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1 Introduction

IPCC (2014): “Effective mitigation [of greenhouse gases| will not be achieved if

individual agents advance their own interests independently.”

Climate change is considered as one of the major global challenges. Although countries past
and future contributions to the accumulation of greenhouse gases (GHGs) in the atmosphere
are different, all countries are affected, but not necessarily in the same way. For instance,
rising sea levels affect coastal areas much more than inland areas. On the other hand, countries
that are potentially affected the most are not necessarily the ones emitting most of the GHGs
and vice versa. Furthermore, mitigating the effects of climate change is bedeviled by free-rider
problems and external effects that make it hard to achieve global agreements to mitigate the
potential consequences of anthropological emissions. For instance, it took several years to reach
the Paris Agreement, but the result is still considered as imperfect by some (e.g., Rogelj et al.
(2016) and UNEP (2016)), binding commitment devices are missing, and some countries are

already threatening to defect.

This paper proposes a novel non-cooperative game-theoretical framework that allows us to
study crucial issues prevalent in the international efforts to address climate change. Our model
is formulated as a repeated game reflecting the fact that dealing with climate change involves
continuous actions by all countries. Problems of this type are in general hard to solve, but
our formulation is analytically tractable. Assuming that each country’s decision making can
be characterized by a recursive utility functional, we can explicitly calculate the optimal con-
sumption and abatement decisions of all countries as well as the corresponding social cost of
carbon (SCC). One important feature of our model is that countries are open economies, i.e.,
there is potentially international trade between all countries. We can thus study the effect of
international trade on the SCC, which is a key contribution of our paper. We find that the
SCC is increasing in trade volume. This effect can be significant and disregarding trade might
lead to a severe underestimation of the SCC, both at the country and global level. We show
that this result is robust to allowing for capital transfers. Notice that the majority of the exist-
ing optimization-based integrated assessment models (IAMs) involves only one representative
agent, i.e., by construction there is no trade. The few TAMs with multiple countries typically

assume that these countries are autarkies, i.e., they also abstract from international trade.!

1See the discussion of the literature below.



We also show that the number of countries is a crucial determinant of the optimal amount of
abatement. In fact, we find that as the number of countries becomes larger, the optimal efforts
that each country implements become smaller, leading to less global abatement. In the limit,
it may be optimal to do no abatement. This is in line with the nature of the carbon abatement
game that due to all its externalities can lead to a Prisoner’s dilemma. However, the initial
SCC remains the same independently of the number of countries. We thus document that in
a non-cooperative setting there is no tight connection between the amount of abatement and
the size of SCC, which is in contrast to cooperative games (in particular to models with only

one representative agent), where both move in tandem.

From a formal point of view, this paper offers a closed-form solution to an involved stochastic
differential game with recursive preferences (stochastic differential utility) that are typically
very challenging to solve. Our model involves several stochastic state variables such as the
global average temperature and the capital stocks that generate the outputs of the different
countries. All countries can decide on how to use their output: Each country can implement
carbon abatement strategies to reduce carbon emissions and thus mitigate the increase in global
temperature. This decision is plagued by external effects, since the benefits of carbon abate-
ment are shared by all countries, but the expenditures are paid by each country individually.
Alternatively, each country can consume or reinvest its output to increase its capital stock. To
compare our findings with a cooperative setting, we also provide the solution for a particular
problem where a social planner makes all decisions. We can explicitly determine the welfare
gains that arise from having a social planner who forces all countries to implement strategies
that are optimal from a global perspective and that internalizes all external effects. Of course,
this solution is not attainable in a realistic setting since defecting from this global optimal

strategy is difficult to penalize.

Our work is related to several other papers. First, there are integrated assessment models
studying the impact of climate change. The DICE model (Dynamic Integrated Model of Climate
and the Economy) is the most common framework to study optimal carbon abatement. It is
formulated in a deterministic setting, see for example Nordhaus (1992, 2008), Nordhaus and
Sztorc (2013). This framework has been extended by several authors: Crost and Traeger (2014),
Jensen and Traeger (2014), and Ackerman et al. (2013) analyze versions where one component
is assumed to be stochastic and the decision maker has recursive preferences. Ackerman et al.

(2013) introduce transitory uncertainty of the climate sensitivity parameter into the DICE



model. A stochastic version is analyzed by Cai and Lontzek (2018). All these papers study

frameworks with one representative agent.

Closed-form solutions are only available in few special cases. The most prominent example is
the combination of log utility, Cobb-Douglas production and full depreciation as in Golosov
et al. (2014). Traeger (2015) generalizes this setting to recursive preferences and provides a
sound description of the carbon cycle and the climate system. An alternative approach is
proposed by van den Bremer and van der Ploeg (2018) who combine AK-growth and recursive

preferences to solve for the optimal fossil fuel use. These papers are all single-agent models.

There are few papers taking a game-theoretical approach. van der Ploeg and de Zeeuw (1992)
analyze a deterministic setting and distinguish between open-loop and feedback Nash equilib-
rium outcomes. Nordhaus and Yang (1996) is a deterministic game-theoretical version of the
DICE model which is called the RICE model. Ackerman et al. (2011) extend the RICE model
and focus on a social-planner solution. Tol (2002a,b) considers a static game with deterministic
actions called the FUND model to estimate the damages of climate change. Nordhaus (2015)
emphasizes the non-cooperative feature of international efforts to mitigate climate change and
proposes so-called climate clubs involving external penalties in the form of trade tariffs. All
these papers are formulated in a deterministic setting or restrict the optimal abatement strate-
gies to be deterministic. Furthermore, they do not allow for trade, except for Nordhaus (2015).
His model, however, is static and does not analyze the effect of trade on the SCC, which in his
analysis are exogenously given. By contrast, we determine the SCC endogenously. Hassler and
Krusell (2012) analyze a stochastic general-equilibrium version of RICE which is a multi-region
version of Golosov et al. (2014). In their model, there is no trade except for trade in oil. They
show that in this setup only taxes on oil producers can mitigate climate change, whereas taxes
on oil consumers have no effect. van der Ploeg and de Zeeuw (2016) study the effect of produc-
tivity shocks resulting from climate change (tipping point) in cooperative and non-cooperative

settings. However, they also abstract from international trade.

The remainder of the paper is structured as follows: Section 2 introduces the model setup.
Section 3 formalizes the non-cooperative game that all countries face. Section 4 provides the
solution to the non-cooperative game. Section 5 contains a detailed analysis of how interna-
tional trade contributes to the SCC. Section 6 shows that the world abatement effort becomes
negligible if the number of countries is large. Section 7 shows that our results regarding in-

ternational trade are robust to adding capital transfers between countries. Section 8 studies
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Figure 1: Model Structure. This figure depicts the structure of the model presented in Section 2.
The arrows depict the flow of goods and the direction of operation.

a cooperative version of the game and quantifies welfare effects. Section 9 reports numerical
results for a calibration with five regions given by the AR5 Scenario Database of IPCC (2014).
It is shown that for this calibration 22.5% of the global SCC are generated by international
trade. Section 10 concludes. An Appendix provides additional material such as proofs and

calibrations.

2 Model Setup

The world is divided into N heterogeneous regions (syn. countries), which are indexed by
n € {1,...,N}. On a global level, we model carbon dioxide emissions, concentrations, and
changes in global warming and incorporate these building blocks into an economic analysis.
We solve for economic key variables such as the optimal abatement-consumption strategies and

the social cost of carbon. Figure 1 depicts the general model structure.



2.1 Economic Model

Production Following Barro (2006, 2009) and Pindyck and Wang (2013), every country
produces output (syn. GDP) using a production technology that is linear in capital (AK-

technology). Formally, output of country n is
Ynt - AnKnt7 (1)

where A, is a country-specific constant that models productivity and K, models capital, which
is the only factor of production. K, is the total stock of capital, i.e., it includes physical capital,
but also human capital and firm-based intangible capital such as patents. We assume that K,

is measured in the domestic currency.

