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Economists tend to view a uniform emissions price as the most
cost-effective approach to reducing greenhouse gas emissions. This
paper offers a different view, focusing on economies where society
values the well-being of future generations more than private actors.
Employing analytical and numerical general equilibrium models, we
show that a uniform carbon price is efficient only under restric-
tive assumptions about technology homogeneity and intertemporal
decision-making. Non-uniform pricing spurs capital accumulation
and benefits future generations. Depending on sectoral heterogene-
ity in the substitutability between capital and energy inputs, we find
that optimal carbon prices differ widely across sectors and yield sub-
stantial welfare gains relative to uniform pricing. (JEL Q54, Q58,
Q43, H23, C61).

Climate change is a long-term problem—the costs of avoiding greenhouse gas
emissions must be justified by the benefits of avoided impacts well into the future.
At the same time, efficient climate change mitigation requires avoiding emissions
where it is cheapest. In most economies, however, the marginal costs of reducing
emissions vary widely across sectors and technologies. Economists have long argued
that a uniform price on carbon dioxiode (CO2) emissions minimizes the welfare
costs of achieving an economy-wide emissions target as it incentivizes abatement
up to the point where marginal abatement costs are equalized (Cropper and Oates,
1992; Goulder and Parry, 2008; Metcalf, 2009).

This has strong implications for the contribution that each sector should make
in a country’s decarbonization effort. For example, if the marginal cost of reducing
emissions in a heavily coal-based electricity sector is lower than the cost of reducing
emissions in private transport or buildings, where the opportunities for substitut-
ing fossil energy for capital are more expensive and limited, the electricity sector
should reduce emissions more than these sectors. This, of course, is precisely the
idea behind the standard climate policy recommendation to “put a price on car-
bon,” which manifests itself in numerous proposals for efficient climate policy—for
example, the idea of a global, comprehensive carbon price as once envisioned under
the Kyoto Protocol, expanding the scope of major emissions trading schemes in
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Europe, the United States, and China, or linking regional carbon pricing regimes
(Nordhaus, 2015).

As economies around the world pursue increasingly ambitious decarbonization
goals for the whole economy, the question of how to price CO2 emissions in different
sectors is of great importance. It is all the more surprising that the economic
discipline has so far overlooked the idea that optimal carbon pricing in a multi-
sector economy is intricately linked to how private and public decision-makers
value the costs and benefits of climate policy over time. Intuitively, if society
or a benevolent social planner places a higher value on the well-being of future
generations than private agents do, agents discount the future too much and the
government should promote future oriented policies, i.e. policies which increase
the capital stock. The transformation to a green economy requires a massive
substitution of capital for fossil energy, but the substitutability of capital and
fossil energy varies widely across sectors, depending on technology. Thus, while it
appears desirable from a partial equilibrium perspective to price carbon uniformly,
efficient multi-sector carbon pricing that enables “large” transformations requires
considering the heterogeneous general equilibrium effects on capital accumulation
and their social valuation.

In this paper, we examine optimal carbon pricing in a multi-sector economy
when private agents and the social planner discount utility differently. We do
not propose a new model but base our analysis on a standard neoclassical growth
model where capital substitutes for CO2 emissions that are a by-product of fossil
fuel combustion in sectoral production. We focus on cost-effectiveness and ask how
carbon should be priced to meet an exogenously specified economy-wide emissions
budget at the lowest cost.1 We question the generality of the established wisdom
that efficient carbon pricing entails a single, uniform price across different sectors.
We show that this view rests on restrictive and unrealistic assumptions once social
discounting is taken into account: either different economic sectors are “identical”
in terms of substitutability of capital and energy inputs, or the capital stock is
exogenous. We show that technology heterogeneity causes optimal CO2 prices
to differ across sectors, and quantitatively explore the welfare gains relative to
uniform carbon pricing for the European economy. We explore the implications of
optimally differentiated CO2 prices for the design of emissions trading systems as
a major market-based instrument for climate policy.

Before summarizing our results in greater detail, it is useful to set the stage
for social discounting. Evaluation over time is a recurring and highly controver-
sial topic in economics, especially when the costs and benefits are evaluated over
very long time scales, as is the case with climate change. For many philosophers
(Sidgwick, 1874; Broome, 1994) and economists (Ramsey, 1928; Pigou, 1932; Solow,
1974) intergenerational discounting is ethically indefensible: basic fairness, i.e. im-
partiality, non-discrimination, and equal treatment, rule out discounting.2 Zero

1We abstract from the benefits of averted climate change and endogenous environmental quality which
are subject of study in integrated assessment models (see, for example, Nordhaus, 2000; Tol, 2009).

2Robert Solows argumentation against intergenerational discounting of utility is in line with Pigou
and Ramsey, stating that “[in] social decision making, however, there is no excuse for treating generations
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or near-zero discount rates, however, do not align with households’ inter-temporal
preferences as revealed through their savings behavior (Nordhaus, 2007; Dasgupta,
2008). Social discounting reconciles both perspectives, allowing the planner to
place a higher welfare weight on future generations above the current generation’s
private altruism towards the future (Bernheim, 1989; Fahri and Werning, 2007;
Kaplow, Moyer and Wiesbach, 2010; Goulder and Williams, 2012). Accepting the
view that society places more importance on future generations than private actors
is, of course, controversial and debatable.3 Our goal is not to enter this debate,
but to analyze the extent to which the established wisdom that uniform carbon
pricing is efficient can be upheld when social discounting is indeed accepted as a
reasonable premise.

We start from the result previously shown by Barrage (2018) that under so-
cial discounting, a planner in a first-best setting uses a capital income subsidy to
equalize social and private marginal returns to savings. We show that if capital
income subsidies can be optimally chosen, sectoral CO2 prices are uniform. In
reality, however, capital income as a whole is taxed and not subsidized. Moreover,
climate policy is usually pursued separately from fiscal policy; in particular, it is
not directly linked to policy decisions on capital taxation. We thus argue that the
relevant perspective for carbon pricing policy is to assume that capital income as
a whole cannot be subsidized.

Given the two premises of social discounting and no capital income subsidies, we
show that uniform carbon pricing is only efficient, if social and private “market”
discount rates coincide. When discount rates differ, a uniform carbon price is only
efficient if climate policy either ignores the effects of a carbon price on investment
and capital accumulation or assumes that sectoral production technologies are
identical. Both are clearly unreasonable.

Technological heterogeneity across sectors is key to our main result: efficient
multi-sector carbon pricing differentiates CO2 prices across sectors. The economic
intuition we provide for this result is based on the heterogeneous sectoral responses
to a carbon price in adjusting capital and fossil energy (CO2 emissions) inputs.
Sectors in which CO2 emissions are not easily substitutable with “clean” capital
should receive a lower carbon price than sectors where these two inputs are better
substitutes. When capital in a given sector is a “poor” substitute for emissions,
pricing carbon destroys more capital as compared to reducing the same amount of
CO2 emissions in a sector with a higher substitutability. If the social valuation of
capital and future wealth were based on the “market” discount rate, the sectoral
allocations of CO2 emissions and capital stemming from the equilibrium decisions
of firms and households would also be efficient from a social perspective. With

unequally, and the time-horizon is, or should be, very long” (Solow, 1974, p. 9).
3When individuals discount both the past and the future, Caplin and Leahy (2004) show that policy

makers should be more patient than private citizens, whose choices define the most short-sighted Pareto
optimum. From a non-academic perspective, there is also evidence of such a view. Recently, the Federal
Constitutional Court (2021) has ruled that the “German Climate Law” in its current form violates the
civil liberties of future generations. In particular, it is not acceptable to postpone necessary CO2 emissions
reductions largely into the future in order to spare the present. This can be interpreted as support for the
view that society should not only explicitly consider the well-being of future generations in today’s policy
decisions, but give it more weight.
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social discounting, however, economic agents discount the future too much and
differentiating sectoral CO2 prices avoid households failing to invest sufficiently in
the economy’s capital stocks: it directs capital to where it is socially most valuable,
increasing capital accumulation and benefiting future generations.

Multi-sector carbon pricing also constitutes a first-order deviation from uniform
carbon pricing from a quantitative perspective. To explore the relevance of our
theoretical results in an empirical context, we use a steady-state model which is
calibrated to the European economy and resolves major economic sectors. Incor-
porating empirical estimates on sector-specific capital-energy substitutabilities, we
find that the CO2 price differentiation across sectors is significant. For example, for
a 40% economy-wide emissions reduction in the European economy, optimal sec-
toral prices range from N42.3 to N116.9 per ton of CO2, with an emissions-weighted
mean CO2 price of N74.4/ton. By comparison, achieving the same emissions tar-
get would require a price of N91.3/ton. The variation in optimal CO2 prices is
not much affected by considering lower or higher economy-wide emissions reduc-
tion targets: the coefficient of variation of optimal sectoral CO2 prices is roughly
constant at 40% for targets of up to 80%.

Compared to uniform carbon pricing, the failure to differentiate CO2 prices by
sector forgoes potentially large welfare gains. The magnitude of welfare gains
largely depends on technology heterogeneity. For intermediate cases, based on or
close to the empirical estimates of sector-specific capital-energy substitutability,
we calculate that the welfare cost of climate policy to achieve a 20% emissions
reduction reduces by 14–22% per period. If the economy is composed of sectors in
which some sectors have strong capital-energy substitutability while others have
strong capital-energy complementarity, the reduction in welfare costs can be as
high as 50% per period. In contrast, if capital and energy are highly substitutable
in all sectors, the welfare gains from differentiating CO2 prices are negligible. In
general, welfare gains decrease as emissions reductions increase.

Our findings have important implications for the design of emissions trading sys-
tems (ETSs): a single, comprehensive ETS is not optimal when private and social
discount rates differ and sectoral production technologies differ. This runs counter
to the established policy recommendation to broaden the scope of an ETS or
integrate the carbon markets of separate ETSs (Böhringer, Hoffmann and de Lara-
Peñate, 2006; Abrell and Rausch, 2017). We show that when CO2 emissions are
regulated by two ETSs within a jurisdiction, price differences between the sys-
tems need not be costly. In fact, two separate ETSs may be superior to a single,
comprehensive ETS if sectors are assigned to each ETS in such a way that sectors
with relatively low and high capital-energy substitutability are clustered separately.
These considerations are relevant to the practical design of ETSs, especially since
decarbonization efforts in many countries relies on one or more markets for tradable
emission permits as the cornerstone of climate policy.

