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Abstract

We investigate the qualitative properties of the climate-economic growth model
introduced by Brock et al., (2012). We assume that the mean annual distribution
of solar radiation energy and the fraction of incoming radiation flux absorbed by the
surface have a specific form, and perform a rigorous mathematical analysis when the
time scale for temperature is taken to be faster than that of carbon. We analyze the
impact of moving welfare weights away from Negishi weights by introducing a simple
welfare weights function. We perform a qualitative analysis on the output elasticities
of carbon and capital, and examine the way thermal diffusion affects local economic
variables and taxes at the equilibrium. We then evaluate the robustness of the two-
and four-mode forms in the context of the temperature model.

1 Introduction

We investigate the qualitative properties of the climate-economic problem introduced by
Brock et al., (2012). In their paper, Brock et al., (2012) couple a spatial climate model
with a model of economic growth. They follow North (1975a) and write the mean annual
distribution of solar radiation energy and the co-albedo function, i.e., the fraction of incoming
radiation flux absorbed by the surface, in a two-mode form. They then assume that the
solution of the climate model is of the same (two-mode) form and continue with their analysis.

In this paper, we analyze the validity and significance of using different functional forms
for the mean annual distribution of solar radiation energy and the co-albedo function by
comparing their impact on the economic model. Using input functions of two- and four-
mode forms, we obtain, under the assumption that temperature grows faster than carbon,
the exact solutions of the climate problem in a mathematically rigorous way. In doing so
we observe that the exact solution in the two-mode case is given by four modes', and the
solution in the four-mode case is given by eight modes.

*A Bachelor thesis submitted to the faculty of the University of Chicago Department of Economics for
honors with the degree of Bachelor of the Arts in Economics. The author would like to thank L. Hansen
for supervising this project. He would also like to thank W. Brock and E. Anderson for many valuable
conversations and suggestions regarding this project.

t Associate Economist, Federal Reserve Bank of Chicago. The opinions expressed herein are my own and
do not necessarily represent those of the Federal Reserve Bank of Chicago or the Federal Reserve System.

IThe presence of the fourth mode in the solution of the temperature problem with two-mode form input
functions was previously neglected in Brock et al., (2012).



We use these solutions with the economic problem in Brock et al., (2012) to evaluate the
change in optimal taxation policy as one moves away from Negishi welfare weights (Stanton
(2009)). We determine the dependency of temperature and damages on the rate of diffusion
and analyze the qualitative impact of the output elasticities of capital and carbon on the
socially optimal quantities at the steady state. We evaluate the robustness of the two- and
four-mode forms and find that the impact of thermal diffusion on the spatial distributions
of temperature and damages behaves differently for the two cases. We observe that, as the
rate of diffusion increases, the area in the world for which damages are reduced increases for
the two-mode case and decreases for the four-mode case. This differs from the observation
in Brock et al., (2012) that the size of the area does not change.

In their paper, Brock et al., (2012) determine an optimal mitigation policy to correct for
the climate externality in both spatially uniform and spatially differentiated settings. When
international transfers are allowed, their results indicate that a spatially uniform carbon tax
can emerge with the implementation of Negishi welfare weights (Stanton (2009)). Alter-
natively, Chichilnisky and Heal (1994) note that in the absence of international transfers,
a spatially uniform optimal mitigation policy is not possible. Here we introduce a simple
welfare weights function and analyze the impact of moving away from the Negishi weights.
Following Brock et al., (2012), we also investigate the impact of thermal diffusion on the
spatial distribution of fossil fuel taxes given our welfare weight function in the polar case of
closed economies. Our results confirm that an increase in the rate of thermal diffusion will
decrease the optimal carbon tax rate for countries close to the equator and increase it for
those further away.

We then evaluate qualitatively the impact of carbon and capital output elasticities on
the steady state distributions of temperature, damages, capital, and social price of carbon.
These output elasticities can be used to represent various climate-economic policies. For
example, an increase in the output elasticity of carbon would indicate a movement away from
capital-heavy production and more towards carbon-heavy production. Thus, when viewed in
the context of industrial policy, our results express the relationship between environmental
regulation and the social planner problem.

Our final objective is to evaluate the robustness of the two- and four-mode forms of the
mean annual distribution of solar radiation energy and the co-albedo function in the context
of dynamic paths and solutions to the social planner’s optimal control problem presented
in Brock et al., (2012). As North et al., (1981) have shown in discrete settings, the static
temperature distribution at any fixed point in time is well approximated by a two-mode
expansion. Our results confirm that the two-mode form adequately models the steady state
distributions when compared to the four-mode form through a distance metric. We therefore
believe this to be one of the main contributions of our paper relative to the analysis previously
completed for the discrete case.

The paper is organized as follows: In Section 2 we review the basic one-dimensional
energy balance climate model with human inputs introduced by Brock et al., (2012). In
Section 3 we provide a rigorous mathematical derivation for the temperature distribution
using two- and four-mode forms for the mean annual distribution of solar radiation energy
and the co-albedo function, and determine numerically the exact latitude dependent tem-
perature functions. In Section 4, building on Brock et al., (2012) and Kopp et al., (2012), we
introduce an exponential damage function to analyze the impact of climate change. We also



provide solutions to the social planner problem and the problem of competitive equilibrium
in the world market. In Section 5 we discuss the optimal mitigation policy for carbon in
both spatially uniform and spatially differentiated cases, and introduce a simple function
for welfare weights. In Section 6 we show how heat transport affects the steady state dis-
tributions of local economic variables. In Section 7 we analyze qualitatively the effect of
carbon and capital elasticities on the steady state solutions. In Section 8 we investigate the
robustness of the two- and four-mode modes by comparing the exact solutions to their re-
spective temperature models. In Appendix A and Appendix B we derive the exact solutions
to the temperature problem for the two- and four-mode cases, respectively. In Appendix C
we derive the steady state distributions for the socially optimal quantities.

2 Environmental Model Details

Here we recall the one-dimensional energy balance climate model (EBCM) with human
inputs introduced by Brock et al., (2012). There are of course other climate models (e.g.
Nordhaus (2007a,b), (2010), (2011)) which provide a spatial distribution of damages, but
these are based on more complex and computationally costly models, such as pattern scaling
(Lopez et al., (2012)) or emulation theory (e.g. Challenor et al., (2006)). In this note we
concentrate on the simplest coupled climate-economic model. The explicit one-dimensional
spatial property allows the coupled climate-economic model to evolve in both time and space.
In the presentation, we follow Brock et al., (2012) and use their notation.

Let x denote the sine of the latitude; then x = —1, x = 0, and x = 1 mark the South
Pole, Equator, and North Pole, respectively. For simplicity, we refer to x as latitude. Let
T'(x,t) denote the sea level temperature measured in °C at latitude x and time ¢. The basic
energy balance equation with human input added can be written as (Wu and North (2007))

Cc% = QS(x)a(w, 24(t)) — (A+ BT (z,t) — h(t)) + D% <(1 _ xz)%) "

where C, denotes the effective heat capacity per unit area of earth atmospheric system (large
over water, small over land), 2@ is the solar constant, S(z) is the mean annual distribution of
solar radiation energy, a(z,z4(t)) is the absorption coefficient or co-albedo function, which
is one minus the albedo of the earth-atmosphere system, with x4(¢) being the latitude of
the ice line at time t, A + BT is the rate of outgoing infrared radiation to space with the
empirical coefficients A and B derived from satellite measurements?, h(t) is the human input
at time ¢ which reduces the amount of outgoing radiation (green-house effect), and D is a
heat transport coefficient measured in W/(m?)(°C).

Human input is represented by the amount of accumulated carbon dioxide in the atmo-
sphere that reduces outgoing radiation. It is defined by

o)

i 2)

h(t) = ¢ In (1 +

2The coefficients A and B take into account average cloudiness conditions, the effects of infrared absorbing
gases, and the variability of water vapor (North et al., (1975)).