Budget Constraint Climate change has a negative impact on economic growth. In order to
mitigate this impact, each country controls carbon dioxide emissions by choosing an abatement
strategy «,, which reduces current CO, emissions and thus the COs concentration in the atmo-
sphere. This strategy is costly and leads to abatement expenditures A%. The budget constraint

of country n reads
Ynt - Int + Aﬁt + Cnt7 (2>

i.e., output can be used to invest, to abate carbon, or to consume. Notice that C,; is the part
of output that is consumed in country n or exported to another country and consumed there.
We allow for international trade and assume that the trade balance is balanced, i.e., exports
EX,; equal imports ZM,,;. In our framework, the exports and imports of country n are given
by
EXpy=Cy—C)y and IM, =Y PKCp,
k#n

where C;! denotes the amount of consumption units produced in country k and consumed by
country n. Furthermore, P¥ denotes the exchange rate between country k and n, i.e., the price

of the k-currency expressed in terms of the n-currency. Therefore, an even trade balance implies

Cot = Cpy + Z ,Pjit Cry- (3)
k#n



Capital Accumulation Following Pindyck and Wang (2013), capital accumulation in coun-
try n is given by

dKnt - q)n(z-nta o Knt>dt - gnﬂKntdt + UnKntdet- (4>

nt’

We model economic damages from climate change as in Dell et al. (2009, 2012). The parameter
&, is a country-specific damage parameter that relates global average temperatures T; to loss
of economic growth in country n. The adjustment function ®,(Z,, A%, K,) captures effects
of depreciation and costs of installing capital and implementing an abatement policy. As
in Hayashi (1982), we assume that ®,,(Z,,A,, K,) is homogenous of degree one in K,, i.e.,
,(Z,, A, K,) = én (h ﬂ) K,. We choose the following quadratic adjustment function

Ky Ky
involving quadratic adjustment costs
In Aoz In 1 Iﬂ Ag ’
P N = ria 3 (5)
K, K, K, ~ 2 K, K,
et depreciation h— ~ d
investments adjustment costs

where 6, is a positive constant that scales the adjustment costs and 6% denotes the depreciation
rate of capital.? The process W = (Wi, ..., Way)i>o0 is an N-dimensional standard Brownian
motion, where its components are correlated via d(Wy, W,,) = pgndt, for k,n =1,..., N. The

volatility o, is assumed to be constant.

Abatement Costs and Economic Growth For tractability, we assume that the abatement
costs LAY are proportional to capital. More precisely, suppose that the abatement costs are of

the following form
A = an (75)065’{2 K (6)

with b, > 1. The abatement costs are thus convex in the abatement policy implying that the
costs for the implementation of more stringent abatement policies increase disproportionately.

The time-dependent coefficient a,(t) > 0 captures exogenous technological progress and is

2Homogeneous adjustment costs have been widely used in the literature, see, e.g., Hayashi (1982), Jermann
(1998), Pindyck and Wang (2013).



assumed to decline over time.?> We refer to a,, as the cost function trend. Combining (1), (2),
(4), (5), and (6), we obtain

dKy = Ky [(gn(Xnt) - Kn(t Oém) - gnTt)dt + O'nthn] ) (7>
where x,, = C,/Y, is the fraction of output that country n designates for consumption. Fur-
thermore, g, (z) = A,(1—2) — 30, (1—x)? — 6 with ¢, = 6,,A2 denotes the expected economic

gross growth rate. The function ki, (t, an) = an(t)a’s models the costs of abatement relative

to output or capital. Therefore, the expected economic growth rate g, (Xnt) — fn(t, ant) — T}
consists of three parts that can be interpreted as follows: (i) the expected gross growth rate
gn(xn) models the growth rate of capital in the absence of climate change, (ii) implementing an
abatement strategy « reduces economic growth by &, (t, ay), (iii) the growth rate is negatively

affected by current temperatures via &,7;.

2.2 Climate Model

Atmospheric Carbon Dioxide Concentration The average pre-industrial concentration
of carbon dioxide in the atmosphere is denoted by MYL. The dynamics of the atmospheric

carbon dioxide concentration are given by

N
dM, = M, [(um(t) -3 @m) dt + gpd W] 8)

n=1
The carbon dioxide concentration is measured in parts-per-million (ppm). We use the notations
my = log(M;) and m"! = log(M*!). The control variables ,, are the above mentioned abate-
ment policies.? The process W™ = (W/™);>¢ is a standard Brownian motion that is correlated
with (W)Y, via d(W™ W") = p,,,dt, for n = 1,..., N and models environmental shocks

on the carbon dioxide concentration. The correlation structure makes it possible that carbon

3The assumptions regarding the abatement cost functions are standard in the IAM literature (e.g., DICE
model).

4For tractability, we formulate our model such that the countries control the change in concentration (instead
of the emissions). This is without loss of generality since every change in concentration (stock variable) is
connected to a change in emissions (flow variable). In other words, for every country one can back out the
implicit size of emissions that is consistent with a particular a,, (see (10) below). The only issue that could
arise is that some values of «,, might imply negative emissions leading to a constraint on a,. It turns out that
such a constraint would only be binding for unrealistically high values of «,, and is thus practically redundant.



dioxide emissions change if there is a shock to economic growth.> The volatility of these shocks
om is assumed to be constant. Atmospheric carbon dioxide evolves with an expected business-
as-usual growth rate p,,. In other words, u,, is the growth rate if no country takes additional
actions to reduce carbon dioxide emissions. The phenomena of carbon dioxide depletion can
be captured by calibrating the business-as-usual drift appropriately. The abatement policies
o, model how additional actions (beyond BAU) reduce carbon dioxide emissions and thus the
concentration in the atmosphere. By definition, these abatement policies were zero in the past.
If no abatement policy is chosen and the countries stick to BAU, we also use the notation MBAY

instead of M.

Carbon Dioxide Emissions Our dynamics of the carbon concentration M are controlled
by the abatement policies «,,. However, we are also interested in the implied CO, emissions
that generate these dynamics. To back out COy emissions that are consistent with (8), we
now consider an alternative representation of the COy dynamics where — up to environmental
shocks — the change in M is expressed as the difference between CO4 emissions and the amount
of carbon absorbed by natural sinks. Formally, if F,; denotes the time-t anthropological COq

emissions of country n, it is reasonable to postulate that E,; can be determined from
N
AM, = (.Y Budt — 6,(M, — M™)dt + Mo, dW;" (9)
n=1

Here (. is a factor converting emissions into concentrations® and §,, denotes the decay rate of
atmospheric carbon dioxide, i.e., the speed at which CO, is absorbed from the atmosphere. By
equating (8) and (9), we can solve for the world CO, emissions that are consistent with both
dynamics. Assuming that the regional BAU-emissions are given by E,; = v, (t)E; where v, is

a deterministic function,” Appendix A shows that regional carbon dioxide emissions F, which

5By contrast to the DICE model, we do not assume that carbon dioxide emissions are directly proportional
to global output, but positively correlated. Our assumption is more in line with historical data. According to
IPCC (2014), less than 45% of greenhouse gas emissions in 2010 came from industrial or agricultural production.
Maddison and Rehdanz (2008) examine a panel of data for evidence of a causal relationship between GDP and
CO; emissions. They find in particular that the non-causality hypothesis that GDP does not Granger-cause
CO; emissions cannot be rejected.

6While carbon dioxide concentration is measured in parts-per-million (ppm), we measure emissions in giga-
tons of COy (GtCOs3). (. thus takes the different units into account.

"This can be well calibrated by the RCP 8.5 scenario, see Appendix F.2.



are consistent with (8) are given by

Ce

[V (E) (1 (8) + G) = ] — (1) AT (10)

E nt ge

Temperature Dynamics Following Nordhaus and Sztorc (2013) and Cai and Lontzek (2018)
we assume that the temperature dynamics can be captured by a two-layer atmosphere-ocean
temperature system where temperatures are measured in degrees Celsius (°C). These dynamics
are given by

+ F(t)| dt — ¢Tydt + ¢y (T — Ty)dt, (11)

M
dT}; = Kk, Nr lOg M_lil

ATy = ¢1o(Th — 17) dt, (12)

where T" denotes the atmospheric global average temperature increase relative to pre-industrial
levels and 7 the average change in oceanic temperatures. The parameter ¢;; is the heat
diffusion rate from layer ¢ to layer 7 and ¢ is the rate of atmospheric temperature change by
infrared radiation to space. The parameter 7, is the radiative forcing parameter and ., measures
the speed at which temperatures react to changes in radiative forcing. Atmospheric temperature
is affected by carbon dioxide concentrations, but also by other greenhouse gases which are
treated exogenous as in Nordhaus and Sztorc (2013). This is captured by the deterministic

function F***.

3 Non-cooperative Game

Since every country is affected by the decisions of all other countries, the problem can be
formalized as a stochastic differential game. Most popular models (such as RICE, e.g., Nordhaus
and Yang (1996), Nordhaus (2010)) consider a social planner who makes the decisions for all
regions in order to maximize a global welfare functional. Such a framework can be interpreted
as a cooperative game and leads to a globally optimal solution. The more realistic situation
is that countries make their decisions themselves (and not the social planner), which leads
to a non-cooperative game in the sense of Nash (1950). In such a framework, the countries
anticipate the decisions of all other countries and act individually to maximize their national

welfare.



