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Abstract

At what rate should policy-makers discount the future? One influential view posits that the
social discount rate should be set below the market rate of return. This idea has risen to
renewed prominence in climate change economics (e.g., Stern, 2006). This paper formalizes
the broader policy implications of this view by characterizing jointly optimal environmental
and fiscal policies in a dynamic general equilibrium climate-economy model with differential
planner-household discounting. First, I show that decentralizing the first-best allocation
requires not only high carbon prices but also fundamental changes to tax policy: If the
government discounts the future less than households, implementing the optimal allocation
requires (i) capital income subsidies, and/or (ii) decreasing labor income taxes, and/or (iii)
decreasing consumption taxes. Second, for a ’Sternian environmental planner’ who can set
carbon prices but cannot change income taxes, the constrained-optimal carbon tax is up
to 50% below the present value of marginal damages (the social cost of carbon) due to
the general equilibrium effects of climate policy on household savings. Third, given the
choice to optimize either carbon or capital taxes, the Sternian planner’s welfare ranking is
ambiguous and depends critically on the intertemporal elasticity of substitution. Overall,
in general equilibrium, a policy-maker’s choice to adopt differential social discounting may
thus overturn conventional recommendations for both environmental and fiscal policy.

Keywords: Discounting, social discount rate, carbon taxes, Ramsey taxation, distor-
tionary taxes, general equilibrium climate-economy model

*Brown University, Department of Economics and Institute at Brown for Environment and Society (IBES).
Contact Email: lint barrage@brown.edu. I thank Jesse Shapiro for the inspiration for this paper’s research
question and for detailed comments and support. I also thank Cihan Artunc, Laura Bakkensen, Neil Mehrotra,
Mark Roberts, Kieran Walsh, and seminar participants at the Yale Energy and Environment Day, the Columbia
Sustainable Development Seminar, ICMAIF 2016, and AERE 2016 for their comments.



1 Introduction

How should policy-makers discount the future? Economists have long debated the appropriate
social rate of discount[l] Recently, in the context of the economics of climate change, social dis-
counting has again risen to the forefront of academic and policy debates (e.g., Arrow et al., 1995;
2012). As the impacts of greenhouse gas emissions occur over long time horizons, optimal climate
policy depends critically on discounting parameters (Nordhaus, 2007, 2008; Interagency Working
Group, 2010). One influential view posits that it is "ethically indefensible" to discount the util-
ity of future generations, as famously stated by Frank Ramsey in his original work on optimal
savings (Ramsey, 1928). Economists embracing this view have incorporated near-zero pure rates
of social time preference into their models, yielding aggressive climate policy recommendations
(Stern, 2006; Cline, 1992). This approach has been controversial for several reasons, including
the fact that it does not align with households’ intertemporal preferences as revealed through
their savings behavior (Nordhaus, 2007; Dasgupta, 2008). Indeed, Ramsey himself noted that
"the rate of saving which the [zero-discounting optimality| rule requires is greatly in excess of
that which anyone would normally suggest" (Ramsey, 1928). While Ramsey’s ethical critique is
widely cited in support of near-zero discounting, his work also reminds us that such discounting
may not match household behavior. Several studies have thus proposed frameworks where agents
and the planner discount utility differently (e.g., Farhi and Werning, 2005, 2007, 2010; Kaplow,
Moyer, and Weisbach, 2010; Goulder and Williams, 2012; von Below, 2012; Belfiori, 2016).
This paper formalizes and quantifies the broader policy implications of differential discounting
in a dynamic general equilibrium climate-economy model. While it has been noted that social
discounting should affect, e.g., capital allocations (e.g., Manne, 1995; Caplin and Leahy, 2004;
Goulder and Williams, 2012), few studies have formalized these effects. I build on related prior
work (Farhi and Werning, 2005, 2007, 2010; von Below, 2012, Belfiori, 2016) in three ways:
First, I show that differential discounting fundamentally alters optimal tax policy prescrip-
tions. In a first-best setting, decentralizing the optimal allocation requires both high carbon taxes
and capital income subsidies. Intuitively, this is because households are too impatient from the
planner’s perspective, and consequently fail to invest sufficiently in the economy’s capital stocks.
While this insight was previously formalized by von Below (2012) in the first-best] I further

1 This vast literature ranges from debates on the fundamental principles of what discounting should capture

(e.g., Baumol, 1968; Sen, 1982; Lind, 1982) to modern treatments about the implications of factors such
as heterogeneity (e.g., Gollier and Zeckhauser, 2005; Heal and Millner, 2013), uncertainty (e.g., Newell and
Pizer, 2003; Gollier and Weitzman, 2010), the structure of preferences (e.g., Caplin and Leahy, 2004), and
commitment (Sleet and Yeltekin, 2006), inter alia.

Belfiori (2016) also considers energy policy under differential discounting in the first best, but focuses on
a setting with a consumption-production good (oil) that is a scarce resource. She shows that this fossil
resource is depleted too quickly from the planner’s perspective when he values future generations differently
than households, analogous to insufficient capital investment here. She further shows that Pigouvian carbon



show that it extends to a more realistic fiscal setting where government revenues must be raised
from distortionary taxes. If the government values the future more than households, I show
that decentralizing the optimal allocation requires (i) capital income subsidies, (ii) labor income
taxes that decrease over time, and/or (iii) consumption taxes that decrease over time. On the one
hand, these policies stand in stark contrast to the classic prescriptions with standard discount-
ing: zero capital income taxes, constant (smooth) labor income taxes, and constant (uniform)
consumption taxes (see, e.g., Chari and Kehoe, 1999; Atkeson, Chari, and Kehoe, 1999). On the
other hand, the result on capital income subsidies aligns with Farhi and Werning (2005, 2010),
who study differential discounting in a Mirrleesian economyf| with overlapping generations. They
show that the constrained-efficient allocation can be decentralized by negative marginal estate
taxes, indicating that bequests should be subsidized. Even though the Mirrleesian and Ramsey
settings can generally lead to different tax policy recommendations, with differential discounting,
the results of this paper thus suggest that both frameworks imply the desirability of (effective)
savings subsidies.

Second, I consider the more realistic policy problem of an environmental planner who cannot
create capital income subsidies. This setup is motivated by the observation that climate and fiscal
policy are often set separately, and that capital income is taxed in many countries. I find that an
environmental planner with "Sternian" preferences may not want to impose a "Sternian" carbon
tax (i.e., a tax equal to the socially discounted marginal damages of emissions) if he cannot
subsidize savings at the same time. More formally, the constrained-optimal carbon tax must be
adjusted for the general equilibrium effects of climate policy on households’ incentives to save:
(i) If climate change decreases the returns to capital investments, a component must be added to
the optimal carbon tax. (ii) If energy and capital are complements in production, a component
must be subtracted from the optimal carbon tax. Intuitively, without a capital income subsidy,
private savings are too low. To the extent that climate policy decreases (increases) the returns to
capital, it therefore exacerbates (mitigates) this inefficiency, and must be adjusted accordinglyﬂ
Theoretically, the net sign of these adjustments is ambiguous.

Third, I therefore empirically quantify optimal policies and welfare by integrating differen-

tial discounting into modified versions of two climate-economy models. In order to match the

taxes are no longer sufficient to decentralize the optimal allocation, and presents several decentralizations
that address both the depletion and emissions externalities, including in a cap-and-trade setting.

