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Summary

In order to assess climate mitigation agreements, we propose an iterative procedure linking
TIAM-WORLD, a global technology-rich optimization model, and GEMINI-E3, a global
general equilibrium model. The coupling methodology combines the precise representation
of energy and technology choices with a coherent representation of the macro-economic
impacts, especially in terms of trade effects of climate policies on energy-intensive products.
In climate mitigation scenarios, drastic technology breakthroughs are required as soon as
possible, especially in large emitting countries, and in all sectors of the economy. Energy-
intensive industries tend to be delocalized in regions where low-carbon production is feasible
and cheap, or in regions without emission cap. However, emission leakage remains small,
mainly due to global lower oil demand, and energy exporting countries are extremely
penalized given lower energy exports. Emission reduction at least in the power sector and in
energy-intensive industries of developing countries must be considered to reach the 2°C
target.
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Abstract (150 words) In order to assess climate mitigation agreemevespropose an iterative
procedure linking TIAM-WORLD, a global technologigh optimization model, and GEMINI-E3, a
global general equilibrium model. The coupling neetblogy combines the precise representation of
energy and technology choices with a coherent septation of the macro-economic impacts, especially
in terms of trade effects of climate policies oemgy-intensive products. In climate mitigation saeos,
drastic technology breakthroughs are required @s as possible, especially in large emitting caesjr
and in all sectors of the economy. Energy-intensidestries tend to be delocalized in regions where
low-carbon production is feasible and cheap, aegions without emission cap. However, emission
leakage remains small, mainly due to global lowkdemand, and energy exporting countries are
extremely penalized given lower energy exports.dsion reduction at least in the power sector and in
energy-intensive industries of developing countnesst be considered to reach the 2°C target.
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1. Introduction

The worst impacts of climate change can be mitdyditg restructuring the economy
along a low-carbon energy path. This will requirajon changes in both consumption
and production patterns (Krest al, 2013; Caprost al, 2014). The definition of a

global agreement based on low carbon energy pathssually associated with the
creation of carbon markets for driving low carbowwastments and achieving the
environmental objectives in a cost-efficient manndowever, low carbon energy
policies might affect the competitiveness of soraentries as well as the basic right to
economic development of developing and emergingicims. All these factors affect

the willingness of countries to endorse any inteomal climate commitment.

This study explores the essential conditions nagedi in the cooperation between
industrialized countries and developing or emergiagonomies to achieve a
comprehensive worldwide climate policy that effeely limits the global long-term

temperature increase to 2°C. Energy technologesiathe heart of emission mitigation
and the cost impacts on the economy of mitigattoatesgies may be significant in some



countries. It is therefore crucial to have a precepresentation of technology choices to
mitigate climate change and access to welfare gain®sses associated with these
techno-economic choices. Two types of models aeetbre used in this study: TIAM-
WORLD, an integrated climate-energy-technology nhode identify the best
technology and fuel options in all sectors to rednehclimate goal, and GEMINI-ES3, a
computable general equilibrium model, to analyzerdsponse of the economy to a tax
or a limitation of greenhouse gas (GHG) emissiohise two models are coupled
through an iterative exchange of data until coneeocg of energy demands.

The coupled models are used to evaluate severalati agreements between
industrialized and developing/emerging countrieisstFa global cooperative climate
agreement is implemented; it enters into force 02@ and involves the entire
economies of all countries; it corresponds to tim@lémentation of an international
emissions trading system (ETS). In such a cooperagreement, mitigation costs are
shared amongst all countries. Second, the climgiteeanent is limited to some or all
energy intensive sectors of developing and emergotries, and covers the entire
economies of developed countries. This agreemesepts two advantages which may
facilitate its acceptation: since households ofelil@ying and emerging countries are
excluded from the climate agreement, the burderogeg to them is reduced; since
energy intensive industries of developing and emgrgountries are included in the
climate agreement, the loss of industrial competitess of developed countries is
reduced. Bosetti and Victor (2011) and IEA (200@kdatibe sectoral approaches as
interesting second-best climate agreements. Howelandi-Cherifet al (2011) notice
that there have been very few quantified analy$esich climate agreements.

Technology changes, macroeconomic and inter-séotfiects are assessed with the
coupled models. The technology and energy charegpsred to limit the temperature
increase to 2°C are drastic, and must be implerdeate soon as possible. Major
technology breakthroughs outside the electricitst@eare absolutely required. In other
words, if the climate agreement is limited to thewpr sector of developing and
emerging countries, the 2°C target is infeasibfeerergy-intensive industries are
included in climate agreement, both primary enengyaction and industrial production
are partially delocalized in regions where low-@artproduction is cheaper (Former
Soviet Union and Africa for extraction, and Asia fodustrial production). Moreover,

energy exporting countries are penalized given i@mergy exports.

Section 2 provides a brief classification of mod@lipling. Section 3 introduces the two
models TIAM-WORLD and GEMINI-E3, and describes ttwupling methodology. In
section 4, global and partial cooperation agreeman¢ assessed. Finally, section 5
concludes by discussing the added value of thegzexgpmodelling approach.

