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Abstract
We construct an integrated assessment model with multiple energy sources— including
fossil fuels and “green energy”— and multiple world regions. The energy sources are
imperfect substitutes and their production involve structures that are endogenous. In
particular, …rms can decide to lower the marginal cost of producing one form of energy
at the expense of the marginal costs of other energy sources: there is directed technical
change. In the lowering of these marginal costs, there are also spillovers, which are
international. We analyze how (potentially region-speci…c) taxes a¤ect output and the
climate with and without the endogeneity of technology. We emphasize the second-best
nature of taxation when optimal world-wide technology subsidies are not implemented.
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Introduction

Climate change is often portrayed as a key challenge for the survival of mankind. In principle,
the analysis of climate change and how to handle it with economic policy is straightforward
and based on two pieces of century-old knowledge.
The …rst piece of knowledge is due to Arrhenius (1896), who described and quanti…ed
the greenhouse e¤ect. Carbon dioxide (CO2 ) is released into the atmosphere when fossil fuel
is burnt. In contrast to gases where molecules have two atoms, like oxygen and hydrogen,
CO2 lets through high-frequency electromagnetic radiation, like sunlight, but it re‡ects lowfrequency infrared heat radiation. Arrhenius examined this e¤ect in a laboratory setting and
its key quantitative …ndings still hold up.
The other piece of knowledge is from Pigou (1920). Emitted CO2 mixes quickly into
the atmosphere, a¤ecting the energy budget, and therefore the climate, independently of
the identity and geographic location of the emitter. Thus, if climate change has economic
consequences, this creates a pure externality that implies that unregulated markets do not
function perfectly. Pigou’s general solution to externality problems, which is to apply a tax
that is equal to the marginal societal e¤ect that markets do not internalize, can straightforwardly be applied here: one needs to adopt a global tax on emissions equal to the marginal
economic e¤ects on the economy. This principle applies whether these e¤ects are positive or
negative; in this area, the estimates suggest that the e¤ects are negative on average: climate
change causes damages.
Neither of these pieces of knowledge can reasonably be questioned (except by members
of the Flat Earth Society).1 However, the issue of climate change is far from settled. One
reason for this is arguably that the two quoted pieces of evidence are not su¢ cient for calculating a quantitative value for the tax with su¢ cient precision. To devise an implementable
policy, i.e., specify the right tax on fossil fuels, we thus need to know (i) how much climate
change emissions induce, (ii) how long carbon stays in the atmosphere, and (iii) how large
the economic consequences are. Although there is much research on these issues, signi…cant
uncertainty remains. Another reason is likely political: the economic impacts of climate
change di¤er signi…cantly by geographic location. For example, there are reasons to believe
that countries/regions which are currently in climate zones with a very low average temperature stand to gain, thus potentially making their populations averse to carbon taxes, at
1
Joining is free of charge at http://theflatearthsociety.org/home/index.php/about-the-society/
joining-the-society.
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least unless they are compensated by those who would gain from the tax.
In terms of the quantitative uncertainties, it is well established that the direct e¤ect of
a doubling the CO2 concentration is a perturbation of the energy budget (incoming energy
‡ows from the sun minus outgoing ‡ows from earth to space) by around 4 W/m2 : In itself,
this is not a large amount and would not cause dramatic warming. However, we have good
reasons to believe that this direct e¤ect leads to a multitude of feedback e¤ects of uncertain
strengths, and even signs.2 A reasonable interval of uncertainty includes both feedback
mechanisms that are so weak as to make the e¤ect of CO2 emissions on climate small and
the very opposite: very large feedback e¤ects causing dramatic warming.
There is also substantial uncertainty about how emissions a¤ect the CO2 concentration
over time. There is a constant large ‡ow of carbon between a large number of reservoirs,
including the atmosphere, plants in the biosphere, the top layer of earth, the surface of the
oceans, and the deep oceans. The ‡ows between these reservoirs and their respective storage
capacities are a¤ected directly by emissions and, more importantly, indirectly by climate
change.
However, despite the substantial uncertainty regarding the natural-science mechanisms
behind emission-induced climate change, the uncertainties in the social-science domain are
far greater. This paper aims at developing a model that could, potentially at least, increase
our understanding of some of the relevant economic mechanisms. Our paper build on previous work, in particular Golosov et al. (2014) and Hassler and Krusell (2014), but more
fundamentally it builds on the work by Nordhaus (see, e.g., Nordhaus 1977, 1994, and Nordhaus and Boyer, 2000, as well as the overview in Nordhaus, 2011) who constructed simple but
reasonably accurate representations of the natural-science elements— the circulation between
carbon reservoirs and climate change induced by the greenhouse e¤ect— and integrated them
into a growth model building on Ramsey, Solow, and Dasgupta & Heal (1974). A key feature
of his analysis was the aim to make quantitative statements both on the natural-science and
social-science sides of the analysis. This explains the choice of basing the economic analysis
on the neoclassical growth model, which is the established framework for analyzing long-run
macroeconomics, here in its global version. Nordhaus thus contributed the …rst Integrated
Assessment Models with his sequence of papers.
A key question in our previous work was about the quantitative determination of the
2
Airborne particles in combination with cloud formation is a potentially strong feedback mechanism with
uncertain sign. Recent overestimates of global warming on the basis of some climate models are sometimes
argued to be accounted for by this kind of feedback mechanism having a negative sign, i.e., dampening the
direct warming e¤ect.
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optimal carbon tax. The present paper has a di¤erent focus. One set of questions addressed
relates to the consequences of introducing sub-optimal taxes. Speci…cally, how important
is it that all fossil fuels are taxed? Would it be enough to tax only some, like coal, and
disregarding oil? A motivation for this question is that oil taxes have obvious and strong
consequences for the international distribution of income while this is arguably not the case
for taxes on coal. Furthermore, while the greenhouse e¤ect is independent of the source of
the emitted carbon the market for conventional oil, non-conventional fossil reserves and coal
are very di¤erent. At one end of the spectrum, conventional oil is very cheap to extract but
exists in quite limited supply. The opposite is true for coal (and non-conventional oil and
natural gas); here, the price is close the extraction cost but exists in huge quantities all over
the world. Our answer to this question is that whether a global carbon tax applies to oil or
not is immaterial for the e¤ect of the tax on climate change.
A related question is how e¤ective taxes are if they are only applied in parts of the
world. For example, suppose only Europe introduces a carbon tax (or, equivalently, adopts
a well-functioning quantity regulation, with emission trading with an implied market price
corresponding to the tax). We show that such a partial tax has e¤ects as long as it is levied
on coal, but that the e¤ects are weak.
The second set of questions relate to technical change in energy production. As already
mentioned, many sources of fossil fuel are costly to extract. These costs change over time.
For example, coal production per unit of labor input increased by an average of 3.2% per year
between 1949 and 2011.3 More recently, technological advancement in hydraulic fracturing
(“fracking") has made large reserves pro…table to extract.4 Also, the cost of producing
renewable energy has recently fallen at a high pace. These trends have been portrayed as a
great threat to the climate (cheaper fossil fuels) and as the salvation (cheaper green energy):
a technology race, thus, with high stakes! Our aim is thus to analyze the consequences of
di¤erent trends in the production of di¤erent sources of energy. We do this by including
the di¤erent energy sources and their corresponding cost-reduction technologies into the
neoclassical growth framework in a way that is quantitatively motivated, i.e., such that one
can calibrate the relevant parameters.
Under the assumption of exogenous trends for the extraction technologies, we …nd that
if the technology for extracting fossil fuel evolves slowly, thus leading to increasing relative
prices, this has an e¤ect similar to the introduction of the optimal tax. Cheaper green energy,
3
4