Table 1: Parameter Values

Parameter Value Parameter Value

Qv 0.681 Q 688 Wm—?2

oy -0.202 My 596 GtC

Oy -0.037 M2011 831 GtC

So 0.5 B 1.24 W(m=1)(°C™1)
S -0.2385 D 0.3 W(m=1)(°C™1)
Sy -0.045 & 5.35 °Wm ™2

A 221.6 Wm™2 g 1.178% IPCC A1F1

The parameter values for the dimensionless ag, s, ay, So, S2, S4 have been obtained by North et al., (1981).
The parameter values for A, B, D have been obtained by calibration so as to reproduce current global tem-
perature (Brock et al., (2012)). g = 1.178% is the average annual growth of carbon emissions corresponding

to the IPCC scenario A1F1 (http://www.ipcc-data.org/sres/ddc_sres_emissions.html).

where My is the pre-industrial concentration of atmospheric carbon dioxide (COs), M(t) is
the concentration of CO, at time ¢, and £ = 5.35°Wm 2 is a temperature-forcing parameter
(°C per W per m?). The function M (t), which should be interpreted as the stock of man-
made COs in the atmosphere, evolves according to

M(t) = /_1 Bq(x,t)de —mM(t) and M (0) = My, (3)

where fq(x,t) are the emissions generated at time ¢ and are assumed to be proportional to
the amount of fossil fuels used at latitude x at time ¢.
We assume that the total stock of fossil fuel available is fixed, i.e.,

1 e}
[ awte=a) [ a) = R ()
where ¢(t) is total fossil fuels used across all latitudes at time ¢, and Ry is the total available
amount of fossil fuels on the planet.

The greenhouse effect is thus incorporated in this model. The use of fossil fuels generates
emissions which increase the stock of atmospheric CO,. This carbon dioxide increases the
temperature by blocking the outgoing radiation.

At equilibrium, the incoming absorbed radiant heat at a given latitude in (1) is not
matched by the net outgoing radiation. The difference is made by the meridional divergence

of heat flux, which is modeled by the term D2 ((1 - x%%) (North et al., (1981)). This

term explicitly introduces into the climate model the spatial dimension stemming from heat
diffusion.

The ice line is determined dynamically by the condition (Budyko (1969) and North
(1975a,b))

(5)

T > 1T, no ice line present at latitude «x,
T<T, ice present at latitude z,
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where T} is empirically determined.
In general, the co-albedo function specified by North (1975a) is

alz,zs) =

{ ap =038 if |z > ., ©

a; =0.68 if |z| <z

note that since the albedo jumps discontinuously below the ice line, so does the absorption.
This general form of a presents serious mathematical difficulties. As a result, it was
proposed by North et al., (1981) and was assumed by Brock et al., (2012) that « and S are

given by
alx) =ag+ aePy(x) and S(z) =Sy + S2P(x), (7)

where P are the canonical Legendre polynomials recalled in Appendix A and B. North et
al., (1981) claim that this expression is sufficient. Here we rigorously test this assumption
and compare it to the four-mode case

a(zr) = ag+ e Py(z) + ayPy(z) and  S(x) = Sy + SoPa(x) + SyPy(x). (8)

In general, @ and S can be written as

alx) = Z aopPop(z) and S(x) = Z So Paor(x), 9)

k>0 k>0

where Py, (z) are even-numbered Legendre polynomials, but we do not pursue this here.

3 Mathematical Derivations

In view of the form of (1) and the general expression for o and S, to solve equation (1) it is
enough to assume that the solution is of the form

T(x,t) =Y To(t)Pu(), (10)

k>0

where Ty, (t) are solutions to appropriately derived ODEs. Note that we consider only even-
numbered Legendre polynomials to preserve the symmetry assumption for latitude .

To simplify our analysis, we further assume that T evolves in time scale faster than
M and, hence, relaxes faster to the steady state. In mathematical terms, this means that

9 _ 0, e, O = for all k.

From this assumption, we find that 7" solves

A+ BT (x,t) = h(t) + QS(x)a(z) + D3 ((1 — mg)M) . (11)
ox ox
The goal is then to identify the coefficients Ty, and, thus, 7" for the two- and four-mode
cases.

It turns out that in the two-mode case 7' is expressed in terms of Fy, P,, and P,, while
in the four-mode case 7' is expressed in terms of By, P», Py, Ps and Ps. This observation is
one of the key contributions of the paper, since in previous work (in the two-mode case) T
was taken to have only two modes.



3.1 Two-Mode

We assume that o and S are given by (7). Then, as shown in Appendix A, the exact solution
to the temperature PDE (11) is

A

T(x,t; D) = To(t) + Ta(D) P(x) + Ti(D) Py(x), (12)
where
To(t) = é (—A +Q <%o¢252 + a050> + h(t)) , (13)
TQ(D) = (B—{—+6261)) (;OZQSQ + OéoSQ + OégSo) s (14)
and 0 8

From (13)-(15) and (2), we see that Ty depends on the concentration M but not on the
thermal transport coefficient D, and conversely, that T; and Ty depend on D but not on M.
For future reference, it is convenient to write the temperature field as

; M(t) Zpp)o Zp) 4
T t) =2 Zigp In [ 1 —— — P 16
o) = Zao+ Zaa (14 200) 4 2 pay s ST p) )

where ([g) refers to the two-mode form. From the parameter values in Table 1, we find that
Z[2],07 Z[2],17 Z[2]74 >0 and Z[QLQ < 0. (17)

The temperature function T[Q} is shown in Figure 1 with ¢ = 0 corresponding to year
2011.

]an

120
i Tixth

Figure 1: The temperature function

The predicted temperature increases over a horizon of 100 years.
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Figure 2: Temperature and thermal transport

Figure 2 depicts temperature as a function of latitude and the thermal transport
coefficient D. When D — oo, the temperature function becomes spatially homogenous or
“flat” across latitudes, as the increase in transport speeds results in homogeneity.

Thus, in the two-mode case, an increase in D will warm z near the North and South
Poles more and cool x near the equator more for a given increase in M (t), as in Figure 2 (or
Figure 2 of Brock et al., (2012) and Figure 4 of North et al., (1981)).

3.2 Four-Mode

We use the four-mode expression for o and S in (8). It is shown in Appendix B that the
exact solution to the temperature PDE (11) is

T(x,t; D) = To(t) + To(D) Pa(x) + Tu(D) Py(x) + T5(D) Ps(x) + Ts(D) Ps(x), (18)
where
1 1193
( +Q (EOZQSQ ~ 383 agSy + 04050> + h(t)) ; (19)
42475 2
T5(D) = 04254 + @y S2) — aySy + Sy + apSe + a2 S (20)
2772 7
25401 18
Ty(D) = Q (7— (9Sy + g So) — 2002 Sy + ﬁOKQSQ + Sy + 04450) (21)
5 470
TG( Q4 (1— 06254 —+ 06432) — @06454) s (22)
and 0 490
D)= 557D <12870‘4S4) ‘ (23)

From (19)-(23) and (2), we see that T depends on the concentration M but not on the
thermal transport coefficient D, and, conversely, that T5, Ty, Ty, and Ty depend on D but



not on M. Hence, it is convenient to write the temperature field as

. M(#) Zio

Tz t) =Z Zurs In (1 2 _p

(1) =Zu0 + Zu n( YA >+B+6D 2(2)
24

Zi46 248
- - Lt —=P
Broop "W+ g ppl@+ g pp )

(24)

where ([47) refers to the four-mode form. From the parameter values in Table 1, we find that
Z[4]’0, Z[4]’1, Z[4]78 >0 and Z[4]72, Z[4]74, Z[4]76 < 0. (25)

The temperature function TA[4} is shown in Figure 3 with ¢ = 0 corresponding to year
2011.

Figure 3: The temperature function

The predicted temperature increases over a horizon of 100 years.

Figure 4: Temperature and thermal transport



Figure 4 depicts temperature as a function of latitude and the thermal transport
coefficient D. When D — oo, the temperature function becomes spatially homogenous or
“flat” across latitudes, as the increase in transport speeds results in homogeneity.

In the four-mode case, an increase in D will warm x near the North and South Poles

more and cool x near the equator more for a given increase in M (t), as in Figure 4 (or Figure
2 of Brock et al., (2012) and Figure 4 of North et al., (1981)).

4 FEconomic Energy Balance Climate Model

For completeness, we describe next the coupled climate-economic model introduced by Brock
et al., (2012).

4.1 Damages

Since we are interested in the implications of thermal transport across latitudes we define
damages in terms of the temperature distribution. In this way we can trace the impact of
thermal transport on damages and perform meaningful comparative statistics with respect
to the thermal transport coefficient, D.

As in Brock et al., (2012), we consider, for 7 > 0, the exponential damage function

(T (x,1)) = exp (—7T(x,t)> . (26)

In the context of this problem, € denotes the proportion of GDP available at latitude x
and time t after damages due to climate change have been accounted for. The elasticity of
marginal damages with respect to the temperature is —v, so an increase in temperature will
increase damages when adaption is fixed. In mathematical terms, this means that 89 < 0.

