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Abstract

Climate policy changes the supply and demand for investment, changing
the price of undepreciated assets. When the asset price is endogenous,
asset markets potentially provide self-interested agents an incentive to
reduce emissions. Functional assumptions in previous Integrated As-
sessment Models produce a fixed asset price, and therefore neglect this
possibility. The effect of abatement on the endogenous asset price de-
pends on the Elasticity of Intertemporal Substitution (EIS). Using both
analytic and numerical methods, we find that self-interested incentives
arising from an asset market can lead to substantial climate policy, al-

though still much lower than the level chosen by a utilitarian planner.
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1 Introduction

The standard climate narrative emphasizes that: (i) climate change will harm
future generations or currently living young people later in their life, and (ii)
climate policy requires more expensive production methods and therefore low-
ers current world income. This framing implies that altruism with regard
to future generations, and to a lesser extent the current young generation’s
concern for its own future, are the primary motivators for climate policy. Al-
though substantially correct, this view of climate policy is incomplete because
it neglects the potential for asset markets to influence selfish agents’ incen-
tives. Climate damages lower capital and labor’s future productivity; climate
policy can protect that productivity. If asset markets transfer future changes
in productivity to current asset prices, current asset owners obtain some of the
benefit of current climate policy.

This mechanism straightforward, but formal policy analysis carried out
with Integrated Assessment Models (IAMs) neglects it. Figure 1 illustrates
our point. IAMs assume that output consists of a composite commodity that
can be either consumed or invested (Stern, 2006; Nordhaus, 2008). The com-
posite commodity model is equivalent to a linear production possibility frontier
(PPF). The heavy curve in Figure 1 shows a strictly concave PPF, and the
dashed tangent with slope —1 corresponds to a composite commodity model
that fixes (by choice of units) the price of investment at 1. A change in invest-
ment, e.g. arising from climate policy, cannot change the price of investment
in the composite commodity setting; it might change the price of investment
with a strictly concave PPF. When old capital and new capital are equally
productive (as [AMs assume), a change in the price of investment changes the
value of undepreciated capital.

Basic economics recognizes that markets may give asset owners a stake in
environmental protection, even when the owners’ have no direct interest in
the environment (Oates, 1972). Empirical evidence shows that environmental
outcomes can affect asset prices, e.g. in real estate (Chay and Greenstone,
2005; Bushnell et al., 2013) and market portfolios (Bansal and Ochoa, 2011;
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Figure 1: With a strictly concave PPF and p = 1 (the price of investment
measured in consumption units) production occurs at the tangency shown by
the dashed line labelled p = 1. This dashed line can also be interpreted as
a PPF in the composite commodity setting. If investment increases, p must
increase under the concave PPF (e.g. to p = 1.6). An increase in investment
cannot change the price of investment in the composite commodity framework.

Bansal et al., 2015, 2016). Severen et al. (2018) find that U.S. land prices
incorporate climate forecasts; Schlenker and Taylor (2019) show that weather
markets reflect climate model predictions.!

Economists prefer [AMs over partial equilibrium models to study climate
policy because the savings and climate decisions are potentially entwined.
Climate policy can benefit future generations by leaving them a cleaner en-
vironment, but if this policy crowds out investment it might maker future
generations poorer. In the composite commodity setting, all climate-induced
adjustment to savings occurs via changes in quantity. A strictly concave PPF
means that both prices and quantities adjust. This observation is the basis for
the two broad questions that motivate our paper.

The first set of questions concerns the qualitative relations between climate

!Dietz et al. (2016) use DICE to estimate the “climate value at risk” at 1.8% of global
financial assets, with much higher tail risks. Balvers et al. (2012) estimate the cost of past
warming, as captured in asset prices, at 4.18% of wealth. The CEO of the asset management
firm Blackrock announced that his firm would include environmental sustainability as an
investment criterion (NY Times January 14 2020).
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policy and the asset price and welfare. These relations provide a basis for
understanding how asset markets affect self-interested incentives for policy.
Abatement shifts in the current PPF, lowering national income at the pre-
existing price, thereby lowering the demand for savings, putting downward
pressure on the asset price. However, the cleaner (and more productive) future
climate tends to raise capital’s future productivity, increasing the demand for
investment. The net effect of these offsetting forces depends on the Elasticity
of Intertemporal Substitution (EI5S).

If agents in a Diamond-style overlapping generations (OLG) model (Dia-
mond, 1965) have logarithmic utility (E1.S = 1), the income and substitution
effects cancel. Here, climate policy lowers the asset price and lowers welfare for
both the current old and young generations. Climate policy results in a lower
stock of capital and a cleaner environment, with ambiguous welfare effects for
the agent born in the next period. When E1.S > 1, the current old and young
generations’ incentives are aligned: they both benefit from a policy that raises
the asset price. In contrast, for £1S < 1 — the conventional choice for IAMs
— a higher asset price harms the young generation but benefits the old agent.

To obtain sharper analytic results we specialize to a two-period setting
and consider limiting cases. With EIS — oo (linear preferences), the “first
unit of abatement” increases the equilibrium asset price, strictly increasing
welfare for currently living generations. The next generation inherits a cleaner
environment and a larger stock of capital, so also has higher welfare. At
the other extreme, EIS = 0 (Leontieff preferences) we find that the first
unit of abatement lowers the equilibrium asset price, harming the current old
generation but benefiting the current young generation.

The second set of questions concerns the quantitative significance (on in-
centives to undertake climate policy) of asset markets. If assets depreciate
fully by the end of a period, as some models assume (Golosov et al., 2014),
then the current asset owner has nothing to sell her successor. In that case,
even if asset prices are endogenous, they could affect the incentives of cur-
rent agents only via their effect on factor returns. Alternatively, if the PPF

is almost linear, then the composite commodity framework is a good approx-
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imation, and asset markets have a negligible effect on incentives. We need
a quantitative model to assess the significance of asset markets. We embed
a model calibrated to DICE (Nordhaus, 2017) — but modified with a strictly
concave PPF —in a dynamic game amongst a succession of selfish generations.
We study the Markov Perfect equilibrium (MPE), where current generations
can influence future actions via the condition of the climate and the stock of
capital they leave the next generation. But they cannot choose future policy,
and we exclude trigger strategies.

In MPE to this game, asset markets indeed influence incentives to under-
take climate policy. In line with our theoretical results, the incentives tend to
be more powerful for E1S > 1 than for KIS < 1, but they are not monotonic
in this parameter; they are zero for E1S = 1 (logarithmic utility). For our
baseline F1S = 0.5 (the conventional choice), climate policy lowers the asset
price. Here, current equilibrium policy is significant only if the young gener-
ation has substantial influence in setting climate policy. Even for parameters
that lead to very low levels of policy in the first period, in most cases cu-
mulative policy significantly reduces climate damages. Thus, the model with
selfish agents and endogenous asset prices predicts significant levels of long-run
abatement, even if current effects are small.

Our analysis shows how currently living agents should set policy (i) if they
have no concern for their successors and (ii) if they have solved the problem of
international cooperation. Condition (i) is not ethically desirable, so the policy
we study does not constitute a recommendation. Condition (ii), although
desirable, is nowhere in evidence, so the policy we study is not a prediction.
Our analysis sheds light on a type of incentive that has not previously been
studied in the climate context. It shows how these incentives depend on agents’
EIS and on the relative influence of the two generations in determining policy.
Empowering the young leads to stronger climate policy.

As benchmarks, we compare outcomes in the dynamic game when currently
living selfish agents choose the abatement level, having rational expectations
about future policy, with the outcome under a standard social planner and

under Business as Usual (zero abatement).
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Additional literature and other considerations When considered in the
climate setting, asset prices are typically discussed in the context of “stranded
assets”, whose value is reduced by climate policy. Fossil fuel companies, the
common example of stranded assets, worth about 5 $T (trillion) (Bullard,
2014), constitute a large asset class, but a modest fraction of total world
financial assets. The 2015 world stock market capitalization exceeded 69 $T,
and the value of total financial assets exceeded 284 $T (Witkowski, 2015).
Society at large, and people with a well-diversified portfolio, should be more
concerned about the effect of climate policy on asset prices writ large.

Many OLG models examine environmental policy (Howarth and Norgaard,
1992; John and Pecchenino, 1994; Gerlagh and Keyzer, 2001; Schneider et al.,
2012; Williams et al., 2015; Karp, 2017; Iverson and Karp, 2021). Karp and
Rezai (2014) include asset prices in an OLG model with an endogenous re-
source stock but a fixed capital stock, EIS = oo, and no climate component.?

Bovenberg and Heijdra (1998) show that the issuance of public debt can
support Pareto-improving environmental policy by transferring the cost of
policy, across time, to those who benefit from it. In a setting with 55 overlap-
ping generations, Kotlikoff et al. (2021) find that a carbon tax beginning at
30/tC'Oy and rising at 1.5% per year achieves a 0.73% uniform welfare increase
over BAU consumption equivalents. The policymaker uses debt, taxing future
generations at 8% of lifetime consumption, compensating current generations
at 1.2% of their consumption. Anderson et al. (2020) show that a sequence
of abatement rates, financed by debt, together with a distortionary labor tax,
lead to Pareto improvements.

We exclude public debt, social security, and other means of intergenera-
tional transfers from the future to the present: our research question concerns
the incentives to abate greenhouse gasses created by asset markets, not the
design of optimal climate policy. We do not allow the current generation
to choose future policies: there is no commitment. In addition, we consider

Markov Perfect Equilibria, thus excluding trigger strategies. In line with a

2Appendix B.4 discusses the relation between the models and the research questions in
Karp and Rezai (2014) and in the current paper; neither is a special case of the other.
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well-known Folk Theorem, Rangel (2003) show that trigger strategies can be
used support intergenerational transfers as a subgame perfect equilibrium.

In the interest of tractability, we ignore several important issues in climate
economics. First, we use a deterministic model, thus excluding questions
arising from uncertainty about damages and growth (Lemoine and Traeger,
2014; Jensen and Traeger, 2014; Kelly and Tan, 2015; Lontzek et al., 2015)
and specifically about the “climate beta” (Traeger, 2014; Giglio et al., 2021;
Lemoine, 2021; Dietz et al., 2018). Second, in keeping with the tradition of
[AMs, we use a single stock of capital. In fact, there are many asset classes,
which will be affected differently depending on their sectoral and geographical
location. This consideration is important, but a single-stock model provides
the obvious place to begin, and is assumed in most [AMs; this stock serves
as a proxy for a broad index of assets. Third, as with most IAMs, we ignore
the cross-country free-riding problem. Asset markets potentially attenuate

intergenerational free riding, without reducing cross-country free riding.

2 The Model

We describe the young agent’s savings decision, discuss the technology, and

then introduce preferences and define the decentralized equilibrium.

2.1 The savings decision

In each period, a cohort of constant size, L = 1 is born.? Agents live two peri-
ods and maximize their lifetime welfare, €). Lifetime welfare is the discounted
sum of utility, U(-), derived from consumption while young, ¢¥, and old, ¢°:
Qf =U(c])+p U(cy,) with p the constant utility discount factor and super-
scripts y and o denoting the young and old generation. Utility, U(-), satisfies
the Inada conditions. The young agent receives labor income, w;, but no inher-
itance, and spends ¢/ on consumption. With a depreciation rate §, the amount

of capital remaining at the end of period t is (1 — ¢) K;. Newly produced cap-

3Section 4 includes growth in both in TFP and population.
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ital, I;, and undepreciated old capital are equally productive; therefore, in
equilibrium they have the same price, p,. Our convention is that goods and
undepreciated capital are sold at the end of the period; there is no discounting
within a period, and p; is the price of capital and the investment good at the
end of the period. The young agent buys s; shares of the old capital stock
and [; units of new capital at the cost p;[s;(1 — 0)K; + I;]. The rental rate
on capital is ;. When old in period ¢ + 1, the agent earns the factor payment
Ter1(8:(1—9) K+ 1;), and obtains revenue from selling the end-of-period stock,
Per1(1 —0)(se(1 — 9) Ky + I;). Agents are selfish, so the old agent consumes all
her income.

Agents take prices, wy, r; and p;, as given and have rational point expec-

tations of 7,1 and p;y1. The young agent’s maximization problem is

max  U(c/)+ p U(cf,,) subject to

Y o
It, Sty Cgs Ct+1

CgtJ S Wy — Pt [St(l — 5)Kt + It]
it < (revr +pea (1=0)) (s:(1 = 0) Ky + 1) .

The optimal decision to buy shares of existing capital, s;, satisfies

U)o Fpega(1=9)
Uy =

p U'(c241) D 2

which states that in equilibrium the marginal rate of intertemporal substitution
equals the marginal rate of transformation. The right side in equation (2) gives
the number of consumption units a young agent obtains in the next period
by reducing consumption by 1 unit today and investing in capital instead.
This ratio equals the marginal rate of intertemporal substitution, v, which
equals 1 plus the endogenous interest rate between period ¢t and ¢t + 1. In
equilibrium, s; = 1 V¢, because the old generation has inelastic supply of
undepreciated capital. Provided that I; > 0 for t < H (as we hereafter

maintain), the assumption that new and old capital are homogeneous implies
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that the optimality condition for I; is identical to equation (2).*

Rearranging the optimality condition (2) produces the asset price equation:

i1 Fpga(1 —0)
b=
(e

for t < H, (3)

where H < oo is the last period. The young generation in H only lives one
period, so it does not accumulate capital, implying the asset price is zero,

pu = 0. (Section 4 further discusses this finite horizon assumption.)

2.2 Technology

Our technology, with strictly concave production possibility frontier (PPF),
contains the “composite commodity” model (linear PPF) as a limiting case.
World product is a function of inputs and policy, z;, = (K, L, Ey, 1), where
K, is the stock of capital, L is the constant labor supply (normalized to 1), F,
is the stock of atmospheric carbon in excess of pre-industrial levels (“Excess
carbon”), and p; € [0, 1] is the abatement rate. The endogenously changing
stocks, K; and FE,, are the state variables, and the abatement rate is the
policy variable. The consumption good, ¢;, and the investment good, I;, are
joint outputs. We suppress time subscripts when the meaning is clear.

The equilibrium value of world output given the price of investment p
is N (p;z). The equilibrium value of world output evaluated at p = 1 is
G(z) = N (1;z). We treat G (z) as a primitive, and adopt:

Assumption 1 (i) G(z) is increasing and concave in K, L; it is decreasing in
(E, ), convez in u and convez in E for small E, and it is twice continuously

differentiable in z.

oG —
O =0
(iii) (“DICE”) G = D (E) A (n) LPK'=P, together with the other assump-

tions of Parts (i) and (ii).

