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Variation-1: Declining world oil market
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Abstract—A climate treaty like the one which should replace the Kyoto Protocol after 2012, may
have important impacts on the oil, gas and coal markets. The full impact of such a treaty will not
be felt before 2030. In this paper ooe uses a competable general equilibrium model as a simulasor
of the world economy to obtain a description of the demand laws for oil, gas and coal in a period
centered in 2030. One then wses a hicrarchical game & la Stackelberg where OPEC is a price
fixing leader and a fringe replies y according 0 a supply-demand
equilibrium for the three competitive emergy forms, oil, gas and coal. This permits one to assess
the passible power of OPEC to counteract the effect of a world tax on carboa coatent. One shows
the possible effect 0 oil price, OPEC wealth or market share, and global emissions reduction
achieved for different tax Jevels

Keywords  Climase change negotiations, ofl price, hierarchical game model, sttitical emulation,
computable general equilibrium model
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Declining world oil market

@ One uses a computable general equilibrium (CGE) model as a simulator of the
world economy to obtain a description of the demand laws for oil, gas and coal in
a period centered in 2030.

@ Using statistical emulation of the CGE, one calibrates a hierarchical game a la
Stackelberg where OPEC is a price fixing leader and a competitive fringe replies
competitively according to a supply-demand equilibrium for the three competitive
energy forms, oil, gas and coal.

@ This permits us to assess the possible power of OPEC to counteract the effect of
a world tax on carbon content. One shows the possible effect on oil price, OPEC
wealth or market share, and global emissions reduction achieved for different tax
levels.

3/50



GEMINI

GEMINI-E3' is a multi-country, multi-sector, recursive com-
putable general equilibrium model comparable to the other
CGE models (GREEN, EPPA, MERGE, Linkage, WorldScan)
built and impl d by other modeling teams and institution:
and sharing the same long experience in the design of this class
of economic models. The standard model is based on the
assumption of total flexibility in all markets, both macroeco-
nomic markets such as the capital and the exchange markets
(with the associated prices being the real rate of interest and
the real exchange rate, which are then endogenous), and micro-
economic or sector markets (goods, factors of production).
The model is built on a prehensive energy: y
dataset, the GTAP-6 database [12], that incorporates a consist-
ent representation of energy markets in physical units, social
accounting matrices for each individualized country/region,
and the whole set of bilateral trade flows. Additional statistical
information accrues from OECD national accounts [27], IEA
energy balances and energy prices/taxes [19] and IMF
Statistics (Government budget for non OECD countries [20]).
Carbon emissions are computed on the basis of fossil fuel
energy consumption in physical units, carbon emissions that
are not linked to energy bustion, like CO,
coming from chemical reaction in cement clinker production,
are not taking into account. But non-CO, greenhouses gases
emissions are included in the model, for example the
methane released during coal mining is taken into account.
For the modeling of non-CO, greenhouse gases emissions
(CH4, N>O and F-gases), we employ region- and sector-specific
marginal abatement cost curves and emission projections pro-
vided by the Energy Modeling Forum within the Working
Group 21 [30].
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Coalitions

European Union (EUR)

Rest of OECD (R-OE)

Rest of the World (DCs)

DEU
FRA
GBR
ITA
ESP
NLD
BEL
OEU
POL

USA
JAP
CAN
CHE
XEU
AUZ

CHI
ASI
IND
BRA
LAT
MEX
MID
AFR
RUS
XSU
TUN
TUR
VEN

Table: The three economic regions (coalitions)
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I
Business As Usual / GEMINI

2000 2006 2015 2030 2050
IEA Crude oil price $ per barrel 32.46 61.72 100 100 100
Natural gas price (US imports) $ per MMBtu 4.49 7.22 10.58 10.58 10.58
OECD steam coal imports $ per tonne 39 62.87 62.87 62.87 62.87

Table: Fossil fuel price assumption (2006 $ per unit)

Total demand

o

Domestic production Import
AN @i
Fixed factor Crude oil Other factors
“o
Material Labor Capital Energy
Tmm G,
Transport  Other inputs Fossil energy  Electricity @ 1 MMBtu — 0.1724 boe;
or om 1 @ 1T coal — 4.426 boe,

Inputs 12-14  Inputs 6-11 & 15-18 Inputs 1-4

@ Al 2030 prices in $/boe.

