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Abstract 

This research aims to develop a proof-of-concept demonstration of a high efficiency 

vehicle air conditioning and refrigeration (VACR) system to be employed in service 

vehicles. The work herein is part of a collaborative research project with two local 

companies: Cool-It Group, and Saputo Inc., with a main focus on service vehicles. Due 

to global energy consumption and the environmental impacts of air conditioning and 

refrigeration (A/C-R) systems, the development of a high efficiency system can 

significantly contribute to green and sustainable development and environmental 

protection.  

This research fills a gap in the literature by developing real-time thermal and 

performance characteristics of the VACR systems employed in the food transportation 

industry. Field data is acquired from pilot refrigerated service vehicles during different 

seasons of the year and the duty cycles are established. The acquisition of field data 

begins in stationary A/C-R systems and continues in mobile VACR systems. Moreover, a 

testbed is built in the Laboratory for Alternative Energy Conversion (LAEC) for more 

comprehensive experiments. Mathematical models are developed for thermal and 

performance simulations of VACR systems under steady state and transient operating 

conditions. The models are validated using the laboratory and field data and employed 

for a thermal and performance investigation of VACR systems.  

A proof-of-concept demonstration of high efficiency VACR systems is built in LAEC 

using variable speed compressor and fans and high efficiency heat exchangers. The 

modeling results are validated and used to develop an optimization model. The 

optimization model is validated and utilized to determine the optimum compressor and 

fans speeds for achievement of the highest coefficient of performance (COP) under real-

time operating conditions. The optimization model is integrated with an existing cooling 

demand simulator to develop a proof-of-concept demonstration of a proactive and model 

predictive controller (MPC) for the VACR system. The controller is implemented on the 

laboratory-built VACR system and a proof-of-concept demonstration of high efficiency 

VACR is finalized. The developed concept and platform is expandable to the entire 

transportation industry as well as stationary A/C-R systems. 



 

iv 

Keywords:  Vehicle Air conditioning and Refrigeration, Performance Optimization, 
Mathematical Modeling, Experimentation, Proactive, Model Predictive 
Controller 



 

v 

Dedication 

 

 

 

To my beloved wife, mother, and father 



 

vi 

Acknowledgements 

I owe my gratitude to a great many people who have made this dissertation possible. 

First and foremost, I would like to express my sincere gratitude to my senior supervisor, 

Dr. Majid Bahrami, whose expertise, guidance, encouragement, and supports added 

considerably to my work. I appreciate his vast knowledge and skill in many areas, and 

his assistance in conducting research and writing reports.   

I would like to thank my supervisory committee members, Dr. Gary Wang, and Dr. John 

Jones for the insightful comments and encouragement they provided at all levels of the 

research project. I am grateful to Dr. Flavio Firmani and Dr. Bidyut Baran Saha for their 

time reading this thesis and helping to refine it. 

I am also indebted to the members of the laboratory for alternative energy conversion 

(LAEC) with whom I have interacted during the course of my graduate studies. 

Particularly, I would like to acknowledge Mr. Marius Haiducu, Dr. Wendell Huttema,     

Dr. Mehran Ahmadi, Dr. Mohammad Fakoor-Pakdaman, Dr. Mohammad Ali 

Fayazbakhsh, and undergraduate co-op students Mr. Jit Tian Lim, Mr. Jordan Lam, and 

Mr.Tian Lin Yang for their assistance over the past three years.  

I recognize that this research would not have been possible without the financial 

assistance of natural sciences and engineering research council of Canada (NSERC) 

and Simon Fraser University, and supports from Cool-It Group (Mr. Saeed Zaeri) and 

Saputo Inc. (Mr. Norman Desilets), and express my gratitude to those institutes. 

Most importantly, none of this would have been possible without the love and patience of 

my wife and parents.  

 

  

 

 



 

vii 

Table of Contents 

Approval .............................................................................................................................ii 
Abstract ............................................................................................................................. iii 
Dedication ......................................................................................................................... v 
Acknowledgements ...........................................................................................................vi 
Table of Contents ............................................................................................................. vii 
List of Tables .....................................................................................................................ix 
List of Figures.................................................................................................................... x 
List of Acronyms .............................................................................................................. xvi 
Nomenclature ................................................................................................................. xvii 
Executive Summary ........................................................................................................ xxi 

Chapter 1.  Introduction ............................................................................................... 1 
1.1.  Research Background and Importance .................................................................... 1 
1.2.  Research Motivation................................................................................................. 3 
1.3.  Research Scope ....................................................................................................... 4 
1.4.  Thesis Structure ....................................................................................................... 5 
1.5.  Relevant Literature ................................................................................................... 7 

1.5.1.  Thermal and performance studies on A/C-R systems ................................ 7 
1.5.2.  Control studies on A/C-R systems ............................................................ 13 
1.5.3.  Lack of literature ....................................................................................... 17 

Chapter 2.  Mathematical Model Development ........................................................ 18 
2.1.  Steady State Model Development .......................................................................... 19 

2.1.1.  Compressor sub-model ............................................................................. 20 
2.1.2.  Condenser and evaporator sub-model ..................................................... 20 
2.1.3.  Thermostatic expansion valve sub-model ................................................. 23 
2.1.4.  Thermodynamic correlations for the refrigerant ........................................ 23 
2.1.5.  Numerical solver ....................................................................................... 23 

2.2.  Quasi-Steady State Model Development ............................................................... 25 
2.3.  Transient Model Development ............................................................................... 29 

2.3.1.  Condenser sub-model ............................................................................... 29 
2.3.2.  Evaporator sub-model ............................................................................... 33 
2.3.3.  Compressor sub-model ............................................................................. 34 
2.3.4.  Expansion valve ........................................................................................ 34 
2.3.5.  Unknowns of the model ............................................................................ 34 

2.4.  Conclusion ............................................................................................................. 35 

Chapter 3.  Experimental Study and Data Acquisition ............................................ 37 
3.1.  Testbed Design and Construction .......................................................................... 37 
3.2.  Development of a Proof-of-Concept Demonstration of a High Efficiency 

VACR System ........................................................................................................ 42 
3.3.  Field Data Collection, Stationary A/C-R System .................................................... 43 



 

viii 

3.3.1.  Data collection and duty cycle definition ................................................... 47 
3.3.2.  Effect of on-off cycling on power consumption.......................................... 51 

3.4.  Field Data Collection, VACR System ..................................................................... 52 
3.4.1.  Measuring equipment installation and duty cycle definition ...................... 55 
3.4.2.  Real-time data acquisition ......................................................................... 60 

3.5.  Conclusion ............................................................................................................. 69 

Chapter 4.  Model Validation, Thermal and Performance Investigation ................ 71 
4.1.  Steady State Model Validation, Thermal and Performance Investigation .............. 71 

4.1.1.  Results relevant to the developed testbed in LAEC .................................. 71 
4.1.1.1. Effects of condenser air flow rate (condenser fan speed) on COP .......... 78 
4.1.1.2. Effects of evaporator air flow rate (evaporator fan speed) on COP.......... 82 

4.1.2.  Results relevant to the studied stationary A/C-R system .......................... 89 
4.2.  Quasi Steady State Model Validation ..................................................................... 92 
4.3.  Transient Model Validation, Real-time Performance Investigation ......................... 97 
4.4.  Conclusion ........................................................................................................... 103 

Chapter 5.  Metamodel Development for Optimization ......................................... 105 
5.1.  Metamodel Development Based on Steady State Thermal Model ....................... 105 

5.1.1.  Sample space generation ....................................................................... 110 
5.1.2.  Metamodel development ......................................................................... 112 
5.1.3.  Metamodel validation .............................................................................. 113 

5.2.  Metamodel Development Based on Transient Thermal Model ............................ 116 
5.2.1.  Sample space generation ....................................................................... 118 
5.2.2.  Metamodel development ......................................................................... 118 
5.2.3.  Metamodel validation .............................................................................. 120 

5.3.  Conclusion ........................................................................................................... 121 

Chapter 6.  Proof-of-concept Demonstration of High Efficiency VACR 
System for Service Vehicles ................................................................ 122 

6.1.  Development of Optimization Solver and Integration with a Cooling Demand 
Simulator, Proactive Control ................................................................................. 122 

6.2.  Proactive, Optimization-Based, Model Predictive Control under Steady 
State Condition ..................................................................................................... 127 

6.3.  Proactive, Optimization-Based, Model Predictive Control under Transient 
Condition .............................................................................................................. 138 

6.4.  Conclusion ........................................................................................................... 145 

Chapter 7.  Summary and Future Works ................................................................ 147 
7.1.  Summary of Thesis .............................................................................................. 147 
7.2.  Future work .......................................................................................................... 149 

References.................... ............................................................................................... 151 
 



 

ix 

List of Tables 

Table  1-1: Summary of literature on thermal and performance studies of A/C-R 
systems ................................................................................................... 11 

Table  1-2: Summary of the literature on control of A/C-R systems ................................. 16 

Table  2-1: Mathematical model correlations ................................................................... 22 

Table  2-2: Output parameters of the mathematical model .............................................. 24 

Table  2-3: Calculated parameters at each time step ...................................................... 35 

Table  3-1: Duty cycle definition for the stationary refrigeration system ........................... 51 

Table  5-1: A few representatives of the generated sample space for metamodel 
development-steady state ..................................................................... 111 

Table  5-2: Obtained coefficients of metamodel for steady-state condition ................... 113 

Table  5-3: Comparison of obtained accuracies for different NSP ................................. 116 

Table  5-4: Obtained coefficients of metamodel for transient condition ......................... 119 

Table  5-5: Comparison of obtained accuracies for different NSP ................................. 120 



 

x 

List of Figures 

Figure  1-1: Schematic of a basic VCR cycle [14] .............................................................. 2 

Figure  1-2: Thesis structure .............................................................................................. 6 

Figure  2-1: Schematic of a basic A/C-R unit and the main parameters .......................... 19 

Figure  2-2: An integral overview of a heat exchanger (evaporator or condenser) 
in A/C-R systems ..................................................................................... 28 

Figure  2-3: Schematic representative of a cross flow condenser in VCR systems ......... 30 

Figure  3-1: Typical battery-powered anti-idling VACR system employed in the 
testbed ..................................................................................................... 38 

Figure  3-2: Experimental setup schematic ...................................................................... 39 

Figure  3-3: First version of the developed experimental setup ....................................... 40 

Figure  3-4: Current experimental setup configuration ..................................................... 41 

Figure  3-5: Purchased components for building the proof-of-concept 
demonstration of a high efficiency VACR system .................................... 43 

Figure  3-6: The selected freezer room (left), its condensing unit (mid), 
dimensions (right) .................................................................................... 45 

Figure  3-7: Installation of thermocouples, pressure transducers, and flow meters 
on the condensing unit ............................................................................ 46 

Figure  3-8: Installation of thermocouples on the evaporating unit .................................. 47 

Figure  3-9: Sample measured temperature during weekdays - evaporating unit ........... 48 

Figure  3-10: Sample measured temperature during weekdays - condensing unit .......... 48 

Figure  3-11: Sample measured input electric power to the condensing unit .................. 49 

Figure  3-12: A typical power draw of the compressor after start-up ............................... 52 

Figure  3-13: Selected typical refrigerated trailers for field data acquisition ..................... 54 

Figure  3-14: Sample installed measuring equipment on the condensing unit ................. 55 

Figure  3-15: Sample installed measuring equipment on the evaporating unit ................ 56 



 

xi 

Figure  3-16: Duty cycle of the VACR unit trailer #1 – Monday to Wednesday ................ 58 

Figure  3-17: Duty cycle of the VACR unit trailer #1 – Thursday to Saturday .................. 58 

Figure  3-18: Duty cycle of the VACR unit trailer #1 – Saturday to Monday .................... 59 

Figure  3-19: Duty cycle of the VACR unit trailer #2 – Weekdays and Weekends ........... 59 

Figure  3-20: Sample ambient air (condenser inlet) temperature variations – Jan 
2014 ......................................................................................................... 61 

Figure  3-21: Sample air temperature variations at evaporator inlet and outlet – 
trailer # 1, Jan 2014 ................................................................................. 61 

Figure  3-22: Sample refrigerant temperature variations at compressor inlet and 
outlet – trailer # 1, Jan 2014 .................................................................... 62 

Figure  3-23: Sample refrigerant temperature variations at evaporating unit – 
trailer # 1, Jan 2014 ................................................................................. 62 

Figure  3-24: Sample ambient air (condenser inlet) temperature variations – Jul 
2014 ......................................................................................................... 64 

Figure  3-25: Sample ambient air (condenser inlet) temperature variations – Aug 
2015 ......................................................................................................... 65 

Figure  3-26: Sample refrigerant temperature variations at compressor inlet and 
outlet – trailer # 1, Mon to Thu, Jul 2014 ................................................. 65 

Figure  3-27: Sample refrigerant temperature variations at compressor inlet and 
outlet – trailer # 1, Thu to Sun, Jul 2014 .................................................. 66 

Figure  3-28: Sample air temperature variations at evaporator inlet and outlet – 
trailer # 1, Mon to Thu, Jul 2014 .............................................................. 66 

Figure  3-29: Sample air temperature variations at evaporator inlet and outlet – 
trailer # 1, Thu to Sun, Jul 2014 .............................................................. 67 

Figure  3-30: Sample zoomed air temperature variations at beginning of a cycle 
“ON”– trailer # 1, Jul 2014 ....................................................................... 67 

Figure  3-31:  Sample zoomed air temperature variations at end of a cycle “ON”– 
trailer # 1, Jul 2014 .................................................................................. 68 

Figure  3-32: Sample refrigerant temperature variations at compressor inlet and 
outlet – trailer # 2, Aug 2015 ................................................................... 68 

Figure  3-33: Sample air temperature variations at evaporator inlet and outlet – 
trailer # 2, Aug 2015 ................................................................................ 69 



 

xii 

Figure  4-1: Sample steady state condition achievement - measured refrigerant 
side temperature ...................................................................................... 72 

Figure  4-2: Validation of the model (lines) with experimental data (symbols), 
evaporator air outlet temperature , ,( )a evap outT  vs. condenser air inlet 

temperature , ,( )a cond inT  .............................................................................. 73 

Figure  4-3: Validation of the model (lines) with experimental data (symbols), 
Evaporating temperature ( )eT  vs. condenser air inlet temperature

, ,( )a cond inT  ................................................................................................. 74 

Figure  4-4: Validation of the model (lines) with experimental data (symbols), 
refrigerant mass flow rate ( )refm  vs. condenser air inlet 

temperature , ,( )a cond inT  .............................................................................. 76 

Figure  4-5: Validation of the model (lines) with experimental data (symbols), total 
power consumption vs. condenser air inlet temperature , ,( )a cond inT  .......... 76 

Figure  4-6: Validation of the model (lines) with experimental data (symbols), 
cooling power vs. condenser air inlet temperature , ,( )a cond inT  ................... 77 

Figure  4-7: Validation of the model (lines) with experimental data (symbols), COP 
vs. condenser air inlet temperature , ,( )a cond inT  .......................................... 77 

Figure  4-8: Refrigerant flow rate vs. condenser air flow rate ,( )a condm  ............................. 80 

Figure  4-9: Total power consumption vs. condenser air flow rate ,( )a condm  ..................... 81 

Figure  4-10: Cooling power vs. condenser air flow rate ,( )a condm  .................................... 81 

Figure  4-11: COP vs. condenser air flow rate ,( )a condm  ................................................... 82 

Figure  4-12: Total power consumption vs. evaporator air flow rate ,( )a evapm  ................... 83 

Figure  4-13: Cooling power vs. evaporator air flow rate ,( )a evapm  .................................... 84 

Figure  4-14: COP vs. evaporator air flow rate ,( )a evapm  ................................................... 84 

Figure  4-15: Total power consumption vs. condenser and evaporator air flow 
rates , ,( , )a cond a evapm m   ................................................................................ 86 



 

xiii 

Figure  4-16: Cooling power vs. condenser and evaporator air flow rates

, ,( , )a cond a evapm m   ........................................................................................ 86 

Figure  4-17: COP vs. condenser and evaporator air flow rates , ,( , )a cond a evapm m   ............. 87 

Figure  4-18: Comparison of thermodynamic pressure-enthalpy cycle between 
nominal (red continuous lines) and optimal (green dashed lines) 
condenser and evaporator air flow rates (ANSI/AHRI 210/240-
2008 air-side condition) ........................................................................... 88 

Figure  4-19: Validation of the model (simulation) results with the measured 
values, walk-in freezer room .................................................................... 89 

Figure  4-20: Present and design COP of the VCR system for different duty cycles ....... 90 

Figure  4-21: Comparison between first quasi-steady model and experimental 
data during on-off cycling ........................................................................ 93 

Figure  4-22: Comparison between modified quasi-steady model and 
experimental data during on-off cycling ................................................... 95 

Figure  4-23: Comparison of cooling power variation between modified quasi-
steady model and experimental data during combined imposed 
conditions ................................................................................................ 96 

Figure  4-24: Comparison of power consumption variation between modified 
quasi-steady model and experimental data during combined 
imposed conditions .................................................................................. 97 

Figure  4-25: Sample simulated and measured air temperature at evaporator 
outlet - Trailer #2, Wed to Thu, August 2015 ........................................... 98 

Figure  4-26: Sample simulated and measured cooling power - Trailer #2, Thu to 
Sat, August 2015 ..................................................................................... 99 

Figure  4-27: Sample simulated power consumption for 10 days - Trailer #2, 
August 2015 .......................................................................................... 100 

Figure  4-28: Sample simulated COP for 10 days - Trailer #2, August 2015 ................. 102 

Figure  6-1: A sample section of developed LabVIEW interface for acquiring 
system’s data and implementing the proactive controller ...................... 125 

Figure  6-2: Developed section for executing the cooling demand simulator in 
LabVIEW ............................................................................................... 126 

Figure  6-3: Developed section in LabVIEW interface for commanding 
compressor, evaporator and condenser fans based on 
optimization model results ..................................................................... 127 



 

xiv 

Figure  6-4: Outdoor (ambient) temperature and heater power setting for steady 
state sample #1 ..................................................................................... 129 

Figure  6-5: Outdoor (ambient) temperature and heater power setting for steady 
state sample #2 ..................................................................................... 129 

Figure  6-6: Compressor and fans speed ratio variation for steady state sample 
#1, thermostatic control (low set point = 25.7, high set point = 27.7 
oC) 132 

Figure  6-7: Compressor and fans speed ratio variation for steady state sample 
#2, thermostatic control (low set point = 23, high set point = 25 
oC) 132 

Figure  6-8: Indoor (conditioned space) temperature variation for steady state 
samples, thermostatic control ................................................................ 133 

Figure  6-9: Power consumption of VACR system for steady state sample #1, 
thermostatic control ............................................................................... 133 

Figure  6-10: Power consumption of VACR system for steady state sample #2, 
thermostatic control ............................................................................... 134 

Figure  6-11: COP of VACR system for steady state sample #1, thermostatic 
control .................................................................................................... 134 

Figure  6-12: COP of VACR system for steady state sample #2, thermostatic 
control .................................................................................................... 135 

Figure  6-13: Compressor and fans speed ratio variation for steady state sample 
#1, proactive optimal control .................................................................. 135 

Figure  6-14: Compressor and fans speed ratio variation for steady state sample 
#2, proactive optimal control .................................................................. 136 

Figure  6-15: Indoor (conditioned space) temperature variation for steady state 
samples, proactive optimal control ........................................................ 136 

Figure  6-16: Power consumption of VACR system for steady state sample #1, 
proactive optimal control ........................................................................ 137 

Figure  6-17: Power consumption of VACR system for steady state sample #2, 
proactive optimal control ........................................................................ 137 

Figure  6-18: Heater power setting for transient test ...................................................... 140 

Figure  6-19: Outdoor (ambient) temperature setting for transient test .......................... 140 

Figure  6-20: Compressor and fans speed ratio variation for transient test, 
thermostatic control (low set point = 25.7, high set point = 27.7 oC) ..... 141 



 

xv 

Figure  6-21: Indoor (conditioned space) temperature variation for transient test, 
thermostatic control (low set point = 25.7, high set point = 27.7 oC) ..... 141 

Figure  6-22: Power consumption of VACR system for transient test, thermostatic 
control .................................................................................................... 142 

Figure  6-23: COP of VACR system for transient test, thermostatic control .................. 142 

Figure  6-24: Compressor and fans speed ratio variation for transient test, 
proactive optimal control ........................................................................ 143 

Figure  6-25: Indoor (conditioned space) temperature variation for transient test, 
proactive optimal control ........................................................................ 143 

Figure  6-26: Power consumption of VACR system for transient test, proactive 
optimal control ....................................................................................... 144 

Figure  6-27: COP of VACR system for transient test, proactive optimal control ........... 144 

 

  



 

xvi 

List of Acronyms 

COP Coefficient of Performance 

A/C-R Air Conditioning and Refrigeration 

VACR Vehicle Air Conditioning and Refrigeration 

VCR Vapor Compression Refrigeration 

MPC Model Predictive Controller 

GHG Greenhouse Gas 

VCC Variable Capacity Compressor 

FCC Fixed Capacity Compressor 

PCM Phase Change Mater 

ANSI American National Standard Institute 

AHRI Air Conditioning Heating and Refrigeration Institute 

ASHRAE American Society of Heating, Refrigeration, and Air Conditioning Engineers 

RAAE Relative Average Absolute Error 

NSP Number of Sample Points 

  

  

  

  

  

  

  



 

xvii 

Nomenclature 

m  Mass flow rate 1( . )kg s  

L  Length ( )m  

t  Time ( )s  

u  Velocity 1( . )m s  

x  Flow direction 

  Convection coefficient  2 1. .W m K    

Nu  Nusselt number 

D  Pipe diameter ( )m  

  Density  3.kg m  

m  Mass ( )kg  

P  Pressure  kPa  

h  Enthalpy  1.( )kJ kg C   

T  Temperature  K  

Re  Reynolds number 

Pr  Prandtl number 

  Void fraction 

  Efficiency 

Cp  Specific heat capacity  1 1. .J kg K    

V  Compressor displacement  3m per revolution  

dC  TEV constant 

k  Thermal conductivity  1 1. .W m K   

X  Vapor quality 

A  Area 2( )m  

N  Compressor rotational speed ( )rps  



 

xviii 

W  Power consumption  kW  

0 8 to c c  Compressor polynomial constants 

0 8 to d d  Compressor polynomial constants 

0 3 to cf cf  Fan power consumption constants 

C  Thermal capacity  W C  

*C  Thermal capacity ratio ( min maxC C ) 

1 20 to g g  Equation form 

Q  Heat transfer rate  W  

NTU  Number of transfer units 

UA  Heat exchanger overall heat transfer coefficient  W C  

1 20 to x x  Variables 

E  Total energy  kJ  

  Heat exchanger effectiveness 

H  Equality constraints 

G  Inequality constraints 

  Metamodel coefficients 

n  Number of sample points 

 e  Error of metamodel approximation 

TSS  Sum of squares-corrected 

ESS  Sum of squares due to error 

  



 

xix 

Subscripts/Superscripts  

i  Inside 

cond  Condenser 

in  Inlet 

s  Superheated 

2 ph  2-phase  

out  Outlet 

g  Gas 

c  Condensing 

a  Air 

v  Volumetric 

M  Mechanical 

e  Evaporating 

o  Outside 

ref  Refrigerant 

1mid  Boundary of superheated/2-phase regimes 

2mid  Boundary of 2-phase/sub-cooled regimes 

l  Liquid 

tot  Total 

w  Wall  

cr  Critical 

comp  Compressor 

E  Electrical 

TEV  Thermostatic expansion valve 

evap  Evaporator 

f  Fan 

max  Maximum 

min  Minimum 

nom  Nominal 

n  Iteration step number 



 

xx 

avg  

  

Average value 

Metamodel-formulated 

L  Lower band 

U  Upper band 

  

  



 

xxi 

Executive Summary 

Motivation 

Air conditioning and refrigeration (A/C-R) systems are used in numerous 

stationary and mobile applications to provide comfort for occupants or appropriate 

temperature and humidity for refrigerated products. More than 20% of the total energy 

consumption in buildings and up to 20% of the total fuel consumption in vehicles is 

consumed by A/C-R systems. Among all the energy sectors in the world, the transport 

sector is responsible for 22% of CO2 emissions that significantly contribute to global 

warming. Approximately 31% of food supply chain includes refrigerated transportation. 

