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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.1 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 CO2 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, tr 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.

1See 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:

pc = min
cheat,ctr,ceo,cne

pheatcheat + ptrctr + peoceo + pcc · cne

s.t. Uet
(
cheat, ctr, ceo, cne

)
=

 a
1
pe

e1

(
cheat

) pe−1
pe + a

1
pe

e2 (ctr)
pe−1
pe + a

1
pe

e3 (ceo)
pe−1
pe +

+a
1
pe

e4 (cne)
pe−1
pe


pe
pe−1

≥ 1.

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

energy and non-energy goods and price index:

Ce,j = aej

(
pc

pj

)pe
Ca, with j ∈ {heat=1, tr=2, eo=3, ne=4}

pc =

∑
j

aej
(
pj
)1−pe 1

1−pe

.

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 ∈ {traffic (tr), indoor climate (heat)}

X ∈ {petrol, diesel, electricity, public transport} if Y = tr

X ∈ {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:

Ce,Y,X = aY,X

(
pY

pY,X

)peY
Ce,Y

pY =

[∑
X

aY,X
(
pY,X

)1−peY ] 1
1−peY

,

and the following conditions in the lower nest:

Ccapitale,Y,X = acapitalY,X

(
pY,X

pY,X,capital

)peY,X
Ce,Y,X

Cenergysourcee,Y,X =
(

1− acapitalY,X

)( pY,X

pY,X,energysource

)peY,X
Ce,Y,X

pY,X =
[
acapitalY,X

(
pY,X,capital

)1−peY,X
+
(

1− acapitalY,X

) (
pY,X,energysource

)1−peY,X] 1
1−peY,X .

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:

eFuelX = e0,FuelX
[

pf,FuelX

pFuelX + texcFuelX

]pFuelX
with FuelX ∈ {petrol, diesel, kerosene} ,

where pf,FuelX is the foreign price for fuel, texcFuelX the excise tax on fuel and pFuelX 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 NF active in

the market. They face a downward sloping demand curve in their own price pj . These firms hire workers

from the labour market, fire a share of the labour force and rent capital from the capital goods firms.

Offering vai vacancies implies vacancy costs κai (vai ) to the firm. The wage bill of firm j is given by:(
1 + tsscF

)
wLDj =

∑
a,i

[(
1 + tsscF,ai

)
wai L

D,a
j,i + zF,ai paman,j,iL

H,a
j,i

]
. (1)

tsscF represents social security contributions and other wage-dependent taxes and contributions of the

employer. The variable zF,ai 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

dismissing workers. Firing costs consist of severance payments τS , firing taxes τFire and administrative

costs (like law suits; modelled as lost output) τC . For simplification we define τF = τS+τFire. Severance

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 Ladji, in form of lost output.

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

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

in Figure 2.

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

Firms have to pay taxes on profits tprof . 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:

χ = (2)

pȲ − pkK − pinvK
(
δ (u)− δ̄K

)
− pEE −

(
1 + tsscF

)
wLD − TF +

+
∑
i,a

(
subLpaman,i + subT eF,ai

)
LH,ai −

∑
i,a

τF,ai facai
(
1− paman,i

)
wai l

a
i θ̄
a
i L

H,a
i −

−PZ (1−ABFG)EMFFGȲ + subABABFGEMFFGȲ ,

Ȳ = Y − FC −
∑
i,a

κai (vai )−
∑
i

Ladji −
∑
i,a

(
ϕFS,ai

(
eF,ai

)
+ ϕF,ai

(
paman,i

))
LH,ai −

−
∑
i,a

τC,ai facai
(
1− paman,i

)
LH,ai − CFG (3)