Source: US Energy Information Administration, (2012).
For a discussion of fracking and its e¤ects on the oil market, see Bornstein, Krusell, and Rebelo (2017).
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on the other hand, is not in itself su¢ cient for mitigating global warming in this case. The
assumption of exogenous technology trends is clearly unsatisfactory, however. Therefore, we
endogenize technical change in energy production using a framework of directed technical
change.5 In this endeavor, we follow Hassler, Krusell, and Olovsson (2017) and simply
add the choice of what extraction technologies to improve. Here, we consider international
spillovers: advances in one region in, say, coal production are fully available (with a lag)
in all other regions. We then use the constructed model to analyze how energy taxes (on
fossil fuel-based energy or, if levied on green energy, subsidies) interact with cost-reducing
technical change.
Our …rst, and quite surprising, …nding is that coal taxes that are proportional to the
coal price are completely impotent. A tax on coal increases the incentive to reduce coal
production costs and the combined e¤ect is to make after-tax costs independent of the tax.
However, this result is overturned when we consider per-unit taxes (tax per ton of coal).
Then, it turns out that with our calibration of the inter-fuel elasticity of substitution, an
increase in the coal tax has a large negative e¤ect on the incentives to reduce costs. We …nd
that also a quite modest coal tax would make it unpro…table to spend resources on reducing
the cost of coal production. Endogenous technical change will then reinforce the e¤ectiveness
of carbon taxes.
Our little contribution stands on the shoulders of giants. We have already mentioned
Nordhaus’s long line of work and Dasgupta and Heal (1976). Hémous (2016) analyzes unilateral environmental policies in a world with several regions. Another recent contribution
with a global growth model with several regions analyzing climate policy is Hildebrand and
Hildebrand (2017). Our extension to endogenous technical change draws fundamentally on
Romer (1986) but a more proximate precursor is the seminal paper on the importance of
directed technical innovation for climate change is Acemoglu et al. (2012) and also Acemoglu
et al. (2014).
The paper is organized as follows: in section 2 the basic model with exogenous growth
is presented. Section 3 describes how we calibrate the model and how we use it to answer
the questions discussed above. In section 4.2 we introduce endogenous technical change
in energy production and analyze how the incentives to reduce costs of energy production
interact with energy taxes. Section 5 discusses our results and concludes.
5
For a recent discussion of the importance of endogenous cost reductions in fossil fuel production, see
IMF (2017).
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2
2.1

Model
Economy

The world consists of r regions of which r 1 have no endowments of conventional oil.
These regions are called oil consumers. Region 1 is endowed with a …nite amount of oil that
it extracts and sells to the rest of the world. It is called the oil producer. Oil is the only
commodity that is traded on the world market and there no international capital market. Oil
consuming countries pay for their oil imports with the common …nal good. The oil consuming
countries are similar in the sense that the only di¤erence between them is parametric (size
and productivity).
In all regions i 2 f1; 2; :::; rg, there is a representative consumer with preferences given
by
1
X
t
E0
log(Ci;t ):
(1)
t=0

The oil consuming regions use an aggregate production functions for the …nal good Yi;t
given by
Yi;t = Ai;t L1i;t
Ki;t Ei;t

where Ai;t is factor productivity, Li;t is labor used in …nal-good production, Ki;t is the capital
stock and Ei;t energy services.
Energy services are provided by …rms that act competitively with a CRS production
function in the n di¤erent energy inputs

Ei;t = E(e1;i;t ; : : : ; en;i;t ) =

n
X
k=1

k

(ek;i;t )

!1

:

(2)

Here, e1;i;t is country i0 s import of oil in period t: The other energy sources e2;i;t ; ::en;i;t are
energy sources produced domestically within the region using a production technology that
is linear in the …nal good. To produce ek;i;t units of energy source k 2 f2; :::; ng in region i
and period t, pk;i;t units of the …nal good is required. We will later endogenize productivity
in energy production but for now let it be exogenous.
Final goods not used for energy production are consumed or invested. Therefore, the
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resource constraint for the …nal good is
Ci;t + Ki;t+1 =

Ai;t L1i;t

Ki;t Ei;t

p1;t e1;i;t

n
X

pk;i;t ek;i;t + (1

) Ki;t :

k=2

We assume the …nal good is identical in all countries allowing us to express the world
market price of oil p1;t in terms of the global …nal good.
Finally, region 1 produces oil without any resource cost but faces the constraints where
Rt is the remaining stock of oil in ground
r
X

Rt+1 = Rt

(3)

e1;i;t ;

i=2

0, 8t,

Rt

C1;t = p1;t (Rt

2.2

Rt+1 ) :

Carbon circulation

The use of energy leads to emission of CO2 . Speci…cally, emissions from region i in period t
are
n
X
Mi;t =
gk ek;i;t
k=1

where gk measure how dirty energy source k is.6 We measure fossil energy sources in terms
of their carbon content, implying that for them gk;i;t = 1: Conversely, purely green energy
sources have gk;i;t = 0 and we could also have intermediate cases:
We follow Golosov et al. (2014), and model the law-of-motion for the atmospheric excess
stock of carbon St as
t
X
X
St =
(1 ds )
Mi;t s
s=0

i

where

1

ds = 'L + (1

'L ) '0 (1

')s

measures carbon depreciation from the atmosphere.
Speci…cally, the share of emissions that remains forever in the atmosphere is 'L , the
share that leaves the atmosphere within a period is 1 '0 and the remainder (1 'L ) '0
depreciates geometrically at rate ':
6

It is straightforward to allow time and region dependence of gk :
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2.3

Climate

The climate is a¤ected by the concentration of CO2 via the greenhouse e¤ect. Golosov et al.
(2014) show that the e¤ect of the CO2 concentration on productivity is fairly well captured
by a log-linear speci…cation. Therefore, we assume that
Ai;t = exp zi;t

i;t St 1

:

(4)

is region speci…c parameter capturing the region-speci…c and possibly time-varying
sensitivity to atmospheric CO2 concentration. Note that this speci…cation implies that the
marginal damage per unit of excess carbon in the atmosphere is a constant share of netof-damage output given by i;t: . The value i;t is a¤ected positively by i) the sensitivity of
the global mean temperature to changes in the CO2 concentration, ii) the sensitivity of the
regional climate to global mean temperature, and iii) the sensitivity of the regional economy
to climate change.
We assume that the climate damage appears with a lag of one period. Given that climate
change is a slow-moving process and that the evolution of the atmospheric CO2 -concentration
is very sluggish this is immaterial for the dynamics of climate damages. However, as we will
see below, the computation of the equilibrium allocation is simpli…ed by the introduction of
this lag.
Behind the speci…cation of climate damages in (4) is a logarithmic e¤ect of CO2 on the
energy budget (Arrhenius, 1896). This, in turn, gives a logarithmic relation between the
global mean temperature Tt and the stock of carbon in the atmosphere
i;t

Tt =

ln 2

St + S0
S0

ln

:

(5)

Here, is the climate sensitivity and S0 the pre-industrial atmospheric carbon stock. We
disregard dynamics in the relation between St and Tt although that would be straightforward
to include.

