A Service of

ECOMNZTOR pr

Make Your Publications Visible.

Leibniz-Informationszentrum
Wirtschaft

Leibniz Information Centre
for Economics

Berger, Johannes; Strohner, Ludwig

Working Paper

Extensions of the Energy PUblic Policy Model for Austria
and other European countries E-(PUMA)

Research Paper, No. 19

Provided in Cooperation with:

EcoAustria - Institute for Economic Research, Vienna (Austria)

Suggested Citation: Berger, Johannes; Strohner, Ludwig (2022) : Extensions of the Energy PUblic
Policy Model for Austria and other European countries E-(PuMA), Research Paper, No. 19, EcoAustria

- Institute for Economic Research, Vienna

This Version is available at:
https://hdl.handle.net/10419/251328

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://hdl.handle.net/10419/251328
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Februar 2022

RESEARCH PAPER NO. 19

Extensions of the
Energy PUblic Policy Model for Austria
and other European countries E-(PuMA)

Johannes Berger
Ludwig Strohner



CCO

i AusTRIA Documentation of E-PuMA
Contents
1 Introduction 1
2 Extensions related to private households - Demand for varieties of goods 1
2.1  Consumption bundle of energy and non-energy consumption goods . . . . . ... ... .. 1
2.2 Traffic and Indoor climate demand . . . . . . . . .. ... .. o 2
2.3 Foreign demand of energy sources . . . . . . . ... oL o 3
3 Extensions on the Production Side 4
3.1 Final goods firms . . . . . . ... e 4
3.2 Electricity sector . . . . . . . . e 6
3.3 Emergy sector . . . . . . ... 10
3.4 Firms providing private transport and indoor climate equipment . . . . .. ... .. ... 13
4 Functional Forms 17
4.1 Functional Forms Concerning Firms . . . . . . . .. .. .. . o 17
5 Calibration 18
5.1 Abatement Costs . . . . . . . . .. e 18
5.2 FElasticities of Substitution for Energy and Electricity Firms . . . . . . .. ... ... ... 18

5.3 Private households . . . . . . . . . 19



CCO

1 AusTRIA Documentation of E-PuMA

1 Introduction

This Research Paper contains a documentation of extensions of the dynamic computable general equilib-
rium model PuMA to implement energy and greenhouse gas emissions (GHG). The documentation of the
PuMA model is published in EcoAustria Research Paper No. 11. Up to now, the model was applied to
analyse economic, labour market and public finance effects of different policy reforms, structural changes
and other important policy questions. PuMA is similar to the EU Labour Market Model (EU-LMM),
which was also developed by the authors and is used by the Directorate General Employment, Social Af-
fairs & Inclusion of the European Commission.! E-PuMA extends the model by implementing important

channels of energy demand of private households and firms as well as GHG emissions.

E-PuMA implements additional demand nests for private households. This allows to model the impact
of energy price changes on demand and various policy reforms like CO, related prices. In addition to final
goods and investment goods firms additional types of firms are implemented. Electricity firms produce
electricity by different kinds of energy inputs and corresponding capital stock and provide electricity to
private households and the energy firms. Energy firms combine different energy inputs together with
capital and electricity to produce energy provided to final goods firms. Final goods firms demand energy

and decide about abatement effort with respect to non-energy-related emissions.

Section 2 describes extensions related to private households, Section 3 extensions related to firms,
Section 4 describes changes related to functional forms, and Section 5 discusses relevant literature for the

calibration of the model.

2 Extensions related to private households - Demand for vari-

eties of goods

2.1 Consumption bundle of energy and non-energy consumption goods

Households consume different types of goods. The distinction is related to energy and non-energy-related
consumption goods. The bundle consists of expenditures for indoor climate, traffic, other energy and non-
energy-related consumption goods. In line with Varga et al. (2021), indoor climate and traffic equipment
is leased from firms providing these services. Other energy is bought directly. The different consumption
goods are denoted by heat for indoor climate expenditures, ¢r for traffic expenditures, eo for other energy
expenditures and ne for all other non-energy private consumption goods. Other energy expenditures
stands for electricity demand of private households not related to traffic and heating. A CES-utility
function represents the preferences for the different goods, with pe as elasticity of substitution. The

complete structure of nests implemented is shown in Figure 1.

ISee e.g. Berger et al. (2016) and European Commission (2017) for applications.
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Figure 1: Nest-structure of the demand of private households
The consumption problem the household solves is given by:
pe = min pheat heat +ptr tr +peo eo + pec - cne
Cheat’ctr’ceo7cne
1 ( heat) o ( tr) pe—l ( eo)Lﬁ_1 pfil
aly pe —|— agy Pe +als pe +
s.t. Ute (cheat’ ctr’ceo’ cne) _ e N _— > 1

+aff ()

Proposition 1 Minimization of the price index pc leads to the following division of consumption upon

energy and non-energy goods and price index:

pe
Ce,j = aej (%) C*, with j € {heat=1, tr=2, eo=3, ne=4}

1
1—pe

1 —pe
pc = E aeJ

2.2 Traffic and Indoor climate demand

Traffic and indoor climate consumption of private households is characterized by renting capital stocks
for traffic and indoor climate from leasing companies. Households gain utility by the consumption of
the traffic and indoor climate capital in interaction with the corresponding energy source. The amount
of energy source consumed reflects the intensity of consumption of the capital stock. To simplify the

following representation the following notation is introduced:

Y e {traffic (tr), indoor climate (heat)}
X e {petrol, diesel, electricity, public transport} if Y = tr

X e {natural gas, gasoil, timber, electricity} if Y = heat
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The sub-nest of traffic and indoor climate demand distinguishes between different energy sources, which
further differentiate between rented capital and the energy source. The only exemption is public transport,
for which no additional nest exists. Prices for public transport are determined by the government. More

precisely, as above, cost minimization results in the following structure of consumption and price index:

Y pey
C - P C
e,Y, X = Qavyx pYix e,Y

1

Y Y, X\ 1—rey ey
p = E ay,x (p ’ ) )
X

and the following conditions in the lower nest:

ital ital pr¥ e
capital capita
C&Y,X = ayx <pY,X,capital > CG’Y7X
Y, X pey, x
(energysource 1— acapital p C
eY, X - Y. X pY,X,ene'rgysource e, Y, X
1
Y, X capital (Y, X, capital1—PeY,Xx capital Y, X,energysource) 1 —PeY, X | T=pey X
P = {axx (p ) +l1l-ayx (p ) .

