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Abstract: We quantify the welfare e�ect of a climate policy that is announced today, but

implemented with a known time lag as political procedures impede immediate implementation.

The policy is a carbon emissions tax whose time path is chosen optimally at the time when

implemented. During the time span before implementation, the announcement induces a

lower price of fossil fuel and thus higher emissions as compared to a no-intervention scenario.

In principle, this adverse `announcement e�ect' could more than outweigh in welfare terms

the gain from the tax after implementation. We show this not to be just a theoretical

curiosity. We quantify a `window of opportunity' such that implementation before (after) its

end is a welfare gain (loss) over the no-intervention scenario. The result is highly sensitive to

assumptions on the resource stock which is a�icted with particular empirical uncertainties.

Our central estimate is a window of opportunity of about 60 years. Hence, there is still time

to act, but the window of opportunity may be smaller. Thus, the adverse announcement

e�ect is a worrying phenomenon deserving political awareness. The model is a Ramsey model

extended by an exhaustible carbon resource and linked to a stylized dynamic climate model

adapted from Nordhaus (2008b).
Key Words: Announcement E�ect, Dynamic General Equilibrium, Climate Policy, Strong Green

Paradox, Welfare Evaluation

JEL classi�cation: Q 54, Q 32

1 Introduction

Policies like the Kyoto-protocol intend to reduce carbon emissions to mitigate harmful climate

change, but bureaucratic and political procedures impede an immediate policy implementa-

tion. The Kyoto Protocol, for example, was agreed upon in December 1998, became e�ective

in 2005 and was implemented in 2008 (van der Werf and Di Maria, 2011). This implemen-

tation lag leads to an adverse `announcement e�ect'. The policy will be anticipated by the

owners of carbonic resources: Knowing that the policy will restrict demand in the future and

thus dampen their price, they are induced to extract more resources before implementation

and sell the extracted resource at a lower price as compared to a world without any climate

policy. The extra emissions during the period before implementation add to global warm-

ing, so that delayed implementation means a welfare loss compared to an immediate policy

implementation.

A priori, it is not clear if an announced policy that is implemented only with a certain

delay is to be preferred over a do-nothing policy. There are two counteracting forces. In the
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case of an announced policy, emissions are lower than under a do-nothing policy once the

policy is implemented, but they are higher than under a do-nothing policy before. Obviously,

a policy intervention designed optimally at the point in time when it becomes e�ective will

always be welfare improving if the implementation lag is su�ciently short. If, however, the

impossibility to implement the policy in a timely manner makes the implementation lag long

enough, the second e�ect could dominate. Then, it turns out preferable to do nothing rather

than announcing and implementing a policy with too long an implementation lag. This is so

because it is the timing rather than the total amount of emissions that matters for global

warming (Nordhaus, 2008b). The atmosphere warms up if the carbon enters the atmosphere

at a rate higher than the rate at which it dissipates into other reservoirs. The announcement

e�ect can make things worse because it pushes emissions up.

Sinn (2009) calls a scenario where the net welfare e�ect turns out to be the opposite of

what was intended in the �rst place a `green paradox'. Later authors (Gerlagh, 2011) refer

to the adverse announcement e�ect as a `weak green paradox', while `strong green paradox'

means that this adverse e�ect dominates positive e�ects, such that the policy is worse than

doing nothing. Beyond lagged implementation, the literature also points to other sources

of green paradoxa, for example `leakage e�ects' (Smulders et al., 2012) resulting from an

incomplete regional coverage of climate policy (see van der Werf and Di Maria (2011) for

an overview).

This paper aims to analyze the strong green paradox arising from a delayed climate policy

where all agents know when the policy will be implemented. The adverse announcement

e�ect could, of course, be reduced if the time path of the announced intervention is chosen

optimally from the present point of view, taking the anticipation by the market participants

into consideration. Such a policy would, however, be time inconsistent and thus not credible

because it would be welfare enhancing at the time of policy implementation to introduce the

tax that is optimal from then on. We therefore consider the announcement of a policy that

is optimally designed as to the point in time when implemented.

Our main result is the estimation of a `window of opportunity' for a favorable climate

policy. It is de�ned such that an intervention implemented before its end is welfare increasing

but welfare reducing afterwards. It turns out that, for all scenarios studied, there exists such

a window of �nite length. Hence, the strong green paradox is shown to hold if the policy is

announced to be implemented after the window is closed.

We set up, calibrate and solve a dynamic general equilibrium model with perfect foresight,

linking an economic Dasgupta-Heal-Solow-Stiglitz exhaustible resource model (Dasgupta and

Heal, 1974; Solow, 1974; Stiglitz, 1974a,b) with a dynamic climate module adapted from

Nordhaus (2008b) and Nordhaus (2010b). Carbon extracted from an exhaustible resource is

a production input and pollutant added to the stock of greenhouse gas in the atmosphere,

staying there for long and causing the mean earth temperature to increase gradually. A

higher temperature reduces output as described by a damage function also adapted from

Nordhaus (2008b, 2010b). The climate model describes how the atmospheric carbon slowly

dissipates into other reservoirs. Climate policy is introduced by a tax on carbon use, which is

equivalent to a tax on carbon emissions because input and emissions are related one to one.

As the tax is chosen optimally at the point of implementation, immediate implementation

of the tax leads to the global welfare maximum, while an implementation lag only allows for

a non-optimal solution, possibly one that is worse than doing nothing. Welfare is measured

by the intertemporal relative equivalent variation, a monotone transform of the utility of the

perpetually living representative household. The model is written in continuous time.

Deviating from common practice in integrated climate assessment modeling, we do not

run an optimization machinery but solve the dynamic market equilibrium conditions because

the ine�cient time paths with lagged or no policy intervention do not have an equivalent

optimization representation. This is straight forward and thus, in our view, more transparent

than �nding ine�cient market solutions by iterative applications of an optimization procedure
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as in Nordhaus (2008b).