TF =

tprof
(
pȲ − pkK − pinvK

(
δ (u)− δ̄K

)
− pEE −

(
1 + tsscF

)
wLD

)
+

+tprof

∑
i,a

(
subLpaman,i + subT eF,ai

)
LH,ai −

∑
i,a

τF,ai facai
(
1− paman,i

)
wai l

a
i θ̄
a
i L

H,a
i

−
−tprof

(
PZ (1−ABFG)EMFFGȲ − subABABFGEMFFGȲ

)
,

CFG = ϕFG1 AB
ϕFG2

FG Ȳ +
γCFG

2

(
ABFG,t
ABFG,t−1

− 1

)2

Ȳ = ĀBFGȲ ,

where subL,ai is a government employment subsidy and FC the fixed costs of the firm in terms of lost

output. In addition, firms may get a subsidy of subT per unit of firm-sponsored training and pay pEE 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 ABFG to reduce emissions EMFFG,

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

reflected in CFG and are also measured in output terms.

Firms maximize dividend payments χ by optimally choosing the number of vacancies vai , capital K,

the firing rate (1− paman,i), the level of capital utilization u, firm-sponsored training eF,ai , energy demand

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

max
v,K,p,eF ,u,E,ABFG

χ s.t. (4a)

Ȳ = D(p) (4b)

D (p) = d0 ·
(
pH (p)

p

)σ
, (4c)

where pH 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 pH . The optimality
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conditions are given by:

vai : qai


λ̄
(
FY,aL,i l

a
i θ̄
a
i p
a
man,i − ϕ

F,a
i

(
paman,i

)
− ϕFS,ai

(
eF,ai

)
− τC,ai facai

(
1− paman,i

)
− LadjNWt,ip

a
man,i

)
+

+
(
1− tprof

) [
−
(

1 + tsscF,ai

)
paman,iw

a
i θ̄
a
i l
a
i +

(
subL − zF,ai

)
paman,i + subT eF,ai

]
+

+
(
1− tprof

) [
−τF,ai facai

(
1− paman,i

)
wai l

a
i θ̄
a
i

]


= κa′i λ̄, (5)

paman,i : λ̄
(
FY,aL,i l

a
i θ̄
a
i + τC,ai facai − LadjNWt,i

)
−
(
1− tprof

){(
1 + tsscF,ai

)
wai l

a
i θ̄
a
i + zF,ai

}
−

−
(
1− tprof

){
−subL − τF,ai facaiw

a
i l
a
i θ̄
a
i

}
=
(
ϕFi
(
paman,i

))′
λ̄, (6)

eF,ai :
(
θF,ai

(
eF,ai

))′
lai θ

H,a
i

 paman,i

(
λ̄FY,aL,i −

(
1− tprof

) (
1 + tsscF,ai

)
wai

)
−

−
(
1− tprof

) (
1− paman,i

)
τF,ai facaiw

a
i

+ (7)

+
(
1− tprof

)
subT =

(
ϕFSi

(
eF,ai

))′
λ̄,

K :
(
pk + pinv

(
δ (u)− δ̄K

)) (
1− tprof

)
= λ̄FYK , (8)

u : pinvKδ′ (u)
(
1− tprof

)
= λ̄FYu , (9)

E : pE
(
1− tprof

)
= λ̄FYE , (10)

ABFG :
(
PZ + subAB

)
EMFFG =

∂ĀBFG
∂ABFG

(
1

1 + ĀBFG

)(
p−

(
PZ (1−ABFG)− subABABFG

)
EMFFG

)
,(11)

∂ĀBFG
∂ABFG

= ϕFG1 ϕFG2 AB
ϕFG2 −1
FG + γCFG

(
ABFG,t
ABFG,t−1

− 1

)
1

ABFG,t−1
, (12)

p : Ȳ
(
1− tprof

)
= λσD (p)

1

p

(
1− pσ

NF

)
, (13)

λ : Ȳ = D (p) (14)

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

p = λσ
D (p)

Ȳ (1− tprof )

(
1− pσ

NF

)
=

λσ

1− tprof

(
1− pσ

NF

)
⇒

((
1− tprof

)
p− λ

)︸ ︷︷ ︸
λ̂

=
(
1− tprof

)
p

(
1− 1

σ
(
1− 1

NF

)) ,
λ̄ = λ̂−

(
1− tprof

) (
PZ (1−ABFG)EMFFG − subABABFGEMFFG

)
.