2. Toward cooperative worldwide climate strategies:
using TD/BU coupling approaches

The objective of the proposed methodology is toptod’ IAM-WORLD, a so-called

bottom-up (BU) model, and GEMINI-E3, a top-down (JTBxodel, in order to study
global and partial climate agreements between réffite groups of countries in the
world. This section reviews the different couplimgthodologies.
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2.1. BU and TD models

BU modelsare very detailed, technology explicitodels that focus primarily on the
energy dimension of an economy. In these models, @hergy system is usually
represented by a large number of technologies,ggneommodities, energy service
demands, and emissions. The production functiora &fector, including flows and
prices, is implicitly constructed, rather than egiplly specified as in more aggregated
models. Such detailed analyses are fast becomiequarement by the policy advisers
for the analysis of energy outlooks and climateigeed. Of course, such implicit
production functions and the tracing of resultskbaxctechnological assumptions may
be quite complex, depending on the complexity ef iference energy system of each
sector. Well adapted to assess technological aptiooitom-up models generally fail to
represent all the complex market interactions sitteyy do not incorporate all the
economy activities and components such as labpitataetc.

TD modelsare either computable general equilibrium (CGE)dets, or long-term
macroeconomic growth models. They represent theeeatonomy via a relatively
small number of aggregate variables and equatidnshwsimulate the main economic
variables (labor, consumption, capital, internaglontrade, etc.), the potential
substitutions between the main factors of productienergy, capital, and labor) and
their interactions with the economic output. Theduction is often formed by a
constant elasticity of substitution (CES) productfanction, with an energy aggregate
that can be substituted by the other productiotofac The economic and energy flows
are all represented by economic accounting in emtsturrency. Top-down models lack
detailed technological information on the energystem, especially for energy
production, conversion, and consumption by endsuser

2.2. Coupling BU and TD models

Four main types of methodology are proposed to leotpp-down and bottom-up
models.

The first methodologyconsists in linking models via the exchange ofadahe two
models are run independently until the expectedemence of some selected criterion.
This approach minimizes the number of structuradngfes of the original models.
Hoffman and Jorgenson (1977) used this approachadel US energy policies. The
MESSAGE-MACRO model (Messner and SchrattenholzeQ002 links a
macroeconomic model (MACRO) with an energy supplgdel (MESSAGE). The
NEMS model (Energy Information Administration, 2Q0@ks several technology-rich
modules and a set of macro-economic equations,amtiterative method. Drouet al.
(2005) links the Swiss MARKAL model, restrictedttee housing sector, to a top-down
model, GEMINI-E3. Bohringer and Rutherford (2009nderlines the risk of
methodological inconsistencies of this simple mdtiogy, when the two models are
very different.

The second methodologyonsists of integrating technology details in tigwn models

(Bohringer, 1998; Wing, 2006) or calibrating nes@&H#dS functions of top-down models
with the responses of bottom-up models. Kiuila &utherford (2013) propose several
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methods to approximate the bottom-up cost steptifume into piecewise-smooth

function, which describe the marginal cost curvesop-down models. They apply four
methods (numerical, OLS, analytic and hybrid) tdfqren the estimations. Schéafer and
Jacoby (2005, 2006) apply this methodology to thegportation sector of EPPA based
on a simulation with MARKAL, Pizeet al. (2003a, b) to the electricity sector, Loschel
and Soria (2007) to the electricity module of PA@GEZGE model. The interest of this
methodology is that it leaves unchanged the straobfi each model. But it does not
allow the introduction of a very detailed technotad representation - the number of
described technologies is often less than 10.

The third methodologyconsists of creating a single integrated moded: ibttom-up
model is augmented with equations coming from adown model, typically an
economy-wide single production function. For exaaARKAL-MACRO (Manne
and Wene, 1992) combines the technological defallARKAL or TIMES with the
single-sector production function from ETA-MACRO @Whe, 1981), or MERGE
(Manne and Richels, 1992). In TIAM-WORLD, the firahergy service demands are
elastic to their own prices. Loulou and KanudiaO@0show that these price elasticities
account for most of the energy-economy interactiéis this reason, TIAM-WORLD
qualifies as partial equilibrium models that go dey the optimization of the energy
sector.

The fourth methodologys the full integration of models within a sametiopzation
framework either via a monolithic program, whenhbotodels are written in the same
computer language, or via a decomposition methdwnwsolving the combined model
is too difficult. In the first case, Bohringer amlutherford (2008) propose a mixed
complementary problem, successfully applied to nwdef reduced size; the
methodology require too much computational powebéoapplied to more complex
models. In the second case, Bohringer and Rutlie(R009) propose the exchange of
variables and parameters in a separate modulehwalpitmizes a meta-model to ensure
both the consistency of the final solution and to:vergence towards an optimal
solution. This method has been successfully impigatkein Tuladhaet al. (2009) and

in Lanz and Rausch (2011), where a CGE model offtBeeconomy is coupled with a
bottom-up model of the US electricity sector tolgpa climate policy scenarios.

Our approach is akin to the first type above, bithwan important difference: the two
models are modified before being coupled, in order remove the potential

inconsistencies and overlaps between the two. Negtion describes the proposed
coupling methodology.

3. The proposed methodology to couple TIAM-WORLD
and GEMINI-E3 models

Both TIAM-WORLD and GEMINI-E3 models encompass théhole economic
production system and calculate an economic equifih However, they differ in the
scope of the economic equilibrium they compute. Witeupled, they share some
common decision or state variables: the demandsrfergy services of TIAM-WORLD
are computed with macro-economic, which are anwutp GEMINI-E3; on the other
hand, GEMINI-E3 requires a description of the egergx needed for the production of
each sector output; these energy mixes are basdbeoautputs of TIAM-WORLD;
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world prices of fossil fuels needed in GEMINI-E3saalso based on the outputs of
TIAM-WORLD.

