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Climate Policy and Resource Extraction with

Variable Markups and Imperfect Substitutes

Malik Curuk, Suphi Sen
Abstract: In a resource extraction model that features imperfect substitution and en-
dogenous market power, we analytically characterize the effect of anticipated future
demand shocks on the resource extraction path. We show that the resource owner’s
market share and reserves-to-extraction ratio are sufficient to calculate the supply re-
sponse under constant elasticity of substitution between alternative energy resources.
The analytical characterization of the extraction response allows us to conduct scenario
analyses based on available oil market data. Applying data on OPEC, we find a rel-
atively small increase in current extraction due to an anticipated decrease in the price
of alternative energy resources, which implies that endogenous markup adjustments
of OPEC countries largely reduce the adverse consequences of anticipated climate
policies due to intertemporal carbon leakage.

JEL Codes: Q28, Q35, Q38, Q42, Q54

Keywords: climate policy, variable markups, nonrenewable energy resources, imper-
fect competition, imperfect substitution, oil, green paradox
GREENHOUSE GAS EMISSIONS from fossil-fuel use are the main challenge in ad-
dressing the global warming problem. According to climate model projections (IPCC
2014), the 2°C carbon budget will be spent before 2050. This carbon budget specifies
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the maximum amount of CO2 that can be emitted to the atmosphere while keeping
global warming below 2°C above pre-industrial levels (Allen et al. 2009; Meinshausen
et al. 2009). The 2015 Paris Agreement sets out a more ambitious target of pursuing
further efforts to limit the warming to 1.5°C (Article 2). The participating countries
stated their post-2020 goals in their Intended Nationally Determined Contributions
(INDCs). For example, the INDC of the United States promises a 26%–28% reduc-
tion in greenhouse gas emissions by 2025 compared to 2005 levels. Meeting such tem-
perature targets requires limiting the use of fossil-fuel resources below their natural re-
serve levels (Dietz and Venmans 2019). Given that the exploitable reserves are limited
either by natural forces or climate policies, academics and policy makers raised a further
concern related to the intertemporal allocation of this finite reserve. First-best measures
to reduce emissions from fossil-fuel consumption may not be politically feasible. Nev-
ertheless, there are various alternative policies that might approximate the first-best
outcome. However, such measures might undermine the effectiveness of climate poli-
cies by inducing earlier extraction of the limited reserves. This is not a desired outcome
from a climate perspective. For example, anticipating an increase in the stringency of
climate policies in the future, oil owners might prefer to increase their current extrac-
tion. This intertemporal leakage is also known as the green paradox (Sinn 2008).1

In this study, we use a two-period resource extraction model that features imper-
fect substitution between alternative energy sources and endogenous market power for
the supplier of the scarce resource.2 In this setting, we analytically characterize the ef-
fect of anticipated future demand shocks on the resource extraction path in terms of
the fundamental characteristics of demand functions, such as convexity and elasticity.
We show that the resource owner’s market share is sufficient to pin down these fun-
damental characteristics under constant elasticity of substitution between alternative
energy resources. This result allows us to analytically calculate the supply response
of the resource owners based on available data on oil markets.3 Applying data on
OPEC, we analytically quantify the rate of intertemporal leakage due to an anticipated
change in the price of alternative energy resources which represents any policy shock
that alters relative prices of dirty and clean energy resources. Our results show that the
intertemporal leakage decreases to a large extent due to the considerable market power
of OPEC. The mechanism underlying this result is as follows: when the market power
is endogenous, the oil supplier internalizes the effect of the demand shock on its future
1. The green paradox has been analyzed in different theoretical settings. See Eichner and
Pethig (2011), Gerlagh (2011), Hoel (2011), and van der Meijden et al. (2015), among others.

2. Endogenous market power refers to the case of variable markups where the price elasticity
of demand is endogenous. We refer to the scarce resource also as oil in the rest of the paper.

3. More specifically, we derive an analytical formula for the intertemporal leakage rate in
terms of few measurable variables, such that any vector of primitive parameters consistent with
the values of these variables implies the same intertemporal leakage rate.
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market power and can lessen its consequences via markup adjustments in both peri-
ods. The changes in the scarcity rent and extraction path depend on the degree of mar-
ket power and the strength of the substitution on the supply side.

OPEC owns more than 80% of the world’s proven oil reserves and exports about
60% of the total petroleum traded internationally (IEA 2015). According to the Inter-
national Energy Agency (IEA), this substantial market share allows OPEC to influence
oil prices.4 Our model incorporates this feature: the oil supplier exercises some degree
of market power. The key mechanism is that this market power is endogenous and in-
fluenced by demand shocks. On the demand side of the global oil market, advances in
alternative energy technologies over the last decades have paved the way for industri-
alized countries to substitute their oil imports with domestic alternatives.5 The com-
mon assumption in the literature is that renewable energy technology is a perfect back-
stop for nonrenewable fossil-fuel resources. This might not be a realistic assumption
given the significant market share of renewables in some countries (Michielsen 2014;
van der Meijden and Withagen 2019).6 In our model, different energy resources are
imperfect substitutes leading to their simultaneous employment.

In this setting, we analyze how the initial-period extraction changes in response
to anticipated future demand shocks. Our model allows demand shocks in the form
of climate policies with three key properties: (i) there is a future change in demand,
(ii) it is perfectly foreseeable, and (iii) its timing is exogenous from the perspective of
the resource owner. For instance, the government announces a policy in the current pe-
riod that decreases the demand for oil at a future date. The government is fully com-
mitted to this policy, including its timing, and the oil producer receives full information
in the current period.7 This is a relevant climate policy scenario given the recent discus-
sions on the transition risk. Central banks around the world and global financial insti-
tutions are increasingly vocal about a systemic risk for the financial markets due to a
4. See http://www.eia.gov/finance/markets/supply-opec.cfm.
5. The share of imports in the crude oil demand of the OECD countries is around 70%

(IEA 2015). Due to the oil fracking boom, shale oil production in the United States has in-
creased substantially, displacing the crude oil imports from OPEC countries (Kilian 2016). Re-
newable energy investment has risen sixfold between 2004 and 2011 which is considered the
key strategy to combat climate change.

6. Furthermore, it might be unrealistic to assume that renewables can entirely replace the
fossil fuels any time soon; for example, biofuels and oil (Long 2014). Even in a scenario in which
renewable energy resources dominate the energy market, using existing fossil fuel plants is one of
the feasible options to manage the volatility in renewable energy supply (Sinn 2017).

7. In the absence of commitment, the green paradox effect is likely to be even smaller (see,
e.g., Rezai and van der Ploeg 2017). There is a literature highlighting time inconsistencies in
nondictatorial collective choices when individuals have heterogeneous time preferences ( Jackson
and Yariv 2014, 2015). Recently, Millner and Heal (2018) show that, when preferences over
future consumption streams are allowed to change over the evaluation periods, collective choices
can be time consistent.

https://www.eia.gov/finance/markets/supply-opec.cfm
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sudden devaluation of a broad range of assets, which might be triggered by abrupt
changes in climate policies. They argue that financial investors and other relevant actors
should be made fully informed about the path toward a clean economy for a smooth
transition, which can only be achieved if governments commit to their carbon reduction
targets and the timing of their actions. Hence, our model provides a relevant setup to
analyze the effects of current climate policies.