3.1 Preferences

At every point in time ¢ € [0, 00), each region optimally chooses a consumption strategy and

an abatement policy. Every region is affected by its own decision, but also by the decisions

of all other regions. We use the notation 7 = (C,...,C%, a,)_, for a given (N + 1)-tuple of
consumption-abatement strategies. Following Colacito and Croce (2013), among others, each

region derives utility from a consumption bundle %, that is given by

N

G = | [ (CR), (13)

k=1

where 37 denotes the weight that region n puts on the consumption good produced by region
k. The weights satisfy Zgﬂ Bp =1foraln=1...,N. The utility index J] of region n
associated with a given (N + 1)-tuple of consumption-abatement strategies 7 is then defined

by
Jr(t,z) = E, [/:O Fa(Go, T (5, 20))ds ‘ 2 ::13], (14)

where 2} = (my, Ty, T, K1y, . . ., Kn¢) is the current state of the world. Furthermore, f, is the

continuous-time Epstein-Zin aggregator for unit EIS given by

on(1 — %)Jlog<%), T F# 1,
£.(G.T) = ()]

5, 10g(%) — 6,7, Yo =1,

For region n, the parameter 9,, > 0 denotes the time-preference parameter and ~,, > 1 measures

the degree of relative risk aversion.®

3.2 Nash Equilibrium

Each region maximizes its own utility from consumption by implementing a consumption-

abatement strategy. The regions anticipate the activities of the other regions and choose ad-

8 Although empirical evidence suggests that 7, > 1 is the reasonable specification for the index of relative
risk aversion, it is also possible to define aggregator functions for ~, € [0,1]. For 7, > 1 the region prefers
early resolution of uncertainty and is eager to learn outcomes of random events before they occur. On the other
hand, if ,, < 1 the region prefers late resolution of uncertainty.

10



missible consumption-abatement strategies m, = (C7,...,Cl, ) in order to maximize their
utility indexes J at any point in time ¢ € [0, 00). A Nash equilibrium is a situation where no
region has a reason to deviate unilaterally from its strategy. For a precise formulation, we use

the notation (7, | 7%,,) = (77, ..., 7T _ |, Tn, T 1y .- TN):

Definition 3.1 (Nash Equilibrium). An (N + 1)-tuple of consumption-abatement strategies
()N = (Cr, ..., C%, )N, is called a Nash equilibrium if for every strategy m, = (C},...,C%, ay,)
and all (t,x)

Tn |

T (4 2y < U )

for all regions n = 1,...,N. The indirect utility functions (syn. value functions) are given by

J"(t,z) = sup {J,S””'“i“)(t, 91;)} :

Tn

We use the terms optimal strategies and Nash equilibrium interchangeable. The optimal strate-
gies can be determined by solving a coupled system of Hamilton-Jacobi-Bellman (HJB) equa-
tions (see, e.g., Dockner et al. (2000)). The HJB equation of region n = 1,..., N reads

0= sup {Jf+fn(cgm=]n)+[

Cly o ,CRan

N
ZO%] Jn + 20—mJ77711m+¢12<T_7—t)‘]n (15)

k=1

l\:)|>—t

—+ (HT [777—(777, — mPI) + Fex} — (¢ -+ ¢21)T + §Z521T0) J:L + Z Kkpm,kO'mO'kJ[nékm
k=1

N N N
1
+ Z T K[k (oxw) — mk(, o) — &) + 3 Z ZKkKlpl,kUlUkJIn(kKl}7
k=1 k=1 I=1

where subscripts of J" denote partial derivatives (e.g., Ji* = 0J™/0t).

3.3 Social Cost of Carbon

Following Nordhaus and Sztorc (2013), among others, we define the social cost of carbon (SCC)

as the marginal rate of substitution between atmospheric carbon dioxide and capital. Formally,

11



the country-specific social cost of carbon is given by

AN
oM,/ 9K,

SCC,,; = (16)
It thus measures the climate damage to the capital of country n caused by an marginal increase
of time-t emissions. The global social cost of carbon expressed in terms of the currency of the

first country is”
N
SCC =Y Prsce, (17)
n=1

and quantifies the total damage of all countries. Consequently, SCC can be interpreted as an
hypothetical global carbon tax that would internalize all negative external effects from burning
carbon. Notice that from the perspective of a country implementing such a tax is not optimal in
a non-cooperative setting. By contrast, SCC,, only takes country-specific climate damages into
account, i.e., implementing this country-specific carbon tax only internalizes external effects

within a country.

4 Solution to the Non-cooperative Game
This section presents the main results for the non-cooperative game. In particular, we solve for

a Nash-equilibrium and determine the social cost of carbon.

Theorem 4.1 (Unit EIS). If v, # 1 for country n € {1,...,N}, then its indirect utility

function is given by

1=n
J(t,m, 7,7, Ky,...,Ky) = ! (H&f’“) exp { (v — 1) (Prm + Pr7 + Pro®) +p" (1) }

(18)

9Notice that SCC,, is measured in the domestic currency of country n since the SCC,, is the derivative of K,
with respect to M and K, is measured in this currency as well. Therefore, we must multiply all SCC except
for one country (here the first one) by the exchange rate. If the first country is the US, then the global SCC
is expressed in dollars. If we consider regions instead of countries, then typically regions do not have common
currencies and one has to choose a currency of a particular country. In applications, one then typically expresses
all variables in USD, i.e. P} SCC,, is the SCC of country n in USD. This is the case in our numerical example
(see Section 9).

12



with

N n
I A T A
nt+@12

and p" is given in (49). The optimal controls are given by

1

ot = ﬁ?n L bn%l = 1 S n RrT)r 1 bn =t
e = <Ean(t)bn) B (ﬁ"(sn(Zﬁk&C) On+ 0+ $210n_ (t)bn> ) (20)

Snt b1z

9y — A, + \/ (0, — Ap)2 + 40,
20,
C;clt* = 62612- (22)

’nﬁn

The country-specific social cost of carbon is given by

Dy Kt _ Ky
SCC,; = 5n M, 6 5, A Mt<25k§k> 5n+¢+ “Ga1on (23)

On+o12

and the global SCC follows from (17). The equilibrium exchange rates are

BZ nt

k
Pue = Grer.

(24)
This solution constitutes a Nash equilibrium and the goods markets clear under the equilib-
rium exchange rates (24), i.e., a general equilibrium obtains. Condition (47) ensures that the

investments of all countries are positive.'

Proof. See Appendix B.1. O

Notice that the exchange rates P*, take the usual form as for instance in Colacito and Croce
(2013). The optimal abatement policies (a,)Y_;, the optimal consumption decisions, and the
SCC depend on several parameters. Table 1 summarizes the qualitative effects of these input
parameters on the SCC and the optimal decisions. We discuss these effects in the following

paragraphs.

10Gee Appendix B.1 for a discussion of this condition. It is satisfied in all our calibrations.

13
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Table 1: Influence of the model input parameters. The table summarizes the influence of
several parameters on the SCC and optimal decisions. A positive influence is labeled by +, a negative
by —, and independence by 0. NU indicates that the influence is not unique.

Optimal Abatement and the SCC The SCC does not depend on cost parameters since it
measures marginal damage that is not affected by abatement costs. For all other parameters,
the effects on (20) and (23) go in the same direction since higher values of the SCC induce

more abatement efforts.

Effect of damage-related terms: The term Z,i\[:l Brék is a weighted average of country-specific
damage parameters weighted by the country’s Cobb-Douglas weights. It relates to the economic
impact of climate change on economic growth, i.e., it measures the severity of climate change.
Intuitively, country n only cares about the damage in country k if it consumes a significant
amount of the good produced in country k. This is measured by the size of the weight 5}
scaling the damage parameter {; of country k. In other words, if the weight 3} is small, then

the abatement policy is not significantly affected.!!

Effect of the climate system: The effect of the climate system parameters is reasonable: First,
the higher the climate sensitivity parameter n, or the speed k., at which temperatures reacts
to changes in atmospheric CO,, the higher is the SCC and, in turn, the more are the incentives
to abate carbon dioxide emissions. Second, intuitively ¢ captures the speed at which the space

absorbs heat from the atmosphere and thus higher values make climate change more transitory.

$210n
On+di12

of the temperature exchange between oceans and atmosphere. Since ¢o; models heat diffusion

Therefore, the abatement policy is decreasing in ¢. Finally, the term captures the effect
from atmosphere to oceans, its effect is negative on abatement policies, whereas the opposite

is true for ¢,.

Effect of preference parameters: It is well-known that a higher time preference rate d,, reduces
the social cost of carbon and the demand for abatement. On the other hand, we find that

risk aversion does not affect the results at all. This confirms the earlier findings of Crost and

UThe effect of 87 is extensively discussed in Section 5.
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Traeger (2014) and Jensen and Traeger (2014).

Effect of abatement costs: The optimal abatement policies depend on the costs of abatement.
Optimal abatement is more stringent if the cost function trend a,(t) is smaller. We also find
that countries implement more abatement if the abatement cost function is more convex. This
is because incremental improvements are relatively cheaper than drastic actions. As mentioned

above, the parameters of the abatement cost function do not influence the SCC.

