ANALYSIS OF NATURAL GAS CONSUMPTION AND ENERGY SAVING MEASURES
FOR POWDER COATING AND FOOD PROCESSING COMPANIES IN THE
GREATER TORONTO AREA (GTA)

By
Md Maniruzzaman Akan
M.Eng (Industrial and Production Engineering)

Bangladesh University of Engineering and Technology, Dhaka, 2002

A thesis
presented to Ryerson University
in the partial fulfillment of the requirements for the degree of
Master of Applied Science

in the program of Mechanical and Industrial Engineering

Toronto, Ontario, Canada, 2015

© Md Maniruzzaman Akan, 2015



AUTHOR’S DECLARATION FOR ELECTRONIC SUBMISSION OF A THESIS
| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including

any required final revisions, as accepted by my examiners.

| authorize Ryerson University to lend this thesis to other institutions or individuals for the

purpose of scholarly research.
| further authorize Ryerson University to reproduce this thesis by photocopying or by other
means, in total or in part, at the request of other institutions or individuals for the purpose of

scholarly research.

| understand that my thesis may be made electronically available to the public.



ANALYSIS OF NATURAL GAS CONSUMPTION AND ENERGY SAVING MEASURES
FOR POWDER COATING AND FOOD PROCESSING COMPANIES IN THE
GREATER TORONTO AREA (GTA)

Md Maniruzzaman Akan
Master of Applied Science
Department of Mechanical and Industrial Engineering

Ryerson University, Toronto, Ontario, Canada, 2015

Abstract

Small and medium industries (SMEs) savings analysis and meaningful performance indicators
can help Enbridge Gas Distribution Inc., and individual SMEs make effective decisions to
improve facility performance. For this study, information on 11 SMES’ energy consumption has
been provided. This entails: preliminary benchmarking, separation of process and seasonal
energy consumption, heating degree days, individual facilities owned reference temperature,
normalized annual energy consumption, normalized process and seasonal energy consumption,
oven energy consumption, energy balance of oven, energy intensity of oven, and non-productive
energy consumption. The most appropriate performance indicator is energy intensity of oven-in
bake ovens, cure ovens, and dry-off ovens. The results observed energy intensity in terms of
natural gas consumption of bake ovens are from 24m3/ft3 to 30m%/ft3, where the intensity of
ovens with finishing process companies are from 8m3ft® to 36m3/ft3. Potential natural gas
savings from the facilities processing powder coating and baking are 19% to 53% of total oven
energy consumption by reducing exhaust energy loss. In the same study observed in analyzing
production scheduling, that 8% to 69% of energy consumption can be saved by proper shut-
down operation and scheduling.



Acknowledgements

Special thanks to my supervisor, Dr. Alan S Fung, P.Eng., FCSME, Department of Mechanical
and Industrial Engineering, who gave me the opportunity to further my education and
contributed to my program, thesis, and academic goals.

This would not have been possible without Alan’s guidance, support, and trust in my personal
work and innovation, and the opportunity he offered me to further my passion for industrial
energy savings analysis beyond the university walls.

| would like to thank and acknowledge Paul Morrison, P.Eng. CEM, Energy Solution Consultant,
Industrial Sector, Enbridge Gas Distribution Inc. and Peter Goldman, P.Eng. CEM, Energy
Solution Consultant for their help and support. I would also like to acknowledge all funding
partners: Enbridge Gas Distribution Inc., Connect Canada, and OCE Talent Edge.

I would like to thank Farzin Rad and Altamash Baig for their support in arranging energy audits
and educating me in energy analysis calculation.

| would like to thank my fellow project partner, Tamima Ahmed, for her support in energy
auditing, data collection, and the preparation of Excel-based calculating tools.

| give my immense appreciation, love, and sincere thanks to my parents and my wife for their
unconditional support, love, and encouragement during my study. | would also like to thank my
sons for sacrificing their summer tours due to my research work. Last but not least, | would like
to thank my present supervisor Amanda Martin, CEM and Director, Sustainability Department,
Graham Seaman, P.Eng., LEED AP, CEM of the City of Markham for their constant support and

sacrifice by sparing me during the city’s busy schedule.



Dedication

My mother — Anwara Begum
My father — A K Abdul Mannan Akan
My wife — Ishrat Begum
My Son - Mubituzzaman Samir

My Son - Sabit bin Zaman



Table of Contents

AADSTIACT ...t E ettt n e ii
ACKNOWIBAGEMENTS ...ttt e et e e sre e te e e e s re e beeaesneesreeneennes iv
DIBUICALION ...ttt bbbt b e bbbt b et bbb e n e Vv
TabIE OF CONENES ...ttt Vi
LEST OF TADIES ...t Xii
S o T U =TSRSS Xiv
ADDIEVIBLIONS ... bbbttt Xvii
INOMENCIATUIE ...ttt bbb et b et b et XX
GEEK LLEELEIS. ...ttt bbb et b ettt b et b e ns xxiii
(@8 T o) I [ (0 To [0 Tod o] S SSR 1
1.1 INEFOAUCTION ..t b ettt 1
IO A = 7= Tod (o [ (01U g o SRS 1
1.1.2 Definition OF SMES........ccooiiiiiiiiiii e 2
1.1.3 Category OF SMES .....oooiiiiieiii ittt aa e 3
1.1.4 Current Situation OF SIMES .........coiiiiiiiie e 4
1.1.5 Benefits of SME Energy Management and Savings Programs ............ccccceecvevverennnenn. 5
1.1.6 Barriers to Implementing Energy-Saving Programs ...........cccccevveveieeieeneeieseesee s 6

O O = 0 T= T (0 Y A o ) PSPPSR 7
1.1.8 Goals of the ENergy AUIT........ccuiiiiiiie ittt 8
1.1.9 Steps in the ON-site ENergy AUt ........cooiiiiiiieiiie e 8
1.1.10 Equipment List for Energy AUdit ...........cccoiiiiiiieiiieiie e 9
1.1.11 Major Systems to Consider for Energy AUdit..........cccocevviiiieiiieniie e 9

Vi



1.1.12 Difference Between Energy Audit, Energy Conservation, and Energy Efficiency 10

1.1.13 Demand-Side ManagemEeNT.........ccooiiiriiieieieiene e 11
1.2 Energy Management Plan and Related Code...........cccoeviiiiiiiienieiece e 12
1.3 THESIS ODJECTIVE ...ttt bbbttt ene s 13
1.4 SEUCLUIE OF TRESIS ...cuviiiiiitiitiiiee et ene s 14

Chapter 2: LITErature REVIBW ...........oiiiiiiiiiieiteete ettt 15
2.1 Energy BenChmarking..... .o 15
2.2 Benchmarking MEtNOGS ...........coueiiiiiiiiiiieee s 16
2.3 Benchmarking MethodolOgy ..........ccceviiiiiiiiiiciee e 16
2.4 Gas Fired Oven and Heat ENGINEEITNG.........cuiiiiiiiiieiese e 17
2.5  Industrial Powder - COAtING PrOCESS .......cciiiiieiieieieie et 19
2.6 Cure Dynamics of Powder Coating and Reducing Energy USe.........cccccovrenineninnnnnnns 19
2.7 Reducing energy use in powder COating SYSIEM ........cccoreriririririeieieere e 21
2.8 CUIING OVEN BASICS.....ccuiiiiiiieiieiieieite sttt bbbttt bbb ene s 22
2.9 PRISM ANAIYSIS ..ottt bbbttt b et 23
2.10 Simple Ratio-Based Weather Normalization Method..............ccocvviiiiiiiincniicncnes 25
2.11 Shipping and Receiving Door-Related Energy Consumption...........cccoceeerenenenennnnnns 26
2.12 Square-Foot Area Energy Consumption Method............ccocoiiiiiiiiiiiiicne e 28
2.13 Estimating Non-productive Energy ConSUMPLION ..........cooceiireiininiieiene e 28
2.14 Production Scheduling and Shift Optimization for Energy Optimization ..................... 29
2.15 HVAC Energy OPtimIZatiON..........ocoiiiiiiiiiiieieieie ettt 30
2.16  THhermal ComTOIT. .. ..ot 30
2.17  Ventilation ANAIYSIS ........cuiiiiiieieiie ettt 32

vii



2.18 Case Study on Energy Management .........ccviieieieienieriese s 33
2.18.1 Advancing Opportunity in Energy Management in Ontario Industrial and
MaANAGEMENT SECTOT ... 33
2.18.2 Bottom Line Improvement of Natural Gas Consumption Through Process Ovens:
A Case Study by Enbridge Gas Distribution Inc. in Canada’s Greater Toronto Area........... 35
2.18.3 A Case Study: Improving Energy Performance in Canada ............ccccoeervrvnnninnne. 40

2.18.4 A Case Study: An Energy-Efficiency Program for Swedish Industrial Small and

Medium-SIZEd ENTEIPIISES ....c..oiuiiiiitiitiiieie ettt 41
Chapter 3: Method and MethodolOgY ........cccieiiiiiiiiiii e 42
3.1 ResSearch MethodolOgy ........cccoueiiiiiiiiiiii e 42
3.2 Process Flow of Powder Coating COMPANY.........ccerueriirieririniisisieieeesie e 44
3.3 ENEIGY AUGIT .ottt 44
3.4 Primary Data Collection and Site SeleCtion ...........ccceieiiriiiiiiisieeee e 45
3.5 DAt SYNTNESIS ... bbb 45
3.6 Process and Seasonal Energy ConsumMPLioN .........ccooeieieninininineeieee e 46

3.7  Estimated Reference Temperature by Regression Analysis and Estimated Normalized

ANNUAL CONSUMPTION. ...ttt bbbttt bbb 49
3.8 ENergy BalanCe INOVENS .........oiiiiiiiiiiiiii ettt 57
3.9  Mathematical Model and Energy Balance of OVEN ...........cocvviiiiiiiiicnc e 59
3.9.1 Estimated Product Energy CONSUMPLION.........cciiiiiiiirienieiie st 60
3.9.2 Estimated Energy Produced by Rated Flow Capacity..........c.ccoovvvvieiiienencnenennnn 60
3.9.3 Exhaust Requirement CalCulation ............cccooiiiiiiiiiii e 61
3.9.4 PUIQE RALE......eeiii ittt 61



3.9.5 Operating VeNtHation ...........cooiiiiiiieieic e 62

3.9.6 Exhaust Volume at Constant Volume FIOW Rate.............ccoecviiiiiiiiiiiccnce, 62
3.9.7 Dwelling Time t0 CUIe PrOUUCTES ........ceruiiieiieriieie st 62
3.9.8 Energy L0oSS FIrom an OVEN ........cooviiieiiiiieiieiiee e 63
31909 SNBIILOSS ...ttt bbb 64
3.9.10  OPENING LOSS ...ttt bbbttt e b b 64
3.9.11  Miscellaneous ENErgy LOSS .......ccoeiiiiriiiriiiieieierie et 64
3.9.12 Total Energy LOSSES frOmM OVEN ........cceiiiiiiiiiiiiieieiesie et 64
3.9.13  Actual Energy Consumed DY OVEN.........ccoiiiiiiiiiiieie e 65
3.10 Productive vs. Non-productive Hours Energy Consumption..........cccccoeeeevenenenennnnnns 65
3. 11 SaVINGS CalCUIATION ... .cuiiiiiieieiee e 65
3111 OVEN SAVINGS ..ttt ettt sttt b ettt b e b bbbt e e e e bbb e ens 65
3.11.2  Operating Ventilation SAVINGS ........ccoiiriiiiiiiiieieie e 66
3.11.3  Heat RECOVEIY SAVINGS ...c.uoiuiiiiiiieiieierieste sttt sttt st sb et 67
3.11.4  Productive vs. Non-productive Hours Savings Calculation .............ccccccooceiinenene. 67
3.12  Simple Payback CalCUlAtioN...........c.cooiiiiiiiiiiieeee e 67
Chapter 4: Analysis of SMEs Energy Consumption and Potential Savings Opportunities.......... 69
4.1  Energy Consumption by Ovens and Percentage of Total Process Consumption........... 69
4.2  Energy Intensity 0F @n OVEN........oooiiiiiiie s 70
4.3 Energy Intensity Analysis with Different Oven Parameters..........cccoccevvevviinivereennenn 73
4.4  Energy Consumption Analysis with oven VVolume, Area and Operation Hours............ 79
4.5  Energy Balance 0f OVENS.......cooiiiiiiiie e 81
4.5.1 BaKE OVENS....c.uiitiiiiitiiieie ittt bbbttt bbbttt bbbt 82



4.5.2 Energy Balance of Dry-0ff OVEN........cccooiiiiiiiiiicee e 84

4.5.3 Energy Balance of CUre OVEN .........ccoiiiiiiiiiiiieeeee e 87
4.6  Exhaust Loss Analysis with Different Parameters...........ccocoiiiiniiieienenc e 90
4.7  Shell Energy Loss Analysis with Different Parameters..........ccccocevvvieiieieiinsnenesnnn 94
4.8  Radiation ENergy L0SS ANAIYSIS ...c..ooiiiiiiiiieiieii et 99
4.9  Productive and Non-productive Hours Natural Gas Consumption Analysis............... 100
4.10 Non-Productive Hours Energy Consumption ANalysis ..........ccccovvveieienencnieninennns 105

4.11 Non-Productive Hours Energy Consumption Analysis Based on Summer Months.... 107

4,12 SAVINGS ANBIYSIS ...ttt bbb 110
4.12.1 Energy Savings from Oven EXRauSt.........ccccoieiiiiiiiiiiceeee e 110
4.12.2 Energy Savings Opportunity from Oven Shell Energy Loss Through Improving
Insulation Thermal ReSIStaNCe (R) ......cooveiiriiiiiiiiieeeee s 111

4.12.3 Exhaust Savings and Estimated Cost Savings Through Retrofits (Installation of

VFD) 113
4.12.4 Cost Savings Analysis from Shell Energy LOSS ........c.ccocviiinieieieneniseseseens 115
4.13 Maximum Potential Natural Gas Savings ANalysiS ... 118
4.14 Natural Gas Savings Analysis with Hours of Operations ............ccccceoeveiencnennnnninns 119
Chapter 5: Result and Discussion of SMEs’ Energy Consumption............cccoevervenieernesneenene 121
5.1 Savings from installing Variable Frequency Drive (VFD) ......cccccooviiiiiiiiiiicce, 122
5.2 Savings from INSulation COMECLION ..........cccuiiiieiiiieie e 123
Chapter 6: Conclusion and ReCOMMENALIONS ...........coiiiiiiiieieiesie e 124
6.1  New findings iN thiS reSEArCN .........cccoiiiiiiiie e 125
6.2 Limitations Of thiS STUAY........coiiiiiiiiii e 125



6.3 POSSIDIE FULUIE WOTK ... 126

AAPPENAIX A e bbb bRt R R bR R et ettt bbb ene s 127
SAMPIE CAICUIALIONS: ...t 127
APPENAIX B ..ttt 130
APPENAIX C et b bbbt e bbb bbbttt n bbb nre s 132
APPENAIX D bbbttt 134
APPENAIX E .ottt bbb ere s 135
APPENAIX Foe ettt bbbttt e bbb ere s 136
APPENAIX G ittt ettt bbbttt n bbb ere s 142
APPENAIX H .ottt bbbt e bbb ere s 143
APPENAIX | ottt bbbttt n bbb ere s 144
APPENAIX J et bbb b bbbt n bbb ere s 145
APPENAIX K ettt bbbttt e bbb ere s 149
AAPPENTIX L bbbttt bbbttt bbbt nre s 150
APPENTIX IV . bbbttt b ettt b bt b et e bbbt ere s 151
APPENTIX N Lottt b ettt b bt b ettt e et bbbt 152
Y o] o 1=] 16 [ PP URPUPPR P PPRURPRON 153
APPENTIX Pttt bbbttt e et bbb ene s 154
RETEIENICES ... bbb bbbttt bbbt 155

Xi



List of Tables

Table 2.1: Heat loss factor on panel thiCKNESS............cccviieiiiiiiiisec e 38
Table 3.1: Sample R? values based on different reference temperatures in linear regression
0§ F2 ] )73 U 55
Table 4.1: Summary of energy balance of audited companies....................ooooiiiiiiiinn.n 70
Table 4.2: Energy intensity 0f OVENS. ... ..., 71
Table 4.3: Oven ranking based on energy intensity by oven volume ...................ooeeivininn 72
Table 4.4: Oven consumption and oven area/oven volumn multiply hours of operation ..........79

Table 4.5: Energy balance 0f OVENS ..o 81
Table 4.6: Percentage energy balance of ovens ... 82

Table 4.7: Exhaust energy loss and temperature difference....................cooiiiiiiii, 91

Table 4.8: Oven shell loss per unit area of envelope and per unit volume of ovens ...............94

Table 4.9: Oven shell loss and temperature difference .............ccoooviii i 96
Table 4.10: Oven shell 10SS and OVEN @rea ............vvvininiiiiiii e 98
Table 4.11: Radiation energy 10ss from OVen .............cc.ouiuiiiiiiiiiiiiii e, 100
Table 4.12: Summary of natural gas consumption of productive and non-productive hours.....101
Table 4.13: Productive time's consumption as a percentage of total annual consumption........ 104
Table 4.14: Percentage non-productive hours and non-productive consumption............ ...... 106
Table 4.15: Productive and non-productive hours consumption analysis (summer months).....108
Table 4.16: Exhaust requirements and current exhaust of OVens .................ccoviiiieeennn 111
Table 4.17: Shell energy loss of ovens with different loss factors..................ccoooiin 112
Table 4.18: Exhaust savings from different percentage of exhaust reduction ...................... 114
Table 4.19: Percentage savings and payback period..............cooceeiiiiiiiiiiiiiiiiii e 115

xii



Table 4.20: Cost of energy savings with reduced oven envelope loss factors ...................... 116

Table 4.21: Payback analysis based on different oven envelope loss factors............cccceeee.. . 117
Table 4.22: Maximum potential savings of total natural gas consumption................cceu...er.... 119
Table 4.23: Natural gas savings per hour of operation......................ceceeviiiienieeneecienn. ... 120

Xiii



List of Figures

Figure 1.1: Canada's secondary consumption by sector, 2009 ...............ccccoiiiiiiiiiiiiiiiin, 5
Figure 2.1: Typical heat transfrer of an OVeN ... 17

Figure 3.1: Flow diagram of research program to investigate energy-saving opportunities of

SIMES IN TN G A e e e 43
Figure 3.2: Process flow digram of powder coating company (AAWIL).................ooeen 44
Figure 3.3: Separation of process and seasonal energy consumption ....................cccooeevnee. 47
Figure 3.4: Typical industrial layout with HVAC network, process flow, and ovens............... 47
Figure 3.5: Sankey diagram of total energy balance of an industrial plant .............ccccoeceeeee oo 48

Figure 3.6: Regresion analysis of outside average temperature and normalized energy

CONSUMPEION ..ottt e e e e e e e e e e e 50
Figure 3.7: Sample analysis by PRISM and NAC value..............ocoiiiiiiiiiiiie, 52
Figure 3.8: Sample linear regression analysis in Excel and RZvalue................................. 54
Figure 3.9: Reference temperatures (°F) with corresponding R2value in Excel...................... 55

Figure 3.10: Separation of normalized process and normalized seasonal energy consumption...56

Figure 3.11: Time-temperature relation of CUriNg...........ccoiiiii i, 57
Figure 3.12: Process flow of a continuous flow gas fired finishing company........................ 58
Figure 3.13: Simple process flow and energy balance of ovens...........ccccccvoveiieiiicciccecee 59
Figure 4.1: Energy iNtenSity OF OVEN.......ccviiii i o 73
Figure 4.2: Energy intensity in terms of volume vs. oven VOIUME..........cccocoveiiiiiic i 74
Figure 4.3: Energy intensity in terms of volume vs. oven envelope area...........cccooevevveeiveeineens 75
Figure 4.4: Energy intensity in terms of area vs. 0ven VOIUME ..........ccccovvviieeiie i 76
Figure 4.5: Energy intensity in terms of area vs. oven operating hours ...........ccccevvveiieiieeiieens 76

Xiv



Figure 4.6: Energy intensity in terms of volume vs. temperature difference ..........ccccoceveienen . 77
Figure 4.7: Energy intensity in termd of area vs. temperature difference ... .. .78
Figure 4.8: Oven consumption with operating hour x oven envelope area.............ccoccoeeivnvnnnne. 80
Figure 4.9: Oven consumption with operating hour X oven Volume............cccoeiiiiniiniiieee, 80
Figure 4.10: Energy balance of bake OVeNS ....... ... 0. 83
Figure 4.11: Percentage energy balance of bake OVENS ... 84
Figure 4.12: Energy balance of different dry-off ovens...............ooooiiiiiiiiii i, 85
Figure 4.13: Percent energy loss due to exhaust from different dry-off ovens........................86
Figure 4.14: Percent shell loss from different dry-offovens.............cccccoceiiiiiiiiiiiiienn....86
Figure 4.15: Percent product energy consumption from different dry-off ovens.....................87
Figure 4.16: Energy balance of different cure oven...............c.oviiiiiiiiiiiiiie e, 88
Figure 4.17: Percent exhaust energy loss from different cureovens ...................cooooiiviinin 88
Figure 4.18: Percent shell loss from different cure ovens ..............cccooeiiiiiiiiiniiiienen. 89
Figure 4.19: Percent product energy consumption from different cure ovens .......................90
Figure 4.20: Exhaust energy loss vs. temperature difference ..., 92
Figure 4.21: Exhaust energy 10sS vS. oven envelope area........... .oooveveiiiiiiniininiieineinnen, 92
Figure 4.22: Oven CFM VS. eXhaust 10SS .......ouiuinieii e 93
Figure 4.23: Energy 10SS per unit area 0f OVENS..........oviiniii e 95
Figure 4.24: Energy l0ss per unit volume of OVEN .........ouiiiii e, 95
Figure 4.25: Shell loss vs. temperature difference...............cooooiiiiiiiiiiiiii i, 97
Figure 4.26: Shell 10SS VS. AT/R{0tal «««xvuvntneeeniieeeieeee e e eieee e e eesieeeeeeeeeene . 98
Figure 4.27: Shell 10SS VS. OVEN ENVEIOPE Area ......vneieiieeee e, 99
Figure 4.28: Natural gas consumption per hour of production of audited companies .............102

XV



Figure 4.29: Productive hours energy consumption iNAeX ...........c.oeveiiiiiiiiiirinnennennnns 103

Figure 4.30: Productive index of process energy of the audited plants ........................cceee 103
Figure 4.31: Percent natural gas consumption of productive hours ..................ccooeevininene. 105
Figure 4.32: Energy consumption during non-productive hours ................cooiiiiiiinnne. 107

Figure 4.33: Energy consumption during non-productive hours (Summer months average)......109
Figure 4.34: Payback period of investment savings based on different insulation loss factors...118

Figure 4.35: Natural gas savings per hour of operation ..................ooiviiiiiiiiiiiiiininn. 120

XVi



Abbreviations

A/C
ASHRAE
ACH
ACFM
ANSI
CaGBC
CDD
CF
CRA
CO
DHW
DSM
FEA
GDP
GHG
GTA
HC
HDD
HDD4
HDD.

HO

Air Conditioner

American Society of Heating, Refrigerating and Air Conditioning Engineers

Air Change Per Hour

Actual Cubic Feet Per Munity

American National Standard Institute

Canada Green Building Council
Cooling Degree Days
Correction Factor

Canada Revenue Agency
Cooling Only

Domestic Hot Water

Demand Side Management
Federal Energy Efficiency Act
Gross Domestic Product

Green House Gas Emission
Greater Toronto Area

Heating and Cooling

Heating Degree Days

Actual HDD of the Billing Period
Long-term Annual HDD

Heating Only

XVii



HVAC Heating, Ventilation, and Air Conditioning

IESNA [lluminating Engineering Society of North America

IEA International Energy Agency

IEQ Indoor Environment Quality

IESNA [lluminating Engineering Society of North America

ISO International Organization for Standardization

LEED US Green Building Council’s Leadership in Energy and Environmental
Design

MBP Management Best Practice

MEPS Maximum Energy Performance Standard

NAC Normalized Annual Energy Consumption

NRCan National Resources Canada

NAICAS North American Industry Classification

NBC National Building Code

NECB National Energy Code of Canada for Buildings

NEPA National Fire Protection Association

NPV Net Present Value

OEE Office of Energy Efficiency

PRISM Princeton Scorekeeping Method

PDCA Plan, Do, Check, Act

RU Ryerson University

SCFM Standard Cubic Feet Per Minute

SWRN Simple Ratio-Based Weather Normalization

Xviii



TAU

TBP

TSSA

USGBC

VFD

VAV

Heating and Cooling Reference Temperature
Technical Best Practice

Technical Standard and Safety Authority
U.S. Green Building Council

Variable Frequency Drive

Variable Air Volume

XiX



Nomenclature

Qe

AT

Ced

Ts
Tw
tor

teut

t1

Ea
HDD4
HDD.
Thase

Tmean

Heat transfer co-efficient [Btu/hr ft? °F]

Over all thermal resistance [°F ft? hr/Btu]

Rate of heat transfer by convection [Btu/ft? °F]
Surface area to the direction of fluid flow [ft?]
Temperature difference [°F]

Rate of heat flow through conduction [°F hr/Btu]
Thermal conductivity [Btu/hr ft °F]

Surface temperature in Rankin [°R] scale
Ambient temperature on Rankin [°R] scale
Overall duel time, is the time parts remain inside oven [min]
Oven bring up time [min]

New cure time after temperature change [min]
Normalized annual energy consumption [m®/year]
Actual energy consumption [m3/year]

Actual HDD of the billing period [°F day]
Long-term annual HDD [°F day]

Base temp [°F]

Mean outside air temperature [°F]

Constant [0.7]

Air flow rate [CFM]

Air flow co-efficient{ CFM(ft?-in. water) 0.5]

XX



Qopen

U

QExhaust

tpurge

Voven
VFexh

CF

Is a pressure factor (in. of water 0.5)

Rate of metabolic heat production [W/m?]

Rate of mechanical work accomplished [W/m?]

Rate of heat loss from skin [W/m?]

Rate of heat loss through respiration [W/m?]

Energy input of natural gas through burner [Btu/hr]
Energy consumption by product [Btu/hr]

Energy consumption by conveyor [Btu/hr]

Exhaust energy loss [Btu/hr]

Energy loss through shell [Btu/hr]

Energy loss through oven opening [Btu/hr]

Mass of product [Ib/hr]

Material specific heat capacity [Btu/lb °F]

Energy required by the material handling equipment [Btu/hr]
Mass of material handling equipment [Ib/hr]

Flow rate of dry flue gas from the oven opening in CFM
Overall heat transfer co-efficient of oven shell material [Btu/ft? °F]
Flow rate of dry flue gas from exhaust from oven in CFM
Purge time in minute

Volume of oven [ft]

Exhaust volume [SCFM]

Conversion factor

XXi



Toven  RUNNING temperature of oven [°F]

Tref Facility reference temperature [°F]

NAC Normalized annual consumption [m®/year]

M Heating or cooling slope obtained in the regression line in the scatter plot
X HDD corresponds to optimal reference temperature [°F day]

C Is the fixed value on the regression line on the scatter plot [m?]