The early resource extraction literature concludes that short-term extraction de-
clines in response to negative future demand shocks when the timing of the contraction
in demand, such as the entry date of the alternative resource, can be influenced by the
resource owner (Gilbert and Goldman 1978; Hoel 1983). This result contrasts with
our finding that the monopolist’s response is ambiguous. The reason is the difference
in the margins of adjustment to the shock.8 In our model, the timing of the demand
shock is determined by policy; hence, the resource owner cannot postpone the transi-
tion. Under the assumption that the arrival time of the shock is exogenous from the
resource owner’s perspective, a two-periodmodel suffices for our purposes and provides
analytical tractability. As discussed earlier, our setup is particularly relevant to analyze
the effects of policy shocks where the resource owner has less influence on the timing of
the change in the demand structure, such as a credible announcement of a future carbon
tax policy or a subsidy to the alternative resource.

The early literature studying the effects of imperfect competition on resource ex-
traction mainly focuses on comparing the equilibrium outcomes under alternative mar-
ket structures rather than the effect of demand shocks on the extraction path.9 Related
to our analysis, Stiglitz (1976) shows that an exogenous increase in the elasticity of de-
mand leads the monopolist to choose a supply schedule that is more conservationist
compared to a competitive firm.As suggested by Stiglitz (1976, 657), “amore interesting
8. For example, Hoel (1983) assumes that the exploited reserve until the arrival of the shock
is given and analyzes an equilibrium perturbation to the arrival time of the shock. In this setting,
the resource owner delays the arrival of a decrease in the continuation value of the resource.
Hence, the initial extraction decreases. This is a very general result. In contrast, in our setting,
the timing of the shock is given, while the exploitation until the arrival of the shock is free.
Therefore, the margin of adjustment is different.

9. Salant (1976), Stiglitz (1976), and Sweeney (1977) investigate the resource extraction
problem in imperfectly competitive markets. Stiglitz (1976) shows that the extraction paths in
competitive and monopoly equilibrium are identical under constant elasticity of demand sched-
ules with zero extraction costs. Stiglitz and Dasgupta (1982) analyze the interaction of a non-
renewable resource with a perfect substitute. In the presence of a renewable perfect substitute, they
show that if the demand elasticity is decreasing in sales, the monopolistic price path is flatter. On
the other hand, Hoel (1978) and Stiglitz and Dasgupta (1982) investigate the effect of various
market structures on the date of innovation of a perfect substitute for a nonrenewable resource.
Dasgupta and Stiglitz (1981) and Stiglitz and Dasgupta (1981) analyze the effect of uncertainty
in the arrival date of a perfect substitute. This strand of literature focuses on the effect of a perfect
substitute development in the form of a backstop technology, not an imperfect substitute.
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case is that where the change in the elasticity of demand is an endogenous variable, say,
a function of the price charged in the market.” In our model, the elasticity of demand is
endogenous, which is functionally related to the monopolist’s market power. Hence,
the monopolist responds to demand shocks by adjusting its markups endogenously,
which can reduce the effect of the shock on the extraction path. Furthermore, we char-
acterize the partial effect of the demand shock in terms of its effects on the perceived
demand curve: a shift and a tilt. These partial effects generally counteract each other to
determine the strength of supply-side substitutability or complementarity, which leads
to a theoretical ambiguity in the sign of the intertemporal leakage.

Our study contributes to the recent and growing literature investigating the effects
of demand-side policies on the intertemporal supply schedule of fossil-fuel resources.
The implications of imperfect substitution are analyzed in Long (2014) andMichielsen
(2014). Long (2014) focuses on competitive markets and analyzes the effect of the de-
gree of substitutability. Michielsen (2014) allows for imperfect substitution in a two-
period competitive setting and shows that a lower price of a renewable substitute in the
second period always increases the supply of the exhaustible alternative in the first pe-
riod. These papers assume perfectly competitive markets, while we assume a certain
degree of market power exercised by the resource owner. We show how endogenous
markup adjustments can reduce the rate of intertemporal leakage compared to the com-
petitive benchmark and even prevent the green paradox.

There is a recent literature investigating the effects of future demand shocks on the
supply decision of a monopolist owning a scarce resource. Among others, Jaakkola
(2013), Andrade de Sá and Daubanes (2015), and van der Meijden et al. (2018) inves-
tigate the implications of a limit-pricing strategy. This strand of literature focuses on
the presence of a perfectly substitutable backstop technology, while we allow for imper-
fect substitution. There are more recent studies where the mechanisms we incorporate
are embedded in larger scale models and the conclusions are derived from numerical
analysis (van der Meijden and Withagen 2019; Marz and Pfeiffer 2020). We contrib-
ute to this literature by analytically characterizing themarket power adjustments due to
demand shocks and calculate the effects of demand shocks on the extraction path based
on a limited number of variables that can be quantified by using oil market data. We
also provide an extended version of our model with endogenous capital accumulation
and quantify the effect of variable markups in the presence of general equilibrium ef-
fects numerically.

The literature has studied various potential mechanisms that can affect the strength
of intertemporal leakages. Eichner and Pethig (2011) use a two-period resource extrac-
tion model with three countries to study the green paradox and spatial leakage. They
show that a stricter emission cap in the second period does not necessarily lead to a
green paradox in the presence of general equilibrium feedbacks. Gerlagh (2011) as-
sumes a competitive resource market and shows that the presence of cheap substitutes
and increasing extraction costs may reverse the green paradox outcome. As in the early
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resource literature, Gerlagh (2011) investigates a change in the arrival time of the
shock. Rezai and van der Ploeg (2017) analyze the role of learning by doing in renew-
able resource production by assuming perfect substitutability. They show that the
green paradox effect is stronger with credible commitment to renewable subsidies com-
pared to a no-commitment scenario. Nachtigall and Rübbelke (2016) show that, if
marginal extraction costs are increasing and the perfect substitute to the fossil fuel ex-
hibits learning by doing, anticipated future carbon taxes may not lead to a green par-
adox outcome.We contribute to this strand of literature by providing an in-depth anal-
ysis of the role of market power on the strength of intertemporal leakages.

Our analysis is closely related to and built on the literature investigating the incom-
plete pass-through of various shocks in imperfectly competitive markets.10We contrib-
ute to this strand of literature by analyzing the pass-through rates for a scarce resource
where the supply decision involves an intertemporal trade-off.We show that the rate of
the intertemporal leakage is a function of the elasticity and convexity of the perceived
demand function and reserves-to-extraction ratio.11 With constant elasticity of substi-
tution (CES) between alternative resources, the elasticity and convexity of the demand
curve depends only on the market share of oil, as in the oligopolistic competition mod-
els (e.g., Atkeson and Burstein 2008), while the extent of pass-through into sales de-
pends also on the reserves-to-extraction ratio when the input factor is a scarce resource.
Using this result, we implement an analytical counterfactual analysis and quantify the
rate of intertemporal leakage based on these variables under various scenarios for cli-
mate targets.

The rest of the paper is organized as follows. Section 1 describes our model. In sec-
tion 2, we investigate the impact of an anticipated demand shock on resource extraction
in a general setting with an arbitrary demand function. In section 3, we impose constant
elasticity of substitution between alternative resources and derive analytical formulas to
evaluate the impact of climate policies. We quantify the implications of our model for
intertemporal carbon leakage using data on OPEC in section 4. We provide further
analysis and robustness checks in section 5. Section 6 concludes.

1. RESOURCE EXTRACTION WITH ENDOGENOUS MARKUPS

In this section, we present a resource extraction model with a general demand function
and market competition structure. In this general setting, we characterize the main fea-
tures of the supply behavior of the oil owner based on the fundamental features of the
demand function and obtain comparative statics with respect to future demand shocks.
We utilize these general results to explain our quantitative findings in section 3.
10. For example, see Atkeson and Burstein (2008), Weyl and Fabinger (2013), Amiti et al.
(2017), and Mrazova and Neary (2017).