In this setting, tax policy is designed to trade off insurance and incentives for agents that experience unob-
servable productivity shocks, and, with differential discounting, face the risk of being born into families with
more or less productive parents. Distortions arise as the planner can only observe households’ output, but
not their work effort or productivity. In contrast, in the Ramsey setting considered here, distortions arise as
the planner must raise a set amount of revenues but is assumed to be unable to impose lump-sum taxes.
One could also ask how capital should be taxed when carbon cannot be priced. For a treatment of this issue
in a decentralized economy with altruistic households that invest in dirty capital to protect their offspring
against climate change (but thereby exacerbate the externality), see Asheim and Nesje (2016).



benchmark theoretical framework, I first employ the generalized numerical implementation of
Golosov, Hassler, Krusell, and Tsyvinski’s model (2014) by Barrage (2014). In order to consider
the extended theoretical framework with endogenous labor supply and distortionary taxes, I then
integrate differential discounting into the COMET model (Barrage, 2015). The COMET builds
on the seminal DICE framework of Nordhaus (see, e.g., 2008, 2010) by incorporating government
expenditures, fiscal policy choice, endogenous labor supply, and a separate accounting of climate
damages affecting production (e.g., agriculture) versus direct utility losses (e.g., biodiversity
existence value, damage to archaeological sites, etc.).

The central quantitative results are as follows. Adopting the pure rate of social time pref-
erence advocated by Stern (2006) (0.1% per year) dramatically increases the optimal carbon
price, as expected. Depending on the intertemporal elasticity of substitution, optimal carbon
taxes range from $30-$62 per metric ton (mtC, $2005) with standard discounting, but increase
to $42-$486/mtC with social discounting. This policy limits global temperature change to 2°C,
compared to 3°C' optimal peak temperature change when the planner adopts households’ pref-
erences. Decentralizing these allocations also requires an investment subsidy of ~ 15% in the
first-best, and capital income subsidies beginning at 30% and increasing to 65% by 2100 in the
COMET ]| With distortionary fiscal policy, social discounting further changes optimal labor taxes
from a constant rate of 41% to a high initial rate of 53% that decreases to 36% by the end of
the century. Overall, these results indicate that differential social discounting at the parame-
ters advocated in the literature would imply quantitatively large departures from current policy
practice and standard recommendations.

Next, solving the "environmental planner’s problem," I find that optimal carbon taxes are
5-50% lower when the planner cannot subsidize savings. Intuitively, this is because higher energy
prices reduce the marginal product of capital, thereby reducing the return to savings even further
away from its social optimum. Since the planner cares about the overall level of assets given to
future generations - both natural and man-made - he adjusts carbon taxes downward to mitigate
their undesirable effects on capital accumulation. While the size of this adjustment is sensitive to
the parameters, the results imply that a constrained fiscal environment may significantly decrease
optimal carbon taxes even from the perspective of a socially discounting planner.

Finally, I compare the welfare gains from optimizing carbon versus capital income taxes
from the perspective of a planner with a near-zero pure rate of social time preference. Perhaps
surprisingly, the relative importance of these policies is ambiguous, and depends critically on the
intertemporal elasticity of substitution. A "Sternian" social planner with logarithmic preferences

would indeed achieve significantly larger welfare gains from setting climate policy instead of fiscal

5 The investment subsidy considered in the first-best also falls on undepreciated capital and is thus not directly

comparable to the standard capital income subsidy considered in the COMET.



policy. However, for a consumption elasticity of o = 1.5 (e.g., Nordhaus, 2008), the welfare gains
from capital income subsidies are estimated to be higher than those from increasing carbon
taxes (from privately discounted to socially discounted levels). While these calculations abstract
from many important complexities, and are thus subject to numerous caveats, they do illustrate
that climate protection is only one of various investments society can make to benefit future
generations (e.g., health, education, private capital, etc.)ﬂ A government that weighs the utility
of future households more highly than its citizens should thus incentivize larger investments in
all such assets according to their real rates of return.

The remainder of this paper proceeds as follows. Section [2] sets up the benchmark model
and describes policies that decentralize the optimal allocation in the first-best. Section |3| char-
acterizes constrained-optimal climate policy for an environmental planner who cannot subsidize
capital income. Section [4] presents the extension to a setting with distortionary taxes. Section

summarizes the calibration and the quantitative results. Finally, Section [6] concludes.

2 Benchmark Theoretical Model

2.1 Decentralized Economy

Households
An infinitely-lived["] representative household has well-behaved preferences over an aggregate

consumption good C} and the stock of carbon concentrations S;, with lifetime utility:
Uo =) BLU(C: S) (1)
t=0

The household’s pure rate of social time preference p; defines the private discount factor 5 =
1/(1+ py). This specification differs from GHKT and von Below (2012) by allowing carbon con-
centrations to affect both utility and output. Utility impacts represent non-production effects
such as damages to cultural heritage sites. Section |3| shows that this distinction is important for
constrained-optimal climate policy design. The household earns income from labor L, (inelasti-
cally supplied in the benchmark but endogenized in Section , return r,,, on capital holdings

K, (net of depreciation ¢ and capital income tax 7y, ), and profits II; from the energy production

6 Goulder and Williams (2012) make this point theoretically. Here, I provide quantitative evidence from a

well-known climate economy model (GHKT) to support their assertion.

As noted by Farhi and Werning (2005), there is an equivalence between a dynastic household with a lower
discount factor than the planner - as in this paper - and an overlapping generations setting where the planner
values each generation both directly and through current households’ valuation of their descendants. See
also Belfiori (2016) for a formal mapping between a planner’s Pareto weights on future generations and the
social discount factor.



sector, with associated flow budget constraint:
Ct+Kt+1 S tht+ {1 —(5+Tt} (1 _Tkt)Kt+Ht +Gt (2)

where (G; denotes government lump-sum transfers. This benchmark version of the model abstracts
from consumption and labor taxes as they are not needed to decentralize the first-best allocation.
That is, as the only distortions in the economy are the climate externality and the difference in
planner and household discount rates, the two tax instruments considered - capital and carbon
taxes - are sufficient to decentralize the optimal allocation] The household seeks to maximize

subject to (2)), yielding the following savings optimality condition:

Uct

Uct—l— 1

=Bl =0+ 711} (1 — Treea) (3)

where U,; denotes the marginal utility of consumption in period ¢.

Production

Aggregate output Y; is produced competitively using capital K;, labor LY, and energy FE; inputs
in a constant returns to scale (CRS) technology that satisfies the usual Inada conditions. Output

further depends on carbon concentrations S; and technology A, :
th = F<At(st);KtaLz/>Et) (4)

Profit-maximizing firms equate marginal products with factor prices in equilibrium:

FLt = Wt (5)
Frp = 14
Fpe = pr

where F; denotes the marginal product of input j at time ¢, and pg; is the price of energy. Final

output can be consumed or invested, with associated aggregate resource constraint:

Ct —|— Kt-i—l - }/t + (1 - 5)Kt (6)

The energy input F; is assumed to be produced with labor inputs L and CRS technologyﬁ

E, = Gy(LY) (7)

8
9

Of course, other combinations of taxes could also decentralize the optimal allocation.
See Belfiori (2016) for a detailed treatment of non-renewable resource dynamics with differential discounting.



Labor is perfectly mobile across sectors (L; = LY + L), implying that wages will be equated
in equilibrium. Finally, the statutory incidence of excise carbon fuel taxes 7g; is on energy

producers, whose profit maximization problem and condition in each period t are given by:

I%%X<pEt - TEt)Gt(Lf) - thf

= (ppt — TE)Gre = Wy (8)

Environment
Atmospheric carbon concentrations S; are a function S; of initial concentrations Sy and emissions

E; dating back to the start of industrialization at time —T :

St = ‘/STt(SOuE—T7E—T+17”'7Et) (9)

8Sit;

with 555 > 0Vj > 0. Note that energy inputs £; are measured in tons of carbon-equivalent.

