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Abstract

This thesis analysis the impact of private roadidprt under emission trading using two different
Computable General Equilibrium models. A static tima@gion model with special emphasis on the
European Union, addresses the welfare impact of tr@asport under the European Emission Trading
System. Including terms-of-trade effects, this niatbes not account for congestion which is the main
externality of road transport. Furthermore, tecbgadal details of electricity generation which are
important factor in evaluating climate policies ad# included. Therefore, the second model is t&csta
Small Open Economy model of the German economyudic congestion effects and detailed
technological characteristics of electricity gemiera The results of both models highlight the
important role of already existing taxes on tramsgoels for the evaluation of carbon mitigation

measures in road transportation.

JEL-code: D58, Q43, Q52

Keywords: Climate policy, emission trading, roaanport, carbon dioxide emissions, European

Emission Trading System



Table of Content

BIE=Lo] (=01 @0 ] (=T o | SO PPPPPTT PP I
LIST Of TADIES. ... eeeieeeeeee ettt e e e e ettt e e e e e e e s e e bbb b e e e e e e e e e e e aannnes \Y]
IS A T T = Vi
LiSt Of ADDIeVIATIONS. ........iiiiiiiiiie e e e e e as Vi
List of MathematiCal NOTALION ...........uuuiiiiieieiiiee e e e s e e e e e s VI
R [ 11 0T 0T 1o ] o PR PPRPPR TP 1
2 Regulation of Road Transport Carbon EMISSIONS..cccee.vvvvviiiiiiiiiiiiiiiii e 3
2.1  Regulating exXterNalili©S.........cooo i 3
2.1.1 Regulation in a first-best WOrld ...........oo e 3
2.1.2 Regulation in a second-best WOrld .......... oo 5
2.1.3  Environmental taX refOrMS ........uuu i eeeeee ettt e e e e e e e e e eeeeeeees 6
2.2 Regulation of road transportation...........ocooo oo 8
2.2.1 Externalities of road tranSPOrtation ..........cccccooooioooriio e 8
2.2.2 Regulation in the road tranSport SECLON......ccceeeiiiiiiiiiieiiieieeeeeeeeeeeee e 10
2221 Optimal reguIation ............oooiiiiii e e 11
2.2.2.2  Options to regulate carbon emissions in the tran§@EoOr...............evvvvveeeernnennes 12
2.2.2.2.1 Fuel composition regulation and fuel swWitching...........cccoeeevveiiiii . 12
2.2.2.2.2 Fuel efficiency regulation..............coooiieceeeiiere e 13
2.2.2.2.3 Pricing transport fUElS ...........ooo i 15
FZC T T U 0] 0= RSP 16
3 Methodological Background...............ooviiceeeceiiie et 17
3.1  Theoretical basics of applied general equilibriumdels.................ovvviiiiiiiiiiiiiiienees . 17
3.2 Computable general equilibrium modeling......ccceeeeeeeeeiniiiiiiieiiieee s 18
3.2.1  MathematiCal FOMMAL .........coiiiiiiiiiiiiet et e et e e e e e e e ee e e e e neeees 19
3.2.2  FUNCHONAI TOMMIS.....iiiiiiiiicii e+ttt e e e e e ettt e e e seenn e e e e e e e e e s nnnees 21
3.2.3  Empirical SPeCIfiCatiON .........coiiiiiiei e rennee 22
3.2.4 Computational implementation .............ooo e 23
3.3 TechnologiCal AetallS..............uuuuiiiiitcceeeeeiiiiiiiiiiiiiieieeeeeeee e emmmmeeeeeeeeeeseneeennnnees 24
3.3.1 The bottom-up/top-dOWN dISCUSSION .........eicecmmm e ittt e e e 24
3.3.2 Integrating bottom-up and tOP-0OWN ..........iceeeeciiiitiii e 25
3.4  Relevant modeling Ierature ........... ... oo 28
4 Transportation under the European Emission TraByBIem ..........cccccveeeiiiiiiiiiiiiiiiicceeeeennn 31
g R [ 11 o o (3 ox 1 o] o 31
A Y/ [ To [ W0 1= T o o] o ) o 31
.21 OVEIVIEW ...ttieieiieeee e e e ettt ettt e e et e e e e e e e e s sttt ettt e e e e e e e e bbb b et e e e eennnbbbneeeeeeeeeeaaans 31
VN A\ (o =T o = Vol [T o] ] 0 o] o AR 32

4221 Representative agent............coooi i it iceeeeeeieeeeiie e ——————————— 32



O = (0 o [ U o1 1[0 o [T 32

. T 1 (=1 g =V [0 o F= U = o = PP 33
4.2.2.4  GOVEIMIMENT .ottt e e et e e et e e e e e e eeeba e e e e e eeeebba s aaaaaaeeaeeesnens 35
4225 Market clearing coNditioNS ...........cooii i ettt eeeene e 35
4.2.2.6  Carbon reStriCtioNS.......ccooiiiieie e 36
G TS o 1= o 0% 11 o] o T 37
20 T R |V [o o [ W 110 4= 0 =] o] g PP 37
o T Vo ot 1 o] o = I o] o 1 PP 38
S V= 101 (=T = 1o ) o 39
4241  BaSEliNG dat@l.......cooiiiiiiiiiiiiie et 39
4.2.4.2  SUDSHIULION ElAaSHICIIES ........eeveeeeeeee s ettt e e e 42
4.2.4.3  EIMISSIONS ..coiiiiiiiiiiitite ittt e e eeree sttt et e e e e e e s s bbbt e et e e e e e e sennnr e e e e e e e e aan 45
4.3 SIMUIAIONS QNG FESUITS.......ciiiiiiiieees sttt e e e e e e e e e e e s eeaeas 46
o Tt R o o 110y Y=Yt = T = U o 46
4.3.2 Group A: Introducing emisSion tradinNg........ceeeee.eeveeerermmrimmmimn . 48
4.3.2.1  Sectoral regulation ........ccccoiiiiiiiii e 48
4.3.2.2  National uniform carbon PriCes ............ooieeeeeiiiiiii s 50
4.3.2.3  Full European emisSion trading ...............couuumeeeeesenenmnnmmmnmmmnnnnnn e 50
4.3.2.4  The European emission trading SYSIEIM ........eeeeeiiiiiieeeeeeeee e 50
0 T2 S T o 1 o - ¢ £ ] o 51
4.3.3 Group B: Regulation of transSport @MiSSIONS ....ccooeuuueiiieeiiiiiieree e 52
4.3.3.1 Closed emission trading for tranSPOrt SECIOIS . coeeeeeeeaeeeee e K2
4.3.3.2 Including transport into the European emissionitrgdcheme..............cccccceveees 53
4.3.3.3 Exempting transport from carbon regulation ... ..., 54
G TG 70 S o 1 o =1 ¢ £ ] o 54
4.3 4  SEeNSHIVILY BNAIYSIS .....uuuiiiiiieeee e s e a e e e e e e e e e e e e e e e e e e eeeeaea e e ens 55
N ©o ] o 11 ] o o 55
5 Technology Rich CGE Model of GEIMaNY.........cceeeeieeeiiiiiiiei e eese e 57
ST A 1 {0 o L1 Tox 1o o RO PPPPPPRRPPR 57
V72 |V o To [ o [=Y=Yox o (o o 57
B.2.1  OVEIVIBW .eiiiiiieeei ittt ettt ettt e e ettt e e e e e e e s ettt bttt e e e e eeas et e e e e e e e e e e nnneeees 57
IV A\ [0 T=1 o] = 1ol o [Tl 1) 1[0 o AR 58
5.2.2.1 Representative agent..........coooiiiii oot —————————— 58
SV A & (0 To [1 [ox 1 o] o H PP PSRTPP TR 59
5.2.2.3 International trade and gOVErNMENt ...........ccceiiiiiiiiiiiiiiee e 62
5.2.3 Market clearing CONItIONS .............oooiii e s nrennees 62
5.2.4 Extension of the basic model...............ooeeiiieeeee e 64
LA T S o1 o 0¥ 1 [ PP 65



L IVZA S 0 R |V, o 1o (=Y W [0 1= 0 £ (0] TR 65

5.2.5.2  Utility function and private transSportS.........cccccoeeiiieieeee e 66
5.2.5.3  Production fUNCLIONS ..........coiiiiiiii e 69
5.25.4  Congestion FUNCLION..........ooiiiiiiiiiiiietceeeee ettt meemmeeeeeees 72
5.2.6  Parameterization ...........ooooiiiiiiiiiii et eeeeeenennennene 72
LA Tt R O [ o T 1= 4 )Y/ [T [ = | - P 72
5.2.6.2  Social aCCOUNTING MALIIX .....vvvrrrruriinneetcmmmeeeereeeniennneennneennennaennn e seemeeee 73
5.2.6.3  Private tranSPOIT.......ccoi ittt r e e ennee 75
5.2.6.4  EIeCtriCity geNEratioN........cooiiiiiiii e e 77
5.2.7 Model CriticsS and eXIENSION .........uiiiiiiiiieeeieiiiie et rnnree e e e e e 81
5.3 SIMUIAtIONS 8N FESUILS. ... ...uuiiiiiiiiee ettt e e e sttt e e e e e e e s s eaeeessbbreereeeeeeeeaaans 82
Lo 70t B S (ot o F= T Lo I o [=E Yo ] o] 1) o [ R 82
5.3.2 Introducing emisSioN trading ..........ccovviieeceeiiiiiiiiiei e 83
5.3.3 Including aviation into €misSION tradiNg ......ccceevvvvurimmriimniiieee e e eeenanes 87
5.3.4 Fuel based regulation approaches...........ccceeeeeiiviviriiiiiiniii e ereeeanees 88
5.3.5 Increasing subsidies on public tranSPOrt.....ccccccceeeeiiiiiieie e 90
5.4 SeNSItIVILY @NaAlYSIS....ccciiiiiiii oo 91
5.4.1 Malleability of technology specific capital ... ...ccoovviiiiiiiiiiiiiiiieiiieieeeeeee e, 91
N e €17 L= L= 101 o o] o O 92
LR T @0 o 11 ] o o 92
I o ] o 1155 o] o 94
6.1  Summary and CONCIUSION ........oiiiiiiiiiiiit ettt ee e e e eeeeeeeeeeeeeeees 94
6.2 FULUIE r8SEAICH ... 94
(=T = P a6
Appendix A Additional results for Chapter 4 ... 110
Appendix B GAMS codes for the international model..............ooovviiiiiiiiee 118
Appendix C Additional tables for Chapter 5. .. e 134
Appendix D GAMS codes for the Small Open Economyd@do................ccvvvvviiiiviiiiiiiiiiiiieennn... 137



List of Tables

Table 1: External cost of road transportation aipdaharacteristics............cccooeee v 10
Table 2: External cost of road transport in 200%1[®M €190g] ....oooooeveeeeeiiiii e, 10
Table 3: MOl QIMENSIONS .......uuiiiiiiiie e e et e e e e e e s s s bbb eeeeeas 37
Table 4: Parameters for household transport andséoni calibration.......................c.cc v 40
Table 5: Cost shares in private tranSPOIAtiON . .....eeveeeeeeeeeieeeiieiiieaeieeer e 41
Table 6: Net export positions and fuel taxes inlteechmark ...........cccooovveiiiiii, 42
Table 7: Substitution and transformation elasBsiti.................eeevieieiiiiiiiiiiiii e 43
Table 8: Emission COEffICIENtS IN [t/TJ] ...oeveiiiiiiie e 45
Table 9: Reduction reqUIFEMENTS .........oi ittt eeemmeeeeeeeeseeesseneneeennnnnnne 46
Table 10: Overview Of SCENAIIO SEHINGS ... cemmmameii s 48
Table 11: Welfare changes scenario group A [% HEVBAU] ........ooviiriiiiiiiiiiieeiiieeeeeee e 50
Table 12: Welfare changes scenario group B [% HEMVBAU].........uuuumiiiiiiiiiaeee e e 53
Table 13: Model iIMENSIONS .......u et et e e e e e e e e e e e e eees 66
Table 14: Utility SUDSHIULION @IASTICITIES. .. cuaan e 67
Table 15: Production SubSHtUtioN @lastiCIli@S.caar .. . e 71
Table 16: Armington €lastiCItIES ...........oi et 72
Table 17: Selected benchmark taX rat€s [X0] . ceememeeeieeeiieei i 74
Table 18: CQemissions by sector and energy input [Million.t]...........ccooeeiiiiiiiiiiiiiiieeiee e, 75
Table 19: BasiC data for Car tyPeS .....ccooivieee ettt 76
Table 20: Cost shares oOf Car tYPES [Y0]....cccccccrrriiieiiiee ettt ereeee e e e e e e e e et e e e e e e e e e eeeeeees 76
Table 21: Data for calibration of the congestiondion................cooovvviiiiiiiiiiiiiieiieeeeee e, 77
Table 22: Data on electricity generation teChN@Og................eevvveviviiiiiiiiiiiiiiisceeeeeeeeeereener. 79
Table 23: Generation technologies in the benchraquilibrium ..................cooiiriiiiiiii e, 80
Table 24: Scenarios of the small open economy MOAEl.............evvuiiiiiiiiiiiiieeeeens 83
Table 25: Summery results of the small open econmITYel..............ccooeeeeeiiiiiiiiiiiiie e 84
Table 26: CQreduction Of SEIECIEA SECIOIS ... ... icieeeeeeee e e e e e e e en s 84
Table 27: Electricity generation [TWH] ... e e 85
Table 28: Price and quantity effects [% vs. benalina................eeueeiiiiiiiiiimm e 86
Table 29: Private tranSPOIT ... ....oooi ettt e e et e e et e e e e e e e e e e e e e e e e e e e e eeeeeeeeeees 87
Table 30: Change in new car purchases [% vs. begdfim..................c s 87
Table 31: Impacts on road speed [% vs. benchmark]-..............cc 91
Table 32: Sensitivity to capacity malleability .............ooooiiiiiiiiiiiiiiiieeeeee e 92
Table 33: Sensitivity to substitution elasticitishousehold transport [%c HEV].............vveeecee.... 92
Table 34: Correspondence of GTAP6 and model COmiPEdL............coevvveeiiiiiiiiiiiiiiiee e 110
Table 35: Correspondence of GTAP6 and model regions...........c.oevvvvevvevvivevviivviiiieeeeeneeeeeen, 111
Table 36: Selected carbon prices in the SECTORAIEGO [$/t CQ|....ovvvvvvveeeeiiiiiiiiiiiieieeeeeee, 112
Table 37: National carbon prices [$/t Q. ....coouiiiiiiiiiiii e 112



Table 38:
Table 39:
Table 40:
Table 41:
Table 42:

vs. BAU]

Table 43:
Table 44:
Table 45:
Table 46:
Table 47:
Table 48:
Table 49:
Table 50:

European carbon prices [S$/1A00. .. ..o 112
Export of carbon permits [Mt QQO........coooiiiii 113
Compliance cost [DIlION $] ..o 114
Emission reduction of selected SECIONS [20....cvviiiiiiiiiiiiiiiiiiiiiiiiiiiii e 115
Sensitivity results substitution elasgidetween own transport and consumption [% HEV
........................................................................................................................................ 116
Sensitivity results fuel price demandsitity [% HEV vs. BAU]........oooviiiiiiiies e 116
Sensitivity results substitution elasyiather transport cost [% HEV vs. BAU] .......... 116
Sensitivity results substitution elasgiawn and purchased transport [% HEV vs. BAU]117
Private transport by trip purpose [billigkm]...............cccc 134
Private transport by trip distance [OflIpKM] .........coovvrviiiiiiiiiieeeee e, 134
Private transport by travel period [DHIpKM]........ooovveiiiiiiiiiiereree e, 135
Effects on domestic production [% vs D@mark] ............coevvvvvieviiieiiiiiiiiiiiiieeeeereeeeeen, 135
Trade effects [% VS benNChMArk] .........eeuvuiiiiiiiiiiiice e 136



List of Figures

Figure 1: Tax interaction €ffECtS ... 8
LT 8L Rl NN L= ] (] o T == S 22
Figure 3: Top-down versus bottom-up technologyesentation.......................cccciiieeee . 24

Figure 4: ULIlity FUNCLION..........oeiiieii et 38
Figure 5: Production functions (a) non-extractine &) extractive industries............ccccvueeeeen..... 39

Figure 6: Algebraic model formulation.........cco oo 64
FIQUIE 7: ULITIEY STIUCTUIE .. euviiiiiiiiiiie e e e e et e e et e e e et e ettt ettt ettt ettt et teeaeaeaaaaaaaaaaaaaaaaaaaaaaaaeeeaeeeeeeees 68
Figure 8: Private tranSPOrt SIIUCIUIE....... oottt meeeeeeeeeeeeeeeeneennneennnnnne 68
Figure 9: NoN-electriCity PrOQUCTION ... ... e 70
Figure 10: ElectriCity ProdUCTION ..........oooiiiiiiiiieieii ittt et eeeeeeeeeeeenneennnnnnes 70
Figure 11: Calibrated congestion functions for aubiles ...............ccccveeiiiiiiiiiiee s 77

Figure 12: Programming flOW Chart.......... .ot 123

Vi



List of Abbreviations

AGE
CAFE
CCs
CES
CET
CGE
Co,
COlIcoP
EPPA
EU

EU ETS
GAMS
GTAP

h

HEV
IPCC

10

ISIC

km
MARKAL
MCP
MIT
MPEC
MPSGE
MT

MW
TW

NO,
PCE
POLES
SAM
SO,

t

TJ
UNFCCC
UNITE
VKM

Applied General Equilibrium

Corporate Average Fuel Economy

Carbon Capture and Sequestration

Constant Elasticity of Substitution

Constant Elasticity of Transformation
Computable General Equilibrium

Carbon dioxide

Classification of Individual Consumption Byrpose
Emission Prediction and Policy Analysis
European Union

European Emission Trading System

General Algebraic Modeling System

Global Trade Analysis Projekt

Hour

Hicksian Equivalent Variation

Intergovernmental Panel on Climate Change
Input Output

International Standard Industrial Classifioati
Kilometer
MARKet ALlocation

Mixed Complementarity Problem

Massachusetts Institute of Technology
Mathematical Program with Equilibrium Congttai
Mathematical Programming System for Genegallibrium
Megaton

Megawatt

Terawatt

Nitro oxides

Person Car Equivalent

Prospective Outlook on Long-term Energy Syste
Social Accounting Matrix

Sulfur dioxide

Ton

Tera Joule

United Nations Framework Convention on Cten@hange
UNIfication of accounts and marginal costs Teansport Efficiency
Vehicle Kilometers

Vi



List of Mathematical Notation
Chapter 3

Sets and Indexes

F, f Factors H, h

J,j, 1 Producers L, |

Y Production set T, t
Functions

U Utility function F

z Excess demand function C

d Demand function c

Households
Commodities
Technologies

Production Function
Cost function
Unit cost function

Parameters and Variables

a Technology input vector y
0 Distribution parameter 0
p Substitution parameter o
1 Profit ()
) Initial endowment a
B Technology production level cap
I Investment M
p Price Pi
pcap Capacity rent pot
ppot Scarcity rent on potential r
X Consumption and intermediate y
demand
Chapter 4
Subscripts
car Cars fuel
] Commodities and production sectors K
km Kilometer L
other Other own
pur Purchased transport p_c
R Resources rs
RA Representative agent total
trn Transport
Superscripts
a Armington composite d
e Export m
ma Import composite mt
t International transport pool
Functions
C Representative agents’ demand c
functions
EFF  Fuel efficiency depending on fuel FUEL
price
KM Kilometers driven depending on fuel r
price
U Utility function

Households’ dividend share
Cost share

Substitution elasticity
Efficiency parameter
Technology input vector
Capacity

Income

Investment price
Technological potential
Choice in MCP formulation
Production (plan)

Transport fuel

Capital

Labor

Own provided transport
Refined oils

Regions

Total

Domestic market
Import
Import transport margin

Unit cost functions
Fuel expenditure depending on fuel

price
Unit revenue functions

VIl



Parameters and Variables

a Required transport margin for import ~ f
e Transformation elasticity n
0 Cost share o
bop Balance of payment deficit CON
emax Emission limit ES
EXP  Expenditure G
inv Investment demand K
L Labor endowment oS
p Net prices pcarb
pt Transport margin price q
R Natural resource endowment t
te Export taxes tm
to Output taxes tr
trans Direct transfer from government to v
household
wcarb International emission price X
y Outputs
Chapter 5
Subscripts
i Commodity set g
K Capital L
m Transport classes n
RA Representative agent \
Superscripts
a Armington composite d
e Export ELE
fx Exchange rate GEN
im Import L
I Leisure trips new
Stock Vehicle stock Var
Functions
C Final demand function c
D Combination of automobiles and r
variable commodity purchases for own
road transport
time Congestion function U
\% Combines commodity purchases to

new cars

CO, emission coefficient

Price elasticity of demand
Substitution elasticity
Consumption

Share of transport in total expenditure
Government demand

Capital endowment

Share of transport in refined oil
expenditure

National emission price

Gross input prices

Demand taxes

Import taxes

Transport margin

Gross output prices

Demand

Electricity generation technologies
Labor

Road networks

Vehicle types

Domestic

Electricity

Electricity generation

Labor trips

Purchases for new automobiles
Variable input for own road transport

Unit cost function
Unit revenue function

Utility function



o> ™

emax

pot

to
trans

N X

Parameters and Variables

CGO, emission factor
Transformation elasticity

Coefficient in congestion function

Unit input coefficient electricity
generation

Emission limit

Government demand

Capital endowment

Net prices

Technological potential

Gross input prices
Output tax

Direct transfer from government to the

representative agent
Gross output prices
Demands
Congestion index

o
o

a
bop

flow
inc
pcarb
ppot

tr
TRL

VEH

Time requirement for trips
Substitution elasticity
Armington supply

Balance of payment deficit

traffic flow on road types
Income

Labor endowment

CO; price

Scarcity price of technological
potential

Demand taxes

Trips

Total amount of labor trips

Vehicles
Output



1 Introduction

Global warming has become one of the most seriausamental problems for current and future
generations. In consequence, countries agreedaldlizt “...greenhouse gas concentrations in the
atmosphere at a level that would prevent dangeemikropogenic interference with the climate
system” (UNFCCC, 1992, Art. 2) and signed the UWhidations Framework Convention on Climate
Change (UNFCCC) in Rio de Janeiro in 1992. Follawithis agreement, industrial countries
implemented the Kyoto Protocol in 1997 and agremdeduce greenhouse gas emissions by an
average of 5.2% as compared to 1990 within theo@e2008-2012 (UNFCCC, 1998).

The main greenhouse gas is carbon dioxide,J@@ich is mainly produced by the combustion of
fossil fuels in the electricity and transport sestdn 2007, energy industries were responsibl&286

of the total emissions in the European Union (BOljpwed by the transport sector emitting 19.5%
(Eurostat, 2009a). With more than 90% road trarnspothe main polluter in the transport sector
followed by aviation (ECMT, 2007).

In the line of the Kyoto Protocol, the EU startegulating CQ emissions of electricity generation,
energy-intensive production, and refineries implietimg the world largest emission trading system in
2005 (EC, 2003). The European Emission Tradinge®ystEU ETS) is a classical cap and trade
system setting an upper bound on total emissiodsaliowing the trade of emission allowances. The
design of the EU ETS allows including further sest@and greenhouse gases in the future
development. Aviation will be included into the BBTS from 2012 onwards (EC, 2008a). In contrast,
concerning private road transport the EU has retbasandatory carbon efficiency standards for new
cars from 2012 onwards (EC, 2009c).

From an economic point of view, mandatory standarmgssuboptimal since they do not allow equal
marginal abatement cost of carbon across the eognioe do not implement carbon reduction at
lowest cost. Thus, the central question of thisithis whether the inclusion of road transport i@

EU ETS lowers the cost of carbon regulation in parorhe question is numerically analyzed using
two different computable general equilibrium (CGiE)dels.

The remainder of this thesis is structured as WadtoChapter 2 provides the theoretical background o
carbon regulation in a first and second-best sptind under environmental tax reform concerns.
Furthermore, the complications of regulating raathgport, namely multiple externalities of differen
dimensions and the large number of polluters, aralyaed and possible strategies of carbon
regulations are derived. This chapter also provites basic arguments in favor and against the
inclusion of road transport into the EU ETS. Cha@erovides the methodological background of
computable general equilibrium modeling. Speciapleasis lies on the integration of technological
details into the CGE modeling framework. Furtherena review of the environmental-energy and
transport related CGE literature is given. Chapgteemploys a multi-region CGE with a detailed
representation of the EU 27 countries analyzingefifects of transport under the EU ETS, a European
fuel tax increase, and the total exemption of fpansfrom carbon regulation. The results indicéuat t

the most preferable strategy is exempting transfport regulation. The analysis in this chapter is



unique in the sense that the question is investibain a detailed European member state level.
Chapter 5 presents a small open economy model wittletailed representation of electricity

generation technologies and private transport. Agjaihe background that congestion is the most
important externality of transport, different tirperiods and road types are introduced to include th
impact of travel flow changes. Again, the resultoow that exempting transport from carbon

regulation is favorable to its inclusion into ensstrading or increases in fuel taxes. Moreovemai

the income of carbon regulation to increase suésidn public transport shows large positive effects
in two directions: the cost of carbon regulatiorcréase and the congestion externality is partly
decreased. The analysis in this chapter is uniqueringing together a detailed representation of
electricity generation and private transport. Meexo the details of the private transport

representation including different road types basedmpirical data have not been investigated for

Germany, yet. Chapter 6 summarizes the resultg|udes, and suggests future research topics.



2 Regulation of Road Transport Carbon Emissions

This section analyzes approaches on how to regasatmon emissions with a focus on the transport
sector. First, the theory of environmental regolaiin a first and second-best setting and the &fiafc
environmental tax reforms are examined. Secondspileeial needs of regulation in road transport are

reviewed and different approaches to carbon enmigsigulation of road transport are analyzed.

2.1 Regulating externalities

2.1.1 Regulation in a first-best world

Internalization of external effects requires chaogsan appropriate target level of the externalitgd a
an adequate regulation instrument. Having implepteithe instrument, it needs to be enforced and
monitored.

Theoretically, the optimal target level equatesrtiaginal external cost to the marginally beneditg
e.g. Baumol and Oates 1988). In the case of gremehgas regulation, the target level in terms of
emissions for a certain time period is predeterohibg international climate agreements: The Kyoto
Protocol commits participating countries to redagerage yearly emissions for the period from 2008
to 2012 by a certain percentage as compared tertingsion level of the year 1990. Accordingly, the
EU15 has to mitigate C{&missions by 8 %. In consequence, the EU hassedlehe Burden Sharing
(EC, 2002) and more recently the Effort Sharingesgnent (EC, 2009a) which regulate the member
states’ mitigation requirements in a way to redwoh dverall European target. Therefore, the target
level of emissions is taken as given in the follogvanalysis.

A variety of policy instruments for the regulatioh GHG exist. These can be classified into three
main categories: public spending, market-basedumsints, and command and control poliéidhe
performance of instruments is compared in termsosts and environmental effectiveness, dynamic
efficiency, implementation and monitoring costsg @olitical feasibility. Cost efficiency is givend.

the environmental target is reached at lowest fdstae marginal abatement costs equalize across
pollution sources (see e.g. Perman et al., 2008)irehmental effectiveness measures the distance
between the target pollution level and the levaeluted by the instruments. Dynamic efficiency

evaluates the incentives to invest in researcheldpment, and adaptation of new technologies.

1 In 2009 the EU committed to reduce emission by 2@%6w the 1990 level in the period 2012 to 202Q,(£009b). While
the burden sharing relates to t EU 15 countriesngw reduction commitment and the effort sharimg@ment also includes
new member states, i.e. relates to EU 27. In tlee ¢hat the negotiations for a post-Kyoto climageeament will be
successful, the EU announced to reduce 30 % efitssion in this period.

2 Additionally, there exist informational policieike e.g. energy efficiency labelling or educatiopabgrams. Since the
effectiveness of such measures can hardly be dmatyahey should be seen as important additiomdicies to overcome
transaction costs in the form of information casighe final demand side.

3 A general statement about the dynamic efficierfagifferent instruments is not possible. Downinglafthite (1986) show
that the innovation incentives are independent figowernments’ reaction to adaptation of new teobgies. However,
adaptation depends on the reaction of other madeicipants, i.e. if they also adapt the techngldde study of Downing
and White (1986) only examines the adaptation staEgtechnological progress. In subsequent analyssproblem is
examined in terms of game theoretic analysis antsiderations about research and development. daféd (2002a, b)
provide a survey.
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Public spending policies could take place in thenfof direct mitigation actions of the government o
in the form of subsidies. In the case of GHG, dimatigation actions hardly exist. Subsidies cdteta
place in production or final demand sectors. A prent example on the production side is the
support of electricity generation technologies frranewable energy sources (EC, 2008b); subsidies
for environmental friendly public transport are enthnd side example. The fundamental problem of
public spending policies is the refinancing issinees the increase in the spending has to be retxdan
by additional taxes.

Command and control policies are obligations wharle introduced in the production process.
Possible measures are to constrain the upper emitssiel of every production site or firm, to diteta
technologies which may be used, or to put quotaimom commaodities. These policies generally can
be shown to be highly ecologically efficient butkacost effectiveness.

Economists favor the use of market-based instrusnéiwo classes exist: Pigouvian taxes (Pigou,
1920) and tradable permits (Dales, 1968). Pigoutaars implement taxes on polluting commodities
equal to the social marginal cost. The idea ofaide permits builds on the work of Coase (1960) who
noted that externalities are caused by lacking gntgprights. Consequently, property rights are
established by allocating pollution rights (i.ee thermits) to agents and allowing the trade ofdhes
rights. Mitigation of pollution is achieved by edthallocating only a limited number of permits, i.e
setting an upper bound on pollution, or by openketapolicy, i.e. governments buy permits on the
market and hence avoid pollution. Both instrumeméscost efficient in the sense of equating matgina
abatement costs across polluters (Montgomery, 1972Zhe social marginal costs are correctly
estimated and the overall pollution target is optlyndetermined, the permit price will be equathe
Pigouvian tax and both instruments achieve the sammeéonmental target. However, under a given
target level of pollution, as is the case for GHit& Pigouvian tax requires estimating the corraxt t
rate in order to implement the imposed environnidatget. Therefore, the aggregated marginal cost
curve needs to be determined. Thus, Cropper anes@Q8992) see the major advantage of an emission
trading system in gaining direct control over tihassion quantity.

However, tradable rights systems raise the questidhe initial allocation of permits. Two extreme
possibilities exist: The government can use grahdfing, i.e. allocate permits to installations for
free, or sell or auction permits. Montgomery (19p&)ves that the initial distribution of permitseso
not affect post-trading allocation and efficiency the instrument. However, economists favor
auctioning of permits for at least two reasonsstiiauctioning permits implements the polluter-pays
principle, i.e. polluting firms have to pay for essions. Second, auctioning reveals a permit ptice a
the beginning of the trading scheme which improlegidity of the permit market. Nevertheless,
grandfathering is an important option especiallyhia first establishment of trading schemes sihize t

improves the political acceptance of the systerat€Fiberg, 2006).



2.1.2 Regulation in a second-best world

The basic theory of environmental regulation ascidesd in the last section builds on a first-best
framework which is characterized by the absencetloér distortions. Obviously, this assumption is
unrealistic since economies are full of distortionainly due to governments’ needs to finance the
provision of public goods and non-convexities ie fiorm of imperfect competition (Hahn, 1984;
Liski and Montero, 2008). The theory of second-Istates that if one set of efficiency conditions is
violated, it is not necessarily optimal to achidfie remaining ones (Lipsey and Lancaster, 1956).
Thus, deviation from the basic assumptions may teadptimal carbon taxes which are no longer
uniform across the economy, i.e. deviation fromRigouvian tax.

Generally, governments need to raise taxes in dodBnance the provision of public goods. As long
as taxes do not correct for market failures, theyreecessarily distortionary in the sense thatmais
one dollar of public revenues causes a loss inanelfreater than one dollar. The cost of raising on
additional unit of government revenues is knowthasmarginal cost of public fund consisting of the
direct tax burden plus the associated welfare bgstlistorting prices in the economy (Browning,
1976). The direct burden is the cost of raising ané of revenue. The excess welfare costs are
referred to as excess burden of taxation. The yhebroptimal taxation analyzes the optimal tax
structure under the need of raising public reverimesmposing taxes, i.e. in the absence of non-
distortionary lump-sum taxation (see Auerbach arnoesi 2002 for a survey). In a world without
externalities, optimal indirect taxes on commoditynisumption rates are characterized by the Ramsey
or inverse elasticity rule: the more inelastic tmmmodity demand, the higher will be the tax rate
(Ramsey, 1927; Boiteaux, 1956). Furthermore, Diainand Mirrlees (1971 a,b) show that taxes on
intermediate inputs are non-optimal as long asywton exhibits constant returns to scale.

The presence of externalities alters these res8dsdamo (1975) shows that in the presence of
externalities optimal tax rates are the weighteerage of the optimal tax and the Pigouvian tax rate
The optimal tax schedule exhibits a property knoas additivity property: in the presence of
externalities the optimal commodity tax rate inaficonsumption is the weighted average of the
optimal Ramsey tax and the Pigou tax equal to thegimal social cost caused by the consumption of
the commodity. Weights depend on the governmentdgbt need. In the case where corrective
taxation is able to fully finance the budget, theni8ey component of the optimal tax becomes zero.
With increasing revenue raising requirement, thenggy tax component becomes more and more
important and the Pigou tax term vanishes. Bovanbhad van der Ploeg (1994) extend the result for
the more general case of interdependent demandidoacand endogenous labor supply decisions.
Sandamo (1993) addresses distributional concermsid®ring consumers who differ in their
preferences and income and shows that weightecageeproperty of optimal taxes still holds.
However, distributional considerations additionaltfluence the weighting factors: If the share of

high income consumers’ consumption for a commouditiyigh, the Ramsey tax component increases.

4 In the ongoing, Pigouvian taxes are discussed. Duthe inverse relation of environmental taxes #adable rights
schemes differentiated taxes offer arguments fermgtions of sectors from carbon regulation or rekgstems.
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Similarly, if a high valuation of environmental diyis concentrated among high income consumers,
the Pigouvian tax component tends to be higher.

Bovenberg and Goulder (1996) show that in the mEsef externalities it is also optimal to tax glirt
intermediate commaodities at the Pigouvian tax careected for the marginal cost of public fund, i.e

with increasing excess burden of taxation the dimgrmediate input tax vanishes.

2.1.3 Environmental tax reforms

The optimal taxation approach faces two main gsitis: First, it assumes the existence of a welfare
function which generally does not exist (Arrow, 095Second, it assumes that policy makers newly
design tax systems. However, generally they docredite new tax systems but are confronted with
altering existing schemes, i.e. with tax reformddsein (1976). In the light of environmental
regulation, governments impose environmental reiguiaon top of a pre-existing tax schedule. This
raises two questions: First, if environmental ragjoh raises revenues, how to spend the income
optimally? Second, what are the interactions ofgxisting taxes and the additional corrective tax
measures? Consequently, the occurring effectsraverrk as revenue recycling and tax interaction or
intermediate effect (Parry, 1995; Goulder, 1995).

Generally, the revenue recycling effect is analyaader the assumption that the provision of public
goods is constant in order to separate the questi@mvironmental regulation from the topic of the
optimal size and composition of public spendirithe double dividend hypothesis states that usiag t
additional government income to lower pre-existiigtortionary taxation provides an additional
welfare gain beside the improvement of environnlaqiality (Pearce, 1991). Consequently, the gross
costs of environmental regulation, which are defies the welfare loss of regulation without the
benefit of improved environmental quality, decredseorder to maximize the double dividend the
lowered tax should be preferably broad based. Afiagly, the literature most often considers cutting
labor taxes. As a consequence, the double divideygbthesis is often stated in terms of
unemployment: using the income of environmentalila@ipn lowering existing labor taxes stipulates
labor demand and subsequently reduces involuntaggnployment (e.g. Bovenberg and de Mooij,
1994; Bovenberg, 1999). A survey of empirical ewitEs on the double dividend hypothesis is given
by Galeotti and Carraro (1996) and Bosquet (20Qtkkvshow that it holds in the short and medium
term but is uncertain in the long run.

Tax interaction has two direct aspects. Firstsimgi the price of a commodity by environmental
taxation reduces commodity demand as long as themodlity is a normal good. This happens
naturally, since the aim of environmental regulatis to reduce the social cost associated with
commodity consumption. If the commodity is alreddyed, a loss in the income of the pre-existing

tax results. This is known as tax base erosionceffEhe tax base erosion effect counteracts the

® Bovenberg and van der Ploeg (1994) investigate isstres in a single framework.



revenue recycling effect since it lowers tax incoamel, accordingly, the amount to be recycled in a
welfare enhancing way.

Environmental taxes also directly interact with gre-existing tax schedule. For illustrative puipos
assume that the regulator imposes an economy aidert carbon at the marginal rate of social cost
and abstract from the marginal cost of public fulidhe pre-existing tax scheme is optimal in the
sense that all commodities are taxed at their Rpan@serate in final consumption and intermediate
inputs are untaxed, the uniform carbon tax rateleloptimal since it implements an additional Rigo
tax term equal for all consumers and sectors. Nssurae that the initial tax schedule is non-optimal,
for concreteness, taxes on final consumption acgeathe Ramsey tax. Imposing the uniform carbon
tax raises input prices of all sectors and conssrhgrthe same amount. Consequently, taxes on final
consumption are also too high after the introductié carbon regulation. By lowering the carbon tax
on final consumption the regulator can reduce that of carbon regulation since the after-regulation
tax schedule is closer to the optimal tax scheraethe distortionary effect of taxation is reductke
essential point is that a tax rate above the Ranteeyalready implies corrective taxation of the
externality. Consequently, the reduction of theboartax in final consumption leads to effective
carbon tax rates effectively closer to uniform asrthe economy.

Figure 1 illustrates the tax interaction effect.eTtlemand curve is given by the straight line FC.
Supply is assumed to be price inelastic and isrgig the line AC. The welfare costs of tax
introduction are the area under the demand functieth of production costs. Accordingly, the
introduction of a fuel taxgtis associated with welfare costs equal to thegtea BCE. Adding the
carbon taxd results in an additional welfare loss equal totti@ngle DEF and the rectangle ABDE.
The triangle DEF is equal to the area under thegmal abatement cost curve for carbon. On the one
hand, the rectangle ABDE represents the tax bamssoereffect as the loss income of taxation. On the
other, it also represents the loss in consumetsidue to the pre-existing fuel tax.

A lower carbon tax on some commodities translatgs (partial) exemption in emission trading
schemes. In contrast to Pigou taxes, trading schieetean upper bound on total quantity of emissions
Accordingly, the question about which sector shatddy the additional abatement burden resulting

from the exemption arises. Theoretical resultshimissue do not exist.



Figure 1: Tax interaction effects

Price4

Demand curve

P+t +1tc 1
Carbon tax t;
P+ tF -i '
Fuel tax t
P i Supply curve
Q. Q; Qo Fuel Quantity

Source: Following Paltsev et al. (2004, 2005b) Badx and Marlot (2005)

Bohringer and Rutherford (2002a) numerically analgptimal differentiation of carbon taxes. They
maximize welfare under the equilibrium conditions @ CGE modef. The government imposes
environmental regulation in the form of a 20% rddrc requirement by choosing carbon taxes
differentiated by commodity and sectors and firaisumption. The results show that it is optimal to
differentiate carbon taxes across sectors and fioasumers. Due to high energy taxes in final
consumption it becomes optimal to exempt consurfiers carbon regulation moving the reduction
burden to industries (mainly electricity genera}ibfhe results are decomposed into the effects of
energy and non-energy taxes. While the tax intEmaavith non-energy taxes only justifies a small
differentiation of the environmental levy, the ex#ioan of the household sector is caused by pre-

existing energy taxes mainly mineral oil taxes (J2A07)

2.2 Regulation of road transportation

2.2.1 Externalities of road transportation

Three classes of external cost related to roagp@tation can be distinguished: i) cost resulfiom
actual driving, ii) external cost arising when \ads are not in motion such as parking externalitie

and iii) cost occurring from the presence of infnasture such as visual annoyance (Verhoef et al.

® This is an MPEC problem (Mathematical Program witjuitbrium Constraints) (Luo, Pang, and Ralph, 1989ége the
objective function is optimized under a set of ctenmmentarity conditions which characterize the efuim. An
introduction into the use of MPECs for the invediigaof optimal taxation problems is given in Ligi©99).

" In the study carbon taxes are constraint to béipesi.e. subsidies for carbon are ruled out.



1997). In the ongoing, | concentrate on the filtiegory. External cost of actual driving are furthe
subdivided into intrasectional cost that road usensose on each other and social cost which are
imposed on the rest of the society (Mayeres el 886).

Social cost come in two different forms: pollutisamages and noise (Bickel et al., 2008).
Pollution cost can occur either on a local or agiabal level. On a local level pollutants like canb
monoxide, nitro oxides (N, volatile organic compounds, particulate matsedfur dioxide (SGQ),
polycyclic aromatic hydrocarbon, and heavy metalsse health damages in the form of mortality or
morbidity and environmental damages in the formnefative bio-system impacts (Bickel and
Friedrich, 2005)! On a global level, pollutants add to global warmgniMost important in this class
are carbon dioxide emissions. However, nitrogeridaand troposphere ozone also exhibit a positive
radiative forcing effect. Furthermore, 8é&nhd NQ lead to the creation of aerosols that have a in&gat
impact on the Earth’s energy balance (IPPC, 2607).

Intrasectional external costs are congestion effantl increases in private resource cost. Congestio
occurs since average speed is negatively relatetheotraffic flow (measured in personal car
equivalent per hour; PCE/h). Consequently, eaclitiaddl road vehicles increase the time cost of
traffic users since the travel flow raises (e.g.ltéfa, 1961; Vickery, 1963). Furthermore, monetary
vehicle operating costs per kilometer depend orspleed level (Mayeres, 1993). Since users only care
about their own cost and not about the effect an sheed-flow relationship, congestion implies
external cost.

Marginal accident costs relate to both classesrsettional and social. Additional vehicles raise t
likelihood of medical and material cost (Button90% Link (2005) subdivides external accident costs
into production loss due to accidents, the cosnedlical treatment and rehabilitation if provided by
the public health system, cost of associated pali@krescue services not covered by transport,users
and public material damage as not covered by insesa Accordingly, the precise definition of the
external accident cost varies between countrieerd#ipg on the insurance system, especially
regarding the payment of medical services.

Table 1 depicts the dependency of different extéesm on trip characteristics. Even though it only

includes qualitative rankings it will prove usefalthe discussion of regulation approaches.

8 The authors also analyzed other motive of carlardifferentiation. Other arguments of differeritatcome in form of
carbon leakage (Hoel, 1996) and terms-of-tradectffgrutilla, 1991)

° Noise is sometime also regarded as intrasectier@rnality in the form of annoyance of other ft@fparticipants.
Additionally, in the case of heavy vehicles, soaakt in the form of road damage occur which cawsel repair and
increased vehicle operating cost of other traffidipipants (Newbery, 1988).

0 parry et al. (2007) also mention the external obstl dependency in the form of military and geaolitical cost imposed
on the society and the vulnerability to oil pricgatility and market power in the oil market.

" For a detailed description of the impacts of thmyle pollutants see Bickel and Friedrich (2005, [€ab.1 p. 3). Most
pollutants have a direct effect. However, N&hd VOC also have secondary effects in increasiogosphere ozone
concentration. The oxidation products of ,3€ad to the acid rain problem.

12 While the level of scientific understanding of istie of carbon dioxide is high, the role of ozared aerosols is still at
medium and low level respectively. For an assesswofahe level of scientific understanding and editie impacts see IPPC
(2007, pp. 32 ff.).
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Table 1: External cost of road transportation and tip characteristics

Mileage Time of driving Area of driving Vehicle usal
Accidents + 0 0 _
Congestion + + + _
Global pollution + - - +
Local pollution + - 0 +
Noise + 0 + +

Source: Verhoefen et al. (1995, 1997) extendedhéwgistinction between global and local pollution.
Legend: + high dependence, 0 moderate dependeloeedependence.

In general, all external cost categories show @ higrrelation with vehicle kilometers (VKM)
travelled. While congestion is nearly independdrthe car used, it is highly dependent on the apati
and time dimension. Pollution strongly correlatéghwhe car technology determining fuel efficiency
and consequently fuel use. By definition, globdlyiimn does not depend on the area of driving ghil
local pollution does. The noise externality cortetato all trip characteristics. Safety may depend
some extend on the area and time of driving botdmly determined by mileage.

Table 2 shows the total external cost of road partation for France, Germany, and the United
Kingdom in 2005 as derived by the UNITE Project (tidation of accounts and marginal costs for
Transport Efficiency). The general lesson is tlatgestion cost, which are differentiated by pumeeti
and resource cost, are the greatest externalitpsegby road transport. Beside external accidestif co
the externality generated by global pollution, gebal warming shows the lowest value. Differences
in the external accident costs are difficult to pame across countries, since they depend on tlie hig
accident rate and difference in the insurance sy¢$ténk, 2005). The ranking between local pollution
and noise externalities is non-homogenous amongtoes. However, the general point is clear:
Congestions is the main concern of regulation m titansport sector. Adopting a partial transport

sector view, global warming motives are of minon@ern.

Table 2: External cost of road transport in 2005 [Mllion € 19o¢

France Germany United Kingdom
Accident 1818 17 324 1716
Congestion (time) 18 803 20 484 23981
Congestion (fuel) 1778 1102 264
Global pollution 2700 4 555 2741
Local pollution 9 394 7 030 3952
Noise 4747 7 825 7 592

Source: France: Jeger et al. (2001, p. 53); Germlank et al. (2001, p. 157); United Kingdom: Twedét al. (2001, p. 92)

2.2.2 Regulation in the road transport sector

Regulation of private road transport is complicate@ to five major reasons (Verhoef et al., 1997):
First, the number of externalities is large and/thdditionally correlate. Second, externalitiedatif

with respect to the time and spatial dimensionstd]lthe number of externality generators is large
and, in addition, mobile. Fourth, generally dem@nderive and, consequently, quite inelastic Fifth,

equity aspects are highly relevant.
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Naturally, this translates into a number of genegakstions regarding the regulation of road
transportation. Does one single instrument exischiis able to internalize all externalities oritis
better to follow the Tinbergen rule, i.e. one iostent for each policy target. And following the
Tinbergen rule, what are the interactions with ryeimiposed carbon regulation? What to regulate?
Essentially, road transportation needs three camgaary components: networks, cars, and fuel.
Consequently, there are three options where regelabteasures could be imposed. However, the
number of traffic users is high and mobile, implyilarge implementation and monitoring cost and,
the number of suppliers of cars and fuels (and oedsvif privately supplied) is lower: Who to
regulate? After making these basic decisions: Houlccan optimal regulation be designed? Finally,
from a political perspective one has to ask whetier optimal strategy is politically feasible.

Naturally, these decisions are highly interdependen

2.2.2.1 Optimal regulation

Reducing vehicle kilometers is the only way to a&ddrall externalities within a single framework.
Parry and Small (2005) derive the optimal fuel tate in an analytical model including local and
global pollution, accidents, congestion feedbaeksl endogenous feedbacks of cars’ fuel efficiency.
They show that the optimal fuel tax consists oé¢hterms: the Ramsey tax, a modified Pigouvian tax,
and congestion feedback.

In line with earlier results, the modified Pigouvitax is equal to the marginal external cost digidg

the marginal cost of public funds. The marginaleexal cost are the sum of the global pollution
damage, that is directly related to fuel consunmptiand marginal local pollution, accident, and
congestion cost. Since the latter are determinedilbyneters driven, they only indirectly correlate
with fuel consumption via the cars’ fuel efficien€onsequently, the kilometer-dependent component
of the quasi Pigouvian tax is negatively relatedhe price elasticity of fuel demand since a high
elasticity implies a high reaction in form of ledsving. However, the remarkable point compared to
earlier studies (e.g. Newbery, 1990) is that fu@tiency is endogenous. Thus, there is a positive
relation of the kilometers driven component to finel price elasticity of energy efficiency. To put
differently, people have two alternatives to reacthigher fuel taxe§* driving less or buying more
efficient cars. Driving less reduces fuel consumptiand kilometers driven. Consequently, the
kilometers driven externality component is reducBdying more fuel efficient cars reduces fuel
consumption but does not affect kilometers drivEinerefore, the kilometer-dependent externalities
are not reduced and the modified Pigouvian taxemees inducing less driving. In short, calculating
the optimal modified Pigouvian tax rate, kilometlmpendent externalities enter with a weighting
factor determined by the ratio of the fuel pricasticity of fuel efficiency and fuel demand. Empdi

work suggests a value of around 0.5 (Parry and ISB@05)** Neglecting endogenous fuel efficiency

13 A third option in small countries is fuelling ala (Mayeres, 1999).
14 Schafer and Jacoby (2005) estimate a fuel effigietasticity of -0.126 using the MARKAL model. Aading to Graham
and Glaister (2002) the short run price elastioftfuel demand is between -0.2 and -0.5.
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implicitly assumes that both elasticities are equeslulting in a ratio of one. Consequently the
modified Pigouvian tax rate is overestimated.

The congestion feedback term in Parry and Smallgpincreases the optimal fuel tax since labor
supply is endogenous and taxed. Transport is mddate a consumption commodity. Reduced
congestion lowers the price of transportation redato leisure. Consequently, people substitute
transportation for leisure which is welfare impmayisince labor is taxed (also see Parry and Bento
2001).

Calibrating the model to the US and the UK, Pamg &mall (2005) show that gasoline taxes in the
US should be increased while in the UK taxes areentisan twice as high than the optimal tax. A
single fuel tax has the problem that kilometer-ohej@mt externalities are only indirectly included vi
fuel efficiency. Furthermore, fuel taxes do notrapathe pattern of driving time and location.

