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Abstract

Reaching the 2°C target of global warming, requires a 40-70% reduction in anthropogenic
greenhouse gas emissions. Norwegian policy makers have implemented a term called “The
Green Shift” that involves a transition into products and services associated with a substantial
reduction in negative consequences for the climate. The focus is primarily on the role of the
government, business, and technology improvements to achieve the needed reduction.
However, studies show that this might not be enough, which calls for changes on the

consumption side.

Households can contribute by adapting a green lifestyle comprising of a set of actions
associated with cost reductions and reductions in greenhouse gas emissions. Rather than
decreasing overall consumption, the assumption is total re-spending of the money saved from
implementing the set of actions to avoid contributing to potential recession. This re-spending
leads to additional greenhouse gas emissions, offsetting some of the reductions achieved in
the first stage, a phenomenon known as the rebound effect. Although there is much focus on

reducing the carbon footprint of households, the rebound effect receives less attention.

Cost changes and reductions in greenhouse gas emissions build on findings in the literature.
Data from the Norwegian consumer expenditure survey serves as the basis for developing
scenarios of re-spending. Calculations on rebound effects involve the use of input-output
analysis, using EXIOBASEZ2, a multi-regional environmentally extended Input Output
database. Optimization by linear programming approaches examine the needed changes by
households to reach different emission reduction targets.

Implementing the green lifestyle without re-spending shows a 58% decrease in an average
Norwegian household’s carbon footprint. When including re-spending, the reduction drops to
24-35% depending on the pattern of re-spending. The analysis shows that the key to reducing
household carbon footprints to the requirements within the 2°C target of global warming is to
curb the rebound effect. The linear programming results suggest that through implementing a
pattern of re-spending restricted to specific goods and services, households can achieve up to
a 50% reduction in carbon footprint with the lifestyle changes suggested. Increased focus on
household behavioral changes combined with production side measures can provide the key

to achieving the 2°C target of global warming.
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Samandrag

Det trengs ein reduksjon pa 40-70% i utslepp av menneskeskapte drivhusgassar for a na 2-
gradersmalet for global oppvarming. Norske myndigheiter har eit mél kalla “Det Grone
Skiftet” som inneber ein overgang til produkt og tenester som gir betydeleg reduksjon i
negative konsekvensar for klima og miljg, enn det som er tilfelle i dag. | det grane skiftet er
det lagt vekt pa at nzringsliv, styresmakter og teknologiutvikling skal sgrga for dei naudsynte
reduksjonane. Fleire studie har vist at dette ikkje er nok, noko som fordrar til forandringar pa

konsumentsida.

Hushalda kan medverka ved a tileigna seg ein gran livsstil samansett av ulike handlingar som
reduserer bade kostnadar og drivhusgassutslepp. Ved a forbruka pengane som vert spart pa a
utfgra desse handlingane, kan hushalda halda det totale forbruket konstant for & framleis bidra
til gkonomisk vekst. Dette forbruket farer til nye drivhusgassutslepp, som utliknar noko av
reduksjonen fra det farste stadiet. Denne utlikninga vert kalla tilbakeslageffekten. Sjglv om
det er mykije fokus pa a redusera karbonfotavtrykket til hushalda, har ikkje tilbakeslageffekten

fatt same merksemd.

Kostnadsforandringar og reduksjon i drivhusgassutslepp fra dei ulike handlingane byggjer pa
litteratursgk, medan ulike forbruksmegnsterscenario er basert pa tal fra den norske
forbruksundersgkinga. Talfesting av tilbakeslagseffektar er gjort ved bruk av input-output
analyse og den multiregionale miljgutvida input-output databasen EXIOBASE2. Dei
naudsynte forandringane som hushalda ma gjennomfara for a na ulike utsleppsmal vert

utforska ved bruk av linegr programmering.

Resultata viser at eit gjennomsnittleg norsk hushald kan oppna 58 prosent reduksjon i
karbonfotavtrykket sitt. Nar pengane som er spart vert forbrukt, gar reduksjonen ned til 24-35
prosent, avhengig av forbruksmgnster. Analysen viser at ngkkelen til & krympa hushalda sitt
karbonfotavtrykk til nivaa innanfor 2-gradersmalet er a redusera tilbakeslagseffekten.
Resultata fra den lineaere programmeringa tyder pa at gjennom a avgrensa forbruket av dei
pengane som vert spart ved & innfgra den gragne livsstilen, til spesifikke produkt og tenester,
kan hushalda oppna opp til 50% reduksjon i karbonfotavtrykk. Eit auka fokus pa
atferdsforandringar i hushalda kombinert med tiltak pa produksjonssida kan vera ngkkelen for

o

a na 2-gradersmalet for global oppvarming.

vii



viii



Table of Contents

PREFACE .......coouttttiiiteeeteteeeeeeeeeeeeeeeseeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnss n
ABSTRACT ..iiiiiiiiiiiiiiiiinissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssnss Vv
SAIMANDRAG .....ccuiiiiiirissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss Vil
LIST OF FIGURES ......coeveeiieiiiieeeeeeeeeieeeeeeeeeeesesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns X
LIST OF TABLES .....cccevvtttteeeemmemmmemeeeeemsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns Xiv
ABBREVIATIONS ....ciiiiiiiiiiiiiiiiiiiisisisssiisissssssssssssssmssssssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns XV
1 LAV 0 10T o I 0 T 1
L1 IVIOTIVATION «.otteeeeiteeeeittee ettt e e e sute e e st eeesabteeeeaabeeesusaeeesabaeeeeasbe e e s abbeeesabeeeeeanbeeesnsaeeesabbeeeennbeeesannseeesanreaanns 1
L2 SCOPE wiieuteee e eitee e ettt e ettt e e et e e et e e e atae e e ettt e e e ate e e e taee e e baeee e ateeeeateeee e baeeeeanteeeeaaaeee e taeeeeataeeeanreeennrreaeans 6
1.3 THESIS STRUCTURE.....ttteeutteeesureeeeaureeesausteessusteeaaasteeesausaeessabaeesasteeesauseeessabeeeesanseeesansseeesasaeessnnsaeesasseessnsseeeans 7

2 LITERATURE AND BACKGROUND........ccottiiiiiiiiiiiiiiiiiiiiiiiiiiinissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 8
2.1 THE 2°C TARGET OF GLOBAL WARMING ....uuvvereiureeseruteeesaeneeesauseesessseeesssssesssnsseessssseesssssssessssssessssssnesssssseesnnseees 8
2.2 CARBON FOOTPRINT 1.utttteeetteresueeeeassseeessuseeessssnesssssseessssseessssssesssssssesssssesssssssesssnsssesesssesssssssnsssssseessnsseeesnnnns 11
2.2.1  Current State of the Norwegian Carbon FOOLPIINt ...........ccccuueeecveeeeeeiieeeiieaeesieeeeesveeeeeiaeaeesseeens 12

2.2.2 CONSUMPLION SECEOLS ...ttt ettt et e e st e e et e s e s st e e e snneessannes 20
2221 B 1] o Lo o O PP P RO T PO PSPOPPPRN 21

2222 K] =TT RSSO 24

2.2.23 270 o o SRS 26

2224 (@1 e} 1 o110 Y-S P PRPUP 28

2.2.2.5 Furnishings and ReFUrDISNMENTS ......cc.eviiiiiiicccee e aee s 29

2.2.2.6 o= 1= SO PP SPTPPPPPI 29

2.2.2.7 (01 31T YTt o] SRR 30

2.3 MEASURES FOR REDUCING THE NORWEGIAN CARBON FOOTPRINT ..ceteteeeiuiritireeeeesaiterereeesesainnreeeeesesennnnreeeseessannns 33
2.3.1 g2 11k oo o ST PP P PP PP PP P PPPPPPPPPPRPPPRPPPIRE 34

2.3.2  SR@IEOE ettt e e e ettt e et e e e ettt e e et e e e nntaeeenareaen 35

DG B o To Lo KOO T PP UP TP UIPPII 36

D B 6 [0 1 1 12 o USSP 37

2.3.5 FUIMUBUIC ...ttt et e e et e e sttt e e ettt e e e e e sttt e s e aneeeenanneesnaneeens 39

2.3.6 PO ettt ———————————————————————————————————————————————————————————————————————— 39
2.3.7  PIASEIC ettt ettt a ettt bt e ettt e et e e be e bteenaneenes 40

2.4 THE REBOUND EFFECT ..ttiiiiuttttestteeeeittteeesieeeesisteessibeeesemreeesnseeeesaneeesenreeesamnneeesasaeesenreeesannneeesanneessnnrenesannne 40
2.4.1 TYPES Of FEDOUNG EffECLS ...vvveeeeeeeee ettt e st e e e e e e sttt s e e e e e e st aseaaaeeeeesassenees 42
2411 D] = ot RSSO PRSRT PP 43

24.1.2 Yo LY o S 43

2413 Y = Tol o =Tole] g To] o o1 ol PSR P PP U PO PPPPPRON 44



24.14 L= 46

24.15 (043 T= T TP PP P PO PSR PRPOPTO 46
2.4.2  RebOUNT MECRANISINS ...ttt ettt ettt ettt et naee s 46
2421 The Price Elasticity Of DEMANd .......ccocviiiiiiiiieciie ettt r e e s vae e s sabe e e s ab e e esabaeesataeeeene 47
2422 Income- and SUDSTItULION EFfECES .....eeiiiiirieiieieeeteree ettt s 47
24.23 Secondary Effect and EMbOdied ENEIGY.......cocuieuiriiiriiiiiieierieete sttt sttt s 49
2.4.3  Measuring REDOUNG EffECLS .....ccuveeeeeeeiieiieieeeee ettt 50
2.5 SPENDING PATTERNS. ...ttttiiuttteiitttesiiittee sttt e ssatesssibe e e s e smre e e sssae e s sabaeesesbesesasbaee s s baeeseanresesanbaeessnaeessanrenesannns 52
2.5.1 AVEIOGE ...ttt ettt e et ettt e e et s ene e seineee s 52
BT Y, o o 11 o | USSP 53
2.5.3 (01111 PP PRPTPP 54
N B U Y- |0 I o =3 W1 (=] o | ()| =SSP 55
IMIETHODS ...ttt s s s e s e s s s s e e s s e s s s s s s e e e s e s s s s st e e e asaassssssssneessnssssssssseesnnnssssans 58
3.1 HOUSEHOLD ACTIONS ..cetttttereeeeeeereeeeereeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeeeeereseeeeereeeeetetereteterererereterererereeeeereeerereseseeererenen 58
3.1.1 TEANSPOIT .ottt e e sttt e e s sttt e e e s e s ees 59
3.11.1 Switch from conventional gasoline vehicle to electric Car ......coovvvieerierieereceeceeeee e 60
3.1.1.2 Substitute car travel with other transport Modes..........coceeviiriieriiirienee e 61
3.1.1.3 Walk instead of driving for trips UNder 3KM .........cueeeiiiiiiiiie et 62
3.1.1.4 Substitute all daily car travel with BuS tranSPOrt........ocueeieiiiiieceee e 62
3.1.1.5 Car-pooling for work travel by car under 10 km using a hybrid-electric car .......ccccoeeveeircieiniieeennnen. 62
3.1.1.6 Substitute all daily car travel with train transport.........cccccveiiiiiie e e 63
3.1.1.7 Actions involving other tranSPOrt MOGES ......cc.eeriiiiiiiiierieeeeeee e re e 63
3.1.1.8 Walk Lerkendal - Trondheim S instead of taking the train (4.7 km each way) ......cccccoveeviveveeeiieenneene 63
3.1.19 One less return business flight per month (Trondheim — 0SI0) .....c.eovivriieriieieereeecee e 63
3.1.1.10 One less vacation to Bangkok, Thailand ..........c.cooviiiiiiiiiiiiie et 63
3.1.2  SREIEEE ettt 64
3.1.21 Reducing indoor temMpPerature DY L1°C .......coiiiiiieeieeiieeieeeieeee sttt st ettt sneesbeesanee s 64
3.1.2.2 SPACE AN WAtEr NEATING .eeiviviiiiiiie ittt e et e s sab e e e s bbe e s ssbaeessabeeesseeessnsaeas 64
3.1.2.3 PN oo LT g Tol T T o [ 4 o T USSP 65
3.1.3 20T T OO PRSP UP PP 65
3.1.3.1 [CT =TT e 1= SO OTEPP TP S PP PSR PPRORRPPTO 65
3.1.3.2 EliMINating OO0 WaSTE ... .uviiiiiiiiciie ettt e e st e e e s ba e e e s abeeessbeeeenabeeesabaeesnnraeaans 66
3.1.33 [0 =Yg T Tol = =TT Yo 1= USSP 66
3.1.34 Other measures (organic, 10cal, COMPOSTING) .....c.eiiiiiriieiierieereeee e see e e see e e snae e 66

I B @ [0 1 1 12 o [ S 66
o B 171 11 1 [ =TT 66
3.1.5.1 Changing SiX PIECES Of fUMMITUIE .....ccueeiieeeeee e ee et e s ae e reeenteesnaeenne 67
3.1.5.2 Increase lifetime of all furniture BY 20% ........cocueoerierieieiee e 67
3.1.5.3 Buy furniture with 20% recycled medium-density fiberboard (IMDF) .........cccoveevieeceeicieecie e 67
3.006 PO oottt ————————————————————————————————————————————————————————————————————————— 67



3.1.6.1 Eliminating UNSONCITEd Mail ....ccuviiiieeieeee e s ee e e e reesneeeneean 67

3.1.6.2 20Te (U Tol=Te I o] T oY 4= SRR 68

3.1.6.3 Reading e-papers and e-books instead of newspapers and bOOKS..........cccceeeeercieevieiceese e 68

I B A o [+ L o To PP PPPPPPPTPPPPPION 68
3.1.7.1 Reducing plastic Waste DY 30%......c.euuiiereerieeiie ettt ettt re e s nee s 68

3.2 ADJUSTING ACTIONS ...etieiiuttteeitttessittee sttt e ssbt e e s sibe e e s e bee e e sbbae e s s bae e s e mbe s et sba e e e s baeesesbeee s nbaeessnaeessanrenesannns 68
3.3 IMARGINAL SPENDING PATTERN.....etttiiurtteiiirtteiintesiirteeseisreeessisseessnateseasresesasbaeessmatesesnresesannaeessanseeesanranesannns 69
3.4 GREEN MARGINAL SPENDING PATTERN ..c..viiueiriieriietietieitesteesseetee e sanesinesieesmeesseeseeenneeneesneesneesnessnesanesanesmneneee 70
3.5  DERIVATION OF THE INPUT-OUTPUT ANALYSIS FRAMEWORK. ....ccvteuteeuteruteritesieesieesseeeeesesnsesseesseensessesnsessesaeesaes 72
3.6 DERIVATION OF THE REBOUND EFFECT FRAMEWORK ......vteutentteteenteentesutesutesutesueesseenseensesssesseesseesseensesnsesnsesaeesus 74
3.7 CONVERSION OF PRICES ...ceuuteteeureeureriresitesieesteesteeseeseesseesseesseessesasesanesanesmeesseenseenseemeeeneesseesseesesnnesanesanesseenss 77
3.8 LINEAR PROGRAMMING ...ccuvteuteeuteeuteritenstesteesteesseensesneesseesseenseenseessesasesssesseesseenseenseenstaneesseenseensesnsesssesseesseenses 78
3.8.1  Changing NUMBEI Of ACHIONS. .......ccooueierieeiii ettt ettt ettt et e e naee e 79

3.8.2  Changing SPending POTEEIN ...........cocuiomueeriiieieeie ettt ettt ettt et naee s 82

4 L3]S U N 86
4.1  GHG EMISSION REDUCTIONS AND COST CHANGES ...cuveeuteruresuresueesseesseenseesessesseesseesseessesssessesseseesseesseessesnsenns 86
4.2 SPENDING PATTERNS ... ctuterttetterteenteetesutesutesseaseesteensesnsesatesseesseesseenseanseeasesssesseanseensesnsesasesseesueesseessesnsesnsenns 87
4.3 REBOUND EFFECTS . .eeuteitteittenteenteete et et ettestee bt et e st e sibesbtesbeesbeesbe e st eateeaeeeueesbeenbeeabeeabesmsesbeesbeenbeenseenseensens 88
4.4 LINEAR PROGRAMMING: CHANGING PATTERN OF RE-SPENDING .....eervterteetientieueesieenteenteetentesmnesieesreenseenseensesnnenns 91

5 DISCUSSION ....cuuuiiiiiiunniiiiinneiiisnneiiesnneiissneeiesssnesissssnesssssseesesssnessessssesssssnsssesssnessssssnesssssnessessanesssssnnesenss 93
5.1 IMPLICATIONS OF RESULTS. .uuvtiiiurteiiiiriieiintieeiiniessiibetessins e sibse e s sibasessbb et e sesbas e s sbaeessbbasesenbaaessbaeessnnbanesannns 93
5.1.1  2°CTarget Of GIODAI WAIMING .........ccccuuuveeieeeeeeeeeeeeeee et esee e ettt eetaa e sttt aaestsaaesssaaeesasseaen 93

I B 11 o1 [ Lo [ 3 ot &SSP 93

5.1.3  Sufficiency and EffiCIENCY MEASUIES...........cccuueeeecuiieeeeiieeesiieeessieeessssisasseteessssseaesssssssssessesssssseeen 95

5,104 LiNK O PrOQUCTION ..ottt sttt 95

5,15 TOUAI 1@-SPENAING ...ttt e ettt e e e e e ettt e e e e e ettt e e e e e e s sestsssaeaaeeessssssenaaaanan 96

O B R o110 Lo [ 1 ol oo L5 (=T g SR 97
5.1.7  LiN@QAI PrOGIrOMIMUNG.....ccccevieeeieiiiiiiiiiiitiieeeseeeeeteseeeeeeeseaeseeetaessesesesesesesesesssesasesssesssssssesesesesesssnnsnnnnes 97

5.1.8  COIrBON Off-SEULING ....vveeeeeeeeeeeeee ettt e st e et e e ettt e e ettt e e e st eeeasaaesatssaaeatsesenssssasesassaaan 98

5.2 LIMITATIONS AND UNCERTAINTIES ..c.uterurerurerieerteenteenteeneesseesseesseenessnesanesanesseesmeesseenssenseenessseesseennessnesnnesnesmeesnes 99
5.2.1  Assumptions and IMPlemMeENntAtiONS .............ccueeeeecuveeeeeiieesciee e eseeeeete e ee e e s steeaestaaaeseaeaessnseees 99

5.2.2  DOUDIE-COUNLING ...ttt e ettt e e e ettt e e e e e ettt a e e e e e s s asssaaaaaesessssssenaaaanan 101

5.2.3  LiN@AI PrOGIQmMIMUNG.......ccccceveeiiiiiiieseeesiiiitiesseeseittettesessssssatteassssssassstseasssssssssstnaessasssssssssensassss 102

5,24 SENSIEIVITY ANGIYSIS ...oveeeeeeeeeee ettt ettt e ettt e e ettt e e ettt e e e sttt e e s asteaessstaasasseaanansteaesannes 103

6 L0001V L1 1 [0 ] 105
REFERENCES ......ceeeeeiiiiiiiiieeciieirr ettt r s sttt s s saaa s s s s s e s aaa s s s s s e e s e a s s s s e e e e s aasss s s s s e s snnssssssssnnnnnnsssssns 108

Xi



APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

ADJUSTMENT MATRICES........cottiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeesesesisenseesseeeeseeessessssssssssssssssen 117

COST CALCULATIONS FOR VEHICLES .......ccetiiiiiiiiiinnnnieeniiissisnnnnneesnisssssssnseeesssssssssssseessnes 119
FORMULATION OF LINEAR PROGRAMMING ......ceuriiiriiiinninnnnnnniiiissssnnnneeeisissnnsnseessssssssens 122
LINEAR PROGRAMMING RESULTS .......cuitiiiiiiiiiinnniiniiiisisinniieeenissssssmmeeessssssssseeessssnsaes 124

xii



List of figures

Figure 2.1: Development in CO2 concentration in the atmosphere since 1960, measured at the
Mauna Loa ObServatory, HAWAIT ..........cccoiiiiiiiiiieiiee e 8
Figure 2.2: The remaining carbon quota for 66% chance to reach the 2°C target. .................. 10

Figure 2.3: Relative share of per capita GHG footprint by consumption category for selected

(01010111 1SRRI 12
Figure 2.4: Per capita carbon footprint Of COUNEIIES..........cciiiiiiiiieieee e 16
Figure 2.5: Development of per capita Norwegian carbon footprint over time....................... 17
Figure 2.6: Top 10 Multipliers (gCO2e/NOK) in COICOP level 3 classification................... 19
Figure 2.7: Top 10 household spending (% of total) in COICOP level 3 classification.......... 19

Figure 2.8: Top 10 household carbon footprint (percent of total) in COICOP level 3
(0] = TS| =[] USSR 20

Figure 2.9: Top 10 household carbon footprint in percent of total, COICOP Level 1

(0] 2 TS =1 oo OSSPSR 21
Figure 2.10: Direct GHG emissions of the transport sector by transport mode...................... 22
Figure 2.11: World building final energy consumption by end-use in 2010 .............ccccveueeee. 24
Figure 2.12: End-use of energy in Norwegian households ..............ccccoevveviiiiece e 25

Figure 2.13: GHG emissions intensities of selected major AFOLU commodities for decades

196052000 .....ovirieriiriieiete ettt a b e r et r e e bt e e ae b et re et nr e e ere e 27
Figure 2.14: Overview of the clothing lifecycle ... 28
Figure 2.15: Indirect sources of emissions from an individual's purchases...............ccccoveunenne. 32
Figure 2.16 Substitution and iNCOME EFfECES .........ccveiiiiiiiec e 48
Figure 2.17 Energy savings and the rebound effect............ccocoviiiiiiiiic e, 50
Figure 4.1: Linear programming: change in re-spending pattern needed to meet GHG

emission reduction targets (COICOP eVEl 1)......c.ccoveiviiiiieie e, 91
Figure 4.2: The sum of the absolute change in re-spending: Marginal versus emission

reduction SPENTING PALIEINS.......c.iiiiiiti ittt 92
Figure B.1: Cost calculations for standard gasoline Vehicle ..., 119
Figure B.2: Cost calculations for Renault ZOe..........cccoovveiiiiiiiiie e 120
Figure B.3: Cost calculations for Tesla (Smartepenger, 2016) .........cccccovvivieiieiiieiiie e, 121

Xiii



List of tables

Table 2.1: Measures to reduce the carbon footprint of clothing ...........ccccooeiiiiiiiiiiiicee, 38
Table 2.2: Houthakker—Taylor expenditure elasticities used in rebound simulations ............. 56
Table 3.1: Saving scenarios including units and need for price COnNversion ............cc.ccccveuen. 59
Table 3.2: Total daily travel by car per Norwegian person per Year. ........cccccevevvereerveseesnenn, 60
Table 3.3: Simplified INPUt-OULPUL TADIE ..o 72

Table 3.4: Parameters and variables for the linear programming changing number of actions

Table 3.5: Parameters and variables nomenclature used in the linear programming changing

TNE TE-SPENTING ...t b bbbttt 83
Table 4.1: Cost changes and GHG emission reductions per unit for each action..................... 86
Table 4.2: Marginal spending pattern calculations .............cccccoveiiiiiiie s, 87
Table 4.3: Spending Patterns comparison (COICOP level 1) .......ccccocvvveiieieiie i, 88
Table 4.4: Rebound results and GHG emission savings including rebound..............ccccevneee. 89

Table 4.5: Rebound results and GHG emission savings including rebound, per sector and

adjusted for double COUNTING ........ccoviiiiii et 90
Table A.1: Matrix adjusted for double COUNtING .........cccoiiiiiieii e 117
Table A.2: Matrix not adjusted for double COUNtING ........cccocceiiiiiiiice 118
Table D.1: Detailed linear programming results for 25 product groups ...........cc.cceevvvevenne. 124
Table D.2: Behavioral cost of implementing aCtions............cccecvveveiieieeie s 125

Xiv



Abbreviations
AFOLU Agriculture, Forestry, and Other Land Use

CaCoOs3 Calcium carbonate

CaO Calcium oxide

CGE Computable General Equilibrium

CH4 Methane

CO2-eq Carbon dioxide equivalents

EEBT Emissions embodied in bilateral trade
EEIO Environmentally extended input-output analysis
EF Ecological Footprint

GHG Greenhouse gas

GWP Global Warming Potential

I0A Input-Output Analysis

IPCC Intergovernmental Panel on Climate Change
kWh Kilowatt hour

LCA Life Cycle Assessment

MDF Medium-density fiberboard

MJ Megajoule

MRIO Multi-regional input-output

N20 Nitrous Oxide

OECD Organization for Economic Cooperation and Development
Pkm Passenger-kilometer

PET Polyethylene terephthalate

PPM Parts per million

XV



TMB Travel Money Budget

WTM World Trade Model

XVi



1 Introduction

1.1 Motivation

The need for a radical shift in behavior has probably never been larger than now, with the
world facing the threat of global warming. Some models show a potential increase in average
global temperature by the year 2100 of 4-5°C compared to the period 1986-2005 (Pachauri et
al., 2014). According to the fifth IPCC report on global warming (Pachauri et al., 2014), a
continued emission of greenhouse gases, leading to further global warming, will increase the
likelihood of severe and irreversible impacts for people and ecosystems. Mitigating climate

change requires substantial and sustained reductions greenhouse gas emissions.

Most agree on the importance of reduce anthropogenic GHG emission. The discussion rather
centers on how we should do this and who has the largest responsibility of making changes.
Two of the central ideas are that producers are responsible or that consumers are responsible.
However, both parties have vital roles in reducing GHG emissions. Producers contribute
through technology or efficiency improvement, while consumers contribute through

behavioral changes.

The main difference of accounting for responsibility of emissions is that production-based
national emission inventories account for domestic production including exports, while
consumption based inventories subtract exports, but include imports (Peters, 2008).
Accordingly, the difference between the two lies in the emissions embodied in international
trade (Kanemoto et al., 2011). The production-based approach has previously been the most
used, but in recent years, the consumption-based approach has gained popularity (Peters,
2008). Countries with emission-intensive exporting industries have emphasized the bias in
producers being responsible for emission intensive exported good. Instead, they argue that
importers of these goods should be held responsible (Kanemoto et al., 2011).

The consumption-based approach stems from the Ecological Footprint (EF) methodology
(Rees, 1992). Rees (1992) used cities as an example to show that although we think of cities
as geographically discrete places, the total area of land required to sustain an urban region is
typically an order of magnitude larger than that within the city borders. Consequently, one
should not look at the city as a separate entity, but rather examine the impact it has on the rest

of the world. This idea is similar on a micro level, replacing cities with consumers. If the



consumer of a final product is responsible for the entire ecological impact of the process that
generated that product, we should charge the consumer for the total emissions related to the
process (Bastianoni et al., 2004). Holding the consumer responsible for emissions along the
production chain of goods and services is today considered desirable from an environmental
perspective (Peters, 2008). Two different approaches exist within the consumer responsibility
framework. The emissions embodied in bilateral trade (EEBT) approach considers total trade
flows by using domestic emission intensities, while the multi-regional input—output analysis
(MRIO) approach considers trade only into final consumption with global emission intensities
(Peters, 2008, Kanemoto et al., 2011). The consumption-based approach is however not
without challenges, such as implementation problems due to wide system boundaries (Peters,
2008).

