
VU Research Portal

(Bio-)Fuel mandating and the green paradox

Okullo, Samuel J.; Reynès, Frédéric; Hofkes, Marjan W.

published in
Energy Economics
2021

DOI (link to publisher)
10.1016/j.eneco.2020.105014

document version
Publisher's PDF, also known as Version of record

document license
Article 25fa Dutch Copyright Act

Link to publication in VU Research Portal

citation for published version (APA)
Okullo, S. J., Reynès, F., & Hofkes, M. W. (2021). (Bio-)Fuel mandating and the green paradox. Energy
Economics, 95, 1-14. [105014]. https://doi.org/10.1016/j.eneco.2020.105014

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://doi.org/10.1016/j.eneco.2020.105014
https://research.vu.nl/en/publications/9ac6d1b9-aec6-4a16-907b-4cf43eef7c27
https://doi.org/10.1016/j.eneco.2020.105014


Energy Economics 95 (2021) 105014

Contents lists available at ScienceDirect

Energy Economics

j ourna l homepage: www.e lsev ie r .com/ locate /eneeco
(Bio-)Fuel mandating and the green paradox
Samuel J. Okullo a,b,⁎, Frédéric Reynès c,d,e, Marjan W. Hofkes f,g

a Zhongnan University of Economics and Law, School of Business Administration, 182 Nanhu Avenue, 430073 Wuhan, PR China
b Potsdam Institute for Climate Impact Research (PIK), Member of the Leibniz Association, P.O Box 601203, D-14412, Germany
c OFCE Sciences Po's Economic Research Centre, 10 Place de Catalogne, 75014 Paris, France
d The Netherlands Organization for Applied Scientific Research (TNO), Strategic Business Analysis – Economics, Anna van Buerenplein 1, 2595 DA The Hague, the Netherlands
e Netherlands Economic Observatory (NEO), Groot Handelsgebouw Stationsplein 45, Unit A4.004, 3013 AK Rotterdam, the Netherlands
f School of Business and Economics, VU Amsterdam, De Boelelaan 1105, 1081 HV Amsterdam, the Netherlands
g Institute for Environmental Studies (IVM), VU Amsterdam, De Boelelaan 1111, 1081HV Amsterdam, the Netherlands
⁎ Corresponding author at: Zhongnan University of E
Business Administration, 182 Nanhu Avenue, 430073 Wu

E-mail addresses: s.j.okullo@outlook.com (S.J. Okullo),
(F. Reynès), m.w.hofkes@vu.nl (M.W. Hofkes).

1 https://eur-lex.europa.eu/legal-content/EN/LSU/?uri=u
01.ENG

https://doi.org/10.1016/j.eneco.2020.105014
0140-9883/© 2020 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 June 2019
Received in revised form 13 September 2020
Accepted 27 October 2020
Available online 11 November 2020

Keywords:
Green paradox
Climate change
Fuel mandates
Renewable energy subsidies
Carbon taxes

JEL:
C61
C72
Q28
Q35
Q42
Q54
Well-intended preannounced carbon mitigation policies can lead to adverse impacts such as the green paradox.
This paper examines conditions impacting theprevalence of this phenomenon,when suppliers of carbon-free en-
ergy, similarly to carbon suppliers, can anticipate the implementation of preannounced carbon regulation.
Neglecting the interim build-up of carbon-free capacity that responds to preannounced climate policies over-
estimates the green paradox. For EU-2020 and US-2022 calibrated biofuel mandating targets, simulations point
to a robust 0.4–0.6% decline in premandate global crude oil supply, suggesting that concerns over the green par-
adoxmay have been overstated. Mandate designs tomitigate the green paradox are also examined. Initially mild
targets that are complemented by increasingly stringent ones are more effective at curbing the green paradox
than ambitious but delayed targets.

© 2020 Published by Elsevier B.V.
1. Introduction

EU and US regulators announced mandating targets as part of the
global effort to curb carbon emissions. The EU targets a 7% minimum
share for biofuels in transportation by the year 2020 whereas1 the US
conomics and Law, School of
han, PR China.
frederic.reynes@sciencespo.fr

riserv:OJ.L_.2018.328.01.0082.
targets 36 billion gallons by the year 2022.2 Although traditionally
favoured as a regulatory instrument, mandates may cause adverse im-
pacts such as the green paradox3 (Sinn, 2008, 2012) and may fail to
stimulate the supply of carbon efficient alternativeswhen targets are in-
appropriately designed. This paper investigates these issues, when pro-
ducers of carbon-free substitutes, similarly to carbon suppliers, can
anticipate (and directly respond to) the implementation of
preannounced fuel mandating targets. Our main result establishes that
preannounced climate policies can boost carbon-free energy supply suf-
ficiently as to mitigate and even prevent the green paradox under
2 https://www.epa.gov/renewable-fuel-standard-program/overview-renewable-fuel-
standard
TheUS target translates to about 9% of the 2022 projectedUSoil consumption (EIA, 2015).
3 The green paradox occurs when producers hasten the extraction of carbon-rich re-

sources in anticipation of future climate policies. In this paper we adopt a strict definition
of the green paradox. That is, when initial extraction increases as a result of announcing
climate policy. Gerlagh (2011) refers to this as the “weak” green paradox. Other defini-
tions of the green include “strong” green paradox (Gerlagh, 2011) and climate “friendli-
ness” (Wang and Zhao, 2018).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eneco.2020.105014&domain=pdf
https://doi.org/10.1016/j.eneco.2020.105014
mailto:s.j.okullo@outlook.com
mailto:frederic.reynes@sciencespo.fr
mailto:m.w.hofkes@vu.nl
https://eur-lex.europa.eu/legal-content/EN/LSU/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG
https://eur-lex.europa.eu/legal-content/EN/LSU/?uri=uriserv:OJ.L_.2018.328.01.0082.01.ENG
https://www.epa.gov/renewable-fuel-standard-program/overview-renewable-fuel-standard
https://www.epa.gov/renewable-fuel-standard-program/overview-renewable-fuel-standard
https://doi.org/10.1016/j.eneco.2020.105014
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/eneeco


S.J. Okullo, F. Reynès and M.W. Hofkes Energy Economics 95 (2021) 105014
empirically plausible conditions. This contrasts with the widespread
finding4 that demand-side carbon management policies almost cer-
tainly induce a green paradox.

Although the research on the green paradox is now substantial and
diverse, a persistent feature is that carbon producers anticipate and
therefore can directly respond to the implementation of (pre)an-
nounced climate policies, while suppliers of carbon-free alternatives
(if at all explicitly modelled) react only passively, responding to carbon
suppliers' actions. We extend this literature by allowing producers of
carbon-free alternatives to also anticipate and directly respond to the
implementation of preannounced climate policies. We facilitate this ex-
tension by explicitly modelling the decision to dynamically adjust the
carbon-free alternative's supply capacity. In our global oil market
model, where biofuels are treated as the carbon-free alternative and
crude oil (both conventional and unconventional) as the carbon-
emitting fuel resource, we demonstrate that the concern over the
green paradox that is expressed in the literature may be overstated
since, in anticipating and directly responding to the implementation of
preannounced climate policies, suppliers of carbon-free alternatives
can boost production capacity and supply sufficiently as to offset a po-
tential surge in carbon supply. To our knowledge, this mechanism has
not been formalized or quantified as key for curbing or preventing the
green paradox.

Our analysis also establishes insights on how the length of the
premandate phase affects biofuel supply decisions. In particular, con-
ventional wisdom would suggest that preannounced mandates should
have longer announcement phases as to give stakeholders ample time
to adjust to future policies. Our analysis demonstrates that such an ap-
proach can be detrimental for abatement efforts because it erodes the
incentive to invest in carbon-free alternatives.5 In other words, a man-
dating strategy with a long announcement phase disincentivizes timely
investment in carbon-free supply capacity, while at the same time in-
creasing the likelihood that the green paradox occurs. Indeed, we ob-
serve that policies with a short duration between announcement and
implementation fare better at stimulating the supply of the clean alter-
native and in turn in limiting the green paradox. This is the case even
when such polices are eventually as ambitious as those policieswith de-
layed/later implementation dates.

Our analysis is facilitated using a game-theoretic model of the global
oil market that is parameterized on real-world data.6 The model intro-
duces many important structural features that are observed in reality.
While some of these, such as learning in clean technologies (cf.
Nachtigall and Rübbelke, 2016; Winter, 2014), market power in crude
oil production (cf. Saraly Andrade de Sá and Julien Daubanes, 2016;
Okullo and Reynès, 2016; van der Ploeg and Withagen, 2012a), and
isoelastic supply and demand functions (cf. Quentin Grafton et al.,
2012) can reinforce the green paradox, others, such as reserve develop-
ment, and geological as well as capacity constraints (cf. Bai and Okullo,
4 While not an exhaustive list, some of the more recent literature published on the
green paradox include Bauer et al. (2018); Coulomb and Henriet, 2018; Saraly Andrade
de Sá and Julien Daubanes (2016); Di Maria et al. (2012, 2014a, 2014b, 2017); Eichner
and Pethig (2011); Fischer and Salant (2017); Gerlagh (2011); Quentin Grafton et al.
(2012); Greaker et al. (2014); Gronwald et al. (2017); Lemoine (2017); Long (2014);
Michielsen (2014); Nachtigall and Rübbelke (2016); Sinn (2008, 2012); Smulders et al.
(2012); Strand (2007); van der Meijden et al. (2015, 2018); van der Ploeg (2016); van
der Ploeg and Withagen (2012a,b); Wang and Zhao (2018); Winter (2014); Österle
(2016).