Optimal Consumption The optimal consumption strategies (CJ,...,C%)N_, are propor-

tional to output, i.e., in equilibrium, the countries consume and export constant fractions of
their output. The total amount of optimal consumption units C} produced in region n is in-
creasing in the time-preference rate ¢§,. A higher time-preference rate puts implicitly more
weight on the presence so that society cares less for the future. This reduces the demand for
abatement and investment and thus increases aggregate consumption. Optimal consumption
is also increasing in the capital adjustment cost parameter 1J,,. This is because higher capital
adjustment costs reduce the efficiency of investments so that consumption becomes more at-
tractive. Similarly, a higher productivity A,, makes investments more efficient and thus reduces

aggregate consumption.
Finally, we provide the optimal solution for the special case of log utility.
Corollary 4.2 (Log Utility). Assume ~, = 1 for some n = 1,...,N. The indirect utility

function of region n, J" is given by

N
TH(tm, 7,70 Ky, Ky) =Y Bilog(Ki) — Prm — Pir — Plam® + piug (1), (25)
k=1

where py,, P, and plo are given as in (19) and pi, is stated in Appendiz B.2. The optimal
controls, the SCC, and the exchange rate are given by (20)-(24).

Proof. See Appendix B.2. O

15



5 SCC and International Trade

The countries in our model are open economies that are allowed to trade their goods with each
other. Every country consumes a consumption bundle (13) potentially containing all goods
that are available world-wide. Empirically, countries typically have a home bias for their own
good which is captured by the weight 5. In practice, countries also import significant amounts.
This part of consumption can be calibrated to the data by choosing the remaining weights 3}’

appropriately.

We now address the question of how international trade influences the size of the SCC, both

for a country and globally. By (23), the country-specific SCC can be rewritten as

Y, - <§n . #Zn g > HTUT¢216

SCC,, =
On + ¢+ 555

In a closed economy without trade, the country is only consuming its own good, i.e., g =1
and 7 =0 for all k£ # n, and thus its SCC becomes

Y, RNz
S, A, Mé _$210n
5 + ¢ + On+d12

SCCclosed

which denotes the country-specific SCC of a closed economy. Therefore, the adjustment for

international trade is driven by the weighted damage term in brackets

Z £k7

k;én

which captures the relative importance of the damage in country k& that delivers goods to
country n. This importance increases in the fraction of weights of the foreign and domestic

good B7/Br. Consequently, we get the following result.

Proposition 5.1 (SCC in Open and Closed Economies). The SCC in an open economy is

higher than in a closed economy. More precisely, the SCC can be decomposed as follows

SCC, = SCCeesed 4 go(irade (26)
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where the additional SCC' from trade are given by

SCCZGde —
Brén

SCCclosed, (27)

In our model, international trade of country n can be quantified by
Tn=Cn—Cy =Co— B;C, =Co(1 = B7) = xaYa(l — 5;), (28)

which is the amount of output of country n that is designated for consumption minus the
amount that remains in country n and is consumed there (in monetary units). Aggregating

over all countries, we obtain

N N
n=1 n=1

which is the global trade volume expressed in the currency of the first country. Solving (28)
for Y,, and substituting into (27) yields

SOy = T, T,

where

T (L= B0 AL Br Gt ot 2

Wn

We define the weights w,, = PP'w,/ >, Prws. Then the additional social cost of carbon from

trade can be written as a weighted average of the country-specific amount of international trade

N N N
SCCtrade _ Z_; P{L SCCZade _ % < Z; Piﬂwn> Z:l wn7;z7

which is expressed in the currency of the first country.

Homogeneous Countries Let us consider the special case where all countries are homoge-
nous except for their weights on foreign goods 3!, k # n. For all other parameters we can thus

drop the indices n. Furthermore, we set 37°"¢ = ", which is the homogenous weight on the

n’
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domestic good. Then w, is also independent of n and we thus get

1 ¢ 1

= home $210
XA phome § 4 ¢ 4 Sue

w

since Y, ., Biék = €3z, Bt = £(1 — "), Hence, we arrive at the following result.

Corollary 5.2 (SCC from Trade for Homogenous Countries). If all countries are homogeneous

except for their weights for foreign goods, the additional global SCC are linear in global trade

T =Y, PiT:
SCCtr(Lde o 1 6 KrT)r

- home $219
XOAM [home § 4 ¢ + g2ue

6 Abatement for a Large Number of Countries

This section addresses the question of how the Nash-equilibrium is affected by an increasing
number of countries. We show that under mild regularity conditions the world-wide abatement
effort decreases with the number of countries. In particular, it can be optimal to implement
almost zero carbon abatement if the number of countries becomes large. Therefore, our model

is consistent with little abatement efforts observed in reality.

Notation To compare abatement policies of models with different numbers of countries, we
introduce the following notation: oY) denotes the abatement policy of regionn € {1,..., N} in
a model with N regions. We use a similar notation for the trends aty) (t) of the cost functions.
For the polar case of a global model with only one aggregated country, we drop the superscript
index and write a(t) instead. The structure of the COs-dynamics (8) suggests that we define

the world abatement policy as
N
_(N N
=3l
n=1

We consider the homogenous case where the world is successively split up in more and more
homogenous countries. Homogeneity means that the countries face the same impact of climate
change, release the same emissions, and have the same costs for abatement. The only parameters
that are allowed to differ are the consumption weights (82)™¥) and every country can have a
home bias which is captured by the size of (87)), i.e., the weight of country n on the domestic

good in a setting with N countries.
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We now assume that implementing an abatement strategy in the case with one country generates

the same or fewer costs than in the disaggregated settings with more than one country, i.e.,
N N N
A< PEAY = aa Y PR <3 ol (o) iR,
k=1 k=1 k=1

In the homogenous case, we have a,(cN) =a/N and a,(CN) (a,gN))b is the same for all k. Therefore,
we obtain
a,(iN) >a- N°.

Then, we can show the following result.

Proposition 6.1 (Abatement Limit for Homogenous Countries). Assume that the weights
(BN on the domestic goods are uniformly bounded away from zero. Then, the optimal world

abatement policies vanish as the number of countries goes to infinity, i.e.,

N—oo

N

lim Z o) =0 (29)
n=1

for allt > 0.

Proof. See Appendix C. O

Proposition 6.1 shows that in a world with many countries, global abatement activities are
very small if the countries do not cooperate. However the global social cost of carbon is not
decreasing in the number of countries. This shows in particular that it can be optimal to have
almost zero carbon abatement even if the global SCC is large. This result relaxes the well-known
relation between high abatement and high SCC that typically follows in cooperative frameworks
such as models with a single representative agent. It also raises the question of how abatement
would look like if the countries cooperated. We analyze this situation in Section 8. To illustrate
Proposition 6.1 we consider an example. Figure 2 depicts the optimal emission control rate as
a function of the number of countries. It turns out that optimal abatement decreases rapidly
in the number of countries. Finally, notice that the results of the homogenous case also hold in
heterogeneous settings if the countries are not becoming too diverse. In particular, we cannot

allow one country to dominate the limit.!?

12The corresponding results are available upon request.
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Figure 2: Optimal Emission Control Rate. The graph depicts the optimal emission control rate
in 2015 as a function of the number of homogeneous countries. The figure is based on our calibration
of aggregated parameters that we discuss in Appendix F.

7 Capital Transfers

There are two interesting questions that arise: Would a country be willing to do abatement
in another country if this can be achieved via transfers? If the answer is positive, what is the
effect on the SCC? A way to address these points in our framework is that we allow country n
to donate some of their imports from country k so that country k can implement additional

abatement.'® There are two possible scenarios.

1st scenario without a commitment device. In this case, all countries are allowed to optimize
consumption, abatement, and transfers simultaneously, i.e., we add transfers as an additional
decision variable in (15). One can show that in such a setting optimal abatement stays the
same in all countries.'* Only the financing of the abatement policies changes since some of it

might be financed by transfers. This might not be satisfying for the giving countries.

2nd scenario with a commitment device. Here, it is assumed that there is a commitment device
that binds a receiving country to maintain its optimal abatement expenditures before transfers
and to use the transfers to implement additional abatement. To determine the equilibrium in
this scenario, we suggest that decisions are made in three steps: First, all countries optimize over

consumption and abatement without transfers. This leads to the solution of the non-cooperative

I3 This is in line with our earlier assumption that the source of abatement in a country is its output.
14The proof is available upon request.
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game presented in Section 4. Second, all countries determine whether it is optimal for them to
make transfers to other countries. To do so, we assume that countries optimize over transfers
and again over consumption, but keep abatement from the first step fixed. Third, countries

that do not receive any transfers are allowed to reoptimize both abatement and consumption.