Figure 1. Nesting CES structure of production in GEMINI-E3 Qil 100
Gas 61.43
Coal 14.20
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Extraction cost Oil

Denote g9 (resp. gf) the supply of the oil cartel (resp. competitive fringe). The
average cost functions for the cartel and the fringe are given by

Cg(qg ) — Cgerlco)Qg -7 e0.000ng (1)
c2(gf) = CPe"Pi = 1200087, @
respectively. The marginal cost functions (supply curves) are thus
r2q2) = (1+0.0003q8)7 &% @)
r2(gf) = (1+0.0006¢q2)126%0%% @
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Extraction cost Gas and Coal

The marginal cost which is also the supply curve of the gas producers in a competitive

market is given by:

GG
ri(gf) = (1 +nqf)Che™ .

regioni | C% ne
EUR 18 | 0.00122
R-OE 12 | 0.00088
DCs 8 | 0.00017

Table: Parameters of gas extraction cost functions (2010-$/boe)

Finally, one assumes a constant extraction cost for coal at $-2010 14.2/boe, also

corresponding to the IEA forecast.

()
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Model

The model is summarized by the following equations:

max

S.C.

98

7.33(x° — C%e"6%)q2

> Df —qf

iel

14.2

(1 412 g°)CPe™F

(1+7°ef)Cle™, el

Df, iel

W+ > IlPF, i€ l,je {oil, gas, coal}
ked

7% +6° + 1%, iel

7+ 68+ %0, iel

8+ 68 +puf0, iel

{EUR, R-OE, DCs}



Counterfactual

TABLE 13.
Simulation results
Total OPEC
Tax World price  carbon OPEC Market share
($/TC)  of 0il (§/b) (MtC) wealth M $) (%)
0 90.99 11,359 1,667,280 051
50 91.08 10,150 1,618,615 0.50
100 90.94 9,431 1,567,651 0.49
150 90.65 8,924 1,517,013 0.49
200 90.26 8,533 1,467,642 048
250 89.80 8215 1,419,923 047
300 89.28 7,947 1,374,009 047
350 88.70 7,715 1,329,940 0.46
400 88.08 7,511 1,287,701 045
450 87.42 7,329 1,247,247 045
500 86.73 7,164 1,208,516 0.44
550 86.02 7,014 1,171,441 0.44
600 85.28 6,876 1,135,948 043
700 83.75 6,631 1,069,421 043
800 82.16 6,416 1,008,376 042
1,000 78.90 6,057 900,693 0.40
1,250 74.80 5,697 788,642 039
1,500 70.80 5,405 696,558 0.38
2,000 63.42 4,948 556,448 037
2,500 57.03 4,601 457,115 0.36

0.20

0 500 1000 1500 2000 2500 3000
Carbon tax

Figure 4. Normalized indicators in function of the carbon tax ($/TC)
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BAU: No carbon tax

World price of oil: $91/bbl

Demand

Non_OECD coal 3031.93
Non_OECD gas 1894.35
Non_OECD oil 3196.58
OECD_EU coal 301.82
OECD_EU gas 377.03
OECD_EU oil 710.94
Rest_OECD coal 954.53
Rest_ OECD gas 798.05
Rest_ OECD oil 1558.31
PRICEC

Non_OECD coal 12.26
Non_OECD gas 26.84
Non_OECD oil 101.95
OECD_EU coal 16.62
OECD_EU gas 60.85
OECD_EU oil 133.23
Rest_OECD coal 13.23
Rest_ OECD gas 55.67
Rest_OECD oil 111.58