2.3 Foreign demand of energy sources

The export of energy sources as fuel for traffic plays an important role. For this reason we implement
additional export demand for fuel. We implement separate demand functions for three different fuels,
petrol, diesel and kerosene. The corresponding fuel is imported and directly exported such that there
exists no link to the production sector. The export price differs from the import price by excise taxes.
Foreign demand is given by:

JFuelX PFuelX
pf

FuelX — ¢0,FuelX with FuelX € {petrol, diesel, kerosene} ,

€ pFuelX + techuelX

where p/FuelX is the foreign price for fuel, t¢*¢FuelX the excise tax on fuel and ppuerx the armington

elasticity.
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3 Extensions on the Production Side

3.1 Final goods firms

Final goods firms produce output by means of capital, energy and labour input. The final goods sector is
characterized by free entry, however firms have to bear fixed costs in each period they are in the market.
Competition between producers of varieties and the free entry condition leads to zero profit of final goods
firms in equilibrium. This condition determines the number of domestic final goods firms N active in
the market. They face a downward sloping demand curve in their own price p;. These firms hire workers
from the labour market, fire a share of the labour force and rent capital from the capital goods firms.
Offering v vacancies implies vacancy costs £¢ (v¥) to the firm. The wage bill of firm j is given by:

(L4 e FywL? =S [(14 67 ) wf LD 4 2l L1 (1)

a,t

t*5¢F represents social security contributions and other wage-dependent taxes and contributions of the

,a

employer. The variable zzF includes flat social security contributions or taxes of employers that are

not related to wages, such as in Denmark. The model includes firing costs incurred by firms when

Fire

dismissing workers. Firing costs consist of severance payments 7°, firing taxes 7 and administrative

Fire GQeverance

costs (like law suits; modelled as lost output) 7¢. For simplification we define 71" = 7% 47
payments and firing taxes depend on the wage level and number of hours worked. This is not the case
for administrative costs. In addition final goods firms bear labour adjustment costs. It is assumed that
adjustment of employment compared to the previous period leads to costs Ladj;, in form of lost output.

Firms do not take into account that the employment decision in period ¢ has an impact on the following

periods. Also new firms bear adjustment costs. The nest structure of the production function is presented

Final Goods

in Figure 2.

Capital- Energy
Labour-Nest Demand

Capital- Low-Skilled
(Med+High-

Skilled)-Nest

Capital Stock

High-Skilled
Labour
Suppl

Figure 2: Nest-structure of the final goods production function

Firms have to pay taxes on profits t?"°/. The assessment base is given by output deducted by capital

costs, the wage-sum inclusive taxes and contributions paid by employers, the vacancy and managerial
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costs, firing taxes plus employment subsidies as well as expenditures for energy. To simplify notation we

neglect index j of the firm:

o ®)
pY —p"K — p"™ K (5 (u) — 5K) —pFE— (1 +tSS°F) wL? —TF 4+

3 (subE P + sub”el ) LI = 7 7 fack (1= P, ) wil0 L —
—P; (1 — ABpg) EMFpgY + sub“P ABpg EMFpaY,
V=Y - FC =3kt (08) = 3 Ladii = 3 (o5 () + 6 (han) ) LI -

i,a i,a

- Z Tic,afa’c? (1 - pz@an,i) LfLa - CFG (3)
" =

tprof (pY —p"K — p"™K (5 (u) — SK) —pPE — (1 + tSSCF) wLD) +

7T | S (b Pl s+ sub” el ) LIV =377 fack (1= Pl ) wil 0 L
i,a i,a

—t7°f (P7 (1 — ABpg) EMFpgY — sub*P ABpgEMFrgY) ,

ABra ¢

ABrgt—1

FG _
Cre = o O ABfe ¥ + 12 (

2

- 1) Y = ABraY,

where subiL’a is a government employment subsidy and F'C the fixed costs of the firm in terms of lost
output. In addition, firms may get a subsidy of sub” per unit of firm-sponsored training and pay p” E for
energy whereas excise taxes for resources are paid by the energy firm. Final goods firms are responsible
for non-energy GHG emissions. They decide about abatement efforts ABpg to reduce emissions EM Frq,

measured in output terms. Emissions are priced by a price Pz. Costs for higher abatement efforts are

reflected in C'rg and are also measured in output terms.

Firms maximize dividend payments x by optimally choosing the number of vacancies v, capital K,
the firing rate (1 — pﬁmn’i), the level of capital utilization u, firm-sponsored training ef’a, energy demand

E, and abatement effort ABpg. The problem of final goods firms is

max X s.t. (4a)
v,K,p,ef u,E,ABrg
Y = D(p) (4b)
H o
pw = 4 (2) (40)

where pf! is the price level of firms producing in the Home country and taken as given by a single firm,

i.e. single firms cannot influence the average price level across all domestic firms pf. The optimality
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conditions are given by:

s (Y.aras F, FS,a ( F, c, )
A (FL,z'algegpfrlnan,i - ¥ ¢ (pZ@ami) - P ¢ (ei a) - T afa’clil (1 7p;lnan,i) - Lad]Nmpanlan,i> +

vf gl Q4 (1 —tPref) [— (1 + thCFva> Ploan ;w3071 + (subL - zfa) Plan.i + subTef’a} +
+ (1 — tprof) [_TiF)afac? (1 - p'ranan,i) wang}

= KE'A, (5)
Pana + A(FU008 70 Fact — Ladjy ) = (U= 7o) { (L 625 ) wgie 42} -
— (=) {=subt = 7 factwlt08: b = (oF (Buans)) A (6)

b F F H A F Ya _ sscF,a
‘ ¢ “ I @ p%uzn i (/\ i 1 tpr()f (1 + ti 7 ) 'UJ?)
s : (0 ’ (6» ) )) dez 5 s L,i ( )