There are more than 4 million transport refrigeration systems in the world, of which about 

30% are trailers, 30% are large trucks, and 40% are small trucks and vans.  

The efficiency of A/C-R systems is defined by the coefficient of performance 

(COP), which is the ratio of the cooling output to the input power consumption. Among 

all A/C-R applications, vehicle air conditioning and refrigeration (VACR) systems, 

especially the refrigeration systems used in trucks and trailers, have some of the lowest 

COPs, usually less than 1.5, compared to high efficiency stationary systems with COPs 

greater than 3. As such, any improvement in the efficiency of VACR systems can lead to 

significant global impact. The relatively low COP of VACR systems is in part due to more 

frequent and inefficient on-off control of these systems, which is a result of the lack of 

intelligent control modules, the small size of the systems, and intense load variations. As 

such, in this research a high efficiency and optimally controlled VACR system is 

developed that is equipped with variable speed compressor and fans as well as 

optimization-based model predictive controller (MPC). The work herein has been 

prompted by a collaborative research project with two local companies: Cool-It Group, 

and Saputo Inc. This places the main focus on service vehicles; however, the developed 

concept and platform can be expanded to the entire transportation industry. 
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Objectives 

The research objectives are as follows:  

o Establish the duty cycle(s) and investigate the thermal and performance 

characteristics of VACR systems under real-time operating conditions by 

developing mathematical model, experimental study, and field data acquisition. 

o Demonstrate a proof-of-concept for optimization-based, model predictive control 

of VACR systems. 

o Provide a platform for proactive prediction and optimal control of VACR systems 

over the duty cycle. 

Methodology 

The following highlights the methodology and approach taken for achieving the 

objective of this research project: 

o Designed and built an experimental setup and performed in-lab data acquisition 

to obtain real-time performance characteristics of VACR systems. 

o Acquired field data from a stationary commercial refrigeration system as a 

starting point to develop the skills for on-site measurements. Established the duty 

cycle, and investigated the thermal and energy performance characteristics of 

commercial refrigeration systems.  

o Performed comprehensive field data collection to establish the duty cycle(s), 

thermal behaviour and performance of conventional VACR systems in 

collaboration with Saputo.  

o Developed new mathematical models for the simulation of thermal and 

performance characteristics of VACR systems under realistic operating 

conditions and duty cycles. 

o Validated accuracy of the developed models using the acquired real-time data. 

o Built a lab-scale proof-of-concept demonstration of a high efficiency VACR 

system based on variable speed compressor and fans and high efficiency heat 

exchangers. 
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o Developed an optimization model to determine the optimum compressor and 

fans speeds under real-time operating conditions. 

o Developed a proactive controller by integrating the developed optimization model 

with an existing cooling demand simulation tool. 

o Implemented the proactive optimization-based controller on the built VACR 

system, evaluated the performance improvement, and finalized the proof-of-

concept demonstration of high efficiency VACR system to be employed in the 

service transportation industry. 

Contributions 

A summary of the contributions of this research project is listed as follows: 

o Established the duty cycle and investigated the thermal and performance 

characteristics of a pilot commercial A/C-R system. A potential energy saving of 

4,600 kWh/yr and COP improvement of 29-39% for the pilot system over the duty 

cycle was evaluated [7]. 

o Established the duty cycle and investigated the thermal and performance 

characteristics of VACR systems theoretically and experimentally. A potential 

reduction of 3,105 litres/yr of diesel fuel from one pilot truck-trailer equivalent to 

8,320 kg CO2/yr (10 million tons of CO2/yr globally) was estimated [3].  

o Developed a new steady state model and studied the VACR systems’ thermal 

and performance behaviour under steady state conditions. Validated the model 

using the collected data in the lab and on-board testing [1]. 

o Developed and validated quasi-steady state and transient models. The models 

were used to investigate real-time thermal and performance characteristics of the 

VACR systems [3, 5]. 

o Built a high efficiency, variable capacity VACR system by employing high 

efficiency heat exchangers and variable speed compressor and fans, showed 

more than 150% COP enhancement [4, 6, 12, 14-15]. 

o Developed optimization models based on steady state and transient thermal 

models [2, 4]. 
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o Developed a proactive and model predictive controller (MPC) for the VACR 

system by integrating the optimization model and an existing cooling demand 

simulation tool [2, 8-12]. 

o Developed a proof-of-concept demonstration of a proactively and optimally 

controlled high efficiency VACR system that can be integrated in the service 

transportation industry. Up to 24% COP enhancement was achieved when 

compared to the on-off thermostatic controller systems [2, 8-13]. 
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Chapter 1.  
 
Introduction 

1.1. Research Background and Importance 

Despite widespread attention during the past decades, there is a significant 

potential to reduce energy consumption and greenhouse gas (GHG) emissions from 

energy systems all around the globe. Based on the fifth report from Intergovernmental 

Panel on Climate Change released in 2013, the average global surface temperature has 

increased by 0.85 K during 1880-2012, which accelerates the rate of glacier melt and 

sea level rise [1,2]. Among all the energy sectors in the world, the transport sector is 

responsible for 22% of global CO2 emissions, which significantly contribute to global 

warming [3,4]. Around 31% of the food supply chain includes refrigerated transportation 

[5,6]. Furthermore, about 20% of total global refrigerant emissions come from mobile air 

conditioning and refrigeration systems [7].  

Air conditioning and refrigeration (A/C-R) systems are used in many stationary 

and mobile applications to provide either comfort conditions for people or an appropriate 

condition for food and other temperature/humidity sensitive creatures/products. These 

systems consume a tremendous amount of energy leading to large quantities of GHG 

emissions. In the U.S., A/C-R systems consume more than 20% of the total energy used 

in residential buildings and more than 25% in commercial buildings [8]. It was reported 

that more than 26 billion liters of fuel oil is consumed each year just to run air 

conditioning systems in light-duty vehicles in the U.S. [9,10]. Running vehicle air 

conditioning and refrigeration (VACR) systems increases higher fuel consumption in 

compact-midsize vehicles by 12-17% [11,12].  
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The efficiency of A/C-R systems is defined by the coefficient of performance 

(COP), which is the ratio of the cooling power output to the input power consumption. 

A/C-R systems in transportation applications operate in a harsh environment (intensively 

variant) and experience a wide range of cooling demand and constraints imposed by 

available space and weight. As such, these systems have lower COP (usually less than 

1.5) than stationary systems (usually larger than 3) [15–18]. In addition to the low COP, 

the quantity of transported goods, amount of home delivery, and expectations for the 

quality of goods are increasing, resulting in a tremendous amount of energy 

consumption by the refrigerated transport industry [19,20]. Furthermore, the globalized 

nature of food production has led to longer transit distances for many food products [21]. 

In the U.S. alone, it is estimated that processed foods are, on average, transported over 

2,100 km before being consumed and fresh food products 2,400 km [21,22]. In addition, 

delivery of food products requires frequent opening of the door, which leads to air 

infiltration and a remarkable increase in the cooling demand. It is reported that a food 

product can be subjected to as many as 50 door-openings during a delivery [23]. The 

low performance, combined with the harsh operating conditions, lead to significant global 

impacts and put high pressure on the food industry to find remedies to reduce the 

energy consumption of refrigerated transport [19].  

 

1.2.  Research Motivation 

Due to the low COP of the numerous VACR systems worldwide, any small 

improvement can bring a significant global impact. The relatively low COP of VACR 

systems is in part due to more frequent and inefficient on-off cycling of these systems, 

which is a result of the lack of intelligent control modules, the small size of the systems, 

and a more intense load variation. The more intense load variations in VACR systems 

are due to poor compartment insulation, the high frequency of opening and closing doors 

or windows, sun exposure, and movement of the vehicle.  
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Accordingly, development of an optimally controlled, proactive VACR system with 

higher efficiency to replace existing inefficiently controlled VACR systems will have 

significant global improvement on energy consumption and the corresponding GHG 

emissions. The optimally controlled VACR system is equipped with a variable speed 

compressor and variable speed fans that enable the capacity of the system to be 

controlled instead of using on-off cycling. The focus of this research is on service 

vehicles; however, the developed concept and system could be used in all sectors of the 

transportation industry. 

The work herein has been prompted by a collaborative research project with two 

local companies; Cool-It Group, an Abbotsford, BC based manufacturer of anti-idling 

battery-powered VACR systems for truck and vans; and Saputo Inc., Canada’s largest 

dairy product processor, located in Burnaby, BC. The low COP of battery-powered 

VACR systems leads to a relatively short life for the batteries and highly affects the 

reliability of Cool-It’s products. Also, Saputo spends an enormous amount on fuel for 

their refrigerated trailers that are used to deliver dairy products every day. Due to the 

impact of VACR systems on countrywide fuel consumption and the environment, this 

research project is financially supported by the Natural Sciences and Engineering 

Research Council of Canada (NSERC) through an Automotive Partnership Canada 

(APC) Grant, No: APCPJ 401826-10.   

 

1.3.  Research Scope 

Based on the reported low performance and significant global impacts of VACR 

systems and as a result of collaboration with two local companies; Cool-It Group and 

Saputo Inc., this research is focused on developing high efficiency VACR system for 

service vehicles. The objectives of the research are to: 1) establish the duty cycle and 

actual operating conditions for refrigerated (delivery) service vehicles, 2) investigate the 

performance of VACR systems under real-time operating conditions employing 

mathematical techniques and experimentation, 3) demonstrate a proof-of-concept for 
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optimization-based, model predictive control of VACR systems, and 4) provide a 

platform for proactive prediction and control of VACR systems over the duty cycle. As 

such, an experimental setup is developed to perform in-lab data acquisition and obtain 

the real-time performance characteristics of VACR systems. In addition, comprehensive 

field data is collected to establish the duty cycle(s) and obtain real-time thermal behavior 

and performance characteristics of the VACR systems. Mathematical models are 

developed and validated to simulate thermal and performance behavior of VACR 

systems under steady state and transient conditions. Furthermore, a proof-of-concept 

demonstration of a high efficiency VACR system based on variable speed compressor 

and fans and high efficiency heat exchangers is developed. A model-based optimization 

method is employed to determine the optimum compressor and fans speeds under any 

imposed operating condition. Finally, an in-lab proof-of-concept demonstration for 

proactive and optimal control of VACR systems by integrating the developed model-

based optimizer with an existing cooling demand simulator is developed. The developed 

concept and platform can be expanded to the entire transportation industry and even 

stationary systems and will lead to significant global energy savings and GHG reduction. 

 

1.4. Thesis Structure 

Based on the scope of research, Figure  1-2 represents the structure of the 

Thesis. Chapter 2 covers the development of the mathematical model. In Chapter 3, the 

development of the experimental test bed and acquisition of field data are presented. 

Model validation as well as an investigation of the thermal and performance behaviour is 

presented in Chapter 4. The metamodels for optimization are developed in Chapter 5. 

The integration of the model equipped with the optimization solver and an existing 

cooling demand simulator is covered in Chapter 6. Chapter 6 also represents a proof-of-

concept demonstration of a high efficiency VACR system equipped with a proactive 

optimization-based controller as the expandable solution for the future of the 

transportation industry.  
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Figure  1-2: Thesis structure 
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1.5. Relevant Literature 

A/C-R systems have been the topic of many studies in the last decades due to 

their significant global energy consumption and corresponding environmental impact. In 

spite of numerous studies in the literature focusing on the stationary A/C-R systems in 

different applications, the number of studies relevant to general category of VACR 

systems is limited [24–30]. In addition, most VACR-related studies have concentrated on 

engine-driven car A/C-R systems rather than the service vehicle category. Furthermore, 

the literature lacks an in-depth study on performance optimization of VACR systems in 

service vehicles. The literature review is represented in two separate categories: 1) 

thermal and performance studies on A/C-R systems, 2) control studies on A/C-R 

systems. 

1.5.1. Thermal and performance studies on A/C-R systems 

The majority of the studies in the field of VACR systems are related to the 

assessment of the effects of refrigerant type on the characteristics and the performance 

[30–34]. Yoo et al. [33] studied the performance of an automotive air conditioning system 

charged with R152a, and compared it to R134a. The results of this study showed that 

the R152a system was slightly better than R134a not only under driving conditions, but 

also under idling conditions. Brown et al. [34] compared a VACR system charged with 

CO2 and R134a, and showed that the R134a refrigerant led to a 21-34% higher 

coefficient of performance (COP). Cho et al. [30] experimentally compared the 

characteristics of a VACR system charged alternatively with R134a and R1234yf, and 

showed that using R1234yf resulted in a relatively lower compressor power consumption 

and cooling capacity by 4% and 7%. They also investigated the effectiveness of 

installing an internal heat exchanger for heat transfer between cold refrigerant leaving 

the evaporator and warm refrigerant leaving the condenser to increase the amount of 

sub-cooling and found a 4.6% improvement in COP. 



 

8 

A variety of other important parameters including refrigerant charge, compressor 

speed, fan speed, and ambient temperature have also been considered in VACR system 

studies. Ratts et al. [35] experimentally analyzed the COP of a passenger car A/C-R 

system, focusing on relationships between the COP, the compressor revolution, and the 

vehicle speed. Their analysis showed that the performance of the system degraded with 

increasing vehicle speed. Macagnan et al. [17] experimentally investigated effects of the 

amount of refrigerant charge and compressor speed on the cooling power and 

performance of a typical VACR and showed that although the refrigerant charge did not 

sensibly affect the VACR system characteristics, the compressor speed caused a 

variation in the system COP in a range of 1-1.8. Jabardo et al. [36] studied the effects of 

compressor speed and the evaporator and condenser inlet air temperatures on the 

performance of a VACR by developing a steady state thermodynamic simulation model. 

They experimentally changed the refrigerant charge in a relatively narrow range, 

however, could not extract a pattern for the behavior of cooling capacity and COP versus 

the refrigerant charge due to the limited range of studied charge. 

Lee et al. [29] developed a simulation model for a VACR system based on 

component sub-models and reported a 7% discrepancy with experimental data. They 

investigated the effects of refrigerant charge and condenser size on the system COP. 

Wang et al. [16] measured the vapor quality of refrigerant R134a at the inlet of a 

compressor and analyzed the effects of different parameters on the COP of a VACR 

system. They showed that the COP of the system decreases with increasing of 

refrigerant charge, condensing temperature and compressor speed, and increases with 

the increase of evaporator air inlet temperature. They also demonstrated that the total 

quality of the refrigerant at the compressor inlet increases with increasing the evaporator 

air inlet temperature, and decreases with the increase of the refrigerant charge, 

condensing temperature, and compressor speed. The value of COP reported was in the 

range of 1.1-2.5. 

Since VACR compressors are usually belt-driven by the vehicle engine, the 

compressor speed is directly proportional to the engine speed. The compressor can be 

either of fixed or variable capacity. Therefore, the cooling capacity of a VACR system 

using a fixed capacity compressor (FCC) varies as a function of the engine speed. 
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Consequently, the FCC continually cycles on and off to meet the air conditioning 

demand. On the other hand, the cooling capacity of a VACR system using a variable 

capacity compressor (VCC) is independent of the compressor speed, because in this 

type of compressor the piston displacement varies by speed in order to control the 

capacity. Therefore, such a system meets the air conditioning demand at all operating 

conditions with much less cycling effects. Alkan et al. [37] experimentally compared 

employing VCC or FCC for a VACR system at different engine rotational speeds as well 

as evaporator and condenser air stream characteristics. Based on the steady state tests, 

they showed that the FCC operations provided a rising cooling capacity with increasing 

compressor speed, while the cooling capacity of the VCC remained almost constant 

after a certain compressor speed due to the intervention of the capacity control system. 

It was shown that although the COP of VCC system during the low engine rpm 

operations was slightly poorer, it surpassed the COP of FCC system at the higher rpms. 

Moreover, the COP of FCC system decreases persistently with the increase in 

compressor speed. Tian et al. [38,39] studied the transient behavior of a VACR system 

equipped with a variable capacity compressor experimentally and mathematically using 

a steady-state-based compressor model. They assumed that the changes in compressor 

rotary speed are very rapid and mainly focused on the transient changes in refrigerant 

pressures and piston stroke length after a sudden compressor speed change. They 

showed that the variation of a VCC’s piston stroke length usually has a time lag after 

changes of the effective parameters (mainly the compressor’s rpm) and some 

regulations are required for achieving any desired cooling capacity due to engine’s rpm 

variations during the transient operations. 

Returning to the category of stationary A/C-R systems, few studies can be found 

that focused on performance optimization of these systems. Abdullah et al. [40] studied 

the effects of evaporator temperature on the COP of a stationary A/C-R system and 

obtained a maximum COP by changing this temperature. Green et al. [41] introduced a 

performance function that encompassed food quality, energy efficiency, and system 

reliability, to enable performance assessment and optimization of a supermarket 

refrigeration system. They studied the effects of thermostatic set point temperature as 

the control parameter to optimize the defined performance function. Sahin et al. [42] 

presented a thermo-economic performance model for a two-stage refrigerator and 
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determined the optimal operation and design parameters of the refrigerator based on the 

thermo-economic criterion. They mainly focused on the effects of investment and energy 

costs in designing a high efficiency cascade refrigerator and demonstrated that the 

economical parameter had a great influence on the optimal operating and design 

condition.  

In addition, a variety of innovative technologies to increase the energy efficiency 

of VACR systems have been introduced in the literature. Waste-heat-driven air 

conditioning systems, which operate based on absorption or adsorption cycles, have 

been introduced in several studies as a promising way to make sustainable VACR 

systems [9,43,44]. Also, employing microchannel condensers as a performance 

enhancement technology for VACR systems is covered in reference [45]. Muller [46] 

introduced the feasibility of employing magnetocaloric cooling for transportation industry. 

Gould et al. [47] studied the effects of capturing waste heat from the internal combustion 

engine exhaust to run air conditioning system using steam-pressure-exchange ejector 

for an automobile. Unal et al. [48] investigated the effects of using two-phase ejectors as 

the expansion valve in the A/C-R system of buses and showed the potential for a15% 

performance improvement. 

