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Abstract

Switzerland, like many developed countries, face a doutablpm for the next round of international negotiations on
climate change. On the one hand, short term economic stateguld favor the implementation of a global carbon
market that would minimize abatement costs globally. Ondtier hand, purchasing emissions certificates from
developing countries does not prepare for the major tecigncdl and social changes that will certainly be required
before the end of the century to avoid climate change. Inghfger we use a coupled top-down bottom-up model
to assess the impacts of a number of ambitious climate psliai Switzerland. We find that stringent policies with
both domestic and total emission targets arafdable for a wealthy country like Switzerland. Such pelcivould

not only put Switzerland in a leading position regardingnelte change issues but also pave the way for realizing
longer-term climate objectives.
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1. Introduction First, we consider an abatement of 50% by 2050 with
respect to the 2001 emissions level. This is a reference
target for developed countries since it has been exten-
sively discussed in the European Union.

Currently there is an important discussion about what
will be the shape of the international climate policies
that will be enacted after 2012. Among the many im-
portant issues that will be discussed, countries will have  Secondly, the sustainable approach that reflects the
to decide upon the level of abatement they can achieve fact that the ultimate goal of post-Kyoto climate policies
and the extent to which they allow the use of flexibil- will be to stabilize greenhouse gases (GHG) emissions
ity mechanisms like global GHG emissions certificates at sustainable levels. Recent studié¥qC, 2007) state
markets. The decision to commit to an emission reduc- that GHG concentrations of 450ppm would limit the in-
tion target and whether or not to use flexibility mech- crease of temperature to acceptable levels (arot@gl 2
anisms are influenced by the expected welfare costsand, therefore, could be considered as sustainable. In
of the policies and the environmental objectives of the order to limit the concentrations to those levels and tak-
country. With the aim of defining its future climate pol- ing into account the approach of contraction and con-
icy, Switzerland launched recently a consultation pro- vergence policiesMeyer, 2000 ETHZ, 2008, GHG
cedure on the revision of the GQaw. In this paper, emissions per capita would have to be globally lim-
we analyze four ambitious emission targets that are cur- ited to 1 ton of CQ equivalent (tCQeq) per annum by
rently discussed in this revision process. 2100. Such a target would have important global reper-

cussions. On the one hand, it implies strong emissions
fEorresponding author. Tek41 21 693 2031 Fax41 21 693 abatement by developed countries, where current lev-

3840 ) o els of emissions per capita are much higher (e.g. 7.2
_ Emall addresses: andre. scela@epfl.ch (Andre Sceia), tCO,eqcap in Switzerland in 2004). On the other hand,
jJuancarlos.altamirano@epfl.ch (Juan-Carlos . . . .
Altamirano-Cabrera)thorsten.schulz@psi .ch (Thorsten F. for developing countries, it means that th(?'r develop-
Schulz)mvielle@cict. fr (Marc Vielle) ment could not be based on the technologies that con-
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tributed to the development of industrialized countries. the price of the certificates is assumed to be influenced
Thirdly, the neutrality approach that advocatéset- solely by the emissions targets adopted by other regions.
ting the totality of the emissions generated by a person, Therefore, we have considered threddient interna-
a company or a country. This idea is increasingly ac- tional scenarios, in which the world would commit to
cepted among individuals and companies, however, it achieve a low, medium or high level of emissions abate-
would represent a major step forward to extend the idea ment. In each of them, the Swiss tax is used to achieve
to a whole country. Switzerland has already mentioned a domestic abatement target and to collect the revenue
climate neutrality in the framework of the revision of that would allow for the purchase of foreign GHG emis-
the CQ tax, as a potential option for the future of Swiss sions certificates.

climate policy FOEN, 2008?. This neutrality could be In this paper, we use a coupled top-down bottom-
mainly achieved by means of large purchases o CO up model that allows for a precise technological spec-
certificates. ification of the Swiss residential sector, where there is

Fourthly, the zero-footprint approach which includes a substantial potential for GHG emissions abatefent
o[satting emissions embodied in imported goods. Sup- without losing the national and global economic picture.
porters of a “neutral” Switzerland state that the trans- The coupling between top-down and bottom-up models
fers generated by the purchase of certificates will allow has already been explored in the literature (see, among
developing countries to achieve a more sustainable de-other, Manne and Richel§1992; Bodhringer (1998);
velopment path, in particular when considering that de- Pizer et al(2003; Drouet et al(2009; Schfer and Ja-
veloping countries are producing an important share of coby (2006; Loschel and Sorig2007); Wing (2000
high energy goods. The share of embodied emissions inSceia et al(2008). We have nevertheless followed an
the Swiss net trade represents about 80% of the domes-approach relatively diedent from those used by these
tic emissions Jungbluth et a].2007) relative to 2001. authors. IrPizer et al(2003), Schfer and Jacob{2006
Going one step further and taking embodied emissions and Loschel and Sorig2007) the coupling has been
into account for setting emissions targets could revolu- mainly carried out in the calibration phase of the mod-
tionize the current approach to international climate ne- eling; bottom-up models were used to calibrate some
gotiations, since, so far, the GHG emitted to produce of the parameters in the top-down models. Our ap-
goods are accounted in the producing countries, not in proach has been instead to link the models in the sim-
the consuming ones. ulation phase. IrBohringer(1998 and Wing (2006,

Moreover, regardless of how ambitious the Swiss technology details have been directly incorporated into
emission target will be, if the abatement is mainly a CGE model. In contrast, we have worked with existing
achieved through the purchase of GHG emissions cer- bottom-up and top-down models and tried to keep them
tificates and the global price of the certificates is low, as close as possible to their original formulation. There-
the country might not start the necessary upgrading of fore, both models have been kept separate, while link-
its infrastructures or see the expected changes in con-ing them with a coupling moduleManne and Richels
sumption patterns. Without a minimal domestic abate- (1992 incorporated a reduced CGE model in a bottom-
ment, the four approaches mentioned above may soundup model. In contrast, we tried to keep our CGE as
like a solution which could only bring economic bene- complete as possible, allowing for a more complete and
fits in the short term. With that in mind, we also analyze realistic interpretation of the results for the current-con
policies that follow the same approaches but include the sultation procedure on the future of the Swiss,d&w.
additional requirement to have a 50% reduction of do- Finally, until now, the only coupling papers specifically
mestic emissions by 2050 relative to 2001. targeted to the Swiss residential sectorreuet et al.

The objective of this paper is to assess the eco- (2005 andSceia et al(2008. Drouet et al(2005 have
nomic consequences of such polices on the Swiss econ-devised a hybrid model where the residential sector is
omy, considering as illustrative example the residen- completely removed from the top-down model and re-
tial sector. In order to achieve our objectives, we ana- placed by an exogenous and separate bottom-up model.
lyze jointly the implementation of a linearly progressive Sceia et al(2008 developed the earlier version of the
Swiss GHG emissions tax with a global GHG emissions model we use in this paper. We brought various im-
certificates market. In view of the size of Switzerland, provementto the coupling procedure, the models as well

as the calibration procedure.

