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to unexamined macroeconomic effects. This article shows that if these stocks are tradable,
carbon pricing shifts aggregate investment towards alternative assets. If capital is underaccu-
mulated, this implies lower costs of climate policy and a welfare improvement. We prove this
beneficial investment shift from fossil stocks towards capital for the case of an emission trad-
ing scheme: specifically, we show that the higher the share of auctioned permits, the larger
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Q54 trade-off between climate change mitigation policy and growth.
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1. Introduction

Climate change mitigation is often perceived to be in conflict with economic objectives such as growth or job creation.
Behind this lies a Malthusian pessimism that imposing a limit on greenhouse gas emissions to keep global warming below 2 °C
will inevitably impair economic activity.! We show here that this need not be the case: we present a new argument that well-
designed mitigation policies may enhance economic efficiency, instead of being in conflict with economic growth. Our claim is
based on macroeconomic effects of rent taxation.

Enforcing a limit on cumulative emissions (a ‘carbon budget’) creates scarcity rents. If emissions are limited by means
of carbon pricing, some of the rents will be collected by the state: for example, auctioning a fixed amount of emission
permits, or implementing a carbon tax, extracts rents from fossil resource stocks. Rent extraction is frequently recognized

* Corresponding author. Mercator Research Institute of Global Commons and Climate Change, Torgauer Str. 12-15, D-10829 Berlin, Germany.
E-mail addresses: siegmeier@mcc-berlin.net (J. Siegmeier), linus.mattauch@inet.ox.ac.uk (L. Mattauch), ottmar.edenhofer@pik-potsdam.d (O. Edenhofer).
1 To limit global warming to 2 °C above pre-industrial times with a probability of at least a 66%, cumulative global carbon emissions have to be less than 1000
GtCO, in this century (IPCC, 2013, p.27).
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as a distributional issue: the political feasibility of climate policy depends on the possibility to compensate fossil resource
owners.” However, the focus on rent distribution has meant that the original motivation for rent taxation - that it may be
non-distortionary and thus efficient — has not been re-assessed for the case of climate policy. Under carbon pricing, fos-
sil resource stocks are becoming less attractive as an asset for investment, but their supply remains unchanged. Conse-
quently, additional funds become available for alternative investments, leading to a larger overall supply of productive fac-
tors.

This article specifically proves that pricing the flow of carbon emissions induces a beneficial macroeconomic distortion: it
reduces the rents from fossil resource stocks and thus directs investment towards producible capital as the alternative asset. If
capital was previously underaccumulated, this ‘macroeconomic portfolio effect’ constitutes a welfare improvement and lowers
the gross costs of climate policy.

This result has three major policy implications: First, and most importantly, there is generally an efficiency reason for the
appropriation of climate rents for the public, rather than only a distributional motive. It may be necessary to collect the rents to
implement the socially optimal allocation. This contradicts the common perception of a trade-off between climate policy and
capital accumulation (or growth) and may thus facilitate the introduction of a substantial price on carbon. Second, dynamic
effects on stocks matter for the efficiency of flow-oriented climate policy instruments. Third and specifically for climate policy
implemented as a permit scheme, efficiency improvements due to rent appropriation are an additional reason why permits
should not be allocated for free.

Furthermore, the prominent role of rents from non-producible stocks in our analysis suggests an alternative climate pol-
icy instrument based on private property rights to the ‘stock of the atmosphere’: tradable rights to perpetually obtain a cer-
tain fraction of annual emission allowances. It has the same aggregate effects as conventional carbon pricing mechanisms, but
two potential advantages in realistic settings: the potential for a macroeconomic portfolio effect increases with the amount
of investment opportunities in both asset classes. Newly created atmospheric property rights may be more widely avail-
able to private investors than fossil resource stocks (see below). Additionally, atmospheric property rights could make envi-
ronmental limitations (and revenues from climate policy) more visible to individuals, thus enhancing environmental aware-
ness.

We use a specific formal model and policy instrument, namely a two-asset overlapping-generations (OLG) model and an
emission permit scheme, to prove the main result. We also discuss the robustness of our findings regarding alternative modeling
assumptions or instrument choices. The specific model should be interpreted as an illustration of the more general idea of a
beneficial macroeconomic portfolio effect due to rent collection via climate- and resource policy. This general idea is based on
three major assumptions:

First, we assume that capital is suboptimally underaccumulated. This seems generally plausible if capital is broadly defined
to include physical as well as human capital.

Second, the investment choice between capital and fossil resource stocks requires that both types of assets are available for
private investment and trade in the economy under consideration. This may be the case for countries with both substantial
fossil resources and capital goods on their territory.> Further, it can be the case for the world economy when considering rent
collection as a global carbon pricing scheme. Private access to emission-related assets and their tradability also depends on
the climate policy instrument chosen: for example, if the right to perpetually obtain a certain share of annual (national or
global) emission rights was a tradable asset, the distribution of property rights to fossil resources would be less important
for the portfolio effect to occur. We discuss such an instrument, related to a suggestion by McKibbin and Wilcoxen (2002), in
Section 4.

Third, we consider a situation where long-term climate policy has already been imposed and the economy has adapted to it.
We thus neglect the anticipation and transition effects of introducing a carbon price and instead compare economic aggregates
on balanced paths, focusing on how much of the rents are collected.*

We relate our main result to three fields of research:

First, Bento and Jacobsen (2007) model a fixed factor used in the production of dirty goods, and assume that the resulting
rents are (partially) untaxed. Then, levying an environmental tax that implicitly acts as a tax on these rents and using the revenues
to cut distortionary labor taxes is preferable to lump-sum redistribution. It may even imply negative gross costs of the policy
package because it improves an initially inefficient tax system. See Bovenberg (1999) for an overview of previous results on
such ‘double dividends’, and Goulder (2013) for climate policy implications. While the effect presented below also stems from
the collection of rents from a fixed factor, it is independent of a pre-existing distortionary and inefficient tax system. Instead,
welfare is increased if dynamically inefficient savings behavior is addressed: using a climate policy instrument that collects the
rents related to the use of fossil resources to finance a given public revenue requirement is preferable to lump-sum taxation
because it stimulates alternative, productive investment. The effect is unambiguously welfare-enhancing if capital is otherwise

2 See for example Asheim (2012); Kalkuhl and Brecha (2013); Bauer et al. (2013). Other options for spending the significant revenues have also been discussed,
such as the reduction of public deficits, or of distortionary (labor) taxes (Rausch, 2013; Carbone et al., 2012; Goulder, 2013; Siegmeier et al., 2017).

3 Even when the state owns most fossil resources, what matters for the potential strength of the effect is the amount of the remaining privately-held fossil
assets relative to the private capital stock (Section 3.4).

4 This is relevant for cases such as the European Emissions Trading System (EU ETS), where permits were initially allocated for free, and auctioning was
introduced gradually and without full prior anticipation.
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underaccumulated. Moreover, it is independent of the recycling of the policy’s revenues.’

Second, our contribution is related to results on non-environmental optimal rent taxation. The basic insight goes back to
Feldstein (1977): a tax on rents from a fixed factor such as land generally is distortionary, since it directs investment away from
land and towards capital. Petrucci (2006) and Koethenbuerger and Poutvaara (2009) noted that this distortion is beneficial if
capital was previously underaccumulated, for example due to imperfect intergenerational altruism. Edenhofer et al. (2015b)
