From Copenhagen to Durban and the quest for sustain  able
levels of GHG concentrations

Socrates Kypreos and Antti Lehtila
Energy Economics Group, Paul Scherrer Institutli§&in, Switzerland

Technical Research Centre — VTT, Finland

e-mail: socrates.kypreos@gmail.com Submission code: 4f149285180c9

Abstract:The COP17 in Durban South Africa, has approvedshtdenegotiate and
arrange by 2015, a global binding commitment taicedGHGs starting from 2020
onwards. COP17 also extended the Kyoto Protocad &econd period after 2012 and
confirmed the commitment of COP16 for the greebaearfund supporting DCs.
However, the success on climate change mitigatitirdepend on the modalities for the
extension of the protocol after 2020. The legitiengtiestion of concern refers to the
appropriate level of GHG reduction that would bienmwith UNFCCC Art. 2. We try to
answer this question applying a parametric analygts gradually stringent cumulative
and global emission bounds applied in a speciaioerof MERGE hard-linked with the
TIMES-MACRO model of USA able to analyze technotmgidetails of the end-use
markets. This model assumes endogenous learningrdethe cost development of
technology as endogenous and path dependent magerty. Low generating cost of
advanced carbon-free technologies for power generdtydrogen and synthetic fuel
production in respect to the conventional competiie a prerequisite for the analysis of
global warming and for defining the economic imations of a new climate protocol.
Finally, the study estimates the cost of carbomgatiion and concludes that timing is a
critical issue to sustain global warming below 2&€Cthe new Kyoto protocol has a

narrow time-window for balancing the lost opportyrio act earlier.
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1. Introduction

The Copenhagen Conference of Parties COP15, asseadoy the COP16 in Cancun,
proposed the so-called Copenhagen Accord (CA) gitdrcombat global warming with
differentiated reduction targets of greenhouseegaissions and by mobilizing resources
supporting adaptation and carbon-free technologigeireloping countries (DCs).
Unfortunately, both Conferences failed to fulfilet main goal of the United Nations
Convention on Climate Change, namely a bindingglaodal extension to the Kyoto
Protocol to combat global warming. The recent @weloer 2011) outcome of COP17
that took place in Durban, South Africa was agaiahle to establish a legally binding
global commitment. Instead a deal was approvecegotiate and to arrange by 2015 the
initiation of such legal entity from 2020 onwarddso COP17 approved to extend the
Kyoto protocol for a second period after 2012, ,eagthout an implementation gap and to
initiate the green carbon fund as approved by COR&vertheless, as the final outcome
on mitigation depends on the modalities for theegiton of the protocol after 2020, the
legitimate question is which levels of GHG reduetwould be sufficient to serve as a
Post-Kyoto policy framework aiminig stabilize GHGs concentration at levels that

would prevent dangerous anthropogenic interference with the climate system

(UNFCCC Art. 2).

Also, as such agreement will start will global cotments after 2020, while the Kyoto
protocol is not supported by significant counttige USA, Canada and eventually Japan
and Russia, it is justified to question if it istradready too late to sustain global warming
below 2°C with a significant probability. This ispgecially the case, in a period following
the economic recession of 2008, where governmetsrearkets become increasingly
hesitant to mitigate global warming and supporbst Kyoto globally binding

agreement. On the other hand, the signs of temperahange in the atmosphere and the

oceans are increasing.



These are the overarching questions we are trgimgs$wer initiating the production of
some fist results of importance. We apply in thalgsis a special version of MERGE
linked with the TIMES-MACRO model of USA, both bgimvell known and established
models for integrated assessment and mitigatiatieguThe reason for special emphasis
given to USA is the need to analyze the technoldgletails (i.e., by including explicitly
the end-use markets not available in MERGE) anctamomic implications of a climate
agreement for USA together with the competitiomd¥anced carbon free technologies
in this sensitive market.

A significant study that helps our analysis to difgithe probability to sustain global
warming below 2°C is the work published in Natuve{nshausen 2009). This study,
based on comprehensive probabilistic analysismddhat cumulative emissions up to
2050 are robust indicators of the probability ttvegnty-first century warming will not
exceed 2° C relative to pre-industrial temperaturesiting cumulative CO2 emissions
over 2000-50 to 1,000 Gt CO2 yields a 25% probsmli warming exceeding 2° C—
and a limit of 1,440 Gt CO2 yields a 50% probapiitgiven a representative estimate of
the distribution of climate system properties. Efiere these results serve as an
acceptable and authoritative approach to defineutative targets for our analysis and

are shown in Table 1.