A summary of the most relevant existing literature on thermal and performance 

characteristics of VACR systems is presented in Table  1-1. Because a major part of this 

thesis is focused on refrigerated trailers, the literature summary is separated for this type 

of VACR systems.  
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Table  1-1: Summary of literature on thermal and performance studies of A/C-R 
systems 

Classification Author Notes 

Refrigerated 

trailers 

Jolly et al. [49] 

√ Mathematical modeling of refrigeration unit in a typical 

electricity-driven reefer. 

√ Measurements of a few thermal parameters under 

ambient condition mimicked by an environmental 

chamber. 

× Did not study the behavior of COP. 

× Restricted to steady state condition and full load 

operation. 

× Did not consider the effects of opening the door, 

loading/unloading, or transient ambient conditions on the 

behavior of the VCR system. 

Tso et al. [50] 

√ Mathematical modeling of refrigeration unit in a typical 

electricity-driven reefer. 

√ Considered effects of hot gas bypass and suction 

modulation control on performance in partial load. 

× No experimental data or model validation. 

× Restricted to steady state condition. 

× Did not consider the effects of opening the door, 

loading/unloading, or transient ambient conditions on the 

behavior of the VCR system.  

Moureh et al. 

[51,52] 

√ Numerical and experimental study of conditioned air 

distribution through refrigerated trailers. 

√ Considered the effects of using ducts on air distribution. 

× No performance evaluation of the refrigeration system. 

× Did not consider the real-time performance and 

capacity variation of the refrigeration system. 
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Defraeye et al. 

[53] 

√ Numerical study on conditioned air distribution through 

refrigerated trailers. 

√ Considered effects of food temperature, direction of 

airflow distribution, spacing between pallets, etc., on food 

temperature. 

× No performance evaluation of refrigeration system. 

× Did not consider the real-time performance and 

capacity variation of the refrigeration system. 

Rodríguez-

Bermejo et al. [54] 

√ Experimental study on temperature distribution 

throughout refrigerated trailers. 

√ Considered effects of being loaded or unloaded and 

thermostat commands on temperature distribution. 

× No measurements or simulation of a VCR system. 

Tassou et al. [19] 

√ Estimated average energy intensity, fuel consumption, 

and CO2 emission of different food distribution systems in 

the UK, using statistical method and literature data. 

√ Suggested heat-driven and air-cycle refrigeration 

systems instead of VCR for food transport and estimated 

the potential energy saving. 

× No real-time measurements or modeling for accurate 

performance investigation of refrigerated vehicles were 

performed. 

Spence et al. [55] 

√ Designed, built, and tested an air-cycle refrigeration 

system instead of VCR for food transport to eliminate the 

direct HFC/HCFC-related environmental impacts. 

× In general, resulted in lower COP and higher fuel-

related environmental impact.  

× Neither modeling was performed nor was the transient 

behavior assessed under real-time conditions. 

General Yoo et al. [33] 
√ Evaluated effects of refrigerant type on the COP of a 

VACR system. 
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category of 

VACR systems 

√ Reported a slightly better COP for R152 compared to 

R134a. 

Brown et al. [34] 

√ Evaluated effects of refrigerant type on the COP of a 

VACR system. 

√ Reported a significantly better COP for R134a 

compared to CO2. 

Ratts et al. [35] 

√ Reported degradation of the COP for an engine-driven 

VACR system with an increase in the speed of the 

vehicle. 

Macagnan et al. 

[17] 

√ Assessed effects of refrigerant charge and compressor 

speed on the COP of a VACR system. 

√ Reported that the compressor speed significantly 

affects the COP. 

× Reported that the refrigerant charge does not 

remarkably affect the COP. 

Zheng et al. [45] 
√ Employed microchannel condenser to enhance the 

COP of a VACR system 

 

1.5.2. Control studies on A/C-R systems 

Controlling the operation of A/C-R systems to achieve a high performance has 

been the topic of several studies. A variety of methods have been employed to efficiently 

control the performance of A/C-R systems including: PID [56], power law [57], fuzzy logic 

[11,58–60], neural networks [61], and model predictive [62–64]. Khayyam et al. [58] 

illustrated that it is extremely difficult to control nonlinear and complex A/C-R systems 

using a classical PID controller. The power law and fuzzy logic controllers can address 

the nonlinearity of an A/C-R system’s behavior if stated in a simplified closed form, 

however, the coupled behavior of A/C-R system components does not allow for an 

accurate simplification towards a closed-form model. Employing the neural network 
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method requires obtaining a wide range of data for training the multi-input multi-output 

model and may not be accurate for conditions not covered during the training period 

[58,61]. In the model predictive control (MPC) approach, a model of the A/C-R system is 

simulated to predict the operational condition and command the system components 

accordingly. Since all the governing equations of the A/C-R system can be in effect in 

such a controller, the MPC approach is one of the most accurate and flexible 

approaches of controlling and optimizing A/C-R systems [62–64]. 

Yeh, Lin et al. [65–67] theoretically and experimentally introduced the effects of 

speed control for outdoor (condenser) and indoor (evaporator) fans on a split-type 

residential A/C-R system’s transient response and efficiency. They designed the control 

algorithms based on a low-order, linear model obtained from system identification. Their 

first algorithm, which modulated the outdoor fan speed based on the temperature 

difference between the condensing and the ambient temperature, showed a reduction in 

the steady-state power consumption. Their second algorithm added one more degree of 

freedom by modulating the indoor fan’s speed at three levels of low, medium, and high. 

It was shown that by controlling the indoor fan, the transient response of the system was 

improved; however, the energy efficiency was not considerably affected. They concluded 

that the speed of only one fan should be varied while the other one is kept at a constant 

speed. 

Khayyam et al. [11,58] employed fuzzy logic to develop an intelligent control 

system for an engine-driven vehicle air conditioning system, aiming to reduce the total 

engine energy consumption during a drive cycle. Their developed controller included 

three modules: a fuzzy cruise controller to adapt vehicle cruise speed via prediction of 

the road ahead using a look-ahead system, a fuzzy air conditioning controller to produce 

a desirable temperature and air quality inside the vehicle cabin via a road information 

system, and a fuzzy engine controller to generate the required engine torque to move 

the vehicle smoothly on the road. The introduced look-ahead system was an algorithm 

that estimated future road slope within a distance of 300-500 m ahead of the vehicle. 

The A/C-R system was controlled by setting the blower (evaporator fan) speed based on 

feedback from the cabin temperature. The main focus of their study was on engine 
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power control to move the vehicle appropriately, while the A/C-R load was taken into 

account as a by-product 

Ricker [64] developed a MPC for a supermarket refrigeration system in which all 

the actuators were on-off devices. A simplified compressor model employing the cycle’s 

high pressure and the cabinet temperature to generate on-off commands were prepared 

as the brain of the MPC. They could reduce the frequency of on-off cycling using the 

developed MPC controller instead of the existing simple thermostatic controller. 

Hovgaard et al. [68] presented the economical optimization of a supermarket 

refrigeration system by employing a MPC controller based on the compressor and 

refrigerated space thermal models. By optimizing a defined cost function, they showed 

that the operational costs of the refrigeration system could be reduced if thermal energy 

storage was added to the refrigeration system. Schalbart et al. [62] developed a MPC to 

optimize the energy management of an ice-cream warehouse refrigeration system 

coupled to a phase-change material (PCM) tank. The MPC model was developed based 

on a PCM tank thermal sub-model as well as a simple refrigeration system sub-model. 

They showed a potential for energy management by integrating the refrigeration and 

thermal storage systems using a MPC approach. Based on the literature, employing an 

MPC for performance optimization of A/C-R systems can be a promising methodology. 

However, it requires an accurate mathematical simulator of the A/C-R system to operate 

satisfactorily. In addition to the mathematical model development, an in-depth 

understanding of the A/C-R system’s behavior under real-time operating conditions is 

required for an effective design of the controller. Although the performance 

characteristics of stationary A/C-R systems have been well attended in the literature, 

VACR systems have not been studied in-depth so far. A concise summary of the major 

findings from the performed literature review is classified in Table  1-2.  
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Table  1-2: Summary of the literature on control of A/C-R systems 

Author Notes 

Sørensen et al. 

[69]  

√ Developed a MPC for the refrigeration unit of reefers to increase 

performance. 

× Restricted to electrically driven reefers used for sea transportation. 

× Employed a simplified linear model for thermal behavior of cargo. 

× No comprehensive model development of refrigeration unit for MPC.  

× No Real-time study of power consumption and performance behavior. 

Khayyam et al. 

[11,58] 

√ Developed a controller for an engine-driven VACR system.  

√ Developed a concept of look-ahead for engine torque prediction 

based on road slope. 

× Controlled only evaporator fan speed to adjust the cabin temperature. 

× Employed a simplified controller model based on fuzzy logic. 

Lin et al. [65–67] 

√ Developed a MPC for a split A/C-R unit in a residential building.  

× Employed a low-order linear model in MPC.  

× Considered only variable speed fans and controlled them separately. 

Ricker [64] 

√ Developed a MPC for a supermarket refrigerator. 

× Employed a simplified A/C-R model only based on the cycle’s high 

pressure and the refrigerated space temperature. 

× Developed an inefficient on-off control for constant speed compressor 

and fans.  

Hovgaard et al. 

[68] 

√ Developed a MPC for a supermarket refrigerator. 

× Employed a simplified economic-based model for MPC. 

× Controlled constant speed components by on-off commands. 
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1.5.3. Lack of literature 

The reported literature review indicates that the performance optimization and 

proactive control development of VACR systems has not been studied in-depth, and the 

pertinent literature lacks the following: 

o An in-depth study on the duty cycle, thermal, and performance 

characteristics of VACR systems employed in service transportation 

under realistic operating conditions. 

o Model-based performance optimization and control of variable capacity 

VACR systems under transient operating conditions.  

o Proactive and model predictive control of the operation of a VACR system 

based on cooling demand prediction and VACR behavior simulation.  
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Chapter 2.  
 
Mathematical Model Development 

Mathematical simulation of A/C-R systems is an effective method for 

investigating the thermal behavior and thermodynamic characteristics of these systems 

and to obtain the power consumption, cooling power, and COP under any operating 

conditions. A mathematical model for a complete A/C-R system is an integration of the 

component sub-models, including the compressor, condenser, evaporator, and 

expansion valve. Therefore, a detailed analysis of each component in an A/C-R system 

is covered during the modeling procedure. The detailed component analysis in the 

mathematical modeling results in a complex set of conservation equations that should be 

solved numerically [25,26]. Thus, a numerical algorithm and a solver should be 

developed to simulate VCR systems. 

In Figure  2-1, a schematic of a basic A/C-R system and the main 

thermal/thermodynamic parameters used in the mathematical modeling are presented. 

In this chapter, the mathematical modeling of such a system is presented in three 

sections: 1) steady state model, 2) quasi-steady state model, 3) transient model.  
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Figure  2-1: Schematic of a basic A/C-R unit and the main parameters 

2.1. Steady State Model Development 

In this section a steady-state mathematical model for investigating the 

thermal/thermodynamic behavior of A/C-R systems under various steady state operating 

conditions is developed. The steady state model is a basis for the development of the 

quasi-steady state and fully transient models and is employed to perform a 

comprehensive parametric study of the characteristics of the system. The major output 

parameter from the modeling of an A/C-R system is the COP. In addition to the COP, 

other salient parameters of an A/C-R system that are obtained from the modeling include 

the cooling power, input power (sum of compressor, evaporator and condenser fan 
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powers), and refrigerant mass flow rate. An integration of the component sub-models of 

an A/C-R system forms its complete mathematical model [70]. 

2.1.1. Compressor sub-model 

A map-based model is used in this study for thermodynamic simulation of the 

compressor under steady state conditions. It has been experimentally shown that this 

approach had a good agreement with experimental data [49,71,72]. Second-order 

polynomials are developed for the compressor input power and refrigerant mass flow 

rate quantities based on the manufacturer's test data, as shown in Eqs. (2.1) and (2.2) in 

Table  2-1. These equations yield a maximum of 2.5% discrepancy when compared to 

the manufacturer's data. It should be noted that the manufacturer’s data is usually 

provided for fixed magnitudes of superheating and subcooling. If the A/C-R system is 

equipped with a thermostatic expansion valve, the refrigerant flow rate is controlled to 

achieve a pre-set amount of superheating. Accordingly, throughout the duty cycle the 

degree of superheating at the outlet of the evaporator is kept nearly constant. However, 

the degree of subcooling varies, depending upon the imposed conditions on the system 

from the air-stream sides at the condenser (major impact) and evaporator (minor 

impact). Therefore, a modification will be required for different degrees of superheating 

and subcooling. In the present research, wide ranges of superheating and subcooling (0-

15 oC) are tested and the modified correlations of the compressor model under different 

superheating and subcooling values are obtained. The refrigerant side thermodynamic 

correlation for the compressor is presented in Eq. (2.3), as seen in Table  2-1. Based on 

these correlations, with known inlet conditions at the compressor inlet, the state point of 

the refrigerant gas at the compressor discharge can be calculated.  

2.1.2. Condenser and evaporator sub-model  

Energy balance correlations between the refrigerant and air flow in condensers 

and evaporators are used to model heat transfer in these components of the A/C-R 

system. In the present study, we follow Shah and Sekulic [73], and an NTU  model is 
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used to derive the mathematical model for the condenser and evaporator. In this 

approach, the effectiveness   is defined as the ratio of the actual heat transfer to the 

maximum possible heat transfer; see Eq. (2.4) of Table  2-1. The maximum possible heat 

transfer happens when the temperature of one stream at the outlet reaches the inlet 

temperature of the other stream and is defined in Eq. (2.5). The actual heat transfer 

between the air stream and refrigerant flow can be calculated using Eq. (2.6). To use 

this equation, it is required that   be found from Eqs. (2.7) and (2.8). For the current 

study, the condenser and evaporator specifications are obtained from the manufacturer’s 

datasheet and drawings. In addition to the NTU   correlations, which represent the 

heat transfer between the air and refrigerant streams, correlations of enthalpy change for 

both the refrigerant and air streams should be added to complete the heat transfer 

model for the evaporator and condenser. Equations (2.9) and (2.10) represent the 

enthalpy change for the air and refrigerant streams in the condenser and evaporator. 

The cooling capacity of an A/C-R system is obtained using either of these equations (Eq. 

(2.9) or (2.10)) when written for the evaporator. Also, the total heat rejection of the 

system is calculated using either of these equations for the condenser. For the air 

stream in the evaporator, the enthalpy is calculated based on the temperature and 

relative humidity to include both the sensible and latent heat transfers. However, for the 

air stream in the condenser, the enthalpy of air can be simply found using the 

temperature and thermal capacity of air since there is no water condensation on the 

condenser coil.  

It should be mentioned that two heat transfer regimes exist in the evaporator: 1) 

two-phase heat transfer, relevant to the saturated zone; and 2) single-phase heat 

transfer, relevant to the superheated zone. Also, the condenser can be divided into three 

heat transfer regimes: single-phase superheated; two-phase saturated; and single-

phase subcooled. Due to governance of different convective heat transfer equations for 

the mentioned regimes, in this study the evaporator and condenser are divided into two 

and three sub-zones, respectively. Thus, the NTU  model is applied for each sub-

zone separately to achieve a high level of accuracy. In addition to the heat transfer 

model for the condenser and evaporator, map-based correlations are employed to obtain 
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the power consumption of the fans using manufacturer’s datasheets [74], see Eq. (2.11) 

in Table  2-1.  

 

Table  2-1: Mathematical model correlations 

Compressor sub-model 

2 2 2 2 2 2
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Expansion valve sub-

model 
, , , ,ref TEV in ref TEV outh h  (2.12)

Refrigerant 

thermodynamic 

correlations 

1 2 2 3( , ), ( ), ( ), ( )i i i e e c c a ah f P T T f P T f P cp f T     (2.13)
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2.1.3. Thermostatic expansion valve sub-model 

Following Ref. [49], an isenthalpic model is selected for thermodynamic 

simulation of the thermostatic expansion valve. In this model, as a result of the adiabatic 

assumption, the inlet and outlet refrigerant enthalpies are considered to be the same, 

see Eq. (2.12) in Table  2-1. 

2.1.4. Thermodynamic correlations for the refrigerant 

In addition to the main component sub-models, a few thermodynamic 

correlations are also employed to add the refrigerant thermodynamic properties to the 

model. HFC-134a refrigerant is used in most VACR systems, including the main system 

studied in this research. Thus, the correlations between the thermodynamic properties of 

HFC-134a are obtained and employed [75]; see Eq. (2.13) Table  2-1. 

2.1.5. Numerical solver 

Developing the mathematical model for an A/C-R system, including the 

correlations shown in Table  2-1 and the condenser and evaporator overall heat transfer 

relationships, leads to a set of 20 coupled nonlinear equations that have to be solved 

simultaneously. The A/C-R system unknown parameters  1 20x x , which are calculated 

using the mathematical model, are listed in Table  2-2.  
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Table  2-2: Output parameters of the mathematical model 

evapQ  

(cooling 

power) 

compW  

(compressor 

power) 

,f condW  

(condenser fan 

power) 

,f evapW  

(evaporator fan 

power) 

condQ  

(heat rejection) 

COP 

(coefficient of 

performance) 

evapNTU  

(number of 

transfer units, 

evap.) 

condNTU  

(number of 

transfer units, 

cond.) 

evap  

(effectiveness, 

evap.) 

cond  

(effectiveness, cond.)

Tc 

(condensing 

temperature) 

href,evap,in 

(refrigerant  

enthalpy @ 

evap. inlet) 

refm  

(refrigerant  mass 

flow rate) 

Ta, evap, out 

(air temperature 

@ evap. outlet) 

hg @ Te 

(saturated gas  

enthalpy @ 

evaporating 

temperature) 

href,comp,in 

(refrigerant  

enthalpy @ 

comp. inlet) 

h ref,cond,in 

(refrigerant  

enthalpy @ 

cond. inlet) 

hg @ Tc 

(saturated gas  

enthalpy @ 

condensing 

temperature) 

hf @ Tc 

(saturated liquid  

enthalpy @ 

condensing 

temperature) 

h ref,TEV,in 

(refrigerant  enthalpy 

@ expansion valve 

inlet) 
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A Newton-Raphson method is employed to develop an iterative numerical code 

in C for solving the set of nonlinear correlations presented in Eq. (2.14) [76]. In this 

method, the derivatives of all the equations are calculated with respect to all the 

unknowns and a Jacobian matrix is formed. During an iterative solution procedure, all 

the unknowns are calculated at iteration (n) and used for the next iteration (n+1), see Eq. 

(2.15). The iterative procedure is repeated until the maximum relative residual for all the 

unknown parameters becomes less than 0.001.  

2.2. Quasi-Steady State Model Development 

The A/C-R systems undergo a wide range of imposed operating conditions 

during the duty cycle. Among all the variables described in the previous section, the 

following impose the operational conditions on an existing A/C-R system: 

o Evaporator inlet air enthalpy , dependent on both temperature and 

humidity 

o Condenser inlet air enthalpy , dependent on both temperature and 

humidity 

o Evaporator air flow rate , dependent on evaporator fan feed power  

o Condenser air flow rate  ,dependent on condenser fan feed power  

o Compressor feed power (on-off or speed/capacity change command) 

o Expansion valve orifice area 

The rest of the parameters that appear in the described model equations will vary 

as the system respond to the imposed conditions. Thus, the developed steady state 

model is used to find the response of the system for any imposed operating conditions 

and eventually obtain the performance of the system. In real-time, any A/C-R system 

experiences a narrow or wide range of imposed operating conditions, depending upon 

the application. The imposed operating conditions may change due to one or a 

combination of the following reasons: 

, ,a evap inh

, ,a cond inh

,fan evapW

,fan condW
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o Ambient temperature/humidity variations 

o Conditioned space cooling demand variations 

o Controller commands (usually an on-off command from a thermostatic controller) 

Ambient temperature and humidity continuously vary and affect the operation of 

almost all components of A/C-R systems. The conditioned space cooling demand varies 

due to peripheral heat transfer variations as well as indoor heat generation changes. 

Cooling demand variations can happen gradually or suddenly depending upon the 

application. For conditioned spaces with either a high rate of door/window 

opening/closing or a repetitive loading/unloading of thermal mass, the variations in 

cooling demand can be high; however, for most applications the variations are not 

significant and do not suddenly affect the A/C-R system, due to the thermal mass of the 

conditioned space. In addition to the variations in the ambient or conditioned space 

temperatures and cooling demand, all A/C-R systems are equipped with a controller that 

commands the components to turn on/off or change their capacity. Accordingly, the 

controller command is another imposed parameter that affects the operational 

characteristics of an A/C-R system. Due to the existence of such variations in the 

operating condition of an A/C-R system, a transient model is required to simulate the 

behavior of the system during unsteady conditions. Accordingly, in this research the 

transient model is also developed.  

In the quasi-steady state approach for modeling A/C-R systems, it is assumed 

that at any instant the A/C-R system is at a quasi-equilibrium condition that can be 

considered as a steady state condition [77,78]. By this assumption, the modeling of real-

time operation can be condensed into a time-marching steady state approach. Based on 

this approach, modeling of the transient behavior of A/C-R systems is divided into two 

steps: 1) quasi-steady state modeling, 2) fully transient modeling. The main advantage 

of quasi-steady state modeling approach is its lower computational costs with acceptable 

accuracy for most of the smooth transitions taking place in reality. 