5 Delayed policies lower the present value return from a unit of installed capacity
thereby, eroding the incentive to invest in biofuel capacity.

6 The model accounts for eighteen oil producing regions globally: eleven OPEC pro-
ducers that supply oil either as oligopolies or as members of a perfectly cohesive cartel,
and seven non-OPEC producing regions that act as part of competitive fringe. This market
structure thus has flavours of the cartel versus fringe framework as discussed in
Benchekroun et al. (2009); Okullo and Reynès (2016); Salant (1976), which is a more re-
alistic representation of the oil market. Our model also introduces multiple crude oil re-
sources both conventional and unconventional whose supply costs increase with
depletion. These various crude oils are assumed to be equally emission intensive while
biofuels are the clean alternative.
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2018; Cairns, 2014; Okullo et al., 2015; Österle, 2016) may limit its like-
lihood. Contrasting the ‘business as usual’ to various mandating policy
scenarios, themodel predicts a fairly robust 0.4–0.6% average reduction
in global crude oil supply, as a result of announcing EU 2020 and US
2022 style mandating targets. Nevertheless, we observe that high dis-
count rates for biofuel producers and low discount rates for crude oil
producers, well within the range of those cited in the literature, can in-
duce the green paradox, especiallywhenmandating targets are delayed.

Our results can be related to others' findings in the literature7:
Gerlagh (2011), Quentin Grafton et al. (2012), and Heal and

Schlenker (2019) make a similar argument to ours that a surge in the
supply of an imperfect substitute could offset a potential increase in
the supply of fossil fuels. Their analysis does not, however, account for
the fact that policies are typically implemented with a lag between an-
nouncement and implementation. In the online Appendix, we show an-
alytically that explicitly accounting for both phases re-establishes the
green paradox in their modelling framework.

In a model with an announcement and regulatory phase like ours,
Michielsen (2014) analytically demonstrates that when a scarce and
dirty resource (e.g., oil) is consumedalongside an even dirtier and abun-
dant resource (e.g., coal) (cf. Coulomb and Henriet, 2018); then, under
sufficient substitutability between the two, preannounced policies can
decrease emissions as oil consumption is expedited to replace coal con-
sumption. Using a calibrated simulationmodelMichielsen, nonetheless,
finds that the green paradox prevails.

Österle (2016) theoretically, and Bauer et al. (2018) numerically,
contrast the divestment effect8 with the green paradox effect. Österle
(2016) shows that anticipated policies can reduce investment in carbon
resource development enough to mitigate and possibly prevent the
green paradox. Bauer et al. (2018) apply a numerical model to explore
thismechanism. They observe that in the lead up to the implementation
of the climate policy, the divestment effect trumps the green paradox
but the green paradox still prevails in the periods immediately follow-
ing the announcement of a carbon tax.

Saraly Andrade de Sá and Julien Daubanes (2016), van der Meijden
et al. (2018), and Wang and Zhao (2018) focus on the green paradox
in a market with an incumbent monopolist. They demonstrate that
limit-pricing can prevent the green paradox since the monopolist re-
duces supply outside of— and increases supply within— the limit-
pricing regime, with goal of deterring the advance of the substitute.
This result crucially depends on the assumption of constant marginal
costs of resource extraction (van der Ploeg and Withagen, 2012a).
With rising depletion costs, the green paradox is re-established.

Another strand of literature examines the green paradox in a (multi-
country) general equilibrium framework (Eichner and Pethig, 2011; van
der Meijden et al., 2015; van der Ploeg, 2016, for instance). Eichner and
Pethig (2011) demonstrate that emissions can decrease in the present,
if a non-abating country postpones its carbon consumption, as a conse-
quence of future climate policies of an abating country. van derMeijden
et al. (2015) and van der Ploeg (2016) also report that interest rate ad-
justments in capital markets can ‘reverse’ the green paradox; albeit, van
der Meijden et al. (2015) find this reversal magnitude to be tiny.

In light of the current state of the literature, we believe that our anal-
ysis identifies a novel and quantitatively relevant channel that helps
prevent the green paradox. And in fact, our findings suggest the
carbon-free's ‘induced-investment’ effect that we identify, is more
7 Two published papers that we are aware of explore the likelihood of the green para-
dox empirically: Di Maria et al. (2014b) and Lemoine (2017). Di Maria et al. (2014b) con-
clude with regard to the US acid rain program that while themechanism indicated by the
green paradox theory may have been at work, market conditions and concurrent regula-
tions prevented the occurrence of the green paradox. Lemoine (2017), on the other hand,
reports that anticipated tightening of climate policy through theWaxman-Markey bill in-
creased carbon emissions by 12 million tons leading up to April 2010.

8 The divestment effect amounts to a reduction in investments in fossil fuels and fossil-
based infrastructure, for fear by owners of these resources of holding onto stranded assets
once the climate policy comes into effect.



Fig. 1.Overviewof drivers and feedbacks in the global oilmarketmodel. The arrows point to the direction of influence, where ‘+’ indicates a positive relationship between adjacent nodes,
all else constant, whereas ‘−’ indicates a negative relationship, all else constant. The dashed lines indicate feedbacks that are captured exogenously through elasticities. This is in linewith
the fact that our model is a partial equilibrium rather than general equilibrium model.

10 We follow the Energy Information Administration's definition of these resource cate-
gories, see “https://www.eia.gov/tools/glossary/” for further detail.
11 First-generation biofuels are extracted from sugars and vegetable oils found in arable
crops. Second-generation biofuels, on the other hand, can be extracted fromwoody plants
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substantial than the carbon resource's ‘induced-divestment’ effect for
curbing the green paradox.

The remainder of the article is organized as follows. Section 2 de-
scribes the computational global oil market model that is used in
the analysis. Section 3 describes the calibration of this model and
sets up the policy scenarios. Section 4 presents the baseline and
comparative results, and discusses our findings in relation to
preexisting fi.

ndings in the literature. Section 5 concludes, while the online Ap-
pendix uses a simplified oil market model to provide analytical insights
into the prevalence of the green paradox.

2. A computational model for the global oil market

Fig. 1 summarizes the various drivers and feedbacks present in
the model.9 The equilibrium price is market clearing in that de-
mand equates to supply. A higher crude oil price implies higher
revenues for producers, which has a positive impact on reserve
augmentation, and expansion of capacity. New reserve additions
ease geophysical constraints which in turn boosts crude oil pro-
duction. We assume that in the long run, costs can decline
through learning by doing. In the short run, exploration, reserve
augmentation, capacity expansion, and extraction are costly and
therefore profit-reducing.

At the time that a mandate comes into effect, biofuel supply is
boosted while crude oil supply is suppressed. The ultimate impact
on total fuel supply depends on the type of mandate that is im-
posed. Share mandates lead to a contraction in the total amount
of fuel consumed because the surge in biofuel supply typically
fails to offset the policy induced reduction in crude oil supply.
Conversely, a volume mandate increases total fuel supply since it
9 Earlier versions of themodel appear in Okullo and Reynès (2011), Okullo et al. (2015),
and Okullo and Reynès (2016) where different attributes were developed. Here the most
complete version yet of themodel is presented, with several extensionsmade to explicitly
answer the questions pertinent to the current analysis.

3

boosts biofuel supply while introducing no explicit policy on
crude oil supply. On the demand side, economic growth, popula-
tion growth, and the oil price are driving forces for changes in de-
mand. The first two have a positive impact on demand while the
last has a negative impact. We assume that energy efficiency in-
creases with economic growth (Medlock and Soligo, 2001). As
such, while demand generally increases over time due to eco-
nomic growth, it does so at a declining rate. When oil prices in-
crease, through the price elasticity of demand, demand for crude
oil falls.

The demand side is subdivided into two oil consuming regions:
OECD and non-OECD. The supply side by contrast has eighteen crude
oil producing regions and four biofuel producing regions. The eighteen
crude oil producing regions include eleven OPEC regions: Algeria,
Angola, Iran, Iraq, Libya, Kuwait, Nigeria, Qatar, Saudi Arabia, U.A.E,
Venezuela (also includes Ecuador), and seven non-OPEC regions: Asia
and the Pacific, Brazil, Europe, Former Soviet Union, North America,
South and Central America, and Rest of the World. These regions are
each capable of extracting from up to six distinct crude oil resources:
(i) conventional crude oil, (ii) natural gas liquids, (iii) tar and bitumi-
nous sands, (iii) gas to liquids, (vi) coal to liquids, and (v) oil shales.10

The four biofuel supplying regions are: the United States (US), the
European Union (EU) (mainly Germany and France), Brazil, and Rest
of the world. The model does not distinguish first from second genera-
tion biofuels.11 Bioethanol and biodiesel supply are separately
modelled, however.
and fibrous agricultural residue. Second-generation biofuels are produced using more ad-
vanced technology and therefore are more costly to deliver. However, unlike first genera-
tion biofuels they do not compete for inputs with food supplies and, from a life-cycle
assessment perspective result in less net carbon emissions. For a more extensive discus-
sion see Naik et al. (2010).

https://www.eia.gov/tools/glossary/


13 Production in this case traces a hump shape, and price and the extraction rents an
inverted hump shape even when both demand and technology are stationary. These pat-
terns are typically referred to as the long-run stylized facts of oil extraction. Our global nu-
merical model thus not only reproduces these long-run stylized facts about fossil fuel
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Next, we elaborate on the optimization program of the suppliers.
The reader is referred to Appendix A for a description of the consump-
tion and interregional price arbitrage side of the market.