The paper contributes to two strands of literature. The �rst strand analyzes the an-

nouncement e�ect. Di Maria et al. (2012) analyze the announcement e�ect in a model with

two resource types that di�er in their carbon content. They compare emissions until an

announced emissions cap is implemented to the laissez-faire development and �nd a weak

green paradox. Smulders et al. (2012) develop a model with capital accumulation, and clean

as well as dirty energy inputs. They show that a weak green paradox even occurs if resources

are not scarce or the implementation date is uncertain. Eichner and Pethig (2011) analyze

conditions for a green paradox in a two period three country model. The second strand of

literature uses integrated assessment models to analyze policy scenarios in a second best

world. Blanford et al. (2009) and Bosetti et al. (2009) consider the anticipated participation

of developing countries to the climate coalition. Bosetti et al. (2009) explicitly consider leak-

age e�ects, but neither Blanford et al. (2009) nor Bosetti et al. (2009) discuss the response

of the resource owners to announced participation. The contribution of this paper lies in the

quanti�cation of the `strong green paradox'. Further, to our knowledge, we are the �rst to

solve the market equilibrium conditions in an integrated assessment model to analyze climate

policies in a second best world.

The remainder of this paper proceeds as follows. In the next section, we introduce the

model and solve for the market equilibrium as well as for the social planner's solution. We also

calculate the optimal tax path and introduce the welfare measure. The solution approach

and the calibration follow in section 3. In section 4, we discuss the results. The paper closes

with a conclusion.

2 The Model

The model connects a climate module and an economic module. The economic module

describes consumption, production, capital accumulation and resource extraction based on

assumptions on technologies and preferences, while the climate module translates emissions

into temperature change. Temperature, in turn, a�ects output. As usual, dotted variables like

Ẋ denote time derivatives. Hats denote growth rates, X̂ := Ẋ/X = d logX/dt. Throughout
the paper, Latin letters denote variables that depend on time. Exemptions are stated.

The climate module is borrowed from the DICE-model by Nordhaus (2008b)1. It consists

of two connected sub-systems: the �rst sub-system describes the carbon-cycle, i.e. the

evolvement of the carbon masses between the three carbon reservoirs atmosphere, upper

ocean and lower ocean over time, while the second sub-system describes the impact of the

carbon concentration in the atmosphere on the temperature (see �gure 1).

The �ows between the atmosphere and the upper ocean as well as the carbon emissions

R from carbon burned in the production process and emissions from land use change E

determine the mass of carbon in the atmosphere M1. Emissions from land use change are

exogenous and decline over time at a constant rate. The carbon-transition matrix Γ consists

of constant parameters and describes the �ows between the three reservoirs M1, M2 and

M3 by specifying the in�ows and out�ows of each reservoir. The columns of Γ sum up to

zero re�ecting the mass balance requirement. The masses in the three reservoirs add up to

a constant once there are no more external carbon in�ows. Over the long run, most of the

carbon di�uses into the upper and then into the deeper oceans. The sub-system reads

Ṁ = ΓM + [R+ E, 0, 0]> (1)

with M := [M1,M2,M3]>. Row vectors are written as [: : :], > indicates a transpose. Carbon

compounds are measured in terms of their respective carbon content (stocks in giga tons of

carbon GtC, �ows in giga tons carbon per annum GtC/a)2.

1We adapted his discrete time version to continuous time.
2Table 3 in the appendix list the units. Units are printed in teletype font.
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The carbon concentration in the atmosphere as well as non-CO2 greenhouse gases in-

�uence the radiative forcing, which in turn controls the increase of the global mean surface

temperature per unit of time. The function Π(M1, t) describes this mechanism. It is in-

creasing in M1 and, for the �rst 100 years, it is also increasing in t. The latter re�ects the

exogenous in�uence of non-CO2 greenhouse gases. The global mean surface temperature

T1 dynamically interacts with the temperature of the lower oceans T2, as described by the

matrix Λ. This leads to the temperature dynamics

Ṫ = ΛT + [Π(M1, t), 0]
> (2)

with T := [T1,T2]>. Temperatures are measured as di�erences from their pre-industrial (in

1900) level in �C.

Figure 1: Interactions in the Climate Module.

The economic part of the model is a Ramsey-type growth model with exogenous tech-

nological change, where �rms and households interact on competitive markets. Households

consume, supply labor and own the assets of the economy consisting of the capital stock

and the market value of the resource stock. Even though there is just a single representative

household, the decentralized market equilibrium does not have an equivalent optimization

representation due to the climate externality. This is a second best setting. We therefore

�rst derive the equilibrium conditions for the decentralized economy with an exogenous tax

imposed on carbon use. We then derive the tax rate leading to the welfare optimum.

Firms produce the �nal output Y with labor, capital K and the carbon �ow R as inputs

according to a Cobb-Douglas technology

Y = Ω(T1)K
�R�e�t (3)

with partial production elasticities � > 0 and � > 0, �+ � < 1. The parameter � is the

rate of technical progress. Labor is constant and therefore not displayed explicitly. Its partial

production elasticity is 1� �� �. Constant labor is in contrast to Nordhaus (2008b) who
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includes exogenous population growth. The carbon �ow R represents a mixture of fossil

fuels extracted from an exhaustible carbon resource stock S. As a common denominator,

the fossil fuel inputs are measured in terms of their respective carbon content which is one-

to-one emitted into the atmosphere after being burned in production. Hence, R stands for

both, input and emissions, measured in GtC/a. The carbon resource stock � carbon stock

in the following � also represents a mixture of fossil fuels converted into carbon, measured

in GtC.

Output is scaled by the function Ω(T1) which is decreasing in the global mean surface

temperature T1. It represents economic damages due to higher temperatures. The speci�-

cation, taken from Nordhaus and co-authors (Nordhaus and Boyer, 2000; Nordhaus, 2008b),

assumes the percentage loss of GDP to be a quadratic function of T1. Losses re�ect esti-

mates of sea-level rise costs, adverse impacts on health, non-market damages, the potential

costs of catastrophic damages and negative impacts on major sectors such as agriculture

due to global warming.

Due to perfect competition, input prices equal their respective marginal productivities.

Taking the output good as numéraire, we obtain

�+ � = �Y /K, (4)

q + r = �Y /R (5)

with carbon price q, interest rate �, depreciation rate � and speci�c tax rate r . Imposing

the tax either on the resource input or on the emissions is equivalent because the carbon

extracted as a component of fossil fuel is one-to-one emitted as a component of CO2.