In contrast, imposing road pricing measures alladdressing the spatial and time dimension of
externalities but only indirectly addresses fudicefnhcy of cars (Newberry, 2004). Thus, it is more
promising to regulate single externalities withfeliént instruments and accounting for interactions.
For congestion the possibility of road pricing stles, kilometer-dependent taxes, or infrastructure
policy exist. Such instruments also address othemkter-dependent externalities. Emissions of cars
can be regulated by technology standards, fuelityualgulation, or fuel taxation. Newberry (2004)
calculates the optimal tax rates on fuels and edgit road user charges for the United Kingdom.
Policy options to reduce carbon emissions includaxgs of private transport are discussed in tié ne

section.

2.2.2.2 Options to regulate carbon emissions in the transpbsector

Three main options to reduce carbon emissions ofatgr cars are considered: regulating fuel
composition, fuel efficiency regulation of carsdaincreasing fuel taxes. Further options that nequi

different regulation approaches are changing dgivibehavior and imposing speed limits.
Furthermore, subsidies on public transport can aeduwivate road transport by inducing transport

mode switches altering relative prices.

2.2.2.2.1 Fuel composition regulation and fuel switching

In general, a regulation of the transport fuel cosifion cannot change the direct emissions of pgiva
transportation since the energy value of fuelsetenined by the carbon content combuste@ine
liter of gasoline (diesel) contains 0.640 kg C/I7@! kg C/I) with a net calorific value of 32.44 MJ
(35.87 MJ/l) (US Environmental Protection Agenc®03). Assuming 99% of carbon oxidized and
multiplying with the ratio of molar weights of G@nd carbon (~44/12) yields average @mission
of 2.30 kg CQ/l (gasoline) and 2.66 kg G (diesel).

15 To be more precise: the energy content is deteminy the carbon content and its oxidation statavéver, changing the
oxidation state would require a different compositiof hydrocarbons which is not possible withoderhg combustion
technologies (e.g. Archer, 2007).
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The only way of to reduce total carbon emissionsliper combusted fuel is blending with biofuels
which are regarded as carbon neutral since th@cartntent is absorbed from the atmosphere.

While biofuel blending regulation is able to reddbe net emissions of cars and, additionally, has t
advantage of reducing economies’ oil dependenagethmajor problems arise. First, blending is
restricted in the short run since changing the fiehposition requires adjustments in combustion
technologies, i.e. car technologies (Schallabd@t.eP006). Second, the production of biofuelssesu
interactions with food markets due to the changssl af agriculture areas and the use of food crops
for energy production. The second point may be @vee by using second generation biofuels based
on cellulose (UN, 2007). Third, increased biofuebduction causes nitrogen dioxide emissions of
fertilization. Consequently including the wholeelifycle, biofuels are not carbon neutral (Crutzen et
al., 2008). Nevertheless, the EU aims to increlseiofuel share in transportation above ten percen
(EC, 2008b.

Another option on the fuel level is switching téeahative energy sources. The main opportunities ar
natural gas, hydrogen, or electric cars. A probheising for all new fuels is the dependency on a
service station network (Achtnicht et al., 2008)eTproblem can be addressed by using bivalent cars
and extending fuel station networks. Natural gdsioles are already market mature while hydrogen
cars are not competitive today. Furthermore, hyeinogars are only improving environmental quality
if the fuel is produced using renewable electrigigneration, since hydrogen production is energy-
intensive (Sandoval, 2008). Electric cars areaaitin terms of battery performance, limiting dngi
range, and cost (Duvall, 2004). Karplus et alO@0show that even under very strict climate peBg¢i
the adaptation of hybrid electric cars, that arditazhally able to run on conventional fuels, regsi
further research in battery design to lower co&tsin the case of hydrogen cars, carbon emission

reduction depends on electricity generation teabgiek.

2.2.2.2.2 Fuel efficiency regulation

Fuel efficiency improvements can be achieved bsrialg car design and improving combustion and
gearbox technologies. Altering car design takeseplay either aerodynamic resistance improvements
for new designs or reducing the weight of autormeshiMeights can be reduced using light-weight
interiors or, more costly, using more aluminum he tautobody (Schafer and Jacoby, 2006).
Combustion engines can be improved by various tdolgical measures improving energy efficiency.
Schallabéck et al. (2006) estimate the technicaébmi@l to improve energy efficiency of gasoline
(diesel) cars from currently around 15% (18%) t802@24%) in the near term. In the long term,
further enhancements are possible to around 26%)30he main options are the introduction of
start-stop systems, hybrid cars, and downsizireyt-Stop systems, which stop the motor at zerocspee
and start again without using the starter, areadirebserved on the market. Also, hybrid cars which
store dragging energy in batteries and use itdoelkeration are on the market, yet. Downsizinges t
possibility to decrease fuel consumption by scatlogin the cubic capacity of cars. For most cars the

most fuel efficient speed does not coincide witle #wverage speed driven. Consequently, fuel
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efficiency is improved by adjusting the cubic capasuch that the most fuel efficient speed coiesid
with the average driving patterns. Although dowmgzis regarded as one of the most promising
options to decrease fuel consumption, it confliststh consumer preferences since the motor
performance is also scaled down.

Successfully improving fuel efficiency by regulatomeasures depends on the right incentives for
technology adoption at the demand side and tecpotmovation at the supply side. Consequently,
the question is who and how to regulate. On theplyupide, technological standards (possibility
tradable) concerning the carbon efficiency canrbpossed. Besides increasing fuel prices, carbon-
dependent motor vehicle or sales taxes can be edpos the demand side in order to alter relative
prices in favor of environmentally friendly techagies.

Recently, the EU has released mandatory carbariesfliy standards for new cars from 2012 onwards
(EC, 2009c)® Manufactures average specific emission of newlgl sars may not exceed 130 €O
g/km. This corresponds to an average fuel effigieat around 5.7 | gasoline/100 km and 4.9 |
diesel/100 km. Emission targets for single carsveeght dependent, i.e. heavier cars are allowed to
emit more CQ@ Elmer and Fischer (2009) show that the weighteddpncy of emission standards
leads to inefficiencies. Exceeding the specificssioin target causes fines: 5, 15, and 25 € fofirtste
three excess grams, respectively, and 95 € for eaditional grant’ The directive implements
additional innovation incentives: given the useen¥ironmental friendly innovations, manufacturers’
specific targets are reduced by up to 7 g,/&@. The European approach allows pooling of
manufacturers, i.e. manufacturers are allowed itdlyofulfill their average specific emission tatge
Therefore, it imposes some flexibility of carbortigation but full flexibility using tradable perrsiis

not achieved.

A tradable permit approach would require specifying unit of rights. This could be either specific
emission rights in g Cgkm or emissions over the whole lifetime cyclelod tar (t CQ). The former,
has the disadvantage that trading is restrictegutomobile manufacturers. The latter option, which
has been termed midstream trading, requires estignéiftetime emissions of a sold automobile. This
could be done bases on a representative drivintg ®/g. European Driving Cycle. Choosing the
lifetime emissions of cars has the advantage thatdonsistent with the unit of carbon accountimg
the EU ETS. Accordingly, permit trading betweenoaubbile manufactures and EU ETS sectors can
be implemented. Albrecht (2000, 2001) proposes sicbpen midstream approach for the regulation
of private road transport emissions.

However, open midstream trading has some disadyestaGenerally, driving cycles are only an
approximate estimate of the real lifetime emissioméch leads to uncertainties about reaching the

overall target. But such uncertainties are a gémeablem of fuel efficiency regulation since the e

18 The most prominent example of fuel efficiency fegjon is the US Corporate Average Fuel Economy (EABrogram
which was established in the wake of the 1973 i and imposes a 27.5 miles per gallon (~8.60/km) standard for
passenger cars (e.g. Small and van Dender, 2007).

17 From 2019 onwards each excess gram will cost 9Fh€.period 2008-2018 is regarded as the phasétteaegulation,
which is characterized by only partly including mewold cars (2012: 65%; 2013: 74%; 2014: 80%; 10@ém 2015
onwards).
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ante determination of carbon mitigation dependstlon reactions of drivers. For example, fuel
efficiency improvements are considered to exhibitelbhound effect, i.e. an increase in kilometers
driven due to lower fuel cost, which partly offsdte carbon mitigation effect. Furthermore, inceshs
mileage increases other externalities like congeséind accidents (Fischer et al., 2007). A second
concern regarding open midstream trading arisen ffe design of the EU ETS: time inconsistency.
Currently, the EU ETS is divided into four year ipds. Selling a car in one period it is unclear to
which period the required emission permits belandue to the longer lifecycle of cars. The problem
iIs weakened by the extension of the EU ETS perofl years from 2013 onwards (EC, 2009b). A
general unsolved concern of fuel efficiency regafatat the supply side in the case that car prices
increase is the eventual delay of new car purchdiseso decreased scrapping.

Additionally to the European directive, Germany leopted C® dependent motor vehicle taxes
(Deutscher Bundestag, 2009). Every car initiallgistered after the July’'12009 has to pay a yearly
tax of 2 € for every gram above 120 g ZKin. The threshold level is decreased in 2012 (641410

(95) g CQ/km. Such an instrument additionally increases dopncentives on the demand side.

2.2.2.2.3 Pricing transport fuels

Due to the one-to-one connection of fuel use amdoraemissions, fuel price regulation approaches
are the most direct measure to regulate carbonsemis of the private transportation sector. It is
possible to either use taxes or include emissiatasthe EU ETS.

Taxes can either uniformly increase or can be diffeated by fuels. The latter approach is more
sophisticated since differentiation can be oriert®slards the carbon content of fuels. As a price
oriented measure, taxes hardly implement given atsmlu targets since future driving patterns are
uncertain (Raux, 2004). Furthermore even if thgafacould be reached for sure, due to the low own-
price elasticity of fuel demand, taxes have to & igh (Graham and Glaister, 2002; Sterner, 2007)
This contrasts the high consumers’ sensitivity uel fprice increases leaving political feasibility i
doubt (Raux and Marlot, 2005). Political feasililis further restricted by equity aspects. Duehi® t
high share of fuel spending in low income groupt>aon fuels is regressive (West, 2004). Fuel tax
rates across Europe are already at a high levein&t (2007) reports an average tax rate of 80% on
gasoline for West-Europe in 2007. The already héghlevel restricts further tax increases due & th
high responsiveness of the public opinion to fages (Hammar et al., 2004).

Implementing emission trading has the advantageahing the carbon target for sure and allowing
equalization of marginal abatement cost, i.e. imgeting cost efficiency. Beside the midstream
option, two further options exist to include roaanisportation into the EU ETS (e.g. Ellerman et al.
2006; Stronzig et al., 2002): downstream and ugstrgading.

In downstream trading the polluters, i.e. drivew® obliged to hold emission allowances for every t
of CO, emitted. Due to the large number of polluters sacBystem is expected to incur high
transaction and information cost. Raux and Mard®06) argue that an electronic system for permit

sales and purchases can minimize transaction gd$is system is compatible with automatic teller
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machines already existing at service stations. rin&tion costs can be overcome by market
intermediaries like banks or service station omesatEven though the possibility of downstream

trading exists, it has never been regarded as@mpation for private transportation.

In upstream trading, the suppliers of fuels areuireg to hold emission allowances. For every sold
liter of fuel the resulting carbon emissions canchkulated and have to be deposited with permits.
Since the number of upstream fuel suppliers iD&ow the number of vehicle users, transactionscost
decrease. This argument is of particular importdocéhe EU ETS: Refineries are already part of the
EU ETS. Consequently, administrative costs are ftedaince monitoring mechanisms already exist
and only need to be extended. Furthermore, refiopeyators have experience in permit trading since
the beginning of the EU ETS in 2005. Thereforegtinfation costs are lower, too.

Under prefect competition up- and downstream tigadaad to equivalent results. Dobes (1999)

remarks that the equivalence breaks down if therizket is characterized by imperfect competition.

This is a serious point which has to be considdrepstream trading should be implemented.

2.3 Summary

This chapter laid out the theory of environmeng&gulation in a first and second-best setting aed th
effects of environmental tax reforms. Both, envimremtal theory in a first and second-best setting,
state that it is optimal to impose Pigou taxes amnif across sectors and commodity since cost
efficiency is achieved by the equalization of maaiabatement costs. Consequently, they provide the
theoretical argument for the implementation of stmeted emission allowances trade across the
economy. Following this argumentation, the emissiaf road transport should be regulated by
integrating road transport into the EU ETS mostofably using an upstream approach. Since
refineries are already part of the EU ETS and siheenumber of refinery operators is far smallanth
the number of road transport users, such an approwtrs lower information, transaction, and
monitoring costs.

However, the theory of environmental tax reformairok that the structure of the pre-existing tax
system is important. If initial taxes on some cordities are too high, lower carbon taxes or
exemption from emission trading decrease the dagtgulation since the after-regulation tax schedul
is closer to the optimal one. Observing high extéses on transport fuels across Europe, it can be
argued that the exemption of road transport fronth&r carbon is optimal. On the other hand, the
existence of other externalities justifies highesvon road transport. Congestion is the major gance
in the regulation of road transport followed by dbcpollution, accidents and noise. In the
consequence, the effect of an additional increddaeb taxes crucially depends on the pre-existing
tax. If the tax is too high in the sense that reatly includes a carbon tax component, a further

increase in the fuel tax will lower welfare.
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3 Methodological Background

This chapter describes the methodological backgtaircomputable general equilibrium modeling. |
start by reviewing the basic theory of general douiim. Afterwards, the CGE format and its
representation as mixed complementarity problemiatreduced; functional forms and empirical

specification are discussed. Finally, the inclusibrechnological details is described.

3.1 Theoretical basics of applied general equilibrium rmdels
Consider an economy withcommodities (indexed dy which are traded at a single positive price

J producers (indexed by€ J:={1...J}) are characterized by technologies, representetthdget of

feasible production plang which are part of the commodity spaRe. The set of feasible production

plans is assumed to be strictly convex, compactiadddes the possibility of inaction © Y,-).18
Producers are assumed to behave profit maximigaghermore, markets are assumed to be perfectly
competitive, i.e. every agent takes the price veasogiven. Consequently, observing the price vecto
p every producer chooses his production plasuch that his profit is maximized and the prodrcti

plan is feasible:

M, (p) = max{_py]

S.t. yD Y (1)

The H households (indexed blg € H:={1...H}) are characterized by a utility function which
associates nonnegative consumption piamgth utility levels U (x,). Utility functions are assumed to
be strictly quasiconvex, continuous, and nonsatiftéach consumer receives income from two
sources: First, he is initially endowed with a pigsi commodity vectomwy, being sold at the market
price and second, he owns nonnegative shajesf firm j for which he receives dividendg/1;.
Profits are fully distributed to households, ile tshares of firnj sum to one over all households.
Households are assumed to maximize utility underctmstraint that consumption plans are feasible,

i.e. are within the budget set:

max| U, (x,)]

Xp20

2
st px < p)h+2yhjl'lj( D @
j

18 These assumptions imply a well-defined, nonemptyitinuous point-valued supply function. The assiimnpof strict
convexity can be relaxed to weak convexity. Howetiee supply function generally becomes set-valiied,results in a
supply correspondence (e.g. Starr, 1997).

19 These assumptions ensure that the associated defumactions are homogeneous of degree zero in prare single
valued. As in the production case, relaxing thietstluasiconvexity assumption leads to a demandespondence (e.g. Mas-
Colell, Whinston, and Green, 1995).
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A general competitive equilibrium is then defined moduction planyj* and consumption plans,
and a price vectqy such that given the equilibrium price vector thegpams (1) and (2) are fulfilled.

Furthermore, markets are either cleared or in exsegply:
PRADATED RS 3)
i h h

Equation (3) is commonly referred to as marketrahgaor material balance equation. It relates ® th

concept of the excess demand function, which imedfas:
2(p) =X % -2 % - T, @
h i h

Under the above formulated assumptions, the exd&smnd function is a continuous, single valued
function of prices. Furthermore, it is homogenofidegree zero in prices. Thus, the absolute value o
prices does not affect outcomes. Therefore, ibssiible to normalize prices by choosing a numéraire
commodity for which the price is fixed to some &doiy number (normally one). In addition, strict

Walras’ law holds, i.e. the value of excess demaradjual to zero:
pz(p)=0 (5)

As long as the assumption of satiated preferersceatisfied, the first fundamental theorem of welfa
economics holds which states that every equilibiisifareto efficient.

The existence of the equilibrium under the givesuasption has been proven by Arrow and Debreu
(1954). Consequently, the described model formabfien denoted as Arrow-Debreu format.
Alternative names are Walras’ or competitive geheaqailibrium model. An extensive discussion of
the underlying assumptions and the existence psogiven in Debreu (1959) and Arrow and Hahn
(2971).

3.2 Computable general equilibrium modeling

From a policy analysis point of view, the descrilmdnomy is seen as a controlled system (Munk,
2009). Decision makers — generally governments posa policies using instrument variables to
influence the value of goal variables in a deswey. For example, the goal of governments is to
reduce greenhouse gases in order to mitigate theeqoences of global warming. As described in the
last chapter, various policy instruments exist, agnthem carbon taxes or emission trading schemes.
Possible choices of a goal variable are consuméfiamgeor total abatement cost. Applied general

equilibrium (AGE) models simulate the controlledstgm based on the Arrow-Debreu framework.
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This involves setting up a parameterized model, dteosing functional forms for production and
utility functions and determining the mathematidarmat. Parameters of these functions are
determined based on empirical data in order toiolatdully specified model. The model is then used
to carry out comparative static exercises by gbang the effect of a change of the instrument
variables on the goal variables. Since closed feofations for higher dimensional models generally

do not exist, this involves solving the model usmgnerical methods.

3.2.1 Mathematical format

CGE models are AGE models adopting additional aptoms and a special mathematical format
(Ginsburgh and Keyzer, 1997) The commodity vector is divided into goods (ind®xi,j € J) and
factors (index byf € F). Factors are characterized by the fact that ey provided solely by
households. Furthermore, production functions dnaracterized by constant returns to scale.
Additionally, it is assumed that every firm prodscene specific good, i.e. only firjnproduces
commodityj.?* Let F(x;X;) be the production function of firfrwith x; as intermediate inputc€ J and
factor inputs¢; andC(p,Y) the associated cost function. Since the produdsittomogenous of degree
one, the cost function also exhibits constant rste.g. Mas-Colell et al., 1995). Consequentlg, th

profits optimization problem can be stated usirguhit cost functiom(p):
maxm; =py-d gy 0o ©
The first order condition yields:

p.<c(p) O y=0 00 J (7)

These conditions are known as zero profit condtisince the complementarity implies that the price
of commodityj is equal to the unit cost — the firm makes zerofitsr — and the corresponding
production levely; is positive or costs exceed the price and theymtoah level drops to zero since the
firm otherwise would make losses.

Let Un(Xin,Xn) be the consumdr's utility function with consumptiorx, of commodityi and xg, of

factorf. Additionally, letM,, be the income of the consumer defined as:

20 Another approach is to use the Negishi format tticemulates AGE models as welfare optimizationotems based on
the Negishi theorem (1960).

2L This assumption is only for the ease of notationesit allows using the set J for firms and godkise extension to multi-
product firms is straightforward but requires imlucing an additional set for goods.

22 The symbol 0 is used to express complementarity. In full nomti the conditons reads as
psc(l  (fp-Ay=0 00
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M,= > pw, O M=20 O hOH (8)

kOJOF

The Walrasian demand functions are defined in metise utility optimization problem:

de, (P, M,) = argma{ Ux) stM=> p 4 O & D HJH (9

Xgn20 kOJOF

where the assumption of non-satiated preferencessésl to impose strict equality on budget
constraints.
Walras’ law implies complementarity between maxketiring conditions and associated prices. Using

Shepard’s lemma the market clearing equations becom

Jc.
y+taz) Ly +>d O p=0 OO .
™ op, hOH
dc (10)
W =) Ly +> dy O p= 0 01l
5 0Py HOH

These complementarities express the fact thatreitiee market clearing condition holds with strict
equality (i.e. the commodity is scarce) and the@eetve price is positive, or supply exceeds demand
and the corresponding price drops to zero.

The equilibrium conditions (7), (8), and (10) sfeei square system of equations which can be solved
for the unknown prices, production, and income IleveFurthermore, the system imposes
complementarity between equilibrium conditions amgiables. In mathematical programming such
programs are known as mixed complementarity probl@tCP) which are generally defined as (e.g.
Cottle et al.,1992; Rutherford, 1998):

givenf 0" - O"
find rOQd" (11)
st.r=0f(r)=0r"f(r)=0

In the case of CGE models, r is defined as theovextprices, incomes, and production levels §nd
are the equilibrium conditions. In contrast to wedf optimization formulations, which do not
represent dual variables (i.e. prices) explicilyhe formulation, the MCP format has the advantdge

the representation of these variables and, consdlgu@llows restrictions on dual variables. Put

2 For a survey of the use of MCP in economics amginerering applications see Ferris and Pang (1997).
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differently, the MCP overcomes the integrabilitgtrection of optimization formulations (Mathiesen,
1977, 1985).

3.2.2 Functional forms

The underlying assumptions restrict the choiceuotfional forms to the class of linear homogenous
ones. Most applied studies employ the ConstanttiEilysof Substitution (CES) function (Arrow et
al., 1961)*

yj:(p[ 2 aijk_ipi]m; > 4 =1

kOJOF KO F (12)
1
1+p;

O

with @; > 0 being called the efficiency parameigy € ]0,1[ are distribution parameters, gnd -1 is

the substitution parameter which determines thestemn substitution elasticity. The CES function
includes the Leontiefs{ = 0) and Cobb-Douglas functions; € 1) as special cases (e.g. Chiang and
Wainwright, 2005). However, the CES function imppssual substitution elasticities between all
inputs. In order to overcome the problem of equéblssitutability of all inputs, nested CES functions
(Strotz, 1957) are used which can be depicted énfthm of a nesting treé8.Figure 2 shows an
arbitrary nesting tree for four inputs and a tweeleproduction function of firmj. Both nests
(aggregates, composites) at level 1 (i.g. &hd N,) are single level CES functions as given in (12)
with the respective substitution elasticities comny the commodities. At level zero, these
composites are combined with the elastiaity A discussion about nested CES functions, their

properties, and derivation of elasticities is giveiKeller (1980, 1976).

24 More flexible functional forms within this classesthe Translog (Christensen et al., 1971), Gemremlieontief (Diewert,
1971), or Normalized Quadratic (Diewert and Wal&887) function. Perroni and Rutherford (1998) corap#ne
performance of flexible function forms in AGE moidel. They find that these function often fail taeperve desired global
curvature properties which causes computationfitdifies.

% |n the ongoing, | discuss separable nested CESifursc Even though non-separable CES function aree riexible
(Perroni and Rutherford, 1995), they are rarelyduiseapplied work since especially in large applaa with extensive
nesting empirical specification becomes complicated
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Figure 2: Nesting tree

3.2.3 Empirical specification

The implementation of CGE models involves choodimgtional parameters based on empirical data.
The most preferable approach would be to estimditeparameters of the model based on
macroeconomic data on prices and quantities. Howeles approach is usually impossible for two
reasons. First, CGE models are large systems @itiegs. Thus, system estimation procedures have
to be employed. However, error terms in the sysdeennot independently distributed which leads to
likelihood functions which are generally not wedifthed. Second, with a growing number of sectors
and consumers the number of parameters to be ¢stiniacreases rapidly. In consequence, the
number of independent parameters to be estimateeeds the number of data points (Mansur and
Whalley, 1984; Shoven and Whalley, 1992). Modefeest to the situation by involving a procedure
referred to as calibration and borrowing estimé&i@s the literature (usually elasticities).

Calibration assumes that the economy under coraideris in equilibrium — the benchmark
equilibrium. Data for a specific year usually areeg in the form of a Social Account Matrix (SAM)
(Pyatt and Round, 1985). A SAM is a square matiicv includes data on production and income
generation of different sectors and institutioh® Igovernments and households; columns represent
input vectors, rows refer to income generation. aksumption of an underlying equilibrium implies
that earnings and spendings add up to zero. ThBAMihas to be balanced. A general starting point
for the construction of a SAM are national inputput tables. These have to be combined with
additional data such as taxes, trade, consumemi@cand physical data.

Under the equilibrium assumption, the CES functian be transformed into the calibrated share form
(Rutherford, 2002):

e
— _ [
Yi :y{ > eijkjp} 2.8 =1
kOJOF KO F
— (13)
PeKa
Z P %;

I0OF

0, =

22



Benchmark parameters are denoted by upper bar§aadhe share of inpis cost in the total cost
of firm j. The calibrated share form has the advantage ofdig calibrating the efficiency
parameters. Given a balanced SAM, all cost shar@npsters can be calibrated. Often SAMs do not
report prices and quantities separately but thdymof them, i.e. are given in monetary unitsthiis
case, it is common to assume that all prices amalelgp one. The assumption does not affect the
conclusions from the model results since the beackraquilibrium is compared to the equilibrium
outcome resulting from a change of an instrumentiée — the counterfactual equilibrium outcome.
Thus, relative changes to the benchmark equilibrawenrelevant for the interpretation of the results
and the choice of prices is arbitrary as long asctist shares are correctly specified.

The curvature of functions is determined by thessitltion elasticity. These elasticities have to be
taken from additional econometric estimates. Howeestimates of substitution elasticities are rare.
The lack of empirical estimates suggests includidditional estimates of price and income elastisiti
into the procedure. However, partial equilibriunasicities often do not interact very well with
general equilibrium elasticities. Bergmann (200&)atudes that substitution elasticities are geheral
“guesstimates”. Therefore, sensitivity analysish@ results with respect to substitution elasgsitis
needed.

Correctness of the calibration procedure is vadiddh form of a replication check, i.e. without any
change in the instrument variables the model rapresl the benchmark equilibrium as given by the
SAM.

3.2.4 Computational implementation

Solving CGE models naturally involves numericaloaithms. This puts restrictions on the use of
models along two dimensions. First, computatiorafgrmance restricts model size. Second, besides
specification of the models, modelers must alsalide to implement efficient solution algorithiis.
Since computer performance has rapidly increasemglthe last decades, dimensionality is rarely
considered nowadays. Concerning the implementaticolution algorithms, modelers greatly benefit
from modern mathematical programming applicatioks the General Algebraic Modeling System
(GAMS) (Brooke et al., 2008). GAMS allows the masteio write down the model equations and the
software provides standardized solution procedurése form of solvers. All models in this thesre a
formulated as MCPs and are solved using the PATMesdDirkse and Ferris, 1995; Ferris and
Munson 2000). Models are implemented using the Brattical Programming System for General
Equilibrium (MPSGE) developed by Thomas Rutherfdd®99). MPSGE is a meta language
implemented on top of the GAMS system. The modgtevides a description of (nested CES) cost
and expenditure functions together with benchmaata chind substitution elasticity in tabular form.

MPSGE evaluates functions and the correspondingbi&t matrix and implements the model in

28 See Scarf (1984) and Todd (1984) for a surveadfer solution algorithms.
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MCP format. After generation of the model’'s equasidt is solved using the PATH solv&Beside
the advantage of avoiding the error prone exptioigramming of nested CES function, MPSGE has
the benefit of automatically deriving demand fuocs as partial derivatives of provided functions

(Shepard’s lemma).

3.3 Technological details

3.3.1 The bottom-up/top-down discussion

Applied general equilibrium models have the advgmtaf capturing price interdependencies of
economic sectors by a comprehensive assessmeh¢ airtular flow of commodities and incomes.
However, especially in energy policy analysis, Q@&dels are often criticized for the lack of detdile
representation of technological details of the gypaystem. In this discussion, AGE models are often
termed top-down models since they adopt a viewhenvthole economy from the top and neglect
details of single sector representations. In cehtiaottom-up models adopted a technological rich
engineering view of single sectors but approxinmseroeconomic changes in a rough manner, i.e. do
not capture macroeconomic feedbacks (Hourcade, &0fl6). Usually bottom-up models characterize
sectors in terms of different production technadsgiepresented by Leontief technologies. A change
on relative input prices then leads to a switchmfrone technology to another. Such models are
implemented as linear programs. Prominent exangflé®ttom-up models of the energy system are
the MARKet ALlocation (MARKAL) (Loulou et al., 2004or the Prospective Outlook on Long-term
Energy Systems (POLES) (Criqui et al., 1999) model.

Figure 3: Top-down versus bottom-up technology repsentation
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27 Alternatively the MILES Solver (Rutherford, 1993)rcbe used.
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The discussion about technology representatiore$s éxplained in terms of Figure 3 which depicts
production function using capital K and labor Liaguts. From a bottom-up view, the sector is best
characterized in terms of three distinct techn@sgrepresented by dashed lines. The parameter
specification of the technologies’ cost functiossderived using engineering data. Under a given
demand for the output, the firm seeks to minimizedpction cost by choosing the output level of
different technologies, i.e. the technology mix. dantrast, the top-down approach describes the
sector’'s cost by a smooth cost function depictedtH®y solid isoquant. The described calibration
procedure implies that the isoquant’s locus in piheduction space is determined by the sector’s
benchmark input of capital and labor. The substitupossibility among inputs is determined by the
curvature of the isoquant, i.e. by choosing thesstution elasticity. However, only by incident, a
substitution elasticity which correctly determirfastor substitution as implied by detailed techgglo
analysis exists. Furthermore, even if the isogsanteeds in replicating technology substitutioheot
restrictions like pre-installed production capastiand technological potential which imply limited
technology substitution are not represented.

Generally, three different approaches exist to av@ie the top-down/bottom-up problem. The softlink
approach links independently developed models usingnvergence algorithm. Such approach used
for example in the MESSAGE-MACRO model (Messner &utirattenholzer, 2000). This approach
often faces problems of different behavioral asdionp and accounting schemes (Bohringer and
Rutherford, 2008). In contrast the hardlink applo&mrmulates a highly aggregated reduced form
macro model with a detailed deciption of the enesggtem in a single optimization problem. This
approach is followed for example in the REMIND mb¢auer et al., 2008; Leimbach et al., 2009).
Finally, using the MCP format, both model formassi doe fully integrated. This thesis follows the

integrating approach which is described in detathie next section.

3.3.2 Integrating bottom-up and top-down
Bohringer (1998) and Bohringer and Rutherford (90@®pose exploiting the MCP format in order to

overcome the problem of technology representafitie. basic idea is to set up the bottom-up linear
programming model, deriving the first order compdertarity conditions, and adding them to the CGE
model in MCP format.

Consider a specific secter€ J being subject to the bottom-up representation. Jétor useg
different technologiest (€ T:={1,2,...,T}) to produce one homogenous outgutTechnologies are
characterized by unit inputg, and installed capacitiesap. Additionally, technologies’ production
levels are bounded from above by technological miitis pot.”® Imposing perfect competition, the

firm seeks to minimize production cost given comitogricespy, prices for capacity investmernsg

28 The term technological potential is a bit mislegpsince the potential also might be restrictegpblicy. For example, in
the electricity sector the use of hydro power iturally restricted by possible production sight@wéver, the potential of
nuclear power might be restricted by the governiaentention for nuclear phase out.
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and demandis for output by choosing technologies’ productionels B, and investment in new

capacitied;.

LS tOT toT
t kOJOF
st. > B = d o p O OB T (14)
tar
cap+ | = B 0 pcap O uagaT
pot > B 0 ppoe O OtoT

The dual variables have natural economic interpeogts: ps is the dual on the market clearing
equation and interpreted as the price earned peopiautput, i.e. the price of commodisy pcap is
the capacity rent of technology and ppot are rents stemming from the technological poténtia

restriction of technology: The first order conditions for technologies’ puotion levels become:

> Pdc+ pcap+ ppotz p o B 0 OOt (15)

kOJOF

On the left hand side, the cost of producing oneafroutput with technologyis given. They consist

of the costs of intermediate and factor inputs passible capacity and potential rents. On the right
hand side, the earnings of one unit in terms ofdhput price are given. The complementarity is
interpreted as zero profit condition: the technglpgoduction level is positive iff unit cost equalit
income.

The condition for optimal capacity investment résaks:
pi, = pcap o =0 OO (16)

Again, this has the natural interpretation of apzarofit condition: investment in production caggci
of technologyt is positive iff the unit income of investment -etbapacity renpcap — is equal to the
unit cost given in terms of the investment price.

Neglecting pre-installed capacities and investnenew capacities for the moment, integration ef th
bottom-up model into the top-down framework is kasione by adding the derived zero profit
conditions (15) and the restrictions of program) tb4the stylized CGE model described by conditions
(7), (8), and (10). The integrated model becomes:
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Zero-profit conditions:

c;(p) > i p 0O y=20 0OpJ{3
Y. Pcd. + pcap+ ppot 2 P 0O B=z20 O0OT
kOJOF
pi, > pcap O B0 00Ot T
Market clearing conditions:
oc.
Y +Q > Za—’ ¥ d, 0 p> 0 oo P}
j0J i hOH
oc,
> B, > —L oy O p=2o0 § J
T o 0P, hOH
oc.
w > Y Ly +>d, 0 p= 0 o0 F
0 0 ¢ hOH
pot, > . B 0] ppae O OOt T
cap + | > B 0 pcap= 0 O T
Income definitions: 17)
M, = > @+) oppotpdl M,20 O HIH
kDJIOF oT

The technological potential is allocated to housghearning the rent if the restriction becomes
binding, and, consequently, becomes dependenteomaiisehold set.

It is important to note that in this formulatiorettechnologies’ outputs are perfect substitutes ail
technologies sell their output at the same ppicd hus, small changes in relative prices can lead t
extreme shifts from one technology to another. Timdesirable property of the model is often called
flip-flop behavior (Wing, 2008). The flip-flop prédm makes it necessary to include pre-installed
capacities ¢ap) and technology investment;)( However, the inclusion of production capacities
necessarily involves the modelers’ non-trivial dem about what exactly the investment commodities
I; and the associated investment prigesare. Generally, the best approach is to specéyriestment
demand by technologlyin terms of commodities represented in the SAMintcoduce an artificial
sector producing the investment commodity andrsglii to the technology activity, and to add pre-
installed capacities to consumers’ endowment. Heweahis can become a data intensive procedure.
For example in the electricity sector it requirgeedfying detailed input vectors for capacity
investments into different generation technologiesh as nuclear, coal, natural gas, and hydrogplant
in terms of construction services, materials amdiaSuch detailed data are rarely available. Even
bottom-up models investment is not specified iglgircommodity terms but in terms of an investment
price. The problem of the combined, integratedhylsrid approach is that the top-down framework
demands specifying the investment commaodity to taaircircular flow of commodities and income.

One approach around the problem is to specify septecific factor inputs.
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The stylized models of Béhringer (1998) and Boheingnd Rutherford (2008) specify fossil fuel
energy resources (coal, natural gas, and refindasi sector specific resources which are solely
supplied by consumers, i.e. energy resources aafigul as factors which are only demanded by the
respective technologies. However, in empirical igtibns commodities’ supply is endogenously
determined and, thus, can not be specified asrfaBighringer (1995) uses the framework for an
empirical evaluation of the influences of altermatcoal subsidies on carbon taxes in Germany.i$n th
model, capital inputs are partially specified astse specific leading to the same desired smooth
technology substitution. Wing (2008) is the firgalmrating the problem explicitly; he proposes the
following modeling approach: If technologies ard¢edmined as Leontief production technologies, the
supply of sector specific capital naturally putswugper bound on the output level. He introduces an
artificial activity taking malleable or intersecabrmobile capital as input and providing technology
specific capital stocks as output using a Condiasticity of Transformation (CET) function. This
corresponds to the view that capacities are plrtialersible, i.e. can be retired and convertdd in
malleable capital, which can be used for investmemto new technology specific capital.
Consequently, the malleability of capacity is gowst by the transformation elasticity of the capital
activity. Additionally, he uses the share presaywiharacter of the CES function that price chamiges
not induce extreme deviation in technologies’ outpliares: Each output unit is rewarded with a
technology specific output price. Outputs are aggie to a homogenous commodity using a CES
function with a high substitution elasticitgy € 10) which results in a nearly linear isoquarer{gct

substitutability).

3.4 Relevant modeling literature

In general, the global pollution externality of risport in AGE models is investigated from two
perspectives: On the on the hand, the energy/emmeatal approach focuses on the emission of
greenhouse gases especially from the combustiofossHil fuels. On the other hand, transport
economic modeling focuses mainly on the congestxternality and partly includes other
externalities such as pollution and accidents. @/mnilthe first class of models the main interest In

an efficient carbon pricing, cost-efficient abatemef emissions and the interaction across poljutin
sectors, the second perspective is primarily istece in an efficient internalization of transport
externalities within the transport sector and thedcts of changed transport prices and infrastrectu
investments on mode decisions and other sectors.

A detailed modeling of the transport sector in ggianvironmental related studies is relatively rare
compared to the number of such studieBaltsev et al. (2004, 2005b) develop a methodtegiate
private transport into the MIT Emission Predictiand Policy Analysis (EPPA) model. The MIT

29 General surveys of the use of AGE models in edenyjronment studies are given for example, in Con(E994),
Bergman (2005), and Wing (2007). Springer (2003)rsanzes the literature especially related to tréelgibeenhouse gas
permits.
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EPPA model is a large scale, recursive dynamic @®@#el of the world econoni.Carrying out
illustrative emission pricing scenarios, the aushshow the critical importance of a disaggregated
representation of household transport to improwe répresentation of substitution possibilities for
fossil fuels. While the MIT EPPA model does includansport, it does not differentiate between the
durable stock of transport capital and the assediaervice flow. Such an approach is implemented in
the GEM-E3 model of the European Union (Capros let 97). GEM-E3 offers a detailed
representation of the EU 15 region and six furthggregated world regions. It is also recursive
dynamic but includes cars as a stock variable widepreciates over time, is augmented by
investments, and necessary to obtain the sengeedf transport.

Berg (2007) extends the EMEC model developed byblOst and Berg (2006) by a detailed
representation of household transport demand.ignstiatic model of the Swedish economy, different
transport modes, work and leisure trips are disistged. Furthermore, households are differentiated
representing different income groups and locatmiisving. Berg analyzes the effect of carbon taxes
in the EMEC model with and without the augmenteah$port modeling. The model with the detailed
transport module always shows higher cost of carbegulation. This result is based on the
endogenous labor/leisure choice: carbon taxes els fncrease the price of work trips and thus, texer
a negative pressure on labor supply.

Another stream of the environmental/energy litewatis concerned with the penetration of advanced
technologies in the automobile market. Schafer dadoby (2005, 2006) implement a softlink
approach on the MIT EPPA model with an improved eliog) of private transport. They use the
model together with a mode choice (Schafer andov,i@000) and the MARKAL model (Louluo et
al., 2004). Transport demand is determined in tABA model and passed to the mode choice model.
The demand for different modes and prices of theARodel are processed in the MARKAL model
which is calibrated to an existing fleet of autontbtechnologies and other transport modes.
Consequently, MARKAL determines the penetrationadf’anced vehicle technologies. In order to
achieve consistency between the MARKAL energy dama EPPA transport demand, substitution
elasticities in the household transport module #r& autonomous energy efficiency improvement
parameter are adjusted in an iterative procedumgleimenting different time paths for emission
reduction, the authors show that advanced techred@gch as aluminum intensive vehicles or hybrid
drive trains do not play a significant role in esii abatement in the US for the next 30 years.
Sandoval et al. (2008) analyze the prospect ofdgehr cars by introducing a hydrogen production
sector in the EPPA model. They estimate that inabsence of any climate policy hydrogen cars
become competitive in the US at a purchase priceelwls 1.3 times the price of conventional
automobiles since they are more fuel efficientEurope, the technology will become competitive
even at a price twice the one of conventional sarse high fuel taxes stimulate the use of moré fue

efficient hydrogen cars. However, the penetratibrhydrogen cars only slightly reduces carbon

30 Recently, a forward looking model version has &lsen developped (Babiker et al., 2008).
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emissions since hydrogen production in mainly based coal combustion. Imposing carbon
constraints favors the adoption of hydrogen vehicle

Jokisch and Mennel (2009) calculate hydrogen patietr rates in the MARKAL model and impose
them exogenously on the PACE model (Bohringer andtV2003) to assess the macro-economic
impacts. PACE is a dynamic, forward looking of megional energy use and global trade with a
special emphasis on Europe. Since hydrogen vehackeassumed to have learning effects which drive
lifetime cost below the cost of conventional autbifes, the penetration yields positive welfare
effects. Karplus et al. (2009) analyze the potémake of plug-in hybrid electric vehicle for theSU
and Japan by augmenting the EPPA model. They shatvetven in the presence of a strict climate
policy, additional research on battery design iseseary to lower purchase costs and increase grivin
range.

The transport economic modeling literature is prilpanterested in the congestion externality ane t
welfare impacts of changed transport prices. Adogd, often road pricing and/or infrastructure
investments are assessed. Such models often ignaeenalities (e.g. Kalinowska et al., 2007;
Kremers and Kalinowska, 2009) or only focus corigeste.g. Conrad, 1997; Conrad and Heng,
2002). Other studies use the same approach aswWiermmental/energy literature: they include the
generation of externalities, particularly greenteogas emissions, but do not model their impachen t
economic system (e.g. de Borger and Swysen, 19@&)iigger et al., 2007). Parry and Bento (1999)
note the importance of other externalities evahgptihe welfare effects of congestion pricing.
Including accident and pollution externalities ihireear separable way into the utility functiongyh
show that reduced congestion offers additionaltiveswelfare effects by reducing these externaitie
and illustrate their results with a stylized CGEdab Non-separable transport externalities in the
utility function and the impacts on production sesthave been model by Meyeres and Proost (1997).
Mayeres (1999) extends this approach for diffetemisehold types to assess the equity aspects of
transport policies.
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4 Transportation under the European Emission TradingSystem

4.1 Introduction

This chapter employs a multi-region computable gaheequilibrium model analyzing the impacts of
European-wide regulation measures addressing therta&missions of transport. The introduction of
a closed emission trading system for transport goms, the inclusion of the transport sector i t
EU ETS, and the exemption of transport from can@gulation are tested against the performance of
the current EU ETS. The results show that exemgtangsport from carbon regulation, i.e. shifting th
reduction burden to the EU ETS, is the most faveratrategy. Concerning fuel pricing strategies, th
inclusion of transport into the EU ETS incurs lowsmst than a closed emission trading scheme.
Furthermore, a closed emission trading scheme mmesf@nly slightly better than transport under
national carbon taxes.

Multi-region models have the advantage that changésrms-of-trade are endogenously determined.
Analyzing carbon restrictions, terms-of-trade chemgccur in two dimensions. First, countries with a
lower carbon price gain comparative advantageseénproduction of energy intensive commaodities.
Second, carbon restrictions affect the demanddssif fuels. Consequently, prices change and create
substantial spillovers to other countries. The msitee literature on terms-of-trade reaction conetud
that fossil fuel price changes are the main detaanti of terms-of-trade changes (e.g. Krutilla, 1991
Bohringer and Rutherford, 2002b; Babiker et alQ80 Analyzing the introduction of the EU ETS
compared to purely national regulation on a mershkate level, the model also shows this result.
Policies are analyzed at the EU 27 level, i.e. neember states with negative reduction burdens. The
results show, that these countries incur welfaiesghy participating in the EU ETS since they are

able to sell excess emission allowances.

4.2 Model description

42.1 Overview

The multi-region model employed in this chaptefoisnulated as a mixed complementarity problem.
Three classes of equilibrium conditions exist. Nctivity makes positive profits (zero-profit
condition). Excess supply is weakly positive (mar&earing condition). Each household fulfils his
budget restriction. Each class is associated tass of variables. Activity levels are associatethw
zero-profit conditions. Prices are connected toketaclearing equations. Each budget restriction
determines the income level of the respective Hulde
The basic assumptions of the model are:

¢ The model is static.

« International commodity trade is unrestricted.

« All markets are perfectly competitive, i.e. all atgetake prices as given.
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* Households’ preferences are represented by a mpative agent.

* The household is endowed with capital and laborciviaire intersectoral but not international
mobile. Furthermore, an endowment of immobile ratwesources exists. All factors are
inelastically supplied.

« Investment demand and balance of payment defigtexogenous and constant.

* The government imposes taxes to finance the pavisf public goods which is assumed to
be constant.

« Production and utility functions are representddgigaested CES functions.

4.2.2 Algebraic description

4.2.2.1 Representative agent

The representative agent (RA) in regroderives utility consuming commoditie$x ga ) according to
the utility functionU,(.). The initial endowments of capitaK{, labor (;), and natural resource used
in sectori (R,) determine the income of representative agentstoFa are inelastically supplied.
While capital and labor are mobile across sectotsnbt international, natural resources are sector-
specific, i.e. immobile across sectors and regi@igen commodity pricep;,, factor pricex, PLr

and pr,; the tax rate on final consumptidika,, and a direct transfer from the government to the

householdrans, therepresentative agents maximize utility subjecheliudget constraint:

max Ur ( )g,RA,r)

Xi ra,r 20

| (18)
st R K+ R L+ R R+ tranY (£ 4) P XatY iV

invi, is investment demand which is assumed to be auons@olving the problem for each

representative consumer yields the demand fundepending on price<(;).

4.2.2.2 Production

Each production sectdmproduces one commaodity which can either be solthiéodomestic market at
pricep;,“ or be exported at prige,®. The respective quantities are dengtgtlandy;,® and the activity
level byyi,. X is the intermediate input of commodjtyo sectoi in regionr. Similar, X i, X_ir, and
Xr,ir are the respective factor inputs. Taxes are ingposeintermediate as well as factor inputs (
teirn tWwin tri) and on outputstd). Accordingly, tax inclusive input prices are daefd as
Oiir - =(1+t5i)Prs Ok =+t kin)Pkr Auir=(1+tLi)PLrn and ori-=(1+tr;)Pr,~ Furthermore, tax
inclusive output prices are given &s°=(1-to;,)p,,* andv;,°=(1-to;,)p;,°. Assuming separability of
inputs and output and constant returns to scapedduction, the unit revenue () and cost functions
(ciy) can be independently determined from a given yctbdn function. The profit optimization

problems become:
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max r( \g,r ’\fr) Y,r + (i:,r ( qi,r ’g,i,r ’gi,r ’ng,r) iy D (19)

Yir20

The corresponding zero profit conditions become:

Ci,r (qj,i,r ’q<,i,r ’q,i,r ’g,i,r) 2 (r i(,y 1ey) D Y,r 2 0 D i" (20)

Shepard’s lemma and a similar relation on the duspe (Ginsburgh and Keyzer, 1997) determine

the optimal input and output quantities:

— aci,r — aQr —_ acfr X = aQr
Joi,r aqj’iyr yi,r )&,i,r aqK'i’r Yr L)S,r aq_’iyr iy RINT aq;'i’r i,ry
(21)
a _on, or,,
Yie =558 Yir o moe ¥

i,r

4.2.2.3 International trade

International trade is modeled using the Armingt#®69) assumption, i.e. commodities are
distinguished by region of origin. First, commoe#ifrom different regions are combined to an import
composite, and second, domestic commodities andnjert composite are aggregated.

Furthermore, international commodity trade is asged with a transport margin, i.e. trading
commodityi from regionr to regionss requires the transport mardgin;, s of transport servicg The
importer of the commodity pays the margin. TransEa@rvices are produced by an international
transport pool which combines services from différegions.

Two different taxes apply on international tradbke®xport tax for commodityshipped from region

to regions, te s, applies on the value of the export. In contrst,import taxtm;, s is levied on the
value of the import commodity including the trangpoargin.

Let pt; be the price of transport marging'(p;,9) the unit cost function of the international tramsp
pool depending on the export prices of commodit@sing from different regions, aryd the activity

level of the international transport pool. Accodlin the profit optimization problem becomes:
T%X[ g-¢(s )]y (22)
The corresponding zero profit condition and the aednfunctions become:

a(ef) = P ‘g 0 Oi (23)
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t
X, = :: y' (24)

The transport margin is combined with the impomowodity in a Leontief manner, i.e. for every unit
of importedi a certain amount of transport margiis heeded. Denoting the amount of the transport

marginj by a;;s, the import price of commodifyimported in regiors from regionr is defined as:

p|mrs = (1+ trni,r,s.)|:( 1+ tqr,s) ﬁ,r+ za i,j,r,s ﬁj| O ,I’,$ (25)
i

Imports from different regions are combined using activity characterized by a CES unit cost
functionc s"(p;s") depending on the import prices from different oggi. Denoting the price of the
import composite ap;s™ and the activity level by ", the profit maximization problem of the

Armington activity results as:
max| {7 - (o) O (26)

The zero profit condition and demand functionsifigports from different regions result as:

ce(pn,) = g° 0O 'Y= 0 Oir 27)
XM = o5 ma di,r,s
ol ) (e, )
oc™ (e8)
x™ = bt yT O i,jr,e

iirs — Qijrs a(1+ tm. ) ptl

1:S,r

wherex;, s" is the demand for import commaodityin regions coming from regiorr. xi,,-,r,s”“ is the
demand for transport commodityeeded to ship commaoditfrom regionr to regions.

A further activity combines domestic produced cordities and the import composite. The unit cost
function, depending on domestic production priced the price of the import composite, is denoted
by c..%(pi,%, p,™ and the activity level by; 2. Since the activity level determines the totalrjiig of
commodityi available at the market in regionthe market pricey;, determines the unit revenues.

Consequently, the optimization problem is given as:

maax[ R~ ér( mjr ’@a)} ¥ u

ir

(29)
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The resulting zero profit conditions and demand:fioms result as:

c, (|o|‘fr ,pf?a) > R 0 2y= 0 Oir (30)
oc? oc’

x4 =Ly —_r 31

I,r apsr yl,r ?,E: aqryr:a }?I’ ( )

4.2.2.4 Government
Public consumption of governments,;, is constant and financed by collecting tax incoBeside

public commodity consumption the government finanttee direct transfer to the household and the

constant balance of payment deflwitp. The public budget constraint is given as:

Z|:ti,RA,rpi,rC|,r +Z q,j,r p,r X,j,r }
J

+Z|:tK,i,er,rXK,i,r + tL,i,r n_,r )ﬁ_,i,r + E,i,r p-?,i,r )%,i,r (32)

+Z{te.,r,sp‘ir>{‘li+ tmi,s,r((” CHN R EDY FM“H 2> R, G+irans + bop
i,s J !