2.2 Planner’s Problem: First-Best Policy

The government seeks to maximize households’ lifetime utility , but can choose to discount the
future at a different rate than agents. Let the government’s pure rate of social time preference p
define the social utility discount factor via B = 1/(1+ p). In the first-best setting the planner
has access to an unrestricted set of policy instruments, and maximizes socially discounted utility
subject to aggregate production , the resource constraint @, the climate change constraint
@, energy production @, and the labor resource constraint (see Appendix). The optimal
allocation can then be characterized as follows. First, combine the planner’s first-order conditions
(FOCs) with respect to energy E;, carbon concentrations Sy, and consumption C; to obtain the

standard optimality condition that the social marginal costs and benefits of carbon energy usage

be equated:
00
8}/; 2 B] |:Uct+j a}/;erj + USt+j 8St+j - Wy (10)
& = G
@.t/ =0 Uct aSt+j Uct 8Et BLE,‘
— t
Marginal h ~— / R ,
product of SDV of marginal MC of .
energy damages from energy production
carbon emissions (in C; units)

Next, combining the planner’s FOCs with respect to consumption C; and capital K, yields the

planner’s Euler equation:

1 Uy

[FKt+1 " (1 N 5)] N % Uct+1

(11)




2.2.1 Decentralization and Optimal Tax Rates

Comparing the planner’s optimality conditions with those governing the behavior of households

and energy producers in decentralized equilibrium, it is easy to show the following;:

Result 1: The first-best allocation can be decentralized by the combination of a carbon tax set

equal to the socially discounted value (SDV) of marginal damages of emissions at the optimum,

— i [ Uetrs ey | Usiyy | 950
* - J J J t+j J 12
T = 20 T | 12
= SDV/[Output Damages+ Utility Damages/ (13)

and a capital income subsidy to equate the social and private marginal returns on savings:

Tkisn = 1 — g_li (14)

Proof: See Appendix A. With standard or "descriptive" discounting where the government adopts
household preferences (8, = ), the optimal capital income tax is thus zero. If, however, the
planner is more patient than the household, 5, > By, then the optimal capital income tax is
negative, 73, < 0. This theoretical need for a capital income subsidy with differential dis-
counting was previously formally demonstrated by von Below (2012)[1—_5] and also mentioned by
e.g., GHKT. However, this prescription stands in stark contrast to the common policy practice
of taxing capital income. The next two sections thus introduce two layers of realism into the
analysis: (1) separation of policy powers, and (2) government revenue requirements that must
be met through distortionary taxes. Both model features lead to fundamentally different envi-
ronmental and tax policy prescriptions with social discounting compared to classic results in the

literature.

3 Constrained-Optimal Climate Policy

The previous section showed that, if the government discounts the future less than households,
then achieving the first-best allocation theoretically requires capital income subsidies. In real-
ity, however, both academic debates and policy decisions surrounding carbon pricing are often

made separately from fiscal policy. Consequently, this section characterizes constrained-optimal

10 Specifically, expression is the same as derived by von Below (2012). However, condition differs
in allowing for utility damages and more general preferences (i.e., non-logarithmic), but abstracting from
Hotelling dynamics in energy production. Both the extensions to constrained and distortionary fiscal settings
presented below are also novel in this paper.



climate policy from the perspective of a "Sternian environmental planner" who believes in social
discounting but cannot subsidize savings. More formally, in the primal approach, the no-capital

subsidy constraint can be formalized as follows:

Uct

m = FKt+1(1 - Tk:) < FKt—H (15)

In addition to , I now assume that carbon and consumption enter the household’s utility
separably. The Online Appendix formally shows that non-separability does not change the

results presented below, but may add another term to the optimal carbon tax formulationfj]

Proposition 1 The constrained-optimal carbon tax not only internalizes the socially discounted
value (SDV) of marginal damages of carbon emissions, but must also account for the effects of

climate change and energy tares on capital returns and thus incentives to save:

Ty = SDV[Output Damages+ Utility Damages]
+ Climate Investment Incentives Adjustment

+FEnergy Use Investment Incentives Adjustment

In particular:
(1) If climate damages decrease the returns to capital investments, a component must be added

to the optimal carbon tax T3,

Climate Investment Incentives Adjustment (16)
o OSuj [ ke
j . if_ j
x ;BG OE, ( 951

Climate damages to

marginal product of capital

(i1) If energy and capital are complements in production, a component must be subtracted

11 Non-separability specifically implies that the planner must account for the effects of climate change on the

household’s intertemporal marginal rate of substitution if the shadow value of capital subsidies is changing
over time. Both for parsimony and given the limited empirical evidence on how direct utility impacts of
climate change (e.g., damages to cultural heritage sites) enter households’ preferences, Proposition 1 thus
focuses on the benchmark case with separability.



from the optimal carbon tax 7%, :
Energy Use Investment Incentives Adjustment
Ykt
M J—
OF;
—_——

Energy use effect on

marginal product of capital

(11i) The constrained-optimal tax can be higher or lower than the SDV of marginal damages

(the social cost of carbon).

Proof: See Appendix A. The central implication of Proposition 1 is that an environmental planner
with "Sternian" preferences may not actually want to impose a "Sternian" carbon tax (i.e., a tax
equal to the socially discounted marginal damages of emissions) if he cannot subsidize savings
at the same time. Intuitively, this is because the planner cares about the overall level of assets
given to future generations - both natural and man-made - and consequently takes into account
the general equilibrium effects of carbon taxes on households’ savings behavior. Without a
capital income subsidy, private savings are too low. Consequently, climate policy’s impacts on
private investment can now have first-order welfare effects, analogous to settings with pre-existing
distortions from income taxes (e.g., Bovenberg and Goulder, 1996) or imperfect competition (e.g.,
Ryan, 2012). On the one hand, carbon taxes should be increased (all else equal) to the extent
that climate change will decrease the marginal product of capital. Intuitively, this is because
these damages reduce private returns to savings even further away from the social optimum/”]
On the other hand, carbon taxes should be reduced (all else equal) to the extent that energy price
increases lower the marginal product of capital. Intuitively, this is again because households are
already insufficiently incentivized to save, implying that any further decrease in the marginal
product of capital due to higher energy costs will exacerbate this social inefficiency. In seeking
to optimize future generations’ overall welfare, a Sternian environmental planner should adjust

climate policy to take these effects into account.

4 Distortionary Fiscal Setting

The analysis presented so far has implicitly assumed that governments can impose lump-sum
taxes. In reality, however, public funds must be raised through distortionary instruments, such

as labor income taxes. This section thus adds government revenue requirements and linear tax

12 A first-order importance of the nature of climate damages - holding levels constant - has also been documented

in the presence of pre-existing tax distortions (e.g., Williams, 2002; Barrage, 2015).

10



instruments in the Ramsey tradition (see, e.g., Chari and Kehoe, 1999) to the model. The
objectives of this extension are to study both (i) the robustness of the desirability of capital
income subsidies to a setting where they must be financed with distortionary taxes, and (ii) the
broader fiscal policy implications of differential social discounting. The latter question has been
of independent interest in the public finance literature (e.g., Farhi and Werning, 2005, 2007,
2010), to which this paper adds an analysis in the Ramsey setting.