Y — (1= rol) (1= p ) TR factwe

+(1- tp”’f) sub” = (galFS (6?’“))/ A,

K (p"+p™ (6 (u) —55)) (1 — 7o) = NFY, (8)
u o p™ K (u) (1 — tpmf) = \EY, (9)
E : pP(1—tef) = \FY, (10)
ABpg : (Pz+ sub®P) EMFpq = 0ABra L (p— (Pz (1 — ABpg) — sub*P ABpg) EM Fpg)l)
' OABpe \1+ ABpc Fa F
OABr¢ FG FG 4 pyi€—1 ABrg 1
— = AB;2 LA 12
0ABrc SRS rG +0re ABrg.t—1 ABrG -1’ (12)
_ . 1 p°
C Y (1= pref) = “ (1= £
p ( ) =XoD (p) 5 (1 NF) : (13)
A Y=D(p) (14)

Optimization with respect to the price of the firm implies that:

D (p) p° Ao p°
o) (PN _ A0 (P
P UY(lti’”’f)< NF ) = 1 qwrof NF) T

(1=t"")p—2) = (1—tpmf)p<1_ 0(1_1N1F)>’

A
5\ = 5\ — (1 — tprof) (PZ (]. - ABpg) EMFFG — subABABngMFpg) .

The firm’s first order conditions (FOC) equate the marginal revenues and the marginal costs of providing
one additional unit of vacancies, managerial effort, firm-sponsored training, capital, capital utilization,

energy demand, and abatement effort.

3.2 Electricity sector

The electricity sector provides electricity to the energy sector (see below) and private households. It pro-
duces electricity from different energy sources for which separate capital stocks exist. Energy sources are
coal, oil, gas, and renewable sources. In addition, electricity can be imported based on an internationally

determined electricity price. It is assumed that the sector faces perfect competition. The representative
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firm in the electricity sector maximizes the following value function.

EL
Vi¥* (Kgrcoart, Kerorn.o, Kercast, KeLrest) =

EL

GVt (Kercoar,+1, Kerorni+1, Keraase+1, KELrES 1+1) }

EL ;
Rt+l

st. GKppxe1 = (1 — 5ELX) Kerx:+1erx

max {XEL,t +

where RES stands for renewable sources of energy (wind, solar, biomass and hydrogen), ELX €
{ELRES,ELCOAL,ELOIL, ELGAS} and §¥LX for the depreciation rate. The representative firm
produces electricity from transformation of fossil energy sources and renewable sources. Transformation
based on fossils requires energy sources and a related capital stock, transformation based on renewables
requires only a capital stock. Fossil energy sources are imported and not produced within the country.

The structure of production for electricity firms is provided in Figure 3.

Electricity

Supply

oc=2
Home
Import of
produced o
oo 06 Electricit Electricity

from Fossil by renewable

sources

Energy
=009 Sources

| L
from Coal/Oil from Matural I Gapital Stock
=06
from Coal from Qil Capital Stock
= 0.4
Capital Stock Capital Stock Natural Gas
og=104 =04

n

Figure 3: Nest-structure of electricity firms

Dividends xgr,: are given by

XEL,;t =
PprBLY =Y ppx P AD 1« — PriZens — Y prx teay P KeLx o+
+ ZELX SUb{’ELXpinUIELX,t - ZELX PGrrxEFLX — Periyp ELivpt

+ Z tprol GELX i )i x4 — Z P IpLx i,
BLX ELX
EL;Wt = ELt - CEL,t-

(1 rof)

CEr represents abatement costs for the electricity sector to avoid COy emissions, Zg + are emissions
related costs (like the emissions trading system) and ADJy,,, reflect adjustment costs for capital
stock changes. The gross price for fossil energy PG includes ad valorem and excise taxes PGgrx,: =

(1 +tEL’ELX) Prprx,: + tBPX.BLX — The same holds for the import price. Electricity EL is a nest of
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different energy sources as presented below.

1
EL; = tfer {blEL%\/IP,t + (1 —b1) EL%ROD,t] "
1
ELpropt = {52EL§)«305¢ +(1=b) EL%LRES,J K
1
ELrost = {bBELec?’ozL,t + (1 —b3) ELQESLGAS,t] "

1
ELcorr, {b‘lEL%LCOAL,t + (1 —b4) EL%LOIL,J "

where tfg, is a transformation factor to adjust output to aggregate electricity production. The adjust-

ment costs for fossil and renewable resources investment is given by

‘ 2
ADJrgp it = wEQLX (jerx — 6" —g) Kprx,.

where jprx = II(EELL’; . The production function for renewable resources and the transformation function

for other energy sources are given by

ELgrres: = tfecres (Kprrps:)"™ "% (Fprres)' 7,
1
ELgrx: = tferx (aELXK%ELLX)itJr(l*CLEL)()ELXQELX)GELX ,VELX # ELRES

where Kprx,; is the capital employed in production, tfgrx the transformation factor scaling inputs
to the produced amount of electricity and Fgrrrs denotes the endowment of natural resources. The
production of electricity from fossil fuels contributes to carbon emissions according to:
Zpri=(1-ABgLy) »  [EMFp xELX],
ELX

where ABgy, + is the abatement effort and EM Fgrx is the emission factor for the different CO,-related

energy resources. The abatement cost function Cgy, is defined as

AB 2
Cov= P ABEE, S p1x 4 260 (e 1) 57 pL
ELXA£ELRES 2 ABpri-1 g XAELRES
The firm maximizes over
ELrype, Ierxs, ELXy, ABgr 4.
The first order and envelope conditions are given by:
over o, OBLy
OELrvpt Bt OELivp: Blane.ts
oV, FE OFL; OCEL+ 0ZgrL+
: Ppri——— = —— 4+ P ’ PG
OELX, # ELRES BLSELX, ' PM'PELX, | ZteELx, |t CELXt
thEL 8ZEL¢ 6CEL,t
YR Pri o =—PrLt775 >
0ABEgrL+ OABEgr+ 0ABEgr+
oV,PL ELx dADJ
t : Qt-glL = pinv [(1 . tprof) ( ELX;t Subl,ELX> + 1] ’
Olgrx R4 Olgrxt
ov,FE ELX [ OFL; . OADJELx+ ) )
. =(1—- tprof P o ainv ot znvtCE;'lLX + tprof znvéELX +
OKprx & ( ) EL’taKELX,t Pr OKprx: Pr P Pr