4.2.2.5 Market clearing conditions
The available quantity of commodifyat the market in region, y;,%, and demands by firms, the

representative agent, the government, and investdeemnand, determine the market price:

Ve oz XxtGrGriy O op,z0 Dir @)
i

Similar, factor prices are determined by the exogesrendowments and sectors’ demands:

K, =2 Z X i 0 L= 0 Or
L, > z X i 0 p= 0 Or (34)
IQi,r 2 )%{,i,r D Rp,r 2 0 Dr

Domestic output and demand established by the Aytmimaggregation enter the market clearing

condition for domestic products:
vl = X, O = 0 Oir (35)
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The price for exported commodities results from pheduction of commodities for the international

market in regions and import demand by all other regians
v o2 DX O  p= 0 Oir (36)
S

The price of the import composite is establishedngysupply of the composite and the demand by the

aggregation of domestic and imported commodities:
yie 2 %] 0 Pz 0 0O i (37)

All region demand international transport serviedsch are supplied by the international transport

pool:

yioz Yl O ® 0 Oi (38)

Lrs

4.2.2.6 Carbon restrictions

In the counterfactual simulation, upper bounds @, @€missions are implemented. The emission
factor £; (fira) determines COemissions caused by using one unit of input sectorj (by the
representative agent). Each region is charactetgedn upper emission boumanax. If emission
trading takes place at a national level, the carpoce is region specific and determined by an

additional market clearing condition:

emax 2 Z{BLRA C+>.B, x} O pbe>0  O1 (39
i i

wherepcarh is the regional emission allowances price, ordilse the regional uniform tax on GO

emissions.

On the other hand, if international emission trgdiakes place, the emission price is uniform across

regions and the associated market clearing condittwomes:

demax = Z|:Bi,RA C+> B, i,%rj| O wcark> 0 (40)

ir

wherewcarbis the international emission allowances pricenésally, all intermediate forms between

the two extreme cases are possible by portioniegelgional set, indicating which region is part of
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international trade, and the set of sectors, diegjavhich sector is part of national or internatibn
emission trading.

The income of carbon regulation accrues to govemsné-urthermore, the provision of public goods
iIs assumed to be constant. Consequently, the quoestirevenue recycling arises. In this chapter,
revenues are generally recycled lump-sum. Theretbee direct transfers from governments to the

representative agents are adjusted such that goeets’ budget restrictions become binding.

4.2.3 Specification
4.2.3.1 Model dimensions

Table 3 defines the dimensions of the model. Mendbates of the European Union are explicitly
represented while non-European countries are agtgedo a region of countries listed in Annex | of
the United Nations Framework Convention on Climateange (UNFCCC) and a rest of the world
region. For each region, commodities most releviantclimate and energy policy analysis are
modeled in detall, i.e. all energy commodities,rgpentensive production, and refineries. To captur
the effects of policies in the transport sectorjratustrial transport sector combining air, wategd
and rail transports and households’ own providedgport are included. Modeling private transport
requires a detailed representation of motor vehpreduction. Other sectors are aggregated to

agriculture production and a macro commodity repméag manufacture and services.

Table 3: Model dimensions

Production sectors Name Regions Name
Non-energy: EU15:
Energy intensive industries EINT Benelux BEN
Macro (industries and services) MAC Denmark DNK
Agriculture AGR Finland FIN
Manufacture of transport equipment CAR France FRA
Germany DEU
Energy: ltaly ITA
Coal COA Poland POL
Crude oil OIL Spain ESP
Natural gas GAS Sweden SWE
Electricity ELY United Kingdom GBR
Refined oil and coke products P C Western EU WEU
(Austria, Ireland,
Transport: Greece, Portugal)
Industrial transport TRN Remaining Eastern EU EEU
Primary factors: Other:
Capital CAP Annex | ANI
Labor LAB Rest of the world ROW
Natural resources RES
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4.2.3.2 Functional forms

The utility function of the representative househ@tigure 4) combines a CES aggregate non-energy
and energy commodity consumption with householdspartation at the top level. Allowing different
substitution possibilities of energy and non-enempmmodities, these commodity classes are
separately aggregated. A CES function combinesetlzggregates. Both, non-energy and energy
commodities are also combined using a CES functiiate transportation combines purchased
industrial transport services with the househotdié supplied transport which consists of refindd oi
used as transportation fuels put together with eas other transport input costs (e.g. repair and

assurance services).

Figure 4: Utility function

| Private Transport |

Consumption
/:m

| Non-Energy | | Purchased Transport | | Own Transport |

Oown

| Other Cost | Refined Oil

A(k

CAR Services

Oc

Electricity Natural Gas Coal Refined Oil

Figure 5 depicts the structure of production fumtdi which are assumed to be equal for all sectors
(Panel a) except for extractive industries (Papeld. coal, natural gas and crude oil extraction.

For non-extractive industries, a Leontief functisrused at the top level, combining material inputs
and a CES composite of a primary factor value adclE8 aggregate and an energy composite. The
energy aggregate consists of electricity and fdasil energy which is a CES composite of coal and
liquid fossil fuels (natural gas and refined offpr all sectors and consumers fossil fuel inpués ar
associated with COemissions.

Extractive industries combine the sector specifitural resource and an aggregate of all other snput
at the top level using a CES function. The otheuta are a Leontief composite of materials and the

primary factor value added aggregate.
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Figure 5: Production functions (a) non-extractive ad (b) extractive industries
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4.2.4 Parameterization

4.2.4.1 Baseline data

The Global Trade Analysis Project (GTAP) databaswiges the basic data for the parameterization
of the model (Dimaranan, 2006). The GTAP 6 dataldifs consistent social accounting matrixes
for 87 regions including a detailed representatibEuropean countries and 57 commodities based on
the year 2001. These data are aggregated to therseand regions given above using the
GTAP6INnGAMS package (Rutherford, 2006). Given tatablase and normalizing market prices in the
benchmark to one, the cost shares of the CES amatie derivetl.

The GTAP 6 database does not represent househokpbirt in a detailed way. Separating household
transport expenditures out if the final consumptrentor of the representative agent is done usiag t
method developed by Paltsev et al. (2004a). Gdyetaduseholds’ transport expenditurdsX@;,)
consist of spendings on purchased transport serfeéXR,,) and on own provided transport
(EXPoun):*

EXP. = EXP, + EXP, (41)

trn pur

The GTAP 6 database identifies expenditures onhased transport but those on own provided and

total transport are unknown. However, total consiimmpexpendituresEXP,,) are also known from

31 The mapping from the regions and commodities plewiby the GTAP 6 database to the model dimens&ogasen in
Appendix A.
32 For the ease of notation the index for regiordrigpped.
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the GTAP 6 database. Therefore, given the sha@aiftransport spendings in total consumptigs) (

only own transport expenditures remain unknown@ardbe solved for using equation (41):

EXR,,= ES" EXE

own tal

- EXP

> (42)
The total transport expenditure shakE§(is given in Table 4. It was derived from the Epgan
Budget Survey (Eurostat, 1999) by dividing the aggted transport spendiidy the sum of all
expenditures. For aggregated European regions gigniweighted averages are used with
population data also from Eurostat (2008a). For-Boropean regions, the values of Paltsev et al.

(2004) are employed.

Table 4: Parameters for household transport and enssion calibration

Emissions in 2001 Share of transport fuels in  Share of transportation in
(MY) refined oil expenditure total consumption
oS expenditure
ES
Benelux 313.5 91.28% 10.16%
Denmark 52.7 99.74% 9.06%
Finland 59.8 68.96% 9.73%
France 397.3 77.42% 12.59%
Germany 866.8 84.79% 11.92%
Italy 447 92.33% 12.47%
Poland 297.5 90.20% 9.65%
Spain 307.8 91.91% 11.52%
Sweden 54.5 90.20% 5.99%
United Kingdom 550.9 97.62% 11.73%
Western EU 277.6 82.50% 12.19%
Eastern EU 418.6 90.20% 9.07%
Annex | 9988.9 85.50% 13.40%
Rest of the World 9798.4 90.00% 6.00%

Sources: Own calculations based on European Busigetey (Eurostat, 1999), population data (Euro£@€8a), emission data (World
Resource Institute, 2009); share parameter forEumepean regions are adopted from Paltsev et@04(2

Having derived own provided transport expenditurese has to split these into different cost
categories. Generally, these costs consist of ekpeas on carsEXP.,), fuel spendingsEXP.e),

and other costs like insurance, maintenance, anttces EXPoie):

EXP,.,= EXR, + EXP

own car fuel

+ EXEI)hEI (43)

The GTAP 6 data directly give the expenditure ors.cuel spendings are part of the representative
agent’s refined oil consumptio©€QON, o which consists of transport fuels and other ediil uses

(mainly heating). Applying the share of fuel expimet in total refined oil consumptio©§ to the
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total refined oil spendings, transportation fuelrghases are derived (Exf= OS* CON ).
Consequently, only the other costs remain unknoWmese are derived residually by fulfilling
equation (43) and part of the representative ager@hsumption of the aggregated manufacture and

service commodity:

EXP

other

= EXB,,— EXE,— O3 CON (44)

own car

The shareOSis also given in Table 4 and derived from the pean Budget Survey by dividing
transportation fuel expenditure (CP 0722) by ther «af liquid (CP 0453), solid (CP 0454), and
transport fueld* As above, for aggregated European regions populaieighted averages are used.
Non-European regions’ values are adopted from &aéisal. (2004).

The resulting cost shares are given in Table 5.sHage of purchased transport is between 20 % and
35 %. For all European regions the share of tramdpels is higher than the share of the Annex |

region indicating the higher taxes on transpornetiels in European.

Table 5: Cost shares in private transportation

Purchased Fuel cost Car purchases Other costs

transport
Benelux 29.52% 19.00% 17.50% 33.97%
Denmark 32.96% 21.77% 6.18% 39.08%
Finland 36.73% 14.14% 7.60% 41.54%
France 20.13% 23.51% 27.26% 29.10%
Germany 24.46% 19.29% 37.14% 19.12%
Italy 23.47% 20.44% 19.84% 36.25%
Poland 24.84% 20.04% 22.11% 33.01%
Spain 32.99% 13.10% 16.33% 37.58%
Sweden 35.74% 37.30% 26.46% 0.51%
United Kingdom 30.33% 11.42% 17.21% 41.03%
Western EU 26.65% 19.63% 20.27% 33.45%
Eastern EU 30.96% 16.66% 23.57% 28.81%
Annex | 23.12% 6.41% 14.99% 55.48%
Rest of the World 49.00% 15.92% 15.85% 19.24%

Source: Own calculations

The used approach treats car purchases as a puesfieav. This is consistent with the treatment of
most durable goods in national accounting practldewever, in reality, automobiles are stock

commodities which provide a service flow to the fuimers and depreciate over time. Adopting a

33 CPO7 in the Classification of Individual ConsumptignPurpose (COICOP).
% Taking solid fuels into account, a classificatfmoblem results: the GTAP 6 data report refinedanil coke oven products
with a reverence to ISIC 23 (International Standariistrial Classification). Since there exists neaclcut correspondence
between these classifications, | decided to takd fieels into account in the COICOP. For Europeauntoes the spending
on solid fuels is small. Therefore the bias, indésémate of th€©Sis negligible.
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stock and service flow based approach requiremastig the service flow of automobiles as well as
the implicit rental rate for cars. Such an appraachtroduced in the next chapter.

Table 6 lists fuel taxes for transport. Excise $aixeEurope are at a high level. Except for thedBen
countries, fuel taxes in household transport aghdii than in industrial transport. Compared to othe
European countries, Poland and the eastern EUlbaviaxes.

Table 6 also reveals the net export position invibed markets for fossil fuels and energy inteesiv
products. Generally, the EU is net importer of exlergy commodities and net exporter of energy
intensive products. Annex | countries are net irtgpof crude oil and energy intensive products and
exporters of natural gas and the major playehénglobal coal market. The rest of the world regfon
exporter of all products. It is the largest supptiecrude oil and natural gas. Within Europe, Rdl&s

the only exporter of coal. Denmark and the Unitéglgidom are exporters of crude oil and natural gas.
Germany is the pre-dominant supplier of energynisitee products followed by the Nordic countries

Finland and Sweden.

Table 6: Net export positions and fuel taxes in thbenchmark

Net exports [billion $] Excise tax on transport fuels [%]
Coal Crudeoil Energy Natural| Industrial Household
intensives gas

Benelux -0.847  -10.491 1.109 0.417 510 320
Denmark -0.238 1.188 -2.084 0.325 153 500
Finland -0.219  -1.214 9.754 -0.496 251 317
France -0.612  -10.542 -3.563 -3.994 307 676
Germany -1.225  -12.869 11.300 -6.448 283 348
Italy -0.748  -10.052 1.735 -5.066 341 510
Poland 0.781 -2.029 -0.415 -0.727 59 170
Spain -0.650  -6.829 -1.493 -1.790 204 367
Sweden -0.128  -2.315 9.484 -0.086 219 509
United Kingdom -1.179 5.255 -9.773 1.298 275 368
Western EU -0.480  -5.185 -2.685 -1.322 226 372
Eastern EU -0.307  -4.078 -0.035 -3.319 78 116
EU -5.851 -59.162 16.153 -21.202

Annex | 3.662  -48.284  -29.488  7.606 31 112
Rest of the World | 2.189  107.446 1.109 13.596 14 48

Source: GTAP 6 database

4.2.4.2 Substitution elasticities

Fully specifying the CES function requires to tassumptions on the elasticities of substitution. On
the production side, the nesting structure is idahto the one used in Bohringer and Rutherford
(2002b). Therefore, their values are adopted. Hewethe values used in the MIT EPPA model
(Paltsev et al., 2005a) or the GTAP energy modatfaux and Truong, 2002; Truong et al., 2007)
do not substantially differ. Generally, substitatielasticities in production show homogeneity in
environmental/energy oriented CGE models. In efitradndustries (coal, natural gas, crude oil) the

top level elasticity between the sector specifidure resource and the material/value added
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composited is calibrated to meet price elasticitidssupply (Rutherford, 2002: Bohringer and
Rutherford, 2002b).

While the used elasticities for energy, value-added intermediate input substitution show some
homogeneity across the environmental oriented CG@&fature, elasticities for private transport are
rarely available. Paltsev et al. (2005b) use aevalu0.5 for the substitution between private tpams
and consumptiono{;rop). This value is expected to have a significantuigrice on the impact of
transport policies since a higher value meanstthasport can be substituted by more consumption.
Steiniger et al. (2007) calibrated this elastiedgether with the elasticity between own and puseda
transport §nrry) for a small open economy CGE model for Austrimgisa mode choice passenger
transport model. They use a value of 0.275 for shbstitution elasticity between aggregated
consumption and private transport. In the core Htian Paltsev et al.’s (2005b) value of 0.5 is

adopted and sensitivity is examined afterwards.

Table 7: Substitution and transformation elasticites

Description Value
Production elasticities
ENE Electricity / fossil fuels 0.3
EXT Sector specific resource / other inputs in &otive Coal 0.5
industries; calibrated to supply elasticities Crude oll 1
Natural gas 1
FOF Fossil fuels 0.5
LQD Liquid and gaseous fossil fuels 1
VA Labor / capital 1
VAE Energy / value-added 0.8
Household elasticities
C Non-energy consumption goods 0.5
CE Energy / non-energy commodities 0.25
HE Coal / electricity / natural gas / refined aibgucts 0.4
HTOP  Consumption / transport 0.5
HTRN  Own supplied / purchased transport 0.2
OoTC Motorized vehicles / other transport costs 0.5
OWN  Gasoline / other transport costs — motorizddoles ~0.33

Trade elasticities
DM Domestic / imported commodities

Non-electricity commodities 2.5
Electricity 0.3
MM Imports from different regions
Non-energy goods 5
Fossil fuels 4
Refined oil products 6
Electricity 0.5

Transformation elasticities
ouT Domestic / exported commodities 2
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The substitution elasticity between own provided grurchased transport relates to the choice
between private and public transport modes. Wha#sBv et al. (2005b) use a low value of 0.2
Steiniger et al. (2007) calibrate a value of 0.68BBe low value is adopted and implications of
parameter changes are explored later on.

The elasticity between the other cost (cars anckrotransport cost) nest and refined oils for
transportation &) expresses households’ behavioral response togeitafuel prices. In general,
there are two different possibilities to react oelfprice changes: changes in kilometers driven and
switching to more fuel efficient cars. Denoting Ifuunsumption depending on the fuel price as

FUEL (prep, fuel demand can be expressed as:

FUEL( Pya) = EFF( pue) KM( pye) (45)

EFF(pe) is the energy efficiency of cars in liter per kileter andKM(pye) are kilometers driven.

Taking logarithmic differentials with respect tatfuel price yields:

pfuel aFUEL — pfuel aEFF+ pfuelaKNI
FUEL apfuel EFF a pfuel KM a pfuel

(46)
Therefore, the price elasticity of fuel demangl.f) is equal to the sum of the price elasticity oéreyy

efficiency ere) and the price elasticity of kilometers drivep.j.

Never = Mere Y km (47)

Having determined the price elasticity of fuel dehathe substitution elasticity between other costs

and transport fuels can be approximated as (Hyrhah,&00%:

[ ”FUEL (48)

JOWN, r— 1- 0OWN
P_C,HTRN, r

Schéafer and Jacoby (2005, 2006) use the MIT EPPdeitogether with a mode choice (Schafer and
Victor 1999, 2000) and the MARKAL bottom-up modéb(lou et al., 2004) analyzing the impacts
of climate policies in the transport sectors on diffusion of vehicle technologies. In this hybrid
model, the aggregated household transport demagaldslated in the MIT EPPA model and passed
to the MARKAL model. The MARKAL model determinesetihmix of vehicle technologies and
subsequently the fuel demand for private transportaFulfilling the equilibrium conditions in EPPA
requires consistency between the fuel demand of KIARand the EPPA mode. This consistency is

achieved by adjusting the substitution elasticiggween transport fuels and other inputsag) over
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time. Since MARKAL only takes technology shiftsardccount, the procedure implicitly assumes that
the price elasticity of kilometers driven is zeldws, their price elasticity estimate of around.2®.
can be taken as value for the price elasticitynafrgy efficiency. Again, since only technology shif
are taken into account, the value can be considey@dlow estimate since changes in driving belnavio
which influence energy efficiency (e.g. slower dry, pressure, more maintenance) are neglected.
Greene et al. (1999) estimate the long-term respoh&ilometers driven to fuel price changegw)

for the US. They provide values in the range o2 40.-0.3. Together with the MARKAL estimate by
Schafer and Jacoby (2005, 2006) a price elastififyiel demand between -0.3 and -0.4 is implied.
This is in line with econometric estimates of thiee elasticity of fuel demand surveyed by Graham
and Glaister (2002). For the core simulation aealfi-0.3 is used. The resulting substitution eyt
oown IS in the range of 0.31 to 0.37. This similaritgtiween the price and substitution elasticity is
caused by the relatively small cost share paramiaterquation (48). Sensitivity of the model to
changes in this parameter will be performed below.

In theother coshest the substitution elasticity between car pwsebland other costs like maintenance

and assurances is set to 0.5 following Paltseli €2@04).

4.2.4.3 Emissions

The GTAP 6 database offers physical energy flowshéocorresponding value flows of fossil fuels.

These data are used to derive the sectors’ canmissiens, i.e. the carbon coefficients. This isalon

by deriving the sectors’ emission applying the Tienethod (IPCC, 2006). The physical energy flows
are multiplied by emission coefficients as giverthe IPCC guideline (Table 8). Since for refineries
fossil fuel inputs are mainly transformation inpuésnissions of the refined oil sector need to be
corrected. Energy consumption, transformation, @oduction tables as provided by Eurostat (2008b)
imply that approximately 7% of the energy inpubiméfineries is used for combustion. This value is

employed uniformly for all regions to correct redites’ emissions.

Table 8: Emission coefficients in [t/TJ]

Sectors/household Transport sectors
Coal 101
Natural gas 56.1
Refined ol 79.2 67.5

Source: IPCC 2006

The TIER 1 method only delivers approximate valwdsa sector's emissions since different
production technologies and fuel qualities aretakén into account. Therefore, emission coeffigent
are adjusted meeting the historical emissions gibres in the base year 2001 as given by the World

Resource Institute (2009). The historical emisstmels are given in Table 4.
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4.3 Simulations and results

4.3.1 Policy scenarios

In all scenarios European regions are obliged lfdl fnominal emission targets as given by thiort
sharing agreemen(EC, 2009a). Table 9 lists the reduction requiretséy countries and shows that
all western European countries have to reduce @nssvhile the Eastern countries are allowed to
increase emissions. Remaining Annex | countriesaaseimed to reduce their emissions by 5%. Non-
Annex | countries do not conduct mitigation effor®hile the structure of the imposed carbon
regulation differs for European regions dependingtlee scenario, Annex | countries comply with
their reduction target using national emission itrgdi.e. under the assumed absence of emission

trading among Annex | countries, and the EU, thetagy adopted is cost efficient.

Table 9: Reduction requirements

Region Reduction Region Reduction
(% vs benchmark) (% vs benchmark)
Benelux 16 Spain 10
Denmark 20 Sweden 17
Finland 16 United Kingdom 16
France 14 Western EU 10
Germany 14 Remaining Eastern EU -15
Italy 13
Poland -14 Annex | 5

Two groups of scenarios are analyzed: the introdoodf the EU ETS and different approaches
regulating the emissions of transport. Table 1@gjian overview on the scenario settings.

The first group examines the effect of increasilexibility in European emission abatement and
provides the references for further analysis. m$ECTORAL scenario, European regions fulfill their
reduction requirements using carbon taxes diffeaed by sector. For every sector, the respective
region’s total mitigation requirement is assignddthe NATIONAL scenario increases flexibility
allowing emission trading across sectors withiegiaon but not across Europe. This results in aoregi
wide uniform emission allowances price which casoabe interpreted as a uniform carbon *fax.
Flexibility is further increased in the FULL sceimaby allowing additional emission trade across
Europe. The ETS scenario examines the impactseaithoduction of the European emission trading
system. Electricity producers, energy intensiveustdes, and refined oil sectors trade emission
allowances across Europe. Other sectors are subjaatational uniform carbon tax. Compared to the
NATIONAL scenario the introduction of the EU ETSshiavo counteracting effect. On the one hand,
flexibility is increased by allowing partial trad# permits across Europe. On the other hand, the
partition of the emission budgets restricts flelitipiby preventing trade between sectors regulated

under the EU ETS and others. Partition of emissiotdget poses the question of how many permits
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should be allocated to the emission trading secloisassumed that countries with positive reitunct
requirements split the emission budget accordinghto NATIONAL scenarid?® l.e. governments
provide emission allowances for the emission trgdiectors equal to the emissions generated by
theses sectors in the NATIONAL scenario. Countwéh negative reduction requirements do not face
a reduction burden. Consequently, their emissiglngtons in the NATIONAL scenario are less or
equal to zero. These countries allocate their extaéss allowances budget to the EU ETS maximizing
the gain from being part of the emission tradingtem. Put differently: these countries cap the
emissions of the non-trading sectors at the bendhiegel and allocate the remaining budget to the
EU ETS.

The second group of scenarios examines regulagiproaches for emissions of the transport sectors.
All scenarios in this group build on the ETS scamafFhe emission budget of transport is always
assigned according to the emissions caused bypternis the NATIONAL scenario. Three different
variants are considered.

ETS CLOSED TRN establishes a closed emission tgasiistem for transport sectors. |.e. industrial
and household transport sectors are allowed tce tiexdissions across Europe but not with the
emission trading sectors or the national tradingesws. The scenario can be interpreted as a
European wide, uniform carbon tax in the transpedtor which is set on top of pre-existing national
fuel taxes.

ETS TRN includes transport sectors into the EU ET&isequently, the emission budget of the EU
ETS is changed by adding transport emissions candbe NATIONAL scenarios.

In ETS EXEMPT TRN transport sectors are exemptemnfrcarbon regulation. If transport is
exempted the reduction burden must increase elsewhehe economy. Accordingly, the reduction

burden of the emission trading scheme is increased.

% All carbon prices are derived using quantity lieitns ensuring equal ecological efficiency instkenarios. The resulting
emission prices can always be interpreted as anadx applied to all agents included in the respedrading scheme.

% Generally, the allocation of permits to the EU Edé&ends on strategic consideration of the memtagess Strategic
partitioning of emission budgets under the EU EES heen analyzed e.g. by Babiker et al. (2003) aittriger and
Rosendahl (2009).
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Table 10: Overview of scenario settings

Scenario Regulation approach EU27
BAU Benchmark equilibrium without carbon regulation

Group A: Introduction of emission trading

SECTORAL Carbon taxes differentiated by sector r@gibn

NATIONAL Uniform carbon tax within regions but natross sectors

FULL Uniform carbon tax across Europe

ETS European emission trading for electricity, ggentensive and refined

oil production
Other sectors are regulated by region specificarathxes

Group B: Regulating transport emissions

ETS CLOSED TRN Like ETS with additional closed Epgan emission trading for
transport

ETS TRN Like ETS with transport included in Europesmission trading

ETS EXEMPT TRN Like ETS with transport exemptedifiroarbon regulation and

reduction burden shifted to emission trading system

Welfare changes using the Hicksian equivalent tianaHEV) are adopted as measure for the gross
cost of carbon regulation, i.e. the cost of theutatgon without the benefit of improved environmeant
quality and preventing impacts of climate chang&VHs defined as the amount of money which
needs to be transferred to the representative sigpahchmark income in order to make them
indifferent between the benchmark and the courteré situation (e.g. Mas-Colell et al., 1995).
Accordingly, a negative (positive) change in the\VH& compared to benchmark indicates a welfare
loss (gain). Since the gross cost of carbon reigulatioes not include the benefit of improved

environmental quality, the welfare changes are tiegan all scenarios.

4.3.2 Group A: Introducing emission trading

Table 11 lists the welfare changes for scenariagré differentiated by regions. Carbon prices and

compliance costs are listed in Appendix A.

4.3.2.1 Sectoral regulation

The SECTORAL scenario imposes the reduction remerdgs separately on each sector. The welfare
loss for the European region in total becomes %13@nd the total compliance cost for Europe are
around 22.3 billion §7

Welfare impacts on European countries with positeduction requirements are in the order of around
0.6 (Western EU) to 1.9 % (Benelux). Generally, tesults show correlation with the imposed

mitigation requirements, i.e. a lower reductiondsur implies lower gross cost carbon mitigation.
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The carbon prices indicate the marginal abatemasttaf different sectors. For all countries theise a
the highest for household own provided transpolioieed by industrial transport and refined oil
production. The lowest marginal abatement costaydvwaccur in electricity generation.

Countries with negative or no carbon reductiong fazero carbon price. Nevertheless, their welfare
is affected in two ways. First, since their carlpsite is zero, they gain a comparative advantage on
the world market due to lower production costs.ofe¢ carbon restrictions imply decreasing fossil
fuel prices spilling over to non-abating countridhile the first effect is positive, the second elegs

on the net-trade position of countries, i.e. impetof fossil fuels gain from decreasing fossill fue
prices while exports suffer a terms-of-trade loss.

These effects explain the different effects on R@land the remaining eastern EU region. Both
regions are net-importers of energy intensive petslun the benchmark. Due to the increased
production cost in abating European countries tiwgrease energy intensive production. In
consequence, the remaining eastern EU states beoqroders. Additionally, this region is also a-net
importer of fossil fuels and benefits from fallipgices. In contrast, Poland is a net-exporter @fl.co
Due to the high carbon content of coal, it is tbgource which is most affected by carbon polidies,
incurs the largest price decrease. Thus, Polandgatively affected by the carbon policy. The fossi
fuel price effect outweighs the positive effect iofiproved terms-of-trade in energy intensive
production explaining the slightly negative welfargact.

The same line of arguments is true for the resthefworld region. It increases domestic energy
intensive production and reduces imports. On theroband, it is the largest supplier of natural gas
and crude oil. In consequence, the welfare imgacegative.

The Annex | region is the largest supplier of caadl the second largest supplier of natural gaall In
scenarios, the carbon price in this region is ado80 $/t CQ. As a large export of fossil fuels they

are slightly negatively affected by abatement messsin the European region

37 All monetary units are measured in the benchmarteacy, i.e. $ in the year 2001.
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Table 11: Welfare changes scenario group A [% HEV s. BAU]

SECTORAL NATIONAL FULL ETS

Benelux -1.90 -0.91 -0.34 -0.76
Denmark -1.42 -0.60 -0.34 -0.43
Finland -1.51 -0.54 -0.24 -0.49
France -1.46 -0.71 -0.18 -0.65
Germany -1.25 -0.33 -0.19 -0.30
Italy -1.26 -0.47 -0.18 -0.38
Poland -0.02 -0.06 0.59 0.36
Spain -0.63 -0.14 -0.12 -0.13
Sweden -1.63 -0.84 -0.26 -0.78
United Kingdom -1.07 -0.34 -0.18 -0.27
Western EU -0.60 -0.13 -0.12 -0.12
Eastern EU 0.12 0.12 0.93 0.65
EU 27 -1.13 -0.41 -0.13 -0.33

Annex | -0.07 -0.06 -0.06 -0.06
Rest of the World -0.15 -0.13 -0.09 -0.11

4.3.2.2 National uniform carbon prices

In the NATIONAL scenario, carbon prices are unifaaeross all sectors in a region but differ across
regions. The total European welfare loss is arduAdo and the compliance cost are 9.3 billion $. Fo
European countries with positive reduction requeata the welfare loss is between 0.13 (Western
EU) and 0.9 % (Benelux). Carbon prices are betwH®23 (Spain) and 43.24 $/t g@Sweden).
While Poland faces a slight welfare loss, the EasteU region incurs a slight gain. Both non-

European regions suffer a welfare loss.

4.3.2.3 Full European emission trading

In the FULL scenarios all sectors in European negjiare allowed to trade emission allowances across
Europe. The total European welfare loss is 0.13rb the compliance cost are 3.1 billion $. The
uniform European carbon price becomes 8.77 $4 CO

For countries with positive reduction requiremeits welfare loss is between 0.12 % Spain, Western
EU) and 34 % (Benelux, Denmark). The welfare ofalRdland the Eastern EU significantly increases.
These countries have negative reduction requiresnextcordingly, the introduction of European
emission trading allows them to sell their excassssion budget to other regions. In fact, these are

the only exporters of emission allowané&slon-European regions suffer a slight welfare loss.

4.3.2.4 The European emission trading system

The ETS scenario partitions the emission budgegctitity, energy intensive, and refined oil
production are allowed to trade emissions acrossfeuwhile other sectors are only allowed to trade
permits nationally. The total European welfare Ibesomes 0.33 % and the compliance cost are 5.2

billion $. The European emission allowances prieedmes 6.16 $/t GO

38 Carbon trade results are given in Appendix A.
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For countries with positive reduction burdens thedfare loss is between 0.12 (Western EU) and 0.78
% (Sweden). National carbon prices range betweeBil1@Vestern EU) and 46.73 $/t €(Bweden).
Countries with negative reduction requirementscalle their excess budget to the emission trading
system. Consequently, they are able to export @nisdlowances and thus, incur a welfare gain.
Since emissions of non-trading sectors are capp#teaenchmark level, they have slightly positive

domestic carbon prices. Again, non-European regaffer a slight welfare loss.

4.3.2.5 Comparison

The ranking of the scenarios in terms of the Eunapeelfare loss is as expected. The SECTORAL
scenario shows the highest welfare loss followedhsy NATIONAL approach since NATIONAL
emission trading increases the flexibility of carbabatement. Put differently, domestic carbon trade
equalizes the marginal abatement costs within nsgio

Compared the NATIONAL scenario, the introductiontké EU ETS has two counteracting effects.
On the one hand, flexibility is increased by allogiEuropean trade of electricity, refined oil, and
energy intensive production. On the other, flexipilis decreasing since trade across sectors is
restricted by partitioning the emission budget. Tasults show that the positive effect of European
trade prevails and European welfare improves. Rlesdy, the welfare of all European countries
improves, i.e. introducing the EU ETS under theomfEharing reduction requirements provides a
Pareto improvemerit.

Since the FULL European emission trading systenoxes the partition of the emission budget and
allows fully flexible emission abatement acrosst@escand regions, it shows the lowest European
welfare loss. Again, the result also establishéeeatnember state level.

While the Annex | region is nearly unaffected byr@pean regulation approaches, the welfare of the
rest of the world region improves with increasitexibility of carbon abatement in Europe. Coal is
the resource with the highest emission factor. Adiogly, it is always favorable to substitute the
usage of coal by other energy resources. Increeselility in Europe also increases the substdanti
possibilities of coal usage. Consequently, demamndother energy resources increases. The rest of
world region as the largest exporter of natural @ad crude oil benefits from this demand increase.
This result can also be seen in the welfare effemtd?oland in the SECTORAL and NATIONAL
scenarios. Since Poland is an exporter of coaiyoibrter of other resources, it is negatively afec

of the increased carbon abatement flexibility ofdpgan regions.

% This result depends on the imposed reduction Imstdesing reduction requirements of the Burden Shafigreement
(EC, 2002), Bohringer (2002) shows that the introidicof full emission trading across Europe doesprovide a Pareto
improvement. In his study, for some countries (Gamm Austria, France) the loss in comparative athges in energy
intensive production induced by equalization ofbcar prices overbalances the positive effect of krpth marginal
abatement cost.
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4.3.3 Group B: Regulation of transport emissions

The second scenario group analyzes different réguolapproaches to the emissions caused by
transport. The welfare results are listed in TdldeAs the results of this group are compared agjain

the current EU ETS system, the welfare resultd@®ETS scenario are repeated in this table.

4.3.3.1 Closed emission trading for transport sectors

The scenario ETS CLOSED TRN introduces a closedg&on trading system for transport sectors
across Europe. Both, industrial and household pams are allowed to trade allowances across
Europe. However, trade with EU ETS sectors is ssjble. This scenario can also be interpreted as a
European wide carbon tax in the transport sectomgared to the ETS scenario, the effects of this
scenario group are threefold: First, flexibilitypssitively influenced by allowing allowances traafe
transport sectors across Europe. Second, flexildinegatively influenced by further restrictimgde
across national sectors exempting transport seétons the national strategy. Third, the emission
budget under the emission trading scheme altersintdes with negative reduction requirements
allocate permits to the transport system accortbripe NATIONAL scenario. Since they do not face
a carbon restriction in this scenario, transporissions are rising. Consequently, they allocate qiar
there excess budget to the transport trading systarthermore, since emissions of national sedtors
these countries are capped at the benchmark léwel,carbon budget of the EU ETS system
necessarily decreases compared to the ETS scenario.

The total European welfare loss becomes 0.31 %hnikionly a slight improvement compared to the
EU ETS system. Due to the lower emission budgeeutite EU ETS, the European allowances price
is increasing by 3.65 to 9.81 $/t @he carbon price in the transport trading sysbelcomes 17.71
$/t CO, indicating the higher marginal abatement costangport sectors.

Although the gross cost of regulation are sligllidcreasing, total compliance cost in Europe inereas
by around 1.2 to 6.4 billion $. The increase of pbamce cost is due to a restriction of the flelkipi

of carbon mitigation which prevents equalizationnadirginal abatement cost across transport and
other sectors under the national emission tradihgraes which overbalances the increased flexibility
by trade of transport sectors across Europe. Howes#ned oil in transport sectors is the commpdit
which shows the highest tax rate across all ingbiémsequently, the decrease in the carbon price for
transport sectors reduces the tax interaction eéfecarbon and transport taxes. This positive atffe
outweighs the negative effect of increasing conmgiéacost.

The effect can be seen at the member state leweint@es with high national taxes in the ETS
scenario (Benelux, France, Italy, Sweden) gaingesifor these countries the decline in the carbon
price of transport is the highest and, thus thatipeseffect of reduced tax interaction. Furthermor
some of these countries also benefit from decrgasampliance cost. In contrast, countries with
carbon taxes in the ETS scenario below or the cagre in the transport sector (Germany, Spain,

remaining west European countries) all incur a arelioss, since tax interaction and compliancescost
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increase. Accordingly, the introduction of a closadission trading system does not provide a Pareto
improvement, i.e. some countries loose welfareewihers gain compared to the ETS.

Non-European regions are unaffected by the intrboluof the additional trading system.

Table 12: Welfare changes scenario group B [% HEVs. BAU]
ETS ETS CLOSED TRN ETS TRN ETS EXEMPT TRN

Benelux -0.76 -0.64 -0.44 -0.35
Denmark -0.43 -0.45 -0.32 -0.28
Finland -0.49 -0.45 -0.31 -0.24
France -0.65 -0.45 -0.30 -0.22
Germany -0.30 -0.33 -0.20 -0.13
Italy -0.38 -0.35 -0.23 -0.17
Poland 0.36 0.34 0.44 0.53
Spain -0.13 -0.22 -0.10 -0.03
Sweden -0.78 -0.54 -0.36 -0.28
United Kingdom -0.27 -0.29 -0.18 -0.13
Western EU -0.12 -0.20 -0.11 -0.05
Eastern EU 0.65 0.41 0.73 0.86
EU 27 -0.33 -0.31 -0.18 -0.11

Annex | -0.06 -0.06 -0.06 -0.05
Rest of the World -0.11 -0.11 -0.10 -0.09

4.3.3.2 Including transport into the European emission tradng scheme

The scenario ETS TRN includes transport into th& Eystem. Consequently, the two largest emitters
— transport and electricity generation — trade sioits across Europe. Therefore, flexibility of earb
mitigation is increased in the EU ETS comparech®ETS scenario. On the other hand, flexibility in
national trading schemes decreases. Again, theasoegroup comes in three variants distinguishing
the effect of industrial and household transpodairthe EU ETS.

Compared to the ETS scenario the total Europeafameeloss significantly decreases to 0.18 %.
Including transport has two positive effects. Ficgtmpliance costs are decreasing by 0.7 to 4li6rbil

$, since transport sectors with high marginal abaete costs are allowed to trade emissions with the
electricity sector which has the lowest marginatament costs. Reduction is shifted to the elettric
sector, transport expands and compliance cost aseifeln consequence, the European allowances
price increases by 1.11 to 7.27 $/t £LO

Second, transport sectors in all regions excepbtci@s with negative reduction requirements face a
lower carbon price than under the national carl@ondcheme. Consequently, tax interaction also
inclines. Therefore, all of these countries incuwedfare gain. For countries with negative reductio
requirements, tax interaction increases since #reon price for transport is increasing in these
countries compared to the EU ETS system. Howelieset countries also allocate more allowances to
the emission trading system and increase the exgfogmission permits. Since furthermore the

emission price is increasing, the positive effdcinoreased allowances export exceeds the negative

40 Carbon abatement of different sectors is givenppehdix A.
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one of increased tax interaction. Therefore weltdrinese countries also improves. Consequenty, th
introduction of transport provides a Pareto improgat for the European carbon policy.

Again, the effect on non-European countries isigégé.

4.3.3.3 Exempting transport from carbon regulation

The ETS EXEMPT TRN scenario analyzes the full extsonpof transport from any carbon policy.
Transport sectors are unregulated and the resulédgction burden is shifted to EU ETS. Other
sectors are still regulated under nationally umifaarbon taxes.

Compared to the ETS scenario, the loss in Europedfiare significantly decreases by 0.22 to 0.11 %.
Remarkably, welfare even improves compared to thielFscenario, which implements full flexibility

of carbon mitigation by allowing trade across altters and European countries and showed a welfare
loss of 0.13 %.

Compared to the ETS scenario compliance costsear@alsing by 0.5 to 4.8 billion $. The decrease of
the compliance cost is explained by the increasddation burden in the EU ETS. In the ETS case, all
countries with positive reduction requirements hhaigiher national carbon prices. Since the increased
abatement effort in the EU ETS increases the alhoes price by 1.94 to 8.10 $/t g@arbon prices
getting closer to uniform across sectors. Consdtyetne marginal abatement cost are closer to
uniform and cost efficiency is improved. Countrigith negative reduction burdens again gain by the
increase in the emission price since they are égrsorof permits. Put differently, shifting the
reduction burden of the transport sector to theEH$ system it is possible to reduce more emissions
in the electricity at lower cost. Therefore comptia costs decrease.

The exemption of transport completely removes titeraction effect between transport taxes and
carbon prices. Consequently, the positive effecedticing the difference of effective carbon prises
maximized.

The exemption is Pareto optimal in the sense thahamber states benefit compared to the ETS
system.

The scenario also has an impact on the rest oivtkel region. The exemption of transport stipulates
the use of transport fuels compared to the ETSasaenAccordingly, the crude oil price increases.

Since the rest of the world region is by far thgést exporter of crude oil, it incurs a welfarénga

4.3.3.4 Comparison

Comparing the transport regulation approaches showiear-cut ranking in terms of welfare: The
total exemption of transport improves welfare corapato the inclusion into the EU ETS which
performs superior to the closed emission tradirmy@gech.

The improvement of emission trading under the ELBEQJ the closed emission trading is caused by
two positive effects. Flexibility of carbon abateméncreases and therefore the compliance cost
decrease. Furthermore since the carbon price &misport sectors is decreasing tax-interaction also

decreases.
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Comparing emission trading under the EU ETS tofthleexemption of transport, the effects are
counteracting. On the one hand, compliance costhenETS TRN case are lower, due to higher
flexibility of carbon abatement. On the other, tateraction is completely reduced. The positiveeff

of reduced interaction prevails explaining the aadfimprovement.

4.3.4 Sensitivity analysis

Substitution elasticities used in production fuactishow homogeneity across the environmental,
energy related modeling literature. However, etitéds in the household own provided transport
module and the elasticity between aggregated coptsomand transport are uncertain. Therefore the
impact of these elasticities is examined by soltirgmodel under different values.

The central value of the substitution elasticitytween aggregated consumption and household
transport used in the core analysis was 0.5. Theitsgety of the model results to a change of this
elasticity is examined by varying its value betweero and one. The resulting welfare changes in the
mains scenarios (ETS, ETS TRN, ETS CLOSED TRN, EXEMPT TRN) are listed in Appendix A
and shows that the model results are insensititezirad the elasticity. The same is true for the
elasticity between fuel purchases and other trahspest.

Changing the elasticity between household own pexviand purchased transport also does not
influences the results in the core scenarios. Whiemight come as a surprise, it can be explained
the fact that the main scenarios do not differémtiaetween carbon regulation in industrial and
household transport. Therefore, both face the seamleon price. Consequently, relative prices are
hardly affected and no substitution occurs.

The magnitude to welfare effects reacts sensitivea tchange in the elasticity of fuel demand.
However, the qualitative implications are unaffégtiee. the welfare ranking between imposed policy

measures remains stable.

4.4 Conclusion
This chapter employs a multi-region top-down coraplé general equilibrium model analyzing the
effect of different approaches to carbon mitigationthe transport sector. The GTAP 6 database
augmented by European data needed to model hods#&hokport provides the data necessary to
calibrate the model. Three different policy apptescfor the transport sector are tested: i) aedos
emission trading system beside the EU; ii) theusidn of transport into the EU ETS; and finally, ii
the full exemption of transport from carbon reggatincreasing the reduction burden in the EU ETS.
A closed emission trading system for transport gmgvides small welfare gains. Furthermore, the
political feasibility of introducing such a systeim in doubt since it does not provide a Pareto
improvement on the member state level.
Both, transport under emission trading and thegximption of transport, lead to the reductiorhef t
gross cost of carbon regulation. Independently tickvapproach is chosen, it is possible to shift
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abatement to the electricity sector which has thwebkt marginal abatement costs. Therefore,
European cost of compliance with the reduction ireguents decrease. Moreover, both approaches
provide Pareto improvements on the member stagt liedicating good political feasibility.

The exemption of transport from carbon regulatiboves lower welfare losses than the inclusion into
the EU ETS due to high taxes on transport fuelténbenchmark equilibrium. These taxes interact
with carbon prices in the transport sector leadangegative welfare impacts. Since the exemption of
transport leads to transport carbon taxes of zém®,negative tax interaction effect vanishes. In
consequence, the gross costs of carbon mitigatereeen lower than in a situation where carbon
abatement is fully flexible across Europe and sscto

However, the model employed in this chapter dogsaocount for externalities in an explicit way. As
outlined, transport externalities other than glolvarming justify a higher tax on transport fuels to
internalize external effects auch as congestiogjdants, and noise. Therefore, neglecting these
externalities, the model overestimates the bemfieffect of excluding transport from carbon
regulation. Thus, congestion as the main exteynafitransport is explicitly included in the modwi

framework in the next chapter.
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5 Technology Rich CGE Model of Germany

5.1 Introduction

This chapter employs a small open economy modébreséd to the German economy in the year
2004. Although small open economy models have ibmdgantage of abstracting from changes in the
terms-of-trade assuming infinitely elastic worldnéad and supply, they have the advantage of
modeling technological details. The model preseigedesigned to analyze the interaction between
electricity generation and carbon measures in t@agsport, especially private transport. Accordmgl|
electricity production is represented by differgeineration technologies and accounts for different
load segments. Private transport occurs by eitlserguautomobiles differentiated by fuel type or
public transport modes. Accounting endogenoushtiiermain externality of transport, congestion is
included differentiated by travel period and roguokt

The introduction of an emission trading betweerctelgty generation, energy intensive industries,
and refineries is analyzed. It is compared to tlwdusion of road transport into the trading scheane,
separate fuel tax increase, and a full exemptioroadl transport from carbon regulation. Moreover,
including air transport in the trading system iamined. A further scenario relates to the recyctihg
revenues raised by the introduction of emissioditigaincreasing subsidies on private transport.

The results show that an increase in fuel taxdtauds to large welfare losses. Also the inclusibn o
transport into emission trading does not providdfaxe gains. However, the full exemption of
transport and moving the reduction burden to thession trading system decreases the gross cost of
carbon regulation. Including aviation into the tradscheme is a favorable option. Using the income

of carbon regulation to increase public transpalbisglies shows the best performance of all scemario

5.2 Model description

5.2.1 Overview

The model is formulated as a mixed complementapitgblem. Three classes of equilibrium
conditions exist. No activity makes positive prefizero-profit condition). Excess supply is positiv
(market clearing condition). Each household fulfils budget restriction. Each class is associated t
class of variables. Activity levels are associanéth zero-profit conditions. Prices are connected t
market clearing equations. Each budget restrictletermines the income level of the respective
household.
The basic assumptions of the model are:

¢ The model is static.

« The economy is small compared to the world market,world market prices are fix and

taken as given (small open economy assumption)h&umore, the balance of payment deficit

is fix.
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« All markets are perfectly competitive, i.e. all atgetake prices as given.

¢ Households’ preferences are represented by a epative agent.

e There are two factors, capital and labor, whichiatersectoral mobile but not international.
Factors are inelastically supplied by the represemt agent.

* The government imposes taxes to finance the pavisf public goods which is assumed to
be constant.

¢ Investment demand is constant.

« Production and utility functions are representedgdpyarable nested CES functions.

« Electricity generation is represented by discreteegation technologies.

e Locations of production plants and the represemdiousehold are exogenous and fix.

5.2.2 Algebraic description

5.2.2.1 Representative agent

The representative agent (RA) derives utility ouc@mmodity consumptio® ra, leisure, and leisure
trips tr, using the different transport classesccording to the utility function U(%}.Beside leisure
trips, trips complementary to labti,- need to be financed. However, these trips do iedd wtility.
Since labor is inelastically supplied, the totaher of work trips also needs to be constant and is
given by TRL One trip requires the purchase of commodity (x ") and additionally a certain time
requirementg(Z) which depend on the congestion ind&¥ Modeling the emissions of private road
transport in detail, a special treatment is giverptivate road transport trigs, and tr,- which are
performed using different vehicle typesEach of theses trips requires input of durabkeraabiles
VEH, and variable inputs;,”®. The representative agent is endowed with the stdckehicles
VEH** and is able to buy new cars on the market purchasimmoditiesx,"" The function

V(%" determines the composition of commodities regLifir new cars and the functi@(VEH,,

Xi var)
,V
between durable commodities and their associateglssary cost producing the service of the durable

good, is based on the theoretical work of ConratiSehroder (1991).

expresses the combination of vehicles and varigblt. This approach of distinguishing

Beside a (possibly negative) transfer from the gowvent {rans), the household receives income
from selling capitaK (laborL) at pricepg (p.). If the restriction on the technological potehtéan
electricity generation technologybecomes binding, the representative agent eaengribeppot, on
that potential which is the rent on scarce poténii@ome is spend to finance commodity purchases
and investment demands/, which are assumed to be constant.

Commaodity consumption is taxed at ratga and market prices are denotedopasCommodities used

for transportation, are taxed at different ratgs Furthermore, capital and labor income is taxed at

1 The approach to include leisure and time allocatettansport is based on the theoretical work ofkBe (1965) and
subsequent research. A survey of the theory of éilleeation is given in Bruzelius (1979).

42 The time requirement for a trip is always to theimum trip time required. Therefore, travel is@nresire commodity in
the terminology of deSerpa (1971).
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ratestx andt,, respectively. The fleet of existing cars is tadegending on the car technology at rate
t,. The utility maximization problem of the househ@djiven as:

max_ U( X an o th o I)

XI RA X| m=
new , var.
le ,x,vzo

tl’ tl’ =20
tr\',,tr\'; >0

S.t.
(-t ) K+t )R L
+trans+ ) ppo} pof

\Y,

2+ Ll .QAX+Zp|nv
¥ ( ¥ m)'( +1i-mt) i P
+Z[( 1) pEe(2.g) ]

T > H-Zm:( t,k;+ t)8,( 3
> ww> ytr= TRL

m

VEH, = VEH"*+ V(X%

v WV

D VEH %) = ety (49)

The first constraint is the budget restriction, s#eeond the time constraint, the third holds labps
constant and the last two are definitions. Solutimg problem under given prices yields the demand
functions of the representative agent which aretdehbyC;(inc) whereinc is the income defined by
the left hand side of the budget restrictidn.