11. See Mrazova and Neary (2017) for the case with constant marginal costs and no inter-
temporal trade-offs in the supply decision.
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Demand for oil is characterized by pt 5 P(qt, xt), where qt denotes the quantity of
resource in period t, P is the inverse demand function mapping the quantities to will-
ingness to pay, and xt is the quantity vector of all competing goods with oil. Here, xt
should be thought of as a vector of the response functions of competing firms producing
alternative inputs rather than equilibrium outcomes. Hence, P represents the so-called
perceived demand schedule.12 For brevity, we use Pt and P(qt) interchangeably and usu-
ally ignore other arguments. We assume that the inverse demand function satisfies:

Assumption 1: (i) Pq < 0 (ii) limq→∞Pq 5 0 (iii) limq→ 0Pq 5 –∞.

Here Pq denotes the partial derivative of function P with respect to q. Assumption 1.ii
means that the willingness to pay is positive for any q > 0, which guarantees that the
resource is scarce and the intertemporal trade-off always applies. Assumption 1.iii
rules out a choke price. Therefore, the resource is demanded at any positive price level,
which guarantees that qt > 0 for all periods.

The oil producer allocates its finite oil reserve, S, over two periods (t 5 1, 2) to
maximize its flow of profits by discounting future profits at the rate r. The only cost
of extracting oil is the opportunity cost of leaving it in the ground. That is, extraction
costs are assumed away. Hence, the problem of the firm is:

max
q1,q2

P1q1 1
P2q2
1 1 r

 st: q1 1 q2 5 S: (1)

The scarcity constraint always binds by assumption 1. The Lagrange function is given
by L(q1, q2, λ) 5 P1q1 1 P2q2/(1 1 r) – λ(q1 1 q2 – S), where λ is the Lagrange
multiplier, which is the opportunity cost of leaving the oil in the ground.13 We denote
its current value with a time subscript as λt 5 λ(1 1 r)t–1. Throughout the paper, we
work with the implicit representations of the first-order conditions, Lqt 5 0 and
Lλ 5 0, given by:

F1(q1, q2, λ) 5 P1 – M1λ 5 0,

F2(q1, q2, λ) 5 P2 – M2λ(1 1 r) 5 0,

F3(q1, q2, λ) 5 q1 1 q2 – S 5 0:

(2)

The firm charges the standard monopoly price, which is a markup (Mt) over the mar-
ginal cost given by the scarcity rent. It grows at the interest rate in accordance with the
12. We ignore the income effects in line with the behavioral assumptions that will be im-
posed in sec. 3. However, we provide further robustness checks by relaxing this assumption
in a general equilibrium framework.

13. We use the common terminology to refer to λ as the shadow price of oil or the scarcity rent.
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Hotelling rule. A well-defined solution to the system of equations F is guaranteed by
the following regularity conditions:

Assumption 2: (i) kt < 2, (ii) 0 ≤ ht < 1, where ht 5 εPq 5 –(qt/pt)(dPt/dqt) and

kt 5 εdPt/dqtqt 5 –
qt

dPt/dqt

d dPt/dqtð Þ
dqt

:

Here, ht stands for the inverse price elasticity, and kt for the convexity of the demand
function. For the static profit maximization problem with constant marginal costs, as-
sumption 2.i is a sufficient condition for the second-order condition (SOC) to hold (see
app. A.1; apps. A–J are available online). It is sufficient also for our dynamic problem
by leading to a negative definite bordered-Hessian matrix. Throughout the paper, εyx
stands for –(x/y)(dy/dx), which is the total elasticity of y with respect to x. We im-
pose condition 2.ii such that Mt > 1 and the oil owner makes positive profits. These
conditions govern the optimal behavior of the oil supplier for a wide range of market
competition structures.14

Next, we describe some relations that will be useful throughout the analysis. The
markup reflects the market power, and it is a function of the inverse price elasticity:

Mt 5
1

1 – ht
: (3)

The supply decision alters the market power, which is at the center of our analysis.
Representing this relationship, the elasticity of markup function is given by:

εMt
qt 5 –

qt
Mt

dMt

dqt
5

ht

1 – ht
kt – 1 – htð Þ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

εhtqt

: (4)

Therefore, the relative size of the elasticity and convexity determines the sign of this
relationship (see app. A.2 for the details). The condition that the markup is invariant
to the supply decision is given by 1 1 ht 5 kt. This condition holds “globally” with a
constant price elasticity demand function, such as P(qt) 5 aq–vt , which yields constant
markups.

2. ANTICIPATED DEMAND SHOCKS

In this section, we analyze how an anticipated future demand shock affects the oil own-
er’s supply decision in the general setting described in the previous section. In the first
14. This is the case whether the supplier is a single monopolist or it operates under monop-
olistic or oligopolistic competition. Note that ht, and therefore the markup function, depends
not only on the partial elasticity of the demand with respect to qt but also on the conjectured
responses of the competing firms.
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subsection, we state our comparative static result and note the ambiguity in its sign. In
the next subsection, we show that the ambiguity is completely due to a static partial
adjustment which takes place in the period when the shock is realized. In the final sub-
section, we derive an expression for our comparative static result in terms of elasticity
and convexity of an arbitrary demand function and reserves-to-extraction ratio. This
final expression will form the basis of our analysis in section 3 where we derive the
closed form solutions allowing for an analytical scenario analysis.

2.1. Comparative Statics

Consider an arbitrary demand shock at the second period, which we parameterize with
a2, such that Pt 5 f (qt; at). We summarize the comparative static results as follows:

dq1
da2

5
M1F2a2

Jj j ,
dq2
da2

5 –
M1F2a2

Jj j ,
dλ
da2

5
F1q1F

2
a2

Jj j : (5)

Here, FJF is the determinant of the Jacobianmatrix of system F given by j Jj 5 F1q1 (1 1
r)M2 1 F2q2M1. The SOC that the bordered-Hessian of the Lagrangian is negative
definite is equivalent to j Jj < 0. The terms F1q1 and F2q2 are given by

F1q1 5 –
P1
q1

h1M1 2 – k1ð Þ < 0,

F2q2 5 –
P2
q2

h2M2 2 – k2ð Þ < 0:

(6)

They are negative by the SOC given by assumption 2.i. Finally, F2a2 denotes the partial
effect of the demand shock on F2 (other details are provided in app. B.1). As a result,
the sign of the effect is determined by F2a2 as follows:

sign
dq1
da2

� �
5 –sign

dq2
da2

� �
5 –sign

dλ
da2

� �
5 –sign F2a2

� �
: (7)

Next, we focus on the partial adjustment, F2a2 , and the intuition underlying the ambi-
guity in its sign.

2.2. Ambiguity of the Supply Response

In the following, we focus on the contemporaneous partial adjustment F2a2 , which is
given by Pa – λ(1 1 r)Ma, and we ignore the time index. We introduce a further no-
tation to distinguish partial elasticities from total elasticities. We denote the partial
elasticity of y with respect to x by eyx, which is defined as –(x/y)(∂y/∂x). Substituting
the first-order condition that λ(1 1 r) 5 P/M, and rearranging Fa in terms of partial
elasticities leads to
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Fa 5 –
P
a

ePa – eMa
� �

,

where ePa 5 –
a
P
∂P
∂a

 and eMa 5 –
a
M

∂M
∂a

:

(8)

Here, ePa is the partial elasticity of the inverse demand function with respect to a, which
refers to a shift in the demand curve. The shift is a function describing how the shock
affects the willingness to pay at a given point on the demand function. The term eMa is
the partial elasticity of the markup with respect to a, which is given by

eMa 5 –
a
M

dM
dh

∂h
∂a

5 –
h

1 – h
ePa – e

dP/dq
a

� �
,

where edP/dqa 5 –
a

dP/dq
∂ dP/dqð Þ

∂a
:

(9)

Here, edP/dqa is the partial elasticity of the slope of the inverse demand curve with respect
to a, which refers to a tilt in the demand curve. The tilt is a function describing how the
shock affects the rate of change in willingness to pay at a given point on the demand
curve. As a result, eMa depends on the proportional shift and the tilt in the demand curve
due to a proportional change in the parameter of interest.