2.1. Crude oil production

Let h denote the different types of crude oil, i be the index that
identifies a crude oil producer, and j the index that identifies a de-
mand market. At the evaluation period, k, the crude oil producer's
objective is to choose a time path for oil shipments, yijt, extraction,
qiht, reserve development, xiht, and investments in new production
capacity, ziht, such that discounted net present value profits are
maximized. That is,

max
yijt , qiht , ziht , xiht

πik

¼
Zt¼T

t¼k

∑
h

∑
j
Pc
j �ð Þyijt−Cq �ð Þ−Cz �ð Þ−Cx �ð Þ

 !
e−δc t−kð Þdt ð1Þ

s.t.

R
:

iht ¼ xiht−qiht ð2Þ

K
:

iht ¼ ziht−ρihKiht ð3Þ

S
:

iht ¼ −xiht ð4Þ

∑
h
qiht ¼ ∑

j
yijt ,Kiht≥qiht ,γihRiht≥qiht ð5Þ

Rihk, Sihk,Kihk>0,Riht , Siht , ziht ,Kiht , ziht , qiht≥0 ð6Þ

where Pj
c(•) is the crude oil price in consumption region j, Cq(•) the

cost of extraction, Cz(•) the cost of reserve development, and Cx(•)
the cost of installing new capacity. Later, we explicate the func-
tional forms for demand and cost, but for now “•” symbolizes the
set of variables that cause demand or costs to change. Riht is the
stock of developed reserves, Kiht the installed production capacity,
and Siht represents undeveloped reserves. δc is the discount rate
used by crude oil producers, ρih the depreciation rate of installed
production capacity such that 1=ρih

gives the lifetime for a unit of
capacity, and γih is the intensity of geological constraints such that
1=γih

is the reserve to production ratio whenever the geological
constraint binds.

Eq. (1) is the objective function. Eqs. (2), (3), and (4), give the tran-
sition equations for developed reserves, capacity, and undeveloped re-
sources, respectively. Reserves are augmented through additions, but
are depleted through extraction. Capacity increases due to investments,
but declines as a result of depreciation. Resources, on the other hand,
monotonically decline by the amount that is developed and added to re-
serves. Eq. (5) provides the constraints ensuring that: (i) all extracted
crude oil is shipped to demand markets, (ii) capacity is weakly greater
than production,12 and (iii) geological constraints limit extraction to a
fraction of the reserves base. Restrictions on initial values for reserves,
resources, and capacity, and the non-negativity constraints on selected
variables in the model are given in Eq. (6).
12 Holland (2003b) gives thenecessary and sufficient conditions for the existence of the
Walrasian competitive equilibrium if extraction is limited by capacity and in the presence
of set-up costs. Holland (2003a) gives the conditions under which the Herfindahl rule is
violated. Both papers do not consider the decision to continuously adjust capacity. Cairns
(2001), Cairns (1998), and Lasserre (1985) consider the decision to continuously adjust
capacity as in our model and characterize the competitive optimum. Powell and Oren
(1989) characterize the social and Stackelberg optimum. Our analysis builds on and quan-
titatively extends thesemodels of dynamic investment in capacity to the case of an oligop-
olisticmarket, simultaneous exploitation ofmultiple crude oil resources of varying grades,
geological constraints that may also curb the speed of resource exploitation, reserve aug-
mentation by finding and developing new resources, and climate policy.

4

The geological constraint warrants further explanation. As pointed
in Okullo et al. (2015), when the developed reserve base is initially
small relative to desired production and reserve developments costs
strictly convex, the geological constraint always binds.13 In a geological
constraints model of oil extraction that abstracts from reserve develop-
ment, announcements are expected to delay extraction (cf., Cairns,
2014). However, considering that our model additionally accommo-
dates for reserve development as ameans to overcoming this constraint,
future mandates may accentuate reserve development and therefore
hasten extraction. Thus, the sum impact of such constraints is conceptu-
ally ambiguous as it depends on actual model parameters.

The cost function is specified to monotonically rise in the degree of
total resource depletion and also to be strictly convex in extraction.
More specifically, it is specified such that the intercept of the marginal
extraction cost function rises monotonically in cumulative extraction,
but the slope of the function can become asymptotically flatter with in-
creasing capacity accumulation. This means that (marginal) extraction
costs are never decreasing in cumulative extraction or the degree of
total resource depletion, consistent with insights of Solow and Wan
(1976) and Swierzbinski and Mendelsohn (1989) that cheap reserves
are extracted first (cf., Berg et al., 2002; Heal and Schlenker, 2019;
Rogner, 1997). Technological advancements (or economies of scale),
however, mean that it can become relatively cheaper over time (or at
higher levels of capacity) to ramp-up extraction. The specific form for
the cost function is: Cq(qiht,Hiht,Kiht) = α0ihα1ih ⋅ qiht

2 ⋅ (Kiht/Kih0)-
β1ih + α0ihα2ih ⋅ qiht ⋅ Hiht ⋅ (1 − Hiht)−1/β2ih, where, α0ih, α1ih, α2ih, β2ih

>0 and β1ih ≤ 0 are calibrated parameters,14 and Hiht ¼ RihoþSiho− RihtþSihtð Þ
RihoþSiho

tracks the state of total resource depletion. Since conventional crude
oil extraction is a relativelymature technology, β1ih=0 to reflect amat-
uration in learning/scaling opportunities. Conversely, β1ih < 0 for un-
conventional crude oil, reflecting the potential for technologies such as
hydraulic fracturing and horizontal drilling to enhance the scale of re-
serve extraction without leading to outrageous cost escalations.

We select cost functions for reserve development and capacity ex-
pansion to be of similar structure. Cx(xiht) = α5ih ⋅ xiht + α6ih ⋅ xiht2 ; α5ih,
α6ih > 0, is the cost function for reserve development, and Cz(ziht) =
α3ih ⋅ ziht + α4ih ⋅ ziht2 ; α3ih, α4ih> 0, is the capacity investment cost func-
tion. We specify these costs as strictly increasing to capture the notion
that revenue expenditures have an opportunity cost, so that reserve de-
velopment or capacity expansion must be directed to the most produc-
tive sites first. Depletion and technological progress are not introduced
in these specifications because of the limited empirical data on how
such aspects might affect these costs over time.

Wemodel OPEC and non-OPEC behaviour differently. A cartel versus
fringe framework, similar to that of Okullo and Reynès (2016) is
adopted.15 That is, non-OPEC producers act competitively. They take
the price path as given when choosing their activity levels. Conversely,
OPEC producers act as price setters in that they know the formof the de-
mand function, and therefore choose extraction with the knowledge
that their supply decision affects the global crude oil price. The model
is setup to be flexible so that OPEC producers can either be represented
extraction underminimal assumptions but, it also ensures that production ismore respon-
sive to geological aspects than to prices, as has been reported in the empirical literature
(Adelman, 1990; Bai and Okullo, 2018; Black and LaFrance, 1998; Cairns and Davis,
2001; Thompson, 2001).
14 The parameter α0ih calibrates the cost function such that simulated base year produc-
tion matches observed base year production.
15 Okullo and Reynès (2016) estimate misallocation in global oil prices due to market
power to be in the range 9% to 45%. The lowerfigure corresponds to anOPEC oligopoly fac-
ing off a perfectly competitive fringe. The higher figure corresponds to a multi-regional
OPEC monopoly facing off a competitive fringe. For the principle results of this paper,
we use the former market structure as it is more inline with the empirical evidence
(Asker et al., 2019).



19 In the comparative analysis (Section 4.2), we relax the assumption that biofuels expe-
rience more technical progress than unconventional crude oil.
20 Not all provenreserves aredeveloped reserves.Yetourmodel isbasedonRihkbeingde-
fined as developed reserves. The data gives numbers for proven reserves which can be dif-
ferentiated from developed reserves in the following way. Developed reserves are known
reserves that are developed for exploitation and are currently producing. Proven reserves,
on the other hand, are reserves known to be economic at current prices and technology
but, arenotallnecessarilydeveloped.Tocapture the impactsofgeologicalconstraintsasex-
plained in Okullo et al. (2015), we calibrate initial developed reserves, Rihk, such that pro-
ducers with a proven reserves to production ratio of less than or equal to 10, as of 2005,
have 100% of their 2005 proven reserves in their initial developed reserves. Those with a
provenreserves toproductionratioofgreaterthan10but less thanorequal to20,wespecify
that thesehave70%of their2005provenreserves intheir initial developedreserves. Finally,
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as amulti-country cartel or as Cournot-Nash oligopolies.16 Tomodel the
interaction of OPEC toward non-OPEC, we assume Nash strategies,
meaning that OPEC producers take non-OPEC choices as given. More-
over,we restrict theanalysis toopen-loopstrategies,which in thesetting
ofourmodelare timeconsistent(Dockneretal.,2000;VanLong,2010).17

2.2. Biofuel production

Bioethanol andbiodiesel production are bothmodelled. Since biofuel
production is likely tobespreadacrossmultiple countries, theexerciseof
market power by any single producer is not probable. Therefore, we as-
sume that biofuels are marketed competitively. Let g denote biofuel
type; the i’thbiofuelproducer'sproblemattimek is tochoosetheoptimal
time path for shipments, bijt, production, qigt, and the expansion of pro-
cessing capacity, zigt, so as tomaximize net present value profits. That is,

max
bijt , qigt , zigt

πik ¼
Zt¼T

t¼k

∑
g

∑
j
Pb
j �ð Þbijt−Wq �ð Þ−Wz �ð Þ

 !
e−δb t−kð Þdt ð7Þ

s.t.