4.2 Local Output

We assume that the output of our economy, Y (z,t), at latitude = and time ¢ is produced
according to a standard Cobb-Douglas production function, F', with constant returns to
scale and constant total factor productivity (TFP). For mathematical simplicity, we assume
no population growth and constant labor.
It then follows that
Y(z,t) = AQ(T(x,t))F(K(x,t), L, q(z,t))
= ALQ(T (0, ) K (2, 8) " g, 1) (27)
=VU(z,T(z,t))K(x,t)* q(z,t)*

where
U(z, T(x,t)) = AL QT (x,t)). (28)
Here A and L are the TFP and labor, respectively, K (z,t) and ¢(x,t) denote capital and fossil
fuels respectively used at latitude = and time ¢, ag, o, and o, denote output elasticities of
capital, labor, and fossil fuels, respectively, and €2 is as in (26). The assumption of constant
returns to scale implies that
ag +ap+ o, =1 (29)



A more rigorous investigation on the impact of labor should look to model the following
distribution:

Latitude

1
=]
=3

T

L

S -80 .

0 02 04 06 08 10 12 14 1618
Fopulation {x ‘IUaj

Figure 5: Latitudinal distribution of the world’s population in 1990 from the Carbon Dioxide
Information Analysis Center (CDIAC).

The population distribution is asymmetric about the equator and skewed towards the
Southern Hemisphere. Data on labor participation rates® and population growth rates?
from The World Bank can be used to scale the above distribution and model the evolution
over time, respectively.

4.3 Potential World Output and Damages From Climate Change

In this economy we denote by Fju (K (t),q(t),T;t) the maximum output that the whole
world can produce. This takes into account the total world capital, K (t), available and total
world fossil fuel, ¢(t), used, for a given distribution of temperature, 7', across the globe. Note
that for any function n(x,t) (e.g. n = C, K, q), we abuse notation and, for the rest of the
paper, write 7(t) = [ n(z,t)dz, where X = [—1,1].

The overall resource constraint for the economy is

C(t) + K(t) + 0K (t) = Fioa(K(t),q(t),T;1), (30)

where C(x,t) is the consumption at location = and time ¢, C(t) = [, C(x,t)dz is the total
consumption, and ¢ is the rate of depreciation, which is taken to be constant across latitudes.

3http://data.worldbank.org/indicator /SL.TLF.CACT.ZS
g
4http://data.worldbank.org/indicator/SP.POP.GROW
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Our approach does not provide a breakdown of depreciation rates due to varying climate
conditions, but this can be accommodated by modeling depreciation rates across latitudes.
We leave this project for future research®.

Using ¥ from (27), we define the specific (at location z and time t) and global damages,
respectively,

U(z,T(x,t))/or

(fX \Ij(x/’ T<l'/, t)l/OCL)d:L,/)aK+aq ’

J(z,t; D) = (31)

and
J(t; D):/ J(z,t; D)dx. (32)

The potential world GDP, F (K (t),q(t), T;t), is computed through the following op-
timization problem

Frota (K (t),q(t),T;t) = max/X\I’(x,T(x,t))K(x,t)aKq(:v,t)o‘qu, (33)

subject to the constraints

/XK(:);,t)dx < K(t) and /Xq(:zr,t)daf < q(t). (34)

The Lagrangean associated with (33) is

- /X (o, T, ) K (2, ) gz, )0 da

(35)
#alt) (500 = [ Kw.0de) + (o) (a0~ [ ato0ac)
with optimality conditions
agV(x, T(x, 1)K (2, t)* gz, t)* = ug(t), (36)
and
oW (z, T(x, 1)) K (2, 1) q(z, )" = 114(t). (37)

In the context of potential world GDP, this means that the marginal products of capital
and fossil fuels are equated across latitudes for all times ¢.

4.4 Global Welfare Maximization

We analyze the welfare maximization problem of a social planner in the context of the
coupled climate-economic model in Brock et al., (2012).

SFor example, to investigate the impact of climate on depreciation rates, one could take into account
that in really cold, high latitudes, equipment is highly stressed, whereas in extremely warm, humid, and low
latitudes, equipment rusts and malfunctions more frequently.

11



Allowing for per capita damages in utility due to climate change, Q¢ (T (z,t)), turns
the economic part of the social welfare model into the Ramsey-like form for the “aggregate
dynastic consumer family.” The optimization problem then becomes

max / / ( < (i t>> _ QC(T(Q:,t))> da dt. (39)

The planner maximizes (38) subject to the temperature climate constraint the resource

constraint in each location, (30), and the carbon constraint, Ro(x fo (x,t) dt where

v(x) are exogenously given non-negative welfare weights normalized such that f v(z)dr = 1.
In Section 3 we established for the regime under investigation that

~

T(x,t) = Tia0(t) + Tig 2(D) Po() + Tiay a (D) Pa() (39)

and

T(x,t) = Tiao(t) + Ty 2(D) Po(x) + Tiaya (D) Pa() + Thay (D) Ps(2) + Tia s(D) Ps(),  (40)

for the two- and four-mode forms of o and S respectively.

In view of (39) and (40), Ty, and Ty ¢ are the only coefficients that have ¢ as a parameter.
Thus, the temporal impact of temperature on the social planner’s problem is seen exclusively
through Tjy) o and Tjy ¢ for the two- and four-mode cases, respectively.

In our context, the current value Hamiltonian for the social planner’s problem is

H :/Xv(:v)L (U (C(i’ t)) _ QC(T(x,t))) d

+ /X (2, 1) <AQ(T(x,t))F(K(m,t),L,q(x,t)) — C(a,t) — 6K(x,t)> dz

(41)
+ A (t) (—mM(t) + ﬁ/X q(a:,t)dx) — pr(x,t)q(x,t)

+ Ar, (t) (—To +Zi 1In (1 + ]\ﬁt)) + Zo> )

0

where Ag, Ay, and Ap are the Lagrange multipliers for capital, fossil fuels, and temperature
respectively. The state and controls are, respectively, v = (K (t), R(t), M(t),T(t,x)) and
u = (C(t), Ca, ), q(t), a(a, 1).

Since problem (38) is non-autonomous, we assume that the discount rate is sufficiently
high and that the functions of the problem satisfy the growth conditions required to apply
the Pontryagin maximum principle (Malysh, (2008) and Iyanaga, (1980)), which yields that
the controls must satisfy

wlt) = polt) = oyt (S5 (@2

A (t)Ft,otal q = pr(t) — pq(t), (43)
A (t)B = pq(t). (44)

12



Immediately one sees that, for equal welfare weights, (42) implies that per capita con-
sumption should be equated across locations.
For the costates we have

(@)U (C% t)) — (e t), (45)
/JJR(J}, t) — ﬁ)\M(t)

AQT(z,t))F) = (D) : (46)
iig g = p+6— AQT (2, ) Fl, (47)
/.JJR('Ta t) = p:uR<x’ t)7 (48)
Aui(®) = (p+m)Aa(t) — AT()(t)(HZ—;_m), (49)
and
Sao(t) = (p+ DAz (6) + /X o(2) L, — /X Aic(, 1)ACY, Fdz. (50)

The optimal temporal and latitudinal paths for the states, controls, and costates are
determined by the solution of the welfare maximization problem, provided it exists and
satisfies the desirable stability properties.

These paths can be written as

{K*(t; D), K*(t,x; D), R*(t; D), M*(t; D), T*(t,z; D)} (51)
{C*(t; D), C*(z,t; D), q"(t; D), ¢" (v, t; D) } (52)
{Ak(t; D), Ay (t; D), pp(t; D), Np(t, @3 D) } (53)

where (*) denotes optimality.
Substituting (51) into (31) and (32) determines the optimal damages from climate change
on a global or a location basis.

4.5 Competitive Equilibrium with Fossil Fuel Taxes

To determine the optimal mitigation policy for carbon emissions, Brock et al., (2012) pro-
posed a worldwide decentralized market economy with private ownership containing respec-
tive consumers and firms at each latitude x and world fossil fuel firms.

Assume that each latitude x represents a country. In each country, the representative con-
sumer maximizes utility subject to a permanent income constraint and takes Q¢ (7'(x,t)) =
Q¢ as parametric. The representative firm maximizes profits and takes world prices of fossil
fuels, p©(z), and taxes on fossil fuel use, 7(x), as parametric. At the global scale, the world
fossil fuel firms maximize profits and take taxes on their profits, 6, as parametric.

4.5.1 Consumers

The economy, at each time ¢, is populated by a finite number of infinitely lived agents which
are referred to as “dynastic families.” Moreover, it is assumed that all members of a given

13



generation are alike. Time is continuous and a new dynasty is created at every time. As
before, dynastic families take per capita damages, Qc(T(z,t)) = Q¢, as parametric beyond
their control. They can also borrow and lend on the world bond markets at the rate of
r, which for simplicity here is taken to be independent of ¢. The solution to the dynastic
family problem makes use of the average human wealth and the stochastic discount factor
that summarizes the influence of future prices on current decisions.