First, I introduce preferences for leisure, changing household utility to:
Up= > BLU(Ci Ly, Si) (17)
=0

Second, the household is now subject to labor and consumption taxes as well as more realistic

capital income taxes (falling only on returns net-of-depreciation):
(1 + Tct)Ct + ptBt+1 + Kt+1 S 'lUt(]_ — Tlt)Lt + {]_ ‘l— (Tt — 6)(1 — Tk‘t)} Kt + Bt + Ht (18)

Here, 7., denotes the consumption tax in period ¢, B;,; is purchases of one-period government
bonds at price p,, K; 1 denotes the household’s capital holdings in period t+1, 7 the linear labor
income tax, 7 the linear net-of-depreciation capital income tax, B; repayments of government
bond holdings, and the remaining variables are as defined above. The household’s optimality

conditions for its labor-consumption and savings decisions in this setup become:

—Uy i wi(1 — 7y4)

Uct B (1+Tct) (19)

Uct
Uct+ 1

(]_ + Tct)
(1+Ters)

The government must finance an exogenously given sequence of revenue requirements {G}2,,.

= B AL+ (141 — 6)(1 — Trey1)} (20)

As is common, Gy is first modeled as wasteful government consumption. The quantitative version
of the model further adds social transfers to households. The government can raise revenues by

issuing bonds and levying taxes, with corresponding flow budget constraint:
Gt + BtG == Tlttht + Tctot + Tkt(rt — (S)Kt + TEtEt + ptBtG—i-l (21)

It should be noted that not all of these tax instruments are needed to form a "complete" tax
system (Chari and Kehoe, 1999). That is, the same allocation can be decentralized by many
different tax systems that correspond to the same overall wedges between the relevant marginal

rates of substitution, as can be readily seen for the use of either 7, or 7., to create a wedge in

11



the consumption-leisure tradeoff . I thus consider both a version of the model where the
untaxed numeraire is the consumption good or capital investments, respectively.

Competitive equilibrium in this economy is defined in the standard way, with the addition of
the carbon cycle constraint and pre-industrial concentrations Sy as initial condition. The govern-
ment’s objective is to implement the competitive equilibrium that yields the highest household
lifetime utility - discounted at the social rate 3 - for a given set of initial conditions (K,
By, So, Tro, Teo). As is standard, the initial capital income tax Ty and consumption tax 7. are
assumed to be exogenously given as they can otherwise be used as effective lump-sum taxes. 1
also assume that the government can commit to a sequence of capital income taxes{TE]

The set of allocations that can be decentralized as a competitive equilibrium can be charac-
terized by two sets of constraints: feasibility and an "implementability" constraint that captures
the optimizing behavior of households and firms. In the present setting, it is straightforward to
show (see Chari and Kehoe, 1999, for a general discussion, and Barrage, 2015, for a derivation
in a climate-economy model very similar to the present framework) that the implementability

constraint that must be added to the planner’s problem is given by:

+¢ Zﬁﬁq(UctCtj UnlLi) — { Yoo [Ko {1+ (Fgo —0)(1 - T_ko)}]} (IMP)

-0 1+ Tco

=W

where ¢ denotes the Lagrange multiplier on (IMP). The main difference between and
the standard setting is that one must be careful to employ the household’s discount factor 3
rather than the planner’s S, in the derivation of as it captures the optimizing behavior
of households. Letting W; = (U4Cy + U L;) denote the bracketed term on the left-hand side of

(IMP), the planner’s problem leads to the following characterization of optimal tax policy:

4.1 Capital Income Taxes

This section formally shows that capital income subsidies remain desirable if the government
values the future more than households, even if they must be financed through distortionary

taxes. First, note that the planner’s FOCs (for ¢ > 0) imply that the net return on investment

13 This assumption is common (see discussion in Chari and Kehoe, 1999) in the Ramsey taxation literature,

but is known not to be without loss of generality (e.g., Klein and Rios-Rull, 2003; Benhabib and Rustichini,
1997). However, focusing on carbon taxes alongside other distortionary taxes, Schmitt (2013) finds that
relaxing the assumption of commitment has only a minor quantitative effect on optimal policy.

12



should evolve according to:

[(g—i)t Uet + ¢Wct:|

{(%)Hl Uet+1 + ¢Wct+1:|

Pul(l =0) + Frip] = (22)

where W, denotes the partial derivative of expression W; in (IMPJ) with respect to consumption
at time t. Conversely, in the decentralized economy, the representative household’s optimality

condition for savings (when consumption is the untaxed numeraire) is given by:

Uct

Uct—l— 1

Bu L+ (Frerr = 0)(1 = Thaa)] = (23)
Whether and what kind of capital income tax 74, is needed to align private (23| and public
savings rules thus depends on W, and hence the utility function. I proceed considering
two commonly used constant elasticity of substitution preferences that satisfy consistency with
balanced growth (see King, Plosser, and Rebelo, 2001):

U(Cy, Ly, S) = logCy+ v(Ly) + 9(Sy) (A)
U(Ch L, S) = % +9(S,) (B)

where v(L;) is an increasing and concave function of leisure (1 — L;). With preferences of the
form (A), it is straightforward to show that W, = 0. Consequently, the planner’s optimality
condition for investment becomes:

Bul(1= )+ Frar] = 71 (22) 21

Comparing and demonstrates that the capital income tax required to decentralize the
optimal allocation for ¢ > 1 is defined by:

S <5H — 5G> (Fri1 —0+1)
kt+1 6[—[ (FKt-‘,—l _ 5) :

It immediately follows from expression that, if the government is more patient than house-

(25)

holds (85 > By), the optimal capital income tax is negative, or a subsidy. Conversely, with
standard discounting (8, = ), the optimal tax term reduces to zero, in line with the
classic policy prescription that capital distortions are undesirable in a wide range of settings

(Atkeson, Chari, and Kehoe, 1999; Judd,1999; Chari and Kehoe, 1999, etc.).
For preferences of the form (B), one can easily show that W, = Uy[l — 0 — (1 — 0)].

13



Substituting into the planner’s optimality condition for savings and comparing it with the
household’s , Appendix B show that the optimal capital income tax is defined by:

= (7). e
where
(5) ™ ol -0 —a01- )]

As before, with standard discounting (8, = (), we see that w; = 1 and that the optimal
capital income tax (26]) reduces to zero. In contrast, if the planner values the future more than
households (8, > (), Appendix B shows that 0 < w; < 1, and that capital income taxes

must be negative. Proposition 2 summarizes these findings:

Proposition 2 If the social planner values the future more than households (6o > By ), and if
preferences are of the forms (A) or (B) and consistent with balanced growth, then the optimal
tax policy requires a capital income subsidy for all periods t +1 > 1, even when the necessary

revenues must be raised through distortionary taxes.

Proof: See Appendix B.

4.2 Consumption Taxes

While the previous section treated the consumption good as the untaxed numeraire, the optimal
allocation can also be decentralized by a fiscal system of consumption, labor, and emissions
taxes. In particular, consider a decentralized economy where capital investments are the untaxed

numeraire. The household’s optimal savings condition then becomes:

Uct
Uct+ 1

For separable preferences of the form (A), comparison of with the planner’s optimality

(14 74)

(1 + Tct+1)

= B [(1 = 06) + Fii1] (28)

condition for savings shows that, on order to decentralize the optimal allocation, consump-

tion taxes for ¢ > 0 must satisfy:
(1+75) B

(1+7%) B Ba

Condition immediately implies that consumption taxes must be decreasing over time (for

(29)

t > 0) if the government values the future more than households (5, > ). The intuition for

this result is straightforward: Capital income taxes are equivalent to ever-increasing consumption
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taxes, as shown by Judd (1999). Consequently, the need for capital income subsidies - an incentive
to increase savings and delay consumption - can be met through ever-decreasing consumption
taxes. For example, given the pure rate of social time preference advocated by Stern (8, = 0.999)
versus the private rate adopted by Nordhaus (5, = 0.985)E condition implies that the real
after-tax price of consumption should decrease by 1.4% per year.