1In this paper we consider neutrality[@fently from the proposal
by the Federal @celof the Environment, as we define it as 100% 2In 2005, the residential sector represented 22.3% of toHEG
o[sdtting of all GHG emissions emissions
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We find that if international agreements aim at lim-
ited emission reductions, Switzerland could&d very

2006, which we transformed into the GEMINI-E3 for-
mat (Sceia et al.2007). All the data on emissions and

stringent abatement targets without substantial welfare abatement costs for non GGHG come from the U.S.
losses. In the case where developing countries would Environmental Protection AgencWfited States Envi-

start contributing significantly to the abatemeriiod,
even as late as in 2030, the impact of highly stringent
policies becomes important, but getting on the track
of sustainability could be Erdable with a progressive
GHG tax reaching around 140 U%§3:/tCO.eq.

ronmental Protection Agenc2006.

Previouly, GEMINI-E3 has been used to study the
strategic allocation of GHG emission allowances in the
enlarged EU marketiguier et al, 2006, analyze the
behavior of Russia with regard to the ratification pro-

The paper is organized as follows: section 2 presents cess of the Kyoto ProtocoBgrnard et al.2003, as-
the models and the methodology, section 3 presents thesess the costs of implementation of the Kyoto proto-

policy scenarios, section 4 the results and section 5 con-

cludes.

2. Models and methodology

2.1. GEMINI-E3

We use an aggregated version of GEMINI-E3, a
dynamic-recursive CGE model with a highly detailed

representation of indirect taxation, that represents the

world economy in 6 regions and 18 secfordVe de-
fined the regions as follows: Switzerland (CHE), Eu-
ropean Union (EUR) other European and Euro-asian
countries (OEUW), Japan (JAP), USA, Canada, Australia
and New Zealand (OEC) and other countries, mainly de-
veloping countries (DCS). The model is formulated as
a Mixed Complementarity Problem, which is solved us-
ing GAMS and the PATH solveiHerris and Pand.997,
Ferris and Munson2000. GEMINI-E3 is built on a

comprehensive energy-economy data set, the GTAP-6

databaselimaranan2007), that provides a consistent

col in Switzerland with and without international emis-
sions trading Bernard et al.2005, and assess the ef-
fects of an increase of oil prices on global GHG emis-
sions Yielle and Viguier 2007).

Apart from a comprehensive description of indirect
taxation, the specificity of the model is that it simu-
lates all relevant markets: commaodities (through rela-
tive prices), labor (through wages) as well as domestic
and international savings (through rates of interest and
exchange rates). Terms of trade (i.e. transfers of real in-
come between countries resulting from variations of rel-
ative prices of imports and exports) and “real” exchange
rates can also be accurately modeled. GEMINI-E3 also
calculates the deadweight loss for each region on the
basis of the consumers’ surplus and the gains or losses
from the terms of trade.

Time periods are linked in the model through endoge-
nous real interest rates, which are determined by the
equilibrium between savings and investments. National
and regional models are linked by endogenous real ex-
change rates resulting from constraints on foreign trade

representation of energy markets in physical units and deficits or surpluses

a detailed Social Accounting Matrix (SAM) for a large
set of countries or regions and bilateral trade flows be-

tween them. Moreover, we have completed the data

from the GTAP database with information on indirect
taxation, energy balances and government expenditure
from the International Energy Agencyn{ernational
Energy Agency 2005 2002ab), the OECD QECD,
2005 2003 and the International Monetary FundAf,
2004. For Switzerland, we used data from the 2001
input-output table devised at the Swiss Federal Insti-
tute of Technology (ETH) in drich (Nathani et al.

3The complete GEMINI-E3 represents the world economy in 28
regions (including Switzerland) and 18 sectors (see tabie ap-
pendix C for the detailed classification). All information about the
model can be found at httpwww.gemini-e3.net, including its com-
plete descriptionBernard and Vielle2008.

“refers to the European Union member states as of 2008

Sincludes other European countries, Russia and the rese 6fah
mer Soviet Union excluding Baltic states

In order to allow the calibration and the coupling
of GEMINI-E3 with MARKAL-CHRES, we have re-
placed the Stone-Geary utility function by a nested con-
stant elasticity of substitution (CES) function. The nest-

S1ng structure is shown in Figuré. The c* refer to

the elasticity parameter of each node. Plain numbers
in the figure refer to economic sectors as presented in
appendixC table5, those in brackets refer to sectors ap-
pearing at various levels in the CES function and num-
bers in italics are the values of the elasticity parameters.
In Switzerland, only petroleum products are used as in-
puts in the transportation energy nest.

We have also introduced an emission certificates mar-
ket that allows for modeling a global cap and trade sys-
tem. Each region receives annually an endowment of
emission certificates, equal to the emission policy tar-
get. In Switzerland, we have also implemented an ex-
ogenous progressive GHG tax, independent from the
global price of certificates that allows for higher domes-
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48 Pettoleum Sectricity where, for sector at periodt, Xft represents base-
products line exports,M?, are the baseline import&P; is the
export price variation between the baseline and the sce-
nario andAPm is the import price variation. The sums
of GTT and EC over all regions equal zero, since the
global economy may be thought of as a closed econ-
omy. As a consequence, the world consumer surplus
equals the world deadweight loss of taxation.
2.1.1. Measuring the cost of GHG abatement In order to present the total€dt on welfare of a spe-
Climate policies are devised in order to avoid future cific scenario, we represent the sum of the various dis-
welfare losses induced by the potentially costly dam- counted values as a percentage of the sum of the dis-
ages and adaptation measures entailed by changes in clicounted households’ final consumptions, using a 5%
mate if no mitigation is undertaken. It is not the discount rate.
aim in this paper to consider the tradeloktween adap-
tation and mitigat_ion measures but rath_er to measure the, 5 MARK AL-CHRES
costs for the society to abate GHG emissions. Measur-
ing the costs of climate policies and comparing their ~ MARKAL models are perfect-foresight bottom-up
e [cigncy can be done in various ways. A simple ap- energy-systems models that provide a detailed represen-
proach consists in analyzing the variation of macroeco- tation of energy supply and end-use technologies under
nomic aggregates such as GDP or households’ final con-a set of assumptions about demand projections, technol-
sumption (HFC). Unfortunately, the variation of GDP ogy data specifications and resource potentialijou
and HFC does not account for the variation of relative et al, 2004. The backbone of the MARKAL mod-
prices induced by the introduction of a GHG tax. The eling approach is the so-called Reference Energy Sys-
households’ surplus, either based on the compensatingtem (RES). The RES represents currently available and
variation of income (CVI) or the equivalent variation of possible future energy technologies and energy carri-
income is a more consistent and complete measure ofers. From the RES, the optimization model chooses the
the costs of climate policie®grnard and Vielle2003. least-cost combination of energy technologies and flows
In each region, the households’ surplus or total welfare for a given time horizon and given end-use energy de-
gains (WG;) at each period can therefore be expressed mands.
as The MARKAL-CHRES is an energy model describ-
ing the Swiss residential energy system. It is based
WG, = AR, — CVI;, 1) on the Swiss MARKAL model developed at the Paul
Scherrer Institute (PSI) and previously used, for in-
whereAR is the variation of income, mainly due to stance, to analyze the Swiss 2000 Watt Society con-
transfers through international trade. The welfare gains cept Schulz et al. 200§. MARKAL-CHRES com-
vary greatly from the theoretical case of a closed econ- prises only a part of the complete Swiss model, being
omy, where they are equal to the deadweight loss of tax- restricted to technologies related to the residentiabsect
ation (DWL), to the case of an open economy having ac- and treating final energy as being imported with exoge-
cess to an emissions certificates trading market. In this nous prices. The model still contains 173 technologies
later case, the total welfare gains can be expressed as using dilerent energy sources (coal, oil, gas, electricity,
4
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wood, pellets and district heat). Resource costs and po-til 2050. Assuming a constant per capita energy demand
tentials as well as technology costs, potentials and char-for all other demand segments, we define them using the
acteristics vary over time. growth rate of the Swiss population. The Swiss popula-
In the MARKAL-CHRES the energy demand in the tion is expected to grow until 2030 to a level of approx-
base year (2000) is calibrated to International Energy imately 7.4 million people and then slowly decrease to
Agency (IEA) and Swiss statistics. The model has a reach 7.25 in 2050. Finally, according to the projections
time horizon of 50 years until 2050, divided into eleven by the State Secretariat for EconomiclAits (2004,
time steps each with a duration of five years (except the annual average GDP growth rate is expected to be
the base year). The residential energy sector of the 1.2% from 2001 to 2020, and 0.6% from 2020 to 2050.
model includes 14 energy demand segments (see ap- We use the baseline fuel mix from MARKAL-
pendix C table 6); each end-use demand being elastic CHRES in GEMINI-E3 in order to align the emis-
to prices. The most important of these are the Room- sions in the residential sector between the two models.
Heating (RH) segments which represent more than 70% The shares between theldident energies are set to the
of final energy demand. We distinguish fourldi+ shares of the fuel mix. Moreover, we define the tech-
ent demand categories for RH: Single and Multi Fam- nical progress in the residential energy nest so that the
ily Houses as well as existing and new buildings. In variations of the total residential energy use in GEMINI-
the model, we assume that dwellings constructed af- E3 follow the same growth we observe in MARKAL-
ter the year 2000 are new buildings. The model uses CHRES. Finally, we also define the growth of the tech-
USD2000 as currency, and a 5% discount rate. One of nical progress in the private transport energy nest and of
the specific features of the MARKAL-CHRES model the general technical progress on the use of fossil fuels
is that it includes a representation of a set of technolo- to 1.25% in order to have the total G@®missions base-
gies which allow for energy savings. The idea behind line decline by 13% between 2000 and 2035 as fore-
those technologies is to take into account the reduction casted bySwiss Federal @celof Energy(2007).
of energy demand which follows certain types of invest-  With regard to total GHG emissions, our baseline sce-
ment. For example, installing double-glazed windows nario is arround the average of studies published since
increases insulation and therefore reduces heating dethe SRESIPCC, 2007). Global GHG emissions reach
mand. For a more detailed description of the technolo- approximately 72 GtC&eq in 2050, which is also in
gies used in the MARKAL-CHRES model, s&ehulz line with the baseline emissions anticipatedO&ECD