(ii) The marginal cost of the first unit of abatement is zero:

4For example, we exclude the possibility that the end-of-period stock of undepreciated
capital, (1 — J)K}, is large enough t produce an equilibrium with I; = 0.
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Assumption 1 (i) is self-explanatory. We use Part (ii) for the comparative
static analysis, and Part (iii) to consider special cases and for our calibration.

To obtain a concave PPF we embed the function GG in a constant elasticity
of transformation (CET) function with elasticity of transformation co > o >0

and shape parameter a:°

140 4o _1 14o

Equation 4 is the PPF.% Given p, z, world income, N (p;z), is

N (p;z) = max ¢ + pl s.t. equation 4. (5)

By construction, we have G (z) = N (1;z) for all 0,a and z (See Lemma 4 in

Appendix A, where we collect technical details and proofs.) Figure 1 illustrates

the model, using G = 1, 0 = 1.5 and a = 2.08. A larger o flattens the PPF
and a larger GG causes a radial expansion of the PPF.

Because the consumption good is the numeraire, the nominal and real

factor prices are equal. The following lemma shows the effect of the output

price on world income, investment, and factor returns.

Lemma 1 Suppose that Assumption 1.1 holds and that the joint outputs c, I

SPowell and Gruen (1968) estimate supply functions that are approximately consistent
with a CET PPF. The function G (z) plays a role analogous to a fixed input, such as land,
that appears in Computable General Equilibrium Models that use CET (van der Mensbrug-
ghe and Peters, 2016). In models with monopolistic competition and Pareto distributions,
the CET PPF arises endogenously (Feenstra, 2010; Constinot et al., 2016).

6This construction is an alternative to familiar two-sector models such as Ricardo-Viner
or Heckscher-Ohlin-Samuelson, but it is much easier to work with. It also implies that the
ratio of factor prices does not depend on current policy, a feature shared by the composite
commodity model; thus, we avoid introducing an extraneous consideration: variable relative
factor prices. The model has a cost-of-adjustment interpretation, but at the macro level. It
also produces the pure endowment economy as a second limiting case, as ¢ — 0.
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satisfy equation 4. (i) For o < oo, the (real = nominal) factor prices are

w=(155)" Gu= () Gr and v = (5%e5:)” G = 6 (5) G
©)

1
. (04+1) 4 q0 \ o+1
wlth gb (p) = (%) .

The supply function for investment is

[=2()G(z), z(p) = (%) Cwithd () >0 (1)

(ii) For o < oo, an increase in the asset price p, holding z fized, increases

income and returns to factors

ON ow wp” or rp?
— =1>0, —=—2"__>0and — = ———— > 0. 8
op " Op  a® +plte o op  a’ +pite (8)
(7ii) Assuming that the equilibrium ¢ > 0, in the limit as 0 — oo,
w =Gy and r = Gg. (9)

An increase in p draws factors of production from the consumption good
sector, increasing factors’ marginal product there. With the consumption good
as the numeraire, the increase in the factors’ marginal product also increases
the value of their marginal product, thus increasing w and r (equation 8).

Abatement, u, has two types of equilibrium effects. The “cost effect” arises
because abatement forces the economy to use less polluting and therefore more
expensive production methods, thus reducing G (z). By Assumption 1 (ii), the
cost effect of the first unit of abatement is zero. A “General Equilibrium (GE)
effect” arises if abatement changes the asset price, thereby altering national

income and factor payments. By equation 8, the GE effect of the first unit of
op

Ot |p=0"

With multiplicatively separable G (z), the CET PPF — like the composite

% is independent
.

abatement is proportional to

commodity model — implies that the relative factor price,

10
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of abatement. However, by fixing p = 1, the composite commodity IAMs also
eliminate the GE effect. Lemma 1 (iii) confirms that the CES PPF model
contains the composite commodity model as a limiting case, o — oo.

The equations of motion for the states (F, K) complete the description
of the technology. With zero abatement, Business as Usual (BAU) emissions
are an increasing continuously differentiable function of capital and labor,
(F (K, L), with ¢ > 0 a scaling parameter. With the abatement rate p,
actual emissions equal (1 — p;) (F (K3, L). With constant decay rates ¢ for
capital and e for atmospheric carbon, the transition equations for the stock of

atmospheric carbon and capital are’

Eipn=1—e)E + (1 — ) (F (K, L)
and (10)
Ki1=(1=90)K,+ I, with Ey and K, given.

2.3 Equilibrium and preferences

Section 4 presents the political economy setting that determines climate policy,
the sequence of emissions standards, {ut+h}f:_[f . For the time being, we take
this policy sequence as given, and define the conditional equilibrium under the

assumption of positive investment in every period:

Definition 1 A competitive equilibrium at t, with initial condition K; and E},
conditional on {ut+h}hH:_0t, is a sequence of the carbon and capital stocks and
asset price, { By, Kt+h,pt+h}f:_()t, satisfying: the asset market equilibrium (3)
implied by the young agents’ savings decision; the factor price conditions in

equation (6); and the transition equations (10).

Agents have constant elasticity single period utility, U(c) = 61:;1, with

n > 0 ; n is the inverse of the elasticity of intertemporal substitution (EIS).

"Equation 41 in Appendix B.1 gives the formula for the carbon tax that supports a given
level of p. This tax has a slightly different appearance than the standard tax for two reasons.
First, equation 10 assumes that unabated emissions are proportional to output F'(K, L), not
to output net of damages, D(E)F (K, L). Second, we have to take into account the asset
price, p, which affects the value of output.

11
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For n = 1, U(c¢) = Inc. The old generation’s welfare, €29, equals its utility
while old; the young generation’s welfare, Q2 equals the discounted stream of
utility in the current and the next period. Using the equilibrium savings rule,

we have the following expressions for welfare.

Lemma 2 For a given climate policy, equilibrium lifetime welfare in period t

is QY for the young agent and QY for the old agent, with

()"

1—n Wy — 1i77(1+p) f07’777£1

O =U(d)+pU(cy) = (11)

(14 p)Inw, —In(1+ p) forn=1,

and

[(’V‘t-‘r(l—(si]it’:]Kt}lin—l fO’/“ /’7 # 1

W =U() = (12)
In[(ry + (1 = 6)p) Ki| forn=1.

3 Welfare effects of climate policy

Climate policy today diverts resources from current consumption and invest-
ment and reduces future carbon stocks. Beyond this feature, climate policy
has qualitatively different effects under fixed versus endogenous asset prices.
With a fixed asset price (a composite commodity), climate policy harms the
current old agent by reducing the current return to capital. Those agents have
no selfish incentive to reduce emissions. Future agents benefit from a small
level of abatement when the value of the reduction in the carbon stock exceeds
the cost of a lower capital stock. The young agent suffers from the policy-
induced reduction in consumption, but may benefit from a more productive
future economy; the net effect of policy on this agent’s welfare is ambiguous.
Matters are more complicated when the asset price is endogenous. By
changing both the supply and demand for investment, policy can change the
asset price. We first consider the current generations’ alignment of incentives
to abate. We then examine the price and welfare effects of policy when pref-

erences are linear (7 = 0), logarithmic (n = 1), or Leontieff (n = c0).

12
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3.1 The alignment of agents’ incentives to abate

We consider the equilibrium welfare effect of a small level of current abatement
(u > 0, u ~ 0), holding future abatement levels fixed.® The first unit of
abatement has the same qualitative effect on the two generations’ welfare if
and only if n < 1. Their incentives are opposed if n > 1. Abatement raises

the old agent’s welfare if and only if it increases the asset price.

Proposition 1 Assume that future abatement levels are fixed and Assumption
1 (i) and (ii) hold. (i) A small level of current abatement increases the old

generation’s welfare if and only if this policy raises the asset price:

ds)e d
t >0

> 0.
d'u |/L=0 dp“ |/L:0

(ii) Forn # 1, welfare of the old and the young generations change in the

same direction, due to a small level of abatement, if and only if n < 1:

The old agent benefits from a small level of abatement that increases the
asset price, even if she has no capital to sell at the end of the period (i.e.
if § = 1). If the first unit of abatement raises the asset price, it also raises
the return to capital (equation ?7?), benefiting the old agent (equation 12);
if 6 < 1 the higher price increases the value of the old agent’s end-of-period
undepreciated assets, raising the agent’s welfare. These two effects are both
absent in the composite commodity framework.

Figure 2 provides intuition for Proposition 1 (ii). The line through point

A with slope —1); graphs the budget constraint, ¢f,,; = 1 (w, — ¢), implied

8We approximate the welfare effect in the usual manner, using the first-order term of the
Taylor expansion of welfare around g = 0. Our results do not change if, instead of consid-
ering the perturbation of only current policy, we consider the perturbation of a sequence of
abatement levels. In that case, we begin with i € RA- iy, > 0 and denote the sequence of
climate policy as €ji. The comparative statics is then with respect to ¢, evaluated at ¢ = 0.
Section 4 endogenizes the abatement decision, recognizing that future policy responds to
current policy via changes in the state variable.

13
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(o)
C

Figure 2: The initial equilibrium, with g, = 0, is at point A on the indiffer-
ence curve U/; the slope of the budget constraint is —1; and the horizontal
intercept is w;. A small level of abatement, u > 0 that increases p; raises w;
and decreases ¢/. These changes are consistent with a movement of the con-
sumption point toward B, and an increase in U/, if and only if n < 1. They
are consistent with a movement of the consumption point toward C, and a
decrease in U/, if and only if n > 1.

by the two lines in equation 1. At the initial equilibrium, with g = 0, the
young agent at t consumes at point A and has lifetime welfare shown by the
indifference curve U/. Suppose that a small level of abatement increases p;. In
this case, w; increases (by equation ?7), as represented by the rightward shift
of the budget constraint’s horizontal intercept, w,. The increase in p raises the
old agent’s utility, and therefore must increase her consumption. The higher
price also causes the production point to move down the PPF, leading to lower
aggregate production of the consumption good. Market clearing therefore
requires that ¢ falls, e.g. from point A toward B (with higher welfare) or
toward C' (with lower welfare).

If the consumption point moves toward B, then the young agent’s welfare
increases. The increase in welfare combined with the decrease in ¢/ means
that the budget constraint must have rotated clockwise, as shown by the line
through point B, raising the opportunity cost of ¢]. (Otherwise both the
income and the substitution effect would have worked in the same direction,

leading to an increase in ¢j.) Therefore, the income and the substitution effects

14
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move in the opposite direction, and the substitution effect dominates. With
iso-elastic utility, the substitution effect dominates the income effect if and
only if n < 1, in line with Proposition 1.

If the consumption point moves toward point C, then the young agent’s
welfare decreases. The decrease in welfare implies that v, has fallen. (If the
abatement increased ;, then welfare would have risen, because the higher p,
raises wy.) The lower 1); encourages higher ¢/ via the substitution effect; the
lower welfare encourages lower ¢ via the income effect. If consumption moves
toward point C' then the income effect must dominate the substitution effect.

Therefore, it must be the case that n > 1.

3.2 Special cases

We consider the effect of abatement where n € {0, 1, 0c0}: linear, logarithmic,
and Leontieff preferences. We use the two-period setting (H = 1) for linear and
Leontieff preferences, maintaining the H > 1-period setting under logarithmic

preferences.

e For linear preferences, the first unit of abatement increases the equilib-

rium price and investment level, increasing welfare for all agents.

e For logarithmic preferences, the first unit of abatement has no effect on
the equilibrium price or the current generations’ welfare, but increases
welfare for the agent born in the next period. A non-marginal level of
abatement lowers the current price, current investment, and welfare for
both the current old and the current young. It has an ambiguous effect

on the welfare of the generation born in the next period.

e For Leontieff preferences, the first unit of abatement harms the current
old generation, benefits the current young generation, and has an am-

biguous effect on the welfare of the generation born in the next period.

The ambiguous welfare effect for the generation born in the next period occurs
when abatement lowers the asset price. In these cases, the next generation

benefits from a lower stock of GHGs and is harmed by a lower stock of capital.
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3.2.1 Linear preferences

We emphasize the the two-period model (H = 1), where abatement increases
welfare for all agents, the two currently living agents and the agent born in
period 1. This result requires an endogenous asset price. In the limiting case
o — oo, where we obtain the composite commodity model and a fixed asset
price, the first unit of abatement creates zero welfare effects for all agents;
however, a strictly positive level of abatement lowers the welfare of the agents
alive in period 0, and it has no effect on the welfare of the agent born in
period 1. In the composite commodity framework, an endogenous reduction
in investment offsets any reduction in the stock of GHGs, leaving the next-
period wage unchanged. Thus, the endogenous asset price (which requires
o < 00) creates the self-interested incentive to reduce emissions.

Results are not as crisp for the infinite horizon model, but that setting
provides a simple means of showing that the endogeneity of the asset prices
induces selfish agents to internalize some of the benefit of climate policy. The
selfish agents act to protect the value of their asset, and in the process they
benefit agents born in the future.

In the two-period model (H = 1), the agent born in the last period lives
a single period, and consumes all its income. Equilibrium investment and

abatement are both zero in the last period.

Proposition 2 Suppose that Assumption 1 holds, withn =0 and H =1. (i)
For o < 00, a small level of abatement in period 0 improves the welfare of all
agents. (ii) For o = oo (the composite commodity setting), period 0 abatement
lowers the welfare of agents in period 0 and has no effect on the welfare of the

agent born in period 1.

The key to Part (i) of the proposition is the demonstration that a small
level of abatement increases the period 0 asset price. By Proposition 1, the
higher asset price raises the welfare of both the young and the old in period
0. By Lemma 1, equation 7, the increase in asset price increases investment.
Therefore, abatement lowers the carbon stock and increases the capital stock

in period 1, increasing the wage and thus increasing the welfare of the agent
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born in ¢ = 1. In this setting, abatement induces the young agent at t = 0
to consume less and invest more. The higher investment benefits the old
generation by increasing the asset price, and it benefits the agent born in the
next generation — as do the reduced emissions.

Proposition 2.ii highlights the role of an endogenous asset price. For 0 = oo
we have the composite commodity framework, where the asset price is fixed at
1 in an interior equilibrium. The asset pricing equation here implies py = 1 =
pr1 = pGk (K1, Ey). This identity implies that investment changes to offset
any abatement-induced change in the next-period stock of GHGs, leaving the
period 1 return to capital unchanged. The combined change in the stocks of
capital and GHGs also leaves the period 1 wage unchanged.