Mfp Production throughput [Ib/hr]

Vline Velocity of conveyor [ft/min]
PBP Payback period [year]
At Sum of annual return [CAD]

Co Capital investment [CAD]

XXii



Greek Letters

Bn
Be
Oh
dc
Th
Tc
Ho (th)

CO (Tc )

Stefan Boltzmann constant [1.714 x10° Btu/hr ft?> R%]

Emissivity (assumed value of one as ideal emitter)

Base-level consumption [HO, CO, HC][m?®/year]

Heating slope [HO, HC] [m3/°F year]

Cooling slope [CO, HC] [m®/°F year]

1 for heating only (HO) and combined heating and cooling (HC) model, otherwise zero
1 for cooling only (CO) and combined heating and cooling (HC) model, otherwise zero
Heating reference temperature [HO, HC] [°F]

Cooling reference temperature [CO, HC] [°F]

Long term average heating degree day per year to the PRISM to estimate reference
temperature

Long term average cooling degree day per year to the PRISM to estimate reference
temperature

XXiii



Chapter 1: Introduction

1.1 Introduction

Business is a dynamic and complex process with challenges such as globalization and climate
change. Business changes rapidly and frequently. The manufacturing sector faces new
competition every day; to survive in the market, manufacturing companies must manage
challenges such as manufacturing technology, product features, production partners, and working
style. These are the major research fields of manufacturing companies aside from energy
consumption optimization. In addition to competition, studies continue to investigate managing
energy resources and reducing harmful environmental effects such as greenhouse gas (GHG)
emissions and global warming. Large-scale manufacturing industries are capable of keeping pace
with this changing environment, but small and medium-scale manufacturers lag behind. Small
and medium-scale enterprises (SMEs) provide support to large-scale businesses; few operate
independently. SMEs have limited capability and skilled workers to implement new and
competitive trends. As a result, they are struggling to survive these obstacles. Therefore, the
sustainable development of SMEs is not encouraging as energy management and savings
measures reduce production costs, which results in reduced operating costs, advantages
heretofore available mainly to large companies that maintain internal energy management

departments [1].

111 Background

Industrial energy use has been growing in recent decades. The growth rate varies between large

and small industries. The fastest growth in industrial energy demand has been in emerging



economies, although efficiency has improved substantially in all the energy-intensive
manufacturing industries over the last 25 years in every region [1]. Basic industrial processes and
products are similar across the globe, which enables the use of universal indicators such as
break-even analysis, profitability ratio analysis, and other tools. However, the greatest challenge
in establishing precise indicators lies in detailed analysis. In order to make a proper comparison
between similar types of companies, their system boundaries should be identical. Reliable
indicators can be obtained from a good data set from detailed analysis collected through energy
audits of the companies. Good data sets are more accurate in best-practice companies. A report
by the International Energy Agency (IEA) showed that small-scale manufacturing plants using
outdated processes, low-quality fuel and feedstock, and weak transportation infrastructure
contribute to industrial inefficiency [2]. This report shows that the profitability opportunity is
there for industries in which energy is not the main operating cost. However, energy-intensive

SMEs have a potential opportunity to reduce operating costs through energy-saving programs.

1.1.2 Definition of SMEs

Industry Canada defines a business as a registered establishment that has at least one paid
employee, with payroll deductions remitted to the Canada Revenue Agency. Also, the business
must have reported annual sales revenue of $30,000 and must have filed for a federal corporate
income tax return at least once in the previous three years. For SME research and statistics,
Industry Canada uses a definition based on the number of paid employees (excluding
indeterminate employees, i.e., contract and self-employed workers). Also excluded from the

definition of SMEs from the industrial sector are public administration institutions, including



schools and hospitals, public utilities, and nonprofit associations. More specifically, Industry
Canada defines types of businesses based on paid employees in the following categories [3]:

1. A small business that has 1 to 99 paid employees

2. A medium business that has 100 to 499 paid employees

3. A large business that has 500 or more paid employees

1.13 Category of SMEs

SMEs are defined as firms with fewer than 500 employees. This is an acceptable definition by
Statistics Canada, Industry Canada, the Small Business Association of Canada, the World Bank,
and the Organization for Economic Co-operation and Development. They are subdivided into
three major categories [3]:
1. Micro-sized enterprise, which has fewer than 5 employees
2. Small-sized enterprise, which has at least 5 but fewer than 100 employees
3. Medium-sized enterprise, which has at least 100 but fewer than 500 employees
There are other types of classifications based on revenue or shipments. Industries or businesses
with revenue under $25 million or a volume of manufacturing shipments less than $25 million
can be categorized as an SME firm. This categorization is not widely used because the value of
revenue and shipments is affected by inflation. All industries are classified as per their processes
or economic activities in North America through the North American Industry Classification
System (NAICS). The goods-processing sector is limited to the following NAICS codes [4]:
= 11— Forestry
= 21— Mining

= 22 — Utilities



= 23 — Construction

= 31-33 — Manufacturing

The manufacturing sector (NAICS 31-33) is the major concern of this research work.

114 Current Situation of SMEs

The sustainable growth rates of Canada’s small, medium, and large businesses are 82%, 63%,
and 60%, respectively, over the period 2000-2010 [1]. The sustainable growth rate defines the
maximum growth a company can sustain without additional investment [5]. SMEs are
categorized in different sectors based on businesses that are mainly goods (primary, construction,
and manufacturing), services (wholesale trade, retail trade, professional, scientific, and
technical), and producing sectors. Of all subsectors, the primary and manufacturing sectors had
growth rates of 2% and 3%, respectively. The growth rates in the service sectors were 5% to 7%
[1]. The overall correlation coefficient between actual growth and sustainable growth was —0.16
in that period. These findings raise the question of capabilities and limitations of SMEs in

Canada [1]. At the same time, energy consumption is escalating, although energy remain limited.

In Canada, the manufacturing sector accounted for largest share (67.8%) of energy consumption
within the industrial sector (37%) [5]. In 2011, energy consumption in the manufacturing sector
grew 1.8% over 2010, where the output grew 2.9% in the same period of time [5]. Overall
consumption rose from 28% to 29.8%. Overall energy consumption in different sectors is

presented in Figure 1.1 [5].
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Figure 1.1: Canada’s secondary consumption by sector, 2009 [5]

Approximately 3.5 billion tons of crude oil are consumed in a year; within this consumption
data, the transportation sector consumed the most, followed by the industrial sector [3]. It is
commonly recognized by business owners that efficient energy use can reduce operating costs
and harmful environmental effects [4].

The SME sector is a significant part of the Canadian economy, with almost 250,000
establishments in 2003 [4]. These SMEs are consuming significant amounts of energy. However,
energy consumption data specific to this sector is sparse. This shortage of energy consumption
data is a drawback to energy-management programs, keeping them from addressing the specific

needs of SMEs.

115 Benefits of SME Energy Management and Savings Programs

The Canadian Industrial Energy End-Use Data Analysis Center studied SME energy-saving
opportunities in 2003 for 11,000 SME industries. It found cost-saving opportunities of 35% in

the categories of lighting, air compressors, and motors [4].



The Canadian manufacturing sector had an energy-saving opportunity of $1.532 billion in 2003.
Individual establishments accounted for energy-saving opportunities of an average of $24,000
annually [4,5]. This was the result in 2003 (without any previous research ever being done on
this aspect of SMEs). Beginning then, Natural Resources Canada (NRCan) started working to
provide more potential data sets for energy consumption analysis. NRCan identified that the
manufacturing sector consumed the most energy and held the highest potential for energy
savings. Therefore, energy-saving programs in SMEs will help reduce operating costs and further

investigate sustainable improvements.

1.1.6 Barriers to Implementing Energy-Saving Programs

Energy audits are the preliminary stage of energy-saving programs. However, there are barriers
that SME companies face, including economics, technology, and resources. These barriers
restrict the actual realization of energy-saving potential. In recent decades, there has been
apparent improvement because of continuous research on energy-saving opportunities. Although
there is gradual progress, there are also factors that limit actual improvement [6,7,8]:

= Conflict of priority between energy conservation and capacity expansion

= Shortage of funds for energy-conservation projects

= Shortage of human capital and lack of information on technological options

= Lack of production management and inefficient products



1.1.7 Energy Audits

Energy audits are the process of verifying, monitoring, and analyzing energy uses in a facility.
An energy audit is the first step to understanding how energy is being used in a firm [10]. Cost-
benefit analysis and steps to reduce energy consumption are major parts of energy audits [11].
There are two major types of energy audits: macro and micro. Both macro and micro audits
depend on the scope of work and requirements by potential customers. A macro audit starts at
relatively higher levels and involves a broad physical scope and less detail. A micro audit has a
narrow scope that often begins where a macro audit ends. In-depth analysis is conducted in micro
audits. Individual equipment energy-efficiency analysis is a major part of micro-energy audits.
Generally, micro-level analysis requires expertise in the field of engineering and technology.
Therefore, energy-consumption analysis and identification of specific energy-saving measures
are the main focus of energy audits [12]. These have different levels and depths, which are listed
below [13]:

1. Level | analysis: walkthrough analysis which is inspection of the facility to identify
maintenance, operation, or deficient equipment issue and to also identify area which need
further appraisal.

2. Level 1l analysis: where performing cost-effective calculations and may include
performing, monitoring, metering, testing to identify actual energy consumption and
losses. ASHRAE-level-I1 energy survey and analysis includes in this type.

3. Level Il analysis: where performance of detail analysis through computer modeling to
determine the actual yearly energy consumption. ASHRAE-Ilevel-11l energy survey and

analysis includes in this type.



The type of audit depends on the funding, cost and potential of the energy conservation

opportunity, accuracy of the information, type of facility, and processes within a facility.

1.1.8 Goals of the Energy Audit

The goals of an energy audit are:

1. Determine the type and cost of energy use.

N

Identify how energy is being used and where it is wasted.

L

Identify and analyze more cost-effective ways to use energy.

4. Perform an economic analysis on those cost-effective energy uses alternatives.

1.1.9 Steps in the On-site Energy Audit

The step-by-step progression of an energy audit is:

1. Data collection and review

N

Plant survey and system measurements, including layout and operating schedule for
facility

3. Equipment inventory

4. Building use pattern to show annual needs for heating, cooling, and lighting

5. Observation and review of operating practices

6. Data analysis

This information is necessary to determine where, when, why, and how energy is being used.



1.1.10

Equipment List for Energy Audit

Before conducting an energy audit, some information and review of equipment in the facility are

important:

1.

1111

Identify all large pieces of energy-consuming equipment such as heaters, Heating,
Ventilation, and Air Conditioning (HVAC), and specific process-related equipment.
List all major energy-consuming equipment, their annual hours of use, and energy

ratings or efficiency.

Major Systems to Consider for Energy Audit

Major equipment depends on function and type of the facility. However, there is common major

equipment to consider during an energy audit:

1.

2.

3.

8.

9.

10.

Building envelope

HVAC system

Electrical supply system

Lighting

Boiler and steam system

Hot/Cold water system
Compressed air system

Motors

Special purpose process equipment

Water and sewer system



1112 Difference Between Energy Audit, Energy Conservation, and Energy Efficiency

An energy audit is a systematic analysis of energy consumption in a facility, which provides an
energy use depiction in the field of energy management [14]. The purpose of an energy audit in
energy management is to balance total energy input with its use.

Energy conservation is the reduction of energy consumption in a process or by an organization
through economy, reduction of waste, and more efficient use. Energy conservation is separate
from energy efficiency, but they are related concepts. Energy conservation is achieved when
utilizing new technology and improved processes and is measured in physical terms. Therefore,
energy conservation can be the result of several improved processes or developments, such as
productivity increases or technological progress, for example, opening a window in the
summertime instead of turning on an air conditioner.

Energy efficiency is the percentage of total energy input to produce useful output. Energy
efficiency is achieved by reducing energy intensity of equipment, processes, or areas of
production without affecting output, or comfort levels. One specific example is replacing
traditional light bulbs with compact fluorescent lamps. The light level is better, and energy costs
are reduced.

The difference between energy conservation and energy efficiency is that energy conservation
means less energy use through behavioral change while energy efficiency means reducing energy
consumption through effective use of equipment without changing the comfort standard. Energy
conservation can sometimes affect comfort level [15]; for example, lowering the thermostat in
the winter is energy conservation, but installing an energy-efficient heater and insulation is

energy efficiency [15].
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1.1.13 Demand-Side Management

Demand-side management (DSM) is also known as demand management. The purpose of DSM
is to reduce consumers’ energy demand or shift energy demand to off-peak hours through
various methods [16] such as financial incentives and education. The goal is not to reduce overall
energy consumption but to shift demand to off-peak hours, such as nights and weekends. When
peak demand is increased, the system requires higher production capability and reliability, which
incurs more costs. If some peak demand is shifted to off-peak hours, then peak demand can be
reduced. The concept of DSM appeared after the energy crises in 1973 and 1979. DSM was
introduced by the Electric Power Research Institute in 1980 [16]. The basic concept is to store
energy during off-peak hours and deliver it during peak hours to balance the overall demand
load. DSM has a major role in high investments in generation, transmission, and distribution
networks. DSM also reduces harmful greenhouse gas emissions and provides significant
economic and environmental benefits [17]. The objectives of DSM are:

= Reduction of customer energy bills

= Reduction in the need for new natural gas sources

= Stimulation of economic development

= Increase in the competitiveness of local enterprises

= Reduction in air pollution

= Reduced dependency on foreign energy sources

11



1.2 Energy Management Plan and Related Code

Energy management plans are roadmaps to maximize industrial facilities’ productivity while

minimizing energy use. Energy management plans reach their goals for reducing energy

consumption and achieve cost savings. Components of an energy management program are [18]:

1.

2.

3.

6.

7.

8.

Company energy strategy

Energy cost and use, tracking, profiling
Energy audit of facility

Analysis of operation and maintenance
Energy economics analysis

Implementing energy projects

Monitoring energy conservation measures

Company training

An energy management plan has to maintain several codes and standards for safety and comfort.

There is no difference between codes and standards. A code is broad in scope and covers a wide

range of issues while a standard is narrow in scope and covers a limited range of issues. Both are

enforceable through legislation [18].

1.

National Model Construction Code
@ National Building Code of Canada (NBC): addresses the design and
construction of new buildings and the substantial renovation of existing buildings
(b) National Energy Code of Canada for Buildings (NECB): addresses

technical requirements for the construction of energy-efficient buildings

2. ASHRAE/IESNA 90.1-2010: addresses building compliance of HVAC, energy trade

off with cost budget method, building envelope, and lighting

12



3 ASHRAE/IESNA standard 189.1: addresses high-performance green buildings

4. ANSI/ASHRAE/IESNA 100-2006: addresses potential energy-saving measures for
existing buildings

5. Energy Performance Standard (MEPS): addresses the maximum amount of energy that
may be consumed by a product

6. Federal Energy Efficiency Act (EEA): addresses regulating energy efficiency for
products in some provinces

7. Standard 55-2004: addresses thermal environmental conditions for human occupancy
8. Standard 62.1-2007: addresses ventilation for acceptable air quality

9. Standard 62.2-2007 addresses ventilation and acceptable indoor air quality in low rise
residential buildings

10. Indoor Environment Quality (IEQ) level: addresses lighting level, noise, and
controllability of indoor environment management systems

11. National Fire Protection Association (NFPA) 86: addresses safe operation standards

for ovens and furnaces

Thesis Objective

Potential energy-saving analysis and process energy-consumption analysis are the major methods

of this research. This research has made an effort to identify indicators by which industry

facilities and processes can be benchmarked. Industries can be categorized by high-potential

energy-saving opportunities and low-potential energy-savings opportunities from different

subsectors. This research also identifies two indices: 1) an index of oven energy intensity by

13



which industrial plants can be benchmarked; 2) productive hours index, which can also be used
to benchmark industrial plants.

Major analysis focused on powder-coating and food-processing companies. Approximately 11
companies’ data sets from each subsector with actual hourly production output provided realistic
energy-consumption trends. A payback analysis was performed with cash flow (e.g., payback

with a simple interest rate, benefit-cost ratio, and net present value).

1.4 Structure of Thesis

The work is organized into five chapters:

Chapter 1: Introduction and background on the research, and outline of the overall objective of
the study

Chapter 2: Literature review on small and medium-sized enterprises’ current features, energy-
consumption trends, and benchmarking

Chapter 3: Energy audit method and methodology for energy consumption, and energy-savings
analysis and payback analysis in order to update or modify system operations and/or processes to
reduce energy consumption in SMEs

Chapter 4: Analysis of SMEs energy consumption and potential savings opportunities.

Chapter 5: Results and discussion of energy consumption and savings in audited companies,
analysis of trends of process energy consumption of SMEs in the Greater Toronto Area (GTA),
and discussion of energy indicators in process energy consumption

Chapter 6: Conclusion and recommendations

14



Chapter 2: Literature Review

Published research papers and reports are the basis of this literature review. Actual energy data
sets used for this thesis were done through an energy audit of SMEs arranged by Enbridge Gas
Distribution Inc. Many case studies on energy audits and benchmarking were reviewed to

enhance this research work.

2.1  Energy Benchmarking

Benchmarking is the process of determining a baseline of energy consumption to compare with
other companies. Companies can see how well they are performing in comparison with others
through the benchmarking process and can determine ways in which to become more
competitive with other companies [15].

In the past, surveyors used to mark on hard surfaces and place indentations on items to help other
craftsmen with a point of reference to continue building. This process was known as
benchmarking. Companies use benchmarking as a point of reference in the present business
world, but they utilize statistical tools instead of physical benchmarking. Therefore,
benchmarking is a process of comparing manufacturing operations to other similar companies. A
practical example is a school report card or a standardized test, by which one student is
compared to his/her peers. The benchmarking process also provides some indicators, such as

revenue, production amount, energy consumption, employee productivity and quality, etc. [15].
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2.2  Benchmarking Methods

Benchmarking is the most effective method of analysing organizational activities, including
finance, production, energy consumption and quality, etc. It marks comparative trends of one or
more types of activities achieved within the same type of company by in-depth analysis and
study. Benchmarking starts one on the way to a deeper understanding of the internal processes.
Then, competitors or the same types of organizations are comparatively analyzed. Benchmarking
focuses on practices, and its main purpose is to learn from those practices that support the best
results. There is a clear trend in developing specific characteristics and the need for
benchmarking. It is widely practiced as a structured process of improvement. This generally

follows the Deming continuous improvement cycle: plan, do, check, act (PDCA) [17].

2.3  Benchmarking Methodology

Energy performance benchmarking/rating methodology is suitable for product energy
consumption (unit product). Exhaust emission performance benchmarking is used to analyze
exhaust emission levels. Environmental impact analysis is used to identify environmental
pollution and climatic change. There are a few ratings, such as 1ISO 14001 and 1SO 1403, and the
Global Reporting Initiative provides guidance for benchmarking direct and indirect energy use
[17]. A key performance indicator is another type of benchmarking methodology that helps to

indicate a company’s annual achievement target over goals.
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2.4 Gas Fired Oven and Heat Engineering

Heat transfer is a key principle in the process of powder-coating and curing for finishing
companies, as well as baking food products in a gas fired oven for food companies. The basic
principle is heat transfer, which includes conduction, convection, and radiation. Among these
heat transfer principles, convection and conduction play the major role in the process, while
radiation contributes much less. Convection is a process by which heat energy is transferred
between a solid and fluid flowing past it. The rate of heat transfer through convection is

determined by Newton’s law [19]:

ho
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Figure 2.1: Typical heat transfer in an oven

g =hA(AT) [Btu/hr] (2.2)
Where,
q = rate of heat transfer by convection [Btu/hr]

h = average convective heat transfer co-efficient. The value of convective heat transfer
co-efficient depends on: physical properties of a fluid, geometry of the surface, and

temperature difference [Btu/hr ft? °F].

A = surface area normal to the direction of fluid flow [ft?].
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AT = Temperature difference between the surface and the fluid [°F]

Conduction heat transfer (wall) in an oven is determined by Fourier’s law:
q=-kAZ [Btu/hr] 2.2)
Where,

q = rate of heat flow in X direction (or Y/ Z direction) through conduction

k = thermal conductivity of material [Btu/hr ft °F]

Z—z = temperature gradient (positive when heat flows from higher temperature to lower

temperature and negative when opposite.) [°F/ft]
Radiation heat transfer in an oven is determined by Stefan-Boltzmann’s law:
q = & cA(Ts* T (2.3)
Where,

q = rate of heat flow by radiation [Btu/hr]

Ts = surface temperature on Rankin (°R) scale [°R = °F + 459.67]

T.. = ambient temperature on Rankin (°R) scale

A = surface area of radiation [ft?]

o = Stefan Boltzmann constant (1.714 x10° Btu/hr ft? R%)

€ = emissivity (assumed value of one as ideal emitter)
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2.5 Industrial Powder - Coating Process

Powder-coating processes involve the cleaning, rinsing, phosphating (improving corrosion
protection), rinsing, drying, powder-coating, and curing of parts [20]. The cleaning to drying
steps are part of the pre-treatment process, then a part goes into the actual coating processes,
followed by the powder application, which requires a spray device with a powder delivery
system. The final stage of coating is the curing of the powder-coated parts. Thermal energy is
applied for a certain amount of time in order to produce a chemical reaction and form a film on
the surface. Powder materials melt when exposed to heat, flow into a level film, then chemically
reform and reach the full cure. Heat energy contributes to the chemical reaction and curing.
There are several types of ovens, depending on the curing processes, namely convection ovens,
infrared ovens, and combination ovens [21]. Heat transfer takes place from the article or paint
film to the surrounding air inside the heated chamber throughout the convection oven. Air is
heated up in the heated chamber and circulated by fans. This method is suitable for large and
irregular-shaped objects. Radiation ovens are known as infrared ovens. In this method, infrared
radiation is emitted, which heats up the paint film or surface of an object. Infrared bulbs or
infrared electric heaters work as a source where suitable reflectors directed this infrared emission
to the object. This surface-heating process is suitable for objects that have simple and straight

geometric shapes. Combination ovens are a combination of convection and infrared ovens [22].

2.6 Cure Dynamics of Powder Coating and Reducing Energy Use

The oven is a major piece of processing equipment in powder-coating and food-processing
companies. The processing time depends on the curing dynamics. Curing dynamics is a changing

process through chemical reactions and kinetics of the organic binder between paint and
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substrate metal [23]. Another dependent variable is temperature. Therefore, temperature and
time are two important variables of the curing process. Other variables include concentration,
particle size, and catalyst. Bruno Fawer developed a mathematical formula [23] for this based on
the trial-and-error method. This formula is widely used in convection ovens, though it is not fully

supported by the cure dynamics theorem. The formula is:

Where,
tor = oven dwell time [min]
tsut = oven bring-up time (known or assumed) [min]
t1 = new cure time after temperature change [min]
to = cure time after temperature change [min]
AT = new temperature minus initial (base) temperature [°F]

The processing time, called the dwell time, is defined as the total time a part remains in the cure
oven. The total time is made up of two parts: bring-up time and cure time. The bring-up time is
the time it takes for a part to reach the cure temperature, while the cure time is the time it takes to
cure and settle. There is still confusion with respect to defining dwell time because people in a
laboratory environment have stated that oven dwell time and cure time are essentially the same
[23]. The bring-up time is a known or assumed parameter determined through trial and error.
Therefore, only cure time can be calculated by this formula. Dwell time is a critical phenomenon

that can balance conveyor speed (material handling speed), setup temperature, and energy
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consumption. Therefore, to minimize heat requirements, dwell time for quality parts with

specific coatings or specific food processing is required [24].

2.7  Reducing energy use in powder coating system

Ovens are the major processing equipment in powder coating companies. The finishing process
consumed half the total plant's energy [25]. Natural gas is the highest energy used followed by
electricity. Therefore, energy cost is a major concern in production price of powder coating
companies. Raising energy costs significantly affects production cost and profitability of this
finishing process companies [25]. From 2002 to 2006, the cost of energy increased from $39,500
to $107,576, which is a 275% increase from 2002 from a single shift coating company [25]. High
energy prices significantly increased the importance of minimizing energy use in the powder-
coating process. Energy savings can be achieved by following by these strategies [25]:

a. Minimizing high-temperature operation

b. Retain heated air

c. Automate and control

A 75 degree (°F) cuts energy consumption by 700,000 Btu per day, which is $16,000 annually
[25]. Retaining heated air can cause products to process faster, which will increase oven
efficiency. This increases production rate, shortens oven time, and reduces oven temperature.
Thus, upgrading or existing ovens with air barrier heat seals provides multiple benefits. Heat
sealing ovens can reduce energy usage by half, which provides less than one year's payback
period. Upgrading control ensures effective product cleaning and coating, which ensures
consistent high-quality finish. A study found that applying the improvement measures described
above can reduce plant's energy usage by 25% [25].
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2.8  Curing Oven Basics

The curing oven is the major processing equipment at powder coating companies, and consumes
the majority of the plant's energy. This is the final process of painting and coating. The curing
oven raises the temperature of the product being cured and holds it at the required temperature
for an amount of time suggested by coating suppliers. The time and temperature are determined
by coating manufacturers or suppliers based on chemical composition and metal substrate. There
are other factors affecting curing time and temperature, including line speed, product size, hanger
spacing, product and conveyor weight, and oven windows. The average time required to achieve
curing is 20 minutes [26]. However, time and temperature are not the only variables for curing;
many other variables affect curing quality and energy consumption. Parameters to consider when
estimating energy consumption include: product energy consumption, radiation energy loss
through enclosed panels, energy consumption by conveyor and hanger, energy loss through air
seals or openings, fresh air requirements for burners, continuous exhaust for safety requirements,
and release of coating materials (if any volatile material is being used with the coating material)
[26]. To estimate moving product and conveyor load weight, the following equations can be
used.
Assumptions:

A production rate of 600 parts per hour.

Each carrier holds two parts.

Required number of carriers per hour is 600/2 = 300 carriers per hour (2.5)

Required number of carriers per minute = 300/60 = 5 carriers per minute (2.6)

Carrier spacing of 36 inches or 3 feet.

Five carriers per minute x 3 ft. = 15 ft/min (2.7)
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Example:
Conveyor length = ware center x required production.
= 3 [ft.] x 1,000[number per shift] = 3,000 [ft/shift] (2.8)
Conveyor speed = 3,000 [ft per shift] / 7.5 [hrs. per shift] = 400 [ft/hour] = 6.67[ft/min]
(2.9)
Assumptions:
Product weight = [Ib]
Unit carrier weight = [Ib]
Conveyor weight = [Ib]
Design conveyor speed = [fpm]
Unit product per hour = conveyor speed [fpm] x 60/ware center [ft.] = [number per hr.]  (2.10)
Lbs product per hour = units product per hr. [number per hr.] x product weight [Ib] = Ib/hr.]
(2.11)
Lbs hanger per hour = unit hanger weight [Ib] x unit per hour [unit/hr.] = [Ib/hr.] (2.12)

Lbs conveyor per hour = conveyor weight/ft. [Ib] x conveyor speed fpm x 60 = [Ib/hr.] (2.13)

2.9  PRISM Analysis

The Princeton Scorekeeping Method (PRISM) is a reliable method of energy data analysis for
potential energy savings. It is a dependable tool with which to evaluate the effectiveness of
retrofits or energy-conservation methods implemented on buildings in the United States. The
software and methods were designed by Princeton University in 1984 and then later modified to
best utilize the available utility data. Heating and cooling models and automated data correction

were added subsequently [27].
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The PRISM method is a procedure that uses utility billing data from periods before and after
installation of industry retrofit measures and average daily temperature data from local weather
stations to determine whether there are adjusted energy savings. This results in weatherization
programs. This method uses regression analysis to produce pre-weatherization and post-
weatherization normalized annual consumption values for each industry analyzed, and the
difference between these values provides the normalized annual savings for that particular
industry [27, 28, 29].