Table 1 Probabilities of exceeding 2 °C

Indicators Emissions Probability of exceeding 2°C
Scenario  Cumulative CO2 Range* lllustrative
Name Default**
50 percent Cumulative CO2 emissions 2000-50 1437 GtCO2 29-70% 50%
33 percent Cumulative CO2 emissions 2000-50 1158 GtCO2 16-51% 33%
25 percent Cumulative CO2 emissions 2000-50 1000 GtCO2 10-42% 25%
20 percent Cumulative CO2 emissions 2000-50 886 GtCO2 8-37% 20%

* Range reflecting the various climate sensitidistributions (with one exception)
** [llustrative example with a set of assumptiorefided byMeinshausen et al. (2009)

In order to initiate the analysis we need to quwiitist the carbon emission reduction
targets up to 2020 for the extension of the Kyattqrcol after 2012 for the Annex B
regions of the protocol and the expectations ferrtbn-Annex B regions. A first
guantification of emission levels by 2020 is sumizedt in Table 2 and it is defined
based on the Copenhagen pledges and some extrapdissis compiled by Lamriet et al.
(2010). Then, by postulating global constraineelewf cumulative carbon emissions in



agreement with the conclusions of Mainshausen (§&009) we aim to assess the
feasibility and implications of the Durban COP1%amme. In our analysis we apply
cumulative constraints while simultaneously takes¢hat at least the global target of
CO2 emissions by 2020 remains below the level dB#D. Then, by increasing
gradually the stringency of this cumulative conistrand giving to the model the
flexibility to efficiently reduce emissions betwe2@10 and 2020 following the
stringency of this constraint, we assess the assatprobability to restrict temperature
change below 2 °C post industrial, by investigatimg level of cumulative emissions in
the period between 2000 to 2050.

Table 2: TIAM /MERGE regional Emissions
in 2020 (Kyoto Extension)

TIAM  MERGE MtCO2 GtC
EU EU 3965.3 1.08
USA USA 5878.1 1.60
AUS CANZ 424.1 0.12
JAP JAP 952.2 0.26
CAN CANZ 606.7 0.17
RUS = EEFSU 2217.5 0.60
OEE = EEFSU 525.5 0.14
CHI CHINA 9959.3 2.72
IND  INDIA 2690.6 0.73
CSA Row 2191.5 0.60
MEX MOPEC 425.6 0.12
SKO Row 452.4 0.12
CAC Row 637.5 0.17
MEA MOPEC 2599.2 0.71
ODA Row 3142.6 0.86
AFR Row 2081.3 0.57
World  World 38749.4 10.57

2 The Baseline

The baseline development is based on the assuraptiade in the EU project ADAM,
Edenhofer et al.(2010), fine-tuned with the basetioenario development generated by
the TIMER model (Van Vuuren, et al. (2006), Magetal, (2010)) for that project. The



baseline excludes any consideration of damageslandte policies. This refers to the
regions of EU, Eastern Europe and former Sovieb(EESU), China, India, Japan,
CANZ (Canada, Australia and New Zeeland), MOPECXig® and Opec) and the rest
of the world (ROW). USA which is the ninth worldgien of the model is analyzed based
on assumptions made by the IEA-ETSAP TIAM projéatulou and Lambriet 2008).

In the baseline, electricity production increasssgconsequence of population and
economic growth and the moderate improvement imggniatensity, from 21.2 PWh in
2005 up to 78.2 PWh per year by 2050, while thenary energy use increases from 418
EJ to 976 EJ per year by 2050. Existing fossil-heded thermal plants are progressively
phased out and replaced initially by a combinatibooal, NGCC and IGCC plants, and
then coal and IGCC, owing to its relatively higlfi@éncy and low fuel cost (supported
by learning-by-doing). Next to IGCC, wind turbinfelowed by nuclear reactors are the
most competitive power generation systems. Windggamemplements the power supply
up to 27% of overall electricity generation. Prignanergy is mainly provided by coal
followed by renewable energy forms, complimentedjag and oil. As a consequence,
energy related carbon emissions reach a level @tC4in 2050 and the atmospheric
concentration becomes 545 ppmv for CO2 and 642 dpmadl Kyoto gases. This
moderate increase of GHGs in the atmosphere isadiie LbD and LbS model
formulation that reduces the specific investmerst @s function of experience applied in
all scenarios as standard modeling option andteeguhigh penetration for wind already
in the baseline case.