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.

V ELt (KELCOAL,t,KELOIL,t,KELGAS,t,KELRES,t) =

max

{
χEL,t +

GV ELt+1 (KELCOAL,t+1,KELOIL,t+1,KELGAS,t+1,KELRES,t+1)

RELt+1

}
,

s.t. GKELX,t+1 =
(
1− δELX

)
KELX,t + IELX,t,

where RES stands for renewable sources of energy (wind, solar, biomass and hydrogen), ELX ∈

{ELRES,ELCOAL,ELOIL,ELGAS} and δELX 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.

Figure 3: Nest-structure of electricity firms

Dividends χEL,t are given by

χEL,t =

(
1− tprof

) PEL,tEL
net
t −

∑
ELX p

inv
t ADJIELX,t − PZ,tZEL,t −

∑
ELX t

ELX
cap pinvt KELX,t+

+
∑
ELX sub

I,ELX
t pinvt IELX,t −

∑
ELX PGELX,tELX − PELIMP,tELIMP,t

+

+
∑
ELX

tprofδELXpinvt KELX,t −
∑
ELX

pinvt IELX,t,

ELnett = ELt − CEL,t.

CEL represents abatement costs for the electricity sector to avoid CO2 emissions, ZEL,t are emissions

related costs (like the emissions trading system) and ADJIELX reflect adjustment costs for capital

stock changes. The gross price for fossil energy PG includes ad valorem and excise taxes PGELX,t =(
1 + tEL,ELX

)
PELX,t + tEX,ELX . The same holds for the import price. Electricity EL is a nest of
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different energy sources as presented below.

ELt = tfEL

[
b1EL

θ1
IMP,t + (1− b1)ELθ1PROD,t

] 1
θ1

ELPROD,t =
[
b2EL

θ2
FOS,t + (1− b2)ELθ2ELRES,t

] 1
θ2

ELFOS,t =
[
b3EL

θ3
COIL,t + (1− b3)ELθ3ELGAS,t

] 1
θ3

ELCOIL,t =
[
b4EL

θ4
ELCOAL,t + (1− b4)ELθ4ELOIL,t

] 1
θ4
,

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

ment costs for fossil and renewable resources investment is given by

ADJIELX ,t =
ψELX

2

(
jELX − δELX − g

)2
KELX,t

where jELX = IELX
KELX

. The production function for renewable resources and the transformation function

for other energy sources are given by

ELELRES,t = tfELRES (KELRES,t)
αELRES (FELRES)

1−αELRES ,

ELELX,t = tfELX

(
aELXK

θELX
ELX,t + (1− aELX)ELXθELX

) 1
θELX ,∀ELX 6= ELRES

where KELX,t is the capital employed in production, tfELX the transformation factor scaling inputs

to the produced amount of electricity and FELRES denotes the endowment of natural resources. The

production of electricity from fossil fuels contributes to carbon emissions according to:

ZEL,t = (1−ABEL,t)
∑
ELX

[EMFELXELX] ,

where ABEL,t is the abatement effort and EMFELX is the emission factor for the different CO2-related

energy resources. The abatement cost function CEL is defined as

CEL,t = ϕEL1 AB
ϕEL2

EL,t

∑
ELX 6=ELRES

ELX +
γCEL

2

(
ABEL,t
ABEL,t−1

− 1

)2∑
ELX 6=ELRES

ELX

The firm maximizes over

ELIMP,t, IELX,t, ELXt, ABEL,t.