Substituting eMa in Fa leads to

Fa 5 –
P
a

1 1
h

1 – h

� �
ePa –

h

1 – h
e
dP/dq
a

� �

5 –
P
a

1
1 – h

ePa – he
dP/dq
a

� �
:

(10)

This equation expresses Fa in terms of the properties of the perceived demand sched-
ule. In the case of perfect competition, this partial adjustment depends only on the
shift, such that Fa 5 ∂P/∂a 5 –(P/a)ePa . That is, it is completely determined by
the change in willingness to pay evaluated at the competitive equilibrium. However,
when the supplier has market power which is endogenous to the demand shock,
the relative size of ePa and e

dP/dq
a is crucial for the comparative static results.

Of particular interest is a demand shock to a substitute good, x. A well-known result
is that the partial effect of this change on the first-order condition, Fx, determines the
nature of strategic interaction (e.g., see Tirole 1988). If Fx < 0, then there is strategic
substitution, which is the usual case if the firms set quantities. If Fx > 0, then there is
strategic complementarity in quantities. In the case of strategic substitution, a decrease
in the marginal cost of the alternative resource decreases the scarcity rent and second-
period extraction and increases the first-period extraction. This outcome is referred as
the green paradox in the literature. In the case of strategic complementarity, the green
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paradox does not arise. Although, strategic complementarity in quantities is considered
a rare situation, equation (9) shows that a sufficiently strong tilt reduces the degree of
strategic substitution in quantities. As a result, the effect of the shock on the scarcity
rent and the extraction path can be arbitrarily small. Throughout the paper, we refer
to these cases as follows:

Definition 1: (i) Substitutability in quantities (Fx < 0): due to an increase in x2, q2
and λ decreases, and q1 increases. (ii) Complementarity in quantities (Fx > 0): due
to an increase in x2, q2 and λ increases, and q1 decreases.

In this definition, we avoid labeling the interaction between the competing resources as
strategic. The reason is that the ambiguity in the sign of Fa can arise without any stra-
tegic interaction (see Amiti et al. 2016). We illustrate this point in appendix C by
elaborating on the ambiguity of the supply response with a constant price elasticity
demand function as in Stiglitz (1976). This example also clarifies the mechanisms un-
derlying the ambiguity, the geometric meaning of the tilt, and why the shift and the tilt
generally counteract each other.

Here, we provide a more stylized description of the intuition behind the ambiguity
in figure 1. The left and the right axes depict the first and the second period demand,
respectively. Therefore, the horizontal axis represents the total resource stock and de-
scribes how it is allocated across the two periods. In the competitive equilibrium, the
discounted future price has to be equal to the current price, which is illustrated in the
Figure 1. Ambiguity in the intertemporal leakage. This figure provides a stylized illustration
of how an anticipated demand shock in the future period affects the intertemporal resource
allocation. The left and right axes depict the first- and second-period demand, respectively.
MR stands for marginal revenues.
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left panel. By definition, a negative future demand shock corresponds to a downward
shift of the perceived demand function in the second period around the intertemporal
equilibrium. Hence, the equilibrium moves in the southeast direction leading to a
higher extraction in the first period. It is important to think of this shift locally in
the vicinity of the equilibrium. Note that the curve tilts when the price elasticity is en-
dogenous or affected exogenously by the shock.

Themonopoly equilibrium is depicted on the right panel, where the discounted pres-
ent values of the marginal revenues across periods are equal. The monopoly and com-
petitive equilibrium coincide only when the demand function features constant price
elasticity. In the case of monopoly, even if the demand shifts downward in the vicinity
of the equilibrium, the marginal revenue curve may shift either way, which causes the
ambiguity in the sign of the change in the first-period extraction. The change in the
marginal revenue depends on the relative size of the shift and tilt in the perceived de-
mand function around the equilibrium, as explained above.

2.3. Total Effect

Here, we derive our working expressions for the degree of intertemporal leakage. By
substitution, we obtain the total elasticity of current extraction with respect to the fu-
ture demand shock as follows:

e
q1
a2 5

–eP2a2 1 h2e
dP2/dq2
a2

� �
/ 1 – h2ð Þ

1
~h1
1 1

s–1

� �
1
~h2

, (11)

where ~ht 5
1 – ht

ht(2 – kt)
> 0, (12)

and s is the reserves to extraction ratio (see app. B.2 for the derivation). The term in
the numerator comes from F2a2 given by equation (10) and its sign is ambiguous. The
denominator is a rearrangement of the determinant of the Jacobian. It is positive as
k < 2 and h < 1 (see assumption 2). Here, ~ht describes the static cost pass-through
into sales in proportional terms.15 The intuition underlying the form of the denom-
inator in equation (11) is closely related to that; the shift in the shadow price path
implies a proportional change in the marginal costs across the two periods. Therefore,
the partial adjustment in the second period, represented by a shift and a tilt in the
demand curve, is realized as a marginal cost shock in the first period, as the shadow
price path of oil shifts.
15. The proportional pass-through into sales is simply the elasticity of sales with respect to a
constant marginal cost. See app. B.4 for the derivations of the rates of absolute and proportional
cost pass-through into prices and sales.
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The intertemporal leakage rate in the case of perfect competition is given by:

e
q1
a2ð Þcompetitive 5 –eP2a2 / 1 – h2ð Þ

h1
1–h1

1 1
s–1

� �
h2

1–h2

: (13)

The derivation is provided in appendix B.3. The important difference is that the second-
order terms, namely, the convexity and the tilt, do not play a role. In the previous sub-
section, we have shown that the shock might be ineffective with a strong tilt. The role
of convexity is similar. Mrazova and Neary (2017) show that, for a given level of the
elasticity, when the demand function is less convex, the effect of a change in the mar-
ginal cost of a monopolist on the monopoly price is smaller. As discussed earlier, the
partial adjustment in the second period shifts the shadow price path, and the first pe-
riod adjustments can be characterized as a shock to the constant marginal cost. As a
result, due to the tilt and the convexity, monopolistic leakage rate can be much smaller
than the competitive one. Furthermore, under perfect competition, there is no ambi-
guity in the comparative statics and a negative demand shock (a decrease in willingness
to pay) in the second period always increases first-period extraction. We will analyti-
cally quantify this comparison in the following sections.

3. CONSTANT SUBSTITUTION ELASTICITY

In the previous sections, we did not impose a market structure and a demand function.
We have shown that the ambiguity is completely characterized by the shift and the tilt
in the perceived demand curve. In this section, we quantify the strength of the market
power mechanism by imposing a CES energy production function and show that the
reserve-to-extraction ratio and the market share of the resource owner are sufficient to
calculate the supply response of the resource owner to future demand shocks given by
equation (11). This finding allows us to conduct an analytical scenario analysis and em-
pirically quantify the response of the oil owner.