5.2.2.2 Production

Each production sectoproduces one commodity which can either be sotdeatiomestic pricp? or
at the export pricg?. The quantities supplied are denoted/Byndy®, respectively, intermediate and
factor inputs byx;;, X«, andx;, and the activity level by,. Taxes are imposed on intermediatg (
and factor inputstf;,t_;) and on outputdd). Tax inclusive input prices are denoteddpy=(1 + t;;)p;,
aeii=(1 + tx)px, and q;:=(1 + t_)p., and output prices by%=(1 — to)p andv®=(1 — to)p".
Imposing separability of inputs and output and tamisreturns to scale, the unit cog} énd revenue
functions ¢;) can be independently determined from the givedgpction function yielding the profit

maximization problem for non-electricity productisactors:

43 For the ease of notation, price dependency of ddmanctions is not explicitly stated. Furthermozemmaodity demand
also depends on the congestion index.
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max 1(vV.¥)y-¢(g . .a)y 0 ieletity} (50)

¥i20

Solving the problem under given prices resulthanfirm’s zero-profit conditions which determinesth
optimal activity levels:

\}

¢ (g .9, ) Y 0 y=0 O ielectricity (51)

Given the optimal activity level, optimal input andtput quantities can be derived using Shepard’s
lemma:

=%y X =25y x=25
A 9 i i da. . e - P i
aQ,,. aq<,| q., (52)
a - Of ¢ =
Y ov’ % y ave 7

The electricity sector is involved in two activdieelectricity generation and an activity which
represents overhead and transmission and distiibuttlectricity generation is represented by
different technologiesy. The technological potentialgoty restrict the use of technologies. The
generation level of technology is denoted ay,”™" and the associated prigg®™". One unit of
generation of technology requirdgy (bkg bLg) units of commodityi (capital, labor). Given the
demand for electricityxt'5), the optimal generation mix is determined by mizing the generation

cost under the constraints that generation mayxcted the technological potential and that demand
has to be fulfilled.

yrgmggoZ{pL o+ R B+ P Pg} '

S.L. (53)

\}

poj

z gEN

g

F" O ppof2 0 O
XE a 5> 0

\}

The Lagrangian multiplieppot, is the scarcity price of the technological pd@ntAnd p=-F is the
price of one unit electricity under the optimal geation mix* Consequently, the constraints have the

interpretation of market clearing conditions. Ift@atial exceeds generation, the price is zerdyef t

4 The prices are given in monetary per energy uRiis.example, if generation is measured in megalatts and prices are
given in euro, the objective function is measureduro and the constraints in megawatt hours. Coiesgly, the multipliers

are given in euro per megawatt hour. This impliegt the technological potential and total eledlyidiemand are also given
in megawatt hours.
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potential is scarce, the constraint is binding tiedprice becomes positive. A similar interpretati®
given for the demand constraint. However, the gttt price will never become zero as long as
demand is positive since excess generation resudtscess cost which contrasts the objective of cos
minimization. The general equilibrium concept ataiar value flows requires determining the supply
of the technological potential and electricity dewhaThus, the potential is added to the represgatat
agent’'s endowment. Physical electricity demancetemined by the electricity sector (see below).

The first order condition of the optimization prebs (53) is given as:

Pbg+Rkg+D Rb+ PP =2 P 0 J¥= oOg (59

Equation (54) is the zero-profit condition for geatéon technologies. Producing one unit of elediric
yields revenues equal to the electricity price. t€ogsre determined by factor and commodity
requirements and rents on scarce technologicalnpatelf costs exceed revenues the technology
makes losses and does not generate electriciter@®ite the generation level becomes positive.

Given the optimal generation levels, the deman@ctinologies is given as:
XEEN = z bL,g ngEN )q_GEN = z b<,g XJGEN XBEN: z pg fEl\ (55)
¢} 9 9

The electricity sector combines factor and comnyodgémands for overhead and transmission and
distribution with electricity generation. Thus, pinal electricity produced flows from generation
technologies to the electricity sector. Consequeittlproduces the composite electricity commodity
including generation and overhead and transmisaiah distribution cost. The rest of the economy
demands this composite, i.e. pays a price suffidi@ercover generation costs as well as the cost for
other activities. Therefore, the profit optimizatigproblem of the electricity sector and the

corresponding zero-profit condition become:

max (V.¥)y-¢(q & g )y =i {elaiity) (56)

y;20

¢(9:.9,.9,.5%) = (¥ .®,y O g 0 i=felecticity} (57)

The commodity and factor demand functions are edgint to those stated in equation (52). Physical

electricity demand is given as:

xELE = aci (qj,i i 4 ’6LE)
apELE

(58)
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5.2.2.3 International trade and government

Following Armington (1969), imported and domestroguced commodities are combined to the total
available quantity on the domestic marketith a constant elasticity of substitution funatf The
corresponding cost function is denoig¥p’, p™) and depends on domestic producer prigésnd
import pricesp™. The Armington sector sells the aggregate at theket pricep.. Consequently, the

profit optimization problem becomes:

max p-¢(8.9)] y (59)

yi20
The zero-profit condition, which determines thaleaivailability of commodity, is given as:
(R = p ER (60)
The demand for domestic and imported commoditieers/ed using Shephard’s Lemma:

a_a d, im '

=—a¢(gj’ﬁn) (61)
op”

The public demand of the government is constant gimen by G;. Furthermore, the government
finances the balance of payment deffbibp), which is also assumed to be constant, and amsfter to

the household. Demand is financed by the imposezktaConsequently, if tax revenues are changing,
either the transfer or taxes need to be changeadrder to balance the budget restriction of the
government. This approach allows analyzing refimap@and revenue-recycling effects but neglects

influences on the composition of public spending.

5.2.3 Market clearing conditions

The market pricey is determined by the supply of the Armington comityodnd the demand of all

agents:

Vo2 YoefMec(igr 6 O p=20 (62

J

45 A more sophisticated approach would be to spegifiArmington aggregate for every agent in the esondlowever, two

problems arise. First, the models dimension in@®aBor example, if the number of commaodities amdiyction sectors is
ten, it follows with one household and a governnikat twelve activities have to be modelled. Consatjy, the number of
Armington aggregates rises from ten to 120. Secamdl more important, reliable estimates of Armingtasticities

differentiated by agent and commaodity are not atdd.
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Similar, the market clearing equations for factanms given as:

A
1\

Dot X 0 p=

L 2 Yx £ o

(63)

Under the small open economy assumption, world etapgtices are constant. Furthermore, the
balance of payments is assumed to be constante@oastly, the sum of all exports evaluated at fix
world market prices equals the sum of all impottaarld market prices and the balance of payment

deficit:

Zp_?yie > . B %+ bop O "m0 (64)

Upper bars denote constant world prices. The mfitis the current exchange rate which adjusts in
order to fulfill the trade balance. The import aexport prices faced by the economy’s agent are

connected to world market prices by the currenharge rate:

pr=p+ pfx iirb: iinb"' fx| (65)

Figure 6 summarizes the full algebraic model fomatioh:
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Figure 6: Algebraic model formulation
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5.2.4 Extension of the basic model
Analyzing the impact of carbon policies, the coufisietual simulations extend the model for quantity
restriction on emissions. The g@®mission factop; specifies the carbon dioxide emissions resulting

of consuming one unit of quantiy Denoting the upper emission bound é&yax the emission

restriction becomes:
emax =) f3 {z X + X+ G inc)} O pcazb (66)
i j

Equation (66) implicitly assumes that commodity seamption of the government does not emit
carbon since government’'s demagddoes not enter the right hand side. The compleangrtriable
pcarb is the price of an emission permit which has topbél by the respective consumer of the
commodity. Consequently, the carbon restrictionsaaiabther market clearing equation to the model.
Therefore, the owner of the emission endownsnaxneeds to be specified. It is assumed that the
government owns the emission allowances and gudi® to the firms and the representative agent.

Thus, introducing carbon regulation creates revenime the form of sold permits. Under the
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maintained assumption of constant public good giowi this gives rise to the question on how to

recycle this additional income which will be debed in the scenario definitions.

5.2.5 Specification

5.2.5.1 Model dimensions

Table 13 summarizes the model dimensions of theeinddhe two columns on the upper left identify
the elements of the commodity and sectori sghich are divided into three subclasses: non-gnerg
energy and transport commodities. Since the maddesigned to analyze the interactions of carbon
regulation approaches in the energy and transparketi non-energy commodities are chosen such
that the most important sectors are representedt(ity, energy intensive production, and motor
vehicle production). All fossil fuel energy sourcése refined oil, and transport sectors are eijylic
represented. The road and other transport sectorimtiudes provision of metro and tram servi€es.
Other sectors are represented by industry clas$éshvare aggregated along the NACE Rev. 2
(Eurostat, 2009) classification scheme. The twaroas on the upper right of Table 13 define vehicle
and generation technologies. Two vehicle classes@nsidered: diesel and gasoline cars. The model
includes all electricity generation technologieedisn Germany. The OTHER technology combines
mainly biomass and generation from municipal wabteorder to allow for important technology
switches resulting from carbon restriction, the mimsportant future technologies which are not
already used are included: offshore wind generatind carbon capture and sequestration (CCS)
generation based on either natural gas or lidhitde lower part of Table 13 shows the differentiati

of transport trips. Five different transport mode® available for private transport: own private
transport and public transport in form of traingsges, metros and trams, or airplanes. Furtherraore,
slow mode exists which only requires time input boitmonetary cost. Since spatial characteristies ar
important to account for the substitutability o€ tHifferent trips, a further set distinguishes hestw
short and long distance trips. A trip above 500 ientlassified to be long distaneModeling
congestion, which is done for road trips — bussesavn private road transport — the time dimension
as well as the area of transport are importantsTtuips are further classified by the transportqats,
which are characterized by their congestion leaal] the road network used. Road networks are
characterized by different freeflow time requirenseand congestion levels. Generally, urban streets

have a lower freeflow speed than non-urban stegetsare heavier congested.

4 |t would by preferable to explicitly represent barsd metro and tram transport. However, the uniferI$AM does not

identify these production sectors and data allowandisaggregation of the OTP are not availablengshe other road
transport sector expresses the fact that choobmgnbdel dimensions can not be done independehtheacreation of the

underlying empirical base.

47 The CCS technology based on hard coal is more exuethsin based on lignite (Wissel et al., 2008). &guently, a hard
coal technology is not included since cost miniiaraof the generator implies, that it would nepenetratze the market in
the presented framework.

48 The distance classification is adopted from theeulying database.
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Table 13: Model dimensions

Description Abbreviation Description Abbreviation
Non-energy: Vehicle classes:
Agriculture AGR Diesel car DIESEL
Energy intensive industries  EINT Gasoline car GASE
Manufacture MAN
Mining MIN Generation technologies:
Motor vehicle production MVH Combined cycle gaghine CCGT
Services SER Hard coal power plant HCOA
Electricity ELE Hydro power plant HYDRO
Lignite power plant LIGN
Energy: Lignite CCS LIGNCCS
Coal COA Natural gas CCS GASCCS
Crude oil CRU Nuclear power plant NUCLEAR
Diesel transport fuel DIESEL Open cycle gas tuebin OCGT
Gasoline transport fuel GASOLINE Open cycle oibine OoCOoT
Natural gas GAS Other technologies OTHER
Nuclear inputs NUC Photovoltaic PV
Refined oils P C Wind onshore WINDON
Wind offshore WINDOFF
Transport:
Air transport ATP
Rail transport RAIL
Road and other transport OoTP
Water transport WTP
Transport modes: Trip distances
Airplanes PLANE Long distance trip LONG
Bicycles, pedestrians SLOW Short distance trip BHO
Busses BUS
Metro and tram METRAM Trip time periods
Own private road transport OWN Off-peak transport OPEAK
Private train PTRAIN Peak period transport PEAK
Road networks
Non-urban roads NURBAN
Urban road URBAN

5.2.5.2 Utility function and private transports

Figure 7 depicts the structure of the utility fuoot On the top level, leisure and commodity and
transport consumption are combined. At the nexjestiezisure trips trade off against commodity
consumption subdivided by non-energy and energynoodities. Consequently, utility is partly
derived from leisure trips. In contrast, labor $riwhich are complementary to the labor supplied, do

not spend utility.

Figure 8 shows the structure of private transpdrictv combines trips of different distances at the t
level. For every distance class, trips are aggeegatcording to the travel period occurring. Within
travel period, the consumer decides about transpodes which are characterized by monetary costs

and time requirements which are combined using entief function. For road transport modes
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(busses and cars), the additional choice betweHaratit road networks is implemented with a
composite of the road types. Depending on the ciimye level on the networks, the time input
differs. The tree’s structure expresses the assampt equal speed levels of different vehicle stzs
since time and monetary cost are aggregated focdhgosite of the different car classes. The latter
are a composite of trips occurring on diesel ootyas cars. Consequently, vehicle classes onlediff
by their monetary but not by their time cost. Fallog the approach of Koopman (1995) in the
EUCAR model, I distinguish committed and minimumleage of cars expressing the fact that
consumers can react in two ways to rising fuelgzid=irst, reducing supplementary mileage to save
the variable cost and keeping the number of aVailedirs constant. Second, the consumer can reduce
the number of car purchases reducing committedage The approach is based the assumption that
buying an automobile implies a certain minimum dbrketers driven per year. Consequently, the
committed mileage is characterized by the rentat ¢or the car and the variable cost implied by
minimum kilometers driven. In addition, it is pddsi to drive more kilometers — the supplementary
mileage — which are only characterized by variadgst. According to de Jong (1991) the share of

committed mileage in observed kilometers drivearsund 65%.

Substitution elasticities are based on a literateview (Berg, 2007; Koopman, 1995; Mayeres, 1999;
Munk, 2003, 2005; Paltsev et al., 2005a; de Cewstalk., 2007) and are summarized in Table 14.

Table 14: Utility substitution elasticities

Elasticity Description Value
Utility function

oL Leisure and commodity and leisure trips 0.7

ocT Commodity consumption and leisure trips 0.75

oc Energy and non-energy commodities 0.25

Oce Energy commodities 04

coc Non-energy commodities 0.5

Transport module

ob Short and long trips 0.1

oTtp Peak and off peak period 0.9

oM Different modes g?fagezikz 19
OR Urban and non-urban roads 0.1

OCAR Diesel and gasoline cars 2

Ocs Committed and supplementary mileage 0.15
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Figure 7: Utility structure
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5.2.5.3 Production functions

Figure 9 shows the production function of non-eleity sectors. Outputs are modeled using a CET
function at the output side. At the top-level, metleinputs, transport, and an aggregate of faatat
energy inputs are combined using a Leontief functioransportation can either occur on roads or by
water or air transport. Road transport can eitleeown supplied or purchased from the road transport
sector. Own provided transport is distinguished different transportation fuels. However, the
transport capital input is not modeled. On thedaend energy side, first a value added composite o
primary factors and an energy aggregate are comtbfmother approach would be to combine labor
with a capital/energy aggregate (Burniaux and Tgud002). However, van der Werf (2008) tests
different nesting structures of primary factor ameérgy inputs for twelve OECD countries and shows
that the adopted nesting structure performs besepnoducing observed time series. The energy
aggregate trades off electricity input versus fogml commodities which are further subdivided by

coal and liquid and gaseous commodities.

Figure 10 depicts the electricity production fuonti At the top level, electricity generation, trpos,
material and a value added aggregate are combgsied a Leontief function. The transport composite
is the same as for non-electricity sectors. Eleityrigeneration is characterized by three diffetead
segments: base, middle, and peak load. Dependindpedn technological specification, generation
technologies produce in different load segmentg differentiation of load segments is important to
avoid unrealistic substitution patterns betweernrtetogies. From an economic point of view, base
load power plants are often characterized by hiylestment and low variable cost. Consequently,
these plants need to run for a large number ofshpar year in order to cover fixed costs. From a
technical point of view, base load plants oftenileixta long-start up time, i.e. are limited in thei
flexibility. On the other hand, peak load powerntaare less expensive in terms of investment cost
but more flexible regarding the start-up time (&tpft, 2002). Within a load segment, technologies
are perfect substitutes. Technologies are eithi@veaor inactive in the benchmark equilibrium. For
active power plants, capital is technology spe@fipressing the effect of installed capacitiesorbter

to control the malleability of installed capacitiée. allowing deconstruction of existing poweants,

the approach of Wing (2006, 2008) is used: a CHictian uses perfectly economy-wide malleable
capital endowment of the representative agent @iogi technology-specific capital stocks. The

capital stock of inactive technologies is not tesbhgy-specific.
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Essentially, the implementation of discrete genenatechnologies is a combination of the work of
Bohringer (1998) and Wing (2006, 2008). Bohringe®98) treats technologies as perfect substitutes
with technology specific resources to limit unretd flip-flop behavior of technologies. However,
this approach does not allow for the deconstructbnnstalled capacities, i.e. capacities are not
malleable. Wing (2006, 2008) controls the malleégbiby introducing the CET transformation and
uses a nearly linear CES function to combine thgpwduof power plants. However, using the CES
aggregator for power plants’ output does not wonkew technologies are included: due to the zero-
value share in the benchmark equilibrium, the imadiechnologies cannot be calibrated into the CES
aggregate. Consequently, the only possibility ismiodel them as perfect substitutes to the CES
aggregate of existing technologies. However, thigraach favors the adoption of new technologies
since they do not use technology-specific capifalditionally, the change in the generation of
existing technologies is restricted by the shaesguving character of the CES aggregator leading to
unrealistic results. The approach used in thisishkas the advantage that it implements realistic
technology substitution by modeling them as perdedistitutes and allows controlling the malleayilit

of existing installed capacities using the CET sfarmation of technology specific capital.

Table 15 lists the substitution elasticities ugethe production functions. The substitution etalitis

for the value added and value added/energy aggrdratve been estimated by van der Werf (2008).
Elasticities for the transport module are obtaibgda literature review but are generally subject to
uncertainty. Following Bohringer (1995), the sutusion elasticity between load segments is set to a
value near zero. Other elasticities are adopteth fRaltsev et al. (2005a) who employ the same
production structure. Empirical values for the sfanmation elasticity of technology specific capita

do not exist. Therefore, it is set to one and @isigity analysis is performed.

Table 15: Production substitution elasticities

Elasticity Description Value
Non-electricity production
€0UT Exports vs. domestic production 2
OTRN Different transport modes 1
OVAE Value added and energy 0.33
OROAD Own and purchased road transport 1
Ova Labor and capital 0.43
COWN Own transport with diesel and gasoline 0.9
OENE Electricity and fossil fuels 0.25
OFOF Coal and liquid fossil fuels 0.5
OLaD Natural gas and refined oils 1

Electricity production
OGEN Load segments 0.1
EKE Transformation elasticity for technology-spectapital 1
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Welsch (2007) estimates elasticities for the Arrtongaggregation for European countries including
Germany. The adopted values are given in Tabl& Generally, the values estimated by Welsch

(2007) are lower than those used in comparableestud

Table 16: Armington elasticities

Commaodity Elasticity Commaodity Elasticity
Agriculture 0.575 Mining 15

Air transport 0.5 Motor vehicles 2

Coal 0.37 Other transport 0.5
Energy intensive industries 0.8 Refined oils 0.37
Electricity 0.3 Rail transport 0.5
Natural gas 0.37 Services 0.5
Manufacture 1.5 Water transport 0.5

Source: Welsch (2007)

5.2.5.4 Congestion function

The congestion function relates the time needddhte! one kilometertime;,, ) using the moden on

the road networln to the travel flow on that network measured inspercar equivalents per hour
(flowy,). The congestion function is assumed to be expaienid given in equation (67) which has
been empirically validated by (O'Mahony et al., Zp9he left hand side is the time needed to travel
one kilometer using mod®a on networkn. The time depends on the total flow in the netwéidw,,

measured in personal car equivalents per hourAlperameters need to be calibrated.

time, , = ﬁm[ A+ /géi‘fmﬂ (67)

5.2.6 Parameterization

5.2.6.1 Underlying data

The model is based on four main data sources: #ren& input-output (I0) table of the year 2004
Destatis (2008a), the corresponding physical 1Qetgbestatis, 2008b), and transport data of the
TREMOVE (de Ceuster et al., 2007) demand moduletl@d@erman Institute for Economic Research
(DIW, 2006).

The German IO table identifies domestic producion imports for 71 commodities measured at
producer prices. Furthermore, labor inputs, deptiri, and net profits for industries as well as ta
payments differentiated by production and interratdinput taxes are given. Final demands include
consumption of households, the government, andpnofit organizations. In addition, investments,
stock changes, and exports are included.

The physical 10 table provides energy inputs to different production sectors and households

differentiated by energy commodities. These inpuésgiven in two forms: total energy and emission

9 Since crude oil and nuclear inputs are only imgrio elasticity is given.
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relevant energy inputs. While the former includengformation inputs, the latter are net of double
counted energy flows. The physical 10 table alstudes total C@emission by production sector.
Transport data are extracted from the TREMOVE dehmaadule which provides data for private and
freight transport in the form of person and vehidlemeters differentiated by travel distance, pédri
and roads. Furthermore, speeds of different travadles as well as cost coverage rates of public
transport modes are given.

Household expenditures for private transport avergin DIW (2006) and are differentiated by car
purchases, fuel spendings subdivided by net codt difierent tax categories, and other cost.
Moreover, used quantities and prices on differemdport fuels and kilometers driven on gasolirng an
diesel automobiles are provided.

The next sections describe the creation of thebdat in detail. The corresponding programs are

given in Appendix D.

5.2.6.2 Social accounting matrix

The construction of the social accounting matrixbésed on the 10 table. Intermediate and labor
inputs into domestic production, imports and expad well as household’s demand can be directly
derived out of the 10 table. Capital input is definas the sum of net profits and depreciatiorotal
investment demand is taken as the sum of investdamand and stock changes.

Crude oil and natural gas production and consumpi@ represented in the German IO table in an
aggregated fashion. Moreover, gasoline, diesel, rudear fuels are included in the refined oll
account. In order to disaggregate these accodmg@gttysical 10 table, which identifies input of ske
commodities in physical energy units except forleac fuels, is used. Using prices given in BP
(2007), energy inputs are converted into monetarisuThe resulting input commodities’ shares are
applied to each aggregated monetary demand irCtelle. Concerning the supply side, crude oil is
assumed to be not domestically produteBransport fuel sectors are pure transformatiotosegi.e.
they take the Armington aggregate of refined oits iaputs and provide diesel and gasoline
respectively as outputé.Nuclear fuels are specified as pure import comtiexli The demand for
nuclear fuels is identified in the creation of difnt electricity generation technologies described

below and separated out of the refined oil imports.

%0 Net profits may be negative eventually resultingiegative capital inputs with the model formulatiGollowing Paltsev
and Rutherford (1999) in the case of negative chipipaits labor input is adjusted.

%1 This neglects around 2.5% of domestic crude atipction (BP, 2007; Mineralélwirtschaftsverband0gp Splitting the
aggregated domestic production account requiresiaial data on the cost structure of natural ged @ude oil. These data
are hardly available. Consequently, additional agptioms are necessary. Since domestic crude oilystaxh is small and
additional assumptions on cost structures alsorditie data basis, | decided to treat crude giluae input which essentially
facilitates the creation of the SAM.

%2 This implies that production of refined oil canrfeetly switch from diesel to gasoline productiondavice versa.
Choumert et al. (2006) note that this is not possihle to the existing configuration of refineri@hey split the outputs of
the refined oil sector in the MIT EPPA model intiffetent refined oil products like transportatiarefs, heavy fuel oil, and
petroleum coke. However, this splitting also coraesost: beside additional data requirements moglehie refined oil as
multi-output sector requires choosing additionainsformation elasticities. Moreover, solely spiiftioutputs under the
maintained assumption of separability of the cost eevenue function implies equal cost structurehef production of
different refined oil types.
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All taxes are derived as ad-valorem taxes. Prodndtixes are directly derived from the 10 table and
implemented as output tax on total production. OEZ@D7) reports taxes on labor income and social
insurance contributions of households and firmsesehdata are used to derive the labor income tax
and a labor use tax which is assumed to be uniémmoss sectors.

The value-added tax in Germany in the year 2004 Ma% which applies to all commodities except
transportation fuels and refined oils. Consumptearates on gasoline and diesel are derived on the
base of the DIW (2006) expenditure data which mlewviet payments for fuels and the tax component
separately distinguished by mineral oil tax, ecg ad value added tax. Other refined oils areatax

rate of 41.8 % (IEA, 2008). Subsidies on publim#fgort use are derived using cost coverage rates
given by the TREMOVE model. Motor vehicle taxes lggpgn the value of total available cars. The
construction of this value and the correspondixgage is described below.

Transportation fuel tax rates for intermediate ispare the same as for final consumption net of the
value added tax. IEA (2008) gives a tax of 20 %r&fmed oil intermediate inputs. In Germany, the
aviation sector does not pay taxes on refinedkeitqsene) inputs. Consequently, the tax rate itoset
zero. This is also done for the refinery sectoceaimputs are mainly transformation inputs which ar
not subject to the mineral oil tax. For the remagnintermediate inputs tax rates are derived radigu

by subtracting fuel tax payments from total intediage tax payments given by the IO table and
dividing by the total value of intermediate inpuBenerally, these taxes are in the magnitude of 3 %
A direct transfer from the government to the repnéative agent is implemented in such that the

budget constraints are fulfilled. Selected taxgate given in Table 17.

Table 17: Selected benchmark tax rates [%)]

Production Household
Diesel 150 174
Gasoline 234 273
Refined oils 20 42
Labor 15.6 46
Bus -18
Metro and tram -18
Private train -45

As in the previous chapter, emission coefficiemestaken from IPCC (2006) and uniformly scaled to
meet total emissions by sectors as given in theiphlylO table. Table 18 shows the £é&nissions
differentiated by energy input. The electricity teeds with 40.5 % of the total emission the latges
emitter mainly using coal followed by natural gaslail. The representative agent is the second
largest emitter. 45 % of his emissions are causettamsportation and the remaining part by using
fossil fuels for heating and cooking. Emissionghie energy intensive sector are mainly caused by
fossil fuel use. Transportation fuels only play aon role. In contrast, in the service sector, Wahic
accounts for 11 % of the total emissions, 52 %hefeémissions are caused by road transport and the

remaining by natural gas and refined oils.
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Table 18: CO, emissions by sector and energy input [million t]

Coal Natural Refined Diesel Gasoline Total
gas oils

Agriculture 0 1 2 5 0 8
Air transport 0 0 4 0 0 4
Coal 2 0 0 0 0 2
Energy intensives| 55 39 11 2 0 106
Electricity 323 33 8 0 0 363
Natural gas 0 2 0 0 0 2
Manufacture 4 38 15 5 1 64
Mining 6 0 0 0 0 6
Motor vehicles 0 2 0 1 1 3
Other transport 0 0 0 11 0 11
Refined oils 0 2 16 0 0 18
Rail transport 0 0 0 2 0 2
Services 1 27 20 44 8 100
Water transport 0 0 0 1 0 1
Repr. agent 3 61 50 20 72 206
Total 393 205 125 91 82 896

5.2.6.3 Private transport

Creating the data basis for the private transpaute involves three major steps: First, the exggti
automobile stock and the cost structure of diffecem types are derived. Second, the monetary snput
into different transport modes need to be deterdifidird, the congestion function is calibrated and
time inputs to transport modes are derived.

Table 19 provides the data used to derive the stastture of different car types. The reference,car
which have nearly equal performance data, are ah Ogctra 1.8 for gasoline and an Opel Vectra 1.0
CDTI for diesel. Purchase prices and new car pwehare used to split consumers’ motor vehicle
demand given by the SAM and the implied pricesrgav cars. The stock of automobiles is converted
to monetary units using a rental price which is\@& as continuous annuity on the purchase price
under the given lifetime and an assumed interestah10 %. Given the cubic capacities, the motor
vehicle tax rates, and the total motor vehicle gayments (DIW, 2006) the ad-valorem tax rate on
cars is computed. The total monetary annual catsc® given as the sum of the annuity and the
motor vehicle tax. Annual fuel costs are directiyegp from DIW (2006) which also gives the total
other spendings on car use. However, the othes @wstnot differentiated by automobiles. Assuming
other costs to be equal for car types and propwtito the number of total cars, the annual otbstsc
per car type are derived. The total other costsles@ggregated to different commodity demands using

the consumption transition matrix coming with ther@an 10O table.
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Table 19: Basic data for car types

Diesel car Gasoline car
Purchase pric€ [€] 26540 24710
Cubic capacity® [ccm] 1910 1796
Specific emissiond[g CO/km] 154 173
Lifetime® [years] 12 12
Total kilometers driven® [million km] 177589 412820
Total fuel us€ [million ] 12210 34582
Fuel spending net of tak [million €] 2856 9274
Taxes on fuel8 [million €] 4970 25250
Motor vehicle tax® [€/ 100 ccm] 15.5 6.75
Stock net of scrapping [million] 7620 34479
New cars [million] 1437 1822

Sources: a Motor Presse Stuttgart (2008); b DIVO§20c BMF (2009); d,e KBA (2005a,b)

Table 20 gives the resulting cost shares of thedavaclasses. Including the rental costs of thetie
car stock and motor vehicle taxes in the car aestglts in car expenditure as the main determiaaint

costs. Diesel cars have a high car cost sharegdmsoiine cars but are more fuel efficient.

Table 20: Cost shares of car types [%)]

Diesel car Gasoline car
Car 70 53.6
Fuel 10.9 18
Other cost 19 28.5

The described procedure identifies the monetary obsar use per vehicle kilometer. Using the
TEMOVE data, which identify person and vehicle hkileters differentiated by trip type, distance, and
period, the costs are converted to a per persamkiler basis. Consequently, occupancy rates
differing by trip class are implicitly included. T private train and aviation consumption are atlye
given from the SAM and also converted to a per gedslometer basis. The SAM does not offer
disaggregated inputs to bus and metro and tram Tsese costs are included in the other road
transport sector. Under the assumption of equakprthese inputs are converted to the per person

kilometer basis.

The TREMOVE model also offers the speed of diffeteansport modes differentiated by trip class.
Using the speed data, occupancy rates, and peilsomeker traveled the time inputs for differenpsi
purposes are computed. Destatis (2006) reportsiBates of transport time per day. Both, working
and recreation time are around 8 hours (Destali@2)2 Consequently, transportation is around 17%
of the total leisure time budget which is useddtednine the time endowment.

Calibrating the congestion function requires idgimp four parameters for each road type. For cars
the A" parameter in equation (67) is set to one. The TREHE data imply that busses are on average
11 % (26 %) slower than cars on urban (non-urb&eets and the Aparameter for busses is set

accordingly. Consequently, the number of parametztaces to three. The TREMOVE data give the
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speed in the peak and off peak period for each tgp€, the personal car equivalents in different
periods, and the duration of periods. Using theeBurof Public Roads formula (e.g. Small, 1992)
which only depends on two parameters the freeflpeed is derived. Given these three points the
unknown parameters can be derived. Table 21 ghvesnput data to the calibration procedure and
Figure 11 shows the relation between the trafbevfnd time necessary to drive one kilometer using

cars.

Table 21: Data for calibration of the congestion faction

Urban road Non-urban road
Peak period speed [km/h] 68 40
Off-peak period speed [km/h] 84 47
Freeflow speed [km/h] 99 50
Peak traffic flow [billion PCE/h] 0.083 0.026
Off-peak traffic flow [billion PCE/h] 0.066 0.018

Source: TREMOVE and own calculations.

Figure 11: Calibrated congestion functions for autmobiles
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The model includes a detailed representation ofafei transport. However, freight transport is
modeled in a typical top-down manner. Consequettily,model is not able to predict the change of
traffic flows resulting from freight transport. Titegore, the contribution of trucks to congestiohasd

constant at the benchmark level.

5.2.6.4 Electricity generation

Extraction of different generation technologiesnirthe electricity account is a two-step procedure:
First, data from bottom up engineering studiesusesl to derive the cost shares of different geloerat
technologies. Second, material and factor demahtkchnologies are fitted into the SAM format by

minimizing the distortion of the derived cost slsare
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Table 22 lists the technological characterizatibrth@ generation technologies and their physical
output levels in the benchmark equilibrium. Accoglio David and Herzog (2000) the £€apture
rate of CCS technologies is set to 90 %.

Annualized capital costs are derived using theinoous annuity method on the product of plants’
size and investment costs under assumed intetesofrd@.5 %. Operation and maintenance costs are
regarded as annual labor cost. Using the plantsiability and size, heat efficiencies, and fuates,

the annual fuel cost are obtained.

The method of integrating the generation technel®gito the SAM framework is described in detail
in Wing (2008). The top-down framework requirest titee material and factor inputs of all generation
technologies and the overhead activity sum to dked tlemands given by the SAM. Moreover, output
also has to equal the output of the electricittaem the SAM. The sum of squared deviations of
predicted cost share and cost shares fitting leddp-down data is minimized. A further restrintie
added to minimize the deviation of the heat efficie from its predicted valu&.The predicted and
used values consistent with the SAM are given iblgda3.

Table 23 also states the respective load segmetgdbnologies. Conventional technologies active in
the benchmark equilibrium in the mid load segmémt, CCGT and hard coal plant, are allowed to
produce in the base load segment, too. This alkulstitution of lignite base load production by mor
environmentally friendly but also more expensivaluad technologies. For inactive technologies,
the concept of cost markup over the benchmark prighe load segments is used (e.g. Bohringer,
1998; McFareland et al. 2004). The markup of tetdgies already active in the mid load but not in
the base load segment is equal to the averagedspedaeen the respective prices in 2004 (European
Energy Exchange, 2004). McFareland et al. 2004nes#i the markup of CCS technologies. The
values for offshore wind and photovoltaic are dediwsing the generation prices as implied by the
bottom-up data.

The technological potential given in Table 23 wasineated by BMU (2007) for wind and
photovoltaic technologies. For hydro power and ioteehnologies no additional potential is given.
Consequently, the limit is set to the benchmarldpeation. Since new installation of nuclear power
plants is prohibited in Germany (Deutscher BundgsB®02), generation of nuclear power is also

capped at the benchmark level.

%3 See Appendix D for the employed GAMS code.
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Table 22: Data on electricity generation technologs

Size Investment Variable operation and Fixed operation and Heat efficiency  Fuel price”  Availability Lifetime  Production
[MwW] [10° €/MW] maintenance costs maintenance costs [%] [€/MWh] [hours/year] [years] 2004
[E/MWh; [EIMW; [Twh]
% of investment for renewables] 10°€/year for
renewables]
Combined cycle gas turbind 400 0.6 1.9 55 15 7500 30 30.7
Hard coal power plant 400 11 4.9 48 6 7500 30 140.8
Hydro power plant® 25 15 5% 50 5400 60 26.9
Lignite power plant® 1050 11 5.2 445 35 7500 35 158
Lignite CCS* 450 14 4 44.5 35 7500 35 0
Natural gas CCS 425 1 2 55 15 7500 35 0
Nuclear power planf 1450 1.8 5.8 36 2.2 7500 60 167.1
Open cycle gas turbind 160 0.4 4 9.98 45 15 7500 30 30.7
Open cycle oil turbine’ 160 0.4 4 9.98 45 17.7 7500 30 10.3
Other technologie$ 100 1.7 2.89 44.88 7500 30 25.3
Photovoltaic® 2 3.7 1.05% 50 1000 20 0
Wind onshoré 2.5 0.9 6.12% 50 1900 20 15.5
Wind offshore® 3.6 21 10% 50 3500 20 0

Sources: (a) EUSUTEL project (2006); (b) Wing (20@8) Reichmuth et al. (2007); (d) BP (2007) fatural gas; Wissel et al. (2008) for hard coahitie, and nuclear fuel; IEA (2008) for oil



Table 23: Generation technologies in the benchmar&quilibrium

Load Markup Capital share Labor share Fuel share Technical
[%] potential
[TWh]
predicted used deviation predicted used deviation predicted used deviation deviation
(%] (%] (%] (%] (%] (%] (%] (%] (%] (%]
Combined cycle gas turbine| mid 19.41 19,72 1.61 5.22 5.25 0.43 74.37 75.03 450 o0
Combined cycle gas turbine| base 19 19,72 5.25 75.03 0
Hard coal power plant mid 38.84 35.66 -8.19 13.90 13.49 -2.93 47.27 50.86 7.59 0
Hard coal power plant base 19 35.66 13.49 50.86 )
Hydro power plant base 53.89 53.89 0 46.11 46.11 0 26.9
Lignite power plant base 50.29 49.92 -2.74 19.78 19.57 -1.08 29.92 3151 531 0
Lignite CCS base 25 27.12 4.86 68.02 0
Natural gas CCS mid 15 57.70 14.42 28.08 0
Nuclear power plant base 59.37 60.62 212 19.79 19.93 0.71 20.85 19.45 -6.70 167.1
Open cycle gas turbine peak 11.47 11.60 1.16 9.49 9.58 0.96 79.04 78.82 0.28- o0
Open cycle oil turbine peak 10.02 10.11 0.85 8.29 8,35 0.70 81.68 81.54 -0.17 0
Other technologies base 87.81 87.81 0 12.19 12.19 0 25.3
Photovoltaic mid 150 77.88 22.12 105
Wind onshore mid 33.81 33.81 0 66.19 66.19 0 68
Wind offshore mid 10 63.72 73.72 235

Sources: own calculations



5.2.7 Model critics and extension

The presented framework overcomes the bottom-uglteyn discussion of technological details
including different electricity generation techngies. Furthermore, private transport is included in
detail and congestion is modeled. Although not dionthis thesis, representing different road types
and congestion also allows analyzing the effecinbfastructure policies determining the effect of
infrastructure provision on the congestion functior road pricing policies.

Freight transport is addressed in an aggregated agagidering intermediate inputs of transport
commodities and energy inputs differentiated byl fype. Consequently, it is not possible to keep
track of the vehicle kilometers traveled by freighansport. Therefore, the contribution of freight
transport to the traffic flow in the congestion ¢étion is held constant at the benchmark level. Thus
fruitful extension of the model is the detailed negentation of industrial transport. This requires
estimation of the transport capital by sector ahdrips by travel period, distance and mode. The
TREMOVE demand module offers aggregated data onehicke and tone kilometer basis
distinguished by trip categories. Transport capitdbrm of the vehicle stock are given in KBA (20
a,b). DIW (2006) includes data on transit transpoGermany. Given these data, there are two main
tasks to solve: First, the aggregated TREMOVE detaraffic use need to be disaggregated to a
sectoral basis, i.e. answering the question whattos uses how much of the transport volume.
Second, given the transport volume of single seciibneeds to be determined how much of the
sector’s transport is own provided and how mucpuschased. Obviously, the main effort is in the
first task which is a matter of data. The secorsk tamight by solved by estimating own provided
transport using the data on transport capital aetdxpenditure.

The model treats labor supply as constant. Thidoise in order to concentrate on the interaction
between emission abatement in electricity genaratind road transport and to facilitate the
interpretation by ruling out labor supply effedtabor supply effects can be easily included spéwify
labor as part of the time constraint. Includingdiain the time constraint has an additional effarct
the private transport decisions since the valugnaé, which is endogenous in the model, is further
linked to the wage rate. Consequently, the decisiorthe travel mode is further influenced by the
model's reactions on the labor market. Such anyarsahas been carried out for example in the
empirical analysis of Berg (2007).

The modeling of households using a representatieatais costly in two directions: First, the model
does not allow for analyzing important equity aspeSecond, the location of living of households
which affects the substitution possibilities acrassisport modes and roads are not represented. A
more detailed representation of households reqspkting expenditure and income data as done for
Germany by Kalinowska et al. (2007) and Kremerslgalihowska (2009).

New technologies for automobiles should be inclughetliture versions of the model allowing for a
detailed analysis of fuel efficiency related pasi Modeling new technologies in the car market is

more complicated than in electricity generatiorcsigars are not perfect substitutes like generation



technologies. Beside the important preferencesonfumers, adoption of technologies also depends
on the availability of fueling networks (Achtnicét al., 2008).

Athough the model accounts for the congestion aatey, other externalities such as local pollution
accidents, and noise are ignored. Therefore, adututension of the model should include these

externalities, too, as done e.g. in Meyeres and€?1(d997) and Mayers (1999).

5.3 Simulations and results

5.3.1 Scenario description

In all scenarios the German economy reduces 20 %s &€Q emissions in the benchmark which
amounts to 179.2 million tones. In the ETS scenahe reduction requirement is achieved using
emission trading between the electricity sectoergy intensive industries, and refineries which are
referred to as ETS sectors. However, only emissmamssed by coal, natural gas, or refined oil
combustion are included into the system. Emiss@aused by using transport fuels are not covered.
Permits are owned by the government which sellsitttethe emission trading sectors. Consequently,
the introduction of carbon regulation increases dbeernment’s revenues. The ETS AIR scenario
additionally includes the aviation sector. The BHW$EL and FUEL TAX scenarios include reduction
efforts of road transportation. In ETS FUEL, alctgs and the representative agent have to hold
emission allowances for emissions caused by gasalindiesel use. These allowances are tradable
with the ETS sectors. The FUEL TAX scenario implatsea separated strategy for road transport
emissions. It requires road transport to reducessions by 5 %. Firms and the representative
household are allowed to trade allowances for pariduels. However, they are not allowed to trade
permits with the ETS sectors which fulfill the rdmiag reduction requirement complying with the
overall 20 % reduction target. This closed emissitading system for road transport fuels is
equivalent to an increase of the existing fueldastinguishing carbon contents of transport fulis.

all of these scenarios the revenues are recycleg-Bum to the representative agent holding the
provision of public goods constant. The ETS SUBnhage is the only exemption to this rule. In this
scenario, the income generated by the ETS systeisers$ to uniformly increase the subsidies for bus,

metro and tram, and private train transport. Tadlgives an overview over the scenario settings.
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Table 24: Scenarios of the small open economy model

Carbon regulation
Electricity sector, energy intensive productiond aefineries reduce 20% of
ETS the total emissions using emission trading
Revenues recycled lump-sum
ETS AIR Aviation sector is additionally included in the ESgstem
Revenues recycled lump-sum
ETS FUEL Emissions caused by road fuel use are includdoeifeTS system
Revenues recycled lump-sum
Road transport has to reduce 5% of its emissions
FUEL TAX Remammg reduction requirement is fulfilled by E3&:tors using emission
trading
Revenues recycled lump-sum
ETS SUB Like the ETS scenario
Revenues recycled uniformly increasing public tpamssubsidies

The Hicksian equivalent variation is adopted assueaof the overall welfare change. Additionally,
the change in the direct transfer to the housetottthe total abatement cost are listed. Carbaepri
reflect the marginal abatement cost of regulatids.an indicator of distortionary extra costs not
reflected in the marginal abatement cost the aeecagt of carbon mitigation are derived as the loss
in consumption of representative agent by the emabunt of CQ abated (Paltsev et al., 2005b). In a
partial equilibrium setting, the ratio of averagenharginal abatement cost is slightly below oné hal
depending on the curvature of the abatement costtin® If the general equilibrium framework

leads to excess welfare costs (gains) the ratidoeibbove (substantially below) one half.

5.3.2 Introducing emission trading

The ETS scenario introduces emission trading fectatity production, energy intensive industries
and refineries. Other sectors are exempted frotmocaregulation. With 487 Mt CQhe sectors under
the trading system account for 54 % of the benchraarissions and have to reduce 179.2 Mt.CO
Consequently, the effective reduction rate for ¢hesctors is around 36 %. The welfare change is
given as Hicksian equivalent variation and meastireggross cost of carbon regulation: i.e. the gain
of environmental regulation in form of improved guality and reduced impacts of global warming
are not included. Furthermore, the changes in diraosfer from the government to the household,
total abatement costs, and £@ices, which are interpreted as the marginaleabant cost, are listed

in Table 25.

% To see this, consider a linear abatement costiimclf Q is the amount abated and P the resulfirige or marginal
abatement costs, the total abatement cost (TAC)umed as the area under the abetment cost furatgogiven as: TAC =
0.5*Q*P. Dividing both sides by the quantity abatbé average abatement costs are exactly equallftofithe abatement
cost. As long as the abatement cost curve is asbtoriee convex, the resulting ratio is below 0.5.
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With -0.61 %o the welfare effect of introducing esi@n trading is moderate. The total abatement cost
amount to 1.76 billion € and the marginal abatenuaist become 9.86 €/t GOThe ratio between

average and marginal carbon cost is around 59 96atmwlg that cost other than carbon regulation
occur. The direct transfer to the household in@eéy around 2 %.

Table 25: Summery results of the small open econonmyodel

ETS ETS ETS FUEL ETS

AIR FUEL TAX SUB
Welfare change [%o] -0.61 -0.60 -0.92 -2.30 -0.21
Transfer change [%)] 2.11 2.14 2.88 6.26 0.00
Abatement cost [billion €] 1.76 1.76 1.75 2.04 1.75
CO, price emission trading [€/t CQ] 9.86 9.86 9.79 9.42 9.84
CO, price transport fuels [€/t CO) 0.00 0.00 0.00 53.93 0.00
Average consumption cost [€/t CGl 5.86 5.74 8.81 22.38 1.98

As Table 26 shows, the reduction burden is shifitech energy intensive sectors and refineries to the

electricity sector which reduces 41 % of its engissi The main mitigation results from a decreasing

use of coal (Table 28). Note that the emissionitigagectors avoid only 178.9 Mt GOf the total

reduction requirement of 179.2 Mt GO'his is due to second order effects which leadprice and

demand changes to contraction and expansion oenossion trading sector resulting in changes of

their emissions. Since the overall target is taioedthe economy’s emission by 20 %, these changes

spill over to the emission trading sectors by glighltering the allowances budget. Due to the cedu

usage of coal, emissions in the coal sector arenthie determinant of this secondary effect.

Table 26: CO reduction of selected sectors

ETS ETS AIR ETSFUEL FUELTAX ETSSUB
Aviation [mio t COY) 0.00 0.03 -0.02 -0.10 0.01
[%0] 0.05 0.68 -0.44 -2.53 0.34
Electricity [mio t COJ 147.52 147.51 145.85 136.61 146.59
[%] 40.64 40.64 40.18 37.63 40.38
Energy [mio t CO)J 30.99 30.98 30.91 30.47 30.99
intensives [%] 29.23 29.23 29.16 28.75 29.24
Refineries [mio t COJ 0.36 0.37 0.42 0.63 0.42
[%] 1.99 2.04 2.31 3.50 2.33
Private [mio t COY) 0.00 -0.01 0.05 0.31 1.22
cars [%] 0.00 -0.01 0.06 0.34 1.33
Services [mio t COJ -0.18 -0.19 1.29 6.76 -0.16
[%] -0.18 -0.19 1.29 6.76 -0.16
Total [miotCQJ] | 179.20 179.20 179.20 179.20 179.20
[%0] 20 20 20 20 20

Table 27 shows the impacts on electricity genematibotal generation is decreasing by 12.5 %.

Consequently, production in all segments is redutrethe base load, nuclear and hydro power and

the generation of other technologies stay constantte they are upper bounded at the benchmark

production level and do not cause emissions. Thergd¢ion of dirty lignite plants decreases by alimos
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63 % to 99 TWh. The penetration of lignite CCS pdamwhich are the only available technology
reducing emissions in the base load segment bésgdeise of CCGT and hard coal power plants,
partly balances the decrease in base load gene@mbolucing 40 TWh.

In the mid load segment, emissions are mitigateddégreasing the use of hard coal by 54 %.
Furthermore, the output of the CCGT technologyideslby 40 %. The increase in wind power partly
adjusts the offset of mid load generation. Offshaiad energy intensely enters the market with
around 31 TWh. In contrast, onshore wind generatidg slightly expands by around 5 %. As shown
below in the sensitivity analysis, the expansioomghore generation heavily depends on the dedree o
capital malleability, i.e. on the transformatiomicity of the capital transformation for techrgjo
specific capital.

For peak load generation only OCGT and OCOT plargsavailable. While the generation of natural
gas fired plants (OCGT) stays constant, oil basedyztion (OCOT) is decreasing. This result can be
explained by the higher carbon content of refinddc@mpared to natural gas which leads to higher
CGO, intensity of oil-fired power plants. Consequentiit,based generation is decreases in importance.
In order to satisfy peak load electricity demandneayation of natural gas power plants does not

decline.

Table 27: Electricity generation [TWh]

Bench- ETS ETS AIR ETS FUEL FUEL TAX ETS SUB
mark

Base load
Hydro 26.9 26.9 26.9 26.9 26.9 26.9
Lignite 158.0 99.0 99.0 99.9 104.8 99.4
Lignite CCS 40.1 40.1 39.2 34.3 40.3
Nuclear 167.1 167.1 167.1 167.1 167.1 167.1
Other technologies| 25.3 25.3 25.3 25.3 25.3 25.3
Total 377.3 358.4 358.4 358.4 358.5 359.0

Mid load
CCGT 30.7 18.6 18.6 18.8 19.6 18.7
Hard coal 140.8 64.4 64.4 65.1 68.8 64.8
Wind onshore 25.5 26.7 26.7 26.7 27.1 26.7
Wind offshore 30.6 30.6 30.2 28.1 30.6
Total 197.0 140.3 140.3 140.8 143.7 140.7

Peak load
OCGT 30.7 30.7 30.7 30.7 30.7 30.8
OCOoT 10.3 8.6 8.6 8.6 8.6 8.7
Total 41.0 394 39.4 39.4 39.4 394
Total generation 615.3 538.1 538.1 538.6 541.6 539.2
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Table 28: Price and quantity effects [%vs. benchmark]

Quantity effects Price effects
ETS ETS AIR ETS FUEL ETS SUB ETS ETS AIR ETS FUEL ETS SUB
FUEL TAX FUEL TAX

Agriculture -0.11 -0.11 -0.14 -0.27 -0.16 0.01 0.01 0.08 0.39 130
Air transport -0.05 -0.29 0.44 2.53 -0.37 -0.01 0.19 -0.02 -0.05 0.10
Coal -33.11 -33.11 -32.90 -31.66 -32.90 0.39 0.38 0.38 340 0.52
Crude oil -0.85 -0.90 -1.18 -2.40 -1.19 0.11 0.11 0.11 0.12 .260
Diesel -0.13 -0.11 -1.24 -5.40 -0.18 0.51 0.51 0.51 0.51 .650
Energy intensives -1.31 -1.31 -1.33 -1.39 -1.45 1.01 1.00 1.01 1.02 121
Electricity -3.05 -3.04 -3.05 -3.07 -2.87 7.58 7.58 7.55 7.42 .697
Natural gas -4.68 -4.68 -4.66 -4.48 -4.71 0.08 0.08 0.08 0.07 220
Nuclear fuel 0.00 0.00 0.00 0.00 0.00 0.11 0.11 0.11 0.12 0.26
Gasoline -0.12 -0.12 -0.28 -0.97 -1.19 0.51 0.51 0.51 0.51 .650
Manufacture -0.20 -0.20 -0.21 -0.26 -0.33 0.07 0.07 0.08 0.09 190
Mining -1.76 -1.76 -1.78 -1.84 -1.79 0.26 0.25 0.25 0.23 .380
Motor vehicles 0.26 0.27 0.20 -0.06 -1.56 0.01 0.01 0.01 0.01 0.12
Other transport -0.13 -0.11 0.42 2.76 0.88 -0.05 -0.05 0.15 1.06 080.
Refined oils -0.27 -0.32 -0.60 -1.85 -0.63 0.51 0.51 0.51 0.51 .650
Rail transport -0.61 -0.61 -0.50 0.02 21.81 0.26 0.25 0.25 0.21 390.
Services -0.08 -0.08 -0.08 -0.09 -0.10 -0.14 -0.15 -0.14 120. -0.03
Water transport 1.21 1.24 1.78 4.28 1.37 -1.00 -1.01 -1.04 -1.23 .061

Both effects are measured in terms of the Armingmmposite, i.e. reflect the change of the totalngity used and the market price. Effect on pradacintermediate and final demands, and tradgiaen in Appendix C



Table 29 lists the effects on private transportliated in. Total private transport is slightly deasing.
The decrease can fully be explained by the dedinse of trains. With 4.8 % of electricity in tlatdl
cost, the rail sector is one of the most electrigittensive sectors. Consequently, it is indirectly
affected by the carbon policy by the change ofdleetricity price which increases by 7.6 % (Table
28). Accordingly, the price of rail transport risasd therefore, leads to a decrease in private

transportation and the substitution of private byransport, busses, and metro and trams.