PRISM assumes that the energy consumption base load remains the same for the whole year.
This base load includes lighting, appliances, and domestic hot water. The seasonal load with
respect to non-heating has been ignored in PRISM analysis. Usually the highest non-heating
consumption occurs during winter, which is caused by increasing demands in water heating,
cooking, lighting, clothes drying, etc. A study shows that the difference between non-heating
consumption between winter and summer can be up to 20% [30, 31, 32]. Those changes are
linked with seasonal changes similar to space heating and cooling [30, 31, 32]. Therefore, non-
heating consumption methodically adds onto the space heating or cooling loads [30, 31, 32].
Because it analyzes a set of data through nonlinear regression, PRISM is an important tool for
research. It’s a simple method that can represent a curve in a single step. PRISM is a good tool
for getting many folds of output from a single selected equation. PRISM does this automatically
through the given equation and displays the results as a table, i.e., draws a curve on the graph and
interpolates unknown values [28]. PRISM provides weather-adjusted normalized annual
consumption (NAC) [33]. This gives two indices at the same time: one being the NAC index,
and the other being the best reference temperature of the building being analyzed. In this

regression analysis, there are two variables: NAC, which is a dependent variable, and
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HDD/cooling degree day (CDD), which is the independent variable. The correlation between
these two variables is expressed by the coefficient of correlation R2. The correlation coefficient
explains the behavior of one variable with another. The R? value ranges from 0 to 1. The value 0
indicates no relation between these variables, and the value 1 indicates a perfect relationship
between these two variables. It is evident that an R? value of more than 0.7 is the more reliable
relation between these two variables [33]. This method is utilized for many purposes, including
reference temperature, energy-consumption trends, and weather-adjusted normalized annual

energy consumption.

2.10 Simple Ratio-Based Weather Normalization Method

Simple ratio-based weather normalization (SRWN) is another method of estimating heating
energy requirements. In this method, HDDs are used for the analysis. HDDs are a simplified
form of historical weather data. They commonly include monitoring, targeting, and modeling the
relationship between energy consumption and outside air temperature. HDDs are commonly used
to calculate the weather normalization of energy consumption. Weather normalization or weather
correction can show energy consumption from different periods and places with different
weather conditions.

The estimated energy consumption is calculated using the Equation 2.14 [33].

_ Ea
E= HDDaX HDD. (2.14)
Where,

E = normalized annual natural gas consumption [m3/year or Btu/year]

Ea = actual natural gas consumption [m®/year or Btu/year]
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HDDa = actual HDD of the billing period [°F day]

HDD. = long-term annual HDD [°F day]

In the degree-day, the base temperature, balance point, or reference temperature of a building is
the outside temperature above which the building doesn’t require heating. Different industry
buildings have different base temperatures [34]. For the purpose of calculating normalized
energy consumption, HDD is essential. If for any reason it is not obtained with a suitable base
temperature, it can be obtained with mean air-temperature data (e.g., monthly readings of the
mean air temperature) and an assumed base temperature (set-up temperature); these results
approximate degree day. This degree day can be obtained by using Hitchin’s formula, which is

shown in Equation 2.15 [35].

Average degree days per day = — TbaseTmean (2.15)

e ~k(tpase— tmean)

Where,

Thase = base temperature [°F]

Tmean = Mean outside air temperature [°F]

k = constant (0.71)
This is an alternative methods of calculating degree days from the mean daily temperature where
limited data are available. The relation can be plotted in Excel, which provides a trend and R?

value. From this value, conclusions about energy efficiency can be drawn.

2.11 Shipping and Receiving Door-Related Energy Consumption

The shipping and receiving door location, opening time, and opening frequency also play an

important role with respect to energy-saving opportunities. This activity is important for every
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industry. A model of air infiltration through the door opening was developed to estimate the
energy-saving impacts as stated in the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers’ (ASHRAE) energy standard ASHRAE 90.1-2007. The energy-saving
opportunity regarding door openings can be calculated where air flow rates have already been
estimated [36]. The door-opening frequency for different types of buildings was estimated based
on available data and occupancy data. In ASHRAE 90.1-2007, the energy savings for each
building and each climatic location were estimated. The research shows that strip malls,
standalone retail businesses, quick service restaurants, and sit-down restaurants have a larger
percentage of energy savings as compared to other buildings which have less frequency of door
opening [36, 37]. Air infiltration through door openings can be determined by type of door,
usage of buildings, door openings, wind speed, and building pressure differences. The air
infiltration can be determined by the Equation 2.16 [36]:

Q = C4AR, (2.16)
Where,

Q = s air flow rate (cubic feet per minute, or CFM)

Ca = is air flow coefficient (CFM/ft-(in. of water) 0.5)

A = is area of the door opening (ft?)

Rp = is a pressure factor (in. of water 0.5)

Energy loss due to air infiltration through a shipping and receiving door can be determined

through ventilation energy consumption analysis.
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2.12 Square-Foot Area Energy Consumption Method

Shape and size are important considerations in energy-efficient building designs due to their
significant impact on energy performance. This decision has to be made during the conceptual
stage. A building that is well-shaped, is well-oriented, has a good envelope, is well-configured,
and has a high-quality design can consume 40% less energy than a poorly designed one [38]. The
building shape and orientation are two of the most important factors during the conceptual stage
of the design process. This design and orientation of the envelope satisfies two performance
criteria: maximum daylight use and minimum operating energy consumption. There is a case
study in which a typical pentagon-shaped floor showed optimum energy usages than a multi-
objective generic algorithm [38, 39]. Analysis of square footage could provide an easier way to

compare and benchmark the energy efficiency of a similar type of processing facility.

2.13  Estimating Non-productive Energy Consumption

The non- productive energy determined for each facility is the energy extrapolated to zero
production in these regression models. Non-productive energy consumption is an important
aspect in analyzing the potential saving opportunities in the manufacturing sector. From this
research, an important technique for estimating the non-productive energy (also known as
overhead energy) in industrial and manufacturing buildings will be analyzed [40]. This process is
based on regression analysis on monthly building energy use versus the monthly production rate.
The monthly average production data of each facility corresponds to average total building
energy use (productive and non-productive). The energy at zero production as a percentage of

the average production energy is the non-productive energy percentage [40]. The non-productive
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energy consumption and productive energy consumption (identical facility) can be determined

and used for benchmarking the energy-efficiency of facility units.

2.14  Production Scheduling and Shift Optimization for Energy Optimization

Meeting due dates and reducing tardiness have always been important objectives of scheduling
in manufacturing companies. Both tardiness and earliness have direct and indirect penalties on a
company’s profitability [41] and add more costs as a result of increased energy consumption.
There are many algorithms for operation hour optimization and scheduling of jobs in single or N-
machines [42]. Among them, a single machine with no tardiness issues would be the best method
of utilizing productive time. However, decision makers face the issue of selecting which
algorithm is best suited to solving their scheduling problems [41]. The first is an “n” job, a
sequencing algorithm for one machine for minimizing the number of late jobs, which is the
simplest to reduce late jobs [43]. Another popular algorithm is for scheduling one machine to
minimize the maximum earliness and the number of tardy jobs [44], which is more appropriate
for scheduling in powder-coating and food-processing companies. This algorithm provides a
minimized maximum earliness and a minimum number of tardy jobs for an industrial plant. An
oven is considered one machine. Shift changes, product changes, and color changes can be
considered in this algorithm. Energy consumption is minimized as a result of an optimal
production schedule. Fray et al. pointed out that job earliness creates inventory costs and
contributes to additional energy consumption [44]. This could be another field of research based
on process type and identity. However, the process time and schedule of production can be

analyzed in order to establish a potential index on scheduling or shift of operation.
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2.15 HVAC Energy Optimization

Heating, ventilation, and air conditioning (HVAC) systems maintain thermal comfort and air
quality in buildings. A survey in the U.S. Department of Energy and ASHRAE Standard 62.1
User’s manual showed that of the around 40% of the building energy utilized by HVAC
systems, an air-handling system is one of the most energy-intensive components which takes
41.4% of HVAC energy usages [45]. HVAC demand management cuts down on rising energy
demand and costs. Building-management software or an intelligent energy-management device

can make this decision automatically. As a result, energy savings can be achieved [46].

2.16 Thermal Comfort

The main purpose of HVAC design is to provide indoor thermal comfort for humans. The
definition of thermal comfort is “the condition of mind that expresses satisfaction with the
thermal environment” (ASHRAE standard 55) [47, 48]. In short, it is these inputs that have an
influence on humans physically, physiologically, and psychologically [47]. Human thermal
comfort depends on many factors, including temperature and moisture sensation through the
skin, deep body temperature, and regular body temperature [48]. Comfort also depends on
activity, changing locations, changing thermostat settings, open windows, and indoor spaces. All
these factors influence body temperature, skin moisture, and physiological efforts. In general,
comfort is achieved when these parameters are minimized. Winslow et al. defined the body as “a
skin wittedness index of thermal discomfort indicators.” The human body is considered to be two
concentric cylinders: a core cylinder, and the skin as a thin cylinder surrounding it [47].
Metabolic activities dissipate heat and are regulated to maintain a normal body temperature.

There are two characteristics of body-thermal activities: hyperthermia, in which there is
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insufficient heat dissipating from the body, and hypothermia, in which excessive heat dissipates,
resulting in the cooling of the body. A study showed that a skin temperature greater than 45
degrees centigrade or less than 18 degrees centigrade causes pain [48]. Usual comfortable skin
temperatures are 33 degrees centigrade to 34 degrees centigrade and decrease with increasing
activity [48]. As a result, internal temperatures rise with activity. The comfort temperature in the
brain is about 36.8 degrees centigrade. It increases to 37.4 degrees centigrade when walking and
37.9 degrees centigrade when jogging. An internal temperature of less than 28 degrees
centigrade can cause serious cardiac arrhythmia and greater than 43 degrees centigrade can cause
irreversible brain damage. Considering these facts, the comfort regulation of HVAC design is
important. Another factor to be considered is that an adult produces 100W of heat when he or she
is at rest. This is about 58W/m? and called 1 met. The average skin surface area of a male is
about 1.8m?, and the average skin surface of a female is 1.6m? (ASHRAE, 2013) [48]. A person
walking is considered to have five times the metabolic rate compared to when in a resting
position (about 5 met).
The energy balance equation for humans is shown in Equation 2.17 [48].
M —W =Qsk + Qres + S (2.17)
Where,

M = rate of metabolic heat production [W/m?]

W = rate of mechanical work accomplished [W/m??]

Qsk = rate of heat loss from the skin [W/m?]

(res= rate of heat loss through respiration [W/m?]

S = Surplus or deficit stored energy [W/m?]

The net heat produced by a human is transferred to the environment through the skin’s surface

(gsk) and respiratory tract (qres), with the surplus or deficit stored (S), resulting in the body
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temperature rising or falling. In this research study, occupants and their activities were

considered in order to standardize the reference temperature setting.

2.17 Ventilation Analysis

Ventilation is a process of maintaining indoor air quality in order to achieve human comfort.
This is done by changing or replacing air in a space through quality air transfer. Quality of air
depends on its temperature, oxygen content, and moisture content, odor, smoke, heat, and carbon
monoxide content.

The definition of ventilation is “the intentional movement of air from outside of a building to the
inside” (ASHRAE Standard 62.1). Another definition for this in the ASHRAE handbook is “the
air used to provide acceptable indoor air quality.”

Enbridge Gas Distribution Inc. follows a rule of thumb which is one cubic meter natural gas
required for space heating of one square foot facility area in year. This rule of thumb is used for
ventilation analysis and this result can be utilized to calculate air changes per hour (ACH). This
calculation uses ASHRAE standard 62.1, 2013 [50], where ACH used for ventilation of an
industrial plant is 0.18 CFM/ft?.

The following method can be used to calculate ventilation. Initially, the total plant’s natural gas
consumption is calculated:

Total natural gas consumption [m®/year] = average process load [m®year] + average seasonal

load [m®/year] (2.18)
Then,
Total seasonal load = space heating [m®/year] + ventilation [m®/year] (2.19)

Space heating = rule of thumb by Enbridge Gas Distribution Inc.
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1 square foot requires 1m?3 of natural gas per year
So, ventilation = total seasonal load [m®/year] — space heating [m?/year] (2.20)
Therefore,

ventilation [m*/year] = operational hrs [hr/yr] x 1.08 [Btu-min/ft3 °F hr]x CFM x AT [°F]

(2.21)

Now, air changes per hour (ACH) = (CFM x 60)/volume (2.22)

2.18 Case Study on Energy Management

2.18.1 Advancing Opportunity in Energy Management in Ontario Industrial and
Management Sector

Canadian Manufacturing & Exporters, in conjunction with the consulting services of Stantec
Consulting, Marbek, and ODYNA, conducted a study to examine energy management
opportunities in the manufacturing sector in Ontario. This research report was published on
March 17, 2010. The objective of the study was to assess energy-management performance to
estimate the economic potential for energy management. Extended research objectives included
the benchmarking of greenhouse-gas emissions and the reduction of air contaminants. The
reference year for this analysis is 2007 [51].

Five objectives were set in this research project study: (a) reduce operating costs, (b) increase
productivity, (c) retain manufacturing jobs and value addition, (d) reduce air emissions, and (e)
defer or avoid new energy infrastructure [51]. The scope of work encompassed three
performance indicators: energy intensity, technical best practices (TBP), and management best

practices (MBP). Energy intensity is the amount of energy used to produce output — for example,
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a kilowatt-hours per ton of product produced. TBP is the production system and efficiency
measure that assesses reduction in energy use per unit of production. An example is the
installation of a heat recovery boiler, which exhausts gas from the generator in order to reduce
process energy. MBPs relate to a manager’s actions to reduce energy use. Examples include
company policies and plans to reduce energy use.

Energy benchmarking was investigated over selected companies in the GTA. The area of
investigation included energy intensity, TBPs, and MBPs. The results showed very low
implementation of the TBP method. Thirty-one percent to 42% of the firms in the sample
implemented TBPs and achieved the 75th percentile. Fifty-eight percent of the firms had the
opportunity to implement TBPs. Large plants were 10% more likely to implement TBPs
compared to SMEs. TBPs were grouped into three different fields: lighting, process
specification, and indirect-process heating. TBP implementation rates on lighting large firms and
SMEs were 33% and 3%, respectively; 43% and 14% on process-specific heating, respectively;
and 37% and 21% on indirect-process heating, respectively. Results showed that fewer than 48%
of the plants implemented MBPs and achieved the 75th percentile. Fifty-two percent of the firms
had to implement MBPs. Large firms were 30% more likely to implement MBPs compare to
SMEs. MBPs were divided into three different fields: financing, policy and planning, and
monitoring. Large firms and SMEs implemented MBPs at the following rates: 70% and 20%,
respectively, in the financing field; 42% and 7%, respectively, in policy and planning; and 46%
and 12%, respectively, in the monitoring field. A correlation existed between TBPs and MBPs.
Research showed that the higher the degree of MBPs implemented, the higher the degree of
TBPs implemented [52]. Overall, 22% of the selected plants implemented both TBPs and MBPs.

Individually, TBPs were implemented 40% more often than MBPs. Sixty-three percent of the
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TBPs and MBPs implemented were in large plants. Two-thirds of SMEs implemented TBPs at a

rate of less than 40%. Therefore, a large potential exists for further research in this sector.

2.18.2 Bottom Line Improvement of Natural Gas Consumption Through Process
Ovens: A Case Study by Enbridge Gas Distribution Inc. in Canada’s Greater
Toronto Area

Powder-coating ovens or process ovens provide decorative or protective finishes applied on a
surface without the aid of solvents or carrier liquids [53, 54, 55]. Dwelling time is the main
feature of this process. Dwelling time involves bring-up time and cure time. These processes
require heat energy or thermal energy. The low thermal efficiency of an oven is the major
concern of this research [23].

A team from Toronto, Canada’s Enbridge Gas Distribution Inc. examined industrial process
ovens to assess DSM and energy savings. Industrial ovens are usually used for baking, drying,
powder-coating, and curing. Enbridge’s energy team studied a case on powder-coating
companies wherein two types of ovens - dry-off ovens and cure ovens, both of which are heat
convection-type ovens-were involved. George Koch Sons, LLC, shows the percentage of energy
consumption of ovens by different uses, including pre-treatment heating (38%), pre-treatment
motor (7%), air handler (13%), oven heating (38%), oven motors (3%), and lights or
miscellaneous motors (1%). The energy balance of ovens is shown in Equation 2.23 [55, 56].

ENGinput= E p + E ¢+E exh + E shell + E opening [Btu/hr] (2.23)

Where,

Encinput = €nergy input of natural gas through burner [Btu/hr]]

Ep = energy consumed by product [Btu/hr]]
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Ec= energy consumed by conveyor [Btu/hr]]

Eexn = exhaust energy loss [Btu/hr]]

Esnen = energy loss through shell [Btu/hr]]

Eopen = energy loss through oven opening [Btu/hr]]

Heat loss from an oven is a major concern in this analysis. This happens in many ways, namely
through conveyor (material handling) losses, oven opening losses, shell losses, and exhaust
losses. Energy required by the product can be determined by the Equation 2.24.

Eproducts [Btu/hr] = m¢ products [Ib/hr]x Cp [Btu/lb °F]x AT[°F] (2.24)
Where,

Erroducts = €nergy required by the product to cure or process [Btu/hr]

M# products = Mass of the product [Ib/hr]

Cp = material’s specific heat capacity [Btu/lb °F]

AT = temperature difference of material between before and after the process [°F]

Conveyor energy loss or material handling (MH) loss contributes in two ways: firstly, through
conveyor chain loss, and secondly, through conveyor hanger loss. Both losses can be named MH
loss. This MH energy loss is determined by the Equation 2.25.

E v [Btu/hr] = mmu [Ib/hr] x Cp [Btu/lb °F] x AT [°F] (2.25)
Where,

Emn = energy required by the material handling equipment [Btu/hr]
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mmn = mass of the material handling equipment [lb/hr]
Cp = material’s specific heat capacity [Btu/lb °F]

AT = temperature difference of material handling equipment before and after the process
[°F]

Continuous flow dry-off ovens and cure ovens usually have two openings. One is at a beginning
of a process, and the other is at an exit of a process side. There is a definite loss of heat energy,
which is approximately 1% to 3% of the total energy consumption of an oven. This is calculated
by the Equation 2.26.

Eopen = Qopen [CFM] X 1.08 X AT [°F] (2.26)
Where,

Eopen = energy loss due to opening of oven [Btu/hr]

Qopen = flow rate of dry flue gas from opening in CFM

AT = temperature difference between the opening part of an oven and indoor temperature

of a facility [°F]

(Explanation of 1.08. In general for standard air p = 0.075 Ib/ft®. For dry air Cp = 0.24 Btu/Ib °F.

Therefore, the constant’s value is

_0751lb  0.75Btu _ 60 min

= 1.08 Btu-min/ft3°F hr)
ft3 b °F hour
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The shell is an enclosure of an oven, and it can be made in different geometric shapes and have
more than one layer. The geometric shape and number of layers depend on its uses. Shells
usually protect heat loss. Shell energy loss can be calculated by the Equation 2.27.

Esnell = Ashen [ft?]x U [Btu/ft? °F] x AT [°F] (2.27)
Where,

Esnen = energy loss from oven shell [Btu]

U = overall heat transfer co-efficient of oven shell material [Btu/ft? °F]

AT = temperature difference between the opening part of an oven and indoor temperature

of a facility [°F]

Table 2.1: Heat loss factor on panel thickness [57]

Panel thickness (inches) 3 4 5 6 8

Loss factor (these insulation factor assume that the
insulating material is rated as 4-pound density)

0.40 035 | 0.30 | 0.25 | 0.20

Exhaust contributes to heat loss in an oven. Burnt gases travel through the exhaust system as a
result of combustion. Theoretically, waste created through combustion is expelled from the oven,
where useful heat energy and toxic gas are present. Energy loss through exhaust can be
calculated by Equation 2.19, where the exhaust flow rate and temperature differential between
exhaust air temperature and ambient temperature are required. The exhaust energy can be found
through Equation 2.28.

EEexhaust = Q Exhaust [CFM or SCFM] x 1.08 x AT [OF] (228)
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Where,
Eexnhaust = energy loss due to exhaust from oven [Btu/hr]
Q exnaust = flow rate of dry flue gas from exhaust from oven in CFM or SCFM

AT = temperature difference between the opening part of an oven and indoor temperature

of a facility [°F]

Purge is another kind of energy loss from an oven. This is a definite requirement to maintain
safety and expel partially burned gases before an oven reached to operating temperature.
Different manufacturers recommended different purge times and purge frequencies, which
depend on oven volumes and operating temperatures. Usually there were 4-6 purge observed in

an oven of audited industrial plants. This purge time can be calculated by Equation 2.29.

tourge [MiN] = % (2.29)

Where,
tpurge = purge time in minute
Voven = Volume of oven [ft]
VFexh = exhaust volume [SCFM]

Another requirement is to calculate the exhaust ventilation while the oven is running. This
calculation requires the correction factor (CF) at the running temperature. CF can be estimated

by Equation 2.30.

Oven CF = {Loven*460) (2.30)

(Tref+460)
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Where,

Toven = running temperature of oven [°F]

Trer = facility reference temperature [°F]

Exhaust at constant volume can be estimated by Equation 2.31.

Q (SCFM) - number of purge x oven volume (2.31)

purge time

Most gas meters measure the volume of gas at the existing pressure and temperature. The value
of the gas (i.e., heat content) is referred to in gas measurement as the standard volume or volume
at standard conditions of pressure and temperature. Charles’ Law describes the effect of
temperature on volume, stating, "At constant pressure, a volume of a given mass of ideal gas
increases or decreases by the same factor as its temperature on the absolute temperature scale”
[58]. In other words, as the temperature increases, the gas expands, and as the temperature
decreases, the gas contracts. Expanding temperature using the Charles’ Law temperature

correction factor can be calculated as [58]:

Temperature Correction Factor (CF) = —ascemperature+460 (2.32)

Flow Temperature+460

(Absolute temperature conversion are °R = °F + 460)

2.18.3 A Case Study: Improving Energy Performance in Canada

The research performed aimed to improve energy efficiency in earliest possible time in Canada.
This research showed the most affordable and most effective way to control energy costs. [59]
An energy-efficiency program was implemented through a regulation named the Energy
Efficiency Act [59], helping to control energy costs in homes, buildings, industries, and vehicles.
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At the same time, renewable energy production was encouraged for clean energy production.
Energy intensity was the outcome by which changes in the energy uses can be estimated. This
research found that 38% of total secondary energy used was consumed in the industrial sector,
29.5% was consumed in the transportation sector, 16.5% was consumed in residential sector,
14% was consumed in the commercial sector, and 2% was consumed in the agricultural sector.
The Energy Efficiency Act gives an enforcement power to government of Canada to become

overall energy efficient. [59]

2.18.4 A Case Study: An Energy-Efficiency Program for Swedish Industrial Small and
Medium-Sized Enterprises

Research was performed in Sweden to fulfill the 20-20 target energy-efficiency program created
by the European Union. [60] As part of this research, SMEs reduced their energy use to 700 to
1400 GWh annually. [60] This energy efficiency was achieved through energy audits and long-
term agreements. Programs helped guide potential energy savings after an ex-ante evaluation
program. The European Commission’s Council Regulation No. 1083/2006 defines an ex-ante
evaluation as the process of developing a policy program performed before the implementation
of main programs to stakeholders. [60] After implementing the ex-ante program, an annual
savings of 700 to 1400 GWh was achieved by Swedish SMEs. The cost effectiveness achieved

by the ex-ante evaluation was 0.25 to 0.50 eurocent/kWh. [60]
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Chapter 3: Method and Methodology

The methodology is based on utility bills and other available data collected through energy
audits. The purpose was to perform process energy consumption analysis and develop

meaningful indicators, which estimate consumption patterns and potential savings.

3.1 Research Methodology

Figure 3.1 shows the research flow diagram. The energy consumption during different parts of

processes is analyzed to identify trends.
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Figure 3.1: Flow diagram of research program to investigate energy-saving opportunities
of SMEs in the GTA

43



3.2 Process Flow of Powder Coating Company

Powder coating is a dry finishing process that became trendy due to its high quality, durability,
maximum production, improved efficiency, and environmental compliance. Powder coating is
based on polymer resin systems including curative, pigments, leveling agents, flow modifiers,
and other additives. These melt after mixing, and then cool to make a uniform powder. These
powders are used as a coating on metal substrate through an electrostatic spray deposition. The

process usually observed in the powder coating process is presented in Figure 3.2.

Phosphating > Rinsing 1™ Partdrying >

A 4

Cleaning (| Rinsing

—» Powder Coating [ Curing

Figure 3.2: Process flow diagram of powder coating company (AAWIL)

The cleaning process typically uses an alkaline cleaner based on substrate. Some of the plants
observed use phosphating to protect from corrosion. In this process, drying and curing are the

energy-intensive operations.

3.3 Energy Audit

Energy audits provide accountability of energy use [61]. Energy audits quantify the amount of
energy consumption in different systems in a firm. The evaluation of the consumption pattern is
the objective of energy-management activities achieved through energy audits [61]. This

accountability provides a baseline for comparison. Comparing energy information illuminates
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the performance of firms. Furthermore, energy audits provide options to reduce energy

consumption or become energy efficient.

3.4  Primary Data Collection and Site Selection

The first step of energy consumption analysis is to collect required information, or conduct
primary data collection. This includes data on energy consumption, production, and facilities.
Data from a few other related categories were gathered through on-site energy audits. They are
listed here and in Appendix B:

= Specifications of ovens and other production equipment (rated capacities, purge times,

exhaust rates, dimensions, conveyor lengths, conveyor speeds, oven materials, etc.)

= Burner capacities

= HVAC specifications and design capacities

= Annual production schedules

= Types of products (dimensions and weights)

= Product and color changes over time

Site and facility selection were based on a screening process by Enbridge Gas Distribution Inc.

within the GTA.

3.5  Data Synthesis

The synthesis process depends on estimated analysis outcomes. Data from plant managers and

on-site audits were gathered for use in subsequent analyses. Other data were gathered from the
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National Fire Protection Association (NFPA) and Technical Standards and Safety Authority

(TSSA) to calculate oven exhaust, and minimum purge time assessment [62, 63].

3.6 Process and Seasonal Energy Consumption

Utility bills were collected for pre-benchmarking, and process energy consumption and seasonal
energy consumption were separated. To evaluate the process energy consumption, summer
months’ average consumption was considered. The summer month defines “in the Northern
Hemisphere the usually warmest season of a year, occurring between spring and autumn and
constituting June, July, and August” [64]. To obtain seasonal energy consumption, process
energy was subtracted from total utility bills. The vertical axis (y-axis) is the average monthly
energy consumption in cubic meters of natural gas, and the horizontal axis (x-axis) is the year
and month. The color blue represents seasonal energy consumption, and red represents the
average process load in a year. June, July, and August are considered summer months, during
which it is assumed no space heating is required [65]. The separation of process and seasonal
load is identified in Figure 3.3. In this thesis, 11 audited companies’ energy consumption data
were used to investigate potential energy-saving opportunities. These analyses were based on
published methodology from journals and established heat transfer principles. Major analysis
was focused on process energy consumption and industrial ovens. The overall potential savings

(cost and energy) from oven has been analyzed in this research.
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Figure 3.3: Separation of process and seasonal energy consumption (AASPEC)

Figure 3.4 shows an approximation of the oven location, energy losses, process flow, and HVAC
flow found during the on-site energy audits. Yellow arrow indicates heat energy loss from a

facility.