In the quasi-steady state modeling approach, if the rate of variations in the 

imposed operating condition of an A/C-R system is small, the quasi-equilibrium 
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assumption will be accurate. The literature review and the experimental data show that 

in most VACR systems the ambient temperature and cooling demand vary smoothly with 

time. However, the changes due to controller on-off commands are drastic. Since 

common VACR systems are thermostatically controlled, the compressor receives an on-

off command based on the air temperature inside the vehicle cabin. Therefore, the 

quasi-steady modeling may not accurately predict the behavior of a VACR system 

around the time that an on or off command is received. 

To evaluate the accuracy of a quasi-steady state model obtained based on the 

steady state approach; a time-marching model is first developed in this part of the study. 

The accuracy of the first version of the developed quasi-steady model is validated and 

presented later in section  4.2. The results show that as expected, there is a relatively 

large local discrepancy between the quasi-steady model and the experimental data 

around the on-off regimes though the average values are in good agreement. Thus, it is 

inferred that the quasi-steady model is appropriate for a time-averaged study of the A/C-

R system behavior; however, it lacks acceptable behavior prediction around the on-off 

cycling regimes.  

In order to increase the accuracy of the developed quasi-steady model around 

the on-off regimes and any other abrupt changes, the behavior of all the system 

components has been investigated for a wide range of operating conditions. From this 

analysis the response time, the time required to reach steady-state conditions after an 

abrupt change, is determined for all of the components. It is determined that: 

o The response time of the compressor, fans, and expansion valve is relatively 

short: around 10-30 seconds depending upon the operating conditions. 

o The response time of the heat exchangers (evaporator and condenser) is 

relatively long: around 200-400 seconds depending upon the operating 

conditions.  

The relatively long response time of the heat exchangers to the abrupt variations 

is due to the high thermal inertia of these components. For instance, when the 

compressor is turned off, there is still a remarkable amount of refrigerant inside the 
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evaporator that can be evaporated and provide cooling. In addition, when the 

compressor starts working again, it takes time for the evaporator to reach the steady 

state capacity. A similar behavior exists for the condenser. Therefore, the condensing 

and evaporating temperatures and the corresponding pressures reach the magnitude of 

steady state condition after a relatively large time interval. Meanwhile, the compressor 

and fans reach their specified speeds in a relatively shorter time. Thus, the developed 

quasi-steady state model should be modified to capture the effects of thermal inertia 

during the transition time.  

In Figure  2-2, an overall schematic of a heat exchanger in an A/C-R system is 

presented. In the evaporator, the refrigerant absorbs heat and cools down the air 

stream. Through the condenser, the refrigerant rejects heat to the air stream. In a typical 

A/C-R system, after a signal from the controller to the compressor or fans that can be an 

on-off or velocity change command, the refrigerant or air flow rate change rapidly. 

However, the rate of heat transfer between the refrigerant and air stream does not 

change that quickly because of thermal inertia inside the heat exchanger. In order to add 

the effect of thermal inertia to the quasi-steady model, the transient heat transfer 

correlation between the refrigerant and air streams is used as presented in Eq. (2.16). It 

is assumed that the changes in potential and kinetic energy of the fluid flows through the 

heat exchanger are negligible [13,14,73].  

 

 

 

Figure  2-2: An integral overview of a heat exchanger (evaporator or condenser) in 
A/C-R systems 
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(2.16)

Thus, the effect of thermal inertia is taken into account in the quasi-steady model 

by adding Eq. (2.16) to each of the condenser and evaporator sub-models. The results 

of the modified quasi-steady model are presented later in section  4.2. The comparison 

between the model outputs and the experimental data shows a significant improvement 

of the quasi-steady model accuracy after the last modification. However, it should be 

noted that the included thermal inertia effect comes from the refrigerant only and effects 

of thermal inertia of the heat exchanger walls is neglected here to lower the 

computational cost of the quasi-steady model. In the next section, the effects of thermal 

inertia will be considered in more detail to develop the transient model. 

2.3. Transient Model Development 

As the final step of model development for the A/C-R systems, a fully transient 

model is developed in this section.  This model includes all the transient terms of the 

energy equation. The aim of developing a fully transient model is to increase the 

accuracy of the mathematical model predictions beyond the modified quasi-steady 

model and employ it for investigations of the transient thermal and performance 

characteristics.  

2.3.1. Condenser sub-model 

Conservation of mass, momentum, and energy form a complete mathematical 

model for the condenser of an A/C-R system. In general, three different refrigerant 

regimes including: superheated, 2- phase, and sub-cooled may exist in a condenser; 
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thus, the governing equations are written separately for each of these regimes. 

Following [79,80] a schematic representative of the heat transfer regimes in a condenser 

is drawn in Figure  2-3.  

 

Figure  2-3: Schematic representative of a cross flow condenser in VCR systems 
(sections from right to left: superheated, 2-phase, sub-cooled) 

 

- Conservation of mass for refrigerant in superheated section: 
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- Conservation of mass for refrigerant in 2-phase section: 
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- Conservation of mass for refrigerant in sub-cooled (liquid) section: 
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- Conservation of momentum for refrigerant (fully-developed flow): 
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- Conservation of energy for refrigerant in superheated section: 
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where, the convective heat transfer coefficient , ,ref cond s  is calculable using Dittus-Boelter 

correlation [73,81]: 
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- Conservation of energy for refrigerant in 2-phase section: 
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The following correlations also govern the 2-phase region [82]: 
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The convective heat transfer coefficient , ,2ref cond ph  is calculated from Kandlikar 

correlation [83,84]: 
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- Conservation of energy for refrigerant in sub-cooled (liquid) section: 
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- Conservation of energy for wall in superheated section: 
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- Conservation of energy for wall in 2-phase section: 
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- Conservation of energy for wall in sub-cooled (liquid) section: 
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- Conservation of energy for air: 

    , , , , , , , , , ,a cond a cond in a cond out a cond o cond cond tot fin fin a cond w condm h h D L A T T       (2.31)
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2.3.2. Evaporator sub-model 

Similar to condenser, writing the conservation of mass, momentum, and energy 

forms a complete model for evaporator in an A/C-R system. It should be noted that there 

are only two sections in an evaporator: 1) 2-phase, and 2) superheated.  
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2.3.3. Compressor sub-model 

For a compressor in A/C-R systems, the refrigerant mass flow rate can be 

obtained from the following correlation [85]: 

, , ,ref comp ref comp in vm NV    (2.33)

where, volumetric efficiency v  is a function of evaporating and condensing pressures. 

Also, the power input to compressor can be calculated using the following equation: 

 , , , , ,ref comp ref comp out ref comp in

comp
E M

m h h
W

 





 (2.34)

2.3.4. Expansion valve 

Assuming an isenthalpic process, the following correlations can be used for 

modelling the expansion valve behavior [81]: 

 , , ,ref TEV d ref TEV in c em C A P P   (2.35)

, , , ,ref TEV in ref TEV outh h  (2.36)

2.3.5. Unknowns of the model 

All the time-gradient terms appearing in the equations are discretized using the 

finite difference approach. For an arbitrary variable A: 

1n nA AA

t t
 


 

 (2.37)

Accordingly, the transient solution is commenced with an initial condition  @ 0n   and 

marches through time by solving all the equations at each time step. The model can be 
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written as a set of 26 nonlinear equations with 26 unknowns as presented in Table  2-3. 

The calculated values from each time step are used as the initial condition for the next 

time step. A Newton-Raphson based solver is developed in C to numerically solve the 

set of equations. 

 

Table  2-3: Calculated parameters at each time step 

, ,ref cond inm  

   , , ,,ref evap out ref compm m   

, ,ref cond outm  

   , , ,,ref evap in ref TEVm m   

, ,ref cond inh  

 , ,ref comp outh  

, ,ref cond outh  

, ,ref TEV inh  

, ,ref evap midm  ,cond sL  , , 1ref cond midm  , , 2ref cond midm  

,2evap phL  ,evap sL  ,2cond phL  ,cond lL  

, ,ref evap inh  

 , ,ref TEV outh  

, ,ref evap outh  

 , ,ref comp inh  

eP  

 eT  

cP  

 cT  

, ,w cond sT  , ,2w cond phT  , ,w cond lT  , ,w evap sT  

, ,2w evap phT  , ,a cond outT  , ,a evap outT  cond  

 evap  compW   

2.4. Conclusion 

In this chapter, mathematical models were developed for investigation of the 

thermal and performance characteristics of VACR systems. A steady state model was 

first developed using a map-based technique for the compressor, an NTU  method 

for the heat exchangers (evaporator and condenser), and an isenthalpic approach for 

the thermostatic expansion valve. A numerical solver was developed for simultaneous 

solution of the set of nonlinear coupled equations using the Newton-Raphson method. A 

quasi-steady state model was developed based on the steady state model to simulate 

the VACR systems’ characteristics under transient operating condition with relatively low 
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computational costs. Finally, a transient model was developed to investigate the 

dynamic behavior of VACR systems under realistic variable conditions. The transient 

model was derived employing the laws of mass, momentum, and energy conservation, 

resulting in a set of 26 nonlinear equations that need to be solved numerically to find the 

26 unknowns of the VACR system. Model validation is described in  Chapter 4.  
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Chapter 3.  
 
Experimental Study and Data Acquisition 

Obtaining real-time data to verify the accuracy of the mathematical models in a 

wide range of operating condition requires an experimental study. Moreover, an 

experimental setup should be prepared to implement and test the performance of the 

developed proactive controller. For these reasons a testbed is built in the Laboratory for 

Alternative Energy Conversion (LAEC) at Simon Fraser University. Furthermore, real-

time field data is collected from stationary and mobile A/C-R units to obtain realistic duty 

cycles. Additionally, a new high efficiency and variable capacity VACR system is built 

using high efficiency components from well-known manufacturers. In this chapter, first 

the development of testbed and then the specifications of high efficiency VACR system 

are presented. Thereafter, the field data acquisition from typical stationary A/C-R as well 

as VACR units is discussed. 

3.1. Testbed Design and Construction 

A new testbed was designed and built in LAEC to simulate the real-time 

operating condition of a typical VACR system. The employed VACR system in this 

testbed is a battery-powered anti-idling system widely installed on trucks and vans. 

Figure  3-1 shows a sample of this battery-powered anti-idling VACR installed on the 

sleeper berth of a long-haul truck to avoid idling of the truck engine for air conditioning 

purposes while the truck is not moving. 
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Figure  3-1: Typical battery-powered anti-idling VACR system employed in the 
testbed: (a) condensing unit and connections on the rear wall of the 
truck cabin, (b) evaporating unit inside the truck cabin, (c) batteries 

The system is formed from a condensing unit, an evaporating unit, a battery box, 

and refrigerant pipelines. The condensing unit, which is installed outside on the rear wall 

of the truck cabin, consists of a scroll compressor model YWXD15 with 15 cm3/rev 

displacement manufactured by Nanjing Yinmao Compressor Co., a 12 volt axial fan with 

0.236 m3/s nominal flow rate, a 2 row 14 fin/inch aluminum finned-tube coil, and a power 

control unit. The evaporating unit, which is installed inside the truck cabin, is built using a 

3 row 14 fin/inch aluminum finned-tube coil, a centrifugal fan with 0.038 m3/s nominal 

flow rate, a thermostatic expansion valve (TEV), and manual temperature set point and 

air speed controls. The system is powered by a package of two 12 volt batteries directly 

charged by the engine alternator. Normally, 0.79 kg of HFC-134a is charged into the 

system as the refrigerant. Since the evaporating and condensing units of the A/C-R 

system are installed in separate spaces (outdoor and indoor), the testbed should include 

two independent sources of conditioned air supply to impose any desired temperature 
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and humidity at the air inlet of both the evaporator and the condenser. Environmental 

chambers can provide air at a wide range of temperature and humidity. Accordingly, for 

the testbed two separate environmental chambers are required; one connected to the 

evaporator and the other one connected to the condenser. A schematic of the testbed is 

presented in Figure  3-2. The schematic shows that a number of temperature, pressure, 

and relative humidity sensors as well as velocity and mass flow meters are employed in 

the testbed to obtain the required data. 

 

Figure  3-2: Experimental setup schematic (solid lines = air flow; dashed lines = 
refrigerant flow; T = temperature, P = pressure, RH = relative 
humidity sensor; M = mass flow rate, V = velocity meter) 

A photo of the first testbed is shown in Figure  3-3. The testbed consists of the 

anti-idling VACR system installed on a portable base with components connecting it to 

the environmental chambers. Booster fans are installed to compensate for pressure drop 

in the ducting system and provide nominal air flow rates for both the condenser and 

evaporator coils. T-type thermocouples from OMEGA with ±0.5 oC accuracy are installed 

at 4 locations on the evaporator and condenser air streams. Moreover, two wind sensors 

model MD0550 with accuracy of ±0.15 m/s from Modern Device are installed to measure 

the velocity for both the evaporator and condenser air flows. Additionally, two Rotronic 

humidity sensors model HC2-S3 with ±0.8% RH accuracy are installed to measure 
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humidity at the inlet and outlet of the evaporator air stream. T-type thermocouples (from 

OMEGA with ± 0.5 oC accuracy) and pressure transducers model PX309 manufactured 

by OMEGA with 0.25% accuracy are installed at four locations on the VACR unit to 

measure both the high and low temperatures/pressures of the refrigerant. A Micro 

Motion 2400S transmitter with ± 0.0001 m3.s-1 accuracy from Emerson Electric Co. is 

used to log the refrigerant mass flow rate. Three Chroma programmable DC power 

supplies model 62012P-40-120 are employed to feed and measure the power 

consumption of the compressor and fans. A National Instruments Data Acquisition 

System (DAQ) model 9184 is used to collect the input data from the thermocouples, 

pressure transducers, refrigerant flow meter, velocity meters, and power supplies, and 

send them to a computer. LabVIEW software is employed to obtain all the measured 

data from equipment and save them into a file. The measurement rate is 60 samples/s. 

 

 

 

Figure  3-3: First version of the developed experimental setup 
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Figure  3-4: Current experimental setup configuration 
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3.2. Development of a Proof-of-Concept Demonstration of a 
High Efficiency VACR System 

Based on the literature review, the COP of VACR systems is generally low. The 

experimental and theoretical evaluations of this study also show a relatively low COP for 

the current battery-powered anti-idling VACR system (to be discussed later). 

Accordingly, the aim is to build a proof-of-concept demonstration of a high efficiency 

VACR system equipped with a variable speed compressor and variable speed fans that 

operates with the optimization-based proactive controller.  

A comprehensive investigation into the available high efficiency two-phase heat 

exchangers and variable speed compressor and fans in the market is the first step 

towards building the high efficiency system. As such, a high efficiency fan (variable 

speed), a high efficiency compressor (variable speed), an evaporator coil, and a 

condenser coil are purchased from reputable manufacturers with proven high efficiency 

products and the new VACR system is assembled. The new high efficiency VACR 

system is then equipped with a proactive optimization-based controller to represent a 

proof-of-concept demonstration out of this research. Figure  3-5 shows the new 

components used to build this system. The shown fan is connected to the evaporator 

side. It should be mentioned that another variable speed fan exists in the LAEC, which is 

connected to a wind tunnel, and is utilized for the condenser side of the system. The 

variable speed compressor is model “NLV8.4F SECOP” manufactured by Danfoss. Also, 

the evaporator and condenser coils are purchased from Madok, to achieve high heat 

transfer effectiveness. 
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Figure  3-5: Purchased components for building the proof-of-concept 
demonstration of a high efficiency VACR system (top left: variable 
speed fan, top right: condenser coil, bottom left: variable speed 
compressor, bottom right: evaporator coil) 

3.3. Field Data Collection, Stationary A/C-R System 

In addition to the testbed development in LAEC for the experimental study, real-

time field data is collected from both stationary A/C-R and VACR systems to have a 

more comprehensive understanding of the thermal and performance behavior of these 
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systems during their duty cycle. Preparing the required measuring equipment for the 

real-time study of the VACR systems, obtaining the experience of installing and running 

the measuring equipment, defining the duty cycle, analyzing the obtained data during the 

duty cycle, and validating the developed mathematical model were the main goals of this 

part of the study on a stationary A/C-R system. As a starting step, a nearby walk-in 

freezer is selected as a pilot stationary A/C-R system on which to perform the real-time 

study. Walk-in refrigerators and freezers are widely used for keeping the temperature 

and humidity of food products in a safe range during a storage period. Studies have 

shown that the world’s demand for commercial refrigeration equipment, including: reach-

in and walk-in coolers, freezers and display cabinets, has increased 4.6% per year 

during 2008-2011 [86]. Based on the existing data, refrigeration is the source of 35- 50% 

of the total energy consumption in the commercial food sales industry [87–91]. Due to 

the significant share of energy consumption by the commercial refrigeration units, the 

results obtained from this part of the study can also be employed in future research 

around energy conservation in such systems.  

The selected walk-in freezer is located in the Central City Pub and Brewery in 

Surrey, BC, Canada. Figure  3-6 shows the selected freezer room and its condensing 

unit installed on the roof of the room. The compressor of the selected system is model 

“CS14K6E-PFV” manufactured by Copeland working with a nominal capacity of 2.3 kW. 

HFC-507 is used as the refrigerant in this system. The condenser and evaporator of the 

system are manufactured by Emerson Electric Co., and Cancoil Thermal Corporation, 

respectively. The installed condensing unit is 10 years old. 
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Figure  3-6: The selected freezer room (left), its condensing unit (mid), dimensions 
(right) 

 

Measuring equipment is installed on the system to collect the required data, including: 

refrigerant temperatures and pressure, air temperature and humidity, refrigerant and air 

mass flow rates, and input power to the compressor and fans. T-type thermocouples, 

Rotronic humidity sensors (model HC2-S3), pressure transducers (model PX309), and a 

data acquisition system (DAQ) is used in this part of the study. Furthermore, an 

ultrasonic flow-meter model FLUXUS F601 manufactured by FLEXIM is used to 

measure the refrigerant velocity inside the pipes noninvasively with accuracy of ±0.01 

m/s. The air flow rate of the condenser and evaporator are measured using an 

anemometer model 5725 manufactured by TSI. Additionally, a digital clamp meter model 

R5020 manufactured by REED is installed to collect the input power to the compressor 

and fans. Figure  3-7 shows some of the installed equipment and the location of 

thermocouples installed on the evaporating unit is shown in Figure  3-8.  
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Figure  3-7: Installation of thermocouples, pressure transducers, and flow meters 
on the condensing unit 

The figure shows (a) the entire condensing and compressor unit, (b) piping before the condenser, 
(c) piping after the condenser, (d) pressure transducer installed before and after the compressor, 
(e) air inlet side of the condenser heat exchanger, (f) condenser tubing passes, (g) flow meter 
installation on the piping after the condenser, and (h) air outlet side of the condenser fan. Red 
dots point at the locations of thermocouple installation. In some locations, more than one 
thermocouple is used for measurement, the average value of which is incorporated in the study. 
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Figure  3-8: Installation of thermocouples on the evaporating unit 

The figure shows (a) the evaporator fans and (b) the piping behind the evaporator system. Red 
dots point at the locations of thermocouple installation. In some locations, more than one 
thermocouple is used for measurement, the average value of which is incorporated in the study. 

3.3.1.  Data collection and duty cycle definition 

After installing the equipment, data has been collected onsite for three months. 

Real-time behavior of the refrigeration system during different operating hours is 

investigated. The collected data provides an in-depth knowledge and a wealth of 

detailed information on the operation and the performance of the selected freezer room. 

The refrigeration system is then simulated using the developed steady state model 

under various duty cycles. The simulation outputs are utilized for the purpose of model 

accuracy validation which is presented later. In Figure  3-9 and Figure  3-10 samples of 

the collected temperature data for the evaporating and condensing units during 

weekdays are illustrated. Moreover, Figure  3-11 shows a sample of the measured input 

electrical power to the condensing unit. These plots reflect different types of fluctuations 

in the temperature and power as a result of the varying operating conditions, cooling 

demand, and control commands.  
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Figure  3-9: Sample measured temperature during weekdays - evaporating unit 

 

 

 

Figure  3-10: Sample measured temperature during weekdays - condensing unit 
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Figure  3-11: Sample measured input electric power to the condensing unit 

The following can be concluded from the real-time data about the behavior of the 

pilot stationary refrigeration system: 

o Frost is continuously formed on the evaporator coil of the system due to 

the existence of humidity in the freezer room. Therefore, a defrosting 

cycle is employed in the system which operates every 6 hours to melt 

down the ice that has formed on the evaporator coils. During the 

defrosting cycle, the compressor shuts off, and a powerful electrical 

heater (~1,600 W) is switched on. As a result of this heat gain, the 

refrigerant temperature in the evaporator coils increases, which degrades 

the efficiency of the system remarkably. It was noticed that the defrost 

process is not really necessary every 6 hours. A more efficient option for 

this refrigeration unit could be to replace the timer-based defroster with a 

humidity-based defroster that switches on only when necessary. This 

replacement could contribute to an overall energy efficiency improvement 

for the studied freezer room.  

o Irregular compressor on-off cycling due to the freezer room’s thermostat 

signals is observed. During night hours, because food is no longer being 
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loaded/unloaded and the door stays closed, the compressor on-off cycles 

are fairly regular with a frequency of almost 26 minutes. This is a result of 

poor insulation and insulation material degradation over time. In addition, 

it is observed that an incandescent light (~100 W) and a door-sealing 

heater (~200 W) are continuously turned on. These additional heat loads 

could be eliminated by using a more efficient light (e.g. LED) equipped 

with motion sensor and a controlled discontinuous heater for the door 

seal. 

o In spite of employing a timer-based defrosting system, sometimes the 

formed frost is not completely cleared from the evaporator coil; see 

Figure  3-9. The frost present on the evaporator coil intensely affects the 

behavior of the refrigeration system. This irregular long-lasting frost 

presence can be as a result of food replenishment or holding the door 

open for long periods of time, which result in a significant addition of 

moisture into the room. 

o The temperature and power input data indicate that the behavior of the 

refrigeration system during the day and night hours are different as a 

result of door opening/closing, food loading/unloading, and human 

activities inside the freezer room. 

