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1. Introduction

The goal of this deliverable is to report on theiovements made by each integrated
assessment modeling team in terms of better spatdn of the model, more recent
updating, and overall model enhancements. Thigteameant to prepare the models
for the numerical analysis of WP2,5,6 and 7.

The deliverable is structured as follows: Sectiar@orts a questionnaire that provides
a general overlook of the modeling suite and of thest important modeling
advancements made by each group. The table algesstite purposes of confronting
the different modeling architectures. Following tgmts (3 to 8) report on the
enhancements included in each model.
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2. Models overview

To begin with, a questionnaire was circulated ammigeling teams to gather the main
information regarding the structure of the diffdrerodels.

SEVENTH FRAMEWORK
PROGRAMME

PEM /
DEMETER GEMINI-E3 TIAM TIAMEC WITCH
Model Name TEAMS
(UNIMAN) (ORDECSYS) (USTUTT) (KANLO) (ECN) (FEEM)
Bottom up,
. Technology linear Top down,
Model Type Grlg\z?rl] IrEnBOggltlmaI Top dowrrEOCé(ealE Bottom Up BU, with price- | optimization, | optimal growth,
9 elastic demands social fully dynamic
planner
EU-27 +
Geographical One world region World 28 regions Switzerland, Wo_rld, 15 Glo'bal (a5 quld. 12
coverage Norway, regions regions) regions
Iceland
Very detailed A
) technological
technological ly rich
2 energy sources . ﬁie;skc\r,:l?ttrllon. description
- 5 energy Public and . of the energy| 7 power
1. Fossil fuels . economy via a) ;
Energy sector fuels/sectors : Autoproducer, . sector, generation
description, link ighFTemented coal, crude oil, Electricity and g}’ggtﬁ:ri'ﬂc:s of including all | technologies, 5
with economic mp refined oil Heat, hard link relevant fuels.
L with CCS . demands fro . .
activity . products, natural | with end use - technologies.| Hard linked
2. Non-fossil fuel e energy services, |- .
gas, electricity demand : Link to with economy.
energy and b) linkage
. economy
with CGE
only through
model demand
(GEMINI-E3) S
elasticities
Calibration 2005. | To 2050, one year 32/22? s}ggf O Until 2100, | 102200,5
Timescale, ’ ' ! 2005-2100 y years timesteps

calibration year

Timescale: 2010-

timesteps,

2040, 2050, 12

Base year=2005

calibrated for

Calibrated at

2200 Calibrated at 2001| time slices all 2005 2005
periods
MACROECONOMIC DRIVERS
Population Exogenous. Exo, Exogenous.
exogenous / Exogenous UN projection, exogenous source=IPCC Exogenous | UN2004
endogenous? Source median scenario scenario B2 medium variant
Exogenous
GDP exogenous Endogenous Endogenous exogenous | (from GEMINI- | Exogenous Endogenous
/endogenous? E3)
Investments in
Main productivity d;ffere_nt Itypes
If endogenous, wha growth exogenous of capita
. C . Exogenous : Total stocks,
is the growth engine| Capital stock - .
factor productivity Investments in
— what are the endogenous.
exogenous drivers | Energy gr%wth (on labor R&D, |
except demography? Productivity and energy) fEa>::cthrenous tota
endogenous -
productivity
growth.
PPP or/and MER
MER MER
?
valui. Benchmark | NA US$2001 MER US$2005
year?
TRADE
Traded : Coal, crude .
Fuels NA Armington Electricity All oil, gas, Dot_actlve'ln
; asic version
Assumption LNG
’ No trade in
Traded : (E4nze)rgy services other goods.
Other goods NA Armington no trade o Spillovers in
. GHG emissions
Assumption @3) knowledge
capital
_ Tradg in c_arbon Carbon permit, GHG (3 gases) Trade of Tradg in cz_arbon
Permits NA permits, given an | green and white GHG permits. Given
L f e or CO2 alone . e
initial allocation certificate trade permits an initial
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with given allocation of
initial permits the
allocation (per price is defined
sector and through a
technology) tatonnement
Price of permit process.
= shadow price Banking of
of commodity permits for
future use.
FOssIL RESOURCES
Resources
divided into
several
categories
based on
their
OIL, GAS, COAL, Reserves, availability | o0 of
. prices, (existing,
URANIUM: ) . . resources
. No exhaustion Computed on the | potentials and | extraction costs| enhanced
What drives the . . . depends on
; modelled. Fossil basis of energy prices of OPEC recovery, .
dynamics of these . - L L cumulative
sector (price fuel base incl. coal prices projection | resources behaviour is new world
’ assumed Uranium not exogenous per | modelled via discovery) .
reserves, rule of . : . . extraction
) sufficiently large described region control of their | and resource
behavior of some : .| (endogenous)
producers)? production type (e.g. oil
’ levels sands, heavy
oil etc).
These are
further
divided to
several cost
categories.
TECHNICAL CHANGE AND OPTIONS TO DECARBONIZE THE ECONOMY
- Exogenous
Hicks neutral
Detailed description . TC for final
of TC - - via good
. TEPJ elast
labor - Exogenous Hicks TFP Labor : Ic::flty i_nl\E/g(sjtorﬁ:;:? ilrj1S
eirtoductl neutral TC for E;ﬁ’ggggg?ﬁ the dem Energy R&D
Y final good . ands calibrated to
baseline "
to replicate
) Ener - energy savings -no TFP sect assumptions on
ergy possible through . oral trends
efficienc shift along AEEI: outp (efficienc
y and exogenous iso- Exogenous, uts Under ains Iegrnin )
carbon 9 calibrated in the A development 9 ' \ng
intensit output curve Baseline - via in the baseline
y - Energy endo + Induced
No endogenous R efficiency " geno tehchnlca_l
&D and measures wit us change in
technological cost potential tech mitigation
’ - LbD CCS and 9 nolo scenarios;
- which Non-EF progress |
technolo 9y
ies are adop - LbR energy
gub'ect tion efficiency (with
to I‘f’C 5 - international
’ spillover) +
cellulosic
biofuels
Not in the standard
version, but we
Does the model g?&l?\l}/_eg;'on of detailed CCS ;?Se;(?:gttigcnlw'
includes CCS ?in . ) for Public ' CCSs for CCS with coal
. Yes. All sectors, | which takes into hydrogen . .
which sectors b S Energy Prod., : power plants | in the electricity
4 but ceiling is account a more ; production,
(energy, transport) 7 ossible relevant Conversion, roduction of and H2 sector.
With which fuels ? | P ' o Industry / Coal, P - production
description of the b synthetic fuels
e Gas, Lignite
electricity sector from coal
with CCS for coal
power plant
atus of renewable ne aggregate ot in theatdnd Public  Energy, ind, solg majgr in olar
Status of bl O t Not in theatdnd Public  E Wind | All Wind&Sol
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? non-fossil fuel| version, but we| Prod: all RES,| geothermal, renewable for power
with LbD have a version of Transport: tidal, hydro, | sources generation
GEMINI-E3 Biofuels, biomass, included in| subject to LbD.
which takes into| Residen. biofuels. detail Biofuels in non
account a morg Commerc.: electricity mix
relevant Biomass,Solar, subject to
description of the| Geo Learning by
electricity  sector Researching.
with renewable
(hydro and others)
Not in the standard
version, but we No constraint.
have a version of Existing nuke Waste
GEMINI-E3 Nuclear new nugke (fas‘.t management
Nuclear options: which takes into restricted on breeder), A number of costs calibrated
exogenous account a more level | on U.S. Yucca
constraints ? fast | No relevant country leve Exogenous nuclear mountain
breeder ? ' description of the upeer and lower) technologies repositor
’ IPt fast Breeder = | bounds on included P Y
electricity sector . costs, growing
. Yes nuclear capacity : ;
with nuclear in each region linearly with
power plant (but glon. capacity
not with fast installed.
breeder)
EMISSIONS
CO,, CHy, N2O, CO,, CH4,
Gases included CO2, remainder | CO2, CH4, N20, | NO,, SQ, CO, | CO,, CH4, CO2, CH4, N20,
exogenous Fluorinated gases | NMVOC, N20, N20 Fluorinated,
PMio, PMes SO2
Exogenous for |IIEI‘)l(kO ;ge gso \lljv?tr(]bm
LULUCF No No not LULUCF | now (in the Global Timber
process of
updating) Model (B.
Sohngen))
POLICY INSTRUMENTS
Carbon tax, energy All instruments, Anything Global carbon
tax, fossil fuel tax, except those
Carbon tax, that can be | tax, global and
CCS tax Tax (national Renewable related to represented | regional carbon
What are the apphcab_lhty, non- regional or quotas, Feed in recycling of in a social markets,
instruments that can FF subsidy, . . - revenues from
international), EU | tariffs, Energy planner, technology
be represented? renewable - taxes and lobal lici
ortfolio standard ETS, etc efﬂpl_ency permits to the gobal POIICIES, Energy
p S policies optimization | efficiency
carbon portfolio economy at o
framework policies
standard large.
Tradable Permits : Tradable Permits | Sector and Exogenous
; allowed technology Allocation of
Allocation? . o :
: Allocation specific All types are permits.
Banking & NA . ! .
b N exogenous permits, no possible. Banking and
orrowing? : ) b
5 Banking banking, no borrowing can
’ borrowing : no borrowing be modelled
Divergence
from
minimum Full economic
Full costs in terms Additional system costs,| costs. Crowd
Costs of policy of EV, or GDP, or without out effects.
. . GDP, surplus, system costs of . S
instruments? NPV consumption : policy Free-riding
instrument : . . .
loss intervention, | incentives
can be costs.
calculated
ex-post.

In addition, partners were asked to indicate thenneapected model enhancements.
This serves as a sum up of the detailed reporfirgch modeling group.
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Expected model enhancement
Model Name DEMETER | GEMINI-E3 PEM /| TIAM TIAMEC WITCH
(UNIMAN) (ORDECSYS) TEAMS (KANLO) (ECN) (FEEM)
(USTUTT)
Further work| Cost of technologies| Expansion of| Database Increasing the| Calibrate at 2005
on CCS New  technologies technology improvement flexibility of the | Model all GHGs.
developments database, Enhanced model by | More
Additional Stochastic reducing its| technological
Possibility to link | trades for| Programming extensive detail in the non-
GEMINI-E3 with the | energy carriers | capability technological electric sector.
TIAM Model, description  of
methodology unde the energy
development with the system
KANLO team.
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3. WITCH (FEEM)

The WITCH model and detailed structure are desdriipeBosetti et al (2006)and
Bosetti, Massetti and Tavoni (2007). The objectofethis report is to describe key
progress made since the development of WITCH. iRuiside the updating of the base
year data base to 2005, and new dynamic calibrafidime main driving forces (Section
1); the explicit inclusion of non industrial greenise gases and abatement options
(Section 2); new specification of low carbon tedoges and technological progress
(Section 3); computational advancements (Sectjon 4

1. Database updating and revision

WITCHO8 has been updated with more recent dataramded estimates for future
projection of the main exogenous drivers. The beaération year has been set at
2005, for which socio-economic, energy and envirental variables data is now
available. We report on the main hypothesis oneturand future trends on population,
economic activity, energy consumptions and clinvaigables.

1.1. Population

An important driver for the emissions of greenhogases (GHG) is the rate at which
population grows. In the WITCH model, populatiorogth is exogenous. We update
the model base year to 2005, and use the mosttresémates of population growth.
produced by the UN Population Division are usedlferfirst 50 years

1.2. Economic activity
The GDP data for the new base year are from thddABank Development Indicators

2007, ?nd are reported in 2005 3S#%e maintain the use of market exchange rates
(MER)™.

! Bosetti, V., C. Carraro, M. Galeotti, E. Massettd M. Tavoni, (2006). “WITCH: A
World Induced Technical Change Hybrid Model.” Theekgy Journal, Special Issue on
Hybrid Modeling of Energy-Environment Policies: Reaciling Bottom-up and Top-
down, 13-38.

% The data is available from:
http://unstats.un.org/unsd/cdb/cdb_simple_dataaefrsp?strSearch=&srID=13660&f
rom=simple

3http://go.worldbank.org/lUOFSM7AQ40

* This is in line with most of the practice in engeronomic-environment modelling.
There has been recent intense debate on the Ud&Rfvs. purchasing power parity
(PPP) exchange rate, in particular in relationh® implications for greenhouse gases
emission trajectories. MER might underestimate entrrelative output levels of low-
income countries by a factor of around three redato high-income countries, because
tradable goods are currently relatively more expensm low income countries than in
high income countries (the Harrod—Balassa—Samuelffent). However, output data is
more readily available and reliable in MER, andwaB for better comparison of both

7
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World GDP in 2005 equals to 44.2 Trillions US$.
1.3.Energy data

The energy sector is composed by the electricipdpetion sector and non-electric

sector, which consumes energy of different sour@éslCHO8 maintains the same

underlying structure as the previous version ofrttuelel, but the data is updated using
ENERDATA (2008).

1.3.1. Power generation sector

We maintain the same specification as in WITCHOSt@ capacity factors, specified
by type of power generation plant. We then retrive implicit capacities installed,
which differ from the real capacities installed &ese of different factors’ employment.
Despite the detailed description of the power gaiam sub-sector, not all types of
power plants are modelled explicitly in WITCH (fanstance, the model does not
distinguish gas with no combined cycle): we themefassume the standard use of
factors for new power plants. This assumption hekp$o avoid accounting difficulties
for multi-fuel and marginal power plants. We maintéhe same specification as in
WITCHOS for the efficiency of fuel consumption imwer generation plants, since they
are close to the implied values in the new Enerdit@base. The specification of
renewable energy sources is an important aspetinadite-economy models. Following
recent debates over the technical readability, meease the investment costs for
Integrated Gasification Combined Cycle (IGCC) tesbgies from 2000 1995USD/kW
to 2500 1995USD/kW. A similar increase is appliechticlear power generation.

We assume the average efficiency of gas and ceedpplants improves autonomously
to 60% and 45% respectively over the next decaSiesilarly, the utilization factor of
Wind&Solar is assumed to increase from 2500 to 3%@s per year.

1.3.2. Non electricity sector

For the non-electric sector, we derive the upddigdres from the Enerdata 2008
database, by subtracting energy consumptions inetbetricity sector from total

consumption figures. It is to be noted that thectelety consumption figures reported
in the Enerdata 2008 are slightly different froreadlicity consumption in WITCHOS,

because of different assumptions about the effogienf electricity production. The

discrepancy is however negligible.

output growth and carbon intensities with histdrigmpirical studies, that mostly rely
on the MER metric, as well as short term projectioheconomic and energy variables.
Furthermore, the lower carbon efficiency of deveigpcountries implicit in MER
calculations with respect to PPP do not necessardpslate in higher emission
projections, given that income elasticity of enedgynand is higher under the latter, so
that lower autonomous efficiency improvements stidnd assumed for PPP projection.
The eventual effect on emissions is unclear, arghtioe not too significant.
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1.3.3. Prices of fossil fuels and exhaustible resources

The prices of fossil fuels and exhaustible resmirbave been revised upwards,
following the sharp increases in the market primetsveen 2002 and 2005. Price growth
prospects have remained however similar: we thyst ke similar evolution as in
WITCHOS5, adjusting it to the new starting value 8905. Price ratios are taken from
Enerdata, IEA WEO2007 and EIA AEO2008. The 2006qwifor exhaustible resources
are set at:

- 55%/bbl for oil, or roughly 8%/GJ. In this updatgdrsion, we modify price
mark-up values in order to keep the price of prasycountries at half the level
of importing countries, as in WITCHO5. We simplifiye assumptions for the
use of fossil fuels in the non-electricity sectasing the same values as for
electricity.

- 5.5 $/GJ for natural gas.

- 60%/ton for coal, equivalent to 2$/GJ. In ordemtatch the large difference in
price increases shown in the Enerdata databasadst the mark-up prices.

- Uranium ore price tripled from 2002 to 200and we thus update to this new
level. The cost of conversion was increased fronkdp®o 11%/k§, while
enrichment costs stayed roughly constaie thus slightly increased the cost of
conversion and enrichment from 221 to 230 1995.%$/kg

1.3.4. Carbon emission coefficients of fossil fuels

In WITCHO8 we maintain the same initial stoichionetoefficients as in WITCHO5.
However, in order to differentiate the higher entisscontent of non-conventional oil
as opposed to conventional ones, we link the cadmission coefficient for oil to its
availability. Specifically, the stoichiometric cdiefent for oil increases with the
cumulative oil consumed so that it increases by 2#%n 2000 Billions Barrels are
reached. An upper bound of 50% is assumed. The #Q€e is calibrated on IEA
2005 estimates on conventional oil resource availabillthe 25% increase is chosen
given that estimatésange between 14% and 39%.

1.4. Climate data and feedback

We continue to use the MAGICC 3-box layer climatedel. CO2 concentrations in the
atmosphere have been updated to 2005 at roughlyp&8@nd temperature increase
above pre-industrial at 0.76°C, in accordance WRGC 4ar (2007). Other parameters
governing the climate equations have been adjusiemiving Nordhaus (2007). We
have replaced the exogenous non-CO2 radiativenigneith specific representation of
other GHGs and sulphates, see Section 2.

The damage function of climate change on the ecanaativity is left unchanged.

® http://www.uxc.com/review/uxc_g_price.html

® http://www.uxc.com/review/uxc _g_ind-c.html

" http://lwww.uxc.com/review/uxc_gd_ind-s.html

8 IEA 2005, Resources to Reserves — Oil & Gas Tdogies for the Energy Markets of
the Future

® Farrell and Brandt, 2005

19 http://nordhaus.econ.yale.edu/DICE2007.htm

9
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2. Additional sources of GHGs
2.1.Non-CO2 GHGs

Non-CO2 GHGs are important contributors to globadrming, and might offer
economically attractive ways of mitigating"it WITCHO5 only considers explicitly
industrial CO2 emissions, while other GHGs, togethi¢h aerosols, enter the model in
an exogenous and aggregated manner, as a singlevadorcing component.