The input �ow R is extracted from a continuous set of privately owned carbon sources

exploitable at costs per unit of �ow that vary across sources. In their role as resource owners,

households are price takers selling the �ow on a competitive market. It is well known that

under these conditions, sources are exploited in the order of ascending unit costs such that

unit costs can be expressed as a non-increasing function k(S) of the total carbon stock S in

all yet unexploited sources, provided the interest rate is positive (see e.g. Her�ndahl (1967);

Solow and Wan (1976); Laitner (1984)).

Furthermore, resource owners collectively act like a representative owner of all sources

who chooses, at any time t, an extraction path R(�), � � t, as to maximize the present (as

of time t) value of future net revenues from selling the �ows at prices taken as given. The

asset value of the remaining stock S(t) at time t is thus

v (t,S(t)) =
1

D(t)
max

R(�),��t

∫ 1

t
D(�)R(�)

(
q(�)� k(S(�))

)
d� (6)

subject to

Ṡ = �R. (7)

The discount factor D has the law of motion

Ḋ = ��D, (8)

with boundary condition D(0) = 1.

From the current value Hamiltonian

H = R
(
q � k(S)

)
� pR

with co-state p of S, we obtain the optimum conditions

q = k(S) + p (9)

and

ṗ = �p+Rk 0(S), (10)
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the augmented Hotelling rule. The transversality condition is

lim
t!1

D(t)p(t)S(t) = 0. (11)

The consumption side of the model is standard. An immortal representative household

owns all assets a of the economy, supplies inelastically a constant stock of labor and receives

the tax revenue collected by the state as a lump sum. The state has no role to play other

than collecting the tax and channeling it to the household's budget. The asset value is the

value of the capital stock plus the value of the resource stock,

a = K + v . (12)

As output is transformed one-to-one into investment, capital is measured in units of the

numéraire. The household chooses consumption C to maximize utility

U =
∫ 1

0

u(C)e���d�

subject to the budget constraint, with subjective discount rate �. As usual, u has the constant

intertemporal elasticity of substitution form,

u =
C1��

1� �
,

with intertemporal elasticity of substitution 1/�. The �ow budget constraint is

ȧ = �a+ (1��� �)Y + rR�C (13)

stating that saving ȧ equals income minus consumption. Income has three components,

interest on the asset, labor income and tax income collected by the state and paid to the

household. The market prevents chain-letter credit �nancing such that, for t ! 1, the

present value of the asset must be nonnegative (Barro and Sala-i Martin, 2004, p. 92),

lim
t!1

D(t)a(t) � 0.

The optimality conditions are the Keynes-Ramsey rule Ĉ = (�� �)/� and the transversality

condition

lim
t!1

D(t)a(t) = 0. (14)

Integrating the Keynes-Ramsey rule, we can write optimal consumption in levels as

C = (e�tBD)�1/� (15)

with an endogenous constant B. Note that, unlike the other variables in Latin letters, this

one does not depend on time.

It is convenient to write the budget constraint (13) in a di�erent equivalent way by

inserting (4), (5) and (12),

K̇ + v̇ = �(K + v ) + Y � (�+ �)K � qR�C. (16)

Taking the time derivative of (6), using (8), yields

v̇ = �v �R(q � k(S)). (17)

Substituting this for v̇ in (16), one obtains the production balance of the economy,

K̇ = Y � �K �Rk(S)�C. (18)
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Table 1: Overview Equilibrium Conditions Market Setting

Ṁ = ΓM + [E +R, 0, 0]> (1) M(0) = M̄

Ṫ = ΛT + [Π(M1, t), 0]> (2) T (0) = T̄

Y = Ω(T1)K�R�e�t (3)

C = (BDe�t)�1/�
(15) limt!1D(t)K(t) = 0 (19)

Ḋ = ��D (8) D(0) = 1

� = �Y /K � � (4)

R = �Y /(k(S) + p+ r ) (5)

ṗ = �p+Rk 0(S) (10) limt!1D(t)p(t)S(t) = 0 (11)

Ṡ = �R (7) S(0) = S̄

K̇ = Y � �K �C �Rk(S) (18) K(0) = K̄

As both components of D(t)a(t) = D(t)K(t) +D(t)v (t) are non-negative, for (14) to
hold, both components have to approach zero as t !1. The transversality condition (14)

thus implies

lim
t!1

D(t)K(t) = 0. (19)

This completes the model description. The equations are summarized in Table 1, with

algebraic and di�erential equations in the left and boundary conditions in the right column.

M̄ and so forth denote initial stocks. The model has thirteen unknown functions of time if

we plug in (9) for the carbon price q, namely three carbon masses stacked in the vector M,

two temperatures stacked in the vector T , output Y , consumption C, carbon �ow R, carbon

stock S, the marginal asset value per unit of stock p, capital K, interest rate � as well as

the discount factor D. The model also contains the integration constant B. There are eight

di�erential equations with initial boundary conditions corresponding to the variables M, T ,

D, S and K. Furthermore, there are four algebraic equations for the variables Y , C, � and

R. There is an additional di�erential equation for p. Finally, there are two terminal boundary

condition allowing for determining p as well as B, provided the di�erential equation system

has two unstable eigenvalues. This turns out to be the case.

So far, the tax rate is taken as an exogenous policy instrument. To derive an optimal path

of the tax rate, we solve the planner's problem to choose, starting at t = 0, a time path of

consumption C and resource extraction R to maximize the representative household's utility

U =
∫ 1

0

u(C)e���d�

subject to technological, resource and climate constraints

K̇ = Ω(T1)K
�R�e�t � �K �C �Rk(S),

Ṡ = �R,

Ṁ = ΓM + [E +R, 0, 0]>,

Ṫ = ΛT + [Π(M1, t), 0]
>,

(20)

given inherited state variables K, S, M and T at t = 0.
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The present value Hamiltonian is

H =u(C)e��t +
(

Ω(T1)K
�R�e�t � �K �C �Rk(S)

)
PK

�RPS +
(
M>Γ> + [E +R, 0, 0]

)
PM +

(
T>Λ> + [Π(M1, t), 0]

)
PT . (21)

PK and so forth are the costates associated with states K and so forth. PM and PT are

column vectors. If HR and so forth denote derivatives of the Hamiltonian with respect to R

and so forth, the static and dynamic e�ciency conditions read, respectively,

HR = 0 ) 0 = PK
�Y

R
� PS + PM1

� PKk(S), (22)

HC = 0 ) PK = C��e��t , (23)

HK = �ṖK ) �ṖK = PK

(
�Y

K
� �

)
, (24)

HS = �ṖS ) �ṖS = �PKk
0(S)R, (25)

HM = � ˙PM ) � ˙PM = Γ>PM +

[
PT1

@Π
@M1

, 0, 0

]>
, (26)

HT = �ṖT ) �ṖT = Λ>PT +

[
PK

@Y

@T1

, 0

]>
. (27)

The transversality condition is

limt!1Z(t)
>P (t) = 0 (28)

with Z(t) and P (t) denoting column vectors of states and costates in corresponding order.