Thus, in the composite commodity setting (o = oo) when n = 0, the
first unit of abatement creates a zero first order welfare effect for all agents,
despite the fact that it leads to a positive first order reduction in the stock
of carbon in the next period. A non-negligible level of abatement creates a
welfare loss for the agents alive in period 0, because it reduces the wage and
rental rate. However, this abatement has no effect on welfare of the agent
born in the next period, because the loss due to reduced investment offsets the
gain due to reduced GHGs. Thus, with ¢ = oo, zero abatement is constrained
Pareto efficient. With a concave PPF (0 < 00), in contrast, a small level of
abatement in period 0 increases equilibrium investment, while still reducing
the next-period stock of GHGs. A non-trivial asset market creates non-trivial
equilibrium effects.

We now consider the case H = oo, where equation 2 implies ¢; = %, SO

H
pe=p (41 +pea(1 = 9)) = pr = Z (0 (1= 0)) revres;

J=0

the current asset price equals the discounted stream of future rental rates,

adjusted for depreciation. The current generations’ joint welfare is

Q?—i—Q? = (Tt+ (1 —5)pt)Kt—i—wt,
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equal to the value of world income, N; = . K; + wy, plus wealth (the value
of undepreciated end-of-period capital), (1 — d) p,K;. A utilitarian planner’s

welfare criterion is

H-1
Qplanner = (rt + (1 — 5) pt) K +w; + (Z pj+1wt+j+l) )

J=0

the welfare of currently living generations plus the discounted stream of unborn
generations’ welfare (using equation 11 and ignoring the constant 14 p). Both
the selfish agents and the utilitarian planner care about the future utility
stream incorporated into the value of the undepreciated capital stock; the
planner also cares about the future stream of labor income.

For illustration, suppose that the per-period growth rate of the economy,
(1-9)pe K¢

Ny
the value of wealth as a share of world income in the current period, and let

g and labor’s share, 3, are fixed, so w;y; = B(1 + ¢g)? N;. Define x =

H — 00.” Denote as 7 the fraction of the future stream of utility included in

the selfish agents’ welfare criterion:

(1 —0)pe K
H-1 :
(L= 0)pefe + 2 jmg P Wejr =

1-(1+g)p

T(x;p: B, 9) =

If labor’s share of income is § = 0.6, a period lasts for 35 years, the annual

PRTP is 1%, and the annual growth rate is 0.5%, then p = 0.7, ¢ = 0.2, and

(1+9)pB
1-(1+g)p

output (x ~ 1), then 7 ~ 0.25. For this example, the asset market induces

= 3. Thus, if wealth, (1 — J) p,K}, is similar in magnitude to world

selfish agents to internalize a significant fraction of the effect of climate policy

on aggregate welfare.

90ur calibration sections claims that the 2010 world stock of capital is approximately

200 USD ($T) and that annual output was roughly 64 ($T). With an annual depreciation

rate of 6%, the value of x at an annual scale is % ~ 3. It is not clear how we should

convert this to a 35 year period. I am pretty sure that it would not make sense to maintain
the current stock estimate and merely change income and depreciation, which would lead

to an estimate of (03‘;(2(25?0 ~ 0.01.
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3.2.2 Logarithmic preferences

For n = 1, zero abatement maximizes the currently living agents’ welfare,
regardless of future agents’ actions. A non-negligible level of abatement lowers
the stocks of both capital and GHGs inherited by the generation born in the
next period, resulting in an ambiguous welfare change for that agent and a
welfare loss for currently living agents. The first (marginal) unit of abatement
has a zero first order effect on current generations’ welfare and savings decision.
However, by leaving the next generation with a lower stock of GHGs and an
unchanged stock of capital, it improves that generation’s welfare. In this
setting, current generations would want to choose zero abatement, but a small

level of abatement increases aggregate welfare.

Proposition 3 Suppose that n =1 and Assumption 1 holds. (i) There exists
a unique stable equilibrium price p(z) that is independent of future abatement
policies. (ii) The marginal unit of abatement at p = 0 has zero first order
effect on the asset price and welfare of both the young and the old agents alive
at t = 0. This abatement creates a first order reduction in next-period stock
of GHGs, without reducing the inherited stock of capital, thereby benefiting the
agent born in the next period. (iii) For pu > 0, an increase in abatement lowers
welfare of the agents alive at t = 0, lowers the next-period stock of capital, and

weakly lowers the asset price.

For n = 1, young agents save a constant fraction of their income. The
young agent’s demand for physical capital depends on the asset price and
labor income, but not on future abatement decisions.

The intuition for Part (ii) uses the fact that the first unit of abatement has
zero first order effect on the PPF. Therefore, any abatement-induced change
occurs because of a movement along the original PPF. If this abatement were
to increase p, it would increase w, thereby increasing both agents’ consump-
tion in period 0. However, a higher p causes the production point to move
south-east on the (original) PPF, reducing supply of the consumption good.
Thus, a higher p is not consistent with market clearing for the consumption

good. A parallel argument establishes that a lower p is not consistent with
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market clearing. Therefore, the first order effect of abatement on p is zero. The
marginal reduction in current emissions reduces the next-period stock of car-
bon, without altering the next-period capital stock (because p is unchanged).
The small level of current abatement consequently leads to a first order reduc-
tion in the next-period stock of GHGs, shifting out the PPF, raising the wage
and welfare for the agent born in t = 1.

As is true for all 1, an increase in abatement beginning at p > 0 leads to
a first order inward shift in the PPF. For n = 1, the higher abatement weakly
lowers the equilibrium asset price, leading to strict welfare loss for currently

living agents and a reduction in savings.
3.2.3 Leontieff preferences
In the limit as n — oo, UY — min (ci/, ch+1) The young agent saves to the

c’%l, implying the asset price equation

: v _
point where ¢} =

W (re+1 + (1 = 6) pri1) (13)
Kia P

P

ZAC )E, the elasticity of the damage function, we obtain

Deﬁning ED,E = W

Proposition 4 Under Assumption 1 and for H = 1 (the two-period case) The
first unit of abatement in period 0 lowers the asset price, lowering welfare for
the old agent alive in that period, lowering investment, and increasing welfare

of the young agent. Abatement raises welfare for the agent born in the next

1 dE; 1 dK4

period if and only if EDET G TR dus -

The inequality in the last line means that the increase in next-period output
arising from the lower stock of carbon exceeds the loss in output arising from a
lower stock of capital. This inequality holds if it is efficient to reduce emissions.

It is instructive to compare results (for H = 1) in the models with a non-
trivial asset market (o < oco) and the standard composite commodity (o = o0).
With ¢ = oo, the first unit of abatement creates a zero first order change in

the ¢ = 0 wage and return to capital (wy and 7). However, the abatement
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creates a first order reduction in the next-period stock of GHGs, leading to

a first order increase in next-period return to capital, 1. To maintain the
. . . c? . .
indifference relation ¢ = t:;l , the young agent at ¢ = 0 increases consumption,

¢y, saving a bit less, and moderating the increase in r;. However, because ¢

has increased, so has r1 K;. Because the two factor prices move in the same
direction, w; also increases. Here, the current young and the agent born in
the next period both obtain a first order increase in welfare, and the current
old have a zero first order change, following the marginal unit of abatement.

In contrast, with ¢ < oo, we saw that the marginal unit of abatement
creates a first order welfare loss to the current old generation, due to the fall
in the asset price. Here, the young agent needs a smaller (compared to the
case 0 = 00) reduction in current savings to restore the indifference relation
o = C;%. Thus, the first unit of abatement creates a smaller reduction in K;
for o < co compared to 0 = co. Abatement transfers welfare from the current
old generation to the current young and to the generation born in the next
period. The endogenous asset price increases the conflict between currently
living generations’ incentives to undertake climate policy.

The two-period model with low EIS shows how beliefs about future policies
can affect current equilibrium policies. Suppose that a political economy equi-
librium causes currently living generations to choose current climate policy to
maximize a convex combination of their welfare. (Section 4 develops this idea.)
Suppose also that the young generation has enough political power to produce
a positive level of abatement at ¢ = 0. Now add a previous period, t = —1, to
this two-period model. The generation that is young at t = —1 understands
that abatement will be positive at ¢ = 0. That abatement benefits the young
generation at ¢ = 0, but it harms the old generation, i.e. it reduces cj. Wel-
fare for the young generation at t = —1 is min (c?il, %) The reduction in cf
caused by the anticipated abatement in that period makes the young agent
at t = —1 willing to transfer consumption from t = —1 to t = 0. The agent
can make this transfer by saving a bit more, but abatement produces a more
efficient transfer. Abating is not only more efficient in the standard sense of

the word, but it also shifts some of the costs on to the old agent at t = —1.
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Thus, in a world where the young agents have significant political power, the
anticipation that abatement will be positive in the future, together with a low

EIS, results in equilibrium abatement at ¢t = —1.

4 Equilibrium abatement

We use a numerical model to study equilibrium policy when the asset price is
endogenous. The equilibrium level of abatement is the solution to a dynamic
game. In each period, abatement is chosen to maximize a convex combination
of young and old agents’ consumption-related welfare, £QY + (1 — £)Q2, with
0 < € < 1.19 The parameter £ measures the influence of the young generation
in the decision-making process. We refer to the fictitious agent who maximizes
this function as the planner (as distinct from the discounted utilitarian).
The sequence of planners play a dynamic game. Apart from the logarithmic
case (Proposition 3) planner t’s optimal policy depends on future policies, via
their effect on the asset price. The equilibrium abatement policies are not
first-best; therefore, equilibrium levels of investment are also not efficient.
Although the planner at ¢ might want to change savings, we do not want a
model in which climate policy is used to influence investment. Therefore we

assume that planners take the level of investment as given:

Assumption 2 (Nash) Planners take the current investment decision as given
in choosing current abatement. Agents take prices and abatement policy as

given in choosing investment.

Planners understand that current abatement shifts the PPF inward. At a
given asset price, abatement reduces the factor prices, w; and r;, because it
increases production costs. The planner also understands that abatement can

alter the asset price, changing the value of undepreciated assets (wealth) and

10T here are several ways to motivate this criterion, e.g. using a probabilistic voting model
in which voters care about their consumption-related welfare and about ideology (Lindbeck
and Weibull, 1987; Persson and Tabellin, 2000). However, neither the microfoundations,
nor the manner or implementing the policy (e.g. a tax or a quota) matter for our purposes.
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further altering factor prices. However, by Assumption 2, the planner takes as
given the equilibrium point on the investment supply function, I = z (p) G (z,),
rather than behaving as a monopsonist with respect to this supply function.
The directly payoff-relevant state variable is the triple (K, E,t); t picks
up exogenous TFP and population growth. We study a Markov Perfect
Equilibrium (MPE), where current policies and expectations concerning fu-
ture policies are functions of the current state variable.!! Equilibrium poli-
cies from periods ¢ + 1 onward induce an equilibrium price function, denoted
Pir1 = V(Kiy1, Eyi1,t +1). The H-period model, H < oo, uses the boundary
condition py = 0; in the final period, abatement and investment are both 0.2
The planner at £ understands that current abatement affects the stock of
GHGs, changing both the next-period asset price and the rental rate. From
the asset pricing equation 3, the planner therefore understands that current
abatement potentially affects the current asset price, changing both the old
agent’s end-of-period wealth, p,(1 — 0)K;, and current factor prices via the
general equilibrium effect (equation 6). Abatement also shifts in the PPF.
The planner chooses p; to maximize the convex combination of currently

living agent’s welfare, resulting in the equilibrium policy function, M (K F,t):

M (K, Et) =argmax& Ly Q + (1 —¢&) L1 QF, (14)

it
using the definitions of welfare in equations 11 and 12, the factor prices in
equation 6, the asset price equation 3, and the equations of motion 10. The

investment supply function, equation 7, closes the model. Substituting the

HHassler et al. (2003) and Conde-Ruiz and Galasso (2005) are early applications of MPE
applied to games involving public goods. In our model, the public good is Earth’s capacity
to absorb carbon emissions.

12The finite horizon setting avoids the problem of the “incomplete transversality condi-
tion”, a familiar source of multiplicity. We find no evidence of multiplicity in our finite
horizon model. We choose H = 14 (490 years), which is long enough that a change in H has
no discernible effect on policies in the first 200 years. We report equilibrium trajectories for
the first 8 periods (280 years), long enough to capture the important dynamics, and short
enough to avoid strong influence due to the approaching terminal time.
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price and abatement functions into this equation gives equilibrium investment
It =X (\Ij (Kt7 Et7 t)) G (Kt, LtEt7 M (Kt7 Et7 t) ,t) . (15)

We obtain numerical solutions to the equilibrium problem using the algorithm

described in Appendix C.

Two benchmarks We compare the political economy equilibrium with
two benchmarks. Under Business as Usual (BAU), abatement is zero in every
period. The discounted utilitarian (DU) chooses investment and abatement to
maximize the discounted sum of the welfare of aggregate consumption, using
agents’ pure rate of time preference: Y oo p*U (¢ + ¢f), with ¢/ + ¢} = ¢.

The DU’s dynamic programming equation is

C
J (Kt7 Etyt) = rleaX |:PtU (ﬁ) -+ pJ (Kt+17 Et-i—la t+ 1) (16)
tHHt t

subject to transition equations (10); P, is the population at ¢ and C; is ag-
gregate consumption. As in the standard infinitely lived representative agent
TAM, the resulting decision rules, u; = M (K, Ey,t) and I, = I (K, Ey,t), are
first-best. The only difference here is that the PPF is concave.

4.1 Calibration

We use DICE-2016R (Nordhaus, 2017) to calibrate most of our model. Our
baseline implies that BAU climate damages are small in the near future, even-
tually becoming large but never posing an existential threat. The calibration
is also optimistic about technology, building in the assumption that eventually
it will be inexpensive to undo damages caused by previous emissions.

These assumptions encourage purely selfish agents to defer, or perhaps
never to undertake, policies that reduce climate change. Therefore, the fact
that we find that in most equilibria selfish agents do undertake meaningful
(but still inadequate) policy, cannot be ascribed to our having exaggerated the

severity of the climate problem or the low cost (today) of ameliorating it. Our
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baseline uses moderate rates of capital depreciation and it gives each currently
living generation equal influence in the decision-making process, £ = 0.5

Assumption 3 summarizes the model’s functional forms:

Assumption 3 (Functional forms) G(K, E,t) = D(E)A(p)F (K, L,t) with
F(Kp, Lit) = K72 (Ay Ly)P and 0 < B < 1; A () = 1 — vy i with vy >
1>uv19>0; and D(E)) = (14 ¢ E?)~" with ¢ > 0.