Many researchers have pointed out the need for a shared responsibility of emissions between
producers and consumers (Lenzen et al., 2007, Peters, 2008, Bastianoni et al., 2004,
Munksgaard and Pedersen, 2001). These papers suggests different methods of sharing the
responsibility. Peters (2008) weight the responsibility, while Munksgaard and Pedersen
(2001) make a GHG emission trade balance. Others attempt to separate the responsibility of
production processes by consistently delineating supply chains into mutually exclusive and
collectively exhaustive responsibilities to be shared by all actors in an economy (Lenzen et
al., 2007) or by assigning emissions to countries in proportion to the embodied GHG
emissions needed along the chain (Bastianoni et al., 2004). The main challenge of these

approaches is to avoid double counting of emissions.

A central question is how producers and consumers should act in order to influence each other
to make environmentally beneficial choices. Assuming that consumers drive production
through demanding goods and services, they have power through choosing which goods and
services to buy. Environmentally conscious consumers have the incentive to buy products
associated with low GHG emissions. Thus, they influence producers through demanding these

products.

Goodall (2010) highlights the importance of consumers making active environmental choices.
He suggests that businesses are not free to act in environmentally responsible ways unless
their customers change their requirements, since producers who independently take

environmental choices will lose in the competitive market, given that the environmental act



comes with a cost for the business. Hence, consumers must actively demand that businesses

make eco-friendly choices by changing their behavior or consumption pattern.

On the other hand, producers can be motivated to influence consumers. An example of this is
if producers face a tax on GHG emissions in the production of goods and services. This
creates an incentive for the producers to lower GHG emissions in production and

consequently they influence consumers through making the product available on the market.

Holding exclusively the consumer or producer responsible for emissions seems to tell only
part of the story. Shared responsibility approaches offer useful insight of assigning
responsibility to different actors. If such approaches are not used, one should see the
consumption- and production approach as complementary rather than replacements for each
other. Several studies show that relying on either efficiency improvements or behavioral
changes from consumers will not be enough to reach the reduction in emissions required to
meet the 2°C target of global warming (Dietz et al., 2009, Goodall, 2010, Intergovernmental
Panel on Climate Change, 2015, Swart et al., 2003, Alcott, 2008). When it comes to assigning
responsibility, although the producer responsibility deserves attention, a majority of studies
and policymakers do seem to favor the consumer responsibility viewpoint. This requires more
environmentally aware consumers, with higher knowledge of the environmental performance

of the activities they take part in.

There is an apparent contradiction between economic systems relying on growth to progress
and the mitigation of climate change. From the perspective of governments, economic growth
is essential, and they strive to find solutions that combine economic growth with climate
change mitigation. Some reports have shown that such a development is possible. Through
technological innovation and investments in efficient low-emission solutions it is possible to
achieve higher employment, higher business profits and economic growth (The New Climate
Economy, 2014, as cited in Klima- og miljgdepartementet, 2014). However, there is no
guaranty that economic growth is associated with a positive development for the climate and
the environment. Arrow et al. (1995) argue that it is the content of economic growth; the
composition of inputs and outputs that determine the environmental development associated
with the growth. Some studies have attempted to show that an increase in GDP per capita can
be associated with a reduction in environmental degradation, maybe the most famous being
the Environmental Kuznets Curve, that proposes that the environmental impact indicator is an

inverted U-shaped function of income per capita (Stern, 2004, Grossman and Krueger, 1991).



However, the robustness of this model has been heavily criticized (Stern, 2004, Stern et al.,
1996).

Turning the question around, some research focus on the influence of climate change on
economic growth. The findings suggest that ignoring climate change eventually will damage
economic growth (Stern, 2007) and that poor countries will experience the largest damage on
their growth reducing agricultural output, industrial output and aggregate investment as well
as political instability (Dell et al., 2008)

Even though there is an increasing focus on the need for altering our lifestyle to reduce global
warming, we are still not seeing the changes required. In Norway, the government and
policymakers have introduced a term named the Green Shift (Ministry of Climate and
Environment, 2014). The idea is that within a 30-50 year period, the society is to restructure
in a way in which growth and development will take place within nature’s tolerance limits.
The focus is on a transition to products and services that mitigate climate change and negative
environmental consequences. One of the primary goals is significant emission reductions in
the transport sector, with the entire sector being fossil free in 2050. To achieve these goals,
the Norwegian government will use policy instruments such as taxes on high emitting

vehicles.

Generally, there is a large focus on the important role of the government, technological
development, innovation, industries and businesses to achieve the Green Shift. The role of the

individual consumer, on the other hand, receives less attention.

The consumer can implement two different types of action to achieve GHG emission
reductions. The first is to reduce overall consumption; with the global population expected to
increase in several decades to come, it seems unlikely that we can continue the increase in
consumption of goods and services that we now are experiencing. Many researchers find that
a decrease in material consumption is an important step for mitigating climate change
(Garnaut, 2008, Stern, 2007). Furthermore, studies show that the growth in material
consumption is not associated with an increase in happiness (Clark et al., 2008, DelL eire and
Kalil, 2010, Alcott, 2008). Jackson (2005) found the existence of what he called a “double
dividend”, a win-win situation where we live better by consuming less and at the same time
reduce our impact on the environment. The second choice is to alter the pattern of
consumption. This involves moving consumption away from goods and services associated

with high GHG emissions to goods and services associated with lower GHG emissions. Such



a restructuring in, rather than a decrease in household consumption, will change the economic
structure, but economic growth is still possible. Examples of changed consumption that will
substantially lower the carbon footprint of individuals or households is to move consumption
away from air transport and consumption of cattle and sheep (Goodall, 2010, Gardner and
Stern, 2008, Garnaut, 2008).

Some studies suggest that consumers lack information on which choices they should make to
curb climate change. Young et al. (2010) report that there is an “attitude-behavior gap”, where
30% of consumers state that they are very concerned about environmental issues, but they are
struggling to translate this into purchases. Providing information on specific actions
consumers can implement, how effective they are in reducing GHG emissions and the cost for
the consumer of implementing each action, can provide information for the consumer as well
as contextualize how different actions contribute to their carbon footprint. Studies find that
ranked lists of actions and the benefits they produce, are effective and avoid the problem of

consumers mistaking which mitigating actions are most beneficial (Gardner and Stern, 2008)

Implementing a set of behavioral actions to reduce GHG emissions typically comes with a
cost reduction for the consumer or the household. Following the idea that total expenditure
levels remain unchanged, the household re-spends this money. Re-spending the saved money
on goods and services will emit additional GHG emissions. These re-added emissions
produce a rebound effect, where some or all of the emissions saved from implementing

actions in the first stage are lost due to the re-spending on goods and services.

Many studies have shown that the rebound effect is present and in some cases considerable
(Binswanger, 2001, Hertwich, 2005, Alfredsson, 2004, Druckman et al., 2011, Greening et
al., 2000, Thomas and Azevedo, 2013a). However, discussions of sustainable development
often neglect the rebound effect (Binswanger, 2001, Hertwich, 2005, Alcott, 2008). A simple
example illustrates the importance of the rebound effect. Suppose a household intending to
lower their carbon footprint implements measures such as eating less meat, driving less and
reducing household heating and cooling, and saves a certain amount of money from these
measures. In the next stage, the households decides to spend that money on travelling by
plane to a remote destination on holiday. Chances are that the GHG emissions generated by
this travelling fully offsets the GHG emissions initially saved from the measures intended to
lower their carbon footprint. If households lack information or knowledge about the rebound



effect, attempts at reducing their carbon footprint can instead lead to an increase in GHG

emissions.

1.2 Scope

There is a large focus on the role of corporations and governments to achieve the GHG
emission reductions required to meet the 2°C target of global warming. However, research
has shown that businesses and efficiency improvements alone is not enough to curb climate
change. This calls for active changes on a household level. By quantifying GHG emission
reductions and cost changes of a set of actions that households might implement, the idea is to
inspire households to pursue a reduction in their carbon footprint and to feel a part of

contributing to reducing global warming.

Since reducing overall consumption is a measure that potentially has negative influences on
the economic system through stagnating economic growth, the premise of this thesis is rather
a restructuring of household consumption. The starting point of the analysis is that households
gain the knowledge on how they can lower their carbon footprint and want to implement a set
of actions that reduce GHG emissions. When households implement these measures, it leads
to a change in the pattern of consumption. In the first stage, when implementing these
measures, the households are likely to obtain a lower cost compared to before implementing
the measures. This cost reduction is equivalent to an increase in the household’s disposable
income. In the second stage, the households re-spend this additional income, giving rise to the
rebound effect. As the rebound effect in a worst case scenario can lead to higher GHG
emissions than before implementing the actions, it is essential that households carefully
consider how they re-spend the money saved in the first stage. Scenarios of re-spending
money according to different spending patterns serves as a basis for analyzing the extent of
the rebound effect and a discussion of how households should re-spend additional income.
Under the assumption that overall household expenditure stays the same, a certain degree of
offsetting of the GHG emission savings from implementing the actions alone is inevitable.
This highlights the importance of households should gaining knowledge on the dynamics of
the rebound effect. The final step of the analysis is to investigate whether the average
Norwegian household can reduce their carbon footprint to the requirement of the 2°C target of

global warming. Hence, | ask the following research questions:

e What can Norwegian households do to reduce their carbon footprint?



e How do Norwegian households re-spend the saved money from implementing the
actions?

e How large is the rebound effect of this re-spending?

e How can households reduce the rebound effect?

e Can households reach the GHG emission reduction required to meet the 2°C target of

global warming?

1.3 Thesis Structure

The thesis follows a format of six sections, including the current introduction.

Part 2 is a literature review consisting of the 2°C target for global warming, the current state
of the Norwegian carbon footprint in a global setting, and the rebound effect. The literature
review continues with a focus on the needed reduction in GHG emissions required by
Norwegian households and actions that households can implement to reach this target. The
section rounds off with an examination of different approaches to calculating spending

patterns.

The methods section in part 3 includes the approaches used to calculate GHG emissions and
cost reductions associated with each action, an analytical derivation of the input-output
analysis framework and the rebound effect framework. The methods section also involves
several adjustments made in order to fit the data to EXIOBASE2. Next follows the
methodology for calculating different spending patterns and conversions needed to fit the
calculations of the actions to the EXIOBASE?2 database. Next follows two approaches using
linear programming to finding the changes needed in order to reach different emission
reduction targets. The first approach involves changing the spending pattern, while the other

approach is to change the number of actions.

The results in part 4 include calculations on cost reduction and GHG emission reductions
from implementing the actions, results from three scenarios of spending patterns, rebound
effect results, before rounding off the section with results from the linear programming. Part 5
presents a more thorough discussion of the results, while part 6 includes concluding remarks

on the implications of the results.



2 Literature and Background

2.1 The 2°C Target of Global Warming

According to the IPCC, it is now 95 percent certain that humans are the main cause of current
global warming (Pachauri et al., 2014). The world seems to agree to a goal of stabilizing
temperature increase to below 2°C relative to pre-industrial levels. To achieve this goal, we
must substantially reduce the emission of anthropogenic GHG, with the most important being
CO2, contributing to about 65% of the total (Pachauri et al., 2014).

Since CO2 is a greenhouse gas that stays in the atmosphere for a long period, many studies
operate with cumulative CO2 emissions when discussing the 2°C target. More specifically,
researchers discuss how much CO2 we can emit if we are to stay below a 2°C rise in global
average temperature compared to pre-industrial levels. The CO2 concentration in the
atmosphere is measured in parts per million (ppm), and the development in this parameter is
closely related to global temperature change (Jansen, 2013). For pre-industrial times, most
estimates of the CO2-consentration are in the range of 260-280 ppm (Wigley, 1983).
However, especially since the 1960s this number has increased more rapidly than ever before
(Figure 2.1).
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Figure 2.1: Development in CO2 concentration in the atmosphere since 1960, measured at the
Mauna Loa Observatory, Hawaii

(Scripps Institution of Oceanography, 2016, as cited in Energi og Klima, 2016)

To achieve the 2°C target, the CO2-concentration in the atmosphere needs to decline. The

Organisation For Economic Co-operation and Development (2012) suggests that at a



concentration of 450 ppm, there is a 50% chance of stabilizing the climate change at 2°C
above pre-industrial levels, while baseline projections suggest an atmospheric concentration
of 685 ppm CO2-eq by 2050. Some studies suggest that we have to lower the CO2
concentration even more, suggesting that a 2°C rise in global average temperature would have
disastrous consequences, and that we should instead aim for a 1°C rise in global average
temperature (Hansen et al., 2013). To achieve this, the concentration would need to be as low
as 350 ppm. This involves a considerable decline in the concentration of just above 400 ppm

that we face today.

The question remains as to how much CO2 we can emit in the future, assuming the
cumulative nature of CO2 in the atmosphere. Energi og Klima (2016) suggest that we already
have emitted about % of the CO2 in a 2°C target scenario. Peters et al. (2015) suggest that to
have a 66% or larger chance of holding global warming to less than 2°C, total cumulative
CO2 emissions must remain below 3670 GtCO2, from 1870 until well into the future. In
2014, the total remaining CO2 quota was 903 GtCO2 (with projections for 2015 suggesting a
remaining quota of 865 Gt CO2) (Figure 2.2). The calculated global emissions in 2014 was
35.9 Gt CO2. Le Quéré et al. (2015) find that at current emission rates, the remaining quota
will last around 20 years.
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Figure 2.2: The remaining carbon quota for 66% chance to reach the 2°C target.
LUC=Land use Change
(Peters et al., 2015, Le Quéré et al., 2015)

It is evident that we need changes in anthropogenic emission patterns immediately.

The fifth IPCC report suggested that in order to reach the 2°C target for climate change, we
would have to reduce our emissions from 48Gt (10”9 tons) CO2-eq in 2010 to 17 to 23 Gt
CO2-eq. This corresponds to a decrease of 52-65% (Collins et al., 2013).

van Sluisveld et al. (2016) find that many studies so far have focused on technical solutions,
such as renewable, carbon capture and energy efficiency technologies, to meet the 2°C
climate target. However, the studies show that it becomes increasingly more difficult to obtain
the 2°C climate target through technical solutions alone. They argue that we must include
non-economical and non-technological drivers of energy system transformations if we are to
reach the 2°C target. This highlights the need for lifestyle changes on an individual or
household level. However, behavioral changes should be in addition to other measures, such

as technological and economic measures.

Lifestyle changes come with various costs and effort needed. According to Steg (2008) people

are more likely to carry out environmentally friendly behavioral changes with low cost and
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low efforts than changes associated with high costs and efforts. However, in order to reach the

2°C target, more costly measures requiring more effort, could be required as well.

A reason for the need for drastic changes in lifestyle is that the needed GHG emission
reductions from households is substantial. Consumption by households constitute a large part
of the anthropogenic GHG emissions when taking a life cycle perspective. The IPCC Fifth
Assessment Report suggests that globally, if we are to reach the 2°C target, we must reduce
the anthropogenic GHG emissions by 40-70% in 2050, and emissions levels near zero or
below in 2100, compared to 2010 emission levels (Pachauri et al., 2014). It is reasonable to

assume that households should aim for such emission reductions.

2.2 Carbon Footprint

Many researchers have discussed the true meaning of the term “carbon footprint” (Weidema
et al., 2008, Wiedmann and Minx, 2008, Wright et al., 2011). It seems that the discussion
revolves around whether the carbon footprint only should include CO2 emissions or other
GHGs, such as CH4 and N20 as well. Many do seem to include several GHGs and use the
unit CO2 equivalents, ending up with an indicator close to the Global Warming Potential
indicator (GWP) used in life cycle assessment (LCA). Additionally, using the CO2-eq per
monetary unit has the advantage of including information on emissions caused by the changes

in consumption related to the money saved or extra money spent (Weidema et al., 2008).

Many studies have calculated the carbon footprint of households, some for households in a
specific country (Goodall, 2010, Jones and Kammen, 2011, Steen-Olsen et al., Accepted for
publication, Druckman and Jackson, 2009, Weber and Matthews, 2008), while others
compare the carbon footprint of different countries (Hertwich and Peters, 2009, Ivanova et al.,
2015). Hertwich and Peters (2009) break down the carbon footprint into consumption groups
for several countries, which makes it possible to compare the composition of carbon
footprints of different countries. In general, food consumption constitute a larger share of the
per capita carbon footprint of developing countries, than in developed countries. In developed
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countries, mobility, trade and manufactured products make up a larger share of the per capita
footprint than in developing countries (Figure 2.3).
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Figure 2.3: Relative share of per capita GHG footprint by consumption category for selected
countries

(Hertwich and Peters, 2009) and author’s own work

The following section examines closer how different consumption sectors contribute to

carbon footprints, with a specific focus on Norway.

2.2.1 Current State of the Norwegian Carbon Footprint

The carbon footprint of a Norwegian person was according to Carbon Footprint of Nations
(2010) 10.1 tons CO2-eq in 2010. The study takes a consumption approach, meaning that the
final consumer is responsible for all GHG emissions associated with producing the good or
service consumed. In this study, the carbon footprint of Norwegians had been stable around
15 tons CO2-eq per capita from 1990 until 2007, before suddenly falling to numbers around
10 tons CO2-eq per capita from 2007 to 2010. This sudden jump in emissions is unlikely, and
probably more related to the calculation methods rather than a drastic reduction in emissions.

They expect the margin of error of their calculations to be under 20%.

Many researchers agree that taking a consumption-based approach is the fairest way to
account for emission responsibility. One of the primary reasons for this is that considerable
portions of a household’s carbon footprint can stem from indirect emissions embodied in

imported goods and services. A recent study shows that as much as 43% of per capita
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emissions in Norway were indirect emissions embedded in imported goods consumed in
Norway (Narbel and Isaksen, 2014). Another reason in favor of choosing consumption-based
emission accounting is that of avoiding carbon leakage. If the norm is that nations only
account for emissions within their own borders, then those that wish to curb their carbon
footprint can move carbon intensive production to other countries to lower their own footprint
(Weber and Peters, 2009, Stern, 2007, Baiocchi and Minx, 2010).

Also taking a consumption approach, Steen-Olsen et al. (Accepted for publication) found the
carbon footprint of Norwegian households to be 22.3 tons CO2-eq per household in 2012. The
household size in this study was 2.12 persons, giving per capita emissions of 10.5 tons CO2-
eq. By examining the development in the carbon footprint of Norwegian households in the
period 1999-2012, they found that the carbon footprint had increased by 26% in the period.
This development does not correspond well with the numbers presented in Carbon Footprint
of Nations (2010), however, both studies find similar carbon footprints for the most recent

years.

The Millennium Development Goals Indicators (2015) found the Carbon footprint of Norway
to be 9.2 tons CO2 per capita in 2011, however, they only include CO2, and not the other
greenhouse gases that contribute to global warming, such as Methane (CH4) and Nitrous
Oxide (N20). According to the Emission Database for Global Atmospheric Research
(EDGAR) (2000), 72% of anthropogenic greenhouse gas emissions are CO2, while CH4
accounts for 18% and N20 for 9%. While Hertwich and Peters (2009) found that 27.8% of
global GHGs were non-CO2.

Assuming about 28% non CO2-emissions, we end up with 11.8 tons CO2-eq per capita in
Norway, given that they account for the different emission intensities of the gases
(Millennium Development Goals Indicators, 2015). This number is slightly higher than those
found in Steen-Olsen et al. (Accepted for publication) and Carbon Footprint of Nations
(2010).

Using an environmentally extended MRIO (EE-MRIO) model with an input-output table
representing the flow of goods and services throughout the global economy for the reference
year 2007, Ivanova et al. (2015) found the per capita carbon footprint of Norway to be 10.3
tons CO2-eq with consumption-based emission accounting. Furthermore, they found that
household consumption contributed to over 60% of global GHG emissions, highlighting the

importance of behavioral changes in households.
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Le Quéré et al. (2015) presents The Global Carbon Budget accounting for anthropogenic CO2
emissions and their redistribution among the atmosphere, ocean, and terrestrial biosphere. As
a part of this project, they account for consumption-based emissions by countries, enabling a
comparison of CO2 emissions per capita of different countries, as well as how the emissions
have changed over time from 1990 to 2013. This source only accounts for CO2 emissions, not
the other GHG associated with a global warming potential (Updated from: Peters et al.
(2011), For an explanation of issues around consumption emissions, see: Peters et al. (2012)
Consumption emissions are computed as in Peters et al. (2011) using ‘territorial emissions
UNFCCC' as reference).

An interesting discussing is how the per capita carbon footprint of Norway compares to that
of other countries. According to Ivanova et al. (2015), the global average is 3.4 tons CO2-eq
per capita. This means that the Norwegian carbon footprint is over three times higher than the
global average. The United States and Luxembourg are on top of Ivanova et al. (2015)’s list
with 18.6 and 18.5 tons CO2-eq respectively. When ranking the countries included in the
study from highest to lowest per capita emissions, the Norwegian footprint is number 17 out
of 43. However, they mostly include industrialized countries in the list, which generally have
a higher footprint than the global average. On one hand, these countries are more relevant to
compare to Norway, but on the other hand, it can show a skewed picture when leaving out the

developing countries.

The Millennium Development Goals Indicators (2015) have a list of carbon footprint per
capita for all countries in the world. Even though they only include CO2 emissions, there is
reason to believe that a list of CO2-eq will be similar. Qatar and Trinidad & Tobago are the
countries with the highest emissions with 40.1 and 37.8 tons CO2 per capita respectively. In
the other end of the list, we have Lesotho and Mali with 0.01 and 0.04 tons CO2 per capita
respectively. When ranking the emissions from highest to lowest, Norway comes out as
number 23 out of 210 countries. This shows a discouraging, but probably less biased picture

of the Norwegian carbon footprint compared to the rest of the world.

Even though the Norwegian per capita carbon footprint is high, compared to the world
average, it might be unfair to compare it to all the countries in the world. This is because
Norway is a developed country with high living standards that we are yet to see in many
developing countries. However, many developing countries will see their living standards

improving in the following years. Comparing the per capita carbon footprint of Norway to
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more similar countries, could be more reasonable. Figure 2.4 shows a comparison of the per
capita carbon footprint of Norway to some of the similar Nordic countries, other European
countries, the United States, as well as China and Brazil (the two latter representing
developing countries). The underlying data comes from four different sources (Carbon
Footprint of Nations, 2010, Millennium Development Goals Indicators, 2015, lvanova et al.,
2015, Peters et al., 2012). We notice that the other Nordic countries have footprints quite
close to Norway, Sweden a bit lower and Finland higher. Compared to the other European
countries in the list, the per capita Norwegian carbon footprint seems to be somewhere in the
middle, with the UK, Switzerland and Germany a bit higher, and France, Spain and Russia
somewhat lower. The US has the highest per capita footprint of the selected countries in all
three data sources, while Brazilians and the Chinese are well below the footprint of

Norwegians.

The trends in the data sources seem to be that Carbon Footprint of Nations (2010) and Global
Carbon Budget (Peters et al., 2012) show the highest footprint, while lvanova et al. (2015)
report slightly lower numbers, except for Norway and the United Kingdom. Millennium
Development Goals Indicators (2015) have generally lower numbers, except for Russia,
China and Brazil. One can expect the number of this study to be lower, as it only includes
CO2 emissions. However, Global Carbon Budget (Peters et al., 2012) also include only CO2
emissions, but generally report higher numbers. The discrepancy between the two could come
from different year of data collection. Another explanation for the discrepancy could be a
difference in the methods used. Global Carbon Budget do report consumption-based
emissions accounting, while the Millennium Development Goals Indicators (2015) does not

report the emission accounting approach.

One would expect correlations between CO2 emissions per capita and CO2-eq emissions per
capita. Where this is not the case (Russia, Brazil and China), it could be explained by the year
of data collection. Ivanova et al. (2015) is based on data from 2007, Carbon Footprint of
Nations (2010) is based on 2010 data, Millennium Development Goals Indicators (2015) is
based on data from 2011 and the Global Carbon Budget are from 2013. The higher number of
Russia, Brazil and China in Millennium Development Goals Indicators (2015) and Global
Carbon Budget (Peters et al., 2012) could be explained by the rapid development in these
countries the latest years.
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Figure 2.4: Per capita carbon footprint of countries

(Carbon Footprint of Nations, 2010, Millennium Development Goals Indicators, 2015, lvanova
et al., 2015, Peters et al., 2012)

The four data sources also provide information on how the per capita Norwegian carbon
footprint has developed over time. Carbon Footprint of Nations (2010), Global Carbon
Budget (Peters et al., 2012) and Millennium Development Goals Indicators (2015) provide
data on carbon footprints back to 1990. Additionally, Steen-Olsen et al. (Accepted for
publication) made estimations on the per capita carbon footprint of Norway, based on

Norwegian consumption of goods and services from 1999 to 2012.

The sources show quite different results in development (Figure 2.5). In Global Carbon
Budget (Peters et al., 2012), we observe a decline in CO2 emissions in the period 1998-2000,
followed by an increase up until 2007. In the years after 2007, the emissions decrease again,
but at a relatively slow rate. Carbon Footprint of Nations (2010) found a sharp decrease in the
footprint in the years after 2006, followed by an increase in 2010. Millennium Development
Goals Indicators (2015) and Steen-Olsen et al. (Accepted for publication) found the per capita
carbon footprint was slightly increasing in the whole period of study, with the exception of a

decrease in 2011 in Millennium Development Goals Indicators (2015).
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Development of per capita Norwegian carbon footprint over
time
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Figure 2.5: Development of per capita Norwegian carbon footprint over time

(Carbon Footprint of Nations, 2010, Millennium Development Goals Indicators, 2015, Steen-
Olsen et al., Accepted for publication)

To identify what drives the per capita Norwegian carbon footprint requires a closer look at the
goods and services purchased by Norwegian households. Data on detailed purchases of goods
and services is provided by The Norwegian Consumer Survey from 2012 (Statistics Norway,
2013). This survey uses the COICOP classification of goods and services (United Nations
Statistics Division, 2016). By using multipliers that give information on greenhouse gas
emissions per monetary unit along with detailed data from the Consumer Survey, it is possible
to find detailed information on emissions from specific goods and services. EXIOBASEZ2, a
Multi-Regional Environmentally Extended Supply and Use/Input Output database (Tukker et
al., 2013, Wood et al., 2015) provide the multipliers. The product classifications in
EXIOBASE?2 are similar, but not equal to those found in the COICOP classification, which
calls for some adjustments in order to synchronize the multipliers to the product groups. It is
important to mention that when synchronizing the two, there is some underreporting in the
Norwegian Consumer Survey. Specifically, about 8% of the total carbon footprint and about
15% of household spending are unaccounted for in the survey (Steen-Olsen et al., Accepted

for publication).
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Several interesting points come up when combining data from the Consumer expenditure
survey with the EXIOBASE?2 database. Firstly, the list of top 10 goods and services that have
the highest emissions in CO2-eq per NOK spent (Figure 2.6) show the largest multipliers in
0734, passenger transport by sea and inland waterway and 0722, Fuels and lubricants for
personal transport equipment. Interestingly, passenger transport by air is number five on the
list with a multiplier about four times lower than that for passenger transport by sea. This
result seems surprising; however, the multiplier only reflects the emissions per NOK spent by
the consumer, suggesting that price differences in the two transport modes can be the cause of

the large difference between the multipliers.