qtb;LlX LX
E
+ REL (1 -0 ) :
t+1
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The partial derivatives of the energy nest are given by:

aELt ] 01— —0
T LA AT
OEL B . EL35s
= tfl (1= by) (1 by) BLI " ELYRS, apirps ot
OKELRES t ' Krrres,
OFEL; 01 OpLcAs OrLgas—1
m = thL (1 - bl) b2 (1 - bS) (1 - CLELGAS) thLGAS ELGASt ’
t
0y 7 01—0 03—05 117 05—0
-EL," " ELB R0 [ ELEG ¢ EL R 0555,
OFL _ _ _ _
m = tf9 (1= b1)bobsbs (1 — aprcoar) tfgiggﬁfELCOALfELCOAL 'EL; QIEL?DIRgZ)D,tEL%og?t ‘
t
05—0 01—0
‘ELcor1 +ELELcOAL "
OFL
m = tfe (1 —b1)babs (1 —bs) (1 —aprorr) tf}%}iLoOIILLELOIL?ELOILilEL%_GlEL%ES%JEL%O_SQ; :
05—04 04—0
‘ELcorr FLgroris'”
OFEL, 0 0 0 - 01 127010 02—03 oy 05—0
Kpronss tfg, (1= b1)ba (1 = bs) aproast [ Kisasy ' EL " ELB RSy, (LGS LR GRS,
OF L,

= 01 OerLcoarL fr0ELcoarL—1 1-6, 61 —062 05—05
arr.. . thL(l*bl)b2b3b4aELCOALthLcoALKELCOAL,t ELt ELPROD,tELFos,t'
OKELCOAL,t

03—04 04—0ErLcoAL
‘ELcorr ELgrcoar ™"
_OBL  _ tf0 (1 —by) babs (1 —by)a tfopLoiL glproi -1 prl=0i pri—0s  proa—os
OKgrom: " FEL 1,7278 4)AELOILY ELOIL P* ELOIL ¢ t PrOD.tELFOS
03—04 04,—O0rprorL
'ELCOIL,tELELOIL,t :

The partial derivatives of cost functions are given by:

0CEL+ _ gDELAB%EL n YCpmL ABEL 4+ . 2
OELX # ELRES ! ELt T 2 \ABpri-1 ’
_ AB 1
aiC;Lvt = ZELX (50]15L902ELAB§%L15 ' +,YCEL (AB ELt 1) AB ) )
ELt g xSBLRES ELt—1 ELi—1
0ZEgL,
—_— = - EMF, FLX,
9ABpr EXL; ELX t
YA
’ = (1-AB EMF,
OELX, ( ELt) ELX
aAl)JIELX t < Iprxt ELX )
" ELX," — b La—) _ ,
Olgrx YeLx Krrx g
OADJrppxt  _ _ YELX (IELX,t _ §ELX _ g) (IELX,t 4 §BLX +g> .
OKEgrx.t 2 Kerx.i Kerx:

The value of the energy firm is given by:

BL ELX EL BL BL

Vit = Z ¢ " Kprx:+tVey =Viy +Vey,
—_—

BLX

vEES
where VEL reflects rents.
VEL
EL __ E,t+1
VE,t = rentt + RT,
t+1
VEL
EL Kt+1
VK’t = XEL, —rent; +

EL 7
Rt+1
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where rent; is defined as:

t OFL
Por (BLY ~ Cpox gt Kprx.) = PriZpri—

rent; = (1 — tpmf)
> pix PGerx ELX; — Pep,yp, ELivpy

Optimal investment Iz x is given by the positive root of the quadratic equation I? + al — b = 0, where

_ 1 _ §BLX §ELX 1 subf X
© - [( - )~ to)+ Yprx (L—trrof)  Yprx ] Kerx
. (1— oBLX) (1 — sublPEX (1 _tprof)) - K2y,
—pLx (1 _ 5ELX) (5ELX +g) (1 _ tprof) _ IW%% (1 —trrof) prx’
Iprx: = %(—a-l— a2+4b).

At the moment abatement decision and costs are switched off. So the electricity firm can reduce emissions

by substitution of fuel.

3.3 Energy sector

The energy sector provides energy to final goods firms by transforming different energy sources and a
corresponding capital stock into energy. It is very similar to the electricity sector but uses electricity
from the electricity sector and does not import electricity. Energy sources are coal, oil, gas, renewable
sources and electricity. It is assumed that the sector faces perfect competition. The representative firm

in the electricity sector maximizes the following value function.

E
V¥ (Kgcoart, Kgorrt, Kecgast, Kerest) =

E
GVi% (Kgcoar,+1, Keorr,+1, Kecas,+1, KErEs,t+1) }
E b

RtJrl

st. GKpx i1 = (1—67%) Kpxt + Ipx

max {XEJ +

where, EX € {ERES,ECOAL,EOIL,EGAS} and §*% are depreciation rates. The representative
firm produces energy from transformation of energy sources (in combination with the capital stock) and
renewable sources by deciding about the level of investment in the capital stock for the transformation
or production and the level of energy sources. Fossil sources are imported and not produced within the

country. The structure of production nests for energy firms is provided in Figure 4.

Dividends x g+ are given by

XE,;t =
P B — 3 o 0" ADJrgy, — PriZps — Y px thy 0i" Kex o+
+ 3 gy suby P pin Inx s — Ypx PGexaEX — Ppp ELP

+ > TSN g Ky = i I,
EX EX
Ezlet == Et - CE,t~

(1— 7rof)

CEk represents abatement costs for the energy sector to avoid COy emissions, Zg ; are emissions related

costs (like the emissions trading system), ADJ;_ . reflect adjustment costs for capital stock changes, and
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Energy Supply
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Figure 4: Nest-structure of energy firms

EL® the demand of energy firms for electricity. The gross price for fossils PG includes ad valorem and
excise taxes PGpx s = (1 +t%FX) Pgxy + 755X The same holds for the electricity price. Energy E

is a nest of different energy sources as presented below.