The decentralized market is brought to ful�ll the optimality conditions if the tax rate is

r = �PM1
/PK . (29)

To see this, insert BD for PK and D̂ for P̂K , �r for PM1
/PK and PKp for PS. Then,

(24) becomes (8) with � from (4), (23) becomes (15) and (22) becomes (5) with q =
PS/PK + k(S)PK . Inserting p = PS/PK into (10) leads to (25). Equations (19) and (11)

are the transversality conditions in (28) for K and S, respectively. The tax rule (29) has an

obvious interpretation: �PM1
is the marginal utility loss from an extra unit of carbon in the

atmosphere. It is translated into units of the numéraire by dividing through PK , the marginal

utility of an extra unit of the numéraire.

For welfare evaluation of policies, we use two measures, a relative and an absolute in-

tertemporal equivalent variation. The former is the constant percentage h by which con-

sumption Č of the benchmark scenario must be changed to attain the utility level U of the

policy scenario. A relative intertemporal equivalent variation h > 0 (h < 0) indicates a

welfare gain (loss) as compared to the benchmark. The relative intertemporal equivalent

variation is thus implicitly de�ned by

U =
∫ 1

0

(
(1+ h)Č

)1��
1� �

e���d� .

Using the de�nition of Ǔ,

Ǔ =
∫ 1

0

Č1��

1� �
e���d� ,

one obtains

h =

((
U

Ǔ

)1/(1��)

� 1

)
.
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The absolute intertemporal equivalent variation is the amount of the numéraire W one would

have to give to the household in t = 0 to make it as well o� as in the policy case,

W = h

∫ 1

0

Ď(�)Č(�)d� . (30)

The utility level U can comfortably be calculated by adding an extra di�erential equation

with an appropriate boundary condition to the system. De�ne

V (t) :=
∫ 1

t
u(C)e���d�

such that U = V (0). Taking the time di�erential delivers the extra di�erential equation

V̇ = �u(C)e��t .

The transversality condition

limt!1V (z) = 0 (31)

is obtained from

U = limt!1

(∫ t

0

u(C)e���d� + V (t)

)
= U + limt!1V (t).

Thus, one can treat V as a forward looking variable that can be determined like the other

variables in the system.

3 Solution Approach and Calibration

Three important issues arise when operationalizing the model. First, the system cannot be

solved until in�nity. Second, as the model includes externalities, the market solution does not

have an equivalent optimization representation. Third, some data for calibration is a�icted

with particular uncertainties.

As the system cannot be solved until in�nity, operational boundary conditions holding

at a �nite horizon need to replace the transversality conditions. This procedure can be

justi�ed since, by discounting, the present value welfare with �nite and in�nite horizon become

arbitrarily close to each other. To obtain viable �nal boundary conditions, we assume constant

steady state growth rates. The following two assumptions lead to constant steady state

growth rates: First, as emissions asymptotically tend towards zero, we consider the steady

state system that would prevail if no more emissions entered the climate module. Second,

we assume that the extraction cost component in the production balance (18) in the long

run grows slower than the capital stock, i.e.

R̂+ �k :SŜ < K̂ (32)

with the partial elasticity of extraction costs with respect to the carbon stock �k :S. As

boundary conditions, we then require a subset of the variables to already reach constant

growth rates at a �nal point in time. This is similar to requiring some variables to reach

their steady state values at a �nite horizon, a method known from literature (see Bröcker

and Korzhenevych (2013) for a discussion). As there is some arbitrariness in �xing the

�nite horizon, we vary the horizon to ensure that the choice of the �nite horizon does not

drive results. Furthermore, we also run a model version using the stable manifold approach

proposed by Bröcker and Korzhenevych (2013). Results do not change.

To obtain the model solution, we do not run an optimization machinery. We directly

solve the dynamic market equilibrium conditions with r = 0 for the market outcome and

r = �PM/PK for the planner's solution. The variables are solved in log-deviations from
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their respective values in 2005, if data is available, or from a proxy steady state if data for

2005 is not available. The latter is the case for the shadow values. The proxy steady state

is de�ned as the steady state but with climate as in t = 0. Two variables are not solved in

log-deviations: V is used directly, while T is solved in absolute deviations from the respective

2005 data.

The reference year for model calibration and the starting point of the model (t = 0) is

2005. The calibration of the climate module is based on the 2010-Version of the RICE/DICE

model (Nordhaus, 2010b) including initial values for carbon masses M(0) and temperatures

T (0). The appendix C gives details. Calibration of consumption and of production including

the initial capital stock as well as calibration of the resource sector relies on several data

sources. It is explained in the following. Again, the appendix C gives details.

For the consumption side of the model, we take the elasticity of intertemporal substitution

1/� = 2/3 from literature. The time preference parameter is � = 0.015 1/a, also from

literature. This yields a real interest rate in steady state of �� = 4.2% 1/a.

To calibrate the production side, we take the capital's cost share � = 0.33 from literature

(Barro and Sala-i Martin, 2004, page 58) and calculate carbon's cost share � = 0.058 from

IEA (2007) and EIA (2010). The scaler of the production function at t = 0, Ω(T̄1), ensures
Y (0) = 45.23 trillion $. The rate of technical progress � = 0.0134 1/a is chosen to match

a steady state growth rate of g = 1.8 % 1/a.

Regarding the initial capital stock K(0), there is no reliable data available. However,

one can use the fact that the capital-output ratio is constant in steady state implying that

capital and output grow at the same rate. Compared to the climate variables, this constant

capital-output ratio is reached relatively fast. An initially smaller or bigger ratio approaches

the steady state value in a couple of years. Thus, instead of assigning a value to K(0), we
require the growth rates of capital and output to be equal in t = 0.