The top 10 product categories in which Norwegian households spend most money (Figure
2.7) show that out of total spending Norwegians spend the most money on 0421 rentals of

owner-occupiers, (renting a home) and 0711 Motor Cars.

The top 10 product categories that contribute to the largest carbon footprint (Figure 2.8) show
that 0722 Fuels and lubricants for personal transport equipment (19%) and 0711 Motor Cars
(8%) have the largest relative impacts. We also notice that consumption of Materials for the
maintenance and repair of the dwelling (7%) Garments (3%), Meat (2%), Package Holidays
(2%) also contribute to a large portion of the total footprint. Electricity, which accounts for
about 3% of the total household spending, is not in the list of top 10 groups contributing to the
largest carbon footprint. In fact, it only accounts for about 0.8% of the total carbon footprint.
This is likely due to the low-emitting hydropower technology that dominates the electricity

production in Norway.

These results make it possible to suggest areas in which Norwegians should alter their

consumption habits in order to reduce their carbon footprint.
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Top 10 Multipliers (gCO2e/NOK)
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Figure 2.6: Top 10 Multipliers (gCO2e/NOK) in COICORP level 3 classification

Top 10 Household spendings (% of total)
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Figure 2.7: Top 10 household spending (%o of total) in COICOP level 3 classification



Top 10 Household carbon footprint (% of total)
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Figure 2.8: Top 10 household carbon footprint (percent of total) in COICOP level 3
classification

2.2.2 Consumption sectors

The consumption groups contributing to the largest shares of total Norwegian carbon footprint
is transport (35%), Shelter (18%) and Food (10%) (Figure 2.9) according to a recent study
(Steen-Olsen et al., Accepted for publication). The following section provides information on
how the different components of the Norwegian carbon footprint compares to the global data,
what is included in each sector and the most important drivers contributing to consumption in

each sector.
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Top 10 Norwegian household carbon footprint (of total)

W 07 Transport

m 04 Housing, water, electricity, gas and other fuels
m 01 Food and non-alcoholic beverages

B 09 Recreation and culture

M 999 Consumption not included in the Consumer

Survey

m 05 Furnishings, household equipment and routine
household maintenance

m 03 Clothing and footwear

m 12 Miscellaneous goods and services

B 06 Health

W 08 Communication

Figure 2.9: Top 10 household carbon footprint in percent of total, COICOP Level 1 classification

(Steen-Olsen et al., Accepted for publication) and author’s own work

2.2.2.1 Transport

Globally, the transport sector produced 7.0 GtCO2-eq of direct GHG emissions in 2010, and

was responsible for 23% of total energy-related CO2 emissions (6.7 GtCO2)

(Intergovernmental Panel on Climate Change, 2015). Of total direct GHG emissions (not

including indirect emissions from production of fuels, vehicle manufacturing, infrastructure

construction etc.), road transport contributed to 72%, Shipping to 9%, international aviation to

7% and domestic aviation to 4% (Figure 2.10).
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Figure 2.10: Direct GHG emissions of the transport sector by transport mode
(Intergovernmental Panel on Climate Change, 2015)

In Norway, transport contribute to 35% (or 3.6 tons CO2-eq per person) of the total household
carbon footprint (Steen-Olsen et al., Accepted for publication) (Figure 2.9), this is by far the

largest footprint of the consumption groups included in the COICOP Level 1 classification.

Studies report that transport in other countries make up a somewhat smaller share of the
household carbon footprint. Goodall (2010) finds that of total UK household carbon footprint,
about 18% comes from transport use, while Druckman and Jackson (2009) found this number
to be between 17% and 18% in 2004. Jones and Kammen (2011) suggests a higher number of
32% of the US household carbon footprint coming from transport, while Weber and Matthews
(2008) found this to be 27% for US households. Tukker and Jansen (2006) reviewed studies
that looked at contribution to different energy-related impact indicators per COICOP Level 1
category. In the reviewed studies they found that transport contributed to 15-36% of total
impacts, with a study by Peters and Hertwich (2006) from Norway representing the highest of
transport out of the total. Another study by Hertwich and Peters (2009) confirms that Norway
has a particular high proportion of total per capita carbon footprint coming from the transport
sector. Numerous factors could explain these results, such as affluence, scattered settlements

and long distances between cities.
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Calculating the carbon footprint coming from transport related consumption in households
includes all upstream emissions associated with the purchase of vehicles, operation of
personal transport equipment (fuels, maintenance, parking etc.) and transport services

(passenger transport by railway, road, sea, air etc.) (United Nations Statistics Division, 2016).

The Intergovernmental Panel on Climate Change (2015) found several drivers that affect
transport trends. One of the most important is the travel time budget. This is often assumed to
be fixed, and is tied to both travel costs and time costs. When deciding speed of travel modes
in urban areas, the assumption of fixed travel time budget is important to consider, as it
involves people traveling larger distances when increasing the speed of a travel mode.
Another important driver is costs and prices. Declining transport costs as a share of increasing
personal expenditure is the major driver of increased transport demand in OECD countries in
the last century, and more recently in non-OECD countries. A third driver for increased
transport demand are social and cultural factors, such as population growth and changes in
demographics. Economic structural change can lead to more and longer commutes and the
development of large shopping centers located out of the city center leads to increased travel

distances.

van Sluisveld et al. (2016) also focused on the importance of the travel time budget and the
travel money budget. The Travel Money Budget gives information on the proportion of
income people allocate to travelling. In their calculations on lifestyle changes to reach the 2°C
target, they capped the Travel Money Budget to 7%, which is the lowest reported for a
developed region (Japan). Furthermore, they increased the Travel Time Budget to allow for

preference of slower transport modes, such as train and bicycle.

On a household level, Goodall (2010) highlights the importance of not buying a new car
unless the old car is not working anymore. By not scrapping the old car, it will stay on the
road and generate emissions as long as the household uses it as a second car. He suggests that
such a second car accounts for almost 1 ton of CO2 yearly in the use-phase for the remainder
of its lifetime.

Goodall (2010) argues that cutting out air travel is the single most efficient action to curtail
GHG emissions from household consumption. He found that a year worth of gas consumption
for a person in the UK contributed to the similar amount of GHG emissions as a one-way
plane ticket to New York. He also found that one year of car use for a person in the UK had

approximately the same emissions as two return flights between the UK and Athens. Many
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airlines only provide the CO2 emissions of their travels, but according to many researchers,
the impact of other pollutants such as water vapor and oxides of nitrogen, along with contrails
and the consequent cirrus cloud that help retain the sun’s heat in the atmosphere, actually

could double or triple the global warming impact of carbon dioxide alone (Goodall, 2010).

2.2.2.2 Shelter

According to the IPCC report of 2014, buildings accounted for 32% of total global energy
use, with 24% for residential buildings and 8% for commercial buildings. Buildings account
for 19% of energy-related GHG emissions, with approximately 12% coming from residential
buildings.

Steen-Olsen et al. (Accepted for publication) found that emissions from housing contributed
to 18% of the carbon footprint of Norwegian households. It thus seems as the residential
sector makes up a larger portion of the total Norwegian carbon footprint than the global
average. The cold Norwegian climate is likely an important reason for the residential sector

making up a larger portion of the total in Norway than globally.

Energy use and GHG emissions in the residential building sector normally involves
accounting for space heating and cooling, water heating, cooking, appliances and lighting. Of
the global final energy consumption of residential buildings, space heating accounted for
32%, cooking 29% and water heating 24%, together 85% of the total (Figure 2.11).

Residential Commercial

I Appliances
Cooking

32% 33%

Space Heating
Water Heating

Lighting
Cooling

Other
(IT Equipment, etc.)

Total = 24.3 PWh Total = 8.42 PWh

Figure 2.11: World building final energy consumption by end-use in 2010

(Intergovernmental Panel on Climate Change, 2015)
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In Norway, as much as 66% of household energy use is for Space heating, while only 12% for
heating water. The remaining 22% is for appliances, lighting, cooking and other equipment
(Figure 2.12) (Bergesen et al., 2012).

M Elspesifikk energibruk
M Oppvarming av tappevann

[ Oppvarming av rom

Figure 2.12: End-use of energy in Norwegian households
(Bergesen et al., 2012)

Over 60% of the emissions from residential buildings were indirect, meaning that they stem
from electricity use in buildings (Intergovernmental Panel on Climate Change, 2015).
Because of this high share of indirect emissions, values strongly depend on emission factors
in electricity production. As much as 1.3 billion people on the earth lacked access to
electricity in 2010, and 3 billion relied on highly polluting and unhealthy traditional solid
fuels for household cooking and heating. The development in building related emissions is
highly influenced by how these energy services will be provided (Intergovernmental Panel on
Climate Change, 2015). Furthermore, the IPCC lists migration to cities, decreasing household
size, increasing levels of wealth and lifestyle changes, increase in personal living space, the
increased numbers and use of appliances and equipment as factors that will increase energy

use in- and emissions from buildings.

van Sluisveld et al. (2016) points out the increasing number of appliances in households as an
important driver for increasing carbon footprint in the residential sector. The increasing
number of appliances comes with other unwanted side effects. In 2009, Standby power was

responsible for approximately 1% of global carbon dioxide emissions (Goodall, 2010), or 3-
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13% of residential electricity use (van Sluisveld et al., 2016), although this number is
probably decreasing because of more energy-efficient appliances entering the market.

2.2.2.3 Food

According to Steen-Olsen et al. (Accepted for publication), food and non-alcoholic beverages
contributed to about 10% of the total carbon footprint of Norwegian households. In a
COICORP Level 1 classification, food consumption has the third largest footprint, only beaten
by Transport (35%) and Housing (18%). When including restaurants, alcoholic beverages,
tobacco and narcotics, as well as the underreporting in the Consumer Survey, the total food
consumption is responsible for about 13% of the total Norwegian household carbon footprint
(Figure 2.9).

The Intergovernmental Panel on Climate Change (2015) suggests that the AFOLU
(Agriculture, Forestry, and Other Land Use) sector is responsible for about 24% of
anthropogenic GHG emissions mainly from deforestation and agricultural emissions from
livestock, soil and nutrient management. About half of these emissions come from

agricultural production.

Other studies find similar figures. Goodall (2010) found that indirect emissions from food
consumption in the UK in 2010 accounted for 15% of the carbon footprints of UK
households, while Stehfest et al. (2009) suggested that the livestock sector alone accounted
for 18% of global GHG emissions.

When calculating GHG emissions related to food consumption, all upstream emissions in the
food production chain are included. Processes that contribute to emissions are fertilizer use,

enteric fermentation, manure management and manufacturing among others.

Goodall (2010) identified the contribution of GHG emissions by different processes in the
food production. The most significant contribution came from:

o Fertilizer use generating nitrous oxide (21%)

e Methane from animals and slurry (15%)

e Landfill gas from rotting food: methane and CO2 (10%)
e Food and drink manufacturing and processing (8%)

The Intergovernmental Panel on Climate Change (2015) found that the largest GHG

emissions globally in the AFOLU sector come from:

e Land Use change and Forestry
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e Drained Peat and Peat Fires
e Enteric Fermentation
e Manure on Pasture

e Synthetic Fertilizers

GHG emission intensities of different food products can give insight to understand the
importance of diet choices on the emissions from our food consumption. On the worst end of
the scale, there is cattle meat that produce about 5.5 kg CO2-eq per kg consumed, in a life-
cycle perspective. On the other end, there is cereals producing well under 0.5 kg CO2-eq per
kg consumed (Figure 2.13) (Intergovernmental Panel on Climate Change, 2015).
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Figure 2.13: GHG emissions intensities of selected major AFOLU commodities for decades
1960s-2000

(Intergovernmental Panel on Climate Change, 2015)

Even though livestock contribute to a substantially larger carbon footprint than many other
food products, some argue that food production from livestock in intensive systems or on
overstressed grasslands are the main problem, and that sustainable food production systems

produce far less methane (Goodall, 2010).

The packaging of food products potentially makes up a large share of the total carbon
footprint associated with that food product. Goodall (2010) suggest that the energy costs to
make the packaging used for food are about two-thirds of the energy value of the food itself.
A study by Hospido et al. (2005) confirms this, suggesting that over 40% of total GWP of a
glass bottle of beer is attributed to its packaging elements. When it comes to type of
packaging material, Goodall (2010) argues that plastic packaging can outperform cardboard
and paper packaging, because plastic is light, embodies relatively little energy and does not

rot.
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2.2.2.4 Clothing
According to Steen-Olsen et al. (Accepted for publication), emissions from clothing and
footwear purchases contributed to over 5% (or about 1.1 ton CO2-eq) of the carbon footprint

of Norwegian households.

Generally, in other nations, clothing purchases seem to make up a somewhat lower percentage
of the total carbon footprint than in Norway (Hertwich and Peters, 2009). A UK study for
example reports that clothing makes up about 2% of the total direct carbon footprint of UK
households (Gracey and Moon, 2012)

The GHG emissions associated with consumption of clothing might be less obvious to the
consumer, because the emissions are mostly indirect. In fact, according to Goodall (2010),
clothing along with paper consumption, follow food as the most important of our personal

purchases in terms of their climate change impact.

The clothing lifecycle, as defined by Gracey and Moon (2012), is split into three stages
(Figure 2.14).

Materials & garment In-use End-of-life
supply Use and re-use, laundry, Re-use, recycling,
Fibre, yarn, fabric and storage incineration, landfill

garment production,
distribution and retail

Figure 2.14: Overview of the clothing lifecycle
(Gracey and Moon, 2012)

The consumer is responsible for all upstream emissions associated with the processes in
Figure 2.14, although some studies might account for the carbon footprint from the use phase,

such as laundry and storage, in the shelter consumption group.

Thomas et al. (2012) studied the carbon footprint of clothing and the contribution of upstream
processes to the footprint. They found that fabric production contributed to 33% of the total
footprint of a typical garment, followed by yarn production, fiber production and washing in

the use phase.

Concerning the fabric of clothing, studies seem to report different impact results, depending
on the choice of indicators. Goodall (2010) found wool to be the worst fabric in terms of

global warming potential (GWP), generating 80-90 kg CO2-eq per kg of clothing, while
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cotton and viscose only produced 30-40 kg CO2-eq per kg of clothing. Muthu et al. (2012)
evaluated ten chosen fibers based on two indexes, the Environmental Impact Index and the
Ecological Sustainability Index. They found the environmental impact to be the smallest for
organic cotton and the largest for acrylics and polypropylene. Wool was the fiber that

generated the sixth largest environmental impact.

2.2.2.5 Furnishings and Refurbishments

In EXIOBASEZ2, with different product classifications than COICOP, Manufactured
products: Household interior made up 3.7% of the carbon footprint of Norwegian households.
In a COICORP level 1 classifications, Furnishings, household equipment and routine household
maintenance contributed to 5.8% of the carbon footprint (Figure 2.9) and 4.8% of total
expenditure of Norwegian households in 2012 (Steen-Olsen et al., Accepted for publication).
It represented the fifth largest carbon footprint of the consumption groups in the COICOP
level 1 classification. Since relative share of carbon footprint is larger than the relative
expenditure share, it means that the multiplier is large for this consumption group. In fact,
Furnishings, household equipment and routine household maintenance has the second largest
multiplier of 52.8 gCO2-eq/NOK. Only transport is higher, with a multiplier of 96.8 gCO2-
eq/NOK. Examining the product group in more detail reveals that in the COICOP Level 3
classification, furniture and furnishings alone accounts for 1.8% of the total Norwegian

carbon footprint (Steen-Olsen et al., Accepted for publication).

According to Gonzalez-Garcia et al. (2011) the furniture industry is an assembling industry,
which employs several raw materials to manufacture its products. These products include

wood, metals, plastics, textile, leather or glass.

The high carbon footprint in this consumption group is likely a result of high number of
furnishing products per household combined with buying new products and scrapping old

ones at a high rate.

2.2.2.6 Paper

In EXIOBASEZ2, paper and paper products account for 0.5% of total carbon footprint of
Norwegian households. When including paper treatment and paper waste treatment, this
number increases to 0.9%. In a COICOP Level 4 classification, when adding together
emissions from consumption of books, papers and magazines and paper products, it adds up
to 0.5% of household carbon footprint. Other studies suggest paper consumption contributing
to about 1 % of total household carbon footprint (Goodall, 2010). According to the
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Intergovernmental Panel on Climate Change (2015), the pulp and paper sector contributed to
0.2 Gt direct energy- and process related CO2 emissions in 2010. They also provide CO2
emission intensities of paper and pulp production, with both direct and indirect intensities of

about 0.5 tons CO2/ton paper, with total emissions amounting to about 1.1 tons CO2/ton

paper.

According to Globalis (2016), the paper consumption in Norway in 2005 was about 170 kg
per person. The global average in 2013 was 57 kg per person. North America, the EU, Japan
and Oceania have consumption between 150-250 kg paper per person, while at the other end
of the scale, Africa has a consumption of under 10 kg paper per person.

The processes included in paper production are extraction of biomass, chemical or mechanical
pulping, paper production, printing, recovered pulping, waste paper energy extraction,
landfilling and incineration and transport (Laurijssen et al., 2010, Moberg et al., 2010). When
accounting for the carbon footprint of paper consumption, all the GHG emissions from these

processes are included.

According to Dias et al. (2007) and Moberg et al. (2010), the processes contributing to the
largest GWP are paper production, printing and distribution and final disposal in a decreasing

order, with about 50% of the total GWP generated in the paper production.

2.2.2.7 Other Sectors

Several other consumption groups contribute to household carbon footprint through indirect
emissions from purchases. Maybe the most prominent not yet discussed, are cement and
concrete (Figure 2.15) and plastic.

Cement and concrete production contributes to a substantial amount of CO2 emissions. The
estimates suggest that this sector contributes to 5-7% of global CO2 emissions, generating
900 kg CO2 per ton of cement produced. In Norway, the cement consumption per capita is
about 1/3 tons per year (SETIS, 2010).

Plastic waste generation per inhabitant in the EU-28 was about 30 kg in 2012 (Eurostat,
2015). Dormer et al. (2013) found that the carbon footprint of 1 kg of PET trays was 1.54 kg
CO2-eq.

Studies do focus on reducing plastic waste, such as plastic bags and plastic bottles. Some of
the actions suggested are reusing plastic bags and producing durable plastic products to

reduce the demand for primary energy and process energy (van Sluisveld et al., 2016).
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Regarding plastic waste recycling, van Sluisveld et al. (2016) suggest that 30% of post-
consumer plastic waste are mechanically recycled, while the rest undergoes a chemical

recycling process.

Cement and concrete as well as plastic waste are indirect sources of emissions, but studies
usually incorporate the carbon footprint in the products that use plastic, concrete or cement.
Hence, when calculating household actions to mitigate carbon footprint of plastic waste and

cement consumption, there is a risk of double counting.

Another curiosity is cell phones, which according to Goodall (2010) contain about 25 kg of
embedded GHG per piece. Only half of the emissions arise from the electronics. The high
embedded GHGs relative to the weight of a typical cell phone are according to Goodall
(2010) a result of the components and the phone being shipped long distances during the
manufacturing and sales process. Hence, he argues that phones and other small electronic
devices are of the few products other than fresh food for which transport emissions really
make a difference. As a result, leaving the cell phone charger in the wall socket and the use-
phase emissions matters little compared to the frequency of replacing the phone. He estimates
that a person who changes phone every year contributes to 38 kg CO2-eq. Besides the phone
production, running the network (29% of total) and leaving the charger in the socket (6% of

total) contributes most to the carbon footprint.
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Figure 2.15: Indirect sources of emissions from an individual’s purchases
(Goodall, 2010)

Cement production includes three main process: raw material preparation, clinker production

and clinker grinding and blending (Benhelal et al., 2013).

In accounting for the carbon footprint of plastic production, Dormer et al. (2013) includes the

following processes:

e Raw material inputs

e Manufacturing processes
e End-of-life

e Secondary packaging

e Transportation

According to Benhelal et al. (2013) the two main sources of CO2 emissions in cement

production are:

e Combustion of large amounts of mainly fossil fuels

e Decomposition of CaCOz3 to CaO and CO: as initial chemical reaction

In plastic production, Dormer et al. (2013) found the largest carbon footprints in the raw

material inputs (45% of total) and the manufacturing processes (38% of total).
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2.3 Measures for Reducing the Norwegian Carbon Footprint

The IPCC suggests that we need to reduce the anthropogenic GHG emissions by 40-70% in
order to reach the 2°C target of global warming. Considering a Norwegian per capita carbon
footprint of 10-11 tCO2-eq/year, we can calculate the needed absolute reduction. This
amounts to a 4-7.7 tCO2-eq reduction per capita, or a 8.6-16.6 tCO2-eq reduction per
household when considering the average Norwegian household of 2.15 persons in 2014
(Statistics Norway, 2014b). The production side will provide some of the reductions through
technology and efficiency improvements, given that overall consumption levels stay the same.
However, as pointed out in the introduction, studies suggest that changes on the production
side will not be enough to reach the 2°C target of global warming. There are complex
interactions between the consumption and production side as, changes one side will have
implications to the other side discussed in the introduction, and changes on both sides will be
necessary. Given these complex interactions. The scope of this thesis is to examine the
potential contribution of households, but these changes will influence the production side
through e.g. changes in demand. These macroeconomic effects need careful considerations,
but are outside the scope of this thesis.

If we are to achieve reductions on the consumption side, households need to change their
consumption pattern in a range of goods and services. Some studies have attempted to
calculate the possible reduction in carbon footprint through implementing a green lifestyle.
Goodall (2012) found a 75% reduction in UK household emissions through implementing a
wide range of measures. Gardner and Stern (2008) found energy savings in the range of 30-
58% doing a similar U.S. based study. Druckman and Jackson (2010) created a reduced
consumption scenario that resulted in 37% lower GHG emissions in UK emissions. However,
none of these studies included rebound effects. Some studies of complete lifestyle changes
include rebound effects, such as Druckman et al. (2011) who found an emission reduction of
2.3 tons CO2-eq per household by implementing three specific actions with rebound effects of
12-34% depending on re-spending. Alfredsson (2004) finds a reduction of 3.0 tons CO2 per
household by adopting a “green” consumption and a rebound effect of 14% using a marginal
spending pattern. While Murray (2013) find a reduction of 1.9 tons CO2-eq per household,
with rebound effects of 9-12% assuming marginal re-spending.

Gardner and Stern (2008) claim that a desire to reduce carbon emissions, combined with
knowledge of the financial and environmental benefits of mitigating actions, is insufficient. A

person, they claim, must also know which actions will produce the benefits. Furthermore,
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they state that people often mistake which mitigating actions are most beneficial, and that the
most readily information on sources of behavioral advice are not helpful. Following this logic,

a ranking of behavioral advice that curb climate change would be beneficial.

The approach used by Gardner and Stern (2008) is to produce a list of energy conservation
potential for 27 behavioral actions, both curtailment actions and actions that increase the
efficiency, either through buying new equipment or through modifying existing equipment.
An important finding is that efficiency-improving actions generally save more energy and
carbon emissions than curtailment actions. Furthermore, they also find it is often sufficient to
perform efficiency-improving actions only once, such as purchasing a more fuel-efficient car,
while many curtailment actions need continuing effort, such as car-pooling to work. On the
other hand, efficiency-boosting actions often come with a financial cost, while curtailment

actions can even lead to financial savings.

The following section provides a literature review of the GHG emission reduction potential of
different actions households can implement. The goal is to identify which actions are the most
effective and to identify important parameters that contribute to GHG emissions.
Furthermore, a goal of this section is to examine the changes required by the household to

achieve the potential benefits.

2.3.1 Transport
The Intergovernmental Panel on Climate Change (2015) lists the most important actions in

order to reduce GHG emissions from passenger and freight transport:

e Avoiding journeys when possible

e Modal shift to lower-carbon transport systems

e Lowering the energy intensity (MJ/passenger km or MJ/ton km)
e Reducing carbon intensity of fuels (CO2eq/MJ)

These categories involve sub-actions that are not possible on an individual level, such as
increasing investment in public transport and restructuring freight logistics systems. However,
many of the actions are possible on an individual level. These include internet shopping,

walking and cycling, using public transportation or buying low-emitting vehicles.

The Norwegian Environment Agency suggests along with the IPCC that households can take

the following actions to help reduce emissions of greenhouse gases (Miljgdirektoratet, 2015).

e Lessdriving
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e More bicycling and walking

e Avoid unnecessary travels

e More public transport

e More effective use of transport modes

e Reduce emissions from transport fuels

A common suggestion for reducing household’s carbon footprint in personal transportation is
cutting out all car trips under 3 km, and do these either by bicycling or walking instead.
However, the environmental benefits might not be as large as we would hope. Goodall (2010)
found that even though these trips account for a total of about one quarter of all journeys in

the UK, they only represent 3.5% of the total distance each person drives each year.

2.3.2 Shelter

The Norwegian Environment Agency (Miljgdirektoratet, 2015) suggested that buildings
accounted for 18% of total GHG emissions globally. To reduce the impact they say that the
most important actions households can take are to build more energy efficient houses,

rehabilitate old houses and reduce the energy use for residential heating.

For appliances, the Intergovernmental Panel on Climate Change (2015) suggests that each
individual equipment has an energy savings potential of about 40-50%. Recycling of
appliances such as computers and cell phones is an important measure, as it makes use of the
resources of the waste. Recycling instead of landfilling of appliances will not only reduce the
emissions from production of precious metals and minerals, but will also reduce the extraction

of these limited resources from the earth (Miljadirektoratet, 2015)

Goodall (2010) mention several household actions that can reduce GHG emissions from
buildings. For house heating, these include installing a more efficient boiler, reducing internal
winter temperature, and installing better insulation. A common suggestion for reducing GHG
emissions related to household heating and cooling is increasing indoor temperature by 1°C
when cooling is needed and decreasing it by 1°C when heating is needed (van Sluisveld et al.,
2016). Goodall (2010) suggests a reduction potential of about 20% for emissions associated
with home heating and cooling. A further 8% GHG emission reduction is achievable by
measures in water heating, such as installing a more efficient boiler, replacing the showerhead
and taking less hot and shorter showers. By reducing the use of lighting and installing energy-
efficient lightbulbs, a further 5% reduction is achievable. Finally, by replacing old appliances
with more efficient ones, a 12% additional GHG emission reduction is possible.

35



As mentioned in the introduction, calculations of GHG emissions include all upstream
emissions in the production phase of goods and services. The share of the total energy use
outside the use-phase depends on many factors, such as the lifetime of the product, the energy
use in operation of the product, the materials used in production, the location of producing
and using the product and transportation to the store among others. There are also large
variations between products, when it comes to the share of energy use in the use phase.
According to Gonzalez et al. (2012) use-phase emissions out of the total is about 99% for
lighting products, about 90% for major appliances and in the range of 20-60% for electronic
devices. A crude assumption is that for all the products in average, 90% of emissions occur in
the use-phase.

Assuming that the household uses electricity as energy source and that emissions from
electricity production is close to the Nordic electricity mix of 0.117 kg CO2-eq/kWh
(ENOVA, 2013), we can calculate the reduced emission, based on the energy use reductions
above. According to Statistics Norway (2014a), the average Norwegian household used 20
230 kWh of energy in 2012.