As explained above, we model a transfer from country n to country k in such a way that country
n leaves some of its imports of good k in country k, i.e., C} is reduced by the size of the transfer
7. Formally, the consumption bundles (13) and the abatement expenditures can be rewritten

in the presence of capital transfers as
R N
Co=[JCr—T%, A=A+ TE (30)
k=1

Let A* denote the optimal abatement expenditures of the non-cooperative game that are de-
termined in Section 4. In the first scenario, A, can be different from the optimal abatement
A without transfers. In the second scenario, A, is identical to A} for receiving countries
due to the commitment device, but it can differ for countries that do not receive any trans-
fers. In any case, we impose the constrained that transfers must be positive, i.e., 7.* > 0 for all
n,k € {1,..., N}. The following proposition summarizes the effects of optimal capital transfers

on the SCC in both scenarios.

Proposition 7.1 (SCC and Capital Transfers). The country-specific social cost of carbon is
given by

SCCm = 55t Mt(ZMQ T

i.e., initially the social cost of carbon is the same for the non-cooperative game with and without

capital transfers.

Proof. See Appendix D. O

Recall that in the first scenario the optimal abatement policies with and without transfers are
identical, i.e., transfers have no effect on global abatement activities. In the second scenario, it
is obvious that receiving countries are forced to implement higher abatement policies than in
the case without capital transfers. In the proof of Proposition 7.1, we also show the following

for countries which do not receive transfers: These countries do not see any need to change
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their abatement, i.e., the optimal abatement policies before and after transfers are identical.
Therefore, no country reduces its abatement efforts, but receiving countries implement more
stringent policies with the transfer funds provided by the giving countries and giving countries
reduce consumption. Consequently, transfers with a commitment device have a positive effect

on global abatement activities.

8 Cooperative Game

This section compares the solution of the non-cooperative game with a situation where a social
planner (e.g., the United Nations) chooses an consumption-abatement strategy to maximize a

social welfare functional.

8.1 Social Planner Problem

The social planner’s utility index associated with a given (/N + 1)-tuple of consumption-

abatement strategies m = (C},...,C%, a,))_, is defined as the weighted sum of utility indices
N
Vi(tx) = pud](t, o), (31)
n=1

where the regional utility indices JT is defined in (14) and the utility weights (¢n:)5_; satisfy
©nt > 0 and Zf:[:l One = 1 for all t > 0.

Definition 8.1 (Social Planner Solution). For a given set of utility weights (pn)2_y, an (N +
1)-tuple of consumption-abatement strategies (7,)N_, = (CI,...,C. @n)_, is called a social

planner solution if for every m and all (¢, z)
V™(t,z) < VT (t,x).
The social planner’s indirect utility function is defined by

Vt,z) = Sl;p {V™(t,z)}.
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8.2 Solution to the Cooperative Game

We provide a closed-form solution to a social planner problem where the regions have log
utility. Due to their tractability, logarithmic preferences are commonly used in the literature
(see, e.g., Golosov et al. (2014)). We assume that the time-preference rates d,, are the same
across countries, i.e., d,, = ¢ for some §. To simplify our analysis, we consider the special case

of constant utility weights.

Theorem 8.2 (Social Planner Solution). The regional utility indices associated with the optimal

strategy are given by
Vi (tm, 7,70 Ky, Ky) =Y Bilog(Ky) — Plym — Pt — P’ + (1) (32)

where P, P, and P are given by (19) and p™SY is stated in (53). The social planner’s indirect

utility function is given by

V(tm, 7,7 K1, Kn) =Y @V (tm, 7,70, Ky, Ky). (33)

The optimal strategy is given by
SP _

an
' (524 1 ¥ fﬁe( k=
— A, +\/ An)2+4q9 e

N iﬁ é’ > KNy 1 bp—1 (34)
y= P kSk 5_{_¢+¢ _ ¢2112 an(t)bn )

1 1 0+¢12

n N Y)
P — SELLLE (35)
Cii™ = BiCi - (36)
The country-specific social cost of carbon is given by
N
Ynt R+Tr
SCCw = = (3 A (37)
A\ M) o
and the equilibrium exchange rates are
BrCru
Pl o= kot 38
= Bic, o
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Proof. See Appendix B.1. a

Notice that the formula for the social cost of carbon is the same as in the non-cooperative
game, but due to different abatement policies, it is evaluated at a different carbon dioxide
concentration and outputs. Furthermore, one can derive a similar decomposition of the SCC

with and without trade as in Section 5.

8.3 Comparison with the Non-cooperative Game

Strategy Analysis Although the qualitative form of the social cost of carbon is the same for
both games, there are substantial differences in the optimal consumption-abatement strategies
between the cooperative and the non-cooperative game. The following corollary summarizes

our findings.

Corollary 8.3. Assume N > 1, &, >0 forallk=1,...,N.

(a) The optimal abatement policies are more stringent in the social planner problem than in

the non-cooperative game, i.e., o> > o, for alln =1,..., N and all t > 0.

(b) The optimal consumption strategies are more modest in the social planner problem than

in the non-cooperative game, i.e., Xor < x%., foralln=1,...,N and all t > 0.

(c¢) Initially, the social cost of carbon is the same for the social planner problem and for the

non-cooperative game.

Proof. The results immediately follow from Corollary 4.2 and Theorem 8.2. O

Welfare Analysis We now analyze the welfare effect that occurs when coordinated action
is not possible and all countries maximize their individual utility only. For this purpose, we
determine the associated wealth equivalent utility gains or losses by comparing the regional
indirect utility functions in the situation of the non-cooperative game and the social plan-
ner solution. For region n the welfare effect w, = w,(t,m,r,7° K1,..., Ky) of coordinated

abatement relative to uncoordinated abatement is defined as the solution of

Vi(t,m, 7,7 Ky,...,Kn) = J" (t,m, 7,7, Ky,..., K1, K, (1 +w,), Kpy1, ..., Kn),
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i.e., w, is the percentage of additional capital that would make region n indifferent between the
two situations. The welfare effects of coordinated or uncoordinated abatement relative to BAU
is defined analogously. Notice that the regional utility indices associated with the optimal

15

strategies only differ in the corresponding time-dependent terms. The following corollary

summarizes the results for log utility.

Corollary 8.4 (Welfare Effects). If a coordinated global abatement policy is implemented by a

social planner, the welfare improvement of region n relative to the non-cooperative game is

Lo N ) N
w, eXp{Bn/ RC t)(Zﬁg[/{k(s,aks) — kp(s, a}Y) +p"mz S O‘ks ds
k=1

n,SP

+Zﬁk 5108 (M) +ae00) k)] )~ 1

Proof. The statement follows immediately from Corollary 4.2 and Theorem 8.2. O

9 Numerical Example

We consider a model with five heterogeneous regions as in the representative concentration
pathways (RCPs) provided by the AR5 Scenario Database of IPCC (2014).'6 Table 2 summa-
rizes the definitions of these regions and the calibration of other relevant parameters. More
details can be found in Appendix F. For various scenarios we determine the optimal abatement
policies, the resulting emissions, the evolutions of real GDP, as well as the evolution of the car-
bon dioxide concentration and the global average temperature changes over the next 100 years.
Furthermore, we study the influence of international trade on the SCC and show that trade
can have a more significant effect on the SCC than cooperation. For purposes of comparison

in all cases we use log utility.
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Figure 3: BAU Evolution. Based on the calibration, the graphs depict the BAU evolution of (a)
carbon dioxide emissions, (b) atmospheric carbon dioxide, (¢) output, (d) global average temperature

increase. The five areas in (a) and (c) depict emissions and output of the five regions. These are
OECD90 (darkest area), followed by ASIA, LAM, REF, and MAF (lightest area).

9.1 BAU Scenario

Figure 3 shows the median business-as-usual (BAU) evolution of the key variables. The five
areas in Graphs (a) and (c) depict emissions and GDP of the five regions that consists of
OECDO90 (darkest area), followed by ASTA, LAM, REF, and MAF (lightest area). Under BAU,
our calibrated model predicts annual global COy emissions of about 106 GtCOy by the end of
the century, which is close to the predictions of the DICE model (103 GtCO;) and the RCP
8.5 scenario (106 GtCO;). These emissions yield an atmospheric COy concentration of about

800 ppm in 2100 and an average temperature increase of about 3.9°C compared to 3.8°C in

DICE-2013R.

