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Abstract

This thesis consists of three articles sharing the main theme - evaluation of policies related
to current issues both from micro and macroeconomic perspectives. The dissertation aims
at the central European region.

The first article presents a novel methodology of a hybrid dynamic computable gen-
eral equilibrium model used to quantify socio-economic impacts of an emission abate-
ment driven policy focused on adoption of electric vehicles in personal transport on the
example of Austria. Heterogeneous micro-founded preferences are integrated into a dy-
namic computational general equilibrium model which is further linked to a bottom-up
technology-rich electricity model and a stock-flow vehicle accounting model. Endoge-
nously determined emissions from vehicle use, electricity generation, and production pro-
vide an input to quantify external costs attributable to air quality and carbon emissions
using the Impact Pathway Analysis.

The second article estimates the elasticity of substitution between capital, labour,
energy and materials in the constant elasticity of substitution production function, which
is being used in a majority of general equilibrium models. We use a non-linear estimation
technique to derive these elasticities for the whole economy and for five different sectors,
for the EU as a whole and for its two sub-regions - Western and Central and East European
countries.

The third article evaluates the public sector employment policy from a microeconomic
perspective, and focuses on the project Internships for Young Job Seekers, as part of the
program Youth Guarantee, which was intended as a help for students with transitioning
from schools to the labour market thanks to internships in companies. The counterfactual
evaluation quantifies the impacts of internships on personal income and economic status
of trainees by using the propensity score matching, difference-in-differences estimation

and two complementary methods — ordinary least squares and multinomial logit model.
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Chapter 1
General Introduction

This thesis contains three studies linked by a focus on methods for evaluation and analy-
sis of various policies, their microeconomic and macroeconomic impacts and implications
for the economy. The second and third chapter are linked together via a computational
general equilibrium approach - a model that has become one of the leading tools to eval-
uate policy measures and scenarios (Fossati and Wiegard, 2002; Dwyer, 2015; Béhringer
et al., 2003). The fourth chapter is focused on public employment policies and assesses
their impacts from ex-post perspective. The paper constituting the second chapter was
published by The Energy Journal the third chapter was published as a working paper
and is currently being submitted to the Energy Economics journal, and the fourth chapter
was published in theCentral European Journal of Public Policy

The social, economic and environmental challenges emerging during the last few
decades have brought the need to implement various policies by both local governments
and international unions such as the European Union (EU). Such actions incentivized
the development of policy analysis with the aim of choosing the most reasonable ap-
proach to address a particular issue in terms of e ectiveness, e ciency and feasibility.
The usual distinction between policy assessment methods is based on ex-ante and ex-post
approaches.

While the ex-ante approach informs the policy-maker of a potential outcome of a
particular policy before its implementation, the ex-post methods evaluate outcomes of
already implemented policies (Palumbo, 1987). In the very last decades, the Regulatory
impact assessment (RIA) has emerged for policy assessments (Radaelli, 2004) as a tool
intended to improve the quality of regulation and to enhance the accountability and legiti-
macy of policy-making and law-making. RIA has a focus on assessing economic, social, as
well as environmental impacts. In the ex-ante economic modelling, a Business-As-Usual
(BAU) scenario representing the most probable and expected state of the economy with-
out any major policy deviations is compared to a counterfactual scenario implementing
the policies in question and the di erence represents the impact of the policy. A number
of model classes and model types have been used for this aim. The classi cation of model
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approaches is based on numerous properties, such as number of sectors included, econ-
omy feed-back inclusion, behavioral response of consumers and producers, technological
detail, or problem solution approach. For the assessment of policy impacts on the level of
the whole economy, a general equilibrium top-down (TD) approach has increasingly been
used in the literature (Kiuila et al., 2019).

Ex-post impact evaluation measures whether intended outcomes were reached due
to an implemented policy. This evaluation is often carried out as counterfactual, i.e.
measuring the di erence between the situation with and without the policy in place.
For the former, an intervention (or treatment) group (TG) is considered. Those are
the individuals who were in uenced directly by the implemented policy or underwent a
treatment. The outcomes of the treatment group are then compared to outcomes of a
group not in uenced by the policy, i.e. control group (CG). In order to draw the most
accurate conclusions, the individuals in the two groups are supposed to be matched,
e.g. as comparable as possible when it comes to their characteristics - economic, social,
demographic. The variables of interest assumed to be in uenced by the policy in question
are measured at two points in time - before and after the implementation of this policy
- and the intragroup di erences over time are compared between groups (Purdon et al.,
2001).

This thesis explores the utilization of both ex-ante and ex-post tools for policy as-
sessment from both microeconomic and macroeconomic perspectives in the context of the
Central European region, as well as an adjacent econometric estimation of key parame-
ters for the general equilibrium modelling, with the aim to highlight the need to analyze
policies from various points of view. The use of general equilibrium modelling is partic-
ularly useful for assessing a full scope of macroeconomic impacts from the perspective of
households, production sectors and government, as well as interactions among them.

Speci cally, Chapter 2 presents a novel methodology of a hybrid general equilibrium
model used to quantify socio-economic impacts of an emission abatement driven policy
focused on adoption of electric vehicles in personal transport on the example of Austria.
Heterogeneous micro-founded preferences are integrated into a dynamic computational
general equilibrium model which is further linked to a bottom-up technology-rich electric-
ity model and a stock- ow vehicle accounting model. Consumer choices are recognised
as a central driver of endogenous technological changes. Demand for vehicle purchases of
households is derived from the discrete choice model. Households are divided into nine
types according to their living area and education level. Vehicle alternatives include con-
ventional, hybrid, plug-in hybrid and battery electric cars. As a last step, endogenously
determined emissions from vehicle use, electricity generation, and production provide an
input to quantify external costs attributable to air quality and carbon emissions using the
Impact Pathway Analysis (Bickel and Rainer, 2005). Three policy scenarios are simulated
in the hybrid computational general equilibrium - discrete choice (CGE-DC) model that
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di er in the scope of their ambition to achieve higher market shares of electric vehicles

in Austria. Our modelling approach is able to capture the full set of social costs and

bene ts associated with an increased uptake of electric vehicles (EVs), and as such, it can
be applied to other national economies with a di erent energy system relying more on

non-renewable resources as compared to the Austrian case.

The chapter was published as an article in the Energy Journal. The paper
is co-authored with Michael Miess, Stefan Schmelzer and Milan '£asny. V¥-
dunka Kope£na (VK) enriched the hybrid model by energy use, emission and
the external cost quanti cation, including writing codes of the related parts.
Milan 'Easny (MS) enriched the hybrid model by environmental bene ts. VK
and MS jointly implemented the logit estimates into the discrete-choice con-
sumer module, and collaborated in the interpretation of results. Michael Miess
(MM) and Stefan Schmelzer (SS) contributed equally to this manuscript along
di erent lines. MM was responsible for overall design of the research, gath-
ering and processing of data, construction of the Social Accounting Matrix,
and performing the sensitivity analysis. SS was focused on development and
integration of the micro-macro discrete choice module into the top-down CGE
model, as well as on model implementation and calibration using GAMS soft-
ware. Scenarios were developed by MM and SS jointly with the DEFINE
consortium. MM and SS reviewed the results' interpretation. VK, MM, SS,
and MS wrote the manuscript. MM together with MS coordinated the revi-
sions and edits of the manuscript.

Miess, M., Schmelzer, S., ’£asny, M. and Kope£nd, V. (2022). Abatement
technologies and their social costs in a hybrid general equilibrium framework.
The Energy Journal 43(2), doi: 10.5547/01956574.43.2.mmie

Chapter 3 is related to the general equilibrium model used in Chapter 2 and provides
an estimation of elasticities of production factor substitution. The estimation is region-
speci c for the Central and Eastern European countries and the old EU member states.
Production factors considered are standard in the general equilibrium framework - capital,
labor, energy and materials. A non-linear least squares estimation is used to determine
the most accurate nesting structure for the production function on the economy-wide
level, as well as on the level of sectors aggregated according to their energy intensity and
primary, secondary and tertiary nature. We rejected the suitability of Cobb-Douglas and
Leontief production function forms for our dataset, in line with Gechert et al. (2021),
van der Werf (2008) and Koesler and Schymura (2015). Further, our analysis suggested
the time-varying nature of elasticity parameters. Hence, the conclusions suggest that the
calibration of parameters for general equilibrium modelling should take into consideration
both the temporal and regional aspect and choose values carefully.
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The preliminary version of the chapter was published as a working paper in
the IES Working paper series. The paper is co-authored with Milan 'Easny
and Luké&? Refka. V¥dunka Kope£nd assembled the dataset, carried out the
analysis in R Studio and prepared the whole manuscript. The original idea
for the paper belongs to Milan 'Easny and Luka? Refka, who also edited the
manuscript.

Kope£na V., 'Easny M. and Re£ka L. (2020). Estimating Elasticity of Substi-
tution in CES Production Function: Examining Di erent Nesting Structures
and EU Regions. IES Working Papers 43/2020. IES FSV. Charles University.

The problem of public employment e ects is examined from an ex-post perspective
in Chapter 4. We evaluate socio-economic impacts of an implementation of the program
Youth Guarantee in the Czech Republic through the project Internships for Young Job
Seekers. The goal of this project was to ease the transition for students from schools to the
labor market with the help of internships in companies. The impact evaluation is focused
on examining the changes in economic status and income of the project participants.
The data for the treatment and control group were taken before the start of the project
and a year after its end. The method used is the propensity score matching where each
person is assigned a propensity score based on their demographic characteristics and
members of TG and CG are then matched based on the similarity of their propensity
score using the nearest-neighbour matching algorithm. Three econometric estimations
are performed on the matched dataset: di erence-in-di erences estimation, multinomial
logit model, and standard general linear regression. The results of the analysis showed that
the economic status of the treated group improved on average more than in the control
group. Further, the impact evaluation revealed that thanks to the implemented policy,
the trainees managed to get a higher income than they would have reached given they
had not passed any internship. Thus, we concluded that the employment policy in the
form of government funded internships proved to be an e ective tool as a precautionary
measure against unemployment for the youth.

The chapter was published as an article in the Central European Journal of
Public Policy. The paper is single authored.

Kope£na, V. (2016). Counterfactual Impact Evaluation Of The Project In-
ternships For Young Job Seekers. Central European Journal of Public Policy,
10(2): pp. 48 66, DOI:10.1515/cejpp-2016-0026
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Chapter 2

Abatement technologies and their social
costs in a hybrid general equilibrium

framework

Abstract

We present a novel methodology to integrate heterogeneous micro-founded preferences
into a dynamic computable general equilibrium model. This integrated model is linked to

a bottom-up technology-rich electricity model and a stock- ow vehicle accounting model

to quantify the social costs of electric vehicles as an endogenous, demand-driven abate-
ment technology. Emission abatement is achieved through consumer choices that are
recognised as a central driver of endogenous technological change. Endogenously deter-
mined emissions from vehicle use, electricity generation, and production provide an input
to quantify external costs attributable to air quality and carbon emissions. We nd that
carbon and vehicle registration tax policies induce a signi cant shift away from conven-
tional vehicles towards electric vehicles in Austria by 2030. The shift to electric vehicles
results in small overall economic costs, a substantial decline in fuel demand that exceeds
the increase in electricity demand to charge vehicle batteries, and overall positive net
environmental bene ts.

2.1 Introduction

Depending on the fuel-mix to generate electricity and the modal split, individual motor
vehicle transportation is responsible for over 44% of total greenhouse gas (GHG) emissions
stemming from transport in the EU, while transport constituted almost a quarter of all
GHG emissions in the EU in 2019 (EEA, 2021). In numerous countries around the
globe, the total share of emissions attributed to individual transportation is still growing,
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despite increasing e orts worldwide to reduce GHG emissions to meet targets designed
to strengthen the global response to climate change. Electromobility is generally viewed
as a feasible solution to the problem of growing GHG emissions in the transport sector,
which at the same time allows societies to maintain a potentially desired high share of
individual transportation.

A number of policy measures have already been implemented to address this challenge.
At the EU level, these include the EU-wide climate-energy targets set at 20-20-20 by 2020
and at 40-32-32.5 by 2030 for GHG emissions reduction, the share of renewable energy, and
improvements in energy e ciency! Moreover, and especially relevant for electromobility,
the EU has de ned a set of technology and emission standards for producers of vehicles
in particular EU Regulation 333/2014 setting the average emission target for the new
vehicle eet at 95g CO, per km in 2020 This policy background calls for a systematic
evaluation of potential economic costs connected with di erent abatement technologies for
the transport sector, and di erent policy instruments that might foster their introduction.

