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Abstract

This paper studies the optimal climate policy in an economy that faces constraints
on the availability of policy instruments. In a standard macro-climate growth model
that includes a carbon emissions externality, the optimal policy is the introduction of a
global carbon tax. After years of climate negotiations and no success in the introduction
of a carbon price, this paper suggests an alternative approach which is to look for the
best policies that the global economy can seek constrained by the fact that a global
carbon tax is not an available tool. We show that standard fiscal instruments - not
often included in the climate negotiations table - are capable of achieving the optimal
outcome. We theoretically characterize and quantitatively estimate the optimal tax
rates, and we find that they are well within existing tax rates. These results suggest
that there is value in broadening the discussion on climate policies by exploring the role
that standard taxes, such as income and consumption taxes, can play in tackling the
climate problem. Politicians might be keener on recalibrating the tax rate on existing

taxes than on introducing new taxes.
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1 Introduction

Despite decades of climate negotiations, global emissions of greenhouse gases are rising, and
the global climate externality remains uncorrected. The solution to the climate problem
is simple from an economic point of view: put a price on carbon. Carbon should be priced
equal to the discounted value of the marginal damages associated with an extra ton of carbon
added to the atmosphere. However, political constraints make the introduction of the first-
best instrument infeasible.

Countries willing to pursue a climate policy have sought alternative strategies to curb
emissions such as the encouragement of carbon capture and sequestration technologies and
the subsidization of renewable energies. There is a vast literature that studies these options
from an optimal policy design perspective, such as Acemoglu et al. (2012), van der Ploeg and
Withagen (2014), and many others. In this paper, we take a different approach and explore
how existing taxes can be harnessed to achieve optimal climate policy. Governments around
the world use consumption and income taxes for all kind of goals such as raising revenue, fixing
market distortions, and pursuing an optimal level of income redistribution. The question we
pose is whether these taxes could also be used to achieve the goal of stabilizing the climate.
Our underlying presumption is that given political institution modifying existing tax rates
is easier than introducing new taxes to the tax code.

We use a standard growth model with a single consumption good and capital, labor,
and oil as inputs to production. Oil use entails carbon emissions, which negatively impact
the climate and consequently production. Since emitters are not facing this cost, emissions
are a negative externality. After establishing the well-known result that this externality
can be corrected efficiently using a global price on carbon equal to the discounted sum of
marginal production damages, we study what role consumption and income taxes can play
in climate policy when carbon taxes are politically infeasible. We find that a combination
of consumption and capital income taxes does as well as the first-best instrument and can
implement the optimal allocation. We theoretically characterize the optimal tax rates, and
we show that the optimal consumption tax is decreasing and that the capital income tax is
positive. In a numerical example calibrated to Golosov et al. (2014), we also show that a
consumption tax of 10.4% coupled with a capital income tax of 4.1% fully compensate for
the missing price on carbon. This fiscal policy is equivalent to a carbon tax of $57 per ton of

coal. Also, these rates are well within the range of existing taxes on consumption and capital



income.

The intuition behind this result is simple. A decreasing consumption tax shifts consump-
tion into the future, inducing less consumption today and more consumption tomorrow. This
reduction in consumption today implies a decrease in oil use and carbon emissions. In this
sense, a consumption tax can achieve the same goal that a carbon tax would. Moreover, it
is easy to show that a decreasing consumption tax translates into a capital income subsidy
on the capital investment margin. Thus, a capital income tax is required to keep the capital
investment decision undistorted and push the return on capital income back to the optimal
level.

It is worth mentioning that the implementation we are proposing (using consumption
and capital income taxes) has the advantage of utilizing taxes already in use in about every
country. The drawback, however, is that a consumption tax might prove to be, in practice,
too close to a carbon tax in the sense that it directly enters the oil extraction decision.
Formally, this means that the tax affects the firms’ Hotelling rents fully, making its use
susceptible to the same kind of conflicting interests at play at climate negotiations.

RELATED LITERATURE. Sinn (2008) is among the first to argue for a capital income tax
in the absence of a carbon tax. He argues that a capital income tax makes it less attractive
for oil companies to extract oil and invest the proceedings in interest-bearing assets. van der
Ploeg (2016) extends this result to a multi-country setting with elastic oil supply. We share
with this paper the rationale for incorporating a capital income tax. The rationale comes
from an equilibrium non-arbitrage condition on the return of capital and oil as alternative
assets. Unlike van der Ploeg (2016), we explicitly incorporate the constraint on the lack
of carbon taxes into the policy design problem, and we theoretically characterize how the
optimal capital income tax formula depends on this constraint.