Consumers receive as lump-sum payments the fractions sp(x,t) and Srq. (2, t) of after-tax
profits from fossil fuel firms, 7r(t), and proceeds from fossil fuel taxes, T'az(t), respectively.
Moreover, the bonds, B(z,t), and capital, K(x,t), held at location = and time ¢ must satisfy
the constraints

B(z,0) =0, B(z,t)exp(—rt) o 0 and K(xz,t)exp(—rt) o 0. (54)

The solvency constraint above only requires that the present discounted value of net
non-monetary liabilities be zero in the long run.
The present value form of the consumer’s budget constraint can then be written as

/ exp(—rt)p®(t)C(z,t)dt = Ko(z) + / exp(—rt)p®(z)I(z,t)dt, (55)
0 0
subject to capital and income constraints
Ko(z) = K(z,0) (56)
and
I(z,t) = w(z,t) L+ sp(x, t)mp(t) + Srax(z, t) Taz(t). (57)

Here, p*(t) is the spot price of the consumption good at time ¢ and w(z,t) is the wage at
location x.
The consumer thus solves the optimal control problem

oo (0 (S52) -oc) <58>

with the optimality condition

v (C(j’ ”) — A) exp(pt)rC (), (59)

where p©(t) = exp(—pt)p*(t) and A(z) is the Lagrangien multiplier for the permanent income
constraint (55) and represents the marginal utility of capitalized income at location x.

We can then relate the equilibrium problem and the social planner’s problem by letting
p(t) = exp(—pt) Ak (t; D). This produces the optimality condition

v(z)U’ <C(jj;’ t)> = Ax(t; D). (60)

Following the First Theorem of Welfare Economics, the welfare weights used by the
social planner are the reciprocal of marginal utility, or Negishi weights (Stanton (2009)),

v(z) =1/A(z).
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The Second Theorem of Welfare Economics states that any solution of the social planner’s
problem for any arbitrary non-negative set of welfare weights across locations will satisfy the
conditions for competitive equilibrium, except for the budget constraint in each location.
These can only be satisfied through appropriate transfer payments across locations.

Thus, given a specific choice of welfare weights across locations, the corresponding solu-
tion to the social planner’s problem can be implemented as a competitive equilibrium with
transfers across locations.

4.5.2 Firms Producing Consumption Goods

The representative firm located at latitude x at time ¢ solves the optimization problem
c
max H(AQT (z,t))F(K(x,t), L,q(x,t
e ) (AUT () F(K (2., La(s. 1) o
— (r(t) + 0)K(x,t) — L — (p(x,t) + 7(x,t))q(x, 1)),

where p(z,t) is the price paid for fossil fuels and 7 is the carbon tax paid by the represen-
tative firm. Since F'(K, L, q) has constant returns to scale, the profits for firms producing
consumption goods will be zero at each x.

The optimality conditions for capital, K, and carbon, ¢, yield

AT (z,t; D)) Fre (K (x,t), L,q(x,t)) = r(t) + 9, (62)
AQ(T(x,t; D)) F,(K(x,t), L,q(z,t) = p(z,t) + 7(x,1), (63)

and
AQ(T (z,t; D)) F (K (2,t), L, q(z,t)) = w(x,t). (64)

Therefore, firms located at latitude x and time ¢ will choose demands K(x,t) and ¢(z,1)
according to (62) and (63).

To equate marginal value products across latitudes for all ¢, taxes on fossil fuels must be
equal across locations. That is, 7(x,t) = 7(¢). If such a scenario arises through competition,
then we also have p(z,t) = p(t). This is addressed in Section 5.

4.5.3 Firms Producing Fossil Fuels

The world firms producing fossil fuels solve the optimization problem

nax / " exp(—rt)pC (Ep(t)a(e (1 — (1)), (65)

subject to the world resource constraint

h gz, t)dzdt < Ry, (66)
I

and where, as before, 6(t) denotes the profit tax fossil fuel firms face.
The resulting first order condition is

p(t)(1 = 0(t)) = po exp(rt) = (AQFy — 7(x,1))(1 - 6(1)), (67)

where i is the Lagrange multiplier on the world resource constraint (66).
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4.6 Equilibrium

From Section 4.5.2, we know that in any decentralized problem, the representative firms
producing consumption goods located at latitude z will choose capital and carbon demands
K(x,t) and ¢(z,t) so that

AQF}, =r(t) + 6, (68)
AQF, = p(t) 4 7(z,1), (69)

where Fy- and F, denote respectively the derivatives of F with respect to K and ¢. On the
other hand, the market clearing conditions require

Jx J)de = K(t), [y q(z,t)de =q(t), [, B( v =0,
{fx t)dr = C(t), and [,V wtd:r;_Y(t)_ (70)

The temporal and latitudinal equilibrium paths for C, K, and ¢ are determined by the
consumer and market clearing conditions, as well as the optimality conditions (62)-(64) and
(67) for a multiplier value fip that exhausts the fossil fuels reserves (66).

Firms take temperature and taxes as parametric. Hence, these equilibrium paths can be
written as

{Ce(’xﬂ t; D’ 7—’ 9’p)7 Ke<x7 t; T? 7—7 9’p)7 qe(x7 t; T7 7-7 07p)}7 (71)

where (¢) denotes equilibrium.

5 Optimal Mitigation Policy

Here we introduce a carbon tax, 7*(z,t), to correct for the climate externality. Such a tax
will induce consumers and firms to produce a competitive equilibrium equal to the Pareto
optimal quantities. The social planner finds the optimal paths of (51) by solving the Pareto
optimum problem, PO*(v), for a given set of non-negative welfare weights. To achieve these
optimal quantities, a tax is implemented through competitive markets. This ensures that
both consumers and firms face a carbon tax equal to the social marginal cost 7*(x,t) of
carbon usage at each x and ¢. Implementation of the PO*(v) by 7*(x,t) is feasible by the
concavity assumptions of the consumer and producer problems (Brock et al., (2012)).

Here we investigate the two cases of spatially uniform and spatially differentiated carbon
taxes.

5.1 Spatially Uniform Optimal Carbon Taxes

Social and private marginal products for capital, K, and carbon, ¢, must be equated to
implement PO*(v). This is done by combining the welfare maximizing conditions (42)-(50)
with the market equilibrium conditions (59), (62), (63), and (67). We denote the welfare
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maximizing paths by (*) and obtain

o (D) — i), (™)
T*(x,t; D) _ MS(Z;’\;(D&,_Dé/\*M —p(t) _ Mg(t; D) — B/\7\/1 - ( )’ (73>

o) (£en)

and
(1) = Lo oxp(rt)
1—6%(t)
Suppose now that the social planner can implement without cost welfare weights of
v = 1/A. Under such endowments, per capita consumption will be equated across latitudes,
and the resulting Pareto optimum, PO(v), will also be a competitive equilibrium. The
Second Theorem of Welfare Economics then states that PO(v) can be implemented with the
appropriate transfers. In turn, (73) yields the optimal spatially uniform tax rate

[t D) — BAY (¢ D)
oU'(C3(t))/ L

(74)

Tt D) = - p(t). (75)

The climate externality is captured in the carbon tax by the costate variable A}, (t; D).
In Appendix C.2 we show that \j,(¢; D) < 0. This implies that when we account for the
climate externality, carbon taxes increase. In Section 6.2 we analyze the dependence of the
tax functions on the thermal transport coefficient D.

5.2 Spatially Differentiated Optimal Carbon Taxes

In the absence of international transfers, a spatially uniform taxation policy is not possible,
since it is not always feasible to equalize per capita consumption across locations. Thus, to
correct for the climate externality, the social planner must implement a spatially differenti-
ated taxation policy.

For the sake of analysis, we consider only the polar case where all locations are closed
economies, with their own isolated capital markets, fossil fuel reserves, and fossil fuel mar-
kets. This is clearly unrealistic but it will allow us later to evaluate both qualitatively and
quantitatively the forces that generate spatially differentiated carbon taxes.

From Section 4 we have the following competitive equilibrium conditions for the closed
economies

0 (S5 = M) explonn ) (76)

AT (z,1))Fje = r(z,t) + 6, (77)

AT (,t))F) = pl(x,t) + 7(z,t), (78)
and

plat) = SR — o expl-r), (19



where we have set 6*(z,t) = 0 to simplify the exposition.
Denote by
p(x,t) = plz,t) + 77 (x, ) (80)

the social price of carbon at location x and time ¢. Then,

p*(x,t,D) _ M*R(x7t; D) B 6)‘7\/[(15’ D) _ M*R(I7t; D) B 6)‘*M(ta D)) (81)

Ny (z,t; D) M@U(wfﬂ

where (*) indicates optimal paths.
If the social planner does not use Negishi weights, then v(x)U’ (%) # v(x"U’ <M> :

L
and the optimal full social price of carbon is different across locations. The climate exter-

nality is again captured in the carbon tax by the costate variable A}, (¢; D).