An economic assessment of di erent measures to mitigate emissions from transportation
can support policy-makers by providing insights into potential economic costs, and thus
help in selecting the most suitable policy instrument to reach certain targets. One major
stepping stone in such an endeavor is an estimation of the total social costs and bene ts of
a large-scale introduction of electric vehicles as an abatement technology. For this purpose,
a suitable modelling framework is essential to inform the scienti c community, the general
public and, in particular, policy-makers to what extent and under what conditions electric
vehicles can be a viable policy option to reduce GHG emissions as only one possibility
among several abatement technologies (Hourcade et al., 2006).

Existing approaches to modeling abatement technologies have their respective strengths
and weaknesses. Partial equilibrium bottom-up (BU) models such as TIMES (Ref£ka and
'Easny, 2016) are suitable to determine direct abatement costs, and they can capture
interactions between energy carriers, energy technologies, and other features of the en-
ergy sector, including restrictions on fuel availability or technology deployment. Exoge-
nous demand for electricity or energy services is satis ed via least-cost optimization of a
technology-mix. However, energy system models generally disregard the economy-wide
impacts of technological change and consider behavioral aspects and decisions only in a
very limited way (Rivers and Jaccard, 2005; Bohringer and Rutherford, 2008). Therefore,
a general equilibrium top-down (TD) approach, often represented by a computable gen-
eral equilibrium (CGE) model, has increasingly been used in the literature, in particular
to asses indirect abatement costs (Kiuila et al., 2019b). While these TD models might

1The three EU climate-energy targets will nowadays be updated in order to implement the proposed
at least 55% net GHG emissions reduction target.

2New emission performance standards were adopted for light-duty and heavy-duty vehicles by EU
Regulation 2019/631, and 2019/1242, respectively. The Clean Vehicle Directive was revised in 2019, also
setting mandatory minimum public procurement targets for LDVs, trucks and buses.
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have obvious advantages when compared to BU models, Andersen et al. (2019) argue that
they lack the technological details underlying the generation of energy by di erent tech-
nologies, and that they usually abstract from disagreggated energy demand and supply by
heterogeneous consumers and producers. According to Kiuila et al. (2019b), abatement
technologies are either not incorporated in TD models due to lack of technology detail or,

if they are modeled, their cost is disproportionately higher in comparison to substitution

of fuels, which then becomes the preferred abatement channel. This considerably biases
the economic cost of environmental policies upwards if estimated by TD models (Rivers
and Jaccard, 2005; Nestor and Pasurka Jr., 1995).

The complementarity of the properties of TD and BU models makes them suitable to
create interlinked structures. Such linked top-down bottom-up models feature both a rich
and detailed technology sector, as well as theory-based realistic micro-founded behavior of
agents that interact with macroeconomic feedback structures, such as economic sectors in
general equilibrium. These features emphasize the di erent models' strengths and limit
their weaknesses at the same time (Bataille et al., 2006). TD and BU models can be
linked by iteratively transmitting information from one model to the other (Helgesen and
Tomasgard, 2018). Such e orts require the identi cation of common measuring points
(Wene, 1996), i.e. overlaps of TD and BU models, and the determination of appropriate
ways these modelling paradigms can be reconciled in one common framework.

Bohringer and Rutherford (2008) identify three broad categories of linking techniques:
1) Soft-linking is based on the iterative convergence of central parameters that is fully
dependent on users' inputs, and on the decision whether and how to interchange the
information and to adjust model inputs (Kumbaro8lu and Madlener, 2003). An example
of a soft link between a BU model (MARKAL) and a TD Input-Output model (LIFT)
is provided by Steckley et al. (2011). In this procedure, the scenario outputs provided
by the MARKAL model in the form of fuel mixes and e ciency changes are manually
transferred to the LIFT model in order to run the scenario again with LIFT3 However,
soft-linking usually su ers from the methodological and structural di erences between
the two modeling approaches, which may induce unsuccessful convergence of parameters
(Bohringer and Rutherford, 2009). 2)Hard-linking, on the other hand, relies on formalized
and algorithmically automated model processing and information transmitting, generating
one unique result for each set of data and assumptions (Helgesen and Tomasgard, 2018).
Another important advantage of hard-linking is that it decreases the bias that occurs due
to di erent results produced by distinct model types and due to the (potentially arbitrary)
judgement by users of how to best link these di erent model types. Despite its drawbacks,
the soft-linking approach has been prevalent with many practical applications in the

3The results on energy service demands obtained from both LIFT and MARKAL models are then
compared, the MARKAL model is adjusted in the event of any deviations, and the procedure is repeated
if necessary.
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literature, for example see the MARKAL-EPPA hybrid model by Schafer and Jacoby
(2006). Other examples are listed in Andersen et al. (2019). B)tegrated modeling as
developed by Bohringer and Rutherford (2008), integrates TD and BU models via mixed
complementarity problem (MCP) algorithms, and the models are run inseparably in one
common framework. Although Bohringer and Rutherford (2009) provide improved MCP
solution algorithms, there are very few implementations (Helgesen, 2013); see Sue Wing
(2008) or Tapia-Ahumada et al. (2015) for some of the few available examples. On a
larger scale, there seems to be only very few instances in which the MCP approach was
used. One example is Bohringer and Léschel (2006), in which a hybrid CGE model is
constructed that investigates the e ects of renewable energy promotion in Europe. A
fully integrated hybrid model, though not solved via the MCP, is available in Kim et al.
(2006), in which an Integrated Assessment Model is linked to a bottom-up representation
of the transport sector.

This paper describes a di erent and novel integrated hybrid approach for modelling
abatement technologies. It contributes to advancing the knowledge in this area of re-
search by recognizing consumer choice as a central driver of endogenous technological
change. We focus on individual motor vehicle transportation, and build our hybrid model
on the direct integration of BU into a TD CGE framework according to the methodology
proposed by Bohringer and Rutherford (2008). However, following Truong and Hensher
(2012), we move this methodology several steps forward with our approach. In particu-
lar, we couple the dynamic CGE model to the endogenous demand for a low-emission,
energy e cient technology according to heterogeneous consumer preferences derived from
a discrete choice (DC) model that is estimated using survey data speci cally designed
for this purpose (Bahamonde-Birke and Hanappi, 2016). Consumers, represented by nine
types of households de ned by level of education and residence area by degree of urbani-
sation, decide between public and individual transport, as well as between transportation
and non-transportation goods on the consumption side of the CGE model. In doing so,
we address several points of the critique of more traditional BU technology modelling
as discussed in Rivers and Jaccard (2005) relating to, among others, the heterogeneity
of consumer preferences for technology, imperfect substitutability of technologies, and
imperfect information on these technologies.

In our model, individual transport technologies include conventional vehicles (CV) and
three alternative fuel vehicles (AFVs) comprising hybrid (HEV), plug-in hybrid (PHEV),
and battery electric (BEV) vehicles? Besides the monetary variables, we include charging
station availability and driving range as non-monetary variables in the DC model, since
the literature shows the importance of their inclusion for a proper estimation of consumer
demand for EVs (Pernollet et al., 2019; Hamed and Al-Eideh, 2018). The consumer choice
then translates to household demand for the new durables, determining their supply on the

“4In the following, we refer to EVs as comprising both PHEVs and BEVs.
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production side of the CGE model and the capital stock (the vehicle eet), consequently
a ecting the use of related non-durable goods that are needed to operate the vehicle eet
(fuel and electricity use, vehicle service and maintenance). Endogenously determined
electricity demand is satis ed by a least-cost combination of fuels and power technologies
in a BU optimisation model hard-linked to the CGE via the MCP. All components of
the hybrid, integrated model are run inseparably and evaluated jointly in one common
framework. As a nal modeling step that allows us to estimate the total social costs
of electromobility, we estimate the external costs attributable to air quality and GHG
emissions that are associated with the impacts on human health, building materials,
crops, and the environment.

In addition to the three standard abatement channels appearing in the literature
(Kiuila et al., 2019b; Mayeres and Van Regemorter, 2008) which are change in sec-
tor output, change in economic structure, and capital-labor-energy-material substitution
in the production function emissions in our hybrid model are further reduced via the
substitution of the fossil fuel input needed for CVs, HEVs, and partially also PHEVS, by
electricity used to charge BEVs and PHEVs. Using Austria as an example of a country that
aims to meet the target of reducing GHG emissions by promoting, among other measures,
the uptake of electric vehicles, we provide a blueprint to apply this methodology to other
national economies in order to assess the total economic costs of promoting electromo-
bility in the individual transport system as an abatement technology. Our model results
suggest that while investments in the charging infrastructure increase GDP growth
policy measures such as an increase in the mineral oil tax on fossil fuels and a new regis-
tration tax for vehicles disincentivizing CO,-intensive vehicles induce a slightly negative
e ect on real GDP.

Our results are in line with Ghersi (2015), who presents a soft link between a TD
model (IMACLIM-S) and a BU model (TIMES PanEU). This author nds that a 25%
share of EVs in the vehicle eet has a slightly negative impact on real GDP, and almost
neutral impact on tax revenues in EU28. Additionally, Pernollet et al. (2019), using
their total cost of ownership model for di erent household types on the basis of a survey
conducted in France, forecast a market share of almost 80% for EVs in the total vehicle
eet by 2040. Karkatsoulis et al. (2017) employ a hybrid TD-BU model by linking GEM-

E3 with the PRIMES-TREMOVE model to assess the impacts of the decarbonization of
the transport sector up to 2050 in EU28. This study concludes that a transition to a low-
emission transport sector can be achieved with a small reduction in real GDP, reaching
around 0.1%, and also carrying with it positive impacts on industrial activity with the
exception of the fuel supply sector. In particular, Karkatsoulis et al. (2017) forecast that

a ca. 35% share of AFVs in the vehicle stock can be reached by 2030, leading to a share
of almost 85% in 2050. These results point to a relationship between economic costs and
the shift-in of EVs that is similar in proportion to our policy scenario. The results of
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our EM+ policy scenario suggest a possible share of ca. 40% of AFVs in 2030 in the
vehicle eet and a signi cant shift away from fossil fuel-based individual transportation
towards EVs, with a 68% joint share of newly-registered cars in 2030. This EV shift-in
can be achieved under supportable economic costs below a 0.2% reduction in real GDP
with respect to a business as usual scenario. Ghandi and Paltsev (2019) use the MIT
EPPA CGE model, which features a detailed representation of the transport sector, to
project a stock of about 20 million and 50 million electric light-duty vehicles (LDV) (of

a total of 370 million LDVs) in Europe in 2030 and 2050, respectively. Consequently,
in their analysis fossil fuel used in personal transport declines by 5%, and overall fuel
demand is reduced by 11%. The reduction in fuel use exceeds the higher damage induced
by increased demand for electricity to charge EVs, and along with the other abatement
channels creates positive net environmental bene ts. This result supports the ndings of
Buekers et al. (2014), who estimate the health and environmental bene ts of penetration
of EVs in all EU countries using the ExternE methodology. Both of these two studies
come to similar conclusions as our study. Overall, it is clear that for countries relying on
fossil fuels for electricity production, the introduction of EVs in the vehicle eet may only
reduce overall GHG emissions to a limited degree.

Is is also necessary to mention the issue of embodied emissions stemming in particular
from the production of batteries for electric vehicles as it may impair the reduction of
emissions when replacing CVs by EVs. While for CVs most emissions come from burning
fuel throughout their lifetime, the situation is opposite for EVs. Even though no direct
emissions stem from driving an EV, they arise from the electricity generation used to power
the EV and from production of batteries, including the mining of lithium and its further
processing. Also, since the lithium batteries are much less energy dense than gasoline, the
battery is almost 17 times heavier than an amount of gasoline providing the same driving
range. Thus car manufacturers opt for lighter materials for car chassis such as aluminium
or carbon bers. However, the production of these materials is three to six times more
energy intensive than production of steel for CVs (Gutowski et al., 2013). Should we look
at the environmental bene ts stemming from the engineering sector producing batteries
in our model alone, we come to a realization that the bene ts are negative and reaching
794 emil. in the TARGET95 scenario adding to negative environmental bene ts from
electricity production. However, reduction of embodied emissions of other sector outweigh
this negative e ect and the environmental bene ts of EV introduction in a country such
as Austria with a technology mix that entails a particularly high share of renewable
energy sources seem to be considerable.