The results of our analysis are also relevant for model-based evaluations of cli-
mate policy. First, model-based evaluations of climate policy which macroeconomic
models which adopt a single-output framework (for example, DICE-type models
by Nordhaus, 2007; Barrage, 2018), assume that social and private discount rates
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are equal, and ignore technology heterogeneity amount to assuming that a uniform
carbon price is optimal. To the extent that these assumptions are not warranted,
they overlook better approaches to carbon pricing and thus overstate the costs of
climate policy. Second, models which adopt a richer multi-sector perspective, on
the other hand, are often static (Böhringer, Carbone and Rutherford, 2016; Lan-
dis, Rausch and Kosch, 2018) or assume myopic economic agents ruling out that
expectations affect the future capital stock—for example, models used for climate
policy assessments by the European Commission (Capros et al., 2013) and in the
academic community (Paltsev et al., 2005; Fawcett et al., 2014; Thompson et al.,
2014). Simplifying the intertemporal decision rules in such ways also effectively
assumes that a uniform carbon price is optimal. Third, the partial equilibrium
result of a uniform cost-effective pricing of emissions can only be transferred to a
general equilibrium under restrictive assumptions. Partial equilibrium evaluations
should thus be used with caution.

More generally, our analysis contributes to the large body of literature on dis-
counting in the context of climate change mitigation (Stern, 2006; Nordhaus, 2007;
Weitzman, 2007). Previous work has pointed out that a clearer distinction should
be made between the concepts of social and private “market” discount rates when
evaluating climate policies (Kaplow, Moyer and Wiesbach, 2010; Goulder and
Williams, 2012; van der Ploeg and Rezai, 2019). von Below (2012) is the first
to operationalize both concepts in one framework for climate policy analysis. Most
closely related to our analysis, Barrage (2018) shows that if the government cannot
subsidize capital income, the constrained-optimal carbon tax may be 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. We contribute
by providing the first analysis which examines optimal multi-sector carbon pricing
when social and private discount rates differ.

Non-uniform pollution prices have been found to be optimal in economies that
feature either imperfectly competitive markets (Sandmo, 1975; Markusen, 1975;
Krutilla, 1991; Rauscher, 1994), settings where social equity concerns over hetero-
geneous households are present (Landis, Rausch and Kosch, 2018; Abrell, Rausch
and Schwarz, 2018), or when border adjustment tariffs on carbon leakage are not
possible (Hoel, 1996). This paper adds an important new motive for non-uniform
pollution prices.

Section I describes the economic environment and sets up the social planning
problem. Section II presents our qualitative results. Section III describes the
calibration of the numerical model. In Section IV we explain the computational
experiments, with results presented in Section V. Section VI provides additional
sensitivity analysis. Section VII concludes. Proofs are contained in the Appendix.

I. The Economic Environment

A. Private and Social Discounting

Following recent literature (see, for example, Barrage, 2018; Belfiori, 2017; Fahri
and Werning, 2007), we assume that the social planner places positive weight
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on future generations’ welfare above and beyond the current living population’s
private altruism. Social discounting thus means that there is a disagreement in
utility discount factors between a dynastic household (ζ) and the social planner
(ζS) and that ζ > ζS ≥ 0. Time is discrete and extends to infinity t = 0, . . . ,∞.
Dynastic households maximize:

(1) U =
∞∑

t=0

1
(1 + ζ)tu(Ct)

where u(Ct) is a standard concave period utility function which allows for general
CRRA preferences: u(Ct) = C1−σ

t /(1− σ). 1/σ denotes the elasticity of inter
temporal substitution, Ct is consumption of a final good at time t, and ζ is the
private discount rate of households. The social planner maximizes the social welfare
function:4

(2) W =
∞∑

t=0

1
(1 + ζS)tu(Ct) .

B. Decentralized Economy

HOUSEHOLDS.—–Household earn income from supplying labor at the market rate
wt, return Rt (net of depreciation) minus capital income tax Ξt on capital holdings
Kt, profits from sectoral production Πt, and lump-sum transfers Λt from the gov-
ernment which comprise revenues from taxing carbon emissions and capital income.
The households’ budget constraint is given by:

(3) Ct + K̄t+1 ≤ wtL̄+ [1 +Rt(1− Ξt)]K̄t + Πt + Λt ,

where L̄ denotes the perfectly inelastic aggregated labor supply and K̄t denotes
the aggregated capital supply at time t.

Households maximize (1) subject to (3), yielding the following savings optimality
condition, which relates the costs of forgone consumption today to the discounted
value of future capital income:

(4) UCt = 1
1 + ζ

UCt+1 (1 +Rt+1(1− Ξt+1)) ,

where UCt := ∂u(Ct)/∂Ct.
PRODUCTION.—–The final good at time t, Ŷt, is produced by profit-maximizing

firms using contemporaneous output of sector j, k = 1, . . . , J , Yjt, with a linearly

4Bernheim (1989) and Barrage (2018) show that the social welfare function corresponds to a time-
consistent social planner’s problem for appropriately chosen welfare weights.
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homogeneous production function:

(5) Ŷt =
J∏

j=1
Y
γj
jt

where γj , with ∑j γj = 1, is a share parameter.
Sectoral goods Yjt are produced using labor, capital, and CO2 emissions inputs

according to a constant-elasticity-of-substitution (CES) production function:

(6) Yjt = L
αj
jt [βKj(HKjKjt)ρj + βEj(HEjEjt)ρj ]

1−αj
ρj

where αj and βs are share parameters, and βKj+βEj = 1. HKj and HEj denote the
input- and sector-specific productivity factors of capital and emissions. −∞ < ρj <
1 denotes the elasticity parameter and is related to the elasticity of substitution
σj = 1/(1 − ρj). Throughout, we say that inputs in production are substitutes
when ρj > 0 and complements when ρj < 0. ρj = 0 indicates the Cobb-Douglas
case. Ljt, Kjt, and Ejt denote the amount of labor, capital, and CO2 emissions
used in sector j at time t, respectively.

Firms maximize profits taking prices as given on perfectly competitive output
and factor markets. The optimal input choices Kjt, Ljt, Ejt, and Yjt are therefore
determined by:

(7) rjt = pjt
∂Yjt
∂Kjt

, wt = pjt
∂Yjt
∂Ljt

, τjt = pjt
∂Yjt
∂Ejt

, pjt = p̂t
∂Ŷt
∂Yjt

,

where pjt and p̂t denote the prices for sectoral output Yjt and final output Ŷt,
respectively. We choose the price of final output as the numeraire (p̂t = 1).

We focus specifically on multi-sector economies with technology heterogeneity.
Sectors are said to be heterogeneous if share parameters βKj , substitution param-
eters ρj 6= 0, input factor-specific productivities (HKj , HEj), or sector-specific
depreciation rates δj or a combination of these parameters, differ across sectors.
Two sectors are identical if these parameters take on the same respective value or
if ρj = 0 across the two sectors.

Market clearing conditions of labor and capital at time t are:

(8)
J∑

j=1
Ljt = L̄, ∀j : Kjt = K̄jt ,

such that L̄ is perfectly mobile across sectors, and K̄jt denotes the capital supplied
to sector j at time t. Aggregated capital, K̄t = ∑

j K̄jt, accumulates over time
according to:

(9)
J∑

j=1
K̄jt+1 =

J∑

j=1
(1− δj)K̄jt + It ,
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where δj is the sector-specific, periodic depreciation rate and It denotes investments.
Capital is homogeneous and mobile across sectors such that the return net of sector-
specific depreciation is equal across the economy, i.e. households base their savings
decision on Rt = rjt − δj , ∀j. We include sector-specific capital rental rates to
incorporate an additional aspect of sectoral heterogeneity.

The final good can be used for investment and consumption purposes:

(10) Ct + It = Ŷt .

CARBON EMISSIONS.—–CO2 emissions are the by-product created by the combus-
tion of fossil fuels inputs in production. To simplify, we abstract from explicitly
including energy (from fossil fuels) and instead directly represent CO2 emissions
as an input in production.5

At the center of our analysis is the investigation of sectorally differentiated carbon
prices. We thus include J separate emission markets at each point in time which
determine sectoral emissions prices, τjt:

(11) Ejt = Ējt .

Ējt denotes the sector-j emissions budget, where in addition the sum of sectoral
emissions is constrained by an exogenously given economy-wide emissions budget,
Ēt, according to:

(12)
J∑

j=1
Ējt = Ēt .

By setting Ē, we represent economy-wide emission reduction targets.
EQUILIBRIUM.—–The definition of the equilibrium for the decentralized economy

is standard and provided in Appendix A.A1.

C. Planner’s Problem: First-best Policy

The planner’s problem is to maximize social welfare (2) subject to final good
production (5), sectoral production (6), market clearing conditions for labor and
capital (8), aggregate capital accumulation (9), the resource constraint (10), and
attaining the economy-wide emissions constraint ∑j Ejt = Ēt. The planner’s first-
order conditions (FOCs) with respect to the use of sectoral emissions (Ejt) require
that the social marginal costs and benefits of using carbon emissions be equated
for every j (see Appendix A.A2):

(13) µjt
︸︷︷︸

marginal value
of sectoral output

∂Yjt
∂Ejt︸ ︷︷ ︸

marginal product of
sectoral emissions

= λEt .

︸︷︷︸
marginal social cost of
economy-wide emissions

5In terms of our model, we thus use “carbon emissions” and “fossil energy” interchangeably.
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It is thus straightforward to see that in the social optimum sectoral carbon prices
are uniform.

To see that in a decentralized market economy uniform sectoral carbon prices
can achieve the socially optimal outcome, combine the planner’s FOCs with respect
to consumption Ct, capital Kt+1, and investment It to obtain the planner’s Euler
equation:

(14) UCt = 1
1 + ζS

UCt+1 (1 +Rt+1) .

Comparing the planner’s optimality conditions with those governing the behavior
of households (4) and firms (7) in decentralized equilibrium, it is straightforward
to show that the first-best allocation can be decentralized by a combination of
uniform sectoral carbon prices according to:

(15) pjt
︸︷︷︸

price of
sectoral output

∂Yjt
∂Ejt︸ ︷︷ ︸

marginal product of
sectoral emissions

= τjt = τt
︸︷︷︸

marginal social cost of
economy-wide emissions

∀ j ,

where τt = λEt /Uct and a capital income subsidy to equate the social and private
marginal returns on savings:

(16) Ξt+1 = ζs − ζ
1 + ζS

1 +Rt+1
Rt+1

.

The intuition behind this result is that private households are too impatient from
the planner’s perspective, and consequently subsidies on capital are desirable to
increase returns to savings to avoid households failing to invest sufficiently in the
economy’s capital stocks. This result has been shown previously by von Below
(2012) and Barrage (2018). Importantly, in a first-best setting in which capital
income subsidies can be optimally chosen, optimal sectoral carbon prices are uni-
form.

II. Qualitative Results

A. Constrained-optimal Carbon Prices

In reality, however, capital income as a whole is taxed and not subsidized. More-
over, climate policy is usually pursued separately from fiscal policy; in particular,
it is not directly linked to policy decisions on capital taxation. We thus argue that
the relevant perspective for carbon pricing policy is to assume that capital income
as a whole cannot be subsidized. For the remainder of the analysis, we therefore
assume that capital income subsidies are not available and focus on a climate policy
which is concerned with choosing constrained-optimal carbon prices.

To analyze carbon pricing in a setting which rules out capital income subsidies,
we can re-state the no-subsidy constraints Ξt ≥ 0 in terms of the households’
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intertemporal optimality conditions (4) as:

(17) UCt(1 + ζ)
UCt+1

≤ (1 +Rt+1)) , Rt+1 = MPKjt+1 − δj , ∀j, and t > 0 .

