test

and validate the CO2/ lubricants solubility data, and examine the

agitation effect on the absorption and desorption behaviour on the

experimental side. On the theoretical side, the selected

CO2/absorbents performance will be evaluated in the CO2/lubricant

absorption power generation system.

Although CO2 shows the highest solubility in PC, it is quite

uncertain whether this is the best absorbent for CO2, since it has a

low flash point and does not have any lubrication characteristics,

thus presenting a drawback for the system operation. On the other

hand, it is evident from the reviewed studies and solubility

comparisons that the POE oil type makes the best absorbent for

CO2 in the CO2/lubricant working fluid mixture since it possesses

qualities that are either absent or still unknown in other lubricant

types. POE’s main qualities may be summarised as:
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 Complete miscibility and high solubility with CO2.

 Good lubrication and flow characteristics of the CO2/POE

mixture.

 Does not require a separation system and the CO2/POE

mixture may be used in direct expansion systems.

 Environmentally-friendly and bio-degradable.

 Currently widely used in commercial and domestic

refrigeration systems and is therefore commercially available

and at affordable costs.

The CO2/POE32 mixture pair will be treated as the primary mixture

pair for the above reasons, besides the fact that POE32 is the most

commonly used lubricant in related applications. Moreover, the

reliability and availability of the extended range of CO2/POE32

solubility data and other thermodynamic properties contributed to

its selection as the primary mixture pair.
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Chapter 4 : Experimental Evaluation of
CO2/Lubricant Oil Mixtures

Introduction4.1

This chapter presents the experimental work of the nominated

absorbent candidates carried out in mixtures with CO2. All

experiments were conducted in the school of chemistry’s laboratory,

University of Nottingham. First, the thermal stabilities of the

absorbents were examined by means of Thermogravimetric Analysis

(TGA) tests. Then the CO2/absorbent mixtures were tested to

measure their solubility and validate the literature collected data by

means of Intelligent Gravimetric Analysis (IGA) tests where the

absorption occurs only by diffusion. Finally, enhanced absorption

and desorption processes were tested in an especially constructed

apparatus in order to examine the agitation effect on the processes.

It is important to note that due to the large amount of

experimentally obtained data, these results were not included in

this thesis unless otherwise indicated. However, they are available

in electronic format upon request.

Materials4.2

All materials involved in the following experiments were especially

supplied for the current research. The CO2 gas used was of

refrigerant grade (R744), with 99.95% purity, supplied by BOC, UK

[186]. The commercial POE compressor oils were Emkarate RL32H,

RL68H, and RL5H, supplied directly by the manufacturer, Lubrizol,

USA [187], while the PC was supplied by Sigma-Aldrich, UK [182].

Thermogravimetric Analysis (TGA) Test4.3

In the current research application, the absorbent POE lubricants or

PC in the mixture are exposed to the high mechanical and thermal

stress associated with CO2. This may cause thermal degradation

and polymerisation results in the formation of heavier fractions

[188]. Thus, an examination of the thermal stability of selected

absorbents is essential. This section presents the experimental work
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on thermal stability, carried out by means of thermogravimetric

analysis (TGA).

4.3.1 Operating the TGA Apparatus and Conducting the

Test Procedure

TGA analysis is a thermal examination that measures the amount of

mass loss in a sample, as a function of time or temperature and in

a controlled atmosphere by means of a programmed heating rate

[189]. Such a loss in mass might be a result of the evaporation of

moisture, chemical decomposition, or the evolution of gases [190].

The common uses of TGA are to determine and quantify

compositions [191] and to examine the thermal stability of

materials [192]. Figure 4-1 illustrates a schematic view of the SDT

Q600 thermogravimetric analyser (TA instruments) used in the

experiment [193].

Figure 4-1: Schematic view of the SDT Q600 TGA apparatus.

In the TGA analyser shown in Figure 4-1, the sample is loaded into

a heat-resistant alumina pan, placed on a high-precision balance

and is capable of measuring weights with a balance sensitivity of

±0.1 µg in a gas-tight environment. An electrical furnace heats the

sample according to a programmed heating rate, while the sample
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temperature is monitored by thermocouples located at the bottom

of the sample pan [193]. At frequent intervals, the loss in sample

mass is recorded electronically alongside the rate of mass loss

represented by the first derivative, with respect to time or

temperature [194]. Usually, during such an analysis, the furnace

chamber is purged with the desired reaction gas at the known flow

rate [191]. However, the gas reaction is not applicable in the case

of the experiment currently under study, since the purpose is to

examine the thermal stability of the POE oils and PC absorbents.

Therefore, all the TGA experiments were carried out in a static-air

atmosphere.

The SDT Q600 thermogravimetric analyser used in the current

experiment was calibrated by the manufacturer over a temperature

range from 150°C to 1250°C. To validate the performance of the

SDT Q600, the manufacturer offers certified mass loss reference

materials [193]. For the commencement of the experiment, 20 mg

of absorbent sample was prepared and loaded in the 90 µL alumina

sample pan, illustrated in Figure 4-2.

Figure 4-2: Illustration of the SDT Q600 thermogravimetric analyser.

Stepwise, the procedure involved heating the sample at a heating

ramp rate of 10˚C/min, from room temperature up to 944˚C, in a 

static-air atmosphere and for approximately 195 minutes.

Experimental data were recorded at one-second intervals.
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Subsequently, the collected data were converted to a spreadsheet

using the in-built TA Instruments Universal Analysis software.

4.3.2 Results and Discussion

The thermal degradation and decomposition of PC is shown in

Figure 4-3(a). The Figure shows the thermogravimetric (TG) curve,

alongside its first derivative so-called differential thermogravimetry

(DTG) curve. The TG curve represents the process in which mass

loss occurs, with the temperature increase. The DTG curve

represents the rate of mass loss against temperature, where the

mass loss is expressed by the peak. From the DTG curve, it can be

seen that the mass loss rate before the peak was relatively slower

than after the peak, where the PC sample decomposed completely.

The loss of mass started from approximately 65°C and the greatest

elimination of the PC sample occurred between 190°C and 200°C,

where the TG curve declines. Quite similar degradation behaviour

was observed from the POE5 analysis results, but with higher

thermal stability. As shown in Figure 4-3(b), the mass loss of the

POE5 sample started at approximately 130°C, while the greatest

mass loss occurred between 270°C and 290°C, indicated in the DTG

curve.
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Figure 4-3: TGA results: a) PC, and b) POE5.

Higher thermal stability was observed from the POE32 and POE68

analysis. Figure 4-4(a) shows the thermal decomposition of POE32,

where sample loss started at 220°C and major sample loss occurred

at 335°C. There was further decomposition of residual compounds

of the sample at 475°C, represented by the small board peak in the

TGA curve. POE68, shown in Figure 4-4(b), exhibited relatively

similar behaviour to what was seen in the POE32 sample results.

However, the sample loss started at 225°C and major loss occurred

at 350°C. The residual compounds decomposed at approximately

500°C.
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Figure 4-4: TGA results: a) POE32, and b) POE68.

A comparison of TG curves is shown in Figure 4-5(a). A clear

proportional relationship between the ISO viscosity grade and

thermal stability is observed. It can be seen that POE68 displayed

the best thermal stability, followed by POE32, with relatively little

difference. This was followed by POE5 and finally PC, with the

lowest thermal stability. The comparison of DTG curves shown in

Figure 4-5(b) also indicates that POE68, followed by POE32, have

good thermal stability, with a lower loss rate over a high and wide

temperature range, compared to PC and POE5.
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Figure 4-5: TGA results: a) TG curves for tested absorbents, and b) DTG
curves for tested absorbents.

Intelligent Gravimetric Analysis (IGA) Test4.4

4.4.1 IGA principle of operation

IGA is a common method of measuring the solubility of gases in

liquids. The IGA analyser is a fully automated and computer-

controlled microbalance with an automatic gas pressure control that

allows the measurement of both absorption and desorption

processes by means of isotherms which can record several

pressure, temperature and concentration (P-T-x) data points.

However, in order to obtain reliable results, sufficient time must be

allocated to reach VLE [195]. This means that the absorption in the

IGA apparatus takes place only by diffusion and without the

interference of absorption enhancement. Figure 4-6 presents a

schematic diagram of the Hiden Isochema IGA-003 [196] analyser

used to conduct the experiment.
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Figure 4-6: Schematic of the IGA apparatus.

4.4.2 Operating the IGA Apparatus and Conducting the

Test Procedure

CO2 absorption measurements in selected absorbents were

gravimetrically obtained on an IGA-003 Analyser shown in Figure

4-7 and manufactured by Hiden Analytical, UK.

Figure 4-7: IGA-300 - a) Image of the IGA-300 apparatus, and b)
schematic representation of the IGA-003 sample chamber and counter-

weight.

The following experimental procedure was carried out for each

absorbent sample. A 60 mg (±1 mg) sample was loaded into the
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analyser’s microbalance, represented in Figure 4-7(b). This

equipment is capable of measuring weights with a resolution of

±0.02 µg over the pressure range of 0 to 20 bar. The sample was

degassed at 1500C for 12 hours under a vacuum of 10-6 to 10-8 bar

before commencing the analysis. CO2 uptake was then

gravimetrically determined by measuring the percentage of the

sample weight gain due to absorption as a function of time. When

the equilibrium was established at the set pressure point, the

pressure was then set to the next pressure value and the

subsequent uptake measured, until equilibrium was once again

established. The pressure values were increased stepwise up to a

maximum of 20 bar, followed by desorption on decreasing pressure

from 20 to 0 bar. It is very important to point out that the IGA

operating temperatures were restricted to sub-zero conditions. For

this reason, the experimentally determined isotherms for the

purpose of literature collected solubility data validation were in the

range of -6 °C to 0 °C

A thermostatic bath consisting of ice and liquefied nitrogen were

used to maintain constant temperatures throughout the

experiment. The real-time monitoring of pressure, temperature and

absorption processes took place using the IGA interface via a

computer. Figure 4-8 shows a view of the IGA interface while

conducting the experiment, where the process parameters were

monitored as shown in Figure 4-8(a) and the absorption graph was

created as an isotherm and as a function of pressure and CO2 mass

fraction as shown in Figure 4-8(b). Finally, it is necessary to note

that besides real-time monitoring, a portable K-type thermocouple

was used to confirm the temperature of the thermostatic bath. The

measurement uncertainty was ±0.15°C.
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Figure 4-8: IGA Experiment interface- a) temperature, pressure and
absorption over the timeline, and b) derived plot of the absorption

isotherm.

4.4.3 Results and Discussion

The experimentally obtained data for all the tested absorbent

candidates are included in Appendix A.1, alongside the test’s

isotherm temperatures. Table 4.1 lists selected absorbents, along

with measured isotherms and the minimum and maximum time

allowed for each absorption process step to reach VLE. Each

isotherm denotes an independent experiment.

Table 4.1: Absorbents and IGA experimental test conditions

Name of absorbent Measured isotherms Absorption time
to achieve VLE at
each point

PC -2.0°C 1 to 2 hours

-1.3°C 12 to 18 hours

POE5 -2.4°C 1 to 2 hours

-1.6°C 12 to 18 hours

POE32 -5.9°C 30 minutes to 1
hour

-1.0°C 1 to 2 hours

0.0°C 12 to 18 hours

POE68 0.0°C 1 to 2 hours

-1.1°C 12 to 18 hours

Figure 4-9 shows the absorption results for the absorbents

examined at variable isotherms. The results show that time is also

an essential factor in the absorption process. This can clearly be

seen in the PC results in Figure 4-9(a), where the lower isotherm of

-2°C, with a short time step of 1 to 2 hours, showed less CO2 being



Chapter 4: Experimental Evaluation of CO2/Lubricant Oil Mixtures

93

absorbed, when more was supposed to have been absorbed than at

the relatively higher isotherm of -1.3°C. The results for the POE5

isotherms in Figure 4-9(b) demonstrated almost identical behaviour

up to 15 bar, regardless of time steps or temperature. From 15 to

20 bar, time did not seem to be very influential in the process,

where the lowest isotherm of -2.4°C and the shortest time step

displayed better absorption than the 12 to 18 hour absorption

process at -1.6°C. Similar behaviour can be seen from the results

for POE32, presented in Figure 4-9(c). However, the time step for

the lowest isotherm of -5.9°C was reduced to 30 minutes to 1 hour.

It is important to mention that the 0°C at the 12 to 18 hour test

point shown in green was dropped, due to pressure rising above 20

bar. Typical POE-type behaviour is seen in the POE68 results, as

presented in Figure 4-9(d), where high CO2 absorption was

achieved by the lower isotherm of -1.1°C during a time step of 12

to 18 hours. However, the lower influence of time is clear from the

small deviation in these isotherm results.



Chapter 4: Experimental Evaluation of CO2/Lubricant Oil Mixtures

94

Figure 4-9: IGA absorption experiment results.

4.4.4 IGA Experimental Solubility Data Analysis and

Validation

Solubility data collected from the literature and presented in Table

3.2, Chapter 3 have been validated by the experimentally obtained

IGA results. Depending on the range of IGA results and the range of

data available in the literature, the validation range was selected for

the pressure region from 10 to 20 bar. However, unfortunately

there were no experimental data available in the literature for

CO2/POE5 at all. For this reason, instead of validating the

experimentally obtained data for CO2/POE5, they will be compared

to the experimental data for POE32, which is the closest ISO

viscosity grade available. Moreover, the experimental results for

CO2/PC are far beyond the bounds of all CO2/PC data available in

the literature and the extrapolation of these data to establish a

comparison is considered invalid. For this reason, CO2/PC IGA

results will be compared to CO2/POE32 IGA results at a selected

common temperature within both mixtures tested isotherms range,

in order to observe the CO2/PC absorption improvement

percentage. This percentage is then to be compared to the
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absorption improvement percentage for a theoretical case at 30°C

and under variable pressure.

4.4.4.1 Validation of CO2/POE32 Solubility Data

The isotherm of -1oC was selected to establish a comparison

between the experimentally obtained data for IGA and the data

collected from the literature from reference [183]. Figure 4-10

shows a comparison between CO2 mass fractions from both results.

Although a slight deviation can be observed, both results appear to

be in significant agreement with a maximum relative error of 6.25%

found at 12 bar, where the CO2 mass fraction from reference [183]

was 0.075 and the IGA result was 0.08. The results of the

comparison alongside relative error are presented in Table 4.2.

Figure 4-10: IGA solubility data validation of CO2/POE32 at -1°C.

Table 4.2: CO2/POE32 IGA solubility data compared to the literature data
from [183] at -1°C.

Test pressure
[bar]

IGA experimental
mass fraction [g/g]

Literature mass
fraction [g/g] [183]

Relative error [%]

10 0.068 0.065 4.41

12 0.08 0.075 6.25

15 0.115 0.12 4.35

16.2 0.135 0.13 3.70

18 0.156 0.148 5.13

20 0.172 0.165 4.07
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4.4.4.2 Validation of CO2/POE68 Solubility Data

Figure 4-11 shows a comparison of IGA experimental results for

CO2/POE68 in comparison to data from reference [152] at 0oC.

Despite the greater deviation observed at the first two points, both

results are still within a fairly acceptable deviation tolerance, with

an average relative error of 8.42%. Moreover, both results follow a

similar trend. The maximum relative error was 10%, found at the

second point, while the mass fraction found in the literature was

0.148 and the IGA result was 0.135. Table 4.3 lists the results of

the comparison and the relative error observed:

Figure 4-11: IGA solubility data validation of CO2/POE68 at 0°C.

Table 4.3: CO2/POE68 IGA solubility data compared to the literature data
from reference [152] at 0°C.

Test pressure
[bar]

IGA experimental
mass fraction [g/g]

Literature mass
fraction [g/g] [152]

Relative error [%]

15 0.105 0.115 9.524

17.5 0.135 0.148 10.074

20 0.168 0.178 5.655

4.4.4.3 CO2/POEs Comparison

Besides using the CO2/POE32 IGA results to be compared to the

CO2/POE5 IGA results, the perfect agreement the CO2/POE32 IGA

data showed in relation to the literature data endorses the use of

CO2/POE32 results as a benchmark for comparing other CO2/POE

results.
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Figure 4-12 shows a comparison of CO2 solubility in POE5, POE32

and POE68 at -1°C, a common temperature within the temperature

range tested for the three mixtures. As shown in the Figure, CO2

has higher solubility in POE5 than it has in POE32, by a maximum

of 15.3%, observed at 12 bar. The solubility data compared and the

percentage improvement in absorption are shown in Table 4.4.

However, since the improvement in solubility is considered to be

quite small and due to the absence of solubility data in the open

literature, further investigation of CO2/POE5 will not be considered.

Figure 4-12: Comparison of the results for IGA solubility, from CO2/POE5,
CO2/POE32, and CO2/POE68 at -1°C.

Table 4.4: Comparison of CO2/POE5 and CO2/POE32 IGA solubility data at
-1°C.

Test pressure
[bar]

CO2/POE5 IGA
experimental mass
fraction [g/g]

CO2/POE32 IGA
experimental mass
fraction [g/g]

CO2/POE5 absorption
improvement [%]

10 0.0745 0.068 8.72

12 0.0945 0.08 15.34

15 0.134 0.115 14.17

16.2 0.156 0.135 13.46

18 0.171 0.156 8.77

Besides the deviation observed in the solubility results for

CO2/POE68 IGA, when compared to the solubility data in the

literature, CO2/POE68 was found to have a lower mass fraction of

CO2 than CO2/POE32 at different test pressures, as can clearly be

seen in Figure 4-12. The results of the comparison, presented in
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Table 4.5, show a maximum CO2/POE32 absorption improvement

of 8%, observed at 16.2 bar. The improvement in CO2/POE32

absorption over CO2/POE68 and the deviation between the

CO2/POE68 IGA results and those from reference [152] suggest a

slight level of inaccuracy in the solubility data from reference [152].

This slight inaccuracy would indicate that CO2/POE68 has better

absorption than POE32, which is not true. However, this minor

discrepancy will not provoke any further evaluation errors once the

average deviation between the data from both mixtures is known.

Table 4.5: Comparison of CO2/POE32 and CO2/POE68 IGA solubility data
at -1°C.

Test pressure
[bar]

CO2/POE32 IGA
experimental mass
fraction [g/g]

CO2/POE68 IGA
experimental mass
fraction [g/g]

CO2/POE32
absorption
improvement [%]

10 0.068 0.066 3.03

12 0.08 0.08 0

15 0.115 0.112 2.67

16.2 0.135 0.125 8

18 0.156 0.146 6.84

4.4.4.4 Validation of CO2/PC Solubility Data

As stated previously, CO2/PC IGA data was compared to

CO2/POE32 IGA data to observe the increased absorption. The

isotherm selected for this comparison was -2°C; an isotherm used

to evaluate the CO2/PC absorption, within the tested temperature

range of CO2/POE32. Table 4.6 shows the comparison of the IGA

results at different pressures, alongside the improvement in CO2/PC

absorption. An average improvement of 21.84% was observed.

Table 4.6: Comparison of CO2/PC and CO2/POE32 IGA solubility data at -
2°C.

Test pressure
[bar]

CO2/POE32 IGA
experimental mass
fraction [g/g]

CO2/PC IGA
experimental mass
fraction [g/g]

CO2/PC absorption
improvement [%]

11.99 0.091 0.107 15.184

14.98 0.122 0.153 20.088

15.98 0.134 0.169 20.768

17.98 0.161 0.207 22.266

19.49 0.178 0.239 25.637

19.94 0.182 0.250 27.082
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However, another theoretical comparison case was examined at

30°C and at variable pressure to determine the average

improvement in CO2/PC absorption behaviour. Table 4.7 shows the

results of the comparison alongside the percentage improvement in

CO2/PC absorption. As shown, an average of 21.62% was

observed.

Table 4.7: Comparison of theoretical CO2/PC and CO2/POE32 solubility
data at 30°C.

Test pressure
[bar]

CO2/POE32
theoretical mass
fraction [g/g]

CO2/PC theoretical
mass fraction [g/g]

CO2/PC absorption
improvement [%]

35 0.15 0.20 23.77

40 0.18 0.23 21.13

45 0.20 0.26 23.39

50 0.23 0.30 22.29

55 0.27 0.33 19.10

60 0.30 0.38 20.10

The average absorption improvement percentage seen in both

comparison cases are found to be in good agreement with each

other. This agreement indicates a clear sign of validity.

Enhanced Absorption Experiment4.5

Unlike the IGA experiment, where absorption took place by means

of diffusion over a long period to reach VLE, agitation was used in

this experiment by means of oil circulation in the absorption

chamber. This was introduced to enhance the absorption process

and reach VLE in the shortest time possible. For this purpose,

absorption testing apparatus was acquired from an external party

and modified, in order to adapt it to the purposes of the test. Figure

4-13 shows the original configuration of the apparatus acquired.
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Figure 4-13: Absorption test apparatus before modification- a) A
schematic view of the apparatus, and b) the actual apparatus.

As shown in Figure 4-13(a), the apparatus has a relatively simple

configuration and measures absorption in a similar way to that

which was seen in the IGA experiment, where absorption took place

solely by diffusion and without any agitation. The apparatus

consists of two double-ended copper cylinders of 360 ml each, used

as the CO2 gas chamber and the CO2/oil absorption chamber. Both

chambers are connected by a valve and submerged in a

thermostatic bath. Figure 4-13(b) shows the apparatus lifted out of

the thermostatic bath, which is an insulated bucket. The lower valve

and capillary on the absorption chamber are for the introduction of

a measured quantity of oil when the apparatus is under vacuum.

4.5.1 Operating and Modifying the Absorption

Apparatus

The operation procedure of the original apparatus is as follows:

Before the commencement of an absorption experiment, both

chambers are vacuumed while the connecting valve is open. While

vacuuming the apparatus, a specified amount of oil is introduced

into the second chamber via the capillary. After the vacuum has

been established, the connecting valve is closed and the CO2 gas is

introduced into the first chamber at a known pressure and

thermostatic bath temperature. By knowing the CO2 pressure and

temperature, the CO2 mass in the CO2 chamber can be easily
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determined. However, the second chamber contains the specified oil

sample, acts as an absorber when the connecting valve is opened.

Once the connecting valve is opened, CO2 gas travels from the first

chamber to the second chamber and equalises the pressure. At that

point, the absorption process starts and the CO2 pressure reduces

as it is being absorbed by the oil sample until VLE is reached and no

further reduction in CO2 pressure is observed. The second chamber

is equipped with a pressure transducer to enable the pressure

reduction resulting from absorption to be monitored. It is also fitted

with a K-type thermocouple probe to allow the oil sample

temperature to be monitored. Another thermocouple is used to

monitor thermostatic bath temperature. It is important to point out

that the CO2 temperature in the first chamber is assumed to be

equal to the thermostatic bath temperature because of the very

small temperature difference.

Modifications were made to the apparatus by introducing a pump

circuit to circulate the oil from the bottom of the absorption

chamber, spraying it at the top of the chamber. The key element of

either an absorption or desorption process is to ensure a large

sorption surface area, and therefore, a very rapid and more efficient

sorption process. Otherwise, the rate of absorption or desorption

will be limited by the rate of diffusion into the bulk of the oil. This

will result in a long sorption process to reach VLE. Figure 4-14

illustrates a schematic view of the modified apparatus, while Figure

4-15 shows different views of the modified apparatus, including the

oil circulation pump.
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Figure 4-14: A schematic view of the modified absorption test apparatus.

Figure 4-15: Different views of the modified absorption apparatus.

After the modification, the total volume of the apparatus was 760

ml, including 40 ml of the extra piping. The operating process of the

modified apparatus was similar to what was explained for the

original configuration. However, when the CO2 was introduced into
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the absorption chamber, the oil circulation pump was switched on

manually to circulate and spray the oil.

4.5.2 Equipment and Experimental Set-up

Besides the chambers, the connecting valve, and the thermostatic

bath, the experimental setup comprised other equipment, such as

the oil circulation pump, the charging and evacuation arrangement

and the measuring devices that will be discussed in this section.

Figure 4-16 shows a schematic of the final experimental setup and

the experiment’s flow process.

Figure 4-16: Experimental setup of the absorption apparatus.

4.5.2.1 Oil Circulation Pump

The oil circulation pump used was a compact, electrically driven

rotary vane designed to suit a wide range of applications and

manufactured by Fluid-o-Tech, Italy [197]. This pump is an

integrated unit which includes a pump and motor, where the motor

has no moving parts. The pump has a magnetic drive and 8

selectable speeds controlled via the dual in-line package (DIP)

switch on the electronic control box [198]. Figure 4-17(a) shows a

general view of the pump and the electronic control box and Figure

4-17(b) shows the pump and the control box installed in the

absorption apparatus. Table 4.8 lists the pump’s specifications.
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Figure 4-17: Oil circulation pump - a) General view of the pump and
control box (source: [198]), and b) the oil circulation pump and control

box installed in the absorption apparatus.

Table 4.8: Oil circulating pump specifications.

Brand Fluid-o-Tech

Model TMFR1

Maximum power [W] 250

Voltage [v AC] 230 (3 phase)

Maximum speed [RPM] 3500

Frequency [Hz] 30 to 120

Maximum fluid temperature [°C] 70

Maximum operating pressure
[bar]

20

4.5.2.2 Charging and Evacuation Equipment

Other equipment used in the experiment is the common equipment

found in refrigeration experiments. A CO2 regulator was used to

provide the CO2 gas for the charging manifold at the required

operating pressure. A four valves refrigeration charging manifold

kit, was used to introduce the CO2 into the CO2 chamber in the

absorption apparatus. A refrigeration vacuum pump was connected

to the charging manifold and used to generate a vacuum in the

apparatus in order to attain the initial state of the experiment

before the introduction of the CO2 gas and the examined oil

sample. The vacuum pump was also used at the end of the

experiment to evacuate the apparatus. Figure 4-18 shows the CO2

cylinder, regulator and charging manifold kit.
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Figure 4-18: CO2 cylinder, regulator and charging manifold.

4.5.2.3 Measurement Devices

Measurement Uncertainties4.5.2.3.1

Measurement uncertainties commonly occur in any experimental

work. However, these uncertainties should be minimised to the

lowest values possible by calibrating the measurement devices. In

addition, the inclusion of the observed uncertainty values in the

computation of the transmitted measurements is essential to

ensure accurate and reliable measurements. For these reasons,

observed uncertainties were indicated for each measurement device

and included in the measurement calculations.

Thermocouples4.5.2.3.2

Common K-type thermocouples with exposed welded tips and

miniature plugs were used to measure the thermostatic bath

temperature and the oil sample temperature inside the absorption

chamber. In this instance, the thermocouples are manufactured by

RS [199] and are able to measure temperatures in the range of -

75°C to 250°C. Before the acquisition of the absorption apparatus,

the thermocouples were calibrated to freezing point and were found

to have an uncertainty of ±0.2°C. Figure 4-19(a) shows a general

view of the thermocouple used and Figure 4-19(b) shows its actual

installation on the apparatus.
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Figure 4-19: K- type thermocouple - a) General view (source:[199]), and
b) thermocouple used to measure the thermostatic bath temperature.

Pressure Transducer4.5.2.3.3

An industrial, high performance absolute pressure transducer

manufactured by RS [200] was used to measure the pressure

changes in the absorption chamber. The transducer has the

capability to measure pressure in the range of -1 to 24 bar with a

supply voltage in the range of 9 to 32 V DC and an analogue output

transmitted in the form of current in the range of 4 to 20 mA. The

transducer has an uncertainty of ±25% of full scale, with the ability

to operate across a temperature range of -20°C to 135°C. Figure

4-20(a) shows a general view of the pressure transducer, while

Figure 4-20(b) shows the pressure transducer installed on the

absorption chamber. The pressure transducer was calibrated in the

test by comparing the charging manifold pressure gauge reading

with the real-time transducer readings. Uncertainties of ±0.13% to

±0.15% were observed.
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Figure 4-20: Absolute pressure transducer - a) General view (source:
[200]), and b) pressure transducer installed on the absorption chamber.

Data Acquisition4.5.2.3.4

Electronic data acquisition of pressure and temperatures as well as

operating time was established in order to accurately study the

characteristics relating to the apparatus. The data logger used was

the DT80, manufactured by dataTaker, Australia [201], which is a

very user-friendly data logger with a built-in real-time display and

configuration interface that is directly accessible via a Web browser.

The DT80 has 15 analogue channels which are able to measure

input in voltage, current, resistance and frequency and has an

uncertainty of ±0.1%. The data logger also has 8 digital channels

which can be shared with counter-channels and serial channels.

Figure 4-21(a) shows a general view of the DT80 data logger and

Figure 4-21(b) shows the data logger once the experiment has

commenced.

Figure 4-21: DataTaker DT80- a) General view (source: [201]), and b) the
DT80 logger operating while the experiment is in progress.
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However, the data logger configuration interface comprises a wide

variety of pre-defined wiring and logging configurations for common

instruments and allows for the definition of desired measurements

and logging schedules. The range of sensors supported by the

interface covers thermocouples of all types, resistance temperature

detectors (RTDs), thermistors, monolithic temperature sensors,

strain gauges and bridge sensors, as well as a 4 to 20 mA current

loop suitable for pressure transducers. Figure 4-22 shows a mimic

view created in the DT80 interface for real-time monitoring.

Figure 4-22: The DT80 monitoring interface.

Besides support for defining the sensor, the data logger also

ensures linearisation, including functions, polynomials and

expressions. Figure 4-23 shows an example of a span linearised

function [201].

Figure 4-23: Span calibration coordinates (source: [202])

As shown in Figure 4-23, the signal value measured in mV DC, for

example, is transformed to the physical value by a linear function,
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according to the user’s definition of the span, as specified in the

instrument manufacturer’s data sheet [202].

4.5.3 Results and discussion

Table 4.9 lists the absorbents included in the enhanced absorption

experiment, alongside their measured volumes. PC was tested in a

combination of POE32/PC. This is mainly because PC does not have

any lubricating characteristics. In addition, two ratios of POE32/PC

were tested to investigate the absorption improvement PC may

introduce to the POE32 as the main absorbent in the blend. Table

4.10 shows the densities of the absorbents used in the analysis of

the experimental results.

Table 4.9: Names and volumes of the tested absorbents in the enhanced
absorption apparatus.

Absorbent name Absorbent volume

POE32 100 ml

POE68 100 ml

POE32/PC 100 ml/10 ml

100 ml/30 ml

Table 4.10: Absorbents densities.

Absorbent name Density ቂ


 య
ቃ

POE32 977

POE68 977

PC 1200

To illustrate the calculation procedure for the solubility results, an

absorption process of CO2 solubility in POE32 was taken as an

example to be discussed in detail. The calculation was carried out in

Microsoft Excel [203] and was aided by REFPROP 9.0 [204] for the

CO2 properties.
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4.5.3.1 CO2/POE32

Figure 4-24: Enhanced CO2/POE32 absorption pressure and temperatures
profile.

Figure 4-24 shows the pressure changes in the absorption chamber

due to CO2 absorption or desorption in the POE32 oil sample. As

indicated in the Figure, when the absorption takes place, the

pressure reduces, while the opposite behaviour is seen for the

desorption process. The Figure also shows that the thermostatic

bath temperature and oil sample temperature are fairly close to one

another; however, the thermostatic bath is more stable. The first

three absorption processes and the first two desorption processes

took place at lower temperatures, while the fourth and fifth

absorption processes alongside the third desorption took place at

high temperatures. Figure 4-25 shows a zoomed-in view of the first

absorption process indicated in Figure 4-24.
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Figure 4-25: Zoomed-in view of the first enhanced CO2/POE32 absorption
process.

As shown in Figure 4-25, the absorption process can be divided into

three state points for the purposes of calculation. First, when the

connecting valve is closed and the CO2 exists only in the CO2

chamber at a known pressure and temperature, a vapour portion,

of which the mass is:

ைଶభܯ = ଵܸߩைଶభ( ଵܲ, ௪ܶభ
) (4.1)

When the connecting valve is opened, this portion of CO2 travels

across to the absorption chamber and stabilises the pressure at

state point 2. The pressure recorded at state point 2 can be

predicted by calculation to confirm the procedure for calculating

solubility, as:

ଶܲೌ 
,ைଶమߩ) ଶܶ) (4.2)

Where

ைଶమߩ =
ைଶభܯ

்ܸ − ܸ
(4.3)

It is important to point out that the oil circulation pump is switched

on at state point 2. By switching the pump on, the process reaches

state point 3, where rapid absorption takes place and is completed

within 5.32 minutes instead of hours, as seen in the IGA solubility

experiment. If the pump was absent, state point 2 would continue
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along the time-line and the pressure would reduce very slowly while

diffusion took place. However, the end of the absorption process at

state point 3 is identified by the constant pressure along the time-

line. At that point the CO2 mass absorbed in the oil is:

ைଶಲ್ೞܯ = ைଶమߩ) − (ைଶయߩ (்ܸ − ܸ) (4.4)

And

ைଶయߩ ( ଷܲ, ଷܶ) (4.5)

Where ଷܶ is taken as the average of the thermostatic bath and oil

temperatures. Therefore, the liquid CO2 mass fraction absorbed in

the oil becomes:

߱ =
ைଶಲ್ೞܯ

ைଶಲ್ೞܯ + ைܯ
(4.6)

Where ைܯ is:

=ைܯ ைߩ ܸ (4.7)

The POE32 oil density may be taken as 977


 య , as given in the oil

safety data sheet [205]. Alternatively, a precise calculation of the

POE32 density is given by the following correlation, determined

through experimental work and especially provided for the current

research [206].

=ைߩ −0.757 ܶయ + 1198 Where ܶయ is in kelivin (4.8)

For any similar experiment, both absorption and desorption

processes are accumulative, where the CO2 portion absorbed in the

first absorption process is added to the CO2 portion absorbed in the

second and so on. Therefore, the CO2 mass fraction absorbed at

the end of the third absorption process shown in Figure 4-24

becomes:

߱ଷ =
ைଶಲ್ೞభܯ + ைଶಲ್ೞమܯ + ைଶಲ್ೞయܯ

ைଶಲ್ೞభܯ + ைଶಲ್ೞమܯ + ைଶಲ್ೞయܯ + ைܯ
(4.9)

The desorption process follows exactly the same calculation

procedure as was explained for the absorption process. However,

instead of ைଶಲ್ೞܯ , the ைଶವೞܯ is a negative quantity, subtracted

from the total absorbed CO2 mass portion at the end of the third

absorption process, where
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߱ସ =
ைଶಲ್ೞభܯ + ைଶಲ್ೞమܯ + ைଶಲ್ೞయܯ + ைଶವೞభܯ

ைଶಲ್ೞభܯ + ைଶಲ್ೞమܯ + ைଶಲ್ೞయܯ + ைଶವೞభܯ+ + ைܯ
(4.10)

Figure 4-26 shows a zoomed-in view of the first desorption process.

As can be seen, the desorption process is also divided into three

state points. While the connecting valve is closed and the CO2

chamber is at low pressure, with the absorption chamber

pressurised from the last absorption process, the connecting valve

is opened at state point 1. Next, the pressure will rise across the

chambers to stabilise at state point 2. At this point, the oil

circulation pump is switched on and rapid desorption takes place

until the maximum CO2 portion is desorbed at the operating

pressure and temperature in 1.87 minutes. The CO2 pressure will

rise during the desorption process, showing the opposite behaviour

from what is observed in the absorption process.

Figure 4-26: Zoomed-in view of the first enhanced CO2/POE32 desorption
process.

The state points analysed for all absorption and desorption

processes carried out in the enhanced CO2/POE32 experiment and

shown in Figure 4-24 are listed in Table 4.11. These state points
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were used for the calculation of the CO2 mass fractions absorbed in

the POE32 oil.

Table 4.11: Enhanced CO2/POE32 absorption/desorption experimental
state points.

State point Pressure [bar] Thermostatic bath
temperature [°C]

Oil sample
temperature
[°C]

First absorption

1 22.63 15.1 14.7

2 12.72 14.9 19.1

3 9.86 15.4 21.5

Second absorption

1 22.58 15.5 18.8

2 16.76 15.7 19.5

3 14.86 16.9 23.1

Third absorption

1 22.47 17.6 21.4

2 18.82 17.7 21.6

3 17.78 18.3 24.4

First desorption

1 0.05 17.4 19.7

2 5.41 20.2 21.1

3 11.25 19.2 24.3

Second desorption

1 0.46 20.2 21.7

2 6.97 20.7 25.4

3 8.71 17.9 18.5

Fourth absorption

1 23.04 54.2 52.8

2 12.61 53.8 55.6

3 10.03 53.4 43.5

Fifth absorption

1 21.83 53.3 48

2 16.21 53.2 49.8

3 15.43 53.2 44.4

Third desorption

1 0 52 48.6

2 7.6 51.7 48.9

3 8.93 50.3 47.4

Table 4.12 shows the analysed experimental results of the

enhanced CO2/POE32 absorption and desorption, compared to

literature data obtained under the same conditions.

Table 4.12: Enhanced CO2/POE32 absorption/desorption experimental
results compared to literature solubility data.

Process Processi
ng time
[Sec]

Total CO2
mass
absorbed
[g]

Experimenta
l mass
fraction
[g/g]

Literature
mass
fraction
[g/g] [183]

Relative
error [%]

Absorption 1 326 4.75 0.046 0.044 4.6

Absorption 2 202 7.52 0.071 0.067 6
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Absorption 3 131 9.07 0.084 0.079 6.9

Desorption 1 146 5.18 0.050 0.048 4.7

Desorption 2 53 4.16 0.041 0.038 6.9

Absorption 4 114 3.56 0.035 0.034 2.9

Absorption 5 240 5.0 0.049 0.046 5.5

Desorption 3 204 3.12 0.031 0.030 4.7

As shown in Table 4.12, the results indicate that agitation has a

very significant influence on both absorption and desorption

processes, where the maximum time recorded for a process was

326 seconds in the first absorption process, compared to 1 to 2

hours and 12 to 18 hours, as seen in the IGA experiment. The

average absorption time recorded was 202 seconds, while the

average desorption time was 134.3 seconds. In addition, the mass

fractions determined were shown to be in perfect agreement with

the literature’s solubility data, with a maximum relative error of 6.9

observed in the third absorption and second desorption. The

relative error results of enhanced absorption were found to be

within the same range of relative error as was found in the IGA

experiment, where the average relative error was 4.9 % and 4.7%,

respectively. Figure 4-27 shows the relationship between the

literature’s theoretical results and the experimentally obtained

results for CO2/POE32.

Figure 4-27: CO2 mass fraction at equilibrium in the CO2/POE32 mixture -
Theoretical vs. experimental.
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4.5.3.2 CO2/POE68

Figure 4-28 shows the experimental results for enhanced

CO2/POE68 absorption and desorption. As shown in the Figure, two

absorption processes took place at the beginning and were followed

by a desorption process. Table 4.13 lists the state points used for

the calculation of the CO2 mass fractions in the POE68 oil sample.

Figure 4-28: Enhanced CO2/POE68 absorption pressure and temperatures
profile.

Table 4.13: Enhanced CO2/POE68 absorption/desorption experimental
state points.

State point Pressure [bar] Thermostatic bath
temperature [°C]

Oil sample
temperature [°C]

First absorption

1 23.30 32.6 25

2 12.65 32.7 29.5

3 10.06 32.2 30.9

Second absorption

1 24.36 32.3 30.8

2 17.39 32.3 32.2

3 15.79 32.0 33.2

First desorption

1 0 31.8 32.3

2 7.91 31.7 30.3

3 9.84 31.7 35.3
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The enhanced experimental results analysed for CO2/POE68

absorption compared to the results from the literature obtained

under the same conditions are shown in Table 4.14.

Table 4.14: Enhanced CO2/POE68 absorption/desorption experimental
results compared to literature solubility data.

Process Processin
g time
[Sec]

Total CO2
mass
absorbed
[g]

Experiment
al mass
fraction
[g/g]

Literature
mass
fraction
[g/g] [152]

Relative
error [%]

Absorption 1 212 4.27 0.042 0.038 8.26

Absorption 2 212 7.56 0.072 0.056 21.78

Desorption 1 311 4.53 0.044 0.038 15.07

As shown in Table 4.14, both absorption and desorption processes

showed improvement with regard to processing time, similar to that

seen in CO2/POE32. The average absorption time recorded was 212

seconds for the absorption process, while the maximum processing

time was observed as 311 seconds in the desorption process.

However, the first and third processes were shown to be within the

same deviation range as was observed in the IGA experimental

results for CO2/POE68. On the contrary, the second absorption

process demonstrated a significant relative error of 21.78%, in

comparison with the literature data. The results were double-

checked with a privately provided correlation for CO2/POE68

mixture, by Neto and Barbosa [207] , which is included in Appendix

A.2, and also was checked against CO2/POE32 data. The relative

error was found to be 26% and 21.6%, respectively. This

contradiction suggests that the error could be the result of

uncertainty in data logging. However the average relative error

from the experimental results was found to be 15%, compared to

the 8.42% derived from the results of the IGA experiment. Figure

4-29 shows the relationship between the literature’s theoretical

results and the experimentally obtained results for CO2/POE68.
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Figure 4-29: CO2 mass fraction at equilibrium in the CO2/POE68 mixture -
Theoretical vs experimental.

4.5.3.3 CO2/POE32+PC

The first blend constituted 100 ml POE32 and 10 ml PC, while the

second blend constituted 100 ml POE32 and 30 ml PC. The reason

for testing two blend ratios is mainly to investigate the POE32

absorption enhancement attainable through the introduction of a

specified amount of PC.

CO2/100 ml POE32-10 ml PC4.5.3.3.1

Figure 4-30 shows the experimental results for the enhanced

CO2/100 ml POE-10 ml PC absorption. As shown, two absorption

processes took place. Table 4.15 shows the state points used for

the calculation of the CO2 mass fractions absorbed in the POE32-PC

blend.
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Figure 4-30: Enhanced CO2/100 ml POE-10 ml PC absorption pressure and
temperatures profile.

Table 4.15: Enhanced CO2/100 ml POE-10 ml PC absorption experimental
state points.

State point Pressure [bar] Thermostatic bath
temperature [°C]

Oil sample
temperature [°C]

First absorption

1 20.57 14 13.8

2 11.91 14 15.2

3 8.504 14.1 20

Second absorption

1 20.50 14.2 17.90

2 14.2 18 15.37

3 14.1 20 8.50

Table 4.16 shows the analysis of the CO2/100 ml POE32 – 10 ml PC

experimental results. The mass fraction results of POE32-PC blends

were compared to POE32, since the latter forms the higher

percentage in the blend. The absorption improvement percentage of

blend was taken as a range where the average relative error

observed for the CO2/POE32 was accounted for.
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Table 4.16: Enhanced CO2/100 ml POE-10 ml PC absorption experimental
results compared to CO2/POE32 literature solubility data.

Process Processing
time [Sec]

Total CO2
mass
absorbed
[g]

Experiment
al mass
fraction
[g/g]

CO2/POE32
literature
mass
fraction
[g/g]
[183]

CO2/POE32-
PC
absorption
improvemen
t [%]

Absorption 1 202 4.94 0.043 0.041 5.38-9.80

Absorption 2 90 8.24 0.0588 0.0588 0-4.9

The results shown in Table 4.16 suggest a slight improvement in

absorption at the given absorbent blend ratio. This improvement is

around 5.38% - where the CO2/POE32 relative error was not taken

into account - and up to 9.80%, when the average CO2/POE32

relative error of 4.9% was considered. Lower absorption

improvement was observed in the second absorption process,

where it was found to be between 0 and 4.9%. The slight

improvement with an average of 6.7% was found to be reasonable,

due to the small amount of PC in the blend. However, the second

absorption process was completed in a very short time, taking only

90 seconds. It can be seen in Figure 4-30 that the second

absorption took place very quickly and the pressure line remained

constant. However, the average absorption time was 146 seconds.

CO2/100 ml POE32-30 ml PC4.5.3.3.2

Figure 4-31 shows the experimental results for the enhanced

CO2/100 ml POE-30 ml PC absorption. Improvements in both

absorption and desorption processes are obvious from the pressure

data. Two absorption processes took place, followed by desorption

process and then two absorption processes at high thermostatic

bath and absorbent blend temperatures. Table 4.17 shows the state

points used for the calculation of the CO2 mass fractions absorbed

in the POE32-PC blend.
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Figure 4-31: Enhanced CO2/100 ml POE-30 ml PC absorption pressure and
temperatures profile.

Table 4.17: Enhanced CO2/100 ml POE-30 ml PC absorption experimental
state points.

State point Pressure [bar] Thermostatic bath
temperature [°C]

Oil sample
temperature [°C]

First absorption

1 22.54 20.7 19

2 12.78 20.8 20.3

3 8.71 21.1 24

Second absorption

1 23.42 21.1 23.2

2 17.12 21.1 24.1

3 14.25 21.2 25

First desorption

1 0.002 21.3 22.8

2 8.35 21.3 23.1

3 9.35 21.3 25.1

Third absorption

1 22.95 48.1 39.8

2 12.86 47.9 39.5

3 9.29 47 40.3

Fourth absorption

1 23.17 46.4 43

2 17.16 46.3 45

3 14.71 45.3 40.6

Table 4.18 shows the analysis of CO2/100 ml POE32 – 30 ml PC

experimental results. Similar to the previous case, the mass fraction

results of POE32-PC blends are compared to POE32.
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Table 4.18: Enhanced CO2/100 ml POE-30 ml PC absorption experimental
results compared to CO2/POE32 literature solubility data.

Process Processin
g time
[Sec]

Total CO2
mass
absorbed
[g]

Experiment
al mass
fraction
[g/g]

CO2/POE32
literature
mass
fraction
[g/g]
[183]

CO2/POE32-
PC
absorption
improvement
[%]

Absorption 1 215 6.43 0.045 0.0367 20-23.8

Absorption 2 104 10.84 0.075 0.059 20-24

Desorption 1 175 7.15 0.051 0.039 22.8-26.4

Absorption 3 155 4.97 0.036 0.031 15-20.6

Absorption 4 195 8.28 0.0583 0.047 19.43-23.19

As can be seen in the Table, a significant improvement in

absorption and desorption was observed, with an average

improvement of 21.52%. This improvement was found to be very

close to what was observed for CO2/PC absorption improvement

over CO2/POE32 in the IGA experiment, where the average

improvement was 21.62%. The maximum processing time recorded

for the first absorption process was 215 seconds. The average

absorption time observed was 167.25 seconds, which is lower than

in the previously examined cases.

Conclusions4.6

In this chapter, the experimental evaluation of nominated

absorbents was presented. POE5, POE32, POE68, and PC were

evaluated by means of their thermal stability, solubility behaviour

with CO2, and enhanced solubility behaviour with CO2. The

experiments revealed that the most suitable absorbent candidates

for CO2 are POE32 and POE68, where these both showed high

thermal stability and good solubility characteristics that suited the

application of CO2/lubricant absorption power generation, albeit

lower than PC and POE5. Finally, enhanced absorption apparatus

was acquired and modified to experimentally examine absorption

and desorption behaviours and required time to complete the

processes when agitation was introduced. However, the results

show that absorption and desorption processing times can be

enormously reduced from hours to several minutes when agitation

by means of oil circulation is applied.
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The TGA results show that the PC degradation started at around

65°C, while the POE5 sample started to decompose at 130°C.