The rest of our paper is structured as follows. In section 5.2 we present the core
CGE model structure and explain our integrated hybrid modelling approach. We provide
scenario results in section 5.3, and section 5.4 concludes.
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2.2 Methodology

2.2.1 The core CGE model

The model is a fully dynamic CGE model implemented in MCRGAMS, see Rutherford
(1995), and based on the structure of Bohringer and Rutherford (2008). On the produc-
tion side, we distinguish 21 di erent cost-competitive sectors with three inputs: labor,
capital, and intermediate goods The complete overview of all included sectors is at-
tached in Table A.5 of the Appendix A. Households solve a standard intertemporal utility
maximisation problem, including a labor supply decision.

In line with the standard Ramsey framework, savings are endogenous according to an
intertemporal and optimal choice of household agents to trade o current consumption and
future investments via their savings decision. To simplify an already complex modelling
framework, labor productivity is assumed to stay constant over time, and we abstract from
any imperfections in the labor market. Capital and labor are assumed to be homogenous
across sectofs To further simplify the model and at the same time to represent basic
relations of foreign trade for Austria as a small open economy, we assume that the share
between imported and domestic goods in the economy remains xed, see Figure A in the
Appendix Afor details. Exports of goods are assumed to grow exogenously according to
the steady state growth path. The trade balance is assumed to develop in line with these
exogenous assumptions. The closure rule for the public sector is chosen conforming to a
zero de cit rule (no new government debt)’.

While our model is intentionally kept as simple as possible on the production side, we
elaborate on consumption to focus on the endogenous, demand driven nature of electric
vehicles as a new technology increasingly penetrating the vehicle market starting from
low initial levels. Thereby, we also address the well-known problem in CGE modelling to
depict a gradual uptake of new technologies starting from very low initial levels (Jacoby
et al., 2006). In particular, to account for the di erent preference structures constitut-
ing vehicle demand, we distinguish nine types of consumer households (indexedppy
three levels of education (low, medium, high) and three degrees of urbanisation (rural,
suburban, urban)® These distinctions are important for our framework due to the fact

SWe assume the following elasticities of factor substitution: between capital/labor and intermediate
material inputs ™ =0.3, between capital and labor ¥' =0.4, between di erent intermediate mate-
rial inputs M=0.4, an elasticity of substitution between consumption and leisure ©=1.4, and an
intertemporal elasticity of substitution for household '=0.5, see also Figure A and Table A.1 in the
Supplementary Information.

6Due to this simplifying assumption, the shares of low-skilled, medium-skilled and high-skilled labor
employed in the production process remain xed. These di erent types of labor are primarily implemented
in the model to determine the income shares of di erent household types, which are relevant for the
heterogeneous consumer choice of di erent vehicle types that is the focus of our model. The elasticity
between skilled and unskilled labor is provided i.e. by Havranek et al. (2020)

"Details on the underlying structure for this CGE model are given in the SI, section A.1.

8Data on household income include wages, pension bene ts and capital revenues that were derived
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that preferences and habits concerning transportation are clearly subject to regional dif-
ferences. Moreover, education is used as a proxy for income and environmental attitudes,
which both may increase preferences for using environmentally friendly and advanced
technologies. Household consumption decisions are modelled through a standard nested
CES function. In their consumption decision, all consumers have di erent values of elas-
ticities and di erent initial levels of consumption according to their level of income that
are estimated from the speci cally designed survey data (Bahamonde-Birke and Hanappi,
2016). Table A.2 in the Appendix A shows the values for these elasticities.

The starting point for calibrating the core CGE model is the Social Accounting matrix
(SAM) depicting income and expenditure ows between households, the government,
production sectors, and the rest of the world in the baseline year 2008, see Table A.6 in the
Sl. The SAM is constructed using input-output (I0) tables provided by Statistics Austria,
which are complemented by data from EU SILC, Labor Force Survey data, and the
survey data on consumer choices (Bahamonde-Birke and Hanappi, 2016). In particular, it
comprises electricity production, transmission and distribution sectors, disaggregated road
passenger transport technologies (CV, HEV, PHEV, BEV), as well as transport-related
products and services. In Figure 2.1, the agents can substitute between consumption of
mobility and non-transport goods with the elasticity ans in the top nest. In the mobility
nest, households substitute between the ITPT nest (individual transport IT and public
passenger transport PPT), and other transportation OT (mostly long distance travels
with airplanes and ships) according to ohirans -

from Austrian input-output tables (see http://www.statistik.at/web_en/statistics/Economy/
national_accounts/input_output_statistics/index.html [Last accessed June 2B, 2019]), EU-
SILC (European Union Statistics on Income and Living Conditions), see http://ec.europa.eu/
eurostat/web/microdata/european-union-statistics-on-income-and-living-conditions [Last
accessed June 26, 2019], social bene ts provided by Statistics Austria and other transfers (Statistics
Austria).
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Figure 2.1: Consumption structure of households (Nested CES functions)

Note: The cross-price elasticities used in the model are in the range of [.10 to .18]
for tans , [-16 10 .48] for othirans s [-15 t0 .46] for moge and they vary across nine
household segments, see the Appendix A for details, Table A.2. The elasticity
of substitution between other consumption goods, goods, dO€s not vary across
households with a value of 0.40.

In the modal split decision branch (ITPT nest), each consumer has the possibility
to substitute between PPT and IT, with the elasticity 0. This allows us to model
the e ect of consumers substituting away from IT to PPT if the cost for IT should rise.
Demand elasticities for PPT were estimated on the basis of discrete choice experiments
carried out together with the above-mentioned survey (Bahamonde-Birke and Hanappi,
2016). They were used to calculate values for the cross-price elasticities of substitution 1)
between Mobility and the Non-Transport Goods bundle, 2) between ITPT and the OT,
and 3) between IT and PPT. We choose a reasonably small value for the non-transport
goods elasticity, gooas, SiNCe the sectoral goods are rather complements than substitutes.
Tables A.1 and A.2 in the Appendix A provide values for all elasticities used in the CGE
model.

The expenditures on IT include purchases of new vehicles, and expenditures connected
to the use of the vehicle stock (fuels including taxes, service and maintenance). Vehicle
purchases by consumers are determined by their preferences, as well as by the purchase
price of vehicle technologies and their technological characteristics (for instance driving
range or engine power). Expenditures on the use of the vehicles are a linear function of the
size of the vehicle stock. Unlike in other nests in their utility, households are not able to
substitute between the vehicle purchase and the use of their vehicles. The share between
these two expenditures is determined endogenously over time, see equation (A.23). Any
rise in vehicle purchases that exceeds the number of depreciating vehicles will lead to
an increase in the vehicle stock. In this way, the purchase decisions also determine the
development of the vehicle stock, with some inertia.
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In order to depict these developments correctly, we include a detailed vehicle eet
accounting module (see section 2.2.2) and a vehicle discrete choice model (see section
2.2.3) within the CGE model. In the remainder of this section, we outline how we include
these components in the CES logic. A graphical illustration is given in Figure 2.2.

Individual Transportation - IT ( PY

Purchases E) m Use Q:)iuse)

DC model
H use = O
alternatives: BEV, PHEV, HEV, CV; (P?) | | Fuel Service
utility ( Vi;i )
Attributes Cost (PP, P"5°)

Figure 2.2: Individual transport consumption structure (DC model of the pur-
chase decision)

Similarly to PPT and other consumption goods, one can think of IT as an economic
activity, with a price P". This activity provides the aggregate good "individual trans-
portation” to households. The price of this activity P’ is an endogenously adapting
Leontief composite of the price for purchasing a vehicle of any type, i.e. the aggregate
price indexPy,, and the price of vehicle us®'s¢, see equation (2.20). The latter is a simple
Leontief combination of the prices of fuel, electricity, and service inputs in vehicle use,
while the former is determined from "the e ective pricesP? for each of the choice alter-
natives CV, HEV, PHEV, and BEV. These e ective prices are derived from the discrete
choice model (see section 2.2.3); they depend on socio-demographic characteristics of the
households, and represent for each vehidl¢he monetary value of the combination of the
purchase price P, the cost for using the vehicleP;**, and technological attributes.

The purchase price for vehicles of typg P (t), is given by a simple Leontief com-
bination of the prices for the input goods, which in this case are car chassR¢) and
vehicle enginesRF),

PM™@{)= FPe(t)+(1 F)PE(t)  8i; 8t: (2.1)

The vehicle type speci c cost share between the two input good§® is di erent for each
technologyi, but is assumed to stay constant over time. Any vehicle is sold at this price
in the model.

Similarly, P, the price for using a vehicle, is a Leontief CES combination of the prices
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for fuel (gasoline/diesel and electricity composite? ™) and service and maintenanceR®),

Pe()= FOPSM+@  PMPFE) 8 (2.2

The share [° remains constant over time for each technology PF and P° also include
excise taxes for consumers.

Obtaining the demand variables for vehicle purchases and vehicle use is not straightfor-
ward given this price structure. Shephard's Lemma cannot be used directly. Speci cally,
we are interested in demand for vehicle purchases of typdy householdh, D{i, as well
as demand for the use of vehicles of typeby householdh, Dy. The latter will be derived
in the next section; the former in section 2.2.3.

2.2.2 The vehicle eet module

Our approach of a direct integration of a very simple vehicle eet model enables us to

consistently couple a CGE model based on monetary ows with physical vehicle account-
ing, which helps us to determine both fuel use and emission output due to purchase and
use of di erent vehicle types. Consequently, this allows us to avoid a problem related

to intertemporal price changes and their impact on the monetary value of the vehicle

stock when converting the money ows and stocks into physical units of vehicles and the

corresponding fuel inputs and emissions outputs. We use a cohort depreciation model,
i.e. we assume that vehicles that are bought will have a xed lifetime assumed to be 12
years according to the literature (Gruden, 2008; IHS-Automotive, 2015).

The vehicle stockst;(t) of vehicle typei equals last period's stock plus new registra-
tions nr;(t) less depreciation of worn out vehicledg(t). We follow the convention that
purchases of new vehicles and depreciation of old vehicles both take place at the end of
each period. Hence, the stock in each peridds

sti(t) = sti(t 1)+nri(t 1) dg(t 1) 8i 8t (2.3)

New vehicle registrations are determined from the unit demand for purchases of new
vehiclesDy; (t), see (2.30), and are de ned as

ehi (0)DF: (1)
PP ()P (1)
whereg (0) denotes the volume of expenditures on typievehicle purchases by household

h in the starting period, and p?/(t) is the exogenous average monetary prfcéor a vehicle
of technologyi.

nri(t) = 8i; 8t; (2.4)

SAny prices in the model are unit prices. In equation (2.4), we need a price that denotes euro per
vehicle in order to calculate numbers of cars. The values of?V (t) are derived by projections based on
the vehicle technology database described in Ibesich et al. (2014).
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We assume a constant depreciation rate for CVs of, = 5.85% for the rst 12 periods
in the model. For the other vehicle types, since these markets are not yet matured, we do
not assume any depreciation for the rst 12 year8. Subsequently, the vehicles that were
registered 13 periods before are depreciating for all technologies.

dg(t) = st (t) o fort 12i = CV,;
Ofort 12i= AFVsS;

nri(t 12)fort> 12 (2.5)

2.2.3 Integration of the discrete choice (DC) model into the CGE model

Following Truong and Hensher (2012), the DC model is used to derive the demand for
overall vehicle purchase®y, and aggregate vehicle choice probabilities, which are used
to split up the demand for overall vehicle purchases into demand for the vehicle purchase
choice alternatives.

The deterministic part of the indirect utility V., of buying a vehicle of typei is given
in equation (2.6), with x,; being the vector of initial levels for the attributes (see e.g.
Train (2003))*L.