5.3 Welfare Weights

Assume that the social planner can utilize without cost the Negishi weights to implement

a competitive equilibrium with zero transfers so that v(z)U’ (#) = 1. Then, spatially
uniform optimal carbon taxes can be implemented with welfare weights

_ 1 .

V= —r—— =C"2). (82)

C*(z)
o (%)
5.3.1 Function for Welfare Weights

If, as discussed in Section 5.2, it is not possible to implement Negishi weights without cost,

then the planner must implement spatially differentiated taxes to achieve the Pareto optimum

allocation. Following Stanton (2009), we implement a policy that weights poorer countries by

higher and wealthier countries by lower than the Negishi weights do in the spatially uniform

case. As already mentioned, the integral of the weights over space x is normalized at unity.
We consider the simple stepwise weights:

(L if —1<a<-3
17 3y, 1 : 3 1
pE+)+yg i —g<er<—g,
v(r) =4 & if —1<z<i, (83)
17 (3 1 : 1 3
1 : 3

Following the most recent world GDP mapping®, we assume for this model that the GDP
for the wealthiest countries is greater than the GDP for the poorest countries by a factor
of ten. We also see in the model described above that GDP tends to grow away from the
equator, as is the case with world GDP.

A more comprehensive function of welfare weights is investigated by Saez and Stantcheva
(2013) but is beyond the scope of this paper.

Shttp://www.indexq.org/economy /gdp.php
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6 Impact of Thermal Transportation and Endogenous
Co-albedo

Next we make some additional simplifying assumptions. Namely, we assume no technological
change, constant population, no fossil fuel constraint at each latitude, logarithmic utility
function with no per capita damages in utility due to temperature increase, and a production
function with constant returns to scale at each latitude z and time ¢.

The simplifications of no technological change and no population growth allow us to
perform both a qualitative and quantitative analysis at the steady state. The no fossil fuel
constraint implies ur = 0 for all x and ¢, while the assumption about the utility function
implies that 2o = 0. We remark that intuitively, the assumption of no fossil fuel constraint
is not unreasonable as a rising opportunity cost of fossil fuel extraction will guarantee that
the stock of carbon is never actually exhausted.

6.1 Steady State

The steady state distributions for the socially optimal quantities of temperature, 7, dam-
ages, Q(—~yT™), capital, k*, fossil fuels, ¢*, and consumption, ¢*, are derived in Appendix C
and are listed below:

*

M
A 84
M, ) + 29,0 (84)

T 0 =Zpaln (1 +

*

) M
Tiy0 =Zln (1 +

) + Z) 0, (85)
0

- M~ 222 224
Tiy(x) =Zpg0 + Zppaln (1 + Mo) +13 6Dp2(95) + m&(ﬂ?), (86)
and
~ M* Z4) 2
Tia) ~ziun + Zaa (1457 ) + a5 )
24 2146 218
5 ro0p Wt 5 ep W T 51 Rp W)
and
_ (p+9) ay Qg 1+ 4%)
(x) = — v(r) = (1+ +m)— ——>v(x), 88
7 (z) B (p+(1—oq<)5)() (1+p)p )75 7 (z) (88)

P = (20)" e @) R )

e . (89)
= D4Q(T*(x)) =% = Dyexp (YT—(@> ,

& () =AQT™ (2))k" (2) < (2) — 5k" (), (90)
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and

Nie() = ;@), 1)
where
o= (250 (a (o) (92)
6.2 Impact

Section 6.1 indicates that the steady state values of per capita capital and consumption at
each location are affected by the heat transport coefficient D through their dependence on
damages Q(—~T™*(x)). The impact of D on damages at latitude = can be determined by

o x) 09 OT*(x)

= — 93
oD o7+ 0D (93)
Since % < 0, the impact of D on damages at a given latitude depends on the sign of
9T (a)
derivative =55~ )
For the two- and four-mode expressions of « and S, we find that the zeroes of 87(;—]3(96)

are functions of D, which we call xpy(D) and z4(D) for the two- and four-mode forms
respectively. There are two zeroes in [—1, 1], which we call x[j;](D) and xi](D), for each
form.

For the two-mode form, we see that

dat (D) da (D)
2] (2]
—— >0 d —— <0 94
oD S5 ’ (54)
which implies that, as D increases, |x[z(D)| increases.
For the four-mode form, we see that
Ox (D) Oz (D)
[4] (4]
— <0 d ————>0 95
7> YY) (95)

which implies that, as D increases, |z (D)| decreases.

We thus see a significant difference between the two- and four-modes in measuring the
impact of thermal diffusion on damages.

The two-mode expression suggests that as the rate of diffusion increases, the area in
the world for which temperature and damages are reduced, increases, while the area in the
world for which temperature and damages are increased, decreases. The four-mode case
suggests that as the rate of diffusion increases, the area in the world for which temperature
and damages are reduced, decreases, while the area in the world for which temperature and
damages are increased, increases.

Moreover we find that, for our particular choice of parameter values, we have xy(0) =
10.5145 and limp_,o 29 (D) = £0.5707 for the two-mode form, and x4(0) = £0.6922 and
limp_,o 2[4 (D) = £0.5877 for the four-mode form.
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We further notice that I?g§<|x[2](D)| < 1/V3 < I{ng?|:17[4}(D)|. This implies that the

approximation provided in Brock et al., (2012) overestimates the area in the world for which
temperature and damages are reduced in the two-mode case, and underestimates the area

in the world for which temperature and damages are reduced in the four-mode case.
oT* ()

Call z* the positive zero of 22 in (0,1), where T*(z) is the steady state distribution

aD
of temperature. Then, from (86) and (87), we find

=0 for z=+x",

T*(x) <0 for —a*<z<a*,
oD < <1
>0 for Ter=h
-1 <x < —2%

and, thus,

=0 for z=+zx*,

ofz) 990 aT*(z) >0 for —a*<x<az*  damage reduction,

oD g1+ 0D <<,
<0 for

. damage increase.
-1 <z < —x%

However, (89)-(91) yield

=0 for z=+z*,

ok* 1 ox Q) OT*(x) >0 for —ao*<ux<ua¥,
= Fngf&K <
oD 1—-oag oT* 0D r<ax <1,
<0 for
1<z < —2"

and

0c" 0 0T (%) 70, o —es o Tl gl me( Ny
55 = A p k@R @)+ (ahOK ()7 @)% = 9)
=0 for x=+x"

>0 for —a"<uzx<a¥,

< <1
<0 for {x T=5

Ok*(x)
oD

1<z < -2

since ax AQE*(x)*x~1g*(x)% — § > 0 at the steady state due to (47),
and
=0 for z=+z*,

ONg(x)  v(x) Oc*(v) <0 for —2"<zx<a*,
oD e(x)? 9D f o<
c*(x) S0 for {x <z <1,
1<z < —z*
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Finally, it follows from (81) that the impact of D on the optimal social price of carbon at
the steady state is

=0 for x=+x"
op* BNy 0Nk () >0 for —a*<z<at, (101)
oD Xi.(z)2 9D {x* <z <1,

<0 for

1<z < —z"

Let [ = {z: —o*<z<z}and I, = {z: -1<zx< -z and z* <z <1}, ie, [
are latitudes below x = +x*, including the equator, while I, are latitudes above x = +x*,
including the North and South Pole.

Under the simplifying assumptions of Section 6, an increase in the heat transport coeffi-
cient D has the following effects on the steady state Pareto optimal solutions of the social
planner’s problem:

i) decreases temperature and damages, increases per capita capital and consumption, and
increases the social cost of fossil fuels in I,

ii) increases temperature and damages, decreases per capita capital and consumption, and
decreases the social cost of fossil fuels in 1.

7 Qualitative Analysis

Here we see how changes in the output elasticities of capital and carbon affect the steady
state solutions of the social planner problem in both the spatially uniform and spatially
differentiated cases.

7.1 Impact of Carbon Output Elasticity
7.1.1 Stock of Atmospheric CO,

Since, in view of (188), M* = 220 where C' > 0 and Ca, < My,

Mo—Cayq’
oM* 0 MyCay (My — Cay + C?ay)
= = MyC 0. 102
Oa,  Ooy (MO — C’aq) 0 (Mo — Cay) - (102)

This suggests that as the marginal cost of carbon decreases and a country shifts more towards
carbon-heavy production, the steady state stock of man-made CO, in the atmosphere will
increase. It follows from (86) and (87) (recall that Z},;; > 0 for n € {2,4}) that such a move
will also increase the steady state value of temperature, 7' *(x).