K
:

igt ¼ zigt−ρigKigt ð8Þ

∑
g
qigt ¼ ∑

j
bijt ,Kigt≥qigt ð9Þ

Kigk>0, Iigt ,Kigt , qigt≥0 ð10Þ

where Pj
b(•) is the biofuel price per barrel of oil equivalent (boe) in re-

gion j,Wq(•) is the cost of biofuel production, andWz(•) is the cost of bio-
fuel capacity expansion. δb is the discount rate for biofuel production,
which can be different than that for crude oil extraction. Eq. (7) is the
objective function and (8) is the transition equation for biofuel capacity.
Eq. (9) gives the restriction that all produced biofuels are shipped to
market, and that capacity is weakly greater than production. (10), on
the other hand, gives the standard non-negative constraints governing
capacity, investments, and production.

Wq qigt ,Kigt

� �
¼ α7ig α8ig⋅qigt þ α9ig⋅q2igt

� �
Kigt

Kig0

� �β3ig
, where, α7ig, α8ig,

α9ig > 0, and β3ig < 0, is the functional form for the cost of producing
biofuels.18 The cost function is quadratic, meaning that marginal costs
are greater at higher levels of production. We specify that costs decline
with technological progress— benchmarked through capacity accumu-
lation— which lowers both the intercept and slope of the marginal
cost function. This assumption for cost declines is in line with predic-
tions that the biofuel industry is likely to experience substantial declines
in production costs over the coming years (IEA, 2008; Kahouli-Brahmi,
2008; Mandil and Shihab-Eldin, 2010). For the same learning rate as
in the unconventional crude oil case specified above, marginal costs
for biofuel production fall faster. The reason being that in the case of un-
conventional crude oil, advancement affects only the slope of the mar-
ginal cost function whereas in the case of biofuels, it affects both the
intercept and slope of the marginal cost function. This specification
matches the view that feed-stock for biofuels are relatively abundant
and advanced biofuels a relatively young technology that through
16 Our base simulations assume a Cournot-Nash specification. A comparative analysis is
reported for the OPEC cartel case. In the OPEC cartel specification, production is decided
such that marginal revenues are equalized across cartel participants. For further details
on the OPEC vis-à-vis non-OPEC modelling, please see Okullo and Reynès (2016) where
game aspects of the model are fully developed.
17 These assume that producers' choices can be recovered as function of time and the ini-
tial state alone. Such strategies are appealing for their computational convenience relative
to subgame strategies that assume actions are a function of observed states at eachpoint in
time.
18 The parameter α7ig calibrates the cost function such that simulated base year produc-
tion matches observed base year production.
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technological progress will not only become cheaper to supply but pro-
duction will also benefit from economies of scale.19

The cost of investing in biofuel capacity is: Wz(zigt,Kigt) =
α10igzigt + α11ig ⋅ zigt2 ⋅ (KigtKig0)β4ig where α10ig, α11ig, β4ig > 0. Observe
that it becomesmore costly to expand capacity as the industrymatures.
This specification is based on the premise that marginal lands on which
to grow and obtain biomass will become increasingly scarce as the in-
dustry grows. Moreover, if first generation biofuels continue to remain
a substantial part of the supply profile, biofuels will compete with
food for biomass inputs. At the same time, even if the future production
profile shifts toward second generation biofuels, relatively more expen-
sive and sophisticated technologies will need to be deployed. The spec-
ified cost function attempts to capture these dynamics.

3. Data, calibration and scenarios

This section presents the data used to calibrate the model and sets
out the simulation scenarios. The data is described in Section 3.1 and
simulation scenarios are specified in Section 3.2.

3.1. Data and calibration

Conventional crude oil, natural gas liquids, tar and bituminous
sands, gas to liquids, and coal to liquids resource data is obtained from
USGS (2000), IEA (2014), and WEC (2010) where the p5 estimates —
see Table B.2 — are used in the main simulations. Oil shale resource es-
timates are obtained from Dyni (2006), IEA (2014), WEC (2007), and
WEC (2010). Crude oil production data, proven reserves data,20 and bio-
fuel production data are from BP (2012) and EIA (2012). Conventional
crude oil production costs are obtained from Aguilera et al. (2009),
Rogner (1997), andWEC (2007),21 while unconventional crude oil pro-
duction costs are from IEA (2014), Rogner (1997) andWEC (2007), and
biofuel production cost data from IEA (2007, 2008, 2014) and Mandil
and Shihab-Eldin (2010). Investment costs for both crude oil and
biofuels, and exploration and reserve development cost data is taken
from IEA (2014), EIA (2011), and Brandt (2011). Base year capacities
are set at 2% higher than the base year production level, while depreci-
ation rates for crude oil (biofuels) are set at 5% (2%).22 In the baseline
simulations, the depletion rate, γ, is set to 10%, and a uniform discount
rate of 5% is used for all producers, transporters, and consumers.

Everydoubling of capacity reduces costs by2β, whereβ is the learning
elasticity defined in Section 2. The Learning Rate (LR) is given as: LR=
1− 2β, where LR is the percentage reduction in costs for every doubling
in capacity.23 McDonald and Schrattenholzer (2001) and Kahouli-
Brahmi (2008) are the sources for our learning rates. They state learning
for thosewithaproven reserves toproduction ratioof greater than20, theseareassumedto
have 40% of their 2005 proven reserves in their initial developed reserves. The remaining
proven reserves are added back to initial resources, Sihk which is the the estimate for all
known resources at different probabilities that excludes developed reserves.
21 The data are detailed enough, allowing us to calibrate the “Rogner” curve of resource
depletion Okullo and Reynès (2011).
22 The comparative analysis in 4.2 reports on the impact of a higher depreciation rates for
biofuels on the green paradox.
23 The LR allows us to compute the learning exponents, β1ih, β3ih, (i.e. the elasticities of

learning by doing) based on the formula β1ih,β3ih ¼ ln 1−LRð Þ
ln 2ð Þ . Recall that for the case of

conventional crude oil, we assume that no learning takes place (LR = 0%); this is equiv-
alent to having β1ih = 0.



Table 1
Mandating targets in the reference (i.e. non-mandated) and policy (i.e. mandated)
scenarios.

Scenario OECD mandate

2025 2035 2045

REF N/A N/A N/A
OECD I SHR 10% 10% 10%
OECD II SHR 10% 20% 20%
OECD III SHR N/A 20% 20%
OECD IV SHR 10% 20% 40%
OECD I VOL based on OECD I SHR biofuel volumes in 2025
OECD II VOL based on OECD II SHR biofuel volumes in 2025 and 2035
OECD III VOL based on OECD III SHR biofuel volumes in 2035
OECD IV VOL based on OECD IV SHR biofuel volumes in 2025, 2035 and 2045

Notes: N/A means that no mandating requirement is imposed for that particular period.
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rates for ethanol of 20% to 22%, and learning rates for unconventional
crudeoil of21%. For simplicity,weuseone learningrateof20% forboth re-
sources. Recall, however, that costs for biofuel production fallmuch faster
since learning reduces both the level and slopeof themarginal cost curve,
as opposed to only the slope in the case of unconventional crude oil. Since
we specify that costs of expanding biofuel capacity increase in capacity
and as there is no estimate for this value available from the literature,
we make use of the following procedure to find the appreciation expo-
nent, β4ig. We set β4ig such that themodel's reference simulations match
the IEA (2014) prediction of approximately 3.4 million barrels daily of
oil equivalent (mbdoe) in the year 2035.

The demand function takes the form Qjt ¼ AjPεj
jt Y

η j,1þη j,2 ⋅logYjt

jt where,

Qjt is the sum total of crude oil and biofuel consumption in region j at
time t, Aj is autonomous demand and Yjt is regional Gross Domestic
Product (GDP). εj(<0) is the price elasticity of demand for oil, ηj, 1(>0)
is the income elasticity, and ηj, 2(<0) calibrates energy efficiency. Eco-
nomic growth accentuates energy efficiency, such that crude oil de-
mand per unit of GDP is falling overtime all else constant. Data used to
parametrize the demand function are as follows. GDP data is obtained
from IIASA (2009) where we use their medium growth projections. In-
come and demand elasticity estimates are from Griffin and Schulman
(2005), whereas energy efficiency coefficients are from Medlock and
Soligo (2001). Income elasticity, energy efficiency, and price elasticity
coefficients are specified as: η1 = {0.56,0.53}, η2 = {−0.2,−0.1}, and
ε= {−0.7,−0.4}, with the entries between curly brackets representing
OECD and non-OECD coefficients, respectively.