POE32 and POE68 showed higher thermal stability, where they

started to decompose at 220°C and 225°C, respectively. With

regard to TGA, it became clear that the POE32 and the POE68

lubricant oils were suitable for the absorption power generation

system, where both materials were shown to be able to handle

temperatures higher than the proposed generator temperature of

120°C. On the other hand, PC was found to have the lowest

decomposition temperature, which was far lower than the

anticipated operating temperature. This is a clear indication of its

unsuitability for the application. Similarly, however, POE5 was seen

to start decomposing at only 10°C higher than the anticipated

operating temperature. Therefore, it was considered quite risky for

use in the proposed system, apart from the fact that it could limit

the operation to even lower temperatures, due to the high pressure

associated with CO2.

The IGA tests findings show that absorption was significantly

influenced by the time VLE was reached. The CO2/POE32 IGA

results show perfect agreement with the solubility data available in

the literature, with a maximum relative error of 6.25%. The

CO2/POE68 IGA data were found to deviate from the solubility data

in the literature by a maximum of 10%, which falls within fairly

acceptable bounds. A comparison of solubility data from the

literature indicated that POE68 absorb more CO2 than does POE32.

The IGA experiment outcomes show this is not true, where POE32

tended to absorb more CO2 than POE68 by a maximum of 6.8%.

Among the POE lubricants tested, POE5 tended to absorb the most

CO2 mass fractions. In comparison to POE32, POE5 demonstrated

an improvement in absorption by a maximum of 15.3%. The

CO2/PC results illustrate that PC tends to absorb more CO2 than

any of the other lubricants tested. In comparison to POE32, PC

showed an average improvement of 21.8%, which was confirmed
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by theoretical comparison at 30°C. The average improvement was

found to be 21.6%.

The enhanced absorption experimental results show that agitation

has a very significant effect on the enhancement of both absorption

and desorption process rates, where the processes were completed

in just a few minutes, instead of the hours noted in the IGA

experiment. The minimum average processing time was 146

seconds, observed in the 100 ml CO2/ 10 ml PC, while the

maximum average processing time was 212 seconds, observed in

the CO2/POE68 case. The inconsistency in processing time refers to

the solubility behaviour of the mixture and its agitation

characteristics. For instance, the more efficiently the mixture was

sprayed on the internal surface area of the absorption chamber, the

faster the process was completed. Similarly, the speed of the

absorbent’s circulation is an important factor in time enhancement.

Despite enhancement in processing time, the results show that

agitation does not have any effect on the amount of CO2 absorbed.

The CO2 mass fractions yielded by the experiment was seen to be

in perfect agreement with the results obtained in the IGA

experiment and fell within the same bounds of relative error when

compared to the literature data. Significant relative error was found

in the second absorption process, pertaining to CO2/POE68, which

suggests that there was uncertainty in the instruments while data

was being recorded. For the CO2-PC blend, it was found that a

smaller PC ratio in the POE32/PC blend did not have a significant

effect in improving absorption. However, when the ratio was

increased threefold, the absorption behaviour was significantly

enhanced in proportion to the PC increase, where the POE32/PC

blend tended to absorb more CO2 than a pure POE32 absorbent

would have done. In fact the absorption behaviour of the blend

became similar to that of pure PC, which was examined in the IGA

experiment.
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Chapter 5 : Prediction of Thermodynamic
Properties of the CO2/lubricant mixtures

Introduction5.1

The CO2 solubility in lubricant oils will form a mixture that is poorly

understood, with unknown properties. Moreover, commercial

lubricants have unknown chemical structures. Therefore, the

properties of commercial lubricant oils are also estimated from or

referred to their pure compounds. From these facts, it becomes

obvious that understanding and correlating the thermodynamic

properties of CO2/lubricant oil is essential for modelling and

evaluating the performance of the CO2/lubricant absorption power

generation system. However, working with a mixture in an

absorption cycle is not straightforward, as it is in pure refrigerant

cycles. In mixtures, solubility data are correlated using different

approaches [208]. These approaches can be classified into two

categories: empirical correlations and thermodynamic models, such

as cubic equation of state thermodynamic models (EOS); solution

activity models; local composition modelling; group contribution

concepts, and perturbed hard chain methods (PHSC) [209]. The

majority of these thermodynamic approaches are complex and

incorporate the physics and chemistry of mixing, providing little or

no advantages in terms of accuracy, when compared to the

empirical correlation approach [210]. Generally, however, an

excellent fit of solubility data with the correlation and model is a

significant sign of validity [211].

Nevertheless, most of the studies available in the literature are not

directly related to the determination of the thermodynamic

properties of CO2/oil mixtures, or cycle performance evaluation.

Instead, the vast majority of studies are concerned with correlation

and the thermodynamic modelling of refrigerants/lubricants,

including CO2/POE oil, for the purpose of reproducing

experimentally obtained solubility data, such as is seen in [153,
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176, 184, 211-213], or looking at developing estimation methods to

predict refrigerant/oil properties, based on pure components

properties, [147, 214, 215]. This is mainly because measurements

of refrigerant/lubricant mixture properties are still considered to be

under way and there is still an absence of a universal model to

predict properties and describe refrigerant interaction with lubricant

oil [152, 216]. This chapter will therefore provide some insight into

correlation methods and propose a model approach to determine

the CO2/lubricant thermodynamic properties essential for the

CO2/lubricant absorption power generation system.

CO2/lubricant Mixtures Modelling Methods5.2

5.2.1 Empirical Correlations

In this approach, empirical correlations equations are fitted to a

large number of experimental data, such as VLE, density, viscosity

and heat capacity data, in order to extract these specific properties

for the liquid solution at different temperatures, pressures, and

mass fractions, while the vapour phase, which is made purely by

the refrigerant is calculated using EOS models [208]. Although

empirical correlations are relatively easy to understand and can be

rapidly applied, the main drawback of the empirical correlation

approach is that their use is limited within the experimental data

and a larger quantity of data is required, together with adjustable

parameters [210].

Seeton and Hrnjak [183] have developed an equation-based

approach for CO2/POE32 VLE and VLLE properties. They

experimentally obtained solubility data, density and viscosity.

Empirical correlations were then developed to fit the experimental

data and produce coeffiecients. All correlations are included in this

section, while the coefficients are included in Appendix B.1.

Nevertheless, these correlations can only give the CO2 vapour

pressure (5.1), mixture density (5.2) and viscosity (5.3) as

functions of liquid CO2 mass fraction in the mixture and
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temperature, for a wide temperature range from -40°C to 120°C,

and pressures up to 150 bar:

݃ܮ ଵ(ܲ) = ଵܽ +
మ

்
+

య

்మ
+ ݃ܮ ଵ(߱) ቀܽ ସ +

ఱ

்
+

ల

்మ
ቁ+ ݃ܮ ଵ

ଶ (߱) ቀܽ  +
ఴ

்
+
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்మ
ቁ (5.1)

ρ = ଵܾ + ଶܾܶ+ ଷܾܶ
ଶ + ω( ସܾ + ହܾܶ+ ܾܶ

ଶ) + ωଶ( ܾ + ଼ܾ ܶ+ ଽܾܶ
ଶ) (5.2)

݈݃ ቀ݃ܮ ൫ݒ+ 0.7 + ൯ቁ(ݒ݂)

= ଵܿ + ଶܿ݃ܮ (ܶ) + ଷܿ݃ܮ 
ଶ(ܶ)

+ ߱൫ܿ ସ + ହܿ݃ܮ (ܶ) + ܿ݃ܮ 
ଶ(ܶ)൯

+ ߱ଶ൫ܿ  + ଼ܿ ݃ܮ (ܶ) + ଽܿ݃ܮ 
ଶ(ܶ)൯

(5.3)

Where�݂ (ݒ) = ݁ି௩ܭ(ݒ+ ψ). ܭ is the zero-modified Bassel function of

the second kind and ψ is a constant, equal to 1.244068.  

Although the correlations presented cannot predict other essential

properties required for the absorption power generation system

modelling, such as specific enthalpy, Seeton and Hrnjak’s study

[183] still represents a very significant source for the CO2/POE32

mixture, since the POE32 lubricant used in the study is of the same

POE32 oil brand used in the current research [217]. Therefore, high

accuracy results, and perfect agreement were seen for the

CO2/POE32 in the experimental investigations presented in Chapter

4. Figure 5-1 shows the CO2 vapour pressure curves at variable

CO2 mass fraction in the CO2/POE32 liquid mixture, alongside pure

CO2 pressure, while Figure 5-2 shows the phase behaviour of the

CO2/POE32 mixture. Both graphs were reproduced using

correlations (5.1).
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Figure 5-1: CO2/POE32 vapour pressure at different CO2 mass fractions.

Figure 5-2: CO2/POE32 phase behaviour.

With regard to CO2/POE68, there were no avaliable correlations in

the literature, but through private communication, Neto and
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Barbosa [207] provided a polynomial empirical correlation to

determine the CO2 vapour pressure as a function of temperature

and mass fraction for both CO2/POE68 and CO2/AB32 solubility

data, published in reference [184]. Unfortunately, the correlation

provided was limited to 75 °C - the maximum tested temperature -

and therefore, was not very useful for the current research. The

document which was originally provided is attached in Appendix

A.2.

Several other studies found in the literature present correlations for

CO2/oil mixtures, such as Pensado et al.’s [154], which provide

density and dynamic viscosity correlations for CO2/pure POE

compound mixtures, derived from their experimentally obtained

data. Youbi-Idrissi et al. [151], experimentally obtained

CO2/commercial PAG oil data and correlated the solubility data in

the form of CO2 vapour pressure, as a function of liquid CO2 mass

fraction in the mixture, as well as temperature. Cavestri [218]

suggested generalised equations to correlate the solubility of

various refrigerant/oil mixtures and to correlate the viscosity of

mixtures as a function of refrigerant mass fraction and mixture

temperature. Other refrigerant/oil mixtures and generalised

correlations were also found in the literature. However, despite the

fact that these correlations would work perfectly for the specific

mixtures examined and other mixtures with similar interactions,

they would not necessarily work with all types of refrigerant/oil

mixtures [210].

5.2.2 Cubic EOS Models and the Prediction of Critical

Parameters of CO2/lubricant Mixtures

Equation of state (EOS) models are well-established thermodynamic

models used to predict the P-ܸ-T behaviour of pure fluids and

mixtures. They are found to be more effective than ideal gas law

[219]. Their ability to predict the near and above critical point of

fluids makes them very popular, especially when working with
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refrigerants with low critical temperatures, such as CO2 [209].

Amongst the many types of EOS, Soave-Redlich-Kwong (SRK) and

Peng-Robinson (PR) are generally the most frequently employed

models alongside PC-SAFT for refrigerant/oil mixtures. However,

PC-SAFT is a complex approach with different parameters from

those usually found in other EOS models. Moreover, the

implementation of conventional SRK or PR EOS models requires

knowledge of data that are either unavailable or imprecise in the

case of lubricant oil, such as critical temperature, critical pressure,

molecular weight and acentric factors. This makes both EOS and oil

critical properties topics which are usually coupled in researches

related to refrigerant/lubricant oil mixtures. Therefore, an extensive

investigation of the literature and an estimation of these properties

are essential.

The implementation of various conventional and modified versions

of EOS models for refrigerant/lubricant oil mixtures, including

CO2/POE’s, are popular and to be seen in many studies in the

literature. In a theoretical study conducted by Yokozeki [208] to

evaluate the performance of an absorption-refrigeration cycle, the

author implemented a generic SRK cubic EOS to model several

refrigerant/absorbent mixture VLEs. The study also presented the

specific enthalpy equation used and required for SRK EOS. It also

included pure POE compounds, treated as commercial POE oils.

However, because of the absence of critical parameters, the author

estimated the critical properties and ideal polynomial gas

coefficients for the pure POE compounds by means of a group

contribution method [220] and indicated that a very rough

estimation of these properties is sufficient to correlate the VLE data.

Although the study did not include commercial POE modelling

parameters, it did indeed demonstrate a clear sequence of

calculation steps to determine mixture enthalpy using EOS.

In another theoretical study, Yokozeki [211] investigated the

solubility of various refrigerants in different lubricant oils. The
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author demonstrated complex VLE and VLLE modelling for

refrigerants/lubricant oil mixtures using three different cubic EOS.

Parameters for Van der Waals (vdW), SRK and PR cubic EOS models

were included. The author estimated the critical properties of

POE32, POE68 and pure POE compound, PEB8, and examined the

sensitivity of the critical properties on the EOS model results, where

the critical parameters for PEB8 were replaced by those for POE32.

The model results showed a similar degree of accuracy due to the

introduced adjustable coeffiecient ଵߚ for the oil component in the

mixture, which compensates for the rough estimation of critical

properties in the solubility data fitting process.

It is very important to underline that the ଵߚ coeffiecient for POEs in

Yokozeki’s studies [176, 208, 211] has been treated as an

adjustable fitting parameter due to its importance in VLE

correlations and its strong relationship to the temperature-

dependent parameter (ܶ)ߙ of EOS. Equation (5.4) shows (ܶ)ߙ in

relation to the ଵߚ coeffiecent in Yokozeki’s generic EOS models. The

values obtained for the ଵߚ coeffiecent have been found to be very

close to the acentric factors for hydrocarbons with a high molecular

weight, in the range of 1±0.3 which renders the ଵߚ coeffiecent in

Yokozeki’s models equivalent for the acentric factor in conventional

SRK EOS. Equation (5.5) shows (ܶ)ߙ in relation to the acentric

factor, ωf, in the conventional SRK EOS model. In fact, Yokozeki

suggests treating the acentric factor in conventional SRK as an

adjustable parameter for obtaining more accurate results [211].

(ܶ)ߙ = 1 + ଵ൬ߚ
ܶ

ܶ
−
ܶ

ܶ
൰ (5.4)

ඥߙ(ܶ) = 1 + (0.48 + 1.574߱ − 0.176߱
ଶ)ቌ1− ඨ

ܶ

ܶ
ቍ (5.5)

However, Yokozeki [211] also proposes a hypothetical oil concept

(UniOil), which has universal constants for critical parameters and

coeffiecients, applicable for any type of oil, for the purpose of

modelling. The UniOil approach has 4 to 6 interaction parameters
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that are statistically produced from the mixture’s solubility data. In

another related study, Yokozeki [176] applied the UniOil concept to

correlate the solubility data of CO2/POE and CO2/PAG oil mixtures

from reference [151, 171, 185] using his proposed version of SRK

EOS. The modelling results show a high level of accuracy when

compared with the experimental data and therefore, UniOil has

proven its validity and reliability. Figure 5-3 shows Yokozeki’s

correlation results for three different CO2/POE mixtures. The black

lines represent the modelling results, while the red dots are the

experimental solubility data from reference [185].

Figure 5-3: Three CO2/POE mixtures correlated using the UniOil concept.
(Source: [176])

A great deal of other research in chemical engineering has been

carried out on CO2/pure POE lubricant compounds, in order to

arrive at a better understanding of the thermodynamic properties of

CO2/commercial POE, based on their pure compounds. A series of

experimental and theoretical studies were conducted by a group

consisting of Bobbo et al. [157, 178, 221-223], Fedele et al. [213,

224, 225] and Pernechele et al. [226] to investigate CO2 solubility

in commercial POE oils and their pure compounds. The group

experimentally examined the solubility and correlated the data
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obtained using modified versions of PR EOS, (Peng-Robinson-

Huron-Vidal-UNIQUAC), EOS, or briefly, PR-HV-UNIQUAC, cited in

[178, 213, 221-226], and by Peng- Pobinson-Stryjek-Vera, (PRsv),

EOS, incorporating Huron-Vidal-UNIQUAC’s mixing rules in [157].

These modified versions of conventional PR EOS do not include the

acentric factor. In another study related to POE32 oil, conducted by

the same group, Bobbo, Fedele and Stryjek [157] experimentally

analysed a commercial POE32 (Icematic SW32), produced by

Castrol and identified some of the constituents of pure POE

compounds. Based on information from these pure compounds, the

study presents an estimation of the molecular weight of commercial

POE32. The above authors further investigated commercial POE32,

POE46 and POE68, in comparison with their pure compounds, and

presented an estimation of their molecular weights [178]. In

another study relating to a refrigerant/POE32 solution activity

model and carried out by the same group, Stryjek et al. [227]

experimentally analysed a sample of POE32 of the same commercial

brand as is used in the current research and estimated an average

molecular weight of 618 kg/kmol. The authors confirmed the value

obtained through private communication with Musso [228], who

obtained a close value of 610 kg/kmol [227].

In a similar series of studies to investigate POE lubricants with CO2,

Fandiño et al. [172, 229-231] experimentally obtained solubility

data for pure POE compounds and correlated these using a

conventional SRK model with two interaction parameters, as in

[229], as well as using PC-SAFT EOS, referred to in [230]. These

authors also applied both conventional SRK and PR EOS models

besides Sako-Wu-Prausnitz (SWP) EOS to correlate the data

obtained in [232] and through empirical correlation in [233, 234].

It is apparent from the reviewed literature that the EOS model

parameters of pure and commercial oils, including POE, are still

vague. Actually, this issue was addressed by Razzouk et al. [235]

who predicted SAFT, PC-SAFT, SRK and PR modelling parameters
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for pure POE compounds, using a function minimisation method and

tuning of the experimentally measured vapour pressure data for

pure POE compounds [232-234]. The SRK and PR results were very

close and proved the validity of those predicted by Teodorescu,

Lugo, and Fernández [236], who had already anticipated the critical

parameters for pure POE and PAG compounds in SRK and PR EOS

models, using a relatively simple approach. First, the critical

pressure of a component was calculated using group contribution

methods. Next, the critical temperature and acentric factor were

simultaneously adjusted to fit the refrigerant/oil liquid density data.

When the model was fitted to the data, Lee-Kesler’s [237] method

was implemented to calculate the boiling point.

Modelling the CO2/PC mixture is relatively easy in comparison with

modelling CO2/oil mixtures, since both the pure component

properties and modelling parameters are known and therefore, any

selected thermodynamic model of choice can be directly

implemented. Studies related to CO2/PC modelling have mainly

been conducted using cubic EOS modelling. Murrieta-Guevara et al.

[181] derived Henry’s law constants and heat solution and

correlated the solubility data using SRK EOS. The modelling results

compared to those obtained by Isaacs et al. [238], showing that

they correspond well. Mantor et al. [180] correlated their

experimentally obtained data using Krichevisky-Kasarnovsky’s

solubility equation.

5.2.2.1 Summarised Findings

 POE32 molecular weight of the same brand used in the

current research is confirmed as being in the range of 610 to

618 kg/kmol.

 Both POE32 and POE68’s critical parameters of the same

brand used in the current research are estimated and made

available by Yokozeki [211]. However, the use of these

parameters also requires the use of Yakozeki’s version of SRK

EOS.
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 The acentric factor in a conventional SRK model and ଵߚ

parameter in Yokozeki’s SRK EOS for lubricant oils are in the

range of 1±0.3 and are treated as adjustable parameters.

Moreover, critical parameters for lubricant oil, which are

estimates in the first place, are also treated as adjustable

parameters to fit experimental data.

 Using the UniOil EOS approach proposed by Yokozeki will

sufficiently correlate experimental data.

Proposed Modelling Approach5.3

As most of the available and reviewed studies are concerned with

modelling the phase behaviour of CO2/POE or CO2/PC and are not

directly related to determining thermodynamic properties, a

combined empirical-thermodynamic approach is selected to identify

the specific enthalpy of the liquid mixture solution at each point

around the CO2/lubricant absorption power generation system.

Nevertheless, the specific entropy of CO2/POEs could not be

determined, due to the absence of the ideal gas entropy of the

lubricant oil, which is essential for entropy modelling. However, the

absence of oil entropy does not introduce any error into the

absorption power generation system model. Finally, the vapour

phase of the mixture is made purely by CO2 gas which data were

calculated using REFPROP 9.0.

5.3.1 Empirical Correlations

The correlation procedure was carried out in a Matlab [239]

environment using the Curve Fitting Toolbox. All the correlations

developed are presented in this section, while coefficients are

included in Appendix B.1. The empirical correlations proposed by

Seeton and Hrnjak for solubility, density, and viscosity [183] were

used for the CO2/POE32 mixture. Extended versions of these

equations were also developed to correlate CO2/POE68 solubility

(5.6) and density (5.7). The results of the equation were validated

using a polynomial regression model with least square minimisation

method. Equations (5.8) and (5.9) are, respectively, the polynomial
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correlations of CO2/POE68 solubility and density data. The

CO2/POE32 viscosity equation (5.3) perfectly correlates CO2/POE68

viscosity with the same number of coefficients used by Seeton and

Hrnjak.

݃ܮ ଵ(ܲ) = ଵܽ +
మ

்
+

య

்మ
+ ݃ܮ ଵ(߱) ቀܽ ସ +

ఱ

்
+

ల

்మ
ቁ+ ݃ܮ ଵ

ଶ (߱) ቀܽ  +
ఴ

்
+

వ

்మ
ቁ+ ݃ܮ ଵ

ଷ (߱) ቀܽ ଵ +
భభ

்
+

భమ

்మ
ቁ

(5.6)

=ߩ ଵܾ + ଶܾܶ+ ଷܾܶ
ଶ + ߱( ସܾ + ହܾܶ+ ܾܶ

ଶ) + ߱ଶ( ܾ + ଼ܾ ܶ+ ଽܾܶ
ଶ)

+ ߱ଷ( ଵܾ + ଵܾଵܶ+ ଵܾଶܶ
ଶ)

(5.7)

݃ܮ ଵ(ܲ) = ଵܽ + ଶܽܶ+ ଷܽ߱ + ସܽܶ
ଶ + ହܽܶ߱ + ܽ߱

ଶ + ܽܶ
ଶ߱

+ ଼ܽ ܶ߱ଶ + ଽܽ߱
ଷ

(5.8)

=ߩ ଵܾ + ଶܾܶ+ ଷܾ߱ + ସܾܶ
ଶ + ହܾܶ߱ + ܾ߱

ଶ + ܾ߱
ଶܶ+ ଼ܾ ܶ߱ଶ +

ଽܾ߱
ଷ + ଵܾܶ

ଶ߱ଶ + ଵܾଵܶ߱
ଷ + ଵܾଶ߱

ସ
(5.9)

Figure 5-4 and Figure 5-5 show the CO2 vapour pressure variation

in the CO2/POE68 mixture at different CO2 mass fractions

compared to the pure CO2 vapour pressure, and the phase

behaviour of the CO2/POE68 mixture, respectively, produced using

equation (5.6). As seen in the Figures, the CO2/POE68 mixture’s

solubility and phase behaviour are similar to those observed in the

CO2/POE32 mixture presented in Figure 5-1 and Figure 5-2, but

with slightly lower CO2 vapour pressure and more CO2 absorbed by

POE68.
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Figure 5-4: CO2/POE68 vapour pressure at different CO2 mass fractions.

Figure 5-5: CO2/POE68 phase behaviour.
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The Seeton and Hrnjak equations were found to be unsuitable for

the CO2/PC mixture. Therefore, the CO2/PC solubility data were

correlated with a polynomial regression model using the least

square method to give a CO2 mole fraction as a function of

temperature and pressure. This was then converted to a mass

fraction (5.10). Figure 5-6 and Figure 5-7 show the CO2 vapour

pressure at different mass fractions and the phase behaviour of the

CO2/PC mixture, respectively. As can be seen from both Figures,

CO2/PC solubility behaviour differs from what is observed in

CO2/POE mixtures, where PC tends to accept more CO2 in the

liquid mixture at relatively lower CO2 vapour pressures than are

found in either of the CO2/POE mixtures.

߱ = ଵܽ + ଶܽܶ+ ଷܽܲ+ ସܽܶ
ଶ + ହܽܶܲ+ ܽܲ

ଶ + ܽܶ
ଶܲ+ ଼ܽ ܶܲଶ +

ଽܽܲ
ଷ

(5.10)

Figure 5-6: CO2/PC vapour pressure at different CO2 mass fractions.
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Figure 5-7: CO2/PC phase behaviour.

5.3.2 Cubic EOS Thermodynamic model

5.3.2.1 CO2/POEs model

Yokozeki’s version of the cubic SRK EOS model [176, 208, 211] was

implemented to determine the specific enthalpy of CO2/POE32 and

CO2/POE68, due to the availability of modelling constants.

However, Yokozeki’s SRK model incorporates several interaction

parameters that are not available for either the CO2/POE32 or

CO2/POE68 cases. Therefore, Yokozeki’s model was treated as a

model with one interaction parameter which resembled a

conventional SRK EOS. In general, The SRK EOS model is

associated with a standard set of equations which are available in

textbooks, articles and software manuals. All equations used for

modelling both CO2/POE mixtures were taken from reference [176],

unless indicated otherwise. Equation (5.11) shows the general form

of SRK EOS.
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ܲ =
ܴܶ

ܸ− ܾ
−

ܽ

ܸ(ܸ + )ܾ

(5.11)

(a) and (b) are the cubic EOS parameters, where (a) is the

temperature-dependant attraction parameter [240] and (b) is the

volume-limiting parameter [241]. Equation (5.12) shows the

polynomial form of SRK EOS in terms of the compressibility factor

(Z):

ܼଷ−ܼଶ + −ܣ) ܤ − −ܼ(ଶܤ ܤܣ = 0 (5.12)

Where

The terms A and B are defined as:

ܣ =
ܽܲ

ܴଶܶଶ
(5.14)

ܤ =
ܾܲ

ܴܶ

(5.15)

And

ܽ=   ൫ܽ ܽ ൯
.ହ

݂൫1 − ݇൯ݔݔ

ே

ୀଵ

ே

ୀଵ

(5.16)

ܾ=
1

2
  ൫ܾ + ܾ൯൫1 − ݇൯൫1 − ݉ ൯ݔݔ

ே

ୀଵ

ே

ୀଵ

(5.17)

Equations (5.16) and (5.17) are Yokozeki’s modification for

conventional quadratic van der Waals–Berthelot mixing rules for

binary mixtures [242]. The temperature-dependent binary

interaction parameter f୧୨ and the conventional binary interaction

parameter k୧୨are calculated from:

݂ =
0߬+ 1߬

ܶ+ 2߬ܶ
ℎݓ ݁݁ݎ ݂ = ݂, ܽ݊ ݀ ݂= 1

(5.18)

ܭ =
݈ ݈(ݔ+ (ݔ

݈ݔ+ ݈ݔ
ℎݓ ݁݁ݎ ܭ = ,ܭ ܽ݊ =ܭ݀ 0

(5.19)

Where 0߬, τ1, and τ2 in equation (5.18) and ݈ and�݈in equation

(5.19) are binary interaction parameters that are obtained

statistically from solubility data. The ݉  binary interaction

ܼ =
ܸܲ

ܴܶ

(5.13)
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parameter in equation (5.17) is always equal to zero for

CO2/lubricant mixtures. Moreover, it was found that the ݂

interaction parameter values for CO2/lubricant mixtures are always

very close to unity. Therefore, for the current model, the ݂

parameter value was taken as unity. This restores the mixing rules

in equations (5.16) and (5.17) to the conventional quadratic van

der Waals form, with only one binary interaction parameter k୧୨ in

equations (5.20) and (5.21), where k୧୨ is adjusted to best fit the

experimental solubility data [243].

ܽ=   ൫ܽ ܽ ൯
.ହ

൫1− ݇൯ݔݔ

ே

ୀଵ

ே

ୀଵ

(5.20)

ܾ=
1

2
  ൫ܾ + ܾ൯൫1 − ݇൯ݔݔ

ே

ୀଵ

ே

ୀଵ

(5.21)

For component (i) of the binary mixture in equation (5.20):

ܽ= 0.42748
(ܴ ܶ)

ଶ

ܲ
ߙ

(5.22)

(ߙ) is the temperature-dependent part of parameter (a), equal to

unity when ܶ = ܶ [240]. (ߙ) is calculated from the following

empirical forms:

=ߙ  ൬ߚ
1

ܶ− ܶ
൰


, ݎ݂ ܶ=
ܶ

ܶ
≤ 1

ஸଷ

ୀ

(5.23)

Or

=ߙ ߚ + ]ଵߚ −1)2}݁ݔ ܶ)} − 1] , ݎ݂ ܶ≥ 1 (5.24)

Where ߚ are modelling constants for CO2, POE32 and POE68,

provided in [176, 211].

Furthermore, for component (i) of the binary mixture in equation

(5.21):

ܾ= 0.08664
ܴ ܶ

ܲ

(5.25)

Equations (5.22) to (5.25) are also applied to component (j) in the

mixture.
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The VLE in a mixture is characterised by the equality of the mixture

component’s fugacity in both the liquid and vapour phases. Fugacity

is a thermodynamic function used to substitute pressure in

reactions that involve real gases and mixtures [244]. For

component (i) in the mixture, the fugacity [220] is:

መ݂

= መ݂


 (5.26)

Where

መ݂

 = ߮ݔ 

ܲ And መ݂

 = ߮ݕ 

ܲ (5.27)

For the SRK EOS, the fugacity coefficient [245] becomes:

ln߮= − ln ൬ܼ −
ܾܲ

ܴܶ
൰+ (ܼ− 1)

ܾ

ܾ

−
ܽ

ܾܴ ܶ

1

ܽ
ቌ2 ܽ

.ହ ܽݔ 
.ହ

ே

ୀଵ

(1 − ݇)ቍ −
ܾ

ܾ
ln൬1 +

ܾ

ܸ
൰

(5.28)

As mentioned earlier, due to the very low vapour pressure of

lubricant oil, it is assumed as negligible and the vapour phase is

then only made by pure CO2 vapour. Therefore, the mole fraction

of CO2 vapour is taken as unity. The fugacity coefficient equation is

applied to the liquid and vapour phases of both binary mixture

components (i) and (j). The only difference between the vapour and

liquid phase calculation, is replacing the mole fractions and

compressibility factors for the phase to be calculated [243].

The molar-specific enthalpy and entropy are calculated using the

enthalpy and entropy departure equations (5.29) and (5.30) [246]:

ܪ − ூܪ

ܴܶ
= ܼ− 1 −

ܣ

ܤ
1 −

ܶ

ܽ

߲ܽ

߲ܶ
൨݈ ݊൬1 +

ܤ

ܼ
൰

(5.29)

Where ூܪ and ܵூ are the mixture’s molar ideal gas enthalpy. (ூܪ)

in equation (5.30) is calculated as:

ܵ− °ܵ
ூ

ܴܶ
= ݈݊ (ܼ− )ܾ − ݈݊

ܲ

ܲ°
+
ܣ

ܤ

ܶ

ܽ

߲ܽ

߲ܶ
൨݈ ݊൬1 +

ܤ

ܼ
൰

(5.30)
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ூܪ = න ݀ܶݔܿ
்

ଶଽ଼ .ଵହ

+ න ݀ܶݔܿ
்

ଶଽ଼ .ଵହ

(5.31)

298.15K (25°C) was taken as the reference temperature for the

enthalpy calculation. The ideal gas enthalpy of POE oils were

calculated using the heat capacity correlation and coefficients for

pure POE compounds, estimated by Yokozeki [208] and included in

Appendix B.2.

5.3.2.2 CO2/PC Model

Modelling CO2/PC is more straightforward, since all the constants of

the mixture’s components are known. A conventional SRK cubic

EOS [240], with one binary interaction parameter was implemented

to model the specific enthalpy of the CO2/PC mixture. The binary

interaction parameter ݇ was found to have very little effect on the

results, since all modelling parameters and properties of pure

components are known. The model was validated by calculating the

pure PC liquid density at 25°C, and atmospheric pressure, which is

known to be around 1189


 య [182]. The conventional SRK EOS has

a similar sequence of equations to those presented for CO2/POE in

section 5.3.2.1., Apart from that, the quadratic mixing rule for the

volume limiting parameter (b) in equation (5.21) becomes:

In addition, for component (i) in the binary mixture, ,(ߙ) the

temperature- dependent part of the attraction parameter (a) in

equation (5.22) becomes:

Where

ܾ=  ܾݔ 

ே

ୀଵ

(5.32)

ߙ
.ହ = 1 + ݉ (1 − ܶ

.ହ) (5.33)

݉ = 0.48 + 1.574߱,− 0.176߱,
ଶ (5.34)
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߱ǡ is the Pitzer acentric factor for component (i), which, along with

the critical properties, is commonly used for estimating properties

[220].

Implementation of the Mixtures Specific Enthalpy5.4

Models

Specific enthalpies of the mixtures were programmed in Matlab

environment as sub-routines which work alongside several other

functions with similar structures to calculate other properties such

as temperatures, pressures and densities, in a programme to

enable evaluation of the performance of the CO2/lubricant

absorption power generation system.

5.4.1 CO2/POE Mixtures

Two separate sub-routines were developed for the specific

enthalpies of CO2/POE32 and CO2/POE68. Both sub-routines are

based on the Yokozeki-SRK model and have a similar calculation

procedure. Table 5.1 presents the modelling constants for the pure

components used in Yokozeki-SRK to model both mixtures.

Table 5.1: Yokozeki-SRK modelling constants for CO2 and POE lubricant
oils.

Constants used for CO2/POE mixtures in the Yokozeki-SRK EOS model

Compoun
d

Molar mass
[kg/kmol]

Tc [K]
Pc
[kPa]

ߚ ଵߚ ଶߚ ଷߚ

CO2
[176]

44.01 304.13 7377 1.0005 0.43866 -0.10498 0.0625

POE32
[211]

610 864 874 1 0.913 0 0

POE68
[211]

700 746 682 1 1.249 0 0

Figure 5-8 illustrates the specific enthalpy sub-routine for CO2/POE

mixtures. In the ݇ iteration and interpolation step, the programme

first looks for the best ݇ value in a pre-prepared matrix, which

covers a wide range of temperatures, pressures and ݇ values for

the mixtures. In the event of a ݇ value error, or a breach of the

matrix boundaries, the programme will start iterating ݇ from -1 to
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1 with very small steps, until equation (5.12) becomes equal to

zero and achieves the best fit with the empirically calculated

density. In the mixture-specific density calculation step, solving the

polynomial form of SRK will yield three root solutions; the smallest

positive root being the compressibility factor for the liquid mixture

and the largest positive value, if it exists, is the gas compressibility

of the mixture.
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Figure 5-8: CO2/POE mixture-specific enthalpy sub-routine flow chart.

Equation (5.1) for

CO2/POE32, and equation

(5.6) for CO2/POE68.

Equation (5.30)

Confirm that the densities

calculated both empirically and

thermodynamically are equal.

By finding the liquid root of Z in

equation (5.12) and then the

molar volume from (5.13), which

is converted to a specific

density of the liquid mixture.

Equation (5.12)

Iteration and

interpolation for ( ݇)

parameters to be

used in equations

(5.20) and (5.21).

Equation (5.2) for

CO2/POE32, and

equation (5.7) for

CO2/POE68.

Equations (5.11) to (5.28)

for both mixtures.
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5.4.2 CO2/PC Mixture

Conventional SRK modelling constants for CO2/PC are available in

some of the literature. For the current model, the constants

presented in Table 5.2 were taken from reference [247].

Table 5.2: SRK modelling constants for CO2 and PC.

Constants used for the CO2/PC mixture’s SRK EOS model

Compounds
Molar mass
[kg/kmol]

Tc [K] Pc [kPa] ߱

CO2 44.01 304.13 7377 0.239

PC 102.09 625.15 5705 0.707

The specific enthalpy sub-routine for CO2/PC is illustrated in Figure

5-9. In the calculation step for the SRK parameters, the

temperature-dependent part (ߙ) of parameter (a) was calculated by

incorporating the acentric factor (߱) using equations (5.33) and

(5.34). Furthermore, equation (5.32) was used for the mixing rule

for parameter (b), following the conventional SRK model. The ݇

interaction parameter was interpolated from the temperature- ݇

values provided in reference [181] for a temperature range

between 25°C and 100°C. However, the interaction parameter

seems to have very little influence. This could be regarded as

negligible for the CO2/PC results and therefore, could be set at 0.

The rest of the calculation steps are similar to those carried out for

CO2/POE mixtures.
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Figure 5-9: CO2/PC mixture-specific enthalpy sub-routine flow chart.

By finding the liquid root of Z in equation

(5.12) and then the molar volume from

(5.13), this is converted to the specific

density of the liquid mixture.

Equation (5.12)

Equations (5.11) to (5.28), where

equations (5.21), (5.23) and (5.24)

are replaced with (5.32), (5.33) and

(5.34)

Equation (5.10)
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Validation of the Yokozeki-SRK Thermodynamic5.5

Model

In order to validate the adopted EOS thermodynamic model

approach, Yokozeki’s-SRK model for the CO2/POE3 mixture [176]

was used. Constants and interaction parameters proposed by

Yokozeki for modelling the CO2/POE3 (ISO53) solubility data are

shown in Table 5.3, while the experimental solubility data

determined and reported by Hauk [185] are presented in Table 5.4.

The solubility data were correlated by means of polynomial

regression to calculate the CO2 vapour pressure as a function of

temperature and liquid CO2 mass fraction in the mixture. Equation

(5.35) shows the polynomial correlation, while the coefficients are

presented in Table 5.5.

Table 5.3: CO2/POE3 constants and interaction parameters.
(Source:[176])

Constants used for the EOS model

Compound Molar
mass
[kg/kmol]

Tc [K]
Pc
[kPa]

ߚ ଵߚ ଶߚ ଷߚ

CO2 44.01
304.13 7377 1.0005 0.43866

-
0.10498

0.0625

POE 550 800 950 1 1.15142 0 0

Binary interaction parameters for the CO2/POE3 mixture

ଵ݈ଶ ଶ݈ଵ 0߬ଵଶ
1߬ଵଶ

[K]

2߬ଵଶ
[ଵିܭ]

0.039114 0.013294
0.41073 101.56

7.79E-
04

Table 5.4: CO2/POE3 solubility data. (Source: [185])

Temperature
[C]

Pressure
[bar]

CO2 mass
fraction[kg/kg]

Temperature
[C]

Pressure
[bar]

CO2 mass
fraction
[kg/kg]

278.15 12 0.072 298.15 11.6 0.041

278.15 19.2 0.121 298.15 29.2 0.12

278.15 29.2 0.221 298.15 54.4 0.294

278.15 39.8 0.591 298.15 64.4 0.444

278.15 50.8 0.689 298.15 69.6 0.452

278.15 56.4 0.767 298.15 87.8 0.5

278.15 62.6 0.779 298.15 110.4 0.56

298.15 131.8 0.682

Temperature
[C]

Pressure
[bar]

CO2 mass
fraction
[kg/kg]

Temperature
[C]

Pressure
[bar]

CO2 mass
fraction
[kg/kg]

313.15 33.8 0.107 373.15 32.2 0.043
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313.15 50.2 0.169 373.15 53 0.079

313.15 74.8 0.296 373.15 73 0.106

313.15 90 0.379 373.15 96 0.144

313.15 109 0.422 373.15 112.8 0.173

313.15 130.8 0.468 373.15 131 0.199

313.15 152.2 0.516 373.15 152 0.238

݃ܮ ଵ(ܲ) = ଵܽ + ଶܽܶ+ ଷܽ߱ + ସܽܶ
ଶ + ହܽܶ߱ + ܽ߱

ଶ + ܽܶ
ଶ߱ + ଼ܽ ܶ߱ଶ

+ ଽܽ߱
ଷ

(5.35)

Table 5.5: Coefficients for CO2/POE3 solubility correlation.

Coefficient
CO2/POE3 solubility correlation
[185]

a1 -4.011

a2 0.02501

a3 10.52

a4 -2.833E-5

a5 -0.02734

a6 -24.2

a7 3.231E-5

a8 0.04573

a9 8.049

Suitability of fit

SSE 0.0409
ܴଶ 0.9844

RMSE 0.04522

Keys:
Summed square of residuals (SSE)
Coefficient of determination (ܴଶ)
Root mean square error (RMSE)

In the Yokozeki- SRK model, the ݇ and ݂ interaction parameters

are given by:

݇ =
݈݈ (ݔ+ (ݔ

݈ݔ+ ݈ݔ
ℎݓ ݁݁ݎ ݇= 0

(5.36)

݂(ܶ) =
0߬+ 1߬

ܶ+ 2߬ܶ
ℎݓ ݁݁ݎ ݂ = ݂ ܽ݊ ݀ ݂= 1

(5.37)

However, the absence of ߬ interaction parameters in the cases of

CO2/POE32 and CO2/POE68 mixtures was compensated by tuning

only the ݇ parameter to find the best density fit, where the ݂

parameter value was taken as unity. This was because it was found

that the ݂value for CO2/lubricant mixtures is always very close to

unity; in other words, it involved treating Yokozeki-SRK EOS as a

conventional SRK model, with one interaction parameter ݇. This

approach was validated using the case of a CO2/POE3 mixture. As
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an example for demonstration, Figure 5-10 shows a comparison of

calculated densities at 40 bar and variable temperatures. The black

line represents the densities calculated using all interaction

parameters for CO2/POE3, while the red line represents the

densities calculated by tuning only the ݇ parameter. Both results

show that they are in close agreement. Figure 5-11 shows the very

small relative percentage of error between each model approach.

Figure 5-10: Comparison of calculated densities for CO2/POE3 using
different Yokozeki-SRK EOS approaches at 40 bar and variable

temperatures.

Figure 5-11: The relative error of densities calculated using different
Yokozeki-SRK EOS approaches.
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Figure 5-12 shows specific enthalpies calculated using both

approaches with very small relative error being plotted in Figure

5-13.

Figure 5-12: Comparison of specific enthalpies using different Yokozeki-
SRK EOS approaches calculated at 40 bar and variable temperatures.

Figure 5-13: The relative error of specific enthalpies calculated using
using different Yokozeki-SRK EOS approaches.

This approach revealed very high accuracy for both CO2/POE32 and

CO2/POE68 mixtures. Figure 5-14 shows the 40 bar and variable

temperature demonstration example, where a comparison between

the CO2/POE32 densities was calculated using an empirical

correlation provided by Seeton and Hrnjak [183], indicated in black,

and the densities calculated using Yokozeki-SRK with one
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interaction parameter, indicated in red. Figure 5-15 illustrates the

very small relative error percentage between both methods of

density calculation.

Figure 5-14: Comparison of densities calculated using SRK EOS and Seeton
and Hrnjak’s empirical correlation.

Figure 5-15: The relative error between calculated densities of
CO2/POE32 using SRK EOS and Seeton and Hrnjak’s empirical correlation

at 40 bar and variable temperatures.

For CO2/POE68, Figure 5-16 shows the densities calculated using

the empirical correlation developed, indicated in black, and the

densities calculated using the Yokozeki-SRK model, indicated in red.

Figure 5-17 shows the negligible relative error observed between

densities calculated using both methods.
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Figure 5-16: Comparison of densities calculated using SRK EOS and the
empirical correlation developed.

Figure 5-17: The relative error between densities of CO2/POE68
calculated using SRK EOS and the empirical correlation developed at 40

bar and variable temperatures.

Conclusions5.6

This chapter provided an overview of the current state, and

techniques of CO2/lubricant thermodynamic modelling. The chapter

also identified the EOS thermodynamic model parameters for both

POE32, and POE68 lubricants. Consequently, this allowed the

selection of the most suitable modelling approach to be carried out

in order to determine the CO2/lubricant thermodynamic properties.

The model approach selected is based on both empirical

correlations and EOS thermodynamic model using Yokozeki’s
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version of SRK EOS. The model equations alongside the model

parameters were presented, and the model implementation was

explained. A similar approach was also carried out for the CO2/PC

mixture; however using the conventional SRK model since the

available knowledge of both mixture components properties.

Upon determination of the essential thermodynamic properties of

the proposed mixtures such as density, viscosity, and specific

enthalpy as function of CO2 mass fraction in the mixture at given

temperature and pressure, the CO2/lubricant absorption power

generation system performance can be evaluated successfully.
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Chapter 6 : Theoretical Analysis of Small-
Scale Power Generation Systems for Low-
Grade Waste Heat Recovery

Introduction6.1

This chapter presents theoretical investigations of performance and

parametric characterisation of four regenerative 5 kW power

generation systems for low-grade waste heat recovery from

industrial processes. The investigated systems technologies are

specifically those reviewed Chapter 2, namely the CO2/lubricant

absorption power generation system, the CO2 SRC power

generation system, and the ORC power generation system

employing the new environment friendly refrigerants. In addition,

the flood expansion concept using a two-phase working fluid

mixture consists of CO2 gas, and CO2/POE32 liquid, was

investigated as a substitute for the absorption power generation

system upon the poor performance predicted utilising the latter

technology.

Iteration-based computer simulations of the investigated power

generation systems were introduced in order to describe the

performance of each component of each system under different

working conditions. These computer programmes were written in a

Matlab environment and aided with REFPROP 9.0 software for the

refrigerants properties.

General Thermodynamic Models Assumptions and6.2

Inputs

In general, all introduced thermodynamic models in this chapter

have similar general thermodynamic model assumptions,

performance evaluation parameters, inputs, and outputs, unless

where indicated otherwise. The general assumptions made for

implementing investigated systems models and simulations are as

follows:
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 The system operates under steady state conditions.

 Compression in the solution pump and expansion in the

turbine are assumed to be adiabatic processes, with 90%

and 80% isentropic efficiency, respectively.

 Pressure drop and heat loss along the piping system are

neglected.

 Changes in the kinetic and potential energy of all streams

are neglected.

 All heat exchangers are simulated as counter flow heat

exchangers, with a constant effectiveness of 80%.

The thermodynamic models introduced for all systems require

specifications of the expansion device power output in kW, and

temperatures in kelvin. For the pressures, the models require the

input in bar for outlet of either the heat rejection heat exchanger

(i.e. the absorber, the CO2 cooler, and the evaporator), or the heat

addition heat exchanger (i.e. the generator, the CO2 heater, and

the evaporator). The programs then iterate the pressure of the

unspecified heat exchanger, in order to determine the optimum

operating pressure, where the system’s thermal efficiency is

highest. Likewise, any of the working parameters could be held

constant and a selected parameter may be iterated, in order to

determine optimum operating conditions and to investigate the

influence of different parameters on cycle performance. However,

the subsequent solving of the governing equations of each system

will enable the system’s theoretical performance to be predicted at

a single steady state operating point.

Thermodynamic Models Evaluation Parameters6.3

The presented systems were evaluated using the first

thermodynamic law thermal efficiency which is the ratio of the net

thermal power output from the cycle to the amount of heat input

into the generator calculated as
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The net thermal power output is also a crucial parameter to be

considered when evaluating system performance and therefore it

was also considered as a system evaluation parameter.

CO2/lubricant absorption power generation6.4

system

The CO2/lubricant absorption power generation system simulation

programme was created comprising specially programed sub-

routines for the thermodynamic properties of the CO2/lubricants

mixtures. The program flow chart is included in Appendix C.1.

6.4.1 Cycle Description

Figure 6-1 shows a schematic of the system. The concentrated

solution mixture reaches a saturated state in the absorber before it

exits at point 3. Then, it flows to the pump, where it is pumped to

higher pressure at point 4. Next, the liquid mixture is preheated in

the recuperator heat exchanger and exits at point 5, before the

concentrated solution flows to the generator, where it is further

heated by a flow of flue gas resulting from an industrial process.