Figure 3.4: Typical industrial layout with HVAC network, process flow, and ovens
(simulated based on AASPEC)
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Natural gas consumption, collected from utility bills, was separated into process energy
consumption and seasonal consumption. Process energy consumption, marked in yellow in
Figure 3.5, was again subdivided based on audit findings:
e Energy consumption by production equipment.
e Energy consumption by boiler/major equipment.
e Oven energy consumption.
- Oven exhaust energy loss.
- Oven process energy consumption.
- Shell energy loss.
- Material handling (MH) energy loss.
- Oven’s door opening energy loss.

- Miscellaneous energy consumption

O

§

B oilerIviaj or equipim ent

"Ly

Production equipm exnt (if any gasfired Equipt)

Process
consumption

Figure 3.5: Sankey diagram of total energy balance of an industrial plant (AASPEC)
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3.7 Estimated Reference Temperature by Regression Analysis and Estimated
Normalized Annual Consumption

Energy-savings calculation in engineering does not always correlate with real-world
performance. Weather is one of the important differences between engineering energy-savings
calculation and real-world performance [66, 67]. Weather varies from year to year and continues
to change. As a result, it is becoming difficult to forecast weather effectively. Therefore, in
energy-savings calculation, it is vital to remove the energy consumption due to weather from the
total energy consumption, because does not have control. Calculating energy consumption due to
weather relies on a reference temperature of individual buildings and can be normalized with
historical weather data for realistic estimation. Linear correlation exists between energy
consumption and average mean daily outdoor temperature. This shows the performance of space
heating systems in a facility. The normalized energy consumption is plotted on the Y-axis and
outdoor temperature on the X-axis. A custom Excel analysis shows a line graph with a
downward slope. This indicates that as outside temperatures increase, space heating energy
consumption decreases.

Internal process heating influences space heating; a variation of HVAC set point temperature and
space reference temperature was observed. Figure 3.6 shows that few points close to temperature
67°F to 75°F (19°C to 24°C) which shows a different trend than other points. From this different
trend a reference temperature can be estimated if the reference temperature cannot be calculated
by other method. This was used to estimate a new reference temperature for a facility, requires
calculating process energy consumption analysis. This shift of reference temperature from set

point temperature occurs because of internal heat gain by process machinery.
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Figure 3.6: Typical regression analysis of outside average temperature and normalized
energy consumption (AASPEC)

Other approaches for determining reference temperature include using PRISM and Excel [68].
PRISM is commercially available software based on statistical procedures that converts common
utility billing data into useful weather-adjusted estimates of annual energy use [68, 69, 72-75]. In
these methods, actual utility billing data were collected from industrial plants. These billing
periods’ weather data (outdoor temperature) have been taken from Environment Canada (1984-
2013) [69]. Research analysis was performed in both Excel and PRISM software to verify
results. PRISM calculates a reference temperature in order to achieve optimized linear regression
[70]. This reference temperature obtained from the statistical approach is influenced by a few
factors: facility envelopes, HVAC, production machinery, and appliances. Therefore, optimum

reference temperature is a characteristic of a facility [71]. Higher reference temperatures in
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heating-dominated facilities indicate higher space heating requirement at lower outdoor
temperatures.
Obtaining the reference temperature in PRISM requires two important data files for each
company: daily average outside temperature in Fahrenheit, and monthly energy consumption in
any unit (in this analysis, m? of natural gas is used), showing respective billing dates. These files
must be converted to the Windows’ Notepad format as described in the PRISM user manual or
prepared in an Excel or Notepad.txt file and converted to a Notepad file by PRISM through a
readable temperature file (file ends with .TPS in PRISM) and meter file (file ends with .MTR),
which are described in Chapter 1 of the PRISM Users’ Guide: Reference Manual [68, 70, 73].
After the data file has been successfully prepared, PRISM uses the data to get the heating and
cooling reference temperature (TAU, 1), NAC, and correlation coefficient (R?).
PRISM calculated the NAC value through estimated consumption under average weather
conditions [68], which is shown in Equation 3.1. Fels and Reynolds defined “heating—only (HO),
cooling-only (CO), and heating-and-cooling (HC) automated models in PRISM” [68].
NAC =365 a + dn Bn Ho (t,) + 3 Be Co (t.) [m3/year] (3.1)

(base level) + (heating part) + (cooling part)
Where,

NAC = Normalized annual consumption [m®/year]

o = base-level consumption [m®/day] [HO, CO, HC]

Bn = heating slope [m3/°F-day] [HO, HC]

¢ = cooling slope [m*/°F-day] [CO, HC]

dn =1 for heating only (HO) and combined heating and cooling (HC) model, otherwise
zero

on =1 for cooling only (CO) and combined heating and cooling (HC) model, otherwise
zero
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Th = heating reference temperature [°F] [HO, HC]

¢ = cooling reference temperature [°F] [CO, HC]

Ho (tn ) = Long term average heating degree day per year to the PRISM to estimate

reference temperature

Co (tc ) = Long term average cooling degree day per year to the PRISM to estimate

reference temperature

In Equation 3.1, 6n = 1 is estimated for HO and HC models and & = 0, while &. = 1 is estimated
for the CO and HC models and &n = 0. Long-term heating and cooling degree days per year can
be determined by Ho () and Co (tc), respectively. Therefore, base temperature th and tc are
determined by PRISM. A coefficient of correlation (R?) of linear regression between energy

consumption and HDDs demonstrates the reliability of the model. A good model has an R? value

close to 1.
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Figure 3.7: Sample analysis by PRISM and NAC value (AASPEC)
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Another approach for determining reference temperature and NAC has been performed in Excel
using simple mathematical and statistical methods. HDDs are calculated by Equation 3.2.
ASHRAE defines HDDs as measures of how much in degrees and for how long in days the

outside air temperature was below a certain level [66].

HDD = (reference temperature — outdoor temperature) * number of days in a month (3.2)

This analysis was performed several times using variable reference temperature data to
determine the best R? value. Outdoor temperatures were gathered from monthly weather data
from Environment Canada. HDDs were determined for each month using Equation 3.2. A
regression line was obtained by using the scatter plots in Excel where HDDs are presented on the
x-axis, while monthly consumption is presented on the y-axis. From this scatter plot, an R? value
is found. Maximum R? value can be determined by varying the reference temperature in HDD
Equation 3.2 and in the scatter plot. This maximum R? value and corresponding reference
temperature is the base temperature of this analysis through Equation 3.2 [72]. To calculate NAC
in Excel, Equation 3.3 is used, where this reference temperature is used as the base temperature.
The monthly average temperature over a 31-year period was used instead of over the billing

periods [73].

NAC=MX+C (3.3)
Where,
NAC = Normalized annual consumption [m?®/year]

M = heating or cooling slope obtained in the regression line in the scatter plot
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X = HDD obtained from Equation 3.2 corresponds to optimal reference temperature [°F-

day]
C = is the fixed value on Y intercept in the regression line on the scatter plot [m?]

Figure 3.8 presents a sample regression analysis of the industrial plants.
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Figure 3.8: Sample linear regression analysis in Excel and R? value (AASPEC)
The normalized energy consumption value can be estimated by Equation 3.4, which can be

obtained by regression analysis.

y = 43.778x + 6394.7 (3.4)

The value of “y”, calculated by Equation 3.4, results in a maximum R? value obtained through
varying reference temperatures. These repeated approaches of determining reference temperature

and corresponding maximum R? value are presented in Table 3.1.
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Table 3.1: R? values based on different reference temperatures in linear regression analysis

R? Value S ~ S | |8 | |9 |8 |8 |5
™ ™ ™ < < < < < < <
o o o o o o o o o o
Reference
temperature 8 ¥ 8 |8 |& |8 |8 | |8 |R
(°F)
Reference
temperature 9 3 = 3 3 3 = I N
(C)

Results obtained through Excel analysis by varying reference temperature value have been
plotted in another Excel graph, presented in Figure 3.9., to estimate the precise reference

temperature.
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Figure 3.9: Reference temperatures (°C) with corresponding R? value from Excel
(AASPEC)
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Weather corrected consumption was calculated after obtaining best reference temperature by
Equation 3.4. The same methodology was applied to evaluate process energy consumption,
where summer months’ average consumption was considered. To obtain seasonal energy
consumption, process energy was subtracted from normalized energy consumption. The vertical
axis (y-axis) is the average monthly weather normalized energy consumption in cubic meters of
natural gas, and the horizontal axis (x-axis) is the year and month. Blue represents seasonal
energy consumption, and red represents average process load in a year. June, July, and August
are considered summer months, during which it is assumed no space heating is required [64, 65].

The separation of process and seasonal load is identified in Figure 3.10.
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Figure 3.10: Separation of normalized process and normalized seasonal energy
consumption (AASPEC)
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3.8 Energy Balance in Ovens

Thermodynamics in ovens is focused on energy balance [77]. This energy balance depends on
the physicochemical properties of adsorption. Spontaneous adsorption is a process that can be
concluded by a thermodynamic consideration called Gibbs free energy [78], which is an
indicator of spontaneous chemical reaction. This chemical reaction contributes to powder coating
and curing. According to the second law of thermodynamics, the heat energy produced depends
on temperature and entropy [79], which are analyzed for energy balance.

Proper curing and energy application are important to powder coaters. Convection and
conduction heat transfer are major modes of thermodynamic applications in ovens. Air is the
medium in the convection heat transfer. Air heats the metal substrate, and the substrate heats the
coating by conduction [80]. The oven must maintain the appropriate temperature for the proper
duration of time to cure 100%. Proper curing depends on the time-temperature relation. Figure
3.11 shows the time-temperature relation to curing. Time in the oven must include the time
required to bring the part up to temperature.
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Figure 3.11: Time-temperature relation of curing [19]
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Convection gas-fired ovens are continuous flow ovens. A gas-fired convection oven is an
insulated enclosure with the heat source located within the unit. Ducting maintains inlet air and
exhaust flue gas. The physical shape and design of ovens depends on their usage. The burner
capacity depends on the heat requirements. A burner box with an air blower inside distributes
heated air inside the oven chamber.

A simple oven configuration is shown in Figure 3.12. Direct gas-fired convection is used by
powder-coating companies. Energy consumption relates to three factors: (1) product loading, (2)
oven-panel radiation loss, and (3) exhaust loss. There are other factors contributing to natural gas

consumption. These are calculated and analyzed in the subsequent subsection.
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(Source: Hangzhau Color Powder Coating Equipment Co. Ltd)

Figure 3.12: Process flow of a continuous flow gas fired finishing company [81]
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Figure 3.13 shows the energy balance through a Sankey diagram

MH energy (m® Opening (m®) Misc. (m3)

Shell energy (m°)

Exhaust energy (m?®)

Figure 3.13: Simple process flow and energy balance of ovens (AASPEC)
3.9  Mathematical Model and Energy Balance of Oven

This is a mathematical model based on the heat transfer principle, a case study of a company in
the GTA, and published journal literature. NFPA 86 [62] and TSSA standards [63] are
considered because of safety factors and minimum protection standards. Oven energy
consumption is simulated based on current production data and information gathered from
discussions with the plant manager.

Data collected from plant manager,

Consumption of dry-off oven = [m®/year]

Exhaust flow rate (Qexn) = CFM

Dimension of dry-off oven = L x W x H [ft%]

Velocity of conveyor = [Viine] [fpm]

Average product mass and dimensions = [mp] [Ib ]
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Average product dimensions = [ft?]
Actual annual production = [pcs]
Operation hours = [shift hours per day] x [working days/week] x [working weeks per year] =

hours in a year (3.5

39.1 Estimated Product Energy Consumption

@ Product throughput
mip [Ib/hour]= mp X Viine X 60 x Loading/hs (3.6)
= [Ib/hour], and
= [Ib/hour]/[mp] [Ib] = pcs product per hour
(Relevant parts per hook spacing = 50%; hook spacing = 1ft)
Annual estimated production = [pcs] x [hours per shift] x [working days in a year]
= estimated annual production [pcs] (3.7)
(b) Opportunity loss = estimated annual production [pcs] — actual annual production [pcs] =
[pcs] (38)
() Energy required per product = [ mp] [Ib] x [Cp] [Btu/lb °F] x [AT] [°F] (3.9
(d) Estimated product energy required = [Btu required per product] x [qty. of product throughput
per hour] x [number of operation hours] = [Btu/year] (3.10)

= converted to [m®/year]

3.9.2 Estimated Energy Produced by Rated Flow Capacity

Oven efficiency = 80%

Rated flow capacity, g = 1,200,000 [Btu/hr], n = 80%,
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Total estimated energy produced = 1,200,000 [Btu/hr] x (0.8) = 1.2x10%° Btu/year =

1,20,000,000 ft3/year = 330,600 m®/year (3.11)

3.9.3 Exhaust Requirement Calculation

(a) Oven volume consists of

Oven volume (A) =L x W x H = [ft%]
Combustion chamber volume = B [ft®]
Air sealed = C [ft%]

Exhaust stack = D [ft%]

Total oven volume = A+B+C+D [ft%]

(b) Exhaust requirement = combustion volume [ft®] + turnover volume [ft%] (3.12)

3.9.4 Purge Rate

Oven volume = L x W x H [ft*]

NFPA 86 requires four purges before lighting = 4 x oven volume

4 x oven volume

EXIStmg fan deSIQn purge time = Design at constant flow rate (SCFM) (3'13)
If the oven kicks out at temperature, TSSA requires full purge, with the correction factor.
. T+460 f .
Correction factor (CF) = ———— [T is the oven temperature in °F] (3.14)
Ref temp+460

Therefore, the minimum purge time should be set at operating temperature = CF x calculating

purge time [minute]

61



3.95 Operating Ventilation

To calculate standard cubic feet per minute (SCFM) using the NEPA 86 standard which used by
Enbridge Gas Distribution Inc to their “Activity Book-Process ovens workshop” convert
[MBtu/hr] to standard cubic feet per minute (SCFM)

= 183 x [MBtu/hr] = total [SCFM] (3.15)
Convert to actual CFM (SCFM) by CF @ T [°F] = total [SCFM] x CF = total [ACFM]  (3.16)
Existing exhaust fan operating at [SCFM]
Convertto ACFM by CF @ T [°F] = ACFM/CF = design [ACFM] (3.17)
Opportunity to reduce = design [ACFM] — total [ACFM] = [ACFM] savings (3.18)
Heat required bringing up to T [°F] from reference facility temperature [°F] = reduced CFM x

1.08 x AT = [Btu/hr] = converted to [m®/year] (3.19)

3.96 Exhaust VVolume at Constant VVolume Flow Rate

oven volume

Exhaust at constant volume flow rate = —— = [CFM] (3.20)
purge time
_ 4xovenvolume _
Exhaust energy loss = ~urgetime [SCFM] (3.21)
_ 4 xovenvolume _

Energy loss due to purge = urge time X 4 x 1.08 x AT = [Btu/hr] (3.22)
3.9.7 Dwelling Time to Cure Products

Oven dwelling time = bring-up time + cure time (3.23)

(Dwelling time depends on the chemical nature of the powder, concentration, particle size,
and catalyst.)

= — (3.24)

1= 024 FATCR)]
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Where,

t1 = new cure time after temperature change [min]

to = cure time after temperature change [min]

AT = new temperature minus initial (base) temperature [°F]

3.9.8 Energy Loss From an Oven

Part of input energy to oven has been loosed with material handling process. This energy loss
due to continuous flow of chain and hangers which takes the product inside the oven and brings
out after process.
Conveyor material handling (MH) loss
Assume, chain weight = [m¢] [lb/ft]
Assume, hook weight = [mn] [Ib/ft]
Conveyor weight = chain weight [m¢] [Ib/ft] + hook weight [mn] [Ib/ft]
Weight of material handling per hour = [conveyor weight] x [conveyor speed fpm] x [60]

= [Ib/hr] (3.25)
Emat hand = [weight of material handling (chain and hook) per hour] x [material’s specific heat
capacity] x AT
= Btu/hr (3.26)

(This loss depends on material’s specific capacity and temperature differences.)
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3.99 Shell Loss

Oven shell act as heat seal, cause to rise temperature. Thus increasing temperature is the
requirement for the drying and curing process. Maximum heat seal enabling the production rate
and oven efficiency.

Esheil [Btu/hr] = Ashen [ft?] X loss factor x AT [°F] (3.27)

= converted to [m®/year] [49]

3.9.10 Opening Loss

Continuous flow oven had two opening for process flow in and out from the oven which cause
energy loss.
This is approximately 1% to 3% of the total energy [51, 53]:

= [0.03] x [total oven energy consumption] = [ m®/year]

Or, = [opening CFM] x [1.08] x [AT] = [Btu/hr] (3.28)

3.9.11 Miscellaneous Energy Loss

Miscellaneous energy loss can be estimated to be 1% of the total oven energy consumption [55,

57]. Miscellaneous energy loss includes radiation, fan motors etc.

3.9.12 Total Energy Losses from Oven

Total energy losses from oven = [exhaust energy loss by oven] + [shell energy loss by oven] +

[MH loss by oven] + [oven opening loss by oven] + [miscellaneous energy loss] (3.29)
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3.9.13 Actual Energy Consumed by Oven

Actual product energy consumption [Btu/hr] = total energy consumed by oven [Btu/hr] — total

energy losses from oven [Btu/hr] (3.30)

3.10 Productive vs. Non-productive Hours Energy Consumption

Productive hours natural gas consumption is defined as the energy consumed in number of hours
when a plant is producing [86]. Energy intensity is defined as the energy consumed over a given
area [86, 87, 88]. It can be expressed in a facility as energy used per unit area. On the other hand,
non-productive hours energy consumption is defined as the energy consumed when a plant is not
producing. Non-productive hours include scheduled weekends, declared statutory holidays in
Ontario, scheduled annual shut-down periods, and before and after work hours [89, 90, 91]. An
analysis was performed on energy consumption during productive and non-productive hours to
determine indices for benchmarking a plant and potential savings opportunities. The indices were
natural gas consumption per unit area, process energy consumption per hour, energy intensity of

a plant, and production energy index.

3.11 Savings Calculation

3.11.1 Oven Savings

There were potential savings identified in these analyses: operating ventilation savings and heat

recovery savings.

65



3.11.2 Operating Ventilation Savings

If an oven was equipped with a 1.5-inch diameter burner, then the estimated savings were
calculated:
As per NEPA 86 [62, 80], 1.5 inch burner produces 1.5 MBtu/hr and converts to SCFM pumer =

183 x 1.5 =275 SCFM

This SCFM burner can be converted to actual CFM by a CF.

The CF can be determined by Equation 2.10, because when an oven starts running at operating
temperature, then operating ventilation CFM requirement changes to purge CFM, which is
described in NEPA 86. Therefore, the NEPA 86 standard was utilized to investigate savings

potential instead of constant volume ventilation.

oven setpoint temperature+460

Correction factor = (3.33)

inlet temperature of oven+460

Burner (ACFM)burner = (SCFM)burner X CF

Oven current SCFM can be converted to ACFM divided by CF.

(Oven CFM is 928, collected from specification plate during energy audit.)

oven CFM

Convert to ACFM by CF at operating temperature of oven = = (ACFM)oven (3.34)

Opportunity to rEduce = (ACFM)burner - (ACFM)oven = (ACFM)Savings or (ACFM)Savings X CF

(3.35)
Energy required for bringing up oven setup temperature from inlet temperature (°F)

= (ACFM)Savings x 1.08 x AT (336)
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3.11.3 Heat Recovery Savings

The majority of input energy losses found in this thesis analysis were through exhaust, shell, and
oven opening. Exhaust and opening loss can be reused by a heat exchanger or heat recovery
wheel. A negative pressure vacuum pump controlled by a temperature sensor can be used to
recover heat loss through oven opening. This excess heated air can be used to the inlet path of air
flow to burner. However, shell energy loss can be reduced through improvements to the
insulation. These require a major rebuild and investment of the oven. Thus, heat recovery was

calculated from available sources of losses by using simple heat transfer principles.

3.11.4 Productive vs. Non-productive Hours Savings Calculation

It is obvious that when a plant is producing, it requires energy. However, after analyzing daily
and hourly data, potential energy savings were found. This was calculated from the productive
and non-productive schedules and energy consumed during the non-productive hours [89, 90,
91]. These non-productive hours consumption savings can be achieved through proper
scheduling and automation. Demand side management is the part of scheduling which can be
done through proper production planning. There are different algorithm available to schedule the

process. While process automation can reduce energy consumption when plant is operating.

3.12 Simple Payback Calculation

The payback period of an investment is defined as the number of years required to recover the
capital investment through project return [93, 96, 101,]. Capital investments are strategic

investments which have a long term effect aside from routine ongoing operational expenses. This
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simple payback is a popular indicator for investment decisions which is used in economic
analysis. A simple approach to calculate payback period:
PBP = the smallest m such that 2, A = C, (3.37)
Where,

PBP = Payback period [year]

A¢= Sum of annual return [CAD]

Co = Capital investment [CAD]
It is estimated that if PBP is less than or equal to a pre-determined time then the investment is

attractive. However, this type of payback calculation ignores the time value of money.
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Chapter 4: Analysis of SMEs Energy Consumption and Potential Savings Opportunities

4.1 Energy Consumption by Ovens and Percentage of Total Process Consumption

This study analyzed the process energy consumption of eleven SMEs, which are involved in the
food and finishing process industries, within the GTA. Specifically, two of the eleven companies
are bakeries and use bake ovens, while the nine remaining SMEs are finishing process
companies which use two types of ovens: Dry-off and Cure ovens. The acronym of the company
followed by the letters B, D, and C, which refer to bake oven, dry-off oven, and cure oven,
respectively.

Table 4.1 column 1 shows the type of oven, column 2 shows the type of company, column 3
shows the plant area, column 4 shows the normalized annual energy consumption, column 5
shows the normalized process energy consumption, column 6 shows the normalized seasonal
energy consumption, column 7 shows the total consumption by each type of oven, and column 8
the percentage consumption of energy of normalized process energy consumption.

The study observed that bakeries have major process consumption wherein their ovens consumed
47% and 73% of total process energy respectively. The remaining process energy was consumed
for other processes before and after baking. In the same study, each type of ovens from the
finishing process industries consumed 26% to 68 % of normalized process energy. Finishing
process industries regularly employed processes of powder coating and curing which require
higher temperatures and longer operating times than bake ovens. Maintaining the internal
thermal condition of the oven and removing moisture from parts coated from direct fired powder

coating and curing require thermal energy from burning a mixture of natural gas and oxygen.
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Table 4.1: Summary of energy balance of audited companies
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4.2 Energy Intensity of an Oven

The International Energy Agency (IEA) defines “energy intensity as the amount of energy

consumed per activity or output for subsectors and end uses” [85]. An oven processing the same

amount of product with less energy consumption can be considered more efficient. Energy

intensity in terms of volume of oven is calculated by dividing the oven’s total energy

consumption by the volume of the oven and, likewise, energy intensity in terms of area of oven

is calculated by dividing the oven’s total energy consumption by the area of oven envelope.
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Columns 5 and 6 in Table 4.2 show the energy intensity of different ovens of the companies
studied and, therefore, provides an idea of which ovens are the most and least efficient. Table 4.2
shows that among the audited companies AAWIL’s cure oven is the most energy efficient oven
by energy intensity in terms of volume and AAMP’s dry-off oven is the least efficient oven in
the same category. On the other hand, AASPEC’s cure oven is the most efficient oven by energy

intensity in terms of area.

Table 4.2: Energy intensity of ovens
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AACF-D | 108000 1,960 | 4,000 27 55
AACF-C_| 163000| 2,880 | 7,200 23 57
AAMP-D | 129000 2,040 | 3,600 36 63
AAMP-C | 168509 2600 | 6,000 28 65
AAACT-D | 42565 | 1400 | 2,400 18 30
AAMP-C | 57,809 | 2000 | 4,800 12 29
AASPECD | 39500 2,360 | 4,200 9 17
AASPEC-C | 37,000 2320 | 4800 8 16
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Table 4.3 shows oven ranking by energy intensity in terms of volume. The audited companies
were categorized according to the energy intensity of their ovens. These categories are, high-
performing, regular-performing, and low-performing companies. Table 4.3 shows that energy
intensities in terms of volume ranging from 7-10 were classified as high-performing companies,
energy intensities ranging from 10-20 were regular-performing companies, and energy intensities
ranging from 20-36 low-performing companies. This benchmarking done based on eleven
companies data where twenty ovens were considered. Result of this benchmarking would be

more reasonable if this analysis performed by more data set (approximately 50 companies’ data)

Table 4.3: Oven ranking based on energy intensity by oven volume

Company Name Oven Volume Energy Benchmarking
and Oven Type Intensity by | Based on Oven
Oven Volume Energy
Intensity
(md) (m3/ft%)
AAWIL-C 14,400 7
D-225-C 18,432 8 High
AASPEC-C 4,800 8 performing
D-78-C 10,080 9 industrial plants
AASPEC-D 4,200 9
AAWIL-D 6,480 11
AAAL-D 13,200 11
D-78-D 5,040 12 Regular
AAAL-C 10,000 12 performing
AAACT-C 4,800 12 industrial plants
D-225-D 9,216 13
AAACT-D 2,400 18
AABN-C 9,600 18
AACF-C 7,200 23
AAGF-B 13,520 24 Low performing
AABN-D 4,800 25 industrial plants
AACF-D 4,000 27
AAMP-C 6,000 28
AASN-B 12,000 30
AAMP-D 3,600 36
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Figure 4.1 provides a comparative analysis of the energy intensity of different ovens used by the
audited companies. The X-axis shows the acronym of the company followed by the letters B, D,
and C, which refer to bake oven, dry-off oven, and cure oven, respectively. The Y-axis shows the
energy intensity. The most efficient oven is AAWIL-C while the least efficient is AAMP-D.
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Figure 4.1: Energy intensity of oven

4.3  Energy Intensity Analysis with Different Oven Parameters

“Oven energy intensity” refers to the energy consumption in a unit volume (energy intensity by
volume), or per unit area (energy intensity by area of oven envelope) [85]. Energy intensity with
different parameters was analyzed to identify the potential factor/factors on which energy
intensity depends. The considered parameters are; oven volume, oven envelope area, and

temperature difference. Data for these parameters were collected during energy audit.
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Figure 4.2 displays energy intensity and oven volume. Energy intensity decreases when the oven
volume increases. Low R? value shows that there is no significant correlation between energy
intensity and oven volume. AAMP-D shows higher energy intensive oven while AAWIL-C is

the lowest energy intensive.
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Figure 4.2: Energy intensity in terms of volume vs. oven volume

Figure 4.3 displays the oven envelope area, on the X-axis. Oven energy intensity in terms of
volume is plotted on the Y-axis. A statistical analysis shows that the correlation between these
parameters is not very strong. Graph shows that energy intensity decreases with the increase of
oven envelope area. AAMP-D shows the highest energy intensive oven while AAWIL-C is the
lowest energy intensive among the others.