Labor obtains the constant output share 5. We replace physical capital K;

Ky
A¢Ly’

(Appendices B.2 and B.3). Reducing emissions to 0 (4 = 1) reduces output by

with capital in efficiency units k; = using exogenously changing L, and A,
the fraction 144, a decreasing function of time to reflect improved abatement
technologies; 1 is the elasticity of abatement costs.

Table 4.1 collects parameter names and baseline values. The table shows
the initial value of time-varying parameters; Appendix B.2 describes their
exogenous dynamics, and also collects other information about our calibration.
Agents live for 70 years, and one period lasts 35 years. The baseline elasticity
of intertemporal substitution is 0.5, so n = 2, a conventional choice for IAMs.

Agents discount future utility at 1%/yr , implying p = 0.7.

p=0.7 n= 2 8 =0.6 0 =0.88
discount inverse labor capital
factor IES share depreciation
TCRE = 0.002 L= 9.44(10_9) Ag = 4,748
Co = 0.0957 : .
transient damage initial labour
carbon intensity
climate response parameter productivity
o =1.3210 a = 2.3636 vi0 = 0.074, vy = 2.6
PPF PPF shape full abatement abatement
elasticity parameter cost share in 2015 cost elasticity

Table 4.1 Parameter names and baseline values

We scale nominal units by 10'? 2010 USD (Trillion). Capital stock, Ky, in
2015 is 223 $7'. With annual world output of 105.5 $7°, output during the first
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35-year period is 35 x 105.5 $7 = 3,692.5 $T (Nordhaus, 2017). We calibrate
the initial old and young population so that the total initial population equals
7.4 billion, and we fix the population dynamics so that the growth rate of the
young population equals DICE’s growth rate of total population. The stock of
labor in our model is the population of the young, and in DICE it is the total
population (Appendix B.2). Given the initial endowments of output, capital,
and labor Ly = 5.1, and using 5 = 0.6, initial labour productivity is calibrated
to Ag = 4748.13 We set capital depreciation to 6%/yr (implying § = 0.88),
above the mean of 4% /yr for 2010 of the Penn World Table and below the
10%/yr used in DICE-2016R.

Units of the carbon stock, F, are GtC. By 2015, cumulative emissions since
the pre-industrial period were 571 GtC' (Allen et al., 2009), with 2015 emissions
of 10.1 GtC' (Nordhaus, 2017). Initial carbon intensity measured in GtC per
$T, (o, is % = 0.0957. Following DICE, we impose a ceiling of 6000 GtC on
cumulative emissions. Emissions in period t equal e, = ¢ (1 — 1) A, K} 7L 14
Period t emissions increase E;, 1, increasing next-period damages.'®

We calibrate the damage parameter ¢ using the Nordhaus (2014) damage
function and the Nordhaus (2017) estimate that a 2°C' temperature anomaly
reduces output by 0.94%. We use the Transient Response to Cumulative Emis-
sions model to convert a 2°C' temperature increase into cumulative emissions
of 1000 GtC.*% Our damage function implies a 0.94% output loss at £ = 1000
(thus matching DICE), and an 8% loss at £ = 3000. DICE estimates a
9°C' temperature change under BAU, where all 6000 GtC' available units are
eventually used, implying a 19% reduction in output. Our calibration implies
asymptotic BAU damages of 25%, higher than in DICE, but still optimistic.

13With 8 = 0.6 and p = 0.7, the savings rate under log utility is 0.25. We do not calibrate
on the savings rate, so different parameters produce different rates.

UDICE assumes that e, = ¢ D(E,) (1 — py) A, K} PLP. There, climate-related damages
reduce emissions, by reducing output.

15Ricke and Caldeira (2014) estimate that most of the warming effect of current emissions,
and thus most of the temperature-related damage, occurs within a decade.

16The TRCE model is a linear approximation to a highly nonlinear system, and is not
useful for predicting temperature changes corresponding to very high levels of cumulative
emissions (IPCC, 2013; Dietz et al., 2021). Appendix B.2 explains our use of this model.
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The DICE-2016R abatement cost elasticity is v, = 2.6; v;; measures the
share of GDP needed to abate all emissions (A(1) = v1.), based on a backstop
technology. The initial backstop cost, $550/tC'O,, declines over time, implying
that eliminating emissions would cost 7.4% of output today, 1.0% in 100 years
and 0.03% in 300 years. Rapid reductions in mitigation costs delay optimal
abatement, leading to a climate “policy ramp” (Nordhaus, 2017).

As in DICE, we allow p > 1 to reflect the possibility that it eventually
becomes possible to remove carbon from the atmosphere, thereby reducing
damages. We can also interpret p > 1 as low-cost and safe geo-engineering.
Our baseline uses the upper limit of © = 1.7. As noted at the beginning of this
section, we consider these assumptions to be optimistic about the risks posed
by climate change, thus encouraging selfish agents to defer climate policy.

We need the shape and elasticity parameters, a and o (equation 4), to
complete the description of technology. Define S as aggregate investment as
a share of output; for 2015, we use the estimate S = 0.243.)" Define x as
the elasticity of supply for the investment good with respect to its price. For
our PPF, k = 0(1 — 5) (equation 21); in addition, at p = 1 (the price in the
composite commodity setting) the ratio of the equilibrium product mix, %,
equals a” (equation 36). Goolsbee (1998) estimates k = 1. With this value
and S = 0.243, our calibration equations produce o = 1.321 and a = 2.3636.

4.2 Results

Figures 3 and 4 show trajectories of cumulative emissions and the carbon tax,
$/tC, under the different scenarios. (The taxes must be divided by 3.666
to convert to $/tCO,.) Table 4.2 reports the first-period carbon taxes and
abatement levels. These results show that, when the young generation has
significant representation in the policy decision, endogenous asset prices give
selfish agents the incentive to engage in substantial abatement.

Cumulative emissions for the utilitarian planner remain under 1000 GtC'
for n = 0.5 and under 2000 GtC' for n = 2. These and other carbon trajectories

1"https://data.worldbank.org/indicator/NE.GDL.TOTL.ZS.
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are nonmonotonic because of the assumption that abatement can exceed 100%;
or geoengineering has an equivalent effect. Cumulative emissions under BAU
reach 6000 GtC', the assumed upper limit. Investment, and therefore emissions,
are higher for n = 0.5 compared to n = 2, so the BAU economy reaches the
carbon ceiling earlier for n = 0.5. In the MPE, cumulative emissions are always
lower when the young generation has more influence on policy (£ is larger).

The lower panel, with n = 2, provides a striking illustration of the im-
portance of £&. For £ = 0.2, where the young have little influence, cumulative
emissions are nearly at the BAU level. For ¢ = 0.8, where the young are
dominant, cumulative emissions in the MPE are indistinguishable from the
utilitarian’s level for 160 years; beyond that point, the MPE planner removes
carbon more aggressively compared to the utilitarian. When the two gener-
ations have equal influence, £ = 0.5, the carbon trajectory is about half way
between the BAU and utilitarian levels for the first 175 years, and thereafter
remains closer to the utilitarian level.

The tax trajectories in Figure 4 illustrate the familiar DICE-style policy
ramp. Apart from the utilitarian with n = 0.5, the tax trajectories begin quite
low.'® As Table 4.2 shows, the initial MPE policies are much smaller than the
utilitarian levels. However, except for the case where n = 2 and the young
have little influence (¢ = 0.2) the MPE taxes rise quickly enough to maintain

cumulative emissions well below the BAU levels.

8The initial utilitarian tax with 7 = 2 is much smaller than estimates of the social
cost of carbon, e.g. $40/tCO5. This “discrepancy” likely arises from a combination of our
calibration’s optimism about technology and the 35 year time time step, which creates a
long lag between the costs and benefits of current action. Because our goal is to examine the
incentives created by asset markets to undertake climate policy, not to recommend optimal
policy, we care about the relation between MPE policy and the discounted utilitarian policy,
not the level of either. Therefore, we chose to retain a familiar calibration, rather than
adjusting it to make the discounted utilitarian’s policy more closely match estimates of the
social cost of carbon.
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Figure 3: The equilibrium cumulative emissions (carbon stock) for n = 0.5
(top panel) and n = 2 (bottom panel), under the utilitarian, BAU, and in the
MPE with different influence parameters, .
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Figure 4: The equilibrium carbon taxes for n = 0.5 (top panel) and n = 2
(bottom panel), under the utilitarian and in the MPE with different influence

parameters, &.
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n=0.5(FEIS=2) n=2(EIS=0.5)
UTI | ($1100,48%) (%27,7%)
\MPE £€=02 ¢=05 £=08 £€=02 £=05 £=08
($18,5%) ($33,7%) ($45,9%) ($5,2%) ($11,4%) ($14,5%)

Table 4.2. First period carbon tax ($/tC) and abatement (percent of BAU

emissions) under the utilitarian and in the MPE.

5 Conclusion

We modified the standard IAM by replacing the composite commodity model
with a strictly concave production possibility frontier, and replacing the in-
finitely lived agent with a Diamond-style OLG model. The first modification
makes the price of the investment good (and thus of capital) endogenous, The
second modification means that there is a buyer and seller of end-of-period
undepreciated capital, so the price of capital matters. In this setting, climate
policy can alter both the level of investment and its price; in the standard
IAM, the level of investment is endogenous, but its price is fixed.

We used this new model to assess the possibility that asset markets give
selfish agents an incentive to undertake meaningful climate policy. Previous
empirical work establishes that asset markets can play this type of role in
other contexts. However, the lack of binding climate policy until recently,
and the slow-acting effect of policy, make it difficult to use econometrics to
detect a relation between climate policy and asset markets. We therefore use
a combination of comparative statics and numerical methods to investigate
the relation. We also investigate the extent to which the young and the old
generations’ incentives, with regard to climate policy, are aligned.

Our numerical model assumes that each of a sequence of pairs of genera-
tions plays a dynamic game with their successors. The Markov Perfect equi-
librium (MPE) excludes equilibrium outcomes supported by trigger strategies,
and also the possibility of direct intergenerational transfers supported by debt.

Intergenerational debt is important, but by excluding it we identify clearly the
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role of asset markets in generating incentives for climate policy.

The two generations’ incentives are aligned if and only if the elasticity of
intertemporal substitution (E1S5) is less than one. The conventional choice in
[IAMs sets FIS < 1. Here, climate policy lowers the asset price, lowering the
old generation’s welfare. The MPE climate policy is substantial only if the
young generation has significant representation in the political process.

Thus, under plausible conditions, endogenous asset prices provide a ratio-
nale to undertake meaningful climate policy, even when agents are completely
selfish. However, the equilibrium level of policy is unlikely to reach the level of
policy chosen by a standard discounted utilitarian. Moreover, asset markets

do nothing to solve the problem of international free riding.

32



Asset Prices and incentives for climate policy Karp & Peri & Rezai

https:/ /www.overleaf.com/project/60416fdce08835505cc76e3e

References

ALLEN, M., D. FrRAME, C. HUNTINGFORD, C. JONES, J. LOWE, M. MEIN-
SHAUSEN, AND N. MEINSHAUSEN (2009): “Warming caused by cumulative
carbon emissions towards the trillionth tonne,” Nature, 458, 1163-1166.

ANDERSON, T., J. BHATTACHARYA, AND P. Liu (2020): “Resolving in-
tergenerational conflict overt the environment under the Pareto criterion,”

Journal of Environmental FEconomics and Management, 100, 1-27.

BALVERS, R., D. Du, AND X. ZHAO (2012): “The Adverse Impact of Grad-
ual Temperature Change on Capital Investment,” 2012 Annual Meeting,
August 12-14, 2012, Seattle, Washington 124676, Agricultural and Applied

Economics Association.

BansaL, R., D. Kiku, AND M. OcnHoA (2015): “Climate Change and
Growth Risks,” NBER Working paper 23009.

— (2016): “Price of long-run temperature shifts in capital markets,”
NBER working paper 22529.

BANSAL, R. AND M. OcHOA (2011): “Welfare Costs of Long-Run Temper-
ature Shifts,” NBER Working Papers 17574, National Bureau of Economic

Research, Inc.

BoND, S. AND J. VAN REENEN (2007): “Microeconometric Models of Invest-

ment and Employment,” in Handbook of Econometrics, ed. by J. Heckman
and E. Leamer, Elsevier, vol. 6A, chap. 65, 1 ed.

BOVENBERG, A. L. AND B. J. HELUDRA (1998): “Environmental tax policy

and intergenerational distribution,” Journal of Public Economics, 67, 1-24.

BP (2011): “Statistical Review of World Energy,” .

33



Asset Prices and incentives for climate policy Karp & Peri & Rezai

Brock, W., G. ENGSTROM, AND A. XEPAPADEAS (2014): “Spatial climate-
economic models in the design of optimal climate policies across locations,”

European Economic Review, 69, 78-103.

Brock, W. AND L. P. HANSEN (2018): “Wrestling with Uncertainty in Cli-
mate Economic Models,” University of Chicago, Becker Friedman Institute
for Economics Working Paper No. 2019-71.

BULLARD, N. (2014): “Fossil fuel divestment: a 5 trillion dollar challenge,”
Bloomberg New Energy Finance White Paper.

BusHNELL, J., H. CHONG, AND E. MANSUR (2013): “Profiting from regu-
lation: evidence from the European Carbon market,” American Economic

Journal: Economuic Policy, 5, 78-106.

CHAY, K. AND M. GREENSTONE (2005): “Does air quality matter? Evidence
from the housing market,” Journal of Political Economy, 113, 376-424.

CIA (2010): The world factbook, https://www.cia.gov/library/publications/the-
world-factbook /.

CoNDE-RuU1Z, J. AND V. GALASSO (2005): “Positive arithmetic of the welfare
state,” Journal of Public Economics, 933 — 955.

CoNSTINOT, A., A. RODRIGUEZ-CLARE, AND I. WERNING (2016): “Micro
to Macro: Optimal Trade Policy with Firm Heterogeneity,” NBER Working
Paper 21989.

DiaMOND, P. A. (1965): “National Debt in a Neoclassical Growth Model,”
The American Economic Review, 55, 1126-1150.

DieTzZ, S., A. BOWEN, C. DIXON, AND P. GRADWELL (2016): “’Climate
value at risk’ of global financial assets,” Nature Climate Change, 6, 676679,
dOI: 10.1038 /NCLIMATE2972.