The paper is also related to the literature that studies optimal capital income taxes in the
context of a neoclassical growth model extended to include climate change. Barrage (2018b),
Barrage (2018a) and Schmitt (2014) are the first to study how carbon taxes can be added
optimally to the fiscal policy toolbox. That is, in these papers the optimal policy consists of a
combination of positive taxes on carbon, income, and consumption. This article differs from
these papers in that we study the optimal fiscal policy when a carbon tax is restricted to be
zero. Also, this article differs in that we characterize the Pigouvian and Ramsey component
of the optimal tax rates separately. In this respect, this paper is related to Sandmo (1975)’s

additivity result. That is, we find that the optimal tax rate is equal to the Pigouvian rate



plus the Ramsey tax rate. We also do not contemplate redistributive policy goals through
social discounting like in Barrage (2018a). As it is well-known, the Ramsey taxation problem
is time-inconsistent in the spirit of Kydland and Prescott (1977), and we work under the
assumption that a commitment device is available. We differ from Schmitt (2014) in that
dimension.

The paper is organized as follows. Section 2 sets up the basic model. Section 3 solves
the social planning problem. Section 4 proposes a market economy with taxes. Section 5
characterizes the optimal tax rates and contains the main theory results of the paper. Section
6 presents a quantitative exercise that contains the optimal tax rates estimation. Section 7
provides some concluding remarks. Finally, the mathematical proofs and technical details

are in the appendix.

2 Model

Consider the following economy. Time is discrete and infinite, ¢ € {0, ...,00}. The economy is
populated by a unit mass continuum of identical individuals. There is a single consumption

good that is produced using capital, labor, and energy. The production function is given by
F<At7Lt7Kt7Et) (]-)

where E, is the energy sector that can be thought of as oil. The function F displays con-
stant returns to scale, and it is increasing, concave and continuously differentiable in all its
inputs. Oil is an exhaustible resource, and the economy starts with oil reserves given by Ry.

Therefore, at each point in time, oil use equals total oil extraction
E; = R, — Ripy (2)
Furthermore, oil use increases carbon in the atmosphere, S;, so that
Sey1= (1 =7)S + E; (3)

where 7 is the natural rate of carbon reabsorption. The stock of carbon in the atmosphere
generates a climate externality that takes the form of an output loss. Thus, total output

with the climate externality is given by
Yi = F(As, Sh, Lis Key Br) = [1 = 2(S)]AF (Le, Ko, Er) (4)
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The damage function z is increasing, concave and twice differentiable with limg_, g 2'(S) = 0,
where S represents a lower bound on the atmospheric CO2 concentration. The amount of
labor is exogenously given and can vary over time.

Individuals derive utility from consumption, disutility from working, and discount the

future with the discount factor g € (0, 1). Over time, individuals care about the value

> B u(Cr) = v(Ly)] (5)

The utility function u is increasing, concave and twice differentiable with lim._ou'(c) =
0o. The function v is increasing, convex and twice differentiable with limp_ov'(L) = 0.
Individuals consume, work, and invest in capital. Capital depreciates fully within one period,
and the economy starts with a given stock, Ky. The feasibility constraint in this economy is
given by

Ci+Kin+G =Y, (6)

for every period t, where (G} is some exogenously given stream of government spending.

3 Optimal Allocation

The socially optimal allocation is the path of consumption, labor, energy, capital, and car-
bon, {Cy, Ly, By, Ky, Si}5°,, that maximizes the welfare function (5) subject to the resource
constraint (6), the carbon cycle (3) and the initial conditions Ky, Ry, and S.

At an interior solution, two intertemporal conditions characterize the optimal allocation:
the investment in physical capital and the oil depletion rate. In particular, the first order

condition for oil extraction is given by

5/\t+1[Fe/,t+1 - Mt+1] = )‘t[Fe,,t - Mt] (7)

where \;, the Lagrange multiplier on the feasibility constraint, is the social value of final
output and p, is the social cost of carbon. The social cost of carbon comes from iterating

forward on the optimality condition for the carbon stock, and it is equal to

(e}

pe= Y 161~ 7)]j)\;\+j ' (Staj) A e (8)

t

5=0
The social cost of carbon measures the cost of the climate externality, which equals the

output losses associated with burning an extra unit of oil in present value terms.



Equation (7) is a version of the Hotelling rule in this economy. The marginal benefit from
extracting the exhaustible resource must be the same at every point in time. This benefit is
the output growth from a marginal increase in oil extraction, net of the associated climate
damages. Because output tomorrow (and consumption) can grow either by postponing ex-
traction or by accumulating capital, a similar Euler equation holds for the capital investment

decision:
5/\t+1(ct+1)Fl~/e,t+1 =N (9>

The social cost of carbon does not show up in the capital stock Euler equation because it is
the energy use, and not production, what causes the increase in the carbon stock.

Also, notice that oil reserves and the capital stock are the assets that allow the economy
to transfer resources over time. It follows that the return on both assets must be the same
so that there are no arbitrage opportunities. In particular, the combination of the equations

(7) and (9) implies that the following non-arbitrage condition holds at the optimum

Fy t+1 — Hi+1

67F,t — 1y = FI::,t+1 (10)
€,

At the intratemporal margin, the usual tradeoff between leisure and consumption holds.