15This result is only true in case of constant utility weights. Taking time-varying utility weights into account
yields more pronounced differences between the utility indices. These results are available upon request.
16The database is available at https://tntcat.iiasa.ac.at/AR5DB.
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Region Description Kwo g0 Xn o &n-10°

OECD90 OECD countries in 1990 517.7 0.024 0.84 0.0164 0.182
ASTA Asia excl. OECD90, Middle-East and REF  168.3 0.056 0.73 0.0157  0.390
LAM Latin America and the Caribbean 66.3 0.042 0.77 0.0157  0.208
REF Eastern Europe and Former Soviet Union 274 0.025 0.79 0.0415 0.208
MAF Middle-East and Africa 80.9 0.0564 0.74 0.0235 0.546

Table 2: Definition of Regions and Calibration. The table summarizes the regions used in our
numerical examples. It also reports the initial values (in 2015) of capital (trillion 2005-USD) and other
relevant parameters.
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Figure 4: Solution to the Non-cooperative Game. Based on the calibration, the graphs depict
the optimally controlled evolution of (a) carbon dioxide emissions, (b) atmospheric carbon dioxide,
(c) output, (d) global average temperature increase. The five areas in (a) and (c) represent emissions
and output from the five regions under consideration. The areas represents OECD90 (darkest area),
followed by ASIA, REF, LAM, and MAF (lightest area).

9.2 Non-cooperative Game

Figure 4 presents the results if the problem is formulated as a non-cooperative game. It turns

out that the optimally controlled emissions lead to a global average temperature increase of
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Region Regional SCC 2015 2035 2055 2075 2095 2115 2150 2200

OECDY90 Total 8.32 11.35 13.52 15.17 16.66 17.45 19.75  24.80
Trade 206 280 334 3.7 411 431 4388 6.12
ASTA Total 5.17 11.65 19.22 26.47 32.19 36.22 41.72  50.39
Trade 0.80 1.80 297 410 499 561 6.46 7.81
LAM Total 1.33 244 355 455 541 6.04 7.20 9.53
Trade 041 076 1.10 1.41 1.68 1.87 224 2.96
REF Total 064 090 1.09 129 143 149 1.86 2.61
Trade 019 026 031 037 041 042 0.53 0.74
MAF Total 3.19 697 11.56 16.03 19.84 2291 27.85 33.90
Trade 0.74 162 268 372 460 531 6.46 7.86
Global Total 18.65 33.31 48.94 63.51 75.53 84.11 98.38 121.23
Trade 419 724 1040 13.35 15.79 17.52 20.57  25.49

Table 3: SCC for the Non-cooperative Game. The table reports the median evolution of the
regional and global social cost of carbon for selected years. It also reports the part of the SCC that
results from international trade. All SCC numbers are expressed in USD per tCOs.

3.5°C by the year 2100 compared to a BAU temperature increase of 3.9°C. Therefore, the
temperature increase is almost as pronounced in the non-cooperative game as in the BAU
scenario. Table 3 reports the corresponding SCC expressed in USD per tCO,. For 2015, we
obtain a global SCC of 18.65 US-dollars, which is well in the range of other models such as
the DICE model. Notice that international trade contributes significantly to the SCC. Ignoring
the effects of international trade would predict a social cost of carbon of only 14.46, which
is about 22.5% smaller than in the benchmark case. These numbers are calculated using the

decomposition derived in Section 5.

9.3 Cooperative Game

For illustrative purposes, we solve a social planner problem with constant utility weights that
reflect the current distribution of population, i.e., we choose ¢, = P,/ Zgzl P, where P,
denotes the current population of region n. Figure 5 depicts the evolution of the key variables
for this set of utility weights.!” Graphs (a) and (b) show that countries act more drastically

than in the non-cooperative game. By implementing the optimal cooperative abatement policy,

17An alternative is to determine the endogenous Negishi-weights. This is however beyond the scope of our
paper since constructing Negishi-weights in stochastic settings is an non-trivial problem.
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Figure 5: Solution to the Cooperative Game. Based on the calibration, the graphs depict the
optimally controlled evolution of (a) carbon dioxide emissions, (b) atmospheric carbon dioxide, (c)
output, (d) global average temperature increase. The five areas in (a) and (c) represent emissions and
output of the five regions. These are OECD90 (darkest area), followed by ASIA, LAM, REF, and
MAF (lightest area).

the median global COs emissions peak in the year 2070 and CO, concentration in 2120. From
this point onwards, the decay capacities of natural carbon dioxide sinks such as oceans and
forests exceed anthropological emissions and thus the atmospheric CO, concentration declines.
Furthermore, implementing the optimal cooperative abatement strategies leads to a median
increase in the world temperature of 2.9°C by the year 2100, which is well in line with the
optimal temperature path in DICE (see Graph (d)). Table 4 reports the social cost of carbon
which are systematically higher than in the non-cooperative game. As in the non-cooperative

game, international trade contributes significantly to the social cost of carbon.

To summarize, both the country-specific and the global SCC increase in two dimensions: first,
non-cooperative vs. cooperative; second, closed vs. open economy. Focusing on the first di-

mension only, the SCC are higher in the cooperative case, which is a well-known fact, e.g.,
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Region Regional SCC 2015 2035 2055 2075 2095 2115 2150 2200

OECDY0 Total 832 11.66 14.50 17.29 20.44 2328 31.20 50.88
Trade 2.05 2.88 358 427 5.04 5.74 7.70  12.56
ASTA Total 5.17  11.95 20.57 30.13 39.54 4849 66.64 106.32
Trade 0.80 1.86 3.18 4.66 6.13 7.51 10.32 16.47
LAM Total 1.33 244 355 455 541 6.04 7.20 9.53
Trade 0.41 0.76 110 141 1.68 1.87 2.24 2.96
REF Total 0.64 090 109 1.29 143 1.49 1.86 2.61
Trade 0.19 026 031 037 041 0.42 0.53 0.74
MAF Total 3.19 6.97 11.56 16.03 19.84 2291 2785  33.90
Trade 0.74 1.62 2.68 3.72  4.60 5.31 6.46 7.86
Global Total 18.65 34.27 52.73 7299 93.87 114.25 160.03 261.48
Trade 4.19 746 11.23 1536 19.65 23.86 33.53  55.12

Table 4: SCC for the Cooperative Game. The table reports the median evolution of the regional
and global social cost of carbon for selected years. All SCC numbers are expressed in USD per tCOs.

Nordhaus and Yang (1996). However, our paper also documents that the SCC are higher in an
open than in a closed economy both for a cooperative and a non-cooperative game. Therefore,
it can actually happen that the SCC derived from a cooperative game without trade are smaller
than in a non-cooperative game with trade as Table 5 indicates. In our example this happens

during the whole 215" century.

10 Conclusion

This paper derives the optimal abatement decisions of multiple countries in a non-cooperative
game-theoretical framework that takes the repeated-game feature of this problem into account.
All countries are open economies, i.e., we allow for international trade between the countries.
We offer a tractable continuous-time setup leading to a stochastic differential game that can
be solved explicitly. In fact, we provide closed-form solutions for all key decision variables such
as consumption, abatement, and investment of each country. Furthermore, we can explicitly
quantify the social cost of carbon. One important finding is that the SCC is increasing in the
trade volume, both for a specific country and globally. This shows that determining the SCC
in models without trade can significantly underestimate the SCC. From a policy perspective,

this can become a crucial issue if the SCC is used as the basis to tax CO5 emissions.
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SCC 2015 2035 2055 2075 2095 2115 2150 2200

Cooperative
Total 18.65 34.27 52.73 7299 93.87 114.25 160.03 261.48
Trade 4.19 746 11.23 1536 19.65 23.86 33.53  55.12
Closed 14.46 26.81 41.5 57.63 74.22 90.39 126.5 206.36

Non-Cooperative
Total 18.65 33.31 48.94 63.51 7553 84.11 98.38 121.23
Trade 419 724 1040 13.35 15.79  17.52  20.57  25.49
Closed 14.46 26.07 38.54 50.16 59.74 66.59 77.81 95.74

Table 5: Cooperative vs. Non-cooperative SCC. The table reports the decomposition of the
total global SCC into the part that is generated by international trade and the residual that is generated
by domestic damages. All SCC numbers are expressed in USD per tCOs.
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A Derivation of Carbon Dioxide Emissions

From (8) and (9), we conclude that the implied world CO, emissions are thus given by

ZEnt:%[ Zant __MPI

In the special case where the world follows BAU, the world emissions read

ZEBAU ,um( )+ 5m} o (SC_mMPI-

Assuming that the regional BAU-emissions are given by E,; = v,,(t)E; where v, is a determin-

istic function,'® the regional BAU-emissions EBAU are given by

fim () 4 0| — Vn(t)é—mMPI.