Table 29: Private transport

Bench- ETS ETS AIR ETS FUEL ETS SUB
mark FUEL TAX
BUS billion pkm 91.656 91.727 91.731 91.589 91.007 9%.0
% 0.08 0.08 -0.07 -0.71 4.76
Car billion pkm | 923.849 923.839 923.868 923.276 920.737914.654
% 0.00 0.00 -0.06 -0.34 -1.00
Metro  billion pkm 12.101 12.115 12.115 12.080 11.931 329
ftram % 0.11 0.12 -0.18 -1.41 6.87
Plane billion pkm 43,922 43.926 43.787 43.964 44.135 728.6
% 0.01 -0.31 0.10 0.49 -0.55
Slow billion pkm 55.328 55.348 55.346 55.426 55.777 B35.1
% 0.04 0.03 0.18 0.81 -0.28
Train billion pkm 67.328 66.968 66.974 67.087 67.620 66.4
% -0.53 -0.53 -0.36 0.43 32.88
Total billion pkm | 1194.184 1193.923 1193.822 1193.421 11297 1211.924
% -0.02 -0.03 -0.06 -0.25 1.49

Detailed results distinguishing between trips pegsy distances, and travel period are given in AppeC.

Since the refineries are part of the emission m@diystem, the price of transport fuels increage® b

%. The total use of cars only slightly reacts. €BD reveals that the change in transport fuel
consumption is mainly balanced by a change in themaobile fleet. Since the tax on gasoline fuels is
higher than the tax diesel, the representative dtmld decreases purchases on gasoline cars and

partly replaces them by diesel cars.

Table 30: Change in new car purchases [%s. benchmark]

ETS ETS AIR ETS FUEL FUEL TAX ETS SUB
Diesel 0.05 0.06 0.17 0.69 -1.90
Gasoline -0.02 -0.01 -0.35 -1.84 -4.36

5.3.3 Including aviation into emission trading

The ETS AIR scenario additionally includes the &wra sector into the emission trading system.
Emissions covered by the trading system slightg by 4 Mt CQ. Accordingly, there is no effect on
the total or marginal abatement costs comparetiddEfTS scenario. However, the average costs of
carbon mitigation are slightly decreasing and titeorof marginal to average carbon cost drops to 58

%. The direct transfer to the representative agenincreasing due to an increase in emission
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allowances. The additional inclusion of aviatioads to a small reduction in the gross cost of garbo

regulation. The mitigation effort of the electricisector is the same as in the ETS scenario.
Consequently, electricity generation also showss#ree results.

Due to the increased cost, the price of aviati@esi Therefore, private transport reacts with a
decreasing number of plane trips. This declinenly partly balanced by switching to private road

transport, busses, and trains. As a result thé patson kilometer decrease by 360 million person
kilometers compared to the benchmark.

The change in new car purchases shows the sameatjualpattern as in the ETS case: since fuel
prices rise and diesel is lower taxed, the comjosithanges in favor of diesel automobiles. Since
own private road transport slightly expands, newmachases are generally higher than in the ETS

case.

5.3.4 Fuel based regulation approaches

The scenarios ETS FUEL and FUEL TAX examine fueddshstrategies mitigating carbon emissions
of road transport. Road transport has to reduce &f 3%s emissions or 8 Mt COThe remaining
mitigation is achieved by emission trading betwelsrttricity, energy intensive industries and refine
oil production (171.2 Mt Cg).

The FUEL TAX scenario establishes a price on the €Rissions of road transport fuel use. All
sectors have to pay the price except the waterahttansport sectors in which diesel fuel relates
water and rail transport. This is interpreted asnarease in the fuel tax differentiating by theboan
content of fuels. The ETS FUEL scenario also eislabt a price of road transport emissions.
However, emissions of road transport are incluggd the emission trading scheme. Consequently,
the marginal abatement costs equalize across setdra uniform carbon price for road transport and

emissions from further fossil fuel use in the trapsectors emerges.

Comparing the FUEL TAX scenario with the ETS scama significant welfare decrease is observed.
Since part of the reduction burden is shifted tadreransport, the mitigation effort in the emission
trading sector is lower. Consequently, the permdepunder the trading system is decreasing by 0.44
to 9.42 €/t CQ. For transport fuels, the carbon price is at & héyel of 53.93 €/t C@indicating the
high marginal abatement cost of road transport. Buehe coexistence of the emission trading
systems, the total abatement costs are increasing the main determinant of the welfare loss. The
hybrid regulation approach which leads to differerdrginal abatement cost is the main determinant
of the significant increase of the average costaybon regulation. A large increase in the direct
transfer to the representative agent is observede she high carbon price of transport resultsnn
increase of the government’s income of carbon edpul.

Electricity generation responds to the decreaseheéncarbon price by increasing production. The

generation mix also changes. Since the price dforais declining, coal fired generation is incregsi
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compared to the ETS scenario. Accordingly, produciof cleaner CCS plants and offshore wind
power reduces. To put it clear: Regulating roaddpart separately, decreases the reduction bufden o
the emission trading sectors resulting in a lowabon price which indirectly subsidizes the use of
coal plants.

Concerning road transport, industrial sectors cautythe main reduction burden. The service sector,
which is the main industrial polluter of road trpog emissions, reduces its emissions by 6.8 %.
Emissions are mitigated switching from own providiechsport to purchased transport.

In contrast, the representative agent only slighéiguces his emissions by 0.3 %. Emissions are
decreased in two ways. First, the composition efriew car fleet significantly changes using more
carbon efficient diesel cars allowing driving thens distance with lower emissions. Second, total
trips are reduced and a mode shift towards pritraies, airplanes, and the slow mode is observed.
The unexpected result of decreasing use of putditsport in form of busses and metro and trams is
explained by the model’s structure: the monetastscof both modes are specified in terms of infut o
the other transport sector. Emissions resultingnfidiesel and gasoline use in this sector are also
addressed by the emission trading system. Accdgditite cost of this sector increase. Furthermore,
increased demand from industrial sectors exertspavard price pressure. Consequently, the price of
the other transport sector is rising by 1 % leadmgubstitution effects away from busses and metro

and tram use.

Comparing the ETS FUEL scenario, which includesirvansport into the emission trading system,
with the ETS, an additional welfare loss is obsdraad total abatement costs are slightly decreasing
The carbon price slightly declines, since all sectoe affected by the carbon price on transpetsfu
leading to decreasing outputs. In consequencejdb®f fossil fuels other than gasoline and diasel
also decreasing yielding a decline in these emissidhis second order effect lowers the reduction
requirement under the emission trading system dimeeenvironmental target is always defined as a
20 % reduction of the economy’s emissions. Howetler average cost of carbon mitigation increase.
The ratio of average to marginal abatement cosse @ 0.9 indicating an increase in the cost of
carbon regulation. Due to the high tax on transpaets, it is favorable to exempt the road transpor
sector from fuel based carbon regulation. Costiefficy of carbon regulation requires an equal garbo
price for all sectors and commaodities, i.e. the@ff/e carbon price should be equalized. Howeter, t
high tax on transport fuels is already environmigntaotivated; i.e. a price on carbon in the traorsp
sector exists. Consequently, putting an additiaraabon price on top of the pre-existing fuel tax
effectively induces higher carbon prices in thesport sector, and thus leads to cost inefficiehty.
essence, the induced cost inefficiency outweiglesgdin of increased flexibility of transport under
emission trading.

Since it might come as a surprise that the flexjbgain is more than offset by the distortionaffeet,

a numerical example shall illustrate the argumien2004, the mineral oil tax per liter of gasoliwas
0.65 € (BMF, 2009). Combustion of this liter gaselicauses 2.3 kg GOAccordingly, the
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consumption of around 435 liter of gasoline resuit®ne ton of CQ Therefore, the implicit pre-
existing carbon tax on transport fuels is 283.61 @D,. Exempting road transport from carbon
regulation leads a carbon price of around 10 €/ &, therefore, the difference in effective carbon
taxes is reduced. In contrast, in the FUEL TAX scenthe carbon price in the transport sector
increases by around 54 €/t €®hile emission trading sectors pay a price 9.90C€,. Thus, the gap

in effective carbon taxes is even increased.

While the example is illustrative, it neglects tsuan transport fuels that do not solely relateadon
emissions. Other externalities such as local poluand associated health damages, congestion,
noise, and accidents are also addressed. Howeregestion as the main externality of road transport
is included in the model. Regardless, the exempifdransport shows a positive effect.

Due to the higher marginal abatement cost in re@adsport, reduction mainly takes place in the
emission trading sectors especially in electrigéyeration. Consequently, the generation mix ig onl
slightly affected by an increase of hard coal figetheration in the mid load segment.

Concerning private transport, the ETS FUEL scesamarors the results of the FUEL TAX scenario
in an attenuated form. The composition of the new murchases is influenced towards more fuel
efficient diesel cars and total trips are slighidguced. Own private road transport, bus, and naatdo

tram trips incline and are partly substituted by tise of private trains, the slow mode, and aigdan

5.3.5 Increasing subsidies on public transport

Like the ETS scenario, the ETS SUB introduces domisgrading between electricity generation,
energy intensive industries, and refined oil prdiduc However, in contrast to the ETS scenario the
revenues of carbon regulation are not to recyaleplsum but used to uniformly increase subsidies
on public transport, i.e. busses, private traipstrand metro and trams.

Revenue recycling using increased public transpobisidies shows a clear positive welfare effect
compared to emission trading under lump-sum reegcliotal and marginal abatement costs slightly
reduce. Remarkably, the average costs of carbanatémn strongly decline resulting in a ratio of
marginal to average abatement costs of 0.2. Theidlon private trains becomes 52 % and busses
and metro and tram trips are subsidized at a fa2é& 86.

Increased public transport subsidies yield suligituaway from private road transport towards the
subsidized modes bus, metro and tram, and traisordlingly, emissions of private cars are
decreasing by 1.3 %. This decrease is even ldngerih scenarios where road transport emissions are
addressed by fuel based regulation approachesfuEhéased approaches implement economy wide
regulation, i.e. also include transport emissioh&ndustrial sectors. In consequence, the abatement
burden is shifted to industries showing only snafects on private transport. In contrast, public
transport subsidies solely affect the household=tigion of private transport modes and offer

incentives substituting away from cars.
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The increased reduction effort of private road st spills over to the emission trading systemsesi
the overall reduction of 179.2 Mt GQs fixed. While energy intensive production andineries
increase emissions, the electricity sector furttegluces its emissions. Despite reduced emissions,
electricity generation is expanding compared toER& by expanding the use of the CCS technology
in the base load.

Private transport subsidies induce a switch to ipubhnsport modes simultaneously increasing the
total number of kilometers traveled. Trips usingscare decreasing by 1 %, while trips on busses,
metros and trams, and trains increase by 4.8a6932.9 %, respectively. The excessive use afdrai
Is explained by the assumption that revenues anelexl uniformly increasing subsidies. Since the
subsidy on trains are already higher in the bencknaa uniform multiplier on subsidies results in
larger absolute effects on the subsidies for peitain trips.

The clear cut positive welfare effect is explaitgdthe reduction of the congestion externality. [€ab
31 shows the impact of the scenarios on speedffaratit road types differentiated by travel periods
While all other scenarios show negligible impaatsspeed, the ETS PUB scenario results in a 2 %

(1.5 %) increase of travel speed on urban (nonr)rimads in the peak period.

Table 31: Impacts on road speed [% vs. benchmark]

ETS __ETSAIR _ETSFUEL FUEL TAX _ ETS SUB

Urban peak 0.00 0.00 0.02 0.13 0.52
off-peak |  -0.02 -0.03 0.02 0.19 1.99

Non-Urban peak 0.00 0.00 0.01 0.07 0.16
off-peak |  -0.01 -0.02 0.02 0.20 1.46

5.4 Sensitivity analysis

5.4.1 Malleability of technology specific capital

The malleability of generation capacities is colhid by the transformation elasticity of the adivi
which converts malleable capital into technologgafic capital §«g). The sensitivity of the results to

a change of the transformation elasticity is exaaiby halving and doubling the benchmark value of
unity. A lower value of the elasticity implies aghier degree of irreversibility in electricity geaton.
Table 32 shows the impact of varying the transfaiznaelasticity on the gross cost of regulation and
total and marginal abatement cost for the ETS am& EUEL scenarios. A lower value of the
elasticity implies a higher degree of irreverstlilin electricity generation, i.e. the reallocatioh
technology specific capital is limited. Accordinglyelfare losses and abatement costs are decreasing
in the value of the elasticity since the abilityre§ponding to price changes is increased. Althdhgh
magnitude of the results is affected, the qualitatffect of including transport fuel into the egiim

trading scheme remains. Still the inclusion showegative welfare impact.
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Table 32: Sensitivity to capacity malleability

EKE — 0.5 EkE — 1 EkE — 2
ETS ETSFUEL | ETS ETSFUEL| ETS ETSFUEL
Welfare change [%.HEV] -0.83 -1.23 -0.64 -0.92 -0.44 -0.69
Abatement cost [billion €] 2.27 2.25 1.76 1.75 1.46 1.46
CO; price emission trading | 12.68 12.55 9.86 9.79 8.17 8.14
[€/t COy]

5.4.2 Private transport

Following Harrison et al. (1992), the sensitivitiytioe result to a change of the elasticities inuhigy
function and private transport module is examingidgiunconditional, systematic sensitivity analysis
The values given in Table 14 are taken as expeaikes of the substitution elasticities which are
assumed to be uniformly distributed in the interfvam half to double the expected value. The model
is repeatedly run 5000 times drawing elasticitiesnf their respective distribution and solving the

scenarios. Table 33 lists characteristics of tlselting distribution of the welfare results.

Table 33: Sensitivity to substitution elasticitiesn household transport [%0 HEV]

ETS ETS AIR ETS FUEL FUELTAX ETS SUB
Mean -0.61 -0.60 -0.92 -2.30 -0.19
Standard deviation 0.01 0.01 0.03 0.16 0.53
Minimum -0.65 -0.63 -0.98 -2.65 -1.68
Maximum -0.59 -0.57 -0.86 -1.95 1.15

The mean of the welfare changes are close to thatemodel estimates. Policies which address
household transport by separate instruments (FUEK, ETS SUB) show a higher variability since
the elasticities are more important than in econamge regulation approaches. The FUEL TAX
scenario always incurs the highest gross costafon regulation. The ranking of welfare costs is
independent of the parameter choice for all scesaxcept the ETS SUB one. Beside ETS SUB, the
ETS AIR scenario always has the lowest cost foltbviby ETS and ETS FUEL. The ETS SUB
scenario shows a high standard deviation and rafgesults. However, in around 77 % of the
simulation runs the conclusion of the central magtimate is valid: the recycling of revenues from
carbon regulation increasing subsidies on pubkbngport shows the lowest gross cost of carbon

regulation>’

5.5 Conclusion
This chapter presented a small open economy mddeéomany based on the year 2004. The model

includes technological details of electricity geatemm incorporating different generation technodsgi

%5 In 90 % of the runs, increasing subsidies showelogost than the inclusion of public transportlie emission trading
scheme.
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differentiated by load segment. Furthermore, pevaansport decisions are taken into account by a
detailed description of trips distinguished by msp, distance, and travel period and the main
important transport modes. Moreover, the modelgraes congestion as the main externality of road
transport affecting the time needed to drive onlenketer and consequently the utility of the
representative agent.

The results show that exempting transport from @ankzgulation is beneficial shifting the reduction
burden to electricity generation and energy intenproduction. Optimal taxation of carbon requies
carbon price which is equal for all sectors. The-@xisting tax on transport fuels already implies a
price on carbon in road transport. Consequentlgngsting road transport lowers the difference in
carbon prices. Due to the magnitude of the pretiegisax, the beneficial effect of lowering the
difference in carbon prices outweighs the losseaafrdasing flexibility of carbon mitigation. Howeyer
even if the model accounts for congestion as thim raternality of road transport, other external
effects such as accidents and noise are not agmbémt Therfore, the model still overestimates the
beneficial effect of excluding transport from cambiegulation. Nevertheless, the systematic bias is
smaller than in the previous chapter due to thiigian of congestion.

The introduction of an emission trading system udiolg refineries induces a shift to more fuel
efficient diesel cars. Although diesel has a higtembon content than gasoline, diesel cars are more
carbon efficient since the effect of the higher ifficiency exceeds the one of higher carbon aunte
Accordingly, refineries under emission trading ignal switch to more carbon efficient diesel cars.
Since the input costs of refineries are increasthg, price of transport fuels also rises implying
incentives switching to diesel cars. The lowerdaxdiesel fuels amplifies this effect.

Using the revenues obtained by the introductiorrmfssion trading increasing subsidies on public
transport clearly leads to positive effects. Insezhpublic subsidies result in a mode switch from
private cars towards public transport. On the oamdh carbon emissions of private transport are
decreasing even more than in fuel based regulapproaches where reduction mainly occurs in
industrial road transport. On the other, decreasiaiguse also reduces the congestion externality

raising speed mainly in the peak travel period.

93



6 Conclusion

6.1 Summary and conclusion

This thesis posed the question whether includimagl teansport into the EU ETS will lower the cost of
carbon regulation. Two different CGE models are leygd: an international and a small-open
economy model.

The multi-region model shows that a European-wiaegase of transport fuel taxes is not a promising
option regulating the carbon emissions of transgondiuding road transport into the EU ETS indeed
can lower the gross cost of carbon regulation. Hernethe most preferable approach is exempting
transport from regulation.

The results are confirmed by the small-open econonoglel which offers a far more detailed
representation of electricity generation and peuvsansport but abstracts from term-of-trade change
Including transport in emission trading lowers tiwst compared to an increase in fuel taxes but the
exemption is the most favorable approach.

Thus, the answer to the main question dependseobasic approach of policy makers. If governments
decide to use pricing strategies for transportsfuitlen the inclusion into emission trading is blest
approach. However, generally, no carbon regulatiotihe road transport sector is the best strategy.
Due to already high excise taxes, the exemptiotrasfsport moves the after-regulation tax scheme
closer to the optimal one. Put differently, the rapéion leads to effective carbon tax rates that are
closer to uniform across the economy. The smalhagg@nomy model shows that the result is stable
concerning congestion as a justification for higklftax rates. However, both models exclude further
external effects such as accidents and noise aedefore, the results overestimate the beneficial
effext of not further increasing transport fuelges. It is an interesting topic for future reseamh
include these effects in a detailed and conciseneran

The detailed model shows that including aviatiorthia trading scheme further lowers the cost of
regulation. Furthermore, the results indicate thdisidies on public transport may play a significan
role in addressing the carbon emission of privietasport. Subsidies have two positive effects.tFirs
the costs of carbon regulation decrease by thecedlswitch to environmentally friendly public
transport. Second, the congestion externality meslidue to fewer vehicles on roads. Further welfare
gains not included in the model can be expectecdesihe decrease in the traffic-flow also reduces
other externalities of transport such as acciderdse, and local pollution. However, this clainsha
not been tested against other revenue recyclingnses, in particular the cut of labor taxes. Whether

or not the result will prove stable is subjectutufe research.

6.2 Future research
This thesis neglects the spatial and network aspafcthe transport problem as well as of electricit

transmission. The inclusion of the spatial dimensdd transport is an important topic for future
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research since it determines the substitution piisisis available for private cars, e.g. rural
households have less access to public transporésraad, accordingly, less substitution possibglitie
Such differences can be captured in modeling diffehousehold types with different locations of
living and utility functions (e.g. Mayeres, 1999alihiowska et al., 2007). However, such models are
not well suited to model households’ modes decsion mode switches in freight transport. An
approach of explicitly including transport networkgo the general equilibrium model would be
preferable. Furthermore, such models allow a betssessment of transport infrastructure
improvement. It has to be decided whether the C&En@twork models are designed in an integrated
formulation or whether they are separately desigretllinked in some algorithm.

Roson (1996) describes the MITER model which iteest links three different sub-models. Ferris et
al. (1999) show a Wardop equilibrium problems canrbpresented in a mixed-complementarity
problem. Such a representation allows includinguitket network representations into the general
equilibrium framework. A first application of integging public and freight transport networks into a
CGE model is given by Ivanova (2003). The discussabbout the mitigation of greenhouse gas
emissions of transport would benefit from such aletiog approach in order to assess interesting
topics such as improved public transport networlgfaeight network intermodality.

Electricity networks play a substantial role in thenetration of renewable electricity generation.
Leuthold et al. (2009) show the impact of additionand power on the European transmission grid.
While the amount of additional grid investmentstheir study is modest, the integration of solar
power from the Middle East and northern Africa ittte European grid imposes real challenges (DLR,
2006). In order to assess such scenarios in a @eaguilibrium framework, it would be useful to
integrate grid requirements. This can also be dsiteg the MCP framework.

However, for both, transport and electricity netkggrthe detailed modeling implies an increase in
data requirements. For every node in the netwodta dn production and demand need to be
collected. Furthermore, an increased number of feddpower plants increases the number of
installed capacities in the consumers’ endowmehtsordingly, income effects become larger and
models become computably less tractable. This @ointo the direction of falling back to
decomposition methods and building detailed traris@md energy system models. Efficient
decomposition methods for CGE models in MCP modelée been demonstrated by Rausch and
Rutherford (2007) and Rutherford and Tarr (20019rge number of consumers as well as Béhringer
and Rutherford (2009) for large scale energy systeodels. A combination of these approaches
would allow for the implementation of the spati@hdnsion into the energy system model and using
the aggregation approach for households to upsieddefrom the detailed geographical dimension to a
representative agent in the CGE model. A similgsraach is implementable for transport system

models.
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Appendix A Additional results for Chapter 4

Table 34: Correspondence of GTAP6 and model commdais
GTAP GTAP

Label Description Label Description
Agriculture (AGR)
b t Beverages and tobacco products omt Meat ptedec
c b Sugar cane sugar beet osd Oil seeds
cmt Meat: cattle, sheep, goats, horse pcr Prodegse
ctl Cattle, sheep, goats, horses pdr Paddy rice
frs Forestry pfb Plant-based fibers
fsh Fishing rmk Raw milk
gro Cereal grains nec sgr Sugar
lea Leather products tex Textiles
lum Wood products v_f Vegetables fruit nuts
mil Dairy products vol Vegetable oils and fats
oap Animal products nec wap Wearing apparel
ocr Crops nec wht Wheat
ofd Food products nec wol Wool silk-worm cocoons
Energy intensive production (EINT)
fmp Metal products nmm Mineral products nec
i s Ferrous metals ppp Paper products publishing
nfm Metals nec
Industrial transport (TRN)
atp Air transport wtp Sea transport
otp Other transport (road, rail, pipeline)
Industries and services (MAC)
cgds Aggregate investment ome Machinery and eqgripmec
cmn Communication omf Manufactures nec
cns Construction omn Minerals nec
Public administration, defense, health,

crp Chemical, rubber, plastic products 0sg and education
dwe Dwellings otn Transport equipment nec
ele Electronic equipment ros Recreation and atberices
isr Insurance trd Trade
obs Business services nec witr Water
ofi Financial services nec

Natural gas (gas)
gas Natural gas gdt Natural gas manufacture &illigton

Not aggregated
coa Coal oll Crude oll
ely Electricity p_c Petroleum coal products

mvh’ Motor vehicles and parts
* Relabeled as CAR sector; nec: not elsewhereifileds
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Table 35: Correspondence of GTAP6 and model regions

GTAP Description GTAP Description
Label Label
Annex |
aus Australia tur Turkey
can Canada usa United States
che Switzerland xef Rest of EFTA
jpn Japan xer Rest of Europe
nzl New Zealand Xsu Rest of Former Soviet Union
rus Russian Federation
Benelux

bel Belgium nid Netherlands
lux Luxembourg

Remaining east European countries
bgr Bulgaria ltu Lithuania
cyp Cyprus mit Malta
cze Czech Republic rom Romania
est Estonia svk Slovakia
hun Hungary svn Slovenia
Iva Latvia

Rest of the world

alb Albania twn Taiwan
arg Argentina tza Tanzania
bgd Bangladesh uga Uganda
bra Brazil ury Uruguay
bwa Botswana ven Venezuela
chl Chile vnm Vietnam
chn China xap Rest of Andean Pact
col Colombia xca Central America
hkg HongKong xch Rest of the Caribbean
hrv Croatia xea Rest of EastAsia
idn Indonesia xfa. Rest of FTAA
ind India xme Rest of Middle East
kor Korea xna Rest of North America
Ika SriLanka xnf. Rest of North Africa
mar Morocco X0C Rest of Oceania
mdg Madagascar Xsa Rest of South Asia
mex Mexico XSC Rest of South African CU
moz Mozambique xsd RestofSADC
mwi Malawi xXse Rest of Southeast Asia
mys Malaysia Xsm Rest of South America
per Peru XSS Rest of Sub-Saharan Africa
phl Philippines zaf. SouthAfrica
sgp Singapore zmb Zambia
tha Thailand zwe Zimbabwe
tun Tunisia

Remaining west European countries
aut Austria grc Greece
irl Ireland prt Portugal

Non-aggregated European regions are not listed.

111



Table 36: Selected carbon prices in the SECTORAL soario [$/t CO,)

Manufacture Electricity  Energy Refined Industrial Household

and services intensives oils transport transport
Benelux 26.28 10.85 19.98 33.89 71.17 200.88
Denmark 33.08 9.03 14.64 156.35 47.44 232.90
Finland 30.63 9.74 30.66 36.14 63.06 159.36
France 19.76 8.23 19.64 60.82 50.62 231.52
Germany 16.46 6.83 15.38 55.09 54.06 152.17
Italy 20.92 8.80 18.42 45.02 56.39 178.02
Poland 0 0 0 0 0 0
Spain 11.53 3.94 13.79 40.80 27.69 93.74
Sweden 40.11 7.79 74.82 47.92 44.15 156.90
United Kingdom 16.08 8.35 18.01 58.45 71.81 232.12
Western EU 15.19 4.68 10.89 49.17 23.96 90.83
Eastern EU 0 0 0 0 0 0

Table 37: National carbon prices [$/t CQ]

NATIONAL ETS ETSCLOSED TRN ETSTRN ETS EXEMPT TRN

Benelux 27.31 31.10 29.20 29.46 29.34
Denmark 21.21 23.70 24.49 25.29 25.01
Finland 19.84 23.00 22.80 23.42 23.15
France 32.79 34.47 34.06 34.21 34.23
Germany 14.70 16.03 15.40 15.70 15.59
Italy 21.74 25.03 24.40 25.01 24.84
Poland 0.00 1.30 0.00 1.35 1.36

Spain 10.23 10.73 10.19 10.70 10.56
Sweden 43.24 46.73 46.57 46.73 46.54
United Kingdom 18.32 19.81 19.37 19.77 19.73
Western EU 10.35 10.81 10.38 10.69 10.49
Eastern EU 0.00 0.57 0.00 0.27 0.25

Annex | 4.36 4.25 4.31 4.24 4.24

Rest of the World 0.00 0.00 0.00 0.00 0.00

Table 38: European carbon prices [$/t CQ

FULL ETS ETS CLOSED TRN ETS TRN ETS EXEMPT TRN
Electricity 8.77 6.16 9.81 7.27 8.10
Transport 8.77 17.71 7.27 0.00
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Table 39: Export of carbon permits [Mt CO,]

Full ETS ETS CLOSED TRN ETS TRN ETS EXEMPT TRN
Benelux -32.329  -18.412 -14.641 -21.733 -22.074
Denmark -5.419 -4.967 -3.477 -5.184 -5.218
Finland -5.270 -5.297 -3.734 -5.318 -5.207
France -38.474  -10.779 -8.955 -20.658 -23.052
Germany -44.083  -47.199 -25.252 -44.520 -43.011
Italy -32.366  -26.304 -19.136 -28.856 -29.239
Poland 92.992 71.684 57.802 77.399 79.780
Spain -3.203 -7.721 -0.379 -6.288 -7.368
Sweden -6.832 -2.871 -2.505 -5.693 -6.230
United Kingdom | -41.055  -34.207 -22.157 -33.899 -33.322
Western EU -3.539 -8.042 -0.850 -6.461 -7.200
Eastern EU 119.580 94.114 43.283 101.209 102.140
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Table 40: Compliance cost [billion $]

SECTORAL NATIONAL FULL ETS ETS CLOSED TRN ETSTRN E TS EXEMPT TRN

Benelux 2.599 1.374 0.158 0.776 0.698 0.609 0.615
Denmark 0.613 0.221 0.044 0.074 0.092 0.062 0.065
Finland 0.412 0.191 0.038 0.054 0.073 0.047 0.051
France 3.711 1.824 0.150 1.405 1.111 0.997 0.990
Germany 4.935 1.790 0.681 0.766 1.147 0.769 0.827
Italy 3.280 1.264 0.226 0.507 0.551 0.396 0.409
Poland 0.000 0.000 0.449 0.184 0.477 0.259 0.309
Spain 0.783 0.317 0.244 0.181 0.374 0.197 0.207
Sweden 0.641 0.393 0.020 0.248 0.120 0.093 0.091
United Kingdom 0.679 0.289 0.213 0.150 0.329 0.167 0.178
Western EU 4.382 1.621 0.416 0.743 0.919 0.708 0.738
Eastern EU 0.000 0.000 0.501 0.195 0.553 0.282 0.324
EU 27 22.034 9.284 3.140 5.283 6.444 4.586 4.803
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Table 41: Emission reduction of selected sectors [Po

NATIONAL FULL ETS ETS CLOSED TRN ETS TRN ETS EXEMPT TRN

ELE HTRN TRN | ELE HTRN TRN | ELE HTRN TRN | ELE HTRN TRN | ELE HTRN TRN | ELE HTRN TRN
Benelux 29.5 3.3 7.8 11.4 0.9 2.2 9.8 3.0 6.6 14.0 1.8 4.1.0 0.6 15 119 0.1 -0.3
Denmark 33.4 2.1 9.7 16.6 0.7 3.9 12.9 2.4 104 190 1.7 8 7.14.9 0.6 3.2 16.2 -0.2 -0.3
Finland 26.4 2.4 5.8 12.4 0.9 2.2 9.2 2.7 5.0 14.4 2.0 4.60.7 0.7 1.7 119 -03 -0.2
France 35.3 2.6 9.7 13.2 0.4 2.2 11.9 2.4 95 16.4 11 4.83.0 0.3 1.8 140 -03 -0.4
Germany 26.1 14 4.1 16.8 0.7 2.2 12.6 1.4 39 18.9 1.6 4.44.5 0.5 1.7 159 -03 -0.3
Italy 25.4 1.9 5.9 12.1 0.6 2.1 9.7 2.0 59 14.0 1.4 4.30.9 0.4 1.7 119 -03 -0.2
Poland -2.2 -0.5 -1.1] 229 0.0 5.1 16.6 -0.9 0.4 25.0 2.09.8 19.3 0.1 4.1 211 -1.3 0.1
Spain 21.2 0.9 3.7 18.9 0.8 3.3 14.1 1.0 37 20.8 1.9 6.716.2 0.6 2.7 176 -0.3 -0.3
Sweden 43.7 5.8 16.4| 14.9 0.9 3.4 12.6 5.6 165 17.6 21 .9 6140 0.7 2.8 152 -0.2 -0.3
United Kingdom | 28.8 1.4 4.4 15.8 0.6 1.9 12.1 14 4.3 18.0 13 3.93.9 0.4 15 152 -0.2 -0.2
Western EU 19.0 0.9 4.1 16.4 0.8 3.9 12.1 1.0 4.2 18.2 1.9 7.84.0 0.6 3.1 153 -04 -0.4
Eastern EU -2.8 -0.7 -1.3] 199 0.5 5.3 143 -11 -0)1 213 3.09.6 16.6 0.4 4.1 180 -14 0.1

Legend: ELE: Electricity; HTRN: Household own prded transport; TRN: Industrial transport
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Table 42: Sensitivity results substitution elasti¢y between own transport and consumption [%
HEV vs. BAU]

ETS CLOSED ETS EXEMPT

NATIONAL ETS TRN ETS TRN TRN
0 -0.413 -0.328 -0.311 -0.179 -0.11
0.1 -0.413 -0.328 -0.311 -0.179 -0.11
0.2 -0.413 -0.329 -0.311 -0.179 -0.11
0.3 -0.413 -0.329 -0.311 -0.179 -0.11
0.4 -0.413 -0.329 -0.311 -0.179 -0.11
0.5 -0.414 -0.329 -0.311 -0.179 -0.11
0.6 -0.414 -0.329 -0.312 -0.179 -0.11
0.7 -0.414 -0.329 -0.312 -0.179 -0.11
0.8 -0.414 -0.329 -0.312 -0.179 -0.11
0.9 -0.414 -0.329 -0.312 -0.179 -0.11
1 -0.414 -0.329 -0.312 -0.179 -0.11

Default value is marked in grey.

Table 43: Sensitivity results fuel price demand ekticity [% HEV vs. BAU]

ETS CLOSED ETS EXEMPT

NATIONAL ETS TRN ETS TRN TRN
0 -0.39 -0.31 -0.30 -0.18 -0.12
0.1 -0.40 -0.32 -0.30 -0.18 -0.12
0.2 -0.41 -0.32 -0.31 -0.18 -0.11
0.3 -0.41 -0.33 -0.31 -0.18 -0.11
0.4 -0.42 -0.34 -0.32 -0.18 -0.11
0.5 -0.43 -0.34 -0.32 -0.18 -0.11
0.6 -0.43 -0.35 -0.33 -0.18 -0.10
0.7 -0.44 -0.36 -0.33 -0.18 -0.10
0.8 -0.45 -0.36 -0.34 -0.19 -0.10
0.9 -0.45 -0.37 -0.34 -0.19 -0.10
1 -0.46 -0.38 -0.34 -0.19 -0.09

Default value is marked in grey.

Table 44: Sensitivity results substitution elastity other transport cost [% HEV vs. BAU]

ETS CLOSED ETS EXEMPT

NATIONAL ETS TRN ETS TRN TRN
0 -0.414 -0.329 -0.311 -0.179 -0.11
0.1 -0.414 -0.329 -0.311 -0.179 -0.11
0.2 -0.414 -0.329 -0.311 -0.179 -0.11
0.3 -0.414 -0.329 -0.311 -0.179 -0.11
0.4 -0.414 -0.329 -0.311 -0.179 -0.11
0.5 -0.414 -0.329 -0.311 -0.179 -0.11
0.6 -0.414 -0.329 -0.312 -0.179 -0.11
0.7 -0.414 -0.329 -0.312 -0.179 -0.11
0.8 -0.414 -0.329 -0.312 -0.179 -0.11
0.9 -0.414 -0.329 -0.312 -0.179 -0.11
1 -0.414 -0.329 -0.312 -0.179 -0.11

Default value is marked in grey.
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Table 45: Sensitivity results substitution elasti¢y own and purchased transport [YoHEV vs.
BAU]

ETS CLOSED ETS EXEMPT

NATIONAL ETS RN ETS TRN TRN
0 -0.414 -0.329 -0.311 -0.179 -0.11
0.1 -0.414 -0.329 -0.311 -0.179 -0.11
0.2 -0.414 -0.329 -0.311 -0.179 -0.11
0.3 -0.414 -0.329 -0.311 -0.179 -0.11
0.4 -0.414 -0.329 -0.311 -0.179 -0.11
0.5 -0.414 -0.329 -0.311 -0.179 -0.11
0.6 -0.414 -0.329 -0.311 -0.179 -0.11
0.7 -0.414 -0.329 -0.311 -0.179 -0.11
0.8 -0.414 -0.329 -0.311 -0.179 -0.11
0.9 -0.414 -0.329 -0.311 -0.179 -0.11
1 -0.414 -0.329 -0.311 -0.179 -0.11

Default value is marked in grey.
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Appendix B GAMS codes for the international model

GAMS code to calibrate household transport

$title Calibration of the International Transport E

$ontext
ek STRUCTURE
(1) LOAD AND RENAME GTAP DATA
2) SEPARATE HOUSHOLD TRANSPORT SECTOR

3) CREATE HOUSEHOLD TRANSPORT SECTOR HTRN

(
(
(4) CALIBRATE EMISSIONS
(5) SAVE DATA TO GDX

*errx OPTIONS

ds: name of GTAP6 source file
datadir: name of data directory
out: name of output file

trn: label of transport sector
xls: name of xIs file containin

*kk Additional files
gtap6data.gms rutherford tool to load GT
http://www.mpsge.org/gtap6/

REFERNECES:

Paltsev et al. (2004): "Dissaggregating Household T
MIT Joint Program on the Science and Polic
Technical Note No 5

$offtext

* GTAP 6 input file
$setds ET_TRN
$set out ET_TRN_htrn

* Assign default values

$if not set datadir $set datadir "..\data\"
$if not set trn $set trn "trn"

$if not set xls $set xIs trn_shares

* Check inputs

$if not set ds $abort "###### Specify Data Source #
$if not exist "%datadir%%ds%.gdx" $abort "#HHH#HH# S
$if not exist "%datadir%%xIs%.xls" $abort "##H#H

mission Trading Model

g additional data

APG6 data

ransport in the MIT-EPPA Model".
y of Global Change.

"
ource File Missing #####H"
Additional Data File Missing #####"

. I
R HHH

.
HHH
HHHHHHHHHHH HHHHHHHHHH

.
R R R

HHHHHHHT 1

*

(1) LOAD AND RENAME GTAP

STNTRTNTR NI RTNTRTRTNTRTNTNT] Ty, TR TN TN TR TN IR TN TR IR T RTN TN IR TN TRTNIIN]

HHHHHHHHHHHH AR

DATA

* Load data using GTAPG6 tools
$include gtap6data

par amet er
yo total output 10"9$
do output to domestic market 10"9$
e0 exports 10"9%
to output tax
ido intermediate inputs 10"9%
pio intermediate input price
ti intermediate input tax
fdo factor demand 10"9%
pfo factor purchase price
tf factor tax
c0 total private consumption (incl tax) 10"9%
cd0 private consumtion 10"9$
pcOo private consumption purchase price
tc tax on private consumption
fsO factor supply 10"9%
invo investment
g0 total public consumption (incl tax) 10"9$
gdo public consumption 10"9$
pgo public consumption purchase price
tg tac on public consumption
bop balance of payment 1079%
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ctax direct consumer tax 1079%

a0 armington output 10"9$

mO0 aggregated imports 1079%

mad0 transport margin demand fo imports 10"9$

mdO import by countries 10"9%

tm tax on imports

te tax on exports

pmO bilateral import price

ma0 trnsport margin 10"9%

mae0 transport margin exports by country 10"9$%

pma0 margin price 10"9$

check check of equilibrium conditions should be zero
scal ar

rounding rounding factor for data 18/
* FIRM PARAMETER -----
e0(i,r) = round( sun{s, vxmd(i,r,s)) + vst(i,r), rounding);
dog,r) = round(vdpm(i,r) + vdgm(i,r) + sundj, vdfm(i,j,r)) + vdim(i,r), rounding);
yO(i,r) =e0(i,r) + do(i,rn);
to(i,r) = rto(i,r);
ido(i,j,r) = round(vdfm(i,j,r) + vifm(i,j,r), rounding);
ti(i,j,r)$id0(,j,r) = (rtfd(i,j,r)*vdfm(i,j,r) +r tfi(i,j,r)*vifm(i,j,r))/(id0(i,j.r));
piO(i,j.r) =1 +tii,j.n);
fdo(f,i,r) = round(vfm(f,i,r), rounding);
tf(f,i,r) = rtf(f,i,r);

pfo(fir) =1+ ti(in);

check( "zpf" ,i,r) = round(y0(i,r)*(1-to(i,r)) - (
sunyj, pio(,i,r)*id0(,i,r))

+ suntf, fdO(f,i,r)*pfo(f,i,r))
).8);
PRIVATE PARAMETER
¢do(i,r) = round(vdpm(i,r) + vipm(i,r),rou nding);
te(i,r)$cdo(i,r) = (vdpm(i,r)*rtpd(i,r) + vipm(i,r )*rtpi(i,r))/cdO(i,r);
pcO(i,r) =1+ tc(i,r);
c0o(r) = sunti, cdO(i,r)*pcO(i,r));
fsO(f,r) = round(evom(f,r),rounding);
invO(i,r) = round(vdim(i,r),rounding);
ctax(r) = suntf, evom(f,r)) - cO(r) - sunti, invO(i,r));
check( "inc" ,"x" ,r) = round(cO(r) + sun{i, invO(i,r)) + ctax(r)
- suntf, fsO(f,r)) ,8);
TRADE PARAMETER
mdO(i,r,s) = round(vxmd(i,r,s),rounding);
set
e0(i,r)$(not sun(s, mdo(i,r,s))) = 0;
tm(i,r,s) = rtms(i,r,s);
te(i,r,s) = -rtxs(i,r,s);
pmO(i,r,s) = (1+te(i,r,s))*(1+tm(i,r,s));
mado(i,j,r,s) = round(vtwr(i,j,r,s),rounding);
moO(i,r) = round(vigm(i,r) + vipm(i,r) + sun{j, vifm(i,j,r)),rounding);
mae0(i,r) = round(vst(i,r),rounding);
ma0(i) = round(vtw(i),rounding);
pmao(i,r,s) =1+tm(,r,s);
ao(i,r) =m0O(i,r) + do(i,r);
check( "imports" ,i,r) = round(mO(,r) - (
sun(s, mdo(i,s,r)*pmo(i,s,r))

+ sun((s,j), mado(j,i,s,r)*pma0(i,s,r))),8);

check(" margin ",i,"x") = round(maO(i) - sun{r, mae0(i,r)),8);
PUBLIC PARAMETER

gdo(i,r) = round(vdgm(i,r) + vigm(i,r),roun ding);
tg(i,r)$gdo(i,r) = (vdgm(i,r)*rtgd(i,r) + vigm(i,r) *rtgi(i,r))/gdo(i,r);
pgO(i,r) =1+tg(i,r);
go(r) = sundi, gdo(i,")*pg0(i.r));
bop(r) = round(vb(r),rounding);
check( "gov" , "x" ,r) =round(gO(r) - (

ctax(r)

+ sun{i, gdo(i,r)*tg(i,r))

+ sun{i, cdO(i,r)*tc(i,r))

+ sunq(i,j), idO(i,j,r)*ti(i,j,r)
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+ sunq((i,f), fdO(f,i,n)*tf(f,i,r))
+ sundi, yo(i,r)*to(i,r))
+ sun((i,s), tm(i,s,r)*mdo0(i,s,r)*(1+te(i,s,r)))
+ sun((i,j,s), tm(i,s,r)*mado(j,i,s,r))
+ sun((i,s),te(i,r,s)*mdo(i,r,s))
)
- bop(r),8);
di spl ay "Initial equilibrium condition check: " , check;
* (2) SEPARATE HOUSHOLD TRANSPORT SE CTOR
par anet er
es(r) share of own transportation in total expenditure
os(r) share of gasoline in refined oil consumption
own own transport spendings
gaso gasoline spendings
otc other transport costs
car car purchases
emi empirical total emissions by region
sharesHH data parameter

1

* Load data from xls
execut e "gdxxrw %datadir%%xIs%.xls 0=%datadir%e%xIs% par=sha

$gdxin "%datadir%%xIs%"
$load sharesHH

resHH rng=GAMS!A1"

es(r) = sharesHH(r, "ES");
os(r) = sharesHH(r, "0s");
emi(r) = sharesHH(r, "emi" )/1000;
own(r) =es(r)*co(r);
gaso(r) = cd0( "p_c" ,n*os(r);
car(r) =cdO( "car" ,r);
otc(r) = (own(r) - gaso(r)*pcO( "p_c" ,r) - car(r)*pcO( ,N)pco( "mac" ,r);
* (3) CREATE HOUSEHOLD TRANSPORT SEC TOR HTRN
i( "htrn" )= vyes;
set
trn(*) set of transport modes
1%trn%/
ai spl ay trn;
* CARS
ido( "car" , "htrn" ,r)  =car(r);
ti¢ “car" , "htrn" ) = te("car",r);

pio( “"car" , "htrn" r) =1+ ti("car","htrn",r);

* FUELS

ido( "p_c" , "htrn" ,r)  =gaso(r);

ti¢c "p_c" , "htrn" ) =tc("p_c",n);

pio( "p_c" ,"htrn" ,r) =1 +1ti("p_c","htrn",r);

* OTHER TRANSPORT COST

idO( "mac" , "htrn" ,r) = otc(r);

ti( "mac", "htrn" ,r)  =tc("mac",r),

pio( "mac" , "htrn" ,r) =1 +ti("mac”,"htrn",r);

* TRANSPORT

idO(trn,  "htrn" 1) = cdO(trn,r);

ti(trn, "htrn" ,r) = te(trn,r);

piO(trn,  "htrn" ,r) =1 + ti(trn,"htrn",r);

*OUTPUT

yo( "htrn" ,r) =own(r) + sun(i$trn(i), cdO(i,r)*pcO(i,r));
do( "htrn" r) =y0("htrn",r);

a0( "htrn" r) =dO("htrn",r);

* Correct household sector

cdOo( "car" r) =0;

cdo( "p_c" ,n) =cd0O("p_c",r) - gaso(r);
cdO( "mac" ,r) = cdO("mac",r) - otc(r);
cdO( "htrn" ,r) =y0("htrn",r);
cdO(trn,r) =0;

te( "htrn" 1) =0;
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pcO( "htrn" ,r) =1+ te("htrn",r);

c0(r)
ao(,r)

= sundi, pcO(i,r)*cdO(i,n);
=mO(i,r) + do(,r);
* Again check of zero profit and income conditions
check( "zpf" ,i,r) = round(yO(i,r)*(1-to(i,r)) - (
sunj, pio(,i,r)*id0(,i,r))
+ suntf, fdO(f,i,r)*pfO(f,i,r)
).8);

check( “inc" ,"x" ,r) = round(cO(r) + sungi, invO(i,r)) + ctax(r)
- sun(f, evom(f,r)) ,8);

check( "gov" , "x" ,r) =round(gO(r) - (

ctax(r)
+ sundi, gdo(i,r)*tg(i,r))
+ sun{i, cdo(i,r)*tc(i,r))
+ sun{(i,j), idO(i,j,r)*tii.j,r)
+ sun{((i,f), fdO(f,i,r)*tf(f,i,r))
+ sungi, yO(i,r)*to(i,r))
+ sun((i,s), tm(i,s,r)*mdo0(i,s,r)*(1+te(i,s,r)))
+ sun((i,j,s), tm(i,s,r)*vtwr(j,i,s,r))
+ sun{(i,s),te(i,r,s)*mdO0(i,r,s))
)
- bop(r),8);
di spl ay "Final equilibrium condition check: " , check;

* Split energy data
evf( "p_c" ,"htrn" ) =evh( "p_c" ,n*os(r);

evh( "p_c" ,r) = (1-os(r))*evh( "p_c" )

*H# HHHHHH HHH HH HiHH HH#H

* (4) CALIBRATE EMISSIONS

scal ar convert converstion factor Mtoe -> EJ /0.04186798/ ;

evf(i,j,r) = convert*evi(i,j,r);
evh(i,r) = convert*evh(i,r);

par anet er
emic emission coefficient Source:IPCC Guidelines
co20 benchmark carbon emissions in Gt

emic( "coa" ,i,r) =0.101;

emic( "gas" ,i,r) =0.0583;

emic( "p_c" ,i,r) =0.0792;

emic( "coa" , "htrn" r) =0.101;

emic( "gas" , "hh" r) =0.0583;
emic( "p_c" , "hh" 1) =0.0792;

* Assign special factor for household transport
emic( "p_c" , "htrn" ) =0.0675;
emic( "p_c" ,i,n)$trn(i) = 0.0675;

* Carbon emission below 1 Million t are neglected

€020(i,j,r)$id0(i,j,r) = round(emic(i,j,r)*evf(i Ji0D,3);
* Account for transformation input in refineries (~ 7% are combustion input, Eurostat energy
* tables)
co20(i, "p_c" ) = c020(i, "p_c" ,n*0.07;
c020(i, "hh" ,r$cdO(i,r) = round(emic(i, "hh" ,n*evh(i,r),3);
c020( "total" ,i,r) = sunfj, co20(,i,r);
co20( "total" , "hh" ;1) = sunfi, co20(i, "hh" ,n);
co20( "total" , "region" ,r)= sunfi, co20(  "total" ,i,r)) + co20( "total" , "hh" ,r);
di spl ay co020;
e SCALE EMISSIONS TO EMPIRICAL D ATA oo
* If no empirical emission data are provided take c alibrated data:
emi(r)$(not emi(r)) = co20( "total" , "region" ,r);
par anet er
checkemi check of calibrated emission deviation from empiric al emissions

1

checkemi( "predicted"  ,r) =c020( "total" , "region" ,r);
checkemi( “"empirical” ,n) = emi(r);
checkemi( "abs dev" ,r) =c020( "total" , "region" ,r)- emi(r);

121



checkemi( “"reldev" ,r) =(co20( "total" , "region" ,r)- emi(r))/co20( "total" , "region”

par amet er

correct(r) correction factor to meet empirical emissions
correct(r) =1 - checkemi( "rel dev" 1);
c020(i,j,r) = round(correct(r)*emic(i, j,nN*evi(i,j,n,3);
co20(i, "p_c" ,r) = c020(i, "p_c" ,n*0.07;
c020(i, "hh" ,r)$cdO(i,r) = round(correct(r)*emic(i, "hh" ,n*evh(i,r),3);
co20( "total" ,i,r) = sundj, co20(,i,r);
co20( "total" ,"hh" ) = sun{i, co20(i, "hh" ,n);
co20( "total" , "region" ,r)= sunfi, co20(  "total" ,i,r)) + co20( "total" , "hh" ,r);
checkemi( “predicted2" ., = co020( "total" , "region" 1);
checkemi( "abs dev2" ) =c020( "total" , "region" ,r)- emi(r);
checkemi( "rel dev2" ,r) =(co20( "total" , "region" ,r) - emi(r))/emi(r);
di spl ay checkemi;
par anet er

co20shares share of sectors in emissions
co20shares(i,r) = co20("total",i,r)/co20( "total" , "region" ,1);

co20shares( "hh" ,r) = co20( "total" , "hh" ,r)/co20(  "total" , "region" r);
di spl ay co20shares, co20;

STRTRTRTETT

* (5) SAVE DATA TO GDX

$if not set out $exit

execut e_unl oad "%datadir%%out%.gdx"  co20, i, f, r, rnum, mf, sf,
y0, d0, €0, to, id0, piO, ti, fdO, pf0, tf
0, cdO, pcO, tc, fsO, invO,
g0, gdo, pg0, tg, bop, ctax,
a0, m0, madO, mdoO, tm, te, pm0, ma0, mae0, pmao,
etrae, esubva, esubm, esubd, eta, epsilon
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GAMS model codes

The model is written in a modular formall.gmsis the main file. In this file the data source dhed
scenarios are defined. It calataload.gmswhich loads the data and performs additional data
manipulation. Afterwards the filenodel.gmss included which generates the MPSGE model. The
selected scenarios are computed and the resulssaaiesl. Finally, the results are exported to Extel

a pivot table friendly format.