(2007 (2008. Our baseline assumes a great diversity in the re-
_ - gional evolution of GHG emissions (see figde CHE
2.3. Basdline calibration and JAP emissions decline by 24% in 2050 compared to

Both models are calibrated to produce a common 2001 levels. EUR and OEC see an increase in emissions
baseline. In GEMINI-E3, we use the projections of 9% and 21% whereas OEU and DCS have higher
from Energy Information Administratio2008 to es- baseline emission growths and reach by 2050 113%, re-
timate future prices for oil up to 2030 (70.5 Ug&gs spectively 212%, of 2001 emission.
per barrel (bbl)) and assume a constant increase of 2%
up to 2050 so that oil price reaches 109.6 Ugghbl. 2.4. Coupling
Based on various studieswerbuch and SauteP006 Post-2012 policies should aim at strong abatement
Siliverstovs et al.2005, we assume an indexation of targets which could hopefully ensure a sustainable so-
gas prices to the price of oil at 0.75 (i.e. the price of gas lution to the climate change issue. Global CGE mod-
increases by 7.5% when the oil price increases by 10%). els are well suited to analyze market based solutions
For the MARKAL-CHRES model, we align the varia- to the problem, in particular when trying to globally
tion of energy prices, using the growth rates of prices equate marginal abatement costs through the implemen-
observed in GEMINI-E3. Furthermore, population and tation of carbon markets or world taxes. When it comes
economic estimates (e.g. GDP) together with construc- to strong domestic abatemeniais, which will be re-
tion estimations are used in order to estimate the Refer- quired in developed countries before the end of the cen-
ence Energy Area (REA), i.e. the total useful surface of tury, CGE models do not precisely depict all technolog-
all heated rooms. The heating demands or useful energyical options and therefore all abatement possibilities. In
used for heating (Tyear) is equal to the Specific Room  Switzerland, for instance, the residential sector accunt
Heating Demand (Mdn?year) multiplied by REA (Mio for a an important share of the total GHG emissions
m?). The Swiss Federal Ocelof Energy provides esti- and seems to allow for important abatement possibili-
mates of the REA until 2035. We extrapolate values un- ties at reasonable costs (seeeia et al(2008). In gen-
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eral, coupling top-down with bottom-up models allows investments are used, respectively, to update the values
to benefit from the technological richness of the latter of technical progress on energf{iz) and on the res-
without losing the global economic picturBghringer idential consumption of serviceﬁ'cﬁlg) in the residen-
1998 Bohringer and Rutherford2008. Therefore, tial nest, which is also transformed into a Leontief func-
in order to analyze thoroughly future Swiss climate tion (oS = 0). Furthermore, total Swiss emissions
policies within a global framework, we couple a CGE and the world price of GHG certificates in 2050 are the
model, GEMINI-E3, with a Swiss residential energy variables used for ensuring that the coupled models con-
model, MARKAL-CHRES. verge to the targets defined in the scenarios. Finally, the
international policy scenarios are set exogenously, i.e.
2.4.1. Coupling method defining emissions certificate endowments.
We have further developed the coupling module that

links GEMINI-E3 and MARKAL-CHRES. The cou- L oLcy |
pling module determines the Swiss GHG tax in 2060  __________=3- il
necessary to meet the policy objectives while ensuring N EXOGENOUS VAR. [

. . . . 1| Int. emissions target
that energy use and investments in the residential energy /y and certificates endowmerfts

model are adequately taken into account in GEMINI- . v
i i I - I i i ! ]
E3, as well as_allgnlng energy prices bgtween the mod | Swissdomestic  reel!
els. The coupling method that we have implemented al- \\QSMSS emissions !
lows for setting simultaneously total and domestic emis- L GHG certificates world pricg
sion targets for Switzerland as well as emissions certifi- SN - !
. . . Wi X I
cate endowments in all regions. We consider that do- N\ CONTROL VARIABLES Y
mestic targets have to be achieved by actual emissions X Enoroy oricss”
. R . ) . nergy price:
reductions within the country, whereas total emissions

target account for both domestic emissions and net trade
of GHG certificates. In line with these definitions, when

Residential fuel mi
Residential investmen

no domestic target is defined, the coupling procedures | COUPLING PROCEDURE,
set a Swiss tax at a level that ensures that the tax revenue
allows for purchasing enough certificates on the global Figure 2: Coupling structure

carbon market in order to achieve the total emission

target. If both domestic and total targets are defined, ¢ coupling module has 2 levels. The first level
the coupling procedure ensures that the tax allows for |05 for the tax that will allow the emission target to
achieving at least the domestic target and ensures thalye reached, while the second level ensures the align-
the tax revenue is sicidnt to purchase enough emis-  ent of energy prices with the fuel mix and the annual-

sions certificates to meet the total emissions target. In ized investments for each tax that is tested. A technical
all cases, when the tax revenue exceeds the amount re'description of the coupling procedure is provided in al-

quired to purchase the certificates, théatience is re- gorithms2 and3 (see appendiA).
turned to households through a lump sum transfer.