While in the generator, the CO2 desorbs from the solution mixture

and a high pressure CO2 vapour is generated. At the CO2 generator

outlet, the stream splits into two in the separator, allowing only

CO2 vapour through the turbine at point 1. The diluted solution

under high pressure from which the CO2 vapour has desorbed

enters the recuperator heat exchanger at point 6, to lose its heat to

the counter flow stream and exit at point 7, where it is substantially

cooled. It will then be throttled to the absorber pressure, at point 8,

before entering the absorber. Back to the split stream at the

separator, the high pressure pure CO2 vapour stream flows to the

expander inlet at point 1, where it expands to lower pressure at

point 2, yielding work output from the system. The low pressure

ௌ௬௦௧ߟ =
൫ܹ ா௫ − ܹ ௨ ൯

ܳ̇ீ
(6.1)
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CO2 vapour at point 2 enters the absorber, where it joins the

downstream from point 8. In the absorber, heat from the system is

removed by the heat sink, which is usually water. As the heat is

being removed from the system, the solution cools down within the

absorber and CO2 absorption into the absorbent takes place. This is

mainly because absorption is an exothermic process and therefore,

cooling enhances the absorption process [248]. After the absorption

process is completed, the saturated mixture solution exits the

absorber at point 3 and the cycle is complete.

Figure 6-1: Schematic of the CO2/lubricant absorption power generation
system.

6.4.2 Thermodynamic Model Assumptions

Beside the general assumptions:

 The throttling valve is assumed to be isentropic.

 Refrigerant vapour from the separator is pure CO2, while the

weak solution is a saturated liquid. The temperature of each

stream is equal to the generator’s outlet temperature.

 The solutions at the generator and absorber outlets are

always under equilibrium conditions.

6.4.3 Circulation Ratio and Mass Flow Rates

Circulation ratio is a key factor that characterises the system

performance where it determines the pumping requirements and
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size of the system components [249]. The circulation ratio is

defined as the ratio of the weak solution mass flow rate to the mass

flow rate of the refrigerant [130]. Equation (6.2) shows the

circulation ratio, which can also be described in mass fractions of

absorbent at the absorber and generator outlets.

=ݎ
݉̇ ௦

݉̇ 
=

ܺீ
ܺீ − ܺ

(6.2)

With respect to the circulation ratio, the mass flow rates at each

state point on the schematic diagram of the system shown in Figure

6-1 become:

rmmm   21
(6.3)

smmmm   543
(6.4)

rs mmmmm   876
(6.5)

6.4.4 Heat and Mass Balance of System Components

The CO2/lubricant absorption power generation system consists of

relatively simple components, which can be treated as control

volumes with inlet and outlet fluid, heat transfer and work

exchange. The basic model for each component consists of a mass

balance equation and an energy balance equation, respectively, as

discussed in this section.

6.4.4.1 Heat Exchangers

Heat Exchanger Effectiveness6.4.4.1.1

Heat exchangers play very important roles in thermal cycles, where

they are designed to transfer heat between two streams of

differential temperature gradients, for the purpose of either heat

addition or heat rejection. At this stage, it is necessary to define

heat exchanger effectiveness (ε), which is the ratio of the actual 
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heat transfer rate (ܳ̇) to the maximum thermodynamically possible

heat transfer rate (ܳ̇ ௫), as shown in equation (6.6) [250].

=ߝ
ܳ̇

ܳ̇ ௫

(6.6)

In a simple counter flow heat exchanger, as shown in Figure 6-2,

the actual heat transfer can be determined from either cold or hot

streams as:

ܳ̇ = ݉̇  )ܿ ܶ− ܶ) = ݉̇  )ܿ ܶ − ܶ) (6.7)

Figure 6-2: Simple counter flow heat exchanger.

The fluid with the minimum mass flow rate-specific heat product will

exhibit the maximum possible temperature difference between the

hot and the cold stream, and the maximum attainable heat transfer

rate becomes [251]:

ܳ̇ ௫ = (݉̇ (ܿ ( ܶ− ܶ) (6.8)

Therefore, the effectiveness is rewritten for the hot and cold

streams, respectively as:

=ߝ
݉̇  )ܿ ܶ− ܶ)

(݉̇ (ܿ ( ܶ− ܶ)
=

݉̇  )ܿ ܶ − ܶ)

(݉̇ (ܿ ( ܶ− ܶ)

(6.9)

Or simply as:

=ߝ
ܶ− ܶ

ܶ− ܶ
݂݅ ݉̇  ܿ = (݉̇ (ܿ 

(6.10)

=ߝ
ܶ − ܶ

ܶ− ܶ
݂݅ ݉̇  ܿ = (݉̇ (ܿ 

(6.11)
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The Absorber6.4.4.1.2

Corresponding to the state points on the schematic diagram of the

system in Figure 6-1, the mass balance in the absorber is:

݉̇ ଷ = ݉̇ ଶ + ݉̇ ଼ (6.12)

With the energy balance as:

ܳ̇ = ݉̇ ଶℎଶ + ݉̇ ଼ℎ଼− ݉̇ ଷℎଷ

Also rewritten by incorperating (r) as:

(6.13)

ܳ̇ = ݉̇ (ℎଶ + −ݎ) 1)ℎ଼− (ℎଷݎ (6.14)

The Generator6.4.4.1.3

The mass balance in the generator is:

݉̇ ହ = ݉̇ ଵ + ݉̇  (6.15)

And the energy balance becomes:

ܳ̇ீ = ݉̇ ଵℎଵ + ݉̇ ℎ− ݉̇ ହℎହ

Also rewritten by incorperating (r) as:

(6.16)

ܳ̇ீ = ݉̇ (ℎଵ− ℎହݎ + −ݎ) 1)ℎ) (6.17)

The Recuperator Heat Exchanger6.4.4.1.4

Generally, the purpose of the recuperator heat exchanger is to

recover heat within the system, in order to minimise heat input

from the heat source. However, in an absorption system, the

recuperator assists the absorption and desorption processes taking

place in the absorber and generator, respectively, by cooling the

downstream mixture to a temperature where absorption can take

place and simultaneously heating the upstream to a temperature

where desorption can occur. The mass balance in the recuperator

is:

݉̇  = ݉̇  = ݉̇ ହ− ݉̇ ଵ and ݉̇ ହ = ݉̇ ସ = ݉̇ ଷ (6.18)

And the energy balance becomes:

ܳ̇ு௫ = ݉̇ ହℎହ− ݉̇ ସℎସ = ݉̇ ℎ− ݉̇ ℎ

Also rewritten by incorperating (r) as:

(6.19)
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ܳ̇ு௫ = ̇݉ݎ (ℎହ− (ℎସݎ = ݉̇ (ݎ− 1)(ℎ− ℎ) (6.20)

With the recuperator effectiveness being:

ு௫ߝ =
ℎ− ℎ
ℎ− ℎସ

=
ℎହ− ℎସ
ℎ− ℎସ

(6.21)

6.4.4.2 Expander

The expander is designed to produce work at the expense of

reducing the pressure and enthalpy of the CO2 vapour. The

isentropic efficiency of the expander is the ratio of work performed

in the actual process, to the work to be done if the expansion

process is reversible and adiabatic [252]. The isentropic efficiency

of the expander is:

ா௫ߟ =
ℎଵ− ℎଶ
ℎଵ− ℎଶ௦

(6.22)

Where ℎଶ௦ is the CO2 enthalpy at the expander’s exit after an

isentropic expansion. The power produced by the expander is then:

ܹ ா௫ = ݉̇ ଵ(ℎଵ− ℎଶ) = ݉̇ ଵߟா௫(ℎଵ− ℎଶ௦) (6.23)

And

݉̇ ଵ = ݉̇ ଶ (6.24)

6.4.4.3 Solution Pump

The pump is designed to move incompressible fluids by increasing

the pressure and enthalpy through the provision of work input.

Similar to the expander, the performance of the pump is governed

by isentropic efficiency, where it is the ratio of the reversible

adiabatic work performed, to the actual work carried out in the

process [252]. The isentropic efficiency of the pump is:

௨ߟ  =
ℎସ௦− ℎଷ
ℎସ− ℎଷ

(6.25)

Where ℎସ௦ is the solution mixture enthalpy at the pump exit,

following isentropic compression. The power consumed by the pump

is then:
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ܹ ௨  = ݉̇ ଷ(ℎସ− ℎଷ) =
݉̇ ଷ(ℎସ௦− ℎଷ)

௨ߟ 
(6.26)

However, assuming that the liquid solution is incompressible, the

energy balance shall be rewritten as:

ܹ ௨  =
݉̇ ଷ ଷܸ( ସܲ− ଷܲ)

௨ߟ 
(6.27)

Where ଷܸ is the specific volume of the solution mixture at the pump

inlet at state point 3, and pressures are in kilopascals. The mass

balance across the pump is:

݉̇ ଷ = ݉̇ ସ (6.28)

6.4.4.4 Throttle Valve

The purpose of a throttle valve is to reduce the fluid flow pressure

from the high pressure in the generator, to the lower pressure in

the absorber, without any work or heat interaction. Therefore, the

mass balance is given as:

݉̇  = ݉̇ ଼ (6.29)

And the energy balance, as:

ℎ = ℎ଼ (6.30)

6.4.5 Simulation Results and Analysis

In order to investigate the effect of different parameters on the

performance of the CO2/lubricant absorption power generation

system, a parametric study of the cycle is necessary. The main

input parameters involved in such a thermodynamic analysis are

the absorber and generator temperatures and pressures. However,

in such a system, the absorber is the most complex, yet critical

component influencing the system performance. In the absorber,

the absorbent absorbs the refrigerant and allows it to be

reproduced again in the generator, thus maintaining a continuous

flow throughout the cycle. Therefore, the absorber requires

continuous cooling to achieve equilibrium at the required

temperature and pressure. If the absorber is not cooled, the

solution will reach equilibrium very quickly at a high absorbent
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mass fraction. Consequently, low refrigerant flow rates circulate

around the system, resulting in lower system efficiency [251]. This

indicates the very strong dependency of system performance on the

absorber’s operating temperature and pressure and consequently,

the amount CO2 absorbed.

For these reasons, three simulation cases were carried out, with

assumed working condition inputs corresponding to the expected

practical working conditions, in order to investigate the effect of

different system parameters as a function of the absorber pressure

and to determine the optimum operating pressure for the absorber

that gives the maximum overall thermal efficiency. It is very

important to underline that the CO2/PC system simulation is limited

to the first two cases because of the relatively low flash point of PC

at 116°C [182], the limited solubility data for a maximum pressure

of 70 bar, and maximum temperature of 100°C. As for CO2/POE

mixtures, data on solubility and properties are limited to 120°C;

therefore, the effect of generator temperature will not be

investigated for temperatures higher than 120°C. Moreover, the

CO2 at the turbine inlet in the first two simulation cases is in a sub-

critical state, whereas it is in a super-critical state in the last

simulation case.

6.4.5.1 The Effect of Absorber Pressure: Simulation

Case 1 (Base Case)

Table 6.1 shows the base case simulation inputs. In this simulation,

the CO2 at the turbine inlet is a super-heated gas in the sub-critical

region.

Table 6.1: CO2/lubricant absorption power generation system-Base case
simulation inputs.

Simulation TG [K] PG [bar] TA [K]

CO2/POE’s CO2/PC CO2/POE’s CO2/PC

Case 1 (Base
Case)

393.15 373.15 70 70 30
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Table 6.2 presents the first case simulation results and the optimum

absorber operating pressure for each mixture pair. However, the

results show that the maximum attainable thermal efficiency of the

system using the three pairs is very low, with CO2/PC operating at

100°C generator temperature and achieving a maximum thermal

efficiency of 1.13% at an absorber pressure of 55 bar, closely

followed by CO2/POE68 achieving 1.12% at a slightly higher

absorber operating pressure of 58 bar. Finally, CO2/POE32 achieved

the lowest thermal efficiency of 0.68% at an absorber pressure of

58 bar - the same optimum operating pressure observed for

CO2/POE68. Meanwhile, although CO2/PC achieved maximum

thermal efficiency, the net thermal power output of 2 kW was found

to be lower than the 2.23 kW produced using CO2/POE68.

Ultimately, CO2/POE32 achieved the lowest net thermal power

output of 1.57 kW.

Table 6.2: CO2/lubricant absorption power generation system-Base case
simulation results.

Parameter name CO2/PC CO2/POE32 CO2/POE68

Optimum absorber pressure [bar] 55 58 58

Generator power [kW] 177.82 232.88 198.28

Absorber power [kW] 175.82 231.30 196.05

Middle heat exchanger power [kW] 187.91 264.32 177.86

Solution pump power [kW] 2.99 3.43 2.77

Working fluid circulation ratio [-] 4.41 4.74 3.79

System thermal efficiency [%] 1.13 0.68 1.12

Net thermal power output [kW] 2.00 1.57 2.23

Absorbent mass fraction at the
absorber outlet (weak solution)
[kg/kg]

0.66 0.71 0.64

Absorbent mass fraction at the
generator outlet (strong solution)
[kg/kg]

0.86 0.90 0.87

Pure CO2 refrigerant mass flow rate
[kg/s]

0.46 0.53 0.53

Weak solution mass flow rate (at
point 3) [kg/s]

2.01 2.51 2.00

Strong solution (at point 8) mass
flow rate [kg/s]

1.55 1.98 1.47

Figure 6-3 (a) shows the effect of absorber pressure on the overall

thermal efficiency of the system when operating at 30°C. As shown,

for all mixture pairs, the thermal efficiency will first increase to
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maximum and then decrease as the absorber pressure increases.

Figure 6-3 (b) shows that the system’s net thermal power output

increases as the absorber pressure increases and the circulation

ratio decreases. Figure 6-3 (c) demonstrates that the mass flow

rate circulation ratio moves in the opposite direction, where it starts

at maximum and then decreases as the absorber pressure

increases. This behaviour is explained by equation (6.2), where the

circulation ratio is related to absorbent mass fractions at the

absorber and generator outlets. As the absorber pressure increases,

the absorbent mass fraction at the absorber’s outlet decreases.

Therefore, the difference between Xg and Xa increases, causing the

circulation value to drop. However, the high value of the circulation

ratio indicates high pumping power requirements and therefore,

smaller net thermal power output from the system and lower

overall thermal efficiency [208]. In addition, the difference in

overall performance between both CO2/POE32 and CO2/POE68,

operating under the same conditions, is related to POE68 oil

solubility which suggests that POE68 tends to absorb more CO2

than POE32 under the similar conditions, as shown in Figure 6-3

(d). However, this behaviour has been shown to be untrue as the

experimental tests from Chapter 4 confirmed. The PC, however,

tends to absorb more CO2 than either POEs at lower pressures,

resulting in better performance at lower pressure. This behaviour

changes after 58 bar, where POE68 absorbs more CO2 than PC, and

achieves the best performance up to 65 bar.
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Figure 6-3: The effect of the absorber’s operating pressure on the
absorption power generation system’s performance at 30°C.

6.4.5.2 The Effect of Absorber Temperature: Simulation

Case 2

In this simulation case, the absorber temperature was reduced by

20°C in order to investigate the effect of absorber temperature on

system performance and optimum absorber pressure. Table 6.3

shows the simulation inputs.

Table 6.3: CO2/lubricant absorption power generation system-Case 2
simulation inputs.

Simulation TG [K] PG [bar] TA [K]

CO2/POE’s CO2/PC CO2/POE’s CO2/PC

Case 2 393.15 373.15 70 70 10

The results listed in Table 6.4 show the significant effect of the

absorber’s operating temperature on the absorption power system’s
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performance, when compared to base case simulation results. The

results show that a reduction in the absorber’s operating

temperature will reduce the absorber’s optimum operating

pressure, and increase the overall thermal efficiency and net

thermal power output from the system, as can be seen in the three

pairs. Maximum overall thermal efficiency was achieved by

CO2/POE68. However, unlike the base case simulation results, in

this simulation case, CO/POE32 achieved the second highest

efficiency and finally, CO2/PC. A similar order of net thermal power

output was also observed, where CO2/POE68 produced the

maximum power output, closely followed by the CO2/POE32

mixture and finally, CO2/PC. Furthermore, in comparison to the

base case results, it can be seen that all the energy requirements

for all the heat exchangers were significantly reduced by lowering

the absorber’s working temperature by 20°C.

Table 6.4: CO2/lubricant absorption power generation system-Case 2
simulation results.

Parameter name CO2/PC CO2/POE32 CO2/POE68

Optimum absorber pressure [bar] 43 43 41

Generator power [kW] 110.65 84.24 69.38

Absorber power [kW] 107.88 81.17 65.74

Middle heat exchanger power [kW] 79.60 74.76 35.35

Solution pump power [kW] 2.22 1.93 1.36

Working fluid circulation ratio [-] 3.64 3.09 2.25

System thermal efficiency [%] 2.51 3.64 5.24

Net thermal power output [kW] 2.78 3.07 3.64

Absorbent mass fraction at the
absorber outlet (weak solution)
[kg/kg]

0.62 0.61 0.49

Absorbent mass fraction at the
generator outlet (strong solution)
[kg/kg]

0.86 0.90 0.87

Pure CO2 refrigerant mass flow rate
[kg/s]

0.23 0.21 0.19

Weak solution mass flow rate (at
point 3) [kg/s]

0.84 0.65 0.43

Strong solution (at point 8) mass
flow rate [kg/s]

0.61 0.44 0.24

Figure 6-4 shows the effect of reduction of absorber temperature

when operating at 10°C. As shown in Figure 6-4 (a), the system’s

overall thermal efficiency for all mixture pairs increases gradually
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alongside a rise in absorber pressure, up to the point where the

maximum CO2 mass is absorbed in the absorbents shown in Figure

6-4 (d). Figure 6-4 (a) also shows an improvement in thermal

efficiency when the absorber temperature is reduced. Figure 6-4 (b)

demonstrates further enhanced net thermal power output, brought

about by the system through the reduction of absorber

temperature. It also shows that a CO2/PC mixture pair can produce

a higher net thermal power output than is the case with CO2/POE32

up to 38 bar. This behaviour changes after that point, where

CO2/POE32 starts to produce higher net thermal power output,

related to the generally lower working fluid circulation ratio of

CO2/POE32 as shown in Figure 6-4 (c) and therefore, lower

pumping power requirements.

Figure 6-4: The effect of absorber temperature on the absorption power
generation system’s performance at 10°C.
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6.4.5.3 The Effect of Generator Pressure: Simulation

Case 3

In this investigation, the absorber temperature was kept at 30°C,

due to its practical feasibility, while the absorber pressure was

varied. The generator temperature was kept at 120°C and

generator pressure was increased to 100 bar. It is important to

mention that the CO2 at the turbine inlet is in a super-critical state.

Table 6.5 shows the simulation’s input parameters.

Table 6.5: CO2/lubricant absorption power generation system-Case 3
simulation inputs.

Simulation TG [K] PG [bar] TA [K]

CO2/POE’s CO2/POE’s

Case 3 393.15 100 30

Table 5.10 lists the simulation results alongside the optimum

absorber pressure. The results show that the system’s thermal

efficiency and net thermal power output have a direct dependency

on the generator’s operating pressure. It can be seen that this is

not as influential as the reduction of the absorber’s working

temperature. However, an increase in generator pressure will also

cause the absorbers optimum operating pressure to increase.

However, both CO2/POE mixture pairs displayed generally low

overall thermal efficiency and net thermal power output, with

CO2/POE68 achieving the greater efficiency and higher net thermal

power output. The results also show that the energy requirements

for the heat exchangers decreased as the generator pressure

increased compared to the base case results.

Table 6.6: CO2/lubricant absorption power generation system-Case 3
simulation results.

Parameter name CO2/POE32 CO2/POE68

Optimum absorber pressure [bar] 70 70

Generator power [kW] 109.02 94.31

Absorber power [kW] 107.47 91.59

Middle heat exchanger power [kW] 90.75 48.05

Solution pump power [kW] 3.45 2.28
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Working fluid circulation ratio [-] 3.28 2.33

System thermal efficiency [%] 1.42 2.88

Net thermal power output [kW] 1.55 2.72

Absorbent mass fraction at the
absorber outlet (weak solution)
[kg/kg]

0.60 0.47

Absorbent mass fraction at the
generator outlet (strong solution)
[kg/kg]

0.87 0.82

Pure CO2 refrigerant mass flow rate
[kg/s]

0.31 0.31

Weak solution mass flow rate (at point
3) [kg/s]

1.00 0.71

Strong solution (at point 8) mass flow
rate [kg/s]

0.70 0.41

Figure 6-5 shows the overall performance of the system at variable

absorber pressure. As can be seen, CO2/POE68 still demonstrated

the best overall performance, where it achieved higher overall

thermal efficiency and net thermal power output, and had the

lowest working fluid circulation ratio. However this improvement of

CO2/POE68 over CO2/POE32 is directly related to the CO2/POE68

solubility data uncertainty, therefore the POE68 performance in

reality is very close if not poorer than POE32’s.



Chapter 6: Theoretical Analysis of Small-Scale Power Generation Systems
for Low-Grade Waste Heat Recovery

173

Figure 6-5: The effect of the generator’s operating pressure on the
absorption power generation system’s overall performance, at an
absorber temperature of 30°C and generator pressure of 100 bar.

6.4.6 CO2/Lubricant Absorption Power Generation

Theoretical Analysis Conclusions

Three different simulation cases were implemented to compare and

investigate the effect of different working parameters on the overall

performance of the absorption power cycle, employing three

different CO2/absorbent mixture pairs.

The simulation results reveal that all three CO2/absorbent mixture

pairs included in the study have very low thermal efficiencies and

net thermal power outputs, and require a very large heat exchanger

size, compared to other equivalent thermal power technologies,
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such as ORC and SRC. The results also show that such a system

requires high operating pressures for both the absorber and the

generator, with lower temperatures for the absorber. Amongst the

three CO2/absorbent pairs investigated, CO2/POE68 is shown to

have the best overall performance, followed by CO2/POE32 and

then finally, CO2/PC.

Moreover, the analysis shows that the thermal efficiency of the

system using all three mixture pairs increases significantly as the

absorber temperature decreases. Furthermore, the decrease in the

absorber working temperature will also cause its optimum working

pressure to be reduced. However, considering the absorber cooling

conditions, it is difficult in practical terms to achieve absorber

temperatures lower than 30°C. The analysis also shows that the

system performance increased as the generator pressure increased,

but this increase was not as adequate as when the absorber

temperature was reduced. In addition, increased generator pressure

caused the optimum absorber pressure to increase. Finally, even

though the higher generator pressure improved system

performance, it is undesirable due to safety issues and difficulties in

system construction and component customisation. However, for a

practical CO2/lubricant absorption power generation system, even

lower thermal efficiencies and net thermal power outputs are

expected than those seen in the theoretical evaluation, mainly due

to the lower isentropic efficiency of commercially available

expansion devices as will be discussed in Chapter 9. To conclude, all

the drawbacks discussed make further investigation into the

CO2/lubricant absorption power generation system unfeasible and

revive the research on new mixture pairs.

However, a new power generation technology for low-grade heat

sources has been under investigation recently. The technology is

referred to as (flood expansion), which aims to achieve quasi-static

expansion by employing a refrigerant/lubricant working fluid that

expands through an expander of positive displacement type.
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Consequently, near isothermal expansion is achieved and therefore

improved system performance. For the sake of investigating the

system’s potential as a substitute to the CO2/lubricant absorption

power generation system, a theoretical model of a flood expansion

power generation system that employs a CO2/POE32 mixture as a

working fluid, was introduced for comparison with the base case

results of the CO2/POE32 absorption power system, as well as a

CO2 SRC power generation system working under the same

operating conditions.

CO2/POE32 Flood Expansion Power Generation6.5

System

6.5.1 Principle of Operation and System Requirements

In principle, the purpose of flood expansion is to maximise a

system’s thermal efficiency and power output by achieving quasi-

static or near isothermal expansion [253]. This can be brought

about by exploiting the higher heat capacity of a secondary fluid

that is expanded at the same time as the refrigerant via the

expansion device, thus avoiding the temperature drop which

normally occurs in the case of pure refrigerant [254]. The reviewed

literature indicates the suitability of POE lubricant oils for use in

direct expansion applications [59], but POEs do not seem to be the

oils which are most favoured for working with CO2 in such a

system. In contrast to the absorption power generation system,

where the high solubility of CO2 is the key factor in the selection of

absorbent fluid, the flood expansion system essentially requires a

secondary fluid which is completely immiscible, or just partially

miscible with the refrigerant, while also being incompressible and

non-chemically reactive with it [255] and where it can achieve good

lubrication in the expansion device [256]. These requirements

would point to the immiscible lubricants oil types. In fact, these

immiscible oils are frequently encountered in both flood expansion

and flood compression-related research. For example, the AB oil
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type was used in experimental work by Bell et al. [257] and the

theoretical research cited in references [254, 255, 258], while PAG

lubricant was also seen in reference [256].

In practice, besides the working fluid requirements, the flood

expansion system requires a complete separation between the

refrigerant and lubricant oil after the expansion process in order to

insure that no oil is carried over in the refrigerant loop. Therefore, a

separate loop is essential for the lubricant oil, only meeting the

refrigerant loop in the expander section so as to achieve quasi-

isothermal expansion [257]. Moreover, the nature of the two-phase

expansion, limits the options to selecting expanders to only those of

positive displacement type, specifically scroll or screw expanders

[255].

6.5.2 Flood Expansion Overview

Woodland et al. [254] investigated and proposed flood expansion as

a simple, low-cost enhancement to ORC systems. Several

refrigerants, beside CO2 were investigated in mixtures with AB

lubricant oil and with water. The authors compared the exergy

efficiencies of regenerative ORC employing pure refrigerants to the

mixture pairs. The results showed an improvement in exergy

efficiency of 2% to 4.5% over a heat source temperature, which

varied from 110°C to 310°C in the case of the CO2/AB lubricant,

while the improvement was around 6% in the case of CO2/water. In

a further theoretical investigation, Woodland et al. [255] compared

the performance of CO2/water in a flood expansion system to that

of CO2/acetone absorption power system. The study concluded that

flood expansion will always improve system performance, unlike the

CO2/acetone absorption system which showed very little

improvement. However, the authors indicate that water is not the

absorbent which should be used in a flood expansion system

because it will expand into low quality vapour. Figure 6-6 shows a

reiteration of the systems investigated in references [254, 255].
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Figure 6-6: Schematics of a) Flood expansion system reproduced from
reference [254], and b) CO2/acetone absorption power generation system

reproduced from reference [255].

Bell et al. [257, 259] developed a scroll expander model for

refrigerant/oil mixtures, to be used in flood expansion applications.

The model was validated by experimental work on a Sanden [260]

automotive scroll compressor converted into an expander. The

highest isentropic efficiency reported was 65% and the lowest,

35%. The study concluded that flood expansion through this scroll

expander would relatively decrease the performance of the

expander. Moreover, operating at a lower expander speed would

significantly affect its performance, mainly due to leakage, the

expander eventually behaving like a throttle valve. In their

experimental study on a flood expansion ORC using a hermetic

refrigeration scroll expander and employing R245fa/oil, Lemort,

Declaye and Quoilin [261] confirmed the effect of increased oil

mass fraction in reducing the expander isentropic efficiency. Finally,

the authors reported a maximum of 71% electrical isentropic

effectiveness at an optimum oil mass fraction of 3.2%.

In a theoretical study on CO2 flood compression refrigeration, Bell

et al. [262] investigated the impact of oil solubility on system

performance. The results indicate a negative effect of solubility on



Chapter 6: Theoretical Analysis of Small-Scale Power Generation Systems
for Low-Grade Waste Heat Recovery

178

system performance, where the COP decreases as the solubility

increases. In addition, there is an optimal amount of lubricant oil

which depends on the solubility mass fraction under the operating

conditions.

In a series of theoretical and experimental studies on two-phase

expansion in general, extensive effort was made by the Smith et al.

group [263-266] to develop, model and construct twin screw

expanders to accommodate the two-phase expansion. The authors

indicated the negative effect of the high percentage of lubricant oil

on the screw expander’s performance [266]. This observation was

found to be in agreement with those reported for both the

experimentally examined scroll expanders in [257, 261].

Even though flood expansion in principle requires immiscible oil in a

separate loop, the potential for a simple regenerative system will be

investigated, employing a two-phase mixture of CO2 gas and

CO2/POE32 liquid mixture in a single loop, with a defined maximum

CO2/POE32 liquid mixture mass flow ratio, based on the flood

expansion concept. In an ideal world, such a system would deliver

lower performance in comparison with a CO2 system, if CO2 turbine

technology was well established. On the other hand, in a flood

expansion system, presuming that both scroll or screw expander

technologies are able to handle CO2, and the optimum CO2/POE32

mass flow ratio has been defined, the low isentropic efficiency of

the CO2 turbine may be compensated by a positive displacement

expander. In comparison with the CO2/POE32 absorption power

generation cycle, this system would be expected to demonstrate

better performance, as Woodland et al.’s [255] study indicates.

6.5.3 Thermodynamic Model of a CO2/POE32 Flood

Expansion System

Similar to the absorption power generation system, the simulation

program for the flood expansion power generation system uses the
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sub-routines developed for the properties of liquid mixtures.

Besides these, new sub-routines were introduced to simulate

hypothetical system components, as will be discussed. The program

relevant flow chart is included in Appendix C.2.

6.5.3.1 Cycle Description

A schematic of the system is shown in Figure 6-7. The two-phase

working fluid consists of CO2, which could be a super-heated gas,

or a super-critical fluid, depending on the operating temperature

and pressure, in addition to a CO2/POE32 liquid mixture, which is in

equilibrium and acts as the high heat capacity medium for achieving

near-isothermal expansion. It is essential to emphasize here that

the CO2 phase of the working fluid mixture does not evaporate or

condensate in either an evaporator or condenser, respectively, but

is only cooled in the working fluid absorber/cooler to remove energy

from the system and heated in the generator/heater to gain energy.

Figure 6-7: Schematic of the CO2/lubricant flood expansion system.

However, as the system is operating, the working fluid mixture at

the known CO2/POE32 mass flow rate from the generator/heater

outlet at point 1 is directed to the expander, where it expands to a

lower pressure at point 2 by flooding the expander and producing

the system’s work output. At the exit of the expander and due to
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the sudden drop in pressure, a small fraction of CO2 of the

CO2/POE32 mixture will desorb, thus enhancing expansion

performance. Following expansion, the working fluid mixture enters

the recuperator heat exchanger, where it loses some of its energy

to the upcoming counter stream and therefore a small fraction of

the CO2 gas is absorbed into the coexisting liquid CO2/POE32

mixture phase before it exits at point 3 and enters the mixture

absorber/cooler. In the absorber/cooler, the CO2 phase of the

mixture, which is normally in its gas phase, but which could also be

in its liquid phase, depending on the operating conditions, as well as

the liquid CO2/POE32 mixture, is further cooled. Consequently,

absorption takes place, as per what has been explained for the

absorber in the CO2/lubricant absorption power generation system.

The working fluid mixture then exits the absorber/cooler at point 4,

where it is in equilibrium and could take the form of either a fully

absorbed solution as in the CO2/lubricant absorption power

generation system, or a partially absorbed two-phase mixture,

depending on the mass flow rate ratios of the CO2 and CO2/POE32

liquid mixture phases.

It is important to understand that the mass flow rate ratio is

directly influenced by the CO2/POE32 liquid phase mixture mass

fractions at the absorber/cooler and generator/heater exits and

consequently depends on their operating temperatures and

pressures. However, the mixture is directed to the compression

device, where it is pumped to the higher pressure side of the

system and enters the recuperator heat exchanger at point 5. Here,

it is pre-heated by the counter downstream and releases a small

fraction of CO2 from the liquid phase mixture before entering the

generator/heater at point 6. In the generator/heater, the working

fluid mixture is further heated and the maximum portion of CO2

desorbs from the CO2/POE32 liquid phase, subsequently being

added to the co-existing CO2 phase. Finally, the working fluid

mixture exits the generator/heater in equilibrium at point 1, to be

expanded, thus completing the cycle.
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6.5.3.2 Thermodynamic Model Assumptions and Inputs

Due to the complex nature of the working fluid, the expander and

the compression device were split into two corresponding

hypothetical expanders and compression devices, in order to handle

each phase separately. The CO2/POE32 mixture liquid phase is

assumed to be incompressible in these hypothetical components.

Moreover, two hypothetical mixers were introduced after expansion

and compression processes, so as to ease the simulation process

and take into account the absorption/desorption which occurs while

the working fluid mixture is travelling around the cycle. These

hypothetical mixers were treated as simple control volumes, with

inlets and outlets accounting for heat, mass and mass fraction

balance between the two phases of the working fluid. Figure 6-8

illustrates the hypothetical system components used in the model.

Figure 6-8: Schematic of the CO2/lubricant flood expansion system for
simulation.

1(m), shown in Figure 6-8 , denotes the mass flow rate of the

CO2/POE32 liquid phase entering the expander, while 1(c) denotes

the mass flow rate of the CO2 phase entering the expander. For the

current model, the CO2/POE32 liquid phase mass flow ratio at point

1 was taken as a simulation input and is limited by the CO2/POE32
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liquid phase circulation ratio shown in equation (5.11), and

described as the mass fraction of the POE32 at the absorber/cooler

outlet, to the mass fraction of POE32 at the generator/heater

outlet:

݉̇ ଵ( ) ೌೣ
=
ܺ
ܺு

(6.31)

The above ratio defines the maximum CO2/POE32 liquid phase

mass flow fraction permitted for expansion through the expander at

point 1 in the schematic of the system shown in Figure 6-8.

Accordingly, the mass flow rate of the CO2/POE32 liquid mixture at

the absorber/cooler outlet becomes:

݉̇ ସ( ) =
ܺு ݉̇ ଵ( )

ܺ

(6.32)

In the case where the maximum CO2/POE32 mass flow ratio is

permitted in the expander, the absorber/cooler will act as an

absorber and only a fully absorbed CO2/POE32 liquid mixture will

exit at point 4. If the CO2/POE32 mass flow ratio at point 1 is set to

zero, the system will become a CO2 power generation system.

6.5.3.3 Heat and Mass Balance of System Components

Besides the energy and mass balance equations, the balance of the

mass fractions of the working fluid mixture components was

introduced, due to its direct influence on the cycle. However, this

section presents the equations governing the system referred to the

system schematic for simulation in Figure 6-8. The subsequent

solving of these equations will enable the system’s theoretical

performance to be predicted.

Expander6.5.3.3.1

The liquid CO2/POE32 mixture phase, mass, energy balance and

power output of expander are:

݉̇ ଵ( ) = ݉̇ ଶ( ) (6.33)

݉̇ ଵ( )ℎଵ( ) = ݉̇ ଶ( )ℎଶ( ) + ܹ ா௫( )

ܹ ா௫( ) for incomressabile fluid could be rewritten as:

(6.34)
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ܹ ா௫( ) = ݉̇ ଵ( )( ଵܲ− ଶܲ) ଵܸ( ா௫ߟ(

Where pressure is in kilopascals

(6.35)

For the CO2 phase, the mass and energy balance equations are:

݉̇ ଵ() = ݉̇ ଶ() (6.36)

ܹ ா௫() = ݉̇ ଵ()(ℎଵ() − ℎଶ()) = ݉̇ ଵ()ߟா௫(ℎଵ() − ℎଶ௦())

Where ℎଶ௦ is the CO2 exit enthalpy after an isentropic expansion

(6.37)

And the total power output of the expander becomes:

ܹ ா௫(்௧) = ܹ ா௫( ) + ܹ ா௫() (6.38)

Mixer 26.5.3.3.2

Mixer 2 is where the two hypothetical, separately expanded streams

re-join to be balanced under the expander outlet conditions. A block

diagram of Mixer 2 is shown in Figure 6-9 to present a simplification

of the mixer process.

Figure 6-9: CO2/POE32 mixer 2 process flow.

After expansion, further quantities of the CO2 will desorb from the

CO2/POE32 liquid phase. To compensate for the absence of

mixture-specific entropy and to determine the new mass fractions

after expansion, the new CO2 phase mass fraction was determined

from the CO2/POE32 solubility correlation at known ଶܶሺሻ�����ܲଶ and

accordingly, the new CO2/POE32 liquid phase mass fraction was

found. Once the two streams enter the mixer, the mixer sub-routine

will iterate values for ଶܶଵ and determine the mass fractions, mass

flow rates and specific enthalpies for both phases, until the mixer

energy, mass and mass fraction balance equations (6.39) to (6.41),

respectively, are satisfied. The mixer sub-routine is included in

Appendix C.3.

݉̇ ଶ( )ℎଶ( ) + ݉̇ ଶ()ℎଶ() = ݉̇ ଶଵ( )ℎଶଵ( ) + ݉̇ ଶଵ()ℎଶଵ() (6.39)
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݉̇ ଶ( ) + ݉̇ ଶ() = ݉̇ ଶଵ( ) + ݉̇ ଶଵ() (6.40)

݉̇ ଶ( )ܺଶ = ݉̇ ଶଵ( )ܺଶଵ and ݉̇ ଶ()߱ଶ = ݉̇ ଶଵ()߱ଶଵ (6.41)

Where the mass flow rates at the mixer exit are calculated by

combining equations (6.39) and (6.40) as:

݉̇ ଶଵ() =
̇ మ( )(మ( )షమభ( ))ା̇ మ()(మ()షమభ( ))

మభ()ିమభ( )

(6.42)

݉̇ ଶଵ( ) = ݉̇ ଶ( ) + ݉̇ ଶ() − ݉̇ ଶଵ() (6.43)

Compression Device6.5.3.3.3

For the liquid CO2/POE32 mixture phase:

݉̇ ସ( ) = ݉̇ ହ( ) (6.44)

ܹ ௨ ( ) + ݉̇ ସ( )ℎସ( ) = ݉̇ ହ( )ℎହ( )

ܹ ௨ ( ) for incompressible fluid could be rewritten as:

(6.45)

ܹ ௨ ( ) =
݉̇ ସ( )( ହܲ− ସܲ) ସܸ( )

௨ߟ 

Where pressures are in kilopascals

(6.46)

For the CO2 phase:

݉̇ ସ() = ݉̇ ହ() (6.47)

ܹ ௨ () = ݉̇ ସ()(ℎହ() − ℎସ()) =
̇ ర()(ఱ()ିరೞ())

ఎುೠ 

Where ℎସ௦ is the CO2 exit enthalpy after an isentropic compression

(6.48)

And the total power input of the compression device becomes:

ܹ ௨ (்௧) = ܹ ௨ ( ) + ܹ ௨ () (6.49)

Mixer 56.5.3.3.4

Mixer 5 operates in a similar way to Mixer 2:

݉̇ ହ( )ℎହ( ) + ݉̇ ହ()ℎହ() = ݉̇ ହଵ( )ℎହଵ( ) + ݉̇ ହଵ()ℎହଵ() (6.50)

݉̇ ହ( ) + ݉̇ ହ() = ݉̇ ହଵ( ) + ݉̇ ହଵ() (6.51)

݉̇ ହ( )ܺହ = ݉̇ ହଵ( )ܺହଵ and ݉̇ ହ()߱ହ = ݉̇ ହଵ()߱ହଵ (6.52)

The mass flow rates at the mixer exit are calculated by combining

equations (6.50) and (6.51) as:
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݉̇ ହଵ() =
̇ ఱ( )(ఱ( )షఱభ( ))ା̇ ఱ()(ఱ()షఱభ( ))

ఱభሺሻି ఱభሺ ሻ

(6.53)

݉̇ ହଵ( ) = ݉̇ ହ( ) + ݉̇ ହ() − ݉̇ ହଵ() (6.54)

Once the parameters are determined for points 21 and 51, points 6

and 3 may be calculated by applying heat and mass balance to the

recuperator heat exchanger

The Recuperator Heat Exchanger6.5.3.3.5

The conventional approach to determining the effectiveness of the

recuperator heat exchanger is based on the assumption that

constant specific heat is invalid for this cycle, as CO2 phase

properties will vary considerably according to whether the CO2

phase is in a sub-critical state, or approaching the super-critical

region. Figure 6-10 shows the significant change in the specific heat

of the CO2 at different expected working pressures along the

temperature profile. Therefore, it is essential to take into account

the changes in CO2 properties while balancing the recuperator heat

exchanger.

Figure 6-10: Specific heat of CO2 at expected operating pressures, against
the operating temperature range.

As suggested by Cayer et al. [107] and implemented in Wang and

Zhang’s [91] theoretical comparative study, in an ideal recuperator
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heat exchanger, two possible situations could arise, depending on

which stream has the smaller heat capacity. Either ܶ will have the

tendency to increase towards ଶܶଵ, or the tendency of ଷܶ may be to

decrease towards ହܶଵ on the model schematic shown in Figure 6-8.

Therefore, the maximum thermodynamic heat transfer possible i.e.

ܳ̇ ௫ is determined as the smaller value of the quantities

determined in equations (6.55) and (6.56).

ܳ̇ ௫ଵ = ݉̇ ଶଵ()ℎଶଵ() + ݉̇ ଶଵ( )ℎଶଵ( ) − ݉̇ ଷ()ℎଷ() − ݉̇ ଷ( )ℎଷ( )

assuming ଷܶ = ହܶଵ and mass flow rates at point 3 are calculated
accordingly.

(6.55)

ܳ ௫ଶ = ݉̇ ()ℎ() + ݉̇ ( )ℎ( ) − ݉̇ ହଵ()ℎହଵ() − ݉̇ ହଵ( )ℎହଵ( )

assuming ܶ = ଶܶଵ and mass flow rates at point 6 are calculated
accordingly.

(6.56)

Once the ܳ̇ ௫ is known, the effectiveness becomes:

ு௫ߝ =
݉̇ ଶଵ()ℎଶଵ() + ݉̇ ଶଵ( )ℎଶଵ( ) − ݉̇ ଷ()ℎଷ() − ݉̇ ଷ( )ℎଷ( )

ܳ̇ ௫

=
݉ሶ()ℎ() + ݉ሶ( )ℎ( ) − ݉ሶହଵ()ℎହଵ() − ݉ሶହଵ( )ℎହଵ( )

ܳ̇ ௫

(6.57)

However, to satisfy equation (6.57) and calculate ଷܶ and ܶ, an

iterative sub-routine was created to iterate values for both ଷܶ and ܶ

and calculate enthalpies and mass flow rates, until all sides of

equation (6.57) are equal. The sub-routine flow chart is included in

Appendix C.4. However, the energy, mass, and mass fraction

balance over the recuperator heat exchanger for point 3 are,

respectively:

݉̇ ଷ( )ℎଷ( ) + ݉̇ ଷ()ℎଷ() = ݉̇ ଶଵ( )ℎଶଵ( ) + ݉̇ ଶଵ()ℎଶଵ() (6.58)

݉̇ ଷ( ) + ݉̇ ଷ() = ݉̇ ଶଵ( ) + ݉̇ ଶଵ() (6.59)

݉̇ ଷ( )ܺଷ = ݉̇ ଶଵ( )ܺଶଵ and ݉̇ ଷ()߱ଷ = ݉̇ ଶଵ()߱ଶଵ (6.60)

The mass flow rates at point 3 are calculated by combining

equations (6.58) and (6.59) as:
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݉̇ ଷ() =
̇ మభ( )(మభ( )షయ( ))ା̇ మభ()(మభ()షయ( ))

య()ିయ( )

(6.61)

݉̇ ଷ( ) = ݉̇ ଶଵ( ) + ݉̇ ଶଵ() − ݉̇ ଷ() (6.62)

And for point 6

݉̇ ( )ℎ( ) + ݉̇ ()ℎ() = ݉̇ ହଵ( )ℎହଵ( ) + ݉̇ ହଵ()ℎହଵ() (6.63)

݉̇ ( ) + ݉̇ () = ݉̇ ହଵ( ) + ݉̇ ହଵ() (6.64)

݉̇ ( )ܺ = ݉̇ ହଵ( )ܺହଵ and ݉̇ ()߱ = ݉̇ ହଵ()߱ହଵ (6.65)

The mass flow rates at point 6 are calculated by combining

equations (6.66) and (6.67) as:

݉̇ () =
̇ ఱభ( )(ఱభ( )షల( ))ା̇ ఱభ()(ఱభ()షల( ))

ల()ିల( )

(6.66)

݉̇ ( ) = ݉̇ ହଵ( ) + ݉̇ ହଵ() − ݉̇ () (6.67)

Mixture Absorber/Cooler6.5.3.3.6

Now all state points properties are calculated, the mass, energy and

mass fraction balance over the absorber/cooler, respectively,

becomes:

ܳ̇ = ݉̇ ଷ( )ℎଷ( ) + ݉̇ ଷ()ℎଷ() − ݉̇ ସ( )ℎସ( ) − ݉̇ ସ()ℎସ() (6.68)

݉̇ ଷ( ) + ݉̇ ଷ() = ݉̇ ସ( ) + ݉̇ ସ() (6.69)

݉̇ ଷ( )ܺଷ = ݉̇ ସ( )ܺସ and ݉̇ ଷ()߱ଷ = ݉̇ ସ()߱ସ (6.70)

Mixture Generator/Heater6.5.3.3.7

Similar to the absorber/cooler, the mass, energy and mass fraction

balance over the mixture generator/heater, respectively, are:

ܳ̇ீ = ݉̇ ଵ( )ℎଵ( ) + ݉̇ ଵ()ℎଵ() − ݉̇ ( )ℎ( ) − ݉̇ ()ℎ() (6.71)

݉̇ ଵ( ) + ݉̇ ଵ() = ݉̇ ( ) + ݉̇ () (6.72)

݉̇ ଵ( ) ଵܺ = ݉̇ ( )ܺ and ݉̇ ଵ()߱ଵ = ݉̇ ()߱ (6.73)
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6.5.3.4 Simulation results and analysis

The CO2/lubricant absorption power generation system base case

simulation conditions presented in Table 6.1 were used for

performance comparison between the flood expansion CO2/POE32,

the CO2/POE32 absorption, and a CO2 power generation systems

operating under the same conditions. In this simulation, the CO2

phase in both the absorber/cooler and generator/heater was in the

form of super-heated gas in the sub-critical region. It is important

to note that the generator/heater operates at the edge point where

the sub-critical and super-critical regions are divided. However, in

order to investigate the effect of CO2/POE32 mass flow ratio on the

flood expansion system, four ratios were included in the simulation.

These flow ratios were 1%, 10%, 20%, and the maximum flow

ratio, which was defined by equation (5.11).

Table 6.7 presents the base case simulation results and the

optimum absorber/ cooler operating pressures for the three

simulated systems: the CO2/POE32 absorption system, the

CO2/POE32 flood expansion system with varied CO2/POE32 mass

flow ratios allowed through the expander, and finally, the CO2

power system. The results show that the maximum thermal

efficiency attained for all systems was relatively low, with the CO2

system achieving the maximum thermal efficiency of 3.82% at an

absorber/cooler pressure of 59 bar, while the lowest was achieved

by the CO2/POE32 absorption power system at 58 bar. It is quite

interesting to observe that the optimum pressures for all cases

were almost similar, apart from the maximum CO2/POE32 ratio

case of 85%, which yielded its best performance at 51 bar. From

the results, it is clear that as the CO2/POE32 mass flow ratio

increases, the efficiency gradually decreases for the CO2/POE32

flood expansion system, in comparison to the CO2 power system.

On the other hand, the heat exchanger energy requirements

increase as the mass flow ratio increases, with the energy

requirements for the CO2/POE32 absorption power system being
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the highest. With regard to the net thermal power output, the

results suggest that the maximum CO2/POE32 mass flow ratio case

in the flood expansion cycle would yield 1.66 kW: the maximum

output overall, followed by the absorption power system. In

comparison, with the maximum CO2/POE32 ratio case, the net

thermal power output tended to decrease gradually as the flow rate

ratio decreased where the CO2 system yielded 0.99 kW: the lowest

net thermal power output. It is important to emphasize here that

the maximum CO2/POE32 of 85% allowed through the expander is

practically impossible, since the expanders usually used are

converted compressors, restricted by built-in volumes and

therefore, this volume of liquid mixture cannot be accepted. This

situation recalls the experimental work of Bell et al. [257, 259],

where the scroll expander used was completely flooded, efficiency

dropped and the expander started to behave like a throttle valve.