3.1. Presentation of TIAM-WORLD

TIAM-WORLD (TIMES Integrated Assessment Model) isgbobal technology-rich

bottom-up model that represents the entire eneygyes of the World divided in

regions (15 regions in the version used for thigliagtion). It covers the procurement,
transformation, trade, and end-uses of all eneogyg in all sectors of the economy.
The model contains explicit detailed descriptions more than one thousand
technologies and one hundred commodities in eagionglogically interrelated in a

Reference Energy System (Figure 1). Such techrazdbgdietail allows precise tracking
of capital turnover, provides a detailed descriptad technological competition, and
allows the modeler to simulate almost any typengfrgy or emissions policy.

TIAM-WORLD is driven by a set of 42 demands for eneservices in all sectors:
agriculture, residential, commercial, industry, @mghsportation. Demands for energy
services are specified by the user for the Referenenario, and have each an own
price elasticity. Each demand varies endogenous$iternate scenarios, in response to
endogenous price changes. The model thus compudgsaaic inter-temporal partial
equilibrium on worldwide energy and emission maskeased on the maximization of
total surplus, defined as the sum of surplus oftipliers and consumers.
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Figure 1. Reference energy system of TIAM-WORLD

Emissions of C@ N,O and CH from all anthropic sources (energy, industry, land
agriculture, and waste) are endogenously modetli¢ideatechnology level. Greenhouse
gas mitigation options available in the model ageergy substitutions, improved
efficiency of installed devices, specific non-C@&batement devices (for example, £CH
flaring or utilization for electricity productiorsuppression of leakages at natural gas
transmission level, pO thermal destruction, anaerobic digestion of wsastgh gas
recovery, etc.), sequestration (£€apture and underground storage, biological carbon
sequestration), demand reductions in reactiondeeased carbon prices.

A complete description of TIAM-WORLD appears in llou (2008) and Loulou and
Labriet (2008). The generic TIMES equations are ilabke at
http://www.etsap.org/documentation.asp

3.2. Presentation of GEMINI-E3

GEMINI-E3 is a multi-country, multi-sector, recursicomputable general equilibrium
model comparable to the models EPPA (Paliskeal. , 2005) or GEM-E3 (E3Mlab,
2010). GEMINI-E3 represents the world economy inrggions and 18 sectors. The
standard model is based on the assumption offtetability in both microeconomic or
sector markets (goods, factors of production) aadroeconomic markets (capital and
exchange markets). The associated prices are Hlerat of interest and the real
exchange rate, which are then endogenous.

The model is built on the GTAP database, a commstie energy-economy dataset
that incorporates a consistent representation efggnmarkets in physical units, social
accounting matrices for each individualized coumnégion, and the whole set of
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bilateral trade flows. Additional statistical infoation accrues from national accounts
of the Organization for Economic and Developmenb&aration, energy balances and
energy prices/taxes of the International Energy nkge and statistics from the
International Monetary Fund. Carbon emissions areputed on the basis of fossil fuel
energy consumption in physical units. Non-Qfdeenhouse gases emissions {(¥O
and F-gases) are modeled by region and sectorfisp@arginal abatement cost curves
provided by the Energy Modelling Forum (van Vuur2@06). A detailed description of
GEMINI-E3 is provided by Bernard and Vielle (2008}l information about the model
can be found at http:/gemini-e3.epfl.ch.

3.3. The harmonisation of the two models

The initial harmonisation of the two models is ¢alidco guarantee the consistency of
the coupling methodology and it requires a metigslexamination of the regional and
sectoral definitions in the two models. A detailedpping framework must be defined
between the regions, the activity sectors, and ehergy commodities of the two
models. This task represents a complex challenge.

Table 1 presents the regions, commodities and esigngectors for which connections
between the two models were built. The detailed pimgpof these three entities is not
presented in this article but is available uporuesq.

Regions Commodities

United States of America (USA) COAL Coal

Canada (CAN) COIL Crude oil

Mexico (MEX) CGAS Gas

Rest of America (LAT) CPET Refined petroleum praguc
Western Europe (EUR) CELE Electricity

Eastern Europe (XEU) COTH Other energy sources
Former Soviet Union (FSU) CBIO Biomass

Africa (AFR) CHHD Hydrogen

Australia + New Zealand (AUZ) Economic sectors

India (IND) AGRI Agriculture and forestry
China (CHI) MINE Mineral products

Japan (JAP) CHEM Chemical, rubber, plastic
Middle-East (MID) META Metal and metal products
Rest of Asia (ASI) PAPE Paper products publishing

TRAN Land transport

SEAT Sea transport

AIRT Air transport

CONS Consuming and equipment goods
SERV Services

HOUS Households

Table 1. Coupled regions, commodities and econgetutors
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The basic assumptions behind the Reference casdbeofwo models were also
harmonised: population and GDP growths, energyeprias well as some energy
policy, such as the penetration of coal power (atnon in some regions of the world to
reflect local air quality policies) and nuclear i (national and regional policies).

Both GEMINI-E3 and TIAM-WORLD compute nearly thensa Reference World GO
path until 2030. After this year, the @@missions of TIAM-WORLD increase faster
than those of GEMINI-E3 and reach 84 GtCi@ 2050 compared to 65 GtGGn
GEMINI-E3. A 30% difference in World CQemissions in 2050, mainly in industry, is
not unusual, as proved by the results of severaletfing exercises such as the Energy
Modelling Forum (Kreyet al, 2013; Loulouet al, 2013), the Asian Modelling Exercise
(Labriet et al, 2012). Different assumptions in the charactesstand evolution of
technologies used by the models contribute to tddégent long term emissions.