1
_ (255 0p1 EVE1] 9m1
Ey = [ClEFOS,t +2Efps, + (1 —c1 —c2) ELy ]
0 0 g3
Eros: = |:C3ECE031L,t +(1 - 03)EEEGaAS,t}
1
0 0 N
EcorLe = {C4EE%’1OAL,t + (1 —cq) EE%IL,t]

The adjustment costs for fossils and renewables investment is given by
_ wEX . EX 2
ADJrpt = 5 (jex — 6" —g)" Kpx,

where jpx = II&’; . The production function for renewable resources and the transformation function for

other energy sources are given by

Eprps: = tferest(Kprpst) """ (FEREs)l_aERES ,
_1
EE'X,t = thX (aExK%E)ét—i—(1—aEx)EX9EX)0EX ,VEX#RES

where Kgx  is the capital employed in production, ¢ frrrs a transformation factor, and Fgrrs denotes
the endowment of natural resources. The production of electricity from fossil fuels contributes to carbon
emissions according to:

Zpi=(1-ABg,;)» [EMFgxEX],
EX
where ABp; is the abatement effort and EM Fgx is the emission factor for the different COq-related

energy resources. The abatement cost function Cg is defined as
2
» ale; ABE 4
Cpt= ¢l ABR Y EX 4+ 22— —1 EX
Et ¥1 E,tz + 2 (ABE i1 > Z
EX#RES ' EX+#RES
The firm maximizes over

ELE Ipxi, EXy, ABpy.
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The first order and envelope conditions are given by:

OVE OF,
. Pp,—= =P,
OELE EropLE — P
OV;E OF, CE. 07,
Y py,ot L p L4 PG
9EX, # ERES PYOEX, PYOEX, T AtoEx, T CEXb
ovE L, 9Zp. _ o, Cpy
0ABp, = 7'9ABg,  "'0ABg,’
8‘/;E ntJr)f ) [ (6ADJEX t
. — pinv 1— tprof ot subI’EX +1 ,
Olpx+ RE, " |( ) 0lEx+
ov,E OF, o OAD T x4

cap

ntX _ (1 7tp'rof) |:PEt

i —p TLmeAAY pinvtEX:| + tprofpinvé*EX +
aKEX,t t aKEX’t t t

OKpx ¢
gEX
+7t;1 (1—05%).

Ri% 4

The partial derivatives of the energy nest are given by:

8Et Op1—1 _
= = (I-c—c)ELP " BT,
8ELt
0E1
OF; _ 1—65 EREs.
ar- - CQEt QFERES 77— >
OKERES Krres

OF,

6 6 —1 1-6 Op1—0 Ops—0
S = e (1 e3) (1~ apcas) LSS BOASors ) B0 Bl tes pley drcas,
OEGAS, , ,

OFE;

_ OEcoaL OpcoarL—1pl—0g1 0E1—0Es3
—————— = cezeq (1 —agcoar)tf ECOAL E E .
OECOAL;, ( VU EESAL t t FOS,t

0E3—0pa pOEa—OpcoaL
'ECOIL,t Egcoar )

OE; _ _ _
= cie3(1—cg) (1 —agorp) tfoEg/r EOILIFore—1 pl=0m ple —0ns
OFEOIL, )

0p3—0pa p0ra—OrorL
'ECOIL7t EEOIL,t )

OFE;

_ OrGAs 179EGAs—1 pl—0g1 0E1—0E3 PE3—0EGAs
0K = a (1_03)aEGA5thGAS KEGAs,t E, EFos,t EEGAs,t )

EGAS,t
OFE;

_ Orcoar jr0ecoarL—1 1-0g1 [p0E1—0E3 p0E3—0p4 9E4a—OECOAL
oK = ClC3C4aECOALthCOALKECOAL,t EL; EFos,t ECOIL,t Egcoat )

ECOALLt

OF;

_ OrorL 170ro1L—1 pl1—0g1 [0E1—0p3 170E3—0Ep4 OE4—0OEOIL
0K o111 = 01C3(1—C4)GEOILth01L KE‘OIL,t E; EFOS,t EC’OIL,t EEOIL,t :

The partial derivatives of cost functions are given by:

ICp ¢ E gpvd | 0C ABg 2
11— ABY? e (_A2PBt
OEX # ERES PrA%ee T 7y \ ABgaa !
3C’E7 E_q ABE7 1
. t ZEX (cp{;gpgABgft + Yo, <AB b4 = 7
Bt EX4ERES Et—1 -1
07p 4
— = - EMFrxEX
8ABE7,5 Ez); EX i
0Zp
=~ = (1-AB EMF
8EXt ( E,t) EX>
% = Ypx (IEX,t _gBxX —g>
Olpx: Kex. ’

0AD.J I I
Igx,t _ _wEX ( EX,t _ (SEX _g) ( EX,t +5EX +g> )
OKEx 2 Krxt EXt
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The value of the energy firm is given by:

VE =3 af Y Kex+VE, = Vi€ + VE,,
EX M

VEY
where V£, reflects rents.
GVE

E _ Et+1

VE,t = rentt + RT7
t+1
GVE

E K,t+1

Ve = Xpgt—renty + —p——,
Rity

where rent; is defined as:

OFE,
Pg (E{wt — D BX PRee tKEX,t> —Pz4Zp—

rent; = (1 — tp”’f)
Y px PGex+EX; — Pgp ELF

Optimal investment Ixx is given by the positive root of the quadratic equation I? + al — b = 0, where

o = [(1 —65X) — (67X 4 g) + ! - S“bfl’EX] Kex,
Yex (1—trrof) YEX
— (1= 85%) (1= subf X (1= grred) ) | KRy,
= —ppx (1—0FX) (85X 4 g) (1 — trrof) — % (1 —trrof ) gy’
Igx,: = % (—a ++vVa?+ 4b> )

At the moment abatement decision and costs are switched off. So the energy firm can reduce emissions

by substitution of fuel.