OPEC margin: 1'670'830 M$.
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|
Tax: $600 / tC gives $164 / tCO,)

World price of oil: $85/bbl

Demand

Non_OECD coal 1115.74
Non_OECD gas 1078.74
Non_OECD oil 2674.11
OECD_EU coal 109.40
OECD_EU gas 283.14
OECD_EU oil 611.60
Rest_OECD coal 342.71
Rest_ OECD gas 634.38
Rest_ OECD oil 1304.97
PRICEC

Non_OECD coal 104.18
Non_OECD gas 77.07
Non_OECD oil 164.18
OECD_EU coal 108.54
OECD_EU gas 106.88
OECD_EU oil 195.46
Rest_OECD coal 105.15
Rest_ OECD gas 100.57
Rest_OECD oil 173.81

OPEC margin: 1'138'350 M$. (-32 %).
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Extra delivery cost for gas in EU

[ ,gas[r] * exp(extragas[r] * QgAS[r])

Ci_gasl EU'l = 1, extragas[' EU'] = 0.02
World price of oil: $91bbl

Demand

Non_OECD coal 3033.73
Non_OECD gas 1894.36
Non_OECD oil 3193.04
OECD_EU coal 324.64
OECD_EU gas 221.42
OECD_EU oil 720.79
Rest_OECD coal 954.73
Rest_OECD gas 798.21
Rest_ OECD oil 1556.87

PRICEC

Non_OECD coal 12.26
Non_OECD gas 26.84
Non_OECD oil 102.18
OECD_EU coal 16.62
OECD_EU gas 132.96
OECD_EU oil 133.46
Rest_OECD coal 13.23
Rest_ OECD gas 55.68
Rest_ OECD oil 111.81

OPEC margin: 1'676'470 M$. (+0.34 %)
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Tax + Extra delivery cost for gas in EU

World price of oil: $85/bbl

Demand

Non_OECD coal 1116
Non_OECD gas 1078.74
Non_OECD oil 2672.97
OECD_EU coal 114.048
OECD_EU gas 208.892
OECD_EU oil 616.495
Rest_OECD coal 342.734
Rest_ OECD gas 634.441
Rest_ OECD oil 1304.49
PRICEC

Non_OECD coal 104.184
Non_OECD gas 77.0742
Non_OECD oil 164.325
OECD_EU coal 108.544
OECD_EU gas 167.04
OECD_EU oil 195.605
Rest_OECD coal 105.154
Rest_ OECD gas 100.573
Rest_OECD oil 173.955

OPEC margin: 1'141'100 M$. (-31.7 %)
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Geopolitics
Demand (Mtoe) BAU EU-Gas short. Tax?: 600 Tax+shortage
Non_OECD coal 3031.93 3033.73 1115.74 1116
Non_OECD gas 1894.35 1894.36 1078.74 1078.74
Non_OECD oil 3196.58 3193.04 2674.11 2672.97
OECD_EU coal 301.82 324.64 109.40 114.048
OECD_EU gas 377.03 221.42 283.14 208.892
OECD_EU oil 710.94 720.79 611.60 616.495
Rest_OECD coal 954.53 954.73 342.71 342.734
Rest_OECD gas 798.05 798.21 634.38 634.441
Rest_ OECD oil 1558.31 1556.87 1304.97 1304.49
PRICEC ($/boe) BAU EU-Gas short. Tax: 600 Tax+shortage
Non_OECD coal 12.26 12.26 104.18 104.184
Non_OECD gas 26.84 26.84 77.07 77.07
Non_OECD oil 101.95 102.18 164.18 164.33
OECD_EU coal 16.62 16.62 108.54 108.54
OECD_EU gas 60.85 132.96 106.88 167.04
OECD_EU oil 133.23 133.46 195.46 195.605
Rest_OECD coal 13.23 13.23 105.15 105.15
Rest_OECD gas 55.67 55.68 100.57 100.57
Rest_ OECD oil 111.58 111.81 173.81 173.96
OPEC margin ($M) 1'670°830 1'676'470 1'138'350 1141100

2$600 /tC gives $164 / tCO,
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Possible development

Model "OPEC+", where OPEC and Russia are both leaders, with some
competition (in supplying China and India)...
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Variation-2: DAC saves the Game

Reaching Paris Agreement Goal through

CDR/DAC Development: a Compact OR Model

Frédéric Babonneau* Alain Hauriet Mare Vielle!