 

Discovering the disparate behavior of the selected refrigeration system during the 

night and day hours as well as different weekend-weekday operating hours of the 

selected restaurant, distinctive duty cycles can be defined for the condensing unit of the 

freezer room. The restaurant working hours during the weekdays and weekends are 

11:00-23:00 and 11:00-23:59, respectively. As such, four duty cycles are defined in 

Table  3-1 and a separate performance evaluation is conducted for each of them using 

the mathematical model. Thus, based on the definition of the four duty cycles and due to 

the disparate temperature and power behaviors through each cycle, the average values 

of the measured parameters for each cycle are obtained and used for modeling 
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purposes. The results of the modeling are presented and compared to the measured 

data later in section  4.1.2.  

 

Table  3-1: Duty cycle definition for the stationary refrigeration system 

Duty cycle Description Days Start hour End hour 

DT1 Weekends work-hours Saturday-Sunday 10 AM 12 AM 

DT2 Weekends off-hours Saturday-Sunday 12 AM 10 AM 

DT3 Weekdays work-hours Monday-Friday 11 AM 11 PM 

DT4 Weekdays off-hours Monday-Friday 11 PM 11 AM 

 

3.3.2. Effect of on-off cycling on power consumption  

Investigating the obtained data shows that the on-off cycling of the refrigeration 

system due to thermostat commands has a significant impact on the instantaneous 

power draw of the system. Also, the literature review indicates that the instantaneous 

start-up power draw of electrical compressors is higher than their nominal current [88]. 

Figure  3-12 shows the effect of system’s compressor start-up on the power draw. The 

total input power previously presented in Figure  3-11 was obtained based on data 

measurement with frequency of 0.2 Hz. To focus more precisely on the start-up effects, 

the input power is measured again with the frequency of 1 kHz and the result for a 

typical cycling of the compressor is presented in Figure  3-12. The results show that the 

typical start-up power draw of the compressor is almost 6.5 times higher than the steady 

state power draw. A similar behavior with less intensity exists for the electrical fans of 

the refrigeration system (start-up power: 1.5-2 times the steady power). Based on the 

integral of total power draw during different duty cycles, it is concluded that the start-up 

of the studied refrigeration system adds an average of 7-8% to the total energy 

consumption. 
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Figure  3-12: A typical power draw of the compressor after start-up  

 

Electronically commutated magnet motors (ECM), which are capable of variable 

speed operation, have higher efficiencies compared to the conventional constant speed 

types at nominal and partial torques, respectively [88]. Analyzing the simulated and 

measured cooling power indicates that the studied refrigeration system operates with 

partial capacity during more than 65% of its duty cycle. Therefore, there is a remarkable 

potential for energy saving that could be achieved if the constant speed compressor and 

fans are replaced with variable speed types to reduce the amount of on-off cycling. This 

concept will be evaluated later using the in-lab testbed. 

3.4. Field Data Collection, VACR System 

After obtaining the experience of installing the measuring equipment on a 

stationary A/C-R system to collect the field data, pilot VACR systems are selected for the 

real-time investigation. Saputo Inc., as the largest Canadian dairy processor, employs 
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numerous refrigerated trailers each day to deliver dairy products throughout the country. 

As an industrial partner of the current research, Saputo granted access to their 

refrigerated trailers for the purpose of field data collection. Employing this opportunity, 

two of the available refrigerated trailers at the Saputo’s Burnaby Plant are selected in 

this step. Figure  3-13 shows the selected refrigerated trailers for the field data collection. 

A diesel engine, compressor and condenser are installed outdoors on the front wall of 

the trailers and the evaporator is located inside. The compressor, condenser and 

evaporator fans are directly driven by the diesel engine, which is fed by its own fuel tank. 

Therefore, the diesel engine is working only if the refrigeration unit is turned on.  

The employed VACR systems are equipped with thermostatic controllers to keep 

the dairy products cold (4-5oC set point) during loading and delivery. The selected VACR 

units are widely employed in nationwide and worldwide food transportation industries 

and manufactured by Carrier Transicold, one of the world’s largest refrigeration systems 

manufacturers. In refrigerated trailer #1, a 4 cylinder, 1.9 liter indirect injection diesel 

engine with nominal power of 21.6 kW is employed [92]. The engine is directly fed by a 

separate aluminum fuel tank with a capacity of 190 litres. R-404A is used as the 

refrigerant in this unit. Based on the catalog from the manufacturer, the nominal cooling 

capacity of the VACR unit is 9.38 and 14.95 kW at evaporator return air temperatures of 

-18 and 2oC, respectively. Trailer #2 is equipped with a 4 cylinder, 2.2 liter direct injection 

diesel engine with 18.5 kW nominal power individually fed from a 190 litre aluminum fuel 

tank [93]. The corresponding VACR is charged with 7.3 kg of R-404A refrigerant. The 

condenser and evaporator coils have the dimensions of 1.940 m × 2.176 m × 0.579 m 

and 1.684 m × 1.149 m × 0.280 m , respectively. Based on the data from the 

manufacturer, the VACR can deliver nominal cooling powers of 10.26 and 17.59 kW at 

evaporator return air temperatures of -18 and 2oC, respectively. 
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(a) Trailer #1; condenser (left), evaporator (right) 

 

(b) Trailer #2; condenser (left), evaporator (right)

 

Figure  3-13: Selected typical refrigerated trailers for field data acquisition 
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3.4.1. Measuring equipment installation and duty cycle definition 

A number of T-type thermocouples and humidity data loggers as well as 

anemometers are employed to obtain the real-time field data from the selected VACR 

units and investigate the thermal and performance behavior. In Figure  3-14 and 

Figure  3-15 samples of the main installed measuring equipment are shown.  

 

 

 

 

 

 

 

 

 

 

 

Figure  3-14: Sample installed measuring equipment on the condensing unit, (a) air 
temperature and humidity at condenser inlet, (b) refrigerant 
temperature at compressor inlet and outlet 

 

(a) (b) 
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Figure  3-15: Sample installed measuring equipment on the evaporating unit, (a) 
refrigerant temperature at evaporator coil inlet and outlet, (b) air 
temperature and humidity at evaporator outlet, (c) air temperature 
and humidity at evaporator inlet  

The data collection took place during summer, spring, fall, and winter periods. 

Based on the dairy product delivery schedule of the selected trailer and onsite 

observations as well as the obtained data from the measuring equipment, the duty cycle 

of the VACR systems are determined. The obtained duty cycles for the trailers #1 and #2 

are presented in Figure  3-16 to Figure  3-19. The figures indicate that different duty 

cycles govern the periods of Monday to Wednesday, Thursday to Saturday, and 

Saturday to Monday for trailer #1. From Monday to Wednesday, the refrigeration unit is 

turned on around 18:00 and after loading the dairy products into the compartment, the 

trailer stays in the parking lot till the next day morning. Around 5:00 AM of the next day, 

a truck (tractor) is connected to the trailer to deliver the products which ends around 

(a) 

(b) (c) 
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10:00 AM. Then, the refrigeration unit is switched off and the trailer is returned back into 

the parking area. Therefore, the VACR unit of trailer #1 is “on” between 18:00 to 10:00 

during Monday-Wednesday. For Thursday-Saturday, the duty cycle is similar to Monday-

Wednesday with two hours lag in starting the refrigeration unit and loading. During this 

period, the refrigeration unit is switched on around 20:00 instead of 18:00 and the rest of 

the operating schedule is the same as Monday-Wednesday. There is no delivery during 

Sunday for trailer #1. Accordingly, the trailer is not loaded and the refrigeration unit is not 

switched on during Saturday evening. Based on this procedure, there is another duty 

cycle governing the Saturday-Monday period. Although the refrigeration unit is kept off 

during the evening and overnight of Saturday, the Sunday loading for Monday morning’s 

delivery is commenced in the morning instead of evening. Therefore, during the third 

duty cycle, the refrigeration unit is turned on around 8:00 AM of Sunday, and kept on all 

day and overnight. Then, the product delivery is started around 5:00 AM of Monday and 

finished around 10:00 AM. The duty cycle of VACR system in trailer #2 is more or less 

the same all the weekdays and weekends as represented in Figure  3-19. For this trailer, 

the loading and delivery do not take place on Wednesday afternoons and Sunday 

mornings. The obtained duty cycles are later employed through the next sections for a 

meaningful data analysis. 
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3.4.2. Real-time data acquisition  

The procedure of data logger installation and data acquisition has been 

conducted for periods of several days during different seasons of years 2014 and 2015. 

Figure  3-20 to Figure  3-23 represent samples of the acquired temperature data from the 

measuring equipment during the cold seasons. The duty cycle intervals are added to 

these plots for a better understanding of the system behavior. Based on the acquired 

data, the following is concluded for the cold seasons of year: 

o The ambient temperature (Lower Mainland, British Columbia, Canada) normally 

varies during the day and night with above-zero and sub-zero magnitudes that 

directly affect the refrigeration unit’s behavior during the duty cycle; see 

Figure  3-20.  

o Since the refrigeration unit is not working during the “cycle off” intervals, the air 

temperature at evaporator inlet and outlet, which represent the air temperature 

inside the trailer, follows the ambient temperature; see Figure  3-21.  

o During the “cycle on” intervals (areas not colored in Figure  3-21 to Figure  3-23), a 

few short-time compressor operations appear, which change both the refrigerant 

and indoor air temperatures. However, due to low ambient temperature, the 

demand for operation of the refrigeration unit to reduce the indoor temperature is 

quite low. Accordingly, the refrigeration system remains off during most of the 

duty cycle. 

o The refrigeration unit is completely oversized for the winter period which is longer 

than the summer period in Canada. This leads to low efficiency operation of the 

unit for most of its duty cycle. Thus, replacing the unit with an adjustable capacity 

system equipped with variable speed components could lead to a better 

performance throughout the year. In addition, a heavy engine-driven VACR 

system with weight of more than 1100 kg, based on manufacturer’s data [94,95], 

is transported during most seasons of the year with very little use. This almost 

unnecessary weight transport significantly contributes to fuel consumption of the 

truck and leads to GHG emissions.  
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In Figure  3-24 to Figure  3-33, the acquired data from trailers during the warm 

seasons (July 2014, Aug 2015) are plotted. The following can be concluded from these 

results: 

o The ambient temperature varies remarkably during day and night (see 

Figure  3-24 and Figure  3-25) and that imposes variable cooling load and 

operational conditions on the VACR system. Due to heat gain from trailer wall 

and air infiltrations during food loading/unloading, the refrigeration unit frequently 

turns on and off during “ON” periods to keep the indoor temperature close to a 

pre-set desired temperature (~4oC). The loaded food products do not impose any 

additional cooling loads on the VACR system because they have already been 

cooled down to the desired temperature before being loaded. The refrigerant 

temperature during day and night is a function of duty cycle and ambient 

temperature variations.  

o The frequency of VACR on-off cycling right after switching the system “ON” from 

an “OFF” condition is higher than usual (see Figure  3-27, Figure  3-29, and 

Figure  3-30). Especially, whenever the system is switched “ON” after a longer 

“OFF” period, the intensity of on-off cycling is more significant. This higher rate of 

fluctuations happens due to thermal inertia of the trailer compartment. During the 

“OFF” periods, heat is stored throughout the thermal mass (walls) of the trailer. 

As such, the VACR system must work harder to overcome the thermal inertia 

and keep the temperature desirable, which leads to more intense fluctuations 

and higher energy consumption.  

o At the end of each “ON” period, which coincides with delivery hours, some 

irregular fluctuations with larger amplitudes can be observed on the evaporator 

air temperature graphs (see Figure  3-28, Figure  3-29, and Figure  3-31). This 

chaotic behavior of the air temperature emerges due to frequent door opening for 

unloading products, which causes ambient air infiltration into the trailer. The door 

openings and high-amplitude temperature fluctuations during the delivery hours 

not only impose extra cooling load on the VACR unit, but also destructively affect 

the quality of food products.  

o Loading the food products several hours earlier than the delivery leaves a loaded 

trailer in the parking area exposed to ambient temperature and sometimes sun 
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Figure  3-31:  Sample zoomed air temperature variations at end of a cycle “ON”– 
trailer # 1, Jul 2014 

 

Figure  3-32: Sample refrigerant temperature variations at compressor inlet and 
outlet – trailer # 2, Aug 2015 
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Figure  3-33: Sample air temperature variations at evaporator inlet and outlet – 
trailer # 2, Aug 2015 

3.5. Conclusion 

Experimental study and field data acquisition were discussed in this chapter. A 

testbed was designed and built in LAEC using an existing VACR system. The testbed 

was developed for experimentation and to validate the mathematical models, validation 

of the models is presented in Chapter 4. In addition, the testbed was modified to act as a 

platform for testing the proof-of-concept demonstration of a high efficiency VACR 

system. The most important modification of the testbed was the replacement of all the 

existing components of the VACR system with high efficiency ones, including a variable 

speed compressor and variable speed fans, as well as high efficiency heat exchangers.  

The field data acquisition was initiated on a pilot stationary A/C-R system to gain 

experience before moving to the challenging mobile A/C-R systems, which was the 

major goal of this project. The required data collecting equipment were determined, 

purchased, and tested during the study of stationary system. The data was collected for 

a period of three months and analyzed in this chapter. The duty cycle of the pilot 
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stationary A/C-R system was discussed and the thermal and performance behavior of 

the system were investigated. Afterwards, field data collection was started on 

refrigerated trailers employed by Saputo Inc. for daily refrigerated food products delivery. 

The study was performed during different seasons of 2014 and 2015. The duty cycles of 

the trailers were established and utilized for data interpretation. The thermal behavior of 

the corresponding VACR systems were analyzed, which can fill the existing gap of 

literature on these systems. The acquired data from the experimental setup and pilot 

stationary A/C-R and VACR systems are used for model validation and performance 

analysis in  Chapter 4.  
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Chapter 4.  
 
Model Validation, Thermal and Performance 
Investigation 

The steady-state, quasi-steady-state and transient mathematical models were 

presented in  Chapter 2. The developed models are employed in thermal and 

performance investigations of the A/C-R systems. In addition, the models are utilized to 

develop an optimization-based controller for the proof-of-concept demonstration of high 

efficiency VACR. To employ the developed models for these purposes, the accuracy of 

their simulations is validated using the obtained experimental and field data. In this 

chapter, the model validation is shown and the models are used for thermal and 

performance investigations of the stationary and mobile A/C-R systems.  

4.1. Steady State Model Validation, Thermal and 
Performance Investigation 

4.1.1. Results relevant to the developed testbed in LAEC 

Utilizing the developed testbed in LAEC, the accuracy of the steady state model 

is validated. To cover all the operating conditions of a real VACR system, the model 

validation is carried out in a wide range of temperature, 20-60 oC for the condenser air 

inlet temperature (ambient temperature) and 10-50 oC for the evaporator air inlet 

temperature (the conditioned space temperature). The experiments show that it takes 

around one hour to arrive at steady state conditions for each test, see Figure  4-1. After 



 

achie

the p

 

 

Figur

expe

range

humid

cond

respe

cause

beha

the r

eving steady

urpose of m

re  4-1: Sam
si

Figure  4-

rimental dat

e of evapora

dity of the in

enser air flo

ectively. The

es a gradu

vior can be 

refrigeration 

y state cond

model validat

mple steady 
de tempera

-2 shows a

ta for air te

ator inlet air t

nlet air is kep

ow rates ar

ese results 

ual increase

explained b

cycle ,cT T

ditions, the a

ion and syst

state condi
ature 

a compariso

mperature a

temperature

pt at 50% fo

re kept at t

show that e

e in the ev

based on th

eT . By incre

72 

average valu

tem perform

ition achiev

on between 

at the outlet

e , ,a evap inT . It s

r all the ,a evT

the nominal

even for a c

vaporator ai

he condensin

easing ,a condT

ues of each

ance analys

vement - me

 the mathe

t of evapora

should be m

,vap in  values.

l capacities 

constant ,a eT

ir outlet tem

ng and evap

,d in , cT  rises

Steady State

h parameter 

sis. 

easured refr

ematical mo

ator, , ,a evap ouT

mentioned tha

Also, the ev

of 0.04 an

,evap in , increa

mperature T

porating tem

s to keep 

e 

are used fo

 

rigerant 

odel and th

ut , for a wid

at the relativ

vaporator an

nd 0.25 kg/s

asing , ,a condT

, ,a evap outT . Th

mperatures o

the require

or 

he 

de 

ve 

nd 

s, 

in  

is 

of 

ed 



 

temp

The T

comp

low 

corre

 

Figur

obtai

incre

,a evapT

from 

erature grad

cT  increase 

pressor char

pressure (e

espondingly c

re  4-2: Valid
ev

te

Figure  4-

ned experi

asing , ,a condT

,ap in . Increas

the condens

dient betwee

leads to a 

racteristics a

evaporating 

change.  

dation of th
vaporator ai

mperature (

-3 presents 

mental data

in , eT  incre

e in eT  is du

sing pressur

en the refrig

higher con

as a turbo-m

pressure eP

e model (lin
ir outlet tem

, ,( )a cond inT  

a comparis

a for evap

ases and th

ue to increas

re, cP , enhan

73 

gerant and a

ndensing pre

machine and

e ) and the 

nes) with ex
mperature (

son betwee

porating tem

he rate of t

se in the ev

ncement due

air for a suffi

essure cP . T

d the expans

mass flow

xperimental

, ,( )a evap outT  vs

n the math

mperature T

this increas

vaporating pr

e to the rise 

icient heat r

Therefore, b

sion valve p

w rate of re

l data (symb
s. condense

ematical mo

eT  and sho

e is higher 

ressure eP , 

in cT . 

rejection rate

based on th

roperties, th

efrigerant w

 

bols), 
er air inlet 

odel and th

ows that b

for a highe

which come

e. 

he 

he 

will 

he 

by 

er

es 



 

Figur

total 

that b

cT  a

incre

reaso

refrig

same

the h

unde

an in

re  4-3: Valid
Ev

(T

Figure  4-

power cons

by increasing

and the re

asing , ,a evapT

on of mass f

erant increa

e speed, it p

higher densi

r a warmer 

crease in ref

dation of th
vaporating t

, , )a cond inT  

4 to Figure 

sumption, co

g , ,a cond inT  fo

frigerant m

in  leads to 

flow rate incr

ase due to th

roduces a h

ty. Based o

ambient con

frigerant ma

e model (lin
temperatur

 4-7 also sh

ooling powe

or any const

ass flow ra

an increase

rease at hig

he higher cP

igher mass f

on this obse

ndition, whic

ass flow rate

74 

nes) with ex
re ( )eT  vs. co

how the beh

er, and COP

tant , ,a evap inT

ate refm . In

e in the ref

her , ,a cond inT

 and eP . Be

flow rate of 

erved behav

ch increases

. 

xperimental
ondenser a

havior of ref

P, respective

results in a

n addition, 

frigerant ma

and , ,a evap inT

ecause the c

refrigerant a

vior, one ca

s both ,a conT

l data (symb
air inlet tem

frigerant ma

ely. Figure 

n increase t

for a cons

ass flow rat

 is that the d

compressor 

at larger cP  a

n conclude 

,nd in  and ,a evT

 

bols), 
perature

ass flow rate

 4-4 indicate

to both eT an

stant , ,a cond inT

te. The mai

density of th

operates at 

and eP  due t

that workin

,vap in , leads t

e, 

es 

nd

n , 

in 

he 

a 

to 

ng 

to 



 

75 

Due to the increase in refrigerant mass flow rate as well as the pressure ratio 

changes, the total power consumption increases with increasing , ,a cond inT ; see Figure  4-5. 

The same trend exists for increases in , ,a evap inT  at any constant , ,a cond inT . This behavior 

indicates that in warmer areas, a refrigeration unit draws more full-load power than in 

colder areas. Furthermore, as can be observed in Figure 4-6, by increasing , ,a cond inT  for 

a constant , ,a evap inT , the cooling capacity of the system decreases. By recalling the 

behavior of evaporating temperature eT  from Figure  4-3, the cooling capacity decrease 

can be explained. This decrease is a result of air-refrigerant temperature difference 

reduction due to increase in eT  from increasing , ,a cond inT  for a constant , ,a evap inT . However, 

this figure shows that for any constant , ,a cond inT , increasing , ,a evap inT  results in a higher 

cooling capacity of the system. Therefore, increasing the ambient temperature (higher

, ,a cond inT  and , ,a evap inT ) may increase or decrease the total cooling capacity of the system.  