DieTz, S., C. GOLLIER, AND L. KESSLER (2018): “The Climate Beta,”

Journal of Environmental FEconomics and Management, 87, 258 — 274.

34



Asset Prices and incentives for climate policy Karp & Peri & Rezai

DieTz, S., F. vAN DER PLOEG, A. REZAI, AND F. VENMANS (2021): “Are
economists getting climate dynamics right and does it matter?” Journal of

the Association of Environmental and Resource Economics.

FEENSTRA, R. (2010): “Measuring the gains from trade under monopolostic

competition,” Canadian Journal of Economics, 43, 1-28.

FELDMAN, L., M. NISBET, A. LEISERWITZ, AND E. MAIBACH (2010): “The
Climate Change Generation,” American University School of Communica-

tion.

FoLey, D. (2009): “The economic fundamentals of global warming,” in

Twenty-first century macroeconomics: Responding to the Climate Challenge,
ed. by J. Harris and N. Goodwin, Edward Elgar Publishing, Cheltenham
UK.

GERLACH, R. AND M. KEYZER (2001): “Sustainability and intergenerational

distribution of natural resource entitlements.” Journal of Public Economics,

79, 315-341.

GIGgLIo, S., M. MAGGIORI, J. STROEBEL, AND A. WEBER (2021): “Climate

Change and Long Run Discount Rates: Evidence from Real Estate,” The
Review of Financial Studies, hhab032.

Gorosov, M., J. HASSLER, P. KRUSELL, AND A. TSYVINSKI (2014): “Op-

timal taxes on fossil fuels in general equilibrium,” Fconometrica, 82, 41-88.

GOOLSBEE, A. (1998): “Investment Tax Incentives, Prices, and the Supply
of Capital Goods,” The Quarterly Journal of Economics, 113, 121-148.

HASSLER, J., J. V. RODRIGUEZ MORA, K. STORELETTEN, AND F. ZILI-
BOTTI (2003): “The survival of the welfare state,” American Economic

Review, 93, 87 — 112.

HowaARTH, R. B. AND R. B. NORGAARD (1992): “Environmental Valuation

under Sustainable Development,” American Economic Review, 82, 473-77.

35



Asset Prices and incentives for climate policy Karp & Peri & Rezai

HUBERMAN, G. (1984): “Capital asset pricing in an overlapping generations
model,” Journal of Economic Theory, 33, 232-248.

HurrMAN, G. W. (1985): “Adjustment Costs and Capital Asset Pricing,”
Journal of Finance, 40, 691-705.

(1986): “Asset Pricing with Capital Accumulation,” International Eco-
nomic Review, 27, 565-82.

IPCC (2013): “Climate Change 2013 - The Physical Science Basis - Contribu-
tion of Working Group 1 to the IPCC - Summary for Policymakers,” Tech.
rep., IPCC.

IVERSON, T. AND L. KARP (2021): “Carbon taxes and climate commitment

with non-constant time preference,” Review of Economic Studies, 88, T64—
799.

JENSEN, S. AND C. TRAEGER (2014): “Optimal Climate Change Mitigation
under Long-Term Growth Uncertainty: Stochastic Integrated Assessment

and Analytic Findings,” European FEconomic Review, 69, 104— 125.

JOHN, A. AND R. PECCHENINO (1994): “An Overlapping Generations Model
of Growth and the Environment,” Economic Journal, 104, 1393-1410.

JonEs, R., D. Cox, AND J. NAVARO-RIVERA (2014): “Believers, Sympa-
thizers and Skeptics: Why Americans are Conflicted about Climate Change,

Environmental Policy, and Science,” Public Religion Research Institute.

Jupp, K. (1998): Numerical Methods in Economics, Cambridge, Mas-
sachusetts: MIT Press.

Karp, L. (2017): “Provision of a public good with multiple dynasties,” Eco-
nomic Journal, 127, 2641-2664.

KARP, L. AND A. REzAI (2014): “The political economy of environmental

policy with overlapping generations,” International Economic Review, 55,
711 - 733.

36



Asset Prices and incentives for climate policy Karp & Peri & Rezai

KEeLLY, D. L. AND Z. TAN (2015): “Learning and Climate Feedbacks: Opti-
mal Climate Insurance and Fat Tails,” Journal of Environmental Economics
and Management, 72, 98-122.

KoOTLIKOFF, L., F. KUBLER, A. POLBIN, J. SACHS, AND S. SCHEIDEGGER
(2021): “Making Carbon Taxation A Generational Win Win,” International

Economic Review, 62, 3—46.

LABADIE, P. (1986): “Comparative Dynamics and Risk Premia in an Over-
lapping Generations Model,” Review of Economic Studies, 53, 139-52.

LEMOINE, D. (2021): “The Climate Risk Premium: How Uncertainty Affects
the Social Cost of Carbon,” Journal of the Association of Environmental

and Resource Economists, 8, 27-57.

LEMOINE, D. AND C. TRAEGER (2014): “Watch your step: optimal policy
in a tipping climate,” American Economic Journal: Economic Policy, 6,
137-166.

LINDBECK, A. AND J. WEIBULL (1987): “Balanced-budget redistribution as
the outcome of political competition,” Public Choice, 52, 273-297.

LonTzEK, T., Y. CA1, K. JupD, AND T. LENTONL (2015): “Stochastic
integrated assessment of climate tipping points indicates the need for strict
climate policy,” Nature Climate Change, 5, 441-444.

Lucas, RoOBERT E, J. (1978): “Asset Prices in an Exchange Economy,”
Econometrica, 46, 1429-45.

MacDouGALL, A., N. SwART, AND R. KNUTTI (2017): “The Uncertainty
in the Transient Climate Response to Cumulative CO2 Emissions Arising

from the Uncertainty in Physical Climate Parameters,” Journal of Climate,
30, 813-27.

MatTHEWS, H., N. GILLETT, P. STOTT, AND K. ZICKFELD (2009): “The
proportionality of global warming to cumulative carbon emissions.” Nature,
459, 829-33.

37



Asset Prices and incentives for climate policy Karp & Peri & Rezai

MIRANDA, M. J. AND P. L. FACKLER (2002): Applied Computational Eco-

nomics and Finance, Cambridge, Massachusetts: MIT Press.

MumMTAZ, H. AND F. ZANETTI (2015): “Factor adjustment costs: A struc-

tural investigation,” Journal of Economic Dynamics and Control, 51, 341 —
355.

NorDHAUS, W. D. (2008): A Question of Balance: Economic Modeling of

Global Warming, New Haven: Yale University Press.

(2014): “Estimates of the Social Cost of Carbon: Concepts and Results
from the DICE-2013R Model and Alternative Approaches,” Journal of the

Association of Environmental and Resource Economists, 1.

(2017): “Revisiting the social cost of carbon,” Proceedings of the Na-
tional Academy of Sciences, 114, 1518-1523.

OATES, W. (1972): Fiscal Federalism, New York: Harcourt Brace Javonovich.

PERSSON, T. AND G. TABELLIN (2000): Political Economics - Explaining
Economic Policy, Cambridge, Massachusetts: MIT Press.

PoweLL, A. A. AND F. H. G. GRUEN (1968): “The Constant Elasticity of
Transformation Production Frontier and Linear Supply System,” Interna-
tional Economic Review, 9, 315-328.

RAMSEY, F. P. (1928): “A Mathematical Theory of Saving,” The Economic
Journal, 38, 543-559.

RANGEL, A. (2003): “Forward and Backward Intergenerational Goods: Why
is Social Security Good for the Environment?” American Economic Review,
93, 813 — 834.

REzA1, A. (2010): “Recast the DICE and its policy recommendations,”
Macroeconomic Dynamics, 14, 275-289.

REza1, A.,; D. FOLEY, AND L. TAYLOR (2012): “Global warming and eco-

nomic externalities,” Economic Theory, 49, 329-351.

38



Asset Prices and incentives for climate policy Karp & Peri & Rezai

RicKE, K. AND K. CALDEIRA (2014): “Maximum warming occurs about one

decade after a carbon dioxide emission,” Environmental Research Letters,
9, http://dx.doi.org/10.1088/1748-9326/9/12/124002.

SCHLENKER, W. AND C. TAYLOR (2019): “Market expectations about cli-
mate change,” NBER Working Paper 25554.

SCHNEIDER, M., C. TRAEGER, AND R. WINKLER (2012): “Trading off gen-

erations: equity, efficiency and climate change,” European Economic Review,
56, 1621-1644.

SEVEREN, C., O. DESCHENES, AND C. COSTELLO (2018): “A Forward
Looking Ricardian Approach: Do Land Markets Capitalize Climate Change
Forecasts?” Journal of Environmental Economics and Management, 89,
235-254.

SHAPIRO, M. (1986): “The Dynamic Demand for Capital and Labor,” The
Quarterly Journal of Economics, 101, 513-542.

STERN, N. (2006): The Economics of Climate Change, Cambridge University

Press.

TRAEGER, C. (2014): “Why uncertainty matters - Discounting under In-

tertemporal risk aversion and ambiguity,” Fconomic Theory, 56, 627—664.

VAN DER MENSBRUGGHE, D. AND J. PETERS (2016): “Volume Preserving
CES and CET Formulations,” Working Paper.

WirLriams, R. C., H. GOrRDON, D. BurRTRAW, J. C. CARBONE, AND R. D.
MORGENSTERN (2015): “The Initial Incidence of a Carbon Tax Across
Income Groups,” National Tax Journal, 68, 195-214.

WiTkowskI, W. (2015): “Global stock market cap has doubled since QE’s

start,” Http://www.marketwatch.com.

39



Asset Prices and incentives for climate policy Karp & Peri & Rezai

A Appendix: Major Proofs

The proof of Lemma 1 is long and it contributes no new insights, so we delegate

it, along with other intermediate results, to Referees’” Appendix B.1.

Proof. (Lemma 2) The old generation consumes all of its income, so ¢ =
(re + (1 — §) pr) K¢, which implies equation 12.

We now establish the second part of equation 11; the first part is a def-
inition. With isoelastic utility, ¢, = % (Ciftgl)n. This result and equation 3
imply

o -n 0 1-n
Ciy1 K (Ct+1)
pe=p ( 7 ) (o1 + ( )pt+1)Kt+1 p(ci/)fn Ko

where the second equality follows from the second constraint in equation 1.

Rearranging this equation gives

o 1_ Cy *ﬁK
(Ct+1) ﬂ:pt<t) p t+17 (17>

which holds for n € [0, oc].
We use equation 17 to eliminate cf,; from the expression of the young

agent’s lifetime welfare at ¢ (the identity in equation 11) to write

W= ((ci’>”—1+P ((pt()TK B 1)))

y\ "
f)n (¢} + ki) — ﬁ (1+p) (18)

3

—

= <ciI)ﬂw — = (1+p)
— T 1-q t 1—n P),

where the last equality follows from the first constraint in equation 1. For

n # 1, the last line of equation 18 produces the first line of equation 11.

pe K1

For n = 1, we use equation 17 to obtain ¢/ = . The young agent’s

consumption plus investment equals the wage, i.e. ¢ + p K1 = % +
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peKi1 = wy. This equality implies p; Ky = ﬁwt and ¢/ = ﬁpwt, thus
establishing the familiar result that for n = 1 the agent consumes a constant
fraction of income and saves the rest. Now we substitute the equilibrium level
of the young agent’s consumption into the last line of equation 18 and use

L’Hospital’s Rule to take the limit as n — 1:

-

Qf:nll_)ml - = (14 p)Inw; —In(1+ p),

thus confirming the second line of equation 11.
]

The following intermediate result simplifies the proof of Proposition 1

Lemma 3 Using the definition S = % (the value of the investment good as

a fraction of world income),

coa” °p° oc
— = 0. 19
1 + a—apl-i-a D ( )
Using equation 19 we can write the comparative static expressions for w and

T n equation 8 as

—=— and — = —. 20
op p dp p (20)

The change in investment due to a change in the price of investment, holding
z fixed, is
ol =ZN(1-25)8. (21)

8_p|z fized T

Proof. (Proposition 1) Part (i). By Assumption 1.ii, the marginal cost of
the first unit of abatement is zero. However, this abatement can affect welfare
directly via its effect on the asset price, and indirectly via the effect of the

asset price on the factor prices. Using equations 8 and 12, we obtain

02
Opee =0

—0 O a
g O

L+a optte O W:o‘

=((re+ (1 =90)p) Ky) " K,
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Part (i) follows from the fact that the term in square brackets is positive.
Part (ii). For this part we assume 7 # 1. We drop the time index, ¢ = 0,
except where referring to ¢, which denotes the consumption of the agent who
is young in period 0. We retain this time index to emphasize the distinction
between ¢ and aggregate consumption, ¢, in the same period.
Assumption 1.ii implies that p has no first order effect on factor prices,
apart from the effect arising from the response of p to a change in p. Therefore,

Assumption 1.ii and equation 20 imply that

ow 8w@_w$@

Rt it 4 22
ow  dpow  p Ou (22)
Using equation 11, we have
dQ () 1 yr—n OW yr—n—1 0Ch
= —_— - — . 23
0 T (c) on nw (cg) o (23)
The young agent’s budget constraint (using the normalization L = 1) is
cqg=w—p((1=0)K+1(p)=
(24)

ocl w 0
96— %0 (o4 ((1—0) K +1)) 2.
Using equation 24 in equation 23 we have

W () = () - (R (-0 K+ D) 22])

=@ (s [ @) (@) (b2 (-9 K+ D) 2)

= 15 ()" 2F , with

p

F=2g8 [1 — nw (cg)_l] +nw (c)) ™ [(p% +((1=0) K + I)ﬂ '

The last of the chain of equalities uses equation 22 to eliminate g—z. To com-

plete the proof it is necessary and sufficient to show that f > 0. Using
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equation 21 to eliminate g—é, we have
F=u51-nuw (cg)*l] o ()7 [%N (1-8)S+((1-6)K + 1)} -
vS o () [gNu _8)S - %s+<<1—5>K+1>} —

L8 4w () NS 2 (1 - 8) - % 4 LD

; p_N pl
LS+ w () NS [2(1-8) + 1 (LD 11— 2)] >0

The penultimate equality uses NS = pl. The inequality uses the fact that
1-%5=1- wWL > 0, because labor’s share of national income cannot exceed

1. Thus, the direction of change in the young agent’s welfare, due to a small

1 9p

level of abatement is the same as the sign of T on-

Proof. (Proposition 2). Part (i) To conserve notation, we use G (i) to denote
the value of G evaluated at (K;, E;, i;), i = 0,1 (the two periods); we use
the same notation for the partial derivatives of G. We also define two new

functions of parameters:
=1
by = p (1 + a*") s+t and by = a’ (bo)_(H”) .