Next we select different emission reduction targetirther reduce carbon emissions
and restrict temperature change to acceptableslegg]., the 2°C target of the European
Parliament (European Commission 2007) with diffeprobabilities of exceeding this
target. The model reduces also the emissions ef @rGs based on marginal

abatement curves.
3. Global emission budgets, concentrations and marg inal costs
We want to present the level of emission reductiba probabilities to exceed the 2

°Celsius of post-industrial warming, the impliedlghl carbon taxes and the economic

implications for USA and other world regions inpest to the baseline developments.



3.1 Global emission budgets

As explained before, Table 1 gives the cumulatimession budgets associated with 20%,
25%, 33% and 50 % probability of exceeding 2°C afming. In order to set the scene
for the analysis we need to define first the emissibetween 2010 and 2020 and then to
impose either global cumulative constraints thatespond to the cumulative emissions
of Table 1 or annual budgets in agreement witrctheulative constraints and operate
with a policy scenario as e.g., a Cap and TradeT(Gfase. We do not follow the annual
specification of global emissions to allow for eféint solutions with a maximum
flexibility in meeting the global and cumulativerwiraint assumed. All scenarios are
estimated with a descriptive utility discount rafe8 percent.

Figure 1 illustrates the emission levels estimatagld the MERGE&TIMES-USA model
when cumulative constrained budgets are imposethéperiod 2020-2060 that
correspond to the four emission budgets discusstmntdo Notice that the model is fixing
global emissions in the year 2010 but is free tect@ptimal pathways and emission
reductions in the period from 2010-2020 in ordesdtisfy the cumulative emission
budgets corresponding to Table 1. As consequenitésdlexibility, the more stringent
the cumulative bound the less the emissions ipéned around 2020 which should be
interpreted that a Kyoto extension policy is irtgd by 2015 where the signatory
countries are determined to combat global warmsghgfaatisfying the probability in
discussion for not exceeding global warming abdnee°C. Clearly this approach is not
forcing the global emission profiles to necessasdtisfy the sustainability targets of
Table 1. Another possibility would have been todimissions for 2020 to the emissions
corresponding to Table 2 that is defined assunfirgatioption of the Copenhagen
pledges but this results to quite high levels ofssions making it difficult to satisfy the

sustainability targets.



Global Carbon Emissions (GtC/a)
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Fig. 2: Annual Carbon Emissions estimated forBhseline (BAU) and under the imposed global and
cumulative budgets with 50%, 33%, 25% and 20 % gldlty of exceeding 2°C.

Table 3: Estimated Carbon Emissions in GtCO2/a
and the associated probability to exceed 2 Telsius

2010 2020 2030 2040 2050 2000-2050 probability

GtCO2/a GitCO2/a GtCO2/a GtCO2/a GitCO2/a GtCO2 Obtained in%
37.69 4118 46.93 49.94 54.96 2174 NA
37.40 3839 3417 2603 1885 1597 60
37.14 37.14 2838 1522  5.79 1352 45
37.11 36.67 2438 832 458 1232 37
3674 3018 1514 579 469 1048 =

Examining the column of cumulative emissions betwe2000-2050 of Table 3
(estimated by applying the trapezoidal rule for shewn emission level 2010-2050, and
by adding 330 GtCofor the period of 2000-2010) we confirm the expddimplication
that the required cumulative emission targets awe associated with higher probabilities
to exceed the 2 ° Celsius as the expected dedsiamtroduce mitigations actions and
undertake global and binding commitments are delayae probabilities given in Table

3 are estimated applying the probabilities and datiwe emissions levels of table 2 via



interpolation. We realize that the probability taceed 2°C varies now between 60% and
28% instead of 50% and 20%. This in a first intetgtion is not awkward situation but
there are two basic drawbacks remaining:

1) The associated shadow prices become high once preaqih probability levels
of around 30% as shadow prices reach levels ofiD0® $/t of carbon (Fig. 3).