3.4. The coupling methodology

The intent of the proposed coupling is to beneditf the technological details provided
by TIAM-WORLD, and from the macro-economic infornwet provided by GEMINI-
E3 in order to define energy or climate policiebeTprinciples of the coupling are as
follows (Figure 2):

* In GEMINI-E3, energy and C{prices, the fuel mix (distinguishing electricitgda
non-electric fuels), the technical progress on gneises (distinguishing electricity
and non-electric sector) and on capital consumptma computed on the basis of
results from TIAM-WORLD.

* In TIAM-WORLD, the growths of the GDP and of the natary value of the
industrial subsectors, used to compute the dememmd=nergy services, are based
on results provided by GEMINI-E3.

Energy mix

Energy prices
Technical progress
Investment costs

GEMINI-E3 ) CO2 price (climate runs) TIAM

Macro-drivers (GDP, Service
Industrial outputs) demands

Demand functions
demand=drivere'ast

Figure 2. The coupling framework

Forteset al (2013) have adopted a similar approach to coud{&3-Portugal and
TIMES-Portugal, inspired by preliminary version tfis work. They applied this
coupling framework only to the reference case.

! In GEMINI-E3, the price of fossil energy (coalude oil and natural gas) is established through the
balance of demand and supply of energy. In ordeeftect in GEMINI-E3 the fossil energy price pile§
computed by TIAM-WORLD, the evolution of energy easces used to compute the supply of energy
was accordingly modified.

% The technical progress on capital consumption oreashe productive efficiency of capital; low
technical progress corresponds to more capitaistilmtensive equipment.
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Each model is modified before being coupled. Tinglsi major modification of TIAM-
WORLD is the deactivation of the own price elasigs of the energy service demands.
This is important because TIAM-WORLD must use tkaat demand vectors provided
by GEMINI-E3 at each iteration of the coupling aitfom. Using non zero elasticities
in TIAM-WORLD would trigger undesirable modificaiie of the demands by the
model.

The modifications of GEMINI-E3 are more numerousnsure that the mix of energy
forms consumed in each sector is exactly the moxiged by TIAM-WORLD. Several
tasks are implemented for this purpose:

* The structure of the model is modified. New enefggms, not present in the
standard version of GEMINI-E3, are introduced: bé@s hydrogen, nuclear and
other renewable energy forms. These new energy sfororrespond to
consumptions of capital, energy and other materidigs modification requires the
rewriting of the structure of the nested CES fumtdi used in GEMINI-E3: new
branches are added. Figure 3 summarizes the chamglee production function
used in GEMINI-E3.

» The CES functions are replaced by Leontieff fundiowhich represent the shares
of each energy form. Only the nests that concetal gnergy consumption (for a
sector or a household) and the split between fdgsllenergy and electricity are
modified; the other parts of the nested structueereot changed (Figure 3). The
coefficients of the Leontieff functions are complitbased on the energy mix
obteined from TIAM-WORLD € ).

« The technical progress associated to the energiegag @) is computed from
TIAM-WORLD results. This coefficient determines tteanporal energy efficiency
improvement.

* In TIAM-WORLD the decrease of carbon emission corfnes) carbon free energy
(like solar, biomass, nuclear) and by low-carbaht®logies, (like carbon capture
and sequestration in the electricity sector). Ttieiteonal capital invested in these
new technologies is reflected in GEMINI-E3 throutfte use of new technical
progress incorporated in the capital consumptica @ decrease of the technical
progress@®).

* The energy price) and the price of carbo) are computed by TIAM-WORLD
at each iteration and used by GEMINI-E3.

* At the end of this procedure, all the energy corsions in GEMINI-E3 are
completely determined by the results of TIAM-WORLD.

Domestic production

Materials Capital Labor Energy

A Nuiclear Biomass Hydrogen Renewable Fossil Energy Electricity
Transport Other materials '

/\ /\ (-\)M/URNHTUIHI gas

Inputs 12-14 Inputs 6-11 & 15-18

Figure 3. Changes in the GEMINI-E3 nested CES fanct
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(in blue: variables whose coefficients are modifiegised on inputs coming from TIAM-WORLD; in red:
variables which have been added)

3.5. The coupling algorithm

The coupling variables are indexed by period, negsector, and/or commodity. For the
sake of simplification, the notations do not spea@fl these indexes in the following
text.

The coupling procedure implements a Gauss-Seid#hode(Hageman, 1981) which
seeks a fixed point for the useful demand vectdndugh an iterative procedure. First,
TIAM-WORLD is run with given useful demands, Pesulting from the harmonisation
phase of the two models. Then, GEMINI-E3 is rumgghe TIAM-WORLD outputs.
This is the first iteration. Next iteration stavigth new useful demandB,,, for k > 1,
computed from the GDP and the value added of imdlistubsectors provided by
GEMINI-E3 and adjusted by a weighted sum of the aleths of previous iteration. The
adjusted demands’, are given by the following formula:

k
I 2 .
D"_(k+2)(k+3);(l+1)Di'

The convergence criteriofy, at iteration k is defined as the ratio of the kilezn
distance between the two last demand vectors beendrm of the last demand.