The model can be simulated over the period 2005 to 2150 in 5 year
time steps. Policy simulations (i.e. simulationswheremandating targets
are introduced) are, however, performed from 2015 onward with the
model reinitialized to the state variables of the reference (or non-
mandating) simulation. In the reference simulation, themodel matches
2010 and 2015 global production closely, but has trouble reproducing
2015 producer-specific patterns.24 The primary reason for this difficulty
is that the model is not designed and calibrated to match the impact of
geopolitical shocks. These have led to wild swings in the oil price25 and
can incentivize reserve development in ways that the model in its cur-
rent state does not capture. Our current results should therefore be
interpreted in a model-specific context.

3.2. Scenarios

Nine primary scenarios are set up to explore how different mandat-
ing designsmay influence the prevalence and size of the green paradox.
Additional simulations are performed as part of a comparative analysis
to evaluate howalternative parametric and structural assumptionsmat-
ter for the green paradox. In this section,we describe the nine scenarios.
The supplementary scenarios are set up and discussed as part of the
comparative analysis in Section 4.2.

Table 1 presents the nine policy scenarios. While EU targets have
been set for 2020 and US targets for 2022, in the model we assume
that targets do not come into effect until 2025. This gives producers in
the model a reaction period of ten years, which more or less matches
the duration from when US mandates (2007) and EU mandates
(2009) were first announced to when they are due to come into effect.
For the reference scenario, “REF,” no mandating target is imposed. In
this case, theproliferation of biofuels on to the global oilmarket is deter-
mined solely by demand and supply. The REF policy is the benchmark
against which we isolate the impacts of biofuel mandating. By
24 Regions for which the model underpredicts production in the year 2015 include:
North America (by 5 mbd), Brazil (by 1.8mbd), Iraq (by 1.6 mbd), and Qatar (by 0.8
mbd). Regions for which the model overpredicts production include: Western Europe
(by 2 mbd), Venezuela (by 0.8mbd), Saudi Arabia (by 1.2mbd), Iran (by 1mbd), Former
Soviet Union (by 1 mbd), UAE (by 0.8 mbd), and Libya (by 1.2 mbd).
25 During 2010 to 2014 the actual oil price averaged nominal US $100, due strong oil de-
mand from China before 2011, the Libyan civil war since 2011, and sanctions on Iran since
2012. Since 2015 the actual oil price has remained mostly below US $50 a barrel.
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comparing crude oil production in the REF simulation to that in the
mandating policy simulations during the premandate phase, we can ex-
amine the likelihood and magnitude of the green paradox. The eight
mandating policy simulations are labeled “OECD I SHR/VOL,” “OECD II
SHR/VOL,” “OECD III SHR/VOL” and “OECD IV SHR/VOL.” SHaRe (SHR)
mandates target the fraction of biofuels in total oil supply, whereas VOL-
ume (VOL) mandates target the volume/quantity of biofuels produced.
Since the model is specified with only two demand regions, we assume
that targets are imposed in all OECD countries.26

“OECD I SHR,” is inspired by the EU 2020mandating strategy that im-
poses a 7%minimum share for biofuels in transportation by 2020. Consid-
ering that our model implements themandating requirement five years
later, i.e., in 2025, we set the target in ourmodel to 10%, instead. “OECD II
SHR,” assumes that in addition to the “OECD I SHR” target, a further target
of20%biofuel share is set for2035.This specificationexplores the impactof
announcingaseriesofprogressivelystringentmandatingtargets. “OECDIII
SHR”, on theotherhand, explores the consequencesof delayedmandating
as it excludes the 2025mandating requirement and only considers the
2035 requirement. Finally, “OECD IV SHR” investigates the impact from a
stringent and later-datedmandating target on earlier targets.More specif-
ically, in addition to OECD II mandating targets, biofuels are targeted for a
40% share in OECD oil consumption by 2045. By comparing OECD IV to
OECD II, we can isolate whether committing to a stringent but delayed
mandating targetmay undo the benefits of earliermandating targets.

The volume mandating approach follows the US strategy. US targets
specify 36 billion gallons of biofuel supply by 2022. Instead of imposing
an ad hoc volume target, we set volumemandates to the levels achieved
in the corresponding sharemandating specifications. Thismakes the SHR
and VOLmandating requirements comparable, at least in terms of the at-
tainable supply for biofuels. In both SHR and VOLmandating, we specify
that once a target comes into effect, it remains in place for the indefinite
future. However, this does not mean that the mandate needs to be sup-
portedwith the target-implied subsidy or tax indefinitely. Indeed,weob-
serve in our simulations that targets become self-sustaining on average
within 20 years of the mandating requirements coming into effect.

4. Simulation results

Fig. 2 presents the baseline “REF” scenario.27Demandand the exhaus-
tion of cheap oil reserves together explain the change in the oil price
which rises fromUS dollars 55.24 in 2005 to US dollars 105.82 in 2065.28

Because the model is designed to represent long run drivers and does
not include uncertainty, price does not exhibit jumps that are observed
in practice.
26 Future versions of the model will consider further disaggregating the demand side.
27 We refer to the default model specification as baseline since alternative parametric
specifications of the model are evaluated in Section 4.2.
28 Running the model with median (50p) rather than the optimistic (5p) USGS (2000)
estimates for endowments of conventional crude oil resources results in a higher price
ofUSdollars 136.74 in 2065. Assuming a perfectly cartelizedOPEC instead results in a price
of US dollars 113.86 as of 2065.
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Fig. 2. Global oil production and global oil price in the “REF” scenario.
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Fig. 3. Change in crude oil (first two panels) and biofuel (third panel) production for the
policy scenarios relative to the “REF” scenario, with the baseline model
parameterization. Notes: The change in production is calculated as supply in the policy
scenarios less that in the REF scenario. The first two panels give the change in crude oil
production whereas the third panel gives the change in biofuel production. Only one
figure for the change in biofuel production is presented since volume and share
mandates attain more or less similar quantities in the premandating phase. Note that
this is essentially due to volume mandates being specified to match quantities attained
using share mandates in the period of a preannounced targets implementation. Because
the model is run every five years, each indicated year is interpreted as the average for
the periods 2015 to 2019, and 2020 to 2024.

30 This amounts to converting the biofuel module to a static (rather than dynamic) opti-
mization problem. Just as exhaustibility “causes the trade-off between current and future
supply and thus the effect of [anticipated] future policies on current supply” (Michielsen,
2014), so does forward-looking dynamically optimal capacity accumulation. There are
multiple ways of inducing myopically optimal behaviour for biofuel producers. The ap-
proach we implement is to eliminate the investment decision from the biofuel optimiza-
tion program, thereby retaining only the production decision. Here the dynamic
equation for biofuel capacity accumulation (Eq. (8)), and for consistency the capacity limit
on biofuel production (Eq. (9)) aswell as costs of investing in biofuel capacity (Wz(•) in the
objective (7)) are eliminated in the updated optimization program. Another approach re-
tains costly capacity investment, but the decision to invest in capacity is driven only by the
current period's, rather than intertemporal concerns. Here the producer takes accumu-
lated capacity as given, which componentwe track recursively. The two approaches high-
light the consequences of the same mechanism: how the inability of biofuel producers to
anticipate preannounced policy matters for the green paradox. They both result in the
green paradox. Our chosen approach has the advantage of being consistent with the
way substitute supply is modelled in the green paradox literature, and the theoretical on-
line Appendix.
31 As with biofuels, here we eliminate all equations and variables related to crude oil ca-
pacity investment and its limiting impact on crude oil production. In particular, we rid the
optimization problem of the law motion for crude oil capacity, the limit that crude oil ca-
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Rising demandexplains the increase in global oil supply from83mil-
lion barrels daily (mbd) in 2005 to a peak level of 104.72 (mbd) in 2050.
Global production declines thereafter due to increasing efficiency in oil
use and increased depletion in Europe, Asia and the Pacific, South and
Central America, Algeria, and Angola. Because of vast holdings of tar
sand resources, crude oil production in North America increases steadily
as tar sands are brought on board to replace declining production of
North American conventional crude oil. This nearly doubles the share
of unconventional crude oil in global crude oil production from 4.6% in
2005 to 9.6% in 2065.

Biofuel production also rises over time, and by 2040 when global
conventional crude oil supply peaks, biofuels make up 8.3% of global
oil consumption as compared to just 1.3% in 2005. By 2065, the biofuel
share marginally rises to 8.6% of global oil consumption. The significant
expansion in biofuel production is explained by decliningmarginal pro-
duction costs that are experienced as a result of technological progress.

The policy scenarios, which we turn to next, reveal that while man-
dating targets increase the 2065 share of biofuels in global oil produc-
tion to (approximately) 15%, they have a more substantial impact in
accentuating their composition in global oil supply in the early years.
In discussing the results from the policy simulations, we shall limit the
reporting period and discussion of the ensuing results to the pre-
mandating regime (i.e., the period between announcement and the im-
plementation of the initial mandate) as we are primarily interested in
the green paradox.