2.4

Markets and equilibrium

We assume all agents are price takers. Markets within regions are complete and perfect.
Trade between regions is only allowed in oil. Oil import is paid with the …nal good.
Consider …rst the oil producing region. We assume that there are many oil producers
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operating under perfect competition. The representative oil producer chooses how much oil
to keep in the ground for next period, Rt+1 taking the world market price of oil as given.
Using the last line of (3) to substitute for C1;t in (1) and taking the …rst order condition
with respect to subject to Rt+1 yields

Rt

1
= Et
Rt+1
Rt+1

Rt+2

:

This is solved by Rt+1 = Rt implying C1;t = p1;t (1
) Rt : Note that even if p1;t is stochastic, it has no e¤ect on oil supply. The reason is that the income and substitution e¤ects
exactly cancel with logarithmic preferences.
The assumption of competitive and frictionless markets imply that we can write the
behavior of energy service providers as the solution to the cost-minimization problem

min
ek;i;t

n
X

pk;i;t ek;i;t

i;t

k=1

0

n
X

@

k

(ek;i;t )

k=1

1

!1

Ei;t A

where we note that by construction the Lagrange multiplier,
index of energy services.
The FOC for ek;i;t yields for k 2 f2; ng

i;t

(6)

= Pi;t , denotes the price

1
1

ek;i;t = Ei;t

Pt;i k
pk;i;t

1

e1;i;t = Ei;t

Pt;i 1
p1;i;t

(7)

and similarly oil consumption
1

(8)

Using this in the expenditure function, we have
1

Pi;t =

p1;t 1

1

1

+

n
X

!

1

pk;i;t1

1

k

k=2

1

Producers of the …nal good maximize pro…ts taking Pt;i as given, implying that
Pi;t =

Ai;t L1i;t

Ki;t Ei;t
Ei;t

9

;

(9)

which we can solve for energy service use
Ai;t L1i;t
Ki;t
Pt;i

Ei;t =

!11

(10)

:

Output net of energy expenses is (1
) Yi;t
Y^i;t . Note, however, that the shares of
spending on the di¤erent energy sources is not necessarily constant unless = 0; implying
that the overall production function is Cobb-Douglas in all inputs.
Households supply labor inelastically and maximize (1) subject to the budget constraint
Ci;t + Ki;t+1 = wi;t Li;t + ri;t Ki;t + (1
Y

and ri;t =
) Li;t
i;t

where wi;t = (1

Yi;t
Ki;t

) Ki;t

implying that wi;t Li;t + ri;t Ki;t = Y^i;t
Y^

C

Now, assume = 1; and de…ne the savings rate out of net output as si;t = i;tY^ i;t then
i;t
we can write the Euler equation for the households in oil consuming countries as

(1

Ci;t+1
=
Ci;t
)Yi;t+1
=
)Yi;t

si;t+1 ) (1
(1 si;t ) (1

@Yi;t+1
@Ki;t+1
Yi;t+1
si;t (1
)Yi;t

implying that the savings rate is constant across time and regions at s =
labor supply in each country is exogenous and normalized to unity.7

1

: Finally, assume

Proposition 1 In each period the allocation is determined by the state variables Ki;t ; Rt
)Rt ;
and St 1 such that i) the capital savings rate is constant at 1 , ii) oil supply is (1
1

iii) energy prices are Pi;t =
e(

zi;t

Ei;t =

i;t St 1

) L1

i;t

Pt;i

1

1

p1;t 1
!11

Ki;t

+

Pn

k=2

1

1
1

1

pk;i;t

k

, iv) energy service demand is
1

, v) domestic fuel demand is ek;i;t = Ei;t

Pt;i k
pk;i;t

1

,

1

P

1

1
vi) and regional oil demand is e1;i;t = Ei;t pt;i
: The price of oil is determined from
1;i;t
Pr
equilibrium in the world oil market i=2 e1;i;t = (1
) Rt : The laws-of-motion for the state
Pt
P
^
variables are Ki;t = 1 Yi;t ; Rt+1 = Rt and St = v=0 (1 dt v ) i Mi;t

Two things should be noted. First, the allocation is determined sequentially without any

7

It would be straightforward to include endogenous labor supply.
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forward-looking terms. Second, given a world market price of oil, all equilibrium conditions
have closed-form solutions. Thus, in each period, …nding the equilibrium is only a matter of
…nding the equilibrium oil price where supply is predetermined at (1
) Rt :

2.5

Taxation

A key purpose of the analysis is to analyze the consequences of taxing fossil fuel and in
particular how e¤ective partial taxation is. To this end, we allow each oil consuming region
to tax the use of fossil energy inputs. Speci…cally, we allow regions to set a carbon tax rate
i;t implying that the cost for the energy service provider of using energy type k; becomes
(1 + i;t gk ) pk;i;t in the case of ad valorem taxes i;t gk + pk;i;t with per unit taxes.
The direct consequence of adding taxes is that the price of energy and the fuel mix
changes. These changes are straightforward to calculate. The prices p1;t and pk;i;t are replaced
by after-tax prices in (9), (8) and (7). The aggregate use of energy services remain

Ei;t =

Ai;t L1i;t
Ki;t
Pt;i

!11

but using the tax-inclusive energy price.
A complication that arises with taxes is that it matters what is done with the revenues. If
they are redistributed lump-sum to the households, the savings rate will no longer be exactly
=(1
): However, our numerical analysis suggests that the consequence of this for the
savings rate is negligible. The reason is that since the income share of energy is small (
is in the order of a few percent), energy taxes cannot generate much revenue. We are thus
neglecting the consequence of taxes on savings rates. Since households are not allowed to
re-optimize there savings, this underestimates the value of introducing taxes, but we argue
that the consequence of this is minimal. The alternative of simply assuming that government
revenues are waisted will not be used since it would seriously underestimate the welfare value
of carbon taxes. Given the approximation, all other features of proposition 1 remains intact.