In WITCHO8, we take a step forward and specify @Dy, modelling explicitly
emissions of ClJ N,O, SLF (short lived fluorinated gases, i.e. HFCshwifetimes
under 100 years) and LLF (long lived fluorinate@, HFC with long lifetime, PFCs,
and SF6), in addition to industrial GOVe also distinguish Saerosols, which have a
cooling effect on temperature.

Since most of these gases are determined by agrigupractices, we rely on estimates
for reference emissions and a top-down approacimfbbgation supply curves. For the
baseline projections of non-CO2 GHGs, we use ERfonal estimateéd. The regional
estimates and projections are available to 2029: drdyond that date, we use growth
rates for each gas as specified in the IIASA-MESEM2 scenarit, that has
underlying assumptions similar to the WITCH one€2Semissions are taken from
MERGE v.5* and MESSAGE B2: given the very big uncertaintissogiated with
aerosols, they are translated directly into thepienatture effect (cooling), so that we
only report the radiative forcing deriving from GKGIn any case, sulphates are
expected to be gradually phased out over the necades, so that eventually the two
radiative forcing measure will converge to the samvalues.

The equations translating nong@missions into radiative forcing are taken from
MERGE v.5. The global warming potential (GWP) melblogy is employed, and
figures for GWP as well as base year stock of gmous GHGs are taken from IPCC
Fourth Assessment Report, Working Group |. The Bfiagd equation translating CO2
concentrations into radiative forcing has been rinediifrom WITCHO5 and is now in
line with IPCC?”.

We introduce end-of-pipe type of abatement possédslvia marginal abatement curves
(MACs) for nonCO2 GHG mitigation. We use MAC progdiby EPA for the EMF 21

project® aggregated for the WITCH regions. MAC are avaddbr 11 cost categories
ranging from 10 to 200 $/tC. We have ruled out zeronegative cost abatement
options. MAC are static projections for 2010 an@@0and for many regions they show
very low upper values, such that even at maximuategbent, emissions would keep

1 See the Energy Journal Special Issue (2006) (El)Fand the IPCC 4ar WG IlI
12 EPA Report 430-R-06-003, June 2006. the repavasiable from:
http://www.epa.gov/climatechange/economics/mitigatn.html.

13 Available at

http://www.iiasa.ac.at/web-apps/gqgi/GgiDb/dsd? Actibtmlpage&page=regions
14 http:/lwww.stanford.edu/group/MERGE/m5ccsp.html

15 http://www.grida.no/climate/ipcc_tar/wgl/222.htifable 6.2, first Row

18 http://lwww.stanford.edu/group/EMF/projects/projenfal.htm

10
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growing over time. We thus introduce exogenousrteldgical improvements: for the
highest cost category only (the 200 $/tC) we assantechnical progress factor that
reaches 2 in 2050 and the upper bound of 3 in 20/5however set an upper bound to
the amount of emissions which can be abated, asgutimat no more than 90% of each
gas emissions can be mitigated. Such a framewaakles us to keep nonCO2 GHG
emissions somewhat stable in a stringent mitigasicenario (530e) in the first half of
the century, and subsequently decline graduallys path is similar to what is found in
the CCSP report as well as in MESSAGE stabilisation scenariosnéibeless, the
very little evidence on technology improvementseptil in nonCO2 GHG sectors
indicates that sensitivity analysis should be pentd to verify the impact on policy
costs.

2.2.Forestry

Forestry is an important contributor of CO2 emissiand, similarly to nonCO2 gases,
it is believed it could provide relatively convenieabatement opportunities. Forestry
sector models differ substantially from energy-emog ones, so that normally the
interaction is solved via soft link (eg iterativeéjupling. For example, WITCHOS has
been coupled with a global timber model to asskespbtential of carbon sinks in a
climate stabilization policy. However, the model didn’t include this option time
standard simulation exercises.

WITCHO08 is enhanced with baseline emissions andplgumitigation curves for
reduced deforestation. The focus is given to REDI2rgits predominant role to CO2
emissions and the policy importance of this optasrstressed by the 2007 Bali Action
Plan.

Baseline emissions are provided by Brent SohngerM Giiodel. REDD supply
mitigation cost curves have been built and madmtheitable to be incorporated in the
WITCH model. Curves are from Woods Hbland focus on Brasil and Congo. Supply
estimates from the tropical asia region will bepaigluded once available.

3. Abatement Technologies
3.1. Innovative carbon free technologies

In the short to mid term, energy savings, fuel elitg in the power sector mainly, as
well as non fossil fuel mitigation are believed he the most convenient mitigation
options. In the longer term, however, one couldsage the possibility that innovative
technologies, currently far from being commercele developed, with low or zero
carbon emissions. These technologies are usuédligred to in the literature as backstop
technologies, and are characterized as being alaila large supplies. A Backstop
technology can be better thought of as a compautesentation of a portfolio of

advanced technologies, that would ease the mitigaburden away from currently

commercial options, though it would become avadambt before a few decades. This

17 http://www.climatescience.qov/Library/sap/sap2idfreport/default.htm
18 Tavoni et al. (2007)
19 http://whrc.org/BaliReports/
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representation has the advantage of maintaininglsity in the model by limiting the
array of future energy technologies and thus thmeedsionality of techno-economic
parameters for which reliable estimates and meé&ulingodelling characterization
exist.

WITCHOS features a series of mitigation optionsboth the electric and non-electric
sectors, such as nuclear power, CCS, renewablefyels etc. However, limited
deployment potential of controversial technologmsch as nuclear and resource
constrained ones such as bioenergy suggests #gossibility to invest towards the
commercialization of innovative technologies shob&la desirable feature of models
that evaluate long-term policies.

To this extent, WITCHO8 is enhanced by the inclosiof two new backstop
technologies that necessitate dedicated innovatigstments to become economically
competitive even assuming a climate policy. Weolelthe most recent characterization
in the technology and climate change and technofmgigies, modelling the costs of
the backstop technologies with a two-factor leagnourve in which the price of the
technologies declines both with investments in ckeid R&D and with technology
diffusion. This improved formulation is meant toesgome the main criticism of the
single factor experience cun?&dy providing a more structural -R&D investment-led
approach to the penetration of new technologied, thos to ultimately better inform
policy makers on the innovation needs in the ensagyor. Modelling of long term and
uncertain phenomena such as technological evolutalls for caution in the
interpretation of exact quantitative figures, awdaccurate sensitivity analysis. The
model parsimony allows for tractable sensitivitydiés, as stressed above. One should
nonetheless keep in mind that economic implicabérclimate policies as well as
carbon price signals are influenced by innovateehhologies availability only after
2030.

More specifically, we model the investment cost antechnologytec as being
influenced by a learning by researching processnrdaving force before adoption)
and by learning by doing (main driving force aftatoption), the so called 2 factor
learning curve formulation. Pe.:» the unit cost of technologC at timet is a function

of deployment,CC,., and dedicated R&D stocklR& D,.., as described in equation [

ect tect

1]
-C -b
Ptec,T - R& Dtec,T—Z * CCtec,T
Ptec,O R& Dtec,O CCtec,O
where theR&D stockaccumulates with the perpetual rule [1]

R& Dtec,T+1 =R& DteqT Hl_ 5) +IR& Dtec,T

andCC s the cumulative installed capacity (or consumpyiof the technology.

20 Nemet, 2006
21 Kouvaritakis et al., 2000
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We assume a two-period time (eg 10 yrs) intervalvben R&D knowledge and its
effect on the price of the backstop technologiesatdoount for time lags between
research and commercialization.

The two exponents are the learning by doing index)( and the learning by
researching index—c). They define the speed of learning and are deérivem the
learning ratios. The learning ratio Ir is the ratewhich the generating cost declines
each time the cumulative capacity doubles, white it the rate at which the cost
declines each time the knowledge stock doubles.rélaion between b, c, Ir, and Irs
can be expressed as follows:

1-Ir=2"band 1 -Irs=2"-c

We set the initial prices of the backstop technige@t roughly 10 times the 2005 price
of commercial equivalents (10,000 US$/kW for eliectand 500%$/bbl for non electric).
The cumulative deployment of the technology is iatétd at 1000twh and EJ
respectively, an arbitrarily low valffe The backstop technologies is assumed to be
renewable in the sense that the fuel cost compaserdgligible; for power generation,

it is assumed to operate at load factors comparafitle those of baseload power
generation.

This formulation has been received significant rdatten from the empirical and
modelling literature in the most recent FasEstimates of parameters controlling the
learning processes vary significantly across sgjdsee Table 1. They also primarily
focus on power generation. For WITCHO8 we take ages of the values in the
literature, as reported in the last row of the @¢alllote that the value chosen for
Learning by doing parameter is lower than thosenadly estimated in single factor
experience curves, since part of the technologyamckment is now led by specific
investments. This more conservative approach redute role of black box
autonomous learning, which has been criticizedofing too optimistic and leading to
excessively low costs of transition towards lowboar economies.

Table 1: Learning ratios for diffusion (Lbd) anahavation (LbS) process.

Technology Author Lbd LbS
Wind Criqui et al 2000 | 16% 7%
Jamasab 2007 13% 26%
Soderholm  and 3.1% 13.2%
Klassens 2007
Klassens et al 12.6%
2005
PV Criqui et al 2000 | 20% 10%
Solar Thermal Jamasab 2007 2.2% 5.3%
Nuclear = Power Jamasab 2007 37% 24%
(LWR)

22 Kypreos, 2007
23 Criqui et al 2000, Barreto and Kypreos, 2004, Kéas et al 2005, Kypreos 2007,
Jamasab, 2007, Soderholm and Klassens 2007
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CCGT (1980-89)| Jamasab 2007 0.7% 18%
CCGT (1990-98)| Jamasab 2007 2.2% 2.4%
WITCHO8 10% 13%

Backstops substitute linearly nuclear power in ¢hectric sector, and oil in the non-

electric one. We assume that once the backstopdtmies become competitive thanks
to dedicated R&D investment and pilot deploymetitsir uptake will not be immediate

and complete, but rather there will be a transiidjustment period. These penetration
limits are a reflection of inertia in the systers, @esumably the large deployment of
backstops will require investment in infrastructurand the re-organization of the
economic system. The upper limit on penetratiose equivalent to 5% of the total

consumption in the previous period by technologiteer than the backstop, plus the
electricity produced by the backstop.

3.2. International spillovers of knowledge and expéence

Learning process via knowledge investments andrexpme are likely not to remain

within the boundaries of single countries, butpdl $0 other regions too. The effect of

international spillovers is deemed to be very intgiat; and its inclusion in integrated

assessment models desirable, since it would almwafbetter representation of the
innovation market failures and for specific poliexercises. The WITCH model is

particularly suited to perform this type of the lysés, since its game theoretic structure
allows to distinguish first and second best stiggand to thus quantify optimal

portfolio of policies to resolve all the externgdg arising in global problems such as
climate change.

WITCHOS5 featured spillover of experience for Wind&l&r in that the Learning by
Doing effect depended on world cumulative instalegbacity, so that single regions
could benefit from investments in virtuous courdyighus leading to strategic
incentives. An enhanced version was developeddaode spillovers in knowledge for
energy efficiency improvemerits

In WITCHO8 we continue along this strand of reskaand model spillover of both
experience and knowledge in the newly featured stapls technologies. Similarly to
the learning by doing for Wind&Solar, we assumeezignce accrues with the diffusion
of technologies at the global level. We also asskmmwvledge spills internationally.
The amount of spillovers entering each world regd®pends on a pool of freely
available knowledge and on the ability of each ¢outo benefit from it, i.e. on its
absorption capacity. Knowledge acquired from abraammbines with domestic
knowledge stock and investments and thus contisbite the production of new
technologies at home. The parametrization followsesti et al 2008.

24 Bosetti et al, 2008
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4. Computational issues

The WITCH model is solved numerically using GAM&eneral Algebraic Modelling
System?>. GAMS is a high-level modelling system for mathéice programming
problems, designed to provide a convenient toskpresent large and complex model
in algebraic form, allowing a simple updating ofettmodel and flexibility in
representation, and modular construction.

WITCH features 2 different solution concepts, apmrative that optimizes jointly all
regions, and a non-cooperative decentralized aateigrachieved iteratively via an open
loop nash algorithm in which each region is optedizeparately. This second solution
was carried out in WITCHO5 sequentially.

In WITCHO8, the regional maximisation problems foe non-cooperative solution are
solved in parallel as opposed to sequentially, @&ph new computing power afforded
by multiple-core hardware, and thus allowing fomach more rapid solution of the
overall optimisation exercise. The solutions offeesgion’s maximisation problem are
combined in a single step following each iteratiothe total number of parallel solves
is therefore equal to the number of regions — tev@ivthe case of WITCH. The speed of
the solution is thus determined by the slowestaregi

The model also runs in batch mode for remote swiyutusing SSH interface and a
system of shared files, stored in the remote hostpeiter. The use of Globus Toolkit 4
allows the submission of the solve jobs to more tbae cluster, thus further reducing
the execution time needed to find a solution.

Several tests have been performed for evaluatiegdthlability and performance of the
parallel algorithm (Figure 1). The execution tdsase been made on the SPACI's HP-
XC6000 cluster ranging from 1 up to 12 CPUs. Sittte GAMS executable is not
available for the considered architecture, an etaulr x86_32 processors has been
used. The analytic model of the parallel executiome highlights how the coarse
grained parallelization produces a decreasingieffay starting from 6 processors. The
motivation resides on the not well balancing of wwarkload.

% http://www.gams.com/
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4. TIAMEC (ECN)

Introduction and background

In addition to having a long experience in using RMAL models (see e.g. [1, 2] for
some recent studies), ECN has recently also explaitslenodeling portfolio to include
TIMES [3], a modeling framework based on the in&ign of MARKAL and EFOM
approaches. However, spatially the modeling fodus@N has previously mostly been
on the development of the European and Dutch ersyrgfgms and the rest of the world
has been excluded from the explicitly modeled syst order to be able to describe
issues related to, for example, trade flows, resmwxtraction and climate change,
modeling Europe, or the Netherlands, alone no Iorevides a suitable spatial
framework for dealing with these questions. Thenefa decision was made to acquire
TIAM, TIMES IntegratedAssessmentl odel, a global long term model, covering the
extraction and conversion of energy across the éfthed world regions until 2100.
This model includes a number of characteristics ke it especially suitable for the
PLANETS project. The model was received in Marclh&0after which the study and

the development of the model could begin.

TIAM

TIAM [4] is a bottom-up, technology rich linear apization model, describing the
development of the global energy system over a [mrgpd of time, usually some 100
years. The regional disaggregation most commonTi&M, and also used in our

version, separates the world into 15 different woegion&®.

The model explicitly describes many interactiond dgnamics, previously unavailable
in the regional models used at ECN. For exampkguee extraction and global trade

%6 versions with 16 regions, the additional regiombgea country extracted from one of
the 15 regions and for which the results are afdased importance, are also under
development by some institutes [5].
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can be included endogenously, while previously spaassumptions had to be made

on the available trade flows as well as the colteedtraded fuels.

TIAM also includes an option to use a built-in ciita module, therefore also allowing
the model to be constrained based on climate impdios, instead of the usual proxy,

emissions.

The technology database of the TIAM model is extensovering the full range of the
energy chain, from resource extraction to the fimmld-use consumption. The
exogenously defined demands for energy servicesatsm be modeled with price
elasticities, so that they are sensitive to pribanges. Figure 1 shows a simplified
sketch of the modeled reference energy systemddiitian to the energy flows and
conversion stages shown, also environmental vasabre represented. In order to
provide complete emission inputs for the climatedme, emissions originating outside

the energy sector are also included.

) OPEC —» Trade —»
Fossil fuel *  Sunol » OPEC +
extraction | Non- i [ SESTHATY » Non-OPEC
OPEC > cost OPEC / Non-OPEC »| transfor-
curves mation
| <— Own use —*
Biofuels 0 .
potentials
*| Hydrogen
Yy ¥ Power plants |—
Nuclear > P i - =
fuels » Fuels for g
Power > Co-generation [
Renewables » and Heat > End Use
potentials > Heatplants — Fuels
v v v v v v
s e Trans-
production Industrial || Agriculture || Tertiary || Residential ortation
of power | | technology || technology || technology | | technology P
St technology
v (250) v (-10) ¥ (~150) ¥ (-200) §(=200)
Energy Services

Figure 1. Structure of the reference energy sy$t¢m
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Developing TIAMEC

The development of the ECN version on TIAM has, arnldi concentrate mainly on
increasing the flexibility of the model by reducings extensive technological
description of the energy system, while hopefuliydtaneously keeping the more
general, aggregated view unchanged. In this sémsegyoal is to trade the ability to say
things about even very detailed changes in theggngystem to a slimmer and more
easily adoptable model. After new newly acquireddetowas carefully studied in
details, this downsizing development has recentggum and will be ongoing
throughout the PLANETS project. A main sector afus is the demand side, for which
more aggregate description is planned and morengixte modeling of stylized energy
conservation measures, instead of specific teclgredp is foreseen. Careful
consideration will, however, be paid to make sina further changes in the model do

not affect results and drawn conclusion too dra#ic
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Introduction

In this report, the principal characteristics oé thIMES model and of its global
incarnation as ETSAP-TIAM are presented and digdissncluding the recent
enhancements and additions relevant for the PLANRD§®ct.