4.1. Main results

The principle findings of the policy simulations are as follows:

1. Fig. 3 presents results based off the primary model specification. The
first two panels show that the green paradox fails tomaterializesince
announced mandating targets lead to a reduction in premandate
crude oil extraction.29 From theory— and as online AppendixD ex-
plains—we know that crude oil producers are incentivized to hasten
extraction in response to preannounced mandating targets. When
biofuel producers can also anticipate and are capable of directly
responding to preannounced policies— in our case owing to dynam-
ically optimal capacity accumulation— they too have the incentive to
hasten capacity build up and, therefore, boost biofuel supply in the
interimperiod between announcement and implementation. Indeed,
as the third panel shows, biofuel production surges even before the
mandating requirements actually kick-in. The indicated surge man-
ages to offset a potential increase in premandate crude oil supply,
29 Recall that thepolicy scenarios are simulated from2015 onward, such that 2015–2019
is the first model period in this case.
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thus explaining the absence of the green paradox. Observe that dur-
ing the first decade, the average reduction in crude oil production is
approximately 0.6 mbd while the surge in biofuel production
amounts to about 0.9 mbd.

To identify the mechanism that curbs the green paradox, we simu-
late policies in stripped-down models. We start by showing that our
model can reproduce the green paradox under more general assump-
tions. In particular, we terminate the ability for biofuel producers to an-
ticipate and thereby directly respond to preannounced mandating
policies.30 This implies that prior to the preannouncedmandating target
coming into effect, biofuel producers react only to the actions of crude
oil producers and not directly to the preannounced policies. Moreover,
to keep the crude oil supplymodule simple: (i) we specify that exhaust-
ibility of crude oil is the only channel driving anticipatory effects for
crude oil producers,31 and (ii) in order to maintain a Hotelling set-up
pacity imposes on crude oil production, and the costs of investing in crude oil capacity.
Note that this results in an equilibrium where the only dynamic mechanism through
which crude oil producers respond to preannounced policies is the exhaustibility of crude
oil reserves.
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Fig. 4. Change in crude oil (first two panels) and biofuel (third panel) production when
biofuel producers are incapable of anticipating the implementation of preannounced
climate policies and crude producers are forward-looking due only to the exhaustibility
of reserves. The inability to anticipate for biofuel producers is modelled by eliminating
the capacity investment decision and the capacity limit on production, such that
production is the only decision margin for biofuel producers. Notes: The change in
production is calculated as the difference between production in the policy scenarios
and the specification-associated REF scenario. The first two panels give the change in
crude oil production while the third panel gives the change in biofuel production. Only
one figure for the change in biofuel production is presented since volume and share
mandates attain more or less similar quantities in the premandating phase, and have in
fact been set up to yield the same volume of biofuels by the first period of a
preannounced targets implementation. Since the model is run every five years, each
indicated year should be interpreted as the average of the periods 2015 to 2019, and
2020 to 2024.
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as is typical for the green paradox literature, we eliminate the geological
constraint on crude oil production. Unlike biofuel suppliers, crude oil
producers still make the trade-off between supplying today or tomor-
row thanks to the exhaustibility of their reserves. Fig. 4 presents the out-
comes of this simulation. The green paradoxmaterializes as can be seen
from the surge in premandate crude oil supply. We also observe a small
reduction in premandate biofuel supply, resulting from the surge in
crude oil production. These results are consistent with Sinn2008ITaPF's
warning that (preannounced) demand-side carbon management poli-
cies are likely to worsen climate change through the green paradox.
But are they plausible?

To identify the actual mechanism that explains the absence of the
green paradox, we re-introduce dynamically optimal capacity accumu-
lation for biofuel producers. This permits a direct channel through
which preannounced future policies propagate to impact current bio-
fuel investments. Fig. 5 shows the green paradox is avoided when bio-
fuel producers can also anticipate policies. Observe that the reduction
in crude oil production is more or less similar in the two figures, 3 and
5, underscoring the importance of the carbon-free suppliers' anticipa-
tory mechanism for the green paradox debate. We dub this effect the
‘induced-investment’ effect, and can be contrasted to the divestment ef-
fect of Österle (2016) and Bauer et al. (2018).

2. The discount rate is a key parameter that determines the prevalence
of the green paradox because of its impact on the marginal returns
on capital and resource stocks. In the primary model specification,
the assumption is that crude oil and biofuel producers discount
their earnings streams at the same rate, 5%. However, it is plausible
that crude oil producers apply lower discount rates than biofuel pro-
ducers because of a more long-term oriented extraction policy. This
is especially true where national governments are concerned. Bio-
fuel producers, on the other hand, may apply higher discount rates
in order to account for unforeseen investment risk and to cover a
steeper rate of return requirement that may be demanded by finan-
ciers and investors. Moreover, although we have assumed that
preannounced policies are implemented credibly and the taxes and
subsidies required to effectuate the mandates are precise, it is possi-
ble that crude oil (biofuel) producers apply lower (higher) discount
rates on account of the possibility that regulators may not or only
partially effectuate the policies necessary to realize the mandating
targets32

Fig. 6 presents the outcome from setting the crude oil discount rate
to 2% and the biofuel discount rate to 8%. Note that these simulations
are based on the comprehensive model with all mechanisms active as
set out in section 2. The green paradox materializes in OECD II SHR as
well as in the OECD III SHR/VOL and OECD IV SHR/VOL mandating sce-
narios. Moreover, compared to the baseline specification (presented in
Fig. 3), the reduction in production with regard to OECD I SHR/VOL
and OECD II VOL is smaller. Thus, even if the green paradox does not
arise in some policy scenarios, the likelihood of observing one increases
relative to the primary specification. On the one hand, a lower discount
rate for crude oil production pivots the shadow value of the resource
stock in the initial years upwards while tilting it downwards in later
years. A flatter time path for the shadow value of the resource stock
leads to amore conservative extraction schedule, as crude oil producers
place a non-trivial weight on future extraction. On the other hand, in-
creasing the biofuel discount rate increases the user cost of capacity.
This makes investments in biofuel capacity more costly which
strengthens the incentive to delay capacity expansion. These two
outlined mechanisms interact to adversely affect the prevalence (or
likelihood) of the green paradox as Fig. 6 indicates.
32 Risk adjusted discount rates may be used to capture several forms of risk that are not
explicitly modelled (e.g., Miranda and Fackler, 2002; Schennach, 2000).
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4.2. Comparative analysis

We conduct a comparative analysis to evaluate the prevalence of the
green paradox under alternativemodel specifications. 16 different spec-
ifications, summarized in Table C.3, are contrasted. They include the pri-
mary specification and the preceding specification where δc = 2% and
δb = 8%.. The remaining 14 specifications are the following33:

Three specifications concern biofuel production and/or investment
costs that are learning-invariant. In the first of these, both production
and investment costs are learning invariant (β3ig, β4ig = 0). In the sec-
ond, only production costs (β3ig = 0), are learning invariant and in the
third, only investment costs (β4ig = 0) are learning invariant.

The fourth and fifth specifications clarify the impact from altering
only one discount rate at a time. In particular, specification four has
δc = 1.5%, whereas five has δb = 10%.

We also consider specifications relating to the resilience of demand
for oil. In the sixth specification ηj, 2 = 0 such that GDP growth is not ac-
companied with energy efficiency improvements, whereas in the sev-
enth, income elasticities for both OECD and non-OECD are increased
by 50% relative to the baseline model. We consider in the eighth speci-
fication the impact of a more elastic demand for oil by doubling the de-
mand elasticity whereas the ninth specification looks at the impact of a
perfectly colluding cartel.

Four additional specifications focus on the economic or physical
availability of reserves. More specifically, the tenth assumes a Hotelling
depletion path in the sense that the geological constraint on resource
extraction is relaxed. The eleventh specification tightens the geological
constraint instead, setting γ = 0.05 (rather than 0.1), meaning that
only 5% of developed reserves are available for extraction annually. In
33 The specifications are designed by altering the specific parameter or attribute while
keeping the remaining parameters/attributes at their baseline value.
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Fig. 5. Change in crude oil (first two panels) and biofuel (third panel) production when
suppliers of both resources can anticipate implementation of preannounced policies. For
biofuel producers, the ability to anticipate the impact of future policies stems from
dynamically optimal capacity accumulation. For crude oil producers, it stems only from
the dynamically optimal exhaustion of reserves. Notes: Here crude oil producers
anticipate and can respond to preannounced policies owing to the finiteness of the
resource. Biofuel producers, on the other hand, anticipate and respond to preannounced
policies because of the need to dynamically adjust capacity. The change in production is
calculated as the difference between production in the policy scenarios and the
specification-associated REF scenario. The first two panels give the change in crude oil
production whereas the third panel gives the change in biofuel production. Only one
figure for the change in biofuel production is presented since volume and share
mandates attain more or less similar quantities in the premandating phase, and have in
fact been set up to yield the same volume of biofuels by the first period of a
preannounced targets implementation. Since the model is run every five years, each
indicated year should be interpreted as the average of the periods 2015 to 2019, and
2020 to 2024.
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Fig. 6.Change in crude oil (first two panels) and biofuel (third panel) productionwhen the
crude oil and biofuel discount rates are set at 2% and 8%, respectively. Notes: Like in the
previous graphs, the change in production is calculated as supply in the policy scenarios
less that in the associated REF scenario. The first two panels give the change in crude oil
production whereas the third panel gives the change in biofuel production. Only one
figure for the change in biofuel production is presented since volume and share
mandates attain more or less similar quantities in the premandating phase. This is
primarily due to the way the mandates are set-up, whereby volume mandates target
quantities attained by share mandates by the first period of a preannounced targets
implementation. Because the model is run every five years, each indicated year is
interpreted as the average for the periods 2015 to 2019, and 2020 to 2024.
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specification twelve, we assume the p50 endowment of reserves rather
than p5,making in excess of 2500 billion barrels of reserves available for
exploitation— see Table B.2. The thirteenth specification, assumes that
reserves within any specific resource category are of uniform quality
such that costs are invariant with respect to the state of total resource
depletion. In the final specification, we raise ρig to ρih, such that biofuel
and crude oil capacity depreciate at the same rate of 5%.34

Together, these specifications35 create a mesh that provides a holis-
tic picture regarding the prevalence of the green paradox.