The first order and envelope conditions are given by:

∂V ELt

∂ELIMP,t
: PEL,t

∂ELt
∂ELIMP,t

= PELIMP ,t,

∂V ELt

∂ELXt 6= ELRES
: PEL,t

∂ELt
∂ELXt

= PEL,t
∂CEL,t
∂ELXt

+ PZ,t
∂ZEL,t
∂ELXt

+ PGELX,t,

∂V ELt

∂ABEL,t
: PZ,t

∂ZEL,t
∂ABEL,t

= −PEL,t
∂CEL,t
∂ABEL,t

,

∂V ELt

∂IELX,t
:

qELXt+1

RELt+1

= pinvt

[(
1− tprof

)(∂ADJELX,t
∂IELX,t

− subI,ELX
)

+ 1

]
,

∂V ELt

∂KELX,t
: qELXt =

(
1− tprof

) [
PEL,t

∂ELt
∂KELX,t

− pinvt
∂ADJELX,t
∂KELX,t

− pinvt tELXcap

]
+ tprofpinvt δELX +

+
qELXt+1

RELt+1

(
1− δELX

)
.
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The partial derivatives of the energy nest are given by:

∂ELt
∂ELIMP,t

= tfθ1ELb1EL
θ1−1
IMP,tEL

1−θ1
t ,

∂ELt
∂KELRES,t

= tfθ1EL (1− b1) (1− b2)EL1−θ1
t ELθ1−θ2PROD,tαELRES

ELθ2RES,t
KELRES,t

,

∂ELt
∂ELGASt

= tfθ1EL (1− b1) b2 (1− b3) (1− aELGAS) tfθELGASELGASELGAS
θELGAS−1
t ·

·EL1−θ1
t ELθ1−θ2PROD,tEL

θ2−θ3
FOS,tEL

θ3−θELGAS
ELGAS,t ,

∂ELt
∂ELCOALt

= tfθ1EL (1− b1) b2b3b4 (1− aELCOAL) tfθELCOALELCOALELCOAL
θELCOAL−1
t EL1−θ1

t ELθ1−θ2PROD,tEL
θ2−θ3
FOS,t ·

·ELθ3−θ4COIL,tEL
θ4−θELCOAL
ELCOAL ,

∂ELt
∂ELOILt

= tfθ1EL (1− b1) b2b3 (1− b4) (1− aELOIL) tfθELOILELOILELOIL
θELOIL−1
t EL1−θ1

t ELθ1−θ2PROD,tEL
θ2−θ3
FOS,t ·

·ELθ3−θ4COIL,tEL
θ4−θELOIL
ELOIL,t ,

∂ELt
∂KELGAS,t

= tfθ1EL (1− b1) b2 (1− b3) aELGAStf
θELGAS
ELGASK

θELGAS−1
ELGAS,t EL1−θ1

t ELθ1−θ2PROD,tEL
θ2−θ3
FOS,tEL

θ3−θELGAS
ELGAS,t ,

∂ELt
∂KELCOAL,t

= tfθ1EL (1− b1) b2b3b4aELCOALtf
θELCOAL
ELCOALK

θELCOAL−1
ELCOAL,t EL

1−θ1
t ELθ1−θ2PROD,tEL

θ2−θ3
FOS,t ·

·ELθ3−θ4COIL,tEL
θ4−θELCOAL
ELCOAL ,

∂ELt
∂KELOIL,t

= tfθ1EL (1− b1) b2b3 (1− b4) aELOILtf
θELOIL
ELOILK

θELOIL−1
ELOIL,t EL1−θ1

t ELθ1−θ2PROD,tEL
θ2−θ3
FOS,t ·

·ELθ3−θ4COIL,tEL
θ4−θELOIL
ELOIL,t .

The partial derivatives of cost functions are given by:

∂CEL,t
∂ELX 6= ELRES

=

[
ϕEL1 AB

ϕEL2

EL,t +
γCEL

2

(
ABEL,t
ABEL,t−1

− 1

)2
]
,

∂CEL,t
∂ABEL,t

=
∑

ELX 6=ELRES

ELX

(
ϕEL1 ϕEL2 AB

ϕEL2 −1
EL,t + γCEL

(
ABEL,t
ABEL,t−1

− 1

)
1

ABEL,t−1

)
,

∂ZEL,t
∂ABEL,t

= −
∑
ELX

EMFELXELXt,

∂ZEL,t
∂ELXt

= (1−ABEL,t)EMFELX ,

∂ADJIELX ,t
∂IELX,t

= ψELX

(
IELX,t
KELX,t

− δELX − g
)
,

∂ADJIELX ,t
∂KELX,t

= −ψELX
2

(
IELX,t
KELX,t

− δELX − g
)(

IELX,t
KELX,t

+ δELX + g

)
.