J— mc ,mc fc fc pPp /PP ep ep ra ra . - Qe
Vhi = miXpi tomiXei PR X TR Xpi ToRiXhi Th 8h; 8i; (2.6)

where purchase price (pp), fuel cost (fc), maintenance cost (mc), engine power (ep), and
driving range of BEVs (ra) are the exogenous vehicle speci c attributes,,; represents
marginal utilities of these attributes, and 1 is the alternative (i.e. technology) specic
constant, or base-preference, denoting a part of the utility for all other characteristics of
a given alternative not explicitly described in the DC modé®f.
Following a random utility model (McFadden, 1981) and assuming that the error term

is i.1.d standard type | extreme value, the probabilityP;,,; of agenth to choose alternative

I, given the prior decision to purchase any vehicle at all, is given as

exp(Vh;i )

Pni =
i i exp(Vh;i)

8h; 8i: (2.7)

Thus, also the probability to choose alternativa contributes to the likelihood to choose

0This is a simplifying assumption abstracting from potentially higher depreciation rates for EVs partly
reported in the literature, and is mostly due to the lack of reliable data available to measure average
lifetimes of EVs.

1For each of the nine aggregated household groups, a separate conditional multinomial logit model was
estimated based on consumer preferences data elicited through a specially designed representative survey
within which 1,449 Austrian respondents were interviewed (Bahamonde-Birke and Hanappi, 2016). For
more information on the survey and the discrete choice model, please see section A.2 in the Sl.

2Table A.7 in the Appendix A reports the estimates of the utility parameters, while Table A.8 provides
levels of the vehicle attributes xy;; , as used in our scenario simulations.
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alternative i in the conditional logit model (Train, 2003). In the CGE model, these prob-
abilities are interpreted as market shares of vehicles. The endogenous share of purchases
of vehiclei in the total vehicle purchases of household, ., is hence

hi = Phi 8h; 8i: (2.8)

In contrast to Truong and Hensher (2012), (2.6) contains three monetary variables
instead of one. Thus, we introduce an aggregated money cost variabtg;™ , de ned as
the shadow-price weighted average of all monetary variables

mc pp

fc
h;i h;i h;i :
money . ) mc ) fc ) pp . .
Xh;i T money Xh;i + money Xh;i + money Xh;i 8h’ 8" (29)

h;i h;i h;i

where we de ne ™ = o+ £+ [ oasthe unique marginal utility of money for each
agenth. ExpressingVy; in terms of [ and (2.9) yields

X
Vhi = RCUXET O (CRTXRE) o 8hi8 (2.10)
other
where the indexother stands for other non-monetary variables and coe cients. Since
ni s generally unique for each agent (the disutility of any euro spent is the same for
all goods), it does not depend on technology and the subscriptan be omitted,
heo = = e 8 8he (2.12)
Following Truong and Hensher (2012), we set an e ective pricBg; ** as an abstract

aggregate price variable inferred fronv,,;. Using this concept, the indirect utility function
could be rewritten as:

Vii = 37 Pri+ ni 8h; 8i: 14 (2.12)

Rearranging (2.12) and using (2.6) fol,;, we get the e ective price as the sum of the
implicit willingness to pay (de ned as ﬁhni%'w) for each attribute xj; times its value:

pe = X i yn 8h; 8i; (2.13)
hi — h;i ) ) .

money

n h

where the indexn runs over all vehicle attributes.
To derive the aggregate pricé, of purchasing any type of vehiclé, we follow Truong

BThe e ective price P5i can be interpreted as the consumer's perceived value of the vehicle at the
purchase decision.

4 Contrary to (2.10) with Xpi o including only monetary attributes, P, in (2.12) includes all at-
tributes.
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and Hensher (2012) and de ne the logsum, or inclusive valu¥, of all vehicle types as

Vi, = Inx exp(Vhi) 8h: (2.14)
i21
The aggregation procedure cannot follow a simple CES logic, since purchase shares of
di erent vehicle types will change endogenously, also according to non-monetary vehicle
attributes. The logsum represents total consumer surplus associated with all choices for a
particular choice set, and indicates the expected maximum utility for these choices. Using
(2.7), the total di erential of this inclusive value equals

X
th = Ph;i th;i 8h: (215)
i21
Substituting (2.12) for V,; yields
N/ X mone e
dVh = Pni d( ni + 77 Ppy)
i21
X
= Phii dpﬁ;i 8h; (2.16)

i21

and de ning the change in the aggregate price for vehicle purchades as the sum of the
probability-weighted changes in the vehicle types' e ective prices

_ X
dPh = Ph;i dphe;i 8h, (217)
i21

yields
dViy

rorey By 8h: (2.18)

By integrating (2.18) we have

— Vi
Ph= — ' +g¢, 8h; (2.19)

money

h

The constant ¢, is determined in the calibration procedure such that the equation holds
with the initial values of the other variables and parameters®

We now de ne the price for the IT composite as arendogenously adapting Leontief
compositeof P, and the price for the use of existing vehicles,

_ X
Pr(®) = BOP® + @  F®)  5OPE) 8h;st (2.20)

' (t) denotes the endogenous share parameter of monetary expenditures on vehicle pur-

15For the determination of the integration constant ¢, in our scenario framework, please see Footnote
28 for further information.
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chases in total expenditures for IT for householt in period t. This implies a qualitative
change in the Leontief consumption nest over time; as new vehicle purchases rise and
fall, and as the vehicle stocks build up or shrink, also the expenditures on, and hence the
price for, the overall IT composite change¥ The determination of the endogenous share
parameter " (t) in equation (2.20) depends on both the aforementioned unit demand
variables,

P ur pur
w (1) = p i €hi (0)DF (1)

r h . ]
& ODF O+ e @D @] o (221)

whereg;s (0) denotes monetary expenditures on fuel and services in the starting period.
We assume the use of vehiclg3y (t) to develop in a constant relationship to the size
of their stock. Thus the change inDy (t) will be determined by the change in the stock

as
sti (t)

sti(0)
We assume that all vehicle types are used equally intensively, on averadeys(t) is

further modi ed by a demand elasticity for fuel use ("¢ ) that depends on the level of the

mineral oil tax to model the e ects of fuel exports (tank tourism ).’ The share P (t)

will hence rise in times when more new vehicles are bought, as compared to a steady state

development of purchases and the size of the stock, and shrink in times when fewer new

Dyi(t) = 8h; 8i; 8t: (2.22)

vehicles are bought, and will be in uenced by the level of mineral oil taxes.
The share }(t) in equation (2.20) is the share of the size of the stock of vehicles of
type i in the total stock of vehicles owned by household,

sti (t)

st _ . Qi Q-
h;i (t) - Pm 8h, 8|, 8t, (223)

with
m(t)=1 8h;8t: (2.24)

i
This share is known at the beginning of each period since the vehicle stoclst;(t) is
known at the beginning of each period by our convention, see equation (2.3).
The price for individual transportation, P/" (t), can be used to determine overall de-
mand for IT in the standard manner by Shephard's Lemma: di erentiating the unit
expenditure function &, of each household with respect to the price for IT yields unit

18The share is exogenous in the rst period, and endogenously adapts according to the households'
purchase decisions and the thereby induced vehicle stock developments over time.

"We calibrate this elasticity according to Brons et al. (2008), in which we use the short term value of

0:34.
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demand for IT,

@R« Px2; 2 Py (1))
@i (1)

This can also be done at one deeper level, and yields unit demand for purchases of any

kind of vehicle as

DI (t) = 8h: (2.25)

h (1)
h (0)
since the only additional inner derivative when applying Shephard's Lemma at this level
(di erentiating (2.20) with respect to Py) just yields the share ™. £ (0) is the base-
year value of this share, which remains constant for all time periods.

The reason for this share to be in the denominator in (2.26) is because all unit demand
variables have to equal the reference growth path in the initial steady state: If the demand

Da(t) = Df () gh; (2.26)

variables were expressed in real monetary terms, sy and D{ , then (2.26) would become

Dn(t) = Dy (1) " () 8h;8; (2.27)

since " is a monetary expenditure share. However, since in the initial steady state we
have

Dh(t) IT — DH (t) . Of-
Dy(t) = 51(0) and Dy (1) = DI (0) 8h; 8t; (2.28)
and, as a special case of (2.27),
Dn(0) = D (0) {"(0) 8h; (2.29)

it becomes clear that (2.26) is the correct formula to use for unit demand variables. More
details on calibration to the initial steady state are in section 2.3.1 and in the Appendix
A section A.1.9.

Combining (2.26) with (2.7) and (2.8) yields the unit demand for purchases of vehicles

of type i:
hii (1)
hii (0)
The price Py, the demandD,, for overall vehicle purchases, and the demand for pur-
chases of each vehicle typ®f;, depend on exogenous consumer preferencgs and
vehicle attributes x;.;, which can be exogenously varied in scenario simulations. However,
these three variablesPy,, D, and hi. are also truly endogenous variables, since they
depend on the money costs of each choice alternative in particular. This monetary cost
is the sum of maintenance, purchase, and fuel costs, all of which are endogenous price
variables in the CGE model, determined in the overall economic equilibrium.

i (t) = Da(t)

8h: (2.30)
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2.2.4 CGE hard-link to the electricity bottom-up model

The electricity sector is represented by a BU cost optimisation energy model directly
integrated into the TD CGE model, see section A.1.8 in the Appendix A for details. It
is divided into multiple technologies generating electricity tec), including coal, gas, oll,
nuclear power, hydro, wind, biomass, solar photovoltaic, and other (mostly from processed
gas such as LPG). All technologies produce electricity subject to di erent input structures,
production costs$®, and resource constraints (A.35). Speci cally, following Totschnig and
Litzlbauer (2015), coal is placed under a capacity constraint leaving the most expensive
technologies (gas and renewable energy sources) with spare capacity able to satisfy the
additional electricity demand stemming from increased use of EV2.

We solve a standard linear optimisation problem following Béhringer and Rutherford
(2008); see section A.1.8 in the Appendix A. The aggregate supply of electricity deliv-
ered by the BU electricity model meets the aggregated demand for electricity in the CGE
model. Similarly, demand for energy goodsj;, which is derived from the CGE model
equals to their use by electricity generating technologies (see equation (A.34) in the Ap-
pendix A). We thereby obtain a hard-link between the BU and TD models. Data on
electricity production and energy balances were provided by Statistics Austria and E-
Control Austria. These data were then amended by technology-speci ¢ 2008 supply-use
data for electricity production taken from the EXIOBASE database (CREEA database,
2013), see Table A.4 in the Appendix A.

2.2.5 Emission abatement and associated bene ts

Quanti cation of externalities covering the impacts on premature mortality, morbidity,
building materials, crops, and ecosystems ('£asny et al., 2015) attributable to both direct
and indirect emissions stemming from domestic economic production, imports, fuel use,
and electricity production completes our impact assessment to achieve a measure of the
total social costs of electromobility as an abatement technology.

8 Although di erent technologies operate with di erent production costs, there is a unique market price
for electricity that is determined by the production cost of the most expensive (marginal) technology
supplying electricity to market. The di erence between production costs and revenues (i.e. the prot
that arises for some cheaper technologies) is being paid to the households, and can be interpreted as
rents on natural resources and capacities. This makes simultaneous modelling of di erent technological
production costs and a unique output price of electricity possible.

9As part of the scenario framework we employ and that is described in Section 2.3.1 below, the
capacity constraints that enter the electricity module of our CGE model are derived from a highly
detailed hourly electricity ow model considering both intermittent supply by renewables and variable
load by EV charging. For details on electricity modelling in the DEFINE scenario framework, please see
Totschnig and Litzlbauer (2015).

20For the base year 2008, CREEA database (2013) distinguishes seven speci ¢ technologies to generate
electricity in Austria - run of the river hydro power (39%), pump storage hydro (21%), natural gas (17%),
coal (13%), biomass (5%), wind (3%), land Il and sewage gas (1%), biogas (1%), and photovoltaics (less
than 1%).
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Abatement of GHG and air emissions occurs in the model via ve channels a ected
by optimisation: 1) change in sector output implying a change in economic structure,
2) factor substitution, 3) demand for fuel to Il CVs, HEVs, and partially PHEVS, 4)
demand for electricity for charging PHEVs and BEVs, and 5) the technology-mix to gen-
erate electricity. The rst two channels represent options to abate emissions in standard
macroeconomic models. The next two channels are activated by the integration of the
vehicle DC model into the CGE model, see section 2.2.3, which is unique in the literature.
Further, linking the electricity BU model allows the activation of the last channel.