2) The estimated emissions in 2020 is a result ofimopation but such a
performance for the extended Kyoto protocol requaiesubstantial mobilization
in the global level in order to reduce by 2020 esioiss to the levels estimated in
the model (i.e., about 20% below the global CO2semns in 2010).

3.2 Emissions and Concentrations

Marginal cost $/tC
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Fig. 3: Marginal cost of carbon control estimatetMERGE&TIMES-USA model under global and
cumulative emission budgets from 2020 to 2060 ¢batespond to the emission profiles shown in Fidgure

for different probabilities of exceeding 2°C of wang.

Figure 3 presents the tax levels correspondingegarposed cumulative constraints.
This emission profiles for the low probability casedicates significant reductions for
the year 2020 already which needs the initiatiopadicies by the year 2015. The
stringency of actions depends on the stringenthi@fmposed constraint. As in reality

there is no such political will to initiate actionsw the 20% probability case is



optimistic and instead a stabilization of emisgpoafiles for the period 2010-2020 is a
more realistic expectation.

Comparing emission levels and the correspondingmalrcontrol cost of carbon we
conclude that MERGE & TIMES-USA model is flexibleieducing carbon emissions at
almost zero levels but at high shadow prices. Aeotionclusion illustrated in Figure 4 is
the low atmospheric concentration of the Kyoto gasatained in the case with the lower
probability is around 400 ppmv while the equival€@2 concentration of all GHGs

remains in the level of 510 ppmv.
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Fig. 4. Atmospheric concentrations given in pprKgoto GHGs in CO2 equivalent as estimated with
MERGE&TIMES-USA under global and cumulative emisshiudgets for different probabilities of

exceeding 2°C of warming.

3.3 GDP and economic burden by region



Regional GDP (billion$ 2000/a)
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Fig. 5: GDP by region and time for the cases amealy

One has difficulties to recognize the differenaeterms of GDP development due to the
cumulative carbon constraint as the overall andimam cumulative difference is 1.4
percent for the most stringent emission reductesecBut the regional impacts are

significant for some world regions as e.g. for dfleexporting countries.

Regional GDP losses relative to BaU in %
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Fig. 5: Regional cumulative and undiscounted Gad3és by region for the cases analyzed relatiBatd

in percent.
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This figure defines the GDP loss for the periododlysis but in undiscounted prices.
The cumulative constraint on total CO2 emissiorfgde efficient solutions across time,
and regions and even other Kyoto GHG gases areeddollowing the marginal cost
pricing, but is not evaluating any compensationsness like in the case of Cap & Trade
policies to counter balance these losses. Thef@oBICs is high with a maximum
appearing for the OPEC regions as not only exgortsfossil fuel use are reduced but as
a consequence their prices are also falling. Tlséfoo the industrialized world is
moderate with CANZ having a net benefit mainly da@roduction of unconventional

oil (tar sands) and exports of synthetic fuels sTéxplains why the DCs are reluctant to
join a globally binding protocol without compenseatimeasures. Notice that the global
undiscounted GDP net losses of the global econontjout for the period of analysis are
trivial (1.2% to 1.4%) while the benefits of redddecal pollutions (less fossil fuel use)

and reduced temperature change are not assesgbedanalyses.

Cumulative and Undiscounted GDP
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1.6

1.4

12 1

1
038
06
0.4 -
0.2

0- : :

05 0.33 0.25 0.2

Fig. 6: Global cumulative and undiscounted GDP losses for the cases analyzed relative to BAU

(in percent)
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3.4 Primary energy and power generation

This section presents the primary energy consumgiia power generation by the
different levels of the global and cumulative coastts applied. We have already
realized (Fig. 2 and Fig. 3) that the strong eroisseduction obtained for the 20%
probability case has a rather high marginal costrofind 1000 $ per ton of Carbon. This
indicates (when comparing with similar studies)eéicit in terms of sufficient measures
to control carbon emissions and explains the stdmggee of energy conservation in

terms of primary energy consumption shown by Fig. 7

Primary Energy Consumption (EJ/a)
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Fig. 7: Global Primary Energy Consumptions for the cases asdlgnd in compariscio BAU

The impact of the carbon constraint to the prinergrgy consumption (PEC) levels
shows a significant reduction in energy use egeivatio 1/3 of the PEC of the baseline
for the 25% and the 20% probability cases. Alsoue of oil is below 10% of the total

primary consumption while the absolute and relawels of coal are around 100EJ or

12



1/6th of total primary energy. Gas is also redumatto a lesser extend. Consequently the

market shares of renewable, biomass and nucleanaeased over baseline.