The graph shows that points are widely dispersed in a scattered plot from the trend line because
temperature differences and operating hours are not same for each type of oven and facility. On

the other hand, improper burning affects energy intensity.
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Figure 4.3: Energy intensity in terms of volume vs. oven envelope area

Figure 4.4 displays the oven envelope area, on the X-axis. Oven energy intensity in terms of area
is plotted on the Y-axis. A statistical analysis shows that there is no significant relationship
between two parameters. The graph shows that an increase in the oven envelope area results in a
very insignificant decrease in energy intensity. Analysis shows that AASN-B is the highest
energy intensive oven while AASPEC-D is the lowest.

Only a few points are dispersed in the scattered plot from the trend line due to of dissimilar
temperature differences, operating hours, and production types. Improper combustion is another

cause of higher energy intensity.
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Figure 4.4: Energy intensity in terms of area vs. oven envelope area

Figure 4.5 displays oven operating hour times, on the X-axis while the oven energy intensity in
terms of area is plotted on the Y-axis. Analysis shows that the correlation between these
parameters is very strong. Oven operating hour affect energy intensity. Study shows that AASN-

B is the highest energy intensive and AASPEC-C is the lowest among the ovens.
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Figure 4.5: Energy intensity in terms of area vs. oven operating hour
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On the X-axis of Figure 4.6, the differences in operating temperatures of ovens are displayed.
Oven energy intensity in terms of volume is plotted on the Y-axis. Low R? shows that the
correlation between energy intensity in terms of volume and temperature difference is not strong.
Energy intensity in terms of volume increased with operating temperature differences. Result of
this analysis shows that AAMP-D is the highest energy intensive and AAWIL-C is the lowest

energy intensive ovens.
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Figure 4.6: Energy intensity in terms of volume vs. temperature difference

On the X-axis of Figure 4.7, the differences of operating temperature of ovens are displayed.
Oven energy intensity in terms of area is plotted on the Y-axis. Analysis shows the correlation

between energy intensity by area and temperature is not strong.
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Figure 4.7: Energy intensity in terms of area vs. temperature difference

In Figures 4.2 to Figure 4.7, oven energy intensities are plotted on the Y-axes while other
parameters are plotted on the X-axes. It is found that intensity does not have strong relation with
oven volume, oven envelope area, and operating temperature difference, while energy intensity
increases with operating temperature difference and oven volume. This means that energy
intensity is affected by other factors such as exhaust loss, shell loss, radiation loss, and loss with
product etc.

Points are scattered in the plot area because the ovens are not all the same size, and don’t all have
the same operating hours or burner capacity. Processing parts inside the oven aren’t the same
size and shape, which causes different energy consumption. Therefore, few of the points stray
from the trend. However, the graph shows that with the increase of temperature differences,

energy consumption also increases.
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4.4  Energy Consumption Analysis with oven VVolume, Area and Operation Hours

Table 4.4 displays the oven energy consumption and ft? hr and ft2 hr. Column 2 displays the
energy consumption of an oven while Column 6 and 7 shows oven area multiply by operation

hours and oven volume multiply by operation hours.

Table 4.4: Oven consumption and oven area, and oven volume multiply hour of operation

Company Total Oven Oven Oven Workings | Oven Area | Oven Volume
Name Consumption | Envelope | Volume | Hoursina and and Operation
Area Year Operation Hour
Hour
(m®/year) (ft?) (ft) (hr) ft? hr ft® hr

AAGF-B 325,000 5,044 13,520 6,000 30,264,000 81,120,000
AASN-B 355,280 4,640 12,000 7,488 34,744,320 89,856,000
AAAL-D 120,184 4,200 10,000 2,500 10,500,000 25,000,000
AAAL-C 150,275 5,080 13,200 2,500 12,700,000 33,000,000
AABN-D 119,317 2,680 4,800 4,080 10,934,400 19,584,000
AABN-C 171,134 3,760 9,600 4,080 15,340,800 39,168,000
AACF-D 108,000 1,960 4,000 5,125 10,045,000 20,500,000
AACF-C 163,000 2,880 7,200 5,125 14,760,000 36,900,000
AAMP-D 129,000 2,040 3,600 6,000 12,240,000 21,600,000
AAMP-C 168,509 2,600 6,000 6,000 15,600,000 36,000,000
AAACT-D 42,565 1,400 2,400 2,250 3,150,000 5,400,000
AAMP-C 57,809 2,000 4,800 2,250 4,500,000 10,800,000
AASPEC-D 39,500 2,360 4,200 2,000 4,720,000 8,400,000
AASPEC-C 37,000 2,320 4,800 2,000 4,640,000 9,600,000
AAWIL-D 68,243 3,576 6,480 2,000 7,152,000 12,960,000
AAWIL-C 100,394 5,520 14,400 2,000 11,040,000 28,800,000
D-78-D 58,714 2,808 5,040 2,000 5,616,000 10,080,000
D-78-C 90,361 3,936 10,080 2,000 7,872,000 20,160,000
D-225-D 121,134 4,032 9,216 2,000 8,064,000 18,432,000
D-225-C 140,804 5,760 18,432 2,000 11,520,000 36,864,000

On Y axis of Figure 4.8, the oven operating hour multiply with oven area are plotted and energy
consumption of ovens are plotted on the X axis. The value of R? 0.9794 shows a strong co-
relation observed between these two variables. Therefore it can be estimated that oven

consumption increases with the increases of oven operating hours and oven area.
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Figure 4.8: Oven consumption with operating hour x oven envelope area

The value of R? 0.9675, in the Figure 4.9 shows a strong co-relation observed between these two
variables. Therefore it can be estimated that oven consumption increases with the increases of

oven operating hours and oven volume.
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Figure 4.9: Oven consumption with operating hour x oven volume
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4.5

Energy Balance of Ovens

Eleven SMEs and their oven energy consumptions were studied. A preliminary study of energy

balance was conducted by simple heat transfer principles. The temperature inside the ovens and

the set-up temperatures of the facilities were taken during on-site audit. Oven length, width,

height, oven exhaust CFM, and product data were collected from the facility managers. The

specific heat of oven and product material (mild steel - 0.12 Btu/lb °F) was obtained from

literature [55, 56, 57]. This is estimated because of limited information about the oven shell and

product from the facility.

Table 4.5: Energy balance of ovens

Company Name Exhaust Oven Product Material | Miscellaneous
and Oven Type | Energy Loss Shell Energy Handling Loss
Energy | Consumption Loss
Loss
(m3/year) | (m3/year) (m3/year) (m3/year) (m3/year)
AAGF-B 206,508 71,337 28,512 9,750 8,893
AASN-B 228,748 81,897 23,722 10,658 10,255
AAAL-D 57,857 22,500 34,714 3,606 1,507
AAAL-C 76,371 27,214 34,714 4,508 7,467
AABN-D 43,057 22,259 48,439 3,580 1,982
AABN-C 86,114 31,229 48,439 5,134 218
AACF-D 45,071 20,449 38,310 3,240 930
AACF-C 81,127 30,047 38,310 4,890 8,625
AAMP-D 49,989 26,229 45,360 3,870 3,553
AAMP-C 83,314 33,429 45,360 5,055 1,351
AAACT-D 13,580 7,335 17,202 1,277 3,171
AAACT-C 27,160 10,479 17,202 1,734 1,234
AASPEC-D 17,811 10,485 9,213 1,185 806
AASPEC-C 16,181 9,147 8,176 1,110 2,385
AAWIL-D 25,494 13,027 12,590 2,047 15,085
AAWIL-C 56,654 20,109 12,590 3,012 8,030
D-78-D 22,939 11,834 20,390 1,761 1,789
D-78-C 45,878 16,587 20,390 2,711 4,794
D-225-D 42,657 17,280 25,920 3,634 31,643
D-225-C 85,314 24,686 25,920 4,224 660
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Energy balance in terms of percentage is presented in Table 4.6.

Table 4.6: Percentage energy balance of ovens

Company Name and Percent Percent Percent Percent Percent
Oven Type Exhaust Energy Oven Shell Product Material | Miscellaneous
Energy Energy Handling Loss
Loss .
Loss Consumption Loss
(%) (%) (%) (%) (%)
AAGF-B 63 22 9 3 3
AASN-B 64 23 7 3 3
AAAL-D 48 19 29 3 1
AAAL-C 51 18 23 3 5
AABN-D 35 19 41 3 2
AABN-C 50 18 28 3 1
AACF-D 42 19 35 3 1
AACF-C 50 18 24 3 5
AAMP-D 39 20 35 3 3
AAMP-C 49 20 27 3 1
AAACT-D 33 17 40 3 7
AAACT-C 47 18 30 3 2
AASPEC-D 45 27 23 3 2
AASPEC-C 44 25 22 3 6
AAWIL-D 38 19 18 3 22
AAWIL-C 56 20 13 3 8
D-78-D 39 20 35 3 3
D-78-C 51 18 23 3 5
D-225-D 35 14 21 3 26
D-225-C 60 18 18 3 1
45.1 Bake ovens

Of the eleven SMEs studied, two companies have bake ovens. The bake ovens consume most of

the plant’s energy. Significant energy losses were observed in different processes, specifically

exhaust, through the shell, during material handling, energy absorbed by the product and

miscellaneous energy loss. Studied bakeries were observed running 24 hours a day without

limited halts. Energy loss with flue gas as exhaust was observed to be the major loss. Data from

only two companies bake oven are not enough for analysis and determining performing
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parameters. Figure 4.10 presents the energy balance of bake ovens where exhaust loss is the

highest, shell loss is second highest, and product energy consumption is third highest.
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Figure 4.10: Energy balance of bake ovens

The study revealed that major energy loss occurred due to exhaust from the ovens. The energy
loss from oven exhaust was from 63% to 64%. Oven shells had the second highest energy
consumption from 22% to 23%. The third major energy consumption was for the product, which
accounted for 7% to 9%. These findings are presented in Figures 4.11. A significant result from
this analysis could not be done due to imitated data. Both bake ovens are found identical in this

analysis.
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Figure 4.11: Percent energy balance of bake ovens

45.2 Energy Balance of Dry-off Oven

Nine out of the eleven audited sites were finishing process industries that had dry-off ovens and
cure ovens. Energy consumption of dry-off ovens are presented in the subsequent sections. This
study observed that dry-off ovens consumed 26% to 48% of the total process energy depending
on the oven size, the type of production, and the hours of operation. A comparative study of the
energy consumed by the ovens of different companies is presented in Figure 4.12. Each cluster in

Figure 4.12 represents the type of loss from dry-off ovens of each company.
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Figure 4.12: Energy balance of different Dry-Off Oven

The first cluster of bars represents energy loss through exhaust, the second cluster of bars is
energy loss through the shell, the third cluster of bars represents material handling energy
consumption, the fourth cluster of bars is product energy consumption, and the fifth cluster of
bars represents miscellaneous loss. Miscellaneous includes radiation loss and shell opening loss,
among others.

Figure 4.13 displays the percent exhaust loss of the audited companies’ dry-off ovens. As seen in

Figure 4.13, company AACF displayed the highest exhaust loss (53%).
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Figure 4.13: Percent energy loss due to exhaust from different dry-off ovens

Figure 4.14 displays the percent shell loss of the audited companies’ dry-off ovens. As can be

seen, company D-225 displayed the lowest shell loss (14%) while company AASPEC displayed

the highest shell loss (27%).
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Figure 4.14: Percent shell energy loss from different dry-off ovens
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Figure 4.15 displays the percent product energy consumption of the audited companies’ dry-off
ovens. Product energy consumption includes the amount of energy required to process the
product. Of all the companies, AAWIL displayed lowest consumption (18%) while AAACT and

D-78 displayed the highest consumption (45%).
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Figure 4.15: Percent product energy consumption from different dry-off ovens

45.3 Energy Balance of Cure Oven

This study observed that cure ovens consume 31% to 68% of the process energy depending on
the oven size, production type, and hours of operation. A comparison of the energy consumption
of cure ovens at the audited sites is presented in Figure 4.16. The first cluster of bars in the
diagram represents energy loss due to exhaust, the second cluster of bars is energy loss through
the shell, the third cluster of bars represents energy consumption from handling material, the
fourth cluster of bars is product energy consumption, and the fifth cluster of bars represents

miscellaneous losses.
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Figure 4.16: Energy balance of different cure ovens

Figure 4.17 displays the percent exhaust loss of the audited companies’ cure ovens. As seen in
Figure 4.17, company D-225 displayed the highest exhaust loss (61%) and company AASPEC

displayed the lowest exhaust loss (44%).
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Figure 4.17: Percent exhaust energy loss from different cure ovens
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Figure 4.18 displays the percent shell loss of the audited companies’ cure ovens. As can be seen,
company AAAL, AABN, AACF, AAACT, D-78, and D-225 had the lowest shell loss (18%)

while company AASPEC displayed the highest shell loss (25%).
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Figure 4.18: Percent shell loss from different cure ovens

Figure 4.19 displays the percent product energy consumption of the cure ovens of the audited
companies. AAWIL had the lowest (13%), while AAACT had the highest product energy

consumption loss (30%).
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Figure 4.19: Percent product energy consumption from different cure ovens

Oven efficiency can be estimated using different parameters - exhaust energy loss, shell energy
loss, and miscellaneous energy loss - which account for energy consumption. It was observed
that although one oven might be efficient in terms of exhaust loss, it could, at the same time,
experience more losses through shell envelope. Therefore, all parameters of energy consumption
and their comparative consumption indicators should be used to identify the overall best

performing oven.

4.6  Exhaust Loss Analysis with Different Parameters

Based on analysis, 33% to 64% of oven energy input is wasted as exhaust. In the subsequent
section, the causes of this major loss and potential savings were analyzed. Exhaust losses from

ovens are presented in Table 4.7.
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Table 4.7: Exhaust energy loss and temperature difference

Company Name Exhaust Energy Temperature Temperature
and Oven Type Loss Difference Difference

(m®/year) (°F) (°C)
AAGF-B 206,508 330 183
AASN-B 228,748 330 183
AAAL-D 57,857 300 167
AAAL-C 76,371 300 167
AABN-D 43,057 285 158
AABN-C 86,114 285 158
AACF-D 45,071 285 158
AACF-C 81,127 285 158
AAMP-D 49,989 300 167
AAMP-C 83,314 300 167
AAACT-D 13,580 326 181
AAACT-C 27,160 326 181
AASPEC-D 17,811 311 173
AASPEC-C 16,181 276 153
AAWIL-D 25,494 255 142
AAWIL-C 56,654 255 142
D-78-D 22,939 295 164
D-78-C 45,878 295 164
D-225-D 42,657 300 167
D-225-C 85,314 300 167

Figure 4.20 displays exhaust energy loss with operating temperature difference of ovens.
Analysis shows that AASN-B had the highest, while AASPEC-D had the lowest, exhaust energy
loss. It can be seen that operating temperature difference is a major factor in exhaust loss. Other
contributing factors are burner capacity, proper burning of gas, air flow inside the oven, and oven

volume.
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Figure 4.20: Exhaust energy loss vs. temperature difference

Figure 4.21 displays exhaust energy loss with oven envelope area. Analysis shows that AASN-B

had the highest, while AAACT-D had the lowest exhaust energy loss.
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Figure 4.21: Exhaust energy loss vs. oven envelop area
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Figure 4.22 displays oven CFM verses exhaust loss. The R? value shows that there is no

significant correlation between these two parameters; however, an increasing trend of exhaust

energy loss was observed with increasing of CFM.
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Figure 4.22: Oven CFM vs. exhaust loss

Figures 4.20, 4.21, and 4.22 show that only a few points are widely dispersed in the scattered

plot from the trend line. Oven envelope area, oven volume, operating temperature, and CFM

contributed energy loss. Excess air combustion is a major cause of exhaust energy loss which

results in longer processing time and higher operating temperature. The reasons why there are

outlying points in those graphs are dissimilar oven sizes, operating temperatures, and products.
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4.7  Shell Energy Loss Analysis with Different Parameters

Table 4.8 displays the summary of shell loss by unit area of envelope and unit volume of oven.
Column 5 displays the energy loss per unit area while column 6 displays the energy loss per unit

volume. Potential savings opportunities are there of those ovens that have high values of energy

loss per square footage and unit volume of oven.

Table 4.8: Oven shell loss per unit area of envelope and per unit volume of oven

Company Oven Oven Shell Energy Loss per | Energy Loss
Name Area Volume | Energy Loss | Square Footage per

of Oven Unit Volume

Envelope of Oven
(ft?) (ft3) (md/year) (m3/ft?) (m3/ft8)

AAGF-B 5,044 13,520 71,337 14.14 5.28
AASN-B 4,640 12,000 81,897 17.65 6.82
AAAL-D 4,200 10,000 22,500 5.36 2.25
AAAL-C 5,080 13,200 27,214 5.36 2.06
AABN-D 2,680 4,800 22,259 8.31 4.64
AABN-C 3,760 9,600 31,229 8.31 3.25
AACF-D 1,960 4,000 20,449 10.43 5.11
AACF-C 2,880 7,200 30,047 10.43 4.17
AAMP-D 2,040 3,600 26,229 12.86 7.29
AAMP-C 2,600 6,000 33,429 12.86 5.57
AAACT-D 1,400 2,400 7,335 5.24 3.06
AAACT-C 2,000 4,800 10,479 5.24 2.18
AASPEC-D 2,360 4,200 10,485 4.44 2.50
AASPEC-C 2,320 4,800 9,147 3.94 1.91
AAWIL-D 3,576 6,480 13,027 3.64 2.01
AAWIL-C 5,520 14,400 20,109 3.64 1.40
D-78-D 2,808 5,040 11,834 4.21 2.35
D-78-C 3,936 10,080 16,587 4.21 1.65
D-225-D 4,032 9,216 17,280 4.29 1.88
D-225-C 5,760 18,432 24,686 4.29 1.34

Figure 4.23 and Figure 4.24 display shell energy loss per unit area of oven envelope and oven

volume. AAMP-D shows the highest and D-225-C is the lowest on energy loss per unit volume
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while AASN-B shows the highest and AAWIL-D and AAWIL-C shows the lowest energy loss

per square footage of oven envelope.
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Figure 4.23: Shell energy loss per unit area of oven
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Figure 4.24: Shell energy loss per unit volume of oven
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Table 4.9 displays shell loss and temperature difference. Audited companies ovens were found
operating temperature differences from 255°F to 330°F (142°C to 183°C). AASN-B shows the
highest shell loss while AAACT-D shows the lowest shell loss among the ovens. Highest
temperature difference does not show the highest shell loss, on the other hand lowest temperature

difference does not shows the lowest.

Table 4.9: Oven shell loss and temperature difference

Name of Shell Energy Loss Temperature Temperature
Company Difference Difference

(m*/year) (°F) (°C)
AAGF-B 71,337 330 183
AASN-B 81,897 330 183
AAAL-D 22,500 300 167
AAAL-C 27,214 300 167
AABN-D 22,259 285 158
AABN-C 31,229 285 158
AACF-D 20,449 285 158
AACF-C 30,047 285 158
AAMP-D 26,229 300 167
AAMP-C 33,429 300 167
AAACT-D 7,335 326 181
AAACT-C 10,479 326 181
AASPEC-D 10,485 311 173
AASPEC-C 9,147 276 153
AAWIL-D 13,027 255 142
AAWIL-C 20,109 255 142
D-78-D 11,834 295 164
D-78-C 16,587 295 164
D-225-D 17,280 300 167
D-225-C 24,686 300 167

There might be other factors contributing to shell loss. Those are: oven insulation, panel

thickness, and oven opening etc. Analysis performed with available data and presented in the
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following sections. This analysis was performed because shell loss found the second contributing
factor of oven’s energy loss.

Figure 4.25 displays shell loss vs. temperature difference. R? value shows that the correlation
between these two parameters is not strong. Analysis shows AASN-B has the highest while

AAACT-D has the lowest shell loss among others.
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Figure 4.25: Shell loss vs. temperature difference

Figure 4.26 displays shell loss with the ration of temperature difference and overall thermal
resistance of oven shell. Analysis shows that AASN-B had the highest, while AAACT-D had the
lowest shell loss with the ration of this two variables. Operating temperature difference and
thermal resistance are the factors contributed to exhaust loss. Graph shows a shell loss has an

increasing trend with the ration of temperature difference and overall thermal resistance.
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Table 4.10: Oven shell loss and oven area

Name of Company Shell Energy Loss Oven Envelope Area
(md/year) (ft?)
AAGF-B 71,337 5,044
AASN-B 81,897 4,640
AAAL-D 22,500 4,200
AAAL-C 27,214 5,080
AABN-D 22,259 2,680
AABN-C 31,229 3,760
AACF-D 20,449 1,960
AACF-C 30,047 2,880
AAMP-D 26,229 2,040
AAMP-C 33,429 2,600
AAACT-D 7,335 1,400
AAACT-C 10,479 2,000
AASPEC-D 10,485 2,360
AASPEC-C 9,147 2,320
AAWIL-D 13,027 3,576
AAWIL-C 20,109 5,520
D-78-D 11,834 2,808
D-78-C 16,587 3,936
D-225-D 17,280 4,032
D-225-C 24,686 5,760
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Figure 4.27 displays shell loss vs. oven envelope area. The R? value was 0.2143, meaning that
the correlation between these parameters is not significantly strong. AASN-B shows the highest

shell loss while AAACT-D shows the lowest among others.
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Figure 4.27: Shell loss vs. oven envelope area

4.8  Radiation Energy Loss Analysis

Transfer of heat energy to facility space caused energy loss through radiation. Table 4.11
displays radiation heat loss from oven skin. Column 2 shows facility reference temperature, and
Column 3 shows the oven skin temperature. Thermal emissivity determined one as an ideal
emitter and the Stefen Boltzman constant as 1.714 x 10-9 Btu/hr ft2 R4. The result of radiation
loss is presented in Column 6 of Table xxx. The calculations show from 2% - 4% oven energy
loss through radiation, which is higher than the percentage of miscellaneous heat loss as 1- 2% in
George Koch Sons, LLC [55, 56, 57]. This radiation heat loss contributes to higher operating

than the standard described by George Koch Sons, LLC.
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Table 4.11: Radiation energy loss from oven

Company Facility Facility Oven | Oven | Oven | Operation | Radiation | Radiation
Name Reference Reference Skin | Skin | Area Hour Energy Loss in
Temperature | Temperature | Temp | Temp Loss Percentage
of Total

(°F) (°C) (°F) | (°C) | (ft}) | (hrlyear) | (m°lyear) (%)
AAGF 70 21 80 27 5044 6000 9062 2.79
AASN 70 21 80 27 4640 7488 10404 2.93
AAAL 70 21 80 27 4200 2500 3144 2.62
AABN 70 21 80 27 5080 2500 3803 2.53
AACF 65 18 75 24 2680 4080 3183 2.67
AAMP 65 18 75 24 3760 4080 4466 2.61
AAACT 70 21 80 27 1960 5125 3008 2.78
AASPEC 70 21 80 27 2880 5125 4420 2.71
AAWIL 70 21 80 27 2040 6000 3665 2.84
D-78 70 21 80 27 2600 6000 4671 2.77
D-225 70 21 80 27 1400 2250 943 2.22
AAAL 70 21 80 27 2000 2250 1347 2.33
AABN 69 21 80 27 2360 2000 1550 3.92
AACF 69 21 80 27 2320 2000 1524 4,12
AAMP 65 18 75 24 3576 2000 2082 3.05
AAACT 65 18 75 24 5520 2000 3214 3.20
AASPEC 65 18 75 24 2808 2000 1635 2.78
AAWIL 65 18 75 24 3936 2000 2292 2.54
D-78 65 18 75 24 4032 2000 2348 1.94
D-225 65 18 75 24 5760 2000 3354 2.38

4.9  Productive and Non-productive Hours Natural Gas Consumption Analysis

Productive hours natural gas consumption is defined as the consumption during the hours when a
plant is producing [97]. The acronym of the company followed by the letter F and P, which refer
to food and finishing process company in Table 4.12, Column 1. Eleven audited plants run five
days per week. The usual weekends are Saturday and Sunday. Plant AASN-F maintain one day,
Sunday, as the weekend.

The results of the analysis are presented in Table 4.12. Calculated non-productive hours in a year

based on the information from schedule, while non-productive hours energy consumption was
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extracted from daily and hourly utility bill and presented in column 6. Process energy

consumption analysis was performed on eleven audited companies. Food companies consumed

process energy per unit hour of operation from 65 m%h to 452 m%h, and finishing process

industries at 12 m%/h to 429 m3/h. These are presented in Table 4.12. Productive hours index was

calculated by total consumption / (plant area x yearly operation hour) and presented in Table

4.12, Column 8. This index indicated energy uses in productive hours.

Table 4.12: Summary of natural gas consumption of productive and non-productive hours
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AAGF-F 6,000 | 2,760 | 3,372,327 | 2,709,881 | 662,446 452 2.99E-03 32 20
AASN-F 7,488 | 1,272 | 546,832 486,991 59,841 65 3.88E-04 15 11
AAAL-P 2,500 | 6,260 | 584,907 496,858 88,049 199 3.54E-03 71 15
AACF-P 5,125 | 3,635 | 437,383 403,590 33,793 79 1.82E-03 41 8
AAMP-P 6,000 | 2,760 | 514,025 168,437 | 345,588 28 1.27E-03 32 67
AABN-P 4,000 | 4,760 | 363,976 112,852 | 251,124 28 9.25E-04 54 69
AASPEC-P | 3,000 | 5,760 | 369,364 292,628 76,736 98 2.03E-03 66 21
AAWIL-P | 2,000 | 6,760 298,809 110,973 | 187,836 55 1.35E-03 77 63
D-78-P 2,000 | 6,760 | 951,907 761,011 | 190,896 381 2.07E-03 77 20
D-225-P 2,000 | 6,760 | 1,306,121 | 857,813 | 448,308 429 3.06E-03 77 34
AAACT-P | 2,250 | 6,510 161,682 27,366 134,316 12 6.96E-03 74 83

Figure 4.28 shows the upper and lower limits of two types of audited companies. Process energy

consumption analysis was performed to draw significant upper and lower limits or range of

process energy consumption for similar types of companies. Among these eleven companies,

food companies have a lower limit of 65m3hr and upper limit of 452m%hr, AASN and AAGF
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respectively. Finishing process industries have a lower limit of 12m3hr and upper limit of
429mi/hr, AAACT and D-225 respectively. Company AAACT has the lowest consumption

while AAGF has the highest energy consumption based on process energy consumption per
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Figure 4.28: Natural gas consumption per hour of production of audited companies

Figure 4.29 displays the energy consumption index for productive hours. The productive hours
consumption index was calculated as the ratio of productive hours consumption and the product

of facility area and number of productive hours.
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Figure 4.29: Productive hours energy consumption index

The finishing process industries show a decreasing trend with the increase of plant area. No
conclusion can be drawn about the food companies because of limited data (only two
companies). AAACT-P shows the highest productive hours index while AABN-P shows the
lowest among finishing companies.
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Figure 4.30: Productive index of process energy of the audited plants
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Table 4.13 shows the percentage of natural gas consumption for production. The lower limit was
close to 17% and the upper limit was 92%.

To maintain indoor quality some of the heating and ventilation equipment were left running
during non-productive hours which contributed non-productive hours energy consumption. It is
assumed that only the required equipment were running during non-productive times. Column 3,
Table 4.13 shows that AAACT has opportunity to improve percentage of productive time’s

consumption.