December 8, 2021

Abstract
A compact operations research (OR) model is proposed to anal-
vse the prospects of meeting the Paris Agreement targets when di-
rect air capture technologies can be used or not. The main features

of the model are (i) the representation of the economy and energy
use with a nested constant elasticity of substitution production funec-
tion: (ii) the representation of climate policy through the use of a
safety emissions budget concept: and (iii) the representation of an in-
ternational emissions trading scheme for the implementation of climate
policy. Using dynamic optimisation, several contrasting scenarios are
analysed and the potential use of the model in future developments of
climate /economy modelling is discussed.

keywords. Climate policy, Optimal economic growth, Dynamic optimi-

sation model, Market equilibrium constraints and CO3 direct reduction.
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I
DAC saves the Game

Chmarc Crange (631) 143, 44
PPN O 16 108 1YV ICHM £ SRR

®
-

E of the devel of COy
direct reduction technologies in long-term climate
strategles of the Guif countries

« Al Maure™* -

O 20 har 20001 BOORpted § Manch 2621/ biied ool 13 Aged 2001
© The Aathort) Y21

Abstract

This paper proposes an sucwmest of boag-term climate sinegies for ol and pas
prodecing coustries—in particular, the Galf Cooperation Council (GOC) member states—
s sepands the Paris Agroesent poal of honitag O norcuse of serface s tompuvaiwe » 2°C
by O ened of dhe Twenty.Srst conmary. The stedy evalastes the ossible rode of carton dhon

ide semsoval (COR) tochaclopies under 3n international crnimsons trading market 3 s way
1o matigase welfaoe boaser. To model the siancgic conent, one asemes that 3 ghobal caszla-
Nive eonsicnm Dadpet will Rave hees allvand amoeg difforost coalibonm of cowmres e
OOC being one of thees—and the exiseace of 38 intermational crmiveons Fading market. A
meta game model in proposed is which deployment of CDR sochnologies = well a wpply
O emesion Nghts are strstegic vanables and the payol®s we obtainad rom sermdations of 3
poveral equithonm model. The ress of the weredations Incane that ol end gas prodec

ing countries sed cxpecially the GOC coustrics face 3 wignificant welfare ko sk, doc %
“ al" if 3 workdwide clirme segime a3 dod bry the Parin A i
e bn place. The development of CDR techacloghes, i particelar devct sir capesry (DAC)
alloviases soonewhat this rk sad offers Sose cosntries & aew oppertenity for explosag
their pa reserves and e caon storage capacity offored by depletod odl snd pan rescrvon.

Keywords GOC countries - Chrrate nopotiations - Carbons dionide removal - Rasncial
compeenaion - Negatve emusioos - COR swchnologion
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DAC saves the Game

Please, visit the following web site
https://climeworks.com/
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|
Compact OR model

@ One uses an optimal economic growth model with 3 world regions
(OECD,BRIC,ROW) over an horizon of 100 years.

@ One represents the climate policy as imposing a limit on cumulative GHG
emissions (1170 Gt COy).