That is, the marginal rate of substitution between consumption and labor equals the marginal

rate of transformation

v'(Ly)
u'(Cy)

The following section presents a decentralized environment that implements this optimal

= Fi(t) (11)
allocation with taxes.

4 Market Economy

In this section, we propose a decentralized economy with taxes. The set of tax instruments
is said to be “complete” if it allows the government to affect the relevant economic decisions
and also includes lump-sum taxes. Although it is easy to see that a Pigouvian carbon tax
on carbon emissions alone would be enough to solve the climate externality, we allow for a
complete set of tax instruments that includes carbon taxes, capital and labor income taxes,
consumption taxes, and lump-sum taxes. Thus, all goods in the economy are subject to

taxation. The goal is to explore the role that these different policy instruments can play to



shape the climate policy when we later introduce restrictions on the tools available to the
government.

In the market economy, there are two production units or “sectors” indexed by j = {0, 1}.
Sector 5 = 0 corresponds to the final consumption good production, and j = 1 represents
the oil companies. A representative firm operates the technology (1) that produces the final
consumption good. The firm hires labor at wage wy, rents capital from households at rate
ry and buys energy from the oil sector at relative prices p;. The problem of the firm is to
choose the path of capital, energy, and labor { Ky, Ey, L;}$°, to maximize discounted profits
given by

Z% At> St, Ly, Ky, Et) — 1 Ky — pi By — tht] (12)

where ¢ is the Arrow-Debreu price of one unit of consumption in period t in terms of
consumption in period zero.

A representative firm in the oil sector owns the stock of oil and faces a per-unit carbon
tax 77 on oil extraction. The problem of the firm is to choose the path of oil extraction that

maximizes the discounted profits given by

Z a ( — Riy1)] (13)

where p, is the price of oil in units of the consumption good, and Ry is the initial stock of oil
reserves.

There is a continuum of mass one individuals, or a representative household, who derives
utility from consumption. The representative household makes the capital investment deci-
sion and owns the firms. Consumers face a tax on consumption, labor income, and capital
income. Therefore, households consume, work, and save subject to the following present
value budget constraint

S @I+ m)C+ K] <[ = 7)r Ky +wi(1 = 7f) Ly + T) + 11 (14)
t=0 t=0
where Il = Zjl':o II; are dividends from the firms, 7} is a lump sum tax or rebate, and Kj is
the initial capital stock. The problem of the households is to choose a sequence {C, Ly, K;}52,
to maximize (5) subject to (14), taking prices and taxes as given.
The government collects the tax revenue and rebates any surplus to households in a lump-

sum fashion. Also, the government must finance an exogenous stream of spending. Thus,



the government budget constraint is given by

oo o
Z ql?[TteEt —+ watLt + Ttkrth + TtCCt] == Z qg[ﬂ + Gt] (15)
t=0 t=0
t=0
prices {g}, pi, 71, wi },o, and an allocation {Cy, Ey, Ky, Ly, Sy}, such that: (¢) given the fiscal

A competitive equilibrium with a fiscal policy {Tf,Tf,Tf,Ttk,Y},Gt} is a sequence of
policy and prices, the allocation solves the consumer’s problem, maximizing (5) subject
to (14), and the firms’ problem, maximizing II; for j={0,1}; (i) the government budget
constraint (15) is satisfied; (ii7) the carbon stock follows the carbon cycle (3); and (iv) prices
clear the markets.

At an interior solution, profit maximization of the final good’s producer implies that

prices must satisfy

Fj, = w (16)
Fl,=r (17)
Fly=mi (18)

Further, following the Hotelling (1931) rule, profit maximization requires the return on oil

extraction to be the same across time so that

Qo1 (Pt — o) = 47 (o — 75) (19)

Further, the Arrow-prices satisfy

u'(Cr) (1 +75)

0 _
KA (eNTER=)

(20)

where ¢ is normalized to 1.
Finally, on the consumer’s side, the first order conditions for consumption and the capital

stock imply that a standard Euler equation must hold
u'(Cry1)

5@[(1 — T )] =
+

U'(Ct)
1+ 77

(21)

Besides, the intratemporal tradeoff between leisure and consumption implies that the marginal

rate of substitution equals the marginal rate of transformation so that

u'(Cy) 14Ty
o)~ W= .