3.4 Firms providing private transport and indoor climate equipment

Equipment for traffic and indoor climate in the private sector (cars, oven) is provided by firms. Households
rent the capital stock from leasing companies at a price pf’X’cap ital The leasing companies are modeled in
a similar way as the investment goods firms. They maximize the net present value of dividend payments
to the owners by choosing the optimal amount of investment goods bought at a price piy, x,;. We assume

perfect competition such that the firms earn the market rate of return in a steady state. In the following

one can find the maximization problem of the leasing companies.

The maximization problem of the leasing companies in the traffic sector (tr) and indoor climate sector

(heat) is:

GVs
VY,t — max {XY,t + Y’H_l}
Y, X,t Rt+1
st. GKy xi41 = (1—6")Kyxi+Iyxs

Y € {tr, heat}
X € {petrol, diesel, electricity} if Y = tr
X € {natural gas, gasoil, timber, electricity} if Y = heat

_ Y, X, capital . . . cap
Xy, = E Dy Ky x:— E (1 — subiy x ) piv,xlv,x,e — E Piv,x,tJy,x,t — E by x Ky x 1,
X X X X
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where Jy, x ; represent adjustment costs of investment and subiy,x+ investment subsidies. The functional
form of the adjustment costs is the same as for investment goods firms. The optimality and envelope

conditions are given by:

qy, X t+1 . . Iy x
Iy xe @ =5 =piv,xe [(1—subiyv,xt) + Jy i,
Ry
. Y, X ,capital - Ky, x cap Y, X 4y, X, t41
Kyx: : avxi=0n; - ‘PZY,X,tJY,X.,t - tY,X,t + (1 -9 )

Riyq

Proposition 2 The value of leasing companies is given by:

Wi = E qv,x 1Ky xt = g Wy x.t
X X

Proof. Multiplying the envelope condition by Ky x+ gives

qy, X t+1

Y, X,capital . Ky x cap Y, X
av,xtKv,xt = p; Ky xt —pivixady ¥ Kyvxe —ty x Ky xe + (1-6"%) Kyxu R
t+1

GKy, x,t+1—Iv,x ¢
Using the first order condition to replace I”’“;ﬁ% and the linear homogeneity of adjustment costs
Jy,x ¢ leads to:
GVy x 141
Riq

Summing up over the different energy sources X proofs the proposition

av x Ky x: = Vv x: = Xxv,x,t+

G
g Wxit=Wi= g Xy, x,t+ E W x 41 5—
< < < Ryt
—_—— N——

XY,t Vy,t41
]
Similar to the investment firm, optimal investment is given by:
1
IyyX:§<—a+ (12—|-4b>,
where
_ 1 §vX §YX 1 — subiy,x %
a = |(1- )= ( +g)+ DY X Y, X
. GVy x t+1 K¥ x
b = —{(1-6V%) 1 - subi —(1=06Y%) (6¥X + vX _ = :
{007 0= subiv ) - (12 07%) (7% 4 g) o - e L D

The investment bundle for indoor climate and traffic consists of imported and home produced goods
(e.g. new cars and repairs). In addition, demand for investment goods is divided across firms producing

varieties. Leasing companies solve the following minimization problem (neglecting time index):

. _ . -h -h f . f
pryx = mil pry xly x + Py xty,x»
Yy, x vy, x
) ) Py, x
| Py x —1 | Pif,_xfl Py x—1

; 7 . 7 ; 7 . 7
s.t.U{/_X = aQ’XpYX (z’{/,X) Prx 4 (1—a§/7X)pY>X (Z{/X> Py, x >1
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where zlf/ y is the investment demand for home produced goods and z{,  for imported goods per utility

unit. Optimization leads to:

pi Pi/,x
; Y, X
IQ,X = a@,x( h > Iy x
Py x
pi Pi/,x
i Y, X
Hx = (1-ajx) —F Iy x
Py x
. 1
. _pt . 1—p3 1-p?
. .h 1-py, . Y, X Y, X
ply,x = [agf,x (pZY,X) YX+(1_aZY,X) (PZ{/,X> }
-h g
Jid — (W() I
Y. X,j = Y, X
pj
1
B Fi—s
piyx = p(=pj)N""7,

where IQ x,; 1s the investment demand for a variety in the home country.
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4 Functional Forms

4.1 Functional Forms Concerning Firms

The production function used in the model is a nested CES-production function Y. The different
inputs are the nests. Utilized Capital, energy and aggregate effective® labour input are the inputs for the
production function.

Y = FY(uK, LY LY LY E)y=A- 2,

where

a = (@B + 1 -a)5]"
29 = [ag (LlD)7T2 + (1 —a2) z;f?]l/m ;
23 = |:G,3 (L2D)7r3 + (1 —as) 243]1/7r3 ;
a = [a ) 0w @]

where a, reflects energy efficiency. Given the functional form of the production function the marginal

products of the different inputs are given by:

FY = A-aa™ (BE)" 'z, (15)

Y _
Fr, =

1—my m1—m2 m2—73,

21 2 Z3 ;

)
) )
L= a2) (1= ag)ay (LF) ™ 2l e g ey
1—ag) (1 —as) (1 — ag) u™ K™ o] 7™ o0 725028 T
) )

my—1 Mg 1—m M1 —To To—T3 _T3—T4
1—a2)(1—a3)(l—aq)u™ K™z "2z] 25 2y .

2Taking into account productivity units of the different age groups.
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5 Calibration

5.1 Abatement Costs

In our baseline modeling, we assume that GHG emissions linked to the combustion of fuel (i.e. in the
electricity and energy sector and for private households) can be abated by substituting away from fossil
fuels towards cleaner energy, i.e. we assume that there is no explicit abatement technology in these
sectors. For final goods firms, we follow the often cited results in Nordhaus (2008), which is also referred
to by Cline (2011), for the parametrisation of abatement costs. The scale parameter of the abatement
cost function (pf'@) is set to 0.025, while the parameter governing the convexity of the functions (¢ )
is set to 2.8. The parameter ¢, , which determines the adjustment costs of abatement, is set in such
way that half of the long-run increase of abatement takes place within five years (which is slightly faster

than for capital stock adjustment).