TIMES was conceived as a descendent of the MARKAdL BFOM paradigms, to
which several new features were added to exterfdntgionalities and its applicability
to the exploration of energy systems and the arsalys energy and environmental
policies. This report summarizes the main featamed additions to the TIAM model,
while a series of two articles (Loulou, 2007, Labrand Loulou, 2007) are devoted to
the more detailed formulation of TIMES paradigm awglations and of the TIAM
instance of TIMES. An even more complete technilescription of TIMES appears in
the full documentation available on the ETSAP webite s at
www.etsap/org/documentation

The Energy Technology Systems Analysis Programm&MP) is at the source of
the development of TIMES and of its TIAM instance.

The ETSAP TIMES model (an acronym for The Integid##ARKAL-EFOM System),
was developed and is maintained by the Energy Taobp Systems Analysis
Programme (ETSAP), an implementing agreement uthderegis of the International
Energy Agency (IEA). The TIMES Integrated Assessiridodel (ETSAP-TIAM) is
the global multiregional incarnation of the TIMESde| generator.

TIMES is a model generator for local, nationahuulti-regional energy systems,
which provides a technology rich basis for estimgitenergy dynamics over a long-
term, multiple period time horizon. It is usuallppdied to the analysis of the entire
energy sector, but may also applied to study imitlsingle sectors (e.g. the electricity
and district heat sector).

In TIMES, reference case projections of end-usegnservice demands (e.g.,
car road travel, residential lighting, steel prattut and the like) are provided by the
user for each region. In addition, the user pravidstimates of the existing stock of
energy related equipment in all sectors in the basw, and the characteristics of
available future technologies, as well as presentfature sources of primary energy
supply and their potentials. Using these as inpilts, model aims to supply energy
services at minimum global cost (more accurateljn@imum loss of total surplus) by
simultaneously making decisions on equipment imaest, equipment operation,
primary energy supply, and energy trade. TIMESista vertically integrated model of
the entire extended energy system.

The scope of the model extends beyond purely enexigyed issues, to the
representation of environmental emissions, andgpartmaterials, related to the energy
system. The model is well suited to the analysissiérgy-environmental policies,
which may be represented with accuracy thanksdaiplicitness of the representation
of technologies and fuels in all sectors.

In TIMES, the quantities and prices of the variotsmmodities are in
equilibrium, i.e. their prices and quantities incleatime period are such that the
suppliers produce exactly the quantities demandgethd consumers. This equilibrium
has the property that the total surplus (consummus producers surpluses) is
maximized.

In addition, TIMES includes a climate module thaicalates the impact of
energy decisions on greenhouse gas emissions amrdoation, as well as on the
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resulting changes in atmospheric forcing, and iabgl temperature. The Climate
Module is especially useful in global incarnati@id' IMES, such as TIAM.

TIMES was developed as a successor of the MARKAEh{Bone et al., 1981,
1983, Berger et al.,, 1992), and EFOM (Finon, 19vVdn Voort, 1984) bottom-up
energy models, and incorporates the features dfettacestors, plus several new
features. From MARKAL, TIMES inherits the detailddscription of technologies, the
RES concept, and the equilibrium properties. Fraf@H, TIMES inherits the detailed
representation of energy flows at the technologegllein addition, TIMES has specific
features that were not present in the ancestor Imof least in their earlier
incarnations), as follows:

« Variable length periods;

* Vintaged technologies;

» Detailed representation of cash flows in the olbyedunction;
» Technologies with flexible inputs and flexible outs,

» Stochastic programming with risk aversion ;

* Climate module ;

* Endogenous energy trade between regions.

Section 2 describes the inputs and outputs of TIM&&ction 3 provides a
general overview of the representation in TIMEStlné Reference Energy System
(RES) of a typical region or country, focusing ¢® basic elements, technologies and
commodities. Section 4 discusses the economicnagoof the model, and Section 5
describes three model options: Lumpy Investment}, @Endogenous Technological
Learning (ETL), and Stochastic Programming (SPXtiBe 6 focuses on the climate
module of TIMES. Section 7 indicates the databasgrovements that were made to
TIAM.

In each section of subsection, the recent modehrsdgments are indicated in
the section’s title.

Inputs and Outputs of TIMES
The TIMES Input Scenario

The TIMES model is particularly suited to tagplorationof possible long term energy
futures based on contrastecenarios Given the long horizons simulated with TIMES
(up to 2100 in the current versions of the mod#lg, scenario approach is really the
only choice. Scenarios, unlike forecasts, do netguppose advance knowledge of the
main drivers of the energy system. Instead, a stemansists of a set afoherent
assumptionsabout the future trajectories of these drivergdieg to a coherent
organization of the system under study. A scenauitder must therefore carefully test
the assumptions made for internal coherence, viaedible storyline In TIMES, a
complete scenario consists of four types of ingutergy service demands, primary
resource potentials, a policy setting, and the rifggans of a set of technologies. We
now present a few comments on each of these faupcooents.

The Demand Component of a TIMES scenario
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In TIMES, the set of demand trajectories is obtdibg first specifying the values of
severaldemand drivers(population, GDP, sector outputs, etc.), which ab¢ained
externally, via other models (such as GEMINI-E3)frmm accepted external sources.
The divers consist of: GDP, sector outputs, andufation in the various regions. Note
that GEMINI-E3 itself uses other drivers as inpaterder to derive its own results, e.g.
assumptions on technical progress, population, teatte regime. For population and
household projections, typical sources include IPG&kicenovic (2000), Moomaw
and Moreira (2001). Other approaches may be usekrive TIMES drivers, whether
via models or other means. The versions of TIAMrafeel from 2004 to 2006 used
GEM-E3 instead of GEMINI-E3 to derive its demandvdrs.

Once the drivers for TIMES are determined and dfiadt the construction of
the reference demand scenario requires computsay afenergy service demandser
the horizon. This is done by choosielgsticities of demands to their respective digyer
in each region, using the following general formula

Demand= Driver E@stcty

The elasticities of demands to their respectiveeals reflect the degree of decoupling
between the drivers and the demands.

The demands are provided by the user only for ¢ference scenario. When the model
is run for alternate scenarios (for instance foeanssion constrained case, or for a set
of alternate technological assumptions), it is lijkidhat the demands will be affected.
TIMES has the capability of estimating the respook¢he demands to the changing
conditions of an alternate scenario. To do this, tiodel requires still another set of
inputs, namely the assumethsticities of the demands to their own pricEBVIES is
then able to endogenously adjust the demands taltbnate cases. In fact, TIMES is
driven not by demands but bgmand curves

The Supply Component of a TIMES Scenario

The second constituent of a scenario is a ssupply curvedor primary energy and
material resources. Multi-stepped supply curveshmeasily modeled in TIMES, each
step representing a certain potential of the resoavailable at a particular cost. In
some cases, the potential may be expressed as @ativa potential over the model
horizon (e.g. reserves of gas, crude oil, etcl @dtential over the resource base (e.g.
available areas for wind converters differentiagdvelocities, available farmland for
biocrops, roof areas for photovoltaic installatipasd/or as an annual potential (e.qg.
maximum extraction rates, or annual available wbidiass, or hydro potentials). Note
that the supply component also includes the ideatibn of trading possibilities.

The Policy Component of a TIMES Scenario

Insofar as some policies impact on the energy systfeey may become an integral part
of the scenario definition. For instance, a No-8olscenario may perfectly ignore
emissions of various pollutants, while alternatégyoscenarios may enforce emission
restrictions, or emission taxes, etc. The deta#etinological nature of TIMES allows
the simulation of a wide variety of both micro mea&s (e.g. technology portfolios, or
targeted subsidies to groups of technologies), larmhder policy targets (such as
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general carbon tax, or permit trading system orcamtaminants). A simpler example
might be a nuclear policy that limits the futurepamsion of nuclear plants. Another
example might be the imposition of fuel taxes, foindustrial subsidies, etc.

The techno-economic component of a TIMES scenario

The fourth and last constituent of a scenario i $let of technical and economic
parameters assumed for the transformation of pyimesources into energy services. In
TIMES, these techno-economic parameters are deskcnibthe form of technologies (or
processes) that transform some commodities interstl{fuels, materials, energy
services, emissions). Some technologies may besdoend others may simply be
available for the model to choose. The usefulnéss TMES instance rests on a rich,
well developed set of technologies, both currerd arure, for the model to choose
from. The emphasis put on the technological dagsmene of the main distinguishing
factors of the class of Bottom-up models, to WHIdMES belong§’. Other classes of
models will tend to emphasize other aspects ofylséem (e.g. interactions with the rest
of the economy) and treat the technical systemmoee succinct manner via aggregate
production functions.

TIMES outputs

For each scenario, TIMES produces two types ofitteSst, the primal solution of the
Linear Program provides, at each time period arehch region:

« A set of investments in all technologies;

* The operating levels of all technologies;

* The imports and exports of each type of tradeatdegy forms and materials;

* The extraction levels of each primary energy fomd eaterial;

» The flows of each commodity into and out of eaaht®logy;

* The emissions of each substance by each technaegtgr, and total;

* The changes in concentration of the greenhouses gase

* The radiative forcing induced by the atmospheriocemtration of GHG in the

atmosphere;
* The change in global temperature induced by thagda radiative forcing.

In addition, the dual solution of the Linear Pragrprovides:
* The shadow price of each commodity present in B8 Renergy form, demand,
emission, material);
« The reduced cost of each technology in the RESthieerequired cost reduction
to make that technology competitive.

27 Although TIMES does not encompass the macroecanwariables beyond the
energy sector, accounting for price elasticity eménds captures a major element of
feedback effects between the energy system anectireomy.
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The structure of a TIMES model

Operationally, a TIMES run configures tleaergy systenof a set of regionsover a
certaintime horizonin such a way as tminimize the net total cogor equivalently
maximize the net total surplusf the system, while satisfying a numbeicohstraints

Structure vs. data

The structure of TIMES is ultimately defined by mdes and equations
determined from the data input provided by the .ufbe database itself contains both
qualitative and quantitative data. Thyealitative dataincludes, for example, lists of
energy carriers, the technologies that the modekds are applicable (to each region)
over a specified time horizon, as well as the emrrental emissions that are to be
tracked. This information may be further classifistb subgroups, for example energy
carriers may be split by type (e.g., fossil, nugleanewable, etc). Thquantitative
data in contrast, contains the technological and enoogarameter values specific to
each technology, region, and time period. Wherstanting multi-region models it is
often the case that a technology may be availatieu$e in two distinct regions;
however, cost and performance assumptions may fieredit. This section discusses
both qualitative and quantitative assumptions e@THMES modeling system.

Time in TIMES

The time horizon is divided into a user-chosen numbfetirne-periods, each model
period containing an arbitrary, possibly differenimber of years. For TIMES all years
in a given period are considered identical. In Th&M case, a long horizon of 100
years is usually selected in order to properlyefthe long term nature of the climate
phenomena.

The initial period is usually considered a pastqegrover which the model
has no freedom, and for which the quantities oérigst are all fixed by the user at
their historical values. The initial period consish most applications of a single
year, in order to facilitate calibration to stardl@nergy statistics. Calibration to the
initial period is one of the important tasks reqdirwhen setting up a new TIMES
model.

In addition to time-periods, there are time diwsowithin a year, also called
time-sliceswhich may be defined at will by the user. For amste, the user may want to
define seasons, day/night, and/or weekdays/weekenhuse-slices are especially
important whenever the mode and cost of produatioan energy carrier at different
times of the year are significantly different. Tieghe case for electricity and other non
storable energy forms such as low temperature heat.

The RES concept
The TIMES energy economy consists of three typesntty:
» Technologieqalso calledorocesséesare representations of physical devices that
transform commodities into other commaodities.

=  Commoditiesconsist of energy carriers, energy services, nasgrmonetary
flows, and emissions, and
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= Commodity flowsare the links between processes and commodities. A
commodity flow is of the same nature as a commodiiy is attached to a
particular process, and represents one input ooatput of that process.

It is helpful to picture the relationships amongdé various entities using a network
diagram, referred to as a Reference Energy Sydis). Figure 1 sketches the RES of
the TIAM model, applicable to each of the 15 TIAKgion$®. The main elements of
TIAM’s RES are now briefly described:

* Energy supply sectorEach primary energy form is extracted from mudipl
layers of reserves (fossil, biomass) or of resoyatentials (non-fossil energy
such as wind, hydro, shallow, deep and very deegfhgemal, etc.) , each with a
potential and a specific unit cost. This constgudesupply curve for each energy
form. The primary energy resources and forms madeleTIAM are: coal (4
resources, 2 forms), crude oil (21 resources, h$pr natural gas (11 resources,
1 form), and solid biomass (8 resources, 6 forms).

» Trade: The following types of energy are endogenouslgdtabetween the 15
TIAM regions: coal (brown and hard coals), crudé, oefined petroleum
products (gasoline, diesel, heavy fuel oil and maphnatural gas, liquefied
natural gas, natural gas liquids, and atmosphenissons. The prices of these
energy forms are therefore endogenously computetidoynodel; the impact of
environmental policies on energy and permit tradhus taken into account.

* Energy transformationcrude oil is transformed into 15 RPP’s via refinery
processes; solid biomass may be transformed iotthals; coal and natural gas
may be transformed into hydrogen via gasificatianreforming (hydrogen
might also be produced by electrolysis); natura galiquefied and LNG is
gasified and via appropriate processes.

« Energy conversionElectricity is produced by a large number of tedbgies,
each of which takes as input one or more primaspueces, such as coal, gas,
heavy oil, wind, hydro, etc..

* Energy consumption sector&nd-use sectors include Residential, Commercial,
Industry and Transportation. Each has several edgnt demands for energy
services, shown in table 1. Each energy service Imeayatisfied by an array of
end-use technologies in competition.

* Emissions and emission reduction optiofl8AM models emissions of the
following greenhouse gases (GHG): £f@m energy consumption, , Girom
energy consumption (including leakages) as wellfrasn some non-energy
sectors (landfills, manure, wastewater, non-endsgymass burning, enteric
fermentation and rice cultivation) and®l from energy consumption as well as
from adipic and nitric acid industries. All GHGs isgions are also merged into
a single CQ@-equivalent emission, based on their global warnpatential, and
used as input into the climate module (see se@&)anEmission mitigation may
be accomplished in a number of ways, via energystgubons; improved
efficiency of installed devices; specific non-€@batement devices (e.g. ¢€H
flaring or utilization for electricity production suppression of leakages at

28 Africa, Australia-New-Zealand, Canada, Central Sodth America, China, Eastern
Europe, Former Soviet Union, India, Japan, MexMmdle-East, Other Developing
Asia, So-Korea, USA, Western Europe.
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natural gas transmission level,Mthermal destruction, anaerobic digestion of
wastes with gas recovery, etc.); sequestration,(€fpture and underground
storage, biological carbon sequestration, ); amdast&l reductions (in reaction to
increased carbon prices).

Note also although agricultural GHG emissions a@anted for, some
of them have no abatement options (i.e.,Gdissions from wastewater,
biomass burning, enteric fermentation, and ricedpes). Endogenous trade of
all emissions is available, so that permit trade loa easily represented within
the model.

* Due to its detailed technological nature, TIAM deato simulate almost any
type of emission abatement measure, be it a regnja tax, a cap-and-trade
system, a portfolio standard, etc.

* Finally, the initial year of the database is calibd to the energy balances
provided by the International Energy Agency, and ttharacteristics of the
technologies and reserves are based on literatuexmert knowledge (IPCC
reports, US-Environmental Protection Agency, I|EAeE]y Technology
Perspectives, US-Department of Energy, US Geolb§oavey, World Energy
Council, etc.).
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Figure 1. Sketch of the TIAM model's RES
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Table 1: End-use demands in TIAM

PROGRAMME

Code Unit
Transportation segments (15)
Autos TRT Billion vehicle-km/year
Buses TRB Billion vehicle-km/year
Light trucks TRL Billion vehicle-km/year
Commercial trucks TRC Billion vehicle-km/year
Medium trucks TRM Billion vehicle-km/year
Heavy trucks TRH Billion vehicle-km/year
Two wheelers TRW Billion vehicle-km/year
Three wheelers TRE Billion vehicle-km/year
International aviation TAI PJ/year
Domestic aviation TAD PJ/year
Freight rail transportation TTF PJ/year
Passengers rail transportation TTP PJ/year
Internal navigation TWD PJ/year
International navigation (bunkers) TWI PJlyear
Non-energy uses in transport NEU PJlyear
Residential segments* (11)
Space heating RH1, RH2, RH3, RH4 PJlyear
Space cooling RC1, RC2, RC3, RC4 PJlyear
Hot water heating RWH PJ/year
Lighting RL1, RL2, RL3, RL4 PJlyear
Cooking RK1, RK2, RK3, RK4 PJlyear
Refrigerators and freezers RRF PJ/year
Cloth washers RCW PJ/year
Cloth dryers RCD PJ/year
Dish washers RDW PJ/year
Miscellaneous electric energy REA PJ/year
Other energy uses ROT PJlyear
Commercial segments* (8)
Space heating CH1, CH2, CH3, CH4 PJlyear
Space cooling CC1, CC2,ccs.cc4 PJlyear
Hot water heating CHW PJ/year
Lighting CLA PJlyear
Cooking CCK PJlyear
Refrigerators and freezers CRF PJlyear
Electric equipments COE PJ/year
Other energy uses COT PJ/year
Agriculture segment (1)
Agriculture AGR
Industrial segments** (6)
Iron and steel s Millions tonnes
Non ferrous metals INF Millions tonnes
Chemicals ICH PJ
Pulp and paper ILP Millions tonnes
Non metal minerals INM PJ
Other industries 101 PJ
Other segment (1)
Other non  specified energy ONO PJ/year

consumption

* RLi, RCIi, RLi, RKi, CHi, CCi represent the demdmfor sub-regions available in some regions (@8A, CAN).
** |ndustrial energy services are made up of &ifre” of more detailed services: steam, process hnezchine drive, electrolytic

service, other, and feedstock.
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Overview of the TIMES attributes

Parameters associated with processes

Process-oriented parameters incluflechnical parametergefficiency, availability
factor(s), commodity consumptions per unit of atgivshares of fuels per unit activity,
technical life of the process, construction leadeti dismantling lead-time and duration,
amounts of the commodities consumed or releaser), Economic and policy
parameterg(including a variety of costs, taxes or subsidi#gached to the investment,
dismantling, maintenance, and operation of a psycasd process specific discount
rates, also calledurdle rate) Finally, Bounds(upper, lower, equality) may be imposed
on the investment, capacity, and activity of a pssc

Parameters associated with commodities

Commodity-oriented parameters incluflechnical parametergoverall efficiency --for
instance grid efficiency, and the time-slices owbich that commodity is to be tracked.
Additionally, for demand commaodities, the annualjected demand and load curves if
the commodity has a sub-annual time-slice resatjitieconomic parameter@ncluding
additional costs, taxes, and subsidies on the ptmduof a commodity. In the case of a
demand service, an additional parameters is theadéis own-price elasticity), and
Policy based parameterbounds --at each period or cumulative, on pradacof a
commodity, or on the imports or exports of a comitydoly a region).