To summarize, after plugging prices in, the competitive equilibrium is fully characterized

by the following system of equations

u'(Cy) 1+

— 23
V(L) (1—7)EF, (29)
ul<Ct 1) / e ul(Ct) ’ e
ﬁTT}H[ e+l — 7t+1] = TTE[F@: — 7{] (24)
u'(Ciy1) k / _ u'(Cy)
B 1+ 77, [(1 Tt+1)Fk,t+1] 1 p (25)

together with the feasibility constraint (6) and the transversality condition for the capital
stock. Also, a no-arbitrage condition for the two assets arises from combining the equa-
tions (24) and (25) and establishes that the return on oil and capital must be the same in

equilibrium. Thus,

(L kL = et Z T (26)
’ Floon—Tin

5 Optimal Policy

When lump-sum taxes are available, it is easy to show that implementing the optimal al-
location requires the introduction of a carbon tax equal to the social cost of carbon. The
lump-sum tax is such that the government budget constraint is satisfied. The consumption
and capital income taxes are both redundant and can be set to zero. To see this, notice
that such a carbon tax would guarantee that the optimal allocation satisfies the equilibrium
condition (19), and equation (21) and (23) are also satisfied if the tax rates on consumption
and capital income are zero. It is straightforward to verify that the remaining conditions for

an equilibrium are also satisfied. We thus have (proof omitted):

Proposition 1 (Optimal carbon taxes) Suppose that {R;, K[, L}, S;}°, is the socially
optimal allocation. Then there exists a sequence of prices such that { R}, K, L}, Sy}, to-

gether with the prices constitute a competitive equilibrium with tazes equal to
= E=T=7=0 (27)
for every period t, and any surplus is rebated lump-sum through T;.

The next result characterizes an alternative decentralization. The proposition shows

that even without a carbon tax, a combination of taxes on consumption and capital income



can implement the optimal allocation. This result is interesting because it suggests that
governments could rely on existing taxes to pursue climate goals. Also, this alternative
implementation has the advantage that it might be easier for the governments to modify

existing tax rates than to introduce a new tax to the tax code. The proof is in the appendix.

Proposition 2 (Optimal taxes without a carbon tax) Assume 77 = 0 for all t. Sup-
pose that { R}, K, L, S;}52, is the socially optimal allocation. Then there ezists a sequence
of prices such that {Rf, K}, L}, S;}2, together with the prices constitute a competitive equi-

librium with taxes equal to

e
= 28
Tt Fe,7t . ,Ut ( )
Mt — Nt—&-l/FI;t—&-l
Tf’il = F,t (29)
¢ Lt
T, = ——— 30
' e — Fe/,t (30)

for every period t, and any surplus is rebated lump-sum through T.

Without a carbon tax, oil consumption is inefficiently high. Proposition 2 suggests that
governments can rely on consumption taxes for delaying consumption, inducing less con-
sumption today and more consumption tomorrow. This achieves the environmental goal of
lowering future climate damages through a reduction in consumption today. Intuitively, it is
a consumption tax that decreases over time what is needed to induce individuals to postpone
consumption - and we show this formally in Corollary 1. However, it is easy to demonstrate
that a decreasing consumption tax acts as a capital income subsidy on the capital investment
decision. This is an undesired result because the capital investment decision should remain
undistorted as shown by (9). Thus, the proposition also states that a capital income tax is
required to push the return on capital income back to the optimal level.

Similarly, the consumption tax makes leisure relatively cheaper. Hence, a labor income
subsidy is optimal to counteract this effect and keep employment at the optimal level.

Notice that the optimal tax rates characterized in Proposition 2 imply that the capital
income tax is positive (negative) if the consumption tax is decreasing (increasing). We show
in the appendix that both tax rates are positive and, therefore, the optimal consumption tax
is decreasing over time. Also, the optimal labor income subsidy decreases over time as the

consumption tax does it too.
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Corollary 1 (Decreasing consumption taxes) Let {77}, be the optimal tax sequence
implied by proposition 2. Then

T >T1, >0

for every period t.

Intuitively, the optimal tax rate on consumption is positive because it is the ratio of the
social cost of carbon over the shadow price of oil, both of which are positive at an interior
solution. Also, we show in the appendix that the optimal tax rate on capital income is equal
to the flow environmental damage (the difference between the current social cost of carbon
and the discounted social cost of carbon in the next period) over the marginal product of oil.
This, it is a positive tax rate.

It is worth mentioning that Proposition 2 depends on the assumption that the tax system
is complete as the government can affect every economic decision. In this model, this means
that the government can still induce optimal oil depletion by resource firms, even in the
absence of a global carbon tax. In this sense, the consumption tax is very similar to a carbon
tax and, in practice, it might be susceptible to the same kind of conflicting interests and
coordination problems as a carbon tax. An alternative exercise that would address this issue
is to consider an incomplete tax code. In particular, a sensible assumption would be to think
of a scenario where both the carbon emissions tax and the consumption tax are constrained
to be zero. In this case, the government lacks an instrument to affect (19), and the oil
extraction decision margin must remain (sub-optimally) undistorted. Exploring this sort of

tax code incompleteness is an exciting avenue for future research.

5.1 Distortionary Ramsey taxes

We have shown that governments can use standard fiscal instruments to pursue climate
policies. The optimal Pigouvian taxes assume that the government uses the consumption,
labor income, and capital income taxes only to correct the climate externality. However, these
taxes already exist in almost every country and are a vital source of government revenue.
Therefore, it is important to explore the interactions between the existing tax rates and the
changes that pursuing climate policy with them would imply. The overall optimal tax, in
this case, will display a combination of Pigouvian and Ramsey elements. The “Pigouvian”
part captures the climate externality; the “Ramsey” part captures the government financing

needs.