MPKjt denotes the marginal product of capital in sector j which corresponds to the
price for sectoral capital (rjt) in the decentralized equilibrium. The constrained pol-
icy problem is given by adding (17) to the social planner’s problem (see Appendix
A.A3). Comparing the constrained planner’s optimality conditions with those gov-
erning the behavior of households and firms in the decentralized equilibrium, it is
straightforward to show that:
PROPOSITION 1: In a second-best setting when capital income subsidies are not
feasible (Ξt = 0), the constrained-optimal allocation can be decentralized by sector-
specific carbon taxes which are implicitly defined by equating the marginal benefits
of emissions use with the marginal social cost of emissions which comprise a Pigou-
vian and a social discounting externality-correcting term:
(18)

pjt
︸︷︷︸

price of
sectoral output

∂Yjt
∂Ejt︸ ︷︷ ︸

marginal product of
sectoral emissions

= τt
︸︷︷︸

social cost of
carbon emissions

− (1 + ζS)φ̃Kjt
∂MPKjt

∂Ejt︸ ︷︷ ︸
marginal sectoral emissions’ impact

on sectoral marginal product of capital

where φ̃Kjt = φKjt/UCt denote the social costs of constrained capital prices that are
governed by the private Euler equation.

PROOF: See Appendix A.A3. �
Proposition 1 implies that in an economy which endorses social discounting and

cannot subsidize capital income may want to impose sectoral CO2 prices which
deviate from the Pigouvian carbon tax, where the latter is given by the marginal
social cost of economy-wide carbon emissions (τt = λEt /Uct). Intuitively, this is
because the planner cares about the overall level of assets given to future gen-
erations and consequently takes into account the general equilibrium effects of
sectoral carbon taxes on households’ savings behavior. Without a capital income
subsidy, private savings are not optimal. Consequently, climate policy’s impacts
on private investment can now have first-order welfare effects. Mathematically, if
ζ > ζs, the no-subsidy constraint is binding (φKjt > 0), the Pigouvian carbon tax is
corrected by a term which reflects how reductions in sectoral emissions affect the
sectoral marginal product of capital (∂MPKjt/∂Ejt). Intuitively, this is because
the sectoral CO2 prices are used to bring savings closer to the socially optimal
path in the presence of the social discounting externality.6 ∂MPKjt/∂Ejt reflects
the substitutability (complementarity) between capital and emissions inputs in a
given sector. For heterogeneous sectoral technologies, the ∂MPKjt/∂Ejt terms vary

6Without exploring the implications for differentiated CO2 prices, Barrage (2018) and Belfiori (2017)
show in a one-sector integrated assessment model that constrained-optimal carbon price reflects the dis-
counted sum of marginal climate damages, corresponding to λEt in our framework, and the general equi-
librium effects on the households’ savings decisions.
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across sectors, implying that contrained-optimal CO2 prices differ across sectors.

B. When is a Uniform CO2 Price Optimal?

Before we further investigate the role of technology heterogeneity for multi-sector
carbon pricing, it is useful to illustrate the conditions that lead to a uniform carbon
price. Given the importance of the established wisdom in environmental economics
that a uniform carbon price across different emission sources is efficient, this helps
to reveal the implicit assumptions behind this result.

The following result follows straightforwardly from Proposition 1:

PROPOSITION 2: Constrained-optimal sectoral carbon prices are uniform if the
economy displays at least one of the following characteristics:

(i) sectoral production technologies are identical,

(ii) the capital stock is exogenously given and fixed, or

(iii) there is no social discounting, i.e. social and private market discount rates
coincide (ζS = ζ).

Proposition 2 highlights the three fundamental premises which underlie the stan-
dard perspective often inherent in economic assessments (and models) to study
price-based climate change policies. It has important implications for the model-
based evaluations of climate policy in the literature.

Integrated assessment models (Nordhaus, 2007; Barrage, 2018) primarily adopt
a single-output framework.7 This, however, overlooks relevant heterogeneity at the
sectoral level in terms of differences in carbon emission intensity and substitutabil-
ity between capital and energy inputs in production. As emissions (reductions)
and capital are bound together, the optimal use of carbon pricing needs to take
into account how a carbon price affects the marginal product of capital in different
sectors (see ∂MPKjt/∂Ejt in equation (18)). When social discounting plays a role,
the single-sector perspective is only inconsequential for the optimal carbon pricing
rule when technology heterogeneity is “negligible”, i.e. when sectors are largely
identical. In fact, by model construction, such models assume that the optimal
CO2 is uniform. To the extent better carbon pricing policies are overlooked, they
overstate the costs of climate policy.

Economic models which adopt a richer multi-sector perspective are often static
(Böhringer, Carbone and Rutherford, 2016; Landis, Rausch and Kosch, 2018) or as-
sume myopic economic agents ruling out that expectations affect the future capital
stock—for example, models used for climate policy assessments by the European
Commission (Capros et al., 2013) and in the academic community (Paltsev et al.,
2005; Fawcett et al., 2014; Thompson et al., 2014). This amounts to holding fixed
the capital stock or simplifying intertemporal decision rules in a way which also
boils down to assuming that a uniform carbon price is optimal. Then, the rationale

7The general model of Golosov et al. (2014) considers multiple energy-producing technologies, but no
further sectoral detail below the final goods sector.
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to differentiate carbon prices according to Proposition 1 vanishes and the optimal
carbon price for each sector is equal to the (uniform) Pigouvian level. Proposition
2 (ii) also implies that the partial equilibrium intuition of uniform cost-effective
emissions pricing, which by construction ignore effects on capital income, does not
carry over to a general equilibrium setting.

Finally, if private agents discount with the same rate as the social planner, there
is no need to incentivize households’ savings beyond the market remuneration.
Hence, φKjt = 0 in (18) and carbon emissions in all sectors are priced uniformly
according to the Pigouvian principle (τjt = τt = λEt /Uct, ∀j), regardless of whether
sectors are heterogeneous or not.

In summary, accepting the social discounting perspective and the (empirical) fact
that capital income is not subsidized, the assumptions leading to the conventional
climate policy recommendation of a uniform CO2 price are quite stark: either all
sectoral outputs in an economy must be produced with identical technologies or
intertemporal economic choices must be ignored.

C. Optimal Sectoral CO2 Prices: The Role of Technology Heterogeneity

This section investigates multi-sector carbon pricing when sectoral production
technologies are heterogeneous.8

Based on Proposition 1 and steady-state FOCs, the rule for efficient pricing of
carbon emissions in sector j can then be expressed in terms of technology parame-
ters (see Appendix A.A4 for derivation):

τj = τ

︸︷︷︸
social cost of

carbon emissions

× 1
1− φ̄jρjθKj︸ ︷︷ ︸

Γj :=sector-specific correction factor
to account for social discounting externality

(19)

where φ̄j = (1 + ζS)φ̃Kj Kj
−1 incorporates the additional cost imposed by deviating

from the socially optimal path of capital accumulation as a result of the no-capital
income subsidy constraint, or, expressed equivalently, due to requiring that capital
prices are governed by the private, but not the social, Euler equation. θKj denotes
the value share of capital in the capital-emissions bundle in the production of
sectoral output j according to (6).

PROPOSITION 3: If sectoral production technologies are heterogeneous, the con-
strained optimal carbon prices differ across sectors: τj 6= τk, ∀j, k. In particular,
τj > τk if ceteris paribus:

(i) capital is a better substitute for emissions in sector j relative to sector k
(ρj > ρk),

8We assume throughout that the social planner equally weighs current and future (unborn) generations,
implying that the social discount rate is zero. ζS = 0 also enables us to focus on steady-state equilibrium
and to derive closed-form solutions.
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(ii) the capital share is higher in sector j relative to sector k (βKj > βKk) if
both sectors are substitutes (ρj = ρk > 0) and vice versa if both sectors are
complements (ρj = ρk < 0),

(iii) capital is more productive (HKj > HKk) or emissions are less productive
(HEj < HEk) in sector j relative to sector k, if both sectors are complements
(ρj = ρk < 0), and vice versa if both sectors are substitutes (ρj = ρk > 0), or

(iv) the capital depreciation rate is lower in sector j relative to sector k (δj < δk)
if both sectors are substitutes (ρj = ρk > 0) and vice versa if both sectors are
complements (ρj = ρk < 0).

PROOF: See Appendix A.A4. �
The important insight from Proposition 3 is that—in an environment where the

planner adopts a social discounting perspective and capital income subsidies are
not feasible—technology heterogeneity provides an economic rationale for differen-
tiating carbon prices across sectors. Sectoral carbon pricing is a means to influence
household savings and move the economy closer to the social optimum. Intuitively,
the efficient pattern of sectoral carbon taxes depends on how the amount of capital
employed in each sector—and thus the marginal productivity of capital—reacts to
the pricing of emissions. This, in turn, hinges on the production technology in each
sector, i.e. the way in which profit-maximizing inputs of capital and emissions are
combined to produce final goods for consumption.

If sectoral production technologies are identical, the quantity of capital employed
in each sector is equally affected by a carbon price. Hence, a uniform carbon
price is sufficient to implement the constrained social optimum—simply restating
Proposition 2. Also, technology heterogeneity does not matter if there is no social
discounting as it is then efficient to price emissions in each sector with the uniform
social cost of carbon τ .9

One important aspect of technology heterogeneity relates to the substitutability
or complementarity between capital and emissions in sectoral production. Propo-
sition 3 (i) shows that, everything else being equal, it is optimal to price carbon
emissions at a higher rate in sectors which can more easily substitute between cap-
ital and emissions. Consider the extreme case in which capital and emissions are
perfect complements in one sector and highly substitutable in another sector. A
uniform carbon price can then not be optimal and lowering the carbon tax in the
“complement” sector increases capital demand in this sector. To compensate for
higher emissions (given the fixed economy-wide emissions target), the carbon price
in the “substitute” sector has to increase. To the extent that capital and emissions
are substitutes, this triggers a substitution away from emissions towards capital
in the “substitute” sector. As output in the “substitute” sector, which now faces
a higher carbon tax, falls, the amount of capital used in the “substitute” sector
may fall. When capital in this sector is a strong enough substitute for emissions,
the reduction in capital use in the “substitute” sector is smaller than the increase

9This can also be inferred from the sectoral carbon pricing rule in (19). Without social discounting,
φ̄j = 0, ∀j, implies Γj = 1, ∀j.



14

in capital use in the “complement” sector. Overall, the differentiation of sectoral
carbon taxes leads to an increased use of capital in the economy, thus pushing
the economy on a path with higher capital accumulation relative to the case with
uniform carbon pricing. Put differently: with uniform carbon pricing, households
invest too little and the (steady-state) consumption level is sub-optimally low. This
is because savings decisions only take into account private discounting. It is thus
optimal for climate policy to tax carbon in a way which boost households’ savings
by implicitly subsidizing capital, or, steering the relative price of capital to CO2
emissions. The efficient pattern of implicit capital subsidies is inversely related
to the elasticity of capital use in each sector: subsidize capital less (tax carbon
more) in sectors where capital and emissions are “good” substitutes and subsidize
capital more (tax carbon less) in sectors where capital and emissions are “bad”
complements.