( \/Zp(D,p,k_D,p,k—l)z
k =
2
sz Dyk

wherep is the period index. The iteration process stopsmthe convergence criterion
is smaller than a given threshold. The algorithmiven in Figure 4.

1. Set first demands Dy
Set k=0

2. Run TIAM-WORLD with useful demands Dy
Get fuel mixes Fy, CO, prices* Ty, energy prices Py, technical progress on energy 85 and
capital 0"

3. Run GEMINI-E3 with Fy, Ty, Py, 65, 65
Get GDPy and industrial outputs PRODy from GEMINI-E3
Compute demand vector Dy.1

4. Compute convergence criteria {y

5. Increment k

6. If{x=epsthengoto 2, else STOP

* CO, prices in the case of runs with climate constraints

Figure 4. The coupling algorithm

4. Application to climate agreements

Two kinds of climate agreements are studied withgioposed coupling methodology.
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» First, the global cooperative climate agreement (firsttbeslicy) represents an
idealized solution. It contributes to identify tHmest technology and energy
decisions for the World to limit the greenhouse g@ssions. However, it does not
indicate which country shoulpay for the mitigation options. The implementation
of this agreement is possible with an internatieraissions trading system or of
any future flexible mechanism based on programgrojects inspired from the
current Clean Development Mechanism.

* Next, two alternative partial cooperative climate agreerssare proposed where
only the energy intensive sectors of developing emerging countries participate
in the climate mitigation policies. The energy mmg®e sectors are mineral
products, chemical products, metal and metal prisdymaper). Such agreements
might be politically better accepted by developwogintries since the households of
developing countries are excluded from the climatdicies; adverse effects of
climate policies on households are therefore lihitEhese agreements could also
be better accepted by industrialized countriesesthey avoid the loss of industrial
competitiveness of developed countries, compareth vagreements where
industrial sectors of developing and emerging ceesitdo not have to mitigate
their emissions.

The climate target is defined by a maximal rad&fiorcing of 3.5 W/rhat all times. It
corresponds to a maximal global temperature inered2°C compared to pre-industrial
times. The Reference and the Climate scenarioddmmthat OPEC maximizes its net
revenues related to oil exports, and imposes duitdinsen production quotas to each
of its members.

4.1. Global cooperative climate agreement (S1)

A perfect long-term cooperation between all coastriall sectors is assumed. The
preferred decisions constitute the most cost-efficsolution available to the World to
limit the radiative forcingf{rst-best solutioh This scenario is called S1.

In order to assess the coupling methodology, tladyais compares the results obtained

with:

* GEMINI-E3 used in a stand-alone manner, without emypling (calledSEMINI-E3
alone);

 TIAM-WORLD used in a stand-alone manner (callétAM-Elas), where the
demands are elastic to their own price (see se8tibi);

e The coupled models TIAM-GEMINI-E3 (calledoupled-Models

Convergence of the climate scenario is obtainegt &ftiterations. The convergence of
the reference case is immediate, given the predigiharmonisation of the models.

4.1.1TIAM-ElastandCoupled Models

At the World level, differences in emission, climaand energy results between the
solutions obtained with theoupled-Modeland withTIAM-Elastare small.

Emissions and energy results
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Global CO2 emissions increase from 7.6 in 20053d52C in 2050 in Reference case
and to 6 GtC in S1 in 2050. China dominates theréutWorld emissions (up to almost
50% of global emissions in the Reference in 2050)eall as the future reductions (also
up to almost 50% of World reductions in 2050). Thatribution by India is far smaller,
with up to 11% of World emissions and 16% of Warductions. Given the weight of
these two countries in emissions and mitigatioohnelogical cooperation agreements
or any other cooperative framework to limit greemé® gas emissions must involve
them.

The possible impacts of the inter-sectoral effeétslimate policies are assessed. They
are taken into account by GEMINI-E3 but noflidM-Elast For example, in GEMINI-
E3, the growth of the nuclear electricity genematorresponds to an increase of capital
needed to build new reactors, as well as of thernmediate consumptions of the
equipment goods (mineral goods, metal goods, éthgse interdependencies between
different branches of activity of each country/megiare represented in GEMINI-E3
through an input-output table included in the Slb&iecounting Matrix of the model.
Results show differences in sectoral emissions detwWIAM-Elastand theCoupled-
Modelssmaller than 5% over the time horizon. In otherdgpthe inter-sectoral effects
of climate policies on sectoral emissions (congden GEMINI-E3 but not in TAM-
WORLD) remain small.

The most important mitigation options are the pextiein of low carbon technologies in
the power sector - mainly coal and biomass-firedgrgplants with carbon capture and
storage (CCS) and renewable (Figure 5), and thetisutiion of coal and oil by gas,
biofuels, and electricity, especially in energyeimsive industries and transports. Costs
and availability of CCS technologies are of coucsecial parameters to define the
preference and robustness of CCS compared to réheveptions. This analysis is
beyond the objective of this paper. Either CCSemrewable penetration in developing
countries will require collaborative R&D and techogy transfer between industrialized
and developing/emerging countries. The amount ditiahal investments needed in the
energy system of China in the global climate agesen$1 compared to the Reference
represents 17% of the total World additional inwestts, against 12% for India and
11% for Western Europe (results provided by TIAM-RAD). The high future
emissions of China explain the high level of inwesnt needed in the country to
implement the mitigation strategies.