3

Calibration and simulation

Let us now calibrate the model in order to understand its quantitative implications. We
set r = 5 in order to consider a world consisting of four oil-consuming regions with aim
of representing Europe, U.S., China and Africa. The number of fuel inputs into energy
11

production n is set to three. As mentioned above, the …rst fuel represents oil. In addition
we let fuel type two represent coal and type three green (renewable) energy. Measuring oil
and coal in carbon units imply that gk;i;t = 1 for k = 1; 2 and 0 for k = 3:
We use a discount factor of 0.98510 with the understanding that a period is a decade.
In the …nal good production function, we set = 0:3 and the fuel income share to 0:055:
The production of energy services is calibrated in the following way. For the elasticity of
substitution between the three sources of energy, we use a metastudy (Stern, 2012) of 47
studies of interfuel substitution. The unweighted mean of the oil-coal, oil-electricity and
coal-electricity elasticities is 0.95, i.e., slightly below unity. This elasticity imply = 0:058
which we use as the main case. In the section on endogenous technical change, we will return
to how results depend on this parameter.
To calibrate the 0 s we need prices and quantities of the three types of fuel. Using the
demand equations (7) and (8) we derive
1
2

=

e1;t
e2;t

1

p1;t
:
p2;t

We use world market prices from Golosov at al (2014), where the coal price is $74/ton
and the (pre-…nancial crises) oil price $70/barrel, corresponding to $70*7.33 per ton. This
implies that the relative price between oil and coal in units of carbon is 5.87. Using the
same source for the ratio of global oil to coal use in carbon units we …nd that 12 = 5:348:
For green we use data for the sum of nuclear, hydro, wind, waste and other renewables
from Golosov et al. (2014) and stick with their (somewhat arbitrary assumption) of a
unitary relative price between oil and renewables. This gives 13 = 1:527: Together with the
normalization 1 = 1 + 2 + 3 this yields 1 = 0:543; 2 = 0:102 ; and 3 = 0:356: Perhaps
not fully consistent with the calibration of common 0 s from global prices and use, we allow
for di¤erent extraction costs of coal in the di¤erent regions. Based on IES World Energy
Outlook 2010, we set the relative extraction cost of coal in China and the US to 1 and that
in Africa to 0.8. Based on evidence in Radetzki, 1995, “Elimination of West-European coal
subsidies”, Energy Policy, 23:6, we set the relative cost in Europe to 2.
BP (2010) reports that global proved reserves of oil are 181.7 Gigatons. However, these
…gures only aggregate reserves that are economically pro…table to extract at current economic
and technical conditions. Thus, they are not aimed at measuring the total resource base
taking into account in particular technical progress, and they do not take into account the
chance that new pro…table oil reserves will be discovered. Rogner (1997) instead estimates
12

global reserves taking into account technical progress, ending up at an estimate of over
5000 Gigatons of oil equivalents.8 Of this, around 16% is oil, i.e., 800 Gtoe. We take as a
benchmark that the existing stock of oil is 400 Gtoe, i.e., somewhere well within the range
of these two estimates. We set the carbon content per unit of weight to unity in both oil
and carbon.
We allow di¤erent climate damage parameters. Based on Hassler and Krusell (2012), we
set the damage coe¢ cients to Ch = 0:147 ; Eu = 1:89 ; U S = 0:3 ; Af = 2:61 ;
For the calibration of ; we build on Nordhaus and Mo¤at (2017). They provide a survey
of studies of global damages from climate change. They also argue that the di¤erent studies
should not be given the same weight in an attempt to use all studies to distill an estimate of
the aggregate e¤ects of global warning. One particularly convincing argument is that some
studies are derivatives of earlier studies. They therefore assign weights in the interval zero
to one to all the studies. All in all, they …nd 36 usable estimates of damages, expressed as
percentages of global GDP, for di¤erent temperatures.
In Figure 1, we show the estimates reported by Nordhaus and Mo¤at (2017). The x-axis
measures the increase in the global mean temperature, the y-axis the percentage loss in world
GDP and the size of bubbles the attached weight. We use these estimates to calibrate the
parameter in (4). To do this, we …rst note that the Arrhenius equation (5) can be inverted
to allows us to express S as a function of T given by
S (T ) = S0 exp

T ln 2

1 .

The damage associated with a given amount of atmospheric carbon is
1

exp (

S) :

Let ^ i (Ti ) be a particular estimate of the e¤ect on GDP at a temperature Ti : Then each
8

By expressing quantities in oil equivalents, the di¤erence in energy content between natural gas, oil, and
various grades of coal is accounted for.
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one of the 36 estimates imply an estimate ^ that satis…es
^ i (Ti )

ln 1
^i =

S (Ti )

:

Using the standard climate sensitivity = 3 and S0 = 581GtC, the weighted average
of ^ i over the 36 estimates is 3:05 10 5 and the unweighted is 2:97 10 5 : There is some
tendency that the ^ 0i s are higher for higher temperatures. We therefore focus on the 28
estimates in the range 2-6 degrees for which the weighted average ^ i is 3:21 10 5 : We use
this number as our value for :
We also follow Golosov et al. (2014) for the carbon cycle parameters by setting 'L = 0:2,
'0 = 0:393, and ' = 0:0228: We assume initial GDP is 70 trillion U.S. dollars and set
initial productivity so the initial GDP is approximately the same in Europe, the U.S. and
China, while it is a third as high in Africa. Initial capital is chosen so that the economies
approximately are on their balanced growth paths.
SHOULD WE SAY SOMTHING ABOUT THE FACT THAT AFRICA AND CHINA
MAY BE ON TRANSITIONAL PATHS TOWARDS THE BGPS?
Productivity in …nal-good production, exp (zi;t ), is assumed to grow at 1.5% per year
in all regions and in the base case, we assume the cost of producing coal and green fuel is
constant in terms of the …nal good. This rate of productivity increase imply a GDP growth
rate of about 2% per year.

3.1
3.1.1

Results
Taxes

In this section we present simulation results for a set of di¤erent policies. We start by
comparing a laissez faire scenario to four di¤erent tax policies. In all cases we use an initial
tax of 76.8 U.S. dollars per ton of carbon, which following Golosov et al. (2014) internalizes
the externality given the chosen parameters.9 In all cases, the tax increases by 2% per year,
which is approximately equal to the growth rate of GDP. The …ve di¤erent policy scenarios
di¤er in terms of the coverage of the tax. In the …rst, the tax is applied universally to all
fossil fuel. In the second, only Europe applies the fossil fuel tax. The third scenario assumes
that the tax is applied globally, but only on coal. The fourth scenario considers a unilateral
9