A similar logic applies if sectoral heterogeneity encompasses other aspects of
technology which imply that the adjustment of capital (and emissions) inputs with
respect to climate policy differs across sectors. Even if capital and emissions inputs
are identical in terms of their degree of substitutability (same ρ’s across sectors),
a sector with a high capital share (βK) should receive a higher sectoral carbon tax
as compared to a sector with a low share of capital if both sectors are substitutes
(see Proposition 3 (ii)). The reason is that a sector with a higher share of capital
can more easily substitute between capital and emissions (provided that ρ > 0).
This is also the case if the productivity of capital in a sector is higher (HK) or if
capital in a sector depreciates at a lower rate (δ)—see Proposition 3 (iii) and (iv).
In all cases, it is efficient to tax carbon emissions in this sector at a higher rate as
compared other to sectors with a lower βK or HK , or a higher δ, as such a carbon
tax differentiation increases investments and economy-wide capital stock, and in
turn future consumption and welfare while achieving the same level of carbon
emissions.

SPECIAL CASE OF COBB-DOUGLAS TECHNOLOGIES.—–It is important to emphasize
that the frequently assumed case of Cobb-Douglas production functions entirely
mutes the role of technology heterogeneity for carbon price differentiation:
PROPOSITION 4: If production technologies in all sectors are Cobb-Douglas (ρj =
0, ∀j), constrained-optimal sectoral carbon prices are uniform.
PROOF: For ρj = 0, ∀j: limρj→0 ∂MPKj/∂Ej = limρj→0 − ρjθKj K−1

j τj = 0, and
it follows from (18) that τj = τ . �

Cobb-Douglas technologies imply that each input factor has a constant value
share relative to final output. Carbon pricing then causes inputs of emissions and
capital to change equally across sectors, and the motive for differentiating sectoral
CO2 prices to increase the economy-wide capital stock disappears.

III. Quantitative Model and Calibration

To explore the relevance of our theoretical results in an empirical context, we use
a steady-state version of the model described in Section I calibrated to the current
EU economy. Appendix A.A5 provides the steady-state conditions.
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Table 1. Overview of key parameter values for model calibration

Parameter Model sector j
Electricity Industry Transport Services

Capital rental rate (rj) 0.14 0.20 0.10 0.10
Baseline carbon price (τj) [N per ton of CO2] 30 30 ≈0 ≈0
Share share of sectoral output in final output (γj) 0.04 0.21 0.05 0.70
Share share of L versus K-E aggregate (αj) 0.29 0.65 0.63 0.61
Share share of K in K-E aggregate (βKj) 0.76 0.83 0.99 0.99
Substitution elasticity between K-E in Yj (ρj)
All complements (central case) -0.50 -5.00 -1.00 -4.00
All substitutes 0.40 0.10 0.30 0.20
Substitutes & complements 0.40 -5.00 0.15 -1.00
Strong substitutes & complements 0.50 -8.00 -1.00 -6.00

Notes: Parameter values are selected based on the following information. rj : based on the World Input-
Output Database (WIOD, Timmer et al., 2015). τj : chosen values intend to portray an average carbon
price over the period 2010-2020 in the EU ETS. To enable the calculation of a positive value shares for
carbon for the transport and services sectors, which have so far not been subject to (explicit) carbon
pricing under the EU ETS, we choose a very small but positive value for τj for these sectors. γj and αj :
value share parameters based on WIOD. ρj : parameters describing the substitution between capital and
energy are taken from the literature (for references, see text).

To capture technological heterogeneity, we decompose the main economic sectors
and integrate empirical estimates regarding the sector-specific substitutability of
capital and energy. The sectoral disaggregation is driven by the following consider-
ations: we want to identify sectors which are responsible for the majority of CO2
emissions in a typical industrialized economy as the EU, exhibit differences in capi-
tal emissions intensities, and are either subject to carbon pricing policies, for exam-
ple, the EU ETS, or not. We distinguish the following sectors j ∈ J = {E, I, T, S}:
electricity (E), energy-intensive industries (I), transportation (T ), and services
(S).10

Given policy choices on Ξ = 0 and τj ≥ 0, we need to pin down the following
parameters to calibrate a steady-state model: (αj , γj , δj , ζ, ρj , βKj , HKj , HEj , L̄).
We select these parameters to capture the structure of the aggregated EU economy
with respect to (i) the sectoral composition of output, (ii) the mix of capital, labor,
and emissions input, and (iii) the observed savings rate. All parameter values
are found from data targets without the need to simulate the model. Table 1
summarizes the parametrization for the central case of the model.

A. External Parameters

To parametrize γj and αj , we use two data sources. First, we obtain the value
of sector-specific inputs of employment and capital from the WIOD (World Input-
Output Database, Timmer et al., 2015). WIOD contains information at the country
level, and we aggregate the data to the EU-28. We use data for the most recent
available year 2014. We use the Standard Industrial Classification, Revision 4,
to map WIOD categories to the four model sectors according to the mapping
shown in Appendix B. For European countries outside of the Euro zone, we apply

10We do not explicitly include agriculture as a separate sector as it only accounts for a small share of
CO2 emissions. It is beyond the scope of this paper to include emissions from non-CO2 greenhouse gases.
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exchange rate data from OECD (2020). Second, we obtain information on CO2
emissions at the sectoral level from the European Commission’s EDGAR database
(Emission Database for Global Atmospheric Research, Crippa et al., 2019) and link
emissions from fossil-fuel combustion as well as process emissions to the sectors
using the mapping shown in Appendix B. In order to compute value shares, we
need to complement emissions data with an assumption about the costs of carbon
emissions at the sectoral level. For the P and I sectors, which are subject to EU
ETS regulation, we assume a carbon price of τP = τI = 30N per ton of CO2. The
T and S sectors are not subject to EU ETS regulation, and we assume a carbon
price of zero. We set HKj = HEj =1, ∀j, as we cannot separately identify H and
β from the data. Using the information on the value of inputs for K, L, and E for
each sector, we can infer γj and αj .

We survey the literature (Koesler and Schymura, 2015; Okagawa and Ban, 2008;
van der Werf, 2008; Costantini, Crespi and Paglialunga, 2019; Dissou, Karnizova
and Sun, 2015; Papageorgiou, Saam and Schulte, 2017) to pin down reasonable
values for ρj . First, complementarity is the highest in the industry and services
sectors (with lower estimates ranging from −6.96 to −2.33 and higher estimates
ranging from −1.56 to 0). Second, the power and transportation sectors seem
to exhibit a small degree of complementarity (with lower estimates ranging from
−1.70 to −1.22 and upper estimates ranging from −1.17 to 0.21).

Given the uncertainty of empirical estimates and the central role of sectoral tech-
nology heterogeneity for our analysis, we consider four different cases representing
different assumptions about the substitutability between capital and energy (emis-
sions) input in sectoral production. “All complements” assumes that ρj < 0 for all
sectors, reflecting a case where the substitutability between capital and energy in-
puts is limited. “All substitutes” represents a case with high substitutability. The
other two cases (“Substitutes & complements” and “Strong substitutes & comple-
ments”) represent intermediate cases where capital and energy inputs are (strong)
complements in some sectors and (strong) substitutes in others.

B. Calibrated Parameters

Using the steady-state no-arbitrage condition (i.e., δj = rj − ζ) and data on rj
from WIOD (taking the value for 2014), we determine ζ and δj . To obtain rj , we
divide the total sectoral capital compensation by the sectoral nominal capital stock
employed. We calibrate the private discount rate of ζ by targeting an aggregate
savings rate of 22 percent for the EU-28 (World Bank, 2020). The savings rate
is related to capital depreciation according to ∑j δjKj/Ŷ . We obtain ζ = 0.0475.
Given ζ, we infer sector-specific depreciation rates δj . As labor is exogenous and
enters in a Cobb-Douglas manner in sectoral production, we can normalize L̄ = 1.

Given ρj and τj , and using data on emissions from EDGAR and on the value of
capital inputs and rental prices by sector from WIOD, we calibrate βKj based on
combining the FOCs for profit-maximizing inputs of capital and emissions in each
sector.
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IV. The Computational Experiment

To obtain insights into the nature of optimal multi-sector carbon pricing and asso-
ciated welfare gains, we interact three dimensions in our simulations: the structure
of sectoral CO2 pricing (S), policy stringency (P), and technology heterogeneity
(H).

STRUCTURE OF CO2 PRICING.—–We consider three cases that differ in terms of
the permissible structure of sectoral CO2 prices: s ∈ S = {Optimal,Uniform,
Partitioned Pricing}. These cases cover the theoretical case of “optimal” pricing,
where carbon prices τj are optimally differentiated across sectors (corresponding
to a numerical evaluation of (18) in Proposition 1), and the case of uniform pricing
which reflects “conventional” policy recommendation. An intermediate case rep-
resents a situation where sectoral CO2 prices can only be partially differentiated
because they are constrained by the presence of disintegrated carbon markets or
multiple ETSs within a jurisdiction.

POLICY STRINGENCY.—–We vary climate policy stringency to examine how the
multi-sector carbon pricing depends on the economy-wide emissions budget.11 We
consider economy-wide emissions reductions of up to 80% (relative to a 2014 base-
line emissions level): p ∈ P = {0, 20, 40, 60, 80}.12

HETEROGENEOUS CAPITAL-ENERGY SUBSTITUTABILITY.—–Technology heterogeneity
in terms of the substitutability (complementarity) between capital K and energy
(emissions) E inputs in sectoral production is the key driver of our main result
that a uniform carbon price is not optimal (see Propositions 2 and 3). An im-
portant aspect of our computational experiment is examine the role of technology
heterogeneity for multi-sector carbon pricing. We consider four cases ranging from
“poor” to “high” K–E substitutability: h ∈ H = {All complements, All substitutes,
Substitutes & complements, Strong substitutes & complements} as defined in Sec-
tion III and Table 1.

MEASURING WELFARE GAINS.—–We measure the economic cost of climate policy
as:

(20) Γsh,p :=
Csh,p
Csh,0

− 1

where Csh,p is the steady-state aggregate consumption level. We calculate the reduc-
tion in the welfare cost of climate policy due to “Optimal” relative to “Uniform”
carbon pricing as:

(21) Ψh,p :=
COptimal
h,p − CUniform

h,p

CUniform
h,p − CUniform

h,0
.

11When comparing welfare, we always hold economy-wide CO2 emissions Ēt or, equivalently, emission
reductions ∆Ēt, fixed.

12The higher targets are in line with the stated ambitions of the European Commission (2020) to reduce
greenhouse gas emissions in the EU economy by 55% in 2030, relative to 1990 levels, and to achieve climate
neutrality by mid-century.
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V. Quantitative Results

A. Multi-Sector vs. Uniform Carbon Pricing: Welfare Gains

How large are the welfare gains from optimally differentiating carbon prices
across sectors relative to uniform carbon pricing? Given the insights from Proposi-
tions 1–3, the answer to this question largely depends on the degree of technology
heterogeneity in terms of capital-emissions (K–E) substitutability between sectors.