CO, price difference is less than 1% between the tppr@aches (351$:dtCO; in
2050 inCoupled-Modelsand slightly higher iTIAM-Elastig Table 2). The increase of
the total discounted of the energy system in St theeReference case is slightly more
than 10000 trillions 10 or 0.6% to the total discounted GDP over the thoezon
2005-2050 inTIAM-Elastic It had occurred to us that a comparison of wellasses
betweenTIAM-Elastic and theCoupled-Modelsvould be interesting. Unfortunately,
this is not feasible, by the very nature of thepimg method. Indeed, welfare THAM-
Elast is represented by the total surplus (producers mglonsumers surpluses). In
contrast, in the coupled approach, TIAM-WORLD dedwafor energy servicese not
allowed to be elastic to their own prices, and dieenands are obtained directly from
GEMINI-E3. If we had allowed TIAM-WORLD demands lbe price elastic even in the
coupled approach, the coupling of the two modelsuldiohave been internally
incoherent, since the demands passed from GEMINBE3AM-WORLD would have
been immediately modified (i.e. falsified !) by TWVAWORD due to their elasticity to
prices.
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Figure 5. Electricity production in Reference, €lirhate Agreement between all Countries, all Se}t@®2 (Climate Agreement Limited to the Energghsive Industries)
and S2B (Climate Agreement Limited to Electricigngration) - Outputs of TIAM-WORLD in the Coupledellels.



Demands for energy services

The demands for energy services, especially thestndl products and final services

strongly depending on electricity (electric appties, lighting) are reduced in the

climate scenario. This change represents potemti@nges of behaviors of the
consumers. The results of theoupled-Modelsand TIAM-Elastic slightly differ.

Differences reflect the different approaches inrdggresentation of the variation of the

demands, simplified inTIAM-Elastic and more detailed in the macro-economic

GEMINI-E3 model. More patrticularly, th€oupled-Modeldetter represent the effects

of climate policies on the international trade ofqucts. The results are as follows:

» Agriculture, commercial, residential and road tygors behave similarly imTIAM-
Elastic and in Coupled-Models Demands for aviation and navigation are more
drastically reduced iflAM-Elastic Elasticities of these demands might need to be
decreased in TIAM-WORLD.

e All industrial demands decreasehAM-Elastic The dynamics are more complex
in theCoupled-Modelsind vary from one industrial sub-sector to another

* In both models, the reductions of industrial densamdChina and India are higher
than the World average. Indeed, the price elasticif these demands are higher in
developing countries than in industrialized cowasri

We focus now on the Iron&Steel sub-sector in otdebetter illustrate the differences
between TIAM-Elastic and the Coupled-Models The annual World demand for
Iron&Steel decreases by 14% in tBeupled-Modelsagainst 8% inTIAM-Elastic in
2050. The countries with the highest absolute aidtive reductions of Iron&Steel
production are China and India, which are alsoldéingest producers. Several countries
increase their production of Iron&Steel in ti@oupled-Models Australia, Eastern
Europe, Japan, Other Developing Asia, South Kdd&A and Western Europe, but not
in TIAM-Elastic,where production decreases in all regions.

The changes in regional production obtained inGloapled-Modelsare explained by

either changes in domestic consumption, or changexport/exports (Figure 6), as

modeled in GEMINI-E3. In other words, when courgrieve to reduce their emissions,

they can:

a) adapt their mode of production of Iron&Steel sottlitabecomes less carbon
intensive,

b) increase their imports of Iron&Steel from countribsein can produce it in a low
emitting mode,

c) decrease the domestic consumption,

d) decrease their exports.

In results, domestic consumption of Iron&Steel dases in all regions (Figure 6), as
observed inTIAM-Elastic The increase of production observed in the regidantified
above is motivated by the increase of their exptwrtsompensate for the decrease of
production of other regions, mainly China and India
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Figure 6. Variation of lron&Steel consumptions dratle flows in 2050 in S1 (outputs of GEMINI-E3 in
the Coupled-Models

The analysis of energy dynamics helps understardethdecisions. In the climate
scenario, at the global level, coal is substitiigdow-carbon commodities, like natural
gas and electricity in the Iron&Steel sector. Ti@sults in a better energy efficiency of
the production (10% increase at the end of thezba)i The production in China and
India decreases sharply: these countries prefeoriting Iron&Steel from some other
countries rather than producing it locally witharkeenergy and processes. The reason is
that the clean production opportunities are alnatisised in these countries (electricity
production is almost emission free, and the bionpadsntials are fully used), contrary
to some other countries where some biomass pdtem@aain unused. These other
countries are able to produce Iron&Steel in a deavay than China, mainly thanks to
biomass-fired power plants with carbon capture seglestration, which is a powerful
mitigation option since it is equivalent to negatemissions.

4.1.2GEMINI-E3 alonecompared taCoupled-Models

The standard version of GEMINI-E3 without couplisgused inGEMINI-E3 alone It
shares a common set of assumptions with TIAM-WOR[($2ction 3.3.). For
consistency purposes, scenario S1 is modell&ENINI-E3 aloneby using the World
CO, profile computed inTIAM-Elast itself very close taCoupled-ModelsIn other
words, the same radiative forcing is reached imaidiels.