The final consumption good is produced out of energy (Z) along with a generic
production factor (K) by using a Cobb-Douglas technology:

Yt 5 Zv
t K

1–v
t ,

where 0 < v < 1 and Kt is given. The final good market is characterized by perfect
competition, and each input is paid out its marginal revenue product. Hence, the ex-
penditure share of energy is fixed, that is, EZ

t 5 PZt Zt 5 vEt, where EZ
t is the level of

energy expenditure, PZt is the energy price index and Et 5 PtYt is the value of the ag-
gregate output. This assumption is in line with the empirical evidence that the share of
energy spending in GDP is generally stable over time (see Hassler et al. 2012).

There is a generic alternative energy resource (x) which is an imperfect substitute
for oil (q) in producing energy. The energy production function takes the CES form as
follows:
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Zt 5 g atxtð Þj–1j 1 (1 – g) qtð Þj–1j
h i j

j–1
, (14)

where j denotes the elasticity of substitution. The condition that the markup should
be above unity requires an elasticity of substitution larger than one (see sec. 5 for a
detailed discussion). Therefore, the alternative energy resources are gross substitutes.
This is a sufficient condition for the SOC to hold. The energy price index (PZt ), im-
plied by the CES structure, is

PZt 5 gj
pxt
at

� �1–j

1 (1 – g)j(pt)
1–j

 ! 1
1–j

,

where pxt is the price of the alternative technology and pt is the price of oil. The com-
peting alternative energy resource is produced with a constant marginal cost. The fac-
tor demand function for oil is given by

qt 5 p–jt (PZt )
j–1(1 – g)jEZ

t ,

and oil owner’s market share is given by

mt 5
ptqt
EZ
t
5 (1 – g)

qt
Zt

� �j–1
j

: (15)

As our baseline, we focus on the case where the substitute resource is supplied
competitively and the oil owner internalizes the effect of its supply decision on the
sales of the alternative resource. In this setting, we investigate how the initial extrac-
tion changes due to a change in the relative price of the substitute resource, which can
be due to a carbon tax or a price subsidy to the alternative resource. In order to save on
notation, we analyze an increase in the productivity of the substitute resource in the
second period, namely, a2. Since the substitute resource is supplied competitively, the
change in the productivity parameter is directly mapped into the relative prices.

In this section, we analyze the elements characterizing the intertemporal leakage
rate given by equation (11).We analyze the market power of the oil owner by analyzing
the markup function in section 3.1. In section 3.2, we focus on the shift and the tilt in
the demand curve and characterize the ambiguity in the direction of intertemporal leak-
age using information only on the market share of the resource monopoly and the sub-
stitution elasticity between oil and the substitute. Then, we derive an analytical formula
for the intertemporal leakage rate in section 3.3 and compare it with the competitive
leakage rate in section 3.4.
3.1. Markup Function

In this subsection, we derive the markup function for our baseline market structure for
the CES demand function.We show that the market share of the oil owner is sufficient
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to characterize the inverse price elasticity and the markup for a given elasticity of sub-
stitution. In the following, we ignore the time index as the expressions we present are
valid for both periods. In monopolistic competition models, the oil supplier ignores
the effect of its supply decision on the energy price index PZ or the aggregate energy
use Z. Therefore, the inverse price elasticity is constant and equal to 1/j, which im-
plies a constant markup given by j/(j – 1). In our model, we assume that the oil sup-
plier internalizes the effect of its supply decision on the aggregate energy demand. As a
result, the inverse price elasticity is a function of the elasticity of the CES aggregator as
follows:16

h 5
1
j
–
(j – 1)

j
εZq : (16)

Here, εZq 5 –m 1 (1 – m)εxq , where εxq denotes the perceived elasticity of alternative
resource supply with respect to oil extraction, and where m denotes the oil owner’s
market share.

If the oil supplier chooses quantity given the competitor’s supply, then εxq 5 0. The
markup can be expressed as j/((j – 1)(1 – m)), which corresponds to the oligopolistic
Cournot competition model in Atkeson and Burstein (2008) and is increasing in the
market share of the resource owner. Since the supply of the alternative resource is
characterized by perfect competition, the only margin of adjustment is along the sup-
ply curve, and εxq is not zero. In this case, the inverse price elasticity and the markup
functions are given by:

h 5
1

j(1 – m) 1 m
 and M 5 1 1

1
(j – 1)(1 – m)

, (17)

where the markup is lower than the variable Cournot markup since the resource owner
internalizes the effect of its supply decision also on the quantity response of the compet-
ing resource. Equation (17) further shows that the inverse price elasticity and themarkup
are increasing in and solely determined by the market share of the scarce resource given
the substitution elasticity. The following lemma summarizes these findings:

Lemma 1: (i) Own market share is sufficient to calculate the inverse price elasticity
and markup for a given substitution elasticity. (ii) The markup is an increasing
function of own market share.

3.2. Ambiguity of the Supply Response with CES

We now investigate the comparative statics of system F with respect to a2, which
stands for a shock to the productivity of the alternative energy resource in the second
period. Again, we ignore the time index in this section by noting that we are analyzing
16. See app. D.1 for the details of the derivations in this subsection.
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a partial adjustment taking place in the second period. As in the previous section, the
direction of the intertemporal leakage depends on the sign of the single partial deriv-
ative F2a2 given by equation (8) or (10). The crucial terms are the shift and the tilt in
the supply schedule:

ePa 5 –
j – 1
j

eZa  and e
dP/dq
a 5 –

j – 1
j

eZa

h
1 – (1 – h)(1 1 eMm )
� �

: (18)

There are two crucial terms in this expression. First, eZa is the partial elasticity of Z
with respect to a. The CES aggregator is increasing in a, and eZa 5 –(1 – m)(1 –

exa) < 0.17 For intuition, exa can be considered as the negative of the price elasticity
of demand for the alternative resource. That is, exa is always negative. The next lemma
summarizes the results for the partial elasticity of the energy demand with respect to
the substitute productivity eZa .

Lemma 2: Market share is sufficient to calculate eZa for a given substitution elas-
ticity. It is negative and increasing in market share.

Lemma 2 implies that ePa > 0. Therefore, the willingness to pay decreases for a given
q. The second crucial term is eMm . It is the markup elasticity with respect to market share,
which is governed by the assumptions on the oil supplier’s behavior. In appendix D.3,
we show that

eMm 5 –
m

(1 – m)(j(1 – m) 1 m)
< 0 : (19)

Plugging equations (19) and (17) in (18), we find that edP/dqa > 0, which means that
the demand curve gets flatter for a given q. Therefore, the shift and the tilt work in
opposite directions in determining the elasticity of markup with respect to the demand
shock (eMa ) given by equation (9). Substituting the expressions for the shift and the tilt
yields eMa 5 ((j – 1)/j)eZa eMm , which is positive. Hence, the shock leads to a lower
markup for a given q, and the shift and the markup in equation (8) counteract each
other in determining Fa. By substitution, we have:

Fa 5
j – 1
j

p
a
eZa 1 1 eMm
� �

: (20)

In this expression, the second term, 1 1 eMm , is responsible for the ambiguity in the sign
of the effect. Importantly, the sign of Fa depends only on the size of eMm , which leads to
the following result:
17. The details on the derivations of the results in this section are provided in app. D.2.



Climate Policy and Resource Extraction Curuk and Sen 1107
Proposition 1:Market share is sufficient to calculate the elasticity of markup with
respect to the market share for a given substitution elasticity and, therefore, to sign
the effect of the anticipated demand shock on the first-period extraction.