It is well known that the K–E substitutability influences the macroeconomic
cost of climate change mitigation policies (see, for example, Weyant et al., 1996;
Lu and Stern, 2016). Thus, to provide context for our analysis, we first report
the welfare cost of climate policy with uniform and optimal CO2 pricing by pol-
icy stringency P and for alternative assumptions about technology heterogeneity
H (Figure 1). Panel (a) shows ΓUniform

h,p , the welfare cost of achieving a given
economy-wide emissions reduction target with uniform carbon pricing for the dif-
ferent cases of technology heterogeneity. Not surprisingly, the cost of climate policy
increase more than proportionally with policy stringency, reflecting the increasing
cost to substitute emissions for capital—given the CES production technologies
in (6). Also, welfare cost is substantially higher if the economy exhibits a “poor”
substitutability between capital and energy in production, in particular when the
economy-wide emissions reduction target is high.

The main insight from Panel (b) in Figure 1 is that uniform carbon pricing
gives away substantial efficiency gains by failing to (optimally) differentiate sec-
toral CO2 prices. The reduction in the cost of climate policy due to “Optimal”
carbon pricing (Ψh,p) are up to 50% relative to “Uniform” pricing. These gains,
however, decrease with policy stringency as higher emissions reductions imply that
eventually all sectors need to decarbonize substantially, in turn diminishing the
scope for efficiency gains by shifting sectoral abatement patterns. Moreover, these
gains depend crucially on the degree of technology heterogeneity between sectors.
If all sectors exhibit a high substitutability between capital and energy, the welfare
gain from differentiating sectoral CO2 prices is low. In contrast, if the economy
is composed of sectors with complementary relationships between K and E inputs
and, in addition, features sectors where K and E are substitutes, the reductions in
climate policy cost can be substantial, even for high levels of policy stringency.

B. Technology Heterogeneity Matters

CO2 PRICE DIFFERENTIATION.—–We find that the differentiation of CO2 prices
across sectors under optimal policy is quantitatively significant.

Figure 2 shows the dispersion of optimal sectoral CO2 prices, the respective
mean, and the corresponding uniform carbon price to achieve a given emission
reduction target. For example, for a 40% economy-wide emissions reduction in the
European economy, optimal sectoral prices range from N42.3 to N116.9 per ton of
CO2, with an emissions-weighted mean CO2 price of N74.4/ton. By comparison,
achieving the same emissions target would require a price of N91.3/ton. We also
find that the variation in optimal CO2 prices is robust with respect to the economy-
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(a) Cost of climate policy with uniform carbon pricing (ΓUniform
h,p

)

(b) Reduction in cost of climate policy under optimal sectoral relative to uniform carbon pricing (Ψh,p)

Figure 1. Welfare cost of climate policy with uniform and optimal CO2 pricing by policy stringency P
and for alternative assumptions about technology heterogeneity H
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Figure 2. Dispersion of constrained-optimal sectoral CO2 prices (τj), average CO2 price, and uniform
carbon price for alternative levels of policy stringency (P)

Notes: Results show the dispersion of sectoral CO2 prices (assuming the policy case “Optimal”, central-
case technology heterogeneity) is illustrated using the following metrics: Red box = emissions-weighted
mean of sectoral prices, Black vertical line = indicates the range of minimum and maximum sectoral
CO2 prices; Grey dotted line = uniform CO2 price under the policy case “Uniform”; Blue dashed
line (on secondary vertical axis) = coefficient of variation, i.e. the emissions-weighted standard deviation
divided by the emissions-weighted mean × 100.

wide emission reduction target: the coefficient of variation of optimal sectoral CO2
prices is roughly constant at 40% for targets of up to 80%.

Figure 3 reports the deviation of optimal sectoral CO2 prices from uniform car-
bon pricing. The differentiation of sectoral CO2 prices hinges on (1) the hetero-
geneity in the K–E substitutability between sectors and (2) the complementarity
between K–E for at least some sectors. First, if K–E are “substitutes” in all sectors
of the economy, the deviations from a uniform carbon price are negligible. Then,
sectoral CO2 pricing has a small effect on capital demand in each sector compared
to uniform pricing, implying that differentiated CO2 prices are not very effective in
creating an incentive for capital accumulation beyond what is already implied by
economic agents’ saving decisions based on private discounting. Accordingly, the
impact on the aggregate capital stock is small under “All Substitutes” (see Figure
4), consistent with the negligible welfare gains from optimal sectoral CO2 pricing
(see Panel (b) in Figure 1). Thus, an overall high K–E substitutability in the
economy, as reflected by the case of ρj > 0 in all sectors, almost entirely dampens
the mechanism of using sectoral emission prices to implicitly subsidize capital to
address the capital externality resulting from social discounting.

Second, if all sectors are “complements” and differ with respect to the degree of
complementarity, differentiating sectoral CO2 provides an effective way of increas-
ing economy-wide capital demand and accumulation. Table 2 complements Figure



21

Figure 3. Deviation of constrained-optimal sectoral CO2 prices from uniform carbon pricing by policy
stringency by technology heterogeneity

3 by showing the absolute level of sectoral CO2 prices in N/ton of CO2. Carbon is
priced at a substantially lower rate in sectors for which the K–E substitutability
is relatively poor (i.e., τ∗Industry and τ∗Services are about half of the CO2 price under
“Uniform” emissions pricing and about one third lower than the mean of optimal
sectoral carbon prices τ∗). Accordingly, sectoral CO2 prices in “Electricity” and
“Transport”, which exhibit a higher substitutability between capital and emissions
relative to the “Industry” and “Services”, exceed the uniform carbon price and τ∗
considerably.

Third, for a given emissions reduction target, the optimal CO2 pricing policy
yields greater welfare gains, the more heterogeneous is the substitutability be-
tween capital and emissions among sectors. “Strong substitutes & complements”
represents the largest degree of technology heterogeneity among the four cases
and is associated with the largest gains in aggregate capital and welfare. Here,
the optimal pattern of sectoral CO2 price differentiation is such that the comple-
mentary sectors “Industry” and “Services” each receive a significantly lower price
and decrease less relative to the substitution sectors “Electricity” and “Transport”.
This large heterogeneity in the substitutability between K–E implies quite hetero-
geneous sectoral responses in the sectoral use of capital. Optimal carbon pricing
can then exploit this mechanism to incentivize economy-wide capital accumulation
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(a) Capital stock K

(b) Sectoral CO2 emissions Ej

Figure 4. Impacts on steady-state capital stock and sectoral emissions under constrained-optimal sectoral
CO2 prices relative to uniform carbon pricing
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Table 2. CO2 prices (N/ton of CO2) under uniform and constrained-optimal sectoral carbon pricing

Policy “Optimal” sectoral CO2 pricing “Uniform” CO2 pricing
target (%) τ∗Industry τ∗Electricity τ∗Services τ∗Transport τ∗a τ = τj , ∀j

20 10.7 25.6 9.3 19.8 16.2 22.2
40 20.0 46.8 17.0 36.1 28.7 39.1
60 53.3 116.9 42.3 89.9 74.4 91.3
80 355.1 583.5 214.7 449.6 406.4 420.7

Notes: Results shown assume the central-case for technology heterogeneity. a: Emissions-weighted mean
of optimal sectoral CO2 prices τ∗j .

with positive welfare effects for future generations.
IMPACTS ON CAPITAL STOCK AND SECTORAL EMISSIONS.—–Panel (a) in Figure 4

shows that the capital stock increases when sectoral CO2 prices are optimally
differentiation. The more stringent the climate policy, the greater the increase.
Intuitively, steering the sectoral use of emissions and indirectly of capital through
appropriate sectoral CO2 prices has greater leverage when the economy-wide emis-
sions budget is small. However, the incremental gains from capital accumulation
at higher reduction targets are not large enough to overcompensate for the increas-
ing economy-wide costs resulting from the limited substitutability between capital
and emissions at the economy-wide level. Regardless of the gains from capital ac-
cumulation, therefore, the reduction in the costs of climate policy fall with policy
stringency, as shown in Panel (b) in Figure 1.

Consistent with the pattern of sectoral carbon prices, Panel (b) in Figure 4
shows that, more (less) CO2 emissions are abated in the relatively flexible (inflex-
ible) sectors, relative to uniform carbon pricing. This is in line with Proposition
3: allocating more (less) of the economy’s aggregate emissions budget to the less
(more) flexible sectors spurs additional capital accumulation in the economy con-
sistent with a social perspective that places a higher value on the welfare of future
generations than private discounting implies.

C. Non-Uniform Optimal Carbon Prices: How Convincing?

While the four cases of technology heterogeneity considered so far are useful to
develop an intuition for the conditions under which optimal sectoral CO2 pricing
yields quantitatively significant welfare gains (relative to uniform carbon pricing),
we next conduct a systematic assessment of the impact of technology heterogeneity.

SYSTEMATIC SENSITIVITY ANALYSIS.—–Given the lack of empirical estimates that
would characterize the (joint) distribution of the capital-energy substitutability
in sectoral production (ρj), we adopt the following approach to sample technol-
ogy heterogeneity. We assume that ρj , j ∈ {E, I, T, S} are independently and
uniformly distributed with support [aj , bj ]. We draw a sample of 10’000 sets of
parameter values using our survey of the literature on “piecemeal” estimates for ρj
(see Section III.A).13 To decompose the impact of policy stringency, we conduct

13Specifically, we assume that [aE , bE ]=[−1.52, 0.65], [aI , bI ] = [−6.69,−0.041], [aT , bT ]=[−1.70, 0.21],
and [aS , bS ]=[−2.70,−0.47]. We note that the “empirically-informed” support for our Monte-Carlo analysis
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(a) Optimal sectoral carbon prices (τ∗j ) vs. uniform carbon price (τ) for a 40% reduction target

(b) Reduction in policy cost due to optimal sectoral relative to uniform carbon pricing (Ψh,p) for
alternative levels of emissions reduction

Figure 5. Kernel estimation of probability density functions (PDFs) for systematic variation of technology
heterogeneity

Notes: Based on Monte-Carlo simulations with 10’000 draws systematically varying the sector-specific
capital-energy (emissions) substitutability. Sample mean and standard deviation for PDFs in Panel (a)
by sector: “Electricity”: (15.7%, 7.3%); “Industry”: (-34.1%, 20.9%); “Transportation”: (-2.9%, 27.1%);
“Services”: (-24.0%, 15.6%). Sample mean and standard deviation for PDFs in Panel (b) by emissions
reduction target: 40%: (-17.4%, 0.15%); 60%: (-5.7%, 0.10%); 80%: (-2.6%, 0.02%).
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Monte-Carlo simulations for economy-wide emissions reduction targets of 40, 60,
and 80 percent, respectively.