2.3.3 Food

Miljgdirektoratet (2015) reports that the amount of food waste in Norway is substantial. They
find that food waste is the type of waste with the largest increase in Norway, and that 2/3 of
the food thrown away is edible. Based on this, they recommend Norwegian households to buy
less food and throw away food waste. According to them, by reducing food waste, we can

reduce total global GHG emissions by 1-12%.

Goodall (2010) found that a reduction of 68-85% compared to current GHG emissions related
to food consumption was possible, depending on how radical of a change the consumer
makes. He found the following actions to be the most important to curb household GHG
emissions in the food sector:

e Switch to organic food

e Buy local food

o Eat less meat and dairy

e Buy minimally packaged food
e Avoid processed food

e Compost all organic materials
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e Avoid supermarkets
Stehfest et al. (2009) found that a change in diet alone could result in GHG emission savings
of 34-64% compared to the ‘business-as-usual’ scenario. A switch to a healthy diet would for

example save 36% GHG emissions.

The Intergovernmental Panel on Climate Change (2015) suggests that changes in diet towards
plant-based and less GHG intensive food can result in yearly global GHG emission savings of
0.7-7.3 GtCO2-eq by 2050. Reducing food losses and waste in the supply chain from harvest
to consumption can reduce yearly GHG emissions by 0.6-6.0 GtCO2-eq.

Many studies focus on the need for replacing meat consumption and other animal food
products with plant-based products. Miljgdirektoratet (2015) suggest that making this
replacement, while at the same time maintaining the amount and quality of proteins, we can

reduce total global GHG emissions by 1-14%.

Other studies focus on a full switch to vegan or vegetarian diets. Grabs (2015) found a 20%
reduction in GHG emissions from food consumption for households when switching to a
vegetarian diet. A similar UK study found GHG emissions reductions of 18-30% for a switch

to different types of vegetarian and vegan diets (Berners-Lee et al., 2012).

Some studies include the cost changes to the household of changing diet. A recent Swedish
study suggested a 16% reduction in food expenditures from food consumption for households
when switching to a vegetarian diet (Grabs, 2015). Alfredsson (2004) finds similar numbers
with a cost reduction of 15% for a change to a “green” diet. A similar study in the UK found
cost reductions of 5-15% for a switch to different types of vegetarian and vegan diets
(Berners-Lee et al., 2012).

With 20-25% of food purchased by Norwegian households going to waste (Matvett, 2014),

we can assume a 20-25% reduction in food costs by eliminating food waste.

2.3.4 Clothing
Goodall (2010) comes with the following suggestions for reducing the household carbon

footprint associated with clothing and textiles:

¢ Avoid wool because of methane emissions from sheep
e Buy fewer clothes, but with better quality
¢ Organic cotton only marginal reduces emissions

e Transport emissions are small for clothes
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e Dry cleaning does is not an important source of emissions for clothes

e Avoid unnecessary tumble drying and ironing

Based on 10 measures, Thomas et al. (2012) estimate the carbon footprint reduction potential

of clothing to be 21% (Table 2.1). In an optimistic future situation in the UK where

significant reductions have occurred for each measure, they estimate that the reduction can

increase to 71%.

Reduction measure

Baseline

Reduction

Reduction %

Eco-efficiency across supply chain
(production, distribution and retail) —
Central scenario - 5% reduction for all
fibres across supply chain

(t CO.e)

38,175,293

(t CO5e)

1,563,219

-4.1%

Design for durability (and product lifetime
optimisation) - Central scenario - 10%
longer lifetime of clothing

38,175,293

2,941,203

-1.7%

Shift in market to higher proportion of
synthetic fibres - Central scenario -
replace 10% of cotton with 50:50 poly-
cotton. (Data exclude in-use savings)

38,175,293

164,150

-0.4%

Clean clothing less — Central scenario -
washes per year reduced by 10%

38,175,293

989,905

-2.6%

Wash at lower temperature — Central
scenario - weighted average wash
temperature of 39.3°C

38,175,293

549,604

-1.4%

Increase size of washing and drying loads
— Central scenario - load increases to
3.7kg

38,175,293

531,538

-1.4%

Use the tumble dryer less - Central
scenario — 30% reduction in tumble dryer
use in summer

38,175,293

430,367

-1.1%

Dispose less — re-use more — Central
scenario — 15.4% of clothing ultimately
reused in the UK

38,175,293

272,063

-0.7%

Start closed loop recycling of synthetic
fibres - Central scenario — 5% of all
clothing is recycled (closed loop)

38,175,293

352,144

-0.9%

Dispose less - recycle more (open loop) -
Central scenario — 38% of all clothing is
recycled open loop

38,175,293

195,729

-0.5%

Cumulative reduction™®

7,989,921

-20.9%

Table 2.1: Measures to reduce the carbon footprint of clothing

(Thomas et al., 2012)
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2.3.5 Furniture

Households that wish to lower the carbon footprint associated with furniture consumption,
can either consider the materials used in the furniture (Mitchell and Stevens, 2009) or increase
the lifetime of the products, either by keeping them for a longer time, reusing or refurbishing
them or by buying or selling second-hand products (Castellani et al., 2015, Gonzélez-Garcia
etal., 2011).

Linkosalmi et al. (2016) argues that the furniture industry has raised environmental
performance of furniture materials and manufacturing as one of their main improvement focus
areas. Mitchell and Stevens (2009) find that through using 20% recycled medium-density
fiberboard (MDF) up to a 0.52 tons of CO2-eq savings is possible for each ton of finished
MDF board produced.

2.3.6 Paper

The literature presents several calculations on GHG reductions from household measures to
curtail paper consumption. Goodall (2010) argues that the two most important things to do is
to buy fewer magazines and newspapers and minimizing the amount of cardboard coming

into the home.

By using print management systems, studies have found a reduction of 25-32% in paper
consumption (Canonico et al., 2009, Dempsey and Palilonis, 2012). Combining print
management systems with double-sided printing, as mentioned in Dempsey and Palilonis

(2012), would further reduce the paper consumption.

Klimahandling.no (2016) states that each Norwegian household receives 45 kg of unsolicited
mail and advertising in their mail box each year. By eliminating this, a reduction in the carbon
footprint is possible at no cost for the household. Salhofer et al. (2008) did the same
calculation on unsolicited mail, and found the reduction potential to be 13.5kg/cap. A
somewhat lower number than for Norway when considering the average Norwegian
household size of 2.22 people in 2012. However, Salhofer et al. (2008) include households
that already refuse unsolicited advertising, resulting in a lower figure than assuming that a

specific household that receives unsolicited advertising and mail stops to do so.

According to Moberg et al. (2010), by switching from newspapers to e-papers, it is possible to
reduce the carbon footprint from 20 kg CO2-eq/year per reader to 10.2 kg CO2-eq/year per
reader.
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Moberg et al. (2011) did a life cycle assessment of the global warming potential of a book

versus an e-book and found the values to be 1.3 and 0.87 kg CO2-eq per piece respectively.

2.3.7 Plastic

Considering that the average Norwegian person produces 7 kg of plastic waste each year
(Statistics Norway, 2015a), reducing this waste will shrink the carbon footprint of households.
Many studies that calculate the carbon footprint of plastic waste focus on items such as plastic
bags, plastic bottles and plastic packaging (Muthu et al., 2011, Botto et al., 2011, Dormer et
al., 2013). Botto et al. (2011) found the carbon footprint of bottled water to be 250 times
greater than that of tap water. Muthu et al. (2011) pointed to the importance of a higher
percentage of reuse and recycling of shopping bags instead of landfilling in order to scale
down the carbon footprint. They found that plastic bags had 3-4 times the carbon footprint of

non-woven bags.

2.4 The Rebound Effect!

The rebound effect stems back to 1866 and the Jevons Paradox (Jevons, 1866). Through
observations in the coal market, Jevons argued that technology improvements in production
ultimately led to increased consumption of coal through economic mechanisms. These
mechanisms start with a technological improvement, leading to increased efficiency in one
sector of the economy that reduces the input of resources required in the production of a
certain good. This makes the production of the good cheaper, and reduces the price of the
good. A reduced price then leads to an increased demand of the good. Hence, the initial
technology improvement results in increased consumption of the good. Particularly for goods
and services associated with high GHG emissions per unit produced, this means that the
hoped for reduction in emissions, as an effect of the technological improvement, are not as
high as expected. This is known as the rebound effect (Jevons, 1866, Saunders, 1992).

As energy efficiency improvements came under increasing study, the concept developed
much further in the 1990s. In 1992, Saunders (1992) created the Khazzoom-Brookes
Postulate, based on Daniel Khazzoom’s and Leonard Brookes’ independently developed
observations about increased energy efficiency paradoxically leading to increased energy

consumption. Using neoclassical growth theory, Saunders proved that this was possible under

! This section is modified from the literature review of my master project (Fall 2015)
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certain reasonable conditions. The postulate laid the foundation for several empirical studies
and for constructing the problem of the rebound effect.

Today there is substantial research on the rebound effect in several sectors of the economy.
The sectors receiving most attention by researchers are transportation services and electricity
services such as space-heating and electric end-uses (Thomas and Azevedo, 2013b, Druckman
et al., 2011, Font Vivanco et al., 2014, Chitnis and Sorrell, 2015, Brannlund et al., 2007,
Briceno et al., 2005, Small and Van Dender, 2007, Spielmann et al., 2008). Some research
also exist on the rebound effect of a change to a “green diet” (Grabs, 2015, Alfredsson, 2004).
There can be many reasons why these particular sectors are the focus of study. One is that
these goods and services account for a large share of the budget of households. Another is that
it is relatively easy for consumers to alter their consumption patterns within these
consumption sectors. For example, a switch from personal car transport to public transport, a
switch to a “greener” diet or reducing the indoor thermostat down by 1 °C are all possible
adjustments for most households. Maybe the most important reason for the focus on the
mentioned sectors is the combination of high expenditure shares and high GHG intensity,
meaning that these categories account for a large share of the total GHG emissions from
households. Chitnis et al. (2014) found that the categories responsible for the highest share of
total household GHG emissions were food and non-alcoholic beverages, electricity, vehicle
fuels and other transport. If households wish to lower their GHG emissions, they should focus

on such sectors of high GHG emission intensities combined with large expenditure shares.

Reducing the household GHG emissions will be play an important part in achieving
sustainable development for future generations. Sustainable development is development that
meets the needs of the present without compromising the ability of future generations to meet
their own needs (World Commission on Environment and Development., 1987). Such
development involves sustainability in both production and consumption. While sustainable
production typically focuses on technical measures to increase efficiency in production, the
focus of sustainable consumption is rather on behavioral measures that aim to either reduce or
change consumption. However, Hertwich (2005) observed that many policy makers see the
role of sustainable consumption as promoting new sustainable products. He points out that
sustainable consumption is much more than this, and mentions the importance of secondary
effects such as behavioral spillover effects, where one environmentally friendly behavior can
lead to another secondary environmentally friendly effect across behavioral categories
(Thagersen and Olander, 2003). Another aspect is the enabling effects of new product
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solutions for households. These effects can be critical for the environmental impacts and
allows for collaboration between those working on sustainable production and consumption
(Hertwich, 2005).

A projection by the International Energy Agency (IEA) illustrates the important link between
sustainability in production and consumption and the rebound effect. They estimate that by
2030, one half of the lowest-cost GHG abatement options in Organization for Economic
Cooperation and Development (OECD) countries will come from energy efficiency, largely in
end use technologies (IEA, 2009, as cited in, Thomas and Azevedo, 2013Db). If these energy
efficiency improvements result in large rebound effects, it will negatively influence
sustainable development. In other words, if consumers react to these efficiency improvements
in production by increasing their consumption of the good or service, like in the case of the
Jevons Paradox, the potential GHG abatement resulting from the efficiency improvement is
partially or fully lost.

Policymakers and research funders do seem to draw the connection between sustainable
consumption and the rebound effect (Hertwich, 2005) and studies of sustainable consumption
do include the rebound effect through the analysis of household environmental impacts.
Consumption data typically come from consumer expenditure surveys. An example of an
analysis on sustainable consumption and the rebound effect is Goedkoop et al. (1999) who
studied car sharing as a means towards sustainable consumption. They found that cars owned
by individuals are only in use for one hour each day, so the potential for sharing was large.
Sharing cars is associated with lower expenditures, so the rebound effect comes into play

when people re-spend the saved money from implementing car sharing.

2.4.1 Types of rebound effects

Generally, we divide the rebound into three types of effects: direct, indirect and
macroeconomic rebound effects (Greening et al., 2000, Sorrell and Dimitropoulos, 2008). The
following section uses this classification, but also includes a discussion of other types of

rebound effects.

Within the field of energy economics, the rebound effect has received much attention. They
define the rebound effect as increased consumption of an energy service due to improvements
in efficiency, making the service cheaper (Sorrell et al., 2009). An example of this is

increased fuel efficiency in cars, where technology improvements enables the consumer to
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drive longer on the same amount of fuel and at the same cost, compared to before the

efficiency improvement.

2.4.1.1 Direct

The direct rebound effect in the previous example arises from the change in driving distance
after the efficiency improvement. If driving decreases after the technology improvement,
there is a negative rebound effect. If driving increases, but there is still a total reduction in
GHG emissions, we have a positive direct rebound effect. If driving increases to such an
extent that the total GHG emissions increase, despite the efficiency improvement it is known
as a “backfiring” effect (Brookes, 2000). Generally, we have a positive direct rebound effect
when technological improvements or behavioral changes associated with a specific good or

service lead to increased consumption of that good or service.

The size of the direct rebound effect varies greatly with the goods and services examined,
depending on variables such as consumption sector, short-term versus long-term effects,
income levels and region and year of study, (Thomas and Azevedo, 2013b, Binswanger, 2001,
Sorrell et al., 2009, Small and Van Dender, 2007).

2.4.1.2 Indirect

The indirect rebound effect arises when decreased or changed consumption in one specific
consumption sector, leads to increased consumption in one or several other consumption
sectors. The effect is a measure of how GHG emissions from re-spending on other goods and
services offsets GHG emissions saved from a changed consumption in one specific

consumption sector.

The sources of indirect rebound effects are many. A lowered price of one good or service, can
lead to increased consumption of another good (Gillingham et al., 2013). Technological
improvements in one consumption sector, can lead to freed up income that the household
spends on other goods and services. Households can also actively induce an indirect rebound
effect by implementing actions or buying products that save money and GHG emissions,
which they later use on other goods and services (Druckman et al., 2011).

As the sources of the effect vary, the methodology to calculate the indirect rebound effect also
vary. Several studies within energy economics often take the approach of the indirect rebound
effect stemming from a price change on one or several goods and services (Thomas and
Azevedo, 2013a, Thiesen et al., 2008, Gillingham et al., 2013). In these type of studies,

43



typically the price of energy drops, leading to marginal changes in spending on other goods
and services (Thomas and Azevedo, 2013b).

Other studies that take the approach of the household actively implementing actions that save
GHG emissions and money (Druckman et al., 2011, Alfredsson, 2004, Murray, 2013). These
studies typically do not consider price changes. In such studies, the indirect rebound effect
emerges because of supply chain emissions associated with the re-spending of the saved

money on goods and services.

Some researchers have found an inverse relationship between the direct and the indirect
rebound effect (Thomas and Azevedo, 2013b, Chan and Gillingham, 2015). This is rational,
since a small direct rebound effect indicates less money spent on the good or service in
question, and more money saved that later is spent on other goods and services, creating a
larger indirect rebound effect (Economic Consulting Associates, 2014). Using the same logic,
a large direct rebound effect would give a small indirect rebound effect. Because of this
inverse relationship, the GHG intensity of the expenditure categories in which the saved
money is re-spent, is crucial for the environmental performance of the expenditure choice. If
the consumption category in which the household saves money has a low in GHG intensity,
chances are, households re-spend the money in consumption categories with relatively higher

GHG intensities, resulting in worse environmental performances.

How the saved money is re-spent also varies between income groups. Some studies find an
inverse relationship between rebound effects and household income (Thomas and Azevedo,
2013Db, Chitnis et al., 2014). Additionally, when comparing countries, studies find higher
rebound effects in developing countries than developed ones, due to a high energy intensity of
goods and services purchased in developed countries (Economic Consulting Associates,
2014). A reason for this, they find, is that inhabitants of developing countries are more likely
to spend the extra money on energy intensive appliances that are already common household

items in developed countries.

2.4.1.3 Macroeconomic

Macroeconomic rebound effects are a result of complex interaction between economic actors,
both consumers and producers. Hertwich (2005) argues that an energy efficiency
improvement must lead either to substantial economic growth or to substantial reductions of
energy use. The question is how the effect of the improvement distributes throughout the

economy.
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Greening et al. (2000) and Barker et al. (2009) present two different macroeconomic effects

using examples from energy economics:

e Economy-wide effects: An energy efficiency decreases the demand for fuel, lowering
the fuel price. This price reduction again increases the demand for fuel. A fall in the
real price of energy services reduces the price of goods in the economy, leading to a
series of price and quantity adjustments, with energy-intensive goods and sectors
gaining at the expense of less energy-intensive ones. Energy efficiency improvements
may also increase economic growth, which increases energy consumption.

e Transformational effects: Arise from technology change that alter the consumer’s
preferences, as well as social institutions, and rearrange the organization of

production.
Gillingham et al. (2013) mention two macroeconomic effects:

e Price Effect: Efficiency improvements in an economic sector in a country leads to a
lower price of a good in that country, but also leads to a price reduction of the good
globally. This could potentially lead to an increased consumption of the good globally.

e Growth Effect: Increased energy efficiency in one sector creates opportunities in
other sectors that consume more energy. E.g. development of lighter materials for

fuel-efficient cars also lead to better airplanes and increased aviation

It seems as the economy-wide effects in Greening et al. (2000) can essentially be broken
down into the growth effect and price effect of Gillingham et al. (2013).

The macroeconomic effects are often hard to pin down (Gillingham et al., 2013) and because
of many economic features influencing each other, it is difficult to draw unambiguous
conclusions on these effects. These economic features include energy consumption induced
by a lower market price for energy, changes in economic structure, economic competiveness,
investment and disinvestment, and labor market changes resulting from energy efficiency
investments (Thomas and Azevedo, 2013b). Because macroeconomic effects are difficult to
pin down, Integrated Assessment models usually omit possible interactions between impacts
in one sector and impacts in another. Instead, these models calculate the impact on a sector-
by-sector basis, and then add them up to arrive at the overall economy-wide impact (Stern,
2007). Other models, such as some computable general equilibrium (CGE) models or the

World Trade Model (WTM) can capture macroeconomic effects. Simpler forms of these
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models typically do so by setting up linear programming approaches on input output tables
(Duchin, 2005).

2.4.1.4 Time

A sub-type of rebound effects that is often not included in rebound studies are time rebound
effects. This is a rebound effect based on time efficiency in consumption. If consumers can
consume a product or service in less time, they tends to demand more of it (Achachlouei and
Hilty, 2014). An example of a time rebound effect from the transport sector is development of
faster cars (combined with an assumed increase in speed limits), where consumers will spend
less time driving to their destination. If the consumer ends up driving a longer total distance,
we have a time rebound effect. Some research has shown evidence of this. An example is
faster transport leading to people expanding their radius of action, but keeping their total

travel time constant (Hertwich, 2005).

Although some studies recognize the time dimension (Reisch, 2001, Binswanger, 2001), there
is a lack of empirical research on time use and the environmental impacts of consumption
(Jalas, 2002).

2.4.1.5 Other

Some studies discuss other types of rebound effects, though these are rarely considered.
Madjar and Ozawa (2006) propose, in addition to direct, indirect and macroeconomic effects,
a differentiation between physical and psychological rebound effects. Indicators for
psychological rebound effects include fulfillment of needs and enhancing happiness. They
also propose an expansion of physical indicators based on the scarcity of resources, such as
the mentioned time rebound effect, space or volume constraints, skills, information and
energy. Hertwich (2005) also encourages a decomposition and expansion of rebound effects,
and suggests that behavioral changes can have indirect effects not mediated through the price
mechanisms, such as one type of environmentally friendly behavior having a spillover effect
to other types of behavior. Another is technical changes enabling other emission-reducing
technologies. He states that such behavioral rebound and spillover effects can be either

positive or negative and are to a large degree not covered in research.

2.4.2 Rebound Mechanisms
Economic mechanisms that explain why consumers change their spending patterns are
important in studies of rebound effects. Most of these economic mechanisms start with an

energy efficiency improvement. Since the mechanisms are of an economic nature, the
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assumption in this section is that consumer only react to changes in prices of goods and

services, rather than making active consumption decisions themselves.

2.4.2.1 The Price Elasticity of Demand

The definition of the price elasticity of demand is the percentage change in quantity
demanded in response to a one percent change in price. In the economic literature, it is
common to model the rebound effect as the price elasticity of demand. In fact, the concept of
the rebound effect came about to describe the price elasticity of energy demand (Khazzoom,
1980, Binswanger, 2001). This notion of the rebound effects referred to the substitution effect
between energy-related services. An example is an increase in the fuel efficiency of cars,

leading to consumers preferring car use over other transport modes (Jalas, 2002).

2.4.2.2 Income- and Substitution Effects

The income elasticity of demand is the ratio of the percent change in demand to the percent
change in income. The income effect particularly relates to the indirect rebound effect when
an increased efficiency in a sector of the economy leads to saved money for the consumer.
The income effect studies the change in consumption resulting from a change in real income.
In economic theory, the distribution of additional income among goods and services depends
on whether the good is an inferior, normal or luxury good. Inferior goods are associated with
a negative income elasticity of demand, meaning that increased income leads to decreased
demand of the good. A normal good has a positive income elasticity of demand less or equal
to one, meaning that increased income is associated with increased demand of the good.
Luxury goods have income elasticities greater than one, where a one percent increase in

income leads to a demand increase greater than one percent.

A substitution effect arises when prices increase, and consequently consumers prefer luxury
goods rather than inferior goods. Staying with the example of an increase in fuel efficiency,
decreasing the cost of driving, the substitution effect comes into play when consumers

substitute car use for other transport modes.

Figure 2.16 shows the difference between the income effect and the substitution effect. The
initial situation is point A, where the consumer maximizes utility by consuming an amount of
good X and an amount of good Y. The line BC1 gives the budget constraint. A price decrease
in Y then shifts the budget constraint to BC2. The substitution effect is the move from A to B,
where the consumer replaces some consumption of X for more consumption of Y. The

income effect is the move from B to C. Because the consumer now has a higher disposable
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income, he/she can move to a higher indifference curve. We see that Y in this figure is an

inferior good, as consumption of Y decreases when the income increases.

Good X

.SC
X2
X1
12
Xs \ B
11
BCL .. BC2
Y1l Y2 Ys Good Y

Figure 2.16 Substitution and income effects
(Jrincayc, 2008)

So how does this relate to the rebound effect? The income effect describes how additional
income distributes among consumption categories, as these categories differ substantially in
GHG intensities. The substitution effect relates to the rebound effect in how price changes
lead to changed consumption of different goods. Thus, it is possible to manipulate consumer
behavior through changing the price. An example of this is raising the price of fuel or making

bus tickets cheaper.

Different measures to reduce GHG emission lead to different effects. Energy efficiency
improvements such as a fuel efficiency increase, lead to both substitution and income effects.
Behavioral changes, such as a switch to use of public transportation lead to income effects, as
the price of the service remains the same (Chitnis et al., 2013).

In order to estimate the income and substitution effects, specific data is required. Both

substitution and income effects require estimates of the GHG emission intensities and

expenditure elasticity of different categories of goods and services. In addition, calculating the
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substitution effect, requires estimates of own-price and cross-price elasticities of different
categories of goods and services. By using cross-sectional data on household expenditures, it
is possible to estimate income effects, but not substitution effects because of small price
variations within a specific year. On the other hand, by using time series or pooled cross-
sectional (from multiple years) data on household expenditures, it is possible to estimate both
income and substitution effects since prices vary significantly from year to year (Chitnis et al.,
2013).

Some researchers have examined whether the rebound effect is mostly an income effect or
price effect. Lovins (1988) argued that it is most likely an income effect rather than a price
effect. Binswanger (2001) found that in a multi-services model, it is hard to make general
statements about the rebound effect. The magnitude of the rebound effect depended on the
assumptions about the substitutability between the services considered and the direction of the
income effect. In a study on improving the household efficiency of home heating Dubin et al.
(1986) argue that the rebound effect of 8-13% is primarily a price effect. The basis for
analyses on the indirect rebound effects often is an increase in disposable income. Hence, it is

likely that in such analyses, the effect is primarily an income effect.

2.4.2.3 Secondary Effect and Embodied Energy

Gavankar and Geyer (2010) identify two mechanisms relating to the indirect rebound effect.
The secondary effect mechanisms, where energy consumption in goods and services increases
because of an efficiency improvement in a different energy service. This effect typically
arises because of an income- or substitution effect. The embodied energy mechanism involves
the energy needed to achieve the enhancement in efficiency, such as in the case of a fuel-
efficient car. This mechanism comes into play when replacing the existing product with the
new product that includes the efficiency improvement.

The mechanisms behind the indirect rebound effect explain why consumers change their
spending pattern and how these changes result in different types of rebound effects. However,
the assumption of a passive role of the consumer only reacting to changes in prices of goods
and services is not the approach in all studies on rebound effect. Instead, some studies assume
that consumers actively wish to reduce their carbon footprint, and suggest a set of actions that
changes behavior to achieve these reductions (Druckman et al., 2011, Briceno et al., 2005,
Alfredsson, 2004, Chitnis et al., 2014, Murray, 2013, Grabs, 2015, Thiesen et al., 2008).

Several of these articles are more relevant for the approach of this thesis.
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2.4.3 Measuring Rebound Effects

In the rebound framework used in the literature, the actual energy- or GHG emission savings
is equal to the expected savings minus the rebound effect (Figure 2.17). Despite the various
use of methods, units and consumption sectors of focus in the literature, most researchers

seem to use this framework.

Realized
Energy

Savings

Figure 2.17 Energy savings and the rebound effect
(Gavankar and Geyer, 2010)

However, there does not seem to be an agreed upon classification of the magnitude of the
rebound effects. Hertwich (2005) suggests a classification of the rebound effect into three

categories:

e Weak rebound effect: Efficiency measures are not as effective as expected
e Strong rebound effect: Most of the expected energy savings are not achieved
o Backfire effect: The efficiency measure leads to increased energy demand

A backfire effect would mean negative results in the equation (Figure 2.17). Studies present
results of the rebound effect in percent, but a classification of the magnitude is not common.
Hence, it is difficult to quantify Hertwich (2005)’s weak and strong rebound effects.

Many studies within the energy economics literature simultaneously measure the direct and
indirect rebound effects by applying a system of demand models for goods, such as the
Almost Ideal Demand System (AIDS) model (Thomas and Azevedo, 2013b, Deaton and
Muellbauer, 1980). These models measure to which extent goods are complements and
substitutes as well as the marginal changes in spending patterns as incomes rise and prices
change, through measuring income and price elasticities. A weakness to this approach is that
it does not account for time trends and changes in variables over time, such as technology

development. Another important weakness to the approach is that it only accounts for Scope 1
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emissions (combustion) and Scope 2 emissions (e.g. purchased electricity). It often does not
account for Scope 3 emissions, which are supply-chain emissions associated with extracting
materials, manufacturing, distributing and selling goods and services (Greenhouse gas
protocol, 2012, Thomas and Azevedo, 2013b). Including Scope 3 emissions can alter the
results substantially. In some cases, these are larger than total Scope 1 and Scope 2 emissions
combined, which was the case when Cambridge University in 2012/2013 calculated the total

carbon costs of their university as a whole (Cambridge University, 2014).