These results are intuitive as the greenhouse effect tells us that an increase in carbon
emissions will increase temperature by blocking outgoing radiation.
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7.1.2 Carbon Usage

Since, in view of (88),

a, (1+2
q'(x)=1+p)(p+ m)’y_qu(x)’ (103)

it follows from (102) that % > 0.
q
This is obvious because as countries utilize more carbon in production, the steady state
value for total fossil fuels used at each latitude will inevitably increase.

7.1.3 Spatially Uniform Optimal Carbon Taxes
From our simplifying assumptions, we find that the optimal tax on carbon in Section 5.1 is

T = —=fAy — P, (104)

where —fA}, > 0. The impact of o, on the optimal carbon tax is determined, in view of
(102), by
or*(z)  Or* OM*

= 105
oy IM* day,’ (105)
with % > (. Thus the impact of o, on the optimal carbon tax depends on the sign of gﬁ* .
It follows from (178) that
or* 0 .
onr ~ o\ )
= - - 106
oM (p+m) (1+ 35
r A
= _ﬁ 7o ]1\4* 5 < O’
My (p+m) (1 + )
and op* () 5
P \T *
= 0. 107
= g7 (@) < (107

This suggests a decrease in both the optimal tax and optimal social price of carbon as
countries move more towards carbon-heavy production in the spatially uniform problem.
This makes sense because as a4 increases, the marginal cost of carbon in both a market and
social setting decreases.

7.1.4 Spatially Differentiated Optimal Carbon Taxes

The optimal tax on carbon in Section 5.2 is
(o) _ Y
T T R
BN e (x
= _M—() — p(x),

v(x)
23
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where —3A}, > 0.
The impact of o, on the optimal carbon tax is seen in

o™ = 5 (o)

Oag \ (p+m)v() (14 575) AQT* (2))k*(2)2x g ()20 — 6k*() 7
where the sign is determined from (102) and (103)
As with (107),
a * a *
0" (z) = 6_%<p+T (x)) <0, (110)

and, hence, the results match those of the spatially uniform case.

7.2 Impact of Capital Output Elasticity
7.2.1 Carbon Usage and Atmospheric Stock

The output elasticity ax has no impact on the steady state distribution of carbon since
neither M* nor ¢*(z) depend on it.

7.2.2 Capital Levels

Since, in view of (89),

o ., . 0 ~T*(x)

(47 (@) A7 (@) exp (110 )) >0

it follows that, as the elasticity of capital increases, so does the steady state of capital across
latitudes.

24



7.2.3 Spatially Uniform Optimal Carbon Taxes

Given (104), the impact of ax on the optimal carbon tax is determined by the sign of

or*(xz) 0 ~vBT g Z
dax  Oax \ (p+m)(1+ Mﬁo)

0 ( ~8 1 Z (p+0) ) (112)
dog \ (p+m) (L+p) 1+ 37) (p+ (1 — ax)d)

0 C B 5C

= ar <p~|—(1—aK)5 T ot —ans

with
o 8 (p+9) A
C=rmaraarm (113)

In view of (80),
0 = i * 0 114)
= G (@) > 0. (
This suggests an increase in both the optimal tax and optimal social price of carbon as the
output elasticity of capital increases in the spatially uniform problem, a fact which makes
sense intuitively because, as ak increases, the marginal cost of capital decreases. This results

in an increase in the relative marginal cost of carbon in both a market and social setting.

7.2.4 Spatially Differentiated Optimal Carbon Taxes

In view of (108), the impact of aix on the optimal carbon tax is determined by

8;3? B ajK (—U<f>§f<x>)

0 C
_6mer+a—amw< <<>><>w¢@whww@»> (115)
_ (AT (@) (@) () )OF (@) — (p+ (L= ai)d) 5
(9 + (1 — ax)) (AQT* () (2)orq () — 6k+(1)))?
with ] 5 Z (pid) 1
M) ) o) (16)
where the inequality above following from the fact that p + (1 — ax)d < 5k*.
As in (114),
S (@) = o+ 7(0) > 0 (1)

and, hence, the results match those for the spatially uniform case.

25



8 Mode Comparison

We evaluate the robustness of the two- and four-mode expressions for the mean annual
distribution of solar radiation energy and the co-albedo function. We utilize a distance
metric between the two- and four-mode solutions to the optimal social planner’s problems.
More specifically, we compare the exact solutions to the temperature and damage problems,
as well as the steady state quantities of capital and social price of carbon.

8.1 Method of Comparison

The L2- or Euclidean norm provides an adequate measure of a distribution over a vector
space. As we are interested in comparing the overall behavior of the two- and four-mode
cases, we look for a way to relate the norms of each form. For mathematical simplicity, we
use the square of the L2-norm.

Denote by A, and A, the square of the L? norms for the two- and four-mode forms,
respectively. The comparison statistic

_ Aa— Ay

R e

(118)

is used to evaluate the effectiveness of the two-mode form when compared to the four-mode
form at the o = 0.05 significance level. An R value close to 0 indicates that the two-mode
form is an adequate estimate for the true distribution, while R values of 1 or greater indicate
that the two-mode form either overestimates or underestimates the true distribution.

The test statistics in the following cases are all statistically significant, suggesting that the
two-mode form for the mean annual distribution of solar radiation energy and the co-albedo
function is adequate in modeling the steady state distributions of temperature, damages,
capital in both the spatially uniform and spatially differentiated case, and the socially optimal
price of carbon.

8.2 Reference Values

The following parameter values are determined empirically:

Table 2: Parameter Values

Parameter | Value | Parameter Value
A 50 15} 1
p 0.05 1) 0.8
v 0.0028 Qy, 0.3
g 0.08 ar, 1-0.3-0.08 = 0.62
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8.3 Temperature

It follows from (86) that

A= [ ()P da
X

119
:/ Zig0 + Zjg,11n 1+M* - uk: P2($)+£P4($)2d55 "
L7 : M,)  1+6D 1+ 20D ’
while (87) yields
A= [ [P
X
M* Zia2
— [ |z Zwiln 1+ 20— 2_p
/X‘ 1,0 + Zap n( +MO)+B+6D 5() (120)
2144 2146 28 ?
_“ia p _CHls S _p d
51200 M0t 5 pple@) T g p )| d

Using the expressions for A; and Ay, for the above parameter values, we find using Mathe-

matica that
_ |As— Ay

Rr i

= 0.0269. (121)

8.4 Damages
It follows from (86) and (87) that
. 2
Ay = / | exp(—Tg ()| de
X

M~ 222 224 ?
= exp | =y | Zpj0 + Zpjaln {1+ YA + 1+6DP2(-’17)+mP4(95) dx
X
(122)
and
2
=/‘6Xp Ty (@ ))‘ dx
X
M* Zi 2
A ZuiIn (1 _“H2 p
; exp( ( (4,0 T 241 n( +MO>+B+6D 5 () (123)

2

_Zua 40K iz,

Z1y
B+200 W 5 apPWt 5 8@)))

Again, from (122) and (123), for the above parameter values, the comparison statistic is

_ |As— Ay

R
Q A,

= 0.0236. (124)
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8.5 Evolution of Capital
8.5.1 Spatially Uniform Problem
It follows from (89) that

- [ Ik @pas

. 2
4] 1 T*
ziér(%i?)(q%@)lwfma(z_22> do
_ P40\ (¢ 0, (1+35)\ =7 I (x) 2d 129
= [ (@ o mpn B2 ) e (T2 a
. 2
:/ = exp <7T (aj)) dzx,
b'e 1—OéK
with )
=_(prtd O‘q <1+%> o
The third equality above follows from
iy (p+0) Qg M@
T = 5N o (= ax)d) Ty of
a, L+35) @
(1+p)(p+m) 6 7 [.ods (127)
a, (1+47)
<1+m@+nw%5—7§—a

which is derived from using the welfare weight v(z) = v in (88) for the spatially uniform

problem.
Inserting (86) into (127), we get

2
>‘dw

(Z[QLO + Z[g],lln (1 +

VTE] (z)
P

Eexp(

*

M)+

My

21,2
1+ 6D

1—0./[(

28

Py(z) +

294
1+ 20D




while inserting (87) into (127) gives

Ay :/X = exp <1T_[Z—](§qj>
Zu2_p o) (129)