Compared to European taxes on gasoline, the taxis modest. Given a carbon content of around 0.65
Kg/liter for gasoline, this implies a tax of 5 cents per liter of gasoline.
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European coal tax only. The …fth scenario, …nally, considers a case when Europe implements
a coal tax that is twice as high as the optimal while the rest of the world is less ambitious
and chooses a coal tax that is only a quarter of the optimal.
Let us …rst consider the e¤ectiveness of the di¤erent policies in a¤ecting climate change.
Figure 2 shows the increase in global mean temperature over the coming 200 years for the …ve
di¤erent scenarios. A couple of important results are immediate from the …gure. First, global
fossil-fuel taxes are e¤ective in mitigating climate change. Towards the end of this century,
the di¤erence between laissez faire and global taxation in terms of temperature is 1.4 degrees
Celsius, and the di¤erence increases substantially thereafter. Second, taxes in Europe only
is not e¤ective. The di¤erence in terms of temperature between the two scenarios with taxes
only in Europe and laissez faire are negligible. Third, what matters is taxes on coal. Both
the cases with global taxes and only European taxes are identical in terms of climate change
regardless of whether oil is taxed or not. The explanation is straightforward. The supply of
oil is inelastic and does not respond to taxes, while the opposite is true for coal. Fourth, also
an asymmetric coal tax where most of the world implements a quite low tax has important
e¤ects on climate change.
Figure 2. Increase in global mean temperature
Let us now compare the consumption levels in the di¤erent scenarios. We express consumption relative to laissez faire. Figure 3 represents Europe. As we see, a global carbon
tax increases welfare for consumers in Europe. Consumption is always higher and substantially so far into the future. The case of a global coal tax improves welfare substantially as
much as if the tax also includes oil. Taxes in Europe only have small e¤ects, at least in the
current century. A carbon tax increases consumption marginally more than a coal tax since
it redistributes a bit of oil revenues from the oil producers.
Figure 3. Consumption relative to no taxes – Europe.
The distributional consequences of the oil tax is clear when we consider the consumption
path of the oil producing region, shown in Figure 4. As we see, a tax that includes oil
reduces consumption for most of the time considered. Interestingly, a tax on coal has a
positive impact on the consumption of the oil producers towards the end of the simulation
period. The explanation is that the coal tax increases output through lower climate damages.
This leads to higher oil demand.
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Figure 4. Consumption relative to no taxes – Oil Producers.
The global tax improves welfare in the U.S. but only marginally, see Figure 5. However,
the comparison between the global fossil-fuel tax and the global coal tax reveals that most
of the bene…ts comes from taxing the oil rents, and quite little from dealing with climate
change. In China, consumption is slightly higher in the current century but slightly lower
thereafter as seen in Figure 6.
Figure 5. Consumption relative to no taxes – U.S.
Figure 6. Consumption relative to no taxes – China.
Finally, Figure 7 reveals that the stakes are highest in Africa. The di¤erence between
the scenarios are quite large during the 22nd century.
Figure 7. Consumption relative to no taxes – Africa.
3.1.2

Technical change

The previous section indicated that a global coal tax is an e¢ cient way of mitigating climate
change. Speci…cally, while coal use increase by a factor of 40 over the coming 200 years in
laissez faire a coal tax that increases by 2% per year lead to coal use only doubling over the
same period. Total emissions then fall over time as shown in Figure 8. The growth rate of
green energy is, however, largely una¤ected in the two scenarios.
Figure 8. Carbon emissions
If we use equation (7) to compute the relative use of coal and green we get
e2;i;t
=
e3;i;t

p3;i;t
3 (1 + i;t ) p2;i;t
2

1
1

:

This equation shows that what drives the relative use of coal and green fuel is the relative
price including taxes. Furthermore, this suggests that if technology develops in a way that
increases the relative price of coal, this would have similar e¤ects as the tax. We therefore
consider two other scenarios. In the …rst one, green energy becomes cheaper to produce over
time by 2% per year (p3;i;t falls by 2% per year in all regions). In the the second scenario
we add to this that coal becomes more expensive over time, i.e., p2;i;t increases over time.
If we interpret the growth rates of production costs as coming from technological change,
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it may seem odd that costs increase over time. However, recall that we assume that TFP
in the …nal good sector grows over time, implying that the production of …nal goods grow
by 2% per year. We measure pk;i;t in terms of the …nal good. Therefore, if technology in
the extraction of coal grows slower than that in the …nal good sector, the cost of coal, p3;i;t ,
would grow over time. Our second scenario is therefore to be interpreted as one in which
coal extraction technology is stagnant leading to an increasing relative price of coal, while
technological advancements in the green energy sector grows even faster than that in the
…nal good sector.
The results of the simulations are presented in Figure 8. The intuition is supported. The
second scenario, in which the relative price of coal increases while the relative price of green
falls leads to a path of the global mean temperature that is virtually indistinguishable from
the one with global taxes. However, only reducing the price of green does not work. In that
scenario coal use is in fact even larger than in the base line laissez faire case. The reason
is that lower prices of green energy leads to lower energy prices and higher energy service
consumption which increases also the demand for coal.
Figure 9. Climate change with di¤erent rates of technical change.
The …nding that directed green technical change is a powerful means of overcoming the
problems associated with climate change suggests that we need to analyze the determinants
of technical change. Doing this, still in a stylized a transparent way is one purpose of the
next section.

4
4.1

Extensions
Energy sources with higher degree of substitutability

In our calibration above, we assumed a moderate degree of substitutability between coal
and oil and that oil could not be produced outside the oil consuming region. In recent
years, hydraulic fracturing (fracking) has implied that these assumptions are less realistic.
Speci…cally, the “fracking revolution” has implied that oil and gas can be produced in substantial quantities in the U.S. and some other regions. The output from these sources is
highly substitutable with conventional oil and gas but it has fairly high production costs. It
can therefore be considered to be something of a hybrid between oil and coal. Clearly, the
fracking revolution has had important implications for the world oil market and motivates
17

an extension to accommodate fossil fuels that are costly to produce and that are good substitutes for conventional. We therefore generalize the production function for energy services
to a nested CES:
0

Ei;t = E(e1;i;t ; : : : ; en;i;t ) = @ 1 l

l
X

1;k

(e1;k;i;t )

h

k=1

!

h

+

n
X
2

k

11

(ek;i;t ) A

P
P
where nk=1 k = lk=1 1;k = 1. Here, we can allow the l fuels e1;k;i;t to be more substitutable
with each other by setting h > : We de…ne the oil composite
Oi;t

l

l
X

1;k

(e1;k;i;t )

k=1

h

!

1
h

and now interpret e1;k;i;t as conventional oil imports to region i in period t. The other
components, e1;k;i;t , k > 1, are locally produced close substitutes of oil, i.e., output from
"fracking".
In order to determine regional demand of the components of the oil composite, we consider
the problem

min

e1;k;i;t

l
X

p1;k;i;t e1;k;i;t

k=1

0

O@
Pi;t
l

l
X

1;k

(e1;k;i;t )

k=1

h

!