Parameters attached to commodity flows into and out of processes

Each flow in or out of a process has a variablachgd to it, as well as several
parameters:Technical parametergpermit full control over the maximum and/or
minimum share a given input or output flow may takhin the same commodity
group. For instance, a flexible turbine may aca@pbr gas as input, and the modeler
may use a parameter to limit the share of oil tmast 40% of the total fuel input. Other
parameters and sets define the amount of certdftfowa in relation to certain inflows
(e.g., efficiency, emission rate by fuel, etc.)r Fstance, in an oil refinery a parameter
may be used to set the total amount of refinedymtsdequal to 92% of the total amount
of inputs into the refinery, or to calculate camtamissions as a fixed proportion of the
amount of oil consumedeconomic parameterinclude delivery and other variable
costs, taxes and subsidies attached to an indiviitaeess flow.

Parameters attached to the entire RES

These parameters include currency conversion fador a multi-regional model),
region-specific time-slice definitions, region-sgiiec values of capital and labor
(influencing the costs of technologies), a regipeeific general discount rate, and
reference year for calculating the discounted todat (objective function).

Managing and running a TIMES model (major enhancement)

The construction and maintenance of a TIMES databasgreatly helped by the
VEDA_FE (front end) interface that allows the userconstruct, access, browse, and
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generally maintain the model's database, as welbrder a series of model runs. A
companion back end interface, VEDA_ BE, facilitatke exploration of the solution
and the construction of result tables and graphlde descriptions of the VEDA
interfaces are available lattp://www.kanors.com/software.htm

The TIMES database is transformed into a LineagRrmming matrix via a computer
program (matrix generator) written in the GAMS laage. The LP is then solved by a
commercial optimizer such as CPLEX or EXPRESS. Whered integer programming
(MIP) is required (see sections 5.1 and 5.2), tAdIS program automatically activates
the MIP feature of the optimizer.

Economic rationale of TIMES

This section provides an economic interpretationtted TIMES and other partial
equilibrium models based on maximizing total susplBartial equilibrium models have
one common feature: they simultaneously confighespgroduction and consumption of
commodities (i.e. fuels, materials, and energyises) and their prices. The price of
producing a commaodity affects the demand for tleammodity, while at the same time
the demand affects the commodity’s price. A marisetsaid to have reached an
equilibrium at pricegp* and quantitieg* when no consumer wishes to purchase less
thang* at pricep*and no producer wishes to produce more tifaat pricep*. Bothp*
andg* are vectors whose dimension is equal to the nurabeifferent commodities
being modeled. As explained below, when all markats in equilibrium the total
economic surplus is maximized.

Earlier and simpler Bottom-up models had fixed ggeservice demands, and
thus were limited to minimizing the cost of supplyithese demands (e.g. the early
incarnations of MARKAL, see Fishbone and Abilock81, Berger et al., 1992, though
MARKAL has since been extended beyond these eaglgians). In contrast, the
TIMES demands for energy services are themsehastielto their own prices, thus
allowing the model to computeb@na fidesupply-demand equilibrium. This feature is a
fundamental step toward capturing the main feedlhewk the economy to the energy
system

The TIMES paradigm

In brief, TIMES is a technology explicit, multi-riggal, partial equilibrium model, that
assumes price elastic demands, competitive marketsperfect foresight (resulting in
Marginal value Pricing).

Multi-regional feature

The TIAM instance of TIMES covers the global enesygtem divided into 15 regional
modules. The 15 individual regional modules arkdohby energy and material trading
variables, and by emission permit trading variabiésdesired. The trade variables
transform the set of regional modules into a singtegrated multi-regional energy
model, where actions taken in one region may atitdther regions.
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Partial equilibrium properties

TIMES computes a partial equilibrium on energy nessk This equilibrium feature is
present at every stage of the energy system: pyimaergy forms, secondary energy
forms, and energy services. A supply-demand egqiuhto has the property of
maximizing the total surplus, defined as the sumsugdpliers and consumers surpluses.
The TIMES equilibrium possesses in fact three fumelatal properties: linearity,
maximization of surplusand competitiveness of energy marketfiese properties in
turn result in two additional featuresarginal cost pricingand theprofit maximization
property. We briefly describe each property:

Linearity
A linear input-to-output relationship means thathteéechnology may be implemented
at any capacity, continuously from a lower limitstmme upper limit, without economies
of scale.

The fact that TIMES equations are lineages not mean that production
functions behave in a linear fashiofideed, the TIMES production functions are
usually highly non-linear (but convex), represegtimon-linear functions as a stepped
sequence of linear functions. As a simple exanmglsupply of some resource may be
represented as a sequence of linear segments,wetiichising unit cost. Thus, dis-
economies of scale are frequently present in TINME® are easily accommodated. The
linearity property allows the TIMES equilibrium tbe computed using Linear
Programming..

Maximization of total surplus: Price equals Marginalue

The total surplusof an economy is the sum of the suppliers’ and ¢cbesumers’
surpluses. In TIMES, the suppliers of a commodity gechnologies that procure a
given commodity, and the consumers of a commodgyt@chnologies or demands that
consume a given commodity. The set of supplie @immodity is characterized by its
inverse production functiofor supply curvég plotting the marginal production cost of
the commodity as a function of the quantity sumplien TIMES, as in other
technological models, the supply curve of a comityodi not explicitly specified, but
rather implicitly(endogenouslylerived by the model itself.
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Figure 2. Equilibrium in the case of an energy form the model implicitly
constructs both the supply and the demand curves

In a symmetrical manner, each TIMES instance dsfiaeseries ofnverse demand
functions(i.e. demand curvgs For demands, two cases are distinguished. Hirdte
commodity in question is an energy carrier whosedpction and consumption are
endogenous to the model, then its demand curvengicitly constructedwithin
TIMES, and is a step-wise constant, decreasingtiomof the quantity demanded, as
illustrated in Figure 2.

If on the other hand the commaodity is a demandafoenergyservice then its inverse
demand curve is exogenously defined by the usetheigpecification of the own-price
elasticity of that demand, and the curve is in thegance a smoothly decreasing curve
as illustrated in Figure %. In TIMES, each energy service demand is assumédye
a constant own price elasticity function of thenfioD/Dg = (P/Py)F, where{Do,Pg} is a
reference pair of demand and price values for #margy service over the forecast
horizon (obtained from solving a reference scenadandE is the own price elasticity
of that energy service demand chosen by the usge that though not shown by the
notation, this price elasticity may vary over timéf course, the TIMES equilibrium
concerns many commodities, and the equilibrium mudti-dimensional analog of the
above, where @and R are now vectors rather than scalars.

It is seen from Figures 2 or 3 that the total suspt maximized exactly when Q is
equal to the equilibrium quantityeQTherefore, we may state (in the single commodity
case) the following Equivalence Principle:

“The supply-demand equilibrium is reached whentthal surplus is maximized”

29 This smooth curve will be discretized later fongautational purposes.
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In the multi-dimensional case, the proof of the \abgtatement is less obvious, and
requires a certaimtegrability property(Samuelson, 1952, Takayama and Judge, 1972).
One sufficient condition for the integrability prenpy to be satisfied is realized when the
cross-price elasticities of any two energy formesequal, viz.

oP; /0Q; =0P, /0Q; foralli, ]

In TIMES, it may be shown that the integrabilityoperty is always satisfied. Thus the
equivalence principle is valid in all cases. Thisa remarkably useful result that
provides a simple method for computing the equiliforvia convex programming.

In summary, the equivalence principle guaranteas tthe TIMES supply-demand
equilibrium maximizes total surplus. The total dugpconcept has long been a mainstay
of social welfare economics because it takes irtooant both the surpluses of
consumers and of producéPs.

Price 4

Demand curve

Supply Curve

i

Qe Quanti:ty

Figure 3. Equilibrium in the case of an energy seiice: the user explicitly provides
the demand curve, usually using a simple functiondbrm

Competitive energy markets with perfect foresight
Competitive energy markets are characterized bfepemformation and by multiple
agents that do not exercise market power. It igaadard result of microeconomic
theory that the assumption of competitive marketsies that the market price of a
commodity is equal to its marginal value in the remoy. This property holds in the
TIMES economy.

In TIMES, the perfect information assumption exteno the entire planning
horizon, so that each agent has perfect foresight,complete knowledge of the
market’'s parameters, present and future. Hence,etiglibrium is computed by

%0 See e.g. Samuelson, P, and W. Nordhaus (1977)
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maximizing total surplus in one pass for the ensie¢ of periods. Such a farsighted
equilibrium is also called anter-temporal,dynamicor clairvoyantequilibrium.

The perfect foresight assumption may be relaxeddsyming that some parameters
are uncertain. This assumption is at the basiti®fStochastic Programming option of
TIMES (see below). Other variants of TIMES assurhat tagents have a limited
foresight (e.g. over one or a few periods rathanttie full horizon).

Marginal value pricing
The fact that the TIMES equilibrium occurs at theersection of the inverse supply and
inverse demand curves implies directly that theildgiwm price is equal to the
marginal system value of the commodity. From aedéht angle, the duality theory of
Linear Programming indicates that for each constraf the TIMES linear program
there is a dual variable. This dual variable (wharoptimal solution is reached) is also
called the constraintshadow price,and is equal to the marginal change of the
objective function per unit increase of the constia right-hand-side. For instance, the
shadow price of a demand constraint is the pridd®torresponding energy service.

Three optional features of TIMES

The Lumpy Investment option

In some cases, the linearity property of the TIMB&el may become a drawback for
the accurate modeling of certain investment deegssi@€onsider for example a TIMES
model for a relatively small community such astg.dror such a scope tlyeanularity
of some investments may have to be taken into atcéior instance, the size of an
electricity generation plant proposed by the modeluld have to conform to an
implementable minimum size (it would make no setesdecide to construct a 50 MW
nuclear plant). Another example for multi-region debng might be whether or not to
build cross-region electric grid(s) or gas pipelg)ein discrete size increments.
Processes subject to investments of only specifie smicrements are described as
“lumpy” investments.

In such situations, Linear Programming is not aadée, and it is necessary to
use Mixed Integer Programming (MIP) formulationgl aasolution techniques. MIP is
an option embedded in the TIMES code.

Endogenous Technological Learning (ETL)

In a long-term dynamic model such as TIMES the att@ristics of many of the future
technologies are almost inevitably changing overdbquence of future periods due to
technological learning

In some cases it is possible to forecast such @saag a function of time, and thus
to define a time-series of values for each param@tey. unit investment cost,
efficiency). In such cases, technological learnggxogenousince it depends only on
time elapsed and may thus be specified via inprgrpaters that changes over time.

In other cases there is evidence that the pace hithwsome technological
parameters change is dependent orettperienceacquired with this technology. Such
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experience is not solely a function of time elapskdt typically depends on the
cumulative investment in the technoldtyas exemplified in the following formula:

INVCOST=alC,”

WhereC; is the cumulative investment made in the techngltlgvVCOSTis the unit
investment cost, analis related to the pace of learning.

In such a situation, technological learningeislogenoussince the future values of the
parameters are no longer a function of time elapsauke, but depend on the cumulative
investment decisions taken by the model (whichtilz@enselves a model’s result). Thus,
the evolution of techno-economic parameters majonger be established outside the
model, since it depends on the model’s results. ETalso named.earning-By-Doing
(LBD) by some authors.
Whereas exogenous technological learning doesagoine any additional modeling,
endogenous technological learning (ETL) requirescije features. In TIMES, there
IS a provision to represent the effects of endogsrearning on the unit investment
cost of technologies, using Mixed Integer Progranmgni

Stochastic Programming

Stochastic Programming is an approach for optideaision making under risk.
The risk consists of uncertainty regarding the eslof some of the LP parameters (cost
coefficients, matrix coefficients, RHS’s). Each ernain parameter is considered to be a
random variable, usually with a discrete, knownbplulity distribution. The objective
function thus becomes a random variable and aiontenust be chosen in order to make
the optimization possible. Such a criterion magkgected cost, expected utility, or others
(Kanudia and Loulou, 1998).

Uncertainty on a given parameter is said todselved--either fully or partially, at
the resolution timei.e. the time at which the actual value of theapeeter is revealed.
Different parameters may have different times ebhation. Both the resolution times and
the probability distributions of the parameters rhayepresented on ament tregsuch as
the one of figure 4, depicting a typical energyimmnmental situation. In figure 4, two
parameters are uncertain: mitigation level, andateingrowth rate. The first may have
only two values (High and Low), and becomes knawB005. The second also may have
two values (High and Low) and becomes known in 200@e probabilities of the
outcomes are shown along the branches. This exaamplenes that present time is 1995.
This example is said to have three stages (i.erégalution times).

3Lt may also depend on R&D expenditures.
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Low Growth
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Low Mitigation E Q_,Q_,Q_,Q_,Q

L(;w Growth ; Q :
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1995 2000 2005 2010 2015 2020 2025 2030 2035
Figure 4. Example of an event tree

In TIMES, the resolution of Stochastic Programmaldipws the user two types of
optimization criteria: Maximization of expected glus or Maximization of Expected
utility (consisting of a linear combination of exgbed surplus and a term expressing risk
aversion).

The Climate Module of TIAM (major enhancement)

The Climate Module starts from global emissionthefthree main GHG’s generated by
the TIAM global model, and proceeds to compute sssiwely:

the changes in atmospheric concentrations ,

the changes in atmospheric radiative forcings ftbenthree gases, and

the global temperature change in two layers.

The Climate Equations used to perform these cdlonk are in part adapted from
Nordhaus and Boyer (1999) who proposed linear sageirequations for calculating
concentrations and temperature changes. Thesea lgmgemtions give results that are
good approximations of those obtained from more gemclimate models (Drouet et
al., 2004; Nordhaus and Boyer, 1999). The choicta®fNordhaus and Boyer’s climate
equations is motivated by the simplicity of theppeoach and by the fact that their
climate module is well-documented and acceptabtyiaate. In our implementation, the
single forcing equation has been replaced by teegarate ones, and each has been
linearized, via an approximation whose values ¢joapproach the exact ones as long
as the useful range is carefully selected.

The recent enhancement of the climate module hasisted in representing each of the

three gases with each its own life cycle in thecspimere. Then, a forcing formula is
used (again separately for each gas) and finalyfditings of the three gases are added
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to form the total radiative forcing of the entiet f gases modeled. The remaining (non
modeled) gases are accounted for via an exogeoatiad quantity32

We now describe the mathematical equations usezhet of the three steps of the
climate module.

Concentrations (accumulation of CO2, CH4, N20)

CO2 concentration

CO2 accumulation is represented as the linear teservoir model below, adapted
from Nordhaus and Boyer (1999): the atmospheregthekly mixing upper ocean +
biosphere, and the deep ocean. CO2 flows in bothctibns between adjacent
reservoirs. The 3-reservoir model is representethbyfollowing 3 equations when the
step of the recursion is equal to one year:

Matm (¥) = E(y-1) + (1 -atm-up Matm (Y-1) +Qup-atmMup (Y-1) (1)
Mup y) =1 “Pup-atm— (Pup-lo) Mup (y-1) + Qatm-up Matm (y-1) + Pio-up Mio (y-1) 2
Mio () = (1~@i0-up) Mio (Y-1) +@up-io Mup (y-1) (3)
with

* Man(y), Mup(y), Mio(y): masses of COIn atmosphere, in a quicly mixing reservoir
representing the upper level of the ocean and tbgpbere, and in deep oceans
(GtC), respectively, at period t (GtC)

* E(y-1) = CQ emissions in previous year (GtC)

* ¢j, transport rate from reservoir i to reservoir j € atm, up, lo) from year y-1toy

CH4 concentration

CH4 accumulation is represented by a so-calledlesingx model in which the
atmospheric methane concentration obeys the faligwguation:

CHy(¥) = ® s HCH 1 (y=D) + | (ENgy,(y =1 + EA,, (y -D) (1)
where

32 An alternative approach is also available in TIAMpnsisting in first converting the emissions of
each other (non CO2) GHG into a CO2-equivalent quiy, and to add these CO2-equivalents to form
a fictitious emission of total CO2-equivalent, whids then treated as if it were a bona fide CO2
emission. The coefficients used for converting esis of other gases into CO2-equivalents are the
Global Warming Potentials (GWP) recommended by tREC AR4 (IPCC 2007).
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e CH4ym, ENcha, andEAcHs, are respectively: the atmospheric concentration,
the natural emission and the anthropogenic emissio@H4 for yeary,
expressed in ppbv

« d is the density oCH4,expressed iGt/ppbv (d=2.84)
®,,, is the one-year retention rate of CH4 in the aphese.