Fig. 7 summarizes the outcomes from these simulations. The green
paradox is absent in the majority of cases. That is, out of 256 observa-
tions used to generate the plot, only 8 result in a green paradox. In
those cases where it arises, either the crude oil discount rate is low or
the biofuel discount rate is high, and policy is such thatmandating is de-
layed (OECD III) or successively more stringent later on (OECD IV).36

From these results, we can draw a key observation: long lags between
34 The depreciation rate has comparable impacts to the discount rate in that the higher it
is, the less incentivized producers are to invest in capacity expansion. For this reason, we
do not consider other specifications of the deprecation rate.
35 Despite being unrealistic as it assumes that the producer can install the marginal unit
of capacity at zero additional cost, one could envision a specification where α11ig = 0. I.e.,
with constantmarginal costs of investing in biofuel capacity.When unit investing costs are
low (high) enough, the green paradox does not (does) arise. The reason the green paradox
does not arise when costs are low is that the incentive to supply large amounts of biofuels
is already high in the initial equilibrium, such that future mandating policy in the policy
equilibrium does little to alter these incentives. The opposite is true when cost are high.
36 Five cases that result in the green paradox come from the specification “δc = 2% and
δb = 8%,” one case from the specification “δc = 2%,” and two cases from the specification
“δb =10%.” In all these specifications, the green paradox occurs in the period 2015–2019,
but is unobserved by period 2020–2024. The specification “δb = 10%,” however, remains
highly susceptible to the green paradox under OECD III mandating even in the period
2020–2024.

9

policy announcement and implementation are particularly detrimental
for efforts to mitigate the green paradox.37 This susceptibility is in part
explained by OECD III's inability, due to delayed mandating targets, to
stimulate biofuel production in a timely manner as is also seen in Fig. 6.

Fig. 7 also indicates that the ranking of share and volume mandates
is in general ambiguous when it comes to which is less susceptible to
the green paradox. With a successively strict policy as in OECD IV, vol-
umemandates appearmoderately less susceptible to the green paradox.
The opposite appears to be the case, however, when policy is less ambi-
tious, as in OECD I and II. Share mandates, because of an imputed tax
component, have amore negative impact on future crude oil producers'
profits. Albeit, being specified as a share of total fuel supply means they
can be manipulated by crude oil producers through investment deci-
sions. By investing more in capacity before the mandating policy
kicks-in, crude oil producers can essentially compensate for lower fu-
ture prices through increased production volume. The decision of
whether or not to (aggressively) expand capacity, however, rests on
whether such an undertaking is economical when future mandating
policies are considered. The results suggest that when future policies
are (not so) stringent, such investments may (not) be worthwhile. For
this reason, OECD I and II SHR mandates appear less susceptible (than
OECD I and II VOL mandates) to the green paradox while, OECD IV
SHR mandates appear more susceptible (than OECD IV VOL mandates)
to the green paradox.

4.3. Discussion

This section discusses results from eachmodel specification used for
the comparative analysis. We focus on how our findings relate to those
in the literature.
37 Indeed, Figure 7 indicates that OECD III as amandating strategy is themost susceptible
to the green paradox.
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Fig. 7.Change in crude oil production by policy scenario, collated for up to sixteenmodel specifications.Notes: 16model specifications are used to generate the plot.With two observations
for changes in production covering the periods 2015–2019 and 2020–2024, and 8 mandating policy scenarios; this makes for 256 (16×2×8) observations that are used for the plot. Each
mandating policy scenario is, therefore, plotted using 32 observations. The circles indicate the mean change in production for the specific mandating scenario over the period 2015–2024,
while the red lines running within the box represent the median change also over the same period. Since the mean is marginally smaller than the median, the distribution has a mild
negative skew. The boxes cover the 25th to 75th inter-percentile range while the whiskers represent close to 90% coverage assuming a (skewed) normal distribution. The observations
beyond the whiskers are recorded as outliers, but are still used in the computation of the mean, median, and percentile ranges.

38 This parameter, as earlier noted, sets the depletion rate for developed reserves.
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With relation to technical progress in biofuel technology, Nachtigall
and Rübbelke (2016) have argued, using a two period model, that the
anticipated benefits of learningbydoingmight induce biofuel producers
to increase production and thus crowd out crude oil production. Less
learning would therefore accentuate the green paradox. In our simula-
tions, we find that learning by doing both at production and/or invest-
ment makes little difference in driving the absence of the green
paradox.

Quentin Grafton et al. (2012) and van der Ploeg (2016) demonstrate
that a more elastic demand leads to the green paradox. Their results
share directional impacts with ours. Nevertheless, our model suggests
little concern for the green paradox prevailing in this case as well. An
elastic demand curve means that a small change in price results in a
more than proportionate change in quantity demanded. As such,
crude oil producers are more willing to hasten extraction since future
mandating requirements lead to pronounced changes in demand and
hence in price and earned profits. A premandate surge in biofuel supply
is, however, sufficient to prevent the green paradox.

van der Ploeg and Withagen (2012a) recover a green paradox in
their model when the resource owner is monopolist. We find that
with OPEC acting as a perfectly colluding cartel, the green paradox is
still unobserved. Our simulation results do indicate a smaller reduction
in crude oil production than in the baseline specification, however. The
reason is that higher prices due to OPEC cartelization, give crude oil pro-
ducers less incentive to cut-back production. van der Ploeg and
Withagen's model, conversely to ours, assumes a perfect backstop and
therefore does not consider interactions between carbon and carbon-
free energy producers. For this reason, their specification will amplify
the (likelihood) of the green paradox.

We find no evidence that the assumption that extraction costs are
independent of the state of reserve depletion, affects the prevalence of
the green paradox in any material way. Comparable insights have
been reported using less complexmodels that permit closed-form solu-
tions, as for example in Quentin Grafton et al. (2012) and Gerlagh
(2011).

When demand is more resilient than in the baseline, we observe
comparatively smaller cuts in crude oil production as a result of an-
nouncing mandating policies. The results still provide little concern
over the green paradox arising, however. The resilience in future
10
demand makes future crude oil production more valuable. Any inter-
vention to support biofuels thus gives crude oil producers a stronger in-
centive to hasten extraction. The surge in premandate biofuel
production, nonetheless, remains sufficient to prevent an increase in
crude oil production, thereby explaining the absence of the green para-
dox. We are unaware of any papers in the literature that elucidate the
impact of future demand resilience on the green paradox.

Even though a smaller reserve base for the crude oil resource makes
crude oil extraction more sensitive to the resource rent and, therefore,
raises the possibility of observing the green paradox, a green paradox
is still absent in our simulations with the p50 reserves. More explicitly,
a smaller reserve base raises the in situ value of the resource, leading to
a higher oil price that also rises faster over time. Similarly to the case
with an OPEC cartel or a more resilient demand for crude oil, the higher
price makes biofuels more competitive. This gives crude oil producers a
stronger incentive to hasten extraction thus increasing the possibility of
a green paradox.We, nonetheless, still fail to observe the green paradox
in these simulations.

Österle (2016) finds that introducing exploration to the classical
Hotelling model decreases the likelihood of the green paradox prevail-
ing. We find a comparable mechanism when we compare the model
without the geological constraint to the one with the geological con-
straint parameter38 set to five and 10%, i.e., γ = 0.05, 0.1. Crude oil ex-
ploration is more intense and hence more costly with a tighter
geological constraint since producers must maintain a larger reserve
base. Because the intensity of reserve development in the present de-
pends on the future earnings stream, an announced policy that de-
creases the stream of earnings will reduce exploration and reserve
development activity thereby reducing the possibility of observing the
green paradox.

Finally, raising the depreciation rate for biofuel capacity induces
more or less similar dynamics as raising the biofuel discount rate since
producers discount the value of investments more heavily. Matching
the biofuel depreciation rate in our model to that of crude oil capacity
does not result in a green paradox, however.
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5. Conclusion

Sinn (2008, 2012) puts forth the argument that carbon producers
mayhasten extraction in response to (pre)announced demand-side car-
bon management policies, such as, subsidies for renewables, efficiency
standards, carbon taxation, or mandating targets. This phenomenon
has come to be known as the green paradox. This paper has developed
and applied a detailed numerical model of the global oil market to pro-
vide quantitative insights on this issue. The policy instrument of choice
for our analysis has been the preannounced EU and US biofuel
mandates. Several key aspects that may facilitate or impede the green
paradox have been investigated: the design of the mandate, learning-
by-doing in biofuel technology, the discount rate, the elasticities of de-
mand for oil, fuel efficiency, future energy demand prospects, OPEC be-
haviour, the intensity of geological constraints, the crude oil resource
endowment, as well as depreciation rate for biofuel capacity.