The value of the energy firm is given by:

V ELt =
∑
ELX

qELXt KELX,t︸ ︷︷ ︸
V ELXK,t

+V ELE,t = V ELK,t + V ELE,t ,

where V ELE,t reflects rents.

V ELE,t = rentt +
GV ELE,t+1

RELt+1

,

V ELK,t = χEL,t − rentt +
GV ELK,t+1

RELt+1

,
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where rentt is defined as:

rentt =
(
1− tprof

) PEL

(
ELnett −

∑
ELX

∂ELt
∂KELX,t

KELX,t

)
− PZ,tZEL,t−

−
∑
ELX PGELX,tELXt − PELIMP,tELIMP,t

 .
Optimal investment IELX is given by the positive root of the quadratic equation I2 + aI − b = 0, where

a =

[(
1− δELX

)
−
(
δELX + g

)
+

1

ψELX (1− tprof )
− subI,ELXt

ψELX

]
KELX,t,

b = −

 (
1− δELX

) (
1− subI,ELXt

(
1− tprof

))
−

−ψELX
(
1− δELX

) (
δELX + g

) (
1− tprof

)
− GV ELXK,t+1

pinvt RELt+1KELX,t

 K2
ELX,t

(1− tprof )ψELX
,

IELX,t =
1

2

(
−a+

√
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.

V Et (KECOAL,t,KEOIL,t,KEGAS,t,KERES,t) =

max

{
χE,t +

GV Et+1 (KECOAL,t+1,KEOIL,t+1,KEGAS,t+1,KERES,t+1)

REt+1

}
,

s.t. GKEX,t+1 =
(
1− δEX

)
KEX,t + IEX,t,

where, EX ∈ {ERES,ECOAL,EOIL,EGAS} and δEX 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 χE,t are given by

χE,t =

(
1− tprof

) PE,tE
net
t −

∑
EX p

inv
t ADJIEX,t − PZ,tZE,t −

∑
EX t

EX
cap p

inv
t KEX,t+

+
∑
EX sub

I,EX
t pinvt IEX,t −

∑
EX PGEX,tEX − PEL,tELEt

+

+
∑
EX

tprofδEXpinvt KEX,t −
∑
EX

pinvt IEX,t,

Enett = Et − CE,t.

CE represents abatement costs for the energy sector to avoid CO2 emissions, ZE,t are emissions related

costs (like the emissions trading system), ADJIEX reflect adjustment costs for capital stock changes, and
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Figure 4: Nest-structure of energy firms

ELE the demand of energy firms for electricity. The gross price for fossils PG includes ad valorem and

excise taxes PGEX,t =
(
1 + tE,EX

)
PEX,t + tEX,EX . The same holds for the electricity price. Energy E

is a nest of different energy sources as presented below.

Et =
[
c1E

θE1

FOS,t + c2E
θE1

ERES,t + (1− c1 − c2)ELEt
θE1
] 1
θE1

EFOS,t =
[
c3E

θE3

COIL,t + (1− c3)EθE3

EGAS,t

] 1
θE3

ECOIL,t =
[
c4E

θE4

ECOAL,t + (1− c4)EθE4

EOIL,t

] 1
θE4 .