N20O concentration

N20 accumulation is also represented by a singlerbodel in which the atmospheric
N20O concentration obeys the following equation:

N20,1,(¥) = P20 (N2, (y ~1) + ¥, (ENyo (y =D + EA o (y-D) )

where
* N20, EN2o, andEAN20, are respectively: the atmospheric concentratios,
natural emission and the anthropogenic emissionN2O for year v,
expressed in ppbv
» d is the density oN20,expressed ilGt/ppbv (d=7.81)
@, Is the one-year retention rate of N20 in the afrhese.

Radiative forcings

As already mentioned we assume that the forcingstalthe various gases are additive
(IPCC, 2007). Thus:

AF(y) = AFco, (Y) + AF¢,(Y) + AFy 0 (Y) +O(Y) (4)

The four tedrms are calculated as follows:

Forcing from CO2

The relationship between CO2 accumulation and asmé radiative forcingdFcoAY),
is derived from empirical measurements and climageels (IPCC 2007).

IN(M 4 (¥)/ M)
In2

AFcody) = y* (4a)

where:

e Mo (i.e.CO2ATM_PRE_IND) is the pre-industrial (circA750) reference
atmospheric concentration of CO2 = 596.4 GtC

e v is the radiative forcing sensitivity to atmospheZO, concentration doubling
= 3.7 W/nf (IPCC, 2007)
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Forcing from CH4

The radiative forcing due to atmospheric CH4 isegiwy the following expression
(IPCC, 2001, ch p.)

AF,,4(y) = 0.0360{,/CH4, - [CH4, |- [f (CH4,,N20,) - f (CH4,,N20,)]  (4b)

Forcing from N20O

The radiative forcing due to atmospheric N20 isegiwby the following expression
(IPCC, 2001)

AF,,0(y) = 01204 [N20, -,/N20, )- [ (CH4,,N20,) - f (CH4,,N20,)]  (4c)

where:

f(x,y) = 0470n|L+ 201007 [xy) °’° + 5310107 Tk(xy) **’| (4d)

Note that the f(x,y) function, which quantifies tlweoss-effects on forcing of the
presence in the atmosphere of both gases (CH4 a@j,Ns not quite symmetrical in
the two gases. As usual, the 0 subscript indidategre-industrial times (1750)

Forcing from other sources

O(y) is the increase in total radiative forcingpatiod t relative to pre-industrial level
due to anthropogenic GHG'’s not represented exlylitit the model. Units = W/fa It
is the modeler’s responsibility to include in thaozlation of O(y) only the forcing
from those gases that are not modeled.

The parameterization of the three forcing equatidias 4b, 4c) is not controversial and
relies on the results reported by Working Group the IPCC. IPCC (2001, Table 6.2,
p.358) provides a value of 3.7 fprThat same table provides the entire expressians f
all three forcing equations.
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In TIMES, each of the three forcing expressionge@aced by a linear approximation,
in order to preserve linearity of the entire TIME®del. All three forcing expressions
(4a, 4b, 4c) happen to be concave functions. Theretwo linear approximations are
obvious candidates. The first one is an approxonafrom below, consisting of the
chord of the graph between two selected points. sHm®nd one has the same slope as
the chord and is tangent to the graph, thus apmratkng the function from above. The
final approximation is taken to be the arithmetier@age of the two approximations.
These linear expressions are easily derived on@nge of interest is defined by the
user, and remain very close to the accurate fonzaiges.

Temperature increase

In the TIMES Climate Module as in many other intdgd models, climate change is
represented by the global mean surface temperatheeidea behind the two-reservoir
model is that a higher radiative forcing warms titenospheric layer, which then
quickly warms the upper ocean. In this model, tmeogphere and upper ocean form a
single layer, which slowly warms the second layersisting of the deep ocean.

ATupy) = ATup(y-1) + o2f F(Y) =% ATup(y-1) —o2 [ATup(y-1) —ATow(y-1)]I}  (5)
ATiow(Y) = ATion(y-1) + 03[ATyp(y-1) —ATiow (Y-1)] (6)

with

* ATy = globally averaged surface temperature increbseeapre-industrial level,

* ATw = deep-ocean temperature increase above pre-radlavel,

* o1= l-year speed of adjustment parameter for atmogpteenperature (also known
as the lag parameter),

* o = coefficient of heat loss from atmosphere to desgans,

* o3 = 1-year coefficient of heat gain by deep oceans,

« ) =feedback parameter (climatic retroaction). It istomary to writé\ as A =y/C,,
Cs being the climate sensitivity parameter, definedtres change in equilibrium
atmospheric temperature induced by a doubling of €@@centration.

Remark in contrast with most other parameters, the vai€s is highly uncertain,
with a possible range of values frofClto 10C. This parameter is therefore a prime
candidate for sensitivity analysis, or for treatiiey probablilistic methods.

TIAM Data Base Improvements (major enhancements)

An important general review of the TIAM database was undertaken, and recently
completed. Continuous enhancements are a normal maintenance task of any technological
model, but the recent series of data modifications went much beyond regular maintenance,
and concerned most sectors of the energy system. We give below a summary of the
changes.
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Emission trading mechanisms

In view of the simulation of various trading schemes, we have greatly enhanced the
modeling options for representing various permit trading regimes, which now include the
following cases:
* Single bubble, with full trading of all regions, resulting in fully efficient permit
trading and a single permit price
* Single bubble, but for some sectors only (non covered sectors do not trade)
*  Multiple bubbles, each with its own separate permit market (leading to multiple
permit prices)
* Bubble with price cap: a bubble may decide to implement a permit trading market
where GHG price is upper bounded by the regulator. In this case, the emission cap
is not fully enforced (e.g. the Lieberman-Wagner bill now before the US senate)

* Banking and borrowing

Electric Power Generation sector (EPG)

This sector was almost completely revised. New data for solar, geothermal and hydro
potentials were obtained, and more traditional technologies were also modified to reflect
most recent available data. Table 2 shows the main data elements of the new database..

Table 2: EPG technologies in TIAM

Investment Operating
Code Name vintages Cost cost Efficiency
$/kW $/GJ elec %
ECOAPUL105 | EPLT:.G1.05.CON.COA.Pulverized Coal. 2003 1300 2.4 47.0%
ECOAPUL106 | EPLT:.G1.05.CON.COA.Pulverized Coal. 2008 1300 24 47.0%
ECOAPUL107 | EPLT: .G1.05.CON.COA.Pulverized Coal. 2018 1250 2.3 50.0%
ECOAPUL108 | EPLT:.G1.05.CON.COA.Pulverized Coal. 2028 1150 2.2 52.0%
ECOACCO105 | EPLT: .G1.05.ADV.COA.Oxygen Blown IGCC. 2003 1700 2.8 48.6%
ECOACCO106 | EPLT: .G1.05.ADV.COA.Oxygen Blown IGCC. 2008 1700 2.8 48.6%
ECOACCO0107 | EPLT: .G1.05.ADV.COA.Oxygen Blown IGCC. 2018 1500 2.5 48.9%
ECOACCO0108 | EPLT: .G1.05.ADV.COA.Oxygen Blown IGCC. 2028 1475 2.5 54.0%
ECOACCA105 | EPLT: .G1.05.ADV.COA.Air Blown IGCC. 2003 1450 2.5 46.6%
ECOACCA106 | EPLT: .G1.05.ADV.COA.Air Blown IGCC. 2008 1450 2.5 46.6%
ECOACCA107 | EPLT: .G1.05.ADV.COA.Air Blown IGCC. 2018 1250 2.2 46.9%
ECOACCA108 | EPLT: .G1.05.ADV.COA.Air Blown IGCC. 2028 1225 2.2 52.0%
ECOAAFB105 | EPLT:G1.05.ADV.COA.Atmospheric Fl Bed. 2003 1400 2.4 40.0%
ECOAAFB106 | EPLT:G1.05.ADV.COA.Atmospheric Fl Bed. 2028 1400 2.4 45.0%
ECOAPFB105 | EPLT:G1.05.ADV.COA.Pressurized Fl Bed. 2003 1500 2.6 47.0%
ECOAPFB105 | EPLT:G1.05.ADV.COA.Pressurized Fl Bed. 2028 1500 2.6 46.0%
EOILSTE105 EPLT: .G1.05.CON.OIL.Oil Steam. 2003 950 14 35.0%
EOILSTE105 EPLT: .G1.05.CON.OIL.Oil Steam. 2008 950 14 40.0%
EGASSTE105 | EPLT:.G1.05.CON.NGA.Gas Steam. 2003 950 14 35.0%
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Investment Operating
Code Name vintages Cost cost Efficiency
$/kW $/GJ elec %

EGASSTE105 | EPLT:.G1.05.CON.NGA.Gas Steam. 2008 950 14 40.0%

EGOICCA105 | EPLT:.G1.05.ADV.GOIl.Gas/Oil Comb Cycle. 2003 600 1.0 57.0%

EGOICCA105 | EPLT:.G1.05.ADV.GOIl.Gas/Oil Comb Cycle. 2008 600 1.0 57.0%

EGOICCA105 | EPLT:.G1.05.ADV.GOIl.Gas/Oil Comb Cycle. 2018 550 0.9 61.0%

EGOICCA105 | EPLT:.G1.05.ADV.GOIl.Gas/Oil Comb Cycle. 2028 550 0.9 63.0%
EPLT: .G1.05.ADV.GOI.Advanced Gas/Oil

EGOITUA105 | Turbine. 2003 325 0.7 38.0%
EPLT: .G1.05.ADV.GOl.Advanced  Gas/Olil

EGOITUA106 | Turbine. 2008 310 0.7 39.0%
EPLT:  .G1.05.ADV.GOl.Advanced  Gas/Olil

EGOITUA107 | Turbine. 2018 280 0.7 40.0%

EGASFCE105 | EPLT:.G1.05.ADV.NGA.Fuel Cells. 2003 10500 16.3 48.0%

EGASFCE106 | EPLT:.G1.05.ADV.NGA.Fuel Cells. 2008 6000 10.6 49.0%

EGASFCE107 | EPLT: .G1.05.ADV.NGA.Fuel Cells. 2018 1300 4.7 50.0%

EGASFCE108 | EPLT:.G1.05.ADV.NGA.Fuel Cells. 2028 1300 4.7 50.0%

ENUCADV105 | EPLT:.G1.05.ADV.NUC.Advanced Nuclear. 2003 1700 4.3 -

ENUCADV106 | EPLT:.G1.05.ADV.NUC.Advanced Nuclear. 2008 1700 4.3 -

ENUCLWR105 | EPLT: .G1.05.ADV.NUC.Advanced Nuclear LWR. | 2003 1500 3.9 -

ENUCLWR106 | EPLT: .G1.05.ADV.NUC.Advanced Nuclear LWR. | 2008 1500 3.9 -
EPLT: .G1.10.ADV.NUC.Advanced Nuclear

ENUCPBM110 | PBMR. 2008 1700 4.3 -
EPLT: .G1.05.CON.OIL.Generic Dist Gen for

EOILGBL105 Base Load. 2003 599 4.2 31.0%
EPLT: .G1.05.CON.OIL.Generic Dist Gen for

EOILGBL106 Base Load. 2008 599 4.2 37.0%
EPLT: .G1.05.CON.OIL.Generic Dist Gen for

EOILGBL107 Base Load. 2003 538 6.6 32.1%
EPLT: .G1.05.CON.OIL.Generic Dist Gen for

EOILGBL108 Base Load. 2008 538 6.6 32.5%
EPLT: .G1.05.CON.BIO.SId Biomass

EBIOSLG105 | Gasification. 2003 1925 3.1 34.0%
EPLT: .G1.05.CON.BIO.SId Biomass

EBIOSLG106 | Gasification. 2008 1925 3.1 34.0%
EPLT: .G1.05.CON.BIO.SId Biomass Direct

EBIOSLC105 Combustion. 2003 1700 4.9 32.8%
EPLT: .G1.05.CON.BIO.SId Biomass Direct

EBIOSLC106 Combustion. 2008 1700 4.9 32.8%

EBIOGAW105 | EPLT:.G1.05.CON.BIO.Biogas from Waste. 2003 1900 4.3 32.8%

EBIOGAW106 | EPLT:.G1.05.CON.BIO.Biogas from Waste. 2008 1900 4.3 32.8%

EBIOMSW105 | EPLT: .G1.05.CON.BIO.MSW Direct Combustion. | 2003 3500 6.6 32.8%

EBIOMSW106 | EPLT: .G1.05.CON.BIO.MSW Direct Combustion. | 2008 3500 6.6 32.8%
EPLT: .G1.05.CON.HYD.Generic Impoundment

EHYDDAM105 | Hydro. 2003 1500 15 -
EPLT: .G1.05.CON.HYD.Generic Impoundment

EHYDDAM106 | Hydro. 2008 1500 15 -
EPLT: .G1.05.CON.HYD.Generic Impoundment

EHYDDAM107 | Hydro. 2018 1475 1.5 -
EPLT: .G1.05.CON.HYD.Generic Impoundment

EHYDDAM108 | Hydro. 2028 1450 1.5 -
EPLT: .G1.05.CON.HYD.Generic Impoundment

EHYDDAM109 | Hydro. 2038 1425 15 -
EPLT: .G1.05.CON.HYD.Generic Impoundment

EHYDDAM110 | Hydro. 2048 1400 14 -
EPLT: .G2.05.CON.HYD.Generic Impoundment

EHYDDAM205 | Hydro. 2003 2500 1.8 -
EPLT: .G2.05.CON.HYD.Generic Impoundment

EHYDDAM206 | Hydro. 2008 2500 1.8 -
EPLT: .G2.05.CON.HYD.Generic Impoundment

EHYDDAM207 | Hydro. 2018 2438 1.8 -
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Code Name vintages Cost cost Efficiency
$/kwW $/GJ elec %