Table 6.7: CO2/POE32 absorption, flood expansion, and CO2 systems -
Base case simulation results.

Parameter name
CO2/POE32
Absorption
system

CO2/POE32 flood expansion
system

CO2

POE32 ratio percentage
through the expander [%]

N/A 85[Max] 20 10 1 N/A

Optimum absorber/cooler
pressure [bar]

58 51 58 59 59 59

Generator/heater power
[kW]

232.88 63.02 31.76 29.81 26.24 25.85

Absorber/cooler power [kW] 231.308 61.37 30.70 28.75 25.25 24.87

Recuperator heat
exchanger power [kW]

264.32 128.48 52.75 48.62 39.98 39.12

Solution pump/compression
device power [kW]

3.43 2.16 3.94 3.94 4.01 4.01

Working fluid circulation
ratio [-]

4.74 - - - - -

System thermal efficiency
[%]

0.68 2.63 3.34 3.55 3.79 3.82

Net thermal power output
[kW]

1.57 1.66 1.06 1.06 0.99 0.99

Pure CO2 refrigerant mass
flow rate through the
turbine/expander[kg/s]

0.53 0.15 0.52 0.52 0.58 0.58

POE32 mass flow rate
through the expander
[kg/s]

- 0.85 0.13 0.06 0.01 0

Figure 6-11 shows the effect of the absorber/cooler pressure on

overall thermal efficiency results. The dashed green lines illustrate
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the reduction in efficiency as the CO2/POE32 ratio increases in

comparison to the CO2 power system shown in red. From 45 bar up

to 51 bar, the flood expansion system tended to perform better at

different ratios than the CO2 system. The lowest performance

overall was observed for the CO2/POE32 absorption system, shown

in blue.

Figure 6-11: Thermal efficiency comparison between the CO2/POE32
absorption, flood expansion, and CO2 systems at base case conditions.

Figure 6-12 shows the net thermal power output at variable

absorber/cooler operating pressure, as shown, for all cases where

the behaviour is proportional, with a fairly linear dependency in the

CO2 power system and the flood expansion system for 1% to 20%

CO2/POE32 mass flow ratios. It can be seen that the maximum

CO2/POE32 mass flow ratio case achieved maximum power output,

with a significant difference from other flood expansion cases. In

addition, regardless of the much lower thermal efficiency seen in

the CO2/POE32 absorption power system, the system tended to

yield the second highest net thermal power output. The CO2 power

system showed the lowest net thermal power output overall.

However, the result indicates that as the CO2/POE32 liquid mixture

flow ratio increased, the net thermal power output also increased,

indicated by the green dashed lines. This behaviour confirms the

need for a separate loop to contain the lubricant oil, as suggested in
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references [254, 255, 257], in order to take advantage of the

higher thermal efficiency of the CO2 system and the flood

expansion system’s enhanced power output.

Figure 6-12: Net thermal power output comparison between CO2/POE32
absorption, flood expansion and CO2 systems at base case conditions.

6.5.3.5 CO2/POE32 Flood Expansion Power Generation

System Theoretical Analysis Conclusions

Flood expansion by means of CO2/POE32 was investigated to

examine the advantages of the high heat capacity of POE32 oil to

achieve near isothermal expansion, thus improving system

performance. In addition, comparative analysis was carried out to

compare the CO2/POE32 absorption power generation system, the

CO2/POE32 flood expansion power generation system and a CO2

power system under base case simulation conditions. The

thermodynamic model used has been explained and the results

show that CO2 has the best thermal efficiency. This efficiency will

decrease as the CO2/POE32 liquid ratio increases. The opposite

behaviour was observed with regard to the net thermal power

output which increased alongside the rising flow ratio percentage of

the CO2/POE32.
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The reviewed literature points out the advantages and the net

thermal power output improvement which can be obtained by

adapting the flood expansion concept. Theoretically speaking, such

a system showed improvement, in comparison to CO2/acetone

absorption power generation systems and to regenerative CO2 and

ORCs systems. However, the possibility of implementing such a

system in practice still seems remote for several reasons. Besides

the fact that research is still underway in this field, the

requirements of the flood expansion system present drawbacks in

reality. Alongside the total immiscibility of the refrigerant,

determination of the optimum oil flow rate ratio is essential. This

ratio is subjective from one refrigerant/oil pair to another and the

only way to define this ratio is by trial and error. However, the

requirement for a separate loop to contain the oil, also presents

more challenges related to construction and customisation. In

reality, there will be an amount of oil carried out with the

refrigerant which may cause durability issues or lead to the need for

frequent servicing [253]. Moreover, the additional pumping energy

input requirement introduced into the system with the oil loop may

be at the expense of the improvement and system efficiency

achieved. The expansion device may also present practical

difficulties, where the experimental studies reviewed indicate poor

performance observed at lower operation speeds, excessive oil flow

rate ratios, and internal leakage issues. Safety concerns related to

high operating pressures in CO2 applications arise in conjunction

with the customisation and modification challenges already

discussed. This also leads to questions being posed about the

capabilities of the small-scale scroll and screw expanders which are

available nowadays, to handle the high CO2 pressure. In fact, the

studies reviewed which relate to two-phase and CO2 expansion with

screw expanders [263-266], reported a maximum screw expander

capability of 85 bar. With some internal modification, the highest

achievable pressure would be around 100 bar in such a case.

However, there is no such product available commercially despite

the fact that an investigation of two-phase expansion with twin
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screw expanders has been on-going since the beginning of the

1980s.

From the literature review and the theoretical analysis results, it

becomes obvious that regardless of the lower isentropic efficiency

of CO2 turbines, a CO2 power generation system will have good

thermal efficiency and reasonable net thermal power output if the

optimum operating conditions are established. In comparison to

both the CO2/lubricant absorption power generation and the

CO2/POE32 flood expansion systems, the CO2 power generation

system has a relatively simple configuration, suitable for industrial

low-grade waste heat recovery and attractive for commercialization

if the system components are available in the market and can stand

the high CO2 operating pressures. Therefore, the potential of CO2

SRC power generation for waste heat recovery is appealing for

further investigation.

CO2 SRC Power generation system6.6

From a thermodynamic point of view, the greater the temperature

differences between the heat sink and the source, the greater the

system efficiency. Therefore, CO2 TRC achieves better efficiency

than CO2 SRC, where low temperature heat sinks are available.

SRC performance, on the other hand, is influenced by both CO2

cooler and heater operating conditions, due to its location above the

critical point in the T-S diagram [267].

In this section, a novel concept is adopted to take advantage of

both SRC and TRC operating concepts, by utilising two-phase

pumping operations to avoid the restriction of condensation in the

TRC concept and to allow operation in full SRC mode when desired.

The proposed model programme for the system has a similar but

simpler flowchart to the CO2/POE32 flood expansion system

included in Appendix C.2. In other words, it has the same structure,

but assuming that the CO2/POE32 ratio is zero; therefore it will not

be repeated.
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6.6.1 Cycle Description

In this system, the CO2 refrigerant does not condensate. Instead, it

is only cooled to reject heat to the sink. Moreover, the cycle may

operate with sub-critical CO2 gas or super-critical CO2 fluid,

depending on the heater’s operating conditions. Furthermore, the

CO2 introduced into the cooler may either be in a gas or liquid

phase, depending on the cooler operating conditions. Figure 6-13

shows a schematic of the CO2 SRC power generation system, where

hot, high pressure CO2 gas or super-critical fluid from the generator

outlet at point 1 expands through the turbine to produce the system

power output. After expansion at point 2, lower pressure CO2

enters the recuperator heat exchanger to lose its heat to the high

pressure CO2 counter stream, before exiting at point 3. The cooled

lower pressure CO2 will then enter the cooler, where it will be

cooled further before it exists as liquid or cooled CO2 gas at point 4.

Liquid or gas CO2 is then pumped or compressed to a higher

pressure by the two-phase compression device at point 5 and then

preheated in the recuperator heat exchanger before exiting at point

6. The CO2 is finally directed to the CO2 heater to be further

heated, before it expands through the expander and completes the

cycle.

Figure 6-13: Schematic of the CO2 SRC power generation system.
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6.6.2 Heat and Mass Balance of System Components

Unlike previously simulated systems, the CO2 SRC power

generation system employs a pure refrigerant in a single flow.

Therefore, the system governing equations are fairly simple.

6.6.2.1 Expander

The turbine’s isentropic efficiency is similar to equations (6.22)

used for the CO2/lubricant absorption power generation system.

The CO2 mass and energy balance equations are similar to

equations (6.36) and (6.37), used for the CO2 phase in the

CO2/POE32 flood expansion power generation system.

6.6.2.2 Compression Device

As stated previously, the CO2 at the compression device inlet in the

current system will either be a super-heated CO2 gas when the

cooler operates in the sub-critical region, or a fully-developed liquid

at high cooler pressure above CO2 critical pressure. Like the

turbine, the isentropic efficiency of the compression device is

similar to equation (6.25) for the CO2/lubricant power generation

system, while the mass and energy balance equations are similar to

equations (6.47) and (6.48) for the CO2 phase in the flood

expansion system.

6.6.2.3 The Recuperator Heat Exchanger

Besides recovering heat within the system and minimising heat

input into the system, the recuperator presents another advantage

for the CO2 SRC power generation system from the point of view of

safety. It will lower the optimum turbine inlet pressure at which

maximum thermal efficiency is obtained. With respect to the

significant changes in CO2 specific heat as illustrated in Figure

6-10, section 6.5.3.3.5, for the recuperator in the CO2/POE32 flood

expansion system, a similar approach is used for balancing the

recuperator in the current system. Therefore, the maximum heat



Chapter 6: Theoretical Analysis of Small-Scale Power Generation Systems
for Low-Grade Waste Heat Recovery

196

exchange ܳ ௫ will be the lower value of the quantities determined

from equations (6.55) and (6.56).

ܳ̇ ௫ଵ = ݉̇ (ℎଶ− ℎଷ) Assuming ଷܶ = ହܶ (6.74)

ܳ̇ ௫ଶ = ݉̇ (ℎ− ℎହ) Assuming ܶ = ଶܶ (6.75)

And the recuperator heat exchanger’s effectiveness is expressed

as:

ு௫ߝ =
݉̇ (ℎଶ− ℎଷ)

ܳ̇ ௫

=
݉̇ (ℎ− ℎହ)

ܳ̇ ௫
(6.76)

6.6.2.4 The CO2 Cooler Heat Exchanger

For the CO2 cooler heat exchanger, where the heat is rejected from

the system to the sink and the CO2 gas or liquid is cooled, the

power rejected from the system becomes:

ܳ̇ = ݉̇ (ℎଷ− ℎସ) (6.77)

6.6.2.5 The CO2 Heater Heat Exchanger

Likewise for the CO2 heater heat exchanger, where the heat is

added to the system by the hot flue gas source and the super-

critical CO2 liquid is heated, the power added to the system

becomes:

ܳ̇ு = ݉̇ (ℎଵ− ℎ) (6.78)

6.6.3 CO2 SRC Power Generation System

Thermodynamic Model Validation

The proposed thermodynamic model was validated and compared

to the thermodynamic model put forward by Cayer et al. [107] as a

regenerative CO2 TRC power generation system. For the purpose of

validation, similar input conditions were applied. The results were

found to be in perfect agreement. Table 6.8 shows a comparison for

the optimum operating conditions, while Figure 6-14 shows the

simulated results in comparison to those obtained by Cayer

et.al.[107].
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Table 6.8: CO2 SRC power generation system result validation with Cayer
et al. [107].

Operation conditions
Current
Research

Cayer et al.
[107]

CO2 heater outlet temperature [K] 368.15

CO2 condenser outlet Temperature [K] 288.15

CO2 heater pressure range [bar] 90-150

Maximum thermal efficiency CO2 heater
operating pressure [bar]

113 113

Maximum thermal efficiency [%] 8.61 8.6

Maximum specific net thermal power output
CO2 heater pressure [bar]

115 115

Maximum specific net thermal power output
[kJ/kg]

18.8 18.8

Figure 6-14: CO2 SRC power generation system thermodynamic model
validation- a) current research results and b) Cayer et al. [107].

6.6.4 Simulation Results and Analysis

A parametric analysis was carried out in order to determine the

optimum working conditions for the CO2 SRC power generation

system, and also to investigate the effect of different operating

parameters on the system’s thermal efficiency and net thermal

power output. To determine the optimum operating pressure for the

CO2 cooler, simulation of the base case as a function of the CO2
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cooler pressure was carried out, as in previously studied systems.

In addition, the effect of CO2 heater pressure on system

performance was investigated in simulation cases 2, 3, and 4. The

turbine, compression device and recuperator heat exchanger

efficiencies were also very sensitive and have a vital influence on

system performance; therefore their effect was also to be

investigated.

6.6.4.1 The Effect of CO2 Cooler Pressure on the

system’s performance

Table 6.9 lists the inputs used for four simulated cases.

Table 6.9: CO2 SRC power generation system simulation cases inputs.

Simulation TH [K] PH [bar] TC [K]

Case 1 (base case) 393.15 70 303.15

Case 2 393.15 80 303.15

Case 3 393.15 90 303.15

Case 4 393.15 100 303.15

The first simulated case represents the base case simulation

conditions, where the system operates exclusively in the sub-critical

region, with a turbine inlet pressure directly below the critical

pressure of CO2. In addition, the CO2 working fluid is in super-

heated gas form at every state point around the cycle shown in the

schematic of the system at Figure 6-13. In the second simulation

case, the CO2 on the low pressure side of the system will always be

in the sub-critical region in a super-heated gas form and in a super-

critical fluid state in the high pressure side of the system, i.e. the

compression device exit and turbine inlet. In the third and the

fourth simulation cases, the CO2 will be in a super-critical state in

the high pressure side of the system, similar to the third simulation

case. In the low pressure side of system in these two cases, the

CO2 working fluid enters the cooler in a super-critical state and

converts by cooling to super-heated gas. This happens if the cooler

is operating below the critical pressure. If the operating pressure is

above the critical pressure and the operating temperature is below
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the critical temperature of CO2, the working fluid will convert by

cooling from its super-critical state to a fully developed liquid when

it is cooled. For these reasons, two optimum points are identified

for the latter two cases: the cooler operating below critical pressure

and above critical pressure of CO2. Table 6.10 shows the simulation

results for each case alongside the optimum CO2 cooler operating

pressure under which maximum thermal efficiency is achieved.

Table 6.10: CO2 SRC power generation system simulation results.

Case 1 Case 2 Case 3 Case 4

Operating region
Sub-
critical

Sub-
critical

Sub-
critical

Super-
critical

Sub-
critical

Super-
critical

Optimum CO2 cooler
pressure [bar]

59 65 71 79 72 82

CO2 heater power
[kW]

25.85 27.72 35.20 55.41 33.01 40.21

CO2 cooler power [kW] 24.87 26.39 33.18 51.80 30.79 36.70

Recuperator exchanger
power [kW]

39.12 32.38 30.42 145.41 18.29 93.71

Compression device
power [kW]

4.01 3.67 2.98 1.39 2.79 1.49

System thermal
efficiency [%]

3.82 4.78 5.74 6.52 6.69 8.71

Net thermal power
output [kW]

0.99 1.33 2.02 3.61 2.21 3.50

CO2 mass flow rate
[kg/s]

0.64 0.49 0.44 0.795 0.33 0.54

Figure 6-15 shows the optimum operating point of the base case on

the CO2 temperature-entropy (T-S) diagram. As shown, CO2 cooler

outlet temperature at state point 4 is just below the critical

temperature of CO2. Figure 6-16 shows the CO2 cycle operation on

the CO2 pressure-enthalpy (P-H) diagram. As can be seen, the

cycle operates right below the critical pressure of CO2 in the super-

heated gas region.
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Figure 6-15: CO2 SRC power generation system-T-S diagram of the base
case optimum operating condition.

Figure 6-16: CO2 SRC power generation system-P-H diagram of the base
case optimum operating condition.
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Another example is taken to illustrate the difference when the cycle

is operating in the super-critical region. Figure 6-17 shows the cycle

operation at the best point of fourth simulation case in the super-

critical region, on the CO2 T-S diagram. As can be seen, the cycle

operates exclusively in the super-critical region, apart from the CO2

cooler exit at state point 4, which is just below the critical

temperature of CO2 in the liquid region. Figure 6-18 shows the

cycle operation on the CO2 P-H diagram. As shown, the cycle

operates exclusively above the critical pressure of CO2.

Figure 6-17: CO2 SRC power generation system-T-S diagram of the fourth
simulation case’s optimum operating condition in the super-critical region.
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Figure 6-18: CO2 SRC power generation system-P-H diagram of the fourth
simulation case’s optimum operating condition in the super-critical region.

In general, the results listed in Table 6.10 shows that the optimum

CO2 cooler pressure yielding the best thermal efficiency will

increase alongside increasing CO2 heater pressure. Similar

behaviour can be seen for both thermal efficiency and net thermal

power output. Compression device power consumption is seen to be

very high in the first simulation case and then tends to reduce

gradually, as both cooler and heater pressure increase. This

confirms what is indicated in the reviewed literature as regards the

greater tendency of CO2 to consume more pumping power than

other refrigerants [114].

The energy requirements for the CO2 heater and cooler tend to

increase gradually as the heater pressure increases. This behaviour

changes at both sub-critical and super-critical optimum pressure in

the fourth case. The energy requirements for the recuperator heat

exchanger are in completely the opposite direction and decrease

gradually as the heater pressure increases for both sub-critical and

super-critical pressures.
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It is important to note that in all simulated cases, the optimum

operating pressure for achieving the best net thermal power output

was not the same pressure that achieved the best thermal

efficiency. However, these pressures are very close to those

identified for best thermal efficiency. Table 6.11 shows the highest

net thermal power output attainable for each simulated case

alongside their optimum operating pressures.

Table 6.11: CO2 SRC power generation system- Optimum cooler pressures
for net thermal power output.

CO2 heater Pressure
[bar]

Case 1 Case 2 Case 3 Case 4

Operating region
Sub-
critical

Sub-
critical

Super-
critical

Sub-
critical

Optimum CO2 cooler
pressure [bar]

60 70 80 87

Net thermal power
output [kW]

1.70 1.98 3.16 3.51

Figure 6-19 shows a comparison of the simulation results for all

cases. In Figure 6-19 (a), the effect of the CO2 cooler pressure on

the system’s thermal efficiency is illustrated for variable CO2 heater

pressures. As shown, the figure demonstrates similar trends for all

cases in the sub-critical region where efficiency tends to increase

gradually as cooler pressure increases until it reaches its maximum

level and then reduces again. The red broken line divides the graph

into sub-critical and super-critical CO2 cooler pressure. As shown,

only the latter two simulated cases operate in the super-critical

region of the graph. When CO2 approaches super-critical pressure

after maximum sub-critical efficiency is achieved, the enthalpies at

the exit of the compression device and the exit of the recuperator

heat exchanger on the high pressure side suddenly drop, as phase

transformation takes place. These enthalpies increase again steadily

as the cycle enters the super-critical pressure region, where

thermal efficiency reaches its maximum point. In Figure 6-19 (b),

the net thermal power output of the first two simulated cases shows
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linear and proportional dependency on CO2 cooler pressure. This

behaviour changes in the latter two cases for the near-critical and

super-critical cooler pressures. As shown, the gradual increase

changes to fractional increase, which could be regarded as constant

net thermal power output. Moreover, the results show that

operating at 90 bar CO2 heater pressure achieves the highest net

thermal power output.

Figure 6-19: Simulation results for the CO2 SRC power generation system
performance- a) Overall thermal efficiency, and b) Net thermal power

output.

Beside the investigated cases, further parametric investigation was

conducted on the system. The effect of cooler temperatures is
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thermodynamically obvious: the lower the temperature, the better

the overall performance. This effect was illustrated in CO2/lubricant

absorption power generation system simulation and analysis in

section 6.4.5.2 and applicable for all thermal power generation

systems. However it will not be investigated for the current system,

due to the difficulty of achieving a cooling temperature lower than

30°C in practice. Instead, the effect of the CO2 heater outlet

temperature will be investigated, since this is more likely to be

practically achievable.

6.6.4.2 The Effect of CO2 Heater Outlet Temperature

on System Performance

In this section, the effect of CO2 heater temperature was

investigated by keeping system parameters constant at the base

case simulation input and optimum CO2 cooler pressure while

varying the heater outlet temperature from 90°C to 200°C. Figure

6-20 shows a very strong influence of the CO2 heater outlet

temperature on both the thermal efficiency and the net thermal

power output. This strong and proportional dependency yields

1.74% and 0.36 kW for the thermal efficiency and the net thermal

power output respectively, when heater outlet temperature is 90°C.

When heater outlet temperature reaches its maximum at 200°C,

the net thermal power output increases up to 1.94 kW while the

thermal efficiency reaches 6.73%.
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Figure 6-20: CO2 SRC power generation system thermal efficiency and net
thermal power output as a function of the CO2 heater outlet temperature.

6.6.4.3 The Effect of the Turbine’s Isentropic Efficiency

The effect of turbine’s isentropic efficiency was investigated by

keeping the operation parameters constant at base case conditions

and varying the isentropic efficiency of the turbine. Figure 6-21

shows that the system is highly sensitive to turbine isentropic

efficiency. The minimum turbine isentropic efficiency acceptable for

the selected operating conditions is 70%, which seems to be high

for a practical system. As shown, both thermal efficiency and net

thermal power output have linear and proportional dependency on

the turbine’s isentropic efficiency. The minimum thermal efficiency

and net thermal power output are 1.43% and 0.41 kW respectively,

when turbine efficiency is 70%. The maximum is obviously achieved

at isentropic expansion when turbine efficiency is 100%. The

thermal efficiency and net thermal power output are 8.33% and

1.79 kW respectively.
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Figure 6-21: CO2 SRC power generation system thermal efficiency and net
thermal power output as functions of the turbine’s isentropic efficiency.

6.6.4.4 The Effect of the Compression Device

Isentropic Efficiency

Similar to the turbine efficiency, the effect of the compression

device efficiency was investigated by keeping the operating

conditions constant and varying the compression device efficiency.

The results shown in Figure 6-22 indicate that the minimum

acceptable compression device efficiency for the selected operating

conditions is 80%, which seems to be very high. However, system

performance has linear and proportional dependency, similar to that

which is observed for turbine efficiency, but with less effect. The

minimum observed thermal efficiency and net thermal power output

were 1.89% and 0.49 kW respectively when compression device

efficiency was 80%. The maximum results when the compression

device efficiency was 100% were 1.39% and 5.34% for thermal

efficiency and net thermal power output respectively.
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Figure 6-22: CO2 SRC power generation system thermal efficiency and net
thermal power output as functions of the compression device isentropic

efficiency.

6.6.4.5 The Effect of the Recuperator Heat Exchanger

Effectiveness

The recuperator effectiveness was varied from 50% to 100%, while

the operating conditions were held constant. Almost all the

literature reviewed indicated that the recuperator heat exchanger

would marginally increase the CO2 system’s thermal efficiency,

without having any effect on the net thermal power output. This

behaviour is clearly seen in Figure 6-23. The results show no effect

on the net thermal power output at all, while the thermal efficiency

indicated a proportional dependency on the recuperator

effectiveness. The minimum thermal efficiency was 2.44% when

effectiveness was 50% and the maximum thermal efficiency was

6.14% when effectiveness was 100%.
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Figure 6-23: CO2 SRC power generation system thermal efficiency and net
thermal power output as functions of the recuperator heat exchanger

effectiveness.

6.6.5 CO2 SRC Power Generation Theoretical Analysis

Conclusions

Four simulation cases at different CO2 heater pressures were

carried out in order to investigate the effect of CO2 cooler pressure

on the overall performance of the CO2 SRC power generation

system. The first simulation case took place exclusively in the CO2

sub-critical region. In the second case, the high pressure side of the

system, i.e. at the compression device exit and at the turbine inlet,

were in the super-critical region, while the low pressure side of the

system was in the sub-critical region. In the third and the fourth

cases, the high pressure side of the system consistently operated in

the super-critical region. On the low pressure side, CO2 entered the

cooler as a super-critical fluid to be converted either to gas or liquid

CO2.

Generally it was observed that thermal efficiency increases as both

the CO2 heater and cooler pressures increase. For the latter

simulated cases, there are two optimum operating pressure levels,

one in the sub-critical region and the other, which is the highest, is

located in the super-critical region.
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Parametric investigation was carried out to study the effect of

different working parameters on system performance. In general,

the system showed a high degree of sensitivity to all investigated

parameters. However, system performance showed itself to be

heavily dependent on the CO2 heater exit temperature and the

turbine’s isentropic efficiency. A similar observation was also made

of the compression device and the recuperator heat exchanger, but

to a lesser extent.

The minimum acceptable isentropic efficiency for the turbine and

the compression device were respectively, 70% and 80%. These

isentropic efficiencies seem to be very difficult to achieve in

practice. For this situation, different working conditions could be

investigated in order to examine their potential for acceptance of

lower turbine and compression device efficiencies. However, this is

a compromise situation that could be at the expense of the

system’s thermal efficiency and net thermal power output. If this

were the case, the CO2 SRC power generation performance cannot

compete with the well-established ORC technology which has a wide

variety of options for highly efficient components and relatively low

operating pressures compared to the CO2 SRC power generation

system. To conclude, the feasibility of the CO2 SRC power

generation system is essentially depends on the commercial

availability, cost, and efficiencies of the system’s components as will

be discussed in Chapter 9 for the system’s components

identification and economic analysis.

The ORC System Employing Environmentally6.7

Friendly Refrigerants

In order to select the best working fluid for the ORC system, this

section analyses the potential of new environmentally friendly

refrigerants, namely, R1234yf, R1234ze(E), R1234ze(Z), and

R1233zd(E), in a regenerative 5 kW ORC system, comparing their

thermodynamic performance to that of the conventional ORC
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working fluids, specifically, R134a, R245fa, and R123. The section

also presents a parametric investigation of the ORC system

employing the selected working fluid to study the influence of

different parameters on the system performance.

6.7.1 Cycle Description

A schematic diagram of the ORC system is shown in Figure 6-24.

The high pressure super-heated vapour from the evaporator at

state point 1 expands through the turbine and produces the system

power output. After expansion, the low pressure, substantially

super-heated vapour enters the recuperator exchanger at state

point 2 and transfers heat to the high pressure liquid counter-

stream, before exiting the recuperator heat exchanger at state

point 3. The cooled low pressure refrigerant enters the condenser,

where it is cooled further and exits as a sub-cooled liquid at state

point 4. The sub-cooled liquid refrigerant is then pumped to a

higher pressure at state point 5 and enters the recuperator heat

exchanger to be pre-heated, before exiting at state point 6. The

pre-heated refrigerant is then directed to the evaporator heat

exchanger, where it is heated to evaporation point and further

heated to be super-heated before exiting state point 1, to be

directed towards the expander. The cycle is then complete.
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Figure 6-24: Schematic of the ORC system.

6.7.2 Thermodynamic Model Assumptions and Inputs

The only difference between the current system and the previously

investigated systems is that the heat addition and rejection

processes in the ORC system take place isothermally where the

refrigerant evaporates and is super-heated in the evaporator before

being condensed and sub-cooled in the condenser. Therefore the

condenser pressure is taken as the corresponding saturation

pressure of the selected input condenser’s operating temperature.

Consequently, an investigation of ORC system performance as a

function of evaporator pressure in order to determine the optimum

working conditions would seem to be more appropriate than using

the condenser pressure as it was implemented in previously

investigated systems. In addition, investigating the system as a

function of evaporator pressure would require the iteration of the

evaporator pressure and, therefore, the evaporation temperature in

the simulation programme is taken as the saturation temperature at

the iterated pressure, while the super-heated vapour temperature is

kept constant at the selected expander inlet temperature. The code

of the implemented model is included in Appendix C.5.
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6.7.3 ORC System Thermodynamic Model Validation

The proposed ORC thermodynamic model was validated and

compared to the results presented by Shengjun et al. [96] for a

simple ORC employing R134a, R245fa and R123 in geothermal

applications. For validation, similar input conditions were used, and

the system’s thermal efficiency was evaluated as a function of

evaporation temperature within the range of 72°C to 84°C. Table

6.12 presents a comparison of the thermal efficiency results

obtained from the proposed thermodynamic model, and those

reported by Shengjun et al. [96]. As can be seen, the results are in

good agreement which is a clear sign of thermodynamic model

validity. Figure 6-25 shows a comparison between the current

research results and those from Shengjun et al. [96].

Table 6.12: ORC thermodynamic model results validation with Shengjun et
al. [96].

Evaporator
temperature
[°C]

Thermal efficiency

R123 R134a R245fa

Current
research

Shengju
n et al.
[96]

Current
research

Shengjun
et al. [96]

Current
research

Shengjun
et al. [96]

72 9.36 9.30 8.58 8.60 9.20 9.20

76 9.98 9.98 9.05 9.0 9.70 9.58

80 10.63 10.58 9.42 9.45 10.25 10.17

84 11.15 11.08 9.86 9.80 11.75 11.75
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Figure 6-25: ORC thermodynamic model validation, a) Current research
results and b) results from Shengjun et al. [96].

6.7.4 Simulation Results and Analysis

6.7.4.1 Working Fluids Evaluation and Selection

Two cases were simulated at different expander inlet temperatures,

in order to compare the new environmentally friendly refrigerants

with conventional ORC refrigerants. An average scroll expander

isentropic efficiency, reported in the literature at 80%, was used for

the ORC system simulations. Table 6.13 shows the input for both

simulated cases. Figure 6-26 and Figure 6-27 show the simulation

results for thermal efficiency and net thermal power output at

100°C and 120°C respectively.

Table 6.13: ORC simulations input.

Simulation Texpander [K] Tcondenser [K]

Case 1 373.15 303.15

Case 2 393.15 303.15
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Figure 6-26: ORC working fluids performance at 100°C- a) thermal
efficiency, and b) net thermal power output.
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Figure 6-27: ORC working fluids performance comparison at 120°C- a)
thermal efficiency, and b) net thermal power output.

It is clear from the figures that the ORC system using various

working fluids outperforms all investigated systems in the current

research (See Appendix C.6 for thermal efficiency comparison

between the ORC and the CO2 SRC systems). However, For both

cases, the thermal efficiency results in Figure 6-26 (a) and Figure

6-27 (a) indicate that the highest thermal efficiency is achieved

using the conventional R123 refrigerant, followed closely by the

environmentally friendly R1233zd(E). The environmentally friendly

R1234ze(Z) achieved the third highest thermal efficiency with

almost identical performance to the conventional R245fa

refrigerant. All the refrigerants mentioned subsequently were shown

to cluster together and follow a similar trend. On the other hand,

the environmentally friendly R1234ze(E) and R1234yf tended to

follow a similar trend to the conventional, yet very popular R134a,

with R1234yf performance being almost identical. Among the three

latter refrigerants, R1234ze(E) showed the highest thermal

efficiency. In both simulated cases, the net thermal power output is

shown to behave in the opposite direction to thermal efficiency. As

shown in Figure 6-27 (b) and Figure 6-26 (b), the net thermal

power output starts at maximum and reduces gradually as the

evaporator pressure increases. However, this decrease is small.

Moreover, super-heating is shown to have an insignificant effect on



Chapter 6: Theoretical Analysis of Small-Scale Power Generation Systems
for Low-Grade Waste Heat Recovery

217

the net thermal power output produced when both simulations are

compared. However, R1233zd(E) and R1234ze(Z) achieved almost

identical net thermal power output to those achieved by R123 and

R245fa. R134a generally achieves higher net thermal power output

than both R1234yf and R1234ze(E). However, at lower evaporator

pressure, R134a and R1234ze(E) achieved similar net thermal

power output. Comparing both simulated cases, the results show

the positive effect of super-heating on thermal efficiency, where it

tends to increase as the expander inlet temperature rises. Super-

heating is also shown to allow system operation at a wider range of

evaporator pressure, as illustrated in Figure 6-27 (a), compared to

Figure 6-26 (a).

Table 6.14 shows the optimum operating conditions that achieve

maximum thermal efficiency for the environmentally friendly

refrigerants. It is important to underline that the best performance

was achieved when the expander inlet temperature was 120°C.

Table 6.14: Optimum operating conditions for environmentally friendly
refrigerants in the ORC system.

Working fluid R1234yf R1234ze(E) R1234ze(Z) R1233zd(E)

System thermal efficiency
[%]

12.33 13.06 14.51 14.99

Net thermal power output
[kW]

4.46 4.53 4.78 4.83

Condenser pressure [bar] 7.8 5.78 2.10 1.55

Evaporator pressure [bar] 32.8 33.36 19.33 15

Evaporator temperature
[K]

366.35 378.12 390.73 390.67

The results in Table 6.14 show that R1233zd(E) demonstrates the

best performance among the new refrigerants, achieving the

highest thermal efficiency and highest net thermal power output at

the lowest operating pressure, as well as a super-heat of 2.5°C

between the evaporation temperature and the expander inlet. Due

to the outstanding performance R1233zd(E) had shown, it was

nominated to be employed in the proposed small-scale power

generation prototype system for waste heat recovery, and therefore

it was further investigated.
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6.7.4.2 R1233zd(E) ORC Optimised Operating

Conditions and Parametric Analysis

Although the optimum working conditions for the R1233zd(E)

refrigerant were identified in the previous section, it is important to

conduct a parametric investigation appropriate to the practicality of

such a system. Therefore, another simulation case was carried out

to optimise the anticipated working conditions of the R1233zd(E)

ORC system by taking into account the proposed scroll expander’s

maximum operating pressure of 16 bar based on the

manufacturer’s data [260], and the effect of super-heating in the

evaporator when it is related to the evaporation temperature.

Similar to the CO2 SRC power generation system, the effect of the

expander, pump and recuperator heat exchanger efficiencies were

also investigated.

However, in this simulation case, the evaporator pressure varied

from 4 to 16 bar, while the super-heat temperature was assumed to

be 5°C higher than the corresponding evaporation temperature. It

is important to underline that the maximum super-heated vapour

temperature allowed at the expander inlet is 120°C. The sub-cooled

R1233zd(E) liquid temperature at the condenser exit was held

constant at 30°C, while the condensation temperature was assumed

to be 5°C higher than the sub-cooled temperature.

Table 6.15 lists the simulation results for optimum evaporator

pressure and operating conditions which are very close to that seen

in the second simulated case for working fluid selection in section

6.7.4.1. However, the results show relatively high thermal efficiency

and net thermal power output achievable at low optimum

evaporator pressure and low condenser pressure, when compared

to other ORC refrigerants, as well as other investigated

technologies. According to the input conditions for the simulation,

the temperature of the super-heated vapour entering the expander

is 119.1°C. Generally, heat exchangers’ energy requirements are
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fairly low, with the recuperator heat exchanger’s energy

requirements being the lowest. Furthermore, The R1233zd(E) liquid

pump consumption was found to be very low.

Table 6.15: The R1233zd(E) ORC system optimised operating conditions.

System thermal efficiency [%] 14.34

Net thermal power output [kW] 4.81

R1233zd(E) pump power [kW] 0.1893

Evaporation temperature [K] 387.23

Evaporation pressure [bar] 14

Expander inlet temperature [K] 392.23

Condensation temperature [K] 308.15

Condensation pressure [bar] 1.83

Condenser exit temperature [K] 303.15

Evaporator power [kW] 33.54

Condenser power [kW] 28.73

Recuperator heat exchanger [kW] 4.78

R1233zd(E) mass flow rate [kg/s] 0.15

Figure 6-28 shows that thermal efficiency and net thermal power

output move in opposite directions. The system’s thermal efficiency

starts at its lowest and increases gradually to its maximum as the

evaporator pressure increases and the super-heat temperature

increases accordingly. On the other hand, the net thermal power

output starts at its maximum and reduces in a linear manner, as

the evaporator pressure increases. However, this decrease is

marginal.

Figure 6-28: R1233zd(E) ORC system thermal efficiency and net power as
a function of evaporator pressure and dependant super-heating

temperature.
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Figure 6-29 and Figure 6-30 show the optimised operating

conditions on the R1233zd(E) T-S and P-H diagrams, respectively.

It is clearly shown on T-S diagrams that R1233zd(E) is a dry

working fluid which is able to operate with a minimum super-

heating temperature. Consequently, the energy requirement for the

heat addition could be limited only for evaporation process. This

adds another advantage to the qualities the refrigerant offers. Both

diagrams reveal that R1233zd(E) enters the condenser as a

saturated vapour, indicated at state point 3 and exhibits phase

transition and sub-cooling in the condenser. On the other hand, the

pre-heat in the counter-flow shown at state point 6 is less effective,

where a large portion of latent heat is added by the heat source to

reach evaporation and super-heating at state point 1, as shown on

the P-H diagram. These observations indicate a low energy

requirement for the recuperator heat exchanger and relatively

higher evaporator and condenser energy requirements.

Figure 6-29: R1233zd(E) ORC optimised operating conditions, T-S
diagram.
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Figure 6-30: R1233zd(E) ORC optimised operating conditions, P-H
diagram.

The Effect of the Expander Isentropic Efficiency6.7.4.2.1

The effect of the expander isentropic efficiency was investigated by

keeping all parameters held constant under the optimised operating

conditions, while varying the expander isentropic efficiency. The

results shown in Figure 6-31 indicate a significant influence of the

expander isentropic efficiency on the system’s thermal efficiency

and less effect on the net thermal power output. The system may

operate at an expander isentropic efficiency as low as 10%, which

is the lowest isentropic efficiency attainable. However, at 10%

expander efficiency, the system’s thermal efficiency and net

thermal power output were 1.54% and 3.48 kW respectively. At

isentropic expansion, when the isentropic efficiency of the expander

was 100%, the maximum thermal efficiency was 17%, while the

net thermal power output was 4.48 kW. As shown in the Figure, the

thermal efficiency of the system starts at its lowest and increases

gradually in a linear manner as the expander efficiency increases.

The net thermal power output tends to increase exponentially,

where it increases rapidly when the expander’s isentropic efficiency
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increases from 10% to 50%. After that, the net thermal power

output will increase steadily and slowly towards its maximum value.

Figure 6-31: R1233zd(E) ORC thermal efficiency and net thermal power
output as functions of the expander isentropic efficiency.

The Effect of R1233zd(E) Pump Isentropic6.7.4.2.2

Efficiency

Similar to the expander isentropic efficiency, the effect of the

R1233zd(E) liquid circulation pump was investigated, keeping the

operating conditions held constant at the optimised operating

conditions, while varying the pump’s efficiency. The results shown

in Figure 6-32 indicate that the system would operate with the

R1233zd(E) liquid pump at a minimum of 10% for the selected

working conditions. The minimum thermal efficiency and net

thermal power output attainable were 10.2% and 3.48 kW

respectively when the pump’s isentropic efficiency was 10%. The

maximum results were achieved when the pump’s isentropic

efficiency was 100%. The maximum thermal efficiency and net

thermal power output were 14.54% and 4.85 kW respectively. Both

the thermal efficiency and net thermal power output tended to

follow similar patterns along the pump’s isentropic efficiency axis.

Both were observed to increase rapidly between 10% to 50% pump

efficiency. After that, they increased steadily towards their

maximum values when the isentropic efficiency was 100%.
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Figure 6-32: R1233zd(E) ORC thermal efficiency and net thermal power
output as functions of the R1233zd(E) pump isentropic efficiency.

The Effect of the Recuperator Heat Exchanger6.7.4.2.3

Effectiveness

The effect of the recuperator heat exchanger on system

performance was also investigated. The results shown in Figure

6-33 show that the effectiveness has no influence on the net

thermal power output, as has been confirmed by the CO2 SRC

power generation system simulation and reviewed literature.

However, the recuperator heat exchanger was found to marginally

increase the system’s thermal efficiency in a linear manner from

12.9%, when effectiveness was 10% and up to nearly 15% when

effectiveness was 100%.

Figure 6-33: R1233zd(E) ORC thermal efficiency and net thermal power
output as functions of the recuperator heat exchanger effectiveness.
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6.7.5 The ORC System Conclusions

New, environmentally friendly, low GWP refrigerants were

investigated and compared to conventional refrigerants in a 5 kW

regenerative ORC system for low-grade heat recovery. The

thermodynamic evaluation revealed the capability of the new

refrigerants to replace conventional ones. R1233zd(E) showed

outstanding performance, similar to R123, while R1234ze(Z)

showed similar performance to R245fa. R1234ze(E), and R1234yf

showed similar trends to R134a. However, R1234yf showed

identical performance to R134a, while R1234ze(E) showed higher

performance than both. Therefore, the use of these environmentally

friendly refrigerants in ORC applications alongside other

refrigeration applications is strongly recommended.

Following the performance evaluation, R1233zd(E) was nominated

to be employed in the proposed small-scale power generation

prototype system for industrial low-grade waste heat recovery.

Further operating condition optimisation, and parametric

investigation were conducted on the R1233zd(E) ORC system. The

optimised working conditions showed both best thermal efficiency

and net thermal power output. Therefore, the optimised working

condition characteristics are to be used for developing,

constructing, and testing the small-scale R1233zd(E) ORC system,

which consequently will be the first of its kind employing the newly

developed, environmentally friendly refrigerant.

However, the parametric investigation conducted on the

R1233zd(E) ORC showed the significant influence of the expander

isentropic efficiency on the thermal efficiency of the system.

However this influence is considered marginal on the net thermal

power output. The R1233zd(E) pump was shown to have influence

on the system thermal efficiency but less than that seen for the

expander. Also, similarly to the expander efficiency, the pump

efficiency was shown to have a marginal effect on the net thermal
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power output. To a minor extent, the recuperator heat exchanger

was shown to have an effect on the system thermal efficiency but

not the net thermal power output. However, the system showed its

ability to operate at the minimum value of any of the latter

efficiencies discussed.

Conclusions6.8

In this chapter, four thermal power generation technologies were

theoretically investigated in order to assess their technical

feasibility and suitability for the proposed small-scale power

generation system for low-grade industrial waste heat recovery. All

systems, and their thermodynamic model implementation have

been described, and their assumptions, inputs, governing equations

and outputs have been displayed.

The first investigated system, the CO2/lubricant absorption power

generation system generally showed very poor thermal efficiencies

and net thermal power outputs at extreme pressures for the three

investigated mixture pairs. Therefore, the system was considered

technically unfeasible and the search for new working fluid mixtures

for the absorption power generation technology revives.

The second investigated system was the CO2/POE32 flood

expansion system. a new technology that aims to improve the

system performance by achieving near-isothermal expansion using

a mixture of a refrigerant and a high heat capacity liquid which is

usually an oil. Although the system showed improved performance

when it was compared to the CO2/lubricant power generation

system, the practicality of such a system remains questionable,

mainly because of the system requirements for a separate loop to

contain the oil, and the additional pumping requirements associated

with the added loop that could finally come at the expense of the

main system performance. Furthermore, the system requires the

identification of the optimal CO2/lubricant mass fraction allowed

through the expander. Otherwise, poor system performance is
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expected. Instead, to fulfil the aim of such a system, expander

surface heating by mean of a jacket can be investigated as a

performance improvement alternative in different thermal power

generation cycles [253].

The third investigated system was the CO2 SRC power generation

system. The potential of the system was investigated by means of

several simulation cases in both sub-critical and supercritical

regions. Generally the theoretical analysis showed that the system

requires operation at high CO2 generator pressures in order to yield

higher thermal efficiency and net thermal power output. At lower

pressures, the compression device i.e. the pump tends to consume

higher power. However, from a theoretical point of view the system

is considered feasible in the conditions investigated, but requires an

expander and a compression device that have very high isentropic

efficiencies, which is practically uncertain to be achieved.

The fourth investigated system was the ORC system employing new

environmentally friendly refrigerants. The ORC technology in

general is attractive, well-established and has the flexibility to

adapt differently to any operation condition. The potential of new

environmentally friendly refrigerants was investigated theoretically

in a regenerative ORC system. The results were compared to

conventional popular ORC working fluids. The results showed that

the new refrigerants have very close performances to their

conventional counterparts. R1233zd(E) showed the highest

performance among the new refrigerants, that it is close to the

performance of R123. Therefore, it was selected for developing,

constructing and testing the proposed small-scale power generation

system for low-grade waste heat recovery, based on the optimised

working conditions.
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Chapter 7 : R1233zd(E) ORC Prototype
System Design and Construction

Introduction7.1

This chapter presents the design and construction of the small-scale

R1233zd(E) ORC prototype system for low-grade industrial waste

heat recovery. The main aims of the prototype system’s

development and experiments are to:

 Prove the feasibility of the proposed ORC system

employing R1233zd(E) for waste heat recovery.

 Experimentally evaluate system performance,

 Identify sources of performance destruction if it exists.

 Validate the system’s thermodynamic model by making

comparisons with the results of the experiments.

ORC Prototype Configuration and Description7.2

A schematic diagram of the ORC prototype developed is shown in

Figure 7-1.
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Figure 7-1: A schematic diagram of the R1233zd(E) ORC prototype
system.

The working fluid is R1233zd(E), and was provided by Mexichem

Fluor UK Ltd. [268]. The R1233zd(E) safety data sheet is included

in Appendix D.1. However, the prototype heat source is a steam

humidifier that supplies saturated steam in the range of 95°C to

101°C to the evaporator heat exchanger, in order to vaporise the

working fluid. The scroll expander is an automotive air conditioning

compressor, adapted to operate in reverse as an expander. The

expander drives an automotive electric power generator through a

V-belt. The electric power generator was selected, based on its

ability to match the expected rotational speed of the expander. The

condenser heat exchanger is cooled by mains water, supplied via an

industrial water chiller capable of supplying cooling water at the

selected temperature. A 7 litre liquid receiver cylinder is located

behind the condenser to receive the condensed refrigerant and to
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compensate for the variation in the refrigerant level in the heat

exchangers. A triplex plunger pump is used to drive the liquid

refrigerant to the evaporator through the recuperator heat

exchanger. Before the refrigerant enters the recuperator, it passes

through a variable refrigerant area flow meter. All heat exchangers

and piping are insulated with rubber thermal insulation. Figure 7-2

and Figure 7-3 show different views of the 3D design of the

R1233zd(E) ORC prototype.

Figure 7-2: 3D illustration of the R1233zd(E) ORC prototype system.

Figure 7-3: 3D illustrations of the R1233zd(E) ORC prototype system with
rugged industrial casing.
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7.2.1 Heat Source

The heat source utilised for the prototype shown in Figure 7-4 is an

immersed electrode steam humidifier, manufactured by CAREL

[269]. The humidifier is designed for domestic and industrial

applications and is capable of supplying heat of up to 67.5 kW, with

a maximum steam flow rate of 89.8 kg/h. The steam humidifier is

equipped with a digital control panel that allows the energy output

capacity, steam flow rate and temperature to be set. Moreover, it is

a drum fed by the mains water supply. When the humidifier is

operating, the steam generated in the drum is transferred and fed

directly to the evaporator heat exchanger via a steam hose.

Figure 7-4: Heat source - Carel humisteam X-plus EU090 steam humidifier.

7.2.2 Heat Sink

The heat sink used for the prototype is a 56 kW industrial chiller

unit, as shown in Figure 7-5 and manufactured by Corema [270].

This chiller unit has a tank capacity of 20L, which is fed by mains

water at controlled flow rates. The unit is directly connected to the

condenser heat exchanger by hoses and is pre-set to deliver a

constant supply of desired condenser temperatures.
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Figure 7-5: Heat sink - Corema 56 kW industrial chiller unit.