Figure 2 presents the coupling schema. The GHG
progressive tax vector, defined as linearly increasing 3. Policy scenarios
from zero in 2007 up to the value of the tax in 2050,
is the variable that controls both models. The varia- Climate change is a global issue which will only
tion of energy prices in MARKAL-CHRES is alignedto  be solved through appropriate international agree-
the price variations observed in GEMINI-E3. The res- ments Carraro and Siniscalcd993 1999. It is also
idential fuel mix and the annualized investments over a complex issue in which environmental concerns inter-
the whole time frame are the coupling variables ensur- act with the economic, equity and development issues.
ing that GEMINI-E3 calculates emissions and adjusts Considering the later, the incentive to free ride can be
the residential investments in GEMINI-E3 on the basis high for some developing countries but it remains the
of the MARKAL-CHRES simulations. The fuel shares responsibility of wealthier nations to take the lead and
are used as a proxy for the variation of the share param-show by example. How much would it cost for Switzer-
eters in the residential energy nest, with an elasticity of land to take that leading role and to implement policies
substitution (Inge?Ee) set to 0, whereas the variation of that might go beyond what international agreements tar-
total fuel consumption and the variation of annualized get for the next commitment period?
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3.1. International scenarios the consumption of goods. The second is a total emis-

In order to set a realistic international framework, we Sions target that takes into account not only the domestic
have defined 3 scenarios for international policies. We abatement but also the purchase and sales of emissions
decided, following previous studies (e.yuuren et al.  certificates.

(2008; Sceia et al(2008), to focus on policies target- In Switzerland, we impose a progressive domestic
ing abatement of all GHGs because this results in lower GHG tax, which grows linearly from 2008 onward
abatement costs. Tablepresents the diedent GHG and reaches it final value in 2050. The revenue col-
emissions quotas in 2050 for all regions, with the excep- lected by the application of this tax is used to purchase
tion of those for Switzerland which will be explained in GHG emissions certificates to reach the total emis-
detail below. These emissions targets are implementedsion target,with any leftover redistributed to households
progressively from 2008 to 2050 for EUR and JAP, through a lump sum transfer. FiguBeshows the case
from 2012 to 2050 for OEC and OEU and from 2030 Where no minimal domestic emissions target is set and
to 2050 for DCS. These emission targets are based onwhere the tax is set to allow for the purchase of GHG
2001 emissions levels except for those of DCS, which emissions certificates abroad ensuring a total abatement
are based on their 2030 baseline emissions. We assum@f 50% (including compensation). The area ABCD rep-
that each region receives annually emissions certificatesresents the tax revenue and the area GBEF the purchase
at the level of its annual target and is then free to trade Of certificates ata priceja The level of the tax is there-
them within the region as well as with other regions. fore set to equalize areas ABCD and GBEF, ensuring
The “high” scenario is inspired by the recommenda- that the revenue collected is Eaient to purchase the
tions of the Energy Modeling Forum 2EKIF, 2008 GHG emissions certificates.

and adapted to the specific regional aggregation that we

use in the model. The “mid” and “low’scenarios con- mAC

sider alternatives where climate negotiations would lead

to lower emission targets, in particular for the DCS. . R
Py Area GBEF

Table 1: International emissions targets in 2050 (% rednctdative
to 2001 emissions)

Scenario Low Mid High

EUR 50 50 50 A

OEU 10 20 30

JAP 50 50 50 c € 8 ;
OEC 30 40 50 5%
DCS b 0 25

a o, i i
b % of ?030 em|§S|ons Figure 3: Tax revenue used to purchase GHG certificates firt6eal
baseline emissions abatement

We consider 4 scenarios withldrdent objectives and

3.2, Smiss scenarios therefore dlerent total emissions targets.

In the long run, in order to avoid major climate
change, each and every country will have to reduce its < First, the “50%"” scenario is in line with the targets

domestic emissions. From an equalitarian perspective, of most European countries. It aims at achieving a
global emission should be shared on a per capita ba- 50% reduction of emissions by 2050 compared to
sis. Taking this into account and considering population he level of 2001.

forecasts, purchasing emissions certificates does not
help industrialized countries prepare for an inevitable = Secondly, the “sustainable” scenario, which aims

change in their production and consumption patterns. at globally sustainable per-capita emissions of 1
With that in mind, we consider two kinds of emissions tCO,/cap by 2100. We consider, as simplifying as-
targets for Switzerland. The first is a domestic emis- sumption and to be in line with the time horizon

sions target that can only be achieved by actual domes- of the model, that this translates to a 2 tZ€ap

tic emissions reductions either in the production or in target by 2050. Considering that the population
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of Switzerland in 2050 is estimated at approxi- ment eart and the evolution of the sector from a tech-
mately 7 millions inhabitants, the emissions reduc- nical perspective.
tion should be of approximately 75% when com-

pared to 2001 levels. 4.1. International framework

« Thirdly, the “neutral” scenario, which follows the The three international scenarios we have defined
climate neutrality idea, aims at a 100% reduction have significantly diefient environmental and economic
of GHG emissions in 2050, largely through the implications. From the perspective of GHG emissions,
purchase of emissions certificates. in the “low” scenario, world emissions are still more

y _ . . than 80% higher in 2050 than in 2001. In the “mid”

= Fourthly, the “zero .foo.tprmt scenarlo.takes_ Into scenario, the increase of emissions amounts to 30%,
a_ccount the net emissions embedded In Swiss _for- whereas the “high” scenario caps GHG emissions at 34
eign trade. Thg net embedded emissions, mainly GtCOpeq, only 2% higher than 2001 levels. Figute
due to energy |mporfcs, represent aimost 80% of presents the regional emissions profiles for the three
total do”.‘es“c em|_SS|o_nJ(|ngb|uth -et al.2007). scenarios. In all scenarios, DCS is the main provider
Thus, this scenario aims atCsdtting not only of emissions certificates. The abundance of certificates
the domestic emissions b,“t also those Qe”efatedin the first two scenarios, where DCS quotas are allo-
abroad to p_roduc_e g_oods |mpqrted in Switzerland cated according to the baseline emissions or stabilizing
I_ess the Swiss emissions re_sultlng from fche produc- at 2030 levels, ensures a low price for £ contrast,
tion of .exported goods. With th_e s.|mp||fy|ng. hy- in the “high” scenario, where DCS have to reduce their
pothesis that the embedded emissions remain CON"emissions by 25% relative to 2030, the supply of certifi-
stant, we conS|der th.at thg abatement should reaChcates is significantly reduced and their price increases
180% of 2001 emissions in 2050. to almost 300 USky/tCOseq. It is important to no-

tice that, if we compare the emissions paths with the

di Cefent IPCC scenariofRCC, 2007, even our “high”

scenario is not sticiantly restrictive to ensure a stabi-

lization of GHG concentrations limiting the temperature
increase to 2C.