Rebound effect literature that include Scope 3 emissions typically do so by using
environmentally extended input-output analysis (EEIO) or LCA (Druckman et al., 2011,
Briceno et al., 2005, Hertwich, 2005, Lenzen and Dey, 2002, Alfredsson, 2004, Thomas and
Azevedo, 2013a, Chitnis et al., 2014, Font Vivanco et al., 2014). Other papers combine LCA
or IOA with different regressions methods (Nassen and Holmberg, 2009, Su, 2012). EEIO
also combine modelling of all upstream emissions of a product with data on the monetary
flows in the economy. By creating a database on a large number of products, EEIO can
measure Scope 3 emissions across a range of different goods and services. Because it enables
distributing re-spending across a variety of goods and services, EEIO is a valuable tool in

rebound effect calculations.

It is possible to look at rebound effect from either a consumer or a producer perspective.
Following Girod et al. (2011), classical economic theory sees the perspectives as connected
since producers wish to maximize their output Q(C, L, N), limited by C — capital, L — labor
and N — natural resources, while consumers wish to maximize their utility U by consuming an
amount of x (i, t) all types of goods, i = 1, ..., i at time t. Different types of household
resources j = 1, ...,j and the total amount of this resource A,..¢(tot, j, t) restrain the
household consumption. These resources include time, income, storage space or skills. We
can see the connection between the producer and the consumer through monetary flows that
go from the producer, through the labor market to the household, and through consumption,
back to the producer. Households provide producers with labor, while producers provide

consumers with goods and services.

The connection between consumers and producers is somewhat similar to a simplified version
of the macroeconomic rebound effects discussed earlier because of the many stages of
influencing each other. The following example involves only two actors, while for the
macroeconomic effects there are numerous actors such as countries, industries and

consumers.
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A technological efficiency improvement in production enables the manufacturer to produce
the same amount of goods or services with less input of labor, capital or natural resources.
This reduction in input means a cost reduction for the producers, often accompanied with a
reduction in emissions. However, since the producer wishes to maximize output, he increases
production, making the most of the inputs. This increased production and associated increase
in emissions is equivalent to a rebound effect on the supply side. However, the producer does
not gain this increase in production unless the consumer increases demand. According to the
theory of maximizing utility, if an increase in consumption of a product leads to increased
utility, the consumer will increase demand. This increased demand is not possible without an
increase in income for the consumer. The producer supplies the consumer with additional
income through increased production input in form of labor, and possibly a decreased price of
the product because of higher demand. Households spend the additional income on a variety

of goods and services, resulting in a demand side rebound effect.

As it appears in classical economic theory, the rebound effects on supply and demand sides
have a circular connection. Partly because of this circular connection and because of double
counting, studies typically do not focus on rebound effects in production and consumption at
the same time. Most studies on the field do take a demand side perspective. The approach of
this thesis is taking a demand side perspective, but additionally, households change
consumption based on a motivation to lower their carbon footprint, rather than based on price
changes. In order to lower their carbon footprint, households need information on how their
lifestyle contributes to GHG emissions and which actions they can take to lower these

emissions.

2.5 Spending Patterns

A central question in the rebound literature is how people spend additional income. Two of
the most common beliefs are the average and marginal spending pattern approaches. The first
assumes that people spend additional income in proportion to their current consumption
patterns, while the second assumes that consumption patterns change with increasing income.
In addition to these two main approaches, | include a discussion of alternative approaches to

calculating spending patterns.

2.5.1 Average
Calculating re-spending according to average consumption bundles means re-spending the

money saved in the same proportion across goods and services as the current spending
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pattern. Another name for this approach is proportional re-spending. It is often used to
examine the energy intensity of the economy using input-output tables (Gillingham et al.,
2014). Using proportional re-spending of saved money is the chosen methodology in several
studies of the rebound effect (Lenzen and Dey, 2002, Takase et al., 2005, Freire-Gonzalez,
2011, Thomas and Azevedo, 2013a). However, many studies estimate the average spending
patterns in addition to marginal spending pattern approaches to explore the difference
between them (Thomas and Azevedo, 2013a, Freire-Gonzalez, 2011, Thiesen et al., 2008).

2.5.2 Marginal

The central question when calculating marginal spending patterns is how individuals or
households spend an incremental increase in disposable income. In the case of Norwegian
households, the question is how they spend one additional NOK. In theory, the households
would make a conscious decision of how they would allocate this small income increase
across available goods and services. In practice, households would not distribute such small
increases in disposable income across a wide range of goods and services, but for larger
increases in income, a pattern different from the average spending pattern would most likely
emerge. The approach to calculate how households spend additional money is to break down
the population into different income groups and study how expenditures patterns differ
between them (Hertwich, 2005). When moving from a lower income group to a higher one, it

should tell us something about how households spend additional money.

Thiesen et al. (2008) take a marginal consumption pattern approach. By using data that come
from Danish household consumer expenditure surveys, they examine marginal income
changes and the resulting changes in consumption patterns. Hence, they find short-term
changes in consumption patterns. They assume that the consumption pattern of the household
changes towards the consumption pattern of the adjacent higher income group. However, they
assume this for small income increases. It is possible that for small income increases and
small time-steps, there is a certain inertia in spending pattern changes, meaning that people
spend the extra money according to average, rather than marginal spending patterns. Thiesen
et al. (2008) also find that the difference between average and marginal spending patterns is
relatively small, and suggest using average consumption patterns as a first proxy to include
marginal consumption. The paper also ignores the possibility of people saving up money for

consumption on a specific product or service.
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Gillingham et al. (2014) find two different approaches to estimating marginal spending
patterns. One is to compare consumption patterns across income brackets using cross-
sectional data, such as in Thiesen et al. (2008) (as cited in Gillingham et al., 2014). The other
approach, used in Druckman et al. (2011) uses income elasticities that are based on how
consumers change demand for goods and services over time as income rises. The latter
approach relies on having data on expenditure elasticities on goods and services. An
expenditure elasticity, also known as the income elasticity of demand, is a measure of the
responsiveness of expenditure on, or the quantity demanded of, a good to a change in income,

ceteris paribus (Browne et al., 2007).

The two approaches presented by Gillingham et al. (2014) to estimating marginal
consumption are similar, but differs in the time perspective of gathering data. By examining
income brackets using cross-sectional data, means comparing households with different
income, while when using expenditure elasticities, the approach is to study how a household

that experiences increasing income, changes its expenditure over a given period.

Font Vivanco et al. (2014) describes two ways of calculating marginal consumption, the
income-shifting approach and the Engel curve approach. The income-shifting approach relates
marginal liberated money with marginal changes from one income group to the adjacent
higher income group. The different cross elasticities between consumption categories are
implicitly considered. The Engel curve approach studies how expenditure on a given
consumption category varies with household income. To separate the consumption decision

from the decision of saving, income is assumed equal to total expenditure (Lewbel, 2008)

2.5.3 Other

Case-control studies evaluate expenditure patterns of groups who differ in their behavior in

one specific sector of the economy (e.g. personal car vs. public transport), while controlling
for income. This approach enables studying how specific groups of the population differ in

their spending patterns. The approach is useful if the aim is to study specific scenarios, such

as implementing a car-sharing scheme (Hertwich, 2005).

Kawajiri et al. (2015) performed an interesting study on estimating the rebound effect based
on a questionnaire that asked the respondents first to estimate annual spending in 21 different
groups of goods and services. Then they asked the respondents how much they thought they

could save in a year by curtailing their spending on each item. Finally, in order to estimate the
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rebound effect, they asked the respondents to allocate all the savings from the second step
across the 21 categories.

Instead of allocating expenditure on different goods and services, it is possible that
households save money for a larger future investment, such as a car purchase or holiday. If
households save enough money for such a cause, it would influence the spending pattern. The
use of marginal or average spending patterns in this case could give inaccurate results. Still,
the actual spending pattern would probably be closer to the marginal spending pattern, given

that the future investment is associated with spending patterns of higher income groups.

In his study, Alfredsson (2004) found that when consumers adopt a “green” consumption
pattern, for example a “green” diet, people re-spend the saved money in other consumption
categories that have on average higher energy and CO2 intensities than the difference in
intensity between the current and the “green” diet. The result is a backfiring effect of higher
GHG emissions than in the original scenario. A reason for this may be a lack of knowledge
about the rebound effect or the GHG emission intensity of consumption of different goods
and services. If we instead assume that the household has knowledge about the carbon
footprint and thus re-spend the money saved in a way that seeks to minimize the carbon
footprint, we can say that the household adopts a “green” spending pattern. Not many studies
have researched such re-spending, but Hertwich (2005) proposes a way of estimating
spending patterns by case-control studies of comparing spending patterns of people who
engage in a type of green consumption activity, to those who engage in an activity within that
same consumption category that is considered less “green”. By comparing consumption
patterns of people who consciously engage in green consumption in several different
consumption categories, to those who do not, it might be possible to develop a green spending
pattern.

2.5.4 Use in the Literature

There seems to be little agreement on the difference between marginal and average spending
patterns or which of them to choose. Thomas and Azevedo (2013b) argue that the importance
of the difference between them is empirically unclear. Hertwich (2005) suggests that the use
of either marginal expenditure patterns or case-control studies might be a better choice than

using the average spending pattern approach.

Goedkoop et al. (1999) state that marginal spending patterns are more important than average
spending patterns. Thiesen et al. (2008) find that the difference is minimal between marginal
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and average spending patterns for global warming impacts. Nassen and Holmberg (2009), on
the other hand, find that marginal expenditures are significantly different from average
expenditures in the case of a change in real income. Thomas and Azevedo (2013a) and Freire-
Gonzalez (2011) and Thiesen et al. (2008) all find that marginal and average re-spending
approaches both result in rebound effects in the same range, with a difference of only 1-4%.

Taylor and Houthakker (2009) (as cited in Thomas and Azevedo, 2013a) compare consumer’s
budget shares, which is equivalent to average spending patterns, with different methods on
calculating marginal spending patterns (Table 2.2). They find that for some consumption
categories, the difference when going from average to marginal consumption patterns is
significant. The difference in budget-share is particularly large for food (5-7% decrease),

transportation equipment (3-15% increase) and shelter (2-7% increase).

2004 LES-normalized |A-normalized Marginal Marginal

budget expenditure expenditure spending spending
Category share elasticity elasticity share (LES) share (IA)
Food 8% 0.12 0.36 1% 3%
Shelter 15% 0.54 0.87 8% 13%
Appliances 3% 0.54 0.87 1% 2%
Electricity 2% 0.14 0.40 0.3% 1%
Matural gas 1% 014 0.40 0.2% 1%
Other utilities 4% 0.14 0.40 1% 2%
Gasoline 4% 23 1.3 9% 5%
Transportation  11% 2.3 1.3 26% 14%
equip.
Public fransit ~ 0.2% 23 13 0.4% 02%
Air travel 1% 2.3 13 2% 1%
Health care 4% 027 052 1% 2%
Financial 20% 027 13 22% 24%
services
Misc. 26% 1.1 1.2 29% 32%

Notes: LES = Linear Expenditure System, |A = Indirect Addilog System. Spending shares may not sum to
100% because of rounding truncation.
Table 2.2: Houthakker—Taylor expenditure elasticities used in rebound simulations
Taylor and Houthakker (2009) (as cited in Thomas and Azevedo, 2013a)

Girod et al. (2011) does a similar study showing that the share used for food decreases with
increasing income, to point out the importance of marginal spending patterns. However, they

also state that it is possible to show that average consumption is close to marginal
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consumption for smaller time steps (Stock, 1988). This aspect of the previously discussed

inertia in changing pattern of consumption is important to consider.

The reasons behind the very different results in use of average versus marginal spending
patterns could be many. One possibility is the variety of methods used in the studies above.
Thomas and Azevedo (2013b) and Nassen and Holmberg (2009) use an EEIO framework,
Thiesen et al. (2008) and Girod et al. (2011) use LCA, while Goedkoop et al. (1999) develop
what they call a new analysis method, comparing cases by using four characterization axes
(economic, ecological, identity/strategy and client acceptance). Numerous other possible
answers to the different findings of the papers also exist, such as; data availability, differences
in demographics or differences between income groups of the population studied. From the
results found in Thomas and Azevedo (2013a) and Freire-Gonzélez (2011) on comparing the
rebound effect using different approaches to re-spending, it seems like although the difference
between average and marginal spending patterns is present, it decreases when calculating re-

spending in a rebound framework.
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3 Methods

3.1 Household actions

The first part of the methods involves identifying 34 actions that save GHG emissions and
changes cost for the households (Table 3.1). Later in the thesis, | refer to these actions by their
corresponding number in Table 3.1. The units and the need for conversion of prices differ for
some of the actions due to the use of different data sources. | adjust the units and prices at a

later stage, before doing any calculations on re-spending or the rebound effects.
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Action . Consumptio
Household actions

# n sector
1  Switch to Renault Zée Transport
2 Switchto Tesla Transport
3 No trips by car under 3 km Transport
4 Only bus transport Transport
5  Car-pooling for work under 10 km Transport
6 Only train transport Transport
7  Walkinstead of train (9.4 km) Transport
8  Reduce business flights (one per month) Transport
9 Eliminate long-distance flight for vacation Transport
10 Reducing indoor temperature by 1°C Residential
11 Space and water heating Residential
12 Appliances and other Residentia
13 Grenn Diet Food
14  Eliminating food waste Food
15 Organic Green diet Food
16  Other measures (organic, local, composting) Food
17 Eco-efficiency across suply chain Clothing
18 Design for durability Clothing
19  Market shift to more synthetic fibres Clothing
20 Clean clothing less Clothing
21 Wash at lower temperature Clothing
22 Increase size of washing and drying loads Clothing
23 Use the tumble dryer less Clothing
24  Dispose less - reuse more Clothing
25  Start closed loop recycling of synthetic fibres Clothing
26  Dispose less - recycle more Clothing
27  Reduce clothing purchases by 20% Clothing
28 Average of changing 6 pieces of furniture Furniture
29 Increase lifetime by 20% Furniture
30 Buy furniture with 20% recycled MDF Furniture
31 Eliminating unsolicited mail Paper
32  Reduced printing Paper
33  e-papers and e-books Paper
34  Reducing plastic waste by 30% Plastic

Conversion to 2007

prices needed?
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
yes
yes
yes
yes

Table 3.1: Saving scenarios including units and need for price conversion

3.1.1 Transport

Unit

2.22/pkm

2.22/pkm
2.22/pkm
2.22/pkm
2.22/pkm
2.22/pkm
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year
per year

An average of 1.55 passengers per car (Transportekonomisk Institutt, 2014) is the basis for

the conversion of costs and GHG emissions from per vkm to per pkm. In order to have the

units for GHG emission reductions and cost reduction on a per household basis, | multiply

pkm by 2.22, which is the average Norwegian household size in 2012 (Statistics Norway,
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2014Db). As a result, the units in the transport scenarios involving car use, are (kg CO2-
eqg/pkm)*household size. The reason behind this choice is that the cost and GHG emission

reductions in the scenarios of the other consumption sectors are on a per household basis.

The GHG emission savings and cost savings for all of the scenarios that are associated with
daily travel by car or replacing car use with other transport modes are on a per pkm basis. The
upper limit potential of each of the scenarios is the total pkm of car travel per person each
year. In other words, a household cannot achieve larger GHG emission savings or cost
reductions than the savings per pkm multiplied by the number of pkm travelled by car each
year. Additionally, to avoid double counting, the sum of the pkm used in each scenario cannot
exceed the total pkm traveled by car by each household. Table 3.2 presents the total

kilometers traveled within each travel length per person per year

Total km traveled by car per | Non-work related Work related
person per year travel (km) travel (km)
<1 km 16 6
1-2.9 km 283 59
3-4.9 km 394 92
5-9.9 km 907 221
10-19.9 km 1411 491
>20km 6816 3220
Total 9826 4088

Table 3.2: Total daily travel by car per Norwegian person per year.
Hjorthol et al. (2014) and author’s won work

3.1.1.1 Switch from conventional gasoline vehicle to electric car
The starting point is an assumption that a household owns a conventional gasoline car, but

now face a decision of buying a new car. The household can choose between buying a new
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gasoline car with similar emissions and costs per km driven. Alternatively, they can buy a
new electric car. The models to choose is either a high-end electric vehicle, such as the Tesla
model S, or a mid-range vehicle with good environmental performance, such as the Renault
Zoe. | create two scenarios from the choices the household faces. The first comparing the
costs and GHG emissions per passenger-kilometer (pkm) of choosing a Renault Zoe over a
conventional gasoline car and the other comparing the Tesla Model S to the conventional
gasoline vehicle. The estimated emissions per vkm for the conventional gasoline vehicle is
0.289 kg CO2-eq (Hawkins et al., 2012). This is life cycle emissions, which includes
emissions from manufacturing, the use-phase and the end-of-life phase of the vehicle.

Calculations on emissions from the two electric cars use the same methodology.

The Tesla Model S have estimated emissions of 0.165 kg CO2-eq/vkm. Manufacturing and
end-of-life emissions here account for 0.123 kg CO2-eg/vkm (Nealer et al., 2015), while the
remaining are emitted in the use-phase. Estimations of use-phase emissions have two
components. Firstly, the estimated electricity use is 0.235 kwWh/km (Blaker, 2015). Secondly,
for electricity emissions, the estimate is 0.117 kg CO2-eq/kWh (ENOVA, 2013) using the

Nordic electricity mix.

The estimated emissions for the Renault Zoe are 0.113 kg CO2-eq/kWh. Non-use-phase
emissions account for 0.087 kg CO2-eq (Hawkins et al., 2012). The use-phase emission
estimate bases on an estimated electricity use of 0.146 kWh/km (Renault, 2016) and
electricity emissions of 0.117 kg CO2/kWh (ENOVA, 2013).

In calculating the costs of the different vehicles, | use the average cost per pkm. This is 4.25
NOK/vkm for the gasoline vehicle, 2.24 NOK/vkm for the Renault Zoe and 5.67 NOK/vkm
for the Tesla Model S. All cost estimates come from Smartepenger (2016), which provides
calculators for the cost structure of different types of vehicles based on variables such as the
cost of purchasing the car, as well as different types of running costs and fixed costs. See

Appendix B for more details.

3.1.1.2 Substitute car travel with other transport modes
Four of the household actions proposed involve substituting car travel for other modes of

transport. These are:

e Walking instead of driving a car for all trips under 3 km
e Switch all daily car travel with bus transport

e Car-pooling for work travel by car under 10 km using a hybrid car
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e Switch all daily car travel with train transport

The following methodology is common for the four scenarios. These scenarios all involve
reducing car transport in favor of other transport modes, keeping the total pkm traveled per
year constant. Assuming that the household still owns a car, but rather uses it less, the
marginal price of car travel per vkm, rather than the average price is appropriate. The
reasoning behind this is that household must pay the fixed costs, such as insurance and annual
fees, regardless of reductions in the overall km traveled by car. Hence, the marginal cost per
km leaves out fixed costs. In the original scenario, the household owns a conventional
gasoline vehicle. Thus, the marginal cost of the car is 1.61 NOK/vkm (Appendix B). The

emissions of the conventional gasoline car is 0.289 kg CO2-eq/vkm (Hawkins et al., 2012).

3.1.1.3 Walk instead of driving for trips under 3km

This action assumes that all trips that previously involved driving a car, instead are in the
form of walking or bicycling. The assumption is that walking or bicycling as transport modes,
are associated with no GHG emissions or costs for the household. Hence, the cost and GHG
emission reductions are solely a result of reducing the pkm driven by car. The upper limit of
this scenario is the total amount of pkm traveled by a person on trips under 3 km in a year,
both for work related and non-work related travel (Table 3.2).

3.1.1.4 Substitute all daily car travel with bus transport

This action assumes that the household substitutes all daily travel by car with bus transport,
but still owns a car. The cost per pkm of bus transport base on the total pkm traveled by car
(Table 3.2), and the yearly cost of a public transport pass for an adult in Trondheim (ATB,
2015). GHG emissions of 0.029 kg CO2-eq/pkm for a long-haul bus are estimates from NSB
(2015). The upper limit of this action is the total amount of pkm traveled by car in a year
(Table 3.2).

3.1.1.5 Car-pooling for work travel by car under 10 km using a hybrid-electric car
Instead of using the household’s own conventional gasoline car, the members of the
household car-pool for work travel under 10 km using a hybrid-electric car. The number of
people in the car is set to three, and the people in the car equally divide the costs and GHG
emissions associated with the travel. Hence, by subtracting GHG emissions and costs per pkm
of driving the gasoline vehicle with those in the car-pooling scenario, | obtain the GHG
emission and cost reductions. Samaras and Meisterling (2008) provide the estimated life-cycle

GHG emissions for the hybrid-electric car of 0.064 kg CO2-eg/vkm. Using the calculators at
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Smartepenger (2015) the estimation for the marginal cost is 1.05 NOK/vkm for a hybrid-
electric car. The upper limit for this action is the sum of all work-related travel under 10 pkm

per person in a year (Table 3.2).

3.1.1.6 Substitute all daily car travel with train transport

The methods for calculating GHG emissions and cost reductions per pkm is the same as for
the action that switches all daily car travel with bus transport. For train transport the GHG
emissions are 0.025 kg CO2-eq/pkm, based on average emissions using an electric locomotive
on the distance Trondheim-Oslo (NSB, 2015).

3.1.1.7 Actions involving other transport modes

The units of these actions are costs and GHG emissions saved per year since there is no
double counting of scenarios, as is the case for the other transport action. Instead, the
assumption is that the household currently undertakes a certain type of action. The cost and
GHG emission savings then originate when the household makes changes to - or eliminates

this action.

3.1.1.8 Walk Lerkendal - Trondheim S instead of taking the train (4.7 km each way)
The starting point here is that the all members of the household travel a daily return trip by
train of 9.4 km every day of the year. The behavioral action is to walk or bicycle instead of
using the train for this particular trip, while assuming no emissions or costs associated with
bicycling or walking. The GHG emissions and costs of taking the train is the same as in the

action of substituting all car travel with train transport.

3.1.1.9 One less return business flight per month (Trondheim — Oslo)

The first step of this action is an assumption of one business flight per month per household
member at the equivalent distance of a return flight Trondheim (Vernes) — Oslo
(Gardermoen). The calculations exclude costs and GHG emissions associated with the
transport to and from the airports.

Data on average price for a return ticket on the distance comes from Denstadli and Rideng
(2012), while the data on distance and CO2 emissions comes from ICAO (2015). This

scenario only accounts for tailpipe CO2 emissions associated with air transport.

3.1.1.10 One less vacation to Bangkok, Thailand
The scenario is that instead of traveling to Bangkok, Thailand, the household spends their
vacation at home. The data on distance and direct tailpipe CO2 emissions come from the same
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source as the action of reducing business flights (ICAO, 2015). The price estimate of 4500
NOK/person is the lowest price found for a return flight Oslo - Bangkok in January 2016.

This price might be an underestimate compared to the average price paid for this distance.

3.1.2 Shelter
The calculations on potential GHG emission savings and cost reduction are on a yearly basis
per household. An important assumption for these actions is that electricity is the only source

of space heating by the household.

3.1.2.1 Reducing indoor temperature by 1°C

By reducing indoor temperature by 1°C in the seasons when indoor heating is needed, a cost
reduction of 5% of the current heating costs is achievable (Akershus Engk og Inneklima as,
1999, Vaillant, 2015, Novema Kulde, 2016). Since reducing indoor temperature only involves
use-phase emissions, and will only reduce the electricity used by the household, we can also
assume a 5% reduction in GHG emissions. The price of electricity is 0.727 NOK/kWh, which
is the price of the third quarter in 2015 and includes the price of electricity, fees and grid
rental (Statistics Norway, 2016). The GHG emission intensity is 0.117 kg CO2-eq/kWh of
electricity (ENOVA, 2013). The yearly electricity use of the household is 20230 kWh
(Statistics Norway, 2014a), while 78% of the total electricity use is for the purpose of space
and water heating (Borge et al., 2004, Bergesen et al., 2012) (Figure 2.12).

3.1.2.2 Space and water heating

The calculations on possible GHG savings as well as associated cost reductions base on a
retrofit of an existing building. As cited in the IPCC report, a review by Harvey (2013)
showed that comprehensive retrofit packages for detached single-family homes achieved 50-
75% reductions in total energy use. Such a retrofit would cost from 100-400 USD/m2 (2010
prices). The average Norwegian household had in 2004 a size of around 120 m? (Andersen,
2005), so assuming a 65% reduction and costs of 350 USD/ m?, the total cost would be
254,000 NOK using the USD to NOK conversion rate for 2010 (Norges Bank, 2016).
Assuming a 40-year lifetime of the retrofits, the cost per year amounts to 6350 NOK. The
second component of the yearly cost reduction arises from reduced use of energy. The
electricity price, household electricity usage and the percentage of total energy use for space

and water heating is the same as in the scenario of reducing indoor temperature by 1°C.

Yearly GHG emission savings for households bases on a 65% reduction in total residential
energy use along with the data on the GHG intensity of the Nordic electricity mix, electricity
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use per household and electricity use for the purpose of space and water heating (Figure 2.12).
Furthermore, according to Gonzalez et al. (2012) use-phase emissions out of the total is about
99% for lighting products, about 90% for major appliances and in the range of 20-60% for
electronic devices. A crude assumption is that for all the products in average, 90% of
emissions occur in the use-phase. This implies treating the remaining 10% as non-use-phase
emissions and adding these to the use-phase emissions.

3.1.2.3 Appliances and other

The methodology for calculating GHG emission and cost reduction potential related to
appliances and other residential measures, such as lighting is similar to that of space and
water heating. The estimate from the Intergovernmental Panel on Climate Change (2015) is
that each individual equipment has an energy savings potential of about 40-50% through
measures such as recycling of appliances, increased energy efficiency and material use and
increasing lifetime. Assuming that the average Norwegian household already has realized
some of this potential, the estimation is that household can achieve a 30% energy savings in
this area, at a one-time cost of 20 000 NOK. Assuming that these appliances in average have a
lifetime of 10 years, it amounts to a yearly cost of 2 000 NOK. The parameters used for
estimating reduced costs and GHG emissions are otherwise the same as for space and water
heating. Notice that appliances and other measure account for the remaining 22% of the kWh
use of households (Bergesen et al., 2012) (Figure 2.12). Furthermore, like for space and water
heating, | assume that 10% of total emissions comes from non-use-phase sources (i.e.
manufacturing and end-of-life).

3.1.3 Food

In order to estimate the GHG emission reductions, | use the original emissions found in
EXIOBASE?2 related to food consumption of Norwegian households. The original household
spending data come from Steen-Olsen et al. (Accepted for publication) given in 2007 prices,
which is the year of the data in EXIOBASE2. Absolute GHG emission and cost reductions for
all actions in this consumption sector are based on these GHG emission and spending data.