M,
Er}?tAU = Vn(t)_t 4

Z, |

Notice that implementing a regional abatement policy «, prevents the amount M;a,; to go
into the atmosphere according to (8). This implies that implementing v, reduces the current

emissions of country n by %am. Therefore, the regional emissions are given by
€

B Proofs of Section 4

B.1 Proof of Theorem 4.1 (Unit EIS)

We consider the HJB equation (15) of country n from the main text. Our first goal is to

reformulate this equation in terms of the controls «,, and

Xk = Ci /Y, (39)

18This can be well calibrated to the RCP 8.5 scenario. See Table 6 for the values in our calibration.
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which is the fraction of output of country k£ that is consumed in country n. We thus rewrite
(13) as follows

N N
H H RARK)PE.
k=1 k=1

Furthermore, dividing (3) by Y,, yields x,, = xI' + >, n XEPRY,/Y,. We now conjecture that

the equilibrium exchange rates P¥ are of the form
Pr = by, vi (40)

for constants w® that clear the good markets and will be determined later on. Applying con-
jecture (40), we get an alternative representation of the budget constraint (3) for consumption

expressed in terms of x,, and xj:

N
=) wi? (41)
=1

with w!" = 1. Therefore, we can rewrite (15) as follows

1
o ak} Jr + QO-m‘]TTrlzm + pro(T — 77) 0

2
m

N —

0= sup {Jtn+fn(1N_[ " ALK )Pk J”) [,um—

NIERINGE

+ (87 [0 (m = ") + F*] = (¢ + do1)7 + dm7°) J] +

+ Z i Kk [gk <~, Zw,’ixf) — ke, o) — ng} n

n
Kipm om0k J g m

Il
—

M-
M =

Kngp&kO'gO'kJIn(kK[ } (42)

i
-
~
I

-
bl

=1 (=1

The first-order conditions for abatement «,, and consumption 7 read

Ok (-, ay) Jro1

_ Jn 1 43
vy, JE. K,’ (43)
T b = D "

Multiplying (44) by x?, summing over ¥ = 1,..., N, and using (41) leads to an algebraic

equation for x,: S0 ) o
In\"s Xn "
5 X (7n = 1)

Jg K
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The fractions x? can then be found by substituting back into (44). To determine the indirect

utility function J", we now substitute the conjectures

N
1 _ n
H K]il ’Yn)ﬁk eXp {pZ’Lm + p:_l’r + p:o']_o + pn(t)} Y (45)

J"(t,m,T,TO,Kl,...,KN) = 1_’}/
" k=1

for some regional-specific constants p}, pI, pl's into the HJB system

N
0= sup {p?wn(l—%)Zﬁzlog(szk)—6n [ m + p7 + 7] — Sap”

XT e+ XN >0

— (¢ + ¢o1)T + QZ5217'0) + plogia(T — 7°)

+ D
k=1
N N 1 N
(=7 Y0 B o (Do wind ) = mls @) — 6] + SR )P + (1= 3)om Y B pmic
k=1 (=1 k=1
1 N 1 N N
=5 =) Y Aok + 51— > BiBioesowo .
k=1 k=1 (=1
We choose plt, p', pl such that the separation holds true, i.e.,
pn _ (771 - 1) Zévzl Bsz pn _ p:—L¢21 pn _ pn RrT)r
’ 5n+¢+¢21_(§2+1—$11227 N moTT g,
The simplified HJB system is thus given by:
op™ al 1, l
0= swp {2 - s+ 0,(1- ) Zﬁklog (EAR) + P m = 502 = S
XT s XK{ Qn, 8t 2
AN k=1
N N
+(1—m) ) B [9k< Zwm) — (-, ak)] +p7f-c7[ nemP! o+ Fe"}
k=1 =1
1 N
+ 50m®)* + (1= 7%)P0m D B pm a0
k=1
N N N
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Using the conjecture (45) the first-order condition (43) of the optimal abatement policy becomes

pTl

’)/n_l.

" Kn(t, ap) =

0
day,
Therefore, the optimal abatement policies are given by (20). Similarly, the first-order condi-

tions (44) for the optimal consumption rates imply the following system of equations

N
0= 6,87 = B2 [Aw =0 (1= 3wl ) Jwhni, k=1...,N,
/=1

where the solutions are

— _ 2 Sn.
Xn - 219n ) Xk - w_flx'nj

k=1,...,N.  (46)

To avoid degenerate cases with negative investments, we must impose the restriction on the
parameters that . .

% + % = —K”(f'l’no‘”) +x, <L (47)
This condition is satisfied for realistic values of the parameters and in all our calibrations. In
all our calibrations the consumption rate y is much bigger than the relative abatement cost,
kn(+, ) /A,. Consequently, condition (47) is typically satisfied if x is sufficiently below one.

Notice that for §,, € [0, A, 5] we obtain

Hence, a necessary condition for x < 1 is that

J

B_Z < A,. (48)

Finally, the function p™ is given by

p(t) = / " 86y (5)ds, (49)

37



where the deterministic function 7, is given by

N | —

N
%m&%@+%@w—ﬁf§)ﬂ+ﬂmeﬂ+pﬂ
1 k=1

i [gk(XZ;) ~ mela)] +

WE
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27
N N N
1 — In Zﬁkak - 7n)222ﬁl?6?p€,k0-€0—k-
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This solution constitutes a Nash equilibrium, but good markets do not necessarily clear. Market

clearing of the good produced in country n obtains if supply C, is equal to the demands CF,
k=1,...,N,ie.,

Co=D).Ch =  xa=) xh (50)

where we use definition (39). Choosing the constant in the equilibrium exchange rate to be

kx*
wk Xn

n n*

Xk

and substituting into (41) we obtain market clearing (50). The first-order condition for con-

sumption can be rewritten as

= = ——
k w’; n Xﬁ* Xn Bk Xn

Therefore, the equilibrium exchange rate (40) is

ko Xn Yo BixaYn _ BC
XY B Y.  BiC

Notice that also P¥ = C** /C*. Furthermore, the SCC (23) directly follows from

8ﬂ‘8ﬂ1_8f1&n/&ﬁ
N . Om OM' 0K,
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B.2 Proof of Corollary 4.2 (Log Utility)

For log utility, we substitute the conjecture (25)

N
‘]n(t7 m,T, 7_07 >\a Kla s 7KN) = Z B]:L log(Kk:) - p:bnm - pZT - pZDTO _’_pﬁ)g(t)
k=1

into the HJB equation of country n and repeat the same steps as above. The function pj, is

given by pt (t) = [ e70p, (s)ds where
> 1
o = 00 > A7 log (" Ax) = i [ — D o — 502 = plsee [~ 4 P
k=1

N
+ 37 B [or) — el ) — 53]
k=1

C Proof of Proposition 6.1

We consider a model with N identical countries. The optimal world abatement policy is

1

1 & 1 Ko 1\
(5, 2 %4) Bi Gn+ 0+ om — £292 (N)(t)b> ’

On+p12 M

ng

ne ) 1 Ky 1 H(l)bfl
k) o5 AT )
) B b+ 6+ o — £222 a(t)b N

This implies limy_, o 25:1 o™ —0asbh>1. O

D Proof of Proposition 7.1

In the first scenario, the result is obvious since abatement policies stay the same. To prove the

result in the second scenario, we follow the three-step procedure explained in the main text.

1st step. The solution to the optimization problem of the first step is given by Theorem 4.1.
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2nd step. To formulate the optimization problem of the second step (over consumption and
transfers), we express transfers in relative terms and use the notation €} = 7,*/C:. By (6) and

(30), the abatement policy of country k after transfers is given by

G — (ak(t)( Ik +Zé¢kAka )Ubk‘

= ar ()

The HJB equation of country n thus reads

N N
n 1 . 1
0= s {7 S TTOGARKQ = )%, 07) + [ = 502 = D @] i + 502 T
N
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k=1 =1 k=1 (=1

To determine the indirect utility function J”, we now substitute the conjecture (45) into the

HJB system and choose pl, p?, p, such that the separation holds true, i.e.,

N n n
no__ ( B ) Zk 1 ﬁk £k pn — p‘r¢21 pn — pn Kz T)r
T Gut O+ Gm — ?ilillj T 0t 9 " 6y,

which are exactly the same sensitivities as in the case without money transfers. The simplified

HJB system is thus given by:

N

0
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The first-order conditions then imply the following non-linear system for the optimal consump-

tion and transfer decisions

%k
. (ak@)(azmk+z#kAkef;xi) LR S

Pm - n =
CLk<t) bkak (t) 1-— €k kt

k n k
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p ) e (1= xn)]

o [ @)™ + X Arixi | Al +5n6"
brax(t) X7

where A} > 0 is the Kuhn-Tucker multiplier associated with the non-negativity constraint
e > 0. Due to its non-linearity, the above system cannot be solved in closed-form, but it defines

a set of state-independent optimal controls which does not compromise our separation (45).

3rd step. Now, assume that country n does not receive any transfers, i.e., e/, = 0 for all £ # n.
Such a country is allowed to reoptimize abatement after transfers. If this country reoptimizes
a;, in (51), then the first-order condition is identical to the case without transfers. Therefore,
the optimal abatement policy stays the same. However, if abatement does not change, then

consumption also does not change since it has already been optimized in the second step.