To calibrate the resource sector, we �rst specify extraction costs as

k(S) = S�� (33)

similar to Laitner (1984). For condition (32) to hold in steady state,

� <
��

�� � g
(34)

is required with the steady state interest rate �� and the steady state growth rate of the

economy g. To see why, use the fact that the assumption of constant steady state growth

rates leads to Ŷ � = K̂� = Ĉ� = g and Ŝ� = R̂� = g� ��. Furthermore, the partial elasticity

of extraction costs with respect to the carbon stock �k :S = ��. Condition (32) thus reads

(1� �)(g � ��) < g, which one can rearrange to (34). Extraction costs are zero for  = 0

and constant for � = 0. For � = 1, unit extraction costs double if the stock is halved. This

shows the close connection between � and the carbon stock.

For the initial carbon stock S(0) � the sum of oil, gas and coal stocks converted into

carbon �, several de�nitions and accordingly, di�erent values are available with the smallest

and the largest di�ering by a factor of 10. Larger carbon stocks imply the use of reservoires

that are more di�cult to exploit such that cost developments should also di�er. To re�ect

this, we de�ne three scenarios with di�erent initial carbon stocks and di�erent �:

� In one scenario, the initial carbon stock matches data on carbon reserves3, S(0) = 612

CtC. We assume constant extraction cost, � = 0, to take into account that reserves

are recoverable with current technologies (`CEC' scenario).

3UNDP (2000, p. 481) de�ne �Reserves� and �Resources� as follows: �Reserves: those occurrences

of energy sources or mineral that are identi�ed and measured as economically and technically recoverable

with current technologies and prices�and �Resources: those occurrences of energy sources or minerals with

less certain geological and/or economic/technical recoverability characteristics, but that are considered to

become potentially recoverable with foreseeable technological and economic development�.
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� In the second scenario, the initial carbon stock matches the carbon resource base

(the sum of reserves and resources (UNDP, 2000, p.481)) instead. The estimated

resource base amounts to roughly 3563 GtC4 and is 5-6 times larger than the reserves.

The larger resource amount is only recoverable with rising extraction costs. We thus

de�ne a scenario with increasing extraction cost, � = 1, and an initial carbon stock of

S(0) = 3000 GtC (`IEC' scenario).

� Since estimates of shale oil and shale gas are still not very good (World Energy Council,

2010), we include a third scenario with an even larger initial carbon stock of S(0) =
6000 GtC. This is similar to the DICE model that puts an uppor bound of 6000 GtC on

emissions. We use � = 1.6, a rough estimate based on the long-term oil-supply cost

curve given in IEA (2008). A parameter value � = 1.6 implies that extraction costs

increase with the factor 3 if the resource stock is halved. This implies a sharper increase

in extraction costs with declining carbon stock as compared to the IEC scenario such

that the third scenario has sharply increasing extraction costs (`SIEC scenario').

To ensure compliance with constant steady state growth rates, we have to check if

condition (34) holds. Plugging in data leads to � < 1.75. This is ful�lled in all scenarios.

Furthermore, we have to calibrate . It is chosen to ensure an initial carbon �ow of

R(0) = 7.76 GtC, which results in an initial carbon price of q(0) = 0.34 $/kgC.5 Note

that the carbon price has a cost component, k(S) = S��, and a rent component, p. The

rent component is endogenous and driven by the abundance of the resource. It is lower

in the more resource abundant scenarios. Thus,  di�ers across scenarios: it scales initial

extraction costs to be higher in the more resource abundant scenarios to ensure the same

initial resource price. In the CEC-scenario, initial resource extraction costs turn out to be

0.23 $/kgC, while they are slightly higher in the IEC-scenario with 0.30 $/kgC and even

higher in the SIEC-scenario with 0.31 $/kgC.

Given q(0), we can calculate rent to price ratios � the rent share in the price � to

compare the di�erent model results with available data. The rent to price ratios of the

CEC�, the IEC� and the SIEC�scenario are 33%, 11% and 9% for 2005, respectively. Bauer

et al. (2013) present data for 2010 with rents close to zero for natural gas and coal in Russia,

but rent to price ratios around 50% for crude oil in the Middle East and North Africa, natural

gas in EU27 and coal in China as well as around 30% for crude oil in the USA. The average

rent to price ratio for some European countries (namely the Netherlands, Denmark, United

Kingdom and Norway) in 1999 for oil and gas was 34% (calculation based on European

Commission (2002)). If coal were included, the rent to price ratio would probably decrease.

This is the case because coal with a reserve to production ratio6 of 224 a is relatively

more abundant than oil and natural gas with reserve to production ratios of 40 and 62 a,

respectively (Feygin and Satkin, 2004).7 The comparison suggests that currently observed

scarcity rents are more in line with the CEC scenario.

To match reported data on rent to price ratios in the scenarios with a more abundant

initial resource stock, the rent to price ratios in these scenarios would need to be higher. To

achieve this, one would have to assume a lower carbon �ow price q(0). As a consequence,

the carbon �ow R(0) would be higher. Both would be a contradiction to reported data.

4based on 5090 Gtoe from UNDP (2000, p. 116)
5Note that $/kgC = 10

12$/GtC.
6The reserve to production ratio gives the period the resource stock lasts at the current extraction rate.
7The reserve to production ratios in the CEC, the IEC and the SIEC scenario are 79, 387 and 773 a,

respectively.
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4 Results

4.1 First-best Policy

Before coming to our main point of estimating a window of opportunity, we look at the

welfare gain of an instantaneously implemented optimal policy over laissez-faire. For the

CEC scenario, one gains a relative intertemporal equivalent variation of h = 0.0054% corre-

sponding to an absolute intertemporal equivalen variation of W = 71.6 billion $, a share

of 0.16 % of 2005 GDP, a tiny number indeed. The gain in the IEC scenario is larger, but

still small. The relative intertemporal equivalent variation is h = 0.0361% corresponding to

an absolute intertemporal equivalen varation of W = 452.3 billion $, a share of 1.00 %

of 2005 GDP. In the SIEC scenario, h = 0.0559% corresponding to W = 694.2 billion $,

a share of 1.54 % of 2005 GDP. This is still small, but larger by a factor of 10 as compared

to the CEC scenario.