Table 4.13: Productive time’s consumption as a percentage of total annual consumption

Company Name Type of Company Natural Gas Consumption
of Productive Hours
Consumption as a Percentage of
Total Consumption
(%)

AAGF Food 80
AASN Food 89
AAAL Finishing 85
AACF Finishing 92
AAMP Finishing 33
AABN Finishing 31
AASPEC Finishing 79
AAWIL Finishing 37
D-78 Finishing 80
D-225 Finishing 66
AAACT Finishing 17

Figure 4.31 presents percent natural gas consumption during productive hours at audited
companies. The percent productive hours energy consumption of total plant’s consumption of all
the audited companies was found to be between 17% to 92%. The higher percent energy

consumption signifies that most of the energy is used for production. Company AAACT had the
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lowest natural gas consumption during productive hours while company AACF had the highest

natural gas consumption.
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Figure 4.31: Percent natural gas consumption of productive hours

4.10 Non-Productive Hours Energy Consumption Analysis

Reduction of misuse and loss can improve energy consumption per unit of production.
Therefore, identifying areas of misuse and loss is an important step in creating an energy-
efficient plant.

An analysis was performed, on energy consumption during non-productive hours, to investigate
potential savings in the natural gas consumption of industrial plants. Non-productive hours
include scheduled weekends [103, 104], declared statutory holidays in Ontario [103, 104], and
scheduled annual shut-down periods. Daily and hourly utility consumption data were used in the

analysis of energy consumption during non-productive hours. The analysis was necessary
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because it was suspected that plant machinery was running idly during non-operational hours,
which eventually led to energy loss.

Table 4.14 displays percentage non-productive hours and non-productive consumption. These
analysis were performed to estimate energy consumption in non-productive times over the total
consumption and total year. This analysis shows that AABN-P has an opportunity to reduce non-
productive hours consumption while D-78-P, AAWIL-P, and D-225-P has an opportunity to

reduce non-productive hours.

Table 4.14: Percentage non-productive hours and non-productive consumption

Company name Percentage of Percentage Non-productive
Non-productive Hours | Consumption Over Total
Over Total Hours in a Consumption
Year
(%) (%)
AAGF-F 32 20
AASN-F 15 11
AAAL-P 71 15
AACF-P 41 8
AAMP-P 32 67
AABN-P 54 69
AASPEC-P 66 21
AAWIL-P 77 63
D-78-P 77 20
D-225-P 77 34
AAACT-P 74 83

To determine how much energy was consumed during non-productive hours, daily and hourly
consumption data were analyzed. The yearly average non-productive hours and corresponding
consumption were obtained by summing up the consumption data for the weekends of billings
years, and consumption during non-productive hours. The percentage of non-productive hours

over annual hours was calculated. The resulting energy consumption during non-productive
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hours over annual consumption was calculated and plotted on the X-axis and Y-axis respectively.
A graph is drawn considering ideal situation where R? value assumed 1, shows black in Figure
4.32. Plants shows above the ideal line represents inefficient while plants are below the trend line

are efficient plants.
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Figure 4.32: Energy consumption during non-productive hours

4.11 Non-Productive Hours Energy Consumption Analysis Based on Summer Months

An analysis was performed on energy consumption during non-productive hours based on
summer months to investigate potential savings and in natural gas consumption of industrial
plants. Heating and ventilation units are not usually working during summer months. Therefore
a clear non-productive hour’s loss can be estimated without natural gas consumption to maintain
indoor air quality. The summer months (June, July, August) consumption, productive hours, non-
productive hours, percentage non-productive consumption over total, and percentage non-

productive hours over productive are presented in Table 4.15. Column 2 shows the non-
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productive hours consumption, column 3 shows productive hours consumption, column 5 shows
non-productive hours, and column 6 shows productive hours during the summer months.

Study shows that AAGF-F has an opportunity to reduce non-productive hour’s consumption,
while AAWIL-P, D-78-P, and D-225-P have the opportunity to reduce non-productive hours in

their schedule.

Table 4.15: Productive and non-productive hours consumption analysis (summer months)
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AAGF-F 131,281 | 432,802 | 564,083 576 1,440 23.27 27
AASN-F 13,563 107,418 | 120,981 288 1,728 11.21 13
AAAL-P 11,884 104,518 | 116,402 816 1,200 10.21 38
AACF-P 2,150 98,748 100,898 786 1,230 2.13 36
AAMP-P 12,632 73,765 86,397 576 1,440 14.62 27
AABN-P 96 62,685 62,781 | 1,056 960 0.15 49
AASPEC-P 5,635 41,324 46,959 | 1,296 720 12.00 60
AAWIL-P 5,567 41,392 46,959 | 1,536 480 11.86 71
D-78-P 4,964 42,760 47,724 | 1,536 480 10.40 71
D-225-P 2,112 17,072 19,184 1,536 480 11.01 71
AAACT-P 3,245 30,334 33,579 | 1,476 540 9.66 68

Figure 4.33 shows different than Figure 4.32 though the same concept applied in both cases.
Study observed that in the summer months non-productive hours consumption less than when
this was considered for the total year. At the same time non-productive hours observed less in

summer months.
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Figure 4.33: Energy consumption during non-productive hours (summer months average)

Scattered points in the non-productive hours energy consumption show that the percentage of
non-productive hours are not the same for all the plants. This percentage depends on facility
area, hours of operation, and product type. Non-productive hours consumption signifies that the
machines are ideally running during non-productive hours. Therefore, different plans have
different non-productive hours consumption, which is the cause of stray points on the graph. If
the non-productive hours consumption can be reduced, then operating cost can be reduced a
significant amount. On the other hand, there is a decreasing trend during the summer months
when the out production is more. When the gap between production output and the scope of non-
productive hours consumption is reduced, operating equipment has a smaller scope of slackness

or tardiness.
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4.12  Savings Analysis

Energy costs are important in industrial sectors like bakery and finishing process industries. This
study revealed that major energy losses are caused by the ovens’ exhaust. Savings could be
achieved by reducing ovens exhaust; however, the exhaust flow rate should not be decreased
below that required for safe operation of oven. For this purpose, the exhaust requirement
methodology presented by Enbridge Gas Distribution Inc. [55, 56, 57] could be used to

determine the flow rate for safe operation.

412.1 Energy Savings from Oven Exhaust

The study showed that companies operated their oven exhaust fans continuously and at high
velocities even when they were not required. It is important to operate exhaust fans at the
appropriate velocity only when it is necessary.

Exhaust flow is an important criterion for determining the operational safety of an oven. Better
control of exhaust fans can save costs in terms of operating electricity and heated air. The
percent savings from operating exhaust are presented in Table 4.16, column 7. It can be seen that
exhaust savings can range from 19% to 53% depending on the size, exhaust CFM, operating

temperature, and production type.
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Table 4.16: Exhaust requirements and current exhaust of ovens
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AAGF-B 3,380 549 2,831 84 172,966 53
AASN-B 3,000 549 2,451 82 186,887 53
AAAL-D 2,500 641 1,859 74 43,023 36
AAAL-C 3,300 824 2,476 75 79,764 53
AABN-D 1,200 275 925 77 29,696 25
AABN-C 2,400 641 1,759 73 52,041 30
AACF-D 1,000 275 725 73 30,956 29
AACF-C 1,800 549 1,251 70 49,459 30
AAMP-D 900 183 717 80 39,824 31
AAMP-C 1,500 549 951 63 47,539 28
AAACT-D 600 183 417 70 8,106 19
AAACT-C 1,200 366 834 70 15,055 26

AASPEC-D 928 275 653 70 12,493 32
AASPEC-C 950 366 584 61 9,991 27
AAWIL-D 1,620 458 1,162 72 19,004 28
AAWIL-C 3,600 1,098 2,502 70 39,374 39
D-78-D 1,260 183 1,077 85 19,608 33
D-78-C 2,520 275 2,245 89 38,101 42
D-225-D 2,304 549 1,755 76 32,493 27
D-225-C 4,608 1,098 3,510 76 61,736 44

4.12.2

Energy Savings Opportunity from Oven Shell Energy Loss Through Improving

Insulation Thermal Resistance (R)
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This research observed that 10% to 31% of oven consumption was lost through the oven shell.
This can be remedied with the internal and external surface of the oven and the insulation
condition of the shell. In this research the loss factor is considered as a flat value as 0.25%,
(estimated U value and estimated average panel thickness 6 inch) [57] which can be changed
based on the “R” value. On the one hand, the internal surface reflectivity can reduce absorption

of heat by the shell plates and increase internal air heating. On the other hand, the R value can




affect heat conduction through shell plates. A simulated value calculated using different
percentage of reduced loss factors and presented in Table 4.17. In the same table presents actual
energy loss through the shell with its current estimated configuration. From columns 3 to 7, the

simulated values are based on 10% reduction of loss factor from base case.

Table 4.17: Shell energy loss of ovens with different loss factors
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AAGF-B | 71,337 64,203 57,060 | 49,936 | 42,802 35,668
AASN-B | 81,897 73,708 65,518 | 57,328 | 49,138 40,949
AAAL-D | 22,500 20,250 18,000 | 15,750 | 13,500 11,250
AABN-D | 27,214 24,493 21,771 | 19,050 | 16,329 13,607
AACF-D | 22,259 20,033 17,807 | 15582 | 13,356 11,130
AAMP-D | 31,229 28,107 24,984 | 21,861 | 18,738 15,615
AAACT-D | 20,449 18,404 16,359 | 14,314 | 12,269 10,224
AASPEC-D | 30,047 27,042 24,038 | 21,033 | 18,028 15,024
AAWIL-D | 26,229 23,606 20,983 | 18,360 | 15,737 13,114
D-78-D 33,429 30,086 26,743 | 23,400 | 20,057 16,714
D-225-D 7.335 6,602 5868 | 5,135 4,401 3,668
AAAL-C | 10,479 9,431 8,383 | 7,335 6,287 5,239
AABN-C | 10,485 9,437 8,388 | 7,340 6,291 5,243
AACF-C 9,147 8,233 7318 | 6,403 5,488 4,574
AAMP-C | 13,027 11,724 10,421 | 9,119 7,816 6,513
AAACT-C | 20,109 18,098 16,087 | 14,076 | 12,065 10,054
AASPEC-C | 11,834 10,650 9467 | 8,284 7,100 5,917
AAWIL-C | 16,587 14,929 13270 | 11,611 | 9,952 8,294
D-78-C 17,280 15,552 13,824 | 12,096 | 10,368 8,640
D-225-C | 24,686 22,217 19,749 | 17,280 | 14,811 12,343
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Suitable insulation material of appropriate thickness can minimize heat loss. Shell loss calculated
based on estimated loss factor. Considering that shell loss, thermal insulation values were

calculated and found similar.

4.12.3 Exhaust Savings and Estimated Cost Savings Through Retrofits (Installation of
VFD)

Research found that exhaust loss from ovens accounted for 33% to 64% in the audited
companies, of which 61% to 89% can be reduced by maintaining the minimum requirement. This
research finding was developed to minimize possible fires and other risks. Therefore, after
maintaining the ventilation requirement, energy savings potential was observed in the audited
companies. Potential energy savings in different simulated situations are presented in Table 4.18.
Table 4.17 shows the different percentages of savings to be gained through the installation of a
variable frequency drive (VFD) fan in the air inlet (oxygen) system of ovens, which can be
controlled by exhaust mixture properties [100].

The estimated cost involved to install one VFD system in an oven is:

Price of one VFD (Capital cost) = $3,857.12 plus HST (@13%) = $4,358.55

Labour cost = $520.00 (@$65 per hour and estimated 8 hrs)

Other material costs = $200.00

Total cost to install one VFD = $5,078.55

The primary function of VFDs is to vary the speed of a three-phase AC induction motor. This
piece of equipment also provides non-emergency start and stop control, acceleration and
deceleration, and overload protection. This device also reduces motor start-up rush current by

accelerating the motor gradually. For this reason, VFDs are suitable for devices where variable

speed is required.
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Selection of VFDs is based on the operating profile of the load it will drive. The choice also
depends on constant or variable motor speed run by the VFD, frequency of start and stop of
motor, and whether the motor runs continuously. Another major selection criterion will be the
maximum current requirement of the motor at peak torque demand. In the current market VFD
of required SCFM reduction rating could be difficult to arrange, therefore a simulated cost

saving showed in different percentages in Table 4.18.

Table 4.18: Exhaust savings from different percentages of exhaust reduction
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AAGF-B Fo0d 206,508 | 172,966 | 43242 | 32431 | 21621 | 10,810
AASN-B 228,748 | 186,887 | 46,722 | 35041 | 23361 | 11,680
AAAL-D 57,857 | 43,023 10,756 | 8,067 5,378 2,689
AAAL-C 76,371 | 79,764 19,941 | 14,956 | 9,970 4,985
AABN-D 43,057 | 29,696 7,424 5,568 3,712 1,856
AABN-C 86,114 | 52,041 13,010 | 9,758 6,505 3,253
AACF-D 45,071 | 30,956 7,739 5,804 3,870 1,935
AACF-C 81,127 | 49,459 12,365 | 9,274 6,182 3,091
AAMP-D 49,989 | 39,824 9,956 7,467 4,978 2,489
AAMP-C 83,314 | 47,539 11,885 8,914 5,942 2,971
AAACT-D | 13580 | 8,106 2,027 1,520 1,013 507
AAACT-C | Finishing ™= ey 15055 | 3764 | 2823 | L1882 941
AASPEC-D 17,811 | 12,493 3,123 2,342 1,562 781
AASPEC-C 16,181 | 9,911 2,478 1,858 1,239 619
AAWIL-D 25,494 | 19,004 4751 | 3563 | 2375 | 1,188
AAWIL-C 56,654 | 39,374 9,844 7,383 4,922 2,461
D-78-D 22939 | 19,608 4,902 3,676 2,451 1,225
D-78-C 45878 | 38,101 9,525 7,144 4,763 2,381
D-225-D 42,657 | 32,493 8,123 6,092 4,062 2,031
D-225-C 85314 | 61,736 15434 | 11575 | 7,717 3,858
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Table 4.19 displays the percentage savings and payback analysis. Column 2, Table 4.19 shows
the cost of installation of VFD, while on the subsequent column from 3 to column 6 shows
simulated payback periods with 100%, 75%, 50% and 25% savings respectively. The natural gas
billing rate was considered as 0.25/m?. This rate was considered as flat rate to estimate payback

analysis. This rate was based on the flat rate of billing for commercial and industrial usages years

2014.
Table 4.19: Percentage savings and payback period
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AAGF-B 5,079 0.12 0.16 0.23 0.47
AASN-B 5,079 0.11 0.14 0.22 0.43
AAAL-D 5,079 0.47 0.63 0.94 1.89
AAAL-C 5,079 0.25 0.34 0.51 1.02
AACF-D 5,079 0.68 0.91 1.37 2.74
AACF-C 5,079 0.39 0.52 0.78 1.56
AAMP-D 5,079 0.66 0.88 1.31 2.62
AAMP-C 5,079 0.41 0.55 0.82 1.64
AABN-D 5,079 0.51 0.68 1.02 2.04
AABN-C 5,079 0.43 0.57 0.85 1.71
AASPEC-D 5,079 2.51 3.34 5.01 10.02
AASPEC-C 5,079 1.35 1.80 2.70 5.40
AAWIL-D 5,079 1.63 2.17 3.25 6.50
AAWIL-C 5,079 2.05 2.73 4.10 8.21
D-78-D 5,079 1.07 1.43 2.14 4.28
D-78-C 5,079 0.52 0.69 1.03 2.06
D-225-D 5,079 1.04 1.38 2.07 4.15
D-225-C 5,079 0.53 0.71 1.07 2.13
AAACT-D 5,079 0.63 0.83 1.25 2.50
AAACT-C 5,079 0.33 0.44 0.66 1.32

4.12.4 Cost Savings Analysis from Shell Energy Loss

This study investigated how the insulation R value affects energy savings. Calculated energy loss
is displayed in Table 4.17, column 2 while other simulated energy losses presented from column
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3to 9 are based on different R values. The same loss can be reduced with adding more insulation
on oven shell envelope. Table 4.20 presents another simulated savings in terms of cost and
represent from column 2 to 7 based on the simulated energy savings. According to the data,
energy savings through shell envelope loss have the most significant effect on optimizing the

thermal insulation R value.

Table 4.20: Amount of energy savings with reduced oven envelope loss factors
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AAGF-B 1,783 3,567 5,350 7,134 8,917
AASN-B 2,047 4,095 6,142 8,190 10,237
AAAL-D 563 1,125 1,688 2,250 2,813
AABN-D 680 1,361 2,041 2,721 3,402
AACF-D 556 1,113 1,669 2,226 2,782
AAMP-D 781 1,561 2,342 3,123 3,904
AAACT-D 511 1,022 1,534 2,045 2,556
AASPEC-D 751 1,502 2,254 3,005 3,756
AAWIL-D 656 1,311 1,967 2,623 3,279
D-78-D 836 1,671 2,507 3,343 4,179
D-225-D 183 367 550 734 917
AAAL-C 262 524 786 1,048 1,310
AABN-C 262 524 786 1,049 1,311
AACF-C 229 457 686 915 1,143
AAMP-C 326 651 977 1,303 1,628
AAACT-C 503 1,005 1,508 2,011 2,514
AASPEC-C 296 592 888 1,183 1,479
AAWIL-C 415 829 1,244 1,659 2,073
D-78-C 432 864 1,296 1,728 2,160
D-225-C 617 1,234 1,851 2,469 3,086
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Table 4.21 presented return on investment by simple pay back calculation. Insulation cost per
square footage was estimated through online available resources (Appendix F) and standard
unionize license labour wages based in year 2015. In the Table 4.21 shows the payback period

considering the savings calculation presented in the Table 4.20.

Table 4.21: Payback analysis based on different oven envelope loss factors

_ Loss Factor Increased Payback

in Percent From Base Case
(%) (year)
10 % 8.4
20% 4.2
30% 2.8
40% 2.1
50% 1.7

A simple payback analysis performed to investigate the estimated return on investment. This
analysis performed to check the feasibility of retrofit by adding more insulation on oven shell. It
gives an estimated assumption of investment for energy savings measures. In the Figure 4.34
shows the payback period with investment on adding more insulation which in turn reduce loss
factor on oven shell while the payback was presented in Table 4.20.

Figure 4.34.displays the payback period and insulation cost. Increased cost of insulation
estimated at 20% increase in insulation value. Result shows that with the increase of insulation

value, payback period decrease because of increasing savings.
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Figure 4.34: Payback period of investment savings based on different insulation loss factors
(AASPEC)

4.13 Maximum Potential Natural Gas Savings Analysis

This research has quantified the maximum natural gas savings from oven consumption from 8%
to 42% of total natural gas consumption in audited facilities. Columns 3, 4, and 5 show the
savings potential from exhaust, shell, and miscellaneous energy savings. As shown in the
research of George Koch Sons, LLC, miscellaneous loss can be 1% of the total consumption [55,
57], radiation loss included. The radiation loss has been calculated and presented in Table 4.22,
Column 6. It was observed that the radiation loss of the audited facilities is from 2% to 4%,
which is higher than the research by George Koch Sons, LLC. Potential savings from
miscellaneous loss have been calculated from existing loss by deducting the results of Column 6
of Table 4.5 from the radiation loss shown in the Table 4.22 of Column 6. Miscellaneous energy
savings in Column 5, Table 4.22 are less than the radiation energy loss from ovens. Calculated

maximum shell energy savings have been considered, as presented in Column 7 of Table 4.17.
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Table 4.22: Maximum potential savings of total natural gas consumption

Company Total Exhaust Shell Miscellaneous | Total | Percentage
Hame Consumption | Savings | Savings savings Savings of Total
Savings

(m3/year) | (mPlyear) | (m®/year) (md/year) (md/year) (%)

AAGF-B 3,372,327 172,966 35,668 0 834,536 25
AASN-B 546,832 186,887 40,949 0 227,836 42
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4.14 Natural Gas Savings Analysis with Hours of Operations

Based on analysis 15 m*/hour to 139m?hour of natural gas input can be saved through proper

addressing the exhaust loss, shell loss, and radiation loss. The natural gas saving are presented in

Table 4.23.
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Table 4.23: Natural gas savings per hour of operation

Company Hour of Estimated Natural gas
Name Operation Total Natural Savings Per
Gas Savings Hour of
Operation
(hour) (md/year) (m3/hour)
AAGF 6000 834,536 139
AASN 7488 227,836 30
AAAL 2500 151,308 61
AABN 4080 108,482 27
AACF 5125 109,868 21
AAMP 6000 117,191 20
AAACT 2250 34,296 15
AASPEC 2000 33,162 17
AAWIL 2000 92,764 46
D-78 2000 14,577 37
D-225 2000 144,507 72

Figure 4.35 displays natural gas savings per hour of operation of the audited companies. Analysis
shows AAGF have the highest opportunity for hourly saving, while AAACT have the lowest. It

can be seen that savings opportunity increases with the increase of hour of operation.
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Figure 4.35: Natural gas savings per hour of operation
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Chapter 5: Result and Discussion of SMEs’ Energy Consumption

This study has several findings regarding energy savings. First, this study estimates that by using
the ventilation requirement methodology by Enbridge Gas Distribution Inc. [53, 55, 56, 57] that
prevents exhaust energy loss, ovens can consume between 19% and 53% less energy. These
estimates are presented in Table 4.15.

Second, around 14% to 27% energy savings can be realized from oven consumption by limiting
oven shell loss. These estimates were presented in Figure 4.14 and 4.18.

This study observed that for two bakeries, 82% and 88% of the energy is consumed for
processing their products. The data are and presented in Table 4.1. Plant AASPEC and D-78
usages less natural gas energy in process oven because the process equipment runs on electricity
and the plant has a large area. Of the process energy consumption, 26% to 73% was used for
direct-fired ovens, which was shown in Table 4.1.

The eleven companies audited for this study all use ovens. Two use bake ovens, while the rest
use dry-off and cure ovens. It was estimated that bake ovens use 47% to 73% of process energy,
while ovens in the finishing companies use 26% to 68%.These were presented in Table 4.1.
Natural gas was the main source for maintaining indoor air quality for most of the large facilities.
Research found that the energy intensity by area in bake ovens is around 24 m®ft? to 30 m®/ft?
(Table 4.2), whereas for dry-off and cure ovens it is 7 m*ft? to 36 m®/ft?> (Table 4.2). This same
study found that energy intensity by volume in bake ovens is around 64 m%ft® to 77 m¥/ft,
whereas for dry-off and cure ovens it is 16 m%/ft3 to 65 m3/ft3. The same oven does not always
exhibit have the same energy intensity by volume and energy intensity by area (e.g., AASPEC-
D).

This study also observed that the suitable methodologies for benchmarking are: (a) energy
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intensity index which estimates energy consumption per square footage (m%ft?); (b) energy
consumption per unit volume (m3ft?)) (Table 4.2 and Table 4.3); and (c) production hours index
(Table 4.11, column 8 and Figure 4.28)

The research observed that potentially around 8% to 83% of energy loss during non-productive
hours could be saved and thus help lower production costs (Table 4.13). This is conclusion was
reached because there were more non-productive hours. There were less non-productive hours
during summer, and energy consumption during non-productive hours decreased (Table 4.13,
Table 4.14 and Figure 4.31)

Potential savings can be realized from many retrofits such as the addition of a VFD controller,
insulation (Table 4.15, Table 4.16, and Table 4.17). Depending on the investment and the type of
estimated retrofits, return on investment can be realized in less than a year or in ten years (Table
4.18, Table 4.19, Table 4.20, and Table 4.21).

The research observed that potentially around 8% to 42% of total natural gas loss can be saved
through different retrofits thus help to lower the production cost (Table 4.22). Natural gas

savings per hour of operation observed from 15m?hour of 139m%/hour.

51  Savings from installing VVariable Frequency Drive (VFD)

Variable frequency drive (VFD) is an electro-mechanical device that controls the speed of AC
motors and the torque by varying the motor input frequency and voltage. Variable Frequency
Drive (VFD) plays an important role in energy management with regards to technology. It was
observed that major energy savings form Eddy-current and hysteresis loss accounted for 15-25%
of the overall losses. It was also observed that the starting current of a motor was too high,
usually between 3 to 8 times the full-load current. As a result, the voltage surges in the power
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system. On the other hand, if full torque is applied instantly at the start of the process, the
mechanical shock can eventually damage the drive system, including the motor or fan mount
shaft. Therefore, VFD is suitable where mechanical considerations like variable torque, constant
torque, and constant horsepower are involved. It was proven that VFD can help realize direct
savings in electrical energy consumption and indirect savings from exhaust losses. Electrical
energy is saved by varying the motor speed and torque, while exhaust energy can be saved
through the proper mixing of natural gas and oxygen ratio. At the exhaust duct, companies can
install an oxygen sensor which would measure the percentage of oxygen gas in the exhaust flue
gas. The percentage of oxygen gas in the exhaust flue can control the motor speed at the inlet
duct of the oven. A potential savings can be achieved from 19% to 61% of oven energy

consumption after installing VFD with controller.

5.2  Savings from Insulation Correction

Insulation reduces the exchange of heat through a surface; that is, an insulated surface lessens the
amount of warm air escaping through the surface. It acts as a barrier for heat loss and gain.
Therefore, the amount of energy needed for this purpose could be reduced. Insulation is the most
practical and cost-effective way to make an oven more energy-efficient [111,112,113]. Insulation
can be selected based on R-value and cost analysis. In this study, it was observed that shell loss
calculated from 18% to 31% can be reduced based on insulation properties having an loss factor

reduced from 10% to 50% and simulated energy savings potential is addressed in Table 4.18.
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Chapter 6: Conclusion and Recommendations

Burners are devices which mix molecules of fuel with molecules of air. An efficient oven
depends on burner performance. A poorly designed oven with an efficient burner may perform
better than a well-designed oven with a poor burner. Burners are designed to maximize
combustion efficiency while minimizing the release of emissions.

An efficient natural gas burner requires only 2% to 3% excess oxygen or 10% to 15% excess air
in the gas, to burn fuel without forming excess carbon monoxide.

A natural gas burner can be more efficient if it is provided with 2% to 3% excess oxygen or 10%
to 15% excess air in the flue gas, to burn fuel without forming carbon monoxide. Therefore, a
proper air-to-fuel mixture is important for burner efficiency without constant adjustment. Usually
burners with complex linkage designs can’t maintain air-to-fuel setting over time. This is a cause
of inefficiency. So a burner using servomotors with parallel positioning which independently
control the quantities of fuel and air delivered to the burner head can improve efficiency more
than complex linkage designed burners. An advantage of servomotors with parallel positioning
burners is that they don’t have complex linkages, which allows for easy tune-ups and minor
adjustments, while eliminating hysteresis, or lack of retrace ability, and provide accurate point-
to-point control. These are the reasons for consistent performance and repeatability, adjusting

burners for different firing rates. Other alternatives are burners with a single drive or jackshaft.

In assessing overall efficiency and potential for oven energy savings, the parameters of
significant importance are temperature, flow rate of inlet air and dry flue gas, processing material
flow rate, and insulation of shell, etc. The temperature can be measured by a laser temperature

gun, or thermocouple probe. The installation of economizer or flue-gas air pre-heaters are
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practical ways of reducing stack temperature while reusing oven inlet air. Studied companies

observed exhaust gas temperatures of 350°F to 450°F (177°C to 232°C).