@ One assumes a world permit trading scheme.
@ One represents the possibility to develop DAC technology.
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Nested CES functions

Eo + Es
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enf Ko

I\
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Figure: Nested structure for general economy and CDR-DAC activity 22150



General economic good production

So()—1 So()—1
S

Y(t,)) — Ao(Ntg(t,)) | ox Ko(t,j) =0 + aorlo(t,]) o0

, so()
S =17 5 ()~

+aoeEo(t,]) o0 <0. (17)

where Y(t,j) is the annual output of the general economic good that can be
consumed or invested, agk, aor @and aoe are the input share parameters, Aq(j) the
factor productivity parameter, so(j) the elasticity of substitution between inputs and
tg(t,j) a disembodied technical progress.
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Negative emissions production

Annual negative emissions v(t,j) are represented through a CES function with three
factors (capital, labor and energy), an elasticity of substitution equal to s;(j) and a
disembodied technical progress represented by tgv(t, j):

s3()—1

v(t,j) = As()tgv(t.]) | cak (/) Ka(t, ) =0

s3()—1 s30) =17 s3()—1

+asi()La(t, ) 80 + ase(f)Es(t,j) =9 <0. (18)

where v(t, ) is the quantity of negative emissions produced, K3(t, /) is the stock of
CDR/DAC capital, L3(t, ) is the labor used for negative emissions production, Es(t, /)
is the energy used for negative emissions production, for coalition j at period t.
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Useful energy production

Annual useful energy production is represented by a CES function that combines
renewable energy and secondary fossil energy:
Eo(t,)) + Es(t,)) — Ae(f) |aer()enf(t,j) =0

) se())
se()—1 | se()—1

+ag(j)enr(t,j) s <0. (19)

where enf(t, ) is the fossil fuel energy input to deliver useful energy, enr(t,j) is the
renewable energy input to deliver useful energy, for coalition j at period ¢.
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Fossil secondary energy production

Fossil secondary energy production is represented by a CES function that combines
capital and primary fossil energy:

s1()—1

enfo(t,j) = Ar() |as(i)(tgenf(t, )Ki(t,)) 50

. 510)
s10)—17 s7()—1

+Oé1em(j)enf1(t7j) s10) . (20)

where Ki(t, /) is the stock of capital and enfi(t, ) is the fossil energy source used to
produce fossil secondary energy, for coalition j at period t.
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Fossil primary energy extraction

The mix of fossil primary energy forms defines enfi(t,j) through a CES function that
combines oil, gas and coal:

Ser()—1

enfo(t,j) = Aer(f) | con(j)0il(t, ) e

Sef(/)
Ser()—1 Ser(f)—1 se,e(;ﬁ

+agas(f)gas(t,j) =D + acoal(j)coal(t, j) - (21)
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Renewable secondary energy:

@ Production function of REN

enr(t, ) = Ax(j)(tgenr(t,j)Ka(t, /))=". (22)

@ where Kx(t,]) is the stock of capital used to produce renewable secondary
energy, for coalition j at period t.
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Parameters

@ The elasticities (s.) and share parameters («.), are obtained from calibration
(The conventional approach is to calibrate functional parameters to a single
benchmark equilibrium.).

@ The parameters tg(t, ), tgv(t,)), tgenf(t, ), tgenr(t, ) are exogenously defined
productivity growth factors.
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Criteria

2.3 Criteria

The periodic discount factor is given by 3(t) = 1/(1 + r)N¥!, with r
It is used, in the performance criterion ® = Z/n(_li. which is maximised
under the constraints of the dynamic model to obtain the desired scenarios.
For each coalition j the expression ¢(j) represents the discounted sum of
utility derived from consumption for its population.

T-1
a(j) = Z 3(t)PV - L(t, j)log(C(t. )/ L(t. §)). BRIC, OECD, ROW,
=0
(8)
where PV = ¥ (1 4 r)1=% is the present value factor at each time
t. In (§) log(C(t,j)/L(t,j)) represents the utility derived from per-capita

consumption: C(t.j) is the consumption level by coalition j at period ¢,
given by

Cti)=Y(t4) = > Iit.d)—n(t.j)enpi(t.]), (9)

i=0,123

where 7(#, j) is the price of primary fossil energy.