Global Electricity Production (PWh/a)
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Fig. 8: Global electricity production for the cases analyzed imncomparisorio BAU

The impact of the carbon constraint to the levetlettricity production is around 10
PWh/a or about 12% reduction relative to baseluntettiee structural change of power
generation is significant as carbon free optiomsb@coming mature and dominate the
market while the production level of electricityabnost independent of the stringency of
the carbon constraint. Winners are wind energyleanenergy and coal use based on

IGCC and gas combined cycle GCC both with CCS optio
4. Specific results for the US

The previous sections introduced a global and binding carbon constraint in the

energy system that is acting as driving force of the technological change needed
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to take place in a carbon constrained world and explains the economic
implications of that constraint together with the probability to restraint post-
industrial temperature changes below 2 °Celsius. T he last part of this report will
explain the implications of global policies on the national level developments

consistent with the global policy constraint.

US Energy related Carbon emissions in GtC/a
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Fig. 9:US @ectricity production for the cases analyzed anddmparisorto BAU

The reduction of carbon emissions in USA follows the general pattern that
appears on the global level where Industry and transport sectors are less efficient
to reduce emissions as in relation with the power generation sector where carbon

emissions are totally eliminated.

14



US Primary Energy Consumption (EJ/a)

O Renewable

W Nuclear
140

O Biomass

120

100

80 -

60 -

Fig. 10: US Primary energy consumption for the sas®lyzed and in comparison to BAU

Similar behavior appears in the US PEC which is increased by 1/3rd in the
baseline case but remains almost stabilized in the carbon constrained cases. The
other important conclusion is related to the structural changes in primary energy
use as indicated by the total elimination of direct coal use substituted by biomass
and other renewable. Gas and oil products continue to supply significant fractions
of PEC.
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US Electricity Prodution (PWh/a)
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Fig. 11: US Electricity generation for the casealgzed and in comparison to BAU

Again in the power generation sector coal is substituted mainly by wind followed
by biomass and nuclear. Solar PV options are also introduced in the last two
decades of analysis. Wind covers more than 50% of electricity generation and
this is asking for investments in smart grids. As consequence of all these

changes power generation becomes carbon free in USA.
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US Final Energy (EJ/a)

90

@ Alcohol
W Hydrogen

O Renewables
m Oil-Prodct

O Heat

B Eletric

O Bio-Diesel

0O Bio-Direct

m Coal

O Gas

OO0 OWO0 OV OOWOCO0OI0LO 00O OLWO 000
O NM TN OO HNIM T DO OHNM TN WOOIHNMNIN OO HNMT
[ololle][e]lo][o] o] o] o] o] o] olele|sles]o] o] o] o] o) eo][e]ele]lo)e]elle)ele] ]
ANININNINININ (NN NN NN NININININ NININININ NINININ
BAU

CUM50P CUM33P CUM25P CuUM20

Fig. 12: US Electricity generation for the casealgzed and in comparison to BAU

Here the share of electricity, alcohol fuels and bio-diesel contributes to the
reduction of oil products while the overall consumption is first increased up to
2020 and when the carbon constrained becomes active is either stabilized or is
significantly reduced (CUM20%) mainly due to the use of efficient devices and
electric heat pumps and methanol/ethanol cars but also due to consumers
behavior that reduce significant the demand for energy services. The assumed
elasticity of substitution for USA is ESUB=0.5.

5. Conclusions

As the last UN COP failed to arrange a global and binding agreement to reduce
GHG emissions other than to postpone the initiation of such agreement after
2020, it is justified to question the feasibility to sustain global warming below 2C
and if instead, a more pragmatic target should be followed. The present study
derives conclusions on the feasibility to restrict global warming below 2° Celsius,
the associated economic impact by world region and the importance of carbon
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free technologies like wind, solar PV and biomass based systems and low-

carbon systems with IGCC and GTCC, systems with CCS and their competition

in respect with conventional fossil systems.