Solving for m at the point where 1 1 eM2
m2 5 0 leads to a critical value determining the

sign of supply side interaction as follows:

Proposition 2: For any j ∈ (1,∞), there exists a critical market share �m ∈ (0, 1)
given by:

�m(j) 5
j –

ffiffiffi
j

p
j – 1

,

such that F2a2 5 0, if m2 5 �m. If m2 < �m, then a decrease in the price of the alter-
native resource decreases the oil price and increases the oil supply in the initial pe-
riod (substitutability in second-period quantities). If m2 > �m, the opposite holds
(complementarity in second-period quantities).

Proof: See appendix D.3. QED

Figure 2 illustrates this critical level.Whenm > �m, there is complementarity between
the quantities of alternative resources. It can be shown that �m(j) approaches 1 as j goes
to infinity, meaning that the region of complementarity in quantities vanishes. If the oil
owner’s second-period market share is smaller than the critical value, then the current
oil supply increases in response to an anticipated future increase in the productivity (or
decrease in the marginal cost) of alternative energy, hence the green paradox.

The empirical relevance of this proposition might be assessed by considering
OPEC as a single supplier. According to proposition 2, a reversal of the green paradox
(complementarity) occurs only if the oil owner’s extraction path leads to a high market
share in the second period. Proposition 2 is important to highlight that the adverse
consequences of climate policies will be dampened or even reversed with endogenous
market power.18

The intuition for why themarket shares determine the shift and the tilt is as follows:
a higher market share for oil implies a smaller market share for the alternative resource.
Hence, as shown in equation (18), the influence of a change in the price of the alter-
native resource on energy demand (Z) is smaller in absolute terms. As a result, when
18. If the oil industry is characterized by monopolistic competition, the markup is constant
and εM2

m2 5 0. As a result, this term is equal to one, and the impact of the shock does not depend
on this term. In the case of oligopolistic Cournot competition, we have εM2

m2 5 –m/(1 – m).
Solving for m at the point where 1 1 εM2

m2 5 0 leads to a critical value for the reversal condition
given by �m 5 1/2.
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the market share of oil is higher, the shift in the perceived demand curve is smaller. If j
is higher (more substitutability) the change in aggregate demand is transmitted more
strongly. The same mechanism operates also for the tilt in the demand curve.

In equation (18), the tilt due to the shock is mediated by two further adjustments
that are completely characterized by the market share of oil. The first one is the inverse
price elasticity or the markup. The higher the market share of oil, the less responsive is
oil demand to supply side adjustments, and the higher the markups. The second factor
is the market share elasticity of markup which is a measure of the convexity of the de-
mand curve. Since this elasticity is increasing in the market share in absolute terms, the
same climate policy shock leads to a more pronounced tilt in the demand curve when
the market share of the resource owner is higher. As shown in proposition 2, above a
critical threshold for the market share, the tilt is sufficiently strong to lead to the rever-
sal of the green paradox.

An important implication of figure 2 is that intertemporal leakage is less of a concern
when the elasticity of substitution is low and the market share is high. This is a likely
scenario for the global oil market, which we analyze in section 4.

3.3. Intertemporal Leakage Rate with Endogenous Markups

In this section, we analyze the intertemporal leakage for our baseline market structure.
By substituting the expressions for the shift and the tilt with CES demand (eq. [18])
Figure 2. Direction of the intertemporal leakage. This figure illustrates the criitical market
shares determining supply-side substitutabilities and complementarities in quantities.
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into the general expression for the intertemporal leakage (eq. [11]), we obtain the elas-
ticity of current extraction with respect to a2 as follows:

e
q1
a2 5

j–1
j
eZ2
a2 1 1 eM2

m2

� �
h1(2–k1)
1–h1

1 1
s–1

h2(2–k2)
1–h2

: (21)

We have analyzed the inverse price elasticity and the terms in the numerator in the
previous section (the shift and the tilt) and have shown that market share is sufficient
to compute each component. In appendix D.4, we show that market share is sufficient
also for the convexity of the CES demand function. Namely, all these terms can be
characterized with the market share of the oil owner. This expression allows evaluating
the intertemporal leakage based on available information on oil markets and does not
require any information about the rest of the economy such as the growth rate or the
interest rate.

Proposition 3: First- and second-period market shares and the reserves-to-extraction
ratio are sufficient to calculate the intertemporal leakage for given j. More specif-
ically, a set of sufficient information is {m1, m2, s1 F j}.

Proof: The general expression for the intertemporal leakage rate was derived in sec-
tion 2.3 and given by equation (11). The results in lemma 1, lemma 2, lemma D.1
(in app. D.4), and proposition 1 show that the market share is sufficient to calcu-
late the convexity of the demand curve, the inverse price elasticity, and the shift and
tilt in the demand curve in response to a future demand shock. QED

Based on this result, we illustrate all potential leakage rates on the {m1, m2, s} space
for a given substitution elasticity in figure E.1 (figs. C.1, E.1, F.1, F.2, I.1 are available
online). The market shares characterize the static adjustments in both periods as de-
scribed in the previous section, while the reserves-to-extraction ratio characterizes
the intertemporal adjustment. When the reserves-to-extraction is low, the effect of
the future demand shock is less pronounced on the scarcity rent and leads to a smaller
change in the price schedule.

In equation (21), the set of endogenous variables is given by {m1, m2, s}. We can
eliminate one endogenous variable by using the following implication of the first-order
conditions for the market shares:

m2

m1
5 �s

M2

M1
,  where �s 5

(s – 1) 1 1 rð Þ
1 1 gð Þ : (22)

Here, g is the GDP growth and s is the reserves-to-extraction ratio (at t 5 1). Note
that s – 1 is simply equal to relative extraction (q2/q1). For example, eliminating s
leads to:
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e
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:

In this expression the set of exogenous parameters is {j, r, g}. Given this set, one can
calculate the intertemporal leakage based on m1 and m2. Alternatively, we can base our
calculation on the observables or employ a policy target as additional information in
order to calculate the intertemporal leakage. We note these alternative ways as a cor-
ollary to proposition 3 as follows:

Corollary 1 (Alternative ways of calculating the intertemporal leakage):
(i) Market shares: Market shares are sufficient to evaluate the intertem-
poral leakage. More specifically, a set of sufficient information is
{m1, m2 F j, r, g}.

(ii) Observables: Current market share (m1) and the reserves-to-extraction
ratio (s) are sufficient to evaluate intertemporal leakage. More specif-
ically, a set of sufficient information is {m1, s F j, r, g}.

(iii) Policy (emission) targets: Current market share (m1) is sufficient to
evaluate intertemporal leakage due to a given emission target. More
specifically, a set of sufficient information is {m1, q2 F j, r, g}.
As an example, the upper panel of figure 3 illustrates the level sets for a high and a
low level of j based on corollary 1.i. At low levels of j, the intertemporal leakage rate is
smaller. In order to provide the intuition underlying the shape of these level sets, the
lower panel presents some cross-sections for j 5 2. The left panel illustrates cross-
sections at given first-period market shares. The turning point in the complementarity
area is not in the plausible space, since m1 > m2 generally holds in many policy scenar-
ios, as we illustrate in the next section. Therefore, the leakage rate is generally U-
shaped in second-period market share. Intuitively, the second period market share de-
termines the strength of cross-price effects. When the second period market share is
very small, the oil owner does not have much influence on the CES aggregator Z and
cannot dampen the change in the scarcity rent. On the other hand, when the market
share gets closer to �m, the strength of supply-side substitutability diminishes. The right
panel illustrates cross-sections at given levels of the market shares in the second period.
It is seen that the intertemporal leakage is generally decreasing in the first-period mar-
ket share in absolute terms. Only when the first-period market share is close to one, this
relation reverses. The first-period market share determines the extent of the markup
adjustments in response to the changes in the scarcity rent.When the first-period mar-
ket share is very small, the market share elasticity of the markup is low in absolute terms
and the markup adjustments are limited in dampening the change in the scarcity rent.
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On the other hand, when the market share gets closer to one, the oil supplier can pass
through the marginal-cost shock fully (Auer and Schoenle 2016).