_ 5 M*
_ [ |z Z Zua In (1 — e
/X exp(l—ou(( (o MHH( +M>+B+6D :

b 2w pyy s _piy o Zms po )\ g
B+20D"" B+42D"° B+72D"° '
Using the parameter values with (128) and (129), we find
Ay — A
Rgy = A=Al _ 0156, (130)
Ay
8.5.2 Spatially Differentiated Problem
We have
~ [ F@Pds
X
5 @)\ |
PHON (f i gl
— 11—« d
[ e <1 8 QK> .
T 2 (131)

M* 11—« -
P+ 5 qu (1+30) K VT*(z)
= (1+ +m)— ——v(x ex dzx
/X ( Plp+m)—5——7p =0l S ——
T

:/XEeXp<1_a2> oy |

with
1

= (”—”) ((1 o)t m)w% <x>) o (132)

(072¢

where the third equality above follows from (88).
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Using (83) and (86) into (131), we find, for the two-mode form,
_3 1 12
= Y % 1mex
Ay = = T -

= [ e (amo) ()

_ v 17 3\ 1\
= T — = —
P <1 —ax [21(35)) (10 ($+ 4) T

2

dx

[1
0]
]
o]
VR
o
3
5*
&
~
VRS
|—t|>—t
\]
VR
=~ w
|
8
N~
+
DO
o|’_‘
S~
n
Q
=

1 —ag
1\ |
_ Yo e —oxK
= T —
P <1 — ok [2](36)) (20>

Similarly, using (83) and (87) into (131), we find, for the four-mode form,

_3 1 . 1 2
4 — f}/ ~ —QR
Ay = = T -
4 /_1 exp (1 " an [4]($)> <20)
17 3\ 1\ x|
— 7 . l-—ag
= T i -z il
P (1 ~ax [41(:'3)) (10 (:H 4) * 20)
1

dx

dx

1 1
— f}/ A* i 170LK
+/i = exp (1 — [4](x)) (20) dzx.
The comparison statistic is then
Ay — A
R.p = A= A3l o156,
Ay
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8.6 Spatially Differentiated Carbon Tax

We consider the socially optimal price for carbon under spatially differentiated tax policy
with closed economies.
From (81), we have

A: * 2d
[ s
— [ ple) + (@)
X
_ BNy
_/x W@ (@) (136)
_ By [
-/, wwe@| @
_ N 2
:/ C e (2E@ | g,
X U(x)z;(af(l I —ag ,
with
A ’ ek VAN =
- (p+(1afoq<)5> (Aag) o= (y8) ((1+p)(p+m) ZIM°)> (137)
Then,
3 _ ~ 2 1 _ R 2
-3 C ”)/T*(.%') -1 C ’}/T*($)
A= —ayx OXP <——> + 5= €XD (— )
/1 (%)a;(fl 1— ok /3 (1_7(37_‘_%)_'_%)0%,1 1—ax

(138)
It follows that
. 2
_ 2-a TE (x
A, :/ Cv(:t)aK—Kl exp (—7 i )> dx
X 1— (67 7¢
_ 2—«a M*
:/ CU(.T) O‘K_Kl exXp | — B Z[QLO + Z[Q]Jh’l 1 + (139)
X 1 —ag M,

2
dx,

22,2 2] 4
2 p 24 p
+ Trep 2t T 0p @)
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~an (2[4]70 —I— Z[4]71 hl (1 + M0> —f- B + GDPQ(ZL‘)

v(x)ox1
Ziaja Zia)6 Zia) ’
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From (139) and (140), the comparison statistic is
Ag— A
R, = A= A3l s, (141)

2

9 Concluding Remarks

In this paper we have investigated the qualitative properties of the climate-economic problem
introduced by Brock et al., (2012). We have performed a rigorous mathematical analysis for
two- and four-mode expressions for the mean annual distribution of solar radiation energy
and the co-albedo function, and have derived the exact solution to the temperature problem
in both cases. We have used the exact solutions to analyze directly the impact of thermal
diffusion and have concluded that thermal diffusion explicitly affects the spatial distributions
of temperature and damages, but does so differently for the two- and four-mode cases.

Our results confirm that the transport of heat from lower latitudes to higher latitudes
will increase temperature and damages there, while decreasing temperature and damages
at the lower latitudes. If, as Pierce et al., (2011) suggest, human actions change the heat
capacity of the oceans and atmosphere, then the diffusion coefficient is expected to change.
Our results then become significant in showing the effect of human behavior on damages and
other economic variables.

We have investigated the optimal mitigation policy introduced by Brock et al., (2012) to
correct for the climate externality introduced in the coupled model. Our results confirm that
when international transfers are allowed, a spatially uniform carbon tax can be implemented
with Negishi transfer payments. When such payments are not allowed, we have found a
spatially differentiated mitigation regime using a simple welfare weights function and have
investigated the impact of heat diffusion for closed economies. While this polar case is by
no means an adequate representation of the world economy, Brock et al., (2012) extend the
results to show that under plausible assumptions, the social price of fossil fuels around the
equator should be lower relative to other latitudes.

We have also provided results qualifying the effect of carbon and capital output elasticities
on the steady state quantities. Our findings note specifically that, as the returns to scale of
carbon increase, the socially optimal price of carbon decreases and the stock of man-made
carbon in the atmosphere increases at the steady state. This is important in understanding
the benefits (or lack thereof) of regulatory measures aimed at limiting the use of fossil fuels.
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A possible next step would involve finding the specific carbon and capital output elasticities
that minimize damages at the steady state.

In this paper we have also evaluated the robustness of the two- and four-mode expressions.
Our results show that in the dynamic case, the two-mode form is adequate in modeling the
steady state distributions when compared to the four-mode form. We believe that analyzing
the strength of the two-mode form in the context of our model is one of the main contributions
of our paper, since it allows for a better understanding of other climate-economic results.

Possible extensions to our work include a robustness analysis for economic models with
variable labor and rates of depreciation, and the addition of an ocean layer or second-
dimension (longitude) to the energy balance climate model. We see from Marshall and
Rose (2009) that it is possible to add an ocean layer to the climate model, so a logical
next step would be to perform the economic analyses of this paper with an adapted climate
model. The results could then be compared to see the impact of the ocean or longitude
on steady state distributions. The paper by Franning and Weaver (1996) investigates an
energy and moisture balance model that has many of the same diffusion-type operators as
the energy balance model in our paper. The methods that we present apply directly to their
model as well, so the issue of robustness to the number of modes can be raised. These are
both potentially interesting and important areas of further research in the field of climate-
€conomics.
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A

We derive the exact solution to the temperature problem for a two-mode form for the mean

annual distribution of solar radiation energy and the co-albedo function.
We use the following properties of the Legendre polynomials

dzx dz
(n+1)Pyi(x) = (2n+1)P,(z) — nP,_1(x),

/_1 Po(z) Py (z)dx = (Py(), Pn(7)) = 22715%7

d <<1 _ x2)iPn(x)) +n(n+ 1)Py(x) = 0,

where
Opm = 0 for n # m, 6,,,, = 1 for n = m,

to derive certain relations listed below.

A.1 Functional Form

The 274, 4" 6% and 8 order Legendre polynomials are, respectively,

Py(z) = %(3932 - 1),

Py(z) = %(35934 —302° + 3),

P(x) = 1—16(231956 — 3152" + 1052% — 5),
and 1

PS(.I’) = m

A.2 Derivations
Since )
1 1
Pj(x) = (5(391:2 - 1)) = 1—1(9374 — 627 + 1),
it follows from (146) that
1
z? = g(2P2 +1).

Substituting (151) into the (147) we get

- %(8&(9{:) + 30(%(2132(3;) +1)) - 3)

- %(8P4(x) +20Py(z) + 7).
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(64352° — 120122° + 69302* — 12602” + 35).

(142)
(143)

(144)

(145)

(146)
(147)

(148)

(149)

(150)

(151)

(152)



Substituting (151) and (152) into (150) gives
18 2 1
2 - —_— —_— —_—

We use (7) and (153) to write QS(x)a(x) in (11) as
QS(I)O&(I) = Q(Oé()SO + (05052 -+ OZQSO)PQ(I) + OCQSQP22($))

18 2 1
= Q (CY()SO + 06252 (%P4(m) —+ ?PQ(I) -+ g) + (06052 + OéQS(])PQ(I)) (154)
18 2 1
= Q (OéoSo + £a252P4(x) + <?06052 + 05250> PQ(I) + 506252) .
We write T'(x,t) = > k>0 TorPor (). Using (142), (143), and (154) into (11) we find
D> " 2k(2k + )Ty Par(z) + BY  TopPo(w) + A =
k>0 < k>0 ) 1 (155)
h(t) + Q (06050 + gO&gSQPLL(%) + (?aosg + CYQSO) PQ(.%') + 506252) .
Multiplying (166) by P, (z) and integrating from —1 to 1, for each n € {0,2,4}, we obtain
1
BTo(t> =-—A + h(t) + Q <5CKQS2 + &050) s (156)
2
(B + 6D>T2(D> = Q (504252 + Oé(]SQ —+ 04250> s (157)
and 18

while, for k > 3, Ty, = 0.