Similarly, for preferences (B), comparison of the household’s Euler Equation (28) with the

planner’s optimality condition shows that the optimal consumption tax sequence must satisfy:

(1+ th+1) _ {<Z_§>t Toll—o—n(1- O-)]} (30)

N [ T T——)

If the government discounts the future less than households (S, > ), then the denominator on

the right-hand side of is larger than the numerator. Consequently, the optimal consumption

tax sequence must be decreasing over time. Proposition 3 summarizes these results:

Proposition 3 If the social planner values the future more than households (Bo > By ), and if
preferences are of the form (A) or (B), then the optimal consumption tax is decreasing over time
forallt > 1.

In contrast, with standard discounting (8, > (p), it is clear from and that the
optimal consumption tax (for ¢ > 0) is constant over time. Intuitively, the standard case can be
understood both through the classic uniform commodity taxation result applied to consumption
over time (see, e.g., Chari and Kehoe, 1999), and in terms of the equally classic result that
intertemporal distortions are undesirable in a wide range of settings (see, e.g., Judd, 1985, 1999;
Atkeson, Chari, and Kehoe, 1999; Acemoglu, Golosov, and Tsyvinski, 2011). Social discounting

thus overturns both well-known public finance recommendations.

4.3 Labor Income Taxes

This section shows that social discounting can imply that labor income taxes should be decreas-
ing over time, in contrast with the standard policy prescription that tax distortions should be

smoothed. First, the planner’s FOCs imply the following social optimality condition for the

14 Tt should be noted that Nordhaus (e.g., 2008) calibrates 3, = 0.985 jointly with an inverse intertemporal

elasticity of substitution ¢ = 1.5 to match observed rates of return as per the Ramsey equation. For
logarithmic preferences (o = 1) as employed by Stern (2006), the descriptive approach would thus in principle
require an even lower private discount factor (higher pure rate of social time preference).
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consumption-labor tradeoff for ¢ > 0:

(—U/Us) Wa o Wi 1(Bx\
B, LT {U_Cﬁ UctFLt] (@) (31)

In the decentralized economy, going back to the case where consumption is the untaxed numeraire,

the household’s intratemporal optimality condition is given by:

—Un/Us

FLt = (1 — Tlt) (32)

Comparing and reveals that the optimal allocation can be decentralized by a labor tax

implicitly defined by:
* ct [ [ it BH ‘
— (- - 33
i = (20 {Ud " UctFLJ (BG %)

For a given allocation, differential discounting with 5. > (; would thus imply decreasing labor

income taxes compared to the standard case where S, = (. However, as the optimal allo-
cation depends on (., one must again consider specific utility functions to formally assess the

implications of social discounting. Consider the following functional form for v(L;) in (A):

U(Ct, Lt, St) = log Ct — UlLZ;Q + 7.9(St) (A,)

It is easy to show that (A’) is increasing and concave in leisure as long as v; > 0 and vy > 1. If
preferences are of the form (A'), W), = Ujvy and W, = 0. Substituting into the planner’s opti-
mality condition , rearranging, and comparing with the household’s labor supply condition
demonstrates that the optimal labor income tax (for ¢ > 0) is implicitly defined by:

o (3)] o

*_
T =1—

Ba

With standard discounting (8, = Bj), it is clear from that the optimal labor income
tax would be constant over time, and depends only on leisure preference parameter v, and the
tightness with which the implementability constraint binds ¢. However, if the planner is more

patient than households (85 > ), this tax smoothing result is overturned:

Proposition 4 If the social planner values the future more than households (Bo > By ), and if
preferences are of the form (A’), then optimal labor income taxes are decreasing over time for
t> 1.

Proof: This result follows directly from the optimal labor tax expression gwen the as-
sumption that vy > 1 and the fact that the Lagrange multiplier on (IMP) is ¢ > 0.
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For preferences that are non-separable in consumption and leisure, the quantitative results

in Section [5] suggest that optimal labor income taxes are also decreasing for the specification]™]

(Cy(1 = Ly)")'

l1—0

U(Ct, Ly, Si) = +9(S) (B’)
Analytically, however, it is difficult to evaluate the rate of change in 7, for (B’) as the optimal tax
depends on the optimal labor allocation at time t, which is itself endogenous. Overall, however,
both Proposition 4 and the quantitative results demonstrate that differential social discounting

can overturn the classic policy prescription that tax distortions should be smoothed across time.

4.4 Distortionary Fiscal Setting Theory Results Summary

The central theoretical finding is that the adoption of different social than private discount rates
fundamentally alters optimal policy prescriptions in the Ramsey optimal taxation framework. In
the benchmark setting with descriptive discounting - where the planner adopts the household’s
discount rate (8, = fBy) - the optimal allocation can be decentralized by zero capital income
taxes, constant labor taxes, and/or constant consumption taxes. In contrast, if the planner
decides to value the future more than households (8, > (), then for some commonly used
utility specifications I show that the optimal tax system features capital income subsidies, labor
income taxes that are decreasing over time, and/or consumption taxes that are decreasing over
time. To the best of my knowledge, these implications of differential discounting have not been

previously formalized in this setting.

5 Quantitative Analysis

5.1 Calibration

This section assesses the quantitative importance of differential social discounting by extending
two dynamic general equilibrium climate-economy model calibrations of the presented framework:

GHKT-B: First, in order to match the benchmark theoretical model, I build on the gen-
eralized numerical implementation of Golosov, Hassler, Krusell, and Tsyvinski’s model (2014)

(GHKT) by Barrage (2014), which allows for general CRRA preferences (U(C}) = 031:‘70—1)_ Here,

15

I now focus on specification (B’) as opposed to (B) since the latter has some undesirable implications with
regards to labor income taxes. In particular, with preferences (B) the optimal labor income tax would be
zero for t > 0, implying that all revenues should be raised through labor income taxes at t = 0 and period
t = 1 capital income taxes. While a similar result has been discussed, e.g., by Jones, Manuelli, and Rossi
(1997) in a setting with human capital accumulation and with regards to long-run taxes, here this stark
result is simply driven by formulation (B). Consequently, I focus on the more common (B’), which has been
used in classic studies such as Kydland and Prescott (1992) or Christiano and Eichenbaum (1992).
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I introduce two new elements. First, I allow for differential discounting between households and
the planner. Second, I introduce a nested CES production structure to consider capital-energy
elasticities of substitution below unity. In contrast, the standard GHKT framework focuses on
Cobb-Douglas technology. In particular, based on a review of the literature by van der Werf
(2008), I consider the following structure:

€

Y, = (1 _ D(St)) A, |:% [K?Lifa}% + (1 - %) [Et]s;] =1

where ¢ denotes the elasticity of substitution between energy inputs E; and the capital-labor
aggregate. In addition to these changes, I also simplify the energy sector representation compared
to GHKT. Appendix C describes these changes and calibration details.

COMET: Second, in order to quantify optimal policies in the extended theoretical frame-
work with endogenous labor supply and distortionary taxes, I integrate differential discounting
into the COMET model (Barrage, 2015). The COMET builds upon the model structure pre-
sented above and on the seminal DICE framework of Nordhaus (see, e.g., 2008, 2010), which is
one of three models currently used by the U.S. Government to value the social cost of carbon
(Interagency Working Group, 2010). The COMET expands upon DICE in several ways, includ-
ing preferences for leisure and the climate, energy production, tax policy choice, and government
spending requirements (see Barrage, 2015). In particular, household utility in the COMET

mirrors specification (B’):

(35)

l1—0 l1—0

(1 —cLy)]' 2)~(1-0)
U(Cy, Ly, T;) = {[Cf, (1 —cLy)"] } N (14 aoT?)