1
h

1

Oi;t A :

(11)

Here, p1;k;i;t are the di¤erent fuel prices of which p1;1;i;t is the global market price of conventional oil. As for coal, we assume the other components of the oil composite are determined
from the regional cost side.10
The FOC for (11) yields

e1;k;i;t

Oi;t
=
l

O
1;k lPi;t
p1;k;i;t

10

!1 1

h

; k 2 f1; lg

Setting all regions cost of producing these fuels equal would be isomorphic to allowing a global market
for "fracked" oil.
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The price index for the oil composite is

O
Pi;t
=l

1

l
X

1

(

1;k )

1

h

(p1;k;i;t )
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h
h

1
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1

h
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:

Given this, it is immediate to show that the price of energy services is

Pt;i =

( 1) 1

1

O
Pi;t

1

+

n
X

( k) 1

1

(pk;i;t )

k=2

1

!

1

;

the demand for the oil composite is
Oi;t =

1

1 Pi;t
O
Pi;t

1

Ei;t

where Ei;t remains given by (10) the demand for other energy sources
ek;i;t = Ei;t
4.1.1

k Pi;t

pk;i;t

1
1

; k 2 f2; ng

Calibration

We know need to calibrate the substitutability between the di¤erent components of the oil
composite as well as their production costs. We set l = 2 and assume that fracking costs
in the U.S. are 40 U.S. dollars per barrel, corresponding to $347 per ton carbon. We also
assume that China can produce fracked oil at a cost that is 50 percent higher than this,
while the other regions cannot or abstain from fracking. Finally, we set the elasticity of
substitution between the components of the oil composite to 10, implying h = 10:
4.1.2

Results

Figure 10 shows the results from this exercise. The addition of a fossil fuel that is a good
substitute for conventional oil, but is provided without scarcity rents makes the problem
of climate change more severe. In laissez faire, the temperature increases by 5 degrees
by the end of this century, and by 12 degrees at the end of the simulation period (see).
Taxes are an e¤ective way of dealing with climate change. However, compared to the case
without fracking, more global warning results also under the comprehensive tax scheme. An
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important di¤erence compared to the case in the previous section is that a tax only on coal
now results in substantially more global warning than a global carbon tax. The reason is
that the supply of the oil composite is highly elastic, implying that it responds strongly to a
tax. A global tax on coal and fracking, however, results in global warning almost identical to
the one under a global carbon tax. As in the case with no fracking, not taxing conventional
oil leads to substantially higher consumption and welfare for the region that is producing
conventional oil. In fact, for the oil-producing region, carbon taxes excluding conventional
oil is substantially better than laissez faire.
Figure 9. Climate change with fracking under di¤erent tax regimes.

4.2

Endogenous technical change

We now turn to an analysis of endogenous technical change. The purpose of this section is
to provide a simple framework for endogenizing the cost of producing the di¤erent sources of
energy. We maintain the assumption that oil is imported, whereas the other energy sources
are domestically produced at costs pk;i;t : We allow a tax k;i;t on each fuel. Speci…cally, we
will consider taxes per unit of fuel and proportional ad-valorem taxes.
As in the previous section, there is an energy-producing representative …rm selling energy
services on a competitive market. The only di¤erence relative to the previous section is that
we now give the energy producer the possibility to improve its technology for producing the
domestic energy inputs. It can reduce the costs of energy inputs, except oil, subject to a
constraint RDi;t (p2;i;t ; :::; pn;i;t ) 0.
The problem of the representative energy service provider is now
n
X

min
(1 +
n
n
fek;i;t g1 ;fpk;i;t g2 k=1
Pi;t (E(e1;i;t ; : : : ; en;i;t )

(12)

k;i;t ) pk;i;t ek;i;t

Ei;t )

i;t RDi;t

(p2;i;t ; :::; pn;i;t ) ;

where we note that the …rm can a¤ect pk;i;t for k 6= 1 but takes the oil price, p1;i;t as given.
Comparing (12) to (6) reveals that we now have a a set of new choice variables fpk;i;t gn2
and a new constraint RDi;t (p2;i;t ; :::; pn;i;t ) with a Lagrange multiplier i;t : All features of
proposition 1 still remain.

20

The …rst-order conditions for ek;i;t imply
Pt;i

ek;i;t = Ei;t

(1 +

1
1

k

(13)

k;i;t ) pk;i;t

as in the previous section and now, additionally, for pk;i;t ; k 6= 1;
(1 +

k;i;t ) ek;i;t

=

i;t

@RDi;t (p2;i;t ; :::; pn;i;t )
:
@pk;i;t

(14)

In the case taxes are per unit of the energy source, the objective function (12) is instead
n
X

(

k;i;t

+ pk;i;t ) ek;i;t

k=1

with …rst-order conditions given by
ek;i;t = Ei;t
and
ek;i;t =

i;t

Pt;i k
k;i;t + pk;i;t

1
1

@RDi;t (p2;i;t ; :::; pn;i;t )
:
@pk;i;t

(15)

Comparing (14) and (15) we …nd an important di¤erence. The LHS of both equations
represent the value of reducing costs of producing a particular fuel. In the case of ad-valorem
taxes, this value increases in the tax for given ek;i;t . This is note the case with taxes per
unit. We will return to this below.

4.3

Specializing some assumptions

We now make more speci…c assumptions on the technology available to the producers of
energy services. First, as in the section on exogenous technology, we consider the case of
three energy sources, oil, coal and green. Second, we assume that production and extraction
cost of coal and green can be improved upon subject to the constraint on the weighted

21

average of the relative improvements. Formally, the constraint is assumed to be
p2;i;t
p3;i;t
RDi;t (p2;i;t ; p3;i;t ) = min "2;i ln
; 0 + min "3;i ln
;0 + a
p2;i;t 1
p3;i;t 1
X
"k;i = 1:

0;

(16)
(17)

k

It is, of course, not obvious how the R&D production technology should be modelled.
However, we think of (16) as an interesting starting point in the spirit of Romer (1986). There
a the number of researchers active in R&D determined the rate of technological change. We
think of our speci…cation as an extension to directed technical change where the number of
R&D workers is …xed, and the productivity in improving technology is di¤erent for di¤erent
energy sources. In (16), pk;i;t 1 are costs if no cost-reductions occur. We assume they are
determined by aggregate innovation decisions in the previous period, either in the region or
globally. Cost-reductions thus spill over with a one period lag, implying that …rms are myopic
in their choices of technology. Given that we express costs in terms of …nal goods, where
some productivity increases occur. It is natural to think that pk;i;t 1 is higher than average
costs in the previous period in line with the discussion in the previous section. However,
it appears natural to assume that pk;i;t cannot be increased by making pj;i;t larger than the
cost no cost-reductions occur. This motivates the min operator in (16).
Now, the speci…cation in (16) implies that for k = 2; 3
"k
@RDi;t (p2;i;t ; :::; pn;i;t )
=
;
@pk;i;t
pk;i;t
which in turn implies
(1 +

k;i;t ) pk;i;t ek;i;t

= "k

(18)

i;t :