Our approach is based on linking the ExternE's Impact Pathway Analysis (IPA, see
details in section A.3 in the Appendix A) and the results from our integrated hybrid CGE
model through emission-output factors. First, we quantify direct emissions for domestic
production and indirect emissions attributable to all imported goods produced worldwide
by multiplying sector output and sector-speci ¢ emission factors. The emission factors
are expressed in tons of pollutant per unit of economic output (excluding ELE and FUEL
sectof?) or import and are based on the multi-regional input-output database compiled
within the CREEA project.??> The emission factors per fuel use in passenger vehicles and
freight transport (FUEL) are based on the Transport and Emissions simulation model
(De Ceuster et al., 2007) from which we generate time variant emission factors, expressed
as t per Euro of FUEL output, separately for passenger and freight transport. In both
cases, we assume damage values oe2fer t CO2 (420e and 6,200e pert CH4 and N20,
respectively), 8,773 pert SO2, 12,016e per t NOx, 18,480e per t NH3, 1,414e per
t NMVOC, 29,714 e per t PM2.5, and 1,205 per t PMcoarse, all in Euro 2000 (Bickel
and Rainer, 2005). Damage attributable to power sector (ELE) is quanti ed di erently
in order to re ect the emission-intensity of di erent technologies activated to generate
electricity. Damage factors are expressed in Eurocents/kWh and their values are based
on CASES project database (Markandya et al., 2011); see Table A.10 in the Appendix A.
We assume the damage factors do not change over time.

2lFor the overview of sectors included in the model and their abbreviations see Table A.5 in the
Appendix A

22\We use the emission data from Compiling and Re ning Environmental and Economic Accounts
(CREEA) based on multi-regional environmentally-extended input-output analysis that describes the
state of the economy in 2008. This calculation does not assume time variant emission-coe cients, i.e.
the emission factors are constant over time, implying no further e ect of end-of-pipe abatement, as, for
instance, in Kiuila et al. (2019a).
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2.3 Simulation results

2.3.1 Policy scenarios - scenario framework

The policy scenarios that were simulated in the hybrid CGE-DC model have been the
outcome of a carefully constructed scenario framewofk.

First, our scenario building process aimed at balancing the possibilities and scope
of our multi-model framework with ongoing policy discussions and political feasibility
considerations for Austria. Secondly, our scenarios were rmly grounded in scienti c
evidence from several disciplines (DEFINE, 2015) and the micro-econometric evidence
based on the survey we conducted for this purpose (Bahamonde-Birke and Hanappi,
2016). To incentivize the shift-in of EVs, we have chosen policy instruments that are
already implemented in Austria but assume a more ambitious design for them and
that are known to be e ective both according to theoretical literature and empirical
evidence (lbesich et al., 2014). Thus, we focus on mineral oil taxes and on a feebate
systent* which is composed of new car registration taxes and vehicle purchase price
incentives in our scenario framework.

In our rst policy scenario, MODEST, we consider a low private investment in charging
stations of about 1.5 billion euro until 2030, resulting in 1.25 total charging stations per
EV comprising private (home charging}® as well as semi-public (workplace) and public
locations?® This charging station expansion directly enters our model simulations in
two ways: (1) via the respective attribute in the DC module integrated into the CGE
model, and (2) on a macro level as additional investment, where we have implemented
a direct link in the TD CGE model between the amount of EV purchases (according
to vehicle choice in the logit module) and the overall amount of investment needed for
the associated charging infrastructuré’ According to Bliem et al. (2013), investment in
charging infrastructure is attributed to the building sector (56%), the engineering sector

23The scenarios reported here are the product of the scenario building process as part of the DEFINE
project, seehttps://www.ihs.ac.at/projects/define/index.html . For more information on the sce-
nario building process in detail, please see Ibesich et al. (2014), available &ttps://www.ihs.ac.at/
projects/defineffiles/deliverables_U_DEFINE_final_w29e7im3.pdf

247 feebate (or bonus-malus) system disincentivizes the purchase vehicles with higher emissions by
raising their prices via taxes (fee), and at the same time o ers incentives by lowering the purchase prices
for environmentally-friendly low-emission cars such as EVs (rebate). A wide range of studies points to
the e ectiveness of feebate systems, see for example (Bjertnees, 2019; Kley et al., 2010; Adamou et al.,
2014; 'Easny et al., 2018; D'Haultf+uille et al., 2014; Huse and Lucinda, 2014; Klier and Linn, 2015;
Alberini et al., 2018).

25For simplicity, we assume one home charging unit per EV (normal charging).

26The Alternative Fuels Infrastructure Directive (EU/2014/94) has required EU members to set de-
ployment targets for publicly accessible charging stations up to 2030, with an indicative ratio of 0.1 public
charging stations per electric vehicle (IEA, 2020). As a part of the European Green Deal, this directive
will be reviewed in 2021. Our scenario is thus even slightly more ambitious than the EU directive, which,
however, does not mention semi-public charging stations (that are included in our analysis).

2TSee section A.2, in the Appendix A for details, e.g. the conditional logit estimates reported in Table
A7
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(34%), and the service sector (10%) in the CGE model. Our calculations on the costs
of charging stations relate to assumptions on their local availability and to information
regarding their costs in Austria taken from WIFO (2011), Huetter and Stigler (2012),
and Bliem et al. (2013). We also assume the e ects of a feebate system in Austria
according to EU Directive 333/2014. Moreover, we assume a preference shift of households
to electromobility, accompanied by technological developments, based on the survey on
Austrian consumer preferences (Bahamonde-Birke and Hanappi, 2016), and on Ibesich
et al. (2014), who report high environmental awareness of the Austrian population and a
resulting increased inclination to purchase EVs given a certain technological development.
These insights from experts and ne-grained vehicle stock- ow models incorporating the
survey data (Bahamonde-Birke and Hanappi, 2016) enter our hybrid CGE-DC model
directly as a scenario variabl&®

In the EM+ scenario, we assume a charging infrastructure expansion in three stages
from low to medium to high until 203F°, implying capital costs of about 4.2 billion euro
mainly invested towards the end of the period, resulting in 1.5 charging stations per
EV. Furthermore, the EM+ scenario focuses on additional policy measures known to be
e ective in incentivizing the shift-in of EVs: mineral oil taxes are increased by 5 cents in
2015 and 2019, and new registration taxes for vehicles (feebate system) are raised based
on tightening emission standards to 105 g/km and 95 g/km from 2015 and 2020 a more
ambitious target than EU Directive 333/2014%° We also assume a di erent purchase
price trajectory®! for each of the four vehicle technologies. These price trajectories re ect
changes in prices for the di erent vehicle types due to the feebate system, as well as the
e ects of technological progress and economies of scale.

Lastly, we assess the impact of a much more ambitious policy de ned by the target
to achieve that almost all newly registered vehicles in Austria are EVs by 2030 - the
TARGET95 scenario. For this purpose, we assess the e ectiveness of raising taxes on

28As a modeling tool to achieve this incorporation of empirical evidence and expert knowledge, we
simulate the shift in preferences by calibrating the alternative speci c constant in the logit module such
that the resulting vehicle numbers match the projections by vehicle experts as documented in Ibesich
et al. (2014). This method ensured consistency and cross-model fertilization of di erent models and
modelling paradigms that were present in the trans-disciplinary DEFINE consortium scenario building
process (DEFINE, 2015). Moreover, this approach allows us to uniquely determine the value of the
integration constant ¢, of equation (A.21).

29For a low charging station level, we assume availability only at parking areas and garages. A medium-
level availability adds charging points at shopping centers, car-parks, working places and P+R facilities,
and a higher share of fast-mode charging stations. The high level assumes availability of 45% of charging
stations in semi-public or public spaces. The three options de ne the levels of attribute in the discrete
choice survey (Bahamonde-Birke and Hanappi, 2016) and thus directly enter our model via the logit
model.

30Mineral oil taxes introduced alongside subsidies or tax exemptions for electric vehicles is a strategy
pursued by many countries, including the US and UK, in order to abate GHGs and other negative
externalities stemming from the transport sector (Bjertnees, 2019).

3lpurchase prices of CVs increase linearly, resulting in a 15% increase in 2030, while the purchase prices
of HEVs, PHEVs and BEVs declines by 7%, 21%, and 22% with respect to 2008, respectively.
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mineral oil, increasing new registration taxes, as well as introducing stricter emissions

standards (as re ected in a higher purchase price of emission-intensive cars due to the
feebate system). We explore how the economic costs to reach the overall target of 95%
new registrations for EVs di er if we use only one of these measures alone compared to
the costs if policy is based on a mix of these measurés.

The impact of such speci cally designed policy scenarios is compared to a business-
as-usual scenario (BAU), and the results are reported in Section 2.3.2 for MODEST and
EM+, and in Section 2.3.3 for TARGET95. The BAU scenario is based on a benchmark
scenario where the economy follows a steady-state growth path as necessary for the cal-
ibration of a CGE model, but that is augmented by the implementation of some crucial
policy measures relevant for the uptake of electromobility already implemented in Aus-
tria. The BAU scenario thus includes assumptions about a realistic capacity expansion for
energy producing technologies up to 2030 as derived from empirical evidence and expert
input (Ibesich et al., 2014). Anticipated or to-date implemented changes in fuel costs and
car purchase prices are considered along the lines of expected technological developments
in the vehicle sector and already implemented policy measures in Austria. The mineral oll
tax rate was increased in 2011 in Austria, and is hence also part of BAU. Moreover, since
Austria has been applying a registration tax for newly purchased vehicles with a bonus
for AFVs (feebate system), this measure is a part of BAU as well. As a result, there is a
very small uptake of AFVs3?

2.3.2 Impacts of the policy scenarios MODEST and EM+
GDP and Output

Investments in charging station infrastructure have a small but positive e ect on domes-
tic GDP due to stimulating domestic demand, especially via the construction sectéft.
However, considering the general equilibrium e ects, MODEST leads to small losses in
GDP that are almost linearly increasing over time to reach 0.03% in 2030. A part of these
losses can be attributed to shifts in the structure of intermediate inputs relating to an
increased import share for the Austrian economy as EVs replace CVs. Since EVs have a
higher average purchase price, the price for the IT bundle rises shifting part of household
demand for transport services to PPT and reducing household transport demand by a

32Speci cally, we assume the mineral oil tax and registration tax for CVs and HEVs are increased by
up to 50% in several steps by 10% in 2021, 30% in 2026, and 50% in 2030 w.r.t the EM+ scenario plus
linear increase in purchase prices of CVs and HEVs by 5% in 2021, 10% in 2026, and 20% in 2030 w.r.t
the EM+ scenario.

33Details on the benchmark and BAU scenarios are included in section A.1.9 in the Appendix A, while
details on vehicle attributes are provided in Table A.3 in the Appendix A.

34Investments represent maximally 0.05% (MODEST) and 0.16% (EM+) of annual GDP over the whole
period; cumulatively, they represent 0.02%, and 0.06% of GDP over the 2008-2030 period.
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small amount. This demand shift results in decreased output of the vehicle production
and trade sector by 5.2% and reductions in fuel output by 2.2% in 2030.

The EM+ scenario leads to a higher overall negative impact on the real GDP, reducing
it by 0.27% in 2020 and by 0.18% in 2038. The reduction in GDP can be attributed to
several aspects. First, a higher purchase price of EVs reduces demand and hence economic
output. Second, the batteries for EVs are manufactured by the engineering (ENG) sector,
which uses a higher share of imported intermediate inputs than the car production and
trade sector (CAR) providing most inputs for CVs. Consequently, the production of the
ENG sector increases by 2.6%, while the fuel and CAR sectors' outputs are reduced by
8.6% and 7.6%, respectively. The output of car services decreases accordingly by 2.5%.
The impacts on real DP and output of key sectors for both scenarios are reported in Table
2.1.

Household welfare measured by the equivalent variati¢his negatively a ected across
all nine household types for almost the whole observed period until 2030 due to the change
in market prices, the increased mineral oil tax rate, and the new registration tax on CVs
and partly on HEVs; see Table 2.2 and Table A.13 in the Appendix A for a detailed
view on the equivalent variation across the whole analysed period and each of the nine
household segments.