The adjustment costs for fossils and renewables investment is given by

ADJIEX ,t =
ψEX

2

(
jEX − δEX − g

)2
KEX,t

where jEX = IEX
KEX

. The production function for renewable resources and the transformation function for

other energy sources are given by

EERES,t = tfERES,t (KERES,t)
αERES (FERES)

1−αERES ,

EEX,t = tfEX

(
aEXK

θEX
EX,t + (1− aEX)EXθEX

) 1
θEX ,∀EX 6= RES

where KEX,t is the capital employed in production, tfERES a transformation factor, and FERES denotes

the endowment of natural resources. The production of electricity from fossil fuels contributes to carbon

emissions according to:

ZE,t = (1−ABE,t)
∑
EX

[EMFEXEX] ,

where ABE,t is the abatement effort and EMFEX is the emission factor for the different CO2-related

energy resources. The abatement cost function CE is defined as

CE,t = ϕE1 AB
ϕE2
E,t

∑
EX 6=RES

EX +
γCE

2

(
ABE,t
ABE,t−1

− 1

)2∑
EX 6=RES

EX

The firm maximizes over

ELEt , IEX,t, EXt, ABE,t.



Documentation of E-PuMA 12

The first order and envelope conditions are given by:

∂V Et
∂ELEt

: PE,t
∂Et
∂ELEt

= PEL,t

∂V Et
∂EXt 6= ERES

: PE,t
∂Et
∂EXt

= PE,t
∂CE,t
∂EXt

+ PZ,t
∂ZE,t
∂EXt

+ PGEX,t,

∂V Et
∂ABE,t

: PZ,t
∂ZE,t
∂ABE,t

= −PE,t
∂CE,t
∂ABE,t

,

∂V Et
∂IEX,t

:
qEXt+1

REt+1

= pinvt

[(
1− tprof

)(∂ADJEX,t
∂IEX,t

− subI,EX
)

+ 1

]
,

∂V Et
∂KEX,t

: qEXt =
(
1− tprof

) [
PE,t

∂Et
∂KEX,t

− pinvt
∂ADJEX,t
∂KEX,t

− pinvt tEXcap

]
+ tprofpinvt δEX +

+
qEXt+1

REt+1

(
1− δEX

)
.

The partial derivatives of the energy nest are given by:

∂Et
∂ELEt

= (1− c1 − c2)ELEt
θE1−1

E1−θE1
t ,

∂Et
∂KERES,t

= c2E
1−θE1
t αERES

EθE1

RES,t

KERES,t
,

∂Et
∂EGASt

= c1 (1− c3) (1− aEGAS) tfθEGASEGAS EGAS
θEGAS−1
t E1−θE1

t EθE1−θE3

FOS,t EθE3−θEGAS
EGAS,t ,

∂Et
∂ECOALt

= c1c3c4 (1− aECOAL) tfθECOALECOALECOAL
θECOAL−1
t E1−θE1

t EθE1−θE3

FOS,t ·

·EθE3−θE4

COIL,t E
θE4−θECOAL
ECOAL ,

∂Et
∂EOILt

= c1c3 (1− c4) (1− aEOIL) tfθEOILEOIL EOIL
θEOIL−1
t E1−θE1

t EθE1−θE3

FOS,t ·

·EθE3−θE4

COIL,t E
θE4−θEOIL
EOIL,t ,

∂Et
∂KEGAS,t

= c1 (1− c3) aEGAStf
θEGAS
EGAS K

θEGAS−1
EGAS,t E1−θE1

t EθE1−θE3

FOS,t EθE3−θEGAS
EGAS,t ,

∂Et
∂KECOAL,t

= c1c3c4aECOALtf
θECOAL
ECOALK

θECOAL−1
ECOAL,t EL

1−θE1
t EθE1−θE3

FOS,t EθE3−θE4

COIL,t E
θE4−θECOAL
ECOAL ,

∂Et
∂KEOIL,t

= c1c3 (1− c4) aEOILtf
θEOIL
EOIL K

θEOIL−1
EOIL,t E1−θE1

t EθE1−θE3

FOS,t EθE3−θE4

COIL,t E
θE4−θEOIL
EOIL,t .