6.1  New findings in this research

Research work was accomplished with the contribution of Enbridge’s University Partnership
Program (UPP) to identify natural gas savings in small and medium-sized industries. In this
respect, the author has accomplished the following tasks and achieved the following goals:
e Development of Excel based calculating tool by which oven energy balance can be
calculated through required data sets without on-site energy audit
e Development of code in Visual basic to create a portable version of calculating tools
e Consolidation of energy data (natural gas) from 11 small and medium-sized industries
within the GTA
e Energy consumption analysis of ovens of small and medium-sized industries within the
GTA and identifying major losses and potential savings (such as exhaust loss, shell loss,
miscellaneous loss, etc.)
e Development of a few indices by which industries that have ovens can be classified based
on their efficient use of natural gas
e Assessment of financial and environmental benefits in terms of natural gas savings and

greenhouse gas emissions

6.2 Limitations of this study

At the beginning of this project, the goal was to aim for a minimum of 50 companies whose

audited energy data could be obtained from SMEs through Enbridge Gas Distribution Inc. to
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draw a statistical analysis. However, based on available data, this project study analyzed data
from 11 SME companies. Among them two are bakeries, and the remaining 9 are finishing
companies. These results are a sample analysis, but could not be tested for robustness due to data
limitation. These results would have been highly accepted if they had been obtained from the
minimum required companies (at least 50 companies’ data). Therefore, a research opportunity is
there to test this methodology.

Energy audits largely rely on accurate information from facilities. These are: temperature
readings from different energy served systems, air-flow rates of HVAC system and ovens,
energy data from sub-metering and major equipment, and more. This study relies on very limited
data. These are: utility bills, schedules, some of the data from ovens, and some data collected
from internet searches. Due to limited resources of measuring equipment and tools, that accurate
information could not be retrieved. Many of the results are based on estimation and discussion
with experts. The same results were obtained for savings calculations. The prices were taken

from the internet and were included in payback calculations.

6.3 Possible Future Work

Plenty of potential for future research work was identified during this research, which is energy
savings potential based on design parameters of ovens and retrofits. Another opportunity was

observed to analyze oven burners with optimized thermal capacity design.
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Appendix A
Sample calculations:

1. Production throughput (AAAL)

mp= Product mass = 15 [lb]

Viine = Conveyor speed = 15 [ft/min]

Loading per hook spece = Loading/hs= 2

Production throughput = my, X Vjjpe X 60 [hr/min] x Loading/hs

=15 [Ib] x 8 [ft/min] x 60 [hr/min] x 2 = 13500 [Ib/min]

N

. Energy required per hour (AAAL)

m,, [Ib] X C, [Btu/Ib°F]x AT[F]

12 [Ib] x 0.12[Btu/Ib°F] x 330 [°F]
= 540 [Btu/pcs]
3. Exhaust requirement (AAAL)
Burner capacity = 3.5 inch
= 3.5 x 183 =640.5 = 651 MMBtu [SCFM]
=12 [Ib] x 0.12[Btu/Ib°F] x 330 [°F]
= 540 [Btu/pcs]

Exhaust temperature+460 _ 370+460 _

4. Correction factor (CF) = = =157
Inlet temperature+460 704460

5. ACFM required = 641[SCFM] x 1.57 [CF] = 1,006 ACFM

Oven volume [ft?]x 4 _ 10,000 x 4

6. Exhaust at constant volume = -
purge time 16

= 2,500 [SCFM]

7. Exhaust energy loss = [SCFM] x 1.08 [Btu/lIb°F]x 300 [°F]x 2500 [Year/hr]/35000

= 2500 x 1.08 x 300 x 2500/35000
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= 57857 md/year
8. Exhaust savinngs = Conatant volume exhaust — require exhaust
= 2,500 [SCFM] - 651 [SCFM]
= 1849 [SCFM]
9. Product energy consumption (AAAL)
Actual product in a year = 1,500,000 pcs
Energy required per product = 540 Btu/pcs
Product energy required = Energy required per product x No of product in a year
= 540 [Btu/pcs] x 1,500,000 [pcs]/35000
= 23,143 m3/year
10. Materail handling loss (AAAL) = 3% of the total oven consumption
=0.03 x 120184 [m*/year]
= 3606 [m*/year]
11. Shell loss (AAAL)
= Shell area [ft?]x loss factor x AT[°F] x operating hour [year/hr]
/35000
= 4200 [ft?] x 0.25 x 300 [°F] x 2500 [year/hr] /35000
= 22,500 m®/year
11. Oven energy intensity in terms of area
Oven area = 4,200 [ft?]
Oven consumption = 120,184 [m®/year]
Energy intensity in terms of area = oven consumption [m®/year] / oven area [ft?]

= 120,184 [m®/year] / 4,200 [ft?] = 29 [m3/ft?]
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12. Oven energy intensity in terms of volune

Oven volume = 10,000 [ft%]

Oven consumption = 120,184 [m3/year]

Energy intensity in terms of area = oven consumption [m®/year] / oven volume [ft®]
= 120,184 [m3/year] / 10,000 [ft%] = 12 [m3/ft?]

13. Payback calculation after improving loss factor

Oven area = 5044 [ft?]

Insulation cost = $15,435 (@3.06 per square footage)

Doller savings after improving of insulation value of 10% than base case

Savings = 7,350 x 0.25 = $1,838

Payback period = 15,438/1,838 = 8.4
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Appendix B

1. Collected data for ovens from energy audit
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6 |AABN 98370 363976 251124 112852 1{po Finishing 80| 10| 6 65| 350| L5 18) 18 042 3| as0] 2 3 2 8 2 5 51]
7 363976 251124 112852 1jco 80| 10) 12| 65| 350 3.5 18 18 012 3| 450 2 3 2 8 2 5 51]
8 |mack 46786 437383 403590 34185 1{po Finishing 50, 10) 8 70, 355 15 17 17| 013 3 300 2 3 2| 1035 2 5 50|
] 437383 403590 34185 1jco 60| 10) 12| 70, 355 3 17, 17| 012 3 300 2 3 2| 1035 2 5 50|
10 |AAMP 67604 514025 345588 168437 1{po Finishing 60| 10) 6 70, 370 1 14] 14 012 3 350 2 3 2 8 3 5 50,
n 514025 345588 168437 1jco 60| 10) 10 70, 370 3 14] 14 012 3 350 2 3 2 8 3 5 50,
12 |ARACT 10327 161682 134316 27684 1{po Finishing 40 10| 6 0] 396 1 18) 18 042 2 380 05 1 1 L] 1 5 50
13 161682 134316 27684 1jco 40, 10) 12] 0, 3% 2 18 18 012 2 380 0.5 1 1 [l 1 5 50,
14 |AASPEC | 60713 369364 76736 292628 1[0 Finishing 70, 10) 6 69| 380 15 12) 12 013 2 360 05| 1 1 8 1 5 50,
15 369364 76736 292628 1jco 60| 10) 8 69| 345 2 12) 12 012 2 360 05| 1 1 8 1 5 50|
16 |AAWIL | 110270 298809 187836 110973 1{po Finishing 108 10) 6 65| 320 25 18 18 012 2| a0 05| 1 1 8 1 5 50|
17 298809 187836 110973 1jco 120 10) 12| 65| 320 6 18] 18 012 2| a0 0.5 1 1 8 1 5 50,
18|p78 230453 951907 190896 761011 1{po Finishing 84 10 § 65| 360 1 14] 14 042 2 720 1 1 1 g 1 5 50
19 951807 190896 761011 1jco 84 j 12] 65| ssfl 15 14] 14 012 2 rﬁl 1 1 1 [ 1 5 50,
20(D-25 | 213668 1306121 248308 857813 1[0 Finishing 96| 12] s 023 65| 363 3 18 18 012 2 700] 1 1 1 8 1 5 50,
21 1306121 448308 857813 1lco 96l 12 16l oasl 65! 365 6 18 18 012 2 700] 1 1 1 8 1 5 sl v
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2 | 2781456 580871 1lBake  |Food 104 10 13 025 70| 400 E 4| 4 o2 15| 450 0.5] 1 1 [ 3 5 50 4] 028 325000
3| 283924 62008 1lBake  |Food 100 10 1] 02 70| 400 E 4 4 028 15| 300 0.5} 1 1 g 3 6 52/ 4] 028] 355280
4| 265608 119880 1jo0 Finishing 100 10 10 035 O 3.5 12} 15| 012 3l s00 2] 3 2 10 1 5 s0] 15| 042{ 120184
5| 65608 119880 1jco 110 10 12 02 70| 37 4.5) 12 15| 012 3 e00 2 3 2 10] 1 5 50) 15| 042| 15027
6| 251124 112852 1joo Finishing 20 10 6 035 65| 350 15 18] 18 012 ER 2 3 2 g 2 5 51 18] 0413] 119317
7| 251124 112852 1jco 80 10 12 025 65| 350 3.5 18] 18 012 3l 450 2 3 2 [ 2 5 51 18] 042] 171134
8| 03500 34185 1joo Finishing 50, 10 g 0 S 15, 171 17 012 3| 300 2] 3 3| 1025 2 5 50) 17| 013{ 108000
9| 40359 34185 1jco 60 10 12| 035 70| 355 3) 17} 17 012 3l 300 2 3 2| 1035 2 5 s0] 17]  042{ 163000
10| 345588 168437 1joo Finishing 60 10 6 025 70| 37 14] u 012 3 350 2 3 2 [ 3 5 s0] 14]  042| 129000
11| 345588 168437 1jco 60 10 10, 035 70| 370 3) 14 1 012 ERES 2 3 2 g 3 5 50, 14]  013| 168509
12| 134316 27684 1jo0 Finishing 40 10 6 035 70| 3% 1 18] 18 012 2| 380 05! 1 1 ] 1 5 50, 18] 012 42565
13| 13316 27684 1jco 40 10 1] 02 70| 3% 2| 18] 18 012 EEE 0.5} 1 1 9 1 5 50) 18] 012| 57809
14| 76736 292628 1joo Finishing 0 10 6 035 69 380 15 12} 12 012 2 360 05! 1 1 8 1 5 50, 12] 042 39500
15| 76736 292628 1jco 60 10 8 025 69| 315 2] 121 12 012 2 360 0.5/ 1 1 [ 1 5 50 12| 012 37000
16| 187835 110973 1joo Finishing 108 10 6 035 65| 320 25} 18] 18 012 2 400 0.5} 1 1 g 1 5 50) 18] 013 68243
17| 187836 110973 1jco 120 10 12 035 65 320 6 18] 18 012 2 400 05! 1 1 8 1 5 s0] 18] 0.12{ 100394
18| 1908% 761011 1joo Finishing 8] 10 6 025 65| 380 1 14] u 012 2 0 1 1 1 [ 1 5 50 1] 012 58714
19| 1908% 761011 1jco 84 10 12| 035 65| 360 15 14 1 012 2 0 1 1 1 g 1 5 50, 14] 013 90361
20| 448308 857813 1joo Finishing 96, 12 8 025 65| 365 E 18] 18 012 2 700 1 1 1 [ 1 5 50 18] 042] 121134
211 448308 857813 1lco ] 96! 12 16l pas 65l 365 6 18] 18012 2l 700 1l 1 1 g 1 5 501 18l 012l 140804 -
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Appendix C

1. Calculated data for ovens

& Excel- MAScProject - Bxcel @ L%
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s Times New Ro ~ |12 KA &+ BWiap Text General - ? # | Normal Bad Good €= E T ﬁ
— By Copy - — = g |8 = il - z
Paste ) 1 . SlMerge & Center - § - % » %3 2 Conditional Formatas| Neutral [Calcvtation | EATIN - 'msent Delete Fomat . sot& Find&
 Format Painter =l $ ® " Formatiing - Table~ - - 0T e setea-
Clipboard 5 Font 3 Alignment A Number 5 Styles cells Editing -
o o i -
£19 . fio0 ~
A 5 c D e F G H ] ) x L <]
4
Exhanst Shenl

Loss[m’/year] (Shell Area x Loss Factor X AT )[m’/year]

5
6 ‘Bake 11520000 0 11520000 206508 71337
7 AASN Bake 1200 8985600 0 8985600 370 891 1849 958 303250 228748 81897
8 AAAL DO 13500 33750000 0 33750000 540 1003 1596 593 67393 57857 22500
9 co 13500 33750000 0 33750000 540 12 2107 818 89755 76371 27214,
10 AABN DO 12150 52876800 0 52876800 616 424 778 354 51235 43057 22259
1" co 12150 52876800 0 52876800 616 988 1556 567 97404 86114 31229
12 AACE Do 7650 47047500 0 47047500 581 422 650 228 50282 45071 20449
13 co 7650 47047500 0 47047500 581 844 1171 326 86703 81127 30047
14 AAMP DO 7350 45360000 0 45360000 504 287 575 288 62366 49989 26229
15 co 7350 45360000 0 45360000 504 860 958 98 82720 83314 33420
16 AMACT DO 6840 14580000 0 14580000 704 2 371 76 15244 13580 7335
17 co 6840 14580000 0 14580000 704 591 743 152 30487 27160 10479
18 AASPEC DO 4320 8640000 0 8640000 448 436 584 149 19917 17811 10485
1£[ co 4320 8640000 0 8640000 397 557 624 67 15137 16181 9147
20 AAWIL DO 7200 15120000 0 15120000 551 680 1090 411 27180 25454 13027
21 co 7200 15120000 0 15120000 551 1631 2423 792 58499 56654 20109
22 D-18 DO 10080 20160000 0 20160000 496 286 807 521 30625 22939 11834
23 co 10080 20160000 0 20160000 496 428 1613 1185 63852 45878 16587’
24 D225 DO 12600 25920000 0 25920000 648 863 1466 603 51060 42657 17280
25 co 12600 25920000 0 25920000 648 1725 2932 1207 102120 85314 24686
» Data Input | Primary Calculation | Result Sheet | Oven Analysis-1 | Bake Oven | DO Oven | Cure Oven | Shellloss .. (&) < »
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NEX From Oven
4
Material Handling . Percentage
Misc Total Oven
Eshanst Shell Loss PO ' T E:::G consumed by
1l Losses energy sion Savines
Loss[or'year] (Shell AreaxLoss Factor X AT )[m'year] (2-3% of toalas per (""m — Aggrraated w LEoE m;jpmmg"‘
. KLLC (myear) sl fyear] fyear] NACPrces °£1 0
2 P
6 AAGF 206508 71337 9750 287595 28512 8893 316107 325000 LO6E+06 1168% 8636% 4 Oven
7 AMSN 228748 81897 10658 321303 23722 10255 345025 355280 L17E+06 T342% 8536%
8 ARAL 57857 22500 3606 83963 34714 1507 118677 120184 296E+05 2581% 56.07% |
9 76371 714 4508 108094 34714 7467 142808 150275 3.90E+05 32.28% 59.73%
10 AABN 43057 22259 3580 68896 48439 1982 117335 119317 220E+05 4751% 42.94%
1 86114 31229 5134 122477 48439 218 170916 171134 440E-05 68.15% 56.92%
12 AACF 45071 20449 3240 68759 38310 930 107070 108000 230E+05 2676% 46.56%
13 81127 30047 4890 116064 38310 8625 154375 163000 4.15E-05 4039% 53.19%
14 RAMP 49989 26229 3870 80087 45360 3553 125447 125000 255E+05 3733% 4835%
15 83314 33429 5055 121798 45360 1351 167158 168509 416E+05 48.76% 49.09%
16 ARACT 13580 7335 1277 2197 7202 3171 39394 42565 6.94E04 3169% 3581%
17 27160 10479 1734 39373 17202 1234 56575 57809 L39E+05 4304% 52.74%
15 AASPEC 17811 10485 1185 25481 9213 806 38694 39500 9.10E-04 51.48% 5042%
19:[ 16181 9147 1110 26439 8176 2385 346135 37000 827E-04 4822% 4091%
20 AAWIL 25494 13027 2047 40568 12590 15085 33158 68243 L30E+05 3633% 39.83%
2 56654 20109 3012 7977 2590 8030 92364 100354 290E+05 5345% 582T%
22 D78 12938 11834 1761 36534 20390 178% 36925 58714 L17E+05 30.76% 51.16%
3 45878 16587 m 65177 20390 4794 85567 90361 234E+05 4734% 70.66%
24 D225 42657 17280 3634 63571 25920 31643 89491 121134 218E+05 27.02% 4215%
25 83314 24686 4224 114224 25920 660 140144 140804 436E05 3141% 7253%
2 v
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Appendix D

1. Summary result of dry-off ovens

Excel-Project - Excel
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1 Fadility AnType of Oven (m’) Process |[m’fyear] |[m*fyear] |im*/year] [m*fyear] | [m*fyear] ‘Savings fri GHG Index Savings Pert Percentage consumed by Oven
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Handling g m
Loss Product Totsl |operating consumed [Product
Exhaust (2-3% of energy |Misc Oven  |ventilatio [savings  |Percentage|by Oven NAC Material [energy  |Misc
NAC  NAC|m’) [Loss [toalas  [Total nsumpt{Consump Consump | Percentage [consumed |over Enerzy [Exhaust [shell  [Handling [consumpt|Consump
2 Company | Facility An Type of Oven (m) Process |[m’fyear] perkULC |losses [ion tion [Total Agarjtion (m’jyear] |GHG Index |of total  [by Oven  |process Intensity Company |Loss Loss Loss [tion
3 AAAL 66142 DO 584907 57857 2900 3605 86383 23143 10678 10906 10184 21504 1SIE03  2581%  1789%  20.55% AAAL STES7T 2900 3606 2343 1067
4 AABN 98370 D0 6 I S N BE 636 2693 IS G113 LA BETEM 47SI% 1TI% 7% ARBN 38525 93 3580 28893 273B8
5 AACF 46785 DO 437383 403590 42699 833 S50 5372 19 7233 76T 65000 14983 LED3  2L06%  I763%  19.43% AACF 469 833 2350 1% 723
6 AAMP 67604 DO 514025 M5B 49989 26753 3870 BOGI2 3020 18148 110850 129000 25061 12GED3  3733%  1943%  25.0% AAMP 49989 26753 /M NM0 1518
T AAACT 10327 D0 161682 13316 11664 6233 1277 15173 14TM 8617  33M8  AXS65 2384 GAGEDY  3L69%  SE0%  26.33% AAACT 1664 633 LT MM 8617
8 AASPEC 60713 DO st s Lt 1M 18 MM 91 893 38607 39500 4512 229603  SL4B%  1142%  10.69% AASPEC 17754 185 1185 9183 8%
9 AAWIL | 110270 DO 298809 167835 26494 14049 2047 42590 13083 12570 SS673 6843 9978 2.05603  3633%  1462%  22.84% AAWIL 26994 14049 2047 13083 1570
10 0 23M53 DO 51907 108% 2239 W0 UL ¢S 20 1589 ST 59T MBN LOED3 0% B3 6% D-78 1939 103 1% N30 1589
11 025 213668 DO 1306121 445308 42657  I797L 3634 64262 25920 30951 90182 121134 17557 LBAED3  27.0%%  1449%  997% D-225 4657 17971 384 2590 3082
12
13/asaL | 664200 * 3 21 B 19 9% 109505 120184 21504 191E03  2581%  1789%  2055%|
14 |AABN 98370 D0 36397 351124 32 8 3% 63036 M 3% S99 NN 177 BETEM  4751%  MTI%  327RK|
15 |AACF 45785 DO 437383 40350 50 i) 3% Su] 5 o% 7767 GS000 14983 1MED3  2106%  I763%  19.43%)
16 | AAMP 67604 DO 514025 5588 39 n 3% 80612 B % 10852 199000 5061 L2GE3  37.33%  1943%  25.0%
17 | ABACT 10327 D0 161682 134316 7 15 3% 1918 35 0% 33948 40565 2384 BAGED4  3L69%  SE0%  26.33%)
18|AASPEC 60712 DO T a5 7 3% 2 b} 2% 38607 39500 4512 229603 SLABK  1L40%  10.69%|
19|AAWIL | 110270 DO 298809 167836 39 1 3% 490 19 1s%  SS73 6823 9978 205643 3633%  14E3% 2284
2007 23M53 DO 951907 15083 39 2 3% 37 35 % STD5 I MEN LED3  076%  5B%  617%|
210235 213668 DO 1306121 _ 448308 35 15 3% 6462 N 2% oS08 11134 1TSS LBAED3  27.02%  1449% 927
2
N v
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Appendix E

1. Summary result of cure ovens
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3 AAAL 66142 Cure ﬂuam’ 465608 73826 28303 3508 106037 mn 1867 128408 130275 28644 L69E-03  27.98% 21.99% 1237% 9 ARAL 73826 28303 3908 2231 1867 A
4 AMBN 98370 Cure P BI04 7006 275 394 1075 2660 233 1282 LU 2538 LSOE03 SADN  ISU%  3603% 4 AABN TO0S TS 39 66T 2R H
5 AACF 46786 Cure 437383 403590 1164 21086 3570 95820 22404 776 118224 119000 15840 203603 29.49% 16.67% 7.21% 9 AACF 1164 21085 570 22404 6 x
6 AAMP 67604 Cure 514025 345588 74983 37886 4785 117654 2116 14639 144870 159509 7678 L90E-03  46.16% 481% 31.03% 8 AAMP 74983 37836 4785 prraly 14639
T ARACT 10327 Cure 61682 1M316 21662 10607 1734 34003 13719 10087 47722 STED9 A28 LSTE03 434N 766%  35.75% 20ven % AAACT u662 10607  I7¥ 1379 10087
& AASPEC 60713 Cure SEEBE 76736 16123 143 1110 28667 8146 187 36813 37000 1739 208E-03  48.22% 4.70% 10.02% 6 AASPEC 16123 11438 i 8145 187
9 AMWIL | 110270 Cure 2933 19786 SE6S L5234 12 4300 12590 2804 G780 100314 18512 ASEQ3 5345 184 3%60% : AAWIL S6654 2514 3012 13590 2804
10 p-78 230453 Cure RSBD% 1908% 42768 19118 m 54597 19008 6756 83605 90361 31403 237603 473K HT5% 9.49% 4 D-78 42768 19118 7 19008 6756
11025 213668 Cure 1306121 43303 BI04 2800 424 1072 2464 2103 13395 140804 3333 3J9E03 3141% 369 1078% [ D25 S1M8 28300 424 MGM 203
12
13 % 57 n 3% 10607 7 1% 123408 130275 28644 LEGE03 27.98%  2198%  200%%
14 |AABN 98370 Cure 51124 El n 3% 10715 n 6 128742 13114 25898 L60E-03 52.22% 19.75% 36.03%|
15 |AACF 456786 Cure 437383 403590 13 3% 95820 13 1% 118224 119000 19840 2.03E-03  29.49% 16.67% 27.1%
16 |AAMP 67604 Cure SM025 45588 a7 b1 107654 7 9% 144870 159509 7678 LI0E03  4616%  481%  3L03%K|
17 |ARACT 10327 Cure 161682 134316 37 13 3% 34003 2 1% 472 57809 4428 LSTE03  43.04% 7.66% 35.75%|
18|AASPEC | 60713 Cure w9l 7676 “ 31 T 28667 2 1% 36313 3000 173 208E03 AR%  ATN  10.0%%
19 |AAWIL 110270 Cure 298309 187836 56 25 3% 84300 3 3% 974950 100334 18512 439E-03 53.45% 18.84% 33.60%|
2007 231433 Cure 351907 150836 a1 1 - a TH 8605 0361 3M03 23TE3 4735 TSR 949
21|p-125 213668 Cure 1306121 443308 58 20 3% 114072 17 1% 138696 140804 33359 3.49E-03  3141% 2.69% 10.78%|
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aste B IU- &H-A. === B Merge &Center - § - % » %2 & Conditional Formatas Neutral calculation | [EETTIIINN) .| Insert Delete Format B ort & Find
- ¥ Format Painter A ElMerg N Formatting = Table = - - - & Clear Filter - Select -
Clipboard " Fant 5 Alighment 3 Numbe 5 styles cells Ediing
H o o4
D16 - fe | Reference
Temp
8 < 3 I H ) K L M 1 o P a R s T u v w X ¥ z an a8
1
2 Jan Feb  Mar  Apr  May  Jun ul Sep Ot Now  Dec Temperatidan  Feb  Mar  Apr  May  Jun  Jul Aug  Sep  Oct  Nov  Dec
3 11379 10513 9728 14289 14759 14051 17150 19170 57 66 76 s 64 51 a4 33
a 10946 8031 9796 9215 9144 8677 Ta64 9799 9459 13816 14229 15178 mz2 29 n aa as 62 69 75 s 61 50 38 32
5 13575 16824 14518 11869 11932 14079 8634 10476 12410 14821 14745 15994 2013 2 2 2 4 59 65 7 70 60 51 36 24
6 16340 17937 15283 14357 2014 17 17 2 a3
7 13620 14264 13199 11814 10818 11090 8609 11521 12209 14229 15375 16781 Average T 5 2 33 2 59 67 s n 62 51 39 30
8 No of day: n 28 n 30 31 30 31 31 30 31 30 31
9 HDD Madeling {different ref Temp)
10 a1 1679 1568 1210 765 515 292 417 663 1029 1342 1680
1
12
13 ) i
14 R2 Value Chart Area Regerssion Modelling
15 0.62 4 18000 2179x + 9305
16 ReferenceR2 Value 6183 *
| 16000 -
7 6 05893 et ey .
18 68 05999 061 | o /
13 70 0.5894 1
0605 |
20 72 06018 iwooo .
21 74 06146 o8 #000
22 76 0.6182 0595 a0
23 78 06182 osa 000
24 80 0.6183] ) 2000
25 82  0.6183 0585 [ -
26 | 34 o0s133| o 0 40 60 &0 00 [} s00 1000 1500 2000
7
2 84 R Value  0.6363 m 32179 ¢ 9305
29 1844 1673 1568 1210 765 SIS 292 417 663 1029 1342 1680
30 15240 14709 14351 13199 11766 10963 10245 10648 11458 12616 13624 14710
31 22 23 32 a4 56 65 71 63 61 a9 39 28
2 3 28 3 ) 3 30 E E ) 3t 0 at
Active Metal Company | Regerssion Model | Regression Model Actual Bill ® .
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Appendix G

Price of Variable Frequency Drive

TSRS X)) @ SCHNEDIR ELECTRIC Ve %
€ 5 C ) wwwgraingercom i

Signim | Ragister Now

GRAINGER

All Products - Search

5 1 Varista Froquency Detve 50 HP 400430V e "
Customers Also
Viewed

Variable Frequency Drive, 50 HP, 400-480V
SCHNEIDER ELECTRIC

Price © ® Cwtver one time sy
$4,907.00/ each Je
b cose
1 Aoa Repar & eplacementCoreage for 575,00 each.
B the et wit  review | Ask & Anower
ATV212HDITMNA  LAiSSC 8 28111603
1800108
Technical Specs s6ras
Variatee frequency Drve. Height 2165 1 Aad to Cart.

P

Opea P20, Type 1 with eid mstalied
condu b

Kepod o« Logic Input

4004BVAC

Source: http://www.grainger.com/product/SCHNEIDER-ELECTRIC-Variable-Frequency-Drive-6MVDO

This price is changing based on negotiation and service.