The thermal insulation of the conditioned space can be decisive for this behavior. 

If the thermal insulation of the conditioned space prevents a large temperature rise 

inside the space after a large increase in ambient temperature (increasing , ,a cond inT  for 

almost a constant , ,a evap inT ), the cooling capacity of the system will drop. However, if poor 

insulation lets the indoor temperature increase with increases in ambient temperature, 

the cooling provided by the system will increase though the total efficiency degrades due 

to higher thermal losses. Furthermore, for any constant , ,a evap inT , the power consumption 

increase and cooling capacity decrease of the system with increasing , ,a cond inT  leads to a 

COP decrease that can be observed in Figure  4-7. However, increasing , ,a evap inT  for any 

constant , ,a cond inT  slightly increases the system COP. Based on this behavior, one can 

conclude that increasing the thermostatic set points of the conditioned space (higher

, ,a evap inT ) for any ambient condition will result in a higher COP.  
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The maximum relative discrepancy between the model output and the measured 

values is 10.6% emerging from cooling load results. For the rest of the presented 

parameters, the maximum relative discrepancy is less than 10%. The main sources of 

relative discrepancy between the model and experimental data come from either 

measuring equipment (minor error – from experimental data) or sub-models (major error 

– from model outputs) inaccuracies. Since there are a variety of characteristic 

parameters existing in the sub-model correlations (dimensions of coils and fins, heat 

transfer properties of coil/fin material, refrigerant thermodynamics properties, convective 

heat transfer coefficients, etc.) that are affected by measurement or round-off errors and 

impurities, the model results and experimental data cannot be exactly the same. In this 

study, the characteristics of the heat exchangers given by the manufacturer especially 

the material property are the main sources of relative difference between the developed 

model and the experimental results. It should be mentioned that the uncertainty analysis 

for all the experimental data is conducted. Based on this analysis, the uncertainty for the 

temperature measurements is ±1oC, for refrigerant flow rate ±1% (relative), for power 

consumption 1.5%, for cooling power ±0.5%, and for COP 2%. Employing the validated 

model, the thermal and performance behavior of VACR system is investigated in the 

following sections. 

4.1.1.1. Effects of condenser air flow rate (condenser fan speed) on COP 

To investigate the effects of condenser fan speed on the system performance, in 

this section a wide range of condenser air flow rate ,a condm  is modeled and the results 

are presented. In addition to partial flow rates of the existing condenser fan (33%-100% 

of the nominal fan capacity 0.25 kg/s), higher flow rates (100%-167%) are also simulated 

to assess the possibility of performance improvement by replacing the existing fan with a 

higher capacity one. The evaporator air inlet temperature is assumed to be kept at 20oC 

and the evaporator fan is set at its nominal speed. Figure  4-8 to Figure  4-11 respectively 

represent the variations of refrigerant flow rate, total system power consumption, cooling 

power, and COP for the mentioned range of ,a condm  based on the steady state 

mathematical model. The results show that by increasing ,a condm  for any constant 

ambient temperature, the following can be inferred: 
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o The refrigerant mass flow rate refm  decreases continuously, but with higher rate 

at smaller ,a condm  (less than 80% of the nominal capacity ~ 0.2 kg/s). This 

decrease is due to the higher heat transfer rate at larger ,a condm , which reduces 

the condensing temperature cT  and the corresponding pressure cP . The cP  

reduction results in a decrease in evaporating pressure eP . Accordingly, the total 

refrigerant pressure in the cycle decreases and results in lower refrigerant 

density, which leads to a lower refm  for a constant speed compressor operation. 

However, beyond almost 80% of the nominal ,a condm (~ 0.2 kg/s) the variation of 

refm  becomes less dramatic. This behavior is due to power consumption 

increase beyond the mentioned ,a condm  that increases the total heat rejection rate 

at the condenser. The increase in heat rejection increases cT  and negates the 

effect of ,a condm  enhancement on reducing cT  and thus, the refm will no longer 

remarkably reduce.  

o The total power consumption first decreases to a point of minimum power due to 

a reduction in the compressor power, then increases due to the increasing power 

of the condenser fan. The reduction in compressor power appears due to the 

decrease in both the refrigerant mass flow rate and the high pressure. However, 

as the refrigerant flow rate variation becomes negligible after a ,a condm  of 0.2 

(almost 80% of the nominal ,a condm ), the compressor power consumption also 

does not change remarkably. Meanwhile, power consumption of the condenser 

fan continuously increases and results in the increase in the total power.  

o The cooling power continuously increases, with higher rate at smaller ,a condm  less 

than 80% of the nominal capacity. This trend is more pronounced at higher 

ambient temperature. A more significant gap between the cooling power curves 

at higher ambient temperatures indicates a remarkable loss of cooling capacity 

for the system in hot zones. The steeper increase of cooling power at smaller 

,a condm  is due to the greater reduction of eT  (as a result of cT  reduction), which 

increases the refrigerant-air temperature difference at the evaporator. However, 
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Comparing the effects of evaporator and condenser air flow rates on COP shows 

that although the ,a condm  can lead to an optimum COP for the VACR system, changing 

,a evapm  does not result in optimum values; however, ,a evapm  plays an important role in the 

magnitude of the system COP. In Figure  4-15 to Figure  4-17, the VACR system’s power 

consumption, cooling power, and COP for a wide range of ,a condm  and ,a evapm  are 

presented based on the modeling. The evaporator and condenser air inlet temperatures 

( , , , ,,a evap in a cond inT T ) are set at 26.7 and 35 oC respectively, based on ANSI/AHRI standard 

210/240-2008. In addition to the mentioned , , , ,,a evap in a cond inT T  set points, the simulations 

are carried out for other set points and the trends of the results are similar to the 

presented ones. Based on Figure  4-15 to Figure  4-17, the following can be concluded: 

o Power consumption first decreases to a point of minimum power (compressor 

power reduction is predominant), then starts to increase (condenser fan power 

increase is predominant).  

o Cooling power increases with increasing ,a condm  or ,a evapm ; however, the rate of 

increase at smaller ,a condm  or ,a evapm is more considerable. This behavior emerges 

from the variations of eT , cT , and refrigerant mass flow rate. 

o For a given , ,a evap inT  and , ,a cond inT , which respectively represent the vehicle cabin 

temperature and the ambient temperature, and any evaporator fan speed 

adjustment by the truck driver, there is a point of optimum COP for the system 

that can be achieved by setting the condenser fan speed. The points of optimum 

COP are connected through a light-brown line in Fig. 4-17.  

o The magnitude of the system’s optimum COP increases with increasing ,a evapm . 

Although the rate of this increase is significant at smaller ,a evapm , it becomes 

nearly negligible at larger ,a evapm . For the presented ANSI/AHRI 210/240-2008 

condition, the maximum achievable COP is at 200% of nominal ,a evapm  and 125% 

of nominal ,a condm . 
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of cooling power increase than compressor power increase, the COP of the system is 

11% higher for the case of optimal fans’ speed as presented in Figure  4-17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4-18: Comparison of thermodynamic pressure-enthalpy cycle between 
nominal (red continuous lines) and optimal (green dashed lines) 
condenser and evaporator air flow rates (ANSI/AHRI 210/240-2008 
air-side condition) 

It can be concluded that for any vehicle’s cabin temperature set point ( , ,a evap inT ) 

and ambient temperature ( , ,a cond inT ), an optimum COP is achievable by changing the 

evaporator and condenser fan speeds. It should be noted that the first VACR system 

employed in the testbed (the results presented in this section) was equipped with 

constant speed compressor. However, the high efficiency VACR system built in LAEC is 

equipped with a variable speed compressor as well, which contributes more significantly 

to COP optimization (the results are discussed in  Chapter 6). As such, the COP of a fully 

variant capacity VACR system can be optimized by developing an intelligent controller to 

find the optimum compressor, condenser, and evaporator speeds for any operating 

condition.  
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consumption of the system. It should be noted that an electric defroster is installed on 

the evaporator coil of the system to melt down the formed ice repeatedly. Based on the 

simulation and measurements, the A/C-R system (including its defroster) currently 

consumes 16,300 kWh/yr, which is 4,600 kWh/yr more than a new system (brand new of 

the same condensing unit). This significantly higher energy consumption indicates the 

necessity of either replacing the current system with an efficient A/C-R system or 

resolving the performance-related issues of it. 

The on-site observations indicate that the system is relatively new (~only 10 

years old); fairly well designed; and well maintained. From the calculated COP values, 

one can conclude that even for such a relatively new refrigeration system a significant 

degradation takes place over years. There are many refrigeration units running around 

the world that are older than the studied system. Accordingly, a significant amount of 

energy can be saved worldwide by replacing or improving the efficiency of old 

commercial refrigeration units. 

Based on the calculated relatively high energy consumption of this system and 

the large efficiency degradation over its life cycle, implementing performance 

improvement technologies can have significant results (see Ref. [87]). During the 

measurements, it was observed that the timer-based defrosting system consumed a 

large amount of energy and released a frequent and significant heat load into the freezer 

room. Utilization of defrosting systems for any freezer room is inevitable due to 

continuous ice formation on the evaporator coil, which significantly reduces the thermal 

conductivity of the coil. However, timer-based defrosters (employed in the current A/C-R 

system) are one of the inefficient types that can be replaced by humidity-based 

defrosters. In the current freezer room, the compressor is shut off during the defrost 

cycle (every 6 hours) and a 1,600 W heater is turned on for heating the surface of 

evaporator coil to melt down the formed ice layer. Based on the on-site observations and 

temperature/humidity measurements, more than half of the defrosting cycles, especially 

during the restaurant’s “off-hours” duty cycles, are unnecessary. The measurements and 

calculations show that more than 1,400 kWh/yr, equal to 9% of the total energy 

consumption of the VCR system, can be saved if the timer-based defroster is replaced 

by a humidity-based controlled type. 
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In addition, installing a heat recovery unit on the VCR system can have 

significant impacts on the performance. Since the freezer room is installed in a 

restaurant, heat rejection from the condenser of the A/C-R system can be used for many 

purposes such as preheating the service water or fresh air supply to the air conditioning 

system during winter. Based on the simulations, the extractable heat rejection from the 

condenser of system is more than 30,000 kWh/yr. By considering an effectiveness of 

75% for a typical heat recovery unit, 22,500 kWh/year of the restaurant’s heating energy 

(equal to 138% of total energy consumption by the A/C-R system) can be provided from 

the condenser’s heat rejection. Furthermore, replacing the constant speed compressor 

(repeatedly cycles on and off during most of the duty cycles) with a variable speed 

compressor that is adjustable for partial loads will have a significant impact on the 

energy consumption of the freezer room. Studies have proven that the start-up electric 

power draw of electrical compressors is several times the nominal power [88]. The 

measured values for the current system were presented in Section  3.3.2.  

4.2. Quasi Steady State Model Validation 

The accuracy of the first and modified versions of the developed quasi-steady 

state model (see section  0) are evaluated under transient operating conditions in this 

section. The first version of the quasi-steady state model is developed based on the 

validated steady state model. Transient operating conditions can be imposed on an A/C-

R system by variations in evaporator or condenser air inlet conditions as well as the 

commands from system controller. Accordingly, any imposed transient condition that 

takes into account variations in inlet air condition (temperature/humidity and mass flow 

rate) or controller commands (on/off or speed change), can be considered in this section 

to verify the accuracy of model.  

A variety of tests have been carried out to verify the accuracy of the developed 

quasi-steady state model. Based on the comparisons, the accuracy of the first version of 

model to predict the behavior of system under transient conditions degrades as the 

intensity of changes increases. The worst case scenario, with highest discrepancy 
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During the “on” conditions, the model predicts a constant cooling power of the 

system due to steady state air-side temperature and compressor/fans speeds. However, 

based on the measurements, the cooling power increases slowly after each start-up 

before reaching a steady state condition. During the “off” intervals, the model does not 

predict any deliverable cooling power by the system because the compressor does not 

create any refrigerant flow. However, the measurements show that the system still 

provides cooling during the compressor “off” intervals due to the existence of cold 

refrigerant in the evaporator (the evaporator fan is kept “on”). Accordingly, during the 

“off” intervals the model predicts the system cooling power with 100% relative difference. 

The relative differences between the model and experimental data for the other 

parameters of the system are less than the presented cooling power; however, the 

model accuracy is not acceptable. As described in Section  2.2, the main source of this 

high relative discrepancy is a lack of considering the thermal inertia of the condenser 

and evaporator in the model. Therefore, a modified version of the quasi-steady model is 

developed and discussed in that section. Figure  4-22 shows a comparison between the 

modified quasi-steady model and the experimental data for the same testing conditions 

as Figure  4-21. The modified model predicts the behavior of the A/C-R system 

remarkably better than the first quasi-steady model. The maximum relative difference 

between the model and the measured values is less than 24%. However, the maximum 

relative difference between the time-averaged values of model predictions and the 

measurements is less than 8%.  
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Figure  4-26: Sample simulated and measured cooling power - Trailer #2, Thu to 
Sat, August 2015 

One of the major sought-after outputs of this study is the real-time COP of the 

VACR systems. To obtain the real-time COP, both instantaneous cooling power and 

input power to the VACR system are required. Because the VACR system is directly 

driven by a diesel engine, the instantaneous mechanical power input to the compressor 

and fans of the system cannot be directly measured. As such, the only way of obtaining 

the instantaneous power consumption and COP is through the simulation using the 

developed and validated model. However, the measurement of overall energy 

consumption by the refrigerated trailer is also done over the study period to achieve 

comprehensive and more reliable results. The most detailed overall energy consumption 

achieved in this study is the amount of fuel needed to refill the trailer. To achieve the 

highest accuracy for the fuel consumption data, the fuel tank is fully filled to capacity at 

each refill and thus, the amount of fuel consumption during each interval is equal to 

amount of fuel needed to refill the tank after that interval.  

Figure  4-27 shows a sample of simulated transient power input to the VACR 

system of trailer #2 over a 10 day period. Based on the transient simulation results over 
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day and nights of mild and warm seasons, the power consumption of the VACR system 

(trailer #2) varies between 11.2 and 18.4 kW over the “ON” cycles depending upon the 

imposed cooling load as well as the ambient and indoor temperatures. In general, the 

power consumption of the VACR system is higher at the beginning and end of each 

“ON” cycle due to higher imposed cooling load because of thermal inertia in the 

beginning and door opening during the delivery hours. Based on the simulations over the 

year, the maximum power consumption by the VACR system of trailers #1 and #2 are 

18.0 and 18.4 kW that appear at 18:02 and 17:36 of a warm day in July, respectively. 

Furthermore, the average power consumption over an “ON” cycle is higher in days of the 

warm seasons and lower during nights of mild seasons. Based on the obtained results, 

the maximum power consumption of the studied VACR system of the trailers during a 

complete “ON” cycle is 44.5 kWh, which occurs on a warm day in July. The average 

yearly energy consumption of the simulated VCR systems is 11,800 kWh. 

 

 

 

 

 

 

 

 

 

 

Figure  4-27: Sample simulated power consumption for 10 days - Trailer #2, August 
2015 

Finally, the real-time COP of the refrigerated trailers was obtained using the 

simulated transient cooling power and power consumption over the study period. 
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Figure  4-28 shows a sample of the obtained COP results. Based on all the obtained 

results during mild and warm seasons for both trailers, the following can be concluded: 

o The real-time COP of the refrigerated trailers varies in a range of 0.001-1.33 

over the “ON” periods. This wide range of COP indicates sensitivity of the 

VACR systems to the operating condition. The significantly small values of 

COP (less than 0.1) exist over a short period of time at most of the on-off 

fluctuations right after the VACR starts working. Over such periods, the 

VACR immediately starts consuming significant power; however, it takes time 

(several seconds up to two minutes) to deliver a considerable cooling effect. 

o The larger COP values appear over the beginning and final hours of most 

“ON” periods, even though the power consumption is a bit higher over those 

hours (see Figure  4-27). These higher COP values exist due to higher cooling 

power of the VACR system over those hours (see Figure  4-26). However, in 

the middle of most “ON” periods the COP is smaller due to smaller cooling 

power even though the power consumption is also a bit lower.  

o The average simulated COP of the trailers over the year is 0.58. This number 

is significantly smaller than COP of stationary systems and highlights the 

importance of studying the food transportation industry, as it has an 

enormous impact on global energy consumption and the environment. 

o Using the measured fuel consumption of the trailer, the experimental COP is 

also calculated. As such, the measured cooling power is integrated over time 

and used along with the measured fuel consumption over the same period of 

time, which results in an overall time-averaged COP of 0.185 for the engine-

VACR combination. Based on the manufacturer’s data, the average thermal 

efficiency of the employed Diesel engines is nearly 30%. As such, the time-

averaged COP of the VACR systems will be 0.62 based on the 

measurements. Thus, there is only a 6.5% relative difference between the 

simulated and measured average COP values of the studied VACR systems, 

which validates the accuracy of the obtained results. 
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Figure  4-28: Sample simulated COP for 10 days - Trailer #2, August 2015 

The obtained results from simulations and measurements shows that a typical 

VACR of a refrigerated trailer that works in a relatively average climatic condition (British 

Columbia, Canada) consumes 11,800 kWh/yr. Assuming that the average diesel engine 

has a thermal efficiency of 30%, the typical refrigerated trailer consumes more than 

3,000 liter/yr of Diesel fuel. The maximum required power and energy during an “ON” 

period throughout the year (including loading and delivery) are calculated as 18.4 kW 

and 44.5 kWh, respectively. Based on the obtained data from the GPS of the trucks that 

move the studied trailers, more than 60,000 km/yr is travelled by each trailer. Therefore, 

a heavy and low-efficiency engine-driven VACR (total of 1,100 kg including the fuel tank) 

is transported more than 60,000 km/yr, significantly contributing to GHG emissions. As a 

key conclusion of this part of the study regarding the required power and energy and 

performance variations of the VACR systems, it is highly recommended that all the 

engine-driven refrigerated trailers around the world be replaced by battery-powered 

refrigerated trailers to eliminate the relevant GHG emissions. Based on the 

manufacturer’s data [94,95], eliminating the engine and fuel tank will reduce the total 

weight of trailer up to 600 kg. Assuming an average specific power and energy of 300 



 

103 

W/kg and 0.2 kWh/kg for Li-ion batteries to replace the engine and fuel tank [97,98], the 

maximum weight of required electromotor and batteries will be 250 kg. Thus, 350 kg of 

total trailer weight can be removed by replacing the engine-driven VACR with a battery-

driven VACR system. This weight reduction equals 1.5% of total truck-full trailer weight 

based on the field measurements and manufacturer’s data. 

Utilizing the available data on average fuel consumption versus weight of freight 

in transportation industry, the total fuel consumption of the truck that moves the trailer 

will be reduced by more than 0.5% as a result of such a weight reduction [99,100]. Thus, 

assuming an average truck-trailer combination fuel consumption of 35 L/100 km 

[101,102], at least 105 liters of Diesel fuel can be saved per year per truck-trailer. In 

addition, all the fuel consumption (3,000 liter/yr based on the obtained results) and GHG 

emissions from the refrigerated trailer’s Diesel engine will be eliminated. As such, a total 

of 3105 liters of diesel fuel, which is equivalent to 8,320 kg CO2/yr [103,104] can be 

reduced per truck-trailer combination by replacing the engine-driven VACR with battery-

powered type. In some areas around the globe, electricity is produced using clean 

techniques. Eventually, expanding the obtained results from the studied trailers shows 

that if all the engine-driven trailers in the world (estimated to be 1.2 million [7]) are 

replaced by battery-powered types fed from clean tech-generated electricity, more than 

3.7 billion liters of diesel fuel will be saved and CO2 production can be reduced by up to 

10 million tons annually.  

4.4. Conclusion 

In this chapter, the developed steady state, quasi-steady state, and transient 

models were validated and employed for comprehensive thermal and performance 

investigation of stationary A/C-R and VACR systems. The results of the steady state 

model were validated over a wide range of operating conditions using the testbed and 

showed less than 10.6% relative difference from experimental data. In addition, the 

accuracy of the steady state model was validated using the filed data from a stationary 

A/C-R system and showed a maximum of 9% relative difference. The quasi-steady state 
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model was validated using the experimental data from testbed and showed a maximum 

of 26% relative difference on the dynamic parameters; however, a good accuracy with 

less than 8% relative difference was achieved on the time-averaged parameters. The 

accuracy of the transient model was also validated using the field data from real VACR 

systems. The results showed a good agreement with less than 8.5% maximum relative 

difference on the transient parameters of VACR systems.  

The validated steady state model was employed for a comprehensive 

investigation of thermal and performance characteristics of VACR systems under 

different operating conditions. The results showed that for any imposed ambient and 

conditioned space temperatures, a point of maximum COP can be achieved by properly 

adjusting the evaporator and condenser fans speeds. The obtained results showed 11% 

potential improvement of COP under ANSI/AHRI 210/240-2008 conditions. The obtained 

results will be utilized for optimization model development in the next chapter. The 

steady state model was also employed for a performance evaluation of the pilot 

stationary A/C-R system and showed a remarkable degradation of the COP of the 

system from the design condition. Areas of potential energy savings were discussed for 

the studied stationary system. Finally, the results of the transient modelling of the real 

VACR system over the duty cycles were discussed and employed for an estimation of 

the global impact. By expanding the obtained results, it was recommended that all the 

existing engine-driven VACR systems employed in the refrigerated trailers all around the 

world be replaced by battery-powered VACR systems, which could lead to saving more 

than 3.7 billion liters of diesel fuel and reducing CO2 production by up to 10 million tons 

per annum. The results obtained in this chapter will be employed to develop an 

optimization model that will be implemented on the proof-of-concept high efficiency 

VACR system. 
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Chapter 5.  
 