Figure 12: Programming flow chart

|

«———— | dataload.gms

— model.gms

<—— | Scenario_1.gm§ «——— | report.gms

call.gms

+<—> | Scenario_l1.gmd «—>| report.gms
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call.gms

$title Call File for European Transport Emission Tr
$ontext
STRUCTURE:
(1) ASSIGN INPUTS FILES AND LOAD DATA
(2) DEFINE POLICY PARAMETER
(3) GENERATE MODEL
(4) INVOKE SCENARIOS
(5) CREATE RESULTS FILE

*errx OPTIONS

ds: name of data source gdx
results: name of result file

model: model file name

datadir: name of data directory
resultsdir:  directory for results
scenariodir:  directory with scenario fi
scale: scaling value for monetary
sensi: yes if sensitivity analysi

*kk ELASTICITIES

ading Model

les
data; orginal unit is 19**9 $
s is performed

PEtrn: price elasticity of demand of transport fuels
default: 0.3
esub_htop:  substitution between consu mption and transport
default: 0.3
esub_htrn:  substitution purchased vs own transport
default: 0.2
esub_hotc:  substitution other transpo rt costs
default: 0.5
$offtext
* (1) ASSIGN INPUTS FILES AND LOAD DATA
M T HIHHH
* Set Inputs
$set ds ET_TRN_HTRN
$set model model
$set results results_tax
* Assign default values
$if not set datadir $set datadir "..\data\"
$if not set debug $set debug no
$if not set resultsdir $set resultsdir "..\results\ "
$if not set scenariodir $set scenariodir "..\scenar ios\"
$if not set PEtrn $set PEtrn 0.3
$if not set scale $set scale 1
$if not set sensi $set sensi no
* Check inputs
$if not set ds $abort "#####H Specify Data Soource B
$if not set model $abort "##### Specify model file A"
$if not exist "%datadir%%ds%.gdx" $abort "#HE#H#HE S ource File Missing #####H"
* Install default elasticities
$if not set PEtrn $set PEtrn 0.3
$if not set esub_htop $set esub_htop 0.5
$if not set esub_htrn $set esub_htrn 0.2
$if not set esub_hotc $set esub_hotc 0.5
$if not set etagas $set etagas 1
$if not set etaoil $set etaoil 1
$if not set etacoa $set etacoa 0.5
* Load data
$include dataload
* (2) DEFINE POLICY PARAMETER
M T HIHHHHHHHHH
par anet er
carblimi(r) endowment for first trading system
carblimli(r) endowment for second trading system
carblimlli(r) endoement for third trading system
carblimS(*,r) endowment for sectoral policy
keynes one if keynesian closure is used 10/
carblimi(r)y =0;
carblimli(r) =0;
carblimlli(r) =0;
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carblimS(i,r) =0;
carblimS("hh",r) = 0;

set
etsl(*,r) sectors under emission trading system |
etsll(*,r) sectors under emission trading system I
etslli(*,r) sector under emission trading system Ill
intl(r) countries which participate in international trade with system |
intli(r) countries which participate in international trade with system I
intllI(r) countries which participate in international trade with system Ill
exempted(*,r) sector exempted from carbon policy
euets(*) sectors under European emissions trading
euetsll(*) sector under European emission trading Il
etsl(i,r) = no; etsl("hh",r) = no; etsll(i,r) = no; etsli("hh",r) = no; etslll(i,r) = no;
etslli("hh",r) = no; intl(r) = no; intll(r) = no; intlli(r) = no; exempted(i,r) = no;
euets(i) = no; euetsll(i)= no;
par anmet er redu reduction requirements by countries (effort sharing )
/
dnk 0.20
fin 0.16
fra 0.14
deu 0.14
gbr 0.16
ita 0.13
esp 0.10
swe 0.17
pol -0.14
ben 0.16
weu 0.10
eeu -0.15
ani  0.05

/

$include "model"

$include "%scenariodir%benchmark"
$include "%scenariodir%Sectoral”
$include "%scenariodir%National”
$include "%scenariodir%Full”

$include "%scenariodir%ETS"

$include "%scenariodir%ETS_closed_trn"
$include "%scenariodir%ETS_trn"
$include "%scenariodir%ETS_exempt_trn"

$if not set results $exit

$if exist "%resultsdir%%results%.xIs" $call "rm %re
$set workbook "%resultsdir%%results%"

$set pivotids pivotids.txt

$batinclude pivotdata activity scenario type from t
$batinclude pivotdata price Scenario Variable From
$batinclude pivotdata abatement Scenario Sector Reg
$batinclude pivotdata carbon Scenario Sector Region
$batinclude pivotdata reduction Scenario Sector Reg
$batinclude pivotdata carbonlim Scenario Sector Reg
$batinclude pivotdata carbontrade Scenario System R
$batinclude pivotdata reduction Scenario Sector Reg
$batinclude pivotdata report Scenario Stat Region
$batinclude pivotdata trntax Scenario Type Sector R
$batinclude pivotdata htrnshares Type Input Region
$batinclude pivotdata tot scenario type Region
$batinclude pivotdata eint input sector region
$batinclude pivotdata cint region

$batinclude pivotdata expo scenario type level comm
$batinclude pivotdata fueltax sector region

sultsdir%%results%.xIs'

0 region
To Region
ion

ion

ion

egion

ion

egion

odity region
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dataload.gms

$title Data load for EU transport Emission Trade Mo del
$ontext
STRUCTURE:
(1) LOAD ALL RELEVANT DATA FROM GDX
(2) DEFINE NESTING SETS
(3) DEFINE AND ASSIGN ELASTICITIES
(4) ADDITIONAL CALIBRATION OF SECTO SP ECIFIC RESOURCES
(5) DEFINE REPORT PARAMETER
$offtext
* (1) LOAD ALL RELEVANT DATA FR OM GDX
*H H H f HH f FHHH £ H £
set
i set of commodities
f set of factors
r set of regions
rnum(r) numeraire region
mf(f) mobile factors
sf(f) sluggish factors

éload i frrnum mf sf
alias (ij), (r,s);

set

eu(r) EU 27 countries

/dnk, fin, fra, deu, gbr, ita, esp, swe, pol, ben,
annexI|(r) remaining annex | countries
/ani/

nonannexl| non-annex | countries
nonannexI($(  not eu(r) and not annexl(r)) = yes;
par anet er

yo total output 10"9$

do output to domestic market 10"9%

e0 exports 10"9$

to output tax

ido intermediate inputs 10"9%

pio intermediate input price

ti intermediate input tax

fdo factor demand 1079%

pfo factor purchase price

tf factor tax

c0 total private consumption (incl tax) 10"9%

cd0 private consumption 10"9%

pcO private consumption purchase price

tc tax on private consumption

fsO factor supply 10"9$

inv0 investment

g0 total public consumption (incl tax) 10"9$

gdo public consumption 10"9$

pgo public consumption purchase price

tg tax on public consumption

bop balance of payment 1079%

ctax direct consumer tax 10"9$

a0 Armington output 10"9$

mO0 aggregated imports 1079%

mad0 transport margin demand for imports 1079%

mdO import by countries 10"9%

tm tax on imports

te tax on exports

pmO bilateral import price

ma0 transport margin 10"9$

mae0 transport margin exports by country 10"9$%

pma0 margin price 10"9$

co20 carbon dioxide emission Gt

ra0 benchmark consumers income

gov0 benchmark government income

check check of equilibrium conditions should be zero

éload €020 y0 dO €0 to id0 pi0 ti fdO pfO tf
$load c0 cd0 pcO tc fsO inv0 g0 gd0 pgO tg bop ctax
$load a0 mO mad0 mdO tm te pmO ma0 mae0 pma0

*

Scale Values ------

scal ar scale scaling coefficient for values [%scale%/ ;

yoin =

weu, eeu/

yO(i,r)*scale;

1
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dogi,r) =dO0(i,r)*scale;
e0(i,r) = e0(i,r)*scale;
idO(i,j,r) =idO(i,j,r)*scale;
fdo(f,i,r) = fdO(f,i,r)*scale;
c0o(r) = c0(r)*scale;
cdo(i,r) = cdO(i,r)*scale;
fsO(f,r)  =1sO(f,r)*scale;

invo(i,r) = inv0(i,r)*scale;
go(r) = gO(r)*scale;
gdo(i,r)  =gdO0(i,r)*scale;
bop(r) = bop(r)*scale;
ctax(r) = ctax(r)*scale;
ao(,r) =a0(i,r)*scale;
moO(i,r) =mO(i,r)*scale;

mado0(i,j,r,s) = mado(i,j,r,s)*scale;

mdO(i,r,s) = mdo(i,r,s)*scale;
ma0(i) = ma0(i)*scale;
mae0(i,r) = mae0(i,r)*scale;

it

* (2) DEFINE NESTING SET S
set
nhtrn(i) only household transport
/htrn/
ntrn(i) transport sectors
ftrn/
next(i) extraction industries
/coa, gas, oil/
nene(i) all energy commodities
/coa, gas, p_c, ely/
nfof(i) nesting set fossil fuels
/coa, gas, p_c/
nely(i) nesting set electricity
lely/
ncoa(i) nesting set only coal
/coal
nlgd(i) nesting set liquid fossil fuels
/gas, p_c/
nc(i) nesting set normal = non-energy consumption commodi ties
nc()$( not nene(l) and not nhtrn(i)) = yes;
* (3) DEFINE AND ASSIGN ELASTIC ITIES
par amet er
ysub_top(i,r) substitution elasticity top level production
ysub_vae(i,r) substitution elasticity value added and energy aggr egate
ysub_va(i,r) substitution elasticity value added
ysub_ene(i,r) substitution elasticity electricity and fossil fuel aggregate
ysub_fof(i,r) substitution elasticity coal and liquid fossil fuel s

ysub_lgd(i,r)
ysub_out(i,r)
ysub_pur(i,r)
ysub_otc(i,r)
ysub_own(i,r)
csub_top(r)
csub_ce(r)
csub_c(r)
csub_e(r)
gsub_top(r)
msub(i,r)
dmsub(i,r)
tsub(i)
sfsub(f,r)

scal ar
PEtrn
sub_htop
sub_htrn
sub_hotc

1

* Production
ysub_top(i,r) =0;
ysub_vae(i,r) =0.8;
ysub_va(i,r) =1;
ysub_ene(i,r) =0.3;

substitution elasticity liquid fossil fuels

output transformation elasticity

substitution elasticity purchased transport in hous
substitution elasticity other transport cost in hou
substitution elasticity cars and other cost in hous
substitution elasticity top level private consumpti
substitution elasticity top level "normal” and ener
substitution elasticity top level "normal" commodit
substitution elasticity top level energy commoditie
top level elasticity public consumption

elasticity for imports from different countries
Armington elasticity

elasticity for transport margins from different cou
sector specific resource transformation elasticity

price elasticity for private fuel demand
substitution elasticity consumption transport
substitution elasticity purchased own transport
substitution elasticity other transport cost

ehold transport
sehold transport
ehold transport
on

gy commaodities
ies

S

ntries

/%PEtrn%/

/%esub_htop%/
/%esub_htrn%/
/%esub_hotc%/
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ysub_fof(i,r) =0.
ysub_lgd(i,r) =1
ysub_out(i,r) =2
ysub_vae(next,r) = 0;
ysub_va(next,r) =1;

5;

ysub_top(nhtrn,r) = sub_htop;
ysub_pur(nhtrn,r) = sub_htrn;
ysub_otc(nhtrn,r) =sub_hotc;
ysub_own(nhtrn,r) = PEtrn/(1-(id0O( "p_c" , "htrn" 1)/ sum(i$( not ntrn(i)), idO(i, "htrn" ,n)));

csub_top(r) =0.5;
csub_ce(r) =0.25;
csub_c(r) =0.5;
csub_e(r) =0.4;

gsub_top(r) =0;
msub(i,r) =5;
msub(nfof,r) =4;
msub(“p_c" ,r) =6;
msub("ely" ,r) =0.5;

dmsub(i,r) =2.5;
dmsub("ely" ,r) =0.3;
tsub(i) =1

sfsub(f,r) =0.0001;

mf(f) = yes; sf(f) = no;

mf("* res" )= no;sf( "res" )= vyes;

par anet er temptax temporary tax parameter

scal ar moveLR share moved to resources 0.5/ ;

| oop((next,nN$( not fdO( "res" ,next,r) and y0(next,r)),

tf( "res" ,next,r) =0;
fdO( "res" ,next,r) = fdO( "lab" ,next,r)*moveLR;
tf( "lab" ,next,r) =fdO( "lab" ,next,r)*tf( "lab" ,next,r)/((1-movelLR)
*fdO( "lab" ,next,r));
pfo( "lab" ,next,r) = 1 + tf( "lab" ,next,r);
fsO( "lab" 1) =1s0( "lab" ,r) - fdO( "lab" ,next,r)*moveLR;
fsO( "res" ,r)  =1s0("res",r) + fdO( "lab" ,next,r)*moveLR;
fdO( "lab" ,next,r) = fdO( "lab" ,next,r) - fdO( "lab" ,next,r)*moveLR;
)i
| oop(i$( not next(i)),
temptax(r)  =tf( "cap" ,i,r)*fdO( "cap" ,i,r) +tf( "res" ,i,r)*fdO( "res" ,i,r);
fdO( "cap" ,i,r) =fdO( "cap" ,i,r) + fdO( "res" i,r);
tf( "cap" ,i,r)$fd0( "cap" ,i,r) = (temptax(r))/fdo( "cap" ,i,r);
pfo( "cap" ,i,r) =1+ tf( "cap" ,i,r);
fdO( "res" ,i,r) =0;
)i
fsO(f,r) = suni, fdO(f,i,r));
par anet er
eta supply elasticity of fossil fuel supply
extshare share of sector specific resources in extractive in dustries

eta( "gas" )= %etagas%;

eta( "oil" )= %etaoil%;
eta( "coa" ) = %etacoa%;

extshare(next,r)$yO(next,r) = sunt(sf, fdO(sf,next,r)*pfO(sf,next,r))/y0(next,r);
ysub_top(next,r)$y0(next,r) = eta(next) * suntsf, fdO(sf,next,r)*pfO(sf,next,r))/y0(next,r);
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£ (5)

ESTTRTNTRTNTTRTNTRTNTTAT)

DEFINE REPORT PARA METER

T TN R N RN RN RN TR TN T R TN RN TN IR TN TR TN TR TN IRTNTR TN ITRTRTNI

par anet er
activity
price
carbon
carbonlim
reduction
report
abatement
carbontrade
intermediates
trntax
tot
expo
impo

report parameter for activities
report variable for prices

report variable for carbon

report of carbon limit

report of carbon reduction

other reports

report of abatement costs

report carbon trade

report on intermediate demand
report on tax income from transport sectors
report on terms of trade changes
exports

imports
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MPSGE code

$title International GTAP Model Including Household
opt i on solprint=off, limrow=0, limcol=0;

$ontext

$model:trnet

MR R B R R R B AR AR A A A A A AR R R L R R e B

* ECONOMY DEFINITION

R R T T R T R T

$sectors:
Y(i,r)$yo0(,r) !
C(r)
G(r)
M(i,r)$mO(i,r)
A(i,n$a0(i,r)
YT(i)$mao0(i)
E(i,j,n)$(a0(i,r) and id0(i,j,r) and nfof(
EC(i,r)$(cdO(i,r) and nfof(i))
FT(f,n$(sf(f) and fsO(f,r))
INV(r)$keynes
EMIT(i,r)$co20("total",i,r)
EMITH(r)
EXEMPT(i,r)$(exempted(i,r) and co20("total
EXEMPTH(r)$exempted("hh",r)

$commodities:
PY(i,r)$y0(i,r) !
PX(i,$e0(i,r)
PC(r)
PG(r)
PM(i,r)$mo(i,r)
PA(i,")$a0(,)
PT(i)$ma0(i)
PF(f,r)$fs0(f,r)
PET(f,i,n$(fdO(f,i,r) and sf(f))
PE(i,j,r)$(a0(i,r) and id0(i,j,r) and nfof
PEC(i,r)$(cdO(i,r) and nfof(i))
PINV(r)$keynes

Pcarbon(i,r)$co20("total",i,r)
Ecarbon(i,r)$(co20("total",i,r) and exempt
EcarbonH(r)$exempted("hh",r)
PcarbonH(r)

Pcarbl(r)$(carblimli(r) and not intl(r))
Pcarbli(r)$(carblimll(r) and not intll(r))
Pcarblli(r)$(carblimlli(r) and not intli(
Wocarbl$(sum(r, carbliml(r)) and card(intl)
WecarblI$(sum(r, carblimli(r)) and card(int
WearbllI$(sum(r, carblimlll(r)) and card(i
PcarbS(i,r)$carblimS(i,r)
PcarbH(r)$carblimS("hh",r)

$consumers:
RA(r) ! Representative Agent
GOV(r) ! Government

$auxiliary:
LS(r) ! Multiplier constraint for lump

R R T T TR T R T

* EMISSION SYSTEM

MR R AR B R R R B AR R A A A A A A AR R R L R R e B

$prod:exempt(i,r)$(exempted(i,r) and co20("total",i
O:Ecarbon(i,r) Q:1
I:Pcarbon(i,r) Q1

+ A:GOV(r) T:

$prod:exemptH(r)$exempted("hh",r)
O:EcarbonH(r) Q:1
I:PcarbonH(r) Q1

+ A:GOV(r) T:

$prod:emit(i,r)$co20("total",i,r)
O:Pcarbon(i,r)
I:Pcarbl(r)$(etsl(i,r) and carbliml(r) and
I:Pcarbli(r)$(etslI(i,r) and carblimli(r)
I:Pcarblll(r)$(etsllI(i,r) and carblimli(r
I:Wecarbl$(etsl(i,r) and carbliml(r) and in
I:Wcarbli$(etsll(i,r) and carblimli(r) and

Transport

B
HHRH T T T

Production activity

! Private consumption

I Government consumption

I Imports

! Armington aggregations

! International transport services
i)) ! Energy commodity with carbon

I Household energy commodities

I Sluggish factor transformation

! Investment sector

I Emission in industries

I Household emissions
"i,n)! Carbon exemption

! Household carbon exemption

Domestic commodity price
! Export price
! Private consumption price
! Public consumption price
! Import price
! Armington price
! Transport margin price
| Factor supply
! Price of sector specific factors

(@)) ! Price energy commodity with carbon

! Price household energy goods
! Price aggregated investments

! emission price in sectors
ed(i,r)) ! Carbon Price exempted sectors
! Carbon Price exempted household
I Emission price for household
! Permit price trading system |
! Permit price trading system ||

r)) ! Permit price trading system Il|
) I International permit price |
1)) !lInternational permit price Il

ntlll)) ! International permit price Il
! Sectoral carbon price
I Household carbon price

sum revenue recycling
THEH L B S (1

HHHHHHH R R
)

(-0.99999999)

(-0.99999999)

Q1
not intl(r)) Q:1
and not intll(r)) Q:1
) and not intlli(r)) Q:1
ti(r)) Q:1
intll(r)) Q1
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I:WcarbllI$(etsllI(i,r) and carblimlli(r)
I:PcarbS(i,r)$carblimS(i,r)

$prod:emitH(r)
O:PcarbonH(r)
I:Pcarbl(r)$(etsl("hh",r) and carbliml(r)
I:Pcarbli(r)$(etslI("hh",r) and carblimli(
I:Pcarblli(r)$(etsllI("hh",r) and carbliml
I:Wcarbl$(etsI("hh",r) and carblimi(r) and
I:Wcarbli$(etslI("hh",r) and carblimlI(r)
I:Wcarbll$(etsllI("hh",r) and carblimlli(
I:PcarbH(r)$carblimS("hh",r)

$prod:E(nfof,i,r)$(a0(nfof,r) and id0(nfof,i,r))

O:PE(nfof,i,r) Q:(id0o(nfo
I:PA(nfof,r) Q:id0(nfof

+ A:GOV(r)
I:Pcarbon(i,r)$(co20("total",i,r) and not

+ Q:co20(nfo
I:Ecarbon(i,r)$(co20("total",i,r) and exem

+ Q:co020(nfo

$prod:EC(nfof,r)$cd0(nfof,r)  s:0
O:PEC(nfof,r) Q:(cdO(nfo
I:PA(nfof,r) Q:cdO(nfof

+ A:GOV(r)
I:PcarbonH(r)$(not exempted("hh",r))

+ Q:co20(nfo
I:EcarbonH(r)$exempted("hh",r)

+ Q:co020(nfo

R R R R R R

* PRODUCTION

e

$prod Y (i,n$(y0(i,r) and not next(i) and not nhtrn
vae(s):ysub_vae(i,r)

+ va(vae):ysub_va(i,r) en

+ fof(ene):ysub_fof(i,r)

+ lgd(fof):ysub_lqd(i,r)
O:PY(i,r) Q:do(i,r)

+ A:GOV(r) T:
O:PX(i,r) Q:e0(i,r)

+ A:GOV(r) T:
I:PF(mf,r) Q:fdo(mf,i,r) P:

+ A:GOV(r) T:
I:PFT(sf,i,r) Q:fdO(sf,i,r) P:

+ A:GOV(r) T:
I:PA(j,r)$(not nfof(j)) Q:id0(,i,r) P:

+ A:GOV(r) T:
I:PE(nfof,i,r) Q:(idO(nfof,i,r)*p

+

$prod Y(nhtrn,r)$y0(nhtrn,r)  s:ysub_top(nhtrn,r
pur(s):ysub_pur(nh
+ otc(own):ysub_otc(
O:PY(nhtrn,r) Q:y0(nhtrn,r)
I:PA(i,r)$(not nfof(i)) Q:id0(i,nhtrn,r) P

+ A:GOV(r) T
I:PE(nfof,nhtrn,r)  Q:(idO(nfof,nhtrn,

$prod Y(next,r)$yO(next,r) s:iysub_top(next,r)
vae(s):ysub_vae(next,r)

+ va(vae):ysub_va(next,r)
O:PY(next,r) Q:dO(next,r)

+ A:GOV(r)
O:PX(next,r) Q:e0(next,r)

+ A:GOV(r)
I:PF(mf,r) Q:fdo(mf,next,r)

+ A:GOV(r)
I:PFT(sf,next,r) Q:fdO(sf,next,r)

+ A:GOV(r)
I:PA(j,n$(not nfof(j)) Q:idO(j,next,r)

+ A:GOV(r)

I:PE(nfof,next,r) Q:(idO(nfof,next,r

$prod:FT(sf,r)$(fsO(sf,r)) t:sfsub(sf,r)
O:PFT(sf,i,r) Q:fdO(sf,i,r)

and intlli(r)) Q:1
Q1

Q1
and not intl(r)) Q1
r)and notintli(r)) Q:1
II(r) and not intlli(r)) Q:1

intl(r)) Q:1
and intll(r)) Q:1
r) and intlli(r)) Q:1

Q1
s:0

f,i,r)*pi0(nfof,i,r))

4,0 P:pi0(nfof,i,r)
T:ti(nfof,i,r)

exempted(i,r))

f,i,r) P:1le-6

pted(i,r))

f,i,r) P:le-6

f,r)*pcO(nfof,r))
Ny P:pcO(nfof,r)
T:te(nfof,r)

f,"hh"r)  P:le-6
f,"hh"r)  P:le-6
HHHH R R R

e e
(i) s:ysub_top(i,r) tiysub_out(i,r)

e(vae):ysub_ene(i,r)

to(i,r)

to(i,r)

pfo(mf,i,r) va:

tf(mf,i,r)

pfo(sf,i,r) va:

tf(sf,i,r)

pio@,i,r) ene:$nely(j)

ti(,i,r)

i0(nfof,i,r)) fof:$ncoa(nfof)
Igd:$nlgd(nfof)

trn,r) own(s):ysub_own(nhtrn,r)
nhtrn,r)

:pi0(i,nhtrn,r) pur:$ntrn(i)
otc:$(not ntrn(i))

:ti(i,nhtrn,r)

r)*pi0(nfof,nhtrn,r)) own:

t:ysub_out(next,r)

T:to(next,r)

T:to(next,r)
P:pfO(mf,next,r) va:
T:tf(mf,next,r)
P:pfO(sf,next,r)
T:tf(sf,next,r)
P:pi0(j,next,r) vae:
T:ti(j,next,r)
)*pi0(nfof,next,r)) vae:
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I:PF(sfr) Q:fs0(sf,r)

$report:
V:exports(i,r) O:PX(i,r) Pr
Viintdem(i,j,r)$(not nfof(i)) :PA(,r)
V:intdem(i,j,r)$nfof(i) I:PA(,r)

e
* TRADE
Celbetb S L L L L e e e e e e
$prod:YT())$mao(i)  s:tsub(i)
O:PT(i) Q:ma0(i)
I:PX(i,r) Q:mae0(i,r)

$prod:M(i,)$mO(i,r)  s:msub(i,r)  s.t:0

O:PM(i,r) Q:moO(i,r)

1:PX(i,s) Q:mdo(i,s,r) P:
+ A:GOV(r) T:

+ A:GOV(s) T:
:PT(j)#(s) Q:mado(j,i,s,r) P:

+ A:GOV(r) T:

$prod:A(i,n$a0(i,r)  s:dmsub(i,r)

O:PA(i,r) Q:a0(i,r)

:PY(i,r) Q:do(i,r)

I:PM(i,r) Q:moO(i,r)
$report:

V:Imports(i,s,r) 1:PX(i,s) PR
Celbetb S L L L e e e e e e e
* FINAL DEMAND
FELGHEGE R I I ST
$prod:C(r) s:csub_top(r)

+ ce:csub_ce(r)

+ c(ce):csub_c(r) e(
O:PC(r) Q:c0(r)
I:PA(i,r)$(not nfof(i)) Q:cdo(i,r)  P:

+

+ A:GOV(r) T:
I:PEC(nfof,r) Q:(cdO(nfof,r)*pcO

$prod:G(r) s:gsub_top(r)

O:PG(r) Q:g0(r)

I:PA(,r) Q:gdo(i,r) P:

+ A:GOV(r) T:

$prod:INV(r)$keynes  s:0

O:PINV(r) Q:(sum(i, invO(i,r)

I:PA(,r) Q:invO(i,r)

R e e e
* ENDOWMENTS
R
$demand:RA(r) s:1

D:PC(r) Q:cO(r)
E:PF(f,r) Q:fsO(f,r)
E:PC(r) Q:(-ctax(n))

D:PINV(r)$keynes Q:(sum(i, invO(i,r
E:PA(i,r)$(not keynes) Q:(-invO(i,r))

$demand:GOV(r)
D:PG(r) Q:g0(r)
E:PC(r) Q:(ctax(r)
E:PC(rnum) Q:bop(r)

E:Pcarbl(r)$(not intl(r)) Q:carbliml
E:Pcarbll(r)$(not intli(r))  Q:carbliml
E:Pcarbll(r)$(not intllI(r)) Q:carbliml

E:Wcarbl$intl(r) Q:carbliml
E:WcarblI$intlI(r) Q:carbliml
E:WcarbllI$intllI(r) Q:carbliml
E:PcarbS(i,r) Q:carblimS
E:PcarbH(r) Q:carblimS

e e
* ADDITIONAL CONSTRAIN
R e e
$constraint:LS(r)

G(r) =E= 1,

od:Y(i,r)
Prod:Y(j,r)
Prod:E(i,j,r)
THEHI I I S ()

SRS AR R R R LR R R R e b B

pmO(,s,r) s.tl:
(tm(i,s,n)*(1+te(i,s,r)))
te(i,s,r)

pma0(i,s,r)

tm(i,s,r)

OD:M(i,r)
b A A A e e e e e

HHH T T T

ce):.csub_e(r)
pco(i,r)  c:$nc(i)
e:$nene(i)

te(i,r)
(nfof,r)) e:

pgO(i.r)

tg(i,r)

)

SRS AR R R R B R R R e b B

HHRH T T T

R:LS(r)
)
) R:LS(r)
()
I(r)
1(r)
()
I(r)
11(r)
@i.n)
("hh"r)
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B
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$offtext

$sysinclude mpsgeset trnet
trnet.workspace = 15;
trnet.reslim = 8000;
PC.FX(rnum) =1,

*

x ‘ REPLICATION CHECK
LsL(p) =1 ‘ ‘
LS.LO(r) = inf;

Pcarbon.L(i,r) =0;
PcarbonH.L(r)

Pcarbl.L(r) =0;
Pcarbll.L(r) =0;
Pcarblll.L(r) =0;
Wcarbl.L =0;
Wecarbll.L =0;
Wecarblll.L =0;
PcarbS.L(i,r) =0;
PcarbH.L(r) =0;
emit.L(i,r) = co20( "total"
emitH.L(r) =c020( "total"

trnet.iterlim = O;
$include trnet.gen

sol ve trnet using MCP;
trnet.iterlim = 100000;

di spl ay "precision of benchmark: "
abor t $(trnet.objval ge 1e-4)

* Save benchmark income values
rao(r) = RA.L(r);
govO(r)= GOV.L(r);

L)
L "hh" n);

, trnet.objval;

"Model does not replicate”
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Appendix C Additional tables for Chapter 5

Table 46: Private transport by trip purpose [billion pkm]

Work

ETS FUEL ETS
FUEL TAX SuUB

Leisure
Bench- ETS ETS
mark ETS AIR FUEL

Bus 80.309 80.367 80.370 80.237
Car 596.620 596.495 596.516 595.997
Metro/tram 8.759 8.767 8.768 8.741
Plane 41.091 41.094 40.966 41.126
Slow 38.495 38.278 38.281 38.336
Train 46.931 46.944 46.942 47.006
Total 812.205 811.944 811.843 811.442

11.347 .3611
233 .2297 327.344

28.834 .6928

945 .9381 381.979

11.361 11.352 11.319 11.554
327.352 327.279 326.979 318.421
483.3 3.339 3.305 3.496
2.830 322.8 2.820 2.838 2.863 2.737
28.693 28.751 29.021 37.586
048.4 8.404 8.420 8.491 8.184
381.979 381.979 381.979 381.979

Table 47: Private transport by trip distance [billion pkm]

Long

ETS ETS FUEL ETS
AIR FUEL TAX SUB

Short
Bench- ETS
mark ETS ETS AIR FUEL

Bus 90.495 90.566 90.569 90.428
Car 892.322 892.315 892.314 891.788
Metro/tram 12.101 12.115 12.115 12.080
Plane 0.111 0.111 0.110 0.111
Slow 65.760 65.409 65.413 65.525
Train 55.328 55.348 55.346 55.426
Total 1116.117 1115.864 1115.868 1115.358

303 5281. 31.524

1.161 611.1 1.162 1.161 1.161 1.180
31555 31488 31.327 31.350

0 0 0 O

43.813.6764 43.853 44.023 43.571

0 0 0 O

1.568 601.5 1.561 1.562 1.571 2.097

77.954 78.064 78.083 78.198




Table 48: Private transport by travel period [billion pkm]

Peak Off-Peak
Bench- ETS ETS ETS FUEL ETS Bench- ETS ETS ETS FUEL ETS
mark AIR FUEL TAX SUB mark AIR FUEL TAX SUB
Bus 18.072 18.085 18.086 18.061 17.959 18.762 73.584 .6423 73.646 73.528 73.048 77.255
Car 165.283 165.303 165.307 165.230 164.902 162.680 .5868 758.537 758.562 758.046 755.836 751.974
Metro/tram 2.802 2.805 2.805 2.798 2.767 2.951 9.300 9.310 119.3 9.282 9.164 9.982
Plane 5.643 5.643 5.628 5.647 5.662 5.61p 38.279 38.2838.158 38.317 38.473 38.067
Slow 14.912 14.843 14.844 14.867 14.974 19.0[77 52.416 .1252 52.130 52.220 52.645 70.389
Train 9.257 9.260 9.260 9.272 9.324 9.18p 46.072 46.0876.086 46.154  46.453 45.993
Total 215,968 215.938 215.929 215.874 215.589 218.264 .2988 977.985 977.893 977.548 975.618 993.660
Table 49: Effects on domestic production [% vs berfamark]
ETS ETS ETS FUEL ETS ETS ETS ETS FUEL ETS
AIR FUEL TAX SuUB AIR FUEL TAX SuUB
Agriculture -0.02 -0.02 -0.11 -0.51 -0.05| Mining -0.12 -0.12 -0.28 -0.97 -1.19
Air transport 0.09 -0.37 0.58 2.70 -0.20| Motor vehicles -0.12 -0.12 -0.14 -0.19 -0.19
Coal -33.29 -33.30 -33.08 -31.81 -33.080ther transport -2.00 -2.00 -2.01 -2.04 -2.00
Energy intensives -0.13 -0.11 -1.24 -5.40 -0.18| Refined oils 0.50 0.51 0.44 0.18 -1.23
Electricity -3.04 -3.03 -3.06 -3.13 -3.11| Rail transport -0.03 -0.01 0.40 2.16 0.99
Natural gas -4.60 -4.60 -4.60 -4.59 -4.42| Services -0.86 -0.91 -1.18 -2.41 -1.20
Manufacture -4.26 -4.27 -4.18 -3.77 -4.11| Water transport -0.67 -0.67 -0.55 -0.02 21.75
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Table 50: Trade effects [% vs benchmark]

Exports Imports
ETS FUEL ETS FUEL

ETS ETS AIR FUEL TAX ETS SUB ETS ETS AIR FUEL TAX ETS SUB
Agriculture 0.23 0.24 -0.03 -1.18 0.29 -0.31 -0.31 -0.20 0.28 0.43
Air transport 0.32 -0.51 0.82 3.01 0.08 -0.30 -0.13 0.17 2.19 69-0.
Coal -33.79 -33.79 -33.56 -32.22 -33.56 -32.75 -32.75 258 -31.35 -32.55
Crude oll 0.00 0.00 0.00 0.00 0.00 -0.85 -0.90 -1.18 -2.40 191
Energy intensives -4.69 -4.69 -4.72 -4.80 -4.70 0.45 0.45 0.44 0.39 .250
Electricity -17.27 -17.26 -17.22 -17.01 -17.04 -0.93 -0.93 50.9 -1.00 -0.76
Natural gas -4.04 -4.06 -3.94 -3.40 -3.81 -4.74 -4.74 -4.72 5&4. -4.79
Nuclear fuel 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Manufacture -0.05 -0.05 -0.07 -0.14 -0.07 -0.28 -0.28 -0.29 320. -0.47
Mining -2.40 -2.40 -2.40 -2.37 -2.33 -1.48 -1.48 -1.51 611. -1.56
Motor vehicles 0.65 0.66 0.59 0.33 -1.02 0.06 0.07 0.00 -0.26 41.8
Other transport 0.32 0.35 0.31 0.14 1.38 -0.46 -0.44 0.50 4.70 0.52
Refined oils -1.75 -1.80 -2.07 -3.28 -2.06 0.53 0.48 0.19 -1.08 0.15
Rail transport -0.95 -0.94 -0.81 -0.19 21.45 -0.33 -0.33 -0.23 00.2 22.11
Services 0.46 0.47 0.45 0.41 0.53 -0.59 -0.59 -0.58 -0.55 .680
Water transport 7.18 7.25 8.02 11.75 8.51 -1.03 -1.02 -0.55 1.50 301
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Appendix D GAMS codes for the Small Open Economy nutel

Calibration procedure

The codes for the calibration are run in the oedethey are stated.

Extract the social accounting matrix from the German input-output table

$title Extract 10 table from XLS and save as GDX
$ontext
(1) EXTRACT BASE DATA
(2) EXTRACT PARAMETER
(3) LOAD ENERGY DATA
4) SPLIT CRUDE OIL SECTOR
(5) ENERGY AND EMISSION FLOWS
(6) SAVE PARAMETERS
Options:
- iot name of excel sheet contai
- pio: name of excel sheet contai
- datadir name of directory containi
- resdir name of directory for dump
$offtext

$if not setiot $set iot IO_2004_simple
$if  not set piot $set piot PIOT_2004
$if not set result $set result "%iot%_extracted"

$if not set datadir $set datadir "..\data\"
$if not set resdir $set resdir "%datadir%"
$if  not setiot $abort "#HEHHE#HE 10 TABLE NOT SPECIFIED

ning data

ning physical energy data
ng data

ing results

HEHHHIHR

v
1

* (1) EXTRACT BASE DATA

K- EXTRACT DATA TO GDX --
$onecho >temp.tmp

0=%datadir%%iot%.gdx

par=doml|O rng=10_domestic!D13 rdim=1 cd
par=implO rng=10_import'D13 rdim=1 cd
par=Ouse rng=Use!D13 rdim=1 cd
par=Omake rng=Make!D13 rdim=1 cd
par=consumption rng=Consumption!D6  rdim=1 cd
par=labor rng=Labor!D8 rdim=1 cd
dset=i rng=MAP!D2 rdim=1
set=mapCPA rng=MAP!C2 rdim=2
set=c rng=MAP!H2 rdim=1
set=mapc rng=MAP!G2 rdim=2
$offecho

$call "gdxxrw %datadir%\%iot%.xls @temp.tmp"

* LOAD DATA TO GAMS ---
set
n numbers
/1*200/
i set of commodities
c set of consumption classes
mapCPA map for commodities in CPA
mapC mapping for consumption transition matrix

im=1
im=1
im=1
im=1
im=1
im=1

adjK sectors for which capital payments are negative and are adjusted

al i as(i,j,k), (n,nn);

par amet er
domlO domestic 10 table (basic prices)
implO import 10 table (basic prices)

Ouse original use matrix (market prices)

Omake original make matrix (basic plus transition to mark et prices)

consumption consumption transition matrix
labor employment per sector

1

$gdxin %datadir%\%iot%.gdx
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$load i c mapCPA mapC
$load domlO implO Ouse Omake consumption labor

$gdxin
par anet er
y0 benchmark total [million €]
do benchmark output to domestic market [million €]
e0 benchmark exports [million €]
ido benchmark intermediate input [million €]
kdo benchmark capital demand
Ido benchmark labor demand
otax benchmark output tax [million €]
utax benchmark tax for commodity use [million €]
a0 benchmark Armington demand [million €]
mO0 benchmark imports [million €]
cdo benchmark private consumption demand [million €]
c0 benchmark total consumption [million €]
ksO benchmark capital supply [million €]
IsO benchmark labor supply [million €]
gdo benchmark public consumption demand [million €]
g0 benchmark total public consumption [million €]
inv0 benchmark investment demand [million €]
bop balance of payment
cons consumption matrix
lab labor force
ido(i,j) = sun((n,nn)$(mapCPA(n,i) and mapCPA(nn,j)), domlO(n,nn) + implO(n,nn));
cdo(i) = sunm(mapCPA(n,i), domlO(n, "73" ) +domlO(n, "78" ) +implO(n, "73" )+
implO(n, "78");
c0 = sungi, cdO(i));
gdo(i) = sunm(mapCPA(n,i), domlO(n, "74" )+ domlO(n, "75")
+implO(n, "74" ) +implO(n, "75");
go = sundi, gdo(D));
invO(i) = summapCPA(n,i), domlO(n, "76" )+ domlO(n, "77")
+implO(n, "76" ) +implO(n, 7T,
e0(i) = sunm(mapCPA(n,i), domlO(n, "79"));
mO(i) = sum(mapCPA(n,i), implO(n, "82" ) - implO(n, "79" );
kdo(i) = summapCPA(n,i), domIlO( "78" ,n) + domIO(  "79" ,n));
1dO(i) = sunm(mapCPA(n,i), domIO( "76" ,n));
adjK(i)$(kdo(i) It0) = yes;
1dO(i) =1dO(i) + min(kd0(i),0);
kdO(i) = max(kd0(i),0);
ksO = suni, kdo(i));
IsO = sunfi, 1dO(i));
utax(i) = summapCPA(n,i), domlO( "74" n));
otax(i) = summapCPA(n,i), domlO( 77" n));
yO(i) = sunyj, id0(j,i)) + 1dO(i) + kdO(i) + otax(i) + utax(i)
do(i) = y0(i) - e0(i);
ao(i) =m0(i) + do(i);
bop = sun(i, mO(i) - e0(i));
cons(i,c) = sun{(n,nn)$(mapCPA(n,i) and mapc(nn,c)), consumption(n,nn));
lab(i, “total® ) = sun(mapCPA(n,i), labor(n, ")),
lab(i, "employed" )= sun{mapCPA(n,i), labor(n, "2"));

$onecho >templ.tmp

$offecho
$call "gdxxrw %datadir%%piot%.xls @templ1.tmp"
set
e energy commodities
mape map numerical accounts to energy commodities
par amet er
eiot original energy flows in TJ
eriot original emission relevant energy flows in TJ
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emissions original emission in 1000 t
prices price of energy carriers

1

$gdxin "%datadir¥%%piot%"
$load e mape
$load eiot eriot emissions prices

it

* (4) SPLIT CRUDE OIL SECTOR

par anet er
ene0 total energy flow (with double counting)
shareC crude oil share in total demand by sector

1

i( "gas" )= yes;

enel(e,i) = sun((n,nn)$(mapCPA(n,i) and mape(nn,e)), eiot(n,nn));

enel(e, "HH") = sumn(mape(n,e), eiot( "72" .n));

eneO(e, "imp" ) = sunm(mape(n,e), eiot( "73" ,n));

enel(e, "exp" ) = sunm(mape(n,e), eiot( "74" n));

eneO(e, "prod" ) = sun(mape(n,e), eiot( "75" ,n));

shareC(i)$(prices( "cru” )*eneO( ‘“cru" i)+ prices( "gas" )*eneO( "gas" ,i))

= prices( "cru" )*eneO( "cru" ,i)/(prices( "cru" )*eneO( “cru" i)
+ prices( "gas" )*eneO( "gas" ,i));

idO( "gas" ,i) =idO( "cru" ,i)*(1-shareC(i));

ido( “"cru" i) =idO( "cru" ,i)*shareC(i);

cdO( "gas" ) = cdO( "cru" );

cdO( "cru" ) =0;

gdO( "gas" ) = gdo( "cru" );

gdo( "cru" ) =0;

cons( "gas" ,c) =cons( "cru" ,c);

cons( "cru" ,c) =0;

yo( "gas” ) =yoO( eru” ),

yo( "cru" ) =0;

e0( "gas" ) =e0( cru" );

e0( "cru" ) =0;

ido(i, “"gas" ) =ido(, "cru" );

ido(i, “cru" ) =0;

kdO( "gas" ) = kdO( "cru" );

kdO( "cru" ) =0;

IdO( "gas" ) = 1dO( "cru" );

IdO( “cru" ) =0;

mO(“gas" ) =mO( "cru" ) - sundi, idO( "cru" i) - invO( "cru" );

moO(“cru" ) = suni, idO( "cru" i) + invO( "cru" );

do(i) = y0(i) - e0(i);

a0(i) =do(i) + mO(i);

otax( "gas" ) =otax( "cru" );

otax( "cru" ) =0;

utax( “"gas" ) = utax( cru" )

utax( “"cru" ) =0;

* (5) ENERGY AND EMISSION FLOWS

par anet er
evf emission relevant energy from i used in sector j
evh emission relevant energy from i used in household c onsumption
eevf emission relevant energy from energy commodity e us ed in sector j
eevh emission relevant energy from energy commodity e us ed in consumption
€020 benchmark co2 emission in 1000t

eevi(e,i) = sun((n,nn)$(mapCPA(n,i) and mape(nn,e)), eriot(n,nn));

eevh(e) = sumn(mape(n,e),eriot( "72" .n));

evf( "coa" i) = sum(mapCPA(n,i), eriot(n, "2" ) + eriot(n, "3"));

evh( "coa" ) = eriot( "72" ,"2" ) + eriot( 72" "3 ),

evf( "coa" ,"gas" ) = evf( "coa" , "cru" );

evf( "coa" , "cru" ) =0;

evf( "gas" i) = sum(mapCPA(n,i), eriot(n, "12"));

evh( "gas" ) = eriot( 72", 12t ),

evf( "gas" , "gas" ) = evf( "gas" , "cru" );

evf( "gas" , "cru" ) =0;

evf( "p_c" i) = sunm(mapCPA(n,i), eriot(n, "4"));

evh( "p_c" ) = eriot( 72" At ),

evf( "p_c" ,"gas" ) = evf( "p_c" ,"cru" );

evf( "p_c" ,"cru" ) =0;

c020( "total" i) = sunm(mapCPA(n,i), emissions(n));
co20( "total" ,"gas" ) =c020( "total" , "cru" );
co20( "total" ,"cru" ) =0;
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c020( "total" , "hh" ) = emissions( 72" ),

Kot

TR RN RN TR TN R TN TR TN RN N IR TN IRTN TN IR T TRTNTNT,

* (6) SAVE DATA

R L L T L L e e e e e e e e IR IR TRt IR TR IR TR T
execut e_unl oad " %resdir%%result% "i, c, e,

y0, dO, €0, id0, kdo, 1dO,
cd0, gdo, invO, bop, c0, g
cons, lab

evf, eevf, evh, eevh, co20
mapCPA, mapC

HHH T T T

otax, utax, mo, a0,
0,

, ene0
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Calibrate discrete electricity generation technoloigs

S$title Calibrates Electricity Sector Generation Tec

$ontext

Sofftext

$set iot 10_2004_simple

$if not set sam $set sam "%iot%_extracted"
$set bu Technologies_DISS_v04_ 27042009
$if not set datadir $set datadir "..\data\"

$if not set out $set out "%iot%_Bottom_up"

$if not set iot $abort "####### SPECIFY DATA SOURCE
$if not exist "%datadir%%iot%.gdx" $Sabort "#HHHHH#

$if not set bu $abort"###H#H## SPECIFY BOTTOM UP DAT
$if not exist "%datadir%%bu%.xIs" $abort "BOTTOM UP

set
i
e

c
mapCPA
mapC

al i as(i,j);

par anet er
do
e0
yo
id0
kd0o
Id0
otax
utax
c0
cdo
inv0
g0
gdo
bop
mO
a0
cons
lab
ene0
evf
evh
eevf
eevh
co20

commodity set

energy commodity set

consumption classes

map for commodities in CPA

mapping for consumption transition matrix

domestic output [million €]

exports [million €]

total output [million €]

intermediate inputs [million €]

capital demand [million €]

labor demand [million €]

output and production taxes [million €]

commodity use taxes [million €]

total private consumption [million €]

private consumption demand [million €]

investment demand [million €]

total public consumption [million €]

public consumption demand [million €]

balance of payment [million €]

imports [million €]

armington supply [million €]

consumption transition matrix [million €]

labor force [1000 people]

total energy flow (with double counting)[TJ]

emission relevant energy from commodity i used in s
emission relevant energy from commodity i used in h
emission relevant energy from energy commodity e us
emission relevant energy from energy commodity e us
emissions [1000 t]

$gdxin "%datadir%%sam9o"

$loadiec

$load dO e0 y0 id0 kdO Id0 otax utax
$load cO cd0 inv0 g0 gdO bop

$load m0 a0 cons lab

$load ene0 evf evh eevf eevh co20

$load mapCPA mapC

$gdxin

par anet er

hnologies

izisracnarsiri

DATA SOURCE MISSING ##H#H##H#H#"
A HHRHHE

DATA MISSING ##H#H#HEH#"

ector j [TJ]

ousehold consumption [TJ]
ed in sector j [TJ]

ed in consumption [TJ]
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ekd

eld
eid
eout
etax
eene
ekd  =kdo(
eld =1do(
eid(i) =ido(i,
eout =y0(

etax = otax(
eene(e) = eevf(e

*

, "ele

capital demand of electricity sector
labor demand of electricity sector
commodity demand electricity sector
output electricity sector

output tax electricity sector

energy flows to electricity sector

"ele" );
"ele" ) +utax( ele" );

)i
BOTTOM UP DATA -----

set

g
ga(g)
Ign(@l)
r
mapL
mapF

:al i as(ga,gaa);

par anet er
techn
gener
minmaxOl

1

set of technologies

set of active technologies

set of non-active technologies
set of load segments

set of renewables

mapping technology to load
mapping technology to fuel

technology data
generation by technology in TWh

minimum maximum share of other activity

$onecho >temp.tmp

set=g rng=Cost_Shares CGE!B2 rd im=1
dset=l rng=Cost_Shares CGE!A2 rd im=1
set=mapL rng=Cost_Shares_CGE!A2 rd im=2
set=mapF rng=Cost_Shares_CGE!I2 rd im=2
par=techn rng=Cost_Shares CGE!B1:H16 rd im=1
par=gener rng=Generation!A2 rd im=1
par=minmaxOl  rng=Other!Al

$offecho

$call "gdxxrw %datadir%%bu%.xls @temp.tmp"

$gdxin "%6bu%s"

$load g | mapl mapf techn gener minmaxOl

$gdxin
par amet er

eff plant efficiency

pfuel fuel prices

pgen generation prices

share cost shares in generation
eff(g) =techn(g, "efficiency” );
pgen(g) = techn(g, “pgen” );
pfuel(g) =techn(g, "pfuel" );
share( "cap" ,9) =techn(g, "capital" );
share( "lab" ,g) = techn(g, "labor" );
share( "fuel" ,g) = techn(g, "fuel" );
share( "gener" |, "total" ) = sun(g, gener(g)*pgen(g))/eout;
ga(g)$gener(g) = yes; gn(g)$(not gener(g)) = yes;
r(g)$(share( "fuel" ,9)eq0) = yes;
share( "outVal" ,g) = pgen(g)*gener(g)/
share( "outPhy" ,g) = gener(g)/ sumn(ga, gener(ga));

*

cdim=0
cdim=0
cdim=0
cdim=0
cdim=1
cdim=0

sum(ga, pgen(ga)*gener(ga));

*

*H

(2) CALIBRATION MODEL

+HH

scal ar

1

Vari abl e

weight on capital share
weight on labor share
weight on fuel share
weight on output share
weight on efficiency
weight on total generation

1/
1/
11/
1/
1/
10/
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DEV sum of fractional deviation

devGK deviation generation capital share
devGL deviation generation labor share
devGl deviation generation fuel share
devEFF deviation efficiency

devOUT deviation generation output share
devG deviation generation

Posi tive Variable

ol material input non-generation

OK capital input non-generation

oL labor input non-generation

Gl fuel inputs to technologies

GK capital input to technologies

GL labor input to technologies

GO output technologies

GEFF efficiency of technologies

SK capital share

SL labor share

Sl fuel share

SO output share

SG generation share

equat i on

obj objective function

zpf total zero profits

mKkt_i market clearing material

mkt_k market clearing capital

mkt_| market clearing labor

zpf_G technology zero profits

effiec efficiency definition

def_devGK Definition deviation generation capital share

def_devGL Definition deviation generation labor share

def_devGl Definition deviation generation fuel share

def_devEFF Definition deviation efficiency

def_devOUT Definition deviation generation output share

def_devG Definition deviation generation share

def SK Definition capital share

def_SI Definition fuel share

def_SL Definition labor share

def SO Definition output share

def_SG Definition generation share

obj..