Table 2.1: Impact on output and GDP, deviations from BAU

Year 2010 2015 2020 2025 2030
~ Scenario | ¥ T T T T
Sector impact

ENG 0.00% 0.01% 0.02% -0.01% 0.72% 1.17% 1.45% 2.07% 1.93% 2.56%
CARS 0.01% -0.05% -0.13% -0.07% -1.88% -2.77% -3.67% -5.02% -5.19% -7.58%
PPT 0.00% -0.05% 0.00% -0.02% 0.02% -0.04% 0.05% -0.01% 0.07% -0.04%
CAR-SERV 0.00% -0.29% -0.04% -1.93% -0.51% -4.01% -0.92% -4.05% -0.35% -2.46%
ELE 0.01% -0.10% 0.00% -0.11% 0.05% 0.09% 0.23% 1.00% 0.54% 2.27%
FUEL 0.00% -0.39% -0.02% -3.49% -0.41% -6.85% -1.44% -8.26% -2.18% -8.65%
GDP 0.02% -0.28% [ -0.002% -0.32% [ -0.02% -0.27% [ -0.02% -0.12% [ -0.03% -0.18%

Vehicle eet and new registrations

The stock of EVs is very low at the beginning of the model horizon. In MODEST, the
mild investments in charging infrastructure together with the shift in consumer preferences
in uence the penetration of EVs only after 2025. At this point, the share of EVs in the

35Costs are higher in 2020 than in 2030 for several reasons: (1) The mineral oil tax is increased in
2015 and 2019, which implies high economic costs up to 2020. Subsequently, costs decrease gradually
as households adapt to these changes; (2) More EVs in the eet induce higher expenditures for charging
stations towards 2030, which consequently has positive e ects on real GDP and hence reduces overall
costs for later model years; (3) Purchases of more expensive EVs, as compared to CVs, result in smaller
demand for other (domestically produced) goods due to substitution e ects in consumption. This e ect
becomes weaker as the purchase price of EVs decreases in relative terms over time; (4) Costs are gradually
reduced towards the end of the modelling horizon due to consumption smoothing e ects in our dynamic
CGE model with perfect foresight by households.

36Hereinafter, the equivalent variation is measured in terms of Laspeyres quantity variation.
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vehicle stock increases steadily to 16% in 2030, reducing the share of CVs to less than 74%.
In the EM+ scenario, the share of EVs on the vehicle eet increases swiftly after 2020
due to tax rises and more prominent charging infrastructure investments and surpasses
13% in 2025 and almost 28% in 2030. In absolute terms, there are 1,525,500 EVs, out of
slightly less than 5.0 mil. cars in 2030, with a major part of PHEVs (BEVs: 175,500 plus
PHEVs: 1,350,000), see Figure 2.3.

The share of EVs on new registrations exceeds 10% and 24% after 2020, reaching almost
50% and even 68% of all new registrations in 2030 in MODEST and EM+, respectively,
see Figure 2.4. In all scenarios, the number of newly registered cars declines over time
with respect to BAU due to a shift in consumer preferences away from IT towards to
PPT.

Figure 2.3: Vehicle stock in BAU, MODEST, EM+, and EM+target, 2008-2030,
by technology
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Figure 2.4: New vehicle registrations in BAU, MODEST, EM+, and TARGET95,
2008-2030, by technology

Fuel use and electricity supply

In the MODEST scenario, growth in output due to overall economic growth induces an
increase in the vehicle stock and consequently in fuel use by 16% until the end of the model
horizon in 2030. Fuel use increases by only 9% in the EM+ scenario, which is mainly due
to the much stronger shift in the vehicle technology-mix towards to EVs. With respect
to BAU, the shift in the technology-mix will result in reduced fuel used in CVs by 3% in
2020 and by 26% in 2030 even in MODEST. This e ect is considerably larger in EM+
by 12% and 41%. This drop is counter-balanced by increased fuel demand by HEVs and
PHEVs, and overall fuel use by individual transport is reduced by 8% in 2020 and by 11%
in 2030 in EM+ (and by 1% and 5% in MODEST), in comparison to BAU. Consequently,
reductions in fuel demand imply fewer emissions and hence lower environmental damage.
Over the whole model horizon, aggregate electricity demand grows by 27% in MOD-
EST (reaching 82.7 TWh) and by 30% in EM+ (84.7 TWh). Compared to BAU, demand
for charging vehicles' batteries will not a ect aggregate electricity demand much up to
2020. After 2023, electricity supply grows steadily to satisfy growing demand in the EM+
scenario, reaching an increase by 2.4% as compared to the to BAU scenario. Looking
closely at the technology-mix, the use of coal declines over the analysed period, but its
share in fuel-mix remains the same at 7% in 2030 in all scenarios. The importance of
natural gas grows (+9.0 TWh), resulting in its increase in fuel-mix from 17% to 24%.
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Hydro power remains the dominant source of electricity, with about a 50-60% share in
the fuel-mix. Photovoltaics and wind power grow by the largest rate, but, starting from
very low bases (0.03 TWh, and 2.0 TWh, respectively, in 2008), generating 1.8 TWh
(2%), and 11.0 TWh (13%), respectively, in 2030. Electricity generated from burning
biomass, sewage gas, and biogas remains at a stable level, contributing around 5%, 0.9%,
and 0.7%, respectively.

Emissions and environmental bene ts

Considering all abatement channels activated in the hybrid CGE-DC model, the total
e ect on emissions and consequently on environmental external costs is given by the
sum of emission-reducing general equilibrium e ects in the economy, the fuel use as well
as emission-increasing e ects emanating from the electricity sector. Overall, measures
adopted in the EM+ scenario reduce emissions of both air quality pollutants and GHG's.
Due to the counter-balancing e ects in FUEL and ELE sectors, the largest emission reduc-
tion is achieved during 2019-2025, see the domestic emissions (i.e. emitted in Austria) in
Table A.11 in the Appendix A. The e ect on total emissions, i.e. including also emissions
embodied in imports, can be inferred from Table A.12 in the Appendix A. Speci cally,
during 2015-2030, EM+ reduces carbon emissions in Austria by 0.6-1.3%, while emissions
of SO,, NOy, and particulate matters are reduced by up to 0.3%, 0.7-1.2%, and 0.1-0.3%,
respectively, see Table A.11. The cumulative reduction of GGand GHG's in Austria is
26.6 mT and 28.6 mT CQeq; while world-wide reduction in carbon footprint amounts

to 27.6 mT, and 33.9 mT CQeq; respectively.

Environmental bene ts (i.e. the environmental external cost in BAU minus its coun-
terpart in policy scenariof’ in EM+ are 27 million euro in 2010, achieving 127 million
euro in 2030, with a peak at 180 million euro around 2020, see column (3) in Table 2.2.
In each year, the ancillary bene ts (due to improvements in air quality), displayed in
column (9), contribute by about 70-80%, with the rest attributable to reductions in GHG
emissions. The part attributable to domestic emissions represents 44-58% of total envi-
ronmental bene ts, while the rest is associated with emission reductions embedded in the
imports, column (7). The power sector (ELE) generates negative bene ts (i.e. damage)
up to 41 million euro in 2030 (see column (6)), due to higher demand of electricity for
charging batteries, while economic sectors, the fuel sector (FUEL), and imports generate
bene ts of 24, 86, and 58 million euro, respectively, in 2030 in EM+, in columns (4), (5),
and (7). Importantly, in each year, the bene ts due to FUEL demand reduction exceed
the damage induced by increased ELE demand. In relative terms, the environmental
bene ts over the whole period are in the magnitude of 4.5% of welfare loss (the equivalent

3'These benets represent avoided environmental external costs in EM+, compared to BAU, at-
tributable to the impact on human health, building materials, crop yield, and ecosystems all associated
with air quality emissions, and climate change impacts that are associated with GHG emissions.
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variation) and its ratio is declining from about 30% at the beginning of the period to
about 2-5% in 2020-2030 in EM+, see column (8); implied ancillary bene ts are 56-152
euro per tonne of CQ abated (or 67 euro per t CQ over the whole period), see column
(10); or if GHG emissions are concerned, the ancillary bene ts represent 47-100 euro / t
COseq; in column (11), and in both cases their values are increasing over time.

Over the whole analysed period, GDP loss is abo&t490 per t COeq: abated, but it is
less thane 300 after 2020. Reducing every tonne of Ge@q: will, however, also result in

e 54, ande 59, respectively, of the ancillary bene ts due to air quality improvement.

2.3.3 A more ambitious target for introduction of EVs

This scenario, TARGET95, represents a more ambitious policy scenario in which the
Austrian policy-maker aims for a target of almost all newly registered cars in 2030 in
Austria being electric vehicles either PHEVs or BEVs. Speci cally, we adapt either the
price of FUEL (by increasing the mineral oil tax) or purchase prices of CVs and HEVs
(by increasing new registration taxes or by assuming di erent price trajectories) such that
we endogenously achieve an almost complete 95% share of EVs in new registrations
by 2030. Then, instead of assuming one of these instruments is implemented alone, we
assume the three instruments are introduced jointly.

Our results provide a set of strong policy messages. First, increasing the new car reg-
istration tax is a more e ective instrument to reach the almost 100% target than raising
the mineral oil tax. This is in line with a similar study by Kiuila et al. (2019a). Sec-
ondly, TARGET95 implies that almost 36% of the total vehicle stock will rely on electric
propulsion by 2030, compared to 28% in the less ambitious EM+ scenario. Third, this
goal is achieved at relatively low economic costs: an almost complete shift in registrations
to EVs within the model horizon implies costs of only 0.29% of real GDP in 2030 w.r.t.
the BAU which is only slightly larger than the costs of the less ambitious EM+ scenario
(0.18% of real GDP in 2030).

For the mix-policy, i.e. when the three instruments are introduced jointly, over the
whole modelling period welfare losses are lower by 68%while environmental bene ts
are higher by 72% in TARGET95 as compared to the EM+ scenario. Compared to the
BAU, the environmental bene ts in absolute terms amount to about 4.3 billion euro.
Their composition (w.r.t. ancillary bene ts vs. climate change impacts, or domestic
origin vs. embedded in imports) is similar as in the case of EM+. For the whole economy
and compared to EM+, electricity demand increases at the end of the period by 0.4%.
However, over the whole period, aggregate demand on electricity is almost identical to the
EM+ due to general equilibrium e ects, resulting in the same magnitude of environmental
bene ts, see col. (6) in Table 2.2.

38Lower welfare loss in TARGET95 is due to faster convergence of vehicle purchase prices that result
in a smaller di erence in households expenditures on purchases of new more e cient cars
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Compared to EM+, FUEL demand by passenger vehicles is reduced over the whole
period by 2.9%, but it is lower by 14.3% in 2030, implying more than 50% larger bene ts
in TARGET95. Over the whole period, the environmental bene ts compensate about 19%
of welfare loss (see col. (8)), and ancillary bene ts are62/tCO, or e 51/tCO ,eq; see
col. (10) and (11). TARGET95 is also reducing carbon emissions with lower impact on
GDP itis e450 per tCOeq:abated and these costs are declining over time, amounting
about e 242 after 2020.

When closely examining the e ect of a policy that relies only on one instrument to
a policy that employs more instruments that are implemented jointly, given the target,
we nd that the FUEL tax is the least e ective measure to reach this high EV target.
Rather, increasing the new vehicle registration tax for CVs and HEVs is the most e ective
measure, closely followed by increases in purchase prices of CVs and HEVs. Sitill, the costs
of all these measures as single instruments remain in the same ballpark as compared to
a policy introducing them jointly. Speci cally, reaching the 95% target in 2030 due to
raising mineral oil taxes only implies costs of about 0.4% of Austrian GDP, while increasing
purchase prices of conventional vehicles involves costs of about 0.31%, and increasing the
registration tax leaves these costs at 0.27% of real GDP. The joint policy measures cause
costs of about 0.29% of real GDP. Our results thus imply that the fuel tax needs to be
raised more than the registration tax to reach the same goal w.r.t the vehicle shift-in. Due
to the additional tax burden of raising fuel taxes to reach the same target, economic output
is reduced to a higher degree. The reasons for the e ectiveness of new car registration
taxes or purchase prices increases are quite intuitive: directly intervening at the point of
car purchases is likely to have a more direct e ect on household behaviour than taxing
fuel input. Most likely, and according to evidence from our survey data and extensive
literature reviews such as (EPA, 2010), fuel costs are perceived by individual consumers
in a rather indirect manner due to their failing to perfectly take into account (discounted)
future expenditures on fuel. Alberini et al. (2019) come to a similar conclusion, i.e. that
fuel e ciency is undercapitalized in the purchase value of a more-e cient caf? Moreover,
in our model setup, the new registration tax is especially e ective since the additional
government revenue from this tax is recycled back to households via a lump-sum transfer,
which further increases household expenditure and utility as compared to only modifying
the car purchase price based scenario.