5.2 Elasticities of Substitution for Energy and Electricity Firms

We consider well known dynamic general equilibrium models like the E-QUEST-model as in Varga et al.
(2021), GEM-E3 (Capros et al., 2013), GTAP-E (Burniaux and Truong, 2002) and the WorldScan-model
(Lejour et al., 2006) for the calibration of the elasticities of substitution in the CES-functions. The GTAP-
E model incorporates Other (intermediate) Inputs, which are divided into domestic and foreign products
and a Value-added-Energy bundle which includes skilled and un-skilled Labour, Land, Natural Resources
and a capital-energy composite. The capital-energy composite is divided into non-electric and electric
energy, which are then divided further into the particular sources of energy (coal, gas, oil and petroleum
products) as well as into domestic and foreign energy (Burniaux and Truong, 2002). In the E-QUEST
model, production is nested in five consecutive nests and includes the input factors intermediates, labour
(low-, medium-, high-skilled), general capital as well as a ‘clean’ and a ‘dirty’ capital-energy composite
(Varga et al., 2021). Capros et al. (2013) nest the GEM-E3 production side of the model by sectors and
more explicitly differentiate various energy supply sectors but make use of a similar range of inputs as
the two models described before. In the WorldScan-model (Lejour et al., 2006) the first nest consists of
fixed factor inputs versus other inputs. The latter includes value-added/energy and intermediates, while
value added contains R&D as well as capital, low-skilled and high-skilled labour. Further models with
nested CES production functions are Bartocci and Pisani (2013), the REMIND-model by Hilaire and
Bertram (2020), the GEEM-model by Annicchiarico et al. (2017), and the WEGDYN-AT model (Mayer
et al. 2021). The elasticities of substitution used in production functions reflect the substitutability
between input factors, where higher values imply better substitutability and elasticities near zero reflect

complementary input factors. The survey shows, that elasticities vary across the models to some extent.

For the elasticity of energy towards other input factors, Annicchiarico et al. (2017) use 0.8, Capros et
al. (2013) choose 0.25, Bartocci and Pisani (2013) choose 0.3. Mayer et al. (2021) apply values ranging
from 0.25 and 0.8 in the vast majority of NACE sectors. Hilaire and Bertram (2020) as well as Lejour et
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al. (2006) determined 0.5 to be the fitting elasticity of substitution between Energy and other inputs. We
choose a value of 0.3 in the baseline calibration, which is slightly higher than in Capros et al. (2013) but
below, for instance, Lejour et al. (2006). Concerning elasticities of substitution of different energy sources
towards each other, varying evidence can be found in the models as they also have different definitions
and energy inputs. These elasticities cluster between 0.25 and 1.1. For 8y, the elasticity of substitution
between fossil energy, renewable energy and electricity, we choose 0.5 in the baseline calibration which
lies in the middle of common values and corresponds to what Capros et al. (2013) choose for their model.
The elasticity of substitution between imported and domestically produced electricity, g1, takes the
value 2, which reflects that tradable, similar energy sources are substitutable more easily. 6gro, the
elasticity of substitution between electricity obtained by fossil energy sources and electricity derived from
renewable energy sources is set to 0.6 which reflects the values of Annicchiarico et al. (2017). Fossil-
obtained electricity is again divided in a coal-oil composite and gas while the elasticity of substitution,
Ok L3, takes the value of 0.9, also used in Capros et al. 2013 and Bartocci and Pisani (2013). This also
holds for 83, being the elasticity of substitution between energy generated from gas and energy generated
in the coal-oil nest. Similarly g4 and 0g4, the substitution elasticity for coal and oil are assumed to
be 0.6 in our model which is the average of values applied by Capros et al. (2013) and Annicchiarico et
al. (2017). For substitution elasticities of capital used in energy generation/transformation and different
energy inputs, the literature produces values between 0.3 (Bartocci and Pisani, 2013 and Annicchiarico
et al., 2017) and 0.5 (Varga et al., 2021). For our baseline calibration, we find 0.4 to be the most fitting

value, which also represents an average of the values that stand out in the literature.

5.3 Private households

Private households decide about the demand for equipment and energy sources for traffic and indoor
climate as well as for electricity. It is necessary to set elasticities of substitution between equipment
and energy sources and between different types of equipment. However, empirical literature focuses on
demand elasticities for different energy sources. Elasticities of substitution are set in such a way that

they result in the estimated demand elasticities.

Demand elasticities of energy sources for traffic
The economic literature provides a lot of empirical papers which estimate demand elasticities for fuel.
Sterner (2006) provides an overview about the results of the earlier literature. He shows that the choice
of the model has an important impact on the results. Nevertheless, the survey shows that short-run
elasticities are considerably lower as long-run elasticities. Short-run elasticities range between -0.1 and
-0.3, long-run elasticities between -0.6 and -0.9. For Austria the long-run elasticity lies between -0.6 and

-1.2.

Hossinger et al. (2017) provide further and new evidence about elasticities of fuel demand with respect
to prices (see Table 1). Estimations in these studies are based on aggregate consumption data. Again

the studies show that short term elasticities are considerably lower than long term elasticities. Many of
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them focus on North America or worldwide demand. Elasticities are considerably lower than those cited

in Sterner, especially in the long-term. In general they lie between -0.2 and -0.4.

Table 1: Price elasticities of fuel demand reported in the literature, by average year of observation

Source Observation period | Average year | Geographic region Elasticity of fuel demand Data type
Short term Long term