Proposition 2 When …rst-order conditions for the technology choice are satis…ed and taxes
are ad-valorem, spending on green energy is a …xed fraction of all spending on domestically
produces energy sources, i.e.,
(1 + 3;i;t ) p3;i;t e3;i;t
= "3 :
Pt;i Ei;t (1 + 1;i;t ) p1;i;t e1;i;t
Proof: Follows directly from noting that (1 +
Pi;t Ei;t and using (18).
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1;i;t ) p1;i;t e1;i;t +

P3

k=2

(1 +

k;i;t ) pk;i;t ek;i;t

=

Furthermore, using the expression (13) in (18) yields for k = 2; 3
1

(1 +

k;i;t ) pk;i;t

"k i;t
Ei;t

=

and
(1 +
(1 +

2;i;t ) p2;i;t
3;i;t ) p3;i;t

(Pt;i

1

1

1

"2
"3

=

k)

2

:

3

Since the RHS are technological constants, this implies that taxes are unable to change
the after-tax relative price of domestic fuels provided the FOC’s are satis…ed. Furthermore,
the growth rates of the two production costs are identical.
Since both the price and spendings are independent of taxes, also volumes are independent
of taxes, i.e.,
1
e2;i;t
3 "2
=
:
e3;i;t
2 "3
We can get an intuition for this result by considering the …rst-order condition for the
choice pk ; k 6= 1 given by (14). The LHS of the equation represents the marginal value of
cost reductions. As we see, for a given ek;i;t , this value is increasing in the tax rate k;i;t : The
fact that taxes are proportional to the cost of production implies that costs reductions are
worth more the higher is the tax, ceteris paribus. However, an increased tax also reduces
ek;i;t and this reduces the value of cost reductions. With the log-linear speci…cation of R&D
costs, it turns that the two e¤ects balances each other in such a was as to make R&D nullify
the e¤ect of taxes on after tax prices.
This intuition also suggests that if taxes are per unit of the energy sources, rather than
proportional to the price (cost), higher taxes should lead to higher costs. This since the
positive e¤ect of taxes on the value of cost reductions just described disappears. Therefore,
let us now turn to the case of taxes that are levied per unit of the source of energy. In this
case, the …rst-order condition is
pk;i;t ek;i;t = i;t "k
where
ek;i;t = Ei;t

Pt;i k
k;i;t + pk;i;t

1
1

.

Thus,
p2;i;t (

2;i;t

+ p2;i;t ) 1

p3;i;t (

1
3;i;t + p3;i;t )

1
1
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"2
=
"3

1

2
3

1

.

(19)

Now, consider the e¤ect of changes in taxes on coal. Totally di¤erentiating of the previous
p
dp
expression and noting that the R&D constraint implies dp3;i;t
= 1 "3"3 p3;i;t
and evaluating at
2;i;t
2;i;t
both taxes being zero yields
dp2;i;t
"3
=
:
d 2;i;t 3;i;t = 2;i;t =0
Thus, when is negative but close to zero, an increase in coal taxes leads to a large
increase in the relative price of coal.
4.3.1

Calibration

In addition to the calibration done for the case of exogenous technology, we will use the
assumption that …rst-order conditions are satis…ed before the introduction of carbon taxes.
Obviously, this assumption is not satis…ed in reality –there are both taxes on and substantial
subsidies to energy production. However, this calibration serves the purpose of illustrating
the quantitative implications of our model.
Consider …rst Europe, expressed per ton of carbon, the price of coal in Europe is calibrated
to 165.4 US$ and the price of green in carbon oil equivalents to 600 US$. Using the already
calibrated values of for 2 and 3 we can use these prices to calibrate the R&D parameter
"3 from
"

(p2;i;t )1

1
1

=
1
(p3;i;t )1 1
! "EU;3 = 0:778:

1

"EU;3
"EU;3

1

2
3

1

#

p2;i;t =165:4;p3;i;t =600;

2 =0:102; 3 =0:356;

= 0:058

If we instead use the coal price in the U.S., namely 82.7 U.S. dollars per ton carbon, the
implied weight on coal is "U S;e = 0:784; i.e., very close. The calibration implies that it is
easier to improve productivity in coal production than in green energy production. Had that
not been the case, the model would predict that all R&D e¤ort should be directed towards
reducing the relatively high cost of green energy.
Consider, now, the implications of introducing a carbon tax on coal. Using the R&D
constraint, and initially disregarding the constraint on cost increases (p2;i;t
p2;i;t 1 ), the
1
"
relation between the two domestic fuel prices must imply that (p2;i;t )( EU;3 ) (p3;i;t )"EU;3 is
constant. Using the calibrated "EU;3 and the initial prices, this constant is 450.5, yielding
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p3;i;t as a function of p2;i;t
p3;i;t (p2;i;t ) = 450:5

1
"EU;3

(p2;i;t )

1 "EU;3
"EU;3

:

Using this relation in (19) yields
p2;i;t (

2;i;t

+ p2;i;t ) 1

1

2

p3;i;t (p2;i;t ) 1

"2
=
"3

1

2

1

;

3

which implicitly de…nes p2;i;t as a function of the coal tax. As we see, the coal price is an
increasing function of the tax, whereas the green energy price price is a decreasing function.
The fact that we calibrated a value of "3 > 1=2 implies that it requires more R&D resources
to reduce the cost of producing green energy than reducing the cost of producing coal. Both
curves are, however, quite steep. Already for a coal tax of around 35 U.S. dollars per ton
carbon, the coal price becomes as high as the price of green energy. For the coal tax used in
the previous section, 76.8 U.S. dollars per ton carbon, the coal price is substantially higher
than the price of green energy (680 vs. 400 U.S. dollars per ton carbon) rather than only a
fourth of the green price without taxes (see Figure 11).
Figure 11. Coal and green energy prices in interior R&D optimum as function of coal
tax.
Let us now return to the constraint p2;i;t p2;i;t 1 : As discussed above, it seems reasonable
to assume that technology cannot regress. With no technical advances in the coal industry,
we may assume that costs in terms of the …nal good increases at about the rate of GDPgrowth. Over a decade, this would amount to a bit over 20%, implying that coal prices cannot
increase by more than that in a period. The conclusion is then that also a very modest tax
on coal would lead to a stagnant coal technology, and that R&D would be directed towards
improving the green energy.
Let us therefore, …nally, consider the implications of a global coal tax of the same size
as in the previous section but noting that this will lead all R&D to focus on reducing the
cost of green energy. We use the R&D-parameter calibrated for Europe, and endogenize the
growth rates of coal and green energy prices from an initial situation where both of them
are constant in terms of the output good (the same rate of technical advances as in the
…nal good sector). Then, redirecting R&D towards green, implies (by assumption) that coal
"EU
2% = 0:57% per
prices growth at 2% per year. The price of green energy falls by 1 "EU
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year. It may also be noted that the calibration implies that if R&D is fully directed towards
production of coal, the relative price of coal falls by 1 "EU
2% = 7:0% per year. This is
"EU
a relatively large number, but not out of line with data. On average, the relative price of
coal in units of GDP11 fell by 4.8% per year over the period 1950 to 2000. For most of the
decades, the fall was much faster. If the oil price shock decade (the 1970s) is excluded the
average fall of the relative coal price was 6.93% per year.
In Figure 12, we show the path for the global mean temperature for the case of taxes and
endogenous technical change as well as the laissez faire scenario (which remains identical to
the case of exogenous technical change by assumption). As we see, the temperature rises
substantially less with endogenous technical change due to the fact that coal use starts falling
immediately. Recall that with exogenous technical change and a global coal tax, coal use
increased over the coming century and peaked around 2090.
Figure 12. Increase in global mean temperature global coal tax with and without endogenous technical change and laissez faire.
Figure 13 shows the path of consumption with a global coal tax and endogenous tech
change relative to laissez faire, which we take to imply neutral technological change (no
change in relative prices). In comparison to the case of exogenous technical change, Europe
and Africa gains even more by the introduction of the global coal tax, while the consumption
of all other regions remains largely una¤ected
Figure 13. Consumption under global coal tax and endogenous technical change relative
to laissez faire.
Results so far have been derived under the assumption that …rst-order conditions de…ne
the optimum. However, if the elasticity of substitution (1
) 1 is large enough, the energyproducing …rm may specialize in some fuels. Examining this is the purpose of the next
sub-section.
11