Finally, the SCC directly follows from

oJr  oJ" om ,0J"

SCCx 8M/8K om 6M/6K

E Proof of Theorem 8.2

For log utility, the social planner’s HJB equation is given by

N N
1
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By definition V(t,m,7,7° K,...,Ky) = ijﬂ eV (t,m, 7, 7% Kyq,...,Ky). We substitute

the conjecture

Vn(t, m,T, 7'0’ Kl, .. ,KN) = Zﬁz log(Kk) _ p%m _ p:_l,]_ _ pZoTO _I_pn,SP(t)

into the HJB equation and reformulate the HJB equation in terms of the controls «,, and x}.

N
0= sup {Z gon(p" at +5Zﬁk log(x} Ak) +5<pmm+pTT+pToT —-p" SP)

(Xl ’” 7XN ,Oén)

i
I

We choose pr, pZ, and pZ, as stated in the theorem and obtain the simplified HJB equation

N
|
0= sup {Zson[”SPJrfSZBklogx 5”SP—[um—§03n—Zak}p%

O X Roam)ior S =1 k=1
1
— Rl [F — T}TmPI} + Z By [gk< Zkaz) ( ax) = 5‘71%}} }7
k=1

The optimal abatement policies satisfy the first order conditions

N
Zw —/fn L) = ouph,
(=1

Therefore, the optimal abatement policies are given by (34). Similarly, the optimal consumption

strategies satisfy the first-order conditions

BT -0 (1- 3okt

Xk
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where the solutions are

19—14 +\/19 —A>—|—4fl9_zn%0néﬁi .
* = =1 s Pr B
Therefore, the function p™5F is given by
¢

where the deterministic function n™5F reads

N
n, n 1 n ex
=0, E B log< T A ) -l [um — 50— aip} — plkr [F —mm”}
k=1

SRl ] =

Market clearing thus implies that optimal consumption is given by (36) and the exchange rates

are given by (38). O

F Details on the Parameter Selection

F.1 Economic Model

Economic Growth We use the model predictions from RICE (in particular GDP) and cal-
ibrate the growth rate parameters A,, 6% and ¢J,, such that the median path of the economic
model closely matches the evolution of GDP and consumption in RICE, which is a deterministic
model. For this purpose we aggregate national data from RICE into the five regions used in our
model.'? This determines the expected gross growth rates g, of the five regions. Additionally
we use historical data from the website of the International Monetary Fund to estimate the

volatility and correlation parameters of capital growth.2°

19This data is available at https://www.icpsr.umich.edu/icpsrweb/ICPSR/studies/28461
20The data is available at: https://www.imf.org/external/data.htm
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Abatement Costs The first step is to calibrate the global average abatement cost function
such that it closely matches the global average abatement costs in the DICE-2013R model, i.e.,
such such a(t)a® ~ Aapicg(t)e® where g, = 1 — % denotes the emission control rate.?! For
this purpose, we iteratively solve a global model. We set b = 2.8 as in DICE and start with an
initial guess a® for the deterministic part of the cost function. Having solved the problem, we
update our conjecture for a and set
) einbd
A 1(t) = A apos(t)E [(j) ]
t
where €! and ! denote the optimal emission control rate and o’ the optimal abatement policy
in iteration ¢, respectively. We find that this iterative calibration converges quickly such that
the differences between DICE abatement costs and our abatement costs become negligible after

five iterations.

Impact of Climate Change We combine the global estimates of climate damages from
DICE-2013R with regional estimates from Stanton et al. (2012) to calibrate the damage pa-
rameters. Notice that DICE-2013R assumes a level impact of climate change.?? Therefore, we
calculate an equivalent growth rate impact in the following way: On a global level we determine
the damage parameter ¢ such that the average GDP losses in the year 2100 coincide for both

damage specifications, i.e., £ is chosen such that
E [e—f fot Tsds} —F [DN(Ttﬂ :

where t denotes the year 2100. This leads to a global damage parameter of & = 0.00026. To
obtain the regional damage parameters &,, we use the relative estimates provided by Stanton
et al. (2012) and scale them in such a way that they are consistent with the global damage

parameter estimated above:
N N
§>_Pikn =) Pikubn,
n=1 n=1

where Pg is the exchange rate to the USD so that Pg K, is the capital of region n expressed

in USD. The results are summarized in Table 2. In our calibration, the damage parameter of

21The function apicg can be found in Nordhaus and Sztorc (2013).

22DICE-2013R uses an inverse-quadratic damage function of the form D(T) = W
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MAF is three times higher than the one of OECD90, which is consistent with other studies
such as Dell et al. (2012).

F.2 Climate Model

We calibrate the climate model such that the median BAU evolutions of CO, concentration,
global CO, emissions, and global average temperature increase mimic the corresponding evolu-
tions in DICE-2013R. Additionally, our calibration also relies on data on the historical carbon
dioxide concentration in the atmosphere as well as forward looking data on regional carbon
dioxide emissions from the RCP 8.5 scenario. In the following, we describe the procedure in

more detail.

Atmospheric Carbon Dioxide We fix the pre-industrial athmospheric carbon dioxide con-
centration at MT! = 280 ppm. Furthermore, in the year 2015 (¢t = 0) the carbon dioxide
concentration was My = 401 ppm. To calibrate (8) we chose the drift rate pu,, such that
the drift of the average BAU evolution mimics drift rate implied by the baseline scenario in
DICE-2013R leading to

o=~ (1)} o - (52

where a; = 0.0086, by = 44.88, ¢; = 59.11, as = 0.005, by = 132.5, c; = 61.42. In a second step,

we calibrate the volatility of carbon dioxide shocks such that the model matches the historical

variation. For this purpose, we use data on the historical carbon dioxide concentration in
the atmosphere.?? Calculating the standard deviation of the log changes of M, we obtain the
volatility o, = 0.0016.

Carbon Dioxide Emissions FEquation (9) links changes in the atmospheric COs concen-
tration to the COy emissions. Following Nordhaus (1992), among others, we assume a carbon

dioxide residence time of 120 years implying ¢, = 0.0083. To determine the conversion factor
C., we discretize (9) and obtain My, — M; + 6,,(M; — M*Y) = ( E; where E; denotes global

2Source: Mauna Loa Observatory, Hawaii. Data available at http://co2now.org/Current-CO2/CO2- Now/
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Figure 6: Calibration of the Carbon Dioxide Model. The figure depicts pairs of historical
carbon dioxide emissions (measured in GtCO2) and emission triggered increases in carbon dioxide
concentrations (measured in ppm). The grey line depicts the related regression line.

‘2015 2030 2050 2075 2100 2150 2200

vorcp | 0.34 031 028 0.26 0.22 0.19 0.18
vasia | 038 0.39 039 039 038 038 0.37
vam | 0.07 0.07 0.07 0.06 0.06 0.05 0.04
VREF 0.10 0.11 0.12 0.13 0.15 0.17 0.18
vmar | 011 012 0.14 0.16 0.19 0.21 0.23

Table 6: Emission Calibration. The table summarizes the regional fractions describing the
share of the five regions in the global BAU-emissions based on RCP 8.5 data which is avalailable
at https://tntcat.iiasa.ac.at/AR5DB.

carbon dioxide emissions. Therefore, we estimate (. by a least-squares minimization
I
. 2
Ce = arg H'ICIHZ [Mi+1 — M; + 6m(Mz — MPI) _ CEz]
i=1

yielding a conversion factor of (, = 0.0989. This is the slope of the regression line in Figure 6.
This calibration predicts annual global COy emissions of about 106 GtCOs by the end of the
century, which is close to the predictions of the DICE model (103 GtCO2) and the RCP 8.5
scenario (106 GtCO,). In a second step, we use RCP 8.5 predictions of regional COq emissions

to determine the regional emission shares v,,. Table 6 summarizes these calibration results.

46



Global Average Temperature For the parameters determining the climate system, we
follow Cai and Lontzek (2018) and choose ¢ = 0.047, ¢o; = 0.0048, ¢12 = 0.01, x, = 0.037,
7, = 5.48 corresponding to an equilibrium climate sensitivity of 3°C. The model predicts an
end-of-century global average temperature increase of about 3.9°C compared to 3.8°C in DICE-
2013R.

F.3 Preference Parameters

In our benchmark calibration, we choose logarithmic preferences (v, = ¢, = 1) and a time
preference rate of 9, = 0.015, which is in line with the IAM literature. Besides, we calibrate
the consumption preferences such that the model is in line with consumption and import data
from Worldbank.?* This implies weights 37 for the domestic good in the range of 60% for MAF
to 85% for OECD90.

24The data is available at https://data.worldbank.org/
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