Metamodel Development for Optimization 

In Section  4.1.1 of  Chapter 4, it was concluded that for any imposed operating 

condition on a VACR system, a point of maximum COP can be achieved by adjusting 

the capacity of controllable components of the system. As such, taking advantage of 

optimization techniques can properly lead the project toward achieving the final goal: 

development of an optimally controlled high-efficiency VACR system. A variety of 

techniques have been developed during the last decades for optimization of engineering 

systems in the steps of design or operation [105]. The literature review shows that 

numerous studies have generally covered the optimization of A/C-R systems in a variety 

of applications; however, the literature lacks a systematic optimization model 

development for VACR systems equipped with variable speed compressor and fans 

under realistic operating condition [106–116]. As such, in this chapter, a metamodel is 

developed for the new high efficiency VACR system built in LAEC to implement an 

optimization method on it and achieve the highest COP under any operating condition. 

The metamodel will be used in an optimization solver to be implemented on the proof-of-

concept demonstration of high efficiency VACR system in  Chapter 6. 

5.1. Metamodel Development Based on Steady State 
Thermal Model 

The goal of the optimization in this research is to maximize the COP of the VACR 

system under any operating conditions by adjusting the speed of the compressor and 

fans. As such, the so-called cost (objective) function to be minimized in the standard 
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form of optimization problem definition is -COP [105,117]. The COP is calculated using 

the following equation: 

 , ,

evap

comp f cond f evap

QCooling power
COP

Input Power W W W
 

 


(5.1)

To achieve the maximum COP of the VACR system in reality, all the appeared 

variables ( evapQ , , ,, ,comp f cond f evapW W W ) should be calculable and controllable. However, 

these variables are not directly controllable since they are functions of other system 

variables. The only controllable variables are the speed of compressor and fans. Based 

on the model developed in  Chapter 2, the cooling power  evapQ  is calculated using: 

 , , , ,evap ref ref evap in ref evap outQ m h h    
(5.2)

The appeared variables on the right hand side are not still directly controllable. 

These three variables are also functions of other VACR system’s variables as follows: 

2 2 2 2 2 2
0 1 2 3 4 5 6 7 8ref e c e e c c e c e c e cm d d T d T d T d T T d T d T T d T T d T T          

(5.3)

, , 1 , , 2( , ); ( )ref evap out ref evap out e e eh f T P P f T   
(5.4)

min, , , , ,
, , , ,

( )evap evap ref evap in ref evap out
ref evap in ref evap out

ref

C T T
h h

m

 
 


 

(5.5)

Again, none of the appeared variables are controllable since all of them are 

functions of other variables of a VACR system. Accordingly, other correlations should be 

employed for calculating these variables [70]. In addition to the abovementioned 

correlations for calculating the cooling power, evapQ , the power consumption (input 
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power) variables appeared in the denominator of Eq. (5.1) should also be correlated 

based on the controllable variables (see  Chapter 2): 

2 2 2 2 2 2
0 1 2 3 4 5 6 7 8comp e c e e c c e c e c e cW c c T c T c T c T T c T c T T c T T c T T          (5.6)
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 (5.8)

From the above equations, one can conclude that the power consumptions of the 

compressor and fans are correlated to variables that are not directly controllable (similar 

to the cooling power). Accordingly, these formulae should also be broken into other 

formulae to have relationships between controllable variables and the power 

consumptions [70].  

According to the abovementioned governing equations for COP calculation, it 

can be concluded that the cost function, which is -COP, cannot be explicitly expressed 

based on the VACR system’s controllable variables. In other words, all the mentioned 

coupled equations should be solved together in order to achieve a value for COP. As 

such, the full steady state mathematical model obtained in  Chapter 2, which is a set of 

20 coupled nonlinear equations, should be solved to calculate the COP of the VACR 

system. In order to achieve optimization for problems like this, metamodeling has been 

intensively used. The followings are limitations of the classical gradient-based 

optimization methods that hinder the direct application of these methods for solving such 

problems [117]: 

1- Explicitly formulated and/or computationally cheap models are required; however, 

engineering simulation involves implicit and computation-intensive models.  
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2- The output of gradient-based methods is usually a single optimum solution, while 

obtaining multiple design alternatives is desirable.  

3- The gradient-based methods provide inadequate insight since they are 

sequential and non-transparent.  

4- High level of expertise in optimization is required to apply the gradient-based 

optimization methods. 

On the flip side, the metamodeling approach has the following advantages [117]: 

1- Optimization techniques for metamodels have higher efficiencies.  

2- Parallel computations can be done to generate sample points since the 

metamodels are obtained from separate independent points.  

3- Engineering insight can be more efficiently achieved since the sensitivity of 

effective variables is easily assessable. 

4- The metamodeling approach can deal with both continuous and discrete 

variables.  

Metamodel-based optimization can be performed with different strategies. In this 

research, the “sequential approach” is employed that is formed from: 1) sample space 

generation, 2) metamodel development, 3) metamodel validation, 4) optimization on 

metamodel [117]. For the current problem, which is maximization of the COP, the 

sample space is generated by executing the steady state mathematical model 

developed in  Chapter 2. Then, the metamodel is obtained by using “Least Square 

Regression” for the generated space and after validation, it is employed for optimization. 

A standard optimization problem is usually formulated as [105]: 
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where, ( )f x COP   in this study. Therefore, a typical metamodel formulation for 

optimization is [117]: 
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 (5.10)

For the current problem, the speed of compressor, condenser and evaporator 

fans are controllable and independent. In addition, the metamodel-based optimization 

solver is supposed to be integrated with a cooling demand simulator in the next chapter 

to proactively and optimally control the operation of VACR system under any imposed 

ambient condition. As such, the cooling demand is an important input to the metamodel 

for the purpose of COP maximization. In addition, based on the model characteristics 

and the results of thermal study presented in  Chapter 3 and  Chapter 4, the air 

temperature at evaporator and condenser entries directly and independently affect the 

thermal and performance characteristics of the VACR system. The rest of available 

parameters and variables appeared in the mathematical model are dependent on the 

abovementioned variables. Accordingly, the following is defined as the standard form of 

the so-called design variables vector x  for the metamodel: 
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Therefore, the metamodel 1 2 6( ) ( , ,..., )f x COP x x x   will be obtained for the 

optimization purpose. Due to capacity and range of operation, the following linear 

constraints govern the optimization problem: 

531
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15 000
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xxx
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(5.12)

 

Based on the developed formulation, the metamodel is obtained in this chapter 

and will be used along with a cooling demand simulator in the next chapter to find the 

global optimum point of operation for any imposed cooling demand and temperatures on 

the VACR system. The three steps of sequential metamodel development for this 

problem including: sample space generation, metamodel development, and metamodel 

validation, are discussed in this section. In the next chapter, the validated metamodel will 

be used for the purpose of proactive and optimal control of the built high efficiency 

VACR system. 

5.1.1. Sample space generation 

The previously developed steady state model is executed for random design 

variables within the feasible ranges of application formulated in Eq. (5.12). Different 

numbers of sample points (NSP) between 500-5000 are tested to achieve the highest 

accuracy; a comparison between the results is presented in the next section. A few 

representative of the generated sample points are shown in Table  5-1. 
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Table  5-1: A few representatives of the generated sample space for metamodel 
development-steady state 

f COP   1x  2x  3x  4x  5x  6x  

-3.001 0.4 0.625 0.75 26.7 35 1.1 

-2.404 0.35 0.625 0.25 25 33 0.5 

-1.929 0.3 0.875 0.25 28 35 0.5 

-3.269 0.3 0.375 0.75 26.7 30 1.1 

-2.358 0.65 0.875 0.5 26 35 1.1 

-2.181 0.3 0.625 0.5 21.5 35 0.8 

-1.044 1 0.375 0.5 25 20 0.9 

-1.543 1 0.875 0.75 22.5 28 1.4 

-1.460 1 0.875 0.5 15 40 1.1 

-3.648 0.65 0.375 0.5 10 20 0.9 

-3.478 0.3 0.625 0.25 25 60 0.6 

-0.967 0.3 0.375 0.25 10 60 0.3 

-2.943 0.3 0.875 0.25 25 20 0.6 
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5.1.2. Metamodel development 

Utilizing the entire generated sample points, the metamodel is developed. Based 

on the COP behavior studied in section  4.1.1, a second-order response model is defined 

for the metamodel [117,118]: 

6 6 6 6
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(5.13)

Using the least square approach: 
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f x β e f x β  (5.14)

where,  e  represents the error, k  is the number of  coefficients and n  is the number 

of sample points, the coefficients of model can be obtained. Therefore, following [105]: 
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    1T T
β X X X f  (5.17)

a sample of the obtained elements of β for NSP = 5000 are shown in Table  5-2.  

Table  5-2: Obtained coefficients of metamodel for steady-state condition 

0  1  2  3  4  5  6  

-2.8219 0.0584 0.0143 0.0842 0.0805 0.0054 -11.4991 

11  22  33  44  55  66  12  

-0.0003 -0.0001 -0.0009 -0.0008 -0.0001 -4.0872 -0.0001 

13  14  15  16  23  24  25  

-0.0003 -0.0006 -0.0000 0.0530 -0.0000 -0.0002 -0.0000 

26  34  35  36  45  46  56  

0.0050 -0.0009 -0.0000 0.1219 -0.0000 0.1255 -0.0009 

 

5.1.3. Metamodel validation 

For validating the accuracy of metamodel, two different methods including: R-

squared and relative average absolute error (RAAE), are employed for the developed 

metamodel using the sample and testing points [119]. This section explains the 



 

114 

calculation of these parameters and validation of the metamodel. The corrected sum of 

squares TSS  is used as a measure of overall variability in the data [117,119]. 
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In addition, the sum of squares due to error is: 

 TT T
ESS  f f β x f  (5.19)

As such, the R-squared is defined as follows: 
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where,   sf x  and   sf x are the so-called black-box function (previously developed 

mathematical model of VACR system, see section  2.1) and the metamodel function at a 

sample point  sx , respectively. Moreover,   sf x  denotes the mean of black-box 

function over the n sample points in approximating the black-box function. The R-

squared indicates the overall accuracy of the approximated metamodel with given 

sample points. The closer the value of R-squared approaches one, the more accurate is 

the approximation model. However, R-squared is not sufficient for comparing accuracies 

of two models because it only shows the accuracy with respect to modeling points, not 

the model’s extrapolation ability. As such, the RAAE is defined as: 
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where, STD denotes the standard deviation of the black-box function prediction at the 

test points. The defined RAAE indicates the overall accuracy of the approximated model 

in the entire design range, computed at random test points. The smaller the RAAE value, 

the more accurate is the approximation. Both R-squared and RAAE show the average 

accuracy over the entire space. 

As such, the R-squared and RAAE for all the NSP values from 500 to 5000 are 

calculated and presented in Table  5-3. For the selected NSP = 5000, the R-squared is 

0.820 and the RAAE is 0.184. The results show that by increasing the NSP, the R-

squared decreases; however, the RAAE also decreases. The R-squared value is 

decreasing with the increasing number of sample points. It is expected because the 

model tries to find the coefficients in a way that the model becomes close to all of the 

sample points. By comparing the RAAE values, it can be concluded that the derived 

model is getting more accurate by increasing the number of sample points. This 

happens due to the fact that the RAAE is getting lower as the NSP increases [119]. In 

fact, by increasing the NSP, the accuracy of obtained metamodel increases since a 

wider range of design variable values are engaged in development of the model. A 

comparison between the NSP of 2000 and 5000 shows that the relative difference 

between the R-squared values and RAAE values on these NSPs are less than 4%, 

which shows a good validation for such complex engineering problem [117–119]. 

Accordingly, the NSP of 5000 and the corresponding metamodel are selected for the 

purpose of global optimization in this study. 
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Table  5-3: Comparison of obtained accuracies for different NSP 

NSP R-squared RAAE 

500 0.912 0.977 

1000 0.851 0.484 

2000 0.834 0.191 

5000 0.820 0.184 

 

5.2. Metamodel Development Based on Transient Thermal 
Model 

Based on the presented results in sections  3.3,  3.4, and  4.3, the VACR systems 

undergo a dynamic load and operating condition during the duty cycles. As such, for 

optimizing the COP under transient operating condition, a metamodel based on the 

validated transient mathematical model of the VACR system is required. However, the 

previously developed metamodel in the last section can be employed for the steady 

state condition. Similar to the optimization methodology discussed for the steady state 

condition in the last section, due to complexity, non-linearity, and coupling of the 

transient model equations, a metamodel-based optimization is used for the transient 

condition.  

Equation (5.10) governs the metamodel for transient condition. Similar to the 

steady state condition, the compressor and fans’ speed are the main controllable 

variables of the VACR system. In addition, the proactive control design that is based on 

the integration of metamodel-based optimization solver with an existing cooling demand 

simulator in the next chapter requires the cooling demand to be an input to the 
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metamodel. Furthermore, the ambient (outdoor) and conditioned space (indoor) 

temperatures directly affect the system operation and behavior. Moreover, as discussed 

in  Chapter 3 and  Chapter 4, the transient variation of ambient and conditioned space 

temperatures directly or indirectly affect the thermal and performance characteristics of a 

VACR system. The remaining variables and parameters in the developed transient 

mathematical model (see section  2.3) are dependent on the abovementioned variables. 

Accordingly, the following is defined as the so-called design variables vector x  for the 

metamodel under transient condition: 
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Using the field and experimental data on the range of variation of defined 

variables, the following constraints govern the optimization problem: 
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Following same procedure applied for the steady state model, the three steps of 

metamodel development for the transient condition are reported in this section as: 

sample space generation, metamodel development, and metamodel validation. 
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5.2.1. Sample space generation 

The developed and validated transient model in section  2.3 is executed for 

random design variables within the feasible ranges of application formulated in Eq. 

(5.24). Similar to the steady state condition, a variety of sample space sizes between 

500 and 10000 are tested to achieve the highest accuracy.  

5.2.2. Metamodel development 

Based on the system behavior and similar to the steady state model, a second-

order response model is defined for the metamodel of transient condition: 
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Using the least square approach, the highest accuracy metamodel is obtained. 

Table  5-4 shows the calculated elements of β for NSP = 10000. 
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Table  5-4: Obtained coefficients of metamodel for transient condition 

0  1  2  3  4  5  6  

-4.3211 0.1097     0.0169     0.1986     0.1985     0.0034   -22.1227 

7  8  11  22  33  44  55  

  -0.6255   -0.3349    -0.0005    -0.0000    -0.0019    -0.0020    -0.0002 

66  77  88  12  13  14  15  

   -5.6818 -0.1378   0.1009 -0.0002    -0.0006    -0.0018     0.0000 

16  17  18  23  24  25  26  

    0.0934     0.0020     0.0065    -0.0001    -0.0005    -0.0001     0.0248 

27  28  34  35  36  37  38  

    0.0090     0.0003    -0.0027    -0.0000     0.2039     0.0004     0.0017 

45  46  47  48  56  57  58  

    0.0001     0.2781     0.0098     0.0055     0.0195    -0.0079    -0.0083 

67  68  78      

  -0.0001 -0.0005    -0.0003     
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5.2.3. Metamodel validation 

Following same procedure of steady state model for the transient condition, the 

accuracy of developed metamodel is validated. The R-squared and RAAE for all the 

NSP values from 500 to 10000 are calculated and presented in Table  5-5. For the 

selected NSP = 10000, the R-squared is 0.751 and the RAAE is 0.217. A comparison 

between the R-squared and RAAE values for NSP of 5000 and 10000 shows a 

maximum relative difference of less than 5% that represents a good validation for the 

metamodel. Therefore, the NSP of 10000 and the corresponding metamodel are 

selected to be integrated with the cooling demand simulator in the next chapter. 

 

Table  5-5: Comparison of obtained accuracies for different NSP 

NSP R-squared RAAE 

500 0.876 1.068 

1000 0.818 0.574 

2000 0.781 0.310 

5000 0.764 0.228 

10000 0.751 0.217 
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5.3. Conclusion 

The metamodels for steady state and transient operating conditions were 

obtained in this chapter. Due to complexity of previously developed mathematical 

models, which appeared from the nonlinear and coupled governing equations, the 

metamodel-based optimization was selected in this study. The objective function was 

defined and the metamodel was obtained for steady state and transient conditions 

separately. The so-called design variables vector for steady state condition was formed 

from speeds of compressor and fans, cooling demand, ambient temperature, and 

conditioned space temperature. The ambient and conditioned space temperature 

gradients (time derivative) were added to the mentioned variables to form the set of 

design variables for the transient metamodel. Sample spaces with NSP of 500-5000 for 

the steady state and 500-10000 for the transient condition were generated by executing 

the original mathematical models for random design variables. The metamodels were 

then developed using second-order response model approach and validated using R-

squared and RAAE methods. The values of 0.820 for R-squared and 0.184 for RAAE of 

steady state metamodel were achieved using the NSP of 5000. In addition, the R-

squared of 0.751 and the RAAE of 0.217 were achieved for the transient model using 

the NSP of 10000. The obtained metamodels will be integrated with a cooling demand 

simulator in the next chapter to develop the proactive, optimization-based model 

predictive controller for achieving the highest COP of the built VACR system in the 

LAEC.  
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Chapter 6.  
 
Proof-of-concept Demonstration of High Efficiency 
VACR System for Service Vehicles  

The main goal of this research is to develop a proof-of-concept demonstration of 

high efficiency VACR system to be used for service vehicles in transportation industry. 

Thus far, the comprehensive theoretical and experimental study on thermal and 

performance characteristics of pilot stationary A/C-R and VACR systems have been 

performed and metamodels are developed based on the validated results. Moreover, a 

high efficiency VACR system is built in the lab using the variable speed compressor and 

fans. The final step to achieve the main goal is to develop an optimization solver for the 

metamodels and integrate it with a validated cooling load simulation tool and develop a 

proactive and optimal controller to be added to the built VACR system. In this chapter, 

the optimization solver is developed and integrated with a cooling demand simulator and 

implemented on the VACR system. The system is then tested under both steady state 

and transient conditions to evaluate the achieved efficiency enhancement in this project. 

6.1. Development of Optimization Solver and Integration 
with a Cooling Demand Simulator, Proactive Control 

The reported literature review in section  1.5 and observations on the existing 

A/C-R systems show that most existing systems are equipped with simple thermostatic 

controllers to keep the desired temperature in the conditioned spaces. Although the 

usage of thermostatic controllers reduces the initial cost of A/C-R systems and has 

shown a reliable functionality of these systems, the inevitable on-off cycling over the 
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partial cooling demands (as described in the previous chapters) significantly reduces the 

life time and performance of the systems. The thermostatic controllers are usually 

designed to keep the conditioned space temperature between adjustable low and high 

set points. As such, the A/C-R systems receive an “ON” command from the 

corresponding thermostat whenever the temperature is above the high set point and an 

“OFF” command whenever the temperature drops below the low set point. The 

difference between high and low set points varies depending upon the application; 

usually around 2-3 oC. The existence of such temperature range in the controller of A/C-

R systems means that the conditioned space temperature can be at most kept within a 

range of ±1-1.5 oC from a desired temperature. Therefore, there is always inevitable 

temperature fluctuations in the conditioned spaces as reported and discussed in Chapter 

3 and Chapter 4. 

According to inefficient on-off cycling of common stationary A/C-R and VACR 

systems, an idea of “proactive and optimal control” development for these systems 

emerged in this research. The proactive feature enables the controller to predict the 

effects of current cooling demand in a close future and command the system 

accordingly. In other words, if the upcoming effects of cooling demand in a conditioned 

space is accurately predicted using a cooling demand simulator, the capacity of 

corresponding A/C-R system can be adjusted in advance to compensate the upcoming 

effects. This proactive action prevents the system from more or less than enough cooling 

power generation and leads to keeping a constant temperature in the conditioned space. 

The proactive control concept development is an important step toward the efficient 

usage of A/C-R systems. If the proactive controller is also equipped with an optimization 

solver of the developed metamodels, the final product can predict the upcoming effects 

of current cooling demand, find the optimum speeds of compressor and fans for 

compensating the demand, and command the system to operate optimally. As such, the 

system can keep the temperature on the desired set point and operate optimally. 

To develop a proactive and optimization-based controller for the built VACR 

system, an optimization solver of the developed metamodels in  Chapter 5 is integrated 

with a validated high accuracy cooling demand simulation model [120]. The cooling 

demand simulator has been recently developed and validated through a PhD thesis at 



 

124 

Simon Fraser University. This simulation model calculates the instantaneous cooling 

demand of a conditioned space by solving the energy equation. It requires the 

temperature measurement on different spots of the conditioned space. As such, a 

LabVIEW interface is designed to collect the required parameters of the demand 

simulator and execute a “.dll” version of it. Figure  6-1 to Figure  6-3 represent sample 

sections of the developed LabVIEW interface for acquiring the required data, execution 

of the cooling demand simulator, and commanding the compressor and fans based on 

the optimization solver calculations.  