ROBUSTNESS OF NON-UNIFORM CO PRICES AND WELFARE GAINS.—–Figure 5 shows
Kernel density estimations of PDFs for the deviation in optimal sectoral CO2 prices
relative to uniform carbon pricing in Panel (a) and the reduction in policy cost
from optimal sectoral relative to uniform carbon pricing for alternative economy-
wide emissions reduction targets in Panel (b). The key insight, which supports
our previous results, is that both the welfare gains and the extent of CO2 price
differentiation significantly differ comparing constrained-optimal to uniform carbon
pricing. First, for the given variation in technology heterogeneity, there is a large
probability for optimal sectoral CO2 to deviate from the respective uniform carbon
price. The two sectors “Industry” and “Services,” where K–E substitutability is
drawn from distributions with relatively large negative (small positive) values for
the lower (upper) bounds, show the highest downward deviation with a mean of
34.1% and 24.0% and a standard deviation of 20.9% and 15.6%, respectively. This
is in line with the intuition developed so far that “complement” sectors abate
less (i.e., face a lower CO2 price) under optimally differentiated carbon pricing.
CO2 emissions in the “Electricity” sector, which is characterized by a relatively
large degree of K–E substitutability, are in almost all cases priced at a higher rate
than under uniform pricing, with a mean and standard deviation of 15.7% and
7.3%, respectively. The optimal sectoral CO2 price in “Transportation” is lower or
higher than under uniform pricing, with a mean and standard deviation of -2.9%
and 27.1%. Second, the mean reduction in the policy cost from optimal sectoral
CO2 pricing is 17.4% for a 40% emission reduction target, but drops to 5.7% and
2.6% for 60% and 80% reduction targets, respectively. While focusing on the mean
impact reflects the intuition behind Panel (b) in Figure 1, the PDFs of relative
welfare gains show a large dispersion, in particular for smaller emissions reduction
targets. This underscores again the impact of technology heterogeneity.14

D. Implications for Designing Emissions Trading

So far, we have essentially adopted a carbon tax perspective and assumed that
a social planner can set τ∗j directly and without constraints. In real-world climate
policy, a price on carbon is often established through the “twin” of the tax-based
approach: an emissions trading system (ETS). This section explores the implica-
tions of our main finding that CO2 prices should not be uniform but should differ
across sectors for the design of an ETS.

POLICY CONTEXT.—–Our reasoning is motivated by the policy context for the ap-
plication of emissions trading systems, which applies to virtually all countries that
apply an ETS. Major examples of ETSs are the EU ETS, national trading systems

emphasizes the complementarity between K–E at the sectoral level. This reflects the difficulty of replacing
fossil fuels in all sectors of the economy in the absence of major break-through technologies. In the long-
run, ρ may well be very large. Our analysis should thus be viewed as representing a time horizon of several
decades at most.

14For example, for an emissions reduction target of 40%, optimal sectoral CO2 reduces the policy cost
by at least one third in about 25% of the cases.
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in China and Canada, and regional carbon markets in the U.S. (for an overview
of carbon pricing policies, see, for example, World Bank, 2021). In virtually all of
these jurisdictions, however, the ETS covers only a subset of sectors and, hence,
emissions. Emissions in the remaining parts of the economy are subject to separate
environmental regulation. A prominent example of such partitioned regulation is
the EU’s climate policy, where the overall emissions target is split between sources
that fall within and outside the EU ETS. In fact, the European Commission (2021)
plans to introduce a second ETS in Europe starting in 2026 that would regulate
most of the emissions sources that are currently outside of EU ETS. Hence, two
ETSs would exist in parallel.

Against this background, we analyze three important questions that policymak-
ers face in designing cost-effective emissions trading systems: (1) is a single, com-
prehensive ETS that overcomes partitioned emissions trading desirable, (2) how
should the economy-wide CO2 budget be allocated among ETSs, or, equivalently,
what should be the emissions cap in each ETS, and (3) how should economic sectors
be assigned to ETSs?

A SINGLE COMPREHENSIVE OR MULTIPLE NARROW ETSs?—–Motivated by the EU
climate policy context, we focus on the case of two ETSs, labeled “ETS-1” and
“ETS-2”, and examine how the assignment of economic sectors and the allocation
of the economy-wide emissions budget to the two ETSs impacts economic costs. In
terms of assigning sectors to ETSs, we consider all possible permutations obtained
by assigning the four sectors resolved in our quantitative model to two ETSs (see
Figure 6). The first case represents in a stylized way the current EU climate policy
framework: “EU ETS” contains the “Electricity” and the “Industry” sectors while
“Transportation” and “Services” are regulated outside of the EU ETS.

For the emissions trading context, our main finding that optimal CO2 prices
differ across sectors leads to the following conclusion:
COROLLARY 1: When social and private discount rates are different and sec-
toral production technologies are heterogeneous, a single comprehensive ETS is not
optimal.

This follows directly from Proposition 3, assuming that prices (carbon taxes) and
quantities (emissions trading) are equivalent.15 If so, our analysis up to this point
can be viewed as an analysis of the regulation of aggregate CO2 emissions by J
partitions or ETSs, where the emissions cap of each ETS is given by Ēj . Notably,
Corollary 1 stands in sharp contrast to the widely-held view among economists
that the scope of an ETS should be as broad as possible and that several parallel
ETSs should be integrated into a single ETS.

This insight is also supported by our quantitative analysis. Figure 6 shows the
reduction in policy cost (Ψh,p) from partitioned emissions trading relative to a sin-
gle ETS, or, equivalently, uniform carbon pricing. It displays the three alternative
assignments of economic sectors to the two ETSs for different emissions budgets in
the “ETS-1”. It is straightforward to see that the allocation of the economy-wide

15For example, by abstracting from uncertainties in technology abatement costs (Weitzman, 1974) or
market power considerations (Hahn, 1984).
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Figure 6. Reduction in policy cost (Ψh,p) for 40% economy-wide emissions reduction under partitioned
ETSs relative to uniform carbon pricing for (1) different assignments of sectors to partitions and (2)
different allocations of the economy-wide CO2 budget (assuming central-case technology heterogeneity).

emissions budget across the two partitions significantly affects costs. A key main
insight borne out by Figure 6 is that partitioned emissions trading can outper-
form a single ETS that covers all sectors and thus prices carbon uniformly across
the economy. The reason is that in an economy with social discounting, it is not
optimal to price carbon uniformly. Following the intuition developed by analysis
in Sections II and V), differentiating sectoral CO2 prices exploits sectoral differ-
ences in substitutability between “dirty” fossil energy and “clean” capital, and
help create incentives for investment and capital accumulation beyond is implied
by households’ savings based on private discounting.

KEY POLICY CHOICES: ASSIGNING SECTORS AND CAPS TO DIFFERENT ETSs.—–If a sin-
gle, comprehensive ETS is not desirable, how should partitioned emissions trading
be designed? Unlike in the case of carbon taxes, it is not possible to directly set a
sectoral CO2 price. Whether and to what extent partitioned emissions trading out-
performs uniform carbon pricing depends on how sectors are assigned to partitions
and how the emissions budget is allocated among partitions. First, if too little or
too much emissions budget is allocated to one of the two ETSs, costs rise sharply
and the efficiency gains from differentiating CO2 across partitions cannot compen-
sate for this. Intuitively, relying largely on an ETS which only covers a subset of
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Figure 7. Deviation of ETS permit prices under partitioned trading from uniform carbon pricing for (1)
different assignments of sectors to partitions and (2) different allocations of the economy-wide CO2 budget
(assuming central-case technology heterogeneity).

emissions source forgoes efficiency gains from exploiting “where-flexibility” across
sectors in emissions abatement. Second, the assignment of sectors to partitions
plays an important role, too. Based on Proposition 3 and the quantitative results
in Section V.B, sectors with a low (high) capital-energy substitutability should
receive a relatively high (low) CO2.

The implication of this result is that one should assign sectors to ETSs based
on their relative capital-energy substitutability: sectors with a relatively poor sub-
stitutability (“Industry” and “Services”) should be clustered in one partition and
sectors with a relatively high substitutability (“Electricity” and “Transportation”)
in the other partition. Under such a case, represented by the black line in Figure 6,
partitioned emissions trading yields the largest efficiency gains relative to uniform
carbon pricing, i.e. a single ETS. The assignment of sectors, on the other hand, as
is done in the current EU climate policy, represented by the blue line, leads only
to minor efficiency gains.

Since the CO2 permit price cannot differentiate between sectors within a par-
tition, the assignment of sectors to ETSs is important to provide the ability to
appropriately differentiate CO2 prices in the first place. When the assignment of
sectors is chosen such that sectors with low and high capital-energy substitutabil-
ity are bundled together in one partition, the permit prices between “ETS-1” and
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“ETS-2” have to differ substantially from one another in order to create reductions
in the policy cost relative to uniform carbon pricing (see Figure 7). For example,
policy cost are reduced by nearly 15% if the ETS-2 permit price deviates down-
ward by about 60% and the ETS-1 permit price deviates upward by about 5%
from the uniform CO2 price (black line). With the sectoral assignment reflective
of the current situation in EU climate policy (blue line), the permit price between
ETSs do not differ much at the point where the reduction in policy cost is maximal.
This is because the sectoral assignment does not allow to differentiate the underly-
ing sectoral CO2 prices in an appropriate way: differentiating permit prices across
the ETSs would effectively imply high CO2 prices for sectors with a high and low
capital-energy substitutability which is not efficient.

VI. Robustness

FINAL GOOD AGGREGATION.—–We have emphasized so far the role technology het-
erogeneity at the sectoral level. At the level of the final good Ŷ , we have assumed
that sectoral goods Yj are aggregated in a Cobb-Douglas fashion. While this as-
sumption is not uncommon in some of major energy-environment-economy models
(Goulder, Hafstead and Williams III, 2016, for example,), sectoral goods may in
fact be imperfect substitutes, suggesting an elasticity of substitution (EOS) below
1 (for example, Chen et al., 2015; Capros et al., 2013). Using a CES aggregator
with an EOS<1, we find that the optimal sectoral CO2 prices are differentiated to
an even higher degree. Everything else equal, we find that the more complementary
sectoral goods in final-good aggregation are, the larger (lower) is the optimal CO2
price for sectors for which capital and energy are relatively poor (good) substitutes.
The intuition is that when sectoral goods cannot be easily substituted, climate pol-
icy has a larger leverage on capital accumulation through differentiating sectoral
CO2 prices. To the extent that the central model overestimates substitutability
between sectoral goods, the case for optimal CO2 prices that differ across sectors
is even stronger.

LIMITED SUBSTITUTABILITY BETWEEN LABOR AND CAPITAL-ENERGY.—–The central
model assumes a unitary EOS between labor (L) and the capital-energy (K-E)
bundle in sectoral production Yj . As substitutability between L and K-E decreases
in sectors whereK and L are relatively highly complementary, the extent of sectoral
CO2 price differentiation decreases. In the limiting case, when L and K-E are
perfect complements, we find that uniform carbon pricing is approximately optimal.
On the other hand, decreasing the substitutability between L and K-E in the
sectors where K and L are relatively good substitutes, increases the extent of
sectoral CO2 price differentiation diminishes. When L is a complement relative to
K-E, differentiating CO2 prices does not only affect capital but also distorts to
allocation labor across sectors. These costs have to weighed against the benefits
from incentivizing the accumulation capital in line with the social discounting
motive.