3.1.3.1 Green diet

The literature reviewed suggests that a reduction of 40% of GHG emissions related to food
consumption is achievable through a change in diet towards a healthier, less GHG intensive
and more plant-based diet (Goodall, 2010, Stehfest et al., 2009, Berners-Lee et al., 2012,

Intergovernmental Panel on Climate Change, 2015, Grabs, 2015). The cost reduction
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following such a change in diet is set to 15% (Grabs, 2015, Berners-Lee et al., 2012,
Alfredsson, 2004).

3.1.3.2 Eliminating food waste
In Norway about 20-25% of food purchased by households is wasted (Matvett, 2014). This
means that by eliminating food waste, we can assume a 20-25% reduction in food costs and

GHG emissions.

3.1.3.3 Organic green diet

The assumption is that implementing an organic green diet increases food costs by 45%
(Hvitved-Jacobsen, 2001, Consumerreports, 2015). However, the switch to a green diet
offsets some of this cost increase. This cost decrease is set to 15% compared to original
expenditure, based on the previous action of changing to a green diet.

The GHG emission reduction is the same as for the green diet plus a further 10% decrease

compared to a conventional diet (Olesen et al., 2006).

3.1.3.4 Other measures (organic, local, composting)

This action is the combined benefits of several measures, such as eating local, composting and
eating organic food. The GHG emission savings from this action is set to 15% compared to
original emissions (Goodall, 2010). The assumed food cost increase is set to 20%.

3.1.4 Clothing

For the actions involving clothing consumption, the current GHG emissions come from
EXIOBASEZ2, while the expenditure data come from Steen-Olsen et al. (Accepted for
publication).

The calculations on GHG emission reduction potential and monetary savings base on the
measures of Thomas et al. (2012) (Table 2.1), along with a 20% reduction in clothing

purchases by households. Estimations of cost reductions are assumptions for each measure.

3.1.5 Furniture
The original estimates of GHG emissions associated with furniture comes from EXIOBASE2.
The expenditures by Norwegian households on furniture come from Steen-Olsen et al. (2014).

Furthermore, the expenditure data are from 2012, but adjusted to 2007 prices.
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3.1.5.1 Changing six pieces of furniture

Calculations on investing in new and more environmentally friendly products comes from
Gonzélez-Garcia et al. (2011) who evaluated the global warming reduction potential of
different wooden products. I include six of these measures in the calculations of GHG
emission reductions. Furthermore, assumptions on household cost reductions and the lifetime
of the products come from stores selling similar products in Norway. The weighted average
absolute emission reductions of the six measures found by Gonzélez-Garcia et al. (2011) and
the assumed lifetime of the products are used as a proxy for the yearly GHG emission
reduction potential. The assumed weighted average costs divided by the lifetime of the
products make up the yearly cost reduction.

3.1.5.2 Increase lifetime of all furniture by 20%
Extending the lifetime of existing products is achieved either by keeping own products for a
longer time, buying second-hand or selling the products instead of throwing them.

Consequently, I reduce both the cost GHG emissions by 20% compared to the original data.

3.1.5.3 Buy furniture with 20% recycled medium-density fiberboard (MDF)

According to Mitchell and Stevens (2009) a 21% reduction in GHG emission for wood-based
furniture is possible through using medium-density fiberboard. Furthermore, Linkosalmi et al.
(2016) estimate that 60% of the materials in furniture is made of wood. Based on this, |
assume a 12.6% reduction in GHG emissions. The use of medium-density fiberboard involves
an assumed cost increase of 10% compared to the original scenario.

3.1.6 Paper
All calculations on GHG emission and cost reductions are bottom-up estimates. Hence, there

is no need for original GHG emissions and household expenditures to make the calculations.

The emission intensity is set to 1.1 kg CO2-eq/kg paper (Intergovernmental Panel on Climate
Change, 2015)

3.1.6.1 Eliminating unsolicited mail

Assuming that the household receives unsolicited mail, households achieve a reduction of 35
kg of paper by eliminating this (Klimahandling.no, 2016, Salhofer et al., 2008). Multiplied
with the GHG intensity of paper, the saved GHG emissions are 38.5 kg CO2-eq. This action

comes with no change in expenditures for the household since unsolicited mail is free of cost.
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3.1.6.2 Reduced printing

By using print management systems combined with double-sided printing the household can
obtain an estimated 30% reduction in paper consumption (Canonico et al., 2009, Dempsey
and Palilonis, 2012). The cost per kg of paper is set to 20 NOK. An assumption of 50 kg
printed-paper per households per year (printed at work and at home) leads to a cost reduction
of 300 NOK and an emission reduction of 16.5 kg CO2-eq per household.

3.1.6.3 Reading e-papers and e-books instead of newspapers and books

This action involves an assumption of the household buying 10 books per year and a
subscription to a newspaper. The assumption is that the price of books is the same as e-books,
leading to no change in expenditures. The estimated cost of subscribing to an e-newspaper is
200 NOK lower than a regular newspaper per month. Consequently, the cost reduction is
2400 NOK per year.

Life cycle GHG emissions of an e-book is set to 0.43 kg CO2-eq lower than for a regular
book (Moberg et al., 2011). For the switch to e-newspapers, a GHG emission reduction
potential of 9.8 kg CO2-eq/year per reader is assumed (Moberg et al., 2010). A further
assumption is that all members of the household reads the newspaper.

3.1.7 Plastic

3.1.7.1 Reducing plastic waste by 30%

According to Statistics Norway (2015a), the plastic waste per person in Norway is
approximately 7 kg. The emission intensity is set to 3 kg CO2-eq/kg plastic (Winnipeg &
Veolia Water, 2011). The price per kg plastic is set to 50 NOK.

3.2 Adjusting Actions

To calculate the actions on a per unit basis (Table 4.1) enables the household to choose a
combination of the actions available for each unique activity (Appendix A). An alternative
way of interpreting splitting up the actions implemented for each activity is that numerous
households implement these actions, and that the numbers in the matrix that adjusts for
double counting (Appendix A) resemble percentages of households implementing these

actions.

Splitting up available actions for each activity is particularly relevant for some of the transport
actions (number 1-6). One specific activity for these actions is non-related work-travel under
3 km. The household then has the option of which of the six available actions to implement
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for this specific activity. The household can choose combinations of actions to implement.
For this specific activity, a natural choice for an environmentally aware household could be to
walk all of these travels, and thus the matrix that adjusts for double counting will have the
value 1 for this specific element, and 0 in the elements corresponding to all other available
actions. The next step is to multiply the combination of actions chosen for each specific
activity with the cost and GHG reductions per unit of the actions. By multiplying this with the
number possible of each activity (Table 3.2 and Appendix A), | obtain the total cost and
emission reduction structure of that particular combination of actions, while adjusting for
double counting of actions. A specific suggestion of such combinations of actions (Appendix
A) is the basis for further calculations. However, this matrix enables several scenarios of

combinations of actions.

3.3 Marginal Spending Pattern

There are multiple approaches to calculating marginal spending patterns (Font Vivanco et al.,
2014). One approach is to compare consumption patterns across income brackets using cross-
sectional data like in Thiesen et al. (2008). Font Vivanco et al. (2014) calls this as the income-
shifting approach. Statistics Norway (2013) provides detailed consumption patterns of
households broken down into decile income brackets. By using this data, we can estimate how

a Norwegian household will spend one additional NOK of income.
The Norwegian Consumer Survey classifies the deciles as follows:

e decilel

e decile 2+3

e decile 4+5

e decile 6+7

e decile 8+9

e decile 10

The first step is to calculate the propensity to consume (MPC) given by:
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! a1 Lny1—1In

1 is average income for the deciles, Q is demand for product group j, and n are decile groups

1 to 6. This gives us the marginal spending pattern, based on the different consumption from

one group to the next (e.g. from decile 1 to decile 2+3)

Thus, | calculate the relative purchasing power of each of the categories of the deciles above:

APP, @)

RPP, = ————
"X APP
Where APP, is the absolute purchasing power of decile group n, and RPP, is the relative

purchasing power of Decile n.

Finally, I calculate the marginal spending pattern according to the weighting of the relative
purchasing power of the deciles:

d ©)
MSP; = Z(Mpcj,n + RPP,)

n=1
Where MSP; is the marginal spending of product group j, MPC,, ;is the marginal propensity to
consume product j in decile group n, and RPB, the relative purchasing power of decile group
n. When calculating the marginal consumption from one decile to the next, the average of the
purchasing power of the two deciles is calculated. To avoid double counting when calculating
marginal spending from one decile group to the next, all groups counted twice (all except
decile 1 and decile 10), are weighted half.

3.4 Green Marginal Spending Pattern

The idea behind the green marginal spending pattern is that a household that wishes to lower
its carbon footprint intentionally avoids re-spending money on goods and services that have
high GHG emissions per NOK spent. This requires that households have information on the
multipliers (CO2-eq/NOK) associated with the purchase of all goods and services.
Elimination of goods and services base on the multipliers and the share of total consumption

and includes the following product groups in the CREEA classification:

e #5—0il Seeds
e #21 — Cooking coal
e #43 — Products of meat cattle

e #49 - Processed rice
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e #55 - Textiles (17)

e #67 — Motor Gasoline

e #71 - Kerosene

o #88 - N-fertilizer

e #94 - Biodiesels

e #117 - Fabricated metal products, except machinery and equipment (28)
e #1123 - Motor vehicles, trailers and semi-trailers (34)

e #1129 - Electricity by gas

e #1134 - Electricity by biomass and waste

e #1160 - Sea and coastal water transportation services

e #162 - Air transport services (62)

e #183 - Food waste for treatment: biogasification and land application
e #190 - Food waste for treatment: landfill

e # 194 - Textiles waste for treatment: landfill

e #56 - Wearing apparel; furs (18)

e #68 — Aviation Gasoline

e #72 - Gas/Diesel Qil

e #90 - Chemicals nec

e #95 - Other Liquid Biofuels

e #118 - Machinery and equipment n.e.c. (29)

e #128 - Electricity by coal

e # 133 - Electricity by petroleum and other oil derivatives

e # 148 - Steam and hot water supply services

e #161 - Inland water transportation services

e #163 - Supporting and auxiliary transport services; travel agency services (63)
e #184 - Paper waste for treatment: biogasification and land application

e #191 - Paper for treatment: landfill

The next step is to reallocate the percentage shares of the deducted product groups to the

remaining product groups in the following way:
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aiM - (4)
J= M

j=1

a;, = Relative share of product i in the green marginal consumption vector

a;,, = Relative share of product i in the marginal consumption vector

n
Z = Sum of relative shares of deducted product groups j in the marginal consumption vector
j=1

n = Number of deducted product groups

3.5 Derivation of the Input-Output Analysis Framework

Table 3.3 shows a simplified input-output table. The Z-matrix (industry x industry) is the
total inter-industry flows matrix. The columns represent total input into each industry, while
the rows show total output from each industry. The VV-vector/matrix (value added x industry)
is the total value added into the industries, and accounts for labor costs, profits, capital costs
etc. The y-vector (industry x final demand) is the total final demand containing consumption
of households and governments, private investment purchases and net exports. Finally, the x-

vector/matrix (total output x industries) is the total output from the industries, given the final

demand.
Industries FD Total Output
Industries Z y X
VA Y
Total Input X

Table 3.3: Simplified input-output table

Summing across the rows gives the total output X, given in equation (5).

Zi+y=x ®)
1

The i-vector (industries x 1) is a vector of ones: i = | : [ and enables us to sum the Z-matrix
1

into a vector. Equation (5) gives us the production balance (total input=total output)
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The next step is to introduce the A-matrix (industries x industries) of intra-industry
requirements. It gives us the requirements from each industry per unit produced by each of the

industries. Thus, a;; shows the requirement from industry i per unit produced by industry j.

>
I

A1 alj]

Aip Qg
Equation (6) shows the connection between the A-matrix and the Z-Matrix.

Z = AR (6)
xl O
Here R is the matrix ¥ = ( P ) based on the x-vector.
0 e xn

Combining equations (5) and (6) we get a new production balance in equation (7):

Xx=Ax+y (7)
In (7) the left side is the production, while the right side is the demand. Where;

X = total output
AXx = intermediate output

y = final demand
By rearranging (7) and solving for total output, x we get:

x=(1-A)"y (®)

Where I (industries x industries) is the identity matrix:
Next, we use the definition of the Leontief Inverse:

I-A)"'=L
(I1-A) ©

By inserting (9) into (8) we get:

x = Ly (20)
The L-matrix is the Leontief inverse and gives the requirements from each industry to

produce the total output of each industry.
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The number [;; thus, is the output of industry i per unit final demand of industry ;.

The next step is to include emissions in the calculations. We do this by including the S-
matrix (stressors x industries) of stressors per economic output. This means that if i
represents stressor category and j represents industry, S;; would be the amount of stressor i

associated with output of industry j. In matrix form this is:

We can now combine this with (10) to find the total impact associated with a final demand

F = SLy (11)
The F-vector/matrix has the dimensions (Stressors x Final demand) and gives us the total

impact associated with a final demand.
Next, we define the multiplier m that shows the impact per unit expenditure.

m = SL (12)

I will use equation (12) in connection to the rebound framework later.

As mentioned, the y-vector/matrix typically consists of many different types of demand,
such as household and government consumption or private investment purchases. This
analysis only concerns the final demand of households, the y-vector/matrix, used in

calculating the rebound effect.

3.6 Derivation of the Rebound Effect Framework

The rebound effect analysis involves the use of input-output analysis methodology. The data
on Norwegian household consumption come from a multi-regional environmentally extended
supply and use/Input Output database (MR EE SUT/IOT) called EXIOBASE2.

EXIOBASE “was developed by harmonizing and detailing SUT for a large number of

countries, estimating emissions and resource extractions by industry, linking the country EE
SUT via trade to an MR EE SUT, and producing an MR EE IOT from this. The international
input-output table that can be used for the analysis of the environmental impacts associated

with the final consumption of product groups.” (EXIOBASE consortium, 2015)
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The version used is the EXIOBASE?2 with data from 2007 (Tukker et al., 2013, Wood et al.,

2015). It includes information on

e 43 Countries, 5 RoW (Rest of the world) regions (and its 10% of the global GDP) base
year 2007

e 200 products

e 163 industries

e 15 land use types

e Employment per three skill levels

e 48 types of raw materials

e 172 types of water uses

Two important adjustments were necessary in order to fit the calculations to the units in
EXIOBASE2 (Wood et al., 2015, Tukker et al., 2013):

o Convert the savings into Euros using an exchange rate of €/ NOK of 8.0165 (Wood et
al., 2015, Tukker et al., 2013) and furthermore to Million Euros (10°6)

e Convert prices to the levels for 2007 used in EXIOBASE?2 using the Norwegian
consumer price index (Statistics Norway, 2015b) converting average prices for 2016

into average 2007 prices.

Calculating rebound effect involves re-spending the saved money from the set of actions
according to the different scenarios of re-spending. The multipliers in EXIOBASE?2 provides

the needed data to calculate emissions associated with the re-spending.

The following analytical derivation of the rebound framework base on a study by Druckman
etal. (2011).

The first step is to define the relative rebound effect as:

(potential savings —actual savings)

rebound ef fect =

Potential savings
Next, we define additional variables:

AH= Expected reduction in GHG emissions

AG= GHG emissions associated with the re-spending of saved money
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AG offsets some of the initial anticipated GHG savings (AH). The actual emission reductions
are AH — AG. Hence, the redefined rebound effect (RE) is:

AH — (AH — AG) _AG
AH ~ AH
AH; is the change in emissions between the original situation and after implementing the set

RE =

(13)

of household actions. AH;, (i = 1 to 34) is determined exogenously by the 34 different
actions that are implemented in order to reduce GHG emissions. Because of using this
bottom-up approach, AH is determined outside of EXIOBASE2.

From (12) we have the multiplier that gives the emissions per monetary unit. However, the
direct emissions from households f_hh (such as emissions from a household driving a car)
are not included in the multiplier. f_hh is available in EXIOBASE2 as emissions by product
consumed .We include the emissions per million € by defining a new multiplier pertaining to

Norwegian households:

MyoR hh = fhn/YNoR hh (14)
Ynor hh Obtained from EXIOBASE? is the total Norwegian household final demand by
products, and includes both domestically produced and imported goods consumed by
households.

The next step is to redefine the multiplier to include myog yp:

Mgy = MR hp + M
o - (15)

Re-spending of the saved money according to different scenarios are placed in a vector of re-

spending y"®

34 (16)
y' = Z(YSav *Bxq)*y°P
1

Vsav  1he vector of savings from the 34 actions not adjusted for double counting
B The matrix adjusting for double counting
q The vector that multiplies actions per unit by the total number of units

y°P  The spending pattern scenario
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The re-added GHG emissions AG due to the re-spending of the saved money for actions i =1

to 34 and re-spending scenario j is:

AG = Mygey) * yre (17)

The final step is to insert for AG from (17) and AH from (13) to calculate the rebound effect

AGi j My *y'©
AH, AH

3.7 Conversion of Prices

EXIOBASE?2 uses basic price as a basis for estimating GHG emissions and monetary flows.
Because of exogenous calculations of GHG emission reductions and cost changes, when
linking the household actions data with EXIOBASE?2, it is necessary to convert to basic prices
before calculating the emissions associated with re-spending the money. The link between

what the households pay (purchaser’s price) and basic price is:

BP = PP — tax — trdM — tspM (19)

BP  Basic price

PP Purchaser’s price
tax  Taxes on products
trdM Trade Margins
tspM Transport margins

When making the conversion to basic price, it is necessary to consider the responsibility of
the households for the emissions in the different stages in (19). The conversion is based on

calculations by Steen-Olsen et al. (Accepted for publication).

1. The taxes and margins are calculated as percent of total consumption in purchaser’s
price
2. The next step is to calculate the percentage distribution of margins among the margins

sectors for trade margins and transport margins individually
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3. Next, use the percentages of tax and margins out of total purchaser’s price found in the
first step to find the amount of taxes and margins baked into the Consumer
Expenditure Survey data.

4. Finally, subtract both tax and margins, then add margins back into the margins sectors,

using the distribution found in the second step

By performing these steps, the consumer is responsible for emissions associated with trade

and transport margins, but not taxes, as they embody no emissions.

3.8 Linear Programming

Linear programming involves finding an optimal solution that minimizes or maximizes an
objective function, subject to one or several linear constraints. These constraints can be
limitations on materials or factor resources, such as capital or labor. Many MRIO studies
within the input-output field use linear programming techniques. Examples are the World
Trade Model that determines world prices, scarcity rents, and international trade flows based
on comparative advantage in a world economy (Duchin, 2005) and the World Trade Model
with Bilateral Trade (WTMBT), a linear program that minimizes global factor use to satisfy
consumption requirements while respecting regional factor constraints (Duchin and Levine,
2015). Other approaches within the field include treating environmental standards analogous
to capital and labor capacity constraints to determine the economic and environmental gains
to free trade in products and emission permits (Ten Raa and Shestalova, 2015). An important
limitation of linear programming is that the optimal solution often involves complete
specialization, within studies of comparative advantage, this means that countries should
specialize in production of very specific goods and services (Ten Raa and Shestalova, 2015,
Duchin and Levine, 2015).

In comparison to this work, | am interested in seeing whether it is possible to look at linear
programming from a consumption basis. Whilst earlier work looks at the possibilities for
alternate technologies, or substitution at the industry level, in this analysis, the limit purely is
to what households can do in terms of spending patterns. As such, | am interested in what
mixture of spending will give us optimal environmental goals. Whilst clearly, the realization
of an «optimal spending pattern» is subject to many constraints about basic versus
discretionary spending, as well as localized requirements by household, the goal is to use

linear programming to inform the scale and rate of possible change.
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The analysis involves to alternative setups for optimization using linear programming. The
first involves changing the number of actions, while the second approach is as mentioned in
the previous paragraph to change the pattern of re-spending. For pragmatic purposes, | chose

to base the analysis on the second approach rather than changing number of actions.

3.8.1 Changing Number of Actions

The first approach is to change the number of actions implemented in order to reach different
emission reduction targets. By assigning behavioral cost values to each of the actions, the
objective is to minimize the total behavioral cost of the set of actions. The starting point is the
number of actions used in the calculations of the rebound effect (Table A.1). The linear
program changes the values in elements of this matrix while keeping the sum of each column
equal to zero. Furthermore, only the rows corresponding to the specific column (i.e. the
actions corresponding to a specific activity) will have values over zero. The analytical setup is

as follows:

Parameters and variables:

Name Description Unit Size
f _nor_hh Norwegian household emissions from Kg CO2- 200x 1
EXIOBASE?2 eq
n_hh Number of households in 2007 from Statistics # 1x1
Norway (SSB)
f_red_unit Per unit GHG emission savings from Kg CO2- 34x1
implementing actions eq

m_tot_sectors | GHG emissions per expenditure of good/service | Kg CO2- 200x 1

eq/€*10"6
y s Cost reductions from actions not adjusted for €*1076 34x1
double counting
y_nor_hh Total expenditures of Norwegian households in €*1076 200x 1
2007 from EXIOBASE?2
y marg 0 The marginal spending pattern calculated from % 200x 1
the consumer expenditure survey
el A vector of ones used to sum vectors/matrices n/a 1x34
e2 A vector of ones used to sum vectors/matrices n/a 1x38
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DC The matrix that adjusts for double counting of n/a 34 x 38
actions (Table A.1)

q The vector that multiplies each actions by the n/a 1x38

number of units possible of that action

bc The vector of behavioral costs for the household n/a 34x1

on a scale from 1 to 10 for increasing costs

r Index used for summations n/a 34

Table 3.4: Parameters and variables for the linear programming changing number of actions

The DC-matrix is the one that will change values in the linear programming. This involves

taking the y_marg_new vector as given by using y_marg_0 as a proxy instead.

The equation for calculating the carbon footprint of the household is similar to the first

approach:

f= forig — frea — fre-ada (20)

f Emissions per household after saving and re-spending

f= 21 (fnoryy,)

— Original emissions per household from EXIOBASE2

frea = (fred,,, *DC*q") Saved emissions from implementing actions

fre—aada = ((mtotsectors +y_s')' xy_marg 0")' * (DC+*q)

Emissions re-added because of re-spending saved money

from implementing actions

Constants:
cl= forig (1x1)
c2 = f red_unit’ (34x1)

€3 = (Mg, *Y-S) *Y_marg_0")" Emissions per unit of action according to the

marginal spending pattern, not adjusted for double
counting
(34x1)
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Variables:
x1 = (DCxq’)

X2 =DC

The x matrix:

[

Constraints:

Bounds:

LB=0

UB=1

(1x34)

(38 x 34)
The solution obtained in linear programming (39 x 34)
The lower bound for all elements in X is 0 (39 x 34)

The upper bound is set to one for the row-elements corresponding to
each column in X2. The bound is zero for the rest of the elements in
X2. The upper bound in x1 is equal to the largest sum of units possible
for each action.

(34 x 38)

Linear inequalities:

c2 xx1+c3 *XlS((l—0.0S*i)*cl)—cl

The saved emissions plus the re-added emissions must be equal to or
smaller than the emission reduction target (represented by 0.05 * i.
where i = 1:20.) multiplied with the initial emissions subtracted by the
initial emissions. The emission reduction target increases in steps of 5%
from 5% to 100%.

(1x1)

Linear equalities:

el *X2 =e2

Objective function:

The sum of each column in X2 must equal e2, which is equivalent to
the sum of the actions connected to each unique activity adding up to
100% (1x38)
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Min z = bc' = (x1) Minimize the sum of the behavioral costs of each action multiplied with
the number of units implemented of each action
(1x1)

3.8.2 Changing Spending Pattern

The second approach to achieving GHG emission reductions is to change the pattern of re-
spending on different goods and services, while holding total expenditure the same. Keeping
expenditure levels unchanged involves a restructuring of households spending patterns, and if
implemented on a large scale with large monetary savings for the household, it will require
changes in the economy through shifting demand. However, it does not hinder economic

growth that have potentially negative consequences for an economy.

In the setup of the linear program, the marginal spending pattern serves as a proxy for the

spending pattern.

Parameters and variables:

Name Description Unit Size
f _nor_hh Norwegian household emissions from Kg CO2- 200x 1
EXIOBASE? eq
n_hh Number of households in 2007 from Statistics # 1x1
Norway (SSB)
f_red GHG emission savings from implementing Kg CO2- 34x1
actions, adjusted for double counting eq
m_tot_sectors | GHG emissions per expenditure of good/service | Kg CO2- 200 x 1
eq/€*10"6
y_sav Cost reductions from actions adjusted for €*1076 34x1

double counting

t_nor_hh Expenditures of Norwegian households in 2007 | €¥10"6 200 x 1
from EXIOBASE2
y_marg_0 | The marginal spending pattern calculated from % 200x 1

the consumer expenditure survey

e A vector of ones used to sum other vectors n/a 200x 1

y_marg_new | The new marginal spending vector that changes % 200x 1

according to GHG emission reduction targets
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r Index used for summations n/a 34

Table 3.5: Parameters and variables nomenclature used in the linear programming changing the
re-spending

The first part involves changing y_marg_0, the vector that allocates re-spending across 200

product groups.

The starting point for the linear program is the formulation of the GHG emissions from the

household:
f= forig — frea — fre-aaa (21)
f Emissions per household after saving and re-spending
3% (fnoryy) . . ..
forig = Tnhh Original emissions per household from EXIOBASE2
frea = Xi=1(fred) Saved emissions from implementing actions

r
= * "y %
fre—add - (mtotsectors YSav) Ymargnew
i=1

Emissions re-added because of re-spending saved money

from implementing actions

Constants:

cl = forig (I1x1)

c2=f_red (1x1)

€3 =Y (Mg, * Vsav' ) Total emissions per product group if re-spending all
saved money in that specific product group (200 x 1)

Variables:

x1 = y_marg new

X2 = Ymarg o — X1
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The x vector:

X = [2] The solution vector for the linear program (400 x 1)

Constraints:

Bounds:
Ib=0 The lower bound for all elements in x is zero (400
x 1)
ub =10 The upper bound is set to 10, but to prevent re-spending in product
groups of no initial spending according to y_marg_0, the upper bounds
of these elements are zero. (400 x 1)
Linear inequalities:
c3xx1<((1-0.05xi)xcl)—cl—c2 The re-added emissions must be equal to
or smaller than the emission reduction target represented by 0.05 * i.
where i = 1:20. The emission reduction target increases in steps of 5%
from 5% to 100%. (1x1)
—X2 = X1 < = Ymarg, This constraint helps convert all numbers in x2 to positive

values, in order to be able to estimate the sum of the absolute change
betweeny _marg_0and y_marg_new
(200 x 1)

—X2 + X1 < Ymarg, This constraint helps convert all in x2 to positive values, in order to be

able to estimate the sum of the absolute change between y_marg_0 and
y_marg_new (200 x 1)

Linear equalities:
e'xx1=1 The sum of the elements must equal one, which is equivalent to 100%
(1x1)
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Objective function:

Minz = e x (x2)  Minimize the absolute sum of changes in each element from the
marginal spending pattern to the ones found in the linear programming
(1x1)
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4 Results

4.1 GHG Emission Reductions and Cost Changes

The results from calculating cost reductions and GHG emissions (Table 4.1) show that the

actions within the transport, residential and food sectors achieve the largest GHG emission

reductions. Households achieve the largest cost reductions by implementing Actions 1, 8 and

14, and more generally, we find the largest cost reductions in transport and food actions.