7.2.3 Scroll Expander

7.2.3.1 Operating Principle

The scroll expander consists of two scrolls: a stationary scroll and

an orbiting scroll, which are installed in a position relative to one

another. Figure 7-6 illustrates the operating principle of the scroll

expander. In reverse operation to the scroll compressor, the

working fluid enters the scroll expander from the centre and flows

to the periphery. As the high pressure working fluid enters the

expander, it creates force that will cause the orbiting scroll to move

eccentrically around the stationary scroll. While orbiting, both scroll

surfaces make contact at several points and create pockets of

trapped working fluid between the scrolls. However, as the orbiting

scroll moves, the size of the pockets increases, causing the trapped

working fluid to expand at the periphery and be discharged [71,

83].

Figure 7-6: Scroll expander operation. (source: [71])
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7.2.3.2 Losses and Internal Leakages

The expander’s built-in volume ratio is the ratio of the volume of

the expansion chamber at the end of the process to the volume of

the intake chamber at the beginning of the process. It is an

important parameter, directly related to the scroll geometry and it

defines the operation and capacity of the expander [83]. However,

the built-in volume ratio may introduce two types of loss which

would significantly reduce expansion efficiency. The first type is

under-expansion, where the built-in volume ratio is lower than the

specific volume ratio of the working fluid. The other type is over-

expansion, where the expander’s built-in volume ratio is higher

than the working fluid’s specific volume ratio between the inlet and

the outlet [271].

Under-expansion is the most common occurrence in positive

displacement expanders, due to the large specific expansion ratios

associated with Rankine cycles. Therefore, the expander’s built-in

ratio is not matched. Consequently, the expansion will be

incomplete. Internal leakages are other common losses which occur

in scroll expanders. Internal leakage affects volumetric efficiency

and reduces the expander’s power output, as the high pressure

working fluid bypasses the expansion process to the low pressure

side. There are two types of internal leakage which can occur in

scroll expanders: radial and flank leakage. Radial leakage occurs

due to the gap between the top and bottom plate and the scrolls,

while flank leakage occurs due to the gap between the flanks of the

two scrolls [272].
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Figure 7-7: Types of internal leakage in scroll expanders. (source: [272])

7.2.3.3 Modification of the Selected Scroll Compressor

into the Expander

The selected expander was converted from a Sanden TRSA09

compressor for automotive air conditioning, as shown in Figure 7-8.

The main modification made so that the scroll compressor could

work in expander mode, was to remove the check valve located in

the compressor’s intake compartment at the back of the

compressor, as indicated in the cut-away view presented in Figure

7-8 (b). Figure 7-9 shows the performance curve of Sanden

TRSA09.

Figure 7-8: Sanden TRSA09- a) general view, and b) cut-away view.
(source: [273])
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Figure 7-9: Performance curve of the Sanden TRSA09 compressor.

The scroll compressor modification procedure is illustrated in Figure

7-10 and Figure 7-11. Figure 7-10 (a) shows a side view of the

scroll compressor prior to the commencement of the modification

procedure. The compressor was dismantled into two halves and the

orbiting scroll was removed, as shown in Figure 7-10 (b). Figure

7-10 (c) presents a zoomed-in view of the orbiting scroll, while

Figure 7-10 (d) provides a zoomed-in view of the stationary scroll.

As shown at the centre of the stationary scroll, the inlet port for the

expander mode is blocked by the check valve.
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Figure 7-10: Views of scroll compressor modification procedures 1- a) side
view of the TRSA09 compressor prior modification, b) the dismantled

compressor showing stationary and orbiting scrolls, c) a zoomed-in view
of the orbiting scroll, and d) a zoomed-in view of the stationary scroll,

showing the expander mode inlet port blocked by the check valve.

In order to reach the check valve, the stationary scroll was also

removed from the compressor case. Figure 7-11 (a) shows the

inside of the compressor case, which is the compressor’s intake

chamber after the stationary scroll has been removed. It also shows

the check valve placed on the stationary scroll plate wall. Figure

7-11 (b) presents another view of the check valve and the back of

the compressor case. The check valve was removed, as depicted in

Figure 7-11 (c), and the expander parts re-assembled as the

conversion procedure was being completed. However, as part of the

modification procedure, customised inlet and outlet port adaptors

were installed on the expander following assembly, as illustrated in

Figure 7-12.
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Figure 7-11: Views of the scroll compressor modification procedures 2- a)
the inside of the compressor’s intake chamber and the check valve on the

stationary scroll plate, b) a view of the compressor case and the check
valve, and c) the check valve removed from the stationary scroll plate.

Figure 7-12: The scroll expander after assembly- a) scroll expander with
custom port adaptor, and b) zoomed-in view of one of the port adaptors.
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7.2.4 Electric Power Generator

Either DC or AC generators have similar operating principles. The

objective of the generator is to convert the mechanical power

produced by the expander into electrical power. The generator

consists of a rotating driven assembly called the rotor, which fits

into a stationary assembly called the stator, leaving a small air gap.

The stator’s assembly comprises the output wire winding, arranged

around its periphery, while the rotor assembly consists of a coil of

wires acting as an electromagnet. Figure 7-13 (a) presents a

general view of an automotive alternator, showing the rotor and

stator. Figure 7-13 (b) depicts the assembly components.

Figure 7-13: The automotive alternator- a) general view, and b) rotor
components. (Source:[274])

The operation of the alternator is excited by a small amount of

current called the field current, supplied by a connected battery, as

illustrated in Figure 7-14. This current flow through a brush and slip

ring mounted on the rotor shaft to the electromagnetic coil, creating

the magnetic field. From there, it flows back through another slip

ring and brush in order to leave. The strength of the magnetic field

will be determined by the level of the field current passing through,

which consequently determines the electrical power output.

However, as the rotor rotates inside the stator with a small air gap,

the magnetic field energises the stator windings and the maximum

current is induced [275].
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Figure 7-14: A battery supplies the field current to the rotor coil through
the brushes and slip rings. (Source:[274])

Almost all automotive alternators are three-phase Lundell

alternators, also called claw pole alternators. They are equipped

with a passive diode rectifier to convert the generated AC current

into DC. They are also equipped with an internal voltage regulator.

This will maintain a constant voltage output of 14 or 28 V DC by

adjusting the field current [276] to match the nominal lead-acid

battery charging voltage of 12V DC or 28V DC in small and large

vehicles, respectively [277]. In an automotive-related experimental

study, Whaley et al. [277] investigated the extraction of the

maximum power output from alternators. Figure 7-15 shows the

study results.

Figure 7-15: Automotive alternator performance- a) output power against
alternator speed at different output voltages, and b) alternator efficiency

against alternator speed. (Source: [277])

The results shown in Figure 7-15 (a) indicate that there is a

minimum rotational speed at which the alternator will start to

generate power. This minimum speed will increase as the output
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voltage rises, which consequently means larger alternators,

originally made for larger vehicles. Figure 7-15 (b) shows the

variation in alternator efficiency for varying V DC output along

rotational speeds. The peak efficiency achieved is shown in Table

7.1.

Table 7.1: Experimental alternator efficiency. (Source: [277])

Output DC voltage [V DC] Peak efficiency [%]

14 65

14 60

28 64

42 65

However for the current ORC system, automotive alternators do not

seem to be the best optiption since the requirement of considerably

high rotational speeds in order to maximise the electric power

output as illustrated in Figure 7-15. For this reason, two options

were considered for the R1233zd(E) ORC prototype system. The

first option was to utilise an automotive axial gap DC brushed

motor, manufactured by the Lynch Motor Company Ltd, UK [278]

and shown in Figure 7-16.

Figure 7-16: Lynch-LEM-200d-127 motor, general view. (Source: [279])

The motor is able to operate as a generator and is capable of

producing electrical power outputs up to 12.5 kW at a rotational

speed of 3900, as shown in the motor performance curve in Figure

7-17. Table 7.2 reveals the general specifications of the motor and

Figure 7-18 presents a view of the motor installed on the ORC

prototype.
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Figure 7-17: Lynch-LEM-200d-127 motor performance curve. (Source:
[278])

Table 7.2: Lynch-LEM-200d-127 motor, general specifications.

Rated volts [VDC] 72

Rated current [A] 200

Rated power [kW] 12.5

Speed constant
[rpm/V]

50

Efficiency [%] 92

Figure 7-18: Lynch- LEM-200d-127 motor installed on the ORC prototype
system.
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The second option is to utilise a conventional automotive alternator,

capable of producing 1.8 to 2.1 kW. This option was considered for

preliminary test of the modified expander operation in an expander-

generator compressed air open loop system set-up. It was also

considered as a back-up solution and trade-off option in the event

of unexpected abnormality in ORC system operation and

performance, which prevented the motor generator from rotating at

its minimum speed of 3200 RPM, as will be discussed in Chapter 8.

However, the alternator utilised is shown in Figure 7-19 and is

manufactured by Autoelectro, UK [280]. It has a rated output of

150 amps and 12V DC.

Figure 7-19: Autoelectro AEC1761 automotive alternator. (Source:[280])

Unfortunately, according to the alternator manufacturer, the

alternator’s performance curve is not available as public

information. Instead, there are many standard equivalent alternator

replacements that provide their performance curves. Several

equivalent alternator performance curves from different

manufacturers were compared. All alternators presented nearly

identical performance. Figure 7-20 shows the performance curves

of two alternative alternators of similar ratings. The curves in Figure

7-20 (a) indicate that the alternator starts to produce power at just

off 1000 RPM and at a temperature of up to 48°C, while it starts

producing power at nearly 1250 to 1300 RPM, when the

temperature is as high as 87°C. A similar curve for high

temperatures is shown in Figure 7-20 (b) for another alternator.

Figure 7-21 shows a view of the selected alternator installed on the

ORC prototype.
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Figure 7-20: Performance curves of a 150 amp-12V DC alternator.
(Source: a) [281], and b):[282])
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Figure 7-21: Autoelectro AEC1761 automotive alternator installed on the
ORC prototype system.

7.2.5 R1233zd(E) Circulation Pump

The pump utilised in the system was a variable speed motor driven

triplex plunger pump, manufactured by CAT Pumps Ltd., UK [283]

and shown in Figure 7-22 (a).

Figure 7-22: 3CP1120 triplex plunger CAT pump- a) pump and motor
during installation, and b) cut-away view of the pump (source: [284])

To ensure optimum operation with refrigerants, the pump was

customised by the manufacturer who replaced the standard sealing

material with PFTE material as indicated in the cut-away view in

Figure 7-22. In addition, the standard motor was replaced with a

motor which consumed less power in order to suit the ORC

application. Table 7.3 lists the general specifications for the pump.
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Table 7.3: General specifications of the 3CP1120 triplex plunger CAT
pump.

Plunger stroke [mm] 12.7

Maximum flow rate [L/min] 13.2

Minimum pressure [bar] From flood

Maximum pressure [bar] 151

Motor power consumption [kW] 0.75

Motor maximum speed [RPM] 950

7.2.6 Brazed Plate Heat Exchangers (BPHEs)

BPHEs are made of a packed series of thin corrugated stainless

steel plates that are brazed together by either copper or nickel.

Figure 7-23 shows the corrugated plates of BPHEs.

Figure 7-23: The corrugated plates of the BPHEs. (Source: [285])

The spaces between plates become the flow channels, where each

of the two heat exchanger fluids flows in alternate channels in the

opposite direction: so-called counter-current flow. There are two

flow patterns in BPHEs: single pass, where the fluids flow through

the exchanger in a single direction, and a multi-pass flow

arrangement, where the flow changes paths. However, single pass

is the standard, most commonly used configuration [286]. The two

types of flow pattern are illustrated in Figure 7-24.

Figure 7-24: Two types of flow pattern in BPHEs. (Source: [286])

One of the main parameters characterising the performance of plate

heat exchangers in general is the chevron angle, which is the angle
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of the plate’s corrugations, as shown in Figure 7-25. A high chevron

angle will result in high heat transfer, but will also lead to high

pressure drops and vice versa for low chevron angles. Therefore,

careful selection of the chevron angle should be taken into

consideration when designing plate heat exchangers to ensure

efficient operation [250].

Figure 7-25: The chevron angle of the plate heat exchanger. (Source:
[250])

The general features of BPHEs include a very compact size, low

weight, and the ability to withstand higher pressure. This is mainly

due to the brazing, which eliminates the use of frames or gaskets

seen in other types of plate heat exchanger. Typical applications of

BPHEs are generally found in refrigeration evaporators and

condensers, HVAC systems and process applications [287]. Figure

7-26 shows the counter-flow direction in single pass BPHEs, used

respectively as an evaporator and condenser in a refrigeration

system.
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Figure 7-26: A BPHE as an evaporator and condenser in a refrigeration
system. (Source: [285])

For the ORC prototype system, three stainless steel single pass

BPHEs were utilised as a condenser, an evaporator, and a

recuperator, as shown in the system configuration schematic in

Figure 7-1. The heat exchangers were manufactured by Kaori in

Taiwan [288] and were specially designed for refrigeration

applications. Since the thermodynamic properties of R1233zd(E)

were unavailable, all the thermodynamic properties at inlets and

outlet state points were provided for the manufacturer. The

proposed heat exchangers characteristics are listed in Table 7.4.

Table 7.4: BPHE characteristics.

Heat exchanger/model Condenser/K205 Recuperator/K205 Evaporator/I070

Number of plates 30 70 86

Dimensions [mm] 528x246x86 528x246x182 304x124x216.4

Volume [l] 6.73 16.01 2.03

Heat transfer area
[m2]

3.08 7.47 2.40

Maximum pressure
[bar]

30 30 30

Maximum temperature
[°C]

200 200 200

Figure 7-27 (a) presents a view of the heat exchanger utilised in

the ORC prototype before installation. Figure 7-27 (b) shows an

installed and thermally-insulated heat exchanger in the ORC

prototype system.
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Figure 7-27: ORC prototype heat exchangers- a) before installation, and b)
an installed and thermally insulated heat exchanger.

However, parallel to the manufacturer’s determination of the heat

exchangers’ characteristics and for validation reasons, the heat

exchangers’ heat transfer area calculation was carried out as part of

the current research using logarithmic mean temperature difference

(LMTD) method and was compared to the BPHE characteristics

provided by the manufacturer.

R1233zd(E) ORC Prototype BPHE Model by LMTD7.3

Method

For the R1233zd(E) ORC prototype, heat exchangers were modelled

using an LMTD approach. Three separate iterative sub-routines

were developed for the system’s three heat exchangers in a Matlab

environment and assisted by REFPROP 9.0 for R1233zd(E)

properties. These sub-routines were integrated into the previously

presented R1233zd(E) ORC thermodynamic system model in

Chapter 6 and attached in Appendix C.5.

7.3.1 LMTD

The LMTD is the logarithmic average of the temperature difference

between the two fluids of the heat exchanger [289]. LMTD is

illustrated in the simple counter-flow heat exchanger shown in

Figure 6-2 and the equation (7.1).



Chapter 7: R1233zd(E) ORC Prototype System Design and Construction

248

Figure 7-28: Simple counter-flow heat exchanger.

ܦܶܯܮ =
( ܶ− ܶ) − ( ܶ− ܶ)

݈݊
( ܶ− ܶ)
( ܶ− ܶ)

(7.1)

The LMTD is the maximum driving force for heat transfer in a

counter-flow heat exchanger [250]. Therefore, the higher the

LMTD, the greater the heat transfer and vice-versa. The LMTD

method is a common heat exchange, design and sizing method,

with a standard set of equations which are widely available in

textbooks on heat exchangers and ORC-related articles, such as

[290, 291]. The method involves the heat exchanger energy load,

flow temperatures and mass flow rates, as shown in equation (7.2).

It is compatible for use with other heat exchanger design

approaches, such as effectiveness and effectiveness-NTU (Number

of Transfer Units Method) [292].

7.3.2 BPHE Model Assumptions and Inputs

The heat exchangers’ sub-routines apply the outputs relevant to the

R1233zd(E) ORC thermodynamic model as inputs alongside the

heat exchangers’ plate geometry specifications, listed in Table 7.5

and collected from the heat exchanger manufacturer’s catalogue

[293] according to the proposed heat exchangers models, and

reference [294].

Table 7.5: Heat exchangers LMTD model - plate specifications input.

Condenser and recuperator Evaporator

Kaori model K205 I070

Plate material Stainless steel 316 Stainless steel
316

Plate length [mm] 456 250

Plate width [mm] 246 124

Distance between plates [mm] 2 2

Chevron angle [°] 45 45
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Surface enlargement factor [φf] 1.17 1.17

Fouling factor percentage [%] 2 2

The main assumptions made for conducting the model are as

follows:

 Pure counter-current, single pass heat exchangers, with a

constant effectiveness of 80%, are assumed.

 5°C pinch temperature is assumed between the steam and

cooling water inlets and the R1233zd(E) ORC system

corresponding state points.

 Pressure drops and friction effects were neglected.

 All heat exchangers were modelled as one-zone heat

exchangers where the two-phase condensation and

evaporation transition is assumed as occurring throughout

the heat exchanger. Therefore, the streams’ inlet and outlet

temperatures are averaged.

7.3.3 The BPHE Model Governing Equations

The governing equations of the R1233zd(E) ORC BPHE model are

equations (7.1) to (7.31). The subsequent solution of these will

allow the heat exchanges’ surface areas, LMTD, overall heat

transfer coefficients, and the outlet temperatures and mass flow

rates of the steam heat source and cooling water sink to be

predicted. It is important to note that the heat transfer area is the

key output of interest. It allows comparisons to be made with the

manufacturer’s proposed heat exchangers. However, the sub-

routines developed could be altered to deliver any calculated heat

exchanger characteristic. The principle of the implemented model is

illustrated in a flow chart included in Appendix D.2. However, all

general equations used were taken from Gebrehiwot [295], unless

otherwise indicated:

ܳ̇ = ܦܶܯܮ.ܣ.ܷ = ݉̇ (ℎ− ℎ) = ݉̇ (ℎ− ℎ) (7.2)

Where (U) is the overall heat transfer coefficient and (A) is the heat

transfer surface area, defined as:
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ܣ = ܰ ܣ (7.3)

Where (N) equals the number of plates and Ap is the projected area

of a single plate given by multiplying the dimensions of the plate, as

shown in equation (7.4):

ܣ = ݓܮ (7.4)

Determining the overall heat transfer coefficient involves the heat

exchanger’s geometric characteristics and the detailed properties of

fluids flowing in both sides of the heat exchanger - where this is

defined as a function of the convective heat transfer coefficients of

both fluid streams in the heat exchanger, thermal resistance due to

conduction through plate thickness, and fouling resistance. These

elements are illustrated in Figure 7-29, while the overall thermal

heat transfer coefficient is provided by equation (7.5).

Figure 7-29: Overall thermal resistance in a BPHE. (Source: [295])

ܷ =
1

൬
1

ℎ,௧
+

1
ℎ,ௗ

+
ݐ

݇
൰൬1 +

݂݂
100

൰
(7.5)

Where hh,hot and hc,cold are the convective heat transfer coefficients

of the heat exchanger’s fluids in the hot and cold sides,

respectively. (t) is the thickness of the heat exchanger’s plate, (k)

is the heat exchanger plate material conductivity, and (ff) is the

fouling factor percentage. The heat transfer coefficient of either the

hot or cold fluid is given by:

ℎ =
ݑܰ ݇

ܦ

(7.6)

Where (Nu) is the dimensionless Nusselt number, kf is the thermal

conductivity of the fluid, and Dh is the hydraulic diameter. The
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hydraulic diameter of the plate heat exchangers has two definitions.

The first definition is similar to two wide parallel plates, with a

spacing of (bc) between the plates [296], written as:

ܦ = 2 ܾ (7.7)

The second definition is more physically accurate and is based on a

three-dimensional variable cross-sectional area duct as:

ܦ =
4 ௩ܸௗ

௪௧௧ௗܣ
=

2 ܾ

߮

(7.8)

Where Vvoid is the void volume between plates, Awetted is the wetted

surface area between them. In the second term of equation (7.8),

φf is the surface enlargement factor, which is the ratio of the actual

surface area developed to the projected surface area [297]. The

surface enlargement factor value is provided by the manufacturer.

However, for corrugated plate heat exchangers, Han et al. [294]

and Naik and Matawala [298] suggest a value of 0.17. Referring

once again to equation (7.6), determining the dimensionless

Nusselt number will depend on the dimensionless Reynolds and

Prandtl numbers and is calculated using various correlations,

depending on the fluid characteristics, stream type, phases of the

flow, and subjected to experimental determination. However, the

general calculations for Prantdl and Reynolds numbers are

respectively given in equations (7.9) and (7.10).

=ݎܲ
ߤܿ

݇

(7.9)

(cp) is the heat capacity of the fluid, and μ is the fluid’s dynamic 

viscosity.

ܴ݁=
ܦݑߩ
ߤ

(7.10)

Where (ρ) is the fluid density, (u) is the actual fluid velocity. 

Claesson [296] suggests taking advantage of the actual fluid

velocity, assuming a two-dimensional flow. Therefore, the actual

velocity becomes the velocity of the fluid as it flows in the

corrugations, rather than using the mass flow velocity. However,

the relationship between the mass flow velocity and the actual

velocity becomes:
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ݑ =
ݑ
ߚݏܿ

(7.11)

Where um, is the mass flow velocity and β is a chevron angle 

converted from degrees to radians. The mass flow velocity is given

by:

ݑ =
ܩ

ߩ

(7.12)

Where (G) is the mass flux of the fluid. The mass flux is calculated

as:

ܩ =
݉̇

݊ܣ

(7.13)

Where ݉ሶis the mass flow rate, Ac is the cross-sectional area of a

single channel, and (n) is the number of channels the fluid flows

through. The cross-sectional area of a single channel is the spacing

between the plates (bc), multiplied by the width of the plate (w).

ܣ = ܾݓ (7.14)

The numbers of channels in both the hot and cold sides of the heat

exchanger are respectively given in equations (7.15) and (7.16),

where (N) is the number of plates.

݊ =
ܰ − 2

2

(7.15)

݊ =
ܰ

2

(7.16)

Once all the general parameters have been determined, the Nusselt

number can be calculated for each stream on both sides of the heat

exchanger.

7.3.3.1 Convective Heat Transfer Coefficient

Correlations

For a fully developed turbulent stream in a plate heat exchanger,

the forced convection heat transfer is generally correlated as:

ݑܰ = ଵܴ݁ܥ
మܲݎయቆ

௪ߤ

ߤ
ቇ



(7.17)

where the coefficients C1 C2 C3 and (n) are dependent on the plate

geometry and flow pattern, with the typical values that are usually
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reported in the literature [297]. The fluid dynamic viscosity at the

wall and ௪ߤ and the fluid stream viscosity ߤ may be assumed to

be similar. Therefore, the last term of the correlation could be

neglected. However, the convective heat transfer coefficient for the

water side in the condenser is calculated using the correlation

proposed by Longo [299], based on Muley and Manglik’s [300]

experimental study on the heat transfer of the turbulent flow of

water in the plate heat exchangers.

ݑܰ = 0.2121ܴ݁.଼ܲݎଵ/ଷ ቂ
5 < >ݎܲ 10

200 < ܴ݁< 1200
ቃ (7.18)

The condensation heat transfer coefficient is calculated using the

condensation correlation proposed by Kuo et al. [301] and is shown

in equation (7.19) for R410A in the plate heat exchangers. This

correlation was used widely by Quoilin et al. [271, 291, 302] in ORC

systems and proved to yield highly accurate results:

ℎ = ℎ,[0.25ିܥ.ସହݎܨ
.ଶହ + 75 + [.ହܤ (7.19)

Where ℎ, is the refrigerant liquid’s single-phase convective heat

transfer coefficient, calculated as:

ℎ,= 0.2092ቆ
݇

ܦ
ቇܴ ݁

.଼ܲݎ
ଵ/ଷ (7.20)

Co, Frl, and Bo in equation (7.19) are, respectively, the non-

dimensional, convective, Froude, and boiling numbers, defined as:

=ܥ ൬
1 − ݔ

ݔ
൰
.଼

൬
ߩ

ߩ
൰
.ହ (7.21)

Where (x) is the mean quality of the working fluid and ρl, and ρg are

the densities of the liquid and gas refrigerant, respectively:

=ݎܨ
ௗܩ
ଶ

ߩ
ଶ݃ܦ

(7.22)

Where ௗܩ is the mass flux of the refrigerant in the condenser,

and (g) is the gravitational acceleration. Finally, the boiling number

is:

=ܤ
ܳௗ

ௗܩ ℎ

(7.23)

Where ℎ is the refrigerant’s latent heat of vaporisation.
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The refrigerant’s film heat transfer coefficient in the recuperator

heat exchanger, the super-heating in the evaporator, and the

steam heat source were calculated using the single-phase

correlation developed by Bogaert and Böles [303] and presented by

Claesson [296]:

ݑܰ = ଵܴ݁ܤ
మܲݎ

ଵ
ଷ


ల.ర
ುశయబ

ቆ
௪ߤ

ߤ
ቇ

.ଷ
(ோା)బ.భమఱ

(7.24)

Where the coefficients B1 and B2 were taken from the similar

correlation developed by Muley [304], also presented in reference

[296]. After adding the coefficients and neglecting the variation in

dynamic viscosity, equation (7.24) becomes:

ݑܰ = 0.44 ቀ
ఉ

ଷ
ቁ
.ଷ଼

ܴ݁.ହܲݎ
భ

య


ల.ర
ುశయబ

ቂ
30° ≤ ߚ ≤ 60°
30 ≤ ܴ݁≤ 400

ቃ (7.25)

ݑܰ = ܣ ܤ ܴ݁ܲݎ
భ

య


ల.ర
ುశయబ

ቂ
30° ≤ ߚ ≤ 60°
ܴ݁≥ 1000

ቃ (7.26)

Where:

ܣ = 0.2668− +ߚ0.006967 7.244. 10ିହߚଶ (7.27)

ܤ = 20.7803− 50.9372߮ + 41.1585 ߮
ଶ− 10.1507߮

ଷ (7.28)

ܥ = 0.728 + 0.0543 ݅ݏ (݊
ߚߨ2

90
+ 3.7)

(7.29)

The convective evaporation heat transfer coefficient in the

evaporator was calculated using the flow’s boiling heat transfer

correlation developed by Donowski and Kandlikar [305] for R134a

in plate heat exchangers and modified by Claesson [296] to handle

heat transfer coefficients when vapour quality is above 90%. Here,

it is important to note that R134a has been used widely as a

reference refrigerant for heat exchanger modelling and sizing by

different manufacturers. However, the convective evaporation heat

transfer coefficient is:

ℎ = ൛ൣℎ,(1− ଼.ଵ/ଷ൧(ݔ + ൫ℎ,ீைݔ
ଷ൯.଼ൟଵ/.଼ (7.30)

where hc,GO is the heat transfer coefficient of the flow assumed to be

fully in the vapour phase and calculated using single-phase
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correlations from (7.24) to (7.29). The term hc,DK is the heat

transfer coefficient of the two-phase refrigerant given by Donowski

and Kandlikar [305] as:

ℎ, = .ଷ0.512ିܥ2.312) + −0.338)(1ܨ଼.ଶܤ667.3 (ݔ .ଷℎ,ை (7.31)

Where hc,LO is the heat transfer coefficient of the flow assumed to

be a fully-developed liquid and calculated using the single-phase

correlations from (7.24) to (7.29). Ffl is a fluid-dependant

parameter and is taken as a unity for stainless steel plates. The

convective and boiling numbers are calculated for the evaporation

process using equations (7.21) and (7.23).

7.3.4 BPHE Model Results and Discussion

For the anticipated prototype system operating conditions

presented in Chapter 6, Table 6.15, the system’s BPHE sizing

modelling results are presented in Table 7.6 to Table 7.8 and

compared to the heat exchanger characteristics provided by the

manufacturer [306]. However, in general, the results obtained

proved to be in satisfactory agreement with the manufacturer’s

proposed characteristics.

Table 7.6: Condenser heat exchanger modelling results.

Condenser heat exchanger Model Manufacturer

Cooling water inlet temperature [°C] 20 20

Cooling water outlet temperature [°C] 31.85 28

Cooling water mass flow rate [kg/s] 0.86 0.87

LMTD [°C] 5.81 4.97

Heat transfer area [m2] 3.18 3.08

The condenser modelling results show a slight deviation of 0.1 m2

between the heat transfer area calculated and the manufacturer’s

proposed heat transfer area. The LMTD deviation was 0.84°C and

the cooling water outlet temperatures were found to deviate by

3.85°C. The cooling water mass flow rates proved to be very close

and deviated by just 1.2%.
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Table 7.7: Evaporator heat exchanger modelling results.

Evaporator heat exchanger Model Manufacturer

Heating steam inlet temperature [°C] 130 130

Heating steam outlet temperature [°C] 115.1 122

Heating steam mass flow rate [kg/s] 0.53 0.15

LMTD [°C] 28.79 25

Heat transfer area [m2] 2.83 2.40

The heat transfer area obtained from the modelling of the

evaporator heat exchanger was found to deviate from the

manufacturer’s proposed heat transfer area by 0.43 m2. The LMTD

deviation was 4.8°C, while the steam outlet temperature was found

to deviate by 6.9°C and the heating steam’s mass flow rates were

found to deviate by 3.9%.

Table 7.8: Recuperator heat exchanger modelling results.

Recuperator heat exchanger Model Manufactu
rer

Deviation [%]

LMTD [°C] 5.12 5.95 13.94

Heat transfer area [m2] 6.7 7.47 13.43

Finally, the recuperator heat exchanger heat transfer areas were

found to deviate by 1.04 m2, while the LMTD deviated by 0.83°C.

The relatively larger heat transfer area difference observed in the

recuperator heat exchanger is presumed to relate to several factors,

such as the general deviations observed in the condenser and

evaporator and the effect of pressure drop, where it was accounted

for in the manufacturer’s calculation, but neglected in the LMTD

model implemented.

Measurement Devices7.4

This section presents the measurement devices installed in the ORC

prototype. The measurement devices will basically enable the

monitoring and acquisition of different operating parameters of the

system. Consequently, they will enable the system’s performance to

be evaluated and compared with that theoretically predicted.
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7.4.1 Data Acquisition System

Data acquisition and the monitoring of temperatures and pressures,

as well as operating time were established using the Agilent 34907A

data acquisition system [307] shown in Figure 7-30. This unit is a

powerful data acquisition system equipped with three module card

slots that allow the measurement of 20 to 120 channels. It also

supports 11 different types of measurement, including various

temperature sensors, AC and DC voltages, resistance, current, and

frequency. The unit has a capacity to perform measurements with

an uncertainty of ±0.004% for V DC and ±0.06% for V AC. The

monitoring and configuration of the system is carried out via the

supported interface software, which enables the real time

monitoring of physical quantities and the generation of graphs.

Alternatively, the data acquisition unit could be monitored and

configured through the unit’s front panel and display monitor.

Figure 7-30: Agilent 34907A data acquisition system- a) Different views of
the Agilent 34907A data acquisition system (Source: [307]), b) data

acquisition system during ORC system operation.

7.4.2 Temperature Measurements

Temperature measurements were performed at various points

around the system, as the configuration’s schematic shows in

Figure 7-1. The thermo-couples used were of a conventional K-

type, similar to those described in Chapter 4, section 4.5.2.3.2, for

the enhanced absorption experiment. These thermo-couples were

calibrated at boiling point prior to installation. The uncertainty

observed was around ±0.2 °C.
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7.4.3 Pressure Measurements

Four gauge-pressure transducers of two measurement ranges

manufactured by RS were installed in different places on the ORC

prototype, as indicated in the system’s configuration schematic in

Figure 7-1. Two of the transducers at the expander outlet and inlet

of the condenser are able to measure gauge pressure between 0

and 10 bar. The other two transducers installed at the expander

inlet and the outlet of the R1233zd(E) circulation pump are able to

measure gauge pressure within the range of -1 to 24 bar. Both

transducer types have an uncertainty of ±0.25% of full scale.

Uncertainties, as well as the conversion from gauge readings to

absolute pressure readings were taken into account during the

configuration of the pressure transducers in the data acquisition

interface. In addition, initial real time comparison took place during

system operation, by comparing the pressure readings transmitted

and the connected charging manifold. The uncertainties observed

were found to be between ±0.10 and ±0.13%. Table 7.9 lists the

general specifications for the pressure transducers used and Figure

7-31 shows two pressure transducers installed on the ORC

prototype.

Table 7.9: General specifications for the ORC prototype pressure
transducers.

Type 1 Type 2

Quantity 2 2

Pressure transducer range 0 to 10 -1 to 24

Manufacturer RS [200] RS [308]

Input [V DC] 9 to 32 12 to 36

Output [mA] 4 to 20 4 to 20

Temperature range [°C] -20 to 135 -20 to 125
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Figure 7-31: Pressure transducers installed on the ORC prototype.

7.4.4 Flow Rate Measurements

Two variable area flow meters from different manufacturers and

with different capabilities were utilised in the ORC prototype to

measure the R1233zd(E) refrigerant flow rate around the system

and the cooling water flow rate supplied by the chiller to the

condenser. The principle of variable area flow meter operation is to

measure a float position in a precision machined tapered tube, as

shown in Figure 7-32. When the fluid flows inside the tube, it raises

the float up the tube until the up-thrust from the flow reaches

equilibrium with the weight of the float.

Figure 7-32: Variable area flow meter principle. (Source:[309])

However, in the case of the R1233zd(E) flow meter utilised, a

magnetic electron beam was welded in the float casing, thus driving

the external indicator to display the flow rate. Figure 7-33 shows

the R1233zd(E) flow meter as manufactured and customised by

Roxspur [310], specifically according to the refrigerant properties.

The flow meter is able to operate under extreme working conditions
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and is capable of measuring flow rates within the range of 50 to

500 L/h and with an uncertainty of ±2% of full scale deflection.

Figure 7-33: R1233zd(E) flow meter, Platon FGMT154L.

Figure 7-34 shows the condenser cooling water flow meter installed

on the chiller outlet’s piping arrangement. The flow meter is a

transparent, scaled acrylic tube with a stainless steel float,

manufactured by Key Instruments [311]. The flow meter is capable

of operating at maximum pressure and temperatures of 6.9 bar and

65°C, respectively. It is also able to measure water flow rates from

0.5 L/min to 20 L/min, with an uncertainty of ±3% of full scale.

Figure 7-34: Condenser cooling water flow meter, Key Instrument FR4500.

7.4.5 Tachometer

The rotational speed of the expander was measured using a digital

optical non-contacting tachometer, capable of measuring RPM

speeds within the range of 0.19 to 100,000 RPM, with an

uncertainty of 0.05% as shown in Figure 7-35. To allow the

tachometer to track the rotation and ensure high accuracy readings,

a black electrical insulation tape was affixed to the expander clutch

wheel, as shown in Figure 7-35 (b).
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Figure 7-35: Smart T55 digital tachometer- a) tachometer receiver, and b)
tachometer measuring the rotational speed of the expander.

7.4.6 Electronic Load

The electrical load used to measure the electricity output from the

ORC system was a dummy DC load designed to generate electricity

demands similar to those found in different applications for testing

purposes. The load was hired from Telonic, UK [312], and consists

of two units shown in Figure 7-36. The PLZ1004W, which is the

main unit, is capable of handling up to 1 kW electrical power and

200 amps was coupled to the PLZ2004WB booster unit, allowing the

load to handle up to 9 kW electrical power and 1800 amps. The load

is capable of operating in different modes, such as constant power,

constant voltage, constant current, constant resistance, and

combinations of these parameters.
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Figure 7-36: PLZ1004W and PLZ2004WB DC dummy load.

All the components described above were installed in a frame to

form the R1233zd(E) ORC prototype. Figure 7-37 and Figure 7-38

show views of the prototype during construction, while different

views of the final prototype system are shown in Figure 7-39 to

Figure 7-41.

Figure 7-37: Side view of the ORC prototype during construction.
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Figure 7-38: Back view of the ORC prototype during construction.

Figure 7-39: Front view of the final ORC prototype.
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Figure 7-40: Back view of the final ORC prototype.

Figure 7-41: General view of the final ORC prototype.
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Summary7.5

This chapter has presented a comprehensive overview of the

configuration and final illustrations of the R1233zd(E) ORC

prototype system. It has also provided a detailed description of the

system components’ specifications and their operating principles.

The scroll expander’s modification procedure was explained and

illustrated, and the options considered for the electric generator

were discussed. Measurement devices installed on the prototype

system were presented, along with their measurement capabilities

and uncertainties.

In addition to the above, the chapter presents the BPHEs

characteristics provided by the heat exchangers manufacturer,

based on the refrigerant properties supplied and implemented in

the study. Due to the fact that R1233zd(E) has never been

modelled for ORC systems or heat exchangers, it was essential to

carry out heat exchanger modelling as part of the current research

and also to validate the BPHEs characteristics’ provided by the

manufacturer. The heat exchanger modelling was carried out using

the LMTD approach and the inputs and assumptions made, the

outputs, and the governing equations were presented and

explained. The output results were compared to the characteristics

of the heat exchangers provided by the manufacturer. The

comparison showed that both results are in fairly good agreement

with slight deviation. The similarity between the results is a good

indication of the proposed model’s validity and also presents an

indication of the average R1233zd(E) heat exchanger size, since it

has never been modelled before in the literature.
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Chapter 8 : Experimental Investigation of
The R1233zd(E) ORC Prototype System

Introduction8.1

This chapter describes the experimental testing performed on the

expander-alternator preliminary test bench and the main

R1233zd(E) ORC prototype system. The chapter presents the test

procedures, experimental parameters adopted and the evaluation

and analysis of the results obtained via experimentation throughout

the phases of its progress. The chapter also identifies the system

limitations and demonstrates the experimentally obtained

performance improvement towards the thermodynamic model

performance characteristics by mean of three simulated cases.

Finally, the R1233zd(E) prototype system’s outputs were compared

to similar parameters obtained from equivalent ORC systems from

literatures.

Compressed Air Open Loop Expander-Alternator8.2

Experimental System

8.2.1 Experimental System Configuration and

Description

A preliminary experimental test was carried out to evaluate the

operation and electrical output of the scroll expander connected to

the proposed automotive alternator via a V-belt; compressed air

was used as the working fluid in an open loop test bench system.

The schematic of this is shown in Figure 8-1. An open loop

configuration was adopted to allow easy adjustment of the selected

operating pressure without restrictions. Compressed air was applied

as the working fluid, mainly because of its availability and due to

the fact that it is safe for release into the atmosphere. Therefore,

the system configuration was simpler. Moreover, air has very well-

known thermodynamic properties that could be assumed to behave
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like an ideal gas, thus allowing simpler and more accurate

experimental data analysis.

Figure 8-1: Schematic of the compressed air open loop expander-
alternator test bench.

As shown in Figure 8-1, the system consists of a workshop

compressed air supply line, sourced from the workshop’s central air

compressor. This compressed air line is capable of supplying

compressed air at a maximum pressure of 7 bar. This may be

regulated at the required operating pressure. The compressed air

was delivered to the expander through system components using

rubber hoses capable of withstanding the operating pressure. The

air flow rate was measured by a digital air flow sensor before being

directed to the filter-regulator-lubricator unit. The function of the

latter is to strain the compressed air and eliminate any particles and

liquids, regulate the air pressure delivered to the expander at a

constant output rate, and add controlled amounts of oil to the air

stream, thus minimising friction in the expander. After the air has

received this treatment, it is directed to the expander where it

expands to atmospheric pressure, causing the expander to spin.

This consequently rotates the alternator before exiting the test

bench system.

The spinning alternator is connected to the external adjustable

electrical load, which allows measurements of the system’s

electrical power output, alongside the voltage and amperage. An

automotive battery is also integrated within the circuit to initially

energise the rotor electromagnet coil and generate the magnetic

field. Moreover, it is important to note that the fully-charged
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battery functions as a capacitor, where the alternator utilised is a 3-

phase alternator which produces an AC current rectified to DC. As a

result, there will be various ripples in the voltage output that

require smoothing, in order to provide a steady DC voltage output

[313, 314]. A shunt resistor of 60mV/200A and a voltmeter were

connected to the battery loop in order to measure the battery

current. This measured current may flow in or out of the battery,

depending on the voltage produced by the electric power generator

where it flows into the battery, when the generator’s voltage is

higher than the battery voltage and vice-versa.

8.2.2 System Components

The major system components are the same as those utilised for

the R1233zd(E) ORC prototype system. Besides these components,

the system comprises the digital air flow sensor manufactured by

SMC, Japan [315]. This air flow sensor is capable of measuring flow

rates in the range of 150 l/min to 3000 l/min and is equipped with

an LED display, as shown in Figure 8-2.

Figure 8-2: SMC-PF2A703H digital air flow sensor. (source:[315])

The system also includes the filter-regulator- lubricator unit, shown

in Figure 8-3 and manufactured by Camozzi [316]. This unit has the

capability to handle inlet pressures of up to 16 bar and supply

outlet pressure of up to 10 bar.

Figure 8-3: Camozzi C401-D000 air filter regulator lubricator unit. (source:
[316]).
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Two portable K-type thermocouples were used to monitor air

temperature at the expander’s inlet and outlet.

8.2.3 Test Procedure

Figure 8-4 shows the compressed air open loop experimental test

bench assembly.

Figure 8-4: Compressed air open loop expander-alternator test bench set-
up.

The experimental test aims to run the system at different air

pressures from 3 to 6 bar and to examine the performance of the

scroll expander and the power output obtained. The main challenge

encountered during the test was the fluctuation in air supply

resulting in obvious pressure drops, mainly caused by the up-

stream compressor cycling to suit demand during the test.

Consequently, the system never operated in a continuous steady

state. For this reason, each run lasted for several minutes to ensure

sufficient air supply for reasonable power output.

The measurements of the experimental tests were recorded

manually; where each recorded point represented an independent

test. This was mainly due to the short duration of the tests and the
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fact that all utilised measuring devices were equipped with displays

that permitted the accurate monitoring of operating parameters.

The test procedure conducted was as follows:

 Set the required test load on the adjustable load.

 Set the required test pressure by adjusting the regulator

on the workshop’s main compressed air line.

 Record the time and the set test pressure in a prepared

log book.

 Open the air inlet valve to allow air into the system.

 When the expander and alternator rotate, observe the

voltage and current readings until they reach a steady

state. Record air flow rate, voltage, current and

temperatures.

 Once the measurement record has been established, the

air inlet valve is shut down and the test is complete.

8.2.4 Experimental Data Reduction

The performance of the expander and the electric generator was

evaluated from the experimental recorded data using Microsoft

Excel, aided by REFPROP 9.0 for air properties. The air inlet and

outlet enthalpies were determined by the known inlet and outlet

temperatures and pressures. The recorded air volumetric flow rate

in l/min was converted into mass flow rate kg/s through knowledge

of the air inlet density as:

݉̇  = ቌ

ܸ̇
60

1000
൘ ቍߩ

(8.1)

The expander’s power output and isentropic efficiency were also

calculated for air using equations (6.37) and (6.22), respectively.

It was assumed that the transmission V-belt connecting the

expander and the electric generator has an efficiency of 90%,

where the initial V-belt efficiency is in the range of 94%-97%, with
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the possibility of deteriorating by 5%. Then the power transmitted

to the electric generator by the V-belt will be:

ܹ ்௦= ܹ ா௫ߟ௧ (8.2)

The electrical power output from the system was calculated from

the alternator’s electrical circuit shown in the schematic of the

system in Figure 8-1 as the total power consumed by the adjustable

load and the power directed to the battery. The power consumed by

the load is simply calculated by the measured voltage and current

displayed on the load screen, as shown in Figure 8-5, where:

ܹ ாௗ= ௗܫ ܸௗ (8.3)

Figure 8-5: Voltage and current displayed on the adjustable load screen.

The power directed to the battery is:

ܹ ா௧௧௬= ௧௧௬ܫ ܸ௧௧௬ (8.4)

Where IBattery is calculated by measuring the voltage across the

shunt as:

௧௧௬ܫ =
ೄೠ

ோೄೠ

(8.5)

And RShunt is the shunt-rated resistance at 60mV/200A. However,

the total electric power produced and the alternator efficiency, are

given respectively as:

ܹ ா= ܹ ாௗ + ܹ ா௧௧௬ (8.6)

ா௧ߟ =
ௐ ಶ

ௐ ೌೞ

(8.7)
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8.2.5 Results and Analysis

Table 8.1 presents the complete test conditions and analysed

results. The recorded currents, voltage, and power outputs are

included in Appendix E.1. The results generally show very high

expander isentropic efficiency. However, although low alternator

efficiencies were observed, the electric power outputs under all

tested conditions were able to fulfil the power demands set on the

adjustable electric load. Test number 16 in Table 8.1, represents

the optimum result obtained, where the system delivered maximum

electric power output. The expander produced 2 kW, with an

isentropic efficiency of 96.33%. A small portion of this power was

lost through the transmission mechanism delivering 1.86 kW to the

alternator. However, a larger portion of this power was also lost due

to the alternator’s low efficiency. The power converted into useful

electricity amounted to just 416.02W, indicating a low alternator

efficiency of only 22.39%. It is important to note here that the

electric power output was obtained at the maximum tested air inlet

pressure of 5.4 bar, which subsequently produced the maximum

recorded expander power output. Throughout the experiment, the

expander air outlet temperature at atmospheric pressure was

shown to be very low.
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Table 8.1: Compressed air open loop expander-alternator test results.
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Figure 8-6 presents the variation in the power generation profile

along the test timeline. As shown, the electric power produced by

the alternator was very low, compared to the power generated by

the expander and the power transmitted to the alternator via the

transmission belt. This is an indication of low alternator efficiency.

Figure 8-6: Compressed air open loop expander-alternator test’s power
generation profile.

Figure 8-7 (a) shows the variation in expander-generated and

transmitted power, along with the variation in expander inlet

pressure. The relationship indicates that the expander power output

is directly proportional to the expander inlet pressure. Figure 8-7

(b) shows the relationship between the expander inlet pressure and

the alternator’s electric output. The alternator’s electric power

output indicates proportional dependency on the expander inlet

pressure. However, this relationship is not as strong as what is

observed in Figure 8-7 (a), due to the lower electric conversion

efficiency. Similar behaviour was noted for power output variation

in relation to air flow rate, as shown in Figure 8-8.
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Figure 8-7: Generated power variation with air inlet pressure- a) power
generated and transmitted by the expander, and b) the alternator’s

electric power output.
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Figure 8-8: Variation in generated power with air flow rate- a) Power
generated and transmitted by the expander, and b) the alternator’s

electric power output.

Figure 8-9 presents the expander’s isentropic efficiency and the

alternator’s efficiency throughout the experiment. As shown, both

efficiencies followed a similar pattern, but at different levels, where

the lowest expander isentropic efficiency was 93.6% and the

maximum was 97.1%, with an average efficiency of 96.15%. On

the other hand, the alternator’s efficiencies are shown to have been

low throughout the experiment, where the lowest alternator

efficiency was 17.7% and the maximum observed efficiency was

29%, with an average of 22.57%.

Figure 8-9: The expander’s isentropic efficiency and the alternator’s
efficiency.

Figure 8-10 shows the relationship between the expander’s power

output and the alternator’s electric power output. Despite the low

electric power converted, the results show a coefficient of

determination of 67%, indicating the value of the relationship.
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Figure 8-10: The relationship between the expander’s power output and
the alternator’s electric power output.