In period 1 (the last period) investment and abatement are both zero. Using
p1 = 0 and ¢ (0) = (1 —|—a“’)°;+11, together with equation 6, we have r; =
(1+ a_”)ff_Tll Gk (1). Using this relation, the asset pricing equation, and the
definition of by, we have py = p (1 + a*")f’;ﬁl Gk (1) = boGk (1). Equation 7

and the definition of b; implies

o= (14 a7y 7 (a? (b)) (G ()04 +1) 7 G (0) =
(25)

el

(14 a7) 717 (b (G (1)) +1) 77 G(0).

Totally differentiating equation 25 gives
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dly = Iy dpo+

b1 ((Gx (1))
T o (Gr()) 41

)]0 [GKK (1) dIo + GKE (1) fl—féd,uo}

Collecting terms and rearranging produces

o bl((GK(l))(Ho))) [GKE (1) dﬂ])

I (G“O(O) T )
dl, G(0) b1(Gx (1)~ 41 dpo
0 _ ( 1K (26)

dpio b1 ((Gr (1)~ )
(1 — UIO (bl(GK(l))_(1+0)+1) GKK (1)

Assumption 1 (i) implies that that the denominator of the right side of this
equation is positive. Assumption 1 (ii) (zero first order effect of abatement
on abatement costs) implies that the first term of the numerator is zero. The
second term is positive because abatement in the current period lowers the
next-period stock of GHGs, increasing the next-period return to capital.

Because investment strictly increases in the price, we conclude that ;% >0
for sufficiently small levels of abatement. By Proposition 1 we conclude welfare
increases for both the young and the old in period 0. A small level of gy
increases K and decreases FE, so this abatement increases wy, equal to the
next generation’s welfare.

Part (ii) The assumption that ¢ < oo is critical; if ¢ = oo (the linear
PPF), the asset price is fixed at 1 in an interior equilibrium: py =1 = pry =
pGk (K1, Ey). This identity implies that investment must change to offset an
abatement-induced change in the next-period stock of GHGs:

D(E) (1 —B)K;%dK, + D' (Ey) K, ""dE, =0 =
(27)

Ak, _ __ D'(E)K]TP

dEx T D(EN)(1-B)K[ 7

(Period-1, abatement is zero, so A (1) = 1; we also use the normalization
L = 1.) The period-1 wage, equal to the welfare of the generation born in
period 1, is wy = 8D (Ey) K] ~?. The effect of the period-0 abatement on the
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period-1 wage is

dwy
dpio

Zﬂ(D%&ﬂﬁ”+ﬂ—6ﬂNEﬁngﬁ>ﬂi

dE, ) dpo

The second equality uses equation 27.

Thus, the first (marginal) unit of abatement has zero welfare effect on all
agents. However a larger level of abatement lowers the period 0 wage and
rental rate, lowering welfare of the agents alive in period 0. Because equation
27 holds for all interior equilibria (not just the first marginal unit), abatement
does not affect the welfare of the agent born in period 1.

]

Proof. (Proposition 3) We drop time subscripts where the meaning is clear.
Part (i). Denote the young agent’s demand for new capital as I¢. The

proof of Lemma 2 confirms that for n = 1, the young agent’s saves ﬁw =

D ([ 4 (1-9)K ) . Therefore, the demand for newly produced capital is I%(p; z) =

ﬁ% —(1—=9)K. From equation 20, using the definition S = with S < 1

(because consumption must be positive)

pl
c+PI’

dI? S—1
IR — M < O
dp p?
Using equation 7, the supply of investment is I°(p; z) = z(p)G(z) with Z—z > 0.
Equation 6 and Assumption 1.iii imply w = ¢(p)5G(z). With these results,

define excess demand as
Apiz) = I = I* = b(p)G(z) — (1 — K. (28)
The last part of equation 28 uses the definition

@(p)zﬁcb(i)ﬁ_

z(p).

Because demand decreases and supply increases with price, % < 0. An

equilibrium price, denoted p(z), is a solution to A(p;z) = 0. An interior
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solution exists because A is continuous in p and as p — oo excess demand is
negative, and as p — 0 excess demand is positive. The equilibrium is unique
and stable because the slope of the excess demand is negative. By inspection,
the equilibrium depends on z but not on future policies.

Part (ii) Using equation 20 and the second line of equation 11, we have

o _(tpowdp _ (Ltp)wSdp
0 ug=0 w  Op O w p O

S Op
—(1+p) 252
( p)paﬂ

This equation together with Proposition 1 implies that the young and the old
agents’ welfare levels respond in the same direction to a price change induced
by a small level of abatement.

As noted above, the young agent uses the constant fraction ﬁ of her
wage on current consumption. Because the wage increases monotonically with
the asset price, an increase in that price also increases the young agent’s con-
sumption. Because the rental rate increases monotonically in the asset price,
an increase in that price also increases the old agent’s consumption. Therefore
if abatement were to increase p, it would lead to a increase in consumption
by both agents in period 0. However, a higher p implies that the production
point moves south-east on the PPF, resulting in reduced production of the
consumption good. Thus, a higher p is not consistent with market clearing in
the market for the consumption good. A parallel argument establishes that a
lower p is not consistent with market clearing.

Therefore, the first order effect on p and also on the two agents’ welfare of
the first unit of abatement is 0. The first unit of abatement does not change
the level of investment, but it lowers the next-period stock of GHGs, thus
benefiting the agent born in the next period.

(Part iii) For u > 0 we differentiate the market clearing condition \(p,z) =

0 with respect to p and p and rearrange the differential to obtain

.
i N\

The inequality follows from the fact that A, < 0 from Part (i) of the proof.

>0 A, >0.

46



Asset Prices and incentives for climate policy Karp & Peri & Rezai

From equation 28 we have A\, = ®(p)G,; for p > 0, G, < 0. Market
clearing requires ®(p)G(z) = (1 — 0)K. Thus, for 6 = 1, (p) = 0 in equilib-
rium. In this case, increased abatement does not alter the equilibrium asset
price. However, it reduces the factor prices and the level of investment via the
reduction in GG. For § < 1, & > 0, so increased abatement lowers the asset
price, leading to an additional reduction in investment.

For fixed future policy, welfare of the agent born in the next period is
proportional to Inw;, 1, which increases in the inherited stock of capital and
decreases in the stock of GHGs. This fact, together with the results shown
above, establishes the Proposition’s claims regarding the welfare effect for the

next generation. m
Proof. (Proposition 4). With ¢ = w; — pyK;41 and

i = (reg1 + (1 = 0) pey1) Kip,

(re41+(1=6)pes1)Keqr
p

= pKi11. Rearranging this equation produces equation

the optimal savings rule is w; — pi K1 =

_ (e +(1=8)pey1) Ketn
p

13. For H = 1, investment and abatement are zero in period 1, so p; = 0 and
¢! = w;. Using Lemma 1 and Assumption 1.iii, w; = ¢ (p;) 8D (E;) A (p;) K;*B
and r; = (1— )¢ (p;) D (E;) A (1) K;~°. Normalize by setting D (Ep) = 1,

and using p; = 0, the optimal savings rule becomes

, which implies

Wy

(1—5)( a’

o \ar s 1) D (E) K% 4 poK1 — 6 (po) BA (110) K3 ? = 0. (29)

This equation gives the demand for investment, K¢ as an implicit function of

Do, to- Totally differentiating this equation and rearranging produces

_1
[as(po)ﬂA'(;Ao)Ké*‘* A (L) T D (B K %]

dK¢ = dyuo

_1
|22 (8%) 7 DB 2-8) K} 40 0)
- [K1+¢'(po)/3A(Mo)Ké_ﬁ]

_1_
{(1;/3) (agil ) o+1 D(El)(2*ﬁ)K1175+po:|

dpo
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d
I < 0. The
Po

supply of investment (using equation 6) is K% =  (po) A (uo) Ko P 4(1 — 6) K.

The denominator of the right side of this equation is positive, so

The differential of this equation is
A = 2’ (po) A (po) Ky Pdpo + 2 (po) A (o) Ky dpso. (31)

Denote the excess demand function as © (pg, po) = K¢ (po, p10) — K3 (po, o)

The market clearing condition is © (pg, t9) = 0. Using equations 30 and 31

d s
0, (po, f10) = LS| (dp;’”(]) — dKl(io’“O) < 0. Our assumption that an interior

equilibrium exists implies that the unique equilibrium is stable.!® Differenti-

ating the market clearing condition © (py, 110) = 0 and rearranging the results

dpo _ _ ©ulpo,po)

produces dhe = "ol Thus, sign (:‘%) = sign (0, (po, tto)). Using equa-

tions 30 and 31 (and A’ (u9),,—o = 0) we obtain

_(1_5) ( a’ )%ﬂ D/ (El) KIQ—B@

Ou (Po, 10) yg—0 = > ail = <0
U-6) (L7 )75 D (By) (2 - B) KL + po

Thus, the first unit of abatement lowers the asset price. By Proposition 1,
this change lowers the welfare for the old agent at t = 0 and raises the welfare
of the young agent.

Welfare of the agent born at ¢ = 1 monotonically increases in w; =
¢ (0) 8D (Ey) K} 77, The change in this agent’s welfare

dwy
dpio

(32)

— o0 oD () (20 L ),

D(E1) Evdpo  Kidpg

which implies the last part of Proposition 4. m

19 As p — oo the demand for capital approaches 0 and the supply of new capital approaches
a finite positive level, so there is excess supply. As p — 0 the supply of new capital
approaches 0 so the aggregate supply of capital is (1 —J) Ky. For sufficiently large K
there is excess supply at a zero price. In this case, the equilibrium is on the boundary.
Thus, the existence of an interior in this case requires that the initial stock of capital is
not too large. Some calculations show that the condition for an interior equilibrium is

2-p
BA (o)
(ﬁ) ((1%5&1)) > Ko.
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B Referees’ Appendix (online publication)

This appendix collects additional proofs, provides calibration details, explains
our use of efficiency units, discusses the numerical algorithm, and provides

sensitivity results.

B.1 Additional proofs

We number the lemmas by their order of their appearance in the text (not by
the order of their proof). This appendix begins with Lemmas 4, 5, and 6 that

we use to prove Lemma 1.

Lemma 4 Given the Constant Elasticity of Transformation PPF

1+ 1+o

cT"+a11TT":B;sc=(B—aIT)1T“, (33)

N (1,z) = G (z) if and only if

140

B(G(z);0,a) = (1—1—@‘”)_%G(z)7. (34)

Proof. (Lemma 4) Equation 33 implies that the slope of the tangent of a

point on the PPF is
1
dc I\~

Consider a ray through the origin with slope s, where ¢ = sI. Using equation
35, the slope of the tangent at the intersection of the ray ¢ = s and the PPF

is —p = —a (%)% =—a (%)%, ie.
s=(2) " (36)

Thus, p=1< s =a’. At p =1, the equilibrium value of national income is

G °G
c+I=(s+1)I=G=1= and c=
1+a° 1 +a°

(37)
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The equilibrium point lies on the PPF, so using equations 33 and 37 we have

. 140 1 140
a o g 140
v = B.
<1+a‘7> +a<1+a"> ]G (38)

The term in square brackets simplifies to

140 1t+o
a’ v 1 o _1
= (1 A 39
(1—|—CLU> +a(1+aa) ( +CL ) ( )

Equations 38 and 39 produce equation 34. m

-

The following lemma shows that the supply of each good and national
income are multiplicatively separable in the asset price p and z. These relations

depend on the technology, but not on the demand side of the economy.

Lemma 5 The equilibrium supply function is given by equation 7 and national

mcome equals
N (p,z) =T (p)G (z)

= (a"p 7 +p)x(p).  (40)

(1+a“’)7§ e
(2)7(1+o‘)+a’

a

I'(p)= (a"p " +p) (

Proof. (Lemma 5) Using equation 36, the tangent of the PPF with slope —p
is a point on the ray ¢ = s/, with s = (g)_a. This fact and equations 33 and
34 imply

140

((2)_UI> T pal't =(1+a) TG =

a

<((§)_0>1”a +a) I =(1+ta) 765 >

_1 110‘ g _
I = (1+a—7) ® G — (1+a7)7 |7 G
f— (E)_(H—U)—l—a - aap—(l+o')+1 .
a

which establishes the equality in 7. Taking the derivative, we establish 2’ (p) >
0. A larger p supports higher production of I at given z.
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To establish equation 40 we use ¢ = s/ and equation 36 to write world

income as

N=c+pl=(s+p)z(p)G=(a"p 7 +p) (%) UG'

where
L(p) = (a"p~7 +p) z(p)

We use equation 40, which contains the definition of I', to obtain the for-

mula for the tax that supports a given level of abatement.

Corollary 1 For the model with G (z) = D (E)A () AF (K, L), the carbon
tar w = —I" (p) %A,(“) supports the abatement level p in a competitive equi-

librium.

. o d
Proof. (Corollary 1) Given z, emissions are e = (1 — u) (AF (K, L), so &£ =

—m. By emitting one more unit, firms increase the value of output by

w=2 = NU_T(p)G,(2) % = "
D(E)A AF(K,L D(E)A
~T (p) ()CA%(’Lg ) = T (p) <><<u)_

Firms want to abate to the level that satisfies equation 41. m
Note that for p = 1, I' = 1. The functions I', D and A are fractions, and

thus unit-free (as is A’). Thus the units of the tax, w are the same as the

$1012 __ $103
109tC — tC

multiply @ by 1000 to convert the tax to dollars per ton of carbon, and then

units of %, which are thousands of dollars per ton of carbon. We

divide by 3.666 if we want to express the tax in dollars per ton of CO2.

We also use Lemma 5 to establish the following:

Lemma 6 For the CET techology, given the price of investment p, in equilib-

o1

TIUMm
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Proof. (Lemma 6) Using equation 7 and the definition of s, we have (after

simplification)

<<5><1+0>+a> i

o 1 o (1+a_0)_%
— s(p)x(p) a’p=°

o lQ
~IQ
Q I~

o+1

1 EEsy
a%p(f (a—o + 1)(;.»,_1 <CL + ?ﬁ) +1 '
With this intermediate result we have (after simplification)

G

Traoye = @077 (L amp 7)™

The last equality implies
1

(55 = (e + 0 e areny ).