Actions 2, 12, 15, 16, 18, 28 and 30 involve a cost increase for the households.

Action Household actions Cost reductions GHG emission
number (NOK 2016 prices) reductions (kg CO2-eq)
1 Switch to Renault Zée kr 32,885 [ | 3685
2 Switch to Tesla -23,233 | | 2760
3 No trips by car under 3 km kr 688 D 150
4 Only bus transport kr 14,312 4863
5 Car-pooling for work under 10 km kr 474 U 103
6 Only train transport kr 14,312 | 4973
7 Walk instead of train (9.4 km) kr 12,030 D 183
8 Reduce business flights (one per month) kr 71,344 | | 3112
9 Eliminate long-distance flight for vacation kr 8,202 | | 2629
10 Reducing indoor temperature by 1°C kr 472 ﬂ 92
11 Space and water heating kr 920 | 1333
12 Appliances and other kr -843 D 174
13 Grenn Diet kr 11,853 | 1854
14 Eliminating food waste kr 17,384 | \ 1020
15  Organic Green diet -23,706 | | 2039
16 Other measures (organic, local, composting) krl___' -15,804 [ | 695
17 Eco-efficiency across suply chain kr - ﬂ 57
18 Design for durability kr [| -1,649 U 107
19 Market shift to more synthetic fibres kr 330 6
20 Clean clothing less kr 660 | 36
21 Wash at lower temperature kr 660 \ 20
22 Increase size of washing and drying loads kr 330 | 20
23 Use the tumble dryer less kr 660 | 15
24 Dispose less - reuse more kr 989 | 10
25 Start closed loop recycling of synthetic fibres kr - 13
26 Dispose less - recycle more kr - 7
27 Reduce clothing purchases by 20% kr 6,597 D 279
28 Average of changing 6 pieces of furniture kr ﬂ -3,070 ﬂ 96
29 Increase lifetime by 20% kr 2,333 U 116
30 Buy furniture with 20% recycled MDF kr [I -1,166 H 73
31 Eliminating unsolicited mail kr - ﬂ 39
32 Reduced printing kr 246 | 17
33 e-papers and e-books kr 1,970 | 26
34 Reducing plastic waste by 30% kr 191 | 14

Table 4.1: Cost changes and GHG emission reductions per unit for each action
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4.2 Spending Patterns

The marginal spending pattern calculations bases on the change in consumption pattern when
moving to higher income deciles, as well as the relative purchasing power of deciles. When
moving to higher income deciles we notice some general trends (Table 4.2). Firstly, the
household’s relative expenditure on clothing and footwear and recreation and culture
increases. On the other hand, relative expenditure on health decreases. Relative consumption
on other aggregated product groups seem to vary when moving upwards in income deciles.
The product groups with largest variation when moving upwards in income deciles are
transport, housing, water and electricity, gas and other fuels and food and non-alcoholic

beverages.

Marginal Spending Pattern (weighted accoding to relative purchasing power) COICOP Ivl 1

Deciles
1to 2+3 2+3 to 4+5 4+5 to 6+7 6+7 to 8+9 8+9 to 10
01 Food and non-alcoholic beverages D 7% 8 117% & 117% D 11% D 6%
02 Alcoholic beverages and tobacco I] 2% E -1% H 2% ﬂ 2% | 1%
03 Clothing and footwear 0% il 8% il 7%E] 10%F 9%
04 Housing, water, electricity, gas (...) ar i P% 8 37% lj 13% D 16 % | 28 %
05 Furnishings, household equipment (...) ar D 7% lj 8% D 6% D 7% D 7%
06 Health y 4% § 1% | 0% | 0% | 1%
07 Transport 0% £ 11% 26 % 28 % 21%
08 Communication [l -3% ﬂ 1% ﬂ 3% 1% 1%
09 Recreation and culture ] 1% 0] 8% i |16% | 10% ] 13%
10 Education & 2% | 0% | 0% | 1% | 0%
11 Restaurants and hotels D 3% D 4% H 2% D 7% D 4%
12 Miscellaneous goods and services Ij 9% D 5% D 8% D 8% D 8%
Relative purchasing power 11% 15% 19% 24 % 32%

Table 4.2: Marginal spending pattern calculations

The three scenarios of how households re-spend additional income (Table 4.3) show that the
relative spending on housing, water, electricity, gas and other fuels is over 30% in the average
scenario and under 10% in the green marginal scenario. Transport has the largest share of
relative expenditures in the marginal scenario, with a sharp decrease in the green marginal
scenario. Re-spending on clothing and footwear is only 1% in the green marginal scenario,
compared to 8% in the marginal scenario. In the green marginal scenario, expenditure on
housing, water, electricity gas and other fuels and transport to a large extent shift towards

expenditure on food and non-alcoholic beverages and miscellaneous goods and services.
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Spending patterns comparison (COICOP Ivl 1)

Product Groups Marginal  Average Green Marginal
01 Food and non-alcoholic beverages 11% 12 % 18 %
02 Alcoholic beverages and tobacco 1% 3% 1%
03 Clothing and footwear 8 % 5% 1%
04 Housing, water, electricity, gas (...) 24 % 31% 9%
05 Furnishings, household equipment (...) 7% 6% 11%
06 Health 1% 3% 3%
07 Transport 24 % 19% 8%
08 Communication 1% 2% 3%
09 Recreation and culture 11% 10 % 9 %
10 Education 0% 0% 0%
11 Restaurants and hotels 4% 4% 6 %
12 Miscellaneous goods and services 8 % 6 % 30 %

Table 4.3: Spending Patterns comparison (COICOP level 1)
4.3 Rebound Effects

The results from the rebound calculations of the individual actions not adjusted for double
counting (Table 4.4) show that re-spending money according to the green marginal spending
pattern results in the smallest rebound, while re-spending according to the marginal spending
pattern results in the largest rebound for all actions. However, for the actions associated with
a negative cost reduction, the GHG emission reductions are largest when re-spending
according to the marginal spending pattern, and smallest when re-spending according to the

green marginal spending pattern.

The action resulting in the largest rebound effect of almost 600% is action 24 in the marginal
re-spending scenario. We find the largest rebound effect in absolute value for action 8,

resulting in a rebound of approximately 5 tons CO2-eq in the marginal re-spending scenario.

The action resulting in the lowest rebound effect is action 28 with a rebound effect of less
than -200% in the marginal re-spending scenario. The smallest absolute rebound effect comes

from implementing action number 2 resulting in additional savings of about 1.6 tons CO2-eq.
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Rebound effect % GHG savings including rebound (kg CO2-eq)

Original GHG

Action . ) Green > . Green
number Household actions Marginal Average marginal savings (kg Marginal Average Marginal
CO2-eq)
1 Switch to Renault Zée 62 % 48 % 2% 3685 1404 1922 2129
2 Switchto Tesla I s8% [ -a5% [ -40%| @ 2760 I 4372 @ 4006 {3860
3 No trips by car under 3 km | 32% | 25% 22% 150| i 103 14 | 118
4 Only bus transport 20% 16 % 14% 4863 3871 4096 4186
5 Car-pooling for work under 10 km ﬂ 32% \ 25% 22 % 103 70 77 80
6  Onlytrain transport . 20% 15% § 14% 4973] 3980 I 4206 W 4296
7 Walk instead of train (9.4 km) 456/% W 333% W 311%| | 183| [} 652 |l 462 |} -386
8 Reduce business flights (one per month) D 159 % P 123% ' 108 % ] 3112 |:. -1836  [B -713 I] -264
9  Eliminate long-distance flight for vacation 2% 17% | 15%| W Dbexo| & J20e0 I 2189 W 2241
10 Reducing indoor temperature by 1°C ﬂ 35% \ 27 % 24 % 92 60 67 70
11  Space and water heating 5% 4% 3% D 1333 D 1270 E 1284 D 1290
12 Appliances and other [ -3a% 26 % -23%| 174 | 232 219 213
13 Grenn Diet | 38% | 29% 26%| | 18s4| ] 1157 £ 1315 ] 1378
14  Eliminating food waste vl 100% i 78% il es%| & 1020 3 229 322
15  Organic Green diet B -68% [ -53% [ -47%| & |2030 § 343¢ § 3117 I 2991
16  Other measures (organic, local, composting) | [ % -134% [% -103% [ -91%| & 695 & | 1625 &£ | 1414 ] 1330
17  Eco-efficiency across suply chain 0% 0% 0% 57 57 57 57
18  Design for durability B 9% I -70% [ -62% 107 | 204 | 182 | 174
19 Market shift to more synthetic fibres W 34s% I 260% & 237% 6 -14 -9 -8
20  Clean clothing less vl107% I 83% Il 73% 36 -3 6 10
21 Wash at lower temperature i l199% £ l154% £ 136% 20 -19 -10 -7
22 Increase size of washing and drying loads D 99 % D 77 % D 68 % 20 0 5 6
23 Use the tumble dryer less W 253% & |196% & 173% 15 -23 -15 -11
24 Dispose less - reuse more 597 % 461|% | 407 % 10 -48 -35 -30
25  Start closed loop recycling of synthetic fibres| 0% 0% 0% 13 13 13 13
26 Dispose less - recycle more 0% 0% 0% 7 7 7 7
27 Reduce clothing purchases by 20% £1139% §| 108% §| 95%| i 279 -109 221 14
28  Average of changing 6 pieces of furniture | % -223% [ % -172% [ % -152% 9| |l 308 | 260 | 241
29  Increase lifetime by 20% v 119% ] 92% I 81% 116 -22 10 22
30  Buy furniture with 20% recycled MDF B o9a% [E -73% [ -64% 73| 142 126 120
31  Eliminating unsolicited mail 0% 0% 0% 39 39 39 39
32 Reduced printing P 104% I so% I 71% 17 -1 3 5
33 e-papers and e-books | 525 % | 405 % @8 % 26 -111 -80 -67
34  Reducing plastic waste by 30% bl o95% § 3% f 65% 14 1 4 5

Table 4.4: Rebound results and GHG emission savings including rebound

When adjusting for double counting of actions and aggregating the actions to consumption
sectors (Table 4.5), the consumption group with the largest rebound is paper, while furniture
has the lowest rebound. The largest rebound in absolute values is for the transport actions,
when re-spending according to the marginal spending pattern. Over 8 tons of CO2-eq are lost
from implementing the transport actions due to this pattern of re-spending. The lowest
rebound in absolute value is for the furniture actions, resulting in additional savings of almost
150 kg CO2-eq.

When combining all actions, households can obtain a 58% reduction in their GHG emissions
compared to the original carbon footprint of about 27.2 tons CO2-eq per household, without
considering re-spending. Under the assumption of total household expenditure being constant,
the reduction in GHG emissions drops to 24%, 32% and 35% for the marginal, average and
green marginal re-spending scenarios respectively. In absolute values, this means a reduction
of 6.4, 8.6 and 9.4 tons CO2-eq per household for the scenarios of re-spending.
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Rebound effect in % GHG savings including rebound
Original GHG
Household Actions Marginal Average Gre(::n savings (kg Marginal Average Gre(::n
Marginal Marginal
CO2-eq)
Transport P 3% B 64% EJ 57% 9847l | 1638)L.  3501fh. 4246
Residential 0% | 0% | 0% L] 13830 | 1381l | 13810 | 1381
Food I 1% I 133% | 1u%xl | 358710 3006 I 3138 [ 3191
Clothing B 0% W] 69% H] 61%] 569 § 641 1794 224
Furniture B 1% -39%3 -35%]| 284§ 428 1] 396 | 383
Paper i bl 81| -73} -38| 24
Plastic B Jos% B 73% B e5% 141 11 4 5

Total of all actions combined [ 59 %/l 4d %[ 40% [ 15766 | 6446  [sse1l 9407

Original carbon footprint of
households (kg CO2-eq)
Reduction in carbon footprint 58 % 24 % 32% 35%

27170

Table 4.5: Rebound results and GHG emission savings including rebound, per sector and
adjusted for double counting
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4.4 Linear Programming: Changing Pattern of Re-spending

The results from changing the consumption pattern of re-spending using linear programming

(Figure 4.1) show that households can achieve up to a 50% reduction in GHG emissions by

implementing the set of actions suggested in this paper while keeping total expenditure level

unchanged. With smaller adjustments to their spending pattern, households can achieve a 25-

30% reduction in GHG emissions compared to the reference of the marginal spending pattern.

Re-spending on goods and services in the transport product group steadily declines as the

reduction target increase. The clothing and footwear consumption group also shows a rapid

decline in relative share of consumption, and is zero at about a 35% reduction target. Re-

spending in consumption groups such as food and non-alcoholic beverages, furnishings,

household equipment and routine household maintenance, housing, water, electricity, gas and

other fuels and recreation and culture remain relatively unchanged with increasing reduction

target. The only product groups seeing an increase in the relative share of re-spending all the

way up to a 50% reduction target is miscellaneous goods and services. To achieve a 50%

reduction, households must re-spend approximately 80% of the money on this particular

product group.

100 %

90%

80%

70%

60%

50%

40%

Percentage of total

30%

20%

10%

0%

Re-spending on product groups to meet GHG emission reduction (COICOP Ivl 1)

W 12 Miscellaneous goods and services

M 11 Restaurants and hotels

W 10 Education

W 09 Recreation and culture

m 08 Communication

W07 Transport

m 06 Health

M 05 Furnishings, household equipment and routine
household maintenance

W 04 Housing, water, electricity, gas and other fuels

m 03 Clothing and footwear

W 02 - Alcoholic beverages and tobacco

W 01 Food and non-alcoholic beverages
5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

reduction reduction reduction reduction reduction reduction reduction reduction reduction reduction

Figure 4.

1: Linear programming: change in re-spending pattern needed to meet GHG emission

reduction targets (COICOP level 1)
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The objective of the linear program was to minimize the sum of the absolute changes in the
spending pattern while achieving the GHG emission reductions (Figure 4.1). By comparing
the marginal spending pattern with the different spending patterns needed to reach the GHG
emission reduction targets for 200 goods and services, | obtain a measure of the changes
needed to reach the different reduction targets. The measure used is the sum of the absolute
value of changes in the consumption patterns (Figure 4.2). The sum is relatively low up until a
20-25% reduction in GHG emissions. For larger reductions, the sum increases rapidly. The

graph shows resemblances to that of an exponential function.

Sum of the absolute change in consumption pattern
compared to the marginal scenario

1.20
1.00
0.80
0.60
0.40
0.20

0.00
0% 5% 10% 15% 20% 25% 30% 35% 40 % 45% 50% 55%

Reduction in GHG emissions compared to original

Sum of absolute change in consumption pattern (marginal
as reference)

Figure 4.2: The sum of the absolute change in re-spending: Marginal versus emission reduction
spending patterns

The relative re-spending on the 200 goods and services of the spending patterns change for the
different reduction targets. The sum of the absolute change is measure of how much
consumption changes overall based on the marginal spending pattern.
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5 Discussion

5.1 Implications of Results

5.1.1 2°C Target of Global Warming

The results show that the reduction in carbon footprint from implementing the actions is 58%.
When including rebound effects, the reduction drops to 24-35% (Table 4.5). Considering the
needed reduction of 40-70% of anthropogenic GHG emissions in order to meet the 2°C target
of global warming (Intergovernmental Panel on Climate Change, 2015), when including
rebound, this set of actions do not achieve the needed reductions. However, when changing
the re-spending in the linear programming, the reduction potential increased to 50%.

Another option to achieve further reductions is to change, add or eliminate actions. Changing
actions can be done through optimizing the number of actions (Table A.1) using linear
programming, while minimizing behavioral costs (section 3.8.1). Households likely achieve
the largest GHG emission reductions by combining the two methods of optimizing the
number of actions and the pattern of re-spending, given the constraint of equal total
expenditure and not considering technological improvements. By relaxing these constraints,
the household will reduce its carbon footprint further. The analysis excludes technological
improvements, as the scope is to examine what households can achieve today. The constraint
on total expenditure could be relaxed, but could have negative effects on economic growth as

discussed in the introduction.

5.1.2 Rebound Effects

The calculations on rebound effects is in parts independent of the economic mechanisms
discussed in the literature and background section. The reason for this is the assumption that
the household takes a more active role in choosing which actions to implement, in contrast to
much of the energy economics literature on rebound effects that assumes that households
change their consumption based on price changes. The actions that households implement are
independent of price changes, and instead the assumption is that the motivation is to reduce

their carbon footprint.

The extent of the rebound effect ranges from 40 to 59% depending on the pattern of re-
spending (Table 4.5). This is higher than results in the literature. Druckman et al. (2011) find
rebound effects ranging from 12% to 34%. However, the 12% scenario involved a scenario of

re-spending all saved money in the least GHG intensive category, which was “housing”. This
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Is a stricter re-spending scenario than the green marginal spending scenario. Alfredsson
(2004) find even lower GHG rebound effects of about 14% for an average re-spending
scenario. Murray (2013) finds the rebound effect to be between 12% and 14% using a
marginal spending pattern. However, most of these studies involve the household
implementing only a handful of behavioral actions, meaning that the rebound results largely

depend on the choice of actions.

The results of the individual actions suggested a large variation in rebound, ranging from (-)
223% to 597% (Table 4.4). However, because of the large number of actions, eliminating or
adding an action will not affect the total rebound as much as if only implementing a handful

of actions.

The rebound effect is primarily indirect because of changed expenditure on a specific good or
service, leading to the household re-spending the money saved across all other goods and
services according to scenarios of re-spending. This means that some of the re-spending
results in a direct rebound effect as well. However, the results show the sum of the indirect
and direct rebound effect. It is outside the scope of the thesis to disentangle the indirect and
direct rebound effect, although possible by connecting each action to corresponding goods
and services in the spending pattern. Then the direct rebound is the relative consumption
share of the goods and services connected to the action, multiplied with their corresponding
GHG intensity (Kg CO2-eg/unit of expenditure). Most of the literature present the combined
effect, but some studies disentangle the indirect and direct effects (Thomas and Azevedo,
2013a, Chitnis et al., 2013).

Some of the results showed that the rebound effect of implementing actions or set of actions is
negative (Table 4.4, Table 4.5). The source of these negative rebound effects is implementing
one or several actions that induce a cost increase for the household. This is equivalent to a
decrease in disposable income. Implementing these actions means that the household reduces
consumption on other goods and services that was part of their spending pattern before
implementing the actions. Hertwich (2005) mentions this type of rebound effect through
spillover of environmental behavior, where environmentally aware households implement
other types of beneficial behavior, such as spending additional income on more expensive

organic food.

Implementing actions that come with a cost increase for the household does require a strong

motivation to reduce the carbon footprint, and requires that households have freed up income
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to spend. However, the assumption is that the household implements the set of actions
suggested, which in total comes with a cost reduction for the household. Thus, we should
interpret the actions associated with cost increases as what Hertwich (2005) refers to as

spillover effects.

5.1.3 Sufficiency and Efficiency Measures

The rebound literature often distinguish between rebound effects resulting from efficiency
and sufficiency measures. Efficiency measures relate to energy efficiency improvements, such
as purchasing a more fuel-efficient car, while sufficiency measures relate to behavioral
changes that, assuming leaving environmental concern out of the utility function, lower utility
or welfare. An example of a sufficiency measure is lowering indoor temperatures (Alcott,
2008, Chitnis et al., 2014). The set of actions proposed here involve both efficiency measures
and sufficiency measures. Efficiency measures include buying an electric car, appliances,
furniture and reading e-books and newspapers. Examples of sufficiency measures are
reducing indoor temperature by 1°C, increasing lifetime of products, eliminating unsolicited
mail or waste. What is not included are technological improvements not currently available to
the consumer, but that will be available in the future. Possible exceptions to this are some of
the actions within the clothing sector. Some of these require changes on the production side,
such as; eco-efficiency across the supply chain (action 17) and start closed loop recycling of

synthetic fibers (action 25).

Particularly sufficiency measures often involve a cost reduction for the household, and several
papers assume saving some of the money from such measures (Figge et al., 2014, Chitnis et
al., 2014, Druckman et al., 2011). One of the key assumptions in this thesis is re-spending all
of the saved money, which could explain the higher rebound effect compared to that found in
similar studies (Druckman et al., 2011, Alfredsson, 2004, Thomas and Azevedo, 2013a,
Murray, 2013).

An important consequence of implementing sufficiency measures and altering re-spending
patterns to minimize the rebound effect is that it will lead to a demand shift if implemented on
a large scale. After establishing the rebound as part of mainstream discussion, this demand
shift needs attention (Alcott, 2008).

5.1.4 Link to Production
The analysis only involves changes on the consumption side, apart from some of the actions

in clothing consumption as mentioned above (chapter 5.1.3). As discussed in the literature
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section (chapter 2.3) there are complex interactions between the consumption and the
production side, and ignoring the implications on the production side of households carrying
out these actions would be inaccurate. Large-scale implementations of the suggested green
lifestyle can even imply that consumers are able to drive production side changes e.g. by
creating demand for products with higher recycled content, different fabrics of clothing or
electric cars. By limiting the analysis to the consumption side, the idea is not to ignore the
modifications on the production side, but rather that the household changes lead to production
side changes that allow for further reductions in global GHG emissions. Mechanisms on the
production side involve advertisement, increased research on technological improvements and
producing goods and services with longer lifetime. These mechanisms are achievable through
a large-scale consumer demand. Accordingly, by implementing the green lifestyle, the

households can induce changes in production that further decrease emissions.

5.1.5 Total re-spending

An important assumption in the analysis is that of total re-spending, meaning that households
do not save any of the money. This assumption is probably unrealistic, as households in
reality most likely will put some of this money into savings. However, if households save a
large portion of the savings, it could potentially have negative consequences from an
economic point of view. In order to ensure economic growth, either consumption or
investment levels must grow, or at least not drop. In the case of investment, the economic
growth can continue. However, in the case of deferred or reduced overall consumption, it
could have negative consequences. Deferred consumption can have negative short-term
consequences if multiple households delay consumption simultaneously, while reduced
consumption can in the worst-case lead to recession. Thus, assuming no re-spending is

unrealistic in the case of multiple households implementing the set of actions.

Some studies have allowed for less than total re-spending, assuming some investments
instead. Druckman et al. (2011) included investments in their study and found reduced

rebound effects compared to a situation of no investments.

Assuming some investment or savings instead of total re-spending is probably a more realistic
approach, but the implications if implemented on a large scale are uncertain, and could have
negative consequences to economic growth. For these reasons, the assumption in this thesis is

total re-spending of the saved money.
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5.1.6 Spending Patterns

As shown in the literature review, studies on rebound effects do not seem to agree on which
spending pattern is preferable. One finding is that the marginal spending pattern moves
towards the average spending pattern for only incremental increases in income. However,
assuming that the households implements the actions suggested, it amounts to a rather large
cost decrease for the household. With the current scenario of set of actions, this cost decrease
is approximately 150 000 NOK. Such a large cost decrease would justify that the household
re-spends money according to marginal, rather than average spending patterns. On the other
hand, assuming that the household implements the set of actions within a short time period,
could mean that the average spending pattern is more realistic, as the literature review
suggested an inertia in changing consumer behavior (Stock, 1988). Another aspect to consider
is that of how conscious households are about their re-spending. It is reasonable to expect the
household re-spending to change towards a green spending pattern as knowledge about the
GHG intensity of goods and services increases. With this in mind, the green marginal

spending pattern might be more realistic.

Anticipating how households will re-spend additional income is a demanding task that
involves some uncertainty. However, considering which spending pattern to choose is
important. Researchers should make this decision based on the methodology and assumptions

of each specific study.

5.1.7 Linear programming

The linear programming results showed that re-spending shifted gradually towards product
group 12: Miscellaneous goods and services in COICOP level 1 classification as the GHG
emission reduction target increased (Figure 4.1). A closer look at this product group reveals
that it contains goods and services within personal care and effects, social protection,
insurance and financial services. A more detailed look on a 25-product level shows that
business and financial services make up about 60-65% of the total re-spending for GHG
emission reduction targets of 45-50% (Appendix D).

Whether the required re-spending are realistic to implement for the households is uncertain.
The implementation likely gets less pragmatic as the reduction target increases. Up until a
about a 30% reduction in GHG emission (Appendix D), the changes in the consumption
pattern seem less dramatic. The consumption groups most affected at this reduction target is

clothing and footwear, some type of manufactured products, mobility by land, water and air
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and some types of food. The interpretation of the decline in re-spending on these consumption
groups is that they have a high GHG intensity per unit expenditure and thus are the most

important to reduce spending on, in order to reduce rebound effects.

Examining the re-spending needed to achieve 40-50% reductions, we notice a sharp decline in
vehicles and equipment and other manufactured products, an elimination of clothing and
footwear, elimination of mobility by air and water, and a sharp increase in re-spending on
business and financial services. Other consumption groups remain relatively unchanged, such
as the shelter groups, most of the food groups and the other service groups. The interpretation
of the relatively unchanged re-spending on these groups is that they contribute less to rebound

effects through a low GHG intensity per unit of expenditure.

Generally, the trend is that households should focus their re-spending on all types of services,
consumption related to shelter and certain types of food if they wish to achieve carbon
footprint reductions within the requirements of the 2°C target. Households should eliminate
re-spending on products related to fossil fuel use, such as mobility, and production processes

demanding heavy use of resources, such as clothing and manufactured products.

The total savings of implementing the set of actions changes with different scenarios of
number of actions implemented. With the current number of actions, the savings amount to
about 150 000 NOK for the household, amounting to about 35% of the expenditures of the
average Norwegian household in 2012 (Statistics Norway, 2013). This means that households
still spend 65% of their money according to their existing spending pattern. Changing only
35% of expenditures according to the patterns suggested in the linear programming seems
possible, but requires careful re-spending considerations by the household

The sum of the absolute changes in the marginal spending pattern and the spending patterns
found for the emission reduction targets in the linear programming showed an exponential
increase with increasing reduction targets (Figure 4.2). However, the unit of this figure might
require some explanation. The spending patterns include 200 goods and services with relative
shares of re-spending that sum to a 100%. This means that if re-spending on one of the goods
and services changes by 1% (positive or negative) compared to the marginal spending pattern,
this is equivalent to a 0.01 increase in the graph of Figure 4.2.

5.1.8 Carbon off-setting
Some studies include carbon offsetting as a means of reducing carbon footprint. This involves

either buying an offset to compensate for actions associated with high GHG emissions, such
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as air travel, or actively offsetting your own actions through e.g. planting trees that store
carbon (Goodall, 2010). However, studies have suggested that consumers who purchase
carbon offsets for a particular good or service actually increase their consumption of this good
or service (Harding and Rapson, 2013). Some studies also question the effectiveness of
carbon offsets in actually contributing to lowered anthropogenic GHG emissions (Olsson et
al., 2016, Mason and Plantinga, 2013).

The possibility of buying carbon offsets is excluded from the analysis, partly because of
uncertainties in the effectiveness of carbon offsets and because it enables households of
higher income levels to buy their way out of their GHG emissions.

5.2 Limitations and uncertainties

5.2.1 Assumptions and Implementations
Several of the proposed actions involve assumptions that have potential limitations.
Additionally, some households might find the actual implementation of some of the actions to

be challenging.