Table 2 presents an aggregated welfare decomposi-
tion for the period 2008-2050 and it shows the impact
of the three scenarios on the world economy. The wel-
fare, i.e. the consumer surplus calculated on the basis
of the CVI, is decomposed into its three components:
the gains and losses of the terms of trade (GTT), the net
receipt from permit sales and the deadweight loss of tax-
ation (see equatio®). The values in the table represent
the sum of the discounted values as a percentage of the
sum of the discounted households’ final consumptions.
The discount rate is set at 5% but we find that increasing
or lowering it does not change qualitatively the results.

As in other studies (se®ECD (2008), we observe
4. Results that OEU is the region mosti@adted by climate policies.

This is due to the fact that the main exports of this re-

In this section, we describe and compare the results gion are energy or energy related, and also to the strong
of the simulations carried out for all the scenarios de- elars they have to undertake in view of their high base-
scribed earlier. We compare their environmentaée line emissions. Furthermore, they tend to have domes-
tiveness (emissions reduction) and present their conse-tic oil prices below international levels, a framework fa-
guences for the economy, in particular for welfare. First, voring energy intensive industries, and therefore, they
we focus on the diedent implications of the interna- are more &edted in a carbon-constrained world. In the
tional scenarios, then on the impacts of all scenarios on three scenarios, DCS are the main beneficiaries in terms
the Swiss economy and finally we analyze the contribu- of consumer surplus. This is due to the revenue from
tion of the Swiss residential sector to the overall abate- the sale of certificates as well as the gains in the terms

8

In all four scenarios, we set the Swiss tax at a level
such that its revenues arekdént to purchase the emis-
sions certificates required td’edt the Swiss emissions
up to the defined target.

Considering that Swiss marginal abatement costs are
currently high when compared to world average, the im-
plementation of the previous scenarios might not trigger
significant domestic abatement in the short run. In or-
der to prepare the Swiss economy for future stringent
emissions reductions, a minimum of domestic reduc-
tions should be ensured. With that in mind, we con-
sider four additional scenarios similar to those described
above but with the additional requirement of having a
minimum domestic abatement of 50% compared to the
emissions of 2001. We name those scenarios “6Q%

“sustainable”, “neutra+" and “zero footprint”.
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Figure 4: International GHG emissions (Mt@€2)

of trade. When looking at the deadweight loss of taxa-  The results in Tabl& show that, in general, inter-
tion, we realize that DCS are actually alsbedted, in national climate policies have a strong influence on the
particular in the high scenario. Concerning the other re- eledt of domestic GHG taxes. In the “low” and “mid”
gions, JAP has limited losses in both consumer surplus scenario, regardless of the implemented Swiss policy,
and deadweight loss because in the baseline their emisthe DWL caused by the climate policy is not larger than
sions already decline by almost 25%; a consequence 0f0.07%. These costs are similar to those of other devel-
slow GDP growth. EUR and OEC face similar dead- oped regions despite the fact that they face lower abate-
weight losses, ranging from of 0.01% of aggregated ment targets. The exceptional case of OEU should be
total households consumption in the “low” scenario to keptin mind and not compared with the other developed
0.10% in the “high” scenario. In view of these results, it countries in view of the sensitivity of their economies to
appears that even the “high” scenarios would be achiev- climate policies. In the high scenario, as it may be ex-
able at reasonable costs. We compare these results wittpected, there are stronger welfareeéts. For instance,

those for Switzerland in the next section. in the “zero footprint” scenario the DWL is 0.73% - not
surprisingly as the level of domestic GHG tax in 2050
4.2. Swiss economy exceeds 900 USHgy1/tCO2eqg. Despite the increasing

Table3 shows the key results for Switzerland in each d€ad-weight losses, total welfaréasits tend to remain
scenario. In the international “high” scenario, the “sus- positive. The positive levels of households’ surplus are
o mainly due to the fact that GTTIg8t the adverseledts

tainable”, “neutral” and “zero-footprint” cases already . S
achieve the 50% domestic abatement prescribed in their®f the DWL. This counter-intuitive result, already men-

equivalent +” scenarios. As a consequence, the results tioned in previous studies (see, for instanBgrnard
of the “sustainable”, “neutra+” and “zero-footprint” et al. (2003; Babiker et al.(2004; Goulder (1999),
are identical to the non+” scenarios and are therefore ¢an be explained by several factors. First, we know
not presented in the table.
9



Table 3: Summary results for Switzerland

Scenarios Abatement in 2050  Swiss GHG 2008-2050
World Switzerland Domestic Total tAx  price’ WG GTT EC DWL
Low 50% -28 -50 1.2 3.8 0.02 -0.01 -0.01 0.03
sustainable -28 -75 25 3.8 0.01 -0.01 -0.01 0.04
neutral -28 -100 3.8 3.8 0.01 -0.01 -0.02 0.04
zero-footprint -30 -180 8.3 3.9 -0.01 -0.01 -0.05 0.04
50%+ -50 -50 103.3 3.8 0.22 0.29 0.00 -0.07
sustainable -50 -75 103.2 3.8 0.21 0.29 -0.01 -0.07
neutrat -50 -100 103.2 3.8 0.20 0.28 -0.01 -0.07
zero-footprint- -50 -180 103.1 3.8 0.17 0.27 -0.04 -0.06
Mid 50% -32 -50 9.4 34.6 0.00 -0.02 -0.02 0.03
sustainable -36 -75 21.0 34.7 0.01 0.02 -0.03 0.02
neutral -40 -100 34.8 34.8 0.01 0.05 -0.05 0.02
zero-footprint -50 -180 90.6 35.1 0.06 0.20 -0.11 -0.03
50%+ -50 -50 101.0 34.6 0.19 0.26 0.00 -0.07
sustainable -50 -75 100.8 34.6 0.17 0.25 -0.02 -0.07
neutrat -50 -100 100.7 34.7 0.14 0.24 -0.04 -0.06
zero-footprint- -50 -180 100.0 35.1 0.07 0.21 -0.11 -0.03
High 50% -35 -50 67.5 289.4 0.10 0.15 -0.03 -0.02
sustainable -50 -75 144.2 289.8 0.12 0.30 -0.07 -0.12
neutral -54 -100 290.7 290.6 0.10 0.43 -0.13 -0.20
zero-footprint -63 -180 926.5 293.6 -0.23 0.88 -0.37 -0.73
50%+ -50 -50 156.7 288.8 0.21 0.35 0.02 -0.15

a 9% of 2001 emissions
b Swiss tax in 2050 [USRo/tCOseq]
¢ World price of certificates in 2050 [USIy/tCOzeq]

d Sum of discounted values as % of the sum of discounted finalgtmids consumption (2008-2050) - 5% discount

rate

that for energy importing countries like Switzerl&nd
the implementation of CPabatement induces a gain of
terms of trade coming from the decrease of fossil fu-
els consumptionBernard et a.2005. Secondly, the
implementation of international emission trading has
ambiguous @edts on welfare given its interaction with
the terms of tradeBabiker et al. 2004). Thirdly, pre-
existing distortions modify the results that could be ex-
pected in a first best settin@6ulder 1995 and this is
why CGE models that take into account existing taxes
are so useful under these circumstances.