DEV =E= 100* sun{ga, wK*sqr(devGK(ga))
+ wL*sgr(d evGL(ga))
+ wl*sqgr(d evGl(ga))
+ wO*sqr(d evOUT(ga))
+ WEFF*sqr (devEFF(ga))
+ WGEN*dev G

)

def_devGK(ga)..
devGK(ga) =E=  SK(ga)/share( "cap" ,ga)-1

def_devGL(ga)..
devGL(ga) =E=  SL(ga)/share( "lab" ,ga)-1

def_devGl(ga)$pfuel(ga)..
devGl(ga) =E= Sl(ga)/share( "fuel" ,ga)-1

def_devOUT(ga)..
devOUT(ga) =E= SO(ga)/share( "outVAL" ,ga)-1

def_devEFF(ga)$pfuel(ga)..
devEFF(ga) =E= GEFF(ga)/eff(ga) - 1

def_devG..
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devG =E= SG/share( "gener" "total") -1

zpf..
eout =E= sun{ga, GK(ga)) + OK + sun(i, sun{ga, Gl(i,ga)) + OI(i))
+ sun{ga, GL(ga)) + OL + etax
mkt_i(i)..
eid(i) =E= sumn(ga, Gl(i,ga)) + OI(i)
mkt_k..
ekd =E= sun{ga, GK(ga)) + OK
mkt_l..
eld =E= sun{ga, GL(ga)) + OL
zpf_G(ga)..
GO(ga) =E= sun{i, Gl(i,ga)) + GK(ga) + GL(ga)
effiec(ga)$pfuel(ga)..
GEFF(ga) =E=  GO(ga)*pfuel(ga)/( sunti,Gl(i,ga))*pgen(ga))
def_SK(ga)..
SK(ga) =E= GK(ga)/GO(ga)
def_SL(ga)..
SL(ga) =E= GL(ga)/GO(GA)

def_Sl(ga)$pfuel(ga)..

Sl(ga) =E= sun{i, Gl(i,ga))/GO(ga)
def_SO(ga)..

SO(ga) =E= GO(ga)/ sun{gaa, GO(gaa))
def_SG..

SG =E= sun{ga, GO(ga))/eout

nodel calib /all/;

GK.LO(ga) =0.001;

GL.LO(ga) =0.00001;

GI1.LO(i,ga)$(pfuel(ga) and mapF(i,ga)) = 0.00001;
GEFF.LO(ga)$pfuel(ga) = 0.00001;

GO.LO(ga) =0.00001;

OK.LO =0.00001;

OL.LO =0.00001;

GL.FX(i,ga)$(not pfuel(ga)) = 0;
GEFF.FX(ga)$(not pfuel(ga)) = 0;
GI.FX(i,ga)$(not mapF(i,ga))= 0;

GK.L(ga) = share( "cap" ,ga) * gener(ga) * pgen(ga);
GL.L(ga) = share( "lab" ,ga) * gener(ga) * pgen(ga);
Gl.L(i,ga)$mapF(i,ga) = share( "fuel" ,ga) * gener(ga) * pgen(ga);
GEFF.L(ga) = eff(ga);

GO.L(ga) = gener(ga) * pgen(ga);

OLUP(i)$minmaxOl(i, "max" ) = minmaxOl(i, "max" )*eid(i);
OL.LO(i)$minmaxOl(i, "min" ) = minmaxOl(i, "min" )*eid(i);
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OLFX( "coa" )=0;

* Setting lower and upper bound for fractional devi ation

scal ar
maxdev maximum deviation 11/
mindev maximum deviation -1/

devGK.UP(ga) = maxdev;

devGL.UP(ga) = maxdey;

devGl.UP(ga) = maxdev;

devEFF.UP(ga) = maxdeyv;

devOUT.UP(ga) = maxdev;

devGK.LO(ga) = mindev;

devGL.LO(ga) = mindev;

devGl.LO(ga) = mindev;

devEFF.LO(ga) = mindev;

devOUT.LO(ga) = mindev;

sol ve calib minimizing dev using NLP;

par amet er
quality quality report

quality(  "K_share" ,ga, "predicted" )=share( "cap" ,ga)*100;
quality(  "K_share" ,ga, "actual" ) = SK.L(ga)*100;

quality(  "K_share" ,ga, "deviation" ) = devGK.L(ga)*100;

quality(  "L_share" ,ga, "predicted" )=share( "lab" ,ga)*100;
quality( "L_share" ,ga, "actual" ) =SL.L(ga)*100;

quality(  "L_share" ,ga, "deviation" ) = devGL.L(ga)*100;

quality(  "F_share" ,ga, "predicted" )=share(  “fuel" ,ga)*100;
quality( "F_share" ,ga, "actual" ) = Sl.L(ga)*100;

quality( "F_share" ,ga, "deviation" ) = devGl.L(ga)*100;

quality(  "eff* ,ga, "predicted" ) = eff(ga)*100;

quality(  "eff" ,ga, "actual" ) = GEFF.L(ga)*100;

quality(  "eff" ,ga, "deviation" ) =devEFF.L(ga)*100;

quality( "Pgen" ,ga, "predicted" ) =pgen(ga);

quality( "Pgen" ,ga, "actual" ) = GO.L(ga)/gener(ga);

quality(  "Pgen" ,ga, "deviation" ) = (quality( "Pgen" ,ga, "actual" )

/quality( "Pgen" ,ga, "predicted” )-1)*100;

quality(  "Value_Share" ,ga, "predicted" )=share(  "outVAL" ,ga);
quality(  "Value_Share" ,ga, "actual" ) =SO0.L(ga);
quality(  "Value_Share" ,ga, "deviation" ) = devOUT.L(ga)*100;

*d

* (3) ASSIGN TECHNOLOGY DAT A
par anet er

unit technology coefficients
e active technologies -----

unit( “"cap" ,ga) = SK.L(ga);

unit( "lab" ,ga) =SL.L(ga);
unit(i,ga)$mapF(i,ga) = Sl.L(ga);

unit( "eff* ,ga) = GEFF.L(ga);

unit( "out” ,ga) = GO.L(ga);

unit( "TWh",ga) = gener(ga);

unit( "Pgen" ,ga) = GO.L(ga)/gener(ga);

e inactive technologies ---
unit( "cap" ,gn) = share( "cap" ,gn);
unit(  "lab" ,gn) = share( "lab" ,gn);
unit(i,gn)$mapkF(i,gn) = share( "fuel” ,gn);
unit(  "Pgen" ,gn) = pgen(gn);
s  (3)ADJUSTELECTRICITYSE ~ COTR
paranﬁtér - o o o o
lodO generation demand by load
ido@i, "ele" ) =ido(, "ele” )-  sum(ga, unit(i,ga)*unit( "out" ,ga));
kdo( "ele" ) = kdO( "ele" )-  sum(ga, unit( "cap" ,ga)*unit( "out" ,ga));
IdO( “ele" ) =1d0O( "ele" )-  sum(ga, unit( "lab" ,ga)*unit( "out" ,ga));
lodo(l, ‘"ele" ) = sunm{ga$mapl(l,ga), unit( "out" ,ga));

145



Kb

* (4) CREATE NUCLEAR INPUT

PNTRIN TN TR NIRRT RN T NIRRT R TN IR TN R TN TN IR TN IRTN TN

T

i( "nuc“' )= y'es;

yO( "nuc" ) =0; e0( "nuc" ) = 0; id0(j, "nuc" ) =0;
, "nuclear"

mapF("p_c" , "nuclear" )= no; mapf( "nuc"
unit(  "nuc" , "nuclear" )

= unit( "p_c" , "nuclear" ); unit(
moO("nuc" ) = unit( "out" , "nuclear" ) * unit(
a0( "nuc" )=mo0( "nuc" );
a0("p_c" )=a0( "p_c" )-a0( "nuc" ),
mO("p_c" )=m0( "p_c" )-mO( "nuc" );
do@) = yo()) - e0(i);
a0(i) =do() + mo();

||p_C|| . "nuclear” )

nuc

)= yes;

=0;
, "nuclear" );

. ITRTRTRTI . I
FHHHHHH HHHHHHHHHHHHHT
1 +HHH

HHHHH HHH
HHHHHHHHHHHHHHH HHHHHHHHHHH

* (5) SAVE RESULTS

e

execut e_unl oad "%datadir%%out%" i, c, e, g, ga, gn, mapF, mapL, |

y0, dO, €0, id0, kdo, 1d0,
¢d0, gdo, inv0, bop, c0, g
cons, lab

evf, eevf, evh, eevh, co20
unit, quality,

mapCPA, mapC

H - Dump quality results to XLS ---
$if exist "%datadir%eQuality.xIs" $call "rm %datadir
set

labels

/Variab, Technology, Status, Value/

1

execute_unl oad " temp.gdx " labels, quality;
$onecho >temp.tmp
o=%datadir%Quality.xls

set=labels rng=Quality!Al cdim=1
par=quality  rng=Quality!A2 cdim=0
$offecho

execute "gdxxrw temp.gdx @temp.tmp";

otax, utax, mo, a0,
0,

, ene0,

'lodo,

%Quality.xIs"
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Impose private transport data

S$title Calibration routine to calibrate transport s

$ontext

(1) LOAD SAM DATA

2) LOAD BOTTOM UP DATA

3) SPECIFY CAR TECHNOLOGIES

4) LOAD AND AGGREGATE TREMOVE DATA

5)  ASSING VALUES FOR TRANSPORT ACTIVITIES

(
(
E
(6) SAVE DATA

options:
-iot name of gdx file containin
-sam nema of file containing ex
-datadir name of directory containi
-car name of xIs file providing
-out name of output gdx
-tbu name of xIs file containin
$offtext

$set iot IO_2004_simple

$set tbu transport_one

$set out "%iot%_transport_one"

$if not set sam $set sam "%iot%_Bottom_up"

$if not set datadir $set datadir "..\data\"

$if not set out $set out "%iot%_Bottom_up_Car"

$if not set iot $abort "##H##H# SPECIFY DATA SOURCE
$if not exist "%datadir%%iot%.gdx" $abort "##HHHH

$if not set tbu $abort"##H###H SPECIFY BOTTOM UP DA
$if not exist "%datadir%%tbu%.x|s" $abort "BOTTOM U

I TTm T T TRTeTe T

ectors

g basic sam

ttracted sam

ng data

bottom up electricity generation data

g transport data

it

DATA SOURCE MISSING ##HHH#HHH#"
TA #HHEHE"

P DATA MISSING #H####"

FHHH HHHH HHH HH

(1) LOAD SAM DATA

*
*
*

v $

v v v $

TOP DOWN DATA -------

set
i commodity set
e energy commodity set
c consumption classes
g electricity technologies
ga active generation technologies
gn inactive technologies
| load segments
mapF mapping fuels to technologies
mapL mapping technology to load
mapCPA map for commodities in CPA
mapC mapping for consumption transition matrix
ptrn public transport modes in sam
/otp, atp, rail/
al i as(i,j);
par amet er
do domestic output [million €]
e0 exports [million €]
yo total production [million €]
[s[0] intermediate inputs [million €]
kdo capital demand [million €]
Id0 labor demand [million €]
otax output and production taxes [million €]
utax commodity use taxes [million €]
c0 total private consumption [million €]
cd0 private consumption demand [million €]
inv0 investment demand [million €]
g0 total public consumption [million €]
gdo public consumption demand [million €]
bop balance of payment [million €]
mO0 imports [million €]
a0 armington supply [million €]
cons consumption transition matrix [million €]
lab labor force [1000 people]
ene0 total energy flow (with double counting)[TJ]
evf emission relevant energy from commodity i used in s
evh emission relevant energy from commodity i used in h
eevf emission relevant energy from energy commodity e us
eevh emission relevant energy from energy commodity e us
co20 emissions [1000 t]
unit unit input vector of generation technologies
lod0 electricity demand by load

ector j [TJ]

ousehold consumption [TJ]
ed in sector j [TJ]

ed in consumption [TJ]
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quality

quality report of generation technology calibration

$gdxin "%datadir%%sam%"

$load i e c g ga gn | mapF mapL
$load y0 dO e0 id0 kdO 1d0 otax utax
$load c0 cd0 inv0 g0 gd0 bop

$load mO a0 cons lab
$load ene0 evf evh eevf eevh co20
$load unit lod0 quality
$load mapCPA mapC

HHHHHHHHHH
HHHHHHHHHHHHHH

e

.

HHHHHHH
HHHHHHH

mn

:

.

ST

L

.

.

L

$gdxin
M T
* (2) LOAD BOTTOM UP DATA
set
ct car classes
cf car fuels
sC stock classes
re reference cars
om original transport modes
m aggregated transport modes
oa original transport aims
a aggregated transport aims
maprt mapping reference car to car class
mapm mode mapping
mapa aim mapping
nn aggregated TREMOVE networks
nv aggregated TREMOVE vehicle classes
np aggregated TREMOVE trip purposes
nd aggregated TREMOVE distance
tp travel period
mapn mapping TRREMOVE networks
mapv mapping TRREMOVE networks
mapp mapping TRREMOVE networks
mapd mapping TRREMOVE networks
maptp mapping TRREMOVE networks

i’:\l i as(ct,cct), (cf,ccf), (sc, ssc);
al i as(nn,nnn), (nnp,np), (nnv,nv), (nnd,nd), (ttp,tp);

par anet er
stockCT
stockCF
reference
addfuel
opkm

car stock by car classes [million]

car stock by fuel [million]

reference cars

additional data on fuels

original pkm data by

LOAD DATA FROM SPREADSHEE
$onecho >temp.tmp

set=ct rng=stock!A3 cdim=0 rd
set=cf rng=stock!F3 cdim=0 rd
set=sc rng=stock!G2 cdim=1 rd
set=re rng=reference!B2 cdim=1 rd
set=maprt rng=reference!A30 cdim=0 rd
set=om rng=pkm!K3 cdim=0 rd
dset=m rng=pkm!L3 cdim=0 rd
set=mapm rng=pkm!K3 cdim=0 rd
set=oa rng=pkm!N3 cdim=0 rd
dset=a rng=pkm!O3 cdim=0 rd
set=mapa rng=pkm!N3 cdim=0 rd
dset=nn rng=map!L3 cdim=0 rd
dset=nv rng=map!G3 cdim=0 rd
dset=np rng=map!B3 cdim=0 rd
dset=nd rng=map!P3 cdim=0 rd
dset=tp rng=map!T3 cdim=0 rd
set=mapn rng=map!'K3 cdim=0 rd
set=mapv rng=map!F3 cdim=0 rd
set=mapp rng=map!A3 cdim=0 rd
set=mapd rng=map!O03 cdim=0 rd
set=maptp rng=map!S3 cdim=0 rd

par=stockCT
par=stockCF
par=reference

rng=stock!A2
rng=stock!F2
rng=reference!A2

par=addfuel  rng=fuel!A2
par=opkm rng=pkm!Al
$offecho

$call "gdxxrw %datadir%%tbu%.xls @temp.tmp"

im=1
im=1
im=0
im=0
im=2
im=1
im=1
im=2
im=1
im=1
im=2
im=1
im=1
im=1
im=1
im=1
im=2
im=2
im=2
im=2
im=2
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$gdxin "%tbu%"

$load ct, cf, re, maprt, om, m, mapm, oa, a, mapa, sc
$load stockCT, stockCF, reference, addfuel, opkm

$load nn nv np nd tp mapn maptp mapv mapd mapp

par amet er
refprice reference car price by fuel and class [€]
reffuel reference fuel use by fuel and class [l per 100 km]
refccm reference cubic capacity by fuel and class [100 ccm ]
reflife reference lifetime by fuel and class [years]
refint reference interest rate by fuel and technology
refco2 reference co2 emissions by fuel and technology [g p er km]
refother reference annual other cost by fuel and technology
refprice(cf,ct) = sun{re$(maprt(re,ct) and reference(cf,re)), reference( "price" re));
reffuel(cf,ct) = sun(re$(maprt(re,ct) and reference(cf,re)), reference(cf,re));
refccm(cf,ct) = sun(re$(maprt(re,ct) and reference(cf,re)), reference( "ccm” re));
reflife(cf,ct) = sun{re$(maprt(re,ct) and reference(cf,re)), reference( "lifetime"” re));
refint(cf,ct) = sun{re$(maprt(re,ct) and reference(cf,re)), reference( "interest” re));
refco2(cf,ct) = sun(re$(maprt(re,ct) and reference(cf,re)), reference( "co2" re));
refother(cf,ct) = sun(re$(maprt(re,ct) and reference(cf,re)), reference( "other" re));
par amet er
avl average [liter per km] from historical values
avkm average kilometer per car [km per car] from histori cal values
accm average cubic capacity per car implied by mvh tax f itting
MUpcar markup car prices to base car
pfuel implied fuel price
cartax car taxes
0s implied share of transport fuel in total refined oi | spendings
carprice average car price as implied by SAM
mucar markup of diesel car as implied by reference car
muccm markup of cubic capacity as implied by reference ca rs
prefcar price of reference gasoline car implied by SAM and markup
vat value added tax in final consumption /0.16/
rental rental price of existing stock cars
tc consumption tax rate
carshare cost share of cars
te(i) = vat;
par anet er
tfueldO fuel demand by car technology [million €]
tcard0 demand for car by technology [million €]
totherdO demand for other inputs [million €]
toutO output of car technologies
cartax motor vehicle tax per car [€ per car]
fueltax fuel taxes
pvkmO implied price per vehicle kilometer [€ per vkm]
ecar0 energy consumption of cars
snd0 stock demand for new cars [million €]
ssdO stock demand for existing stock [million €]
sy0 stock activity output [million €]
Pstock0 existing car stock [#]
stockO household endowment of cars
ts stock tax for new car purchases
avl(cf) = addfuel( "liter" ,cf)/addfuel( Skm* cf);
avkm(cf,ct) = addfuel( .km“ cf)/  sun(sc, stockCF(cf,sc));
fueltax(cf) = (addfuel( "mwst" ,cf) + addfuel( "oiltax" ,cf)
/(addfuel( Jfuel* cf) - addfuel( "mwst" ,cf)
- addfuel( "oiltax" ,cN);
pfuel(cf) = addfuel( Jfuel“ cf)/addfuel( "liter" ,cf);
rental(cf) = addfuel( “rental” ,cf)
carprice(  "average" ,"all")=cdO( "mvh" )/ sun{cf, stockCF(cf, "new" ));
mucar(cf,ct) = refprice(cf,ct)/refprice (.gasoline* , “standard“ );
carprice(cf,ct) = mucar(cf,ct)*carprice( "average" ,"all);
sndO( "mvh" ,cf, “standard* )= mucar(cf, “standard” )*stockCF(cf, "new" )*cdO( "mvh")
sunqccf, mucar(ccf, “standard” )*stockCF(cf, "new" ));
cdO( "mvh") =0;
ssdO(cf,ct) = rental(cf)*stock CF(cf, "stock" );
ts = vat;
syO(cf,ct) = (1+vat)*sndO( "mvh" ,cf,ct) + ssdO(cf,ct);
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tcardO(cf,ct) = sy0(cf,ct);

PstockO(" stock" ,cf,ct) = stockCF(cf, "stock" );
PstockO( "new" ,cf.ct) = stockCF(cf, "new" );
PstockO( ,total* ,cf,ct) = stockCF(cf, "stock" ) + stockCF(cf, "new" );
stockO(cf,ct) = ssd0(cf,ct);
tfueldo( ,p_c* ,cf,ct) = addfuel( Jfuel*  cf) - addfuel(" mwst",cf) - addfuel(" oiltax  ",cf);
cdO( ,p_c* ) = cdO( Wp_c* )-  sun(cf,ct), tfueldO( Wp_c cfct));
0s = sunq(cf,ct), (1+fueltax(cf))*tfueldO( Wp_c cfct))
I( sunq(cf,ct), (1+fueltax(cf))*tfueldO( Wp_c cfct))
+ 1.418*cd0( WP ));
muccm(cf,ct) = refcem(cf,ct)/refcem( .gasoline* |, “standard“ );
accm(cf,ct) = refcem( .gasoline* , “standard“ )*muccm(cf,ct);
cartax(cf,ct) = PstockO( Jotal* cf,ct)*mucem(cf,ct)
*(refcem( .gasoline* , “standard“ )/100)
*addfuel( Lcartaxt  cf);
accm(cf,ct) = 100*(cartax(cf,ct)/Pstoc ko( ,total* ,cf,ct))/addfuel( Lcartax*  cf);
cartax(cf,ct) = cartax(cf,ct)*(addfuel( Lcartaxtotal , “gasoline” )
/ sunq(ccf,cct), cartax(ccf,cct)));
accm(cf,ct) = (cartax(cf,ct)/PstockO( Jotal“  cf,ct))/addfuel( Lcartax“ ,cf)*100;
cartax(cf,ct) = cartax(cf,ct)/Pstock0( Jotal*  cf,ct);
totherdO(i,cf,ct)$(cons(i, “total* ) and not sameas(i, “p_c* ))
= cons(i,"wkfz")/cons(i, “total*  )*cdO(i)
*PstockO( Jotal“  cf,ct)
/ sun{ (ccf,cct), PstockO( Jotal* ccf,cet));
cdO(i)$( not sameas(i, “p_c* ))=cd0() - sun(cf,ct), totherd0(i,cf,ct));
toutO(cf,ct) = sun{i, totherd0(i,cf,ct)*(1+vat)
+ tfueldO(i,cf,ct)*(1+fu eltax(cf)))
+ tcardO(cf,ct) + Pstock 0( ,total“ ,cf,ct)*cartax(cf,ct);
pvkmO(cf,ct) = toutO(cf,ct)/addfuel( km* cf);
carshare("car",cf,ct) = (tcardO(cf,ct) + PstockO (. total* cf,ct)*cartax(cf,ct))
JtoutO(cf,ct);
carshare("other",cf,ct) = sun{i, totherdO(i,cf,ct)*(1+vat))/toutO(cf,ct);
carshare( ,fuel" ,cfct) = sun{i,tfueld0(i,cf,ct)*(1+fueltax(cf)))/toutO(cf,ct);
ecar0( ,p_c“ , “gasoline” ,ct) = eevh( .gasoline* );
ecar0( ,p_c* , “diesel* ,ct) =eevh( Jdiesel ),
evh(i) = evh(i) - sun{(cf,ct), ecar0(i,cf,ct));

$include"%datadird%tremove.inc"

par amet er
pkm person and tonne km [milli on]
vkm vehicle kilometer [million ]
vot value of time [€ per hour
pce passenger car equivalents [million]
speed speed on networks [km per hour]
duration length of travel period [h ours]
pkm(np,nd,tp,nv,nn) = sun((p,d,tper,v,n)$(mapn(n,nn) and mapd(d,nd)  and mapv(v,nv)
and mapp(p,np) and maptp(tper,tp)), Tpkm(p,d,tper,v,n));
vkm(np,nd,tp,nv,nn) = sunm{(p,d,tper,v,n)$(mapn(n,nn) and mapd(d,nd) and mapv(v,nv)
and mapp(p,np)  and maptp(tper,tp)), Tvkm(p,d,tper,v,n));
pce(np,nd,tp,nv,nn) = sun((p,d,tper,v,n)$(mapn(n,nn) and mapd(d,nd)  and mapv(v,nv)

and mapp(p,np) and maptp(tper,tp)), Tvkm(p,d,tper,v,n)*Tpcu(v));
alias(v,w), (p,pp), (d,dd);
speed(nv,tp,nn)$ sun((np,nd),vkm(np,nd,tp,nv,nn))

sun((v,tper,n)$(mapv(v,nv) and maptp(tper,tp) and mapn(n,nn)),
Tspeed(v,tper,n)* sunm((pp,dd), Tvkm(pp,dd,tper,v,n)))
/ sunm((np,nd),vkm(np,nd,tp,nv,nn));

speed(nv,tp,nn)$( not sun{(np,nd),vkm(np,nd,tp,nv,nn)))
= sun((v,tper,n)$(mapv(v,nv) and maptp(tper,tp) and mapn(n,nn)),
Tspeed(v,tper,n));
vot(np,nd,tp,nv,nn)$pkm(np,nd,tp,nv,nn)

= sun((p,d,tper,v,n)$(mapn(n,nn) and mapd(d,nd)  and mapv(v,nv)
and mapp(p,np)  and maptp(tper,tp)),
Tvot(p,d,tper,v,n) *Tpkm(p,d,tper,v,n))
/pkm(np,nd,tp,nv,n n);
duration(tp) = sun(maptp(tper,tp), Tduration(tper));
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par anet er

tactO transport activity physical data
tactO( ,pkm*“ ,np,nd,tp,nv,nn) = pkm(np,nd,tp,nv,nn);
tacto( ,vkm*“ ,np,nd,tp,nv,nn) = vkm(np,nd,tp,nv,nn);
tactO("pce",np,nd,tp,nv,nn) = pce(np,nd,tp,nv ,nn);
tactO("speed”,np,nd,tp,nv,nn) = speed(nv,tp,nn) ;
tactO("vot",np,nd,tp,nv,nn) = vot(np,nd,tp,nv ,nn);
tactO("pcu",np,nd,tp,nv,nn) = sun(mapv(v,nv), Tpcu(v));
set

allm(*,*,*,*,*) set of all modes distances ...

aallm(*,***,*) set of all modes distances ...
allm(np,nd,tp,nv,nn) = yes; aallm(np,nd,tp,nv,nn) = yes;
par amet er

vkmO scaled vehicle kilometers of cars

share_pkm share of pkm by trip class in total pkm of cars

tactinO input vectors to transport activities gross

tactcarinO input vectors to transport activities

tay0 output of transport activities

occup occupancy rate
vkmO(cf,ct) = addfuel( Lkm“ cf)

* sun{(nnp,nnd,ttp,nnn), tactO( Lvkm*“ ;nnp,nnd,ttp,
/ sunqccf, addfuel( km“ ccf));
pvkmO(cf,ct) = toutO(cf,ct)/vkmO(cf,ct);
occup(alim)$tact0( Lvkm“ ,allm) = tactO( Lpkm* allm)/tactO( Lvkm® allm);
tactcarinO(cf,ct,np,nd,tp, "car" ,nn)
= pvkmO(cf,ct)*tactO( ~wkm“ np,nd,tp, "car"
*vkmO(cf,ct)/ sunq(ccf,cct),vkmO(ccf,cct));

par amet er

share_vkm share of cars' vkm in total cars' vkm
tactin0( "rail"  ,np,nd,tp, "PTRAIN" ,nn)

= cdO( "rail"  )*
tactO( Lpkm* ;np,nd,tp, "PTRAIN" ,nn)/

sun{(nnp,nnd,ttp,nnn), tactO(

cdo( "rail" ) =0;

set

Lpkm* ;nnp,nnd,ttp,

public sub set of modes which belong to public urban transport

/METRAM, BUS/
alias(public, ppublic);
tactinO(  "otp" ,np,nd,tp,public,nn)
= cdo( "otp" )*tactO(

tactO( ,pkm“ ,nnp,nnd,ttp,ppublic,nnn));
cdO( "otp" )=0;

tactin0(  "atp" ,np,nd,tp,"PLANE",nn)
= cdo( "atp" )*tactO(

cdO( "atp" )=0;

tayO(np,nd,tp,nv,nn) = sun{i, tactinO(i,np,nd,tp,nv,nn))
+

»,pkm* ,np,nd,tp,
sun{(nnp,nnd,ttp,nnn), tactO(

Lpkm* ,np,nd,tp,public,nn)/
sun((nnp,nnd,ttp,ppublic,nnn),

sunq(cf,ct), tactcarinO(cf,ct,np,nd,tp,nv,nn));

execut e_unl oad " %datadir%%out% " i, c, e, g, ga, gn, mapF, mapL, I,

y0, dO, €0, id0, kdo, 1d0,
cd0, gdo, invO0, bop, c0, g
cons, lab

evf, eevf, evh, eevh, co20
unit, quality,

mapCPA, mapC,
tactinO=taidO, tactcarinO=
toutO=cyO0, totherd0=cidO,
stockO, snd0, ssd0, sy0=sy

otax, utax, mo0, a0, lodo0,
0,

, ene0, ecar0
tacardo, tactO, tayO,

tcard0=ccdo, tfueldO=cfdO
0, PstockO,

"PTRAIN" ,nnn));

"PLANE" ,nn)/

Lpkm* ;nnp,nnd,ttp, "PLANE" ,nnn));
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nn=n, nv=m, np=p, nd=d, tp

lavmohr, cf, ct

fueltax=tfuel cartax tc=to ther
refco2 tnew ts pvkmO vkmoO;
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Impose tax system

$title Program to impose tax system on the transpor

$set data |O_2004_simple_transport_one
$if not set datadir $set datadir "..\data\"
$if not set out $set out "%data%_tax"

$if not set data $abort "##### NO SOURCE FILE SPEC
$if not exist "%datadir%%data%.gdx" $abort "#HH#HE S

tp
cf
ct

al li as(i);

par anet er

mO

a0

unit

cO

g0
inv0
bop
cdo
gdo
IsO
ksO
cons
taidO
tacardO
tayO
tactO
lavmohr
cy0
cido
ccdo
cfdo
refco2
vkmO
stock0
sndO
ssd0
sy0
Pstock0
ts

evh
eevh
evf
eevf
ecar0
co20
tfuel
cartax

set of commodities

set of consumption account in transition matrix
set of generation technologies

energy commodities

set of active generation technologies
set of inactive generation technologies
mapping fuels to technologies
mapping technology to load

load segments

set of transport networks

set of transport modes

set of transport purposes

set of transport distances

set of travel periods

set of car fuels

set of car technologies

total production [million €]

production for domestic market [million €]
production for exports [million €]

intermediate demand [million €]

capital demand [million €]

labor demand [million €]

output tax [million €]

use taxes [million €]

demand by load [million €]

imports [million €]

armington supply [million €]

unit netput vector for generation technologies
total private consumption [million €]

total public consumption [million €]

investment demand [million €]

balance of payment [million €]

private demand [million €]

public demand [million €]

labor supply [million €]

capital supply [million €]

consumption matrix

intermediate inputs transport activities [million €
car demand by transport activities [million €]
output of transport activities [million €]

physical data on transport activities [pkm vkm pce
average kilometer per trip for public transport [km
output of car technologies [million €]

input of car technologies [million €]

car input of car technologies [million €]

fuel demand by car technology [million €]
reference emissions [g c02 per km]

of cars by class [million vkm]

stock of car technologies [million €]

demand for new cars [million €]

demand for car stock [million €]

output of stock activity

stock of cars [million]

tax on new car purchases

energy demand household [TJ]

enery demand household by energy commodities [TJ]
energy demand firms [TJ]

energy demand firms by energy commodity [TJ]
energy demand by cars [TJ]

emissions [1000 t]

fuel tax payments [rate]

car tax payments [million €]

t dataset

IFIED ###HH#H"
OURCE FILE DOES NOT EXIST ###H##"

in million - km per hour]

]
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tother tax on other inputs in car technologies [rate]
pvkmO price per vehicle kilometer
kmpercat kilometers per car category [million]

1

$gdxin "%datadir%%data%"
$loadicggagnmapFmapLInmptpcfctde

$load y0 dO e0 idO kd0 IdO otax utax lod0 m0 a0 uni t
$load c0 g0 inv0 bop cd0 gdO

$load taidO tayO tacardO tactO lavmohr

$load cy0 cid0 ccdO cfdo

$load stock0 snd0 ssd0 sy0 PstockO

$load evh eevh evf eevf ecar0 co20

$load cartax tfuel tother cons refco2

$load pvkmO ts vkmO

*

*

*

TRANSPORT TECHNOLOGY TAX ES

par anmet er

tcar tax on cars
pcar0 benchmark price of cars
pfuel0 benchmark price on fuels
pother0 benchmark price of other inputs
tcar(cf,ct) = cartax(cf,ct)*PstockO( "total" ,cf,ct)/ccdO(cf,ct);
pcar0(cf,ct) =1 + tcar(cf,ct);
pfuelO(i,cf) =1 + tfuel(cf);
pother0(i) =1 + tother(i);
* TRANSPORT ACTIVITY TAXES
par anet er
tta tax on transport activity inputs
pta0 benchmark price for transport activity inputs
par amet er
costcover cost coverage of public transport [Source TREMOVE p. 39]
/BUS 0.817
METRAM 0.817
PTRAIN 0.552
FTRAIN 1
PLANE 1
SHIP 1
SLOW 1
CAR 1/
tta(i,m)$( sun((p,d,tp,n), taido(i,p,d,tp,m,n))) = (costcover(m )-1);

ptaO(i,m) = 1 + tta(i,m);

tayO(p,d,tp,m,n) =
+

*

sun{i, ptaO(i,m)*taid0(i,p,d,tp,m,n))
sun(cf,ct), tacardO(cf,ct,p,d,tp,m,n));

*

*

par anet er

(4) CONSUMPTION TAXES

tc consumption taxes
pcOo benchmark consumer prices
ic(i)$(cd0(i) and cons(i, "total" )) = (cons(i, "total" ) - cdO(i))/cdO(i);

pcO(i) = 1 + tc(i);

*

*

*

(5) PRODUCTION TAXES

par anet er

ty ouput tax
ti input tax
pio intermediat input price
set
p_c set to identify refined oils
Ip_cl/
al I'i as(i,jj);
ti(i,j)$utax(j) = utax(j)/ sunjj, idO(jj.j));
tii, "otp" ) =0;
ti( "p_c" ,"otp" ) =tfuel( "diesel" ),
tii,  "otp" )$(not p_c(i)) = (utax( "otp" )-idO(  "p_c" , "otp" )*i( “"p_c" , "otp"

)
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/ sungji$(not p_c(j)), idogj, "otp" ));

pi0(.i) = 1+ ti(j,i);
ty(i)$y0(i) = otax(i)/yO0(i);

*H

* (6) INCOME AND SOCIAL SECURI TY
scal ar
* Source: Source: OECD 2007 Revenue Statisti c
incometax tax on household income 1175558/
hhsov social insurance contribution household 1135280/
unsov social insurance contribution firms 1152530/
par anet er
tl tax on labor use
plOo benchmark labor price
tw tax on wage
pwO gross wage
timeLO time supplied to labor

il(i) = unsov/( sunfj, 1d0(j)) - unsov);

plo@) =1 +ti(i);
Ido(i) = 1dO(i)/plO(i);
IsO = sungi, 1d0(i)) + sun{ga, unit( "lab" ,ga)*unit( "out" ,ga));
ksO = sun{i, kd0(i)) + sun{ga, unit( "cap" ,ga)*unit( "out" ,ga));
tw = (incometax + hhsov)/(IsO - incometax - h hsov);
pwOo  =1+tw;
timeLO = 1s0/pwO;
* (7) DERIVE DIRECT TRANSFE?
par anet er ‘ ‘ ’
transO benchmark direct transfer [million €]
iranso =- (ksO + timeLO - sunfi, pcO(i)*cdO(i) + invO(i))

+ sun{(cf,ct), + stockO(cf,ct))
- sun{(p,d,tp,m,n), tayO(p,d,tp,m,n))) ;

c0 = sundi, cdO(i) + invO(i)) + sun((p,d,tp,m,n), tayO(p,d,tp,m,n));
go = sun{i, gdo(i));
* ’ ’ (8) SAVE DATA TO GDX ’

*

execut e_unl oad "%datadir%%out%" i, g, e, ga, gn, mapF, mapL, |, n

y0, dO, €0, id0, kdO0, 1d0, lod0, m0, a0, u
c0, g0, inv0, bop, cd0, gdo0, Is0, ksO, evh
taidO, tayO, tacardO, tactO, lavmohr, tta,
¢y0, cid0, ccdo, cfd0, ecarO, tfuel, tcar,
stock0, snd0, ssd0, sy0, PstockO,

€020, otax, utax, ts, pvkmO, vkmO

pta0

tother, pcarO, pfuel0, pother0, refco2,

, p m, d, tp, éf, ct,
nit, evf, eevf, tl, plo, ty, ti, pio,
, eevh, timeL0, transO, tc, pcO, tw, pwO
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Codes for the simulations

Files for the simulation are organized in the sanm@ner as in the international model. Since the
call.gmsfile is similar to the international model, it ot stated. In thelataload.gmdile data are
loaded, the congestion function is calibrated, #wedax system is additionally manipulated.

dataload.gms

$ontext
Programm to load all relevant benchmark data
Also serves as overview over all parameters, sets, and equilibrium conditions.

LOAD DATA

DATA SCALING

CALIBRATION ELECTRICITY TECHNOLOGIES
SEPARATING FUEL INPUTS

CALIBRATION TRANSPORT ACTIVITIES
CONGESTION FUNCTION

CARBON EMISSIONS

CONSUMPTION TAXES

INITALIZE POLICY PARAMETERS

OPTIONS:

———————————————————————— SCALING AND DATA LOAD ----
data name of gdx file containin g data
datadir name of data directory

scalev scalinf for monetary units

scalet scaling for emission

scalee scaling of energy values

scalepkm scaling of transport data

1
2
3
4
5
6
6
7
8

,\,\,\,\,\,\,\,\,\
RN AN NS NN NN

———————————————————————— MARKUPS INACTIVE TECHNOLOG IES ----mmmmmmmmmmme e
muCoalCCS markup coal ccs technology
MuGASCCS markup gas ccs technology
muWindOff markup offshore wind techn ology
muPV markup pV technology
muBhcoaPC markup hcoa in base
muBCCGT markup CCGT in base
muhybrid markup on hybrid cars
$offtext
$eolcom !
$if not set data $set data I0_2004_one
$if not set datadir $set datadir "..\data\"
$if not set scalev $set scalev 0.001
$if not set scalet $set scalet 0.000001
$if not set scalee $set scalee 0.001
$if not set scalepkm $set scalepkm 0.001
$if not set muCoalCCS $set muCoalCCS 0.25
$if not set MuGASCCS $set muGASCCS 0.15
$if not set muWindOff $set muWindOff 0.1
$if not set muPV $set muPV 1.5
$if not set muBhcoaPC $set muBhcoaPC 0.19
$if not set muBCCGT $set muBCCGT 0.19
$if not set muhybrid $set muhybrid 0.03
$if not exist "%datadir%%data%.gdx" $abort "#H##HH# SOURCE DATA MISSING ###HHt"
opt i on solprint=silent;

* (1) LOAD DATA
set
i set of commodities
e set of energy commodities
| set of load segments
mapL mapping technologies to load
g set of generation technologies
ga set of active generation technologies
gn set of in active generation technologies
cf set of transport fuels
ct set of transport technologies
n set of transport networks
m set of transport modes
d set of transport distances
p set of transport purposes
tp set of travel periods
glo global set
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al i as(ij.i), (9.99). (9a.gga). (gn.ggn), (n.nn), (d.dd

gloe global set of all energy and fuel inputs

(cf,ccf), (ct,cet), (L,1);

NESTING SETS -----

) (P,pp), (M,mm), (tp.ttp),

set
ele electricity sector
lele/
fof fossil fuels
/coa, gas, p_c/
p_c refined oils
Ip_cl
coa only coal
/coal
otp other transport sector
/otp/
work only work transport
/work/
leis only leisure trips
/cons/
pub set of public transport modes
/bus, metram/
ptrain only private trains
/ptrain/
pur purchased transportation modes
/bus, metram, ptrain, plane/
busm busses and metro
/bus, metram/
trpl train and plane
Iptrain, plane/
own own transportation modes
[car, slow/
roadv road vehicles
/bus, car/
busses only busses
/bus/
cars only car mode
[car/
lkws only lkws
Nkw/
slow only slow mode
/slow/
roads set of road networks
/URBAN, NURBAN/
nroad non road modes in production
latp, wtp/
public all public transport production sectors
/bus, rail, metram/
gaso only gasoline cars
/gasoline/
prodtrn transport production sectors
/otp, atp, wtp/
* SETS FOR POLICIES --
set
exempted set to indicate if commodity i in j is exempted fro
tradel input i in sector j is part of trading scheme |
tradell input i in sector j is part of trading scheme I
tradelll input i in sector j is part of trading scheme lll
tradelV input i in sector j is part of trading scheme IV
tradeS input i in sector j is part of sectoral regulation
ets sector in emission trading scheme
e BENCHMARK PARAMETERS --
par amet er
y0 total production [million €]
do production for domestic market [million €]
e0 production for exports [million €]
[s[0] intermediate inputs [million €]
kdo capital inputs [million €]
fdo benchmark transport fuel demand
tf tax on transport fuel inputs
pfo benchmark price on fuel inputs
[s[0] labor inputs [million €]
lod0 electricity demand by load [million €]
ti intermediate input tax
pio intermediate inputs reference price

m carbon regulation
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ty
tl

plO

unit
phyldO
fuelyO
fuelido
a0

mO

g0

gdo
bop
transO
c0

cdo
inv0
ksO

IsO
timelLO
tw

pwO
stock0
Pstock0
tc

pcO

tsO
timeTO
time0
leisO
tayO
taid0
tacard0
tta

pta0
tat0
tastO
speed0
duration

output tax

labor tax

reference labor price

unit input vector generation technologies

physical electricity demand by load

transportation fuel output

transportation fuel input

armington supply [million €]

imports [million €]

total government consumption [million €]

public commodity consumption [million €]

balance of payments [million €]

direct transfers to household [million €]

total private consumption [million €]

private commodity consumption [million €]

investments [million €]

capital endowment [million €]

labor supplied [million €]

time supplied to labor [million €]

tax on labor income

reference household wage

stock of cars [million €]

stock of cars [number]

tax on private consumption

reference private consumption

supply of travel "speed"

benchmark travel time budget

total consumption and transport time endowment

benchmark leisure consumption

output of transport activity [million €]

intermediate demand transport activity [million €]

car demand of transport activity [million €]

tax on intermediate demand of transport activities

reference price intermediate demand transport activ

time input [million €]

time input for congestion link [million €]

speed of mode on network in travel period
duration of travel periods [hours]

/opeak 7320

peak 1440/
pce0

pkmO
vkmO

pcu
Jcar 1

bus 2

lkw 2/
occup

bpr
shcom
tacomO
tasupO
tcircO
tcirc
vot0
costcov

/bus 0.817
metram 0.817/
cy0
cido
cfd0
ccdo
tfuel
tcar
pfuelO
pcarO
tother
pother0
refco2
kmpercat
pvkm
shcomitted
/diesel 0.65

passenger car equivalents in benchmark [million]
benchmark person or tone kilometer [million]
vehicle kilometer in benchmark [million]
passenger car conversion factors

occupancy rates [persons per vehicle]

parameters in BRP function

committed value share in total mileage output
demand committed mileage

demand supplementary mileage

circulation tax in benchmark

circulation tax in scenario

value of time of trips

cost coverage rates for public transport [TREMOVE p

output of car technologies [million €]

intermediate demand car technologies [million €]

fuel demand by car technologies [million €]
car demand [million €]

transport fuel tax

car tax

reference fuel price

reference car rental price

tax on intermediate inputs

reference price car intermediate inputs
reference specific emissions [g per km]
kilometer per car category

price of vehicle km

percentage of committed mileage

gasoline 0.65/

totalvkmcar
comyO
comidO
comcar0
comfd0
supyO

total pkm by cars

output of committed millage activity
maintenance input of committed mileage
car input to committed mileage
committed fuel input

output of supplementary millage activity

ities

.39]
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1

supidO maintenance input of supplementary inputs

supfdO supplementary fuel input

carvkmO vkm by car class [Million]

pvkmO price per vehicle kilometer by car class [€ per vk
snd0 demand for new cars [million €]

ssd0 demand for car stock [million €]

sy0 output of stock activity [million €]

stax tax on new car purchases

psO reference price new car purchases

€020 carbon emission [1000 t]

evh household emission relevant energy [TJ]

eevh household emission relevant energy by energy commo
evf firms emission relevant energy [TJ]

eevf firms emission relevant energy by energy commodity
ecar energy demand by cars [TJ]

tactO transport activity data [pkm vkm pce in million -
carblimO initial carbon emissions

$gdxin "%datadir%%data%"
$loadilmaplggagncfctnmdptpe

$load y0 dO e0 id0 kdO 1d0 lodO ti piO ty tl plO un it

$load a0 mO

$load g0 gd0 bop transO

$load c0 cd0 ksO0 IsO timeL0 tw pw0 stockO PstockO i nvO tc pcO

$load tayO taidO tacardO tta ptaO

$load cy0 cfdO cidO tfuel tcar pfuelO tother pother

$load snd0 ssdO sy0 psO stax=ts
$load co20 evh eevh evf eevf ecar tactO
*$load pvkmO

$gdxin
glo(i) = yes; glo(pub) = yes;glo( "hh" )= yes;glo(ct) = yes;
gloe(fof) = yes; gloe(cf) = yes;
* ELECTRICITY PARAMETER
par amet er
markupG markup of inactive generation technologies

/gasCCS %muGasCCS%
windOff %muWindOff%
PV %muPV%

coalCCs %muCoalCCS%
BhcoaPC %muBhcoaPC%

BCCGT %muBCCGT%/

capacities estimated capacities in TWh
0 : no capacity expansion possible

+inf : unlimited capacity possible

Source: BMU erneuraber energien in zahlen p. 44
/ICCGT +inf

BCCGT +inf

OCOT +inf

OCGT +inf

windOn 68

windOff 135

PV 105

nuclear 0
hcoaPC +inf
BhcoaPC +inf

ligniteST  +inf
hydro 0
other 0

gasCCS +inf
coalCCs +inf/

relgen0 relative generation in %

cap capacity limit for technology g

relcap capacity relative to benchmark output
convTWhTJ conversion factor from TWH to TJ

co2gen0 benchmark emission of generation technologies
cpr capture rate for ccs technologies

/gasCCS 0.9
coalCCs 0.9/

TRANSPORT PARAMETER -

/3599.99712/

par anet er

trn_p total transport by purpose

trn_pd transport by purpose and distance

trn_pdtp transport by period purpose and distance
trn_pdtpm transport by mode period purpose and distance
pyO output of public transport modes

pidO intermediate inputs public transport modes

m]

dity [TJ]
[1J]

speed:km per hour]

0 pcar0 refco2 ccd0 carvkmO pvkmO
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pkd0
pldo
pti
ppi0
ptl
ppl0

pty
tapubdO
ttapub
ptapubO
co2pub0
ptf

ppfo
pfd0

ra0

tadO(p,d,tp,m,n)
tara0(p,d,tp,m,n)

capital demand public transport modes

labor demand public transport modes

intermediate input tax public transport

intermediate input reference price public transport

public transport labor tax

public transport labor price

public transport output tax

transport activities public transport demand

tax on public transport inputs

reference price public transport inputs

carbon emissions public transport

tax on transportation fuel inputs

reference price transportation fuel inputs

public transport fuel demand

supply of available road capacity in benchmark
demand for road time aggregate
demand for road availability

congpce million pce per hour of travel period [million pcu ]
occup occupancy rates [persons per vehicle]
co2car0 carbon emissions by cars
* CARBON EMISSIONS ---
par anmet er emicoef emission coefficient in [kg per TJ] [Source IPCC 20 06]
/coa 101000
p_c 74100
gas 56100
diesel 74100
gasoline 69300
CCGT 56100
hcoaPC 98300 !Anthracit e value
OCGT 56100
OCOoT 74100 !gas diese | oil
ligniteST 101000/
* POLICY PARAMETERS ---
par anet er
carbliml carbon limit trading scheme |
carblimll carbon limit trading scheme |
carblimlll carbon limit trading scheme Il
carblimlV carbon limit trading scheme IV
carblimS carbon limit sectoral regulation
carblimTRN carbon limit private transportation in circulation tax case
redu reduction level of economy’s emissions
* FLAGS
scal ar
congestion one if congestion is used 11/
endoglL endogenous labor 10/
circulation endogenous circulation tax on cars 10/
lump one if lumpsum recycling 11/
keynes one if marginal propensity to save is one 10/
pubsub one if revenues are recycled using public transport subsidy
* (2) DATA SCALING
scal ar
scalev scaling factor monetary units /%scalev%/
scalet scaling factor emission units /%scalet%/
scalee scaling factor energy units /%scalee%/
scalepkm scaling factor pkm units /%scalepkm%/
rounding rounding factor 18/