The additional parameter ¢ is introduced in order to ensure that the calibration can simultane-
ously match (i) a desired intertemporal elasticity of substitution (¢ = 1.5), (ii) a Frisch elasticity
of labor supply of 0.78, and (iii) and to rationalize base year (2005) labor supply as estimated
from OECD data (see Barrage (2015) for details). The variable 7; denotes mean atmospheric
surface temperature change over pre-industrial levelsEE] Government revenue requirements and
expenditure patterns are calibrated based on IMF Government Finance Statistics[/| On the

macroeconomic side, the COMET further adopts the productivity, clean energy technology, and
population growth rate projections of the DICE/RICE model family (Nordhaus, 2008, 2010).

16 The DICE and thus COMET damages are calibrated to global temperature change T}, whereas GHKT
damages are a function of carbon concentrations S;.

In the model base year 2005, the PPP-adjusted GDP-weighted average share of government expenditures is
~ 33% of GDP. Expenditures are further broken down into government consumption (G$ ~ 57%) and social
transfers (GI ~ 43%). In line with other fiscal computable general equilibrium and optimization models
(e.g., Jones, Manuelli, and Rossi, 1993; Goulder, 1995), government expenditure G; grows at the rates of
labor productivity and population growth, with G¢ and G¥ evolving at constant shares proportional to G;.

17
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5.2 Optimal Policy Results
5.2.1 First-Best Benchmark (GHKT-B)

Figure 1 displays first-best carbon taxes across different values of the social discount rate and
households’ intertemporal elasticity of substitution. As expected, climate policy is significantly
more stringent with prescriptive social discounting (dashed lines) than when the planner adopts
households’ pure rate of social time preference. Given the way capital income taxes are defined
in the benchmark, they are constant and equal to 7 = —15.16% for B, = 0.999 (as advocated
by Stern (2006)) and 5 = 0.985 (as adopted by Nordhaus (e.g., 2008)).

5.2.2 Constrained Environmental Planner (GHKT-B)

Next, I solve for optimal carbon prices from the perspective of a "Sternian environmental planner"
who cannot subsidize savings. The theoretical results indicated that the constrained-optimal
carbon tax can be above or below the social cost of carbon due to the countervailing effects
of climate policy on household savings. The central quantitative result is that the net effect
is negative for all parameters considered: the constrained-optimal carbon tax is 5-50% below
the first-best. Figure 2 displays first-best and constrained-optimal carbon prices for a range of
parameter values. The downward adjustment in carbon prices is larger, the higher capital income
taxes are constrained to be. As predicted by the theoretical results, the constrained policy is
also adjusted downward more strongly when capital and energy are more complementary in
production, as this implies a larger negative effect of carbon taxes on the returns to saving (by
making energy inputs more expensive).

For example, if energy and the labor-capital aggregate are complements (e g = 0.4, 0 = 1.5,
and S, = 0.999), the planner would ideally like to impose a high carbon tax and subsidize capital
income so as to achieve an aggregate savings rate of 26.34% (on average in the 21st Century).
However, if capital income taxes are fixed at 30% and the planner nonetheless imposes first-best
Sternian carbon taxes, the aggregate savings rate falls to 20.01%. By adjusting carbon taxes
downward to the constrained-optimal level, the planner can increase the savings rate slightly to
20.05%. The constrained-optimal policy thus strikes a balance between incentivizing investments

in environmental and man-made assets for the overall benefit of future generations.

5.2.3 Distortionary Fiscal Setting (COMET)

This section evaluates the quantitative implications of social discounting in a richer fiscal setting.
While the theoretical results reveal that capital income subsidies remain desirable even when

they must be financed with distortionary taxes, the empirical magnitude of this and other tax
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policy deviations from standard recommendations remains an open question. Figures 4 and 5
display optimal carbon taxes and temperature change across social discount rates. As expected,
prescriptive discounting at rates advocated by authors such as Stern (2006) and Cline (1992)
reduces optimal peak global temperature change to below 2°C' (specifically 1.93C°). In contrast,
with descriptive discounting (8, = Sy = 0.985), the optimal policy limits climate change to
around 3°C, in line with the DICE/RICE model family (Nordhaus, 2008, 2010, etc.)[]

While the climate policy implications of social discounting are well-known, Figures 6 and 7
showcase the broader fiscal policy adjustments that this approach also requires. I find that these
adjustments are large for the discount factors advocated in the literature: For labor taxes, social
discounting implies that labor should first be taxed at a high rate of 53%, followed by a continual
decline to 36% by the end of the century. Decentralizing the optimal allocation further requires
capital income subsidies ranging from 30% to 65% by the end of the century (dotted line with
stars). In contrast, with descriptive discounting (8, = By = 0.985), we obtain the standard
results that labor taxes should be constant at 41%, and that capital income should not be taxed
after the first period (solid line with asterisks). In reality, many countries tax capital income at
high rates. Social discounting thus implies a fundamental departure from both current policy

practice and standard policy recommendations in the Ramsey framework.

5.2.4 Welfare (GHKT-B)

The final quantitative exercise employs the GHKT-B model to compare the welfare gains of
optimizing carbon versus capital income taxes from the perspective of a social planner with

Stern preferences (6, = .999). I specifically compare the following scenarios:

1. Descriptive Discounting Policies: No capital income subsidies and carbon prices that would
be optimal with 5, = f; = 0.985 (as in Nordhaus, 2008).

2. First-Best Social Discounting Policies: Optimized carbon taxes and capital income subsi-

dies for B, = 0.999 and [, = 0.985.

3. Constrained-Optimal Climate Policy: No capital income subsidies but socially discounted

(Be = 0.999) constrained-optimal carbon prices.

4. Constrained-Optimal Savings Policy: "Nordhaus" carbon prices that would be optimal with

Ba = By = 0.985, but constrained-optimal capital income subsidies.

Table 1 provides the results in terms of the permanent consumption change equivalent to the pol-

icy. Perhaps surprisingly, the relative importance of being able to optimize carbon versus capital

18 These figures all assume an inverse intertemporal elasticity of substitution of o = 1.5.
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income taxes is ambiguous, and depends critically on the intertemporal elasticity of substitution.
A "Sternian" social planner with logarithmic preferences (¢ = 1) would indeed achieve signifi-
cantly larger welfare gains from setting climate policy instead of fiscal policy. However, capital
income subsidies become relatively more important for o > 1.5. While these calculations abstract
from, e.g., downside climate risks through non-convexities in the damage function, and should
thus perhaps be taken with a grain of salt, they do illustrate the core point that the climate is
only one of many assets that current generations can invest in to benefit future generations. A
government that weighs the overall well-being of future generations more highly than its citizens
should thus incentivize larger investments in all of those assets according to their rates of return

(e.g., health, education, private capital), rather than treating the climate in isolation.

6 Conclusion

The rate at which policy-makers should discount the future has long been one of the most in-
tensely debated questions in public economics. This issue is moreover central to current debates
on climate policy, where a fundamental disagreement has emerged between those calling for an
ethics-based calibration of the pure rate of social time preference as close to zero (e.g., Stern,
2006), and those advocating that discounting parameters should be calibrated to match house-
holds’ revealed time preferences, market interest rates, and the opportunity cost of capital (e.g.,
Nordhaus, 2007). In order to reconcile these perspectives, a number of authors have proposed
a differentiated approach that allows the planner to select a different utility discount rate than
exhibited by households. While these authors have generally cautioned that this approach would
likely have policy implications beyond the climate realm (e.g., Goulder and Williams, 2012), the
nature and magnitude of these effects remains an open question.