B

We derive the exact solution to the temperature problem for a four-mode form for the mean
annual distribution of solar radiation energy and the co-albedo function.
It follows from (146) and (147) that

1 1
Py(z)Py(x) = §(39;2 — 1)§(35x4 — 302% + 3)

] | (159)
= 1—6(105:1:6 — 1252* + 3927 — 3).
Substituting (151) and (152) into the equation for Fs(z) yields
2% = %(16&(1’) + 3152* — 1052° + 5)
= S (16Py(a) + S2(8PA(x) + 20Bs(a) +7) — 2 (@P(x) + 1) +5)  (160)
— o Pa) + P+ 0P

35



Substituting (151), (152), and (160) into (159) gives

24 10 1

1 16

_ %(8]34(@ +20Py(z) +7) + ?(QPQ(ZE') +1)— 3) (161)
:%Pa(:c) + i—g&(m) + %PQ(ZL‘).

Hence (147) gives

1 |
P}(z) = (—(35x4 — 3027 + 3)) = 1—6(1225x8 —21002° + 1102* — 1802* +9),  (162)

and, therefore,

1
7® = @(128&(3:) — 120122° + 69302* — 126027 4 35). (163)
Using (151), (152), (160), and (163) in (162) yields
490 1645 16 24 10 1
2 _ _ . — __ —_
1 (0) =g 8(0) = 55 <231P6(x) T+ Bt 7)
7895 (1 7505 (1 10079
—— [ =(8P. 20P. 7)) - —— ( =(2P. 1 —— (164
T 3208 (35( () + 205 (x) + )) 1144 <3< 2() + )) tommr Y
490 470 25401 42475 1193
=7 Py(x) — L py(a) — - _ =2
1271 8(®) — g9 Tole) = a0 Pale) = S Pole) = 555

We use (8), (153), (161), and (164) to write QS(z)a(x) in (11) as

QS(Z’)O&(Z’) :Q(aoso + (06052 + O./QSQ)PQ(.CL’) + (@054 + 04450)134(.17)
-+ (&254 + Oé4SQ>P2(ZL’)P4(ZL‘) + QQSQPS(JJ) + Oé4S4P42(ZL'))

=Q (CYOSO + (S + a280) Pa() + (S + aSo) Py()

) 20 2
+ ((1254 + CY4SQ) (ﬁf%(l‘) —+ 7—7P4(CL’) + ?PQ(I))

18 2 1
T S, (—P4(x> +2Rya) + 5)

35
490 470 25401 42475 1193
Py(x) — “Zpy(z) — - Py(r) — =2 ).
T Sy (1287 (%) = g9 Fo(®) = Sp0g Pal@) = Srg P2l0) = 53 ))

(165)
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We write T'(x,t) = > k0 Lok Por (). Inserting (142), (143), and (165) in (11) we find

D " 2k(2k + 1) Ty Par(z) + B Y TopPo(w) + A =

k>0

k>0

h(t> + Q <a050 + <a052 + aQSO)P2<x> + (06054 + OC4SQ>P4(.T)

+ (CYQS4 + 06452) <£P6(CL‘> -+ —P4(.13)

18
+ 06252 (£P4(l‘)

490

+ 04454 (ng(l') — EP@(CL’) —

20 2
’p
11 77 Aty 2<x)>
2 1
— P _
+ 5 () + 5)
470 25401 42475 1193
Py(z) — Py(z) — —2 ).
2002 1 1) ~ Sy 12@) 288))

(166)

Multiplying (166) by P,(z) and integrating from —1 to 1 for each n € {0,2,4, 6,8} we get

1 1193
BTg(t) =—-A + Q (EOKQSQ — 938 Oé454 + &OS()) + h(t), (167)
2 42475 2
(B + 6D)T2(D) = ?(@254 —|— &482) — 2772 0[484 + ?QQSQ —f- Oé()SQ + OZQSO, (168)
20 25401 18
(B + 2OD)T4(D) = ﬁ(O&QSz; + 04452) — 2002 Sy + %OCQSQ + Sy + 45, (169)
) 470
(B + 42D)T6(D) = ﬁ(O./QS4 + Oé452) - EO&;S@ (170)
490

and Ty, = 0, for all k > 5.

C

We derive the steady state distributions for the socially optimal quantities.

C.1 Steady State

Let k(z) = &2 g(z) = 42,
capita and the utility at each location are Q(7'(z,t))k(x)**q(x)* and In(c(x)), respectively.
To obtain the steady state, we set A (x,t) = 0 in (47) and divide by (46). Recalling that

we set all the derivatives in (47)-(50) to be zero, we find

é(x) = @ denote per capita quantities. Then, the output per

A —

ak q(z) _(P+ 5)>‘_K
k@) B 172)
and 5 )
i) = LD Qg (173)

5 A Qi
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It follows from (45) that

e = 2B () = AT () E() * g(2) — SR () (174)

and, hence, in view of (172),

D o) -
1) B ax AQ(T (z))k(z)ox—1q(z)e — 0k(z) (175)

On the other hand, (47) at the steady state yields
APy (o) = L0, (176)

From (3) the steady state stock of CO; is

= o [t = (Gt Jan

C.2 Exponential Damage Function

Using Q(T'(z,t)) = exp (—7T(m,t)>, so that Q7 = —yQT (1)), and (48) - (50), we obtain
at the steady state

A, Z
A L 178
M7 (p+m)1+ M (178)
and ()
Y v(z N _
Ny = — /_ AQT (x))k(x)* % q(x)*)dx. 179
b= [ S AT )R gl (179
Since (47) and (50) yield
clx) = k(2)(AQT (2))k(2)** ' q(2)™ —4) (180)
and R B
axAQ(T (x))k(z)* " q(x)™ = p+ 4, (181)
substituting into (179), we obtain the steady state value of A},
. g (p+9)
Ap = — / v(x)de = =1y < 0, 182
N e N (T M 1)
where . (0 +9)
p+ /
Iy = v(z)dx > 0. 183
T ok (a0 Jx 1)
Then,
U L B W (184)

(p+m) (1+55)
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Since A}, does not depend on x, using (184) into (177), we can find the steady state value

1
mAi, b

_ ag(p +0)L o) dr
O [ e

M* = —

where

which are both independent of D.
Combining (184) and (185) we get

apr o Llorm) (55T,
N m Y Zl FO
M*\ (p+m) 1
=1 —(1 L
( +MO) my Z1< o)
which implies
M,
M — ol ’
My — T
with ,
r,= Ptmd+p) o

subject to the constraint

Iy
1—-——>0.
Mo

This condition is satisfied by the parameter values in Table 2.

(185)

(186)

(187)

(188)

(189)

(190)

Combining all of the above results, we deduce that the steady state values for the rest of

the variables are
M*

7
Mo> + 29,0,

*

M
Z
M0> + 24,0

T[Z],o :Z[QLlln <1 +

,'T[Z],O :Z[4]711H <]. +

- M* Z
Ti5(x) =Zp10 + Zjz111n (1 + ) oy & (z) +

1+6D °
2142
B +6D

Ps(x) +

My

X M*
Tiy(z) =Zm0 + Ziga In (1 + ) +

My
244

Zus
—P )
B+ 20D A(@) +

B+ 42D

39

Pz(l’)

2148
Brap @)

224

2R p
20D 1)

(191)
(192)

(193)

(194)



and

_ (p+9) o Qg (1+]]\\/[4*)
*(x v(r)=(1+ +m)— ——"v(x), 195
7)== e o gy ) = () m) S (), (195)
7% p + 5 aKlil * 1 1
P = (20 ol @) g 0
+ (196)
1 *
— 1407 (2)) =7 = Tyexp (w) |
1-— (07 7¢
c(x) :AQ(T*(x))l%*(x)“ch*(x)“q — 0k*(x), (197)
v(x)
Yy = 1
where 5
o= (258 (g (o) = (199)
Ak
Using the specific values of the coefficients leads to the signs
211,00 Z2)1 Zpga > 0, Zpgg 2 < 0 (200)
and
2100 Zp)1s Zias > 0, Zag 2, Zga, Ziaye < 0. (201)
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