As the three scenarios are identical otherwise, di�erences in resource scarcity explain the

range of welfare results. If carbon is scarce, markets tend to economize its use which turns

out to be good for climate. All calculated global mean surface temperatures for the year

2100 are in the range of the IPCC predictions, but temperatures are lower in the scenarios

with a scarcer resource (see Table 2). Thus, resource scarcity means less room for favorable

climate policy. This result is in line with Golosov et al. (2014) who compare the e�ect of an

optimal tax on scarce oil and abundant coal relative to the laissez-faire allocation. They �nd

that the e�ect of the tax is large on coal use, but small on oil use.

Table 2: Comparison of the Predicted Global Mean Tempera-

ture Increases for the Year 2100

.

Scenario ∆�C from 1900

CEC 2.1

IEC 3.1

SIEC 3.3

IPCC - B1* 2.4

IPCC - A1B* 3.4

IPCC - A2* 4.2

RICE-2010** 3.6

DICE-2007*** 3.1

*based on IPCC (2007): A1B assumes a converging world with very rapid economic growth and balanced

technological change; B1 also assumes a converging world, but a rapid change towards a service and

information technology; A2 considers a fragmented world with increasing population and slower

technological change, **based on Nordhaus (2010a), *** based on Nordhaus (2008b).

As we base our modeling of the economy-ecology interaction on the DICE model, we

compare our welfare outcomes to the DICE-2007 results. In the DICE-2007, the net eco-

nomic welfare gain from optimal policy is 3,400 billion $, about 0.17% of the discounted

value of total future income (Nordhaus, 2008b). The relative equivalent variation of optimal

policy as compared to laissez-faire is h = 0.2% 8, i.e. the net economic welfare gain from

optimal policy is 0.2% of the discounted value of total future consumption. The share is

slightly larger than 0.17% as it relates to consumption and not to income. The relative

equivalent variation of optimal policy as compared to laissez-faire in the DICE-2007 is four

times the value in our SIEC scenario and 40 times the value in our CEC scenario.

8We calculate h according to the formulas reported in this paper using the discount factors as well as

consumption values reported in the DICE-2007.
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The main explanation why our welfare results di�er a lot from those of the DICE model

are again di�erences in resource scarcity. We deviate from the DICE model as we need an

explicitly modeled resource sector for the evaluation of the strong green paradox. The DICE

model does not model resource extraction but places an upper limit on carbon emissions.

The carbon limit in the DICE-2007 is the same as in our SIEC scenario, but the resource in

the SIEC scenario is nevertheless scarce because extraction costs go up rapidly with ongoing

exploitation.9

Furthermore, di�erent from the DICE model, we do neither allow for abatement nor

include a backstop technology. In the DICE model, both options give climate policy more

in�uence because, in addition to in�uencing the timing of emissions, climate policy can also

in�uence the total amount emitted. This gives more room for welfare enhancing climate

policy in the DICE model as compared to our model.

In contrast to the discussed fundamental theoretical di�erences between our model and

the DICE model that lead to a larger welfare gain of optimal policy in the DICE model as

compared to our model, di�erences in calibration operate the other way. Calibration between

the DICE-2007 and our model di�er because we mainly base calibration on the 2010 update,

as e.g. the RICE-2010 model � the regionalized version of the DICE model (Nordhaus,

2010b).10 The prediction for the laissez-faire temperature in the year 2100 is higher in

the RICE-2010 than in the DICE-2007 (see Table 2). A higher laissez-faire temperature

gives more room for favorable climate policy. Everything else equal, the reported calibration

di�erences should lead to higher future laissez-faire temperatures and a corresponding higher

welfare e�ect of climate policy in our model as compared to the DICE-2007. Still, we expect

this calibration e�ect to be small compared to the theoretical di�erences.

An obvious question is why we do not, though following Nordhaus in many other aspects,

also buy his carbon abundance assumption. The answer is: it is far out because our model

would conclude, and in our opinion rightly so, that the carbon use (and thus the carbon

emissions) should be much larger in a laissez-faire market equilibrium without extraction

costs than it actually is. The DICE model is not forced to come to this conclusion because,

strangely enough, the marginal product of carbon use exceeding a certain level is zero.

Simulations with a reduced carbon limit in the DICE-2007 GAMS version (see Nordhaus

(2008a)) support our argument that resource scarcity explains the di�erences in the welfare

e�ects of optimal climate policy. With a carbon limit of 600 GtC as in our CEC scenario, the

relative equivalent variation in the DICE-2007 reduces to h = 0.0047%, similar to our CEC

result ( h = 0.0054%). It is slightly lower than our CEC result due to the already mentioned

di�erences in calibration.

The discussion suggests that resource scarcity is the main driver of the di�erent welfare

results of optimal climate policy between the DICE model and our model. The analysis

indicates that resource scarcity and global warming should be considered in a joint framework

as data indicates that resource rents are substantial, which implies that resources are scarce.

Resource scarcity, in turn, reduces the positive welfare e�ect of optimal climate policy as

markets economize on the resource.

4.2 Estimating a Window of Opportunity

To evaluate the strong green paradox, we calculate the welfare di�erences between scenarios

with an announced policy and a do-nothing policy. The scenario with an announced policy is a

scenario where, in t > 0, the tax is introduced that is optimal from then on. In t = 0, agents

9The predicted temperatures cannot be directly compared as di�erences stem to a large extent from

di�erences in the calibration of the climate module, see the following discussion.
10There is an unchecked Excel version of the 2010 DICE model, but the solver is unreliable (Nordhaus and

Sztorc, 2013, p. 49). There is a 2013 DICE version, but with a di�erent de�nition of the baseline scenario.

The baseline case now refers to a scenario that extents current policies (as of 2010) until in�nity (Nordhaus

and Sztorc, 2013, p. 24) instead of considering the laissez-faire outcome.
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correctly anticipate the introduction of the tax in t > 0. As mentioned before, the time path

of the announced intervention starting in t > 0 cannot be chosen optimally from the present

point of view, taking the anticipation by the market participants into consideration, because

such a policy would be time inconsistent and thus not credible. Such a policy would be time

inconsistent, because it would be welfare enhancing at the time of policy implementation to

introduce the then optimal tax and not the initially announced tax.