The developed metamodels in  Chapter 5 are used in MATLAB to develop an 

optimization solver for finding the optimum component speeds. The optimization solver 

in MATLAB is developed based on Genetic Algorithm (GA) to find the global optimum of 

the metamodels. At each time step, the LabVIEW interface writes the cooling demand 

and air temperature at evaporator and condenser inlets into a “.txt” file. The MATLAB 

code reads these numbers from the file and executes the GA to find the optimum speeds 

and writes them into another “.txt” file. The LabVIEW interface then reads the speeds 

from this file and commands the compressor and fans accordingly. As such, the 

proactive and optimization-based controller is developed and implemented on the built 

VACR system to enhance the performance of it. This controller also belongs to the 

category of model predictive controllers (MPCs) as it executes realistic models to control 

the operation of an energy system.  

It should be mentioned that the developed GA-based solver in MATLAB is 

executed for a variety of settings during the tests to obtain the most appropriate setting 

before finalizing the controller. As such, a variety of important settings parameters of GA 

including the population size, the reproduction crossover fraction (RCF), the crossover 

ratio (CR), the creation function, the crossover function, and the mutation function are 

tested over the experiment. The most appropriate setting that returns the smallest 

minimum value for the cost function (metamodel developed in  Chapter 5) is found as 

RCF = 0.6 and CR = 0.6 and the rest of the GA parameters do not sensibly affect the 

optimum design conditions. Therefore, the optimization model solver is finalized and 

used along with the LabVIEW interface to control the VACR system proactively and 

optimally. 
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Figure  6-1: A sample section of developed LabVIEW interface for acquiring 
system’s data and implementing the proactive controller  

 

 



 

126 

 

Figure  6-2: Developed section for executing the cooling demand simulator in 
LabVIEW 
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Figure  6-3: Developed section in LabVIEW interface for commanding compressor, 
evaporator and condenser fans based on optimization model results 

6.2. Proactive, Optimization-Based, Model Predictive 
Control under Steady State Condition 

Utilizing the developed proactive and optimal controller, a variety of tests is 

performed on the built VACR system to evaluate the performance characteristics. In 

addition, to evaluate the achieved performance enhancement due to development of the 

proactive and optimal controller, the results are compared with a thermostatic based on-

off controller on the same system. To perform the thermostatic on-off tests, the cooling 

demand simulator is bypassed in the LabVIEW interface and the optimization code is 
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replaced by a simple thermostatic command code. This code just compares the average 

temperature in the conditioned space with arbitrary and pre-defined high and low set 

points and commands the compressor and fans to either turn on (with nominal speeds) 

or turn off. As such, all the tests are done once using the optimal and once using the on-

off controllers. All the operating conditions are kept the same for accurate comparisons. 

The condenser of VACR system (see Figure  3-4,  Chapter 3) is connected to an 

environmental chamber to adjust any desired temperature and humidity for the entering 

air stream (represents the ambient air). The evaporator is connected to a chamber in 

which an adjustable electric heater is installed. The chamber represents a conditioned 

space for doing the tests. By changing the heater power, the cooling demand imposed 

on the VACR system will change. As such, a variety of realistic operating condition is 

tested for the built VACR system using both the proactive, optimal controller and 

thermostatic on-off controller. In this section two sample tests for steady state condition 

are presented and discussed. Furthermore, a variety of other conditions are tested and 

similar results are obtained. 

Figure  6-4 and Figure  6-5 show the settings for steady state #1 and #2 tests. The 

heater power is set at 0.8 and 0.6 kW respectively for tests #1 and #2. The air 

temperature at environmental chamber (represent the outdoor temperature) is set as 35 
oC (based on ANSI/AHRI 210/240-2008) and 30 oC respectively for tests #1 and #2. The 

results are obtained after around half an hour from start of the tests to achieve the 

steady state condition. The desired set point for the conditioned space (chamber with 

electric heater) is set at 26.7 oC (based on ANSI/AHRI 210/240-2008) for test #1 and 24 
oC for test #2 with ±1 oC for high and low set points on thermostatic controller (based on 

ASHRAE comfort zone table [121]).  
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Figure  6-4: Outdoor (ambient) temperature and heater power setting for steady 
state sample #1 

 

Figure  6-5: Outdoor (ambient) temperature and heater power setting for steady 
state sample #2 
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The results of these tests are presented in Figure  6-6 to Figure  6-12 for the 

thermostatic (on-off) controller and in Figure  6-13 to Figure  6-17 for the developed 

proactive, optimization-based, model predictive controller. All the presented results 

except the speed ratios are from measurements. The speed ratios are generated by the 

proactive and optimal controller and sent to the compressor and fans. It should be 

mentioned that in conditioned space temperature graph (Figure  6-8), the error bars are 

not shown to have a clearer vision of the variations. The uncertainty of temperature 

measurements is ±0.5 oC. The following are concluded from the presented results: 

o The VACR system equipped with thermostatic controller frequently cycles on-off 

(see Figure  6-6 and Figure  6-7) to keep the conditioned space temperature within 

the desired ranges (see Figure  6-8). However, the system equipped with 

proactive and optimal controller adjusts the speed of compressor and fans (see 

Figure  6-13 and Figure  6-14) to overcome the imposed cooling load and keep the 

temperature constant in the conditioned space (see Figure  6-15). Therefore, the 

proactive and optimal controller functions satisfactorily (as per its design) and 

eliminates any inefficient on-off cycling of the VACR system. This is one of the 

most important achievements of this study that can also solve many issues in 

industries with high sensitivity to temperature variations.  

o The steady state tests are repeated for a variety of temperature and loads and 

similar trends are obtained. The proactive optimal controller functions 

consistently with no observed incoherent and unreasonable outputs under 

different test conditions. From the results one can conclude that a same 

command is reproduced through a steady state condition that confirms stability of 

the model predictive controller (see Figure  6-13 and Figure  6-14). The 

consistency and reproducibility of commands is a major element of controller’s 

reliability. 

o The frequent on-off cycling is reflected in the power consumption and COP of the 

thermostatically controlled VACR system (see Figure  6-9 to Figure  6-12). The 

frequent cycling of the VACR system’s components reduces their lifetime and 

performance. However, a consistent and uniform behavior is observed for the 

proactively and optimally controlled VACR system.  
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o The COP of thermostatically controlled VACR system for the presented tests 

varies between 0 (for “OFF” cycles) and 3.3 (during the “ON” cycles) depending 

upon the operating condition and cycling. However, the COP of proactively and 

optimally controlled VACR system is nearly constant over time for each of the 

tests. The average COP of system during the steady state test #1 is 3.0 and 3.7 

respectively for the thermostatic (averaged only for the “ON” cycles) and optimal 

controllers. Also, for the test #2 the average COP is 2.8 and 3.4 respectively for 

the thermostatic and optimal controllers. These numbers indicate 23.3% and 

21.4% higher COP for the optimal controller in comparison with the thermostatic 

controller.  

o A comparison of the achieved COP from the proactively and optimally controlled 

VACR system built in LAEC with the original VACR system (the first VACR 

system from industrial partner, see section  3.1) under same steady state 

condition of ANSI/AHRI 210/240-2008 shows an improvement from 1.3 to 3.7 

equivalent to 185%. From this 185% COP improvement, 162% is achieved by 

replacing the VACR elements including compressor, condenser, evaporator, and 

fans with high efficiency products in the market. The rest of COP enhancement, 

which is 23%, is achieved by developing the proactive and optimal model 

predictive controller. The comparisons for other tests over different operating 

conditions show a COP enhancement in a range of 179-187%. The share of 

proactive and optimal controller in COP enhancement varies in a range of 19-

24% depending upon the operating condition. 

o The 19-24% COP enhancement is achieved using the developed proactive and 

optimal controller on a VACR system that is built from high efficiency 

components in the market. It is predicted that utilizing the developed controller for 

any existing high efficiency VACR system (or even any A/C-R system) can lead 

to similar remarkable COP enhancement. Furthermore, for any low efficiency 

A/C-R system, the components can be replaced with high efficiency and variable 

speed types and the new system be integrated with the proactive and optimal 

controller to achieve a significant COP enhancement. 
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Figure  6-6: Compressor and fans speed ratio variation for steady state sample #1, 
thermostatic control (low set point = 25.7, high set point = 27.7 oC) 

 

Figure  6-7: Compressor and fans speed ratio variation for steady state sample #2, 
thermostatic control (low set point = 23, high set point = 25 oC) 
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Figure  6-8: Indoor (conditioned space) temperature variation for steady state 
samples, thermostatic control  

 

Figure  6-9: Power consumption of VACR system for steady state sample #1, 
thermostatic control 
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Figure  6-10: Power consumption of VACR system for steady state sample #2, 
thermostatic control 

 

Figure  6-11: COP of VACR system for steady state sample #1, thermostatic control 
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Figure  6-12: COP of VACR system for steady state sample #2, thermostatic control 

 

Figure  6-13: Compressor and fans speed ratio variation for steady state sample 
#1, proactive optimal control  
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Figure  6-14: Compressor and fans speed ratio variation for steady state sample 
#2, proactive optimal control 

 

Figure  6-15: Indoor (conditioned space) temperature variation for steady state 
samples, proactive optimal control 
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Figure  6-16: Power consumption of VACR system for steady state sample #1, 
proactive optimal control 

 

Figure  6-17: Power consumption of VACR system for steady state sample #2, 
proactive optimal control 
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6.3. Proactive, Optimization-Based, Model Predictive 
Control under Transient Condition 

Similar to the steady state condition, in this section the performance 

characteristics of the developed proactively and optimally controlled VACR system are 

investigated under transient condition. Different transient heater power patterns that 

represent transient cooling demands are imposed on the VACR system during the in-lab 

tests. In the meantime, different variable outdoor temperature patterns are imposed on 

the VACR system using the environmental chamber. As such, the functionality of 

proactive and optimal model predictive controller is evaluated and compared to the 

common thermostatic-based controller. In this section, the results of a sample test are 

presented and discussed. The repeated transient tests for other conditions and patterns 

show similar trends and potentials.  

Figure  6-18 and Figure  6-19 show the imposed time-dependent heater power 

and outdoor temperature variations for the sample transient test. The results of this test 

for thermostatically controlled VACR system are presented in Figure  6-20 to Figure  6-23. 

The low and high set points for conditioned space temperature during the thermostatic-

based test are 25.7 and 27.7 oC respectively (based on ANSI/AHRI 210/240-2008 with ± 

1 oC allowance). Figure  6-24 to Figure  6-27 represent the results of same transient test 

on proactively and optimally controlled system. It should be mentioned that all the results 

except the speed ratios (Figure  6-20 and Figure  6-24) are from measurements. 

However, due to large number of data points in each graph the error bars are not shown 

for a clearer vision. The following are concluded from the obtained results:  

o The thermostatically controlled system cycles on-off with higher frequencies at 

lower partial loads and keeps the temperature of conditioned space within the ± 1 
oC range of the desired temperature (see Figure  6-20 and Figure  6-21). However, 

the proactively and optimally controlled system keeps the temperature nearly 

constant (less than 0.3 oC variation) under the imposed transient condition (see 

Figure  6-25). The optimal controller adjusts the compressor and fans speed in a 

way to compensate the cooling demand and prevent any temperature rise or 

drop (see Figure  6-24). Similar to the steady state study, the repeated tests with 
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different transient conditions show reproducibility and consistency of the 

proactive and optimal controller. Therefore, this controller can be reliably 

integrated with the VACR system to function desirably under realistic operating 

conditions. 

o For the presented results, the COP of thermostatically controlled VACR system 

varies in a range of 0-3.4 depending upon the imposed instantaneous condition. 

The time-averaged COP for this test is 3.1 (averaged only over the “ON” cycles). 

However, the COP of proactively and optimally controlled VACR system varies 

within 3.4-3.9 with the time-averaged value of 3.7. Accordingly, the proactively 

and optimally controlled VACR system shows more than 19% higher COP than 

the thermostatically controlled system under same transient condition. Repeating 

the tests for other transient conditions shows a range of 18-23% enhancement in 

COP of the VACR system when equipped with the proactive and optimal 

controller rather than the thermostatic controller.  

o Considering the COP enhancement due to replacing the components of original 

VACR system (received from the industrial partner of project) with high efficiency 

products beside the utilization of proactive and optimal controller, up to 185% 

enhancement in the COP under transient operating conditions is achieved in this 

project. As such, the in-lab developed proof-of-concept demonstration of high 

efficiency VACR system equipped with variable capacity components and 

proactive, optimal, model predictive controller can be expanded to transportation 

industry (and even all A/C-R systems in different applications) to achieve 

significant global energy saving and GHG reduction.  
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Figure  6-18: Heater power setting for transient test 

 

Figure  6-19: Outdoor (ambient) temperature setting for transient test 
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Figure  6-20: Compressor and fans speed ratio variation for transient test, 
thermostatic control (low set point = 25.7, high set point = 27.7 oC) 

 

Figure  6-21: Indoor (conditioned space) temperature variation for transient test, 
thermostatic control (low set point = 25.7, high set point = 27.7 oC) 
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Figure  6-22: Power consumption of VACR system for transient test, thermostatic 
control 

 

Figure  6-23: COP of VACR system for transient test, thermostatic control 
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Figure  6-24: Compressor and fans speed ratio variation for transient test, 
proactive optimal control 

 

Figure  6-25: Indoor (conditioned space) temperature variation for transient test, 
proactive optimal control 
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Figure  6-26: Power consumption of VACR system for transient test, proactive 
optimal control 

 

Figure  6-27: COP of VACR system for transient test, proactive optimal control 
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6.4. Conclusion 

In this chapter, the optimization models from previous chapter were integrated 

with an existing validated cooling demand simulator and a proactive, optimization-based, 

model predictive controller was developed. A LabVIEW interface was designed to collect 

all required data for the cooling demand simulator and execute a “.dll” version of it. A 

MATLAB code was developed to find the global maximum COP based on genetic 

algorithm, which was coupled with the LabVIEW interface later on. At each time step, the 

LabVIEW interface executed the cooling demand simulator and wrote the cooling 

demand and air temperatures into a “.txt” file. The MATLAB code read these numbers 

from the file, executed the GA, found the optimum speed of compressor and fans, and 

wrote them into another “.txt” file. The LabVIEW interface then read the speeds from this 

file and commanded the compressor and fans accordingly. As such, the performance of 

VACR system was proactively and optimally controlled based on model predictions. The 

functionality of developed controller was tested under different steady state and transient 

conditions that showed a consistent and reliable operation. The performance 

characteristics of the built VACR system equipped with the proactive and optimal 

controller was tested under different operating conditions. In addition, a thermostatic-

based controller as the most commonly used controller for A/C-R systems was 

developed to evaluate the COP enhancement of proactive and optimal controller. The 

steady state and transient tests were performed and comparisons showed significant 

COP enhancement for proactive and optimal controller in comparison with the 

thermostatic controller. The proactive and optimal controller could eliminate the 

inefficient on-off cycling of the system’s components and keep the conditioned space 

temperature nearly constant under steady or transient working conditions. The results 

showed up to 187% COP enhancement of the developed proactively and optimally 

controlled VACR system (equipped with high efficiency and variable capacity 

components) in comparison with the original thermostatically controlled constant 

capacity VACR system received from the industrial partner of the project. Up to 24% of 

the COP enhancement was achieved from the developed proactive and optimal 

controller. The developed concept and platform can be expanded to any VACR or even 
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stationary A/C-R application to significantly reduce the global energy consumption and 

environmental impacts.  
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Chapter 7.  
 
Summary and Future Works  

7.1. Summary of Thesis 

In this thesis, a lab-scale proof-of-concept demonstration of high efficiency 

vehicle air conditioning and refrigeration (VACR) system is developed. The developed 

high efficiency system is scalable and can be expanded to all transportation and 

stationary applications. Due to tremendous global energy consumption and 

environmental impacts of air conditioning and refrigeration (A/C-R) systems, any 

improvement of these systems’ performance significantly contributes to green and 

sustainable development and environmental protection. The work is initiated as 

collaboration with two local companies: Cool-It Group, and Saputo Inc., with main focus 

on service vehicles; however, the developed concept and platform is expandable to any 

size and application. 

An in-lab testbed is built in Laboratory for Alternative Energy Conversion (LAEC) 

for performance investigation of VACR systems under different operating conditions. The 

testbed is first built using the components of a VACR system received from one of the 

industrial partners. A number of measuring equipment, an environmental chamber, and 

power supplies are utilized in the testbed. A LabVIEW interface is developed for data 

collection that is featured with compressor and fans speed control later. The 

performance of VACR system is comprehensively investigated using the test results. 

The testbed is later upgraded using high efficiency heat exchangers and variable speed 

compressor and fans.  
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In addition to the in-lab experimental study, real-time field data is acquired from a 

stationary A/C-R system used in commercial refrigeration and VACR systems used in 

trailers of food transportation. The real-time thermal and performance characteristics of 

these systems are investigated under different duty cycles. The potential energy saving 

and GHG reduction is estimated.  

Mathematical models are developed for thermal and performance simulation of 

VACR systems under steady state and transient operating conditions. The models are 

validated using the experimental and field data and used for performance investigations. 

The validated results are utilized for development of performance optimization model.  

A high efficiency VACR system is built using variable speed compressor and fans 

and high efficiency heat exchangers as a platform for proof-of-concept demonstration. 

Two metamodels are developed, validated, and used for optimization of COP under 

realistic operating conditions. An optimization solver is coded in MATLAB and integrated 

with the LabVIEW interface to form an optimal model predictive controller (MPC) for the 

built VACR system. A feature of “proactive” response is added to the controller using a 

validated existing cooling demand simulator. The proactive and optimal controller is then 

tested under different steady state and transient operating conditions that show 

significant COP enhancements. The developed proof-of-concept demonstration is 

scalable and expandable to any stationary and mobile air conditioning and refrigeration 

system. The contributions resulted from this study are listed below: 

o Establish the duty cycle and investigate the thermal and performance 

characteristics of a pilot commercial A/C-R system, “SEMI-THERM 32 

Conference, San Jose, 2016”. 

o Establish the duty cycle and investigate the thermal and performance 

characteristics of VACR systems theoretically and experimentally, “Submitted to 

International Journal of Refrigeration, under review”.  

o Develop a new steady state model and study the VACR systems’ thermal and 

performance behaviour under steady state conditions. Validate the model using 

the collected data in the lab and on-board testing, “Published in Journal of 

Energy Conversion and Management, Vol. 98, 2015, pp. 173–183”. 
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o Develop and validate quasi-steady state and transient models for VACR 

systems, “Submitted to ASME Journal of Thermal Science and Engineering 

Applications, under review”. 

o Build a high efficiency, variable capacity VACR system by employing high 

efficiency heat exchangers and variable speed compressor and fans, “Published 

in International Journal of Heat and Mass Transfer, Vol. 77, 2014, pp. 301-310”, 

“Published in Journal of Energy Conversion and Management, Vol. 103, 2015, 

pp. 459-467”, “Published in ASME Journal of Heat Transfer, Vol. 137, 2015, 

081401”, “Published in AIAA Journal of Thermophysics and Heat Transfer, Vol. 

28, 2014, pp. 687-699”, “Submitted to Journal of Green Energy, under review”. 

o Develop optimization models based on steady state and transient thermal 

models “In preparation to be submitted to Journal of Applied Energy”. 

o Develop a proactive and model predictive controller (MPC) for the VACR system 

by integrating the optimization model and an existing cooling demand simulator, 

“Published in Journal of Applied Energy, Vol. 138, 2015, pp. 496–504”, 

“Published in ASME Journal of Thermal Science and Engineering Applications, 

Vol. 7, 2015, 041008”, “Published in ASME Journal of Thermal Science and 

Engineering Applications, Vol. 7, 2015, 041012”, “Published in International 

Journal of Refrigeration, Vol. 57, 2015, pp. 229–238”. 

o Develop a proof-of-concept demonstration of a proactively and optimally 

controlled high efficiency VACR system that can be integrated in the service 

transportation industry, “Published in Journal of Automobile Engineering 19, 

2016, 10.1177/0954407016636978”, “In preparation to be submitted to Journal of 

Applied Energy”. 

7.2. Future works 

The following research directions can be considered as the continuation of this 

study: 

o Implement the developed proactive, optimal, and model predictive concept on 

engine-driven VACR systems of trailers and other service vehicles and 
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investigate the real-time performance improvement in such applications. Reduce 

the computational costs of model predictive controller by simplifying the models 

(e.g. find the dominant terms of optimization model and drop the insignificant 

terms). 

o Study the effects of using different types of refrigerant on the thermal and 

performance characteristics of the VACR systems. 

o Develop similar concept and platform for cascade refrigeration used in 

commercial systems. 

o Extend the developed concept to air conditioning and refrigeration systems in 

buildings and integrate it with building energy management systems to achieve 

the highest overall energy efficiency. 

o Equip the developed controller with additional features to enhance its 

comprehensiveness; for instance, defrost module can be added to the controller 

to avoid evaporator coil freeze in low temperature applications.  

o Develop a similar concept and platform for thermally-driven air conditioning and 

refrigeration systems or even heating systems in buildings and industries. 
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