SCALE MONETARY UNITS --

idog,i)
lod0(l,i)
cdoi)

= round(y0(i)*scalev, rounding);

= round(dO(i)*scalev, rounding);

= round(e0(i)*scalev, rounding);

= round(mO(i)*scalev, rounding);

= round(aO(i)*scalev, rounding);

= round(kdO(i)*scalev, rounding);

= round(ldO(i)*scalev, rounding);

= round(idO(j,i)*scalev, rounding) ;
= round(lod0(l,i)*scalev, rounding );
= round(cdO(i)*scalev, rounding);

10/

0/
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invO(i) = round(invO(i)*scalev, rounding);

trans0 = round(transO*scalev, rounding);

ksO = round(ksO*scalev, rounding);

timeLO = round(timeLO*scalev, rounding);

IsO = round(IsO*scalev, rounding);

stockO(cf,ct) = round(stockO(cf,ct)*scalev, roun ding);
tayO(p,d,tp,m,n) = round(tayO(p,d,tp,m,n)*s calev, rounding);
taid0(i,p,d,tp,m,n) = round(taidO(i,p,d,tp,m,n )*scalev, rounding);
tacardO(cf,ct,p,d,tp,m,n)= round(tacardO(cf,ct,p,d, tp,m,n)*scalev, rounding);
cyO(cf,ct) = round(cy0(cf,ct)*scalev, roundin 9);

cido(i,cf,ct) = round(cidO(i,cf,ct)*scalev, roun ding);
cfd0(i,cf,ct) = round(cfdO(i,cf,ct)*scalev, roun ding);
ccdO(cf,ct) = round(ccdO(cf,ct)*scalev, roundi ng);

ssdO(cf,ct) = round(ssdO(cf,ct)*scalev, roundi ng);

sndO(i,cf,ct) = round(sndO(i,cf,ct)*scalev, roun ding);

syO(cf,ct) = round(sy0(cf,ct)*scalev, roundin 0);

unit(  "out" ,g) = round(unit( "out" ,g)*scalev, rounding);

unit(  “"pgen” ,g) = round(unit( "pgen” ,g)*scalev, rounding);

gdo(i) = round(gd0(i)*scalev, rounding);

g0 = round(g0*scalev, rounding);

bop = round(bop*scalev, rounding);

c0 = sunfi,cdO(i)*pcO(i)) + sun((p,d,tp,m,n), tayO(p,d,tp,m,n));
co20( "total" i) = round(co20( "total" ,i)*scalet, 3);

co20( "total" , "hh" ) = round(co20( "total" , "hh" )*scalet, 3);

evh(i) = round(evh(i)*scalee, 3);

eevh(e) = round(eevh(e)*scalee, 3) ;

evf(j,i) = round(evi(j,i)*scalee, 3 );

eevf(e,i) = round(eevf(e,i)*scalee, 3);

ecar(i,cf,ct) = round(ecar(i,cf,ct)*scal ee, 8);

tactO( "pkm" ,p,d,tp,m,n) = round(tactO( "pkm" ,p,d,tp,m,n)*scalepkm, 8);
tactO( "vkm" ,p,d,tp,m,n) = round(tactO( "vkm" ,p,d,tp,m,n)*scalepkm, 8);
tactO( "pce" ,p,d,tp,m,n) = round(tactO( "pce" ,p,d,tp,m,n)*scalepkm, 8);
carvkmO(cf,ct) = round(carvkmO(cf,ct)*sca lepkm,8);
pvkmO(cf,ct) = round(pvkmO(cf,ct)*scale v/scalepkm, 8);
unit( " TJ",9) = round(unit( "TWh" ,g)*convTWhTJ*scalee, 8);

markupG(gn) = 1 + markupG(gn);

cap(g)$(capacities(g) and capacities(g) It +inf) = unit(  "pgen" ,g)*capacities(g);
cap(g)$( not capacities(g)) = unit( "out" ,Q);
cap(g)$(capacities(g) eq +inf) = +inf;
cap( "nuclear" ) = unit( "pgen” , "nuclear" )*unit( "TWh", "nuclear" );
phyldO( "TWh",I) = sum(g$mapl(l,g), unit( "TWh",9));
phyld0( “out" ,l)= sum(g$mapl(l,g), unit( "out" ,0));
par amet er
oilprice prices of refined oils [$ per toe in 2004]
/gasoline 1748.7
diesel 1155
Ifo 483.2/
temptax temporary tax parameter
Ikwtax total taxes paid by freight transport [Mio € - DIW p. 274]

temptax( "old" i) sunfj, ti(j,i)*id0gj,i));

temptax( “out" i) ty(i)*yO0(i);

fdO(cf,j)$id0( "p_c" ,j) =ido( "p_c" ,j)*oilprice(cf)*eevf(cf,))
I( sunqccf, oilprice(ccf)*eevi(ccf,j))

+ (eevf( "toil" j) - sunccf, eevf(ccf,j)))*oilprice( "Ifo"
fdO(cf, "gas" ) =idO( "p_c" , "gas" )*oilprice(cf)*eevf(cf, "cru" )
I( sunccf, oilprice(ccf)*eevf(ccf, "cru" )
+ (eevf( "toil" , "cru" )-  sumccf, eevf(ccf, "cru" 1))
*oilprice( "Ifo" ));
tf(cf,i) = tfuel(cf)/(1.16);

137231/
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tf( "diesel" ,"wtp") =0;

temptax( “fuel" i) = sun(cf, tf(cf,i)*fd0(cf,i));

* Correct intermediate demands

ido( "p_c" i) = round(idO( "p_c" i) - sun{cf, fdO(cf,i)), rounding);
* Tax system for p roduction -------------------
ti(i,j) = 0;

* according to IEA 2008 tax on refined oil inputs i s around 20%

ti( "p_c" ,i)=0.2;
ti( "pc" ,"p.c" )=0;
ti( "p_c" ,"ap" )=0;

temptax( “fuel" i) = temptax( "fuel” i) +ti( "p_c" ,i)*ido( "p_c" i);
ti(j,1)$( sunfii, idO(ii,i)) and not ti(j,i))

= (temptax( "old" i) - temptax( "fuel* i)

/ sun(ii$(  not ti(ii,i)), idO(ii,i));

temptax( "new" ,i) = sunfj, ti(j,i)*ido(,i)) + sun{cf, tf(cf,i)*fd0O(cf,i));
temptax( “"test" i) = temptax( "new" i) - temptax( "old" ,i);
pfo(cf,i) =1 + tf(cf,i);
pio(i.j) =1 +ti(i,j);
e Create transportation fue | activity ------------------
fuelyO(cf) = sundi, fdO(cf,i)) + sunfct, cfdO( "p_c" cfct));
fuelido(  "p_c" ,cf)= fuelyO(cf);
* Adjust energy flows to faciliate carbon calibrati on
evf(cf,i) = eevf(cf,i);
evf( "p_c" ,i) =round(evf( "p_c" i) - sunfcf, eevf(cf,i)), 8);

evf(i, ‘"cru" ) =0;
evf(cf, ‘"cru" ) =0;

evf(cf, "gas" ) = eevf(cf, "cru" );
evf( "p_c" ,"gas" )=max(evf( "p_c" ,"gas" )- suncf, eevf(cf, “cru” 1)), 0);
* " (5) CALIBRATION TRANSPORT ACTIVIT IES
trn_h(p) = o sun((d,tb,m,n), ‘ta’\yO(p,d,tp‘,m,n));w
trn_pd(p,d) = sum((tp,m,n), tayO(p,d,tp,m,n));
trn_pdtp(p,d,tp) = sum((m,n), tayO(p,d,tp,m,n));
trn_pdtpm(p,d,tp,m) = sumn((n), tayO(p,d,tp,m,n));
* Adjust total final consumption since work trips a re implemented using rationing
c0=cO0 - trn_p( "work ");
s "~ (6) CONGESTIONFUNCTI ~ ON
L CALIBRATION CONGESTION FUNCT (O] (=] 2) [Eommnnu——
speed0(m,n,tp) = tactO( "speed" , "cons" , "short" ,tp,m,n);
speed0( " METRAM,n,tp) =30.78253; ITREMOVE
occup(p,d,tp,m,n)$tactO( "vkm" ,p,d,tp,m,n) = tactO( "pkm" ,p,d,tp,m,n)/tactO( "vkm" ,p,d,tp,m,n);
pkmO(p,d,tp,m,n) = tactO( "pkm" ,p,d,tp,m,n);
vkmO(p,d,tp,m,n)$occup(p,d,tp,m,n) = pkmO(p, d,tp,m,n)/occup(p,d,tp,m,n);
pceO(p,d,tp,m,n) = vkmO(p, d,tp,m,n)*pcu(m);
congpce(tp,n) = sum((p,d,m), pceO(p,d,tp,m,n))
[durati on(tp);

Positive Variable

freeflow calibrated free flow speed

capacity calibrated capacity of road net work
Vari abl e

dummy dummy objective
iEqaut ion

objll dummy objective

eq_bpr BPR function to be calibrated
objll..

dummy =E= 0
eq_bpr(tp,n)$(roads(n))..

1/speedO( "car" ,nitp) =E= freeflow(n) *

(1+0.15* (congpce(tp,n)/capacity(n))**4)

1

capacity.LO(n) = 0.0001;
freeflow.LO(n) = 0.0001;
capacity.FX(n)$( not sunitp, congpce(tp,n))) = 0O;
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freeflow.LO(N)$( not sun{tp, congpce(tp,n))) = 0;

freeflow.L(n) = sun(tp$( ord(tp) eq car d(tp)), speed0( "car" ,tp,n));
capacity.L(n) = sun(tp$( ord(tp) eq car d(tp)), congpce(tp,n));

nodel calibcong /objll, eq_bpr/ ;

sol ve calibcong using NLP maximizing dummy;

bpr( "free_time" ,n) = freeflow.L(n);
bpr( "free_speed" ,n)$freeflow.L(n) = 1/freeflow.L(n);
bpr( "capacity" ,n) = capacity.L(n);
bpr(tp,n) = bpr( "free_time" ,n)*(1+0.15*
sun((pp,dd,m),pce0(pp,dd,tp,m,n))
/duration(tp))/bpr( "capacity” ,n))**4);
vari abl e
Al, A2, A3, A4
egaut i on
expl, exp2

expl(tp,n)$roads(n)..

60*(1/speed0( "car" ,nitp)) =E=  AL(n)*(A2(n) + A3(n)*exp(A4(n)
*cong pce(tp,n)))
exp2(n)$roads(n)..
freeflow.L(n)*60 =E= A1(n)*( A2(n) + A3(n))
nodel calibconglll /objll, expl,exp2/
ALFX(n) =1,

A2.L(n) =1; A3.L(n) =1; Ad.L(n)=1;
sol ve calibconglll maximizing dummy using NLP;

par anet er albus(n);

par anet er
tempt temporary parameter to store time per km
albus(n) al parameter for busses
tempt(m,tp,n)$(roadv(m) and speed0(m,n,tp)) = 1/spe edO(m,n,tp);
albus(n)$tempt(  "car" , "opeak" ,n)= tempt( "bus" , "opeak" ,n)tempt(  “"car" , "opeak"
speedO( "bus" ,n,tp)$albus(n) = speedO( "car" ,n,tp)/albus(n);
par anet er
tempocc occupancy rates for non-road trips
/slow 1
ptrain 200
plane 100/
votO(p,d,tp,m,n) = tactO( "vot ", p,d,tp,m,n);
raO(tp, “"car" ,n)$roads(n) = (1 - 1/speed0( "car" ,n,tp))
* sun((p,d), vkmO(p,d,tp, "car" ,n));
raO(tp, "bus" ,n)$roads(n) = (1 - 1/speed0( "bus" ,n,tp))
* sun((p,d), vkmO(p,d,tp, "bus" ,n));
tatO(p,d,tp,m,n)$(speed0(m,n,tp) and tempocc(m))
= tactO( "pkm" ,p,d,tp,m,n)/speed0(m,n,tp);
tatO(p,d,tp,m,n)$(speed0(m,n,tp) and tempocc(m))
= tactO( "pkm" ,p,d,tp,m,n)/(tempocc(m)*speed0(m,n,tp));
tatO(p,d,tp,m,n)$(speed0(m,n,tp) and vkmO(p,d,tp,m, n))
= vkmO(p,d,tp,m,n)/speedO( m,n,tp);
taraO(p,d,tp, "car" ,n)$speedO( ‘“car" ,n,tp)
= (1 - 1/speed0( "car" ,n,tp))*vkmO(p,d,tp, "car" ,n);
taraO(p,d,tp, "bus" ,n)$speed0( "bus" ,n,tp)
= (1 - 1/speedO( "bus" ,n,tp))*vkmO(p,d,tp, "bus" ,n);
timeTO( "total" ) = sun((p,d,tp,m,n), tat0(p,d,tp,m,n));
timeTO( “"share L" ) =timeTO( "total" )/(timeLO+timeTO( "total"  ));

time0 = timeTO( "total"  )/0.17;
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leisO = timeO - timeTO( "total" );

tayO(p,d,tp,m,n)$(work(p) or leis(p)) = tayO(p,d,t p,m,n) + tatO(p,d,tp,m,n)
+ taraO(p, d,tp,m,n);

trn_p(p) = sun((d,tp,m,n), tayO(p,d,tp,m,n));

trn_pd(p,d) = sun{(tp,m,n), tayO(p,d,tp,m,n));

trn_pdtp(p,d,tp) = sun((m,n), tayO(p,d,tp,m,n));

trn_pdtpm(p,d,tp,m) = sun((n), tayO(p,d,tp,m,n));

* Recompute total con sunption

c0 = suni,cdO(i)*pcO(i)) + sun{(d,tp,m,n), tayO( "cons" ,d,tp,m,n)) + leisO;

totalvkmcar = sun((p,d,tp,n), vkmO(p,d,tp, "car" ,n));

comidO(i,cf,ct) = shcomitted(cf)*cidO(i,cf,ct);
supidO(i,cf,ct) = (1-shcomitted(cf))*cidO(i,cf,ct)

comfdO(cf,ct) = shcomitted(cf)*cfdO( "p_c" ,cfct);
supfdO(cf,ct) = (1-shcomitted(cf))*cfdO( "p_c" ,cfct);
comcar0(cf,ct) = ccdO(cf,ct)*pcarO(cf,ct);
comyO(cf,ct) = sun{i, pother0(i,cf,ct)*comidO(i,cf,ct))

+ comfdO(cf,ct)*pfuelO( "p_c" ,cf) + comcarO(cf,ct);
supyO(cf,ct) = sunfi, pother0(i,cf,ct)*supidO(i,cf,ct))

+ supfdO(cf,ct)*pfuel0( "p_c" cf);
shcom(cf,ct) = comyO(cf,ct)/(supyO(cf,ct)+comy0 (cf,ct));
tacomO(cf,ct,p,d,tp,m,n) = shcom(cf,ct)*tacardO(cf, ct,p,d,tp,m,n);
tasupO(cf,ct,p,d,tp,m,n) = (1-shcom(cf,ct))*tacard0 (cf,ct,p,d,tp,m,n);
teircO(cf,ct) = (pcarO(cf,ct)*sy0(cf,ct) -syO(cf ,ct))/(syO(cf,ct)*pcar0(cf,ct));

teirc(cf,ct) = tcircO(cf,ct);

par amet er
cunit committed mileage unit input vector
sunit supplementary mileage unit input vector
carunit total car unit vector
newunit new car unit vector
cunit(  "out" cf,ct) = comyO(cf,ct);
cunit( "car" cf,ct) = comcarO(cf,ct)/cunit( "out" ,cf,ct);
cunit(  "fuel" ,cf,ct) = (comfdO(cf,ct)*pfuelO( "p_c" cf))/cunit( "out" ,cf,ct);
cunit(i,cf,ct) = comidO(i,cf,ct)/cunit( "out" ,cf,ct);
sunit( "out" ,cf,ct) = supyO(cf,ct);
sunit(  "fuel" ,cf,ct) = supfdO(cf,ct)*pfuelO( "p_c" ,cf)/sunit( "out" ,cf,ct);
sunit(i,cf,ct) = supidO(i,cf,ct)/sunit( "out" cf.ct);
carunit(  "out" ,cf,ct) = comyO(cf,ct) + supyO(cf,ct);
carunit(  "vkm" ,cf,ct) = carvkmO(cf,ct) ;
carunit( "price ",cfct) = carunit( "out" ,cf,ct)/carvkmO(cf,ct);
carunit(  “"car" ,cf,ct) = comcarO(cf,ct)/carunit( "out" ,cf,ct);
carunit(  “"fuel” ,cf,ct) = cfdO( "p_c" ,cf,ct)*pfuel0( "p_c" ,cf)/carunit( "out" ,cf,ct);
carunit(i,cf,ct) = cid0(i,cf,ct)*pother0(i, cf,ct)/carunit( "out" ,cf,ct);
par anet er
adjemicoef adjustment of emission coefficients
roundco2 rounding factor for emissions 13/
tempco2 temporary parameter to adjust emissions

evi(i, ‘"ele" )=0;

€020(i,j)$id0(i,j) = round((evf(i,j)/scalee)* (emicoef(i)/10**6)*scalet,
roundco2);
€020(cf,j)$fd0(cf,j) = round((evf(cf,j)/scalee) *(emicoef(cf)/10**6)*scalet,
roundco2);
c020(i, "hh" )$cdO(i) = round((evh(i)/scalee) * (emicoef(i) /10**6)*scalet,roundco?2);
co2pub0(i,pub) = round((evf(i,pub)/scalee )*(emicoef(i)/10**6)*scalet, roundco?2);
co2pub0(cf,pub) = round((evf(cf,pub)/scale e)*(emicoef(cf)/10**6)*scalet, roundco?2);
co2car0(cf,ct) = (ecar( "p_c" cf,ct)/scalee)*(emicoef(cf)/10**6)*scalet;
co2carQ(cf, “total" ) = sunqct, co2car0(cf,ct));
co2carQ( "total" ,ct) = sun{cf, co2car0(cf,ct));
co2carQ( "total" , "total® )= sun{(cf,ct), co2car0(cf,ct));
co2gen0(g)$unit( "eff ",9)=  sun(i$unit(i,g), (unit( "TJ",g)/unit( "eff ",q9))
Iscalee*(emicoef(g)/10** 6)*scalet);
co2genQ( "total" ) = sun{g, co2gen0(g));
tempco2(i) = sunyj, co20(j,i)) + sun{cf, co20(cf,i));
tempco2(pub) = sun{j, co2pub0(j,pub)) + sunqcf, co2pub0(cf,pub));
tempco2( "hh" ) = sun{i, co20(i, "hh" )) + co2car0( "total" , "total" );
tempco2( "ele" ) =tempco2( "ele" )+ co2gen0( “total" );
tempco2( "total" ) = sun{i, tempco2(i)) + sun(pub, tempco2(pub)) + tempco2(
co20( "total" , "total" ) = sunfi, co20(  "total" ,i)) + co20( "total" , "hh" );

"hh"
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adjemicoef(i)$( not ele(i) and not otp(i) and co20( "total" i)

=c020( "total" ,i)/( sunj, co20(,i)) + sunqcf, co20(cf,)));

adjemicoef( "otp" ) =c020( "total" , "otp" )/( sum(i, sum(pub, co2pub0(i,pub))+co20(i, "otp"

+ sunfcf, sun{pub, co2pubO(cf,pub)) + co20(cf, "otp" )));
adjemicoef(  "ele" ) =c020( "total" , "ele" )/(co2genO( “total" )+ suncf, co20(cf, "ele" ))

+ sun{i, co20(i, "ele” )));
adjemicoef( "hh" ) = ((co20( "total" , "hh" )-co2carO( “total" , "total" ))1

/ sunti,co20(i, "hh" )));

€020(i,j) = co020(i,j)*adjemicoef(j);
€020(cf,)) = c020(cf,j)*adjemicoef(j) ;
co20(i, "hh") = c020(i, "hh" )*adjemicoef( "hh" );
co20(cf, "hh" ) = c020(cf, "hh" )*adjemicoef( "hh" );
co2pub0(i,pub) = co2pub0(i,pub)*adjemicoe f( "otp" );
co2pub0(cf,pub) = co2pub0(cf,pub)*adjemico ef( "otp" );
co2pubQ( "total" ,pub) = sun{i, co2pubO(i,pub)) + sunqcf,co2pub0(cf,pub));
co2gen0(g) = co2gen0(g)*adjemicoef( "ele" );
co2gen0( "total" ) = sun{g, co2gen0(g));
tempco2(i) = sunfj, co20(j,i)) + sunqcf, co20(cf,));
tempco2( "otp" ) = tempco2( "otp" )+ sum(pub, suni, co2pubO(i,pub))

+ sun{cf, co2pub0(cf,pub)));
tempco2(pub) = sunfj, co2pub0(j,pub)) + sunfcf, co2pub0(cf,pub));
tempco2( "hh" ) = sun{i, co20(i, "hh" )) + co2car0( "total" , "total" );
tempco2( "ele" ) = tempco2( "ele" )+ co2gen0O( “total" );
tempco2( “"total" ) = sun{i, tempco2(i)) + sun(pub, tempco2(pub)) + tempco2( "hh" );
co20(i, "total" ) = sun{j, co20(i,j)) + sunm{g$unit(i,g),co2gen0(g))

+ sumn(pub, co2pub0(i,pub)) + co020(i, "hh" );
co20(cf, "total" ) = sunfj, co20(cf,j)) + sunfct, co2car0(cf,ct))

+ sunm(pub, co2pub0(cf,pub)) + co20(cf, "hh" );
unit(  "co2" ,g)$unit(  "out" ,g) = co2gen0(g)/unit( "out" ,Q);
unit( “co2" , "coalCCS" ) = unit( "co2" , "ligniteST" )*(1-cpr(  "coalCCS" ));
unit( “"co2" , "gasCCS") = unit( "co2" , "CCGT")*(1-cpr(  "gasCCS"));
unit( "co2" , "BCCGT") = unit( "co2" , "CCGT");
unit( “"co2" , "BhcoaPC" ) = unit( "co2" , "hcoaPC" );
co20( "total" , "total" ) = sun{i, co20(i, "total" )

+ sunfcf, co20(cf, "total"  ));

co20( "total" ,i)$( notele())) = sunj, co20(j,i)) + sunfcf, co20(cf,i));
carblim0O = co20( "total" , "total" ),
te(i) = 0.16;

tc( "p_c" )=0.418;
pco(i) = 1 + tc(i);

transO = trans0O + sunfi, tc(i)*cdO(i));
c0 = suni, pcO(i)*cdO(i)) + sunm(p$leis(p),trn_p(p)) + leisO;
transO = cO + sundi, invO0(i)) + sum(p$( not leis(p)),trn_p(p))

- (ksO + timeLO + time0 + sunq(cf,ct), stockO(cf,ct)) + sun((tp,n,m), ra0(tp,m,n)));
carbliml = 0; carblimll = 0; carblimlll = O; carbli mlV = 0;
tradel(i,j) = no; tradel(cf,j) = no; tradel(i, "hh" )= no; tradel(i,pub) = no;
tradel(cf,pub) = no; tradel(cf,ct) = no; tradel(qg, "ele" )= no;
tradell(i,j) = no; tradell(cf,j) = no; tradell(i, "hh" )= no; tradell(i,pub) = no;
tradell(cf,pub) = no; tradell(cf,ct) = no; tradel(g, "ele” )= no;
tradelll(i,j) = no; tradelll(cf,j) = no; tradelll(i, "hh" )= no; tradelll(i,pub) = no;
tradelll(cf,pub) = no; tradelll(cf,ct) = no; tradel(g, "ele" )= no;
tradelV(i,j) = no; tradelV(cf,j) = no; tradelV(i, "hh" )= no; tradelV(i,pub) = no;
tradelV(cf,pub) = no; tradelV(cf,ct) = no; tradel(g, "ele” )= no;
tradeS(i,j) = no; tradeS(cf,j) = no; tradeS(i, "hh" )= no; tradeS(i,pub) = no;
tradeS(cf,pub) = no; tradeS(cf,ct) = no; tradeS(g, "ele" )= no;
carblimS(i) = 0; carblimS( "hh" ) = 0; carblimS(pub) = 0;
exempted(i,j) = no;

)
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MPSGE code for the small open economy model

$stitle small open economy model with transport

$ontext
$model:ger_cong

$sectors:
Y(i)$yO0(i) I Production
A(i)$a0(i) ! Armington aggrega
GEN(g) ! Generation
TKG | Capital transform
ELEC ! Electricity gener
TA(p)$trn_p(p) ! Transport activit
TA_D(p,d)$trn_pd(p,d) I Tran

TA_DTP(p,d,tp)$trn_pdtp(p,d,tp) ! Tran
TA_DTPM(p,d,tp,m)$trn_pdtpm(p,d,tp,m) ! T
TA_DTPMN(p,d,tp,m,n)$tay0(p,d,tp,m,n) ' T

CAR(cf,ct) I Combi
COMCAR(cf,ct) I Committed mi
SUPCAR(cf,ct) ! Supp

STOCK(cf,ct) I Car

YTF(cf) I Tran

GC ! Public

C ! Priva

LT ! Labor

INV$keynes ! Inves

EY(i,j)$(fof(i) and a0(i) and id0(i,j)) !
EC(i)$(fof(i) and cd0(i))
YF(cf,i)$fd0(cf,i)
FCAR(cf,ct)$cfd0("p_c",cf,ct)
CARBON(i,j)$c020(i.j)
FCARBON(cf,j)$co20(cf,j)
CARBONH(i)$c020(i,"hh")
CARBONCAR(cf,ct)$co2car0(cf,ct)

EXCARBON(i,j)$(co20(i,j) and exempted(i,)

EXFCARBON(cf,j)$(co20(cf,j) and exempted(c
EXCARBONH(i)$(c020(i,"hh") and exempted(i,
EXCARBONCAR(cf,ct)$(co2car0(cf,ct) and ex

$commodity:

PY (i)$y0(i) !

PA(i)$a0() !

PFX !

PLOAD() !
PKG(g)$ga(g) !
PCAP(g)$(cap(g) It +inf) !

PELEC !
PTA(p)$trn_p(p) !
PTA_D(p,d)$trn_pd(p,d)
PTA_DTP(p,d,tp)$trn_pdtp(p,d,tp) !
PTA_DTPM(p,d,tp,m)$trn_pdtpm(p,d,tp,m) !
PTA_DTPMN(p,d,tp,m,n)$tay0(p,d,tp,m,n) !
PRENT(cf,ct) !

PSTOCK(cf,ct) !

PCAR(cf,ct) !

PCOM(cf,ct) !

PSUP(cf,ct)

PYTF(cf)

PG ! Public ¢

PC ! Private

PK | Capital

PL ! Firm wag
PLS ! Labor su
PT$timeTO("total") ! Time pri
PRA(tp,m,n)$ra0(tp,m,n) ! Price fo
PINV$keynes ! Investme
PE(i,j)$(fof(i) and a0(i) and id0(i,j))

PEC(i)$(fof(i) and cdO(i))

PYF(cf,i)$fdO(cf,i)

PFCAR(cf,ct)$cfdO("p_c",cf,ct)

PCARBI$carbliml ! Carbo
PCARBII$carblimll ! Carbo
PCARBIlI$carblimlll ! Carbo
PCARBIV$carblimlV ! Carbo
PCARBS(i)$carblimS(i) ! Secto
PCARBHS$carblimS("hh") I Secto
PCARBON(i,j)$co20(i,j) I Carbo
PFCARBON(cf,j)$co20(cf,j) ! Price

tion

ation active generation
ation
ies
sport activity distance and purpose
sport distance purpose and travel period
ransport by mode distance purpose period
ransport all

nes committed and supplementary mileage

leage
lementary mileage
stock activity
sportation fuels
consumption
te consumption
transformation
tments
Energy carbon aggregation
! Energy carbon aggregation household
! Fuel carbon aggregate
! Fuel carbon aggregation for cars
! Carbon emission fromiin j
! Carbon emission from fuel cfin j
I Carbon emission from in household
! Carbon emission cars

) | Exempted carbon emission iinj
fj)) ! Exempted carbon emission cfin j
"hh")) ! Exempted carbon emission in hh
empted(cf,ct)) | Exempted emission cars

Commodity price
Armington composite price
Foreign currency
Electricity price by load segment
Capital inputs active generation
Scarcity price potential
Production price electricity
Transport activity price by purpose

! Transport price by distance and purpose
Transport price by dis pur period
Transport price by mode dis pur per

Transport price by mode dis pur per netw

Car rental price
Car stock price
Car resource cost
Price committed mileage
! Price supplementary mileage
! Price transportation fuels
onsumption expenditure
consumption expenditure
price
e
pply price
ce
r road availability
nt price
! Price energy carbon aggregate

! Price energy carbon aggregate household

! Price fuel carbon aggregate
! Price carbon aggregation for cars
n price scheme |
n price scheme |
n price scheme |
n price scheme |
ral carbon price
ral carbon price household
n price for inputiinj
carbon from fuel cfin j
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PCARBONH(i)$c020(i,"hh") I Carbo n price for input i in household

PCARBONCAR(cf,ct)$co2car0(cf,ct) ! Price carbon emission cars
PEXCARBON(i,j)$(c020(i,j) and exempted(i,j ) ! Price exempted emissionsiiinj
PEXFCARBON(cf,j)$(co20(cf,j) and exempted( cf,j)) ! Price exempted emission cf in j
PEXCARBONH(i)$(c020(i,"hh") and exempted(i ,"hh™)) ! Price exempted emission in hh
PEXCARBONCAR(cf,ct)$(co2car0(cf,ct) and e xempted(cf,ct))! Price exempted cars
$consumers:
RA ! Representative agen t
GOV ! Government
$auxiliary:
ADJIWT I Adjustment of work trips
LSREC I Lumpsum revenue recycling multpl
ROADAV/(tp,m,n)$(ra0(tp,m,n)) ! road availability
VKM(p,d,tp,m,n)$(occup(p,d,tp,m,n) and roa ds(n)) ! vehicle kiliometers
LStta I multpl for public transport subsi
* CARBON ENERGY AGGREGATI ON
$prod:EY(fof,i)$(a0(fof) and idO(fof,i))
O:PE(fof,i) Q:(idO(fof,i)*pi0( fof,i))
I:PA(fof) Q:id0(fof,i) P:piO(fof,i)
+ A:GOV T:ti(fof,i)
I:PCARBON(fof,i)$(not exempted(fof,i)) Q:co20(fof,i) P:le-6
I:PEXCARBON(fof,i)$exempted(fof,i) Q:co20(fof,i) P:le-6
$prod:YF(cf,i)$(fdO(cf,i))
O:PYF(cf,i) Q:(pfo(ct,i)*fdO(c f,i))
I:PYTF(cf) Q:fdO(cf,i) P:pfo(cf,i)
+ A:GOV T:tf(cf,i)
I:PFCARBON(cf,i)$(not exempted(cf,i)) Q:co20(cf,i) P:1e-6
I:PEXFCARBON(cf,i)$exempted(cf,i) Q:co20(cf,i) P:le-6
$report:
V:demYE(fof,i) 1:PA(fof) Prod:EY (fof,i)
V:demYF(cf,i) 1:PYTF(cf) Prod:YF(cf,i)
$prod:EC(fof)$cdO(fof)
O:PEC(fof) Q:(pcO(fof)*cdO(fo f))
I:PA(fof) Q:cdO(fof) P:pcO(fof)
+ A:GOV T:tc(fof)
I:PCARBONH(fof)$(not exempted(fof,"hh")) Q:co20(fof,"hh") P:1e-6
I:PEXCARBONH(fof)$exempted(fof,"HH") Q:co20(fof,"hh") P:le-6

$prod:FCAR(cf,ct)$cfdO("p_c",cf,ct)

O:PFCAR(cf,ct) Q:(pfuelo("p_c",cf )*cfdO("p_c",cf,ct))
I:PYTF(cf) Q:cfdO("p_c",cf,ct ) P:pfuel0("p_c",cf)

+ A:GOV T:tfuel(cf)
I:PCARBONCAR(cf,ct)$(not exempted(cf,ct)) Q:co2car0(cf,ct) P:le-6
I:PEXCARBONCAR(cf,ct)$(exempted(cf,ct)) Q:co2car0(cf,ct) P:le-6

$report:

V:demCE(fof) I:PA(fof) Prod:EC(fof)
V:demCF(cf,ct) I:PYTF(cf) Prod:FCAR(cf,ct)
* CARBON SYSTEMS
$prod:CARBON(i,j)$co20(i,j)
O:PCARBON(i,j) Q1
I:PCARBI$tradel(i,j) Q1
I:PCARBII$tradell(i,j) Q1

I:PCARBIlI$tradelll(ij)  Q:1
I:PCARBIV$tradelV(i,j) Q1
I:PCARBS(j)$tradeS(i,)) Q:1

$Prod:EXCARBON(i,j)$(c020(i,j) and exempted(i,j))
O:PEXCARBON(i,j) Q1
I:PCARBON(i,j) Q:1

+ A:GOV T (-0.99999)
$prod:FCARBON(cf,j)$c020(cf,j)

O:PFCARBON(cf,j) Q1

I:PCARBI$tradel(cf,j) Q1

I:PCARBII$tradell(cf,j) Q1
[:PCARBIlI$tradelll(cf,j) Q:1
I:PCARBIV$tradelV(cf,j) Q1
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I:PCARBS(j)$tradeS(cf,)) Q:1

$prod:EXFCARBON(cf,j)$(co20(cf,j) and exempted(cf,
O:PEXFCARBON(cfj) Q:1
lIPFCARBON(cfj)  Q:1

+ A:gov T:

$prod: CARBONH(i)$c020(i,"hh")
O:PCARBONH() Q1
I:PCARBI$tradel(i,"hh") Q1
I:PCARBII$tradell(i,"hh")  Q:1
I:PCARBIlI$tradelll(i,"hh")  Q:1
I:PCARBIVS$tradelV(i,"hh")  Q:1
I:PCARBHS$tradeS(i,"hh") Q1

$prod:EXCARBONH(i)$(co20(i,"hh") and exempted(i,"hh

O:PEXCARBONH(i) Q1
I:PCARBONH(i) Q:1
+ A:GOV
$prod:CARBONCAR(cf,ct)$co2car0(cf,ct)
O:PCARBONCAR(cf,ct) Q1
I:PCARBI$tradel(cf,ct) Q1

I:PCARBII$tradell(cf,ct) Q1
I:PCARBIlI$tradelll(cf,ct) Q:1
I:PCARBIV$tradelV(cf,ct) Q1
I:PCARBHS$tradeS(cf,"hh") Q1

$prod:EXCARBONCAR(cf,ct)$(co2car0(cf,ct) and exemp

O:PEXCARBONCAR(cf,ct) Q1
I:PCARBONCAR(cf,ct) Q1

+ A:GOV

* PRODUCTION

*

$prod:Y(i)$(y0(i) and not ele(i)) s0 t
+ vae:esub_vae(i)

+ road(trn):esub_roa
+ va(vae):esub_va(i)
+ coa(ele):esub_coa(
O:PY(i) Q:do(i)
+ A:GOV
O:PFX Q:e0(i)
+ A:GOV
I:PA()$(not fof(j)) Q:id0(j,i)
+
+ A:GOV
I:PE(fof,i) Q:(idO(fof,i)*pi0(
+
I:PK Q:kdO(i)
I:PL Q:1do(i)
+ A:GOV
I:PYF(cf,i) Q:(pfO(cf,i)*fdO(c
$prod:A(i)$a0(i) s:esub_dm(i)
O:PA(i) Q:a0(i)
I:PFX Q:moO(i)
:PY(i) Q:dO(i)
$report:
V:Imports(i) I:PFX PR
V:Exports(i) O:PFX PR
V:demY(i,j) I:PA(i) PR
* ELECTRICITY GENERATION

*

$prod:Y (i)Sele(i) s:0 tiesub_out(i)
+ va(s):esub_va(i) load(s

+ fuel(s):esub_fuel(i)
O:PY(i) Q:d0(i)

+ A:GOV
O:PFX Q:e0(i)

+ A:GOV
I:PA()$(not fof(j)) Q:id0(j,i)

+ A:GOV
I:PE(fof,i) Q:(idO(fof,i)*piO(
I:PK Q:kdO(i)
I:PL Q:1dO(i)

)

(-0.99999)

")

T:(-0.999999)

ted(cf,ct))

T:(-0.999999)

esub_out(i)
trn:esub_trn(i)

d(i) fuel(road):esub_fuel(i)
ele(vae):esub_ele(i)

i) lgd(coa):esub_Ilqd(i)

T:ty(i)
T:ty(i)
P:pi0(,i)  ele:$ele())
trn:$nroad(j)
T:ti(j,i) road:$otp(j)
fof,i)) coa:$coa(fof)
Igd:$(not coa(fof))
va:
P:plO(i) va:
T:HI()
f,)) fuel:
OD:A(i)
OD:Y(i)
OD:Y(j)
):esub_load
T:ty(i)
T:ty(i)
P:pi0(j,i)
T:ti),0)
fof,i))
va:
P:plo(i) va:
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+ A:GOV
I:PYF(cf,i) Q:(pfO(cf,i)*fdO(c
I:PELEC Q:(sum(l, lodO(l,i
$prod:ELEC  s:esub_load
O:PELEC Q:(sum((i,l),lod0(
I:PLOAD(l) Q:(sum(i, lodO(l,i
$prod:GEN(ga)
O:PLOAD(l)$mapL(l,ga) Q:
I:PKG(ga) Q:
I:PL Q:
1:PA()

Q:
I:PCAP(ga)$(cap(ga) It + inf)
I:PCARBI$tradel(ga,"ele")
I:PCARBII$tradell(ga,"ele")
I:PCARBIlI$tradelll(ga,"ele")
I:PCARBIV$tradelV(ga,"ele") Q:
I:PCARBS("ele")$tradeS(ga,"ele") Q:

QOO0

$prod:GEN(gn)

O:PLOAD(l)$mapL(l,gn) Q:

I:PK Q:

I:PL Q:

I:PA(I) Q:
I:PCAP(gn)$(cap(gn) It + inf) Q
I:PCARBI$tradel(gn,"ele") Q:
I:PCARBII$tradell(gn,"ele") Q:
I:PCARBIlI$tradelll(gn,"ele") Q:
I:PCARBIV$tradelV(gn,"ele") Q:
I:PCARBS("ele")$tradeS(gn,"ele") Q:

$prod: TKG t:esub_kele
O:PKG(ga) Q:(unit("cap”,ga)*
I:PK Q:(sum(ga, unit("c

$report:

V:DEMANDLOAD(l) I:PLOAD() PR

*

* TRANSPORT ACTIVITIES
$prod:TA(p)$trn_p(p)
O:PTA(p)

I:PTA_D(p,d)

s:itsub_d(p
Q:trn_p(p)
Q:trn_pd(p,d)

$prod:TA_D(p,d)$trn_pd(p,d)
O:PTA_D(p,d)
I:PTA_DTP(p,d,tp)

s:tsub_tp(
Q:trn_pd(p,d)
Q:trn_pdtp(p,d,tp)

$prod: TA_DTP(p,d,tp)$trn_pdtp(p,d,tp) s:tsub_m(p
O:PTA_DTP(p,d,tp) Q:trn_pdtp(p,d,tp)
I:PTA_DTPM(p,d,tp,m) Q:trn_pdtpm(p,d,tp

$prod: TA_DTPM(p,d,tp,m)$trn_pdtpm(p,d,tp,m)  s:
O:PTA_DTPM(p,d,tp,m) Q:trn_pdtpm(p,d,tp
I:PTA_DTPMN(p,d,tp,m,n) Q:tayO(p,d,tp,m,n)

$prod: TA_DTPMN(p,d,tp,m,n)$(tay0(p,d,tp,m,n) and no
O:PTA_DTPMN(p,d,tp,m,n) Q:1

I:PA(i) Q:(taidO(i
+ P:pta0(i,m
+ A:GOV
+
I:PT Q:(tatO(p,
+
I:PRA(tp,m,n)$ra0(tp,m,n) Q:(taraO(p
+

$prod: TA_DTPMN(p,d,tp,m,n)$(tay0(p,d,tp,m,n) and ca
O:PTA_DTPMN(p,d,tp,m,n) Q:1

1:PAC(i) Q:(taidO(i,p,d,tp,
1:PCAR(cf,ct)
+ Q:((tacomO(cf,ct,p,d,tp,m,n)+tasupO(cf,ct
+
I:PT Q:(tatO(p,d,tp,m,n
+
1:PRA(tp,m,n)$ra0(tp,m,n) Q:(taraO(p,d,tp,m,
+
$report:

T:tI(i)
f,i)) fuel:
)

L))
)

1

unit("cap”,ga)
unit("lab",ga)

unit(i,ga)

1 P:le-6
unit("co2",ga) P:le-6
unit("co2",ga) P:le-6
unit("co2",ga) P:le-6
unit("co2",ga) P:le-6
unit("co2",ga) P:le-6

1
(unit("cap”,gn)*markupG(gn))
(unit("lab",gn)*markupG(gn))
(umt(| gn)*markupG(gn))
P:1le-6

unlt( co2",gn) P:le-6
unit("co2",gn) P:le-6
unit("co2",gn) P:le-6
unit("co2",gn) P:le-6
unit("co2",gn) P:le-6

unit("out",ga))
ap“,ga)*unit("out",ga)))

OD:ELEC

p.d)

,d,tp)
,m)

tsub_n(p,d,tp,m)
,m)

t cars(m)) time:sigmaF
p,d,tp,m,n)/tay0(p,d,tp,m,n))
)

N:LStta
M:tta(i,m)
d,tp,m,n)/tayO(p,d,tp,m,n))
time:
,d,tp,m,n)/tay0(p,d,tp,m,n))
time:

rs(m)) time:sigmaF  cars:tsub_car
m,n)/tayO(p,d,tp,m,n))

,p.d,tp,m,n))/tay0(p,d,tp,m,n))
cars:
)/tayO(p,d,tp,m,n))
time:
n)/tayO(p,d,tp,m,n))
time:
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V:TTIME(p,d,tp,m,n) I:PT
V:demCT(i,p,d,tp,m,n) 1:PAC(i)
V:demRA(p,d,tp,m,n) I:PRA(tp,m
* CAR TECHNOLOGIES
$prod:CAR(cf,ct) coms(cars):tsub_co
O:PCAR(cf,ct) Q:(comyO(cf,ct)+su
I:PCOM(cf,ct) Q:comyO(cf,ct)
I:PSUP(cf,ct) Q:supyO(cf,ct)
$prod:COMCAR(cf,ct)
O:PCOM(cf,ct) Q1
I:PA(i) Q:cunit(i,cf,ct)
+ A:GOV
I:PFCAR(cf,ct) Q:cunit("fuel",cf,
I:PRENT(cf,ct) Q:cunit("car",cf,c
$prod:SUPCAR(cf,ct)
O:PSUP(cf,ct) Q:1
I:PA(I) Q:sunit(i,cf,ct)
+ A:GOV
I:PFCAR(cf,ct) Q:sunit("fuel",cf,
+ A:GOV
$prod:STOCK(cf,ct) $:1000
O:PRENT(cf,ct) Q:(syO(cf,ct)*pcar
+ A:GOV
I:PA(I) Q:sndO(i,cf,ct)
+ A:GOV
I:PSTOCK(cf,ct) Q:ssdO(cf,ct)
$report:
V:NEWCARS(i,cf,ct)  L:PA(i)
* TRANSPORTATION FUELS
$prod:YTF(cf)
O:PYTF(cf) Q:fuelyO(cf)
I:PA(I) Q:fuelidO(i,cf)
* GOVERNMENT
$prod:GC
O:PG Q:g0
I:PA(I) Q:gdo(i)
$demand:GOV
D:PG Q:g0
E:PC Q:(-trans0) R:
E:PFX Q:(bop)

E:PCARBI Q:carbliml
E:PCARBII Q:carblimll
E:PCARBIIl  Q:carblimlll
E:PCARBIV Q:carblimlv
E:PCARBS(i)) Q:carblimS(i)
E:PCARBH Q:carblimS("hh")

$report:
V:demG(i) 1:PA(I) PR
* REPRESENTATIVE AGENT
$prod:LT
O:PL Q:ls0
I:PLS Q:timeL0
+ A:.GOV
$prod:INVSkeynes
O:PINV Q:(sum(i,
I:PA(I) Q:invO(i)
$prod:C s:csub_| ct:esub_|  ce(ct
+ ene(ce):csub_ce con(ce):csub_c
O:PC Q:c0
I:PT Q:leisO
I:PA(i)$(not fof(i)) Q:cdO(i)

PROD:TA_DTPMN(p,d,tp,m,n)
PROD:TA_DTPMN(p,d,tp,m,n)
,n) PROD:TA_DTPMN(p,d,tp,m,n)

ms
pyO(cf,ct))

P:pother0(i,cf,ct)
T:tother(i,cf,ct)
ct)
1)

P:pother0(i,cf,ct)
T:tother(i,cf,ct)
ct)

0(cf,ct))
T:tcirc(cf,ct)
P:ps0(i,cf,ct)
T:stax(i,cf,ct)

PROD:STOCK(cf,ct)

LSREC

OD:GC

P:pwO
T:tw

invo(i)))

):csub_ce

P:pcO(i)
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+

+ A:GOV
I:PEC(fof) Q:(cdO(fof
[:PTA(p)$leis(p) Q:trn_p(p)

$demand:RA sl
D:PC Q:
D:PINV$keynes :
E:PA(i)$(not keynes) Q:
E:PK Q:
E:PLS

E:PSTOCK(cf,ct) Q:
E:PCAP(g)$(cap(g) It + inf) Q:
E:PTA(p)$work(p) Q:

E:PC
E:PT Q:
E:PRA(tp,m,n)$ra0(tp,m,n) Q:
$report:
V:LEISURE I:PT PR
V:demC(i) 1:PA(I) PR
*
* CONSTRAINTS
*
$constraint: ADJWT

sum((d,tp,m,n)$tay0("work",d,tp,m,n),
TA_DTPMN("work",d,tp,m,n)*(pkmO("work",d,tp,m,n)/ta
=E=  sum((d,tp,m,n),pkm

$constraint:LSREC$Slump
GC =E= 1,

$constraint:LSRECS$(not lump
LSREC =E= 1,

$constraint:LStta$pubsub
GC =E= 1,

$constraint:LStta$(not pubsub)
LStta =E= 1,

$constraint:VKM(p,d,tp,m,n)$(occup(p,d,tp,m,n) and
VKM(p,d,tp,m,n) =E=
(pkmO(p,d,tp,m,n)/tay0(p,d,tp,m,n))*TA_DTPMN(p,d,tp

$constraint:VKM(p,d,tp,m,n)$(occup(p,d,tp,m,n) and
VKM(p,d,tp,m,n) =E=  vkmO(p,d,tp,m,n);

$constraint:ROADAV(tp,m,n)$(ra0(tp,m,n) and congest
ROADAV(tp,m,n) =E= (1- (A2.L(n) +

con:$(not ele(i))
T:tc(i) ene:$ele(i)
)*pcO(fof)) ene:
ct:

c0

(sum(i, invO(i)))
(-invO(i))

ksO

timeLO
stockO(cf,ct)
cap(g)
(-trn_p(p))
transO

time0

1 R:ROADAV(tp,m,n)

R:ADJWT
R:LSREC

OoD:C
OoD:C

yO("work",d,tp,m,n)))
0("work",d,tp,m,n))*LT;

roads(n) and not Ikws(m))
,m,n)/occup(p,d,tp,m,n);

roads(n) and Ikws(m))

ion and cars(m))

A3.L(n)*exp(A4.L(n)*sum((p,d,mm)$(occup(p,d,tp,mm,n ),
VKM(p,d,tp,mm,n)*pcu(mm)/duration(tp))))/60)
*sum((p,d,mm)$(occup(p,d,tp,mm,n) and cars(mm)),
VKM(p,d,tp,mm,n));

$constraint:ROADAV(tp,m,n)$(ra0(tp,m,n) and congest
ROADAV(tp,m,n) =E= (1- (albus(n)*(A2.L(n) +
A3.L(n)*exp(A4.L(n)*sum((p,d,mm)$(occup(p,d,tp,mm,n ),
VKM(p,d,tp,mm,n)*pcu(mm)/duration(tp))))/60))
*sum((p,d,mm)$(occup(p,d,tp,mm,n) and busses(mm)),
VKM(p,d,tp,mm,n));

ion and busses(m))

$constraint:ROADAV(tp,m,n)$(ra0(tp,m,n) and not con
ROADAV(tp,m,n) =E= ra0(tp,m,n)*sum((p,
VKM(p,d,tp,mm,n))
/sum((p,d,mm)$(occup(p,d,tp,mm,n) and cars(mm)),
vkmO(p,d,tp,mm,n));

gestion and cars(m))
d,mm)$(occup(p,d,tp,mm,n) and cars(mm)),

$constraint:ROADAV(tp,m,n)$(ra0(tp,m,n) and not con
ROADAV(tp,m,n) =E= ra0(tp,m,n)*sum((p,
VKM(p,d,tp,mm,n))
/sum((p,d,mm)$(occup(p,d,tp,mm,n) and busses(mm)),
vkmO(p,d,tp,mm,n));

gestion and busses(m))
d,mm)$(occup(p,d,tp,mm,n) and busses(mm)),

$offtext
$sysinclude mpsgeset ger_cong
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