We say that an announcement e�ect exists whenever an announced policy causes a be-

havior change prior to implementing the respective policy as compared to the do-nothing

scenario (weak green paradox). Figure 2 illustrates the announcement e�ect for an imple-

mentation lag of 60 years. It shows the percent excess carbon emissions in the scenario with

an implementation lag of 60 years compared to a do-nothing policy over time: the positive

numbers indicate that emissions in the case with announced policy are initially higher than

emissions in the case without policy. The di�erence increases over time as the extracted

resource that causes emissions and capital are not perfect substitutes but exhibit a certain

complementarity. After the policy is implemented, emissions are lower compared to the

market outcome.
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Figure 2: Emissions: Laissez-faire vs. Announcement Period of 60 Years.

In spite of a negative announcement e�ect, a lagged implemented optimal policy can

still be desirable if the overall welfare e�ect of the policy is positive. In other words, the

occurrence of a weak green paradox does not imply a strong green paradox. If the length of

the announcement period is zero, the optimal tax can be implemented immediately (�rst-best

solution). Starting with a length of zero, we increase the length of the announcement period

to see if welfare results change.

We �nd that the overall welfare e�ect depends on the length of the announcement period:

it is positive for small periods, negative for intermediate periods and approaches zero in the

very long run. A `window of opportunity' for favorable climate policy arises. It is de�ned such

that an intervention implemented before its end is welfare increasing, but welfare reducing
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afterwards. The strong green paradox arises for policies announced to be implemented after

the window of opportunity closes. The window of opportunity in the CEC scenario is 12

years, while it is 66 years in the IEC scenario and 96 years in the SIEC scenario. Figure 3

illustrates the window of opportunity for the IEC scenario by showing the welfare gain of the

(delayed) intervention as compared to no intervention over the length of the implementation

lag. A positive number indicates a welfare gain, a negative number indicates a welfare loss

implying that a strong green paradox arises. For an announcement period of zero, the �gure

displays the welfare gain of optimal policy.
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Figure 3: Window of Opportunity in the IEC Scenario: The Welfare E�ect of Lagged Policy

Implementation depending on the Length of the Announcement Period.

Major uncertainties concern the scarcity of the carbon stock, namely its size and the

extraction cost curve. Figure 4 shows the length of the window of opportunity for � = 1

and � = 1.6 over di�erent initial resource stocks. It shows that the initial stock has a great

in�uence on the window of opportunity, while the in�uence of �, i.e. of the shape of the

extraction cost curve, is small.

Other major uncertainties concern discounting and the damage function � 2.4% output

loss if the surface temperature increases by 2�Celsius from now seems tiny. Simulations show

that a larger output loss means a larger welfare e�ect, but it has little e�ect on the window

of opportunity. Hal�ng the time preference rate roughly doubles the welfare e�ect, but only

slightly reduces the window of opportunity.

Furthermore, we do not allow for a `backstop' technology that would make it possible to

switch to a carbon-free production if the carbon price becomes too high. We also disregard

Carbon Capture and Storage (CCS) which would cut through the one-to-one relation between

carbon input and emissions. Both options would o�er more room for favorable climate policy

as they allow not only to in�uence the timing of but also the total amount of emissions.
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Figure 4: The Welfare E�ect of Lagged Policy Implementation Depending on the Length of

the Announcement Period for di�erent initial Resource Stocks.

5 Conclusion

This paper is on the evaluation of the overall welfare e�ect of announced climate policy. The

Kyoto Protocol is a prominent example for announced climate policy: between the agreement

on the policy in 1998 and its implementation in 2008 was an announcement period of 10

years.11 If climate policy cannot be implemented immediately due to political and bureau-

cratic procedures, resource owners anticipate the future emissions restrictions and increase

extraction in the meantime. This negative e�ect is well established in the literature. Still,

should the policy be implemented or not? It is a priori not clear if the reduction in emissions

occurring with policy implementation can more than compensate increased emissions during

the announcement period or not.

Our analysis con�rms that an announcement e�ect � a behavior change prior to the

implementation of the policy � exists and that its e�ect is quantitatively relevant for the

overall welfare e�ect in state-of the art models. Laissez-faire is better than intervention if

the implementation lag is longer than the window of opportunity. How long is the window of

opportunity? Unfortunately, this depends strongly on the carbon resource scarcity that we

know little about. If the in-ground carbon stock is large (IEC or SIEC scenario), the window

is long enough. But a stock that large implies tiny scarcity rents today, which seems to be

at odds with the data. Hence, the window may be considerably shorter, meaning that the

possibility of a strong green paradox is at least a matter of concern. Still, even within the

implementation time slot, a sooner implementation is a welfare improvement compared to a

later implementation.

11On may argue that the Kyoto protocol was not the implementation of the policy that was optimal from

2008 on as proposed in our analysis. Still, the Kyoto protocol gives an example for the existence of an

announcement period.
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A Appendix

B Overview Units

Table 3: Overview Units.

Abbreviation Explanation

$ 2005 US dollars

GtC giga tons carbon

kgC kilograms carbon

Gtoe giga tons oil equivalent

kgoe kilograms oil equivalent

a annum
�C degree Celsius

∆�C from 1900 degree Celsius di�erence from temperature level in the year 1900

Note that $/kgC = 1012$/GtC.
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C Calibration

Table 4: Overview Variables

Symbol Explanation Value Unit Source

C consumption 1012 $ /a endogenous

E in 2005 emissions from

land use change

1.1 GtC/a Nordhaus (2008b), see

note 1

R in 2005 extracted carbon

resource �ow =

emissions

7.7578 GtC/a EIA (2010), IEA

(2007), see note 2

M1 in

1750

carbon mass in

atmosphere

596.4 GtC Nordhaus (2008b),

Nordhaus (2010b)

M1 in

2005

carbon mass in

atmosphere

808 GtC Nordhaus (2010b)

M2 in

2005

carbon mass in

upper ocean

1600 GtC Nordhaus (2010b)

M3 in

2005

carbon mass in

lower ocean

10010 GtC Nordhaus (2010b)

PM shadow prices

carbon stocks

utils/GtC endogenous

PT shadow prices of

temperatures

utils/∆�C
from 1900

endogenous

PK shadow price of

capital stock

utils/

1012 $

endogenous

PS shadow price of

carbon stock

utils/GtC endogenous

q in 2005 carbon �ow price 0.3415 $/kgC EIA (2010), see note 3

v netto carbon �ow

price

$/kgC endogenous

�� steady state in-

terest rate

0.042 1/a see note 4

S in 2005 carbon stock 612;