11



Given an exogenous stream of government spending, the Ramsey problem is to maximize
social welfare subject to two types of constraints. The first constraint is that taxes must
finance the government spending and lump-sum taxes are not available; the second constraint
is that taxes must induce an allocation that is a competitive equilibrium. Following the
Ramsey tradition, the competitive equilibrium conditions can be summarized in a so-called
“Implementability constraint”. The implementability constraint is the consumer’s budget
constraint after substituting in the equilibrium behavior of consumers and firms given the tax
policy. The implementability constraint, together with the feasibility constraint, guarantees
that the present value budget constraint of the government holds. We show in the appendix

that the implementability constraint for this economy takes the following form:

Proposition 3 (Implementability constraint) Given the initial condition (Ko, Ry, So),
the allocation { Ry, Ky, Ly, Si} oo in a competitive equilibrium is fully characterized by (3), (6)

and the following implementability constraint

> HCIC— (L] = T = Ko+ (Fro = )R] (G1)

As it is standard, we assume that taxation of the initial capital stock and initial oil reserves
is bounded above because these are a form of lump-sum taxation. Initial taxes are given.

The Ramsey allocation is the solution to the Ramsey problem, which is to choose an
allocation {Ry, Ky, Ly, Si}:°, to maximize the welfare function (5) subject to the carbon
cycle (3), the resource constraint (6), the implementability constraint (31), and the initial
conditions { Ky, Ro, So, 75, 7, 7}

Because it will be useful to characterize the main results of this section, we first study a
business-as-usual economy as a benchmark case. This business-as-usual economy corresponds
to a Ramsey government that raises revenue using taxes, but does not seek any climate goal
nor does it take into account the climate externality. The carbon tax is, thus, equal to zero
by definition.

Let a be the Lagrange multiplier on the implementability constraint. Following the litera-
ture, especially Chari and Kehoe (1999), we define: Hy = % and Hy = % The
following lemma characterizes the optimal Ramsey tax rates in a business-as-usual scenario.
Lemma 1 (Ramsey taxes - Business as usual) The Ramsey tazes in a business-as-usual

economy are equal to
c,Ramsey _ 05(1 — HCt) (32>
t l—a+aHy
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TE,Ramsey _ O{(Hﬁ B 1)

t l—a+aHy (33)

and ¢ = 7F = 0 for every period t >1.

This result reflects some well-known principles in Ramsey taxation. In particular, the taxa-
tion of capital income is specially distortionary because it affects the intertemporal investment
decision which has long-lasting effects on economic growth. A Ramsey government typically
prefers to raise revenue with labor income taxes as opposed to capital income taxes. The
well-established Chamley-Judd result is that capital income taxation should be zero in the
long run. This result holds in this economy, both for the capital stock and for the oil reserves
as the consumption taxes distort the capital investment decision in much the same way as
the oil depletion choice. Importantly, the after-tax non-arbitrage condition between the two
assets remains unchanged, which minimizes the distortions to the intertemporal trade-offs.
Some special cases are worth being discussed. The Ramsey tax rates are equal to zero if
the government financing needs are not binding and o = 0 - for example, because there exist
lump-sum taxes. Also, the Ramsey consumption tax is constant when the utility function is
separable and takes a standard CRRA form over consumption with parameter o. Moreover,
the Ramsey consumption tax is equal to zero when o = 1. In this case, the government must
rely on labor income taxes and initial taxes, 739 and 7., to meet its financing requirements.
When the need to finance government spending combines with the need to correct a
climate externality, the tax rates naturally reflect both tasks. This combination of Pigouvian
and Ramsey problems was first studied in Sandmo (1975), who finds that an additivity result
holds. That is, the optimal tax rate is equal to the Pigouvian tax rate plus the Ramsey tax
rate. The following proposition shows that a version of Sandmo (1975) additivity result
holds in this economy. We denote these taxes as “distortionary taxes” to reflect the fact that
these taxes introduce inefficient distortions in the economy to raise revenue. However, notice
that the distortions here not only come from collecting revenues but also from correcting the

climate externality.

Proposition 4 (Distortionary taxes) Assume 7f =0 for all t. Suppose that the Ramsey
allocation is {C}, K}, E;, Sf}2,. Then there exists a sequence of prices that, together with

{C} K[ B, SEYR,, constitute a competitive equilibrium with tazes equal to

1
Lt c,Ramsey (34)

T, = + T,
t Fé’t—utl—a—i—aﬂct t
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k Mt — Mt+1/F12,t+1

TtJrl = F/ . (35)

/ i 1 ¢,Ramsey
- 7t 36
T - F1—ataH, (36)

for every period t.