The expander’s power output showed strong dependency on the

expander’s rotational speed which is also related to the air mass

flow rate, as shown in Figure 8-11. To demonstrate this

relationship, the recorded results were categorised into three

groups, depending on the air mass flow rate, measured as 0.06

kg/s ±0.005, 0.075 ±0.005, and 0.091 ±0.005. For each mass flow

rate, the expander’s power output was at its maximum at the

minimum rotational speed and reduced gradually as the rotational

speed increased. However, throughout the experiment, the

expander’s rotational speed varied between 2320 RPM to 3580 RPM.

Figure 8-11: The relationship between the expander’s power output and
the expander’s rotational speed.

The temperature profile across the expander is shown in Figure

8-12. As can be seen, the air temperature at the expander inlet was
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steady throughout the experiment at an average of 16.5°C. The

outlet temperature is shown to have varied, depending on the

operating characteristics, where the minimum observed

temperature was -7°C and the maximum was 3.30°C.

Figure 8-12: Variation in air temperature across the expander.

8.2.6 Compressed Air Open Loop Expander-Alternator

Experiment Conclusion

A preliminary test was carried out to examine the performance of

the scroll expander and the automotive electric generator’s power

output in a specially constructed test bench. The results show that

the expander operates at high isentropic efficiency and produces

reasonable power output, which is dependent on the expander’s

pressure ratio and the air flow rate. The electric power generator is

shown to have had very low efficiency, compared to the expander,

which consequently resulted in low electric power output. This

suggests either large power losses through the transmission

mechanism, or a speed mismatch between the expander and the

electric power generator. The maximum electric power produced

was 416W, with an alternator efficiency of 22.39%, when the

expander produced a power output of 2 kW, with an isentropic

efficiency of 96.33%.

This observed performance could be reflected in the case of the

R1233zd(E) ORC prototype system when the alternator is used as

the electric power generator. Presuming that the expander was able

to produce a 5 kW power output, the losses by transmission would
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reduce the power delivered to the alternator to 4.5 kW.

Subsequently, an alternator with an efficiency of 22.39% would

yield 1.007 kW electric power output.

For the above reason, the automotive DC motor is to be used as the

primary electric power generator in the first experiment, on the

R1233zd(E) ORC prototype system.

The R1233zd(E) ORC Prototype System8.3

Experiments

Several experiments were conducted on the R1233zd(E) ORC

prototype system. Two sets of experiments, which represent the

best performance obtained from the system, have been analysed

and presented in this thesis. In the first experiment, two tests were

conducted and the automotive DC electric motor was used as the

electric power generator. Due to poor system performance as a

result of a rotational speed mismatch between the expander and

the DC motor, and the physical position of the refrigerant which

prevented it from moving freely around the system, it was decided

that the system’s piping should be modified to ensure free

movement of the refrigerant, consequently altering the heat

exchanger heights. After these modifications were made, the

second experiment was conducted. However, the DC motor was

replaced by the automotive alternator and battery arrangement in

order to evaluate any improvement it may make to the electric

power output.

8.3.1 Prototype System Initiation and Starting

Procedure

Before and during the commencement of the tests on the

R1233zd(E) ORC prototype system, the following procedure,

including precautionary measures, was followed to ensure safe and

proper operation:
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 Checking around the ORC prototype system to ensure

there were no loose components and all the main valves

were fully open.

 Before charging the R1233zd(E) refrigerant, pressurising

the prototype system with nitrogen of up to 10 bar and

monitoring via the connected DAQ unit through the

interface software for about an hour, for obvious leaks.

Once it was confirmed there was no leakage, leak testing

by means of a soap and water solution on every pipe and

joint in the system. Having established that no leakage

had occurred, increasing the pressure on the system to 15

bar, and then monitoring the system for another hour

through the computer interface. After the integrity of the

experimental rig had been confirmed, releasing the

nitrogen from it. At lower pressure, vacuuming the rig to

remove any remaining nitrogen.

 After integrity had been confirmed, closing all by-pass

valves on the prototype system and establishing that all

main-line valves were fully open.

 Confirming that the temperature thermocouples and

pressure transducers fitted properly in positions around

the system and observing transmitted signals via the DAQ

unit interface software, in order to verify the functionality

of the instrumentation.

 Ventilating the lab space to allow removal of any

refrigerant emission in the event of leakage, even though

R1233zd(E) is a non-hazardous substance. This step was

necessary as there might be exceptional cases of allergy

due to the potential sensitivity of personnel involved in

the test.
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 Having the system charged with R1233zd(E) by a

qualified sub-contractor.

 Supplying the chiller with clean water from the mains

supply through the piping arrangement. Switching on the

chiller and setting the temperature for water delivery on

the front panel. Once the required temperature had been

achieved, opening the chiller outlet valve to deliver

cooling water to the condenser and set the chiller outlet

flow rate using the water flowmeter.

 Filling the steam humidifier with clean water from the

mains supply via the connected hose and valve

arrangement. Switching on the front control panel of the

humidifier and setting the heating capacity percentage,

along with the steam supply temperature kept at its

maximum of 104°C. However, the maximum steam

supply observed during the test was in the range of 93 to

101°C, due to the humidifier’s cut-in and cut-out

sequence.

 Preparing the test log book and starting the data-logging

process using a connected personal computer. Saving this

information in a file for data analysis at a later point in

time. It is important to underline here that the DAQ unit

only allowed the monitoring and recording of pressure and

temperature readings. Other test data were recorded

manually in the log book at intervals, once a steady

operating state was established. These data consisted of

cooling water and R1233zd(E) mass flow rates, boiler

supply capacity and mass flow rate, expander rotational

speed and the external adjustable load’s set load, voltage,

amperage, and battery voltmeter readings.
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 Once the steam humidifier was warmed up and running at

the desired capacity and temperature, switching on the

ORC prototype system control panel and turning on the

R1233zd(E) refrigerant circulation pump using the On/Off-

speed control knob. The pump speed was kept to a

minimum at the beginning of the test and raised steadily

and gradually while monitoring the R1233zd(E) flow

meter, until the desired flow rate was established and

differential pressure created.

 At this stage, all the system components were involved in

performing their duty to operate the ORC prototype

system. When the R1233zd(E) refrigerant in the

evaporator had vaporised, due to the heat supplied by the

boiler, the expander became operational and

subsequently rotated the connected electric power

generator to generate electric power output.

Once the expander and alternator are rotating, the key objective is

to maximise the expander’s rotational speed and subsequently, the

expander power output, which will result in the maximum attainable

electric power output from the generator. However, the expander’s

rotational speed and power output are proportionally dependent on

the expander’s inlet pressure and the pressure ratio across the

expander.

8.3.2 Prototype System Shutdown Procedure

The shutdown procedure involves general safety checks carried out

after the experimental tests have been completed, in order to

ensure a safe experimental system and to avoid any incidents after

the system has shut down. First, the steam humidifier is shutdown

from its front panel and left to cool down. This step will cause the

expander and alternator arrangement to slow down until they stop

rotating, due to the absence of a heat supply. The cooling water

and the R1233zd(E) are left to run for a while to allow condensation
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of the refrigerant and to cool the hot surfaces. When the monitored

system temperatures have cooled down, the pump is turned off

from the prototype system control panel and the condenser’s

cooling water inlet valve is closed. The same procedure is applied to

the steam humidifier valves supplying the evaporator. The chiller is

then switched off from the front panel. After that, all power supplies

to the boiler, chiller, and prototype system are to be isolated and

the shutdown procedure is complete.

8.3.3 Experimental Data Reduction

Recalling the ORC prototype system schematic Figure 7-1 in the

previous chapter, the heat input in the system’s evaporator is given

by:

ܳ̇ா௩ = ݉̇ (ℎଵ− ℎଽ) (8.8)

The useful heat provided by the steam humidifier can be calculated

as:

ܳ̇ௌ௧ = ݉̇ ௦௧ (ℎ௦௧  − ℎ௦௧ ௨௧) (8.9)

However, for the current experiments, this information was

available and recorded from the steam humidifier control panel

throughout the tests.

The R1233zd(E) mass flow rate was calculated using the

refrigerant’s density at the pump’s exit, alongside the expander’s

power output, efficiency, and transmitted power. All were calculated

similarly, as described in 8.2.4 but applied for R1233zd(E) at state

point 8, and 2, 3 on the prototype system schematic, respectively.

The heat transferred in the recuperator heat exchanger is a product

of the mass flow rate and the refrigerant’s enthalpy change across

the sides of the heat exchanger, where:

ܳ̇ு௫ଵ=݉̇ (ℎସ− ℎହ) ℎ݁ݐݎ݂ ݓ݈ ݁ݎ ݁ݎݑݏݏ ݂݁݀݅ݏ ݁ݐݏݕݏℎ݁ݐ ݉

݀݊ܣ

ܳ̇ு௫ଶ=݉̇ (ℎଽ− ℎ଼) ℎ݁ℎ݅݃ݐݎ݂ ℎ ݁ݎ ݁ݎݑݏݏ ݂݁݀݅ݏ ݁ݐݏݕݏℎ݁ݐ ݉

(8.10)
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The heat rejected from the condenser by the cooling water supplied

by the chiller is given by:

ܳ̇ௗ=݉̇ (ℎ− ℎ) (8.11)

The R1233zd(E) circulation pump input power is calculated as:

ܹ ௨ =݉̇ (ℎ଼− ℎ) (8.12)

And the pump efficiency is:

௨ߟ  =
ℎ଼ௌ− ℎ
ℎ଼− ℎ

(8.13)

The system’s net thermal power output is calculated as:

ܹ ே௧=ܹ ா௫ − ܹ ௨  (8.14)

And the prototype system’s thermal efficiency becomes the ratio of

the net thermal power output to the energy input into the

evaporator:

ௌ௬௦௧ߟ =
ܹ ே௧

ܳ̇ா௩

(8.15)

It is important to note that the system’s electric power output is not

thermodynamically related to the system’s operating conditions and

output, other than the expander’s power output and the power

transmitted by the transmission belt. This is similar to the system’s

electrical efficiency, which is related purely to the heat input from

the heat source. However, the electric power output from the

system could be determined in two ways, depending on the electric

generator utilised. When the automotive alternator is used, the

electric power output is calculated in a way similar to that

presented in equations (8.3) to (8.6) for the preliminary test. When

the automotive DC motor is used, the configuration of the

expander-electric power generator becomes simpler, as illustrated

in Figure 8-13 and the electric power output from the system

becomes the load displayed on the adjustable load and given in

equation (8.3).
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Figure 8-13: Expander-DC electric power generator arrangement.

And the prototype system’s electrical efficiency becomes the ratio of

the electric power output to the energy input from the steam

humidifier heat source:

=ா௧ߟ
ܹ ா

ܳ̇

(8.16)

8.3.4 Results and Analysis

The performance of each system component was obtained from the

recoded data, analysed in a Matlab environment, using similar

programme to that presented for the ORC system thermodynamic

model, presented in Appendix C.5. The only difference is that the

ORC prototype system analysis programme uses the experimentally

obtained data as inputs to evaluate the performance of the system

instead of the user defined inputs, as in the thermodynamic model.

Due to the large amount of experimental data, only data points

recorded in the log book were included in this thesis (see Appendix

E.2). However, raw experimental data are available upon request.

8.3.4.1 Experiment 1

The experiment conducted consisted of two tests. The heat input

has varied during the tests, while the steam temperature was set to

maximum throughout the experiment and fluctuated from 95°C to

101°C. For the cooling water supply to the condenser, the flow rate

was set at set at 20 l/min throughout the tests.
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First Run8.3.4.1.1

In this run, the heat input into the evaporator was increased

gradually throughout the test. On the condenser side, the cooling

water supply was set at 10°C at the chiller throughout the test.

Different mass flow rates of R1233zd(E) were set during the test,

where it was increased gradually to its maximum, before it was

reduced again.

Temperature and Pressure Profiles8.3.4.1.1.1
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Figure 8-14: ORC experiment 1, first run - Temperature and pressure
profiles.

Figure 8-14 (a) shows the evaporator’s temperature profile along

the test timeline. As can be seen, the evaporator’s outlet

temperature is super-heated to slightly above the evaporation

temperature throughout the test. The evaporator’s outlet
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temperature varied between 90.20°C and 94.61°C, while the

evaporation temperature was in the range of 89.26°C to 94.61°C.

The evaporator’s inlet temperature was lower by almost half,

compared to the evaporator’s exit temperature, ranging between

36.97°C to 50.06°C.

Figure 8-14 (b) presents the expander’s temperature profile. The

super-heated R1233zd(E) stream from the evaporator outlet

expands through the scroll expander and exits at temperatures in

the range of 56.32°C to 65.17°C.

Figure 8-14 (c) shows the recuperator heat exchanger’s

temperature profile. It is clear that the recuperator inlet from the

expander exhaust had the highest temperature, while the high

pressure inlet after the pump exhibited the lowest temperatures,

varying from 10.87°C to 13.35°C. The outlets on both sides of the

recuperator had relatively similar temperatures, with mean values

of 42.44°C and 42.76°C for the high pressure and low pressure

side, respectively.

Figure 8-14 (d) shows the variation in condenser temperature

throughout the test. As shown, the partially cooled refrigerant from

the recuperator entered the condenser at temperatures varying

between 36.26°C and 50.12°C, to condensate at temperatures

between 9.1°C and 36.84°C, before exiting at sub-cooled

temperatures between 9.58°C and 11.98°C. The temperature of the

cooling water supplied by the chiller was almost identical to that of

the condenser exit, while the cooling water outlet after heat

rejection was higher and within the range of 15.92°C to 20.85°C.

The pressure profile of the system during the test is presented in

Figure 8-14 (e). As shown, slight pressure drops were observed on

both the high and low pressure sides of the system. For the high

pressure side of the system, the pump’s outlet pressure was in the

range of 8.1 to 10 bar, while the expander’s inlet pressure ranged
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between 8.19 and 9.25 bar. However, the fluctuations in the

pump’s exit pressure readings indicate destruction in the pumping

process. On the low pressure side, the expander’s outlet pressure

was in the range of 1.06 to 2.07 bar; at the condenser outlet, the

pressure dropped and varied from 0.70 to 1.95 bar.
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Performance Profiles8.3.4.1.1.2
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Figure 8-15: ORC experiment 1, first run - Overall system performance
profile.

Figure 8-15 (a) shows the variation in the steam humidifier’s heat

supply to the system and the heat exchamgers’ energy at the data

points analysed when the system was operating under steady state

conditions. As shown, the steam humidifier’s heat supply was
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increased gradually from 16.88 kW to 33.75 kW, slightly higher

than the thermodynamically anticipated optimum evaporator input

of 33.54 kW – determined and presented in Chapter 6, Table 6.15 -

where it continued to supply heat at a constant rate. The heat

exchamgers’ energy levels were increased gradually, alongside the

heat input. However, they were shown to be strongly dependent on

the R1233zd(E) mass flow rate, where the heat exchangers’ energy

increased alongside the increase in mass flow rate and

correspondingly decreased when the mass flow rate was reduced,

following similar patterns. The evaporator’s energy level ranged

from 15 kW to 24 kW, while the condenser’s ranged between 16.1

kW and 25 kW. The energy on the high pressure side of the

recuperator heat exchanger varied from 2.5 kW to 4.40 kW, while

the energy on the low pressure side varied between 0.87 kW and

1.62 kW.

Figure 8-15 (b) shows the power generation and consumption

profile of the test, alongside the expander’s rotational speed during

the test. A similar dependency on the mass flow rate may be

observed for the expander’s generated power, and transmitted

power, as well as the net thermal power output from the system,

alongside the power consumed by the pump. This behaviour was

also observed for the electrical power generated, but to a lesser

extent, because of low electric power generator efficiency. Although

the expander did not produce the predicted power output, it

achieved a peak power output of 1966W, while the electric power

output from the connected electric power generator was way lower

than anticipated. This indicates that the system has very low

electrical efficiency and very low electric power generator efficiency,

due to the unsuitability of the DC motor used, where it barely got

going to produce a maximum output of only 140W. The reason for

this relates to a mismatch in rotational speed, where the expander

could not supply sufficient rotational speed to meet the minimum

speed requirements of the electric power generator, as may be
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recalled from the motor performance curve presented in Chapter 7,

Figure 7-17.

Figure 8-15 (c) shows that the expander, pump and electric

generator efficiencies are below expectations. The expander’s

isentropic efficiency varied from 40.27% to 49.88% throughout the

test, while the refrigerant circulation pump proved to have very low

efficiency, ranging between 28.9% and 37.9%. Finally, the electric

power generator showed the lowest efficiency during the test,

ranging from 6.4% to 11.8%.

Figure 8-15 (d) shows the system’s thermal efficiency and electrical

efficiency throughout the test. As can be seen, the thermal

efficiency varied from 5.79% to 7.35%; while the electrical

efficiency was very low ranging from 0.31% to 0.63%. The Figure

also shows that the system’s thermal efficiency improved when the

mass flow rate was increased. On the other hand, the electrical

efficiency started at its maximum and gradually dropped, only to

increase again gradually and slowly once the mass flow rate was

raised.
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The Effect of Operating Parameters on System8.3.4.1.1.3

Performance
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Figure 8-16: ORC experiment 1, first run - The effect of expander power
output on system performance.

In order to effectively study the effect of changing system

parameters on the system’s performance, the recorded data were

categorised into three groups, depending on the R1233zd(E) mass

flow rate, measured as 0.07 kg/s ±0.005, 0.08 kg/s ±0.005, and

0.11 kg/s. Figure 8-16 shows the effect of the mass flow rate on

the expander’s power output and the system’s performance
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parameters as a function of the expander’s power output. Figure

8-16 (a) shows the dependent linear relationship of the expander’s

power output on the mass flow rate, where the power output rose

to its maximum at the peak R1233zde(E) mass flow rate of 0.11

kg/s.

Figure 8-16 (b) shows the expander’s isentropic efficiency for

various mass flow rates as a function of the expander’s power

output, where it can clearly be seen that for every mass flow rate

tested, the expander’s isentropic efficiency gradually increased and

subsequently, the expander’s power output increased. The Figure

also shows the range of power output achieved at each mass flow

rate, where it ranged from 1823W to 1965.88W at the maximum

mass flow rate of 0.11 kg/s. When the mass flow rate was 0.08

kg/s, the power output ranged between 1217.27W and 1367.87W.

At the lowest mass flow rate of 0.07 kg/s, the power output proved

to be less consistent and ranged from 111.36W to 1156W. For both

minimum and maximum mass flow rates, the isentropic efficiency

was demonstrated as being within similar limits, although slightly

lower for 0.08 kg/s.

The electric power output results in Figure 8-16 (c) show a perfectly

linear relationship between the mass flow rate and the electric

power output, when the mass flow rate was 0.11 kg/s. At lower

flow rates, these results were inconsistent and exhibited

fluctuations, even though the expander’s power output was seen to

have increased.

Figure 8-16 (d) shows that the electric power generator’s efficiency

tended to reduce in a linear manner from 11.8% down to 8.6%, as

the expander’s power output increased at the 0.07 and 0.08 kg/s

flow rates. However, efficiency increased by a few points to reach

12%, when the mass flow rate was 0.07 kg/s. At the maximum

mass flow rate, the electric generator’s efficiency was shown to be
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the lowest; however, the linear reduction behaviour changed to a

linear increase as the expander’s power output increased.

The system’s electrical efficiency shown in Figure 8-16 (e) is

directly related to the electric power output and the system’s heat

input. Since there were fluctuations observed in the electric power

output at 0.07 and 0.08 kg/s and a gradual increase in heat from

the source, the system’s electrical efficiency was shown to be less

consistent at lower mass flow rates. For the maximum mass flow

rate, a linear increase in the system’s electrical efficiency could be

seen, similar to the electric power output behaviour and electric

power generator efficiency behaviour observed for the same mass

flow rate.

As expected, Figure 8-16 (f) shows that higher mass flow rates

mean higher expander power output and thermal efficiency. As

shown for each mass flow rate, thermal efficiency increases

gradually as the expander’s power output increases. However, the

system’s thermal efficiency is directly related to the net thermal

power output from the system, which is in turn related to the power

produced by the expander and consumed by the pump.
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Figure 8-17: ORC experiment 1, first run - The effect of pressure ratio
across the expander on system performance.

Figure 8-17 presents the effect of the pressure ratio across the

expander on the system’s performance. As shown in Figure 8-17 (a)

from the results for 0.07 kg/s and 0.08 kg/s, the expander’s power

output gradually rose as the expander pressure ratio increased. At

the maximum mass flow rate, the results show that the expander’s

power output increased significantly at lower expander pressure

ratios, from 5.8 to 6.3.

Figure 8-17 (b) shows that the expander’s isentropic efficiency

behaved in a completely opposite manner to the expander’s power

output. Shown for the 0.07 and 0.08 kg/s results, the isentropic

efficiency tends to be at its maximum at the lowest pressure ratio

and decreases gradually as the ratio is increased. At the maximum

mass flow rate of 0.11kg/s, the isentropic efficiency was found to

decrease in a similar manner to that observed for lower mass flow

rates, however at a higher level.

The behaviour of the electric power output can be more clearly seen

as a function of the pressure ratio in Figure 8-17 (c), where it tends
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to gradually increase alongside the pressure ratio, in a similar way

to the expander’s power output. However, it showed less steady

behaviour at a mass flow rate of 0.08 kg/s, where the electric

power output increased significantly.

For the electric power generator’s efficiency, Figure 8-17 (d)

illustrates that this reduced gradually with an increase in the

pressure ratio at 0.07 kg/s, as per the isentropic efficiency results.

Nevertheless, this is unlike the behaviour which can be seen for

both the 0.08 and 0.11 kg/s results, where efficiency increased

alongside the pressure ratio and was at its lowest when the mass

flow rate was at its maximum, followed by the 0.08 kg/s results.

Similar to the behaviour observed for the expander’s power output,

the system’s thermal efficiency shown in Figure 8-17 (e) increased

gradually with the rise in pressure ratio for the 0.07 and 0.08 kg/s

results, while the 0.11 results also show a gradual increase, but at

a higher level. However, the data are less clustered due to the

effect of the pump’s power consumption on the net thermal power

output.

Finally, the system’s electrical efficiency in Figure 8-17 (f) is

demonstrated at its maximum, at the lowest pressure ratio and

lowest mass flow rate, after which it remains between 0.3% to

slightly above 0.4%, as the pressure ratio is increased for the 0.08

and 0.11 kg/s mass flow rates.
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Figure 8-18: ORC experiment 1, first run’s parameters relationships- a)
the relationship between the electric power generator’s efficiency and

electric power output; b) the relationship between the expander’s
rotational speed and the expander’s power output, and c) the relationship

between the expander’s rotational speed and electric power output.

Figure 8-18(a) presents the relationship between the electric power

generator’s efficiency and the electric power output from the

system. As shown, the lowest efficiency was at the maximum mass

flow rate, where the maximum electric power output was achieved,

while maximum efficiency was obtained at the lowest mass flow

rate, when the lowest electric power output was generated.

However, at 0.08 kg/s and 0.11 kg/s, the electric power output

increased in a linear manner, corresponding to increases in

efficiency. On the other hand, at 0.07 kg/s, the electric power

output increased slightly at two points before decreasing again.

Figure 8-18(b) and Figure 8-18(c) show the effect of the expander’s

rotational speed on the expander’s power output and electric power

output, respectively. In both Figures and for each mass flow rate,

the expander’s power and the electric power outputs were at their
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maximum at the lowest rotational speed and decreased gradually as

the rotational speed increased.

First run’s Optimum Performance8.3.4.1.1.4

The analysis revealed that maximum system’s thermal efficiency,

expander’s power output, expander’s isentropic efficiency and

electric power output were achieved at the same experimental

point, but this did not apply to the electric power generator’s

efficiency or the system’s electrical efficiency. Table 8.2 lists the

optimum performance achieved in the first ORC prototype system

run.

Table 8.2: ORC experiment 1, first run – The R1233zd(E) ORC system’s
optimum experimental performance

System thermal efficiency [%] 7.35

System electrical efficiency [%] 0.41

Expander power output [W] 1966

Expander isentropic efficiency [%] 49.86

R1233zd(E) pump power [W] 199

R1233zd(E) pump efficiency [%] 34.69

Net thermal power output [W] 1767

Electric power output [W] 140

Electric power generator efficiency [%] 7.91

R1233zd(E) mass flow rate [kg/s] 0.11

Evaporator pressure [bar] 8.91

Expander inlet temperature [°C] 93.45

Condenser pressure [bar] 1.41

Condenser exit temperature [°C] 10.85

Steam humidifier heat input [kW] 33.75

Evaporator power [kW] 24.02

Condenser power [kW] 24.97

Recuperator heat exchanger LP side [kW] 1.52

Recuperator heat exchanger HP side [kW] 4.16

.

As shown in Table 8.2, the expander’s inlet temperature was just a

fraction higher than the evaporation temperature. However, this

does not affect system performance because of the dry nature of

R1233zd(E), where the expansion process occurs in the super-

heated region on the T-S diagram. Table 8.3 shows the system’s

state points alongside their properties for the optimum

experimental performance. Figure 8-19 and Figure 8-20 illustrate

the optimum experimental performance of the first run represented

on the R1233zd(E) T-S and P-H diagrams, respectively. The state
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points in both diagrams correspond to the ORC prototype schematic

presented in Figure 7-1, while point 3S and the dashed line

represent the isentropic expansion.

Table 8.3: ORC experiment 1, first run – The R1233zd(E) ORC system’s
optimum experimental performance state points’s properties.

State point
Temperature
[°C] Pressure [bar]

Enthalpy
[kJ/kg]

Entropy [kJ/kg-
°C]

Evaporation 93.276 8.9127 461.05 1.756

2 93.45 8.9127 461.23 1.7565

3 57.781 1.4114 443.76 1.8121

3S 36.822 1.4114 425.96 1.7565

5 41.27 1.4114 429.7 1.7685

Condensation 27.206 1.4114 230.63 1.1066

7 10.846 1.4114 212.02 1.0429

8 12.049 8.9127 213.65 1.0466

9 42.063 8.9127 248.29 1.162

Figure 8-19: ORC experiment 1, first run - Optimum experimental
performance point represented on the R1233zd(E) T-S diagram
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Figure 8-20: ORC experiment 1, first run - Optimum experimental
performance point represented on the R1233zd(E) P-H diagram.

Although the first system run did not achieve the theoretically

predicted optimum performance in Table 6.15, Chapter 6, it showed

acceptable ORC characteristics that could be significantly improved.

However, the main obstacle preventing achievement of the

theoretically predicted performance is mainly the lower capability of

the utilised heat source, which showed relatively lower

temperatures than those anticipated. On the operational side, it was

pointed out that the pump irreversibility represented by the

excessive fluctuation of pressure at the pump outlet and the poor

pump efficiency, alongside the low electric generator performance,

contributed significantly to the poor overall system performance.

Second run8.3.4.1.2

It was decided to first investigate the pump before addressing the

problem of the electric power generator. The experiment was

commenced by keeping the R1233zd(E) mass flow rate held

constant at its minimum of 0.07 kg/s in an attempt to avoid

interfering with the pump’s operation, contemplating a reduction in
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its performance destruction. Consequently, the pressure ratio was

also kept constant during the test. The heat supply from the steam

humidifier was maintained at 33.75 kW. The cooling water

temperature was kept between 10°C and 12°C throughout the test.

Temperature and Pressure Profiles8.3.4.1.2.1
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Figure 8-21: ORC experiment 1, second run - Temperature and pressure
profiles.

Figure 8-21(a) shows the evaporator’s temperature profile during

the second run of the experiment. Similar behaviour can be seen to

that which was observed in the first run. The evaporator’s inlet

temperature ranged from 35.72°C to 49.65°C while the outlet was

in the range of 92.22°C to 97.35°C, just above the evaporating

temperature, which varied between 84.23°C and 94.85°C.

Figure 8-21(b) shows the variation in expander’s inlet and outlet

temperatures during the run, where the expander’s outlet

temperature varied between 53.59°C and 78.12°C.

Figure 8-21(c) presents the recuperator’s temperature profile,

where the expander’s exhaust entered the recuperator and exited

at temperatures between 35.18°C and 50.02°C. On the high

pressure side, the R1233zd(E) stream entered the recuperator at

temperatures ranging from 11.41°C to 35.72°C and exited at

evaporator’s inlet temperatures.

Figure 8-21(d) shows the condenser’s temperature profile

throughout the run. The partially cooled refrigerant stream exited
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the recuperator and entered the condenser to condensate at

temperatures between 7.89°C and 38.98°C, before exiting at

temperatures between 9.92°C and 12.69°C. The cooling water

exited at temperatures between 16.30°C and 21.85°C after heat

rejection.

Figure 8-21(e) shows the pressure profile of the system during the

second run. Similar to the first run, slight pressure drops occurred

and the excessive fluctuation of pressure at the pump’s outlet was

still evident, even though the mass flow rate was kept constant

during the run. However, for the high pressure side, the pump’s

outlet pressure ranged between 7.19 and 9.65 bar, while

expander’s inlet pressure ranged between 7.23 and 9.23 bar. On

the low pressure side, the expander’s outlet pressure was in the

range of 0.96 to 2.05 bar. At the condenser outlet, the pressure

dropped slightly and varied in the range of 0.69 to 2.1 bar.

Performance Profiles8.3.4.1.2.2
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Figure 8-22: ORC experiment 1, second run - Overall system performance
profile.

Figure 8-22 (a) presents the heat exchangers’ energy and mass

flow rate variation profile for the duration of the test. As shown, the

test began when the steam humidifier’s heat supply reached 33.75

kW and was kept constant until the end of the run. The mass flow

rate was also held constant at 0.07 kg/s ±2x10-3. The Figure shows

that the heat exchangers’ energy remained almost constant at all

recorded points. The evaporator and condenser were constant

between 15 kW and 15.9 kW, while the recuperator’s low pressure

side was at 1 kW ±0.3, the high pressure side being at 2 kW ±0.4.

Figure 8-22 (b) presents the power generation and consumption

profile, where the expander’s power output, transmitted power, and

the net thermal power output from the system increased gradually

along the timeline. A similar pattern was observed for the electric

power output, but still at very low rates and with very poor

performance. However, the maximum power output produced by

the expander was 1394.82W and the maximum electric power

output was 180W. It can be seen that the rotational speed of the
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expander started at its maximum and reduced gradually to its

minimum, where the maximum power output and electric power

were produced. In fact, the improvement in performance was not

related to the rotational speed of the expander. Instead, it was

found to be directly related to the gradual increase of the

expander’s isentropic efficiency and the electric power generator’s

efficiency. The pump’s power consumption remained fairly stable,

ranging from 126W to 143W throughout the test.

Figure 8-22 (c) presents the expander, pump and electric generator

efficiencies during the test. Both the expander’s isentropic efficiency

and electric generator’s efficiency were seen to increase gradually

along the test timeline, where the expander’s efficiency was

37.88% at the beginning of the test and reached its maximum of

46.61% by the end of the test. The electric power generator’s

efficiency was in the range of 10.2% to 14.35%. The pump was

found to have low efficiency that gradually decreased during the

test, even though the flow rate was kept constant throughout.

However, the pump efficiency was within a similar range to that

observed in the first run and ranged between 30.62% and 35.66%.

Finally, Figure 8-22 (d) shows the system’s thermal and electrical

efficiencies. As illustrated, both efficiencies increased gradually until

the end of the test. The system’s thermal efficiency was in the

range of 5.77% to 7.87%, which is slightly higher than those

obtained from the first run. The system’s electrical efficiency was

slightly lower than the results from the first run and was in the

range of 0.31% to 0.53%.

The Effect of Operating Parameters on System8.3.4.1.2.3

Performance

Similar to the first test, the effect of variation in the system’s

parameters on its performance is investigated here. However,

unlike the first test, the second test involved a single mass flow rate
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throughout the duration of the run. Therefore, more obvious

behaviour can be observed for other changing parameters. Figure

8-23 presents the system performance as a function of the

expander’s power output.
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Figure 8-23: ORC experiment 1, second run - The effect of the expander’s
power output on system performance.

In Figure 8-23 (a), the effect of the expander’s power output on the

expander’s isentropic efficiency and electric power generator at

single mass flow rate shows that both efficiencies increased

gradually and in a linear manner to their maximum levels with

increased expander’s power output. Other obvious behaviour of a

similar nature can also be seen in the electric power output, in

relation to the expander’s power output in Figure 8-23 (b).

Accordingly, linear and steady increases in the system’s thermal

and electrical efficiencies were observed, as shown in Figure 8-23

(c).

Figure 8-24 presents the effect of the pressure ratio across the

expander on the system’s performance. Figure 8-24 (a) shows that

the expander’s power output and the electric power output from the

generator are proportional to the pressure ratio across the

expander. Unlike the general behaviour of the expander’s isentropic

efficiency observed in the first test, Figure 8-24 (b) shows that the

expander’s isentropic efficiency increased proportionally with the

pressure ratio across the expander, in the same way as the 0.11
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kg/s flow rate case in the first test. However, the Figure also shows

that the electric power generator’s efficiency increased alongside

the pressure ratio, similar to what was seen from the first test

results. Figure 8-24 (c) illustrates how the system’s thermal

efficiency is also proportional to the increase in the pressure ratio.

However, more consistent behaviour can be seen for the system’s

electrical efficiency, compared to the results observed from the first

test, where they were shown to increase as the pressure ratio

increased.
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Figure 8-24: ORC experiment 1, second run - The effect of the pressure
ratio across the expander on system performance.

Figure 8-25 (a) shows the expander’s power output and the electric

power output as functions of the expander’s rotational speed. Both

outputs showed similar behaviour, where they were at their

maximum at the minimum rotational speed and reduced gradually

as the rotational speed increased. However, the difference between
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the expander’s power output and the electric power output indicates

low electric generator efficiency. The relationship between the

electric power generator’s efficiency and the electric power output is

shown in Figure 8-25 (b), where the electric power output increased

as the electric generator’s efficiency increased.

Figure 8-25: ORC experiment 1, second run’s parameters relationships- a)
The relationship between the expander’s rotational speed, the expander’s

power output, and the electric power output, and b) the relationship
between the electric power generator’s efficiency and the electric power

output.



Chapter 8: Experimental Investigation of The R1233zd(E) ORC Prototype
System

321

Second run’s Optimum Performance8.3.4.1.2.4

In the second run, the optimum experimental point yielded the

greatest thermal and electrical efficiencies, as well as the maximum

expander’s and electric power generator’s outputs. It also yielded

the maximum expander’s isentropic efficiency and the second

highest electric power generator’s efficiency. Table 6.15 presents

the second run’s optimum performance characteristics.

Table 8.4: ORC experiment 1, second run – The R1233zd(E) ORC system’s
optimum experimental performance.

System thermal efficiency [%] 7.87

System electrical efficiency [%] 0.533

Expander power output [W] 1394.83

Expander isentropic efficiency [%] 46.61

R1233zd(E) pump power [W] 143.86

R1233zd(E) pump efficiency [%] 31.50

Net thermal power output [W] 1250.97

Electric power output [W] 180

Electric power generator efficiency [%] 14.34

R1233zd(E) mass flow rate [kg/s] 0.072

Evaporator pressure [bar] 9.06

Expander inlet temperature [°C] 93.65

Condenser pressure [bar] 1.01

Condenser exit temperature [°C] 12.61

Steam humidifier heat input [kW] 33.75

Evaporator power [kW] 15.9

Condenser power [kW] 15.61

Recuperator heat exchanger LP side [kW] 1.12

Recuperator heat exchanger HP side [kW] 2.05

As was demonstrated when lower and constant mass flow rates

were implemented, the system’s thermal and electrical efficiencies

were slightly higher than those achieved in the first run, even

though the power output produced by the expander was lower by

572W, compared to the first run. However, the expander’s

isentropic efficiency was slightly lower than in the first run. The

electric power generator’s efficiency showed significant

improvement, where it was 7.91% in the first run and almost

doubled to reach 14.34% in the second run. The electric power

output had also improved from 140W in the first run to 180W in the

second run. The results also show that the heat exchangers’ energy

levels were lower than those seen in the first run. Table 8.5

presents the optimum experimental performance state points’
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properties, while Figure 8-19 and Figure 8-20 present illustrations

of the optimum performance point on the R1233zd(E) T-S and P-H

diagrams, respectively.

Table 8.5: ORC experiment 1, second run – The R1233zd(E) ORC system’s
optimum experimental state points’ properties.

State point
Temperature
[°C] Pressure [bar]

Enthalpy
[kJ/kg]

Entropy
[kJ/kg-°C]

2 93.65 9.06 461.38 1.7564

3 53.07 1.01 440.53 1.8228

3S 28.044 1.01 419.71 1.7564

5 35.55 1.01 426.37 1.7782

Condensation 17.921 1.01 219.98 1.0707

7 12.606 1.01 213.98 1.0499

8 13.986 9.06 215.83 1.0542

9 36.979 9.06 242.27 1.1427

Figure 8-26: ORC experiment 1, second run - Optimum performance point
represented on the R1233zd(E) T-S diagram
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Figure 8-27: ORC experiment 1, second run - Optimum performance point
represented on the R1233zd(E) P-H diagram

Conclusions to Experiment 18.3.4.1.3

The first experiment provided an insight into the effect of operating

parameters, such as the expansion ratio and the refrigerant mass

flow rate, on system’s performance. However, both tests showed

that the system’s thermal performance was lower by almost half of

what had been predicted theoretically. The maximum expander

power output achieved was just slightly under 40% of the

anticipated power output. However, the main source of the lower

performance is the steam humidifier heat source which could not

achieve the anticipated temperature of 120°C, and therefore

directly affected the expander’s power output and its rotational

speed. Subsequently, the expander was not able to transmit the

power and speed required by the electric power generator in order

to produce the anticipated electric power output, and resulted in the

poor electric generator’s efficiency and electric power output. In

addition, the R1233zd(E) circulation pump showed low efficiency,
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and chocking at some points during the test, which also contributed

to the lower performance of the system.

Because of the problems addressed above, it was decided to

suspend the experiment and replace the DC motor with the

automotive alternator used in the expander-alternator preliminary

test. The pump was investigated by running it while the prototype

system was shut down. The refrigerant was observed through the

sight glass installed on the pump’s exit line. It was noticed that the

refrigerant’s flow does not increase consistently when the pump

speed is increased. Eventually, there was no sign of working fluid

passing through the sight glass which was an indication that the

refrigerant might have overflowed the condenser, and was not able

to move freely to the pump and to the other system’s components.

This could be due to a piping configuration in relation to the pump

location and heat exchangers’ positions which may have caused the

refrigerant to overflow the condenser. Therefore it was decided to

alter the system piping lengths and bends and also alter the heat

exchanger heights. To make these modifications, the system was

isolated and the R1233zd(E) was recovered in order to carry on

safely with these modifications.

8.3.4.2 Experiment 2

After the ORC prototype system modifications were completed, the

system was initiated to commence the second and final experiment

on the system using the automotive alternator as an electric power

generator. The experiment consisted of one run that yielded the

maximum performance characteristics attainable from the system

with the current configuration.

It is important to note that the pressure transducer at the

condenser’s outlet was not installed after the modifications, due to

damage incurred to the transducer connection during the removal

of instruments required for the modifications. Instead, the

expander’s outlet pressure transducer was considered sufficient for
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monitoring and analysing the low pressure side of the system, as a

result of the very slight pressure drops seen in the results of the

first experiment. Furthermore, the results of the second experiment

show that both the expander’s and the electric power generator’s

power outputs were below expectations, due to several factors,

which will be discussed.

However, similar to the first run of the first experiment, the heat

input into the system’s evaporator varied during the experiment,

while the steam temperature was set at its maximum. On the

condenser side, the cooling water supply was set at flow rates from

3 to 4 l/min while the temperature was increased gradually from

11°C to 20°C.

Temperature and Pressure Profiles8.3.4.2.1
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Figure 8-28: ORC Experiment 2 – temperature and pressure profiles.

Similar to the first experiment, Figure 8-28 presents the

temperature and pressure profile of the second experiment. Figure

8-28 (a) shows the temperature profile of the evaporator where its

inlet temperatures ranged from 43.69°C to 65.17°C, while the

outlet showed fairly stable temperatures averaging 96.53°C.

Evaporation temperatures varied between 41°C and 96.92°C. As

can be seen, super-heating was improved by an average of 4.81°C,

thus contributing to an improvement in overall system efficiency.

Figure 8-28 (b) shows the temperature difference between the

expander’s inlet and outlet during the experiment. The expander’s

outlet temperatures varied between 46.44°C and 74°C.

The recuperator’s temperature profile is presented in Figure 8-28

(c). This illustrates how further improvement in heat recovery took

place in the recuperator heat exchanger, compared to the results of

the first experiment. On the high pressure side, the outlet

temperatures increased significantly, in contrast to the inlet

temperatures, which ranged from 18.33°C to 45.1°C. On the low



Chapter 8: Experimental Investigation of The R1233zd(E) ORC Prototype
System

329

pressure side, the expander’s exhaust lost its heat to the counter-

flow stream and exited at temperatures between 29.17°C and

56.07°C.

The condenser temperature profile of the experiment is shown in

Figure 8-28 (d). The partially cooled R1233zd(E) stream entered

the condenser, and exited at 12.60°C at the beginning of the test,

and then increased up to 45.78°C. Likewise, the cooling water

exited the condenser at temperatures of 12.76°C to 54.39°C. As

shown, condensation occurred at a few points along the experiment

timeline. At the remaining points, the refrigerant exited the

condenser in a partially condensed or gas state, depending on the

difference between the exit and condensation temperatures.

Consequently, this affected the operation of the circulation pump

and contributed further to the system’s performance destruction

related to the pump poor performance already pointed out. Among

the manually recorded data points in the logbook, the analysis

revealed that condensation only occurred at the second point,

where the R1233zd(E) exited the condenser sub-cooled by only

0.2°C, as shown in Figure 8-28 (e). For this reason and in order to

establish a comparison between the experimental data points, it

was assumed that condensation occurred at the condenser’s

operating pressure and the refrigerant exited the condenser sub-

cooled by 1°C, where appropriate.

Figure 8-28 (f) shows the system’s pressure profile during the

experiment. As shown, the pump operation exhibited excessive

vibration, where the pressure fluctuation increased significantly, in

contrast to what was observed in the first experiment. These may

be compared with similar pressure readings obtained for the

expander’s inlet pressure, indicated in black. This behaviour is a

result of several factors, mainly the incomplete condensation

process, which may eventually lead to cavitation, besides the very

low pump efficiency indicated previously. However, it also suggests

that the refrigerant stream flows back into the pump, either
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because of an improper connection to the pump, the pump’s liquid

line being too small or an inappropriate pump location within the

system. For this reason, the expander’s inlet pressure was taken

into account in the analysis of the high pressure side of the system.

However, on the high pressure side of the system, the average

pressure during the experiment was 8.86 bar with a maximum

recorded pressure of 9.67 bar. On the low pressure side, a wider

pressure range was observed than in the first experiment, where

the pressure varied from 0.89 to 2.55 bar.

Performance Profiles8.3.4.2.2
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Figure 8-29: ORC Experiment 2 - Overall system performance profiles.

Figure 8-29 (a) presents the heat exchangers’ energy profile and

the R1233zd(E) mass flow rate variation for the experimental points

recorded. As shown, at the first point, the steam humidifier’s heat

supply was 20.25 kW. This was reduced to 16.88 kW for four

recorded points, before being increased again to 22.25 kW for two

points and then reduced once more to 16.88 at the end of the test.

The mass flow rate was also altered during the experiment, where it

varied from 0.047 to 0.089kg/s. The Figure also confirms the heat

exchangers’ energy dependency on the R1233zd(E) mass flow

rates. The evaporator’s energy input varied from 9.44 kW to 19.82

kW, while the condenser’s rejected energy was also within the same

range and varied from 9.14 kW to 18.88 kW. The energy on the

recuperator’s low pressure side was in the range of 0.16 kW to 2.20

kW, while on the high pressure side, it ranged from 0.62 kW to 3

kW.

Also similar dependency is confirmed for the power generation and

consumption profile presented in Figure 8-29 (b). As shown, the

expander’s power output ranged between 746W and 1580W;
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slightly lower than the power output range achieved in the first

experiment. The net thermal power output exhibited severe

reductions throughout the experiment, due to the power

consumption increased by the pump, besides its very low efficiency

and unstable operation. However, the net thermal power output

ranged from 141W to 1196.50W, where the pump’s power

consumption increased gradually from its minimum of 300W to its

maximum of 699.57W, before dropping again. Electric power output

showed significant improvement using the automotive alternator as

the electric power generator. However, this improvement remained

below the expected output from the system, where the electric

power output varied from 199.51W to 510.34W. The Figure also

shows the rotational speed of the expander recorded during the

experiment and ranged between 650 RPM and 1475 RPM.

Figure 8-29 (c) shows that the expander’s isentropic efficiency

reached high levels when the pressure ratios across the expander

were low. When the pressure ratio was 4.37, the expander’s

isentropic efficiency reached its maximum of 75.42% and when the

ratio was 5.75, the expander’s efficiency was 71.23%. This

behaviour confirms the dependency of the expander’s isentropic

efficiency on the pressure ratio, where a lower pressure ratio results

in higher efficiency and vice-versa. It also shows agreement with

the experimental results obtained by a smaller expander from the

same manufacturer, published in reference [81]. However, when

the pressure ratio increased, the expander’s efficiency decreased to

reach similar levels to that observed in the first experiment, with an

average of 43% and a lowest value of 26.15%. The poor

performance of the pump can also be seen clearly in the Figure,

where the pump’s efficiency was at its maximum of 11% at the first

point, before dropping to below 10% for the rest of the duration of

the experiment. However, the electric generator’s efficiency

exhibited a major increase when the automotive alternator was

utilised, where it reached 69.2% at the third and fourth points

analysed and showed an average of 38% throughout the test.
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Figure 8-29 (d) shows the system’s thermal and electrical

efficiency. At the first two points, the system achieved thermal

efficiencies of 6% and 7.6%, respectively. However, an obvious

reduction in thermal efficiency occurred due to the pump’s

increased power consumption during the experiment. When the

pump’s power consumption was reduced again at the end of the

experiment, a maximum efficiency of 7.86% was achieved, almost

equal to the best thermal efficiency demonstrated in the second run

of the first experiment. Although the system’s electrical efficiency

was still below expectations, it can be seen that efficiency improved

significantly using the automotive alternator, where the maximum

electrical efficiency achieved was 3%, while the lowest achieved

electrical efficiency for the system was nearly 1%, which is higher

than any efficiency obtained in the first experiment.

Second Experiment’s Optimum Performance8.3.4.2.3

Unlike the first experiment, the effect of the expansion ratio and

R1233zd(E) mass flow rate on system performance in the second

experiment seems difficult to characterise because of the

continuous alteration in pressure and mass flow rate during the

experiment, besides the incomplete condensation and abnormal

operation of the R1233zd(E) circulation pump. Nevertheless, the

results of the second experiment show that there was no single

experimental point where most of the maximum system

characteristics were achieved, as was the case in the first

experiment. However, trading off characteristics and knowing that

only the second point constituted a fully completed ORC cycle

process, it was selected as the optimum performance point. The

results are presented in Table 8.6.

Table 8.6: ORC Experiment 2 - The R1233zd(E) ORC system’s optimum
experimental performance.