Emission and energy results

CO, abatement is achieved through the implementatianwmiform worldwide carbon
price without permit trading. The GQorice computed bYsEMINI-E3 alonereaches
356 $o10in 2050 (Table 2). The same prices reached in 293BEMINI-E3 aloneand
TIAM-Elast is a matter of chance. Indeed, lower absolute attalu are reached in
GEMINI-E3 alonethan inTIAM-Elast when considering that the reference emissions
are lower in GEMINI-E3 than in TIAM-WORLD. In othewords, a similar absolute
abatement would have cost mored&EMINI-E3 alonethan inTIAM-Elastat the end of
the period. This is in line with the fact that teological models like TIAM-WORLD
assume a higher flexibility in carbon abatemenintmaacro-economic models like
GEMINI-E3 (Grubb et al., 1993).
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Scenario\Period 2010 2020 2030 2040 2050
GEMINI-E3 alone 3 37 89 216 356
TIAM-Elast 25 43 81 152 354
Coupled-Models 25 42 81 151 351

Table 2. World C@price in $p10 — Scenario S1

Input substitution

GEMINI-E3 does not explicitly represent the teclogpés, but rather uses a technical
progress coefficient and the possibility to redtassil fuel usage, in order to represent
the energy changes. The comparison of the enesytsebetweerGEMINI-E3 alone
and theCoupled-Modelswhere TIAM-WORLD provides a high level of techagy
details, helps understand the possible advantafjigeeocoupling. The energy mix
proposed byGEMINI-E3 aloneis generally based on a diverse basket of thereifit
energy forms, while the technology representatiociuded in theCoupled-Models
leads to more frequent cases where one or two giiengs dominate the energy mix.
Indeed, the use of nested CES functionsgGIBEMINI-E3 alonelimits somehow the
flexibility in the choice of energy mix. Anotherftéirence is that the standard version of
GEMINI-E3 does not include CCS, contrary to TIAM-WQOD; it is interesting to note
that the share of renewable electricity is the sam@th approaches, but t®upled-
Models results in a globally less emitting electricityce® than GEMINI-E3 alone
thanks to CCS in power plants. In other words, higher technology details of the
Coupled-Modeloffer a higher flexibility of the energy systemngpared toGEMINI-

E3 Alone

Macro-economic analysis

Macroeconomic costs of S1 obtaineddBEMINI-E3 aloneshow similar dynamics as in

GEMINI-E3 in theCoupled model&Figure 7).

* Energy exporting countries, represented by MID, FBld to a lesser extent Africa,
are extremely penalized by the introduction ofimate constraint. These countries
suffer a significant drop in income due to loweergy exports.

» Forindustrialized countries that have high enenggnsity and are energy importing
countries, the cost is small. This is the caséeffuropean Union and Japan.

* China and India experience important losses duen&rgy consumption mainly
based on coal in the Reference scenario.

These results show that the implementation of a |&#ararbon tax without

redistribution, or of a tradable permit system withadequate initial allocation rule of
burden sharing, would not be acceptable to dewveipmiountries, which bear an
important portion of the global cost of the climatdicy.

Costs are relatively higher in tl@oupled-Modelgiven the slightly higher reduction

efforts needed compared tBEMINI-E3 alonesince the reference case of TIAM-
WORLD includes higher long-term emissions.
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Figure 7. Welfare cost variations between S1 arféreace represented GEMINI-E3 aloneand in
Coupled Modelgthe welfare cost is equal to the sum of discounttdoresent surplus divided by the
discounted net present household consumption didkeline).

4.2. Partial climate agreements

Two alternate scenarios represent partial climgteeament:

e Scenario 2 (S2) - Climate Agreement Limited to Energy Intensive Industries
The climate target remains the same, 3.5 WAl sectors of the OECD countries
are covered by the climate agreement. In Non-OE®@Dnties, only energy
intensive industries, including electricity generat and upstream sectors, are
covered. This agreement is expected to avoid pengltoo much the households
(residential and transport) by excluding them frihv@ agreement, and limiting the
loss of competitiveness of developed countries.

» Scenario 2B (S2B) - Climate Agreement Limited tecticity Generation All
sectors of the OECD countries are covered by timmaté agreement. In Non-
OECD countries, only electricity generation is a@ek The modelling of scenario
2B with the target of 3.5 W/mturned out to be infeasible. In other words, the
participation of developing countries in the clieanitigation cannot be limited to
their electricity generation sector if the radiatiorcing target is set at 3.5 Win#\
similar result is obtained by Clarket al. (2013) with a large range of models.
Therefore, the target used for this scenario wdaxed to 4.0 W/rh With
additional runs, we have found that the smalleasifde radiative forcing is 3.8
W/m?. S2B can therefore not be directly compared toother scenarios (S1 and
S2) since the climate targets are different.

The sectors not covered by the Climate agreemeficanarios 2 and 2B might still
indirectly react to the climate constraint becaoisehanges in energy prices and macro-
economic factors.

4.2.1. Climate Agreement Limited to the Energy Intensngristries (S2)

The global techno-economic cost, obtained from THAKMDRLD in the Coupled-
Models reaches 11.2 trillion,$o what is 1.5 times the cost of S1 where the ckmat
agreement covers all sectors (7.3 trillion.§. It increases even more in OECD, by a
factor of 1.8 (from 3.4 to 6.1 trillion,$ o because these countries have to do more
mitigation efforts. However, total cost increasesoan Non-OECD, by a factor of 1.3,
from 3.7 to 5.17 trillion $1¢). In other words, all regions, including the NoECD
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countries, face a higher total cost when only titensive energy sectors of the Non-
OECD countries patrticipate in the climate agreemiiet mitigation effort supported by
the covered sectors is higher, in all countriegyFe 8), resulting in more costly
strategies. The COprice in 2050 reaches 526&%/tCO, in S2, compared to
357%01dtCO, in S1.