Our results suggest that the options proposed for a fu-

ture Swiss climate policy are likely to have modest eco-
nomic impacts - considering that there are no restric-
tions for minimum levels of domestic abatement. For

6100% of fossil fuels used in Switzerland are imported
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instance, regardless of the international scenario, when
targeting a 50% abatement level (for 2050) and allowing
for the purchase of GHG certificates, Switzerland’s wel-
fare is less &edted than in other regions (e.g. no wel-
fare loss in the mid scenario against 0.06%esied by
Japan). This is mainly due to the fact that, similarly as
in Japan, the Swiss emissions baseline achieves a signif-
icant part of the abatement at no additional costs for the
policies analyzed here - as it takes into account the cur-
rent climate policies. Moreover, Switzerland has a lim-
ited impact on the global price of GHG emissions cer-
tificates and has technological options to reduce GHG in
the residential sector. Consequently, it is more inclined
to devise climate policies going beyond the agreements
discussed in international fora. Furthermore, the wel-
fare costs supported by Switzerland seem reasonable



Table 2: Welfare decomposition (in % of final households

consumptiord

Scenarios Region WG GTT® EC' DWL®

Low OEU -0.24 0.13 -0.24 -0.13
JAP -0.03 -0.01 -0.01 -0.01
EUR -0.08 -0.02 -0.03 -0.02
OEC -0.07 -0.03 -0.02 -0.01
PVD 0.11 0.06 0.07 -0.02
World 0.00 - - 0.00

Mid OEU -0.24 0.28 -0.51 -0.45
JAP -0.06 -0.03 -0.02 -0.02
EUR -0.18 -0.05 -0.08 -0.05
OEC -0.17 -0.08 -0.06 -0.03
PVD 0.21 0.14 0.17 -0.10
World -0.03 - - -0.03

High OEU -2.72 -0.10 -1.00 -1.63
JAP -0.06 -0.01 -0.02 -0.03
EUR -0.33 -0.04 -0.20 -0.09
OEC -0.38 -0.12 -0.16 -0.10
PVD 0.32 0.22 041 -0.30
World -0.16 - - -0.16

a8 Sum of discounted values as % of the sum of dis-
counted final households consumption (2008-2050)
- 5% discount rate

b Total welfare

¢ Gains and losses of the terms of trade

d Net revenue from the trade of GHG certificates

¢ Deadweight loss

even for the more ambitious policies. In most scenarios,
without taking developing countries into consideration,
Switzerland is better bthan other regions. Only in the
“zero footprint” and “zero footprint” scenarios does
Japan sliedsmaller welfare losses than Switzerland un-
der some of the international abatement schemes.

We further observe that when there is mandatory
minimum level of domestic abatement, the economic
impacts of the climate policies analyzed are favor-
able for Switzerland. There are welfare gains in all
scenarios with the exception of the “zero footp#iht
For instance, achieving a 50% reduction of domestic
emissions in an international environment aiming at
moderate abatement (i.e. the “low” and “mid” sce-
narios), would require a GHG tax of approximately
100 USDtCOyeq. Despite the fact that this tax rate may
seem high when compared to the tax required to collect
sulcidnt revenue to purchase certificates corresponding
to the same target, i.e. 1.2 UBDO,eq, the gains in the
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terms of trade resulting from the higher tax allow for a
higher total welfare - as we have explained above.

The eledts of the policies on the Swiss economy are
more noticeable when we consider the “high” world
scenario. The largest welfare loss is of 0.23% for the
“zero footprint” and “zero footprint” scenarios. Fur-
thermore, if international targets are more stringent, as i
is the case in the “high” scenario, the tax that allows re-
ducing domestically 50% of the emissions should reach
more than 150 USIBCO,eq. This 50% increase in the
level of the tax, compared to the “low” and “mid” sce-
narios, is due to the strong decrease in energy demand
worldwide which leads to a significant reduction of en-
ergy prices. An increase in the GHG tax is therefore
necessary in order to achieve the same abatement. In-
terestingly, when aiming at a 75% reduction under the
"high” scenario, the level of domestic abatement is also
50%, but due to a large transfer of capital caused by
the purchase of expensive GHG certificates, the econ-
omy contracts slicidntly to allow for a lower tax, i.e.
144 USDtCO,eq, to achieve the same domestic target.
Figure5 schematically represents théagt of a trans-
lation of the MAC curve due to the reduced economic
activity. The areas BCEF and HCDG represent respec-
tively the tax revenues and the purchase of certificates in
value. The figure shows that the tax allowing for 50%
of abatement can be higher than the ttax{j whose
revenue is used to purchase GHG certificates to reach a
75% total abatement due to the reduction of the activity.
Both taxes achieve a domestic 50% abatement, cross-
ing their respective MAC curves in points A and B. The
same dedt, but at a lower scale, can also be observed in
the results of the “mid” scenario where the taxes allow-
ing for a 50% domestic abatement decrease when the
total abatement requirements increase.
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Figure 5: Translation of the MAC curve due to activity redoot



On the production side, there are no surprises for the price of GHG certificates is high. Among those, the
the two energy sectors active in Switzerland. Figbre “agriculture” and “chemical, rubber and plastic” sec-
shows that, on the one hand, the “Petroleum products” tors, two sectors known for their dependance on prod-
sector, which is rather limited in size in Switzerland, is ucts derived from oil or oil itself, benefit from major
the major loser in all scenarios since its products are di- changes in the trade patterns. In the “high - neutral” sce-
rectly taxed. On the other hand, the “electricity” sector nario, the “chemical, rubber and plastic” sector sees an
benefits from the fact that the Swiss energy production increase of exports overcoming the increase in imports,
is mainly produced from nuclear and hydro. Itis impor- and the agricultural imports drop almost 30%, thus stim-
tant to note that the model assumes a continuity in the ulating domestic production. Similarly, the Swiss “Min-
current electricity production patterns. Consequently, eral products” and “Metal and metal products” sectors
these results would change significantly if we would as- also benefit strongly from the decrease in imports.
sume that nuclear power plants would be replaced by
gas turbines. High - Neutral

The impact on the remaining sectors varies. Even
strong climate policies have little impact on the “ser- 3000
vices” sector. Regarding road and rail transport (“trans-  1gq
port nec”), the sector is not stronglyedted even in the 0

\i

“high” scenario. In 2050, for those scenarios where the 5N Y% 9 2 8 9 2

Swiss tax is lower than the world price of certificates, &« & & |8 8 & §

the reduction of the demand for fossil fuels world wide

drives their price down, which directly benefits this sec- High - 50%

tor in Switzerland. For the “neutral” scenario, in which

the Swiss tax equals the price of certificates in 2050, the 3000

transport sector faces an increase in energy prices of ap- 2000 _

proximately 70% but nevertheless, in view of the low 1000 —
substitutability of transport to other inpdighe impact e s g o o N o —TaxCHE
of the tax is low. If rail and road transport were sepa- § § § § § § § PW

rated sectors, we would certainly observe a switch from
road to rail, which, in Switzerland, uses almost exclu- _. _ , . . . o

. _ . . Figure 7: Swiss tax vs international price of certificates
sively electricity produced without fossil fuels. [USD200/COzeq]

The dilefence between the production patterns in
2030 and 2050 are explained by the non-linear vari-
ation in the price of the GHG certificates. Domesti-
cally, the GHG tax is defined as growing linearly from
2008 to 2050. Nevertheless, when it comes to the total 4-3-1. Emissions
emissions target, the price of certificates in highly influ- ~ Figure 8 shows to what extent the residential sector
enced by the participation of DCS in the global abate- can contribute to the abatement, by presenting how the
ment ear. In the “mid” and “high” scenarios, the price  emissions of the residential sector and of the rest of
of GHG certificates starts to grow rapidly only as of the economy evolve over time, as well as what share
2030, when DCS are required to constrain their emis- of the abatement is undertaken by the residential sector.
sions. Figure7 shows the diefence in prices between The dashed lines show the targets of the total emissions,
the Swiss tax and the international price of certificates, i.e. compensation being deducted. The modeling with
in the “high-neutral” and “high-50%” scenarios. There- MARKAL-CHRES, with its explicit representation of
fore, the more GHG certificates need to be purchased,technological options, shows that, without having to im-
the more important are the transfers of money, which plement “backstop” technologies, a strong and natural
drives down the exchange rate, penalizing imports and switch to cleaner technologies takes place in case of
favoring exports. high taxes. In order to avoid high costs in the future,