System thermal efficiency [%] 7.6

System electrical efficiency [%] 1.46

Expander power output [W] 1019.54

Expander isentropic efficiency [%] 75.42

R1233zd(E) pump power [W] 300



Chapter 8: Experimental Investigation of The R1233zd(E) ORC Prototype
System

335

R1233zd(E) pump efficiency [%] 9.27

Net thermal power output [W] 718.31

Electric power output [W] 245.99

Electric power generator efficiency [%] 26.82

R1233zd(E) mass flow rate [kg/s] 0.047

Evaporator pressure [bar] 9.38

Expander inlet temperature [°C] 97.66

Condenser pressure [bar] 2.15

Condenser exit temperature [°C] 39.67

Steam humidifier heat input [kW] 16.88

Evaporator power [kW] 9.45

Condenser power [kW] 9.14

Recuperator heat exchanger LP side [kW] 0.16

Recuperator heat exchanger HP side [kW] 0.62

As shown, the system achieved thermal efficiency within a similar

range to those achieved in the first experiment. The expander’s

isentropic efficiency was at its highest level by far and the heat

exchangers’ energy at its lowest here. Similarly, the R1233zd(E)

mass flow rate was at its lowest, compared to the first experiment.

The pump’s efficiency was shown to be the lowest among the

optimum points recorded, with only 9.27% and a relatively higher

power consumption, which resulted in lower net thermal power

output. As shown, the expander’s inlet temperature was at its

highest, compared to the first experiment’s results, with a super-

heating temperature of 2.12°C.

Table 8.7 presents the system’s state points’ properties, while

Figure 8-30 and Figure 8-31 show representations of the optimum

performance point on the R1233zd(E) T-S and P-H diagrams,

respectively. A state point called 8S was added to the P-H diagram

to illustrate the enthalpy difference between the isentropic and

actual pumping processes.

Table 8.7: ORC experiment 2 - The R1233zd(E) ORC system’s optimum
experimental state points’ properties.

State point
Temperature
[°C] Pressure [bar]

Enthalpy
[kJ/kg]

Entropy
[kJ/kg-°C]

Evaporation 95.553 9.3809 462.33 1.7569

2 97.663 9.381 464.62 1.7631

3 58.721 2.147 443.06 1.7845

3S 50.688 2.147 436.05 1.7631

5 53.623 2.147 438.6 1.771

Condensation 39.88 2.1518 245.5 1.1549
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7 39.674 2.147 245.26 1.1541

8 44.84 9.381 251.62 1.1724

8S 39.991 9.381 245.84 1.1541

9 55.733 9.381 264.83 1.2132

Figure 8-30: ORC experiment 2 - Optimum performance point represented
on the R1233zd(E) T-S diagram.
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Figure 8-31: ORC experiment 2 - Optimum performance point represented
on the R1233zd(E) P-H diagram.

8.3.5 R1233zd(E) ORC Prototype System Performance,

and Limitations Discussion

Comparing both conducted experiments, the second experiment

achieved the maximum electric power output of 500W and the best

experimental overall performance characteristics represented by the

second experiment’s optimum performance that could be attained

with the current configuration and equipment capabilities.

Generally, the major obstacles limiting the achievement of higher

system performance consisted of:

 The lower capability of the steam humidifier heat source to

generate sufficient super-heat and maintain a constant heat

supply; this was due to the cut-in and cut-out behaviour. The

latter resulted in drops in heat supply at some points. Also,
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most importantly, it was unable to reach the target

expander’s inlet temperature of 120°.

 The poor performance of the R1233zd(E) circulation pump,

which consequently resulted in higher power consumption

and disallowed the achievement of the mass flow rate of 0.15

kg/s predicted from the theoretical thermodynamic model as

a means of achieving 5 kW expander power output.

 The low efficiency of the electric power generator, which

resulted in reduced electrical power output from the system.

 To a lesser extent, the low isentropic efficiency of the

expander; however, this isentropic efficiency showed great

improvement in the second experiment, with around 4.5%

less than the anticipated efficiency of 80%.

 The fact that the theoretical thermodynamic model may

assume system component efficiency, but still not able to

predict the losses occurring during the system’s operation,

such as heat exchangers’ effectiveness, expander shaft

losses, power transmission losses and magnetic losses in the

electric power generator.

However if the above limitations are overcome; for instance, if the

pump operates at an average isentropic efficiency of 80% as is

usually seen in plunger type pumps, the electric generator had an

average efficiency of 80%, and to lesser extent if the recuperator

heat exchanger operated with an average effectiveness of 80%,

then significant improvement in system performance is therefore

expected.

Using the optimum experimental point achieved, three

thermodynamic models were implemented to demonstrate the

R1233zd(E) prototype system’s performance improvements towards

the theoretically predicted system performance, where the

limitations addressed were overcome. These cases include:



Chapter 8: Experimental Investigation of The R1233zd(E) ORC Prototype
System

339

 Case 1: The system operates under the optimum

experimental point’s operating conditions established, but

with 80% pump’s and electric generator’s efficiencies.

 Case 2: The system operates under the optimum

experimental point’s operating conditions established, but

with 80% expander’s, pump’s, and electric power generator’s

and recuperator’s heat exchanger efficiencies. In addition,

5°C super-heat and sub-cooling were assumed for the

evaporator and condenser, respectively.

 Case 3: the system operates under the theoretical

thermodynamic model operating conditions, but with the

optimum experimental point’s R1233zd(E) mass flow rate

and heat input from the heat source.

Table 8.8 presents the results of the three simulated cases, in

relation to the optimum experimental point results and the initially

predicted thermodynamic model results. The three simulated cases

state points’ properties are presented in Appendix E.3.

Table 8.8: R1233zd(E) ORC system’s optimum experimental point
improvements towards the initially predicted thermodynamic model.

Experimental Case 1 Case 2 Case 3 Thermodyna
mic model

System thermal
efficiency [%]

7.58 10.42 11.05 14.43 14.43

System thermal
efficiency
Improvement [%]

- 2.84 3.47 6.85 6.85

System electrical
efficiency [%]

1.46 4.35 4.77 6.42 10.67

Expander power
output [W]

1019.55 1019.
55

1117.
1

1505.40 5000

Expander isentropic
efficiency [%]

75.42 75.42 80 80 80

R1233zd(E) pump
power [W]

302.95 34.84 35.18 57.1 189.7

R1233zd(E) pump
efficiency [%]

11.29 80 80 80 80

Net thermal power
output [W]

716.59 984.1
6

1081.
92

1448.30 4810.3

Electric power
output [W]

245.99 733.6
9

804.3
1

1083.89
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Electric power
generator efficiency
[%]

26.80 80 80 80 80

R1233zd(E) mass
flow rate [kg/s]

0.047 0.047 0.047 0.047 0.15

Evaporator pressure
[bar]

9.38 9.38 9.38 14 14

Expander inlet
temperature [°C]

97.66 97.66 100.5
5

119.38 119.38

Condenser pressure
[bar]

2.15 2.15 2.15 1.84 1.84

Condenser exit
temperature [°C]

39.67 39.67 34.88 30 30

Steam humidifier
heat input [kW]

16.88 16.88 16.88 16.88 33.75

Evaporator power
[kW]

9.45 9.44 9.79 10.04 33.33

Condenser power
[kW]

9.14 9.14 8.71 8.59 28.52

Recuperator heat
exchanger LP side
[kW]

0.16 0.16 1.17 1.39 4.62

Recuperator heat
exchanger HP side
[kW]

0.62 0.62 1.17 1.39 4.62

As shown in Table 8.8 for the first case, significant system

improvement could be achieved merely by resolving the pump and

electric power generator issues. Most of the system’s characteristics

remained similar to the optimum experimental point, apart from the

higher thermal efficiency, which would increase by 2.84% to reach

10.42%, due to the pump’s power consumption being reduced by

268W, consuming just 34.84W. Consequently, the net thermal

power output would increase from 716.59W to 984.16W. The

improvement in electric generator efficiency would also increase the

electric power from the system by 66.5%, from 245.99W to

733.69W, enhancing the system’s electrical efficiency by 2.89%.

In the second case, further improvement in system performance

could be obtained where the expander’s power output increases

from 1019.55W to 1117.1W, as a result of the expander’s isentropic

efficiency rising from 75.42% to 80%. Therefore, the net thermal

power output from the system would increase to 1081.92W and

would subsequently further increase up to 11.05% for the system’s

thermal efficiency would be achieved. Although the effectiveness of

the recuperator heat exchanger was set at 80% in this case, the
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results suggest a very marginal influence of the effectiveness of the

recuperator heat exchanger on the system’s thermal efficiency.

However, the electric power output would be expected to further

increase up to 804.31W, while the system’s electrical efficiency

would increase only slightly, compared to the first case, reaching

4.77% at the experimentally observed heat input from the steam

humidifier.

In the third case, when the operating conditions were changed to

the initial thermodynamic model input, the system’s thermal

efficiency showed a significant increase, reaching 14.43%. As the

mass flow rate was maintained at a level similar to what was

experimentally obtained, the power output from the expander was

expected to increase to 1505.40W, 47.7% higher than

experimentally obtained output. The pump’s power consumption

also increased to 57.1W, due to the change in operating pressure.

However, the net thermal power output from the system reached

1448.30W, which subsequently increased the system’s thermal

efficiency. In this case and because of higher expander’s power

output, the electric power output expected from the system would

be 1083.89W and the system’s electrical efficiency at the

experimental steam heat input would increase by up to 6.42%.

Likewise, for the initial thermodynamic model, when the mass flow

rate was increased by up to 0.15 kg/s, the expected power output

from the expander was 5 kW at 80% expander’s isentropic

efficiency. The expected electric power output would therefore be

4.8 kW, while the system’s electrical efficiency would be expected

to reach 10.68% at the maximum experimental heat supply of

33.75 kW observed in the first experiment. The required heat

supply could be even higher, due to the limitations of the steam

humidifier being addressed, restricting a continuous and constant

heat addition process during the experiment. Figure 8-32 and

Figure 8-33 show a comparison between cases of system operation
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improvement from Table 8.8, illustrated on the R1233zd(E) T-S and

P-H diagrams, respectively.

Figure 8-32: Improvements of the optimum experimental point towards
the initial thermodynamic model T-S diagram.
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Figure 8-33: Improvements of the optimum experimental point towards
the initial thermodynamic model P-H diagram.

The enhanced continuity of system components efficiencies

demonstrated in Table 8.8 and illustrated in Figure 8-32 and Figure

8-33, indicates the initial thermodynamic model’s validity in relation

to the experimentally obtained results, since all presented cases

were closely correlated.

8.3.6 Comparative Analysis of The R1233zd(E) ORC

Prototype System’s Power Outputs

The system’s performance was compared to other experimental

ORC systems reported in the literature. Jradi and Riffat [81]

conducted experimental work on a micro-CHP system that

employed HFE7100 as a working fluid. The system utilised a similar

expander to the one used in the current research, but with an

internal electric generator and maximum capacity of 1 kW. The

optimum performance was achieved at a refrigerant mass flow rate
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of 0.047 kg/s, a pressure ratio of 4.64, and an expander isentropic

efficiency of 74.23%, these being identical to the optimum

experimental point characteristics obtained from the R1233zd(E)

ORC prototype system in the current research. However, the

maximum electric power output obtained from their experiment was

500W, with an electric generator’s efficiency of 81%. At the

optimum experimental point, the micro-CHP system achieved

5.64% ORC thermal efficiency and 4.16% electrical efficiency.

With the same micro-CHP system, Qiu et al. [76] employed

HFE7000 as a working fluid and utilised a modified air motor as an

expander, connected to an automotive alternator via a transmission

belt. The best performance was achieved at a mass flow rate of

0.31 kg/s and an expander isentropic efficiency of 53.92%, where

the expander’s power output was 1690W and the electric power

output achieved was 860.7W, yielding an electric generator

efficiency of 50.94%. The thermal efficiency was 3.78%, while the

electrical efficiency was 1.41%.

Zhou et al. [317], on the other hand, utilised a 5 kW scroll

expander connected to a 2 kW alternator via a transmission belt in

an ORC system employing R123 as a working fluid. The results

show that the best performance was achieved at a 215°C heat

source temperature and 10.8 bar evaporator’s pressure. However,

although the thermal efficiency reported for the system was as high

as 8.5%, the expander’s isentropic efficiency was only 57% and the

maximum power output was 645W, without any mention of the

electric power output or efficiency of the electric generator.

In relation to the R1233zd(E) ORC prototype system, the identical

characteristics of the expander’s performance and optimum mass

flow rate reported in reference [81] suggest that 0.047kg/s could

be the optimal expander design mass flow rate at which maximum

isentropic efficiency is achieved, since this was not observed in the

result from reference [76] with another type of expander, on the
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same system and under similar operating conditions. However, this

optimal mass flow rate is related to the pressure ratio across the

expander and could also be related to the expander’s inlet, outlet

ports and piping sizes. Nevertheless, it is highly unlikely that it

relates to the under expansion phenomena or the design’s built-in

volume ratio, since greater expander’s power output was achieved

at higher mass flow rates. Furthermore, the high electric

generator’s efficiency achieved using the internal electric generator

from reference [81] confirms speed mismatch between the

expander and both utilised electric power generators for the

R1233zd(E) ORC system, and the very high power loss occurring as

a result of power transmission through the belt. This behaviour

could be observed for the micro CHP system in the results of

reference [76], when the expander with integrated alternator was

replaced by an expander-alternator arrangement similar to that

used in the R1233zd(E) ORC prototype system.

However, this relationship between the expander-alternator

arrangement and the system’s outputs was confirmed by carrying

out performance comparisons between the R1233zd(E) ORC

prototype system results from the second experiment and the

preliminary expander-generator air open-loop test, as shown in

Figure 8-34 and Figure 8-35.
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Figure 8-34: Comparison between the R1233zd(E) ORC prototype system
and preliminary expander-alternator’s experimental results 1 - a) Mass
flow rate-expander’s power output, b) mass flow rate-electric power

output, c) pressure ratio-expander’s power output, and d) pressure ratio-
electric power output.

In Figure 8-34(a), the expander’s power output as a function of the

mass flow rate shows that there were at least two experimental

points with close results, considering the difference between the

working fluid properties and experimental conditions. Here, the

R1233zd(E) achieved 1580W at 0.09 kg/s and the preliminary test

showed 1667W at a similar mass air flow rate. At lower mass flow

rates, the R1233zd(E) ORC achieved 1325W at 0.55 kg/s, while the

preliminary test achieved 1293.5W at 0.06 kg/s of air.

The comparison of the electric power output presented in Figure

8-34(b) shows a less close relationship between both results,

mainly because of changes in the electric generator’s efficiency.

However, the results from 0.05 kg/s to 0.08 kg/s showed to be

within similar level where the R1233zd(E) ORC system achieved

265.4W at 0.055 kg/s while the preliminary test achieved 264.67W

at 0.06 kg/s of air. Similarly, the R1233zd(E) achieved 212.1W and

254.57W at 0.068 and 0.07 kg/s, respectively, compared to the

206.2W and 263.4W achieved at 0.08 kg/s of air in the preliminary

test.
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Because of the differences in pressure ratio range in both

experiments, it was found that only one experimental point fell in

the comparison region when the pressure ratio was around 4 in

both experiments, as shown in Figure 8-34(c). It is important to

emphasise that this point is the optimum experimental point

recorded for the R1233zd(E) ORC prototype system, where 1019W

expander power output was achieved at a pressure ratio of 4.37,

while the closest points observed from the preliminary experiment

were 1017.38W and 1091.23W at a 4.1 pressure ratio across the

expander.

For the electric power output, the comparison presented in Figure

8-34(d) shows that there are also two preliminary test points which

perfectly match the best R1233zd(E) ORC optimum point, at which

250W was achieved with a 4.37 pressure ratio, compared to the

254.6W and 263.4W achieved at a ratio of 4.37 and 4.47,

respectively, in the preliminary test.
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Figure 8-35: Comparison between the R1233zd(E) ORC prototype system
and preliminary expander-alternator’s experimental results 2 - a)

expander’s power output- electric power output, and b) electric power
generator’s efficiency-electric power output.

Figure 8-35(a) presents a comparison between the expander’s

power output and the electric power output of both experiments. As

shown, at least two of the R1233zd(E) experiment results fall

between several data points amongst the preliminary test results.

Besides the optimum R1233zd(E) point and equivalent preliminary

test results, the comparison shows that while the R1233zd(E) ORC

system achieved 265.4W electric power output at 1325.76W

expander power output, while the preliminary test achieved electric

power output of between 250.8W to 263.4W at an expander power

output, ranging from 1263W to 1384.15W.

Figure 8-35(b) shows a comparison of the generator efficiency in

both experiments with regard to electric power output. As can be

seen from both tests, the majority of points fall between 15% and

30% efficiency for the electric power generator at different electric

power outputs, apart from three R1233zd(E) experimental points

that showed outstanding efficiency. However, the results show that

there are at least two R1233zd(E) ORC experimental points which

are very close to several preliminary test results. When the
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R1233zd(E) ORC electric power generator’s efficiency was 22.24%,

the electric power output achieved was 265.4W, while the

preliminary test showed 22.39% electric power generator’s

efficiency at 254.57W, and 21.14% electric power generator’s

efficiency at 263.40W. Similarly, the optimum R1233zd(E)

experimental point achieved a 26.8% electric power generator’s

efficiency at 245.99W, while the closest preliminary experimental

results were 24.75% efficiency, when the electric power output was

243W.

An equivalent ORC system to the R1233zd(E) ORC prototype was

found in the literature, where Twomey [318] built and tested a

system that employs R134a as a working fluid and utilised a similar

expander, automotive alternator electric power generator, and

pump to those utilised in the R1233zd(E) ORC prototype system. A

comparison between the results of the second experiment and the

equivalent results from reference [318] as a function of mass flow

rate, and as the expander’s rotational speed is presented in Figure

8-36(a) and Figure 8-36(b), respectively. As can be seen in Figure

8-36(a), the comparison of the electric power output shows that at

least four points are within a similar range, but with slight deviation

related to the difference in mass flow rates, refrigerant

characteristics, and system component efficiency during the tests. A

stronger relationship between the electric power output and

rotational speed can also be seen in Figure 8-36(b), where the

electric power output from both results is shown to be similar

between 600 RPM to 800 RPM and 200W to 465W. Table 8.9 and

Table 8.10 list the experimental points compared as a function of

mass flow rate and rotational speed, respectively.
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Figure 8-36: Comparison between the R1233zd(E) ORC prototype system
and Twomey’s [318] experimental results - a) as a function of mass flow

rate, and b) as a function of rotational speed.

Table 8.9: Comparison between the R1233zd(E) prototype system and
Twomey’s [318] experimental results as a function of mass flow rate.

R1233zd(E) ORC prototype
experimental results

Twomey [318] results

Mass flow rate
[kg/s]

Electric power
output [W]

Mass flow rate
[kg/s]

Electric power
output [W]

0.047 250 0.049 250.4
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0.068 212 0.076 199.4

0.055 265.4 0.5 257.4

0.072 316 0.069 377.1

Table 8.10: Comparison between R1233zd(E) prototype system and
Twomey’s [318] experimental results as a function of rotational speed.

R1233zd(E) prototype experimental
results

Twomey [318] results

Rotational speed
[RPM]

Electric power
output [W]

Rotational speed
[RPM]

Electric power
output [W]

660 465 673 462.7

650 250 661 244

665 265.4 712 254.4

Although the results from reference [318] show higher electric

power output at a wider range of rotational speeds, but within a

narrower mass flow rate range, the results are shown to be in fair

agreement with those obtained from the second experiment of the

R1233zd(E) ORC prototype system. Furthermore, the comparison of

the results confirm the limitation of the electric power generator to

producing electric power output of less than 1 kW, even though the

expander was able to produce higher power output.

Conclusion8.4

This chapter has presented the investigation carried out on two

experimental set-ups. A preliminary test was carried out to examine

the performance of the scroll expander and the automotive

alternator’s power output on a specially constructed test bench. The

results show that the expander operates at high isentropic

efficiencies and produces reasonable power output. However, the

alternator as the electric power generator showed very low

efficiency compared to the expander, which consequently resulted

in low electric power output. This suggests large power losses

through the transmission mechanism and speed mismatch between

the expander and the electric power generator. The maximum

electric power produced was 416W with an alternator efficiency of

22.39%, when the expander yielded a power output of 2 kW, with

an isentropic efficiency of 96.33%.
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The R1233zd(E) ORC prototype system was investigated by means

of two experiments. The experimental data recorded and analysed

provides an insight into the system’s characteristics and

performance. In both experiments, the power output and the

thermal efficiency achieved were lower than the thermodynamically

predicted performance with regard to the limitations of the heat

source, electric power generator and poor pump performances

indicated in both experiments. However, the first experiment

consisted of two tests, the first demonstrating that the optimum

system performance characteristics were achieved at the same

point, where maximum thermal efficiency was 7.35% and

maximum expander power output was 1966W, whereas the

maximum electric power output was only 140W. In the second test

and at a single mass flow rate, the results showed a slight

improvement, where the thermal efficiency was 7.87% and the

expander’s power output was 1394.83W, with an electric power

output of 180W. However, in both tests, the system’s electrical

efficiency was lower than 1%.The poor pump efficiency and

automotive DC motor electric power generator’s efficiency were

pointed out, besides the fluctuations in pump pressure exhibited.

After investigation, the DC motor was replaced by the automotive

alternator utilised in the preliminary test and the required

component positioning, as well as the re-working for optimum liquid

flow were carried out.

After modification, the second experiment was initiated. The second

experiment showed very poor pump’s efficiency compared to the

first experiment, where the pump’s power consumption was higher

and resulted in poor net thermal power output and lower thermal

efficiency at most of the recorded points. It was pointed out that

condensation did not occur in most points throughout the

experiment, where the condenser outlet temperature was higher

than the condensation temperature. This is mainly related to the

relatively high temperatures and low flow rates of the cooling

water. The incomplete condensation consequently contributed
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heavily to the poor pump’s performance and caused further

performance destruction. However, the second experiment achieved

relatively higher electric power output and electric generator’s

efficiency, but was still much lower than anticipated. It was noted

that unlike the first experiment, the maximum expander’s power

output, electric power output, the system’s thermal efficiency and

the system’s electric efficiency were obtained at different points.

However, the second experiment achieved the optimum overall

performance attained from experiments, where the system

achieved 7.6% thermal efficiency, 1.46% electric efficiency,

1019.54W expander power output and 250W electric power output.

However, although the obtained results were below anticipation, the

system demonstrated its technical feasibility, and the ability for

further system’s performance improvement, upon solving the

limitations addressed. However, the improvement of the

experimentally obtained performance towards the initial

thermodynamic model was demonstrated using the three cases,

where the drawbacks highlighted were assumed to have been

solved. The cases presented in relation to the experimentally

obtained results and the initially conducted thermodynamic model

showed good signs of agreement, indicating the validity of the

predicted results.

Finally, the optimum experimental point, which was obtained from

the second experiment, was compared to that of the preliminary

experiment and the results of equivalent ORC systems in the

literature. The comparison revealed that for the expander type

utilised, a pressure ratio of around 4.5% and a mass flow rate of

0.047 kg/s were the optimal operating parameters. However,

although the expander’s power output was fairly reasonable, a large

portion of this power was lost through the transmission mechanism,

and the rotational speed mismatch.
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Chapter 9 : Economic Feasibility Assessment
of the R1233zd(E) ORC system and the
CO2 SRC Power Generation System

Introduction9.1

In this chapter, an economic feasibility analysis of the R1233zd(E)

ORC system was carried out, based on the optimum experimental

results. However, two systems of 5 kW and 20 kW were included in

the analysis and assumed to be intended for mass manufacture. A

description of the system’s equipment breakdown costs were also

presented for both systems based on the knowledge of the

R1233zd(E) prototype system costs. In addition, the economic

feasibility of the previously theoretically investigated CO2 SRC

power generation system was also assessed in the chapter, for the

purpose of producing a prototype system similar to that developed

for the R1233zd(E) ORC system. Therefore, the outcome of

comprehensive market research is presented, carried out to identify

commercially available equipment which can produce a 5 kW CO2

power system.

For both investigated technologies, the specific financial data for the

analysis was introduced and the profitability of investment in each

system was expressed by economic indicators such as net present

value (NPV), internal rate of return on investment (IRR), return on

investment (ROI), and pay back (PP). For each system, sensitivity

analysis was also presented to assess the economic viability of the

system against key factors which contribute directly to the cost of

the system, such as its specific capital cost and the price of

electricity. The analysis was carried out in US dollars, where all

system component costs were converted using 0.63 £/$ and 1.25

€/$ exchange rates reported for the 11th of November 2014. This is

because the main systems components that contribute heavily to

their capital costs are priced in US dollars.
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Economic Analysis Evaluation Indicators9.2

9.2.1 System’s Specific Cost

It is important to define the system’s specific capital cost; an

economic term associated with renewable energy technologies. The

specific capital cost is the total capital cost per kW, as given in

equation (9.1). It allows for more accurate investigation of the

system’s economic feasibility, it gives an estimation of the capital

cost for scale-up , and also allows for comparisons between

different technologies [319].

݁ܵ ܿ݅ ݂݅ ܿ ܿܽ ݅ ܽݐ ݈ =ݐݏܿ
݁ݐݏܵݕ ݉ ܽݐݐ ݈ܿܽ ݅ ܽݐ ݈ [$]ݐݏܿ

݁ݐݏܵݕ ݉ ܿܽ ܽ ݕݐ݅ܿ [ݓܭ]

(9.1)

9.2.2 Net Present Value (NPV)

NPV is the difference between the capital cost of the system and the

present value of future cash flow discounted at the given rate. The

cash flow when the system is operating is the difference between

the benefits, i.e. the annual electricity price saved by investing in

the system, and the annual costs of operation and maintenance

(O&M). The NPV decision will depend on the sum of the present

value of future cash flow. For a feasible investment, the NPV should

be positive and exceed the capital cost of the system. The larger

the NPV value, the greater the value of the investment added. On

the other hand, a negative NPV indicates an investment which is not

feasible [320]. NPV has a wide variety of formulas; however they all

lead to the same answer. Equation (9.2) shows the most

appropriate formula for the current study:

ܸܰܲ = ܥ− + 
௧ܥ

(1 + )݅௧



௧ୀଵ

(9.2)

Where C0 is the capital cost of the system; Ct is the cash flow at

year number (t) during (n) which is the lifetime of the system; and

(i) is the discount rate. The term
େ౪

ሺଵା୧ሻ౪
is the present value of future

cash flow in year (t).
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9.2.3 Internal Rate of Return (IRR)

IRR is the critical discount rate of investment at which the NPV is

equal to zero. Therefore, it can be found by solving equation (9.2)

for variable (i) when the NPV is assumed to be equal to zero. For an

acceptable investment, the IRR value should be higher than the

originally set discount rate [321].

9.2.4 Return on Investment (ROI)

ROI is one of the most popular economic evaluation criteria. It

simply measures the efficiency of an investment, taking into

account non-cash values, such as system depreciation. ROI directly

compares the magnitude and timing of net profit from an

investment with the time and magnitude of costs. For an acceptable

investment, the ROI should be positive. High ROI results indicate

attractive investment gains in comparison with costs [322].

Equation (9.3):

=ܫܱܴ
ܽݐܶ ݁ݐݏݕݏ݈ ݉ ݁ݎ ݁ݒ −݁ݑ݊ ݁ݐݏܵݕ ݉ ܽݐݐ ݈ܿܽ ݅ ܽݐ ݈ ݐݏܿ

݁ݐݏܵݕ ݉ ܽݐݐ ݈ܿܽ ݅ ܽݐ ݈ ݐݏܿ

(9.3)

Economic Analysis General Assumptions and9.3

Inputs

For the analysed systems, the modelling assumptions made were

reliant on the availability of information on similar existing systems.

The United States Office of Technology Assessment [323] reported

a life expectancy of 20 years for ORC systems based on

commercially available units. Similar lifespan was reported by

Obernberger and Thek [324] based on experience with ORC

systems in geothermal applications. In their refrigeration and air-

conditioning equipment life expectancy chart, ASHRAE [325]

reported an expected lifetime of 19 years for commercial heat

pumps, which usually utilises similar equipment to those found in

ORC systems. However, similar lifespan was assumed in many

feasibility assessment and economic analysis studies in the ORC
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literature, such as in references [44, 326-328]. Therefore, a

lifespan of 20 years was considered in the current analysis,

including all components, unless where indicated otherwise. In

addition, an 8% annual deprecation rate was taken for the system,

as suggested by Jung et al. [44].

Operating and maintenance (O&M) costs were found to be very

close for a wide range of ORC applications. For an existing ORC

plant, which is 95% available throughout the year, David et al.

[329] reported €0.01/kWh; a similar rate as that reported for a

large scale existing ORC CHP biomass plant [330]. For geothermal

applications, the US Department of Energy [331] reported $0.01 to

$0.03/kWh. Unfortunately, there was no available information for

O&M costs in supercritical CO2 applications. However, the O&M

costs for nuclear applications, which are usually associated with

supercritical CO2 applications, were found to be $0.015/kWh [332],

which is in the same range reported for ORC applications. For the

current analysis, the O&M costs were assumed to be $0.012/kWh,

the average of the reported O&M costs, while the availability of the

system was also assumed to be 95% throughout the year; similar

to reported existing ORC systems.

The discount rate used in the analysis was 3.5%, which is the

standard rate suggested by HM treasury [333] for periods ranging

from 0 to 30 years. The consumer price index (CPI) is an economic

factor that has a direct influence on O&M. The UK’s Office for

National Statistics publishes annual percentage changes to CPI

[334]. Figure 9-1 shows the statistical data for CPI from September

2010 to September 2014. The average CPI percentage of these

data was taken for the current analysis and was found to be 2.99%.
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Figure 9-1: CPI percentage change from 2010 to 2014.

The department of energy and climate change, UK [335] publishes

annual international energy price statistics for comparison. Table

9.1 shows both industrial and domestic electricity prices, including

taxes and the annual percentage increase from 2010 to 2013.

Table 9.1: Annual industrial and domestic electricity prices in the UK.
(source: [336, 337])

Year Industrial
electricity
price
[pence/kWh]

Annual
increase
percentage
[%]

Domestic
electricity
price
[pence/kWh]

Annual
increase [%]

2010 7.84 11.85

2011 8.08 3.11 12.99 9.56

2012 8.47 4.78 13.64 5.02

2013 8.94 5.58 14.64 7.35

The data in Table 9.1 show a fluctuation in the percentage increase

for domestic electricity prices, with an average increase of 7.31%.

Industrial electricity price percentage increase, on the other hand,

has steadily risen over the years with an average of 4.49%. For

these reasons, the electricity price for the first year of system

operation was taken as the industrial electricity price for 2013, with

an anticipated price escalation of 4.49%.



Chapter 9: Economic Feasibility Assessment of the R1233zd(E) ORC
system and the CO2 SRC Power Generation System

360

R1233zd(E) ORC System Economic Analysis9.4

This section presents an economic analysis of the R1233zd(E) ORC

system, taking into consideration the system’s experimental

performance, manufacturing costs, potential market and economic

feasibility. The analysis will only include the expander’s power

output and specifically excludes the experimentally obtained electric

power output, which proved to be significantly low, due to the low

electric power generator’s efficiency and power losses. An

assumption was also made for the R1233zd(E) pump, where it was

anticipated to operate effectively with 80% efficiency, since the

experimental results showed very low pump’s efficiency and

relatively high power consumption at the optimum experimental

point, which is generally abnormal for fluid pumps, and is attributed

to a number of issues addressed, such as improper connection,

back flow, and small pipeline sizes.

9.4.1 R1233zd(E) ORC Systems Components and Costs

Based on the optimum experimental point’s result, where expander

power output was nearly 1 kW, two systems of 5 kW and 20 kW

were included in the analysis and assumed to be intended for mass

manufacture. However, the 5 kW system was selected for the

analysis in order to asses the economic potential of a small-scale

system, while the 20 kW system was analysed in order to examine

the potential of a scaled-up system. Therefore, in relation to the

experimentally achieved power output, it is assumed the 5 kW and

20 kW systems would require 5 and 20 expanders, respectively.

A bill of materials for the R1233zd(E) ORC prototype was generated

and accordingly, the cost of the potential larger systems were

estimated. The bill of materials shown in Table 9.2 depicts the

individual cost, description and quantity for each component

assembled on the prototype system. In addition, it shows the cost

of individual components and quantities for the 5 kW and 20 kW

systems, where the prices were predicted for the mass manufacture
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of these systems. Therefore, each component was discounted by

25% from the original price, due to price breaks from purchasing

bulk quantities. Figure 9-2 illustrates an exploded view of the

prototype system’s individual components.
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Table 9.2: R1223zd(E) ORC prototype system and scaled-up system’s bill
of materals.
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Figure 9-2: Exploded view of the R1233zd(E) ORC prototype system.
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As shown in Table 9.2, the prototype has many components, more

than the potential 5 kW and 20 kW systems. This is due to the fact

that the 5 kW and 20 kW systems would be specified for mass

manufacture and not all the components on the prototype are

required for the mass manufacture version, as some components on

the prototype were for testing and experimental purposes only. For

example, it can be seen in Table 9.2 that not all the metal housing

panels are applicable for the 5 kW and 20 kW systems. Therefore,

the cost was revised so that the price of the 5 kW system was

estimated as €640, while €896 was estimated for the 20 kW

system. This is due to the housing on the prototype which are ‘one-

off’ parts and cost a lot more than parts which are for mass

manufacture. It is also assumed the metal work will be simpler and

thinner which would also reduce labour and material costs.

From Table 9.2 it may also be seen that the estimated total cost for

the 5 kW system is €6,33.84 while for the 20 kW system, it is

€15,740.79. The 5 kW system has been estimated as cheaper than

the prototype, the total cost of which is €10,679.60. However, the

20 kW system would be more expensive, as some components

needed to be scaled up when compared to the prototype. These

components are highlighted in yellow in Table 9.2. For instance, the

20 kW system’s heat exchangers are required to be larger, due to

the heat exchangers incorporated into the prototype being designed

for a 5 kW system. Therefore, the heat exchangers for the 20 kW

system are required to be four times the size. This subsequently

contributes to the price increase. The components which need to be

scaled up and which are therefore more expensive, are the pump,

storage tank, pipes and valves and the amount of refrigerant gas.

None of the 5 kW system components require scaling up, as all the

components on the prototype system have been specified to

produce 5 kW, apart from the cost of the extra 4 expanders, in

order to produce 5 kW expander power output.
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Table 9.3 presents the R1233zd(E) ORC system’s total and specific

capital costs, where a 29% mark-up was added for each system’s

cost upon assembly.

Table 9.3: Specific cost of the R1233zd(E) ORC system.

Prototype [1
kW]

5 kW
system

20 kW
system

Cost [€] 10,350 6,633 15,740

Capital cost with 29% mark-up
[€]

13,351 8,815 20,305

Specific capital cost [€] 13,351 1,763 1,015

Information on the ORC system installation costs was available from

the development of the prototype system. Therefore, it was added

as a one-off expense to the capital investment for the first year of

each system’s lifetime. Table 9.4 shows the total, as well as a

breakdown of the installation costs.

Table 9.4: Installation costs for the R1233zd(E) ORC system.

Civil works [€] 450

Permission/studies [€] 500

Transport [€] 500

Anchoring [€] 150

Connection to grid [€] 150

Supervision on site [€] 1000

Total [€] 2750

For a realistic approach, it was presumed that the expanders would

need replacing every alternate year of the system’s lifetime,

considering that the expanders utilised were modified automotive

compressors and designed for the operation in automotive

applications. Therefore, they might wear out before the end of their

lifetime due to the heavy duty nature of the ORC system.

9.4.2 Economic Analysis Results and Discussion

All amounts were converted to US dollars, using the current

conversion rate, as shown in Table 9.5 for the economic feasibility

model inputs for both systems.



Chapter 9: Economic Feasibility Assessment of the R1233zd(E) ORC
system and the CO2 SRC Power Generation System

366

Table 9.5: R1233zd(E) ORC system’s economic model inputs.

System capacity [kW] 5 20

Electrical conversion efficiency [%] 80 80

Power consumed by the R1233zd(E) pump [W] 189.7 758.8

Total capital cost [$] 10,987.4 25,302.9

Specific capital cost [$/kW] 2,197.47 1,265.14

Installation cost [$] 3,427.71 3,427.71

System lifetime [years] 20 20

Price of electricity [$/kW h] 0.144 0.144

System’s availability throughout the year 95 95

Electricity price escalation rate [%] 4.5 4.5

O&M costs [$/kW h] 0.012 0.012

Consumer price index [%] 3 3

System’s annual depreciation rate [%] 8 8

Discount rate [%] 3.5 3.5

9.4.2.1 The 5 kW R1233zd(E) ORC System

Table 9.6 presents the results of the economic model for the

system’s lifetime and for the first 5 years of this lifetime. The

results suggest that the investment in the 5 kW R1233zd(E) system

is economically feasible and attractive, whereby the system can pay

back the invested capital after 3.10 years and start generating

profit. As shown, the NPV of the system after the end of the project

would be $887,711.83, which is very high. Besides this, the system

would be able to withstand relatively high interest rates and remain

a feasible investment of up to 37.1% with a very high magnitude of

benefits in relation to expenses, as the ROI value indicates.

Similarly, if the project’s lifetime is 5 years, one might be confident

that the investment will be economically feasible, with an NPV of

$8,833.471 by the end of the fifth year and a maximum acceptable

interest rate of 22.4%, which is also high and indicates a safe

investment. However, the magnitude of benefits from the system

would be 82.6% by the end of the fifth year, which is considerably

attractive, even when the system has endured two replacements of

expanders while recovering the capital investment. It is important

to note that because of the relatively low cost of the system’s

components, specifically the expanders, low pump power

consumption, even at lower efficiencies, and the high magnitude of

benefits, this economic model suggests the system remains

feasible, even if the expanders were to be replaced on an annual

basis throughout the system’s lifetime.
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Table 9.6: The 5 kW R1233zd(E) ORC system’s economic model results.

20 years 5 years

NPV [$] 8,87711.83 8,833.471

Payback [years] 3.10 3.10

IRR [%] 37.1 22.4

ROI [%] 1198.8 82.6

Figure 9-3 shows the variation of cash flow and discounted cash

flow over the lifetime of the system. Gradual, yet fluctuating

increase in cash flow can be observed along this timeline. As

shown, the reduction in cash flow every alternate year is due to the

expanders replacements costs being added to the annual expenses.

The increase in cash flow is mainly a result of the annual increase in

electricity prices per unit. The R1233zd(E) pump does not consume

high power input, even in its worst condition. Therefore, the

increase in electricity prices will always come as a benefit of the

system rather than as an expense for operating the pump. The

effect of the discount rate on cash flow can also be seen in the

Figure, where the cash flow varies from $3,983.97 to $12,428.12,

while the discounted cash flow varies from $3,719.08 to $6,245.95.

Figure 9-3: Cash flow variation for the 5 kW R1233zd(E) ORC system over
20 years.

Figure 9-4 presents the cumulative discounted cash flow, where the

invested capital is shown to be recovered at the beginning of the
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fourth year. After breaking even, the system would start generating

pure profit until the end of its lifetime.

Figure 9-4: Net present value of the 5 kW R1233zd(E) ORC system over 20
years.

Figure 9-5 shows a zoomed-in view of the cumulative discounted

cash flow for the first 5 years of the system’s lifetime, where the

invested capital is recovered. As shown, year zero shows the capital

investment cost, installation and O&M costs, when the system is

built and first commissioned, without generating any benefits. This

negative value is reduced after operation and cash flow until the

end of the third year, where the system would be just $408.90

short of breaking even. In the fourth year, the invested amount

would be recovered and an extra $3,518.69 would be gained by the

end of the fourth year.
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Figure 9-5: Net present value of the 5 kW R1233zd(E) ORC system over 5
years.

Sensitivity Analysis9.4.2.1.1

Once the economic model is established, it is important to analyse

the effect of factors which have significant influence on the

feasibility and profitability of the system. These factors are namely

the specific capital cost of the system, which will have a direct

influence on all evaluation indicators, and the electricity price which

defines the benefits and major portion of the system costs

represented by the pump power consumption.

The Effect of the System’s Specific Capital Cost9.4.2.1.1.1
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Figure 9-6: The effect of specific capital cost on the 5 kW R1233zd(E) ORC
system’s economic indicators.

Figure 9-6 presents the effect of specific capital cost variation on

the economic evaluation parameters. In Figure 9-6 (a), the payback

period increases in a linear manner with the increase in specific

capital cost. In the opposite direction, the IRR decreases gradually

with the increase in specific capital cost. However, within the

examined range of specific costs, one might be confident that the

investment is feasible and able to withstand further higher specific

costs per kW power. When the specific cost is at its minimum of

$697, the system will break even after just 1.49 years of operation

and be able to withstand interest rates of up to 73% before the

investment stops being feasible. At the maximum analysed specific

capital cost of $4,697.47, the system was found to break even and

be capable of paying back the invested capital after 5.88 years,

with the ability to withstand interest of up to 21.22%. Figure 9-6

(b) presents the effect of the capital’s specific cost variation on the

NPV and ROI. It is clear that both parameters would reduce

gradually as the specific capital costs increase, as is to be expected.

The NPV would be $96,211.83 by the end of the system’s lifetime

when the specific capital cost is at its lowest value of $697.47, with

a superior ROI of 4,207.16%, showing that the magnitude of

benefit from the system is superior to the expenses. At the

maximum analysed specific capital cost of $4,697.47, the NPV and
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ROI would be $76,211.83 and 454.37%, respectively, indicating a

feasible and attractive investment. The very high ROI mainly relates

to the cost of electricity per kWh and the power produced and

consumed by the system. Since the power consumption is very low,

expenses are also kept very low, compared to the benefit gained

from the higher power output.

The Effect of Electricity Costs9.4.2.1.1.2

Figure 9-7: The effect of electricity price on the 5 kW R1233zd(E) ORC
system’s economic indicators.

The effect of electricity cost per kWh was also investigated, as

presented in Figure 9-7. The payback trend is presented in Figure

9-7 (a) and shows that the system’s payback period reduces

gradually as the electricity price per kW increases, where the
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system would generate 41,610 kW/year and consumes 1,578.68

kW/year to operate the pump. Therefore, the value of the power

produced increases alongside the rise in electricity prices.

Consequently, the cash flow and benefits from the system would

increase and the system would break even sooner rather than later.

On the other hand, the IRR increases in a linear way with the

increase in electricity costs, indicating a safe investment and the

high potential to survive, even with an interest rate of up to

52.83% when the maximum electricity price per kWh is $0.2. The

system would therefore be able to pay back after 2.17 years of its

lifetime. When the price of electricity is at its lowest value of $0.06,

competition with the grid supply becomes harder, leading to a

system payback period of 10.54 years. This could be considered

feasible with up to 11.89% interest. However, the system remains

positively feasible, aside from the fact that the price of grid power

supply is not expected to drop as low as $0.06 per kWh. Figure 9-7

(b) shows that both NPV and ROI increase in a linear manner with

an increase in electricity price per kWh. Where the electricity price

is $0.06, the NPV is expected to be $17,408.81 by the end of the

system’s lifetime, with an ROI of 238.71%. At the maximum

analysed price of $0.2/kWh, the NPV wold increase to $136,247.1,

while the ROI rate would be 1,838.88%.

9.4.2.2 The 20 kW R1233zd(E) ORC System

Similar to the 5 kW system, Table 9.7 presents the economic

model’s results for the 20 kW system over the system’s lifetime and

for the first 5 years, respectively. In general, the results indicate

economically feasible and attractive investment, even superior to

the 5 kW system, where the 20 kW system can pay back the

invested capital very quickly after 1.6 years of operation. The NPV

of the system after 20 years would be $377,631.346 with an IRR of

69.5% and a high magnitude of benefit amounting to 2,194.3%.

For a 5 year plan, the system would have an NPV of $62,670.944

and an IRR of 62.4%, with an attractive ROI of 256%.
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Table 9.7: The 20 kW R1233zd(E) ORC system’s economic model results.

20 years 5 years

NPV [$] 377,631.346 62,670.944

Payback [years] 1.6 1.6

IRR [%] 69.5 62.4

ROI [%] 2,194.3 256

The variation in cash flow and discounted cash flow over the

system’s lifetime, shown in Figure 9-8, indicates similar behaviour

to that observed for the 5 kW system, where an obvious reduction

could be seen each alternate year, due to the need to replace the

expanders. The cash flow would be at its minimum in the second

year, with $15,593 and at its maximum in the last year, with

$49,128.78. On the other hand, the discounted cash flow shows

greatly reduced rates in relation to the cash flow, especially from

the ninth year onward. However, the discounted cash flow would be

at its minimum of $14,556.24 by the second year and at its

maximum of $24,690.44 in the final year.

Figure 9-8: Cash flow variation for the 20 kW R1233zd(E) ORC system
over 20 years.

The cumulative discounted cash flow presented in Figure 9-9 shows

the payback point during the second year. After that, profit would

be generated until the end of the system’s lifetime.
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Figure 9-9: Net present value of the 20 kW R1233zd(E) ORC system over
20 years.

A zoomed-in view of the cumulative discounted cash flow in the first

five years is provided in Figure 9-10, where most of the initial costs

would be recovered within the first year before the year’s end, with

$8,703.5 short of breaking even. However, during the second year,

the system would break even and start generating profit before the

year’s end, with $5,852.67 profit.

Figure 9-10: Net present value of the 20 kW R1233zd(E) ORC system over
5 years.
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Sensitivity Analysis9.4.2.2.1

The Effect of the System’s Specific Capital Costs9.4.2.2.1.1

Figure 9-11: The effect of specific capital cost on the 20 kW R1233zd(E)
ORC system’s economic indicators.

Similar to the behaviour seen in the 5 kW sensitivity analysis,

Figure 9-11 presents the effect of specific capital cost variation on

the economic evaluation indicators and the system’s feasibility.

Figure 9-11(a) shows that the payback period increases with an

increase in the specific capital cost per kW, while the IRR reduces

gradually. In general, both the payback and IRR rate are shown to

be within a similar range to what is observed in the 5 kW system,

where the system would break even very quickly in the last month

of the first year of operation, where the specific cost is at its
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minimum of $765 and the IRR is at 105%. At the maximum specific

capital cost of $4,765.14 analysed, the system would pay back after

5.45 years, with 22.6% IRR. Figure 9-11(b) shows that both the

NPV and ROI decrease as the specific capital cost increases. Where

the specific cost is $765.14, the NPV would be $38,7631.34 by the

end of the system’s lifetime, while the ROI would be 105.1%. At the

maximum specific capital cost, NPV would be $307,631.34, while

ROI would be 435.7%, which confirms the attractiveness of the

investment.

The Effect of Electricity Costs9.4.2.2.1.2

Figure 9-12: The effect of electricity price per unit on the 20 kW
R1233zd(E) ORC system’s economic indicators.
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Similar behaviour to what was observed for the 5 kW system may

be seen in the 20 kW system. The payback period decreases while

the IRR increases in line with electricity prices, as shown in Figure

9-12(a). At the minimum electricity price of $0.06 kW/h the system

indicates a maximum payback period of 5.69 years and the lowest

IRR of 22.9%. When the maximum electricity price is 0.2 kW/h, the

system’s payback period would be 1 year, while IRR would 102.4%.

In Figure 9-12(b), both the NPV and ROI increase in a linear

manner and show $98,565.12 and 562%, respectively at the

minimum electricity price, and $573,918.2 and 3,341.4%, at the

maximum electricity price.

5 kW CO2 SRC Power Generation System Economic9.5

Analysis

9.5.1 System’s Components Identification

In order to construct a prototype of the 5 kW CO2 SRC power

generation system, the key components of the system should be

identified. Nevertheless, the crucial requirement for the CO2 system

is to identify suitable equipment that can stand high operating

pressure, which will consequently be at a higher cost in comparison

to conventional equipment, and contribute significantly in the

capital cost of the system. General auxiliary components which are

not associated with high pressure are easily found commercially,

such as thermocouples, electrical inverter drives, data loggers, etc.