The optimal consumption and labor incometaxes are now composed of two elements. The
first element is the Pigouvian tax rate and corresponds to the one characterized in Proposition
2. The second element is the Ramsey tax rate, which coincides with that in Lemma 1. Also,
notice that the capital income tax is the Pigouvian rate because the Ramsey component is
zero as shown in Lemma 1. Thus, Sandmo (1975)’s additivity result holds.

These optimal tax rates are essentially the same as those in Barrage (2018b). The main
difference with that article is that this paper presents a decomposition of the tax rates into
the Ramsey and the Pigouvian components and, importantly, that we show the equivalence
of these taxes to a unique carbon tax'.

In the next section, we provide a quantitative estimate of these optimal taxes.

6 A quantitative exercise

The government can fully compensate for the absence of carbon pricing if it has access to
a complete set of tax instruments. Here we establish that for a calibrated version of our
model these tax rates necessary to achieve the first-best allocation are well within existing
tax rates. To do so follow further the assumptions about functional forms and parameters
used in Golosov et al. (2014). We assume no disutility from labor. Notice that we already
adopted the additional assumptions of full depreciation of capital and geometric dissipation

of carbon stocks in the previous sections.

Assumption 1 Suppose that utility is logarithmic and separable, U(C}, Ly) = log(C}) with
no disutility from labor, damage is multiplicative and exponential, 1 —x(S;) = exp(—7(S;—S),
and final output production is unit-elastic with F(K,;, Ey, L;) = AJKFEVL; """, the carbon

cycle is given by Sy = S + Yool —dy)Ers with 1 —dys = pp + (1 — L) o’

!The underlying economy differs to that in Barrage (2018b) in that oil is the only energy source and that

we do not include distutility costs from climate change.
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Under assumption 1, first best consumption and the social cost of carbon are proportional
to output Y; = (1 — x(Sy)) F (K4, By, Ly):

Ci = (1 —ab); (37)

=0, = (@oﬂ-—wL)+ ¢m6)}2 (38)

1-8\ 1-8¢ 1—

See Golosov et al. (2014) for a derivation of these results.

The assumption of oil as sole energy input allows us to express equation (10) as
v v
- —0=p (— — 9) 39
Ey(1— ap) Eppi(1—ap) (39)
It follows that the optimal fossil fuel depletion is independent of the dynamics of capital.

The optimal tax rates in the absence of carbon pricing, equations (28) and (29), reduce

to the following expressions:

0
c _
= I//Et—e
-
t V/Et

Notice that the optimal tax rates in proposition 1 and 2 are also independent of the
capital stock, and we only need to solve for the optimal rate of fossil fuel depletion in order to
calculate the optimal tax rates for consumption and capital income. We follow the calibration
in Golosov et al. (2014), and we solve equations (39) and (3) numerically to obtain the optimal
path of fossil fuel extraction?. Table 1 summarizes the parameter values and the Appendix
9 discusses the solution algorithm.

Figure 1 presents the optimal fiscal policy that is equivalent to a carbon tax but relies on
consumption and income taxes to implement the optimal allocation. Notice that, given the
log-utility functional form assumption, these optimal taxes correspond to the Pigouvian tax
rates as the Ramsey component cancels out. The consumption tax starts at 10.4% and falls

to 2.6% by the end of the century. The tax on capital income is significantly lower, starting

20ur model differs from Golosov et al. (2014) in that we do not include alternative sources of energy such
as coal and renewable energy, and oil is the only source of carbon emissions in the model. Given the initial
oil stock in the benchmark calibration, we obtain that the initial oil extraction is too low when compared
to current carbon emissions levels. To get current emissions equal to 100 GtC per decade (T10GtC/yr), Ro
should increase to 800 GtC. This would increase the initial tax on consumption to 38% and on capital income
to 4%.
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Table 1: Calibration.
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Figure 1: Optimal tax rates on consumption and capital income
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at 4.1% and falling to 1.2% by 2100. These rates are well within the range of existing taxes

on consumption and capital income.

7 Concluding Remarks

Political institutions impose important constraints on the feasibility of climate policy. While
from an economic theory perspective a global price on carbon would be the first-best instru-
ment to correct the climate externality, this instrument has proved elusive. Except for some
taxes on fossil fuel, most governments are not taxing carbon emissions. The world economy
remains on a business-as-usual path to 4C warming by the end of the century.

Previous studies have focused on estimating the optimal carbon price in addition to the
more conventional motives for public finance (raising revenue, fixing other market distor-
tions, or redistributing income). We turn this question around, asking how the existing
toolbox available to ministers of finance can be harnessed to limit climate change if the price
on carbon is constrained to zero. In our neoclassical growth model with a single capital
stock, exhaustible fossil fuel, and climate change, we find that here a combination of falling

consumption and capital income taxes is sufficient to implement the first best.
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The intuition for result is straight-forward and starts with the simple observation that the
price of oil needs to rise if its use is to fall. A positive price on carbon achieves this directly.
Alternatively, the price of using oil can be raised by making the resource more valuable (by
increasing its rent). In equilibrium, fossil fuel owners choose to deplete their reserves such
that leaving the resource untouched and extracting and investing the proceeds on the capital
market provides the same return. Raising interest rates, makes investing more attractive,
raises the price of oil, and weakens the climate problem. However, higher interest rates also
increase the return of capital and incentivize the accumulation of capital which increases the
attractiveness of using oil by increasing its marginal product. Therefore, optimal tax policy
increases equilibrium interest rates while curbing investment to its socially optimal level. We
show that combination of consumption and capital income taxes achieves this and the tax
rates required to implement the efficient allocation are within reasonable levels.