EPLT: .G2.05.CON.HYD.Generic Impoundment

EHYDDAM208 | Hydro. 2028 2375 1.8 =
EPLT: .G2.05.CON.HYD.Generic Impoundment

EHYDDAM209 | Hydro. 2038 2313 1.7 =
EPLT: .G2.05.CON.HYD.Generic Impoundment

EHYDDAM210 | Hydro. 2048 2250 1.7 -
EPLT: .G3.05.CON.HYD.Generic Impoundment

EHYDDAM305 | Hydro. 2003 3500 2.1 -
EPLT: .G3.05.CON.HYD.Generic Impoundment

EHYDDAM306 | Hydro. 2008 3500 2.1 =
EPLT: .G3.05.CON.HYD.Generic Impoundment

EHYDDAM307 | Hydro. 2018 3413 2.1 -
EPLT: .G3.05.CON.HYD.Generic Impoundment

EHYDDAM308 | Hydro. 2028 3325 2.1 -
EPLT: .G3.05.CON.HYD.Generic Impoundment

EHYDDAM309 | Hydro. 2038 3238 2.0 =
EPLT: .G3.05.CON.HYD.Generic Impoundment

EHYDDAM310 | Hydro. 2048 3150 2.0 -
EPLT: .G4.05.CON.HYD.Generic Impoundment

EHYDDAM405 | Hydro. 2003 4500 2.4 -
EPLT: .G4.05.CON.HYD.Generic Impoundment

EHYDDAM406 | Hydro. 2008 4500 2.4 =
EPLT: .G4.05.CON.HYD.Generic Impoundment

EHYDDAM407 | Hydro. 2018 4375 2.4 -
EPLT: .G4.05.CON.HYD.Generic Impoundment

EHYDDAM408 | Hydro. 2028 4250 2.3 =
EPLT: .G4.05.CON.HYD.Generic Impoundment

EHYDDAM409 | Hydro. 2038 4125 2.3 =
EPLT: .G4.05.CON.HYD.Generic Impoundment

EHYDDAMA410 | Hydro. 2048 4000 2.3 -
EPLT: .G5.05.CON.HYD.Generic Impoundment

EHYDDAMS505 | Hydro. 2003 5500 2.7 =
EPLT: .G5.05.CON.HYD.Generic Impoundment

EHYDDAMS506 | Hydro. 2008 5500 2.7 =
EPLT: .G5.05.CON.HYD.Generic Impoundment

EHYDDAMS507 | Hydro. 2018 5375 2.7 -
EPLT: .G5.05.CON.HYD.Generic Impoundment

EHYDDAMS508 | Hydro. 2028 5250 2.7 =
EPLT: .G5.05.CON.HYD.Generic Impoundment

EHYDDAMS509 | Hydro. 2038 5125 2.6 =
EPLT: .G5.05.CON.HYD.Generic Impoundment

EHYDDAM510 | Hydro. 2048 5000 2.6 -

EHYDRUN105 | EPLT: .G1.05.CON.HYD.Generic ROR Hydro. 2003 2000 2.8 =

EBIOCRG105 | EPLT:.G1.05.CON.BIO.Crop Gasification. 2003 2000 6.4 32.8%

EBIOCRG106 | EPLT:.G1.05.CON.BIO.Crop Gasification. 2008 2000 6.4 32.8%

EBIOCRC105 | EPLT:.G1.05.CON.BIO.Crop Direct Combustion. | 2003 1700 4.9 32.8%

EBIOCRC106 | EPLT:.G1.05.CON.BIO.Crop Direct Combustion. | 2008 1700 4.9 32.8%

EGEOT105 EPLT: .G1.05.CON.GEO.CEN.Shallow. 2003 1750 1.1 =

EGEOT106 EPLT: .G1.05.CON.GEO.CEN.Shallow. 2008 1700 1.1 =

EGEOT107 EPLT: .G1.05.CON.GEO.CEN.Shallow. 2018 1650 1.0 =

EGEOT108 EPLT: .G1.05.CON.GEO.CEN.Shallow. 2028 1600 1.0 =

EGEOT109 EPLT: .G1.05.CON.GEO.CEN.Shallow. 2038 1550 1.0 =

EGEOT110 EPLT: .G1.05.CON.GEO.CEN.Shallow. 2048 1500 1.0 =

EGEOT205 EPLT: .G1.05.CON.GEO.CEN.Deep. 2003 2100 1.3 =

EGEOT206 EPLT: .G1.05.CON.GEO.CEN.Deep. 2008 2040 1.3 =

EGEOT207 EPLT: .G1.05.CON.GEO.CEN.Deep. 2018 1980 1.3 =

EGEOT208 EPLT: .G1.05.CON.GEO.CEN.Deep. 2028 1920 1.2 =

EGEOT209 EPLT: .G1.05.CON.GEO.CEN.Deep. 2038 1860 1.2 =

EGEOT210 EPLT: .G1.05.CON.GEO.CEN.Deep. 2048 1800 1.1 =
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EGEOT305 EPLT: .G1.05.CON.GEO.CEN.Very deep. 2003 2500 1.6 -
EGEOT306 EPLT: .G1.05.CON.GEO.CEN.Very deep. 2008 2420 15 =
EGEOT307 EPLT: .G1.05.CON.GEO.CEN.Very deep. 2018 2340 15 =
EGEOT308 EPLT: .G1.05.CON.GEO.CEN.Very deep. 2028 2260 14 =
EGEOT309 EPLT: .G1.05.CON.GEO.CEN.Very deep. 2038 2180 14 =
EGEOT310 EPLT: .G1.05.CON.GEO.CEN.Very deep. 2048 2100 1.3 =
EWIND105 EPLT: .G1.04.CON.WIN.CEN. 2004 968 0.8 -
EWIND106 EPLT: .G1.04.CON.WIN.CEN. 2008 968 0.8 -
EWIND107 EPLT: .G1.04.CON.WIN.CEN. 2018 968 0.8 -
EWIND108 EPLT: .G1.04.CON.WIN.CEN. 2028 968 0.8 -
EWIND109 EPLT: .G1.04.CON.WIN.CEN. 2038 968 0.8 -
EWIND110 EPLT: .G1.04.CON.WIN.CEN. 2048 800 0.6 -
EWIND205 EPLT: .G1.10.CON.WIN.CEN.Offshore. 2008 1500 2.4 -
EWIND206 EPLT: .G1.10.CON.WIN.CEN.Offshore. 2018 1500 2.4 -
EWIND207 EPLT: .G1.10.CON.WIN.CEN.Offshore. 2028 1500 2.4 -
EWIND208 EPLT: .G1.10.CON.WIN.CEN.Offshore. 2038 1500 2.4 -
EWIND209 EPLT: .G1.10.CON.WIN.CEN.Offshore. 2048 1200 1.6 -
EWIND305 EPLT: .G1.00.CON.WIN.DCN.Onshore. 2000 1100 1.0 -
EWIND306 EPLT: .G1.00.CON.WIN.DCN.Onshore. 2008 1100 1.0 -
EWIND307 EPLT: .G1.00.CON.WIN.DCN.Onshore. 2018 1100 1.0 -
EWIND308 EPLT: .G1.00.CON.WIN.DCN.Onshore. 2028 1100 1.0 -
EWIND309 EPLT: .G1.00.CON.WIN.DCN.Onshore. 2038 1100 1.0 -
EWIND310 EPLT: .G1.00.CON.WIN.DCN.Onshore. 2048 900 0.8 -
EWIND405 EPLT: .G1.10.CON.WIN.DCN.Onshore. 2008 1100 1.0 -
EWIND406 EPLT: .G1.10.CON.WIN.DCN.Onshore. 2018 1100 1.0 -
EWIND407 EPLT: .G1.10.CON.WIN.DCN.Onshore. 2028 1100 1.0 -
EWIND408 EPLT: .G1.10.CON.WIN.DCN.Onshore. 2038 1100 1.0 -
EWIND409 EPLT: .G1.10.CON.WIN.DCN.Onshore. 2048 900 0.8 -
ESOTH105 EPLT: .G1.04.CON.SOL.CEN.Thermal. 2004 2500 0.8 =
ESOTH106 EPLT: .G1.04.CON.SOL.CEN.Thermal. 2008 2200 0.8 =
ESOTH107 EPLT: .G1.04.CON.SOL.CEN.Thermal. 2018 2050 0.8 =
ESOTH108 EPLT: .G1.04.CON.SOL.CEN.Thermal. 2028 1850 0.8 =
ESOTH109 EPLT: .G1.04.CON.SOL.CEN.Thermal. 2038 1790 0.8 =
ESOTH110 EPLT: .G1.04.CON.SOL.CEN.Thermal. 2048 1720 0.8 =
ESOPV105 EPLT: .G1.03.CON.SOL.CEN.PV. 2003 6500 6.3 =
ESOPV106 EPLT: .G1.03.CON.SOL.CEN.PV. 2018 2150 6.3 =
ESOPV107 EPLT: .G1.03.CON.SOL.CEN.PV. 2038 1700 3.2 =
ESOPV108 EPLT: .G1.03.CON.SOL.CEN.PV. 2048 1350 3.2 =
ESOPVD105 EPLT: .G1.05.CON.SOL.DCN.PV. 2003 10000 3.2 =
ESOPVD106 EPLT: .G1.05.CON.SOL.DCN.PV. 2023 3300 3.2 =
ESOPVD107 EPLT: .G1.05.CON.SOL.DCN.PV. 2033 2750 3.2 =
ESOPVD0105 | EPLT:.G1.05.CON.SOL.DCN.PV.TO 2003 10000 3.2 =
ESOPVD0106 | EPLT:.G1.05.CON.SOL.DCN.PV.T1 2023 3300 3.2 =
ESOPVD0107 | EPLT:.G1.05.CON.SOL.DCN.PV.T2 2033 2750 3.2 =
ESOPVD1105 EPLT: .G1.05.CON.SOL.DCN.PV.T1 2003 10000 3.2 =
ESOPVD1106 EPLT: .G1.05.CON.SOL.DCN.PV.T2 2023 3300 3.2 =
ESOPVD1107 EPLT: .G1.05.CON.SOL.DCN.PV.T3 2033 2750 3.2 =
ESOPVD2105 EPLT: .G1.05.CON.SOL.DCN.PV.T2 2003 10000 3.2 =
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ESOPVD2106 | EPLT:.G1.05.CON.SOL.DCN.PV.T3 2023 3300 3.2 -
ESOPVD2107 | EPLT: .G1.05.CON.SOL.DCN.PV.T4 2033 2750 3.2 -
ESOPVD3105 | EPLT: .G1.05.CON.SOL.DCN.PV.T3 2003 10000 3.2 -
ESOPVD3106 | EPLT:.G1.05.CON.SOL.DCN.PV.T4 2023 3300 3.2 -
ESOPVD3107 | EPLT: .G1.05.CON.SOL.DCN.PV.T5 2033 2750 3.2 -
ESOPVD4105 | EPLT: .G1.05.CON.SOL.DCN.PV.T4 2003 10000 3.2 -
ESOPVD4106 | EPLT: .G1.05.CON.SOL.DCN.PV.T5 2023 3300 3.2 -
ESOPVD4107 | EPLT: .G1.05.CON.SOL.DCN.PV.T6 2033 2750 3.2 -
ESOPVD5105 | EPLT: .G1.05.CON.SOL.DCN.PV.T5 2003 10000 3.2 -
ESOPVD5106 | EPLT: .G1.05.CON.SOL.DCN.PV.T6 2023 3300 3.2 -
ESOPVD5107 | EPLT: .G1.05.CON.SOL.DCN.PV.T7 2033 2750 3.2 -
ESOPV0105 EPLT: .G1.03.CON.SOL.CEN.PV.TO 2003 6500 0.3 -
ESOPV0106 EPLT: .G1.03.CON.SOL.CEN.PV.T1 2018 2150 0.3 -
ESOPV0107 EPLT: .G1.03.CON.SOL.CEN.PV.T2 2038 1700 0.3 -
ESOPV0108 EPLT: .G1.03.CON.SOL.CEN.PV.T3 2048 1350 0.3 -
ESOPV0109 EPLT: .G1.03.CON.SOL.CEN.PV.T4 2018 2150 0.3 -
ESOPV0110 EPLT: .G1.03.CON.SOL.CEN.PV.T5 2038 1700 0.3 -
ESOPV0111 EPLT: .G1.03.CON.SOL.CEN.PV.T6 2048 1350 0.3 -
ESOPV2105 EPLT: .G1.03.CON.SOL.CEN.PV.T2 2003 6500 0.3 -
ESOPV2106 EPLT: .G1.03.CON.SOL.CEN.PV.T3 2038 1700 0.3 -
ESOPV2107 EPLT: .G1.03.CON.SOL.CEN.PV.T4 2048 1350 0.3 -
ESOPV3105 EPLT: .G1.03.CON.SOL.CEN.PV.T3 2003 6500 0.3 -
ESOPV3106 EPLT: .G1.03.CON.SOL.CEN.PV.T4 2018 2150 0.3 -
ESOPV3107 EPLT: .G1.03.CON.SOL.CEN.PV.T5 2048 1350 0.3 -
ESOPV4105 EPLT: .G1.03.CON.SOL.CEN.PV.T4 2003 6500 0.3 -
ESOPV4106 EPLT: .G1.03.CON.SOL.CEN.PV.T5 2018 2150 0.3 -
ESOPV4107 EPLT: .G1.03.CON.SOL.CEN.PV.T6 2038 1700 0.3 -
ESOPV5105 EPLT: .G1.03.CON.SOL.CEN.PV.T5 2003 6500 0.3 -
ESOPV5106 EPLT: .G1.03.CON.SOL.CEN.PV.T6 2018 2150 0.3 -
ESOPV5107 EPLT: .G1.03.CON.SOL.CEN.PV.T7 2038 1700 0.3 -
ESOPV5108 EPLT: .G1.03.CON.SOL.CEN.PV.T8 2048 1350 0.3 -
ENUCFUS110 | EPLT: .G1.05.ADV.NUC.Fusion Nuclear. 2008 3000 3.1 32.2%
ENUCFUS111 | EPLT: .G1.05.ADV.NUC.Fusion Nuclear. 2008 3000 3.1 32.2%

EPLT: .G1.05.CON.BIO.SId Biomass
EBIOSLGDO05 | Gasification.Decentralized 2003 2000 6.4 32.8%

EPLT: .G1.05.CON.BIO.SId Biomass
EBIOSLGD06 | Gasification.Decentralized 2008 2000 6.4 32.8%

EPLT: .G1.05.CON.BIO.SId Biomass Direct
EBIOSLCDO05 | Combustion.Decentralized 2003 1700 4.9 32.8%

EPLT: .G1.05.CON.BIO.SId Biomass Direct
EBIOSLCDO06 | Combustion.Decentralized 2008 1700 4.9 32.8%
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Alternate energy production

The database for this sector was enhanced by thigaadof 8 new technologies for the
production of diesel fuel from various sources (&ss, coal, gas), of methanol,
hydrogen, and ethanol. These technologies suppkentea other production
technologies already present in the model, with &itdout CO2 capture and storage
(CCS, see below).

Technologies with CO2 capture and storage (CCS)

Five technologies were added to the database)law/$o:

Hydrogen production from coal, with CCS (2 techigi¢s),
Hydrogen production from natural gas with CCS

Diesel production de diesel from natural gas wi@SC
Methanol production de méthanol from natural gas WICS.

Transportation sector

A complete review and modification of the road #port technologies was
accomplished. This sub-sector comprises 8 segments:

e Automobiles,

e Light trucks,

* Commercial trucks,

e Medium trucks,

* Heavy trucks,

* Buses

* Three-wheelers,

* Two-wheelers

The first six segments were entirely revised as follows :

* Adjustment of certain costs, notably for alternative vehicles (alcool, hybrids, fuel
cells from ethanol)

* Introduction of vintaged costs and efficeincies (2008, 2018, 2028, 2038, 2048)

* Introduction of a realistic tax for fossil fuels (gasoline, diesel, CNG, LPG)

* Adjustment of production costs for alcohols thanks to the new data on production
technologies (see above)

Table 3 show the main parameters of automobles, as an important example. The other
segments were similarly modeled.
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OPERATION
CODE NAME VINTAGE INVCOST COST EFFICIENCY
$/1000v-km $/1000km 1000 v-km/GJ
TRTGCEO005 CAR: .05.CFV.GAS.CAFE.STD. 2003 1038.47 62.31 0.35
TRTGCAO005 CAR: .05.CFV.GAS.CAFE.STD. 2003 1150 23 0.34
TRTGCAO010 CAR: .10.CFV.GAS.CAFE.STD. 2008 1150 23 0.37
TRTGCAO020 CAR: .20.CFV.GAS.CAFE.STD. 2018 1150 23 0.41
TRTGCAO030 CAR: .30.CFV.GAS.CAFE.STD. 2028 1150 23 0.44
TRTGCAO040 CAR: .40.CFV.GAS.CAFE.STD. 2038 1150 23 0.48
TRTGCAO050 CAR: .50.CFV.GAS.CAFE.STD. 2048 1150 23 0.51
TRTGCBO005 CAR: .05.CFV.GAS.CAFE.3.5MPG. 2003 1210 24 0.39
TRTGCBO010 CAR: .10.CFV.GAS.CAFE.3.5MPG. 2008 1210 24 0.43
TRTGCB020 CAR: .20.CFV.GAS.CAFE.3.5MPG. 2018 1210 24 0.48
TRTGCB030 CAR: .30.CFV.GAS.CAFE.3.5MPG. 2028 1210 24 0.53
TRTGCB040 CAR: .40.CFV.GAS.CAFE.3.5MPG. 2038 1210 24 0.58
TRTGCBO050 CAR: .50.CFV.GAS.CAFE.3.5MPG. 2048 1210 24 0.63
TRTGCCO005 CAR: .05.CFV.GAS.CAFE.7.0MPG. 2003 1225 25 0.44
TRTGCCO010 CAR: .10.CFV.GAS.CAFE.7.0MPG. 2008 1225 25 0.48
TRTGCCO020 CAR: .20.CFV.GAS.CAFE.7.0MPG. 2018 1225 25 0.54
TRTGCCO030 CAR: .30.CFV.GAS.CAFE.7.0MPG. 2028 1225 25 0.59
TRTGCCO040 CAR: .40.CFV.GAS.CAFE.7.0MPG. 2038 1225 25 0.65
TRTGCCO050 CAR: .50.CFV.GAS.CAFE.7.0MPG. 2048 1225 25 0.70
TRTDCAO005 CAR: .05.CFV.DST.CAFE.STD. 2003 1250 25 0.38
TRTDCAO010 CAR: .10.CFV.DST.CAFE.STD. 2008 1250 25 0.42
TRTDCAO020 CAR: .20.CFV.DST.CAFE.STD. 2018 1250 25 0.46
TRTDCAO030 CAR: .30.CFV.DST.CAFE.STD. 2028 1250 25 0.49
TRTDCAO040 CAR: .40.CFV.DST.CAFE.STD. 2038 1250 25 0.53
TRTDCAO050 CAR: .50.CFV.DST.CAFE.STD. 2048 1250 25 0.57
TRTDCBO005 CAR: .05.CFV.DST.CAFE.3.5MPG. 2003 1275 26 0.43
TRTDCBO010 CAR: .10.CFV.DST.CAFE.3.5MPG. 2008 1275 26 0.47
TRTDCB020 CAR: .20.CFV.DST.CAFE.3.5MPG. 2018 1275 26 0.53
TRTDCBO030 CAR: .30.CFV.DST.CAFE.3.5MPG. 2028 1275 26 0.58
TRTDCBO040 CAR: .40.CFV.DST.CAFE.3.5MPG. 2038 1275 26 0.63
TRTDCBO050 CAR: .50.CFV.DST.CAFE.3.5MPG. 2048 1275 26 0.69
TRTDCCO005 CAR: .05.CFV.DST.CAFE.7.0MPG. 2003 1300 26 0.48
TRTDCCO010 CAR: .10.CFV.DST.CAFE.7.0MPG. 2008 1300 26 0.53
TRTDCC020 CAR: .20.CFV.DST.CAFE.7.0MPG. 2018 1300 26 0.59
TRTDCCO030 CAR: .30.CFV.DST.CAFE.7.0MPG. 2028 1300 26 0.65
TRTDCC040 CAR: .40.CFV.DST.CAFE.7.0MPG. 2038 1300 26 0.71
TRTDCCO050 CAR: .50.CFV.DST.CAFE.7.0MPG. 2048 1300 26 0.77
TRTLPGO005 CAR:.05.AFV.LPG. 2003 1170 23 0.34
TRTLPGO010 CAR: .10.AFV.LPG. 2008 1170 23 0.37
TRTLPGO020 CAR: .20.AFV.LPG. 2018 1170 23 0.41
TRTLPGO030 CAR: .30.AFV.LPG. 2028 1170 23 0.44
TRTLPGO040 CAR: .40.AFV.LPG. 2038 1170 23 0.48
TRTLPGO050 CAR: .50.AFV.LPG. 2048 1170 23 0.51
TRTNGAO005 CAR:.05.AFV.NGA. 2003 1350 27 0.34
TRTNGAO010 CAR: .10.AFV.NGA. 2008 1350 27 0.37
TRTNGAO025 CAR: .20.AFV.NGA. 2018 1350 27 0.41
TRTNGAO030 CAR: .30.AFV.NGA. 2028 1350 27 0.44
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TRTNGAO040 CAR: .40.AFV.NGA. 2038 1275 26 0.48
TRTNGAO050 CAR: .50.AFV.NGA. 2048 1275 26 0.51
TRTMETO005 CAR: .05.AFV.MET. 2003 1265 25 0.37
TRTMETO010 CAR: .10.AFV.MET. 2008 1265 25 0.41
TRTMETO020 CAR: .20.AFV.MET. 2018 1265 25 0.45
TRTMETO030 CAR: .30.AFV.MET. 2028 1265 25 0.49
TRTMETO040 CAR: .40.AFV.MET. 2038 1265 25 0.52
TRTMETO050 CAR: .50.AFV.MET. 2048 1265 25 0.56
TRTETHO005 CAR: .05.AFV.ETH. 2003 1265 25 0.34
TRTETHO010 CAR: .10.AFV.ETH. 2008 1265 25 0.37
TRTETHO020 CAR: .20.AFV.ETH. 2018 1265 25 0.41
TRTETHO030 CAR: .30.AFV.ETH. 2028 1265 25 0.44
TRTETHO040 CAR: .40.AFV.ETH. 2038 1265 25 0.48
TRTETHO050 CAR: .50.AFV.ETH. 2048 1265 25 0.51
TRTETAOQ005 CAR: .05.AFV.ETH.10%MPG 2003 1265 25 0.39
TRTETAO010 CAR: .10.AFV.ETH.10%MPG 2008 1265 25 0.43
TRTETA020 CAR: .20.AFV.ETH.10%MPG 2018 1265 25 0.48
TRTETAO030 CAR: .30.AFV.ETH.10%MPG 2028 1265 25 0.53
TRTETA040 CAR: .40.AFV.ETH.10%MPG 2038 1265 25 0.58
TRTETAO050 CAR: .50.AFV.ETH.10%MPG 2048 1265 25 0.63
TRTETBO005 CAR: .05.AFV.ETH.20%MPG 2003 1265 25 0.44
TRTETBO10 CAR: .10.AFV.ETH.20%MPG 2008 1265 25 0.48
TRTETB020 CAR: .20.AFV.ETH.20%MPG 2018 1265 25 0.54
TRTETB030 CAR: .30.AFV.ETH.20%MPG 2028 1265 25 0.59
TRTETB040 CAR: .40.AFV.ETH.20%MPG 2038 1265 25 0.65
TRTETBO050 CAR: .50.AFV.ETH.20%MPG 2048 1265 25 0.70
TRTELCO005 CAR: .05.AFV.ELC. 2003 1742 35 0.55
TRTELCO010 CAR: .10.AFV.ELC. 2008 1725 35 0.67
TRTELCO020 CAR: .20.AFV.ELC. 2018 1708 34 0.78
TRTELCO030 CAR: .30.AFV.ELC. 2028 1691 34 0.86
TRTELCO040 CAR: .40.AFV.ELC. 2038 1691 34 0.93
TRTELCO050 CAR: .50.AFV.ELC. 2048 1691 34 1.01
TRTHYBO05 CAR: .05.AFV.HYB. 2003 1800 46 0.52
TRTHYBO10 CAR: .10.AFV.HYB. 2008 1600 42 0.64
TRTHYB020 CAR: .20.AFV.HYB. 2018 1500 38 0.74
TRTHYBO030 CAR: .30.AFV.HYB. 2028 1300 34 0.82
TRTHYBO040 CAR: .40.AFV.HYB. 2038 1250 29 0.88
TRTHYBO050 CAR: .50.AFV.HYB. 2048 1225 25 0.96
TRTFUCO010 CAR: .10.AFV.FUC. ETH 2008 1600 120.00 0.74
TRTFUC020 CAR: .20.AFV.FUC. ETH 2018 1500 70.00 0.82
TRTFUC030 CAR: .30.AFV.FUC. ETH 2028 1300 55.00 0.88
TRTFUC040 CAR: .40.AFV.FUC. ETH 2038 1250 45.00 0.96
TRTFUC050 CAR: .50.AFV.FUC. ETH 2048 1225 30.00 0.96
Légende: ETH=Ethanol
GAS=Essence | FC=Pile & Combustible
DST= Diesel
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6. PEM-TEAMS (USTUTT)