This paper formalizes the broader policy implications of differential discounting in a dynamic
general equilibrium climate-economy model with an extension to fiscal policy in the Ramsey
tradition. I empirically quantify the magnitude of the required policy changes and their welfare
effects by building on the integrated assessment models of both Golosov, Hassler, Krusell and
Tsyvinski’s (2014), and an extended version of the seminal DICE model (Nordhaus, 2008) that
incorporates fiscal policy and endogenizes key variables such as labor supply (the COMET by
Barrage, 2015).

The main result is that a policy-maker’s choice to adopt differential social discounting fun-
damentally alters prescriptions for both environmental and fiscal policy. On the one hand,
decentralizing the optimal allocation would require radical changes to tax policy, including a
transition to substantial capital income subsidies (~15-65%), and, depending on the fiscal set-

ting, a change to labor income and/or consumption taxes that are decreasing over time. On the
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other hand, in a more realistic policy setting where the environmental planner cannot subsidize
capital income, the constrained-optimal carbon tax may no longer equal the social cost of carbon
(the Pigouvian tax). The standard policy prescription to price externalities at the Pigouvian rate
must be adjusted for the general equilibrium effects of climate policy on households’ incentives to
save. These effects depend on the precise nature of climate damages and on the complementarity
between energy and capital in production, highlighting the value of future research on both of
these parameters. Quantitatively, I find that the constrained-optimal carbon tax is up to 50%
below the first-best levy, indicating that even a planner with "Sternian" social preferences may
not want to impose a "Sternian" carbon tax due to its potential effects on the overall level of
assets that will be provided to future generations. The welfare calculations similarly suggest
that, for certain areas of the parameter space, subsidies for private investment may provide a
better way of redistributing to the future than tighter climate policy.

One important objection to these results is that they fail to capture the potentially limited
substitutability between the climate and man-made assets and goods, which can increase the
optimal carbon price as much as Sternian discounting (Sterner and Persson, 2008; Traeger, 2011).
Formally accounting for this limited substitutability would moreover not lead to the surprising
broader policy implications of social discounting outlined in this paper.

In general it is essential to note that the results of this study rely on a disconnect between the
planner’s and the household’s utility discount factors based on an ethical disagreement. Alterna-
tive micro-foundations may well lead to different policy implications. For example, aggregation
of heterogeneous rates of time preference could yield a declining representative discount rate
while maintaining decentralized real interest rates (Heal and Millner, 2013). As another exam-
ple, Gerlagh and Liski (2014) show that governments may value climate investments differently
than households if delays in the climate system create a commitment value for carbon versus
capital investments. On the other hand, many have argued for a disconnect between planner
and household discounting on behavioral grounds. The policy implications in this case are likely
to be similar. For example, Allcott, Mullainathan, and Taubinsky (2012) show that purchases
of energy efficient durables should be subsidized if households discount the returns on these
investments excessively.

Overall, the results of this paper thus demonstrate that differential discounting has far-
reaching implications for both fiscal and environmental policy. While some of the results -
such as the desirability of savings subsidies - align with new research on optimal estate taxa-
tion and intergenerational insurance (Farhi and Werning, 2005, 2010), other results - such as
declining labor taxes - may be considered troubling, and represent a stark departure from con-
ventional wisdom on optimal taxation. How governments should discount the future, and what

the corresponding policy implications are, thus remains an open and essential area of research.
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7 Figures and Tables

Optimal Carbon Taxes (First-Best, GHKT-B)
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Figure 1: First-best carbon taxes with differential discounting
(Ba> Bp) across values of the inverse intertemporal elasticity of

substitution (o).
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Constr.-Optimal vs. First-Best Carbon Taxes (GHKT-B, 0=1.5, ﬂG:.999, ﬁH=.985
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Figure 2: First-best and constrained-optimal carbon taxes for
optimized (7 = 7} < 0) and constrained (75 > 0%, 75 > 30%)
capital income taxes, respectively, across different values of the
elasticity of substitution between energy and the capital-labor

aggregate in final goods production (EE KL).
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Optimal Carbon Taxes (w/ Distortionary Taxes, COMET)
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Figure 3: Optimal carbon taxes in the distortionary fiscal setting

across different values of the social utility discount factor (5).
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Optimal Labor Taxes (w/ Distortionary Taxes, COMET)
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Figure 5: Optimal labor taxes in the distortionary fiscal setting

across different values of the social utility discount factor (5).

Optimal Capital Taxes (w/ Distortionary Taxes, COMET)
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Figure 6: Optimal capital taxes in the distortionary fiscal setting

across different values of the social utility discount factor (5).
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Table 1: Welfare Effects from the Perspective of a Stern (85 = .999) Planner

Policy Scenario: AWelfaret ($2010 tril.)
Carbon Taxes: Capital Taxes: ol=1]o=11|0=15 o=2
1. Standard Discounting (72/“F) | None - - - -
2. Stern Discounting (T25"™) Optimized (T3¢ < 0) | 2.45% | 1.80% | 0.63% 0.39%
3. Stern Discounting (73,"™) None 1.74% | 1.26% | 0.17% 0.04%
4. Standard Discounting (72I°F) | Optimized (Tfff"l” <0)[0.27% | 0.46% | 0.44% 0.38%

TEquivalent variation permanent percentage change in consumption. Table displays welfare changes

relative to Case 1 (no capital subsidy, standard discounting carbon tax) computed in the GHKT-B model.
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8 Appendix A: Benchmark Model

8.1 First-Best Policies: Result 1

The planner’s problem in the first-best setting is as follows:

max25G (Cy, S))]
+ZBG)\t (A(Sy); Koy LY E) + (1 = 8) Ky — Cy — K1)
+25G5t — S5, (S0, E_1, E_141, ..., EY)] (36)

"’ZﬁtGXt [Gt(Lf) - Et]

t=0

+> B [Lo— LY — LY
t=0

where \;, &, x;, and \; denote the Lagrange multipliers on the final goods resource constraint,
the carbon concentrations constraint, the energy production constraint, and the labor resource
constraint, respectively.

Decentralization: Carbon Taxes

In order to demonstrate that the proposed policies of Result 1 can decentralize the optimal
allocation, consider first the competitive energy producer’s profit-maximizing problem for a given
excise emissions tax 7g; at each time ¢t > 0 :

max(pgs — Tp) Ey — w, L
s.t. Et = Gt(LtE)
The energy producer’s optimality conditions imply that, in equilibrium,
Wy

PEt — TEt = 3G, (37)
oLF

Next, profit maximization by the final good producer implies that marginal products are equated
to factor prices as per . Substituting these equilibrium prices into the energy pricing condition

yields:
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ok _ ILY 38
oE, "t X (38)

Finally, note that, in the social planner’s problem , the FOCs with respect to labor supplied
to final goods production LY and energy production L imply that the private marginal cost of
energy production at the optimum is given by

8F§
Xt — & — 8Lt (39)
Uct )\t g[%

Comparing the energy producer’s optimality condition (37)) with the planner’s optimality condi-
tion for energy usage (10)), it is thus immediately obvious that setting the carbon tax as noted
in Result 1 makes the two optimality conditions coincide, as desired.

