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Variation-1: Declining world oil market

Pindyck, Robert S, 1978. “Gains to Producers from the Cartelization of Exhaustible Resources," The Review of
Economics and Statistics, MIT Press, vol. 60(2), pages 238-251, May.

Special Issue in “Game Theory in Energy", G. Zaccour Guest editor.
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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 à 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.
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GEMINI
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Coalitions

European Union (EUR) Rest of OECD (R-OE) Rest of the World (DCs)
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Table: The three economic regions (coalitions)
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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)

1 MMBtu ! 0.1724 boe;

1 T coal ! 4.426 boe,

All 2030 prices in $/boe.

Oil 100
Gas 61.43
Coal 14.20
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Extraction cost Oil

Denote qO
C (resp. qO

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

cO
C (q

O
C ) = Co

Ce⌘O
C qO

C = 7 e0.0003qO
C (1)

cO
F (q

O
F ) = Co

F e⌘O
F qO

C = 12 e0.0006qO
F , (2)

respectively. The marginal cost functions (supply curves) are thus

�O
C (q

O
C ) = (1 + 0.0003 qO

C )7 e0.0003qO
C (3)

�O
F (q

O
F ) = (1 + 0.0006 qO

F )12 e0.0006qO
F (4)

7 / 50



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:

�i(qG
i ) = (1 + ⌘G

i qG
i )C

o
iGe⌘G

i qG
i . (5)

region i Co
iG ⌘G

i
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 = 7.33(⇡O � Co
Ce⌘O

C qC )qO
C (6)

s.c.
qO

C =
X

i2I

DO
i � qO

F (7)

⇡C = 14.2 (8)

⇡O = (1 + ⌘O
F qO

F )C
O
F e⌘O

F qO
F (9)

⇡G
i = (1 + ⌘G

i qG
i )C

o
iGe⌘G

i qG
i , i 2 I (10)

qG
i = DG

i , i 2 I (11)

ln[Dj
i ] = !j

i +
X

k2J

"jk
i ln[Pk

i ], i 2 I, j 2 {oil, gas, coal} (12)

PO
i = ⇡O + �O

i + µO✓, i 2 I (13)
PC

i = ⇡C + �C
i + µC✓, i 2 I (14)

PG
i = ⇡G

i + �G
i + µG✓, i 2 I (15)

I = {EUR, R-OE, DCs} (16)
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Counterfactual
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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 / tCO2)

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

c1�gas [r ] ⇤ exp(extragas [r ] ⇤ QGAS[r ])

c1�gas [
0EU0] = 1; extragas [

0EU0] = 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. Tax2: 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 1’141’100

2$600 / tC gives $164 / tCO2
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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
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DAC saves the Game
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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 CO2).

One assumes a world permit trading scheme.

One represents the possibility to develop DAC technology.
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Nested CES functions

Y

K0 L0 E0

v

K3 L3 E3

E0 + E3

enf0

K1 enf1

oil gas coal

enr

K2

Figure: Nested structure for general economy and CDR-DAC activity
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General economic good production

Y (t , j)� A0(j)tg(t , j)

↵0K K0(t , j)

s0(j)�1
s0(j) + ↵0LL0(t , j)

s0(j)�1
s0(j)

+↵0E E0(t , j)
s0(j)�1

s0(j)

� s0(j)
s0(j)�1

 0. (17)

where Y (t , j) is the annual output of the general economic good that can be
consumed or invested, ↵0K , ↵0L and ↵0E are the input share parameters, A0(j) the
factor productivity parameter, s0(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 s3(j) and a

disembodied technical progress represented by tgv(t , j):

v(t , j)� A3(j)tgv(t , j)

↵3K (j)K3(t , j)

s3(j)�1
s3(j)

+↵3L(j)L3(t , j)
s3(j)�1

s3(j) + ↵3E(j)E3(t , j)
s3(j)�1

s3(j)

� s3(j)
s3(j)�1

 0. (18)

where v(t , j) is the quantity of negative emissions produced, K3(t , j) is the stock of
CDR/DAC capital, L3(t , j) is the labor used for negative emissions production, E3(t , j)

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:

E0(t , j) + E3(t , j)� Ae(j)

↵Ef (j)enf (t , j)

se(j)�1
se(j)

+↵Er (j)enr(t , j)
se(j)�1

se(j)

� se(j)
se(j)�1

 0. (19)

where enf (t , j) 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 t .
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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:

enf0(t , j) = A1(j)

↵1K (j)(tgenf (t , j)K1(t , j))

s1(j)�1
s1(j)

+↵1em(j)enf1(t , j)
s1(j)�1

s1(j)

� s1(j)
s1(j)�1

. (20)

where K1(t , j) is the stock of capital and enf1(t , j) 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 enf1(t , j) through a CES function that
combines oil, gas and coal:

enf0(t , j) = Aef (j)

↵oil(j)oil(t , j)

sef (j)�1
sef (j)

+↵gas(j)gas(t , j)
sef (j)�1

sef (j) + ↵coal(j)coal(t , j)
sef (j)�1

sef (j)

� sef (j)
sef (j)�1

. (21)
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Renewable secondary energy:

Production function of REN

enr(t , j) = A2(j)(tgenr(t , j)K2(t , j))s2(j). (22)

where K2(t , j) 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 , j), tgv(t , j), tgenf (t , j), tgenr(t , j) are exogenously defined
productivity growth factors.
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Criteria
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Carbon price
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Safety emissions budget

A global cumulative emissions budget of 1170 Gt of CO2 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
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Main driver
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BAU SCENARIO
No climate policy.
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BAU emissions

Figure: Emissions in BAU
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BAU PER CAPITA CONSUMPTION

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

Figure: Emissions NO-DAC
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PER CAPITA CONSUMPTION / GREEN

Figure: Per capita consumption NO-DAC
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CDR/DAC SCENARIO
CO2 direct reduction with DAC
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CO2 MARKET PRICE ($/T)

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

Figure: CUMULATIVE EMISSIONS BUDGET with DAC
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dac PER CAPITA CONSUMPTION

Figure: Per capita consumption / With DAC
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DAC & emissions ROW

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

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

Figure: Emissions & DAC activity for OECD
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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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