The study concludes that is always feasible to sustain global warming
below 2T explaining that is not yet very late as w e have a time window to
successfully implement the appropriate measures. However, already now
the associated probabilities to sustain temperature change below 2 T are
becoming worse, while this window of opportunity is becoming narrow.
Further delays with make the goal of 2 C post-indu strial warming an
impossible task. Obviously other moderate targets can be satisfied at
lower cost although at higher risks due to climate change.

Although some carbon-free technologies like wind and advanced nuclear
systems are competitive and contribute to the reduction of carbon
emissions already in the baseline, other systems like advanced carbon
capture and sequestration options based on coal and natural gas for
power generation and solar PV need the introduction of taxes or other
instruments to become competitive.

Synthetic fuel production and advanced power generation based on
biomass with CCS options have negative carbon emissions and become
one of the key future technological options to mitigate carbon emissions
but for the moment they need policy support to become mature.
Conservation options in the building sector and in the transportation
together with efficiency improving end-use options are contributing to the
reduction of carbon emissions. This is indicated by the stabilization of final
energy use for USA although the economic activity assumes a significant
growth.

Finally, although the net GDP reduction on the global level remains below
1.4% the impact of the carbon constraint is DCs and oil/gas exporting
regions is significant asking for compensation measures. This could be
obtained by Cap & trade policies, the carbon transfer fund for renewable

and by regional differentiation of carbon emission policies in the early
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decades based on the expected economic developments and the potential

mitigation options across the world regions.

6. Appendix: The GMTM-USA model

A flexible formulation of E3 models for Integratesssessment is used to derive
conclusions on national GHGs mitigation policiesr@spect with global commitments
and policies. This is done linking together the B®#MACRO (TM) model of USA,
(Remme, 2005) rich in technological details, witie MERGE model of the remaining
world regions. This modeling approach enlarges dpgons given in evaluating the
regional and technological details for significambrld regions while simultaneously
being consistent with global developments in teahsesource use, climate constraints,
trade of fuels, and the endogenous treatment dfntdogical change needed to
efficiently control climate change. The Global MER@nd TIMES (GMTM) model is a
modelling framework aiming to design national eiyeagd environmental policies under
consistent international boundary conditions. Tperaach is placing national policy
visions within an international context of worldvééopments with the scope to define
consistent and optimal national energy policies aistbns that take into consideration
the global boundaries of resource use, environramastraints and path-dependent
technological change and learning. The link willxinaize the global welfare while
ranking the technological options needed to achidne set of normative constraints
imposed. This method will allow for an endogenousl @ath -and- policy dependent
ranking of technological options.

The first version of such hybrid models, that beeoavailable at late nineties,
(Kypreos, IEA-ETSAP meeting in 1988, Berlin, Germphas been developed together
with Alan Manne and Gary Goldstein, and was ong¢hef early efforts going into the
direction of regionalized hybrid models on the glbbcale based on the integration of
simplified macroeconomic growth models linked wihbtailed bottom-up engineering
models. In the mean time, a series of different Wwabwn models become available like
the MERGE model of A. Manne and R. Richels, a éoe@&MM model (Barreto, 1998)
to be concluded with the development of the 15€idion ETP (IEA/OECD) and TIAM
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models (R. Loulou and M. Lambriet, 2008) all fundiing either as hybrid models (i.e.,
MERGE) or as regionalized but global models basegartial equilibrium algorithms
(i.e., all others). Finally, the link of TIAM withhe applied general equilibrium model
GEMINI (Bernard and Vielle, 2003) should be undeost as cutting edge development
work in climatic change modeling, as it combinedaded engineering models with
applied general equilibrium models focusing on a&dteconomic impacts. However, the
development work described herein is less ambitlmutsis unique as it applies a NLP
formulation in Energy-Economy and Environment (E8)ith endogenous learning
focusing on the macro-economic implications of eitenergy related or environmental

related policies

Al: The Energy/Economy/Environment (E3) Hybrid Teclno-Economic Model

For simplicity, only the basic model structure tethto the global trade and the link
between the demand and supply will be given here.