This is calculated as the di¤erence between the nominal GDP growth rate and the rate of change of the
nominal coal price. Gdp data from FRED and coal prices from EIA (2012).
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4.4

>0

Corner solutions with

Cost-minimization amounts to minimizing the price index Pi;t as de…ned by (9) under the
relevant constraints, i.e., solving

p2;i;t p2;i;t

1 ;p3;i;t

"2

p2;i;t
p2;i;t 1

s:t:

min

p3;i;t

p3;i;t
p3;i;t 1

Pi;t
1

"3

= e a:

Using the constraint to replace p3;i;t and maximizing over p2;i;t ; the second derivative
evaluated at the FOC is
"2 + "3 "2 1
1 "3 "3 (p2;i;t )2

(1 +

3;i;t ) p3;i;t

1

p2;i;t
p2;i;t 1

"2
"3

e

a
"3

!

1

1
1

3

which is negative i¤ > 0 implying that the FOC then identi…es a maximal cost. Then,
minimum energy cost arises at one of the corners12
a

p2;i;t 1 e "2 ; p3;i;t

1

and

It is immediate that i¤

a

X2=3

p^2;31 e "2 1
p^2;31 + e

a

p2;i;t 1 ; p3;i;t 1 e "3

+1
a
"3 1

<1

:

(20)

1

(1+

)p

2;i;t 2;i;t 1
2
where p^2;3
; costs are lower if the …rst corner (reducing the cost of
(1+ 3;i;t )p3;i;t 1
3
producing fuel of type 2) is used. The cut-o¤ where energy …rms are indi¤erent between the
corners is
! 1

p2;3

e1

a
"2

1

e1

a
"3

1

:

Since X2=3 is increasing in p^2;3 when > 0; costs are lower (higher) in the corner where
costs of fuel 2 are reduced if p^2;3 < (>) p2;3 .
A key di¤erence between the result here and in the previous subsection is that the direction of R&D can be permanently shifted by a temporary tax. We can see this by noting that
the base-line costs enter in the optimality condition (20). A temporary tax may be required
12

We have not yet proved global concavity, but that seems straightforward.
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p

1
to make R&D switch to renewables. Over time, this leads to p2;i;t
increasing and eventually,
3;i;t 1
not tax is required to keep R&D directed towards reducing the cost of renewables. This is
the mechanism in Acemoglu et al. (2012).

5

Discussion and concluding remarks

The models we provide in this paper are highly stylized but build on well established macroeconomic principles. Therefore, we do think that the quantitative implications of the models
contain valuable information. In particular, development along the lines of these models can
complement more complicated existing integrated assessment models. Building on a standard macroeconomic growth model makes it straightforward to extend the model in various
dimensions. An example of this is our extension to consider endogenous directed technical
change. Here, however, we sail on less well-chartered waters. Our calibration, as well as the
speci…cation of the R&D technology for energy production, is rudimentary and preliminary.
By using microeconomic evidence on the R&D process as in Popp (2002) and Aghion et al.
(2016), we believe that our analysis could be improved. Thus, rather than providing trustworthy quantitative answers for the questions we ask, we think of our extension as providing
a framework for further analysis.
First, we assume away an international bond market. Allowing bond trade between oilconsuming countries will not matter if they are all on a common balanced growth path. In
reality, however, it is hard to argue that the key regions in the world are all on a balanced
growth path. China grows much faster than Europe and the U.S. since some time and,
although there is slowdown in China’s growth rate, it is slow and still occurring at a high
growth rate. On the other hand, we do not see large current account de…cits in China; rather,
we observe the opposite. Allowing bond trade between oil consumers and oil producers
would change the analysis. In particular, the oil supply would become more fundamentally
endogenous, though still in line with Hotelling’s general principles. In this regard, it is not
clear that bond trade would make the model more realistic.
Second, we have used the clear distinction between oil (existing in …xed supply and
have zero extraction costs) and coal (existing in perfectly elastic supply). In reality, there
is a spectrum of intermediate fossil fuels, including e.g., deep sea oil, tar sands, and gas
and oil available with hydraulic fracturing. It seems likely that technological developments
making the extraction of these sources of fuel cheaper is where our focus should be, rather
than on coal. Therefore, including more sources of fossil fuel and working toward a serious
28

calibration of the technologies for extracting these kinds of fuel is of …rst-order importance
for future work. Here, work like the one presented in McGlade and Ekins (2015) can be
very valuable. Doing this, we also need to consider relaxing the assumption of a constant
elasticity of substitution between all sources of energy. The elasticity of substitution between
di¤erent fuels depends on the fuels under consideration and the purpose (for example heat,
transportation services or electricity). Furthermore, the elasticity is time dependent and can
also vary with the share of a particular source of energy in total use. An important aspect
here is that many green sources of energy have a naturally volatile supply due to weather
variability. Sinn (2017) argues that this implies an increasing complementarity between
green sources of energy and fossil fuel as the share of the former increase.
Third, the way we introduced R&D could, obviously, also bene…t from further development. In particular, our prediction of the consequences of taxes for how R&D is directed
relies on functional form assumptions (the log-linear R&D constraint) and the value of the
substitution between di¤erent sources of energy. Regarding the former, it is clear that the
validity of our speci…cation can and should be examined and possibly changed. Regarding
the elasticity of substitution, Acemoglu et al. (2012) demonstrated the strong di¤erence in
long-run implications between the elasticity being above or below unity. We also note these
di¤erences but …nd that they are mitigated. In particular, even if the elasticity is below
unity, a tax will be e¤ective in moving the direction of R&D for a long time forward. In
contrast to Acemoglu et al. (2012), our model imply that a permanent tax is required in
order to permanently deal with climate change, but also a quite modest tax can work to
redirect R&D.
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