390ur results, and in particular that new registration taxes outperform fuel taxes in terms of their
cost-e ectiveness, is supported by a wide range of ex ante (Adamou et al., 2014; Bahamonde-Birke and
Hanappi, 2016; 'Easny et al., 2018) and ex post studies (Kley et al., 2010; D'Haultf+uille et al., 2014;
Huse and Lucinda, 2014; Klier and Linn, 2015; Alberini et al., 2018; Bjertnaes, 2019).
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2.4 Conclusion

The core aim of this paper was to develop a novel simulation tool to estimate the total
social costs and bene ts of the introduction of electric vehicles as an endogenous, demand-
driven abatement technology. Extending previous literature, the costing methodology re-
lies on an integrated hybrid CGE-DC framework and on an established impact pathway
analysis to quantify environmental and health externality. We demonstrate that the social
costs and bene ts of using electric vehicles to improve air quality and to mitigate GHG
emissions are related to consumer preferences that determine the change in demand for
di erent vehicle technologies as a reaction to given policy incentives or consumer prefer-
ence shifts. At the same time, we consider vehicle technology developments consistently
by using a dynamic ow-stock vehicle model coupled to our hybrid CGE model, while
we also fully take into account the energy system via a bottom-up technology-rich power
sector. These di erent components altogether determine the amount of emissions by in-
dividual transportation, electricity generation, the remaining economic sectors, and from
imports.

We analyse the impacts for three scenarios that di er in the scope of their ambition
to achieve higher market shares of EVs in Austria. According to the results from our sur-
vey data (Bahamonde-Birke and Hanappi, 2016) and detailed vehicle modelling (Ibesich
et al., 2014), MODEST assumes a shift in consumer preferences to electromobility that is
supported by a low-level introduction of fast-mode charging infrastructure. EM+ imposes
higher rates of the fuel tax and a new registration tax linked to carbon emission stan-
dards (feebate system), supported by a higher penetration of fast-mode charging stations.
While the two scenarios result in 44% and 68% of EVs, respectively, in new registrations
in 2030, the more ambitious TARGET95 scenario attempts to achieve the goal that al-
most all newly registered cars in 2030 are electric vehicles. Moreover, we analyse the
cost-e ectiveness of three di erent measures to reach the near-100% target by speci cally
comparing the case where each of the three measure is implemented alone to a case where
the three measures are introduced jointly. We note that the relatively swift uptake of
EVs in Austria in our scenarios is also supported by measures to foster electromobility
that are already in place, such as a feebate system that is a part of the BAU, and the
preferences of Austrians that are relatively more in favour of EVs than in other countries,
particularly in Eastern and Southern Europe.

As a consequence of these policies, new registrations of EVs rapidly increase, par-
ticularly at the end of the modelling period. This implies our results are conservative,
since the incentives will likely be further increasing and replacing CVs beyond the model
horizon. Needless to say, even if purchases of EVs will stop after 2030, the economic costs
will be declining beyond the model horizon because the EVs were purchased before 2030,
while society will still be bene ting from cleaner air and hence environmental bene ts.
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The rather conservative nature of our modelling is also due to future purchase prices that
may likely converge faster.

Increasing the market share of EVs in Austria will not be very expensive in terms
of GDP. This is, among others, because investments in charging infrastructure enhance
economic growth. As a counter-balancing e ect, tax-related incentive measures have
a negative e ect on real GDP. However, the overall e ect on the Austrian economy is
relatively small, up to a reduction of 0.4% real GDP for the worst scenario to reach
the 95% target. Still, the shift from CV towards EVs is a relatively expensive carbon
abatement measure over the whole analysed period GDP loss @490 per tCOeq:
abated, although these costs are a bit smaller for TARGET95e(447) and the costs
per tonne are declining over time, reaching 294, ande 242, respectively, after 2020.
Every policy will also improve rather than worsen the environment and climate, yielding
environmental bene ts that will partly balance negative impact on household welfare.
Moreover, if EM+ and TARGET95 are considered climate mitigation policies, they will
also result in the ancillary bene ts ofe 54, ande 51, respectively, per tCQeq:abated due
to air quality improvements.

Additionally, we show that directly intervening in household vehicle choice via in-
creases in the new registration tax to reach an ambitious 95% EV target in total new
car registrations is a more cost-e ective policy than raising the fuel tax. Our modelling
approach was able to capture the full set of social costs and bene ts associated with an
increased uptake of EVs, and as such, it can be applied to other national economies with
a di erent energy system relying more on non-renewable resources as compared to the
Austrian case. Extending our framework could provide insights on the extent to which
the net social costs of a policy-guided uptake of electric vehicles di er between countries,
di erent energy systems, and sets of policy measures.
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Chapter 3

Estimating Elasticity of Substitution In
CES Production Function: Examining
Different Nesting Structures and EU

Regions

Abstract

Despite a wide use of general equilibrium models in policy analysis, there are only few em-
pirical estimates of elasticity of production factor substitutions, one of the key parameters
in this model class. Thus, using non-linear least squares estimation technique, we identify
the most appropriate production function nesting structure and estimate the elasticity of
substitution between capital, labour, energy and materials in the constant elasticity of
substitution framework on both economy and aggregated sectoral level, as we identify its
magnitude varies across sectors. We reject the hypothesis of equality of estimates on a
regional level and provide separate estimates for EU27, Central and Eastern European
countries and old EU member states since traditionally the research attention has been
directed towards western countries. We identify KL-EM nesting structure as the best t
for the data and reject the hypothesis of appropriateness of widely used Cobb Douglas
and Leontief forms.
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3.1 Introduction

In modern applied economics and especially in the eld of environmental and climate
policy, Computable General Equilibrium (CGE) models have become one of the leading
tools to evaluate policy measures and scenarios (Fossati and Wiegard, 2002; Dwyer, 2015;
Bohringer et al., 2003). Besides CGE models, macro-econometric, input-output or linear
programming models also use di erent types of nested production function with Constant
Elasticity of Substitution (CES) to describe the production of an economy (Kemfert,
1998). As pointed out by Jacoby et al. (2006) in a sensitivity analysis of structural
parameters of the Massachusetts Institute of Technology - Emissions Prediction and Policy
Analysis (MIT-EPPA) CGE model, elasticities of substitution (EoS) are among the main
drivers of model results determining the behavioral response of economic agents, such as
producers, as they measure the ease or di culty of substitution between the inputs in
economic production. Similarly, Antimiani et al. (2015) con rms the importance of the
magnitude of substitution elasticities using a dynamic CGE model based on the Global
Trade Analysis Project (GTAP) framework with sector speci ¢ values for capital-energy
and inter-fuel elasticities. According to their results, a change in elasticity values generates
a di erent sectoral and regional distribution of impacts and a lower exibility of energy
substitution possibilities induces more expensive abatement e orts.

The criticism of elasticity of substitution estimates for CGE models has several dimen-
sions. First, as van der Werf (2008) points out, many models use di erent values of EoS,
even when the models use the same nesting structure. Second, many research papers use
elasticity estimates taken from literature, but empirical validations for the nesting struc-
tures and values chosen are missing (van der Werf, 2008). Furthermore, Sorrell (2014)
adds other di culties in using empirical studies to infer values of elasticity of substitu-
tion speci cally for CGE models originating from the fact that CGE models typically: 1)

di er from empirical studies in the manner in which individual inputs are aggregated and
in the level of sectoral aggregation; 2) require estimates of the elasticity of substitution
between nests of inputs, while the parameters estimated by most empirical studies relate
to individual pairs of inputs; and 3) de ne production function by means of Hicks/Direct
Elasticity of substitution (HES), while the most empirical studies estimate other types of
elasticity of substitution.

An applied general equilibrium model SAGE (Marten et al., 2019) of the United States
economy is calibrated using the sector speci c elasticity estimates by Koesler and Schy-
mura (2015) for a pool of 40 countries using the World Input-Output database (WIOD)
database. The sectors in the SAGE model adhere to the sectors' structure used by Koesler
and Schymura (2015) only partly. The elasticities of substitution between capital, labour
and energy in the CGE model ICES (Intertemporal Computable Equilibrium System)
(Parrado and De Cian, 2014) are calibrated based on Carraro and Cian (2012) who use a
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non-nested CES production function with an elasticity of substitution estimated as 0.38.
Parrado and De Cian (2014) use this same elasticity value for eight world regions.

Another example of regional data incoherence is a CGE model for Korea by Oh et al.
(2020) with a three-level CES nesting structure ((KL)E)M. The Korean model is cali-
brated based on Okagawa and Ban (2008) who estimate substitution elasticities for a
pool of 14 major world economies. The well known EPPA recursive-dynamic CGE model
for the world economy (Paltsev, S. et al., 2005) uses for its elasticity calibration values
proposed by Cossa (2004) who conducted a literature review and a expert elicitation. The
EPPA model uses the same elasticity values across sectors and countries.

The I13E model (de Bruin and Mert Yakut, 2020) is a country-speci c intertempo-
ral CGE model focused on assessment of climate policies’ economic and environmental
impacts speci cally for Ireland. The elasticities of the CES production function in the
I3E model are based on expert judgement without any further speci cation. The same
complication applies for the calibration of the JRC-GEM-E3 model (Vandyck et al., 2016)
which uses expert based values of substitution elasticity in a two-level (KL)(EM) CES
production function. Kiuila et al. (2019) propose for both the substitution between cap-
ital and labor and capital and electricity a value of 0.2 without further specifying the
source for the calibration.

A capital-energy substitution elasticity of 0.5 is assumed across sectors in the GTAP-E
model (Burniaux and Truong, 2002) based on a literature review. The substitution be-
tween capital-labor-energy composite and materials is assumed to be in the Leontief form
without empirical veri cation of its appropriateness for the GTAP-E model. Similarly,
authors assume a Leontief speci cation in the energy-materials nest and a Cobb-Douglas
speci cation in the capital-labour nest in the case of a Japanese CGE model (Huang and
Kim, 2019). An empirically not validated Cobb-Douglas structure for capital-labor sub-
stitution is used also by the model World Induced Technical Change Hybrid (WITCH)
integrated assessment model (Emmerling, J. et al., 2016). Other elasticities used to cali-
brate the WITCH model are based on a review of literature from the 90's. Moreover, the
model uses the same elasticities across sectors and countries. Analogously, the CGE model
NEWAGE (National European World Applied General Equilibrium) developed within the
project REEM Pathways (REEEM Project, 2019) assumes a Cobb-Douglas EoS between
capital and labor and Leontief EoS between KLE composite and materials, the KL-E EoS
is calibrated at 0.5. Values are calibrated based on Beestermoeller (2016).

Regarding the estimation methods for the CES production function parameters, Gechert
et al. (2021) collected 121 studies estimating substitution elasticities. A vast majority of
estimates come from single-level production functions with capital and labor as inputs.
Almost 70 % of considered studies estimated EoS via either single rst order conditions
(FOCs) for capital or labor or their systems. Another large part of studies used Kmenta
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(Kmenta, 1967) linear approximation of production function. Henningsen and Henningsen
(2011) cites main complications of this approach as a method reliable only for the Cobb-
Douglas production function, e.g. when ! 1, and that Kmenta approximation is by
itself a truncated Taylor series with the remainder term being an omitted variable.

Nonlinear estimation techniques have been applied by only a limited number of re-
search papers (Gechert et al., 2021). Kemfert (1998) estimated the elasticity of substitu-
tion for tree two-level nested CES production functions for the entire German industry
and individual industrial sectors. Henningsen and Henningsen (2011) re-estimated this
study using the same data and a non-linear least squares estimation method. They ap-
ply several estimation approaches that yield robust results signi cantly di erent from
those provided in the original paper. Koesler and Schymura (2015) used the World-
Input-Output Database (WIOD) to estimate elasticity of substitution for a three-level
four-input nested CES ((KL)E)M production function via non-linear least squares esti-
mation method developed by Henningsen and Henningsen (2011). They estimated the
substitution elasticity for 36 sectors pooled across all 40 countries included in WIOD over
a period of 12 years (1995-2006). This dataset has the advantage of higher number of
observation, but since the WIOD covers not only European countries but also 13 other
major world countries, Koesler and Schymura (2015) lose the geographic consistency.