The objective of the model is to maximize the wytifunction (discounted and weighted
sum of regional utilitiesd( is the time preference rate), that subjects teored and

global constraints.
t=T

U =W, > InC, [&™"
t=0

The weights of the objective functiond, are the Negishi weights. The weights are

normalized and adjusted in an iterative approachraing to the inverse of the marginal

utility of regional income such that the discountextie per region and time is balanced.
Negishi has shown that in such a case the obtankdion is Pareto optimal, e.g., it

redistributes new wealth and not the existing dwegishi, 1972)

A2: Regional constraints

The link between the macroeconomic model and tregggnsupply model is obtained
through the variables that represent energy senvérel the annualized energy system
cost. The production function relates the inpupfary production factors to the gross
output of the economy. In the TIMES-MACRO (TM) foufation we have capital C,
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labor L, and energy services D, as primary prodacfactors. In MERGE energy is
disaggregated to electric E, and non-electric imNiE, i.e., a very similar structure as
both models are based on a concept formulated by Manne (Manne and Richels,
2004, Manne and Wene, 200x).

Y, = (aOKp T O + > b ODP)HYP TIMES-MACRO region
m

m

Y. =(a, K DZ® e +3 b, Do MERGE regions

mrt

The economic output Y is distributed among consionpC, investments |, and the
energy cost EC, while the national accounts arangad assuming the net exports

XTR nmr Of @ NUmMeraire good, a composite commodity ofali-energy sectors:

Y=C+| +EC+XTR,,
GDP is defined as the sum of consumption C, investml, and the net experts of all

traded goods and services.
The capital formation function (per time and regidakes into account the capital

depreciation raté and the new investments (petty-clay model).
Kt = (1_4)[Kt—l+ It

The demand constraints relate the adjusted dem@hesto the autonomous efficiency
improvementee) to the model energy flows related to the demanchergy services:

> X, = D, [&*%™ Sum of all demand devices that satisfy demapd D (TM)

00X 0D;j

Z PE, = E, g Sum of electricity production per technology j(MERGE)
i

Z PNE, = N,e*="" Sum of non-electric energy per technology i,  REE)

Energy system costin MERGE, a simplified way to present the modelto say that
energy cost accounts for the annualized produdasts of electrid®E, and non-electric
PN energy, using the corresponding unit cost, cefpr the electric andn for the non-
electric energy. Conventional energy tatase andtaxne, carbon taxesax.,, and the
transaction costssttrng of exported good minus the tax revenues are atdaded.

EC =) PE, [te + > PN, [&ng +taxeE [&*** +taxnelN [& %" +
j i

> csttrn, [EXP, + Ec, Bax.,, ~TAXREV+QP
9
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The exact model formulation for MERGE is given bydhe et als (2010). The model
introduces a quadratic cost penalty functiQi, for technologies that penetrate the

market above normal rates. Simi@P functions are also introduced in the TM model.

CO2 emission balance per region and time for Cap &rade.

The sum of carbon emissions in a region r and tintkie to electricity production and
non-electric energy use (i.e., energy actitityes specific emissions per unit of activity),
and the direct use of fossil fuels in the end-usetass, minus the net exports of fossil
fuels EX, must be greater or equal to the initial endowméht of emissions rights,

minus the net exports of emission certificaX@®,, , , .

> PE,,, (3¢ (HTRatg + > PN, [3n,/eta, + DIrfFOS, , sn, — > EX;,  [5¢ =
kOElectrictech nONE iOfossil
IEr,t - XTRm,r

A3: Global constraints

Global trade balance per time and procglcE XTR,, =00

The dual of this constraint defines the price afled products. Other constraints refer to
the production, depletion and use of energy ressmainly hydrocarbons.

The sequential optimization algorithm introducedTiyomas Rutherford in 1992 adjusts
the Negishi weights per iteration. The first sauatiassumes weights proportional to
economic production and defines a set of marginatscfor the traded products. The
weights are then adjusted using the marginal doiteotrade balance and the inverse of
the marginal utility function, e.g., Consumptiom, get a Pareto optimal equilibrium
solution. The normalization of the (shadow) priéasthe traded goods is done by using

the marginal cost of the numeraire good for ther Y#205, 77, = 77, / 7T, s005- ThE

n

weightsW, are defined such that the cumulative trade balpeceegion is satisfied.
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