As a consequence, some sectors come out surpris_househ0|d5 invest in cleaner technologies rapidly. The
ingly well in 2050, in particular in those scenarios where residential sector starts contributing significantly te th

overall abatement when the GHG tax reaches around
35 USDtCOeq (Mid - Neutral), and does the major
“the elasticity is set to 0.2 part of it when the tax gets close to 100 USDO,eq
12

4.3. Swissresidential sector
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Figure 6: Sectoral production change due to the policy stena

(Low - 50%t)8. In the high scenarios, the residential
sector stops emitting Cas early as 2030, switching to
technologies using electricity instead of fossil fuels.

4.3.2. Energy consumption and technologies
For the evaluation of energy consumption and tech-

increases in residential floor area over the next 40 to 50
years, already this observation indicates that substantia
improvements are likely to arise without stringent cli-
mate policy, even though further reductions in consump-
tion are attainable when appropriate policy measures are
implemented. However, these results also show that im-

nologies we concentrate on the residential sector as aplementation of mild (“low”) world-wide emission tar-

whole and more specifically on the residential heat- gets does not achieve significant reductions in domes-
ing sub-sector, which in 2000 accounted by far for the tic fuel consumption when Switzerland is able to meet
largest share of residential energy consumption. At the its emission reduction commitments through the pur-
same time the residential heating sub-sector appears tachase of tradable certificates. In this case, technological
olerdsubstantial demand reduction possibilities in terms change is moderate, with technologies and fuels similar

of available technological options and energy saving
measures.

All scenarios examined here project a reduction, or at
least a stabilization in residential fuel consumption from
levels in 2000. For instance, according to IEA Statistics,

residential energy consumption amounted to 234.6 peta-

joules (PJ) in 2000, while the highest observed value of
all scenarios is 224.4 PJ in 2020 and 225.9 PJ in 2050.

A similar trend is observed in the residential heating .

sub-sector, where even in the scenarios with the low
emission reduction targets, energy consumption stabi-
lizes around its year 2000 value of 165 PJ. Considering

8We suspect that private transportation, if modeled simitariye
residential sector, could provide additional abatemenbdppities
and, therefore, reduce the needed tax
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those used today (but with slightly highef eiéncies)
continuing to be the main options. Examples of these
technologies include oil and natural gas room heating
or combined room and water heating systems.

When “low” world-wide emissions targets are com-
bined with a requirement to achieve 50% of the emis-
sion reductions domestically€*), we observe a signif-
icant impact on the Swiss residential sector. This impact
is twofold. On the one hand such regulations reduce the
overall energy consumption by promoting the adoption
of energy-saving technologies, such as insulation. By
2020, residential energy consumption declines to 208
PJ and reduces further to about 130 PJ in 2050. A large
share of this reduction occurs in the residential heating
sub-sector, where energy consumption halves to about
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Figure 8: Contribution to the abatement of the residentieisgMtCO,eq]

77 PJ (relative to 2000 levels). On the other hand such cates.

regulations also trigger fuel switching on a large scale.  Only when “high” (stringent) world-wide emission
The consumption of fossil fuel diminishes drastically to targets are combined with strong domestic emission
around 20 to 25 PJ in 2050, CompaI'Ed to around 160 PJtargetS (Corresponding to the “neutral” and “zero-

in the scenarios where Switzerland is able to meet the footprint“ Scenarios)’ does the Swiss residential sec-
targets through the purchase of certificates. This coin- tor shift completely away from fossil fuels. Instead of
cides with an increase in the consumption of electricity pyrchasing emission certificates, additional electri¢ hea
to more than 100 PJ. In the residential sector this changepumps are installed in single and multi-family houses to
is triggered by switching from fossil heating equipment  satisfy the heating demand, which due to their higiel

to heat pumps in single and multi-family houses. New cjency lowers the final energy consumption. Addition-
houses are constructed with heat pump and wood peueta"y, by Supporting and imp|ementing enhanced energy-
heating equipment. It is also worth reiterating that the saving standards (i.e., improved insulation), the energy
residential sector still uses fossil fuels in all of the “low demand (usefu| energy) can be reduced by up to 23.5
scenarios. A|thOUgh a minimum domestic abatement of PJ per year. Hence, h|gh performance energy Saving
50% is required in SWitzerland, the additional reduc- techno|ogies contribute to a |arge share of the reduc-
tions required in the scenarios “neutraland “zero-  tion in energy consumption. For example, better insu-
footprint+” are achieved by purchasing emission certifi- |ation of the housing stock, such as by using a double

14
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Figure 9: Fuel consumption in the residential sector

or triple-glazed window insulation with a thermal trans- USD,p/tCOeq in 2050. At first glance, ensuring do-
mission cod cidnt of 1 Wm?K?® or less, is important  mestic abatement through the implementation of a do-
in these scenarios. In addition to these energy saving mestic tax may seem unreasonably expensive because
options, expensive biomass and other renewable tech-of the current prices of CO Nevertheless, our sim-
nologies (mainly pellet heating but also combined solar ulations show that through gains in the terms of trade,
systems) also penetrate the domestic market to reduceSwitzerland would actually benefit in terms of total wel-
emissions further. fare from setting targets to domestic GHG emissions.

This analysis of high reduction targets indicates that Those gains would obviously be reduced when global
the maximum energy reduction potential amounts to emissions targets become tighter due to higher prices
slightly more than 50% in the residential sector (com- for international emissions certificates. The tax would
pared to 2000 levels), for the set of technologies in- even have to be increased in case that the world target
cluded. In the residential heating sub-sector, the energywould go beyond our high scenario due to the drop in
reduction potential (combining energy saving andel fossil energy prices that would follow the reduction in
cient heating technology) amounts to two-thirds of the demand.

energy consumed in the year 2000. When looking at the investments made in the residen-
tial sector, we can see that when economic agents have
5. Conclusions the certainty that fossil fuels will become more expen-

sive in the future, they should invest strategically and
According to the results presented in this paper, very rapidly in order to avoid excessive costs. Impor-
Switzerland has the potential and the means to ex- tant technology options in this context include energy
tend its climate policy beyond the 50% target currently saving technologies (such as improved insulation) and
under discussion for 2050. It couldf@id, indepen- e [ciant electric heat pumps, which reduce energy de-
dently of climate policies in other parts of the world, mand and facilitate a shift away from fossil fuels. In ad-
to achieve a target of 2tG@dcap while ensuring at  dition, for more stringent policies, biomass and renew-
least 50% domestic abatement through the implemen- ables play an additional role. This study shows that the
tation of a domestic progressive GHG tax reaching 144 technological alternatives to replace fossil fuels in the
residential sector exist, and those technologies become
Swatt per square meter-kelvin profitable when GHG taxes are implemented. Using our
15