Therefore they will not be discussed in this section, although their

cost values are added to the capital cost of the system.

9.5.1.1 CO2 Turbine

According to the results of the theoretical analysis conducted in

Chapter 6, the system’s operating pressure and temperature range

requires a turbine of special specifications to handle the operating

conditions. The search carried out covers different types of

expanders and turbines. However, most turbine manufacturers start
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their product range at 20 kW, which is also the lowest limit for a so-

called micro-turbine. However, the search scope was narrowed to

consider turbines that are capable of producing 5 kW to 7 kW power

output. The drawbacks encountered during the search were either

the limitation of the operating pressure, or the very high cost of

custom design. By the end of the search, two turbine manufacturers

were identified: Infinity Turbines [338], who produce ITmini, with a

rated output of 3 kW through compressed air and has a maximum

operating pressure of 140 bar. IT10, by the same manufacturer has

a rated output in the range of 5 kW to 10 kW and maximum

operating pressure of 140 bar; however, IT10 has never been

tested by the manufacturer. The initial price of the turbine is $15K.

Figure 9-13 shows the Infinity IT10 Turbine.

Figure 9-13: Infinity IT10 turbine, a) IT10 turbine units and b) IT10
turbine in an ORC system. (Source: [338])

The other turbine manufacturer is Enogia [339], which is known to

design, assemble and sell thermodynamic cogeneration systems.

The manufacturer mainly produces turbine systems for refrigerants,

with a maximum pressure of 20 bar. However, they also

manufacture custom turbines with specific given criteria within their

engineering and manufacturing capabilities. A 6 kW electrical output

turbine system would cost €13.5K, in addition to €11K for the

turbine accessories, including a cooling circuit; dry cooler; oil

circuit; separator, and an inverter for speed control. This adds more

complexity to the system, where the turbine is actually a system in

itself. However, including accessories, the total price of the system

becomes €24.5K, which is very expensive. Unfortunately, the

maximum system pressure is 80 bar and the maximum attainable
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isentropic efficiency is 50%. Figure 9-14 (a) shows the Enogia 6 kW

hermetic turbine, while Figure 9-14 (b) shows a metric view of the

system.

Figure 9-14: Enogia CO2 turbine, a) Enogia turbine unit and b) Enogia CO2
system. (source: [340])

The components shown in Figure 9-14 (b) are as follows:

1. Inverter

2. Electrical cabinet

3. Lubrication system

4. Turbine

5. Outlet flange

6. Inlet flange

9.5.1.2 CO2 pump

The dilemma over operating pressure was also found in the search

for a suitable CO2 compression device for the CO2 power system.

Few of the pumps identified could handle the high CO2 pressure,

but some were air-driven [341] and some were very expensive,

which makes the system unfeasible [342, 343]. Other

manufacturers [344] have pumps especially designed for CO2

applications but which are not tested at the required operating

conditions. The most suitable pump for the system proved to be a

triple plunger pump, which is only suitable for pumping liquid CO2

[345]. Figure 9-15 shows the Ninjang Yalong Technology CO2

boosting pump.
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Figure 9-15: Ninjang Yalong Technology CO2 boosting pump. (source:
[345])

Table 9.8: The CO2 pump’s general specifications. (source: [346])

Manufacturer Ninjang Yalong Technology Co. Ltd.

Model 3ZRC75-5.22/10-1.5 boosting CO2 injection pump

Type Triple plunger pump

Unit cost [$] 13 K

Flow rate [L/min] 87

Inlet pressure [bar] 85

Discharge pressure [bar] 120

Inlet temperature [°C] 20 to 30

Power [kW] 2.7 to 4.4

9.5.1.3 Heat Exchangers

The heat exchangers identified for the system are counter-flow

brazed plate heat exchangers manufactured by Kaori in Taiwan

[288], the same manufacturer provided the R1233zd(E) ORC

system’s heat exchangers. However, the proposed heat exchangers

for the CO2 system are especially designed for CO2 applications,

and have high pressure ratings. Table 9.9 lists the heat exchangers

in the CO2 system, their cost, and general specifications.

Table 9.9: CO2 power system heat exchanger specifications. (source:
[347])

Heat exchanger CO2 heater CO2
cooler

Recuperator heat exchanger

Model C097 C097 C202HP6

Unit cost [€] 376.47 424.33 1299.25

Pressure [bar] 140 140 140

Temperature [°C] 200 200 200

Number of plates 60 70 132

Heat transfer area
[m2]

2.755 3.230 34.02

Heat load [kW] 42.8 40.5 220
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9.5.1.4 Other System Components

Other identified system components that contribute significantly to

the capital cost of the system are, e.g. piping, fittings and valves.

Unlike ordinary thermal systems which use standard copper piping

and fittings, the current system requires special piping and fittings

to stand the operating pressure. The pipes identified for the system

are stainless steel refrigeration pipes of various sizes that can stand

very high pressure and a wide range of temperatures from -255C to

605 °C. It was estimated that 6 m of piping in total would be

sufficient for the system. The average cost of the piping is £130

[348]. Similar to the required fittings, high pressure fittings were

identified and the estimated total cost of the fittings amounted to

£850 [349].

Due to the nature of the system’s operating conditions, solenoid

valves are the best option for avoiding direct human contact with

the system, for safety reasons. The solenoid valves identified are

directly operated valves especially manufactured for CO2

applications. The valve can be mounted in any position and does

not require minimum pressure for operation. Table 9.10 lists the

solenoid valves specifications and cost.

Table 9.10: General specifications for a CO2 solenoid valve. (source:
[350])

Manufacturer Asco

Maximum pressure [bar] 70

Temperature range [°C] -60 to 60

Maximum kinematic viscosity [Cst] 65

Response time [ms] 5 to 25

Unit cost [£] 165.06

9.5.1.5 Measurement Devices

Similar to other components, the system requires measuring

devices for high pressure; specifically, pressure transducers and

CO2 flow sensors. The pressure transducers identified for the

system are manufactured by Telemecanique, UK [351] and cost

£78.60 per unit. The transducers are especially designed for
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hydraulic and refrigeration applications and are capable of

measuring pressure in the range of 0 to 100 bar, with an

uncertainty of ±0.5%. The flow sensor suitable for the system is an

inline digital flow meter of turbine type. The flow sensor is

G2H15I09LMA, manufactured by Bell Flow Systems, UK [352] and

costs £1083. The flow sensor is capable of withstanding pressure of

up to 207 bar, operating within a temperature range of -10 to 60

°C, and measures flow rates from 38 to 380 L/min, with an

uncertainty of ±0.5% of full scale. Figure 9-16 shows a general

view of the high pressure flow sensor [352].

Figure 9-16: General view of G2H15 high pressure flow sensor. (source:
[352])

After all the system components were identified, a bill of materials

was generated as shown in Table 9.11 listing these components,

alongside their quantities and cost in their original currencies. It

was assumed that the capital cost of the system would be the sum

of these costs, converted to US dollars. Furthermore, it was

assumed that the equipment’s installation costs were included in

their original cost prices. The total capital cost was thus found to be

$40,811.

Table 9.11: 5 kW CO2 power system components and costs in original
currencies.

Component Quantity Component price in
original currency

Remarks

Heat exchangers 3 € 2100.05

Expander 1 $ 15000

High pressure CO2 liquid
receiver

1 £ 300 Estimated

CO2 liquid pump 1 $ 13000

CO2 liquid pump inverter drive
(Variable frequency drive)

1 £518 [353]

Cooling water circulation pump 1 £200 Estimated

Solenoid valves 4 £800

Piping and fittings £850
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Insulation for high temperature £200 Based on
existing
material
information

Pressure transduces 4 £ 314.4

K- Type thermocouples 4 £164 [354]

CO2 flow sensor 1 £1083

CO2 1 £1500 Based on
quotes for
previous
orders

System frame 1 £200 Based on the
department
technician and
material costs.

Miscellaneous £ 200

9.5.1.6 Components Identification Discussion

The research carried out identifies the suitable 5 kW CO2 power

system’s components. However, the outcome of the research shows

a lack of options in the selection of these components. The main

limitation in these options is represented by the turbine and the

pump. The CO2 turbines found either have a complex configuration,

lower operating pressure, or isentropic efficiency as in the Enogia

CO2 turbine, or good operating parameters, with unknown

isentropic efficiency, as in the case of IT10 turbines by Infinity. The

pump limitation is simply denoted as the ability of the pump to only

pump liquid CO2. Therefore, and with reference to the simulated

cases results for the CO2 SRC power generation system in Table

6.10, Chapter 6, the first two cases are inapplicable in reality, due

to the unsuitability of the identified pump to compress CO2 in its

gas state. The last two simulated cases are applicable when the

system is fully operating above the critical region, specifically when

the CO2 on the low pressure side of the system is a fully developed

CO2 liquid, which allows proper operation of the CO2 liquid pump.

However, the relatively high power consumption of the CO2 liquid

pump indicated by the manufacturer and the low isentropic

efficiency of the CO2 turbine rationally suggests very poor system

performance, if the third simulated case is applied in a real system.

Moreover, an operational challenge might be experienced, where

the CO2 in the low pressure side of the system could be on the
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edge of transformation from liquid to gas state, which would simply

damage the CO2 pump. Thus, the only case applicable would be the

fourth simulated case, where the turbine inlet pressure is 100 bar.

Nevertheless, a consideration of the 50% isentropic efficiency of the

CO2 turbine in the simulation of the fourth case will change the

system characteristics. Table 9.12 lists the characteristics of the re-

simulated optimum operating point, alongside the results of the

formerly simulated optimum point.

Table 9.12: CO2 SRC power generation system’s fourth case re-simulation
results compared to the original results.

Operation region New simulation results
Old simulation
results

Optimum CO2 cooler pressure
[bar]

85 82

CO2 heater power [kW] 42.8 40.2

CO2 cooler power [kW] 40.5 36.7

Recuperator exchanger power
[kW]

220.5 93.7

Pump power [kW] 2.7 1.5

System thermal efficiency [%] 5.4 8.7

Net thermal power output [kW] 2.3 3.5

CO2 mass flow rate [kg/s] 1.1 0.5

The comparison Table 9.12 shows that optimum CO2 cooler

pressure slightly increased when the turbine’s isentropic efficiency

dropped from 80% to 50%. Furthermore, a slight increase was

observed in the CO2 cooler and heater energy requirements. This is

not the case for the recuperator heat exchanger, where the energy

increased dramatically from 93.7 kW to 220.5 kW. The result also

shows that the pump energy increased significantly. However, the

pump energy requirements were found to be very close to what was

suggested by the CO2 liquid pump manufacturer. The system’s

overall thermal efficiency dropped markedly from 8.7% to 5.4%.

Similar behaviour was seen for the net thermal power output, which

decreased from 3.5 kW to 2.3 kW, while the mass flow rate of the

refrigerant rose by 54%. In general, the results show acceptable

characteristics, even though the operating pressure is considered

very high. Furthermore, the operation is limited by the low



Chapter 9: Economic Feasibility Assessment of the R1233zd(E) ORC
system and the CO2 SRC Power Generation System

385

isentropic efficiency of the turbine and the ability of the CO2 pump

to only pump liquid CO2.

9.5.2 Economic Analysis Results and Discussion

After all the analysis factors were established, they were listed in

Table 9.13, and used as the economic feasibility model inputs.

Table 9.13: The 5 kW CO2 power system’s economic model inputs.

System capacity [kW] 5

Electrical conversion efficiency [%] 80

Liquid CO2 Pump consumed power [kW] 2.7

Total capital cost [$] 40811

Specific capital cost [$/kW] 9602.59

System lifetime [years] 20

Electricity price [$/kW h] 0.144

System availability throughout the year 95

Electricity price escalation rate [%] 4.5

O&M cost [$/kW h] 0.012

Consumer price index [%] 3

System’s annual depreciation rate [%] 8

Discount rate [%] 3.5

Table 9.14 shows the results of the economic model. The results

suggest that investment in the 5 kW CO2 SRC power generation

system is not economically feasible. The NPV by the end of the

project is negative and short by $7953.97 to break even and

recover the invested capital. In order to make a feasible

investment, the system would require interest rates lower than

1.5%, which is impossible in reality. In addition, the magnitude of

system costs is 80.5% higher than the rate of gains.

Table 9.14: Results for the 5 kW CO2 power system economic model.

NPV [$] -7953.97

Payback [Years] N/A

IRR [%] 1.5

ROI [%] -80.5
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Figure 9-17: Cash flow variation throughout the 5 kW CO2 SRC power
generation system lifetime.

Figure 9-17 shows the variation of cash flow and discounted cash

flow throughout the lifetime of the system. A gradual increase in

cash flow can be observed along the timeline. This increase is a

result of the annual increase in electricity prices and the fact that

the power consumed by the CO2 liquid pump is lower than the

power produced by the system. On the other hand, the cost

represented by the O&M annual increase rate is slightly lower than

the electricity rate, which consequently increases the system’s

benefits. Despite the increase seen in the cash flow, the discount

rate has a very significant effect on the cash flow, as shown. The

discounted cash flow remains moderately within the range of $1450

to $1840 throughout the system’s lifetime.
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Figure 9-18: Net present value of the 5 kW CO2 SRC power generation
system.

Figure 9-18 shows the cumulative discounted cash flow. The Figure

suggests that the total capital cost of the system could not be

recovered throughout the system’s lifetime. The NPV was

determined as $ -7953.97 by the end of the project’s lifetime, as

shown by the end of year 20.

9.5.2.1 Sensitivity Analysis

The Effect of the System’s Specific Capital Cost9.5.2.1.1
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Figure 9-19: The effect of the specific capital cost of the 5 kW CO2 SRC
power generation system’s economic indicators.

Figure 9-19 (a) shows the effect of the system’s specific capital cost

on the payback period, where the capital invested is recovered, as

well as the IRR rates. The results show that the IRR rates reduce as

the specific cost of the system increases. This suggests low interest

rates are required, in order for the system to be feasible. However,

the system could be considered as a feasible investment at a

maximum specific capital cost of $7500/kW and IRR of 3.8%, where

the supposedly invested capital cost of $31500/kW could be

recovered by 19.5 years of the system’s lifetime. At specific capital

costs lower than $7500/kW, the system could also be considered

feasible, as the payback period is reduced. However, this is not

necessarily true since the cost of CO2 equipment is almost

impossible to be found at specific capital costs within these ranges,

nowadays. Figure 9-19 (b) shows NPV and ROI at variable specific

capital cost. As expected, the NPV of the specific cost of the system

increases. Similar behaviour can be seen for ROI, where the rate

tends to decrease in a negative direction as the specific cost

increases, which indicates the system’s infeasibility. Although, the

NPV curve and the results from Figure 9-19 (a) suggest a feasible

system at specific capital costs lower than $7500/kW, the ROI

suggests that the investment is still to be considered as unfeasible
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and risky, where the magnitude of costs is higher than the

magnitude of gains, represented by the negative results.

The Effect of Electricity Costs9.5.2.1.2

Figure 9-20: The effect of electricity price on the 5 kW CO2 SRC power
generation system’s economic indicators.

Electricity prices have a very significant influence on evaluation

indicators, as they can directly influence cash flow, as mentioned

previously. Figure 9-20 (a) shows the effect of electricity price
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variation on the payback period and IRR. The results suggest that

the system is totally unfeasible as it cannot compete with the prices

of electricity supplied by the grid. The only condition under which

the system could break even and pay back its initial capital cost is

when the kWh supplied by the grid is $0.18/kWh or higher, which is

not possible in reality. However, in that case, the system would pay

back its capital cost by year 20, which is the maximum lifetime of

the system. Figure 9-20 (b) shows the NVP and ROI results. The

NPV results suggest that the system is feasible if the electricity

prices are higher than $0.17/kWh. The ROI shows that the cost

magnitude is higher than the gains from the system, even when the

NPV is positive at higher electricity prices.

Conclusion9.6

This chapter analysed the economic feasibility and potential of two

thermal power generation technologies, namely, the ORC system

employing R1233zd(E), and the CO2 SRC power generation system.

For the conducted analysis, economic evaluation indicators were

explained, and the economic parameters assumed for the analysis

were taken from reported real life indicators. Furthermore,

sensitivity analysis for all systems was carried out in order to

investigate the effect directly of influential factors on the systems

feasibility. These factors are namely, the specific capital cost of the

system and electricity price per kWh.

For the R1233zd(E) ORC, and based on the optimum experimentally

obtained performance results, the analysis included 5 kW and 20

kW R1233zd(E) ORC systems. A bill of materials was produced for

the prototype system; this allowed the larger systems to be priced

for mass manufacture. The predicted costs of the 5 kW and 20 kW

systems allowed for economic evaluation. The analysis revealed

that both systems have shown to be very attractive investments,

with short payback periods of 3.10 and 1.6 years for the 5 kW and

the 20 kW systems, respectively. Both systems showed very high

NPV by the end of their lifetime, where the NPV would be
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$887,711.83 for the 5 kW system and $377,631.346 for the 20 kW

system. Similarly, both systems demonstrated high IRR, indicating

a safe investment that could survive with high interest rates, with

the IRR for the 5 kW system being 37.1% and for the 20 kW

system, 69.5%. The magnitude of benefits from the systems was

very high compared to the magnitude of expenses, where both

systems showed outstanding ROI. Generally, the superior economic

performance of both systems was in relation to the very low power

consumed by the pump, compared to the power produced by the

system. This consequently generates more benefits from the

system, at escalated rates in relation to all expenses, including

power consumption, O&M and expander replacements. However,

even if the pump efficiency is taken to be very low, as seen in the

experimental phase, the system remains economically feasible;

attractive due to its relatively low power consumption.

For the CO2 power generation system, the chapter presented the

outcome of the extensive market research carried out to identify

commercially available components suitable for the build and

construction of a CO2 SRC prototype system similar to that built for

the R1233zd(E) ORC system. The research revealed very high costs

and limited options for the main system’s components, namely the

CO2 turbine which has low isentropic efficiency of 50%, and the

CO2 pump, which is only suitable for pumping liquid CO2. To

incorporate these technical limitations into the 5 kW CO2 SRC

power system, the system was re-simulated, incorporating the low

isentropic efficiency of the CO2 turbine and the liquid phase in the

pump inlet. It was found that the only technically feasible operating

condition is when the turbine inlet pressure is 100 bar and the

system operates completely above the CO2 critical region, where

the CO2 on the lower pressure side is in its liquid phase. This

constraint adds technical inflexibility to other disadvantages of the

system, such as high operating pressure and high equipment costs.
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However, similar to the R1233zd(E) ORC systems, the identified

components were listed alongside their cost to produce the

system’s bill of materials. The analysis results showed that the

system is economically unfeasible, as its NPV remains negative

throughout the system’s lifetime and the magnitude of the system’s

cost is higher than its gains, indicated by the ROI indicator. The

sensitivity analysis has also revealed that the system remains

unfeasible from an economic point of view. The system could be

considered feasible if the specific capital cost of the system was

lower than $7500/kW, which would seem to be very far from

achievable, at least in the near future. With regard to electricity

prices, the system remains unfeasible until the kWh supplied by the

grid cost $0.18/ kWh, which is very expensive in comparison to the

actual unit cost, especially at industrial rates with taxes included.

The ROI indicator suggests that the magnitude of the costs and

expenses throughout the lifetime of the system is always going to

be higher than the benefits gained from it. This is mainly due to the

relatively high cost of electricity consumed by the CO2 liquid pump.

Finally, although the 5 kW CO2 power system proved its theoretical

thermodynamic feasibility, the high cost, inflexibility of its

component options and limitations in its operating conditions

proved otherwise. This is emphasised by the economic model,

which confirms the unfeasibility of the system in real life. The

feasibility of the system is heavily dependent on the future

evolution of CO2 technology in general, which would add more

options in terms of system’s component flexibility and costs,

consequently rendering the CO2 SRC power generation system

economically feasible.
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Chapter 10 : Conclusions and Further Work

Conclusions10.1

This research was conducted with a step-by step investigative

approach in order to fulfil its aims and objectives to develop and

test a novel Rankine based, small-scale power generation prototype

system for low-grade waste heat recovery. Four potential power

generation systems employing environmentally friendly working

fluids were proposed, namely, the CO2/lubricant absorption, the

CO2/POE32 lubricant flood expansion, the CO2 SRC and the ORC

employing newly developed environmentally friendly HFOs and

HCFO-R1233zd(E) refrigerants. The conclusions made from the

current research can be summarised as follow:

 The computer based thermodynamic modelling and

simulations revealed that the R1233zd(E) ORC system is the

most suitable system for research purposes. The R1233zd(E)

ORC system was shown to have a thermal efficiency of

14.34%, net thermal power output of 4.81 kW and pump

power consumption of 0.189 when operating at evaporator

pressure of 14 bar. In addition, the ORC system employing

the new HFOs and HCFO-R1233zd(E) refrigerants has without

doubt achieved the best performance overall, compared to

other investigated systems. Furthermore, the new

refrigerants demonstrated their ability to replace the

conventional refrigerants in ORC and refrigeration

applications where R1234yf, and R1234ze(E) showed a

similar performance to R134a. R1234ze(Z) was shown to

have a similar performance to R245fa, while R1233zd(E)

showed a superior performance overall that is very similar to

R123.

 The design and construction of the small-scale R1233zd(E)

ORC prototype system was successfully carried out, which

included the production of a scroll expander which was
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converted from an air-conditioning scroll compressor.

Furthermore, the R1233zd(E) heat exchangers’ surface area

sizing was successfully modelled for the first time by LMTD

approach, and validated by the heat exchangers’ sizes

proposed by the manufacturer.

 The expander produced was successfully tested with an

automotive alternator in an especially constructed test bench,

using air as the working fluid. The maximum electric power

produced was 416W, with an alternator efficiency of 22.39%

when the expander produced a power output of 2 kW with an

isentropic efficiency of 96.33%. The results show that the

electric power generator has low efficiency which suggests

either large power losses through the transmission

mechanism, or a speed mismatch between the expander and

the electric power generator.

 The small-scale R1233zd(E) ORC prototype system has

successfully proved its technical feasibility by means of two

sets of experiments. The best overall experimental

performance was achieved in the second experiment where

the system’s thermal efficiency was 7.6%, the system’s

electrical efficiency was 1.46%, the expander power output

was 1019.54W and electric power output was 250W.

However, the best performance achieved was found to be

lower than theoretically predicted, due to the sources of

performance destruction identified. The primary source of

performance limitation was identified as the steam

humidifier’s lower capability to reach the anticipated

temperature of 120°C, besides supplying heat at a constant

rate. In addition, the R1233zd(E) circulation pump was

identified as a source of performance destruction where it

showed low efficiencies. Nevertheless, the system

performance could be significantly improved by resolving

these issues, as the validation of the theoretical performance

demonstrated indicated.
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 The economic feasibility and potential of the 5 kW and 20 kW

R1233zd(E) ORC systems revealed their attractiveness and

superior economic performance where the payback periods

were shown to be 3.10 and 1.6 years for the 5 kW and the

20 kW systems, respectively. Furthermore, both systems

have very high gains magnitude and can survive with high

interest rates.

 Although the CO2 power system proved its theoretical

thermodynamic feasibility, the high cost, inflexibility of its

component options and limitations in its operating conditions

proved otherwise. This is emphasised by the economic

analysis, which confirms the infeasibility of the system in real

life. The feasibility of the system is heavily dependent on the

future evolution of CO2 technology in general, which would

add more options in terms of the system’s component

flexibility and costs, consequently rendering the CO2 SRC

power generation system economically feasible.

This thesis therefore concludes that the ORC remains the most

efficient, flexible, technically and economically attractive Rankine

based technology for low-grade waste heat recovery at the present

time, compared to other technologies investigated. Also, the very

attractive potentials R1233zd(E) has shown, promotes it to become

the primary refrigerant in ORC applications to replace both R123

and R245fa. Although the experimental evaluation showed that the

R1233zd(E) ORC system has a lower performance than that

theoretically predicted, the technical feasibility of the system has

been confidently confirmed with relatively higher thermal

efficiencies compared to equivalent technologies that are close to

8%, even with the observed system’s limitations.
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Recommendations for Further Work10.2

To resolve the R1233zd(E) ORC prototype system’s limitations and

achieve higher system performance, the following recommendations

are made and justified for further work:

1. Expander power output is mainly related to temperature and

pressure. However, although the expander power output

showed a maximum of nearly 2 kW in the first experiment, it

was not possible to achieve higher power output than this,

mainly because of the limitations of the steam humidifier

heat source. Therefore, it is recommended to replace the

steam humidifier heat source with a boiler capable of

supplying heat at a constant rate and higher temperatures

than 100°C-104°C, in order to allow operation at higher

temperatures, higher corresponding evaporation pressure

and sufficient super-heating at the expander inlet. Therefore,

enhanced expansion would take place, increasing the

expander’s isentropic efficiency and the expander’s power

output. Alternatively, if the current steam humidifier is to be

used, heating clamps or jacket heating methods could be

implemented on the expander pipe line, in order to raise the

temperature to the required level up to 120°C.

2. The discussion and comparison analysis of performance

showed that the automotive alternator utilised as an electric

power generator has the ability to produce electric power

output limited to less than 1 kW, even though the expander’s

power output is higher than this. This relates to the poor

electric conversion efficiency of between 15% and 30% at

most experimental points. Besides these points, two other

points were observed to have efficiencies as high as nearly

70%. In general, the lower efficiency observed is related to

major power loss through the transmission belt, or due to the

speed mismatch between the expander and the electric

power generator. On the other hand, the first experiment

revealed that the automotive DC motor was unsuitable for
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the system, since the rotational speed afforded was way

lower than anticipated. Again, the rotational speed pertains

to the expander’s power output, which subsequently relates

to the heat source input. However, to overcome the electric

generator’s drawbacks, it is suggested that expanders with

internal electric generators are used, if available at the

required size, or that a direct coupling power transmission

method is applied in order to minimise power loss.

Alternatively, it is recommended to replace the alternator

utilised with an alternative that requires lower rotational

speed to produce electric power output.

3. The R1233zd(E) circulation pump proved to be a major

source of vibration and irreversibility in all experiments

conducted and contributed heavily to the reduction in the

thermal efficiency achieved, especially in the second

experiment, where the pump power output was very high

compared to the first experiment. Moreover, the pump’s

operation indicated some difficulty in pumping the refrigerant

around at certain points during the experiment and the

refrigerant may have flowed back into the pump. As the

differential pressure across the expander is not very high and

the mass flow rate employed is achievable with a wide range

of other types of pumps, it is recommended that the pump be

replaced by a smaller pump, to be placed at the lowest point

of the system. The liquid line piping should also be replaced

with piping of larger internal diameter size to ensure the free

flow of the refrigerant stream and proper pumping operation.

4. During the experiments, there was difficulty in monitoring the

refrigerant level in the liquid refrigerant receiver cylinder and

around the system, since the prototype system was only

equipped with one sight glass on the liquid line after the

pump. Adding more sight glasses at the expander inlet and

heat exchanger inlets and outlets is very important to enable

visual observation of the refrigerant flow at different points,
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as a means of ensuring a continuous flow and sufficient

availability of refrigerant within the system.

5. After the above recommendations have been addressed, it is

recommended that the performance of the scroll expander-

electric generator arrangement utilised be compared with the

performance of a hermetic type of scroll expander, where the

electromechanical losses of the integrated electric power

generator are expected to be very low and therefore higher

power outputs, and isentropic efficiency are expected.
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Appendix A

A.1 IGA Experimental Results

Table A.1:CO2/PC IGA absorption results.
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Table A.2: CO2/POE5 IGA absorption results.
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Table A.3: CO2/POE32 IGA absorption results.
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Table A.4: CO2/POE68 IGA absorption results.

A.2 General Empirical Equation to Predict Bubble

Point Pressure/Solubility

Relationship in CO2/POE68 and CO2/AB32 mixtures:

22

15

2

14

2

131211 TxTxxTxxP  

Where T is in kelvin and P is in MPa. The empirical coefficients ( i
)

for the two systems are shown in Tables A.5 and Table A.6. The

equations should not be used outside the data range. Figures 1 to 4

show comparisons between the empirical equations and the data.

Table A.5: Coefficients for the CO2/POE 68 system.

1 2 3 4 5

-93,15 0,3863 -97,12 0,5151 -0,0008038

Table A.6: Coefficients for the CO2/AB 32 system.

1 2 3 4 5

-105,8 0,4524 -96,2 0,3081 -0,0001254
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Appendix B

B.1 Solubility, Density and Viscosity Correlation

Coefficients of CO2/Absorbents

Solubility correlation coefficients for CO2/absorbents

Coefficient

CO2/POE32
solubility
correlation
(5.1) [183]

CO2/POE68
solubility
correlation
(5.6)

CO2/POE68
polynomial
solubility
correlation (5.8)

CO2/PC
polynomial
solubility
correlation
(5.10)

a1 6.59664 4.862 -3.363 -1.819

a2 -1.62E+03 -938.9 0.02215 0.01064

a3 7.01E+04 24.61 0.9401 0.195

a4 3.88634 0.05952 -2.64E-05 -1.605E-05

a5 -1.47E+03 -239 0.02036 -0.0009949

a6 1.19E+05 94.29 -11.37 -0.0001974

a7 3.41E-01 -2.675 -1.98E-05 1.356E-06

a8 -2.54E+02 204.8 -0.0003121 -7.166E-08

a9 2.11E+04 -114.1 8.954 1.693E-06

a10 -1.195

a11 102.3

a12 -140.2

Suitability of fit

SSE 0.00291 0.0009303 0.00742

ܴଶ 0.99996 0.9989 0.9997 0.9814

RMSE 0.01019 0.005478 0.02066

Keys:

Summed square of residuals (SSE)

Coefficient of determination (ܴଶ)

Root mean square error (RMSE)

CO2/absorbent density correlation

Coefficient
CO2/POE32
density correlation
(5.2) [183]

CO2/POE68 density
correlation (5.7)

CO2/POE68
polynomial density
correlation (5.9)

b1 1.33306 1.623 1.454

b2 -1.59E-03 -0.00205 -0.00095

b3 1.27E-06 1.93E-06 -4.792

b4 1.68E-02 -38.28 1.92E-07

b5 2.77E-04 0.2251 0.003391
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b6 0 -0.00036 37.68

b7 8.58E-01 348 -3.60E-06

b8 -3.62E-03 -2.14 -0.06154

b9 0 0.003393 -74.73

b10 -697.8 7.78E-05

b11 4.352 0.0252

b12 -0.00691 59.11

Suitability of fit

SSE 0.005678 0.000773

ܴଶ 0.9977 0.9871 0.9982

RMSE 0.01239 0.004569

Keys:

Summed square of residuals (SSE)

Coefficient of determination (ܴଶ)

Root mean square error (RMSE)

CO2/absorbent viscosity correlation

Coefficient
CO2/POE32 viscosity
correlation (5.3) [183]

CO2/POE68 viscosity
correlation (5.3)

c1 3.16E+01 -46.99

c2 -7.08386 20.05

c3 3.14E-01 -2.022

c4 -3.40E+02 751.7

c5 1.29E+02 -254.9

c6 -1.22E+01 21.4

c7 1.30E+03 -1191

c8 -4.69E+02 399.4

c9 4.23E+01 -33.38

Suitability of fit

SSE 0.07272

ܴଶ 0.996 0.9977

RMSE 0.04625

Keys:

Summed square of residuals (SSE)

Coefficient of determination (ܴଶ)

Root mean square error (RMSE)

B.2 Ideal Heat Capacity of Pure POE Compounds

Polynomial correlation and coefficients for pure POE compounds [208]

ܥ
 = ܥ + +ଵܶܥ ଶܶܥ

ଶ + ଷܶܥ
ଷ (B.1)

Ideal gas heat capacity coefficients for pure POE
compounds [208]

Compound c0 c1 c2 c3
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PEC5 57.97 2.1551 -1.01E-03 2.62E-07

PEC9 84.34 3.5852 -1.81E-03 4.36E-07

PEB6 2.594 2.728 -1.42E-03 5.43E-07

PEB8 15.8 3.443 -1.82E-03 6.30E-07
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Appendix C

C.1 CO2/Lubricant Absorption Power Generation

System Simulation Program Flow Chart
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(continued)
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C.2 CO2/POE32 Flood Expansion Power Generation

System Simulation Programme Flow Chart
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C.3 Mixer Sub-routine Flow Chart

All properties of
both streams at the
inlet were taken as
an input, alongside
pressure at the
exit.

Oil mass fraction; enthalpies of both
phases at the mixer exit by iteration

Equation (6.42)and (6.43) for Mixer 2

Equation (6.53)and (6.54) for Mixer 5
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C.4 T3 and T6 Recuperator Exit Temperature Sub-

routine Flow Chart

All inlet properties and
Qmax for the
recuperator assuming
T3=T51 & T6=T21

Equation (6.61) and (6.62) for T3

Equation (6.66) and (6.67) for T6

Equation
(6.57)
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C.5 R1233zd(E) ORC System Thermodynamic Model

Code

%____________________________________
% Properties
%Q Quality [-]
%T Temperature [K]
%P Pressure [bar]
%D Density [kg./m3]
%C Specific heat at constant pressure [kJ./kg]
%H Enthalpy [kJ./kg]
%S Entropy [kJ./kg./K]
%V Dynamic viscosity [Pa-s]
%L Thermal conductivity [kW./m./K]
%_________________________________

%______________________________________________________
%Cycle State points
%a Condensed saturation 100% liquid
%sub sub cooled for pump (at pump inlet)
%b2 Pump output conditions
%c After addition of sensible heat in middle heat exchanger
(HEX)
%e After addition of latent heat - Evap saturation 100%
vapour
%es After addition of superheat - expander inlet condition
%f2 Actual conditions at expander out after expander
efficiency
%g After removing superheat from exhaust (HEX outlet)
%______________________________________________________________
______
%Turbine efficiency
Teff=0.8;
%pump efficiency
WPeff=0.9;
%Heat exchangers effectiveness
effect=0.8; %
%critical pressure
Pcri=REFPROPm('R1233zd(E)','pcrit')./100;
%_______________________________________________

%required Turbine Power output
WT=input ('kW');
%condenser saturation temperature
Ta=303.15+5%
%Sub-cooling temperature
Tsub=303.15;
%Properties at Condenser saturation Temperature
Pa=REFPROPm('P','T',Ta,'Q',0,'R1233zd(E)')/100;
%ha=REFPROPm('H','P',Pa*100,'Q',0,'R1233zd(E)');
ha=REFPROPm('H','P',Pa*100,'Q',0,'R1233zd(E)');
sa=REFPROPm('S','P',Pa*100,'Q',0,'R1233zd(E)');
%Properties at sub cooled Temperature
if Tsub==Ta

hsub=ha;
ssub=sa;

else
hsub=REFPROPm('H','T',Tsub,'P',Pa.*100,'R1233zd(E)');
ssub=REFPROPm('S','T',Tsub,'P',Pa.*100,'R1233zd(E)');
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end
Tcin=Tsub-5;
Pf=Pa;
%Turbine inlet temperature
for i=[0:1:25];
Pe(i)=[4+i*0.5]
try

Pb(i)=Pe(i);
if Pe(i)>=Pcri

continue
end
if Pe(i)<=Pcri
%Properties at evaporator saturation pressure
he(i)=REFPROPm('H','P',Pe(i).*100,'Q',1,'R1233zd(E)');
Te(i)=REFPROPm('T','P',Pe(i).*100,'Q',1,'R1233zd(E)');
if Te(i)>393.15

continue
end
%Properties at expander inlet (superheated)
Tes(i)=Te(i)+5;
if Tes(i)>393.15

continue
end
hes(i)=REFPROPm('H','T',Tes(i),'P',Pe(i).*100,'R1233zd(E)');
ses(i)=REFPROPm('S','T',Tes(i),'P',Pe(i).*100,'R1233zd(E)');
else

continue
end
%Turbine outlet enthalpy for ideal expansion
hf(i)=REFPROPm('H','P',Pf.*100,'S',ses(i),'R1233zd(E)');
Tf(i)=REFPROPm('T','P',Pf.*100,'H',hf(i),'R1233zd(E)');
%ideal turbine work
WTideal(i)=hes(i)-hf(i);
%Real turbine work
WTreal(i)=WTideal(i).*Teff;
%Real turbine outlet enthalpy
hf2(i)=hes(i)-WTreal(i);
%Properties at turbine outlet
Tf2(i)=REFPROPm('T','P',Pf.*100,'H',hf2(i),'R1233zd(E)');
%Mass flow rate through the turbine
mr(i)=WT./(hes(i)-hf2(i));
%Ideal pump exit enthalpy
hb(i)=(REFPROPm('H','P',Pb(i).*100,'S',ssub,'R1233zd(E)'));
%Ideal pump exit Temperature
Tb(i)=REFPROPm('T','P',Pb(i).*100,'H',hb(i),'R1233zd(E)');
%ideal Pump work
WPideal(i)=(hb(i)-hsub);
%Real pump work
WPwork(i)=WPideal(i)./WPeff;
%Pump Power
WP(i)=WPwork(i).*mr(i);
if WP(i)>WT

continue
end
%Real Pump exit enthalpy and properties
hb2(i)=hsub+WPwork(i);
Tb2(i)=REFPROPm('T','P',Pb(i).*100,'H',hb2(i),'R1233zd(E)');
Pg=Pf;
Pc(i)=Pb(i);
%________________________
% Recuperator calculation
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%assume Tg=Tb2(i)
hgb(i)=REFPROPm('H','T',Tb2(i),'P',Pg.*100,'R1233zd(E)');
Qxmax1(i)= mr(i).*(hf2(i)-hgb(i));
%assume Tc=Tf2(i)
hcf(i)=REFPROPm('H','T',Tf2(i),'P',Pc(i).*100,'R1233zd(E)');
Qxmax2(i)=mr(i).*(hcf(i)-hb2(i));
%smallest Qmax value represent maximum he(i)at transfer.
if Qxmax1(i)<Qxmax2(i);

Qxmax(i)=Qxmax1(i);
else

Qxmax(i)=Qxmax2(i);
end
%Enthalpy and properties at Condenser inlet
hg(i)=hf2(i)-((Qxmax(i).*effect)./mr(i));
Tg(i)=REFPROPm('T','P',Pg.*100,'H',hg(i),'R1233zd(E)');
%Enthalpy and properties at Evaporator inlet
hc(i)=hb2(i)+((Qxmax(i).*effect)./mr(i));
Tc(i)=REFPROPm('T','P',Pc(i).*100,'H',hc(i),'R1233zd(E)');
%________________________
if hes(i)>hc(i)
%Power input (Evaporation and super heating)
QG(i)=mr(i).*(hes(i)-hc(i))
else

continue
end
%Evaporation power input
Qev(i)=mr(i).*(he(i)-hc(i));
%Super heating power input
Qsup(i)=mr(i).*(hes(i)-he(i));
if hg(i)>hsub
%Power output (Condensation and subcooling)
QA(i)=mr(i).*(hg(i)-hsub)
%Condensation power output
Qcond(i)=mr(i).*(hg(i)-ha)
%Sub-cooling power output
Qsub(i)=mr(i).*(ha-hsub)
else

continue
end
if hf2(i)>hg(i)

%middle he(i)at exchanger power
Qx(i)=mr(i).*(hf2(i)-hg(i))
else

continue
end
Qin(i)=QA(i)+WT

Qout(i)=WP(i)+QG(i)
if WT>WP(i)
% Cycle efficiency
Cycleeff(i)= ((WT-WP(i))./QG(i)).*100
% Net thermal power output
Net(i)=WT-WP(i)
% Sub-routines for heat exchangers sizing by (LMTD)
[Atcond(i),Ucond(i),mrcool(i)] = condense(Tg, Pg, Tsub, Qcond,
Qsub, mr, effect)
[Atrec(i),Urec(i)] = recuperator(Qx, Tf2, Tg, Tb2, Tc, Pg, Pc,
mr)
[Atev(i),Uev(i),mrsteam(i)] = evaporator(Qev, Qsup, Tc, Te,
Tes, mr, Pc, effect)
%_________________________
catch err
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end
%Results Matrix
X2=[Pe.' Cycleeff.' Net.' QG.' QA.' Qx.' mr.' Tb2.' Tc.'
Tf2.' Tg.']
X=X2(find(X2(:,2)>0),:);
end

C.6 Thermal Efficiency Comparison of the ORC System

and the CO2 SRC power generation system

The CO2 SRC power generation system was compared to both

conventional and environmentally friendly ORC refrigerants under

the same working conditions presented in Chapter 6, section

6.7.4.1. However, for the CO2 system, three CO2 cooler pressures

of 74, 85 and 95 bar were kept constant in the simulation, while

varying the CO2 heater pressure, in order to establish a comparison

under similar conditions. The actual isentropic efficiency of the only

suitable, commercially available CO2 turbine was 50%, and was

used in the simulation. Figure C- and Figure C-show the simulation

results for thermal efficiency at 100°C and 120°C, respectively.

Figure C-1: ORC working fluids efficiency comparison with the CO2 SRC
power system at 100°C.
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Figure C-2: ORC working fluids efficiency comparison with the CO2 SRC
power system at 120°C.

As shown in both figures, the CO2 SRC power generation system

generally showed very low thermal efficiency when compared to the

ORC system, with the highest thermal efficiency achieved being

with the 85 bar CO2 cooler pressure in both cases. Further

increases in CO2 cooler pressure had a negative effect on thermal

efficiency, where it was reduced when the CO2 cooler pressure was

increased to 95 bar. In all three CO2 cooler pressure curves, the

thermal efficiency increased gradually as the CO2 heater pressure

rose, until maximum thermal efficiency was achieved. After that, a

further increase in CO2 heater pressure tended to reduce the

system’s thermal efficiency.
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Appendix D

D.1 R1233zd(E) Safety Data Sheet



440



441



442



443



444

D.2 BPHE LMTD Sub-Routine Flow Chart

Inputs are directly entered into the sub-

routine from the main R1233zd(E) ORC

thermodynamic programme in Appendix

C.5

For the condenser and evaporator, based on

the model assumption of a constant heat

exchanger effectiveness of 80%

Equation (7.1)

By REFPROP

Calculate the heat transfer

area by equation (7.2)

Number of plates by

equation (7.3)

By equation (7.5)

Equations (7.6) to (7.16) for

geometric characteristics and

non-dimensional numbers

Equations (7.17) to (7.31)

for heat transfer coefficients,

depending on the process

By equation (7.2)
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Appendix E

E.1 Compressed Air Open Loop Expander-Alternator

Experiment’s Electrical Measurements

Table E.7: Preliminary expander-electric power generator’s electrical
measurements.

Load measurement Battery measurement

Current
[I]

Voltage
[V]

Power
[W]

Shunt
voltage
[mV]

Current
[I]

Power
[W]

Total
current

[I]

Electric
power
output

[W]

13.35 14.52 193.84 1.70 5.67 82.28 19.02 276.12

13.32 14.50 193.14 1.48 4.93 71.53 18.25 264.67

13.32 14.51 193.27 1.45 4.83 70.13 18.15 263.40

13.29 14.53 193.10 1.35 4.50 65.39 17.79 258.49

13.29 14.50 192.71 1.28 4.27 61.87 17.56 254.57

13.29 14.52 192.97 1.18 3.93 57.11 17.22 250.08

13.32 14.53 193.54 1.14 3.80 55.21 17.12 248.75

13.35 14.51 193.71 1.02 3.40 49.33 16.75 243.04

16.5 14.51 239.42 1.00 3.33 48.37 19.83 287.78

16.5 14.49 239.09 0.94 3.13 45.40 19.63 284.49

16.5 14.50 239.25 0.89 2.97 43.02 19.47 282.27

19.86 14.49 287.77 0.78 2.60 37.67 22.46 325.45

19.89 14.48 288.01 0.78 2.60 37.65 22.49 325.66

23.64 14.44 341.36 0.78 2.60 37.54 26.24 378.91

23.67 14.46 342.27 0.69 2.30 33.26 25.97 375.53

26.61 14.44 384.25 0.66 2.20 31.77 28.81 416.02

18.81 14.49 272.56 0.61 2.03 29.46 20.84 302.02

23.64 14.47 342.07 0.53 1.77 25.56 25.41 367.63
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E.2 R1233zd(E) ORC Prototype’s Experimental

Results

E.2.1 Experiment 1

Table E.8: ORC experiment 1, first run - measured quantities.
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Table E.9: ORC experiment 1, results of first run.
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Table E.10: ORC experiment 1, measured quantities and results of the
second run.
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E.2.2 Experiment 2

Table E.11: Experiment 2, measured quantities and results.

Table E.12: Experiment 2, electrical measurements.

Load measurement Battery measurement

Current
[I]

Voltage
[V]

Power
[W]

Shunt
voltage
[mV]

Current
[I]

Power
[W]

Total
current

[I]

Electric power
output [W]

8.07 12.05 97.20 2.84 9.47 114.07 17.54 211.32

16.14 12.21 196.20 1.20 4.01 48.92 20.15 245.99

29.30 11.98 350.00 3.99 13.30 159.33 42.60 510.35

33.80 11.85 400.00 5.45 18.17 215.28 51.97 615.81

16.10 12.30 200.00 0.20 0.67 8.20 16.77 206.23

21.42 12.12 261.00 1.41 4.70 56.96 26.12 316.57

12.39 12.59 155.70 1.04 3.46 43.52 15.85 199.51

16.26 12.36 200.10 0.27 0.90 11.12 17.16 212.10

18.30 12.50 222.00 0.88 2.93 36.67 21.23 265.42
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E.3 R1233zd(E) ORC Prototype System Performance

Improvement Simulated Cases State Points’ Properties

Table E.13: First simulated case state points’ properties.

State point
Temperature

[°C]
Pressure

[bar]
Enthalpy
[kJ/kg]

Entropy
[kJ/kg-

°C]

Evaporation 95.553 9.3809 462.33 1.7569

2 97.663 9.381 464.62 1.7631

3 58.721 2.147 443.06 1.7845

5 53.623 2.147 438.6 1.771

Condensation 39.88 2.1518 245.5 1.1549

7 39.674 2.147 245.26 1.1541

8 40.12 9.3809 245.99 1.1546

9 55.733 9.381 264.83 1.2132

Table E.14: Second simulated case state points’ properties.

State point
Temperature

[°C]
Pressure

[bar]
Enthalpy
[kJ/kg]

Entropy
[kJ/kg-

°C]

Evaporation 95.553 9.3809 462.33 1.7569

2 100.5486 9.381 467.7077 1.7714

3 60.3966 2.147 444.535 1.7889

5 39.88 2.147 420.3287 1.7336

Condensation 39.88 2.147 245.5 1.1549

7 34.88 2.147 239.5937 1.1359

8 35.3128 9.3809 240.3234 1.1363

9 55.4917 9.3809 264.5297 1.2123

Table E.15: Third case and initial thermodynamic model state points’ properties.

State point
Temperature

[°C]
Pressure

[bar]
Enthalpy
[kJ/kg]

Entropy
[kJ/kg-

°C]

Evaporation 114.3775 14 472.19 1.7636

2 119.3775 14 478.18 1.779

3 61.5167 1.8351 446.15 1.8032

5 35 1.8351 416.58 1.7322

Condensation 35 1.8351 239.73 1.1364

7 30 1.8351 233.88 1.1173

8 30.7051 14 235.09 1.1181

9 55.519 14 264.66 1.2116