The Pan-European TIMES model has been updateddaegdatest European statistics
(EUROSTAT 2005).

In the public electricity and heat generation seattditional advanced fossil electricity
generation technologies have been implemented. &gfuel processes for different
fuel types have been inserted taking into accduett different demonstration project in
Europe have been started. The model incorporafiésredices in capture efficiency
among the CCS technologies (higher capture effoagsnfor Oxyfuel than for IGCC).
Additional enlargements have also been made forghewable technology portfolio.
The number of renewable CHP plants and Biomasdlaith CCS has been inserted
in the model.

In the matter of renewable energy use, the coumbtgntials have been revised and
especially biomass potentials have been detailediffgrent types of biomass energy
carriers and land use.

In the transport sector the fuel flexibility of ation has been increased. The
conventional aviation fuels kerosene and gasolare mow be substituted by synthetic
fuels that can be produced either from biomass (B@&hal (CTL) or natural gas (GTL).
Furthermore growth constraints have been introdirceéde transport sector that relates
the maximum possible investment in alternative elehtechnologies to the already
installed capacity in the previous model periodisTassures that alternative vehicle
technologies cannot penetrate the market abrupttyape introduced more slightly.
Growth constraints similar to those in the transgactor have also been created for
alternative fuel production technologies. The aimswo model the fact that new fuel
production technologies usually enter the markethan form of smaller pilot projects
first before becoming available on a larger scale.

In the residential and commercial sectors mosthef improvements are related to
technologies for space heating, water heating,espaoling and the potential of energy
savaging potential has been updated. One enhantefoenexample was the
introduction of absorption chillers that produceasp cooling from district heat.
Furthermore the availabilities of all space heatieghnologies have been adopted for
each region according to the country specific Ingatiegree days. The availabilities of
technologies for space cooling have been adjusteithgly. For dual technologies with
two output commodities (e.g. space heating and rwadating) the output shares were
matched to the actual shares of the useful eneemadd for these commodities in each
region.

Moreover new potentials for the extension of destand local heating grids in the
commercial and residential sector have been impiéede For each region the district
and local heating potential has been modeled via &ieps. The different steps
represent different extension options of distritdl #ocal heating grids depending on the
useful heat demand density in the rual and urb@&asain the different European
countries. The steps are characterized by diffespatific investment costs and a given
potential.
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7. DEMETER (UNIMAN)

There are two main model enhancements. The finsteros the inclusion of carbon
leakage from sequestration reservoirs (also refeiweas seepage). In a previous work
(Gerlagh R. and B.C.C. van der Zwaan 2006, “Optiamd Instruments for a Deep Cut
in CO2 Emissions: Carbon Capture or Renewablesed ax Subsidies?”, The Energy
Journal, 27:25-48), we abstracted from carbon lgak&Ve have now included two
forms of leakage in the model: exponential and yila Exponential leakage implies
that each year, a constant share of total segedstarbon dioxide leaks back into the
atmosphere. Delayed leakage means that the cagh&ade only starts after a certain
period of time. We have carried out calculationsdseries of scenarios with different
leakage rates to establish the sensitivity of thenmal use of CCS with respect to this
leakage phenomenon. We have found that CCS reraaimaportant instrument to cap
atmospheric carbon dioxide concentrations during #f' century, even if the
sequestered carbon dioxide leaks back after — erage — hundred years.

The second model enhancement is more difficult,iafeign implemented. It is
our aim to adjust the model such that it can bel dse studying the consequences of
uncertainty with respect to climate sensitivity amdcarbon leakage on optimal short-
run emission reduction policy. Preliminary calcidas with a stripped down model
version have been successful, but to make thisneeinaent for the full model requires
an elaborate and tedious writing of modeling sowaxde that is yet unfinished, but will
before the start of the stochastic analysis coathin WP6.
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1 Introduction

This document reports on the improvements and updates done to the GEMINI-E3 model.
GEMINI-E3 is the name of the first Computable General Equilibrium Model developed
jointly by the French Ministry of Equipment and the French Atomic Energy Agency. The
team now benefits from a nearly 15 year experience in CGE modeling, associated with a
close collaboration with the main research teams working in the field of climate change
policy and with a participation to the political debate on this topic. GEMINI-E3, which
is the fifth version, is currently a family of general equilibrium models, all of them multi-
sector and dynamic, but some being multi-country and some purely domestic or aimed at
domestic policy assessment purposes'. The original version of the multi-country model is
fully described in [4]. Several successive versions have been developed, with an increasing
number of countries/regions (from 3 to 28) and an increasing number of sectors (from 8
to 18). A more detailed representation of countries and sectors was required by recent
assessment works, from very global ones such as the Kyoto Protocol to more precise ones
such as the European Trading System implemented from the start of 2005. In brief, the
recent uses of the model have been directed toward:

e analyzing the implementation of economic instruments for greenhouse gases (GHG)
emissions in a second-best setting [8];

e assessing the strategic allocation of greenhouse gases emission allowances in the EU-
wide market [12];

e assessing and comparing regional welfare costs associated with alternative multi-gas
strategies for a stabilization of global greenhouse gases emissions in the long run

[13];
e analyzing the behavior of Russia in the Kyoto Protocol [1, 2];
e assessing the economic impact of the US withdrawal from the Kyoto Protocol [9];
e analyzing the French Climate policy formulated under the Kyoto Protocol [5, 6];

e assessing the economic impact of a French nuclear moratorium with respect to the
Kyoto Protocol [7];

e assessing the cost of the Kyoto Protocol for Switzerland with and without interna-
tional emissions trading [11];

e assessing the double dividend hypothesis of climate change policy, with due consid-
eration to preexisting tax distortions in factor markets for the Swiss economy [10];

e assessing the effects of the increase of oil prices on global and regional GHG emis-
sions [32].

We use in the PLANETS project the fifth version of the GEMINI-E3 model. Compared
to the fourth version several improvements were done :

1. A new classification is adopted allowing one to describe more regions and more
goods;

2. The reference year of the model is updated. The model is now calibrated on the year
2001 instead of 1997 and the database is completely rebuild;

3. We have included in this new version a block of equations which computes the tem-
perature increase;

!GEMINI-E3 France [5, 6], GEMINI-E3 Switzerland [11], GEMINI-E3 Tunisia [3].

2
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4. The electricity sector has been enhanced to handle nuclear and renewable power
plants explicitly and carbon capture and sequestration (CCS) technology.

5. A new GEMINI-E3 web interface is available to explore the assessment of world
climate policies.

These improvements are detailed in the next sections.

2 A new classification

The fifth version of GEMINI-E3 describes 28 countries/regions instead of 21 in the previ-
ous version, and 18 sectors/goods instead of 14. This new classification is given in table 1.
The nomenclature that has been chosen allows to individualize the main economic coun-
tries/regions and GHG emitters. Table 2 gives for the countries and the regions represented
in the model their shares in the world population and the world GDP, and in the global
GHG emissions. Except the two biggest economies (US and Japan) and the two highest
emitters (US and China), no country or region has a bigger than 10% share either in the
world economy or in the GHG emissions.

Concerning sectors and goods as it was done in all economic models applied to energy
and climate change policies, we distinguish 5 energy goods and sectors (Coal, Crude Oil,
Natural Gas, Refined Petroleum Product and Electricity). We try to describe the main en-
ergy intensive sectors (Mineral Products, Chemical Products, Metal Products, Paper Prod-
ucts) and we isolate three sectors concerning transport activities (Sea Transport, Air Trans-
port and Other Transport). The 6 remaining sectors and goods are Forestry, Agriculture,
Consuming Goods, Equipment Goods, Services and Dwelling.
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Table 1: Dimensions of the GEMINI-E3 model

Countries or Regions Sectors
Annex B Energy
Germany DEU 01 Coal
France FRA 02 Crude Oil
United Kingdom GBR 03 Natural Gas
Italy ITA 04 Refined Petroleum
Spain ESP 05 Electricity
Netherlands NLD  Non-Energy
Belgium BEL 06 Agriculture
Poland POL 07 Forestry
Rest of EU-25 OEU 08 Mineral Products
Switzerland CHE 09 Chemical Rubber Plastic
Other European Countries XEU 10 Metal and metal products
United States of America USA 11 Paper Products Publishing
Canada CAN 12 Transport n.e.c.
Australia and New Zealand AUZ 13 Sea Transport
Japan JAP 14 Air Transport
Russia RUS 15 Consuming goods
Rest of Former Soviet Union ~ XSU 16 Equipment goods
Non-Annex B 17 Services
China CHI 18 Dwellings
Brazil BRA
India IND Household Sector
Mexico MEX
Venezuela VEN  Primary Factors
Rest of Latin America LAT Labor
Turkey TUR  Capital
Rest of Asia ASI Energy
Middle East MID Fixed factor (sector 01-03)
Tunisia TUN  Other inputs
Rest of Africa AFR
4
Place de I'Etrier 4 — Chéne-Bougeries — Suisse Tel. +41 22 348 2046 — Fax. +41 22 348 2083 — http://www.ordecsys.com


http://www.ordecsys.com

ORDECSYS

OPERATIONS RESEARCH DECISIONS AND SYSTEMS

Table 2: Countries and regions represented in GEMINI-E3 - Structural Data in 2001

Countries  Population® GHG  GDP° %Pop.  %GHG %GDP
or regions emissions®

DEU 82.3 310 1889 1.4% 3.2% 6.0%
FRA 59.3 160 1347 1.0% 1.6% 4.3%
GBR 58.7 205 1427 1.0% 2.1% 4.5%
ITA 57.7 157 1113 1.0% 1.6% 3.5%
ESP 40.7 107 583 0.7% 1.1% 1.9%
NLD 159 105 400 0.3% 1.1% 1.3%
BEL 10.3 54 240 0.2% 0.6% 0.8%
POL 38.6 102 178 0.6% 1.0% 0.6%
OEU 88.4 250 1190 1.5% 2.6% 3.8%
CHE 72 15 236 0.1% 0.2% 0.8%
USA 284.2 1938 10335 4.7% 19.9% 32.8%
JAP 127.0 376 4159 2.1% 3.9% 13.2%
XEU 55.8 130 326 0.9% 1.3% 1.0%
CAN 30.7 479 711 0.5% 4.9% 2.3%
AUZ 229 186 417 0.4% 1.9% 1.3%
TUR 68.2 90 153 1.1% 0.9% 0.5%
RUS 146.6 489 300 2.4% 5.0% 1.0%
XSU 120.6 327 106 2.0% 3.4% 0.3%
CHI 1274.0 1278 1293 21.0% 13.1% 4.1%
IND 1021.1 429 463 16.8% 4.4% 1.5%
ASI 957.5 793 1473 15.8% 8.1% 4.7%
BRA 173.9 244 497 2.9% 2.5% 1.6%
VEN 244 94 128 0.4% 1.0% 0.4%
LAT 224.6 322 735 3.7% 3.3% 2.3%
MEX 100.1 170 611 1.6% 1.7% 1.9%
MID 167.9 347 636 2.8% 3.6% 2.0%
TUN 9.6 34 20 0.2% 0.3% 0.1%
AFR 802.9 550 520 13.2% 5.6% 1.7%
World 6071.0 9742 31488 100.0%  100.0%  100.0%

@ million of inhabitants
b million tonnes of carbon-equivalent
¢ billion 2001 US$ using exchanges rates
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3 A new database

The building and the calibration of a CGE model rest on economic and energy data that
are usually contained in comprehensive databases, specifically established for this purpose.
The present version of GEMINI-E3 is built on GTAP-6 [16], a database that accommodates
a consistent representation of energy markets in physical units as well as detailed socio-
accounting matrices (SAM) [27] for a large set of countries or regions and bilateral trade
flows.

A Social Accounting Matrix (SAM) [17] can be interpreted as a complete description
of the entire market transactions of commodities and primary factors made by the agents
within an economy. A SAM describes also the transfers of revenues between agents (for
example, social benefits payed by the government to households). A SAM is founded on
the principle of balance between expenses (in columns) and the receipts (in lines) on the
level of each account, but also on the level of the whole accounts. In this way a SAM
is based on the Walras’ law in which all markets are balanced. The building of a SAM
required to compile different statistical data and to reconcile these alternative sources. The
SAM is now widely used in economic modeling and in particular in Computable General
Equilibrium models. The SAM used in the GEMINI-E3 model takes into account three
agents (or institutions) : Households, Government and Foreign (or Rest Of the World). Note
that firms in GEMINI-E3 are not considered as an agent, even if the production accounts
are described for the 18 sectors, because we suppose that firms are owned by households
who received the remuneration of capital and the rents of fix factors.

The figure 1 presents the general structure of the SAM used in GEMINI-E3. This SAM
is constituted of seven blocks :

e An intermediate consumption matrix, which gives for each sector the intermediate
consumption in the 18 goods;

e A domestic final uses block, which describes the households consumption, the gov-
ernment consumption and the investment in the 18 goods;

e An external trade block, which gives the imports and exports;

e An indirect taxation block which describes the taxes collected on household con-
sumption, on value added components (social security contribution on labor, tax on
operating surplus), on external trade (imports duties and export subsidies), on inter-
mediate consumption, etc.

e A transfer revenue matrix, which describes the transfer of revenue between agents
(household, government and foreign (or ROW));

e finally, a saving block which computes the saving of each agent which the sum is
equal to the total investment.