While there is some evidence in support of the capital-skill complementarity
hypothesis at the aggregate production level, the evidence is not very strong (Duffy,
Papageorgiou and Perez-Sebastian, 2004). If we assume that the EOS between L



30

and K − E is 0.5, i.e. taking a midpoint between our central case (EOS=1) and
the case of perfect complements (EOS=0), we still find that optimal CO2 prices
are significantly differentiated between sectors and that welfare gains are 85% of
the gains in the central-case parametrization.

NEAR-ZERO SOCIAL DISCOUNTING.—–While we have assumed throughout the anal-
ysis that ζS = 0, our main results are robust to using a social discount rate close
to zero (Stern, 2006), provided the distance from the private discount rate (ζ)
is sufficiently large. As both discount rates converge, the case for differentiating
sectoral CO2 prices diminishes. If ζS = ζ, uniform carbon pricing is optimal (see
Proposition 2).

PRE-EXISTING, DISTORTIONARY INCOME TAXES.—–Our analysis abstracts from pre-
existing income taxes that are prevalent in today’s economies. To the extent that
such fiscal instruments are distortionary, optimal carbon taxes have been shown
to be smaller compared to using lump-sum taxes to raise government revenues
(Bovenberg and Goulder, 1996; Barrage, 2019). If we were to include, for example,
positive capital income taxes Ξ > 0 in our model, we would add another distortion
to the capital market in addition to social discounting. To see this, note that
from the private Euler equation (4) the steady-state capital rental rate in the
decentralized equilibrium is given by rj = ζ/(1 − Ξ) + δj . The optimal capital
rental rate, given the social discount rate and using the Chamley (1986)–Judd
(1985) result that capital income should not be taxed, is given by: r∗j = ζs + δj .
It is thus straightforward to see that a positive capital income tax, like the social
discounting externality (ζ > ζS), means that rj > r∗j . If capital income taxes
cannot be adjusted by policy, the argument for CO2 price differentiation would
become even stronger, since the τ∗j would then have to correct for two simultaneous
capital market distortions. When capital income taxes could be partially adjusted
to reduce the distortion from income taxation, but could not be completely reduced
to zero (for example, because an exogenous level of government spending must be
financed), the extent of CO2 price differentiation would still be greater than in our
central-case model.

VII. Conclusions

This study revisited the well-known result that a uniform carbon price minimizes
the welfare costs of achieving a given economy-wide emissions target. Our analysis
revealed the implicit assumptions behind this result. We showed that a uniform
carbon price is optimal only when the social and private discount rates are equal.
When discount rates differ, strong assumptions are required: it must be possible
to subsidize aggregate capital income or the various sectors in an economy must
be identical in terms of their substitutability of “dirty” fossil energy with “clean”
capital. Otherwise, the result only survives if one assumes that a carbon price
has no effect on investments and capital accumulation. These assumptions are not
plausible.

When these assumptions are not met, this paper showed that optimal multi-
sector carbon pricing differentiates CO2 prices across sectors. Technological het-
erogeneity is key to our finding: sectors in which “dirty” fossil energy (i.e., CO2
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emissions) are not easily substitutable with “clean” capital should receive a lower
carbon price than sectors where these two inputs are better substitutes. When
capital in a given sector is a “poor” substitute for emissions, pricing carbon de-
stroys more capital as compared to reducing the same amount of CO2 emissions in
a sector with a higher substitutability. With social discounting, economic agents
discount the future too much and differentiating sectoral CO2 prices avoid house-
holds failing to invest sufficiently in the economy’s capital stocks, boosting capital
accumulation and benefiting future generations.

We showed that the differentiation of CO2 prices across sectors has a first-order
effect on welfare. For a 40% economy-wide emissions reduction in the EU economy,
we estimated that optimal sectoral prices range from N42.3 to N116.9 per ton of
CO2, with a mean CO2 price of N74.4/ton. To achieve the same environmental
target, a much higher uniform carbon price of N91.3/ton is required. Depending
on technological heterogeneity and policy stringency, welfare gains can be as much
as half the cost of climate policy under uniform carbon pricing.

We argued that our findings have important implications. First, model-based
evaluations of climate policy which (unknowingly) assume that social and private
discount rates are equal and ignore technology heterogeneity amount to assuming
that a uniform carbon price is optimal. To the extent that these assumptions are
not warranted, they overlook better carbon pricing policies and overstate the costs
of climate policies. Second, partitioned emissions regulation through separate ETSs
within one jurisdiction, as is expected for EU climate policy, does not necessarily
lead to higher costs. We showed that two separate ETSs may be superior to a
single, comprehensive ETS if sectors are assigned to each ETS such that sectors
with relatively low and high capital-energy substitutability are clustered separately.
These considerations are relevant to the practical design of ETSs, especially since
decarbonization efforts in many countries relies on one or more markets for tradable
emission permits as the cornerstone of climate policy.

In this paper, we expounded the assumptions in general equilibrium which under-
lie the established view that uniform carbon pricing is optimal. Different models
offer different policy recommendations and we should settle the mapping from mod-
els to policy recommendations, on the one hand, and discuss the applicability of
one model versus another, on the other hand. The scope of this paper has been
concerned with the former, not the latter.
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Böhringer, Christopg, Tim Hoffmann, and Casiano Manrique de Lara-Peñate. 2006. “The
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Appendix A: Theoretical Derivations and Proofs

A1. Definition of decentralized equilibrium

Given the supply of sector emissions Ējt, ∀jt, an equilibrium is given by the sequence of prices and
quantities comprising consumption (Ct), capital and labor supply (K̄jt, L̄), final good and sectoral outputs
(Ŷt, Yjt), demands for capital, labor, and emissions (Kjt, Ljt, Ejt), investments It, wage and capital rental
rates (wt, rjt), prices for final and sectoral goods (p̂t = 1, pjt), and sectoral prices for CO2 emissions (τjt)
such that: (i) (Ct) maximizes lifetime utility of households; (ii) (Ŷt, Yjt) maximize profits of the final
good producer; (iii) (Yjt,Kjt, Ljt, Ejt) maximize profits of the sectoral goods producers; (iv) the wage
and capital rental rates (wt, rjt) and prices for final and sectoral goods (p̂t = 1, pjt) clear respective goods
markets, (v) sectoral carbon prices (τjt) clear sectoral emission markets, and (vi) the evolution of the
capital stock is governed by (9).

A2. First-best social planner’s problem

In the first-best setting, the social planner solves the following problem:

max{Kjt,K̄jt+1,Yjt,Ŷt,Ct,Ljt,Ējt,Ejt,It}Jj=1

∞∑

t=0

( 1
1 + ζS

)t [
u(Ct)(A1)

+ λEt

(
Ēt −

J∑

j=1

Ejt

)
+ λLt

(
L̄−

J∑

j=1

Ljt

)

+
J∑

j=1

λ
Kj
jt

(
K̄jt −Kjt

)
+ λKt

(
−

J∑

j=1

K̄jt+1 +
J∑

j=1

(1− δj)K̄jt + It

)

+
J∑

j=1

µjt

(
Yjt(Ljt,Kjt, Ejt)− Yjt

)
+ µ̂t

(
Ŷt(Y1t, . . . , Yjt, . . . , YJt)− Ŷt

)

+ µt

(
Ŷt − Ct − It

)]
,

where λEjjt , λ
Kj
jt , λ

L
t denote the shadow prices of input choices in sector j for emissions, capital, and labor,

respectively. λEt is the shadow price of economy-wide emissions, λKt the shadow price of aggregate capital,
µjt and µ̂jt are the shadow prices of sector j and final output, and µt is the shadow cost of consumption.
The FOCs are given by:

UCt = µt

µjt
∂Yjt(Ljt,Kjt, Ejt)

∂Ljt
= λLt

µjt
∂Yjt(Ljt,Kjt, Ejt)

∂Ejt
= λEt

µjt
∂Yjt(Ljt,Kjt, Ejt)

∂Kjt
= λ

Kj
jt

µ̂t
∂Ŷt(Y1t, . . . , Yjt, . . . , YJt)

∂Yjt
= µjt

µ̂t = µt

λKt = µt
( 1

1 + ζS

)t+1
λ
Kj
jt+1 −

( 1
1 + ζS

)t
λKt +

( 1
1 + ζS

)t+1
λKt+1(1− δj) = 0 .
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Using the conditions for optimal household and firm behavior ((4) and (7)), the decentralized equilibrium
coincides with the social optimum:

µjt =pjtUCt
λLt =wtUCt
λEt =τtUCt

λ
Kj
jt =rjtUCt
λKt =µt = µ̂t = UCt .

From the conditions above, it is evident that the social optimum can be decentralized by a carbon tax
which is uniform across all j sectors—which shows (15):

pjt
∂Yjt

∂Ejt
= τjt = λEt /UCt , ∀j

and a capital income subsidy (or tax) Ξ∗t which is chosen such that the social and private Euler equations
coincide for each t, respectively:

UCt = 1
1 + ζS

UCt+1 (1 +Rt+1) and UCt = 1
1 + ζ

UCt+1 (1 +Rt+1[1− Ξt+1]) .

If ζ > ζS , the social optimum entails a subsidy on capital income, i.e. Ξt+1 < 0, given by the following
expression—which shows (16):

Ξ∗t+1 = ζS − ζ
1 + ζS

(1 +Rt+1)
Rt+1

.

A3. Constrained-optimal policy problem

The constrained planner’s problem is identical to the one in A.A2 with the no-subsidy constraint (17)
(Ξt ≥ 0 =⇒ UCt(1 + ζ)/UCt+1 ≤ 1 +Rt+1). Using the firms’ optimality conditions ∂Ŷt/∂Kjt = MPKjt =
rjt and adding the private Euler equation UCt(1 + ζ)/UCt+1 = 1 +Rt+1 with Rt+1 = MPKjt+1 − δj , we
can write the social planner’s problem as:

max{Kjt,K̄jt+1,Yjt,Ct,Ŷt,Ljt,Ejt,It}Jj=1

∞∑

t=0

( 1
1 + ζS

)t [
u(Ct)

(A2)

+ λEt

(
Ēt −

J∑

j=1

Ejt

)
+ λLt

(
L̄−

J∑

j=1

Ljt

)
+

J∑

j=1

λ
Kj
jt

(
K̄jt −Kjt

)

+ λKt

(
−

J∑

j=1

K̄jt+1 +
J∑

j=1

(1− δj)K̄jt + It

)

+
J∑

j=1

µjt

(
Yjt(Ljt,Kjt, Ejt)− Yjt

)
+ µ̂t

(
Ŷt(Y1t, . . . , Yjt, . . . , YJt)− Ŷt

)

+ µt

(
Ŷt − Ct − It

)
+ φ̂t+1

(
− UCt(1 + ζ)

UCt+1
+ (1 +Rt+1)

)
+

J∑

k=1

φKkt+1 (−Rt+1 + MPKkt+1 − δk)
]
.