1+a)c

a e

Simplifying the right side of the last equation produces equatiogn 42. m
Proof. (Lemma 1) (i) Define © (I; B,0,a) = (B - all%a)m. Given the
price p and using equation 4 and the definition of © (I; B, 0,a), the value of
world output is

N (p;z) = max [0 (I; B, o, a) + pl].
Using the envelope theorem, the factor returns are

N (p; I;B
w = 9 (p,z) — ae( éBvava)B/GL

oL (43)
_ ON(pz) _ 09(;B,o,a) s
T = 9K = 9B B GK.
Using the definition of © (/; B, 0, a) we have
0© _ o B IH—” To ! _
9B — T+o ( —al- ) -
—1 o o —1 <44)
- o\ Thoo _ 4 He\THo o _ 5 =1
H—U(B—aIv> —H—O_(B—CLIU> —H—O_C
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Using equation 34 we have

_1—1—0
o

B (G) (1+a) "G, (45)

Combining equations 43, 44 and 45 produces the first expressions for w and r
in equation 6. To obtain the second expressions for w and r we apply Lemma
6. By Assumption 1 (iii), the pollution stock and the abatement rate do not
affect relative factor prices, . Lemma 5 establishes equation 7.

(ii) Equation 5 and the envelope theorem imply the first equality in 8.
Taking the derivative of w = ¢ (p) GL in equation 6, using the definition of
¢ (p), we have

—o

ow i1 . p(o'+1)+acr o+1 p° .
8_1;1)_(? (p)GL = <a"—+1 af’+1GL_

— —1 1
plo+1) 4 qo afl p° plot) 4qo \ o+l [ plo+D) 4o | o+l G
a’+1 a’+1 a’+1 a’+1 L

— —1
- p(a+1)+ao T—fl p° p(a+1)+a0 o+1 o p°
- a’+1 a’+1 a’+1 - a‘7+p‘7+1w’

establishing the middle equation in 8. A parallel argument establishes the last
equation in 8.

(iii) Using (%)é = exp [ln ((%)%ﬂ = exp (%ln %) and the assumption

that ¢ > 0 (which implies that In (%) remains bounded), we have lim,_,, (%)5 =

1. Similarly, using

alm

(1 + a*")

exp <_71 In (1 + a”)) ,

1

1 T .
we have lim, o (1 +a77)" @ = 1. Therefore, lim, ((Ha—G“)c) = 1. Using
this fact in equation 6 produces equation 9. (We cannot simply take the limit
of ¢(p) as ¢ — oo because in the limit it must be the case that p — 1;
otherwise, the equilibrium production point is at the boundary, i.e. either ¢

or I approaches 0.) m
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Proof. (Lemma 3) Use ¢ = s (p) I, with s = (2) 7, to write

=0

c a”%p? \ __ ca”7p?
p—aao+p a—opa - 0‘1+a—opl+o 9
thus establishing equation 19.

Next, we obtain an expression for Z—;. Using equations 33 and 35 we write

the equilibrium ¢ as an implicit function of p:

c = (B — a]l%o>1T“ = (B — clfTaa_(’pH”)ng . (46)

We have

1
1+o T 14 1 _
- = — (B —Ccoa "pH") cra oplte

e 5 1+4o ﬁ - 1l 5 1+4c L 1 5 1+o -0, 1+0
=—|(B—-c@v a coa”pttT = —(¢)=7 coap'tT = —a"p'tI.

and
1+ 1(7
o o
d(B—c 5 a“’p“‘”) 1
140 140 140
W =— <B—c o a "p“") oc e a 7p°
—1 140
=—cooco a p’ =—coa p°

Using the last two results, we obtain the differential of equation 46

dec = —a=p**dc — coa " p°dp =

de _ _ _coa 7p7
dp =~ l4a—coplte

Using equation 19 in 8, we obtain equation 20.
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We can also write the elaticities of ¢ and I with respect to price as

0Ip
= — d —
oS an

dpc vl

dep o(1—S). (48)

Using equations 19 and 47 we obtain the elasticity of ¢ with respect to p in
equation 48. To calculate the elasticity of I with respect to p we differentiate

the identity ¢ (p) = s (p) I (p) = a®p~?I (p) and convert to an elasticity:

gp —ca’p Ip~ —|—ap‘”” —ocp~ —|—c}g]{:>

(49)
dep _ dl Al de
o= Ot = = geto=0(1-95).

For this analysis we take z as fixed, so the total and partial derivatives are
equivalent.
To establish equation 21 we use
o1 — 0L 0c — loc pl_

Op|z fixed  OcOp|zfixed P P ct+pl

(50)

=

SeNLL = SN (1-5)S.

c+pl

Remark 1 As a consistency check, we confirm that if G is constant returns
to scale in L, K, then wL +rK = ¢+ pl. First we note that

(%)7(1+a)+a ﬁ
G GI 1 o (1+a*‘7)7%

c Tc s(pz(p) a’p=?

(51)
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Using equation 6 and 51 we have

Q=

1
wL+7K = (77%5:) " (GLL + GiK) = (i) G

=

<(g)(1+o')+a> T+o \ ©
A A R
=TG withT' = 1 (te”7) :

(14a=7) a’p=°

For Ae:z:ample, with o = 4, we have [=T= ﬁm?/ a* 4+ p5. The expressions
for T and T" do not simplify so neatly for non-integer values of o. However,

extensive numerical examples show that the two expressions are always equal.

B.2 Exogenously changing parameters

This Appendix reports the time profiles for time-varying parameters taken
from DICE-2016R. DICE uses a 5-year and we use a 35-year time step, so we
need to adapt the time scale. We first solve the difference equations for the
parameters as a function of time and the initial condition and then evaluate at
adjusted values for time. DICE contains the following time trajectories with
7 time measured in 5 year steps:

popasym

popadj .
o) ) with p(0) = popO.

e Population (in million): p(7+1) = p(7) (

e Total factor productivity growth: al(t + 1) = al(7)/((1 — ga(7))) with
ga(t) = gale~ %57 and al(0) = a0.

e Carbon intensity of output: sigma(r + 1) = sigma(7)e™"*P &) with
gsig(T + 1) = gsig(T)(1 + dsig)” 5P, sigma(0) = sig0, and gsig(0) =

gsigmal.

e Cost of a back-stop technology (which determines the dynamics of mit-

igation costs): pbacktime(r) = pback(1 — gback)”.
The analytical solutions for these difference equations are:
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[ p(T) — popo(lfpopadj)‘rpopasymlf(lfpopadj)r7

ao(emela)%H—W—gam”

&1(7’) - QPochhammer(?L);e5 dela>7_ ’

. — Sig0 5 gsigmal(((dsig+1)5)771)
e sigma(7) = siglexp dsig(dsig(dsig(dsig(dsig+5)+10)+10)+5) |’

e pbacktime (7) = pback(l — gback)”

with QPochhammer defined as (a; q),, = % with (a; ¢)., = [Treo (1 — ag®)
and the following parameter values pop0 = 7403, popadj = 0.134, popasym =
11500, a0 = 5.115, ga0 = 0.076, dela = 0.005, gsigmal = —0.0152, dsig =
—0.001, expcost2 = 2.6, pback = 550, ghack = 0.025, sig0 = 0.35032.

We adjust these time-dependent variables to the 35-year time step in our

model using t = 77 and the following conversion:

e Young generation (in billion): Population in 35-year time step is p(77) =

popO(l’p’Jpadj)%popasym1*(1*P°padj)7T. We assume that the size of the

young generation, L;, grows at the same rate as population, p;: Lfﬁl =
P We determine the size of the initial young and old generations using

Pi—1
the additional condition that their sum equals the initial size of overall

population: L_y 4+ Ly = po. This gives L_; = 2.35033 bn and Ly =
5.05267 bn. With this calibration, the asymptotic total population in our
model is 15.7 billion, compared to 11.5 billion in DICE. An alternative
calibration requires the asymptotic population in our model to equal 11.5
billion. This alternative causes the growth rate of the young population
(the number of workers) to differ from the growth rate in DICE. We do
not use this alternative because we think that estimates of near-term

growth rates are more reliable than estimates of asymptotic population.
e Carbon intensity, (;, is sigma(77)/3.6666 to convert GtCO2 into GtC.

e Cost of 100% emission reduction, vy 4, is (pbacktime(t)xsigma(t)) /(1000 expcost2)
which follows directly from the DICE model. No additional adjustment

as vy 1S a unit-free number.
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e Labour-augmenting technical progress, A;, is Ay <“él((7(;))>1/5 with Ay =
4748 calibrated to initial 35-year output in ki ?(A4y Lo)? = 35 yo with
ko = 223, Lo = 5.05267, 8 = 0.6, and yo = 105.5. We need to convert
from total factor productivity (¢fp) to labour-augmenting productiv-
ity (lap). A, is lap, in the notation above. We set tfp, k7 (L,)? =
k=P (lap, Ly)?, which gives tfp, = (lap,)? or lap, = (tfp,)'/?. The initial
value of lap, is the solution to ki ”(lap, Lo)? = 35 yo, lap, = 3240.

1/
We take the growth rate of lap from tfp, setting E—pp:) = <§—§é> or
1/8
f
lap, = lap, (Ef—g;) :

e The text discusses our damage calibration, using the DICE-2013R func-
tion, D(T) = 1/(1 + iT?), together with the Nordhaus (2017) estimate
that T" = 2°C reduces output by 0.94%, which implies i = 0.0023723.
Using the TCRE model with parameter 7 = 0.002 (a mid-range esti-
mate) gives the calibration equation 1/(1 + (T?%) = 1/(1 + i(TE)?) =
1/(14im?E?) = 1/(1 + ¢E?), implying ¢ = i7% = 9.44(10)7°. Note that

we use the TCRE model only for calibration at low temperatures.

B.3 Efficiency units

Our analytic results in Sections 2 and 3 use a stationary model, one without
labor or TFP growth. Our numerical results in Section 4 include exogenous
growth in labor and technology. This appendix explains our use of efficiency
units. K; and L, denote aggregate capital and labor. Using multiplicative

damages and abatement costs, we replace G (z) with G (z,1):
G (Z, t) =D (Et) A (,Ut, t) F (Kt7 AtLt) .

Time enters explicitly via exogenous changes in population and labor-augmenting
technical change. We obtain efficiency units by dividing variables by A;L,,
defining

L K,
I, =— and k, = —2

2
At Lt At Lt (5 )
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With the Cobb Douglas form F' (K, AiL;) = (AtLt)ﬁ Ktl_ﬁ, we have

_ Ky ALy ip
f(kt)‘F(AtLt’AtL) “he

G(z,t)

A1, We have

Defining g (k:, Ey, p1e) =

G (2,t) = D (Ep) A (g, ) F (K, ArLy) =

D (Et) A (,th, t) AtLtF (%, ﬁ:éi) =
D (Et) A (,Uty t) AtLtk’tl_B = AtLtg (k’t, Ey, Lot t) =
g (ke, By, pa, t) = D (Ey) A (g, 1) ktliﬁ-

As in the text, we use w; and r; to denote the factor prices as functions of the

physical units. From equation 6, the return to capital is:
r= 6 (p0) Gic = 6 (p0) D (E0) A s 1) Fic Ky, AL) =
(1= 8)6 () D (B) A (s 1) (A L) 1) (452 =
(1= 8)6 () D (B A (e, ) k" = (1= B)6 (00) D (B A (s ) k.

(54)
We define 0, = B¢ (p) D (E) A (e, t) ki 7. From equation 6 we have the

return to labor:
wy = ¢ (pt> G = ¢ (pt> D (Et) A (Mm t) Fr, (Kt; AtLt) =

6 (pe) D (E) A (e, t) £ (A Ly)° K}~ (g_” _
. (55)
&) D(E)A (1) £ (22)" () (L) =

AP (pr) D (Ep) A (e, t) ktl_ﬂ = Agby.
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The cost of hiring a physical unit of labor is w;, so the cost of hiring A% units

of labor (equal to one efficiency unit of labor) of labor is w; = 9*.
The young generation’s aggregate income in period t is w;L; = A;L;w; and
their aggregate savings is p; K11 = prAii1Lii1kis1 so per capita consumption

of the young agent in period t is?

y 1 A _ A Aty1Li41
G = 1, (Apy Ly — peAgsr Ligaker) = Ay (wt - pt%kt—‘rl)

. (56)
= Ay (W — pinikiga)
where we use the definition n; = —Atzﬁﬂ
The old agent’s per capita consumption in period ¢ + 1 is
Cg+1 = L%: (Tt+1 + D1 (1 — (5)) At+1Lt+1kt+1 =
(57)

Ap (reg1 + pepa (1= 9)) %ktﬂ = A (re1 + peg1 (1 = 0)) ek

The ratio of discounted marginal utility, defined in equation 2, given iso-

elastic utility, is

Uy = U'(ct) _ [A¢ (Wt —peniksp1)] "
E= p (g, ) plAL(re41+pet1 (1-0))neke 1] ™"

) (59)

— [(W¢—piniki41)]
pl(res1+pit1(1=8))nekeya] ™"

Using the equality in equation 2 produces the asset price equation in the non-
stationary model

[(l@t - ptntktJrl)]_n _ Mt + pt+1(1 - 5). (59)

p[(reg1 + prea (1 = 6)) ngkya] ™" Pt

20Note: ¢} is per capita consumption. Aggregate consumption of the young generation

Yy Yy
is CY = w;Ly — piKyi1, and ¢ = % It is not AC;th. We could express ¢ in efficiency
units instead of per capita units, but then we have to work harder to write the asset price

equation and the maximand for the political economy planner.
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The equation of motion for capital, expressed in efficiency units, is

Kt—l—l:(l_(g)Kt—i_]té

ZEE = At+1Lt+t% =1 =0k +i= (60)
with
Iy =x (pt) G (Zt) ==X (Z%) g (kt; Ey, iy, t) (61)

Using equation 10 and setting ¢ = 0 (because we are using the TCRE

model), the equation of motion for carbon expressed in efficiency units is

Eri= B+ (1— )G (AL)’ K77 = By + (1 — ) GALK ™. (62)

B.4 Relation to Karp and Rezai (2014)

Karp and Rezai (2014) use a Lucas tree model with zero investment to show
how asset markets can create incentives to conserve a generic resource (e.g.
a fishery). There, with a fixed capital stock, all adjustment occurs via asset
prices. In the composite commodity setting, with a fixed asset price, all ad-
justment occurs via quantity. In the current paper, both investment and the
asset price are endogenous.