3.4. Comparison with the Competitive Leakage Rate

In the case of perfect competition (or monopolistic competition), the effect of the
shock on the current period supply is given by:

e
q1
a2 5

j – 1ð ÞeZa
1 1 1

s–1

� � :
Since eZa < 0, first-period extraction always increases. We can eliminate one of the en-
dogenous variables by using the implication of the first-order conditions for the mar-
ket shares given by m2/m1 5 �s. For example, substituting for s leads to
Figure 3. Intertemporal leakage rate with market shares. This figure illustrates the leakage
rates defined as the elasticity of first-period extraction with respect to the shock. Calculations
are based on corollary 1.i. Negative values indicate substitutability in quantities where the shock
increases current extraction. In all figures, r and g are calculated by compounding an annual in-
terest rate of 0.05 and an annual growth rate of 0.03 over 25 years. In panel B, elasticity of sub-
stitution (j) is set to 2.
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Figure F.1 illustrates the implied iso-leakage curves on the (m1, m2) space for given
substitution elasticity. Here, we proceed by conducting a scenario comparison between
the leakage rates under our baseline market structure and perfect competition. This can
be done by comparing the leakage rates for a given reserves-to-extraction ratio and cur-
rent market share and letting the second-period market share be optimally determined
by market structure. This can be interpreted as the difference in leakage rates under
these two market structure scenarios given the current data on the oil market.

Figure 4 illustrates the differences of leakage rates as a percentage of the competitive
leakage rate. For example, on the 30% level set, the monopolistic leakage rate is 30% less
than the competitive leakage rate. All the level sets in these figures have positive values,
meaning that the leakage rates in the case of monopoly are smaller than the competitive
leakage rates. Figure F.2 compares the changes in the scarcity rent across these two
market structures.

4. SCENARIO ANALYSIS

In this section, we calculate the analytical leakage rates derived in the previous sections
based on the available oil market data and projections for future market conditions.We
construct our data set mainly from the reported figures in the World Energy Outlook
Figure 4. Comparison with perfect competition: leakage rates. This figure compares the leak-
age rates to those in perfect competition. Leakage rate is defined as the elasticity of first-period
extraction with respect to the shock. Calculations are based on corollary 1.ii. The differences are
expressed as a percentage of the change in the competitive benchmark. A positive value indicates
dampening due to variable markups; r and g are calculated by compounding an annual interest
rate of 0.05 and an annual growth rate of 0.03 over 25 years.
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(WEO) published by the IEA (IEA 2017) and the OPEC Annual Statistical Bulletin
(OPEC 2017).We provide a detailed description of the data set and its construction in
appendix G. We calculate r and g by compounding an annual interest rate of 0.05 and
an annual growth rate of 0.03.

The left panel of figure 5 compares the leakage rates with variable markups and per-
fect competition by using data for current market conditions based on corollary 1.ii.
We use OPEC’s market share in 2016 as the first-period market share and calculate
it based on two market definitions by including and excluding the electricity sector.
We use OPEC’s proven crude oil reserves in 2016 as a proxy for the resource stock
and calculate the first period extraction by applying OPEC’s crude oil production in
2016 for a window width of 20 years.

Figure 5 illustrates two important results: First, the leakage rates are very close in
the case of perfect competition. The difference stems from the change in the price index
and, hence, in relative prices. This difference is much larger with variable markups as
the market share determines the pass-through rate. Second, the leakage rate with var-
iable markups is much smaller than the competitive leakage rate, especially when the
electricity sector is excluded. The exclusion of the electricity sector results in a substan-
tially higher market share for OPEC, which leads to a higher markup and a higher
dampening in the pass-through of the shock. In the rest of the section, we exclude elec-
tricity sector in defining the relevant market.

The right panel of figure 5 presents the leakage rates with variable markups by
varying the window width, which effectively determines the reserves-to-extraction ra-
tio (s). The solid lines on the left and right panels of figure 5 are identical. It is seen
that a higher window width (or a lower reserves-to-extraction ratio) leads to a smaller
leakage rate. A lower s implies a smoother extraction path and increases the possibility
of complementarities.

Alternatively, the left panel of figure 6 presents the results from calculating the first-
period extraction based on the oil demand projections in the WEO. More specifically,
we assume that the first period spans the years between 2016 and 2040 and calculate
Figure 5. Market structure and leakage rates
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the first-period extraction based on the current policies scenario (CPS) in the WEO.
CPS is the business-as-usual scenario. It takes into account the policies and measures
that are in legislation as of mid-2017. The left panel of figure 6 shows that the leakage
rate under the business-as-usual scenario (CPS) is remarkably small. For example, for
j 5 2, the intertemporal leakage rate implied by the CPS is –0.04. That is, an antic-
ipated 1% increase in the second-period productivity of the alternative resource leads
the resource owner to increase the first-period extraction only by 0.04%. In the next
section, we provide empirical estimations for the substitution elasticity parameter.
The results confirm the parameter ranges that we use to communicate our results
and in line with recent evidence in the literature (Papageorgiou et al. 2017).

Figure 6 also presents the leakage rates given the extraction paths implied by various
future policy scenarios inWEO. The new policies scenario (NPS) incorporates policies
and measures in the CPS and the official targets and plans of announced policies, such
as those in theNationally Determined Contributions of the Paris Agreement. The sus-
tainable development scenario (SDS) achieves three policy goals: universal access to en-
ergy services by 2030, substantial mitigation in air pollution, and effective action against
climate change. The underlying assumption in calculating a leakage rate under these
scenarios is that these policies are credible from the viewpoint of the resource owner.
A calculated leakage rate underNPS and SDS informs about the effect of an additional
anticipated change in the productivity of the alternative resource. In figure 6, the leak-
age rate is higher for the scenarios that are more ambitious in their climate targets,
which is in line with the previous result presented on the right panel of figure 5, as
the reserves-to-extraction ratios implied by the SDS and NPS are much higher com-
pared to that of CPS. Under the SDS, the intertemporal leakage at j 5 2 is –0.17,
more than four times larger than that under the CPS.

Next, we conduct a robustness analysis where we base our calculations only on the
current market share and projectedmarket shares in theWEOusing corollary 1.i. That
is, we do not use any information on the extraction rate and reserve level. The right
Figure 6. Leakage rates by the WEO scenarios. CPS, NPS, and NDS indicate the current
policies scenario, the new policies scenario, and the sustainable development scenario in the
World Energy Outlook 2017 (IEA 2017); m.sh. 5 market share.
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panel of figure 6 presents these calculations labeled as NPS(m.sh.) and SDS(m.sh.),
along with the corresponding calculations from the left panel indicated as NPS and
SDS. There are no drastic differences for a given scenario, in particular for SDS. It is
also seen that NPS(m.sh.) and SDS(m.sh.) lead to similar leakage rates. The differences
in the leakage rates are less than that calculated based on the extraction projections. The
reason is that, although these two scenarios imply very different extraction paths, the de-
crease in the market share over time is close and small across these two scenarios.19

5. ROBUSTNESS AND FURTHER ANALYSIS

5.1. Estimation of the CES Demand Function

We have shown that the degree of the green paradox crucially depends on the substi-
tution elasticity between energy resources, and we have reported the leakage rates in the
scenario analysis for a wide range of j values considering the issue of parameter uncer-
tainty.20 In appendix H, we estimate the demand elasticity of oil based on the factor
demand schedule implied by the CES specification. For this analysis, we use data on
the resource use in energy production at the sector level for European countries be-
tween 2000 and 2016. In order to obtain exogenous variation in the relative price of
oil, we utilize a shift-share instrumental variable approach that exploits the presample
variation in the resource mix of industries in their energy production and arguably ex-
ogenous changes in the prices of different fossil fuels in a given country over time. Our
results suggest that the elasticity of substitution between oil and other energy resources
is significantly higher than one, and the point estimates are between 1.5 and 2 depend-
ing on the specification. These results support the parameter ranges that we use in our
scenario analyses.We present the details of our data, identification strategy, and results
in appendix H.