The GTAP database is completed by other information especially on indirect taxation
and government expenditures, mainly coming from International Energy Agency [22, 21,
20], OECD [26, 25] and International Monetary Fund [23]. An important work must be
done in order to harmonize all these sources of information. The result is for each country
or region a consistent Social Accounting Matrix in the form described in the figure 2. Let
us recall that the GTAP 6 database is relative to the year 2001 which is the base year of the
model. Concerning data on population we use the work done by the United Nations [30].
We retain the medium variant projection. Table 3 gives in a schematic way the different
assumptions underlying the projection variants proposed by the United Nations.

In the present version, that is capitalizing on participation in the EMF Working Group
21 [33, 34, 29, 15, 28, 14], the model has been updated in order to fully integrate all GHG

6
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Figure 1: Structure of a Social Accounting Matrix

Table 3: Population projection assumptions (source : [30])

Assumptions

Projection variant Fertility  Mortality  International migration
Low Low Normal Normal
Medium Medium  Normal Normal

High High Normal Normal
Constant-fertility Constant ~ Normal Normal
Constant-mortality | Medium  Constant Normal
Zero-migration Medium  Normal Zero

7
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emissions®. For non-CO, greenhouse gases, data on emissions and abatement costs come
from the U.S. Environmental Protection Agency [31]. We take into account all the di-
rect GHGs covered by the United Nations Framework Convention on Climate Change :
methane, nitrous oxide, and the high global warming potential (GWP) gases. Emissions of
non carbon greenhouse are converted to a COz-equivalent basis using the 100-year GWPs
defined by the Intergovernmental Panel on Climate Change [19].

4 Equations for temperature increase

We present the equations to compute the temperature increase from the world total emis-
sions of CO2, CH4 and N»O. They are based on the climate module of the MERGE model
version 5.2 [24]. Climate is represented by a simple model which simulates the life duration
of the CO9, CH,4 and N2O gas in the atmosphere. The fluorescent gas effect is exogenous.
The equations compute the global radiative forcing, the global temperature at the equilib-
rium (ie, if the chemical structure would remain constant) and the actual temperature.

CO- emissions are send into five physical sinks. Equation (1) describes the decay of the
COqs stock in each sink b = 1, ..., 5. The coefficients d1 et d2 defines the gas life duration.

2,
CO2,11 — %Tgog,tﬂ = CO2,dly +

d2.p

5 TEo, +- (D

The total of CO2 (Sco,,) is the sum of the CO2 concentrations in the five sinks.

Scopt = »_ CO2; + nco? 2)
b

Equation (3) describes the decay of the others GHGs (ie g € G — {CO3}) in the atmo-
sphere. s0, represents the 2000 stock of gas g. The quantity of gas in the atmosphere is
S.

0d2t,g 0d2t,g

SMg,t-i—l - TEMg,t+1 = SMg’tOdlg + TEMg’t (3)

Sgt = SMgy+ 04 4

The temperature at equilibrium (PT’) is determined by the accumulation of the GHG
in the atmosphere. It is proportional to the aggregated radiative forcing computed by all
gases. For COa, the radiative forcing is proportional to the logarithm of the ratio of the
actual level over the initial level. For CH4 and N5O, the calculation is more complex; the
radiative forcing of CHy4 is depending on N2O and reciprocally, as defined in [18]. Here this
relation is simplified by a linear form. The fluorescent gas radiative effect (f) is exogenous
like the cooling effect from sulfur (c;).

PT, = fm (fa + fco, - In(Sco,,t/bsco,) (5)
+ Z interg - fg - (smg - Sy, — smy - bsy)
g#COq2
+ff>
¢

2A version of the model taking into account only carbon emissions has been kept for special applications.
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fo and f, are respectively some additive and multiplicative coefficients of the radiative
forcing. f, defines the initial inertia of the forcing. f,, is determined by the climate sensi-
tivity for a doubling of the CO2 concentration in the atmosphere. f is the radiative power
of the gas g, given in Table 4.

Table 4: Radiative power of greenhouse gases

fco, 535
fen, 0.0360
fuo 012

Source (IPCC,[18] )

The actual temperature is computed from 2000. The constants /; and [5 represent the
inertia related to the temperature transfer atmosphere—ocean.

) l
1= 5 PTrn = T(l—-h)P + 5 PT, 6)

5 A new representation for electricity generation

We enhanced the representation of the electricity generation to model in particular es-
pecially the expansion of renewables and the Carbon Capture and Sequestration (CCS)
technology. The electricity production is now represented by a nested CES function that
describes installed capacities in each type of power plants. Figure 3 gives this nesting
structure. We distinguish the activity of generation to the other activities (i.e. transmission
and distribution) that are supposed to be common to all types of electricity power plants.
Theses two activities (transmission and distribution) are described at the top of the nesting
structure. Generation activity is supposed done by two inputs : capital (representing power
plants) and fuel. In some cases the fuel input is missing (e.g. for renewable). Note that we
do not handle labor input for generation activity. We suppose that labor inputs are not too
much different between power plants (nuclear, coal, etc) and we do not associate to each
type of power plant a specific labor remuneration. Labor remuneration is globalized and
described at the top of nesting structure.
We distinguish six types of power plants

e nuclear power plant;

e coal power plant;

e natural gas power plant;
e petroleum power plant;
e hydro power plant;

e other renewable power plant (mainly wind).

5.1 Investment decision

We compute for each type of power plant (w) the price of production (PDFE,,,) from the
dual function of the CES:

1
PDEyr = Apr - [y - PK 7" 4 (1 — ) - PEUELY 7] T=owr (7
10

Place de I'Etrier 4 — Chéne-Bougeries — Suisse Tel. +41 22 348 2046 — Fax. +41 22 348 2083 — http://www.ordecsys.com


http://www.ordecsys.com

ORDECSYS

OPERATIONS RESEARCH DECISIONS AND SYSTEMS

Production
CES e =0.1
Materials Labor Gcnggaﬂ}lion Capital  Electricity
Fossil Energy Nuclear Renewable  Hydraulic
O_Fof O'N ue \ \
/\\ Capital Fuel Capital Capital
Coal 0il Natural gas
U(.-'oa? O_(Jif. O.(J'as

N\

Capital Fuel Capital Fuel Capital Fuel

Figure 3: Nesting structure of electricity production

where PK,,, is the capital price of power plant w in region » and PFUFEL,,, is the
fuel price. The CES parameters o, o, and A, represent the elasticity of substitution,
the share parameter and the technology shifter, respectively.

we can compute demand in the two inputs by the following equations:

PDE,, 17
KEwr = XEwr . )\uﬂ" * Oy * |:PI(’LUT)‘U)T:| (8)
PDEwr Twr
FUELwr—XEwr)\wr(liawr) |:PCOMBUJT>\U)T‘:| (9)

where X F,,, is the electricity generated by power plant w. For each type of power
plant the model described the installed capacity which is equal to investment minus decom-
missioning. Investment by power plant (I E,,,) is determined from an "anticipated" capital
demand (K AE,,):

IE,, = KAE,, — (1 — 0yy) - KEy, (10)
where ¢, is the capital decay rate. The anticipated capital (K AE,,,) is equal to:
KEu;'

where the optimal capital KO F,,, is computed through a CES function and anticipated
values of prices (PDFEA;,., PV AE,,) and of electricity generation (X E'A,,,):

KAEwr = (1 - pr) : KOEwr + Xwr ( an

11
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PDJaAwT Twr
KOEy = XEAwr - Mor - Quor - PV Auwr 12
“ ((Rr+5wr) ')\'un") ( )

with R, the interest rate.

5.2 Carbon Capture and Sequestration

The model has the possibility to use Carbon Capture and Sequestration (CCS) technology
only for coal fired power plant. When the total cost of CCS technology is lower than the
carbon price we suppose that all investments in power plants using coal is done with CCS.

6 A new web interface

A new web interface for GEMINI-E3, called GEMINI-E3 web, is available on
http://gemini-e3.ordecsys2.com/.

GEMINI-E3 web is a web application which simulates world climate policies and allows
the user to evaluate their impacts at the world level on the climate (emissions and concentra-
tions) and on the economy (GDP, household’s surpluses impacts. .. ). The use can simulate
two specific world climate policies, a world GHG tax and a GHG emissions reductions. At
each user request, GEMINI-E3 web extracts the policy information from a large database
containing several hundreds of simulations of GEMINI-E3, then, it compares them with a
reference case (also called Business-As-Usual) where no climate policy occurs. Figure 4
displays an example of web results for a simulation of world GHG tax policy defined by a
user.

GEMINI-E3 wep

BETA

Heme | Simulations: World GHG Tax GHG Emission Mitigation

Policy Summary

2020 2030 2040 2050
|[20.0 [[30.0 [[40.0 ||s0.0 | modify

Permit Market: No market

Outputs

World GHG Tax and GHG emissions | Climate change | Regional emissions | Household surpluses

World GHE Tax (US$tC) World GHG emissions (GtCyear)

o
2001 2010 2020 2030 2040 2050
2010 2020 2030 200 2050 “c02 “CHA *N20 ®fluo  abatement

@ 2007-2008 ORDECSYS | GEMINI-E3| Contacts: Alain Bernard, Marc Vielle, Laurent Droust

Figure 4: GEMINI-E3 web

12

Place de I'Etrier 4 — Chéne-Bougeries — Suisse Tel. +41 22 348 2046 — Fax. +41 22 348 2083 — http://www.ordecsys.com


http://gemini-e3.ordecsys2.com/
http://www.ordecsys.com

ORDECSYS

OPERATIONS RESEARCH DECISIONS AND SYSTEMS

References

[1] A. Bernard, A. Haurie, M. Vielle, and L. Viguier. A Two-level Dynamic Game of
Carbon Emissions Trading Between Russia, China, and Annex B Countries. Journal
of Economic Dynamic & Control, accepted for publication. 2

[2] A. Bernard, S. Paltsev, J.M. Reilly, M. Vielle, and L. Viguier. Russia’s Role in the
Kyoto Protocol. Report 98, MIT Joint Program on the Science and Policy of Global
Change, Cambridge MA, June 2003. 2

[3] A. Bernard, B. Talbi, and M. Vielle. GEMINI-E3 Tunisie : Un outil d’aide a la
prospective énergétique. Working Paper, French Ministry of Equipment Transport
and Housing, LERNA, Laboratoire d’Economie et de Gestion Industrielle de Tunis,
April 2006. 2

[4] A. Bernard and M. Vielle. La structure du modele GEMINI-E3. Economie & Prévi-
sion, 5(136), 1998. 2

[5] A.Bernard and M. Vielle. Report to French Inter Ministerial Task Forces on Climate
Change : Evaluations of the Kyoto Protocol with GEMINI-E3. Technical report, June
1999. 2

[6] A.Bernard and M. Vielle. Report to French Inter Ministerial Task Forces on Climate
Change : Industrial Evaluations of the Kyoto Protocol with GEMINI-E3. Technical
report, September 1999. 2

[71 A. Bernard and M. Vielle. An Appraisal of the French Nuclear Program with Re-
spect to the Kyoto Protocol through a World, Dynamic, General Equilibrium Model.
working paper, 2000. 2

[8] A. Bernard and M. Vielle. Comment allouer un cofit global d’environnement entre
pays : permis négociables versus taxes ou permis négociables et taxes ? Economie
Internationale, (82), 2000. 2

[9] A. Bernard and M. Vielle. Does Non Ratification of the Kyoto Protocol by the US
Increase the Likelihood of Monopolistic Behavior by Russia in the Market of Tradable
Permits? Working Paper, 2002. 2

[10] A. Bernard, M. Vielle, and L. Viguier. Climate Policy, Distortionary Taxation, and
the Double Dividend Hypothesis: A General Equilibrium Analysis of the Swiss Case.
Working Paper, NCCR-WP4, Geneva, 2004. 2

[11] A.Bernard, M. Vielle, and L. Viguier. Carbon tax and international emissions trading:
A swiss perspective. In A. Haurie and L. Viguier, editors, The Couplings of Climate
and Economic Dynamics, volume 22 of Advances in Global Change Research, pages
295-319. Kluwer Academic Publishers, 2005. 2

[12] A. Bernard, M. Vielle, and L. Viguier. Premicres simulations de la directive eu-
ropéenne sur les quotas d’émission avec le modele GEMINI-E3. Economie & Prévi-
sion, 3/4/5(169-170-171):171-196, 2005. 2

[13] A. Bernard, M. Vielle, and L. Viguier. Burden Sharing Within a Multi-Gas Strategy.
Energy Journal, Multigas Mitigation and Climate Policy, Special Issue #3:289-304,
2006. 2

[14] B. J. DeAngelo, F. C. de la Chesnaye, R. H. Beach, A. Sommer, and B. C. Mur-
ray. Methane and Nitrous Oxide Mitigation in Agriculture. Energy Journal, Multi-
Greenhouse Gas Mitigation and Climate Policy, Special Issue #3:89-108, 2006. 6

13

Place de I'Etrier 4 — Chéne-Bougeries — Suisse Tel. +41 22 348 2046 — Fax. +41 22 348 2083 — http://www.ordecsys.com


http://www.ordecsys.com

ORDECSYS

OPERATIONS RESEARCH DECISIONS AND SYSTEMS

[15] K. C. Delhotal, F. C. de la Chesnaye, A. Gardiner, J. Bates, and A. Sankovski. Mit-
igation of Methane and Nitrous Oxide Emissions from Waste, Energy and Industry.

Energy Journal, Multi-Greenhouse Gas Mitigation and Climate Policy, Special Issue
#3:45-62, 2006. 6

[16] B. V. Dimaranan. Global Trade, Assistance, and Production: The GTAP 6 Data
Base. Center for Global Trade Analysis Purdue University, Center for Global Trade
Analysis, Purdue University, December 2006. 6

[17] G.Pyatt. A SAM Approach to Modeling. Journal of Policy Modeling, 10(3):327-352,
1988. 6

[18] J.T. Houghton et al., editors. Climate change 2001: the scientific basis. contribution
of working group I to the third assessment report of the intergovernmental panel on
climate change. Cambridge University Press, Cambridge, U.K., 2001. 8, 10

[19] J.T. Houghton, L.G. Meira Filho, B. Lim, K. Treanton, I. Mamaty, and Y. Bonduki.
Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories. Intergov-
ernmental Panel on Climate Change, Organization for Economic Co-Operation and
Development, International Energy Agency. UK Meteorological Office, Bracknell,
1997. 8

[20] International Energy Agency. Energy Balances for non-OECD Countries.
OECD/IEA, Paris, 2002. 6

[21] International Energy Agency. Energy Balances for OECD Countries. OECD/IEA,
Paris, 2002. 6

[22] International Energy Agency. Energy Prices & Taxes. OECD/IEA, Paris, fourth
quarter Quartely Statitics 2005. 6

[23] International Monetary Fund. Government Finance Statistics. IMF, Washington, D.C.
20431, USA, 2004. 6

[24] A.S. Manne. Global climate decisions under unertainty. In paper presented at the
International Energy Workshop, Kyoto, August 2005. 8

[25] Organisation For Economic Co-operation and Development. Revenue Statistics 1965-
2002. OECD, Paris, 2003. 6

[26] Organisation For Economic Co-operation and Development. National Accounts for
OECD Countries. OECD, Paris, 2005. 6

[27] K.A. Reinert and D.W. Roland-Holst. Social Accounting Matrices. In J.F. Francois
and K. A. Reinert, editors, Applied Methods for Trade Policy Analysis, chapter 4, pages
94-121. Cambridge University Press, New York, 1997. 6

[28] D. O. Schaefer, D. Godwin, and J. Harnisch. Estimating Future Emissions and Po-
tential Reductions of HFCs, PFCs, and SF6. Energy Journal, Multi-Greenhouse Gas
Mitigation and Climate Policy, Special Issue #3:63-88, 2006. 6

[29] E. A. Scheehle and D. Kruger. Global Anthropogenic Methane and Nitrous Oxide
Emissions. Energy Journal, Multi-Greenhouse Gas Mitigation and Climate Policy,
Special Issue #3:33-44, 2006. 6

[30] United Nations Department of Economic and Social Affairs, Population Division 191.
World Population Prospects: The 2004 Revision, Volume IIl Analytical Report. United
Nations, New York, 2006. 6, 7

14

Place de I'Etrier 4 — Chéne-Bougeries — Suisse Tel. +41 22 348 2046 — Fax. +41 22 348 2083 — http://www.ordecsys.com


http://www.ordecsys.com

ORDECSYS

OPERATIONS RESEARCH DECISIONS AND SYSTEMS

[31] United States Environmental Protection Agency. Global Mitigation of Non-CO?2
Greenhouse Gases. Office of Atmospheric Programs (6207J) EPA 430-R-06-005,
Washington, DC 20460, June 2006. 8

[32] M. Vielle and L. Viguier. On the climate change effects of high oil prices. Energy
Policy, 35(2):844-849, February 2007. 2

[33] D. Van Vuuren, J. Weyant, and F. de la Chesnaye. Multi-gas Scenarios to Stabilize
Radiative Forcing. Energy Economics, 28(1):102—120, January 2006. 6

[34] J. Weyant, F. de la Chesnaye, and G. Blanford. Overview of EMF-21: Multigas
Mitigation and Climate Policy. Energy Journal, Multi-Greenhouse Gas Mitigation
and Climate Policy, Special Issue #3:1-32, 2006. 6

15

Place de I'Etrier 4 — Chéne-Bougeries — Suisse Tel. +41 22 348 2046 — Fax. +41 22 348 2083 — http://www.ordecsys.com


http://www.ordecsys.com

	GEMINI-E3WP1_Planets.pdf
	Introduction
	A new classification
	A new database
	Equations for temperature increase
	A new representation for electricity generation
	Investment decision
	Carbon Capture and Sequestration

	A new web interface