In contrast to the previous literature, we introduced the ability for
carbon-free producers to anticipate future policy owing to the need
for optimal dynamic capacity accumulation. While this setting can be
more challenging to solve analytically, it leads to a much more realistic
representation of the energymarket.Wehave shown that in such an en-
vironment, the green paradox can be mitigated due to an induced-
investment effect that responds to preannounced policy. In many of
the empirically relevant cases considered, preannounced carbon poli-
cies prevent the green paradox. While the policy induced investment
can in itself be sufficient for curbing the green paradox, the analysis
points to early rather than delayed mandating as being a key design
component for effectively curbing the green paradox. We find that the
mere act of delaying mandating policies can result in a green paradox
if biofuel producers' discount rates are high enough. Moreover, strin-
gent and delayed preannounced mandating targets can result in a
green paradox if crude oil producers have sufficiently low discount
rates; and this may even undo the benefits of earlier mandating targets.

For preannounced EU 2020 andUS 2022 stylemandating targets, we
find that oil production falls by an average of 0.5 mbd in the ten years
before the mandating targets come into effect. This is in contrast to
the green paradox pointed out in the extant literature. While this
11
study has been conducted for only the oil market, the results have
wider implications for other sectors of the energy industry. We observe
marginal differences between share and volume mandating targets, in
general. Nonetheless, moderate to major differences can arise when
mandates are delayed and strict, in which case share mandates are
more likely than volume mandates to lead to a green paradox. In the
long run, mandates, irrespective of the type, have a positive impact on
the share of biofuels in global oil production.We find that mandates in-
crease the 2065 global biofuel share to 15%, comparedwith 9% obtained
in the reference simulation(s) without mandating policy. In this analy-
sis, we have focused on mandates that are implemented through im-
plicit taxes and subsidies and, therefore, expect the results mostly to
carry over to cases with explicit subsidies and taxes.

Future extensions to this work can consider the impacts of biofuel
mandates when biofuels and crude oil are imperfect substitutes. Incor-
porating land use emissions frombiofuels andmodelling different emis-
sion intensities for crude oil could also place this research in a wider
context. Whereas welfare effects with regard to fuel mandating are
not investigated in this analysis, Greaker et al. (2014) argue that man-
dates can be welfare enhancing. This analysis could be extended to an-
alyse welfare effects from mandating.
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Appendix A. Markets
This section describes the consumption and arbitrage side of the market.
A.1. Arbitrage market

We introduce a representative trader to link the two demand markets in the model. The trader arbitrages oil between the demand markets until
prices are equalized. As such, the trader ensures that OPEC producers, who are capable of charging different prices to the different demandmarkets,
are incapable of doing so. The trader purchases oil from the high cost market and sells it to the low cost market. The approach used to represent the
trader's activity is similar to that in (Metzler et al., 2003). The trader's problem is:

min
scjt , s

b
jt

πk ¼
Zt¼T

t¼k

∑
j

Pb
jts

b
jt þ Pc

jts
c
jt

� �
e−δ t−kð Þdt ðA:1Þ

s.t.

scjt þ∑
i
yijt ¼ uc

jt , s
b
jt þ∑

i
bijt ¼ ub

jt ðA:2Þ

∑
j
sbjt ¼ 0,∑

j
scjt ¼ 0 ðA:3Þ

where sjt
c (sjtb) are the shipments of crude oil and biofuels and Pjt

c(Pjtb) are regional prices for crude oil and biofuels, respectively. Note that shipments
can be positive or negative, with the restriction that the sum of shipments for a particular type of fuel sum to zero. The trader does not arbitrage oil
between periods.
A.2. Consumption market

Consumers in region jmaximize utility from the consumption of crude oil, ujtc , and biofuels, ujtc , net of purchasing costs. The consumers' welfare max-
imization problem over a foreseeable future t ∈ [k,T] is:
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jt ,u

b
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where δ is the discount rate,U(ujtb + ujt
c) is the consumers felicity function, ub

jt (sjt) represents the volume (share) mandating requirement, and sjt
c (sjtb)

is the amount of crude oil (biofuels) arbitraged by traders to the point that prices between regions are equalized. As earlier mentioned, biofuels and
crude oil are perfect substitutes: ∂U �ð Þ

∂ubjt
¼ ∂U �ð Þ

∂ubjt
¼ Pjt . We choose the demand function to be of the form ub

jt þ uc
jt ¼ Aj⋅Pεj

j ⋅ yj⋅Nj

� �η j,1þη j,2 ⋅ log yj ⋅Njð Þ
where,

Aj is autonomous demand, Nj is the regional population size, and yj, is regional per capital income. εj(<0) is the price elasticity of demand for oil, ηj, 1
(>0) income elasticity, and ηj, 2(<0) calibrates energy efficiency. Observe that energy efficiency is linked to economic growth, implying that while
demand increases with growth, the opportunities for demand savings are also higher for a larger economy (Medlock and Soligo, 2001).
Condition (A.4) is the welfare function, (A.5) ensures that the amount of crude oil consumed in a region j is exactly equal to the amount that is
shipped into the region. (A.6) gives the mandating constraints while (A.7) gives selected non-negativity constraints.

Appendix B. Reserves
Table B.2

Break down of ultimately recoverable reserves (in gigabarrels) for conventional crude oil, natural gas liquids (NGL) and tar sands (TS) by producing region. Source is the USGS (2000), BP
(2012) and OPEC (2012). Reserves have been adjusted to the year 2005 and include proven reserves.
Producer
A
A
A
B
E
F
IR
IR
K
L
N
N
Q
R
S
S
U
V

1
2
3
4
5
6
7
8
9
1
1
1
1
1

p50 reserves
12
p5 reserves
Oil
 NGL
 TS
 Oil
 NGL
 TS
LG
 21.39
 17.62
 0.20
 35.52
 22.86
 0.20

NG
 22.91
 2.64
 5.11
 37.70
 5.02
 5.11

SP
 70.24
 35.59
 15.99
 143.88
 58.89
 15.99

RA
 61.60
 9.24
 0.20
 119.04
 20.21
 0.20

UR
 24.01
 30.21
 19.93
 66.21
 53.42
 19.93

SU
 341.09
 104.65
 794.91
 527.21
 171.00
 846.26

N
 245.42
 29.91
 0.20
 324.31
 46.01
 0.20

Q
 245.98
 8.50
 0.20
 314.80
 14.37
 0.20

UW
 164.81
 1.98
 0.20
 196.18
 2.52
 0.20

IB
 65.95
 1.55
 0.20
 84.68
 2.86
 0.20

AM
 88.96
 15.26
 1912.58
 268.47
 27.88
 2632.17

IG
 76.61
 15.60
 6.32
 109.63
 20.56
 38.90

AT
 28.46
 30.72
 0.20
 34.04
 36.48
 0.20

OW
 71.77
 16.58
 3.40
 113.20
 27.40
 3.40

AU
 560.70
 83.57
 0.20
 719.48
 134.79
 0.20

CA
 11.91
 11.95
 1.73
 56.80
 22.48
 1.73

AE
 164.72
 6.29
 0.20
 194.41
 9.83
 0.20

EN
 105.05
 6.10
 2303.85
 150.94
 12.33
 2493.37

otal
 2371.59
 427.96
 5065.63
 3496.51
 688.93
 6058.66
T
*p5 indicates a 5% finding probability while p50 indicates 50% finding probability.

Appendix C. Comparative scenarios
Table C.3

Attributes of models specified for the comparative analysis.
Specification
 learning
β3ig
learning
β4ig
discount
rate δc
discount
rate δb
energy
efficiency ηj, 2
baseline
elasticity ηj, 1
demand
elasticity ε
OPEC
cartel
geological
constraint γ
total
reserves
economic
depletion
depreciation
rate ρig
No
 No
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

No
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

Yes
 No
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

Yes
 Yes
 1.5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

Yes
 Yes
 5%
 10%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

Yes
 Yes
 5%
 5%
 0.0, 0.0
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.84, 0.76
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −1.4, −0.8
 No
 0.1
 p50
 Yes
 2%

Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 Yes
 0.1
 p50
 Yes
 2%
0
 Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 No
 p50
 Yes
 2%

1
 Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.05
 p50
 Yes
 2%

2
 Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p5
 Yes
 2%

3
 Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 No
 2%

4
 Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 5%
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able C.3 (continued)
Specification
1

learning
β3ig
learning
β4ig
discount
rate δc
discount
rate δb
energy
efficiency ηj, 2
baseline
elasticity ηj, 1
13
demand
elasticity ε
OPEC
cartel
geological
constraint γ
total
reserves
economic
depletion
depreciation
rate ρig
5
 Yes
 Yes
 5%
 5%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%

6
 Yes
 Yes
 2%
 8%
 −0.2, −0.1
 0.56, 0.53
 −0.7, −0.4
 No
 0.1
 p50
 Yes
 2%
1
Appendix D. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.eneco.2020.105014.
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