Decentralization: Capital Income Taxes

Consider the representative household’s Euler Equation :

Uct

Uct+ 1

B L+ (revr = 0)(1 = 7)) = (40)
Noting that, in equilibrium, r;,1 = Fj;11 as per the firm’s optimality condition , it is then
stralghtforward that setting 7%, , = 1 — gi makes the household’s intertemporal optimality

condition coincide with that of the social planner ({1

8.2 Constrained-Optimal Climate Policy: Proposition 1

Letting ®; denote the Lagrange multiplier on the no-subsidy constraint added to the plan-
ner’s problem , the constrained (’environmental’) planner’s optimality condition for energy
usage F; yields the following revised version of defining the optimal carbon tax 77, :

9]
ZB] 3St+j 5t+j + 1 ®; 4 OFp . Xt (41)
OE;, M\ Ba A OE; At
Marglnal ]— P —_—— ~—~
product of SDV f‘r inal Social cost of energy use MC of
energy . © Hlergma investment incentive energy production
impacts from change (in Cy units) (in C¢ units)
carbon emissions
N ~~ >

=Th
Optimal energy usage thus balances its benefits in final goods production (Fg;) minus the direct
externality cost of the associated climate change (/\% > ﬁé%ftﬂ) and the social cost of the
effect of energy input usage on the marginal product of capital and thus investment incentives
( Blc (I)f\f ! 65;5 L), against the private marginal costs of producing energy (3 t). In order to show that
the Energy Use Investment Incentives Adjustment is negative if energy and capital are comple-
ments in production, first note that, if 3, > B, then the Lagrange multiplier on the no-subsidy

constraint is binding ®; > 0 due to the desirability of capital income subsidies demonstrated
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above. In addition, noting that \; > 0, we thus have that aF Spt > 0 implies that the Energy Use

Investment Incentives Adjustment —[i (I)f\tl 88%?] is negatlve.

Next, the externality cost of carbon is defined by the FOC with respect to the stock S; :

O, 1 OFky

—& =Ust + MFsy + —— 99 (42)
ﬁG t
Shadow Disutility and N—_——
value of carbon production Climate impact on
concentrations damages investment

incentive (MPK)

Combining with and comparing with the energy producer’s profit-maximizing con-
dition, it follows that the climate investment incentives adjustment to the optimal carbon tax is

defined by:

Climate Investment Incentives Adjustment

ZB] (D 1+J/ﬁG) ‘aSt+j (_aFKtﬂ-)

. _OE, OSiyj
TV
Value Of no-subsidy Climate damages
constraint in to marginal product
units of Ct of capital

In order to show that this term is positive if climate change decreases the marginal product of
capital ( FK“” < 0) , first note that, if 5, > [, then ®;, > 0 (due to the desirability of a capital
income sub81dy as demonstrated above). Further noting that assumptions about preferences and
technology imply that A; > 0 and that concentrations are increasing in past emissions (% > 0)

we thus have the desired result that a positive component is added to the optimal tax if climate
change lowers the marginal return to capital investments (as the overall term —%T is then
J

positive), ceteris paribus.

9 Appendix B: Distortionary Fiscal Setting

9.1 Capital Income Taxes: Proposition 2

First, the optimality of capital income subsidies when 3. > 3, and preferences are of the form
(A) follows directly from equation derived in the text. Second, for preferences (B), it is easy
to show that Wy = (UeetCy + Uet + Uit Lt) = Uy[l — 0 — (1 — o)]. Substituting this expression
into the planner’s optimality condition for private capital and defining the wedge term

() +ot =020 -0)]
()" ot-0-s0-0)

wt:

(43)
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the planner’s first order condition for capital becomes:

Uct

ct+1

Pul(l=0) + Frip] =

Wy (44)

Next, consider the household’s Euler equation for a given capital income tax:

Uct
Uct+ 1

B 1+ (Frepr — 0)(1 — Thegr)] =

Rearranging terms allows one to express the capital income tax that decentralizes a given allo-
cation as:

Uct

BrUectt1 1
Theyr = 1 — - 45
= S T Bt =) (45)

Finally, rearrange terms in the planner’s optimality condition as follows:

1 Uct
Lt Fygyy — 0] — = ——4—
[ kt+1 ](,dt BHUct-l-l
1 [1 + Fkt+1 - 5]0% I 1 — 1_ (Uct/ﬁHUctﬂ-l) 1 (46)
(Frty1 — 6) (Fytr1 — 0) (Fht+1 —0) (Fhi1 — 0)

Comparing and , we obtain the desired result that the capital income tax that decen-
tralizes the optimal allocation at ¢+ 1 for ¢ > 0 is defined by equation :

. 1+ Fria —5]wit 1
Tkt-i—l = ]‘ - (F 5 + F 6 (47)
k1= 0) (Fit+1 —9)
_ (wt—l) (Fkt+1_5+1>
Wt (F kt+1 — 5)

The Online Appendix formally shows that, in order for utility specification (B) to be consistent
with balanced growth when ¢ > 1, the leisure preference parameter must satisfy v > (1’_‘2). Since

the Lagrange multiplier on (I M P), ¢, is necessarily weakly positive, we have that:
¢l —0—y(1—0)] =0 (48)

Given (48), it immediately follows that the wedge term is wy € (0,1) when 8o > By.
Consequently, it follows that the optimal capital income tax is negative, completing the
proof of Proposition 2[]

19" The restriction of this result to ¢ + 1 > 1 stems from the fact that the planner’s first-order conditions are

non-stationary, implying a different optimal capital income tax rule for ¢ = 0 versus all subsequent periods.
However, the optimality conditions are valid for all ¢ > 0, giving the desired result.
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10 Appendix C: GHKT-B Recalibration

Energy Sector: The benchmark numerical framework uses a simplified energy sector represen-
tation compared to GHKT, who allow for multiple energy inputs and non-renewable resource
dynamics. Whereas GHKT calibrate separate labor productivity parameters for coal and oil
production, here we need a representative figure for both. In the benchmark scenario in the base
decade 2010, the GHKT model yields a share of oil in total fossil energy consumption (all in tons
of carbon-equivalent) of (33.6/55.2) = 61%. Similarly, the IEA reports that oil and gas accounted
for 55% of global C'Os emissions in 2012 (IEA, 2012). GHKT compute model base year prices
of oil/gas and coal of $606.5/mtC" and $103.5/mtC, respectively. The weighted average price is
thus $405.3/mtC. 1 thus calculate base year energy sector productivity as:

_wy  (I—a—-v)Y

Apo($/GLC ~
50(8/GEC) pmo - $405.3-10°

= 1,140

CES Production

The GHKT framework focuses on Cobb-Douglas aggregate production, where the elasticity
of substitution between energy and capital inputs is equal to unity. In order to illustrate the
importance of energy-capital complementarity for the constrained-optimal carbon tax, I introduce
an alternative nested CES production function:

Y, = (1 _ D(St)) - A, |:% [Kf‘Lng}% + (1 - %) [Et]%] =1

This specification is motivated by van der Werf (2008), who, in reviewing the literature as well
as cross-country data, concludes that a (KL)E nesting specification generally provides the best
fit for climate-economy models. In line with several other studies, I consider ex; r = 0.4 as a
benchmark case. Given base period output shares, the distribution parameter is set to > = 0.96.
Base period labor supply is normalized to Ly = 1, the initial net damage term can be calculated
as (1 — D(Sp)) = 0.9948, and base period energy inputs are given from the data and the GHKT
calibration at Ey = 34.9522 GtC' per decade. Note that I retain the initial capital stock measure
Ky from the benchmark model (which is calibrated such that the marginal product of capital in
the Cobb-Douglas production framework matches the decadal net return to capital for an annual
return equivalent of 5% plus 100% decadal depreciation). Finally, initial TFP Ay can then be
calibrated as: v
Ay = 271 ——
(1= D(S) [ [KgLh ] = + (1= [B] = |7

Optimization
Given the high discount factor, I extend the model’s direct optimization period to 50 periods
(500 years), after which savings rates are locked in and iterated forward for 1,000 years for the
climate to achieve a steady state, after which a balanced growth path is imposed to compute
the continuation value of the allocations over an infinite time horizon. For further details on the
computation, see GHKT (2014) and Barrage (2014).
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