Karp and Rezai assume that agents have infinite EIS. As noted in the text,
the two current generations’ incentives to reduce emissions, and their (lack of)
alignment of interests, are sensitive to this parameter, which here takes any
positive value. For E1.S — oo we find that the two generations’ incentives are
aligned (Proposition 1).

Finally, Karp and Rezai do not include a climate-related stock (e.g. atmo-
spheric carbon, or temperature). These restrictions make their model unre-
lated to climate change. Moreover, that paper uses a numerical example not
calibrated to a specific real-world stock. In contrast, the current paper uses a

carefully calibrated climate model.
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However, Karp and Rezai include two consumption goods, produced using
mobile labor and sector-specific factors: the fixed stock of capital in the Manu-
facturing sector, and the endogenously changing resource stock in the Resource
sector. In this setting, the relative commodity price affects agent’s incentive
to conserve the resource. Our paper also has two sectors, the consumption
good and the investment good, where all factors are mobile. Here, the price
of investment relative to the numeraire consumption is central. Thus, neither

paper is a special case of the other.

C Computational Algorithm

This section discusses the computational algorithm used to solve the equi-
librium described in (1) under: (i) discounted utilitarian planner (Eq. (16),
Appendix C.1); (i) Business as Usual (BAU) planner (Appendix C.3); and
(#i) dynamic game between planners (Eq. (14), Appendix C.2), under As-
sumption (2).

Let t = 1,..., H, we set the horizon of the H-periods model to H = 14
(490 years), which is long enough that a change in H has no discernible effect
on policies in the first 200 years. All cases are solved by backward induction.

We discretize the state of capital per effective worker K and stock of atom-
ospheric carbon E in grids of 32 points. Grid points of k € K = [k™", k™2] are
linearly spaced between with ™" = 0.0001 and k™8 = 0.12. For reference, the
capital per effective worker in the first period is k£;=0.0093. Hence, we allocate
points over the stock of atomospheric carbon in E = [E™» EmaX] = [0, 6000].
The upper bound E™** = 6000, coincides with a 12 degree Celsius increase in
temperature and a loss in output of XX%. We allocate points on the E-grid
using the polynomial rule 2; = (i/32))? E™ described in Maliar et al. (2010).
This rule parsimoniously handles the allocation of (very) low and high level of
stock of atmospheric carbon and provides a numerically stable way of address-
ing the incentives of our sophysticated planners to remove the stock of carbon
from the atmosphere when it becomes technologically cheaper to do so. We

find € = 4 to work well for our baseline calibration.
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When the level of abatement and prices imply levels of &' (Eq. (60)) and
E’ (Eq. (62)) that fall within grid points, we use cubic splines interpolation to
compute relevant numerical objects. When £’ and E’ falls outside the intervals
K and E, we cap these values at the boundary levels. For internal consistency,
we add penalty functions to the equilibrium conditions to rule out these cases.

To validate interpolation scheme and grid choices, we produce results under
our baseline calibration for different grid sizes (8, 16 and 32 grid points).
Root-finding algorithm constraints. We impose the following boundaries
on the root-finding algorithms. First, we restrict the global search to positive
level of abatement and prices. We also require the level of abatement to be less
than 1.7. Finally, we set the minimum level of abatement to be weakly greater
than 1 when E = 6000. This constraint disciplines the behaviour of our model
economy under BAU planner, which would otherwise let the temperature rise
at implausibly high levels.

The next sections discuss the details of the solution algorithm that are

planner specific.

C.1 Discounted Utilitarian

At each state (ky, Ey,t) the discounted utilitarian planner chooses investment
per effective worker i and abatement p to solve (16). We solve this bell-
man equation via value function iteration. We set the boundary condition,
J(kgy1, Ego, H+ 1), Y(kyi1, Egs1) € K x E. We determine the policy func-
tions (i*(k¢, By, t), u(ke, By, t)) in a two-step approach. First, we perform a grid
search over 200 grid points on investment per effective workers (linearly dis-
tributed between 0 and £™**) and abatement (linearly distributed between 0
and 1.7). Second, we use a constrained nonlinear optimization algorithm?! to
perform a local search in the neighborhood of the grid-search solution. This
solution method guarantees the solution is a global optimum and alleviates

numerical instabilities arising from the flatness of the return function at later

21The Matlab fmincon routine, with ’interior-point’ algorithm. For more infor-
mation: https://www.mathworks.com/help/optim/ug/constrained-nonlinear-optimization-
algorithms.htmlbrnpd5f.
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horizons. To improve the numerical stability, we adopt only the grid search

for any periods after T = 8.

C.2 Markov Perfect Equilibrium Algorithm

This section discusses the numerical solution of the Markov Perfect Equi-
librium (defined in 1) under (Nash-)bargaining assumption (2), presented in
Section 4. At each state (ky, £y, t), agents choose the level of investment per ef-
fective unit that satisfies the asset pricing equation (3). At each state (ky, Ey, ),
the sophysticated planner choose abatement u to solve (14), taking as given
the investment per effective unit.

Solution Algorithm. After setting the boundary conditions (p(kg+1, Fyi1, H+
1) = p(kgs1, Egy1, H+1) = 0, we implement the following backward-induction

solution algorithm.

1. Start at t = H. For each (ky, Ey,t), (p(ki, Ey,t), u(ky, Ey,t)) solve the

following system in two equations and two unknowns

Fy(p(ke, By, t), ke, By t), ke, By t) =0 (Asset Pricing Equation)
(63)

Fy(p(ke, By, t), ke, By t), ke, Eyt) =0 (FOC Planner)
as described in the next section.
2. Iterate backward and implement the solution step at ¢t = H —1. Proceed
in the same fashion until ¢ = 1.
C.2.1 Solution Step.

Given time ¢, the solution algorithm finds for every state (Fy, k;) the equilib-
rium functions (p(k:, Et, t), u(ke, Et, t)) as the solution to the previous system
of two equations in two unknowns. To save notation, we drop the dependence

of the equilibrium functions on the state (Ey, k), and rewrite

Fi(pf,py) =0
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where p; = p(ky, Ey, t) and p* = u(ky, By, t). The algorithm proceeds as follows.

1. Guess (pf, 117)

2. If Fi(pf, i) # 0 and Fy(p, ) # 0 then pick a new guess (py, 7).

Otherwise exit.

We find the solution using a system of nonlinear equation solver.?> The algo-
rithm checks for corner solutions, computed setting © = 0 and letting agents

optimize (i.e. Fi(p,0) = 0). Given the guess of p;, we use
Iy = o (pf) G (z¢) = iy = x (p}) g (ke, By, iy, 1) (64)
to obtain the equilibrium investment per effective unit i(k;, £y, t).

C.2.2 Equilibrium Conditions.

This section details the equilibrium conditions. Given (p, u?)

- Asset Pricing, F; = 0. The first equilibrium condition is the asset

pricing equation (3).

o Pk (1), p?), Evea (g, 09),t + 1)(1 = 0) + 11 (Eea (17, 07), krr (g, p7)

(o} i) = pi—
e ) = e 0 )

- Social Planner Optimization, F; = 0.

The planner’s objective in the political economy setting is

max 5L [€ ()" +p () ) + (1 -0 B2 ('] (69)

We use Lemma 2 to rewrite the planner’s objective as

y\—"n oll-n _ 1

22The Matlab fsolve routine, with ’trust-region dogleg’ algorithm. For more information:
https://www.mathworks.com/help/optim/ug/fsolve.html.
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Hence we simplify the objective function

Elel) M+ (1 ) L)

and we take first order condition with respect to abatement:

oc! Jw L ocy
(Y12t y\—n 7t 1— =l o\—nZt
¢ |-nter o @G v a0 - w5t <o
_ 1 ¢} Jw L on_p O
() |-n i+ 5|+ 0 - 0 - i)t o

Let us recover the partial derivatives:

%ﬁi’ﬂ@?,ﬂ?) = —u (B -
agggzt)(p?w?) = <a01+ 1)“ (P 4 a7) 7 7
g_t(p?’“% = ABD(Ek™ [aggt)l¢gif\(ut,t) - (b(pt)%l:;t)}
g—i(p?,u?) = g—z}: ~ Atntktﬂgﬁ
O ) = (1~ B)DEDR” [ 2001, 1) 4 ) 220
gi (P, 119) = Ar-1n_1ky (S_Z . 5)25);)
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and substitute the partial derivatives in the FOC:

oc!  Ow L,_ oc?
Y\—n wt Yt t . t—1 - o\—nZt
(s |-n o+ S -9 Bt - e <o
_ ow, Ipy
y\—n _ a2
(c¢f) f{(l N— ) e +N— Atntkt+10/t:|
_ B or Opy
+ (1= &) 2211 —n)() A, _k(—t+ 1—5):0
(1-¢) t (T —=m)(cf) " Apany—1ky o ( )O/Lt
Let

Wy
Iy
() s( )
w
[y = (Cbinfnc_ytAtntkHl
t

Ly
Ly

D= AﬁD(Et)kiﬁ%ft)uAmt, f

[y =(1-¢)

(1= n)(cf) " Armrnirky

s = ABD(E)k " o(pr) é“ u?)
8¢(Pt)

I'g = (1 - 5)D(Et)k;5 9 I¢>A(Mt,t)
Pt
B ON(juy, t
Iy = (1= B) DBk o (p) 2D
Mt
Rewrite the FOC as follows
ow, Opy ory ope
Fla m +I‘20 " +F38u +I'3(1 5)% =0
- 8¢(pt) Opy aA(Mt,t) Opy
r ADEklﬂ{ I,——A + A e N PR
1{ BD(Ek: apr O (s, 1) + 9(p) Opue 2Oy
5 [09(pe)  Op: 8A(Ht,t)]} Ipy
T34 (1— DEkﬁ[ Ly~ A, ) + S 4 D(1 = 8) =L =0
{1 =m0 |2, A )+ o) 2 (1-5)7
Opy Opy Opy Opr
I F40 m +1 F5+F28 t+1“31“68 t+1“31“7+1“3(1 5)8/” =0
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Then, given (pY, u?), STIZ is the solution of a linear equation in one unknown:
Op F1F5 + F3F7
5, vl ) = = LHS(ui.p)  (67)

T Ty + Ty + 3l 4 T5(1 —6)

Since the asset pricing equation (3) holds in every period ¢, we have that %

is also equal to

Ope _ Ol(pera(X = 6) + rga (1, 7)) /901]
Opue Opue

= RHS(1i,p;) (68)
So, we can express

Fy(p}, 1) = LHS (i, p) — RHS (113, p})
Let us now determine RH S (1Y, p?). Using equation

P 0o 1-n Y\n
Pt = —5 |C -l
= e () @

we can rewrite

P 0 ((Cfﬂ)l_n : (C?)n>

RHS (i, p}) =

B Ak O
0 1-
__ P yna(cﬂr—l)n o -0 9(c)"
c;) + (Ct+1)
Amiki Opy Oy

—L Y\ o o o 1-n yyn—1 9C
= = () S (e ey O

1 1 a o o Y
_ 4 {(1 —) an! . Ct41 8Ct:|
Atntkt+1 Py
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We determine g and t“ , by collecting the partial derivatives
(9D(Et+1) 2 beeEtH
—————> =-2%xTCRE
9E, 1 : (1 + bee(TCRE Ey)?)?
oF
= ALk
apt+1 (k ): 8pt+1 aEt+1 apt—i—l 3kt+1 _ (9pt+1 ’ 0o oo 3Et+1
Ay t+1 B+l OE, 1 O Okr Oy OE, 1 By (pyomg) ke (07 o1y B
Numerical =0(Nash) Numerical
Opi i1 L _ Opt11 OFE11
o, e Bn) = 5= ety o) 5~
——
Numerical
37“t+1 -8 8D (Et+1) 8Et+1
(9/” ( g? g) = (1 - B) kt-i—l 8Et+1 aﬂt A(lutJrl?t—i_ 1)¢(pt+1)+
OA (pugr, t + 1) O
D(E +
( t1) EI B ¢(pt+1)
96 (pr1) ¢ Opesa
D (Epii) A gy, t+1 1, 20y ]
(Et1) A (p41, T+ 1) s O
i1, 0 o Opr+1 Orei1
= Ak I |
s (pys ) ek | ( ) O P + s
8051:/ 1-5 [09(pr) al)t ON (e, 1)
ABD(E k™ I O Ak
S tubt) = AGD(EIR | 21, 1)+ 00 | — A

C.3 Business-As-Usual

The solution of the equilibrium under business as usual, is obtained by setting

w(ke, By, t) = 0 for each state (k;, E;) and every t. and reducing the system of
equations (63) to

(Asset Pricing Equation)

F1<p(kt; Et, t), /,L(kt, Et, t), k't, Et, t) =0
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C.4 The Derivative of Price with Respect to Abatement

Opt

0;1,1
on the asset price. This differs across planners. While in every equilibrium we

The derivative captures how the planner evaluates a change of mitigation
have the asset price equation 3 holding, i.e. p; = (prr1(1—0) 471 (1d, pY)) /o4,

the derivative varies across planners:

1. Our current sophisticated planner takes investment as given (the
Nash assumption) but recognizes that the asset price depends on the
next-period stock of carbon. This planner has rational expectations in-
sofar as she correctly anticipates the current level of investment but she
is unaware of the supply function, i, = z (p;) g (ki, Et, i, t), that fixes the
relation between i and p (for a given ;). This means that the planner
takes into account both expressions in the sum, i.e. the effect of mitiga-
tion on today’s assets includes the change of mitigation on tomorrow’s
rental rate (but only via the lower stock of carbon, not via changes on
investment and tomorrow capital price) and tomorrow’s asset price.

Ipe_ O[(Pe1 (1 = 0) + rea (1, 7)) /4]

£t = RHS(u?, p!
I I (Mt pt)

a In order to solve the problem for this planner, we use the function
pir1 = VY (k, Eiypq,t + 1) obtained from iterating on the asset
price equation up to the period ¢ + 1.

b We substitute this function into the asset price equation 3. Using the
equations for w and r, and taking k;.; as given (due to the Nash
assumption) we obtain an equation for p; as a function of y;, given
ki, ki1, and Fy and t; call this function p, = = (k¢, ki1, Er, i, t).

¢ The planner sets g% equal to g—i and we have

E(pf, i) = LHS (g, p}) — RHS (g, pY)

2. Our business-as-usual planner takes both investment and (asset and

Ipe

factor) prices as given. As a result, oy = 0 and equilibrium mitigation
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is zero (at its lower bound). The LHS expression above will always be

negative. The planner would like to choose negative mitigation levels.
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