To compare different scenarios we shall use another welfare criterion

W (j) for each coalition j. It corresponds to the discounted sum of per-
capita consumption, net of the revenue from permit trading. over the whole
horizon 2020-2160. For coalition j, we have
T-1
7 — . C(t,3) + p(t)(w(t, ) — emf(t,5))
W) = 3(t) PV 4 (10)
i)=3 L(t.j)

=0

where w(t, j) is the supply of permits by coalition j and p(t) is the permit

price on carbon market, at period ¢.
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Carbon price

2.5 Carbon market equilibrium

The constrain

describing the international carbon market are given below.

The strategic variable, for each coalition j, is the quantity of emission rights
w(t,j) they supply to the market at period £. On the carbon market the

total supply of permits must be greater or equal to total emissions. The

firms, in each coalition, will set their emission at a level where carbon price

equals the marginal productivity of emissions (or marginal abatement cost).

These two sets of condit

ns determine the market equilibrium:

Emissions from primary fossil energy (for coalition j at period )
em(t, j) = Coef f(j) x enfi(t, ), (18)
where the emission rate is evaluated at Coef f(j) = 0.004 GtCO4 per PJ of

energy source.

Total supply of permits is greater or equal to total emissions (at
period t)

St ) =Y em(t.j) 2 0. (19)
7 1
Efficiency (at period 1)
Y (t.5)
8 = g 20
»(t) dem(t, ) (20)

_ OY(t.j) OEp(t.j) denpr(t.]) (1)
T OEy(t.j) denpy(t.j) dem(t.j) =
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Safety emissions budget

@ A global cumulative emissions budget of 1170 Gt of CO, must be shared among the three coalitions. The sharing
summarizes the climate negotiations, e.g.

BUDGET SHARE
OECD 10%
BRIC 40%
ROW 50%
@ BUDGET DYNAMICS
b(t,j) = b(t—1,7)—Ny-wi(t—1,7)+ Ny-o(t,j) t=1...T, (3)
b(0.j) = 6;B, (4)

if a carbon market market exists, or

b(t.j) bt—1.5) = Ny-em(t—1.7)+ Ny-v(t.j), t=1...T5)
b(0.j) = 6;B, (6)

Z"“‘«“ >0, t=1...T, ]
J
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Main driver

Population
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BAU SCENARIO
No climate policy. J

34/50



I
BAU emissions

GHG EMISSIONS
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Figure: Emissions in BAU
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B —
BAU PER CAPITA CONSUMPTION

PER-CAPITA CONSUMPTION
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Figure: Per capita consumption in BAU
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GREEN SCENARIO
Transition to 100% renewables, NO-DAC J
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I
Emissions / GREEN

EMISSIONS NO DAC
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Figure: Emissions NO-DAC
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B —
PER CAPITA CONSUMPTION / GREEN

PER CAPITA CONSUMPTION NO DAC
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Figure: Per capita consumption NO-DAC
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CDR/DAC SCENARIO
CO2 direct reduction with DAC J
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B —
CO2 MARKET PRICE ($/T)

CO2 PRICE

Figure: Carbon price with DAC
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B —
CONVERGENCE TO ZNE (GT)

BUDGET
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Figure: CUMULATIVE EMISSIONS BUDGET with DAC
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B —
dac PER CAPITA CONSUMPTION

PER CAPITA CONSUMPTION WITH DAC
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Figure: Per capita consumption / With DAC
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I
DAC & emissions ROW

EMISSIONS ROW

Figure: Emissions & DAC activity for ROW
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I
DAC & emissions BRIC

EMISSIONS BRIC

mmmmmmmmmmmmmmmmmmmmmmmmmm

Figure: Emissions & DAC activity for BRIC
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S
DAC & emissions OECD

EMISSIONS OECD
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Figure: Emissions & DAC activity for OECD
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I
Total DAC & Emissions

Figure: Emissions & DAC activity
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Conclusion

@ A compact (Ramsey-type) model, which is calibrated to represent
the fundamental options in climate geopolitics.

@ Will lend itself to the use of robust control theory or differential
games.

@ Can easily be adapted to a Markov Decision Process or Markov
Game format (though will necessitate large scale Dynamic
Programming methods).
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