The partial derivatives of cost functions are given by:

∂CE,t
∂EX 6= ERES

=

[
ϕE1 AB

ϕE2
E,t +

γCE
2

(
ABE,t
ABE,t−1

− 1

)2
]
,

∂CE,t
∂ABE,t

=
∑

EX 6=ERES

EX

(
ϕE1 ϕ

E
2 AB

ϕE2 −1
E,t + γCE

(
ABE,t
ABE,t−1

− 1

)
1

ABE,t−1

)
,

∂ZE,t
∂ABE,t

= −
∑
EX

EMFEXEXt,

∂ZE,t
∂EXt

= (1−ABE,t)EMFEX ,

∂ADJIEX ,t
∂IEX,t

= ψEX

(
IEX,t
KEX,t

− δEX − g
)
,

∂ADJIEX ,t
∂KEX,t

= −ψEX
2

(
IEX,t
KEX,t

− δEX − g
)(

IEX,t
KEX,t

+ δEX + g

)
.
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The value of the energy firm is given by:

V Et =
∑
EX

qEXt KEX,t︸ ︷︷ ︸
V EXK,t

+V EE,t = V EK,t + V EE,t,

where V EE,t reflects rents.

V EE,t = rentt +
GV EE,t+1

REt+1

,

V EK,t = χE,t − rentt +
GV EK,t+1

REt+1

,

where rentt is defined as:

rentt =
(
1− tprof

) PE

(
Enett −

∑
EX

∂Et
∂KEX,t

KEX,t

)
− PZ,tZE,t−

−
∑
EX PGEX,tEXt − PEL,tELEt


Optimal investment IEX is given by the positive root of the quadratic equation I2 + aI − b = 0, where

a =

[(
1− δEX

)
−
(
δEX + g

)
+

1

ψEX (1− tprof )
− subI,EXt

ψEX

]
KEX,t,

b = −

 (
1− δEX

) (
1− subI,EXt

(
1− tprof

))
−

−ψEX
(
1− δEX

) (
δEX + g

) (
1− tprof

)
− GV EXK,t+1

pinvt REt+1KEX,t

 K2
EX,t

(1− tprof )ψEX
,

IEX,t =
1

2

(
−a+

√
a2 + 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 pY,X,capitalt . 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,t. 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:

VY,t = max
IY,X,t

{
χY,t +

GVY,t+1

Rt+1

}
s.t. GKY,X,t+1 = (1− δY,X)KY,X,t + IY,X,t

Y ∈ {tr, heat}

X ∈ {petrol, diesel, electricity} if Y = tr

X ∈ {natural gas, gasoil, timber, electricity} if Y = heat

χY,t =
∑
X

pY,X,capitalt KY,X,t −
∑
X

(1− subiY,X,t) piY,X,tIY,X,t −
∑
X

piY,X,tJY,X,t −
∑
X

tcapY,X,tKY,X,t,
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where JY,X,t represent adjustment costs of investment and subiY,X,t 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:

IY,X,t :
qY,X,t+1

Rt+1
= piY,X,t

[
(1− subiY,X,t) + J

IY,X
Y,X,t

]
KY,X,t : qY,X,t = pY,X,capitalt − piY,X,tJ

KY,X
Y,X,t − t

cap
Y,X,t +

(
1− δY,X

) qY,X,t+1

Rt+1

Proposition 2 The value of leasing companies is given by:

VY,t =
∑
X

qY,X,tKY,X,t =
∑
X

VY,X,t

Proof. Multiplying the envelope condition by KY,X,t gives

qY,X,tKY,X,t = pY,X,capitalt KY,X,t − piY,X,tJ
KY,X
Y,X,tKY,X,t − tcapY,X,tKY,X,t +

(
1− δY,X

)
KY,X,t︸ ︷︷ ︸

GKY,X,t+1−IY,X,t

qY,X,t+1

Rt+1

Using the first order condition to replace
IY,X,tqY,X,t+1

Rt+1
and the linear homogeneity of adjustment costs

JY,X,t leads to:

qY,X,tKY,X,t = VY,X,t = χY,X,t +
GVY,X,t+1

Rt+1

Summing up over the different energy sources X proofs the proposition∑
X

VY,X,t = VY,t =
∑
X

χY,X,t︸ ︷︷ ︸
χY,t

+
∑
X

VY,X,t+1︸ ︷︷ ︸
VY,t+1

G

Rt+1

Similar to the investment firm, optimal investment is given by:

IY,X =
1

2

(
−a+

√
a2 + 4b

)
,

where

a =

[(
1− δY,X

)
−
(
δY,X + g

)
+

1− subiY,X
ψY,X

]
KY,X ,

b = −
{(

1− δY,X
)

(1− subiY,X)−
(
1− δY,X

) (
δY,X + g

)
ψY,X − GVY,X,t+1

Rt+1piY,XKY,X

}
K2
Y,X

ψY,X

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):

piY,X = min
ihY,X ,i

f
Y,X

pihY,X i
h
Y,X + pfY,X i

f
Y,X ,

s.t.U IY,X =

aiY,X 1

pi
Y,X

(
ihY,X

) piY,X−1

pi
Y,X +

(
1− aiY,X

) 1

pi
Y,X

(
ifY,X

) piY,X−1

pi
Y,X


piY,X

pi
Y,X

−1

≥ 1,
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where ihY,X is the investment demand for home produced goods and ifY,X for imported goods per utility

unit. Optimization leads to:

IhY,X = aiY,X

(
piY,X
pihY,X

)piY,X
IY,X

IfY,X =
(
1− aiY,X

)(piY,X
pifY,X

)piY,X
IY,X

piY,X =

[
aiY,X

(
pihY,X

)1−piY,X +
(
1− aiY,X

) (
pifY,X

)1−piY,X] 1

1−pi
Y,X

IhY,X,j =

(
pihY,X
pj

)σ
IhY,X

pihY,X = p (= pj)N
F

1
1−σ ,

where IhY,X,j is 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 effective2 labour input are the inputs for the

production function.

Y = FY (uK,LD1 , L
D
2 , L

D
3 , E) = A · z1,

where

z1 = [a1 (aeE)
π1 + (1− a1) zπ1

2 ]
1/π1 ;

z2 =
[
a2
(
LD1
)π2

+ (1− a2) zπ2
3

]1/π2

;

z3 =
[
a3
(
LD2
)π3

+ (1− a3) zπ3
4

]1/π3

;

z4 =
[
a4
(
LD3
)π4

+ (1− a4) (uK)
π4

]1/π4

,

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

products of the different inputs are given by:

FYE = A · a1aπ1
e (E)

π1−1 z1−π1
1 ; (15)

FYL,1 = A (1− a1) a2
(
LD1
)π2−1

z1−π1
1 zπ1−π2

2 ;

FYL,2 = A (1− a1) (1− a2) a3
(
LD2
)π3−1

z1−π1
1 zπ1−π2

2 zπ2−π3
3 ;

FYL,3 = A (1− a1) (1− a2) (1− a3) a4
(
LD3
)π4−1

z1−π1
1 zπ1−π2

2 zπ2−π3
3 zπ3−π4

4 ;

FYK = A (1− a1) (1− a2) (1− a3) (1− a4)uπ4Kπ4−1z1−π1
1 zπ1−π2

2 zπ2−π3
3 zπ3−π4

4 ;

FYu = A (1− a1) (1− a2) (1− a3) (1− a4)uπ4−1Kπ4z1−π1
1 zπ1−π2

2 zπ2−π3
3 zπ3−π4

4 .

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 (ϕFG1 ) is set to 0.025, while the parameter governing the convexity of the functions (ϕFG2 )

is set to 2.8. The parameter γCFG , 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 θE1, 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, θEL1, takes the

value 2, which reflects that tradable, similar energy sources are substitutable more easily. θEL2, 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,

θEL3, takes the value of 0.9, also used in Capros et al. 2013 and Bartocci and Pisani (2013). This also

holds for θE3, being the elasticity of substitution between energy generated from gas and energy generated

in the coal-oil nest. Similarly θEL4 and θE4, 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.

Hössinger 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 -0.15 -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 - 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

Brännlund and Nordström (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-Jordán 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

Hössinger 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.



21 Documentation of E-PuMA

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.

Brännlund 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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