8 15 GtC
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2030
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Q 47
| I
O I
Reference Reference
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4
OECD 2005
2030
3 .
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G 21
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Figure 8. Comparison of G@missions in Reference, S1 (Climate Agreementdetvall Countries, all
Sectors) and S2 (Climate Agreement Limited to therBy Intensive Industries) - Outputs of TIAM-
WORLD in theCoupled-Models.

Since the mitigation efforts are concentrated amduced part of the total economy,
low-emitting electricity production (renewable ar@CS) penetrates more in S2
compared to S1 (Figure 5). The increase is higheDECD than in non-OECD. A

strong penetration of biomass in industry is albseoved, but higher in non-OECD
than in OECD regions; indeed, non-OECD countries insindustry some bioenergy
that is no longer needed in their residential amahdportation sectors. As a
consequence, the emissions of the residential esmusgort sector of Non-OECD

countries, not included in the climate agreememtrease (Figure 8). They are even
higher than in the Reference: some leakage ocaoutisese sectors. However, total oil
consumption in Non-OECD countries remains almosthat same level as in the
Reference: there is no incentive to increase tked twl consumption in Non-OECD

countries after the OECD countries decrease their demand.
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Industrial production and trade follow the sameatyics occurs in S2 as in S1. In other
words, a slight displacement of energy intensivieviies is observed to regions with
high potential of clean energy and technologies.

At the World level, S2 is less efficient than S§,aso concluded by TIAM-WORLD:
the worldwide cost to reach the same emission tairggeases by 60%. Macro-
economic costs assessed by GEMINI-E3 in@oeipled Modelsare higher in S2 than
S1 for industrialized countries (Figure 9). IndeedS2, the price of COincreases 1.5
times and is applied without exemption to all eyecpnsumption of industrialized
countries. In contrast, the welfare of developingrdries increases with respect to S1.:
households are exempted from carbon taxation andfibdrom the decrease of fossil
fuel prices compared to the Reference. This reisuin opposition with the costs
obtained in TIAM-WORLD where the costs supported dgveloping countries also
increase. The reason is that TIAM-WORLD accountsdicect costs only and does not
reflect the macro-economic impacts modeled in GEMER.

EUR XEU FSU USA CAN AUZ JAP MEX LAT MID CHI IND ASI AFR  World
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Figure 9. Macro-economic cost in S1, S2, S2B - %afsehold consumption (outputs of GEMINI-E3 in
the Coupled-Models

4.2.2. Climate Agreement Limited to Electricity generat{@2B)

Let us recall that the limitation of the covereatses of Non-OECD countries to the
electricity sector makes infeasible the limitatafrthe radiative forcing to 3.5 W/m2. A
value of 4 W/m was used to solve for Scenario 2B. {Gffice reaches 392&4tCO; in
2050.

Electricity consumption almost does not increasmmared to the Reference case, but
the structure of the electricity generation is nfiedi in favor of low-emitting power
plants, despite the lower climate target (FigureBsdmass fired plants with CCS play a
crucial role, and biomass consumed in industrgpaced by gas and electricity, while
part of the biomass consumed in residential isacgal by coal.

It is interesting to analyze industrial productiomt covered by the Climate agreement,
and its possible delocalization in such a partlahate agreement. Developing and
emerging countries, including China and India, medtheir imports and increase their
exports compared to the Reference, while the oppastcurs in OECD countries
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(Iron&Steel illustrated in Figure 9): there is dedization of the production, as
measured by the outputs of GEMINI-E3 in theupled-Models
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Figure 9. Variation of Iron&Steel consumptions dratle flows in 2050 in S2B (outputs of GEMINI-E3
in the coupled models)

Some gas extraction is delocalized to Non-OECD ti@ms) more particularly to
Former Soviet Union and Africa (outputs of TIAM-WQR in the Coupled-Models)
but it does not provoke an important increase ofssions in these countries. Indeed,
the increase of emissions of industry and gas era in Non-OECD countries is
compensated by the reduction of oil extractionvitetis and of production of synthetic
oil from coal, due to the global decrease of osuumption. There is no rebound of oil
consumption in Non-OECD regions.

S2B could be considered as more acceptable thaotllees since its macro-economic
impacts are less than for other scenarios; buetivironmental target is also easier to
reach, so that a direct comparison is not quitsiptes

Conclusion

Greenhouse gas mitigation will deeply affect theergy systems and the macro-
economic characteristics of the countries and pbsshe trade of energy-intensive
products between countries.

The proposed coupling of TIAM-WORLD, a global teoklwgy-rich optimization
model, and GEMINI-E3, a global computable generguildorium model aims to
building upon the strengths of both models to assdisnate agreements: a precise
representation of technology choices, energy coptomand energy prices as well as
an explicit and coherent representation of theceffeof climate policies on GDP,
sectoral activities, international trade and otheonomic factors (labor, consumption,
capital, etc.).

The coupling methodology requires a meticulous emation and understanding of

both models in order to define the correspondenegvden energy commodities,
regions, economy sectors, and the data exchanggsdreboth models.
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It was successful used to study climate agreemants helped understand in a
consistent manner the trade effects of climatecfmsj their macro-economic impacts
and the technology and energy preferences.
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