3000;

6000

GtC see section 3

T1 in 2005 global mean sur-

face temperature

0.83 ∆�C from

1900

Nordhaus (2010b)

T2 in 2005 temperature

lower ocean

0.0068 ∆�C from

1900

Nordhaus (2010b)

U overall utility present

value

utils

endogenous

u instantaneous

utility

utils/a endogenous

Y in 2005 GDP 45.23 1012$/a Worldbank (2009)

r tax rate $/kgC endogenous

h relative intertem-

poral equivalent

variation

1 endogenous
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W absolute in-

tertemp. equiv.

variation

1012$ endogenous
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Table 5: Parameters Taken from Literature

Symbol Explanation Value Unit Source

Γ carbon tran-

sition matrix

 �0.0120 0.0047 0

0.0120 �0.0052 0.0001

0 0.0005 �0.0001

 1/a Nordhaus (2010b), see

note 5

� depreciation

rate

0.05 1/a Barro and Sala-i Martin

(2004)

� income frac-

tion capital

0.33 1 Barro and Sala-i Martin

(2004, page 58)

� inverse of the

intertemporal

elasticity of

substitution

1.5 1 Nordhaus (2010b)

Λ temperature

interaction

matrix

[
�0.0345 0.0066

0.0050 �0.0050

]
1/a Nordhaus (2010b), see

note 7

� time prefer-

ence rate

0.015 1/a Nordhaus (2010b)

Table 6: Calibrated Parameters

Symbol Explanation Value Unit Source

K in

2005

capital stock 1012$ Calibration: K̂(2005) =
Ŷ (2005)

� income frac-

tion resource

0.058 1 Calibration: q2005R2005

Y2005
, see

note 2

� rate of tech-

nological

progress

0.0134 1/a Barro and Sala-i Martin

(2004) (page 13), see note

8

 scaler extrac-

tion costs

see section 3

� exponent

extraction

costs

0; 1; 1.6 1 see section 3

Table 7: Functions

Symbol Explanation Value Unit Source

Π(M1, t) radiative

forcing

�1 log
(

M1(t)
M1in1750

)
+

�2FEX

�C/a Nordhaus (2010b), see

note 6

Ω(T1) damage func-

tion

b

1+�1T1+�2T
�3
1

Nordhaus (2008b), see

note 9

k(S) extraction

cost function

S�� $/kgC see section 3

Notes

1. Total emissions in GtC/a are R + E with E = E(0)e�.0101t . The value of carbon

emissions from land use change in t = 0, i.e. in 2005, is 1.1 GtC/a (Nordhaus, 2008b).

Division by 10 adjusts the original value 11 GtC from per decade to per year. The

yearly shrinking rate of the emissions from land use change is also taken from Nordhaus

(2008b) and transformed into its continuous time yearly counterpart, i.e. from (1�
0.1)t�1 to log(1� 0.01) = �.0101.
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2. Data on resource �ows and stocks as well as on emissions are based on IEA (2007).

Because the model uses only one carbonic resource, we merge the data on oil, coal

and gas, and convert units into giga tons of carbon, GtC.

3. The resource price q in 2005 is a weighted average of the average 2005 prices for oil,

steam coal and natural gas in $/kgoe, 0.3562, 0.0964 and 0.3109, respectively. The

coal and gas price are roughly estimated average prices 2005 from IEA (2007), while

the oil price is the average of the `Weekly All Countries Spot Price FOB Weighted

by Estimated Export Volume' (EIA, 2010). We take the shares of each resource in

total resource consumption 2005 as weights and convert the units into $/kgC. The

calculation yields q = 0.3415 in $/kgC.

4. The steady state interest rate of the model is �� = 0.042 1/a. This is close to the

average interest rate of the countries listed at Inter-Agency Group on Economic and

Financial Statistics (IAG) (2010). Barro (1987) �nds an average interest rate of 3.45

% 1/a for the UK for 1729-1918, Eurostat (2011) states an average interst rate of

4.33 % 1/a for 2001-2010, Mendoza (1991) and Oviedo (2005) use 4 % 1/a as a

world interst rate, but Oviedo (2005) cites studies that use an interest rate up to 14.9

% 1/a. The interest rate in the DICE model is 5-6 % 1/a. Thus, our model yields a

sensible steady state interest rate.

5. We calculate the carbon transition matrix according to Γ = B1�I
10

using its discrete

time counterpart, say B1, in Nordhaus (2010b) , with

B1 =

 �0.0120 0.0047 0

0.0120 �0.0052 0.0001

0 0.0005 �0.0001

 ,

I is the identity matrix. B1 � I is divided by 10 because one period in the DICE model

corresponds to a decade.

6. FEX is the exogenous radiative forcing in watt/m2. It linearly increases from -0.06 to

0.3 watt/m2 within 100 years and stays constant afterwards. The parameter values

�1 = 0.1206 �C/a and �2 = 0.022 (�C/a)( m2/watts) are based on Nordhaus (2008b,

2010b) and adjusted to the time scale, i.e. the value given by Nordhaus divided by 10.

7. We calculate the temperature interaction matrix according to Λ = B2�I
10

using its

discrete time counterpart, say B2, in Nordhaus (2010b), with

B2 =

[
.6553 .0660

.05 0.95

]
.

As before, we divide by 10 because one period in the DICE model corresponds to a

decade.

8. The rate of technological progress is calibrated to match a steady state growth rate of

1.8 % 1/a. Barro and Sala-i Martin (2004) (page 13) �nd an average per capita growth

rate of 1.9% 1/a for major developed countries for over a century. For g = 0.018 =
����

1����+�� based on q̂� = �� meaning that k(S) grows slower than p in the long run,

the rate of technological progress is � = 0.018(1��� � + ��) + �� = 0.0134 1/a.

9. We take the parameters �1 = 0.0018, �2 = 0.0023 and �3 = 2 from Nordhaus (2010b),

while we use the scaler b to ensure Y (0) = Ȳ .
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