φ̂t+1 denotes the shadow costs of the no-subsidy constraint and φKkt+1 are the shadow costs of the con-
strained capital prices. Both constraints are present from period t > 0 onwards. MPKkt is the marginal
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product of capital in sector k at time t and defined as: MPKkt = γk(1 − αk)θKktŶtK
−1
kt

, where γk is
the value share of the sectoral output relative to aggregated output, 1 − αk is the value share of the
emissions-capital bundle in sectoral output and θKkt is the value share of capital in the emissions-capital
bundle.

The FOCs for t > 0 read:

Ct : Uct − µt − φ̂t+1
Ucct(1 + ζ)
Uct+1

+ (1 + ζS)φ̂t
Uct−1(1 + ζ)

Uct

Ucct

Uct
= 0

Ŷt : µt − µ̂t + (1 + ζS)
J∑

k=1

φKktMPKktŶ −1
t = 0

It : λKt − µt = 0

K̄jt+1 :− λKt + 1
1 + ζS

λKt+1(1− δj) + 1
1 + ζS

λ
Kj
jt+1 = 0

Yjt : µ̂t
∂Ŷt

∂Yjt
− µjt = 0

Kjt : µjt
∂Yjt

∂Kjt
− λKjjt + (1 + ζS)φKjt

∂MPKjt
∂Kjt

= 0

Ljt : µjt
∂Yjt

∂Ljt
− λLt = 0

Ejt : µjt
∂Yjt

∂Ejt
− λEt + (1 + ζS)φKjt

∂MPKjt
∂Ejt

= 0 .

The Lagrangian multiplier λKjjt+1 is thus given by:

λ
Kj
jt+1 = λKt (1 + ζS)− λKt+1(1− δj) ,

with:

λKjt = µt = µ̂t − (1 + ζS)
J∑

k=1

φKktMPKktŶ −1
t .

Using the conditions for optimal household and firm behavior (4) and (7), respectively, the decentralized
equilibrium coincides with the social optimum if:

µjt =pjtUCt
λLt =wtUCt

λ
Kj
jt − (1 + ζS)φKjt

∂MPKjt
∂Kjt

=rjtUCt

λEt − (1 + ζS)φKjt
∂MPKjt
∂Ejt

=τjtUCt

µ̂t =Uct .

The constrained-optimal pricing rule for carbon emissions in sector j in the decentralized economy is thus
given by:

µjt︸︷︷︸
=Uctpjt

∂Yjt

∂Ejt
= λEt︸︷︷︸

=Uctτt

−(1 + ζS)φKjt
∂MPKjt
∂Ejt

,(A3)
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which shows (18) in Proposition 1.

A4. Constrained-optimal carbon pricing in the steady-state equilibrium

The steady-state equilibrium conditions are given by:

λK = Uc − (1 + ζS)
J∑

k=1

φKk MPKkŶ −1

λ
Kj
j = λK(ζS + δj)

Ucrj = λ
Kj
j − (1 + ζS)φKj

∂MPKj
∂Kj

rj = ζ + δj ,

where MPKk denotes the marginal product of capital in sector k. Using all FOCs with respect to Kj
yields an expression for φKj :

φKj = −Uc
(
ζ − ζS
1 + ζS

) 1 +
∑J

k=1(δk − δj)( ∂MPKk
∂Kk

)−1MPKkŶ −1

1 +
∑J

k=1(ζS + δk)( ∂MPKk
∂Kk

)−1MPKkŶ −1

(
∂MPKj
∂Kj

)−1

.

Using the steady-state analogue of (18) for efficient carbon prices under the constrained policy:

Ucτj︸︷︷︸
=Uctpjt∂Yjt/∂Ejt

= Ucτ︸︷︷︸
=λE

−(1 + ζS)φKj

(
∂MPKj
∂Ej

)
,

we can write for all j:

τj = τ + (ζ − ζS)

[
1 +
∑J

k=1(δk − δj)( ∂MPKk
∂Kk

)−1MPKkŶ −1

1 +
∑J

k=1(ζS + δk)( ∂MPKk
∂Kk

)−1MPKkŶ −1

] ( ∂MPKj
∂Ej

)

(
∂MPKj
∂Kj

) .(A4)

The MPK and the marginal product of emission (MPE) are given, respectively, by:

MPKj = γj(1− αj)θKj Ŷ K−1
j

!= rj , MPEj = γj(1− αj)θEj Ŷ E−1
j

!= τj

where θKj is the value share of capital within the capital-emissions bundle and θEj = 1 − θKj the value
share of emissions. θKj can be expressed in terms of technology parameters and equilibrium prices:

θKj =
βKjH

ρj
KjK

ρj
j

βKjH
ρj
KjK

ρj
j + βEjH

ρj
EjE

ρj
j

=
βKjH

ρj
Kj

(
rj

βKjH
ρj
Kj

) ρj
ρj−1

βKjH
ρj
Kj

(
rj

βKjH
ρj
Kj

) ρj
ρj−1

+ βEjH
ρj
Ej

(
τj

βEjH
ρj
Ej

) ρj
ρj−1

.

From this it follows that:

∂MPKj
∂Kj

= [(1− θKj )ρj − 1]K−1
j MPKj
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∂MPKj
∂Ej

= −ρjθKj K−1
j MPEj ,

and we can re-write (A4) to obtain the constrained-optimal sectoral emissions pricing rule (19) as:

τj = τ + (ζ − ζS)

(
1 +
∑J

k=1(δk − δj)Ψk
1 +
∑J

k=1(ζS + δk)Ψk

)(
−ρjθKj τj

((1− θKj )ρj − 1)rj

)
, ∀ j

where Ψk = [(1− θKk )ρk − 1]−1KkY −1 and KkY
−1 = γkαkθ

K
k

ζ+δk
.

To prove Proposition 3, we proceed in two parts. Note first that φ̄j 6= φ̄k if either δj 6= δk, βKj 6= βKk,
HKj 6= HKk, HEj 6= HEk, or ρj 6= ρk. It is then straightforward to see that technology heterogeneity
implies that Γj 6= Γk, as the denominators take on different values depending on the sector-specific
technology parameters, and τj 6= τk. The second part of the proposition follows readily from inspecting
the expressions for φ̄j and ρj and θKj in (19). First, τj increases with ρj because ∂(ρjθKj )/∂ρj > 0
and thus τj > τk whenever ρj > ρk, ceteris paribus. Second, βKj , HKj , HEj and δj impact on sectoral
carbon prices depends on the elasticity parameter ρj . Whenever ρj = ρk > 0, a higher capital value
share (θKj > θKk ) leads to higher carbon prices (τj > τk). We thus investigate how θKj changes with the
respective parameters:

•
∂θKj
∂βKj

∣∣∣
ρj>0

> 0 and τj increases with βKj when ρj > 0.

•
∂θKj
∂HKj

∣∣∣
ρj>0

> 0 and τj increases with HKj when ρj > 0.

•
∂θKj
∂HEj

∣∣∣
ρj>0

< 0 and τj decreases with HEj when ρj > 0.

•
∂θKj
∂δj

∣∣∣
ρj>0

< 0 and τj decreases with δj when ρj > 0.

Whenever ρj = ρk < 0, a higher capital value share (θKj > θKk ) leads to lower carbon prices (τj < τk). We
thus investigate how θKj changes with the respective parameters:

•
∂θKj
∂βKj

∣∣∣
ρj<0

< 0 and τj decreases with βKj when ρj < 0.

•
∂θKj
∂HKj

∣∣∣
ρj<0

< 0 and τj decreases with HKj when ρj < 0.

•
∂θKj
∂HEj

∣∣∣
ρj<0

> 0 and τj increases with HEj when ρj < 0.

•
∂θKj
∂δj

∣∣∣
ρj<0

> 0 and τj increases with δj when ρj < 0.

Proposition 3 summarizes these findings.

A5. Steady-state conditions

The household’s Euler equation with Ξ = 0 and capital investments in steady-state reveal

rj = ζ + δj , I =
J∑

j=1

δjKj .
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The final good sector’s FOCs for all j are

γj

∏J

k=1 Y
γk
k

Yj
= pj .

The optimality conditions for sectoral output are

w = αjpj
Yj

Lj
, rj = pj

∂Yj

∂Kj
, τj = pj

∂Yj

∂Ej
,

where

∂Yj

∂Kj
= (1− αj)βKj(HKjKj)ρj /Kj × L

αj
j

[
βKj(HKjKj)ρj + βEj(HEjEj)ρj

] 1−αj
ρj
−1

∂Yj

∂Ej
= (1− αj)βEj(HEjEj)ρj /Ej × L

αj
j

[
βKj(HKjKj)ρj + βEj(HEjEj)ρj

] 1−αj
ρj
−1

.

Labor supply is given by
∑

j
Lj = L̄ and total emission is given by

∑
j
Ej = Ē. Final output and sectoral

output are given by

Ŷ =
J∏

j=1

Y
γj
j , Yj = L

αj
j

[
βKj(HKjKj)ρj + βEj(HEjEj)ρj

] 1−αj
ρj .

Consumption is thus C = Ŷ − I.
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Appendix B: Mappings of Sectors and Emissions Data to Model Sectors

We map the sectors in the WIOD dataset, as identified by alphabetic categories according to the
International Standard Industrial Classification of All Economic Activities (ISIC), Revision 4, to the
four sectoral aggregates in our model. The many-to-one sectoral mapping is as follows: sectors B, D, E
are aggregated in “Electricity”, sectors C, F in “Industry”, sectors H in “Transportation”, and sectors G,
I-U in “Services”.

We use information on CO2 emissions at the sectoral level from the European Commission’s EDGAR
database (Emission Database for Global Atmospheric Research, Crippa et al., 2019) and link emissions
from fossil-fuel combustion as well as process emissions to the sectors using the mapping shown in Table
B1.

Table B1. Mapping of emissions data categories to model sectors.

Category in the data Model sector

Biological Treatment of Solid Waste Electricity
Emissions from biomass burning Electricity
Incineration and Open Burning of Waste Electricity
Main Activity Electricity and Heat Production Electricity
Oil and Natural Gas Electricity
Petroleum Refining - Manufacture of Solid Fuels and Other Energy Industries Electricity
Solid Fuels Electricity
Solid Waste Disposal Electricity
Wastewater Treatment and Discharge Electricity
Chemical Industry Industry
Manufacturing Industries and Construction Industry
Metal Industry Industry
Cement Production Industry
Lime Production Industry
Glass Production Industry
Other Process Uses of Carbonates Industry
Non-Energy Products from Fuels and Solvent Use Industry
Liming Industry
Urea application Industry
Civil Aviation Transportation
Other Transportation Transportation
Railways Transportation
Road Transportation Transportation
Water-borne Navigation Transportation
Non-Specified Services
Other Sectors Services
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