Our proposed tax scheme is time-consistent. This is due to the fact that we are allowing
for lump-sum taxation and are excluding a public borrowing requirement, the usual sources
of time-inconsistency. Clearly, a more general model would have to take into account the
standard reasons for distortionary taxation and study second-best taxation in such a setting.
While we draw confidence from the fact that our tax rates are within the range of conventional
numbers, implying that our argument can survive in a more complex setting, we leave the

formal for future research.

8 Mathematical Appendix

Proof of Proposition 2. The proof consists of showing that all conditions for an equilibrium
are satisfied by the optimal allocation when taxes are set optimally. A competitive equilib-
rium is fully characterized by the intratemporal condicion (23), the intertemporal equations
(24) and (25) together with the feasibility constraint (6) and the transversality conditions
for the capital stock and oil reserves. To see that equation (24) coincides with the optimal

condition (7), plug the tax rates as defined in the proposition to get

u'(Ciyq) u'(Cy)
/61 + M—:+1 [Fé,t—l-l - O] = wr [Fel,t - O]
R 1+ Fl i~

After some simple algebra, we obtain

BU’(CHI)[FeI,tH — 1] = U/(Ct)[Fe,,t — 4]
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which coincides with (7). Moreover, plug the capital income tax rate into (25) in order to

get
u' (Cii1)
L+7i,

C C
Ty — Tyq1
1+7f

u'(Cy)

b 1+7f

[(1—

which coincides with (9) after canceling out the tax rates from both sides. Finally, plug in

) I;,t+1] =

the consumption and labor income tax rates into (23) to get

u'(C) 4/ (Fg — )

v'(Le) (1 — e/ (e — F,)|Fy,

which coincides with (11) after some simple algebra. The feasibility constraint and the

transversality conditions are satisfied by definition of the competitive equilibrium. This
completes the proof that all conditions for a competitive equilibrium with taxes are satisfied
by the optimal allocation.

Proof of Corollary 1. After doing the relevant substitutions using the characterization

of the social planner’s solution, the optimal tax on consumption is equal to

I R N

Fly—pme M
where ); is the shadow price of oil. At an interior solution both, the social cost of carbon and
the shadow price of oil, are positive. Therefore, the consumption tax is positive. Further,

the capital income tax is equal to

c c Mt — Betl / n
J— !
kT T T Floy  2(S1) A B
t+1 — c / - /
1+ Fe,t Fe,t

where the second equality comes from using the asset’s optimal arbitrage condition. Thus,
the capital income tax rate is equal to the flow environmental damage (the difference between
the current social cost of carbon and the discounted social cost of carbon in the next period)
over the marginal product of oil. This implies a positive capital income tax and, therefore, a
decreasing consumption tax rate.

Proof of Proposition 3. Let x = {¢, ps, 1, wt, Cy, By, Ky, Ly, St }1oy be a competitive
t=0"
(16)-(21) together with the carbon cycle dynamics (3), the feasibility constraint (6), the

government budget balance (15), and the transversality condition for the capital stock. By

equilibrium given a fiscal policy {Tf,Tf,Ttk,Z}, Gt} At an interior solution, x satisfies

Walras law, if the consumer’s budget constraint holds, then (15) holds as well. The proof
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consists on showing that (14) can be combined with (16)-(21) to get the implementability
constraint. Rewrite (14) to get

Zq (1+7)C — we(1 — /) Ly) = Zq (1= 7Ky — Kpa] + 11 (40)
t=0 =0

Using (20) and (23), we have that

147§ >
Zﬁt 0 C)Cy — v (L)L) = > (1 = 7 )rJ, — Kypy + T + 11 (41)
t=0

Notice that the right-hand side of (41) can be opened up to obtain

o0 1 + c .
Zﬁtul<c¢70—0) [/ (Cy)Cy—' (L) Ly) = qg(1—78)ro Ko—qo K1+q7 (1—71 )r1 K1 —q) Ko+ +Zq T,+11
0 =0
(42)
where
IT = qo[(po — 76) (Ro — R1)] + ¢ [(p1 — 71 )(Ry — Ro)] +

and profits in sectors j = 0 and j = 2 are zero in equilibrium in every period t. That is,

Zﬁti,(*(g (W (CC—v (L) L) = (=)o K= K (1= (1= )} =g Koot +3 0TI
- W)
with
= (po — 75)Ro — Ri{(po — 75) + (01 — 7§)} — (p1 — 7{) Ra) +
where the terms in between curly brackets in the right-hand side of the equation are zero

from (21) and (19). Proceeding forward with the rest of the summands, and using the first

order conditions with respect to capital and oil in every t, we get

Zﬁt L+ To C)Cy — ' (L) Ly) = (1 — 19)ro Ko + (po — 7E) Ro (44)

where the value of the capital stock at T — oo is zero by the Transversality condition.
Further, use (17) and (18) to write down the implementability constraint only in terms of

the allocation.