The di erent conclusions of mentioned studies serve as an example of limited regional
transferability of substitution elasticity estimates. Vast majority of them focus on well
developed western countries but to our knowledge, there is no study focused primarily
on Central and Eastern European (CEE) countries so far. As a consequence, the lack
of proper estimates of elasticity of substitution specic for CEE countries is higher than
in other regions. In this paper, we seek to |l this gap by providing consistent sectoral
estimates of elasticity of production factors' substitution for the whole EU and two regions
- CEE countries and the rest constituting the old EU member states (WEST). We report
the accompanying elasticity of substitution for both three and four-input CES production
functions in ve di erent nesting structures. This is particularly useful for country-speci ¢
research such as Miess et al. (2022) where a hybrid CGE model is applied for a speci ¢ case
of Austria representing the WEST region and an older work by this author team focusing
applying the hybrid CGE model on Poland as a representative of the CEE region.

The remainder of the paper is organized as follows. First, we specify our models
and describe the data and our estimation approach. Next, we present our results and
verify whether often used CES production functions in Cobb-Douglas and Leontief form
t our data. We test our estimated EoS for regional and time di erence. The last section
concludes.
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3.2 Methodology

3.2.1 Nesting structure speci cations

The CES production function as a general form of the Cobb-Douglas (CD) was introduced
by Solow (1956) and later popularized by Arrow et al. (1961). In contrast to CD, CES
allows for non-unity elasticities of substitution between production factors. As Zha and
Zhou (2014) mentioned, the nesting of production factors allows for di erent elasticities
since factors on the same level are substituted with the same elasticity.

In our analysis, we bene t from the exibility of the CES production function (Béhringer
et al., 2003) and employ three di erent ways of speci cation with a total of ve nesting
structures.

First, in a two-level CES production function, the three inputs of capital (K), labor
(L) and energy (E) can be combined as follows:

ye = e Ky "+ DB T+ )L : (3.1)
V= el K P+ Lt T+ )E (32)
yo= et Lo+ DB T+ K (3.3)
wherey is the output, 2 (0;1 ) is an e ciency parameter, 0 is the rate of

technological changet is time variable, and ; 2 (0;1 ) set the optimal distribution
of inputs, and ;2 ( 1;0)[ (0;1 ) determine the (constant) elasticity of substitution,
and 2 (0;1) is equal tol in the case of constant returns to scale.

Including intermediate inputs (M) as a fourth production input proved to be valid, as
shown by Okagawa and Ban (2008) estimating a nested CES function using an OECD
dataset with 19 sectors. Thus, we estimate the four-input two level nested CES production
function in two forms. Firstly follows a (KL)(EM) speci cation introduced by Sato (1967)
and identi ed by Lecca et al. (2011) as the best option based on a CGE model AMOS-
ENVI (ENVIronmental impact version of A Macro-micro model Of Scotland):

ye= e Ky T+ Lt T+ ) oE (L M 22
(3.4)

Second, we estimate a three-level CES nesting structure ((KL)E)M as in Koesler and
Schymura (2015) based on Sato (1967) and Henningsen and Henningsen (2011). The
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production function has the following form:
yi= e’ Mg 2+(1 2) (1B "+ (1 DVA 1) 1 (3.5)

with
1

VA= K, +1 )L, (3.6)

where VA is a value-added compound of K and L. As Koesler and Schymura (2015) state,
the separability implied by the CES framework allows us to divide the three-level nesting
structure into two equations 3.5 and 3.6 and overcome the limitation of the software that
we are using for the estimation. The micEconCES package proposed by Henningsen and
Henningsen (2011) allows for two-level nesting structures only.

For 3.1 - 3.6, the elasticities of substitution , ; and , are de ned as:

1
=1y (3.7)

1
1T 1y (3.8)

and 1
2= 1+ 2: (39)

We estimate the Hicks-McFadden (direct) elasticity of substitution (HES) between the
inputs in the lower nest and the Allen-Uzawa (partial) elasticity of substitution (AES)
between the nests. HES elasticity of substitution describes the input substitutability
of two inputs i and j along an isoquant given that all other inputs are constant. The
AES describes the input substitutability of two inputs when all other input quantities are
allowed to adjust. Two inputs within an individual nest are necessary HES substitutes,
they may at the same time be AES complements (Sorrell, 2014).

3.2.2 Data and estimation procedure

For our analysis we benet from the World-Input-Output database (WIOD) (Timmer

et al., 2012) as a consistent source of data. Since we take into account the limited trans-
ferability of the substitution elasticity, we focus only on the EU Member States and CEE
countries as a sub-sample of the EU. We combine the Gross output (Y), Intermediate
inputs (M), Gross Value added (VA), Labour compensation (L), and Gross capital stock
(K) from the Socio-Economic Accounts in the WIOD database with the Gross energy use
(E) from the Environmental Accounts. Since E is available in physical units, we multiply
physical units of E by prices by energy source taken from the IAE dataset on Energy

1For details on the HES and AES speci cation, please see Henningsen and Henningsen (2011).
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Prices (International Energy Agency, 2021). Since E is provided in terra joules (TJ) in
the Environmental Accounts and IAE contains prices per tonne of oil equivalent (toe) of a
particular energy source, we converted TJ to toe rst. All prices (Y, K, L, VA, M, E) are
converted to EUR 2010 using the sector and variable speci c price indices. Data covers
the 15-year period (2000-2014) in 27 EU Member States including 10 CEE countries listed
in Table 3.1.

The 34 WIOD sectors are aggregated according to Baccianti (2013) in two ways.
First, we use the classical division on primary, secondary and tertiary sectors. Second,
we divide the economy into energy intensive and energy e cient industries. A sector is
classi ed as energy intensive in case of average energy share on total costs surpasses 5%.
Among such sectors, we can nd agriculture, mining, energy generation, transport, and
manufacture of selected goods. The full overview of sector aggregation is provided in
Table B.1 in Appendix B. After dropping observation with missing or zero values, rst
and last 4 percentiles with outlier values of capital/output ratio and extreme values of
energy/output ratio, we obtain 20 640 observations for the EU, 7 150 for CEE and 13
490 for WEST countries. Table 3.2 describes data summary statistics across regions and
Table 3.3 describes data summary statistics across aggregated sectors.

Table 3.1: Countries included in the analysis

Country Code Region\Country Code Region
Austria AUT WEST |Ireland IRL WEST
Belgium BEL WEST |ltaly ITA WEST
Bulgaria BGR CEE |Lithuania LTU CEE
Cyprus CYP WEST |Luxembourg LUX WEST
Czech Republic CZE CEE |Latvia LVA CEE
Germany DEU WEST |Malta MLT WEST
Denmark DNK WEST |Netherlands NLD WEST
Spain ESP WEST|Poland POL CEE
Estonia EST CEE |Portugal PRT WEST
Finland FIN WEST |Romania ROU CEE
France FRA WEST | Slovakia SVK CEE
United Kingdom GBR WEST | Slovenia SVN CEE
Greece GRC WEST|Sweden SWE WEST
Hungary HUN CEE
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Table 3.2: Summary statistics of our data sample across regions

Region| Variable Obs. | Mean Std | Min  Max |

20 640/15 009 33 19% 1.1 381 017
20 640| 7 149 17 462 0.3 177 558§
20 640|113 429 43 129 0.8 709 530
20 640, 4 868 12 980 0.27 141 041
20 6400 580 1981| 0.01 50 649
20 640| 7 889 17 842 0.32 271011
7150 | 3037 5518] 2.47 125 406
7150|1311 2462 04 25131
7150|2723 4761 1.33 62 530
7150 748 1522]/0.743 18 683
7150 | 188 576 |0.013 10 387
7150|1735 3555/ 1.45 109 644§
13 490|21 354 39 416 1.1 381 017
13 490|110 243 20873 0.3 177 558
13 490(19 103 5 2356 0.8 709 530
13 490 7 052 15581 0.27 141 041
13490 787 2 388| 0.03 50 649
13 490|111 152 21 20% 0.32 271 011

EU

CEE

WEST

ZMrXS<EMrxS<Emrx$<

Figure 3.1 shows the average K/Y ratio in CEE region, which is on average 11 per-
centage points (pp) higher than in WEST countries during the whole period 2000-2014.
This indicates a higher average e ciency of capital in WEST countries. There was a drop
after 2003 stemming from a decrease in K/Y ratio in CEE region but after the nancial
crisis, the ratio increased again and remained uctuating around 1.1. In WEST region,
the ratio slowly converged to one over the observed period.

The L/Y ratio remains approximately the same over the whole period for both re-
gions. On average, the ratio rests by about 4 pp lower in CEE countries than in WEST
countries. This re ects the lower average wage in CEE countries in comparison to West-
ern Europe (Goraus-Tanska and Lewandowski, 2016). The labour/capital ratio shows a
slightly decreasing trend in both regions presumably arising from productivity improve-
ments obtained thru capital investments and automatizing of production procedures.

The biggest di erence between the CEE region and the rest of Europe is in the energy
intensity (Figure 3.2). In the period 2000 - 2008 the di erence between the production
energy intensity in CEE countries and the rest of Europe exceeded 50 % in the starting
years. After 2009, the energy intensity in CEE countries has been slowly converging to
WEST countries' level. This could be a consequence of a change in the economic structure
of CEE countries, ie. reorienting towards less energy-intensive industries such as services.
The energy/capital ratios for both regions are steadily decreasing over the observed period



3. Estimating Elasticity of Substitution in CES Production Function: Examining Different

Nesting Structures and EU Regions

51

Table 3.3: Summary statistics of our data sample across aggregated
sectors
Aggregated sector |Variable Obs. | Mean Std. dev.[Min Max
Y 1626 | 6381 14918 |2.47 122 6671
VA 1626|3346 9579 |0.67 86 326
Primary K 162611017 27 655|1.88 221 476
L 1626|1490 2967 |0.39 22412
E 1626| 405 823 |0.01 5240
M 1626|3066 6721 [1.33 47 699
Y 8 77513232 32 065|1.05 381 017
VA 8775|4289 11053|0.3 131 205
Secondary K 8775|8261 27 522(0.84 455 751
L 87752781 7961 |0.27 111 28(
E 8 775| 720 2 738 |0.03 50 649
M 8 775| 8964 21547 |0.32 271 01(
Y 10 23917 902 35 805|6.92 286 092
VA 1023910 204 21835|0.40 177 558
Tertiary K 10 239/18 240 54 151 (9.78 709 53(
L 10239 7 193 16 522 |3.14 141 041
E 10 239 488 1159 [0.08 11 733
M 10 239 7 735 15231 |1.17 147 24(
Y 6536|9186 17583 |1.78 128 414
VA 6536 | 3390 7456 |0.40 86 326
Energy Intensive K 6 536 |10 834 2 6078|1.88 229 849
L 6536|1898 3984 |0.27 43049
E 6536|1194 3307 |0.01 50 649
M 6536|5820 11 285|0.32 109 648
Y 14 10417 707 38 031|1.05 381 017
VA 14104/ 8891 20270| 0.3 177 558
Energy non-intensive K 14 104114 631 49 015/0.84 709 53¢
L 14 104| 6 244 15271 (0.46 141 041
E 14 104 295 646 |0.03 7 409
M 14 104| 8 848 20 099 |0.73 27 101(Q

and the gap between them is slowly closing and ending with a 21 % di erence in 2014.
Two possible reasons lie behind this development: First, it could indicate the rising energy
e ciency of machinery and equipment and an overall technological progress as well as
modernisation of equipment in CEE countries, and second, a relatively declining energy
demand not directly linked to technology or equipment but rather to secondary reasons

such as better infrastructure and logistics.
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Figure 3.1: Capital/Output ratio (K/Y) Labour/Output(L/Y) and La-
bor/Capital (L/K) ratio

Figure 3.2: Energy/Output and Energy/Capital ratio

A non-linear least squares model (NLS) is the rst option coming to mind when es-
timating functions with non-linearity in their parameters, such as the CES framework.
However, NLS performance on real data might be deteriorated since the model is prone
to either estimating parameters outside of their reasonable ranges or not converging or
converging to a local minimum Henningsen and Henningsen (2011). The Kmenta ap-
proximation was the rst approach to estimation of non-linear CES by loglinearizing it.
Henningsen and Henningsen (2011) lists the critique of this methodology and further
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