5.2. Large Shocks

In our analytical scenario analysis, we have evaluated the intertemporal leakage func-
tions at the initial period market share and reserves-to-extraction ratio of OPEC. Our
comparative static results and the analytical expression for the leakage rates under dif-
ferent market structures are quantitatively accurate in the vicinity of the initial extrac-
tion path. Nevertheless, it is plausible that large changes in the relative price of oil due
to climate policies might undermine the use of our analytical formulas in our scenario
19. We could not obtain data on projected market shares under the CPS in IEA (2017).
20. In the literature employing computable general equilibrium models, the estimates of the

elasticity of substitution for an energy-product nest range from 0.5 to 2, and they are generally
below 1. See, e.g., table H3 in Michielsen (2014) for a survey of these results. Recently,
Papageorgiou et al. (2017) provide evidence that the elasticity of substitution between clean
and dirty energy inputs is significantly higher than 1 and can be as high as 3.
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analysis. In order to assess the sensitivity of our main quantitative findings on the role
of variable markups in limiting the leakage rate, we calibrate our model to match the
extraction paths projected in the WEO policy scenarios and the current market share
of OPEC and numerically solve for the optimal extraction path. We repeat this exer-
cise by doubling the productivity parameter of the alternative resource, representing a
100% increase, and compare the equilibrium extractions in the initial period. The de-
tails of the numerical analysis and results are presented in appendix I. We find that the
numerical leakage rates are smaller than their analytical counterparts in absolute terms.
The discrepancy emerges due to two reasons. First, as ∂eZa /∂a < 0, the analytical rates
are higher than the true elasticities for large changes in a2 under bothmarket structures.
Second, the markup elasticity is increasing in the market share of the resource owner in
the case of variable markups. A rise in the first-period extraction leads to a larger first-
period market share, and markup adjustments are more pronounced as a result. The
discrepancy is sizable for large policy changes; hence, the analytical leakage rates con-
stitute an upper bound for the intertemporal leakage in absolute terms.

5.3. General Equilibrium

We have shown that the partial equilibrium response of the resource supply crucially
depends on the market power of the resource owner. Nevertheless, it has been shown
that general equilibrium feedbacks can influence the strength of the green paradox
(Eichner and Pethig 2011). In appendix J, we incorporate households’ consumption
decisions in order to endogenize the rate of capital accumulation and output growth,
which allows us to assess the role of these general equilibrium effects with variable
markups. In this analysis, we replace our baseline Cobb-Douglas function for final
goods production with a CES one which leads to endogenous cost shares of energy
and capital. We present calibration results for different values of a set of exogenous pa-
rameters, such as the substitution elasticity between oil and the alternative resources,
the discount factor, and the substitution elasticity between capital and energy in the
final goods production. We provide the detailed description of the model and its cal-
ibration in appendix J.

The main results are as follows: First, we find that the extraction in the first period
increases in all experiments in response to an improvement in the productivity of the
substitute resource in the second period, such that εq1a2 < 0. This finding is consistent
with proposition 2, as the observedmarket share of OPEC in the second period is lower
than the critical market share �m 5 (j –

ffiffiffi
j

p
)/(j – 1), above which complementarity in

quantities prevail in the second period. Second, the leakage rates are larger for the case
of constant markups given the absence of endogenous markup adjustments dampening
the effects of the demand shock. Third, the green paradox is weaker when the con-
sumption discount factor is lower since a lower discount factor implies a smaller expan-
sion in the capital stock in the second period and a smaller change in the scarcity rent.
Finally, the rate of intertemporal leakage is affected by the endogenous adjustments in
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the rate of capital accumulation. An increase in the first-period extraction implies a
higher output-capital ratio in the first period as the initial capital stock is given. As a
result, the rate of return on capital and the income for the resource importing country
rise. The rise in the first-period interest rate leads to a steeper extraction path condi-
tional on the markup levels in both periods and tends to increase the level of extraction
in the first period. On the other hand, the rise in the output in the second period due to
the faster accumulation of capital implies a higher demand for the resource, which
counteracts the initial negative demand shock and decreases the strength of the green
paradox. Hence, the leakage rate is larger when the substitution between energy and
capital is lower, since a lower substitution elasticity causes a larger increase in the
first-period interest rate and a smaller increase in the output in the second period.

5.4. Extraction Costs

A factor that may further reduce the intertemporal leakage is the presence of convex
extraction costs.21 First, they introduce a comovement between the rate of extraction
and marginal costs, which reduces the sensitivity of the extraction path to demand
shocks. Furthermore, when the extraction costs increase as the reserve is depleted, some
part of this reserve may be left unexploited. Hence, a future anticipated demand shock
may change not only the intertemporal allocation of the resource but also the overall
cumulative extraction. In the presence of extraction costs, the first period extraction
might decline in absolute terms when some part of the resource stock is left in situ, even
if the share of current extraction in total extraction increases. While we assume away
extraction costs for analytical tractability in our model, the leakage rates can be consid-
ered as upper bounds for the strength of intertemporal leakages with extraction costs.

6. CONCLUSION

In this study, we construct a two-period resource extraction model to investigate the
effects of future demand shocks on the intertemporal allocation of a scarce resource.
The main pillars of the model are imperfect substitution and endogenous markups.
We derive analytical expressions to calculate the supply response under constant elas-
ticity of substitution between alternative energy resources for different market struc-
tures, which allows us to conduct an analytical scenario analysis. We show that the
unintended adverse consequences of substitute development, known as the green par-
adox, are typically smaller in the presence of endogenous market power.

Our analytical scenario analysis shows that, given the market conditions in the oil
market, (i) the extent of intertemporal leakage due to anticipated demand shocks is
21. See, e.g., Gerlagh (2011) and Nachtigall and Rübbelke (2016). Convexity arises when
extraction costs depend on the remaining stock level. Furthermore, extraction costs with a con-
vex flow dependence also introduce a comovement between marginal costs and the rate of ex-
traction (Tsur and Zemel 2005; Kollenbach 2019).
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likely to be small under a business-as-usual scenario and (ii) in the scenarios with am-
bitious climate policies, intertemporal leakage is more limited compared to those doc-
umented in the literature under the assumption of a perfectly competitive oil market.
Furthermore, our numerical analysis shows that these analytical intertemporal leakage
rates constitute an upper bound for the effects of large shocks.

These results underline the importance of subsidizing the development of clean en-
ergy technologies that will replace fossil-fuel use in the presence of commitments to a
carbon budget via international climate agreements. According to our results, the
intertemporal leakage is less of a concern when the elasticity of substitution is low
and the market share of oil is high. This is a realistic scenario given the current condi-
tions in the global oil market. On the other hand, it is also likely that the future entails
more substitution possibilities and a lower market share for oil, in which case in-
tertemporal leakage may have important consequences.
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