Action number 8 involves one return flight Trondheim — Oslo each month per person. This is
clearly an overestimation of the average household’s work related travels by airplane. Instead
of considering only work related travel, one should interpret this as an illustrative example of
how frequent flying domestically, both in the purpose of business and recreation, and
international work related flying affects the carbon footprints of households. The flight
distance used in this action is rather short, so if households conduct one or several long-
distance flights within a year, it would sum up to the GHG emissions and costs associated
with multiple return flights between Trondheim and Oslo. Work related travel by air transport
is increasing in Norway, accounting for almost half of the total number of these travels
(Denstadli and Rideng, 2012). Exact numbers combining distances and number of travels by
air transport per person in Norway were scarce, but the findings in Denstadli and Rideng
(2012) suggests that an average Norwegian person travels 0.4 trips by plane per month.
Additionally, the transportation to and from the airports is not accounted for in the action.
Taking these considerations into account, the overestimation of GHG emission and cost
savings in action 8 is not as large as at the initial glance. However, some degree of
overestimation is likely, since calculations depend upon the consumption of the average

Norwegian household.
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For actions 4 and 6, the assumptions of replacing all daily travels with bus and train transport
respectively have potential limitations. Far from every Norwegian household has the
opportunity to do all travels using these transport modes. One example of why this is difficult
to implement is if households live in rural areas with low access to public transport. In the
matrix that adjusts for double counting (Appendix A), | designate relatively low shares (10-
30%) of each of the travel distances to these actions. The interpretation for this depends on
whether one or several households implements the set of actions proposed. In the case of one
household implementing the actions, the share designated to bus or train transport is in
combination with the other transport actions, so that combining the actions available for the
specific distance, covers the total km traveled within each distance. In the case of several
households implementing the actions, the interpretation is that some households implement a
larger share of the action than others do, but that the average of these are the values observed
(Appendix A).

Some of the actions are difficult to implement for households because of considerations like
infrastructure, urban versus rural area, access to appliances and products needed. This is
particularly the case for the transport actions, as explained above. However, other actions
such as the purchase of green or organic food and special types of furniture or materials might
prove to be difficult for some households. However, since the analysis focuses on the average
Norwegian household, most assumptions made and data used base on the consumption pattern
of this household type. This means that the actual cost reductions and GHG emission savings
will vary from household to household. Some households obtain lower reductions, if they for
example already have implemented some of the actions (Gardner and Stern, 2008), while
others will see a larger reduction potential, e.g. if they travel a longer distance per year than

the average household.

The green marginal re-spending scenario bases on the marginal spending pattern. In order to
reduce the GHG emissions, | eliminate re-spending on 31 of the highest emitting goods and
services based on the emissions per monetary unit, and weight the eliminated consumption
according to the relative consumption share of the remaining goods and services. This
elimination process does not include considerations to the importance of the household of
consuming these goods and services. In other words, | do not account for whether the
individual household can implement the green consumption pattern or not. It is possible that
some of the actions proposed will require that households spend more money on certain goods

and services already excluded in the green marginal re-spending pattern. An example of this
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is that implementing a green diet could be inconsistent with eliminating re-spending on food
products such as oil seeds. While buying an electric car might be incompatible with
eliminating re-spending on electricity from sources such as coal, gas and biomass and waste,
unless replaced with electricity from other sources. However, the re-spending scenarios do not
exclude consumption on any goods and services entirely. They only assume that households
spend the money saved from implementing the actions in a specific manner. The re-spending

scenarios do not affect the rest of the household consumption.

5.2.2 Double-Counting

The idea behind the matrix that connects actions to specific activities (Appendix A) is to
reduce double counting of GHG emission and cost reductions. This is the reason for the
different units used for the actions (Table 4.1). For the transport actions involving daily travel
(actions 1-6), the approach is to eliminate double counting through setting the limit to the total
distance travelled within each distance range. As mentioned in the methods, it is possible to
create many scenarios on the number of actions implemented. However, in the case of one
household implementing the actions (as opposed to several households) including all of the
actions would require the household to purchase a Tesla, a Renault Zoe and public transport
passes, which would increase costs and alter the achieved GHG emission reductions. Buying
a Tesla or a public transport pass without using them much could become more expensive
than the costs per pkm suggested. Thus, the interpretation is rather that a certain percentage of
households implement a specific action to fulfill a specific activity requirement. However,
one household can choose several of the available actions for a specific activity, as long as
only one of the actions involve a purchase, a household can e.g. choose to walk 60% of trips

under 3 km and drive a Renault Zoe, the remaining 40%.

The methodology used in the transport scenarios involving daily travels should eliminate
double counting. For some of the other actions however, double counting proved difficult to
eliminate. Action number 14 (Table 3.1), eliminating food waste, is dependent upon the diet
chosen, as it assumes reducing 22% of costs and GHG emissions associated with food
purchases. However, the cost and GHG emission structure differs from diet to diet. This
means that accounting for the different cost and GHG emission structures for the different
diets would require different scenario for eliminating food waste for each of these. Instead of
creating three different scenarios, | use the GHG emission and cost structure of the original
scenario as a proxy. Considering the cost and GHG emission reductions of the other

scenarios, eliminating food waste for the green diet (action 13), the cost and GHG emission
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reduction would be lower, while for the organic green diet (action 15), the cost reduction
would be higher and the GHG emission reduction lower compared to the original scenario.

The potential double counting in action 30, buy furniture with 20% recycled MDF, follows a
similar argument. It is dependent on action 28, average of changing 6 pieces of furniture, and
action 29, increase lifetime of all products by 20% (e.g. through re-selling or longer lifetime).
Both action 28 and 29 would change the original GHG emissions and cost structure that
action 30 is based on. However, combining all three actions would result in larger GHG
emission reductions and different costs than for each action alone. Thus, the actions are not
disentangled, but for the current setup (Appendix A), the GHG emissions are most likely
somewhat overestimated and the cost reductions underestimated since actions 28 to 30 all

involve a cost increase.

The actions described above are the most obvious cases of double counting. However, smaller
incidents of double counting are both likely and difficult to quantify. Examples of these are
the actions involving appliance use in the clothing sector (actions 20-23) and action 12,
appliances and other. Reducing the use of the washing machine and tumble dryer is somewhat
dependent on the GHG emission and cost reduction potential found for action 12. The same is
true for action 33, reading e-papers and e-books instead of newspapers and books. Action 33

increases appliance use, and thus depends on the calculations in action 12.

It is possible to make similar arguments for several of the actions in Table 3.1. However,
finding exact estimates for GHG emission and cost reductions including double counting for
all actions is challenging. Furthermore, the results would likely be uncertain because it
requires controlling for a large number of variables. Although some instances of double
counting occur in the calculations, the implications of this should not change the resulting

GHG emission and cost reductions to a large degree.

5.2.3 Linear Programming

The methods presented two alternatives to optimization through linear programming.
Changing the number of actions (Appendix A) while minimizing behavioral costs to the
household is most likely the intuitive choice, as the households gain information on the
amount of effort needed to reach the different reduction targets and which actions they should
implement to achieve these targets. Appendix D shows a suggestion of assigning behavioral
costs to each action with scores from one to ten, where ten represents the highest behavioral

cost.
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The other approach of changing the pattern of re-spending is more pragmatic, but might seem
less intuitive to households, as changing the spending pattern of the money saved from
implementing the actions requires the household to have information of the GHG intensity of
goods and services. Furthermore, the objective of minimizing the absolute change in
consumption pattern compared to the marginal is more abstract than minimizing behavioral

costs.

The literature review suggested the need for information on which household actions are the
most effective to reduce global warming (Gardner and Stern, 2008), which would be useful

combined with information of the behavioral costs associated with implementing the actions.
Hence, the choice of taking the more pragmatic approach of changing pattern of re-spending

bases on the resources available.

Further research should focus on the behavioral costs associated with reaching GHG emission
reduction targets and making explicit how different household actions contribute to reducing

carbon footprint.

The conversion from purchaser price to basic price after the re-spending is formulated as a
MATLAB function. The linear programming however, does not include the conversion from
purchaser price to basic price. Excluding this conversion to basic price will influence the
results. Since the price conversion involves subtracting trade and transport margins and taxes
less subsidies, re-spending in purchaser price will likely overestimate the GHG emissions
associated with re-spending. This overestimation is clear when comparing Table 4.5 and
Figure 4.1. The marginal spending scenario shows a GHG emission reduction of 24% for the
household (Table 4.5), while the linear programming shows that the spending pattern starts to
change rapidly from a 20% reduction in GHG emissions (Figure 4.1). Since the linear
programming uses the marginal spending scenario as the basis scenario, the change in the
spending pattern in the linear programming should take place at a somewhat higher GHG
emission reduction when converting to basic price. Thus, the results for the linear
programming show an overestimation of the needed change in consumption pattern in order

to reach the different GHG emission reduction targets.

5.2.4 Sensitivity Analysis
Calculating cost and GHG emission reductions of the actions involve using a large number of
parameters. Numerous assumptions and the use of data with large deviations in the literature

review, suggest the existence of some uncertainty in the parameters. A sensitivity analysis of
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the parameters would show how sensitive the results are to changes in parameters. A simple
method is to change one parameter by a certain percentage and examine the effect on the
result. Then repeat this procedure for all the parameters, commonly referred to as a one-at-a-
time sensitivity analysis (Saltelli et al., 2000). A more complex method involves using Global
sensitivity analysis. A sensitivity analysis is global when varying all input factors at the same
time over the full range of possible values of the key parameters. This method can apportion
the uncertainties in the results to different sources of uncertainty in the parameters or input of
the model through e.g. the use of Monte Carlo filtering (Saltelli, 2004).

The large number of parameters used in the calculations means that a global sensitivity
analysis is likely to be comprehensive. Still, it is reasonable to assume that the results are

sensitive to changes in key parameters such as

e Household size

e Marginal and average cost per vkm for cars

e Emission factors for transport modes (kg CO2-eg/vkm)
e Passengers per car

e Lifetime of products

An example of a key parameter associated with a degree of uncertainty is the GHG intensity
of the electricity mix. The assumption in the analysis is a GHG intensity of 0.117 kg CO2-
eq/kWh, but the literature suggested a large variation in GHG intensity based on the
electricity mix used, ranging from 0.02 kg CO2-eq/kWh for Norwegian Hydro Electricity to
0.819 kg CO2-eq/kWh for coal powered electricity (Schakenda and Askham Nyland, 2010,
ENOVA, 2013).

It is important to reduce the uncertainties in such key parameters to the largest extent possible.
A sensitivity analysis would identify such parameters and would improve the robustness of
the results. However, the actual implementation of such an analysis is beyond the scope of

this thesis.

104



6 Conclusion

This study provides insight to the important role of changes in household consumption to
reaching the 2°C target of global warming. The literature review suggests that households
lack information on how their consumption contributes to GHG emissions, and which actions
they should take in order to reduce their carbon footprint. Thus, unlike similar studies that
focus on a few behavioral actions, this analysis involves the average Norwegian household
implementing a complete green lifestyle comprised of 34 specific behavioral actions. This
requires a more active role of the household in achieving GHG emission reductions, than the
approaches taken in other studies. The assumption of the household taking a more active role

in reducing its carbon footprint however opens up other possibilities.

Implementing the suggested set of actions would require vast behavioral changes by the
household. However, the gain could be a substantial cost decrease. Under the assumption that
total expenditure level stays unchanged, how the household re-spends this money is crucial to

the overall carbon footprint reduction.

In addition to the common average and marginal scenarios of re-spending, this analysis
explores other approaches through implementing a green re-spending scenario as well as
finding required re-spending to meet different reduction scenarios using linear programming.
The scenarios of re-spending underline the importance of how the choice of goods and
services modify the GHG emission reduction achieved. An initial reduction of 58% in
household carbon footprint dropped to 24-35% when including rebound effects. Re-spending
according to the marginal scenario led to the largest emissions while the green marginal
scenario performed best. If households eliminate re-spending on the goods and services with
high GHG intensities, they can lower the rebound effect. However, none of the three re-
spending scenarios showed GHG emission reductions within the requirements of the 2°C
target of global warming. To achieve this, the household must significantly alter their re-
spending given the set off suggested actions. Through a strict pattern of re-spending, the
linear programming results show carbon footprint reductions of up to 50% by curtailing re-
spending on transport, clothing and footwear, and manufactured products such as appliances
and vehicles. For emission reductions larger than 40%, re-spending largely shifts towards

services associated with a low GHG intensity.

The scope of this thesis is to explore the importance of behavioral changes by households in
reaching the 2°C target. This means excluding, but not ignoring the role of changes on the
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production side. An important implication of assuming an active role of the household is that
the household choices can drive production changes. A large-scale implementation of the
suggested green lifestyle would potentially lead to changes through sifting demand towards
goods and services associated with lower GHG emissions. The production side can respond to
this change in demand by production of environmentally better performing products leading

to further emission reductions.

Fully or partially ignoring the rebound effect is equivalent to assuming decreased total
expenditure. The results show that considerations involving the rebound effect is pivotal to
the household reaching the reductions required. Furthermore, ignoring the rebound effect is
potentially unrealistic as the overall consumption level decreases dramatically in a scenario of

no re-spending.

When including rebound effects, the analysis shows that clearly the pattern of re-spending is
very important. This calls for a larger focus on rebound effects in discussions on sustainable

development.

Given the importance of the pattern of re-spending for households to achieve reductions in
their carbon footprint, the linear programming shows that we can expect in the order of 25-
30% reductions without massive changes in expenditure habits. Nevertheless, this requires
much more investigation on the detailed structure of the spending pattern, and the balance

between basic and discretionary expenditures.

To achieve further GHG emission reductions given the current set of actions, households must
adopt specific patterns of re-spending restricted to certain goods and services. This requires

both knowledge and sacrifices in consumption by the household.

This analysis shows that households implementing a green lifestyle can play an important part
in mitigating global warming through reducing GHG emissions. Further research can expand
upon the results from this thesis by investigating the willingness and behavioral costs of
implementing different actions that reduce carbon footprint. Given the important role of re-
spending and the rebound effect, it is essential to investigate which factors determine re-
spending. Furthermore, studying the effect of investment instead of total re-spending can

provide useful insight to ways of curtailing the rebound effect.

Changing household consumption on a large scale have implications to the economic

structure, and to study the mechanisms of these economy-wide effects will help identify the
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consequences of a large-scale shift to a green lifestyle. Further studies on how lifestyle
changes and production side changes can benefit from influencing each other to lower GHG
emissions, will provide increased understanding on how we can reach the 2°C target of global

warming.
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Appendix A  Adjustment matrices

Daily km driven by car for all travels
(non-work related)
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Switch from standard gasoline vehicle to best-|
performing electric vehicle (Renault Zoe)

Switch from standard gasoline vehicle to Tesla
No trips by car under 3 km

Switch all daily car travel with bus transport

Car-pooling for work travel by car under 10
ke using a hybrid car
Switch all daily car travel with with train
transport
Walk Lerkendal - Trondheim S instead of
taking the train (4.7 km each way)

Oneless return business flight Trondheim -
Oslo per month (video-conference instead)

One less vacation to Bangkok, Thailand

Reducing indoor temperature by 1

Space and water heating
Appliances and other
Grenn Diet
Eliminating food waste
Organic Green diet
Other measures (organic, local, composting)
Eco-efficiency across suply chain

Design for durability

to higher proportion of synthetic
fibres

Clean clothing less
Wash at lower temperature
Increase size of washing and drying loads
Use the tumble dryer less
Dispose less - reuse more
Start closed loop recycling of synthetic fibres
Dispose less - recycle more.
Reduce clothing purchases by 20%
Average of changing 6 pieces of furniture

Increase lifetime of all products by 20% (e.g.
through re-selling or longer lfetime)
Buy furniture with 20% recycled MDF
(medium-density fibreboard)
Eliminating unsolicited mail
Reduced printing (printing management
system, two-sided printing)
Reading e-papers and e-books instead of
newspapers and books

Reducing plastic waste by 30%

o

o

0.8

0.1

0.1

0.1

0.1

0.5

0.6

0.1

Total Number possible

Table A.1: Matrix adjusted for double counting

16 283 394 907 1411 6816 6 59 92 221 491 3220

1




Daily km driven by car for alltravels non-
work related)

Km driven by car for work related travel

Table A.2: Matrix not adjusted for double counting



Appendix B Cost calculations for vehicles

Bilens pris

Antall &r du skal eie hilen

Kostnadsforutsetninger:

Normal kjerelengde for billklassen, km per ar
Din kjerelengde - km per ar
Drivstof-forbruk - liter per mil

Drivstofpris - kr per liter

Rentekostnad (snitt |an og egenkapital)
Arsavgift

Forsikringskostnad - gjennomsnitt per ar
Delkk-kostnader - gjennomsnitt per ar

Vasl, rekvisita og lignende - gjennomsnitt per ar
Servicekostnad - gjennomsnitt per ar
Reparasjonskostnad - gjennomsnitt per ar
Verdifall 1.ar (av kjepspris)

Verdifall 2. ar (av bruktverdi)

Verdifall 3. ar (av bruktverdi)

Verdifall 4. ar (av bruktverdi)

Verdifall 5. ar (av bruktverdi)

Verdifall 6. ar (av bruktverdi)

Totale kostnader:

Antall ar du eier bilen
Kostnadspost

Verdifall

Rentekostnad (etter skatt)
Drivstof

Arsavgift
Forsikringskostnader
Dekk-kostnader

Vask, rekvisita og lignende
Servicekostnad
Reparasjonskostnad
Totalkostnad
Gjennomsnittskostnad per kjerte kilometer

Gjennomsnittskostnad per dag

Marginalkostnad for &n ekstra kjert kilometer (ar 1)

Marginalkostnad for bare drivstoff

| 250 000|
I
Automatisk Dine tall
| 14 000]
| 14000] | 16 939
| 0.70] | 0.7
| 13,00 | 13
| 4.00%| | 6%]
| 3135 | 3135
| 7441] | 6 000]
| 1794] | 1500]
| 1147] | 10 000]
| 3014 | 3 000]
| 4517] | 1500]
| 200%) | 20%]
| 140%] | 14%]
| 13.0%] | 13%]
| 120%] | 129%]
| 1.0%] | 1%
| 100%] | 10%]
| g
Totalt Per ar
| 146192 | 24 365
| 42424 | 7071
| 02 487 | 15 414]
| 18810] | 3135
| 36 000] | 6 000]
| 9000] | 1500]
| 60 000] | 10 000]
| 18 000] | 3 000]
| 9000] | 1500]
| 431013 | 71985]
| 4.25]
| 197]
| 161
| 0.91]

Figure B.1: Cost calculations for standard gasoline vehicle

(Smartepenger, 2016)



Bilens pris

Antall ar du skal eie bilen

Kostnadsforutsetninger:

Mormal kjerelengde for bilklassen, km per ar
Din kjgrelengde - km per &r
Drivstof-forbruk - liter per mil

Drivstofpris - kr per liter

Rentekostnad (snitt 1dn og egenkapital)
Arsavaift

Forsikringskostnad - ajennomsnitt per ar
Dekk-kostnader - gjennomsnitt per ar

Vask, rekvisita og lignende - gjennomsnitt per &r
Servicekostnad - gjennomsnitt per ar
Reparasjonskostnad - gjennomsnitt per ar
Verdifall 1.ar (av kispspris)

Verdifall 2. &r (av bruktverdi)

Verdifall 3. &r (av bruktverdi)

Verdifall 4. ar (av bruktverdi)

Verdifall 5. &r (av bruktverdi)

Verdifall 6. ar (av bruktverdi)

Totale kostnader:

Antall ar du eier bilen
Kostnadspost

Verdifall

Rentekostnad (etter skatt)
Drivstof

Arsavgift
Forsikringskostnader
Dekk-kostnader

Vask, rekvisita og lignende
Servicekostnad
Reparasjonskostnad
Totalkostnad
Gjennomsnittskostnad per kjerte kilometer

Gjennomsnittskostnad per dag

Marginalkostnad for &n ekstra kjert kilometer (ar 1)

Marginalkostnad for bare drivstoff

Figure B.2: Cost calculations for Renault Zoe

(Smartepenger, 2016)

192 uuu|

Ld

Automatisk Dine tall
| 14 000]
| 14000| | 16 939
| 0.70 | 0.2]
| 13,00 | 1]
| 4.00%| | 5%
| 3135 | 445|
| 7441| | 6 000|
| 1794] | 1500|
| 1147] | 3 000|
| 3014| | 2 000|
| 4517| | 1500|
| 200%] | 20%|
| 14.0%| | 14%|
| 13.0%] | 13%]
| 12,0%] | 12%|
| 11.0%] | 1%
| 100%] | 10%]
| g
Totalt Per ar
| 112275 | 18713
| 27151| | 4 525
| 2033 | 339
| 2670] | 445|
| 36 000] | 6 000]
| 9000] | 1500]
| 18 000] | 3 000]
| 12000] | 2 000]
| 9000] | 1500]
| 228 129] | 38 022]
| 2,24
| 104]
| 0,69
| 0,02




Bilens pris

Antall &r du skal eie bilen

Kostnadsforutsetninger:

Normal kjerelengde for bilklassen, km per ar
Din kjerelengde - km per ar
Drivstof-forbrulk - liter per mil

Drivstoffpris - kr per liter

Rentekostnad (snitt 1an og egenkapital)
Arsavgift

Forsikringskostnad - gjennomsnitt per ar
Dekk-kostnader - gjennomsnitt per ar

Vask, rekvisita og lignende - gjennomsnitt per ar
Servicekostnad - gjennomsnitt per ar
Reparasjonskostnad - gjennomsnitt per ar
Verdifall 1.ar (av kjepspris)

Verdifall 2. ar (av bruktverdi)

Verdifall 3. ar (av bruktverdi)

Verdifall 4. ar (av bruktverdi)

Verdifall 5. &r (av bruktverdi)

Verdifall 5. &r (av bruktverdi)

Totale kostnader:

Antall &r du eier bilen
Kostnadspost

Verdifall

Rentekostnad (etter skatt)
Drivstof

Arsavgift
Forsikringskostnader
Dekk-kostnader

Vask, rekyisita og lignende
Senvicekostnad
Reparasjonskostnad
Totalkostnad
Gjennomsnittskostnad per kjerte kilometer

Gjennomsnittskostnad per dag

Marginalkostnad for én ekstra kiert kilometer (ar 1)

Marginalkostnad for bare drivstof

671 5u0|

Automatisk Dine tall
| 14 000]
| 14000| | 16 939
| 070] | 0.2
| 13.00] | 1]
| 4.00%| | 5%
| 3135| | 445|
| 7441| | 6 000]
| 1794] | 1500]
| 1147] | 3 000]
| 3014| | 2 000
| 4517| | 1500]
| 200%] | 20%
| 14.0%| | 14%
| 13.0%] | 13%
| 12,0%] | 12%
| 1.0%] | 1%
| 10,0%| | 10%
| ]
Totalt Per ar
| 392 672 | 65 445]
| 94 959| | 15 526
| 2033 | 339|
| 2670| | 445|
| 36 000| | 6 000|
| 9.000] | 1500|
| 18 000| | 3 000|
| 12.000| | 2 000|
| 9.000] | 1500|
| 576 333| | 96 056]
| 5.67|
| 263
| 0.93|
| 0.02|

Figure B.3: Cost calculations for Tesla (Smartepenger, 2016)



Appendix C Formulation of linear programming

Linear programming setup:

Axx <b,

min ztx such that = {Aeq * X > beq,

X
Ib<x<ub
c3 0..0
A = |-1(200) —I(ZOO)] The coefficient matrix for the linear inequalities
1(200) —I(200)
Where 1(200) is the identity matrix

~Ymarg,

((1=0.05%i)*cl) —cl—c2
b=
Ymargo

| The solution vector for the linear inequalities

aeq=1[e 0 .. 0] The coefficient vector for the linear equality
beq = [1] The solution vector for the linear equality
Zz=[0 .. 0 e€'] The solution vector for the objective function
Ib = zeros(400,1) Vector of lower bounds

ub = ones(400,1) * 10;  Vector of higher bounds

(401 x 400)

(200 x 200)

(401 x 1)
(1 x 400)
(1x1)

(1 x 400)

ub(repmat(Ymarg, ), 2,.1) == 0) = 0;  Set re-spending to zero for goods and services of

no initial re-spending

For-loop to find x for each emission cap:

fori=1:20

b(1,1) = ((1 = 0.05 % i) *xc1) — c1 + ¢2

[x(:, (i + 1)), zval(i + 1)| = linprog(z, A, b, aeq, beq, 1b, ub);
end

Where:



zval Returns the value of the objective function for each emission cap

(for each 5% reduction in emissions)

X Returns the x-vector for each emission cap (for each 5%

reduction in emissions



Appendix D Linear programming results

Re-spending on product groups to meet GHG emission reduction targets (25 product groups)

100 %

90%

80%

70%

60%

50%

Percentage of total

40%

30%

20%

10%

0%
5% reduction 10% 15% 20% 25% 30% 35% 40% 45% 50%
reduction reduction reduction reduction reduction reduction reduction reduction reduction

Table D.1: Detailed linear programming results for 25 product groups

m Services: Trade and retailing

M Services n.e.c.

W Services: Business and financial services

M Services: Restaurant, hotel and recreation
M Services: Health, education and research

m Manufactured products n.e.c.

W Manufactured products: Vehicles and equipment
= Manufactured products: Appliances, machinery and electronics
m Manufactured products: Household interior
M Mobility by Land

W Mobility by Water

m Mobility by Air

m Clothing and Footware: Fur and leather

m Clothing and Footware: Textiles and wool

B Food n.e.c.

M Food: Drinks and tobacco

W Food: Dairy and eggs

m Food: Meat and fish

W Food: Plant-based

m Shelter: Renting services and real estate

m shelter: Fuels and other shelter services

m Shelter: Waste

W Shelter: Wood products

W Shelter: Electricity

m Shelter: Construction Materials



Household actions

Behavioral Cost of
implementing action (1-10)

Switch from standard gasoline vehicle to best-performing electric vehicle (Renault Zoe)
Switch from standard gasoline vehicle to Tesla

No trips by car under 3 km

Switch all daily car travel with bus transport

Car-pooling for work travel by car under 10 km using a hybrid car

Switch all daily car travel with with train transport

Walk Lerkendal - Trondheim S instead of taking the train (4.7 km each way)
One less return business flight Trondheim - Oslo per month (video-conference instead)
One less vacation to Bangkok, Thailand

Reducing indoor temperature by 1°C

Space and water heating

Appliances and other

Grenn Diet

Eliminating food waste

Organic Green diet

Other measures (organic, local, composting)

Eco-efficiency across suply chain

Design for durability

Market shift to higher proportion of synthetic fibres

Clean clothing less

Wash at lower temperature

Increase size of washing and drying loads

Use the tumble dryer less

Dispose less - reuse more

Start closed loop recycling of synthetic fibres

Dispose less - recycle more

Reduce clothing purchases by 20%

Average of changing 6 pieces of furniture

Increase lifetime of all products by 20% (e.g. through re-selling or longer lifetime)
Buy furniture with 20% recycled MDF (medium-density fibreboard)
Eliminating unsolicited mail

Reduced printing (printing management system, two-sided printing)
Reading e-papers and e-books instead of newspapers and books

Reducing plastic waste by 30%

Table D.2: Behavioral cost of implementing actions
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