Table 4: Fuel consumption and energy savings for residemtiaing

inPJ
Energy
Scenarios All fueld Saving$
World  Switzerland 2020 2050 2020 2050
Low 50% 164.7 1725 95 161
sustainable 164.7 1722 95 165
neutral 164.7 170.3 95 165
zero-footprint 164.4 1612 98 173
50%+ 147.7 77.2 108 196
sustainable 147.7 77.2 108 19.6
neutrat 147.7 77.2 108 19.6
zero-footprint  147.7 77.2 108 196
Mid 50% 164.4 158.3 98 173
sustainable 163.9 1335 103 180
neutral 162.0 116.6 103 188
zero-footprint 148.7 79.6 108 196
50%+ 147.7 77.2 108 19.6
sustainable 147.7 77.2 108 196
neutrat 147.7 78.5 108 19.6
zero-footprint  148.2 78.9 108 196
High 50% 153.8 126.4 10.7 189
sustainable 137.5 67.2 111 202
neutral 131.3 65.1 11.3 209
zero-footprint 95.8 579 134 235
50%+ 137.3 67.2 112 203

a Total energy used
b Useful energy saved
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coupling procedure for other parts of the economy, e.g.
private transportation, commercial buildings and indus-
try, would bring additional technological options which
are not taken into account in this study. These options
would provide additional flexibility in reducing emis-
sions, thereby reducing abatement costs. In the frame-
work of coupling, the energy model somehow provides
a similar feature as the implementation of an arbitrary
backstop technology, but with a realistic technological
description. This provides additional insights by iden-
tifying specific technologies and enhances the overall
modeling framework.
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A. Coupling algorithms

The algorithms below use the the following nomen-
clature:

e total target on Swiss emissions

& minimal target on Swiss domestic
emissions

trmin minimum value of the Swiss GHG tax

tmax maximum value of the Swiss GHG tax

fm fuel mix

ai annualized investments

fmy, baseline fuel mix

aip baseline annualized investments

PE energy prices

M() run of MARKAL-CHRES

e Swiss GHG emissions in the target
year

target  variable indicating which of the do-
mestic or total target is binding

Pw World price of GHG certificates

G() run of GEMINI-E3

Crity Swiss domestic criteria

Critpg energy prices criteria

crit Swiss total criteria

criteria overall criteria

tax Swiss GHG tax

Atax variation of the tax between two itera-
tions

APE variation of the prices of energies be-

tween two iterations



Algorithm 1: Procedure - RunMG

(fm, ai) = M(tyax, PE);

(ev p\N: PE) = G(tmaXv fmv a])a
Critee = Xij |APE;j|

if critpg > 0.01then call RunMG;
crit=e—e: tya/ pw — €

crity = e—€q;
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Algorithm 2: GMC-2.0 Coupling procedure with-
out minimum domestic target

Input: Total target on Swiss emissiors
Output: Swiss taxtax
tmin = 0; trax = 100;
(e! Pw;, PE) = G(tminy fmo: alb)!
tax = thax
call RunMG;
whilecrit > 0do
tmin = tmax; tmax = tmax + 100;
call RunMG;
end
tax = tyin + (tmax — tmin)/2;
while |crit| > 0.01and |Atax| > 0.001do
call RunMG;
if crit < Othen
| fmax = tax
else
| tmin = tax
end
tax = tyin + (tmax - tm’n)/z;

end




Algorithm 3: GMC-2.0 - Coupling procedure with
minimum domestic targedy

Input: Total target on Swiss emissioesMinimal target on
Swiss domestic emissiorg
Output: Swiss taxtax
target = O; tmin = O; tmax = 100;
call RunMG;
while critg > 0 or crit > 0do
tmin = tmax; tmax = tmax + 100;
call RunMG;
if crity < 0and crit > Othen B
| target=t; criteria=e—rev/pw — €
elseif crity > 0and crit < O then
| target =d;criteria=e-¢ey;
end
end
tax = tyin + (tmax — tmin)/2;
whiletarget = 0do
call RunMG;
if crit < 0then tyax = tax else tyin = tax;
tax = tyin + (tmax — tmin)/2;
if crity < 0and crit > 0 then
| target=t;criteria=e—rev/pw—€
elseif crity > 0and crit < O then
| target =d; criteria=e— ey;
end

end
while[criterial > 0.01 and |Atax| > 0.001do
call RunMG;
if target = t then _
| criteria=e—e-tax/pw—€
else _
| criteria=e—eg;
end
if criteria < O then tyax = tax else tyin = tax;
tax = tmin + (tmax — tmin)/2;

end

B. Equationsin the Residential nest

The residential part of the households consumption
is calculated with the equations below whereefer to
regions and to the time periodA, a ando are respec-

tively the scale, share and elasticity parameters of the

CES functions.

HCRESE, - 6/°*' = HCRES; - \'“'s.. e

PCRESr O—I;res
PCRESE, - Acres . greset , (5

where8/®* the technical progress of the residential
energy nest anBCRESE is the price of residential ag-
gregated energy good.

The residential consumption of services@;5,
calculated as:

) is

HCIE - 6°17" = HCRES, - N'®®. (1 - af*®)
o-pres

PCRES; ©)

heres | presi7t
PCl?r ' )\r ! er

where8!®!7 the technical progress of the residential
consumption of services arfeC,7, is the price of the
residential consumption of services.

The residential consumption of energig$Q(:®) is
calculated as:

HC[?* = HCRESE, - N¥* . o[*>*.
[ PCRESE;
PCir ,)\pcres

o-lr‘lrese

] , #F1,...,5 @)
where PC; the price of consumption goodsand
Yo =1
Furthermore, the residential nest accounts for only a
part of the consumption of energy goods as well as ser-
vices. In order to have the total final consumption in
those sectors, we use the following formulas:

HCi, = HC[®+ HC"®, [i*1,...,5,  (8)
HCu7 = HC{S; + HCT. ©)

Finally, the prices of the aggregated gooHKCRES

The consumption of the residential aggregated good andHCRESE) are calculated as follows:

(HCRES) is calculated as:

he
PCT, Or
HCRES, 8! = HCT, .= —
PCRES; - A . gjes
(4

where 6/ the technical progress of the residential
nest, HCT is the total aggregated consumptid®?CT
the price of the aggregated consumption &WRES
the price of the residential aggregated good.

The consumption of the residential aggregated energy

good HCRESE) is calculated as:
18

PCRESE, \' "
PCRES, = \'®s. Gﬁese'(—egeset ') +
PCy7r |07
_ nfesey .
(1-of )(epeﬂﬁ) ] , (10)
e
PCRESE; = 7\;638-[ > ape=. pc o
i=1,...5
(11)



C. Characteristics of the models

Tableb presents the regional and sectoral dimensions
of GEMINI-E3, as well as the sectoral aggregation used
in this paper. Tabke shows the useful demands in
MARKAL-CHRES.

Table 6: MARKAL-CHRES Demand segments

RC1 Cooling

RCD Clothes Drying

RCW Clothes Washing

RDW  Dish Washing

REA  Other Electric

RH1 Room-Heating Single-Family Houses (SFH)
existing building

RH2 Room-Heating SFH new building

RH3 Room-Heating Multi-Family Houses (MFH)
existing buildings

RH4 Room-Heating MFH new buildings

RHW  Hot Water

RK1 Cooking

RL1 Lighting

RRF  Refrigeration
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