Z B0~ (LoL) = 1 ) o Ko + (Fpo — )R] (45)

+ 7

which coincides with (31).
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Proof of Lemma 1. The proof consists of showing that all conditions for an equilibrium
are satisfied by the business-as-usual Ramsey allocation when taxes are set according to
the lemma. At an interior solution, the Ramsey allocation is characterized by the following

system of equations for every period ¢t >1

u'(Cy)  1—a+aHy 1

V(L) 1—a+aHy F_ét (46)
B (Cor)(1 — o+ aHy 1), = u'(C)(1 — o+ aHy)F, (47)
Bu'(Crar)(1 — o+ ol 1) Fyy g = 0/ (Co)(1 — o+ aHy) (48)

together with (3), (6), (31), and the initial conditions { Ky, Ry, So, 75, 78, 75 }. Notice that the
optimal consumption tax can be written as 1 + 77 = ﬁlo&u Plug this tax rate into (24)
and (25) to get (55) and (48), respectively. Capital income and carbon taxes are both zero.
Also, (31) guarantees that the Ramsey allocation satisfies (14), and (6) holds by definition
of the Ramsey problem. It remains to show that the Ramsey allocation satisfies (23). To see

this, plug in the tax rates to get

1
u'(Cy) _ l-ataHe (49)
1 E
l—a+aHy ~ et

which holds since the Ramsey allocation satisfies (46). This completes the proofs that all
conditions for a competitive equilibrium are satisfied by the Ramsey allocation.

Proof of Proposition 4. (Incomplete) The proof consists of showing that all condi-
tions for an equilibrium are satisfied by the Ramsey allocation when taxes are set optimally.
At an interior solution, the Ramsey allocation is characterized by the following system of

equations for every period ¢t >1

U/(Ot) o 1-— Oé—f—OéHgti (50)
V(L) 1—a+aHyF,

B (Coyr)(1 — o+ aHey1)(F ) — pegr) = 0/ (Co)(1 — a4+ oy ) (FL, — jur) (51)

Bu'(Cry)(1 — o+ aHeg)Fy o = u'(C)(1 — a+ aHy) (52)

together with (3), (6), (31), and the initial conditions { Ky, Ro, So, 75, 78, 76 }. Plug the ex-

pression for 77 into (24) to get

/ /
/6 Uu (Ct+1) F/ . u (Ct) F/ (53)
1 + Wt 1 + a(l—HCt) 6,t+1 1 + it 1 + Oz(l—HCt) et
Fe’ytﬁut l—ataHe: l1—a+aHq Fé‘tﬁut l—ataHe l—ataHet
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With some algebra manipulation, this equation can be written as

/ /
6 U (Ct+1) F/ — U (Ct) FI (54>
1 Fe/,t+1 e+l Fe/,t &t
l—ataHe 41 Fy =it l—ataHes F/—pu

That is,

Bu (Crr)(1 — o+ aHe 1) (Fl o — pteg1) = W (Cr) (1 — a + aHe ) (F,, — 1) (55)

which is satisfied by the Ramsey allocation. Similary, plug in the expressions for 7¢ and 7F
into (25) to get
U (Cy1) k / u'(Cy)
1— F =
B 1+, [( Tt+1) k,t—i—l] 147
Finally, (31) guarantees that the Ramsey allocation satisfies (14), and (6) holds by defi-

nition of the Ramsey problem.

(56)

9 Numerical appendix

The pair of simultaneous difference equations (3) and (39) reduces to

B, = — (57)
n(1—apy) + (75)" (BYCL v = n(1 - aBy))

n(l—apfy)

e v 1 1- By n(l —apy) log(n(l—aﬁ'y)—uﬂw 01)
Ep=——————|1 — ) + 21 ( )+21 <—>+2 — = Rop.
tgg ! n(1 — aBvy)2log (ﬁ) <Dg([3’v) o8 By e n(l —apfy) —vpy C1 w% log(%) 0

The second expression is a non-linear equation in the constant C'1 which we solve nu-

merically for parameters listed in assumption 1 using Mathematica’s FindRoot command
(with C'1 = ((1 — 8)BRo) " as initial guess which corresponds to the exact C'1 for the case
of laissez-faire). Given a solution for C'1, we know efficient energy use (the first expression in
57) and, consequently, the optimal consumption and capital income tax rates in the absence

of carbon pricing.
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