Archibald and Gillingham (1980) 1972-1973 1972 USA -0.43 - D
Goodwin et al. (2004) 1974-1981 1978 Worldwide -0.35 -0.93 A,D
Hughes et al. (2008) 1975-1980 1978 USA -0.275 - A
Dahl (2012) - gasoline 1954-2005 1980 Worldwide 20.15 -0.55 A,D
Dahl (2012) - diesel 1954-2005 1980 Worldwide -0.10 -0.33 A,D
Kayser (2000) 1981 1981 USA -0.23 D
Puller and Greening (1999) 1980-1990 1985 USA -0.35 i D
Hymel et al. (2010) 1966-2004 1985 USA -0.075 -0.361 A
Brons et al. (2008) 1972-1999 1986 Worldwide -0.36 -0.81 A,D
Goodwin et al. (2004) 1981-1991 1986 Worldwide -0.16 -0.43 A,D
Briannlund and Nordstrém (2004) 1985-1992 1989 Sweden - -0.98 D
Sentenac-Chemin (2012) 1978-2005 1991 USA - -0.3 A
Havranek et al. (2012) 1974-2011 1993 Worldwide -0.09 -0.31 A,D
Wadud et al. (2009) 1984-2003 1994 USA -0.266 - A
Odeck and Johansen (2016) 1980-2011 1995 Norway -0.26 +0.09 A
Hirota et al. (2003) 1990-2002 1996 ‘Worldwide -0.195 - A
West and Williams (2007) 1996-1998 1997 USA -0.51 - D
Romero-Jordén et al. (2010) 1998-2001 2000 Spain - -0.55 D
Wadud et al. (2010a) 1997-2002 2000 USA -0.473 D
Austin and Dinan (2005) 2001 2001 USA - -0.39 A
Lin and Prince (2013) 1990-2012 2001 USA -0.03 -0.239 A
Burguillo et al. (2017) 1998-2005 2001 Spain -0.35 to -0.49 D
Burke and Nishitateno (2013) 1995-2008 2002 Worldwide - -0.2 to -0.5 A
Hughes et al. (2008) 2001-2006 2004 USA -0.056 - A
Hymel et al. (2010) 2004 2004 USA -0.055 -0.285 A

Hossinger et al. (2017) use a stated preference survey to estimate the response to hypothetical fuel
price changes. The sample is based on representative Austrian households. Immediate fuel price response
elasticities rise from -0.12 for a fuel price of 1.5 euro per litre to -0.35 for a fuel price of 4 euro per litre.
The response after one year corresponds to an elasticity of -0.19 for 1.5 euro and rises to -0.66 for 4 euro.
The response after 5 years is similar to the results after 1 year. Kratena et al. (2008) also estimate the

price elasticity for fuel demand in Austria. The estimated uncompensated elasticity is -0.59.

Results in Havranek et al. (2012) indicate that long-term elasticities may be significantly lower as
often assumed. Based on a meta-analysis they test for a publication bias. Taking into account the
publication bias, elasticities are half as high as previous meta-analysis have shown. Based on their

estimations long-run elasticities are about -0.3.

Fridstrom and Ostli (2021) derive direct and cross demand market response functions for powertrains
and energy sources in Norway from 2016 onwards. They derive direct and cross price elasticities of
automobiles and demand price and cross price elasticities of automobiles with respect to energy prices.
The own price elasticity of gasoline driven cars is estimated at -1.08, those of diesel driven and electric
cars at -1.27 and -0.99, respectively. The cross price elasticities of demand for gasoline cars with respect
to price of diesel cars are estimated at 0.64 and 0.51 vice versa. Cross price elasticities for electric cars

with respect to gasoline and diesel cars are 0.36 and 0.48.

Holmgren (2007) provides a meta-analysis of public transport demand. The expected value of the

own price elasticity for European countries in the short run is -0.75 and -0.91 in the long run, respectively.
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Demand elasticities of indoor climate - heating
Literature about demand elasticities for heating is less comprehensive compared to the impact of prices
on traffic demand. Rehdanz (2007) uses information of the German socioeconomic panel data for 1998
to 2003 to estimate demand elasticities for different energy sources and types of households. She finds
that the elasticity for heat demand for oil based heating is between -2.03 and -1.68 and -0.63 and -0.44
for gas based heating systems. Hellmer (2013) finds that the elasticity for district heating is lower than
of other types of heating systems. The estimate of the elasticity of households in small houses is -0.48,
for households in residential buildings the elasticity is -0.25. Andersen et al. (2020) analyze barriers for
switching between different heating systems in Denmark. They also derive demand elasticities, with -0.4
as medium estimate. Haas and Biermayr (2000) estimate an elasticity for heat demand of -0.2 in Austria,

Kratena et al. (2008) estimate an uncompensated elasticity of -0.31.

In general, the results indicate that the demand elasticity for energy sources for heating is somewhat
lower compared to traffic. This can be found also in Schulte and Heindl (2016). They use household
consumption data to derive demand elasticities for different types of goods and households. They find an
overall own price elasticity for transport demand of -0.57, for heating demand of -0.5 and for electricity

demand of -0.4.

Demand elasticities of electricity demand
The literature finds rather inelastic demand of private households for electricity for the United States. Ito
(2014) finds a price elasticity between -0.03 and -0.1, Burke and Abayasekara (2018) and Allcott (2011)
also find a value of -0.1 in the short run. Ros (2017) on the other hand estimates an elasticity of between
-0.1 and -0.5. In the long-run, elasticities are higher, -1 in Burke and Abayasekara and between -0.4 and

-0.6 in Ros.

Several papers deal with the estimation of demand elasticities in Europe. Nesbakken (1999) uses data
about Norway and reports an elasticity of -0.66, Filippini (2011) for the Switzerland of -0.8 and -0.95.
Brannlund et al. (2007) use Swedish data and estimate a short-run elasticity of -0.24. Alberini (2019)
focuses on the impact of a very large price increase in the Ukraine and comes up with an elasticity of -0.2
to -0.5. Kratena et al. (2008) find an uncompensated electricity demand elasticity for Austria of -0.20
and a compensated elasticity of -0.18. Schulte and Heindl (2016) find an elasticity for Germany of -0.43,

being again considerably higher for higher expenditure quartiles.

In the model, elasticities of substitutions are set in such a way that demand elasticities are about
-0.35 for fossil energy sources. The elasticities of substitution for different forms of traffic are set higher
compared to heating. The lower elasticity of substitution for heating is motivated by less influence of
private households living in flats on the decision about heating systems. The value replicates results in
Fridstrom and Ostli (2021). Substitution between public and private traffic is based on Holmgren (2007).
The elasticity of substitution on the top-level (between traffic, heating, electricity and other consumption

goods) is set to 0.3 which leads to a demand elasticity of -0.3. An elasticity of substitution of 0.3 is
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also used in Bartocci and Pisani (2013), the EPPA3-calibration and in Bodenstein et al. (2011). Traffic

demand elasticities of foreigners are based on Hirt (2015).

3MIT Emission Prediction and Policy Analysis Model, see Paltsev (2005).
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