1. Price of insulation

black high heat oven insulation with automatic @™  Qingdao Reki Trading Co., Ltd
quench China (Mainland) | Contact Details »

Trade Assurance
US $0.6-1.2/ Square Meter ( FOB Price)
1 Square Meter (Min. Order)

3 Trznsactions for US 8,146
48h-72h &
ype: Other Heat Insulation Mat Place of Origin: CN 80.9% Fec
B Model Number: RIM182
Water absorption(%): 3

Tags: Black High Heat Oven Insulation | High Heat Oven Insulation With Automatic [ Contact Supplier Leavz Messages

Quench

e Time

{7 Favorites =+ Compare

aluminum foil high heat oven insulation angzhou) Plastic Pro

China (Mainland) | Contact Details ¥
US $1-2 7 Square Meter ( FOB Price)

200 Square Meters (Min. Order)

Trade Assurance
2 Transactions for US $11,241
Type: Other Heat Insulation Mat Color: white, black, blue, pink, gr <24N Average Response Time
of Origin: CN;GUA Brand Name: Landy
del Number: LD-EPE-FF Printing: Logo and customized

93.8% Response Rate

Tags: Iso Foam Insulation Board | Aluminum Foil Epe Foam Insulation

[ contact Supplier Leave Messages

{7 Favorites +Compare

Source: http://www.alibaba.com/showroom/high-heat-oven-insulation.html

This price is changing based on quantity, port of shipment and tax rate.
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Appendix H

2. Wages of Electrical License Technician

fil B C D
Description Estimated Qty| Unit Price Extended Price

Licensed Electrician Regular Hours 1200 565.00 5117,000.00
Apprentice Regular Hours 350 534.97 512,239.50
Qualified Equipment Operator

Regular Hours 180 565.00 511,700.00
Licensed Electrician Mon-Regular

Hours 100 5130.00 513,000.00
Apprentice Non-Regular Hours 50 553.54 52,677.00
Qualified Equipment Operator Mon-

Regular Hours 20 598.35 51,967.00
Licensed Electrician Statutory

Holiday Hours 180 5130.00 523,400.00
Apprentice Statutory Holiday Hours 40 553.54 52,141.60
CQualified Equipment Operator

Statutory Holiday Hours 20 598.35 51,967.00
Bucket Truck in Hours 280 550.00 514,000.00
Articulating Boom in Days 3 5300.00 5900.00
Scissor Lift Rental in Days 7 5100.00 5700.00
Material 62000 574,750.00

5276,442.10
5307,310.00

Source

This wage rate is an approximate which is subject to changes by experience and craftsmanship.
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Appendix |

2. HST

Candian Sales Tax Rates Chart (As at April 1. 2013)

Posted on April 1. 2013 by Cynoes Todgnem Chenmilsk

Canadian Sales Tax Rates Chart

As at March 1, 2013 ) e This
= ennt
Province Territary Provimcial GSTHST GST Combined 3 comments
Sales Tax  Rate Included KRate Trackbacks
in DST

B3 shars Link

Tax Base

British Columbia T 5%% Mo 12%%
Alberta TTil 5% A 5%

Zazlcatchewan 5% 5% Mo 10%%
Mlanitoba T 5%% Mo 12%4%

Ontario A 13%a A 13%a
Oesbec A 14 97 5% A 14 57 5%%
IMNeaw Bruonswiclc A 13%%n A 13%%n
MNowa Scotia A 15%% A 15%%
MNewfovndland T abrador IN/AA 13%%0 A 13%%0
Prince Edward Island NA 1435 MNo 1435
MNorthweast Territoriss il 5% MNA 5%

W uloon il 5% A 5%
IMNunas st il 3% A 3%

Source: http://www.thehstblog.com/2013/04/articles/gst-general-1/candian-sales-tax-rates-chart-as-at-

april-1-2013/

HST rate shows 13%, which is subject to change by Provincial and Federal Government’ policy

1. Natural gas billing rate by Enbridge as a flat rate considered @0.25/m?

A B C D E F

Location: City of Markham-=92 00 00 03346 4-> 910010762233 [910010762233]
Time: 27/07/2015 14:19 Commodity: Matural Gas Created By: City of Markham
Year Unit Cost (5/CUBICM)

2012 0.18

2013 0.193

2014 0.244
2015YTD 0.337

This rate changes little bit depending on usages and negotiation. This is an sample rate for exhibit.

Source: City of Markham, Sustainability Department.
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Appendix J

Code for Calculating Tools

Imports Microsoft.Office.Core
Public Class MainForm
Dim objExcel As New Excel.Application
Public data(,) As String 'Global variable for storing data

Private Sub SaveFileToolStripMenuItem_Click(sender As Object, e As EventArgs) Handles
SaveFileToolStripMenuItem.Click
'Show the open file dialog box.
If ofdSelectExcel.ShowDialog = Windows.Forms.DialogResult.OK Then
'Load the excelfile into the excel window
'Dim objExcel As New Excel.Application
objExcel.Visible = True
' Show the name of the file in the form’s caption.
objExcel.Workbooks.Open(ofdSelectExcel.FileName)
tbShowFileName.Text = ofdSelectExcel.FileName
End If
End Sub

Private Sub btnQuit_Click(sender As Object, e As EventArgs) Handles btnQuit.Click
Me.Close()

End Sub

Private Sub ExitToolStripMenuIteml_Click(sender As Object, e As EventArgs) Handles

ExitToolStripMenuIteml.Click

Me.Close()

End Sub

Private Sub Buttonl_Click_1(sender As Object, e As EventArgs) Handles Buttonl.Click
Dim oSheet As Excel.Worksheet
Dim oSheet2 As Excel.Worksheet
Dim oSheet3 As Excel.Worksheet
Dim oSheet4 As Excel.Worksheet

'Variable declaration

'Dynamic array variable declaration

Dim comName() As String 'Company name
'Dynamic Row and column

Dim LastRow As Long

Dim LastColumn As Long

Dim r As Integer

'Hide excel window during calculation
objExcel.Visible = False

'Show the status
MsgBox("Wait until Excel is visible", vbOKOnly, "Status of execution")

Get a new workbook.
'oWB = oXL.Workbooks.Add
oSheet = objExcel.ActiveSheet 'Data input

'Find no of row and column entry
LastRow = oSheet.Range("Al").CurrentRegion.Rows.Count
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LastColumn = oSheet.Range("Al").CurrentRegion.Columns.Count()

'Write Company names
ReDim comName(® To LastRow - 2) 'Dynamic allocation of cell based no. of company
entry
'Assign company name into company variable
For r = @ To LastRow - 2 Step 1
comName(r) = oSheet.Cells(2 + r, 1).Text "Company name start @cell(2,1)
Next r

'Add primary calculation worksheet
'oSheet2 = objExcel.Sheets.Add(After:=0Sheet)
' oSheet2.Name = "test"

'Variables for Next three(3) sheets

oSheet2 = objExcel.Sheets(2) 'Primary calculation
oSheet3 = objExcel.Sheets(3) 'Result sheet
oSheet4 = objExcel.Sheets(4) 'Oven analysis-1

'"Write all Company Names
For r = @ To (LastRow - 2) Step 1

oSheet2.Cells(4 + r, 1).Value = comName(r) "Company name start @cell(2,1)
Next r

"Calculate all data for sheet2 (Primary calculation)
For r = @ To (LastRow - 2) Step 1

oSheet2.Cells(4 + r, 2).Value = 2 * oSheet.Cells(2 + r, 9).Value *
oSheet.Cells(2 + r, 10).Value + 2 * oSheet.Cells(2 + r, 10).Value * oSheet.Cells(2 + r,
11).Value + 2 * oSheet.Cells(2 + r, 9).Value * oSheet.Cells(2 + r, 11).Value

oSheet2.Cells(4 + r, 3).Value = oSheet.Cells(2 + r, 9).Value * oSheet.Cells(2
+ r, 10).Value * oSheet.Cells(2 + r, 11).Value

oSheet2.Cells(4 + r, 4).Value = oSheet.Cells(2 + r, 16).Value *
oSheet.Cells(2 + r, 20).Value

oSheet2.Cells(4 + r, 5).Value = oSheet.Cells(2 + r, 28).Value *
oSheet2.Cells(4 + r, 10).Value * 60 * oSheet.Cells(2 + r, 21).Value * oSheet2.Cells(4 +
r, 11).value

oSheet2.Cells(4 + r, 6).Value
oSheet.Cells(2 + r, 28).Value

oSheet2.Cells(4 + r, 7).Value
oSheet.Cells(2 + r, 13).Value

oSheet2.Cells(4 + r, 8).Value
oSheet.Cells(2 + r, 23).Value

oSheet2.Cells(4 + r, 9).Value = Int(oSheet2.Cells(4 + r, 8).Value / 60 + 0.5)

oSheet2.Cells(4 + r, 10).Value = oSheet2.Cells(4 + r, 9).Value *
oSheet.Cells(2 + r, 22).Value / oSheet.Cells(2 + r, 21).Value

oSheet2.Cells(4 + r, 11).Value = oSheet.Cells(2 + r, 24).Value *
oSheet.Cells(2 + r, 25).Value * oSheet.Cells(2 + r, 26).Value * oSheet.Cells(2 + r,
27).Value

oSheet2.Cells(4 + r, 5).Value /

oSheet.Cells(2 + r, 14).Value -

oSheet.Cells(2 + r, 20).Value /

oSheet2.Cells(4 + r, 12).Value
oSheet2.Cells(4 + r, 13).Value
(oSheet.Cells(2 + r, 13).Value + 460)
oSheet2.Cells(4 + r, 14).Value = (oSheet2.Cells(4 + r, 12).Value * 1.08 *
oSheet2.Cells(4 + r, 7).Value * oSheet2.Cells(4 + r, 11).Value) / 35000
oSheet2.Cells(4 + r, 15).Value = oSheet.Cells(2 + r, 15).Value * 183
oSheet2.Cells(4 + r, 16).Value = oSheet2.Cells(4 + r, 15).Value *
oSheet2.Cells(4 + r, 13).Value
oSheet2.Cells(4 + r, 17).Value

oSheet2.Cells(4 + r, 3).Value / 4
(oSheet.Cells(2 + r, 14).Value + 460) /

oSheet2.Cells(4 + r, 12).Value /
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oSheet2.Cells(4 + r, 13).Value
oSheet2.Cells(4 + r, 18).Value = oSheet2.Cells(4 + r, 12).Value -
oSheet2.Cells(4 + r, 15).Value
oSheet2.Cells(4 + r, 19).Value = (oSheet2.Cells(4 + r, 18).Value *
oSheet2.Cells(4 + r, 13).Value * 1.08 * oSheet2.Cells(4 + r, 7).Value * oSheet2.Cells(4 +
r, 11).value) / 35000
Next r

"Calculate all data for sheet3 (Result sheet)
For r = @ To (LastRow - 2) Step 1
oSheet3.Cells(6 + r, 3).Value = oSheet.Cells(2 + r, 17).Value *
oSheet2.Cells(4 + r, 10).Value * 60 * oSheet.Cells(2 + r, 21).Value
oSheet3.Cells(6 + r, 4).Value = oSheet3.Cells(6 + r, 3).vValue *
oSheet2.Cells(4 + r, 11).Value
oSheet3.Cells(6 + r, 5).Value
oSheet3.Cells(6 + r, 6).Value
oSheet3.Cells(6 + r, 5).Value
oSheet3.Cells(6 + r, 7).Value = oSheet.Cells(2 + r, 17).Value *
oSheet.Cells(2 + r, 18).Value * oSheet2.Cells(4 + r, 7).Value
oSheet3.Cells(6 + r, 8).Value = oSheet2.Cells(4 + r, 16).Value
oSheet3.Cells(6 + r, 9).Value = oSheet2.Cells(4 + r, 17).Value
oSheet3.Cells(6 + r, 10).Value = oSheet3.Cells(6 + r, 9).Value -
oSheet3.Cells(6 + r, 8).Value
oSheet3.Cells(6 + r, 11).Value
oSheet3.Cells(6 + r, 12).Value = oSheet2.Cells(4 + r, 14).Value
oSheet3.Cells(6 + r, 13).Value (oSheet2.Cells(4 + r, 2).Value *
oSheet.Cells(2 + r, 12).Value * oSheet2.Cells(4 + r, 7).Value * oSheet2.Cells(4 + r,
11).Value) / 35000
oSheet3.Cells(6 + r, 14).Value = 0.03 * oSheet3.Cells(6 + r, 19).Value
oSheet3.Cells(6 + r, 15).Value = oSheet3.Cells(6 + r, 12).Value +
oSheet3.Cells(6 + r, 13).Value + oSheet3.Cells(6 + r, 14).Value
oSheet3.Cells(6 + r, 16).Value = (oSheet2.Cells(4 + r, 5).Value *
oSheet.Cells(2 + r, 29).Value * oSheet2.Cells(4 + r, 7).Value) / 35000
oSheet3.Cells(6 + r, 17).Value = oSheet3.Cells(6 + r, 19).Value -
oSheet3.Cells(6 + r, 18).Value
oSheet3.Cells(6 + r, 18).Value = oSheet3.Cells(6 + r, 15).Value +
oSheet3.Cells(6 + r, 16).Value
oSheet3.Cells(6 + r, 19).Value = oSheet.Cells(2 + r, 30).Value
oSheet3.Cells(6 + r, 20).Value = oSheet3.Cells(6 + r, 11).Value
oSheet3.Cells(6 + r, 21).Value = (oSheet3.Cells(6 + r, 12).Value * 35000) /
1000000 * (14.6 / 0.1)
oSheet3.Cells(6 + r, 22).Value = (oSheet3.Cells(6 + r, 19).Value /
oSheet.Cells(2 + r, 4).Value)
oSheet3.Cells(6 + r, 23).Value = (oSheet3.Cells(6 + r, 20).Value /
oSheet3.Cells(6 + r, 19).Value)
Next r

0
oSheet3.Cells(6 + r, 4).Value -

oSheet2.Cells(4 + r, 19).Value

"Calculate all data for sheet4 (Oven Analysis-1)

For r = @ To (LastRow - 2) Step 1
oSheet4.Cells(5 + r, 3).Value = oSheet.Cells(2 + r, 3).Value
oSheet4.Cells(5 + r, 4).Value = oSheet.Cells(2 + r, 4).Value
oSheet4.Cells(5 + r, 5).Value = oSheet3.Cells(6 + r, 12).Value
oSheet4.Cells(5 + r, 6).Value = oSheet3.Cells(6 + r, 13).Value
oSheet4.Cells(5 + r, 7).Value = oSheet3.Cells(6 + r, 14).Value
oSheet4.Cells(5 + r, 8).Value = oSheet4.Cells(5 + r, 5).Value +

oSheet4.Cells(5 + r, 6).Value + oSheet4.Cells(5 + r, 7).Value

oSheet4.Cells(5 + r, 9).Value = oSheet3.Cells(6 + r, 16).Value
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oSheet4.Cells(5 + r, 10).Value = oSheet3.Cells(6 + r, 17).Value

oSheet4.Cells(5 + r, 11).Value = oSheet4.Cells(5 + r, 8).Value +
oSheet4.Cells(5 + r, 9).Value + oSheet4.Cells(5 + r, 10).Value

oSheet4.Cells(5 + r, 12).Value = oSheet3.Cells(6 + r, 19).Value

oSheet4.Cells(5 + r, 13).Value = oSheet3.Cells(6 + r, 20).Value

oSheet4.Cells(5 + r, 14).Value = oSheet3.Cells(6 + r, 21).Value

oSheet4.Cells(5 + r, 15).Value (oSheet4.Cells(5 + r, 13).Value /
oSheet4.Cells(5 + r, 12).Value)

oSheet4.Cells(5 + r, 16).Value
oSheet4.Cells(5 + r, 3).Value)

Next r

(oSheet4.Cells(5 + r, 12).Value /

'Show excel window again
objExcel.Visible = True

'"End of the procedure

End Sub
End Class
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Appendix K

1. Input screen

o Excel-MAScProject - Excel LN R
HOME INSERT ~PAGELAYOUT ~FORMULAS ~DATA REVIEW VIEW  DEVELOPER 1 Maninuzzaman Akon - Lo
o o o e N .
, & Cut Calibri R = - Wiap Text General - Normal Bad Good €= Bx §] é vesim - 2r
I Copy = - = il -
Paste B I U- "'- Mm-A- & 3= ElMerge&Center - § - % » 4 @ Conditional Formatas| Neutral Calculation | [ETTTISIB) .| 'nsent Delete Format Sort & Find &
- Format Painter [ Elmerg $-% Formtting - Table~ B i T @ears SO et
Clipboard a Fant 5 Alignmer u 5 Styles cells edting ~
H % o &
E2 - 590871 -
D E ¥ G H ) K L M n  [Formula Bar| , a R s T u v w X ¥ z AR A8 AC AD AE -
5 i :
z = H
= = = 2
| £ Z A § & s £
A F 3§ 5 3 € s | E g £ FI £
i i o3 ¢ £ |z H I I :
Eoi § P HEE-IPE sz 3| 3| = g B 3| 4% S
=z H 5 e H E is g 25 s F = . = =
o 4 E = ] BN H - & = £ z T H = -
I - s 3 F E i HIErE s i3 B 5| 3 & | i P I :g 2%
g g = HI s £ z =52 g E 3: $% £ 1 2 = 4 = =l 5% 32
1 - e HoOF 2 :| 8| F HEri S|ERE| 3I| 5| 3| B 2| | 3| | E5 i
2 ‘ 2781456] 590871 1 104, 10| 3 400} 3 4 4 0.28 15| 450, 0.5 1 1 8| E) E 50| 4 0.28) 325000
3 aB3924 62908 1 100 10] 1z 200 3| 4 4 0.26] 15 300] .| 1 1l 8| 3| 6 52| 4 0.28) 355280
4 asse0s 119880 1jpg Finishing 100 10| 10) 370 3] 1| 15| oaaf 3 500, A 3 2 1] 1] 5 sq| 15 120184
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6 2512 12 1joo Finishing &0 10] o 15| 18] 18 3 a0 | 3 B 0 3 ) 51 18 19317
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8 anisso  3a18s 100 Finishing 50) 10] 8] 13| 17] 17] 3 300, | 3 2| 10.3s] 3 o] 50| 17] 012 108000
9 amsso 3a1s 1jco &0 10| 13 3 17 17] 3 300) | 3 2] 102 2 5 51 | o1z 163000
10 345588 168437 1|00 Finishing 60| 10| 6| 1 14| 14] 3| 350 2| 3 2] 8| 3| 5) 50| 14] 0.12| 129000
1" 345588 168437 1jco 60| 10| 10| X 3 14| 14] El 350, 2 3 2 8| 3 3| 50| 14] 0.12| 168509
12 134316 27684 100 Finishing 40, 10| 6) . 1 18| 18 2| 380, 0.5 1 1 9| 1] £l 50| 13| 012| 42565
13 134316 27684 1jco a0 10] 1z | 2| 18] 18 3 380 .| 1 i 9 1 5| 50| 18 012 57809
14 76736 292608 1[oo Finishing 70 10| 5 380 15| 13 12) 3 380 03] 1 1] 8| 1 5| 50| 1) oaz| 39500
15 76736 292628 1jco 60] 10] 8| 345/ 2| 12] 12) 3 360, 0.5] 1 1] 8| 1 5| 50) 12| 012| 37000
16 187836 110873 1jp0 Finishing 108| 19| 6 320 2.5] 18] 18] 2] 400 0.5 1] 1] 8 1] 5| 50| 18] 0.12| 68243
17 7 n7 1co 120 20] 2] o2 | 30 o 18 13 3 aag 0| 1 i A ) o 50 18| 012 100394
18 1s0sss 761011 1jpo Finishing 54 10| EEE &5, 350 1 14 N 3| 720 1 1 1 8 1] 5 51 w| o1z seTi4
19 10836 781011 1jco 4] 10] 12 0.25) &5 380 15] 14 14 2| 720 i 1 | 8| 1 5| 50| 4] 012 90361
20 448308 857813 1joo Finishing 96, 12 8 0.25| ] 365| 3 18 0.12| 2| 700, 1 1] 1) 8| 1 E 50| 18 012{ 121134
21 448308 857813 l‘(O 96| 12| 16| 0.25| 65| 365) 6l 18| 18] 0.12] 2| 700; 1 1 1 8| 1] £l 50| 18] 012 140804
22 -
N Data Input | Primary Calculation | Result Sheet | Oven Analys Bake Oven | DO Oven | Cure Oven | ShellLoss ... T B
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Appendix L

2. Input screen

HOME INSERT ~PAGELAYOUT ~FORMULAS ~DATA  REVIEW  VIEW

Excel-MAScProject - Excel T HE - F X

DEVELOPER Md Maninuzzaman Aken -

o . =g A .
Og TimesNewRo~[11 -~ K A 5 Wiap Text Number R Normal Bad Good €= =X (1] é vesim - 2r
B Copy ~ - | E = Fill =
Paste ! T H-A- & 5= ElMerge&Center - § - % » %3 3 Conditional Formatas Neutral Calculation | [ETYDTSIINN] .| nsert Delete Fomat Sort & Find &
- Format Painter = **" Formatting - Table~ R - - et by Select -
Cliphoard 5 Font 5 Alignment 5 Numbe 5 Styles cells Editing ~
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- Z = £ £ - a - H 3 B3
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10 AACF
n
12 AaMP
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24 -
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Appendix M

1. Result screen

Excel-MAScProject - Excel
HOME INSERT ~PAGELAYOUT ~FORMULAS ~DATA REVIEW VIEW  DEVELOPER

-
. gc“‘ TimesNewRo-[12 - & A = == &- SwWaple Scientific - J’ D ‘ Normal Bad
B Copy - 8
Paste o atpainer B I U e B A @ ar EMerge ticenter + $ - % %W F‘:""vfg:“:’x‘_“;’:;;f‘ Neutral
cipboard s Fort : Aignment 5 Number 5 sy
H S & &~
us - S | =[Result Sheet'IL6°35000/1000000)*(14.6/0.1)
A N o P Q R W
Energy Luss
wex From Oven
N
Material Handling Loss Product Mise Toral
@3%oftoalasper \ILosses (w'ly enersy  Comsumption Savings Percentage
KLLC (w’fyear) comsumption (uljyear)  STeENe cftotal Oven
5 : Consumption
elaacr | o150 2e7ses 2312 w93 316107
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Appendix N

Summary result
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Appendix O

Calculated data for analyis

- = o
Q = z £ 7 . = z 8 H g og
<] = = & o ] g E = = 03 El =2 2
= i s & o 5 - o > g g S2d ccg
= - = = _ o = —_ = = = Q| =591 °c =
= Q o 52 |g 2 s |3z 23 |2 [z 2224 %zZF
z g 2 =% o - = 2 el ggdEs7
] = S g = 2 = = ] 8 =S TES B
= S =3 g = < z = g =1 = E2EE
@ = 3 = = 2 2 4 5= E =2 3
=) oA = F o0 = &
AAGF Food 24/5 50 3 6000 3372327 2781456 188290 464 18 82%
AASN Food 24/6 52 3 T488 546832 483924 188045 65 3 88%
AASU Food 18/6 52 2 5616 671714 558858 60,000 100 11 83%
AAWR* |Food 24/5 50 3 6000 1057007 902748 186026 150 6 85%
AAKIK-10 |Packaging [24/6 52 3 6000 1008872 571752 140438 95 7 57%
AAKIK-13 |Packaging  |24/7* 50 3 8400 734063 485700 83367 58 9 66%
AAATL Finishing 05-Oct 50 1 2500 584907 465608 66142 186 9 80%
AACF Finishing [20.5/5 50 2 5125 437383 403590 46786 79 9 92%
AAMP Finishing |24/5 50 3 6000 514025 345588 67604 58 g 67%
AABN Finishing |16/5 51 2 4000 363976 251124 10327 63 35 69%
AASPEC |Finishing 05-Dec 50 1 3000 369364 76736 71722 26 5 21%
AAWIL Finishing 05-Aung| 50 1 2000 298809 187836 110270 94 3 63%
AADEC-78 Finishing 05-Aug 50 1 2000 951907 190896 230453 95 4 20%
AADEC-22|Finishing 05-Aug| 50 1 2000 1306121 448308 213668 224 6 34%
AAACT Finishing 05-Sep 50 1 2250 161682 134316 10327 60 16 83%

= 5 9 g g| = g

o = as g 5 = S w z = = 8 g

w2 = < = = 1] m 5 c = a = [+]

o |2 = = oy — Q = = = =3 Q= = =

== ¢ = a 5 Z g = el Sl gs - =

=1E = = T |2 E ) = Z Z|lo 22| 5 g z° |L3 N

zZ |2 Q o g =z g B 5cglRax|2 53532 |23 Z

Z |2 S lE E [Pz z [2E252E2 022852 :

2E S |E || Bl E | EF =E| di|Ez |2 :

e = = = t = wik] S e =2 = =

) = = jam 4 s = = 72 & = &

< = =) —_ 4 = Z 4 o = &

g ] = = 7 =8 @

= Q2

1|AAGF Food 24/5 6000| 3372327( 2781456 633043 43229 676272 20.05% 1,200 0.20
2[AASN Food 24/6 7488| 546832| 483924 59841 8663 68504| 12.53% 973 0.13
3|AAKIK-10 |Packaging|24/6 6000] 1008872 571752 120760 12987 133747] 13.26% 809 0.13
4[AAKIK-13 Packaging [24/7 8400 734063 485700 0 13014 13014 1.77%) 173 0.02
5|AAAL Finishing ["10/5" | 2500 584907| 465608 77617 13663 91280| 15.61% 394 0.16
6(AACF Finishing |20.5/5 | 5125 437383| 403590 52919 4567 57486| 13.14% 663 0.13
7/AAMP Finishing [24/5 6000] 514025| 345588 50389 5017 55406| 10.78% 676 0.11
8|AABN Finishing [16/5 4000 363976| 251124 26714 3389 30103 8.27% 320 0.08
9|AADEC-225 |Finishing |"8/5" 2000] 1306121 448308 248520 24590 273110 20.91% 420 0.21
10{AASPEC Finishing |"12/5" | 3000| 369364 76736 72851 8785 81636| 22.10%, 660 0.22

153




Appendix P

List of Audited Company and their Acronym

Acronym of Company Name Type of Company Type of Oven
Company
AAGF-B Griffith Laboratories Food Processing Bake oven
AASN-B Son Bakery Food Processing Bake oven
AAAL-D ACL Auto Coating Ltd. Finishing Process Company Dry-off oven
AAAL-C ACL Auto Coating Ltd. Finishing Process Company Cure oven
AABN-D Broan-NuTon Finishing Process Company Dry-off oven
AABN-C Broan-NuTon Finishing Process Company Cure oven
AACF-D Calorific Inc. Finishing Process Company Dry-off oven
AACF-C Calorific Inc. Finishing Process Company Cure oven
AAMP-D M&P Co Finishing Process Company Dry-off oven
AAMP-C M&P Co Finishing Process Company Cure oven
AAACT-D Active Metal Inc. Finishing Process Company Dry-off oven
AAMP-C Active Metal Inc. Finishing Process Company Cure oven
AASPEC-D Spec Furniture Inc. Finishing Process Company Dry-off oven
AASPEC-D Spec Furniture Inc. Finishing Process Company Cure oven
AAWIL-D Wilson Display Inc. Finishing Process Company Dry-off oven
AAWIL-C Wilson Display Inc. Finishing Process Company Cure oven
D-78-D Deco Automotive-Brampton | Finishing Process Company Dry-off oven
D-78-C Deco Automotive-Brampton | Finishing Process Company Cure oven
Deco Automotive- Finishing Process Company Dry-off oven
D-225-D .
Etobicoke
Deco Automotive- Finishing Process Company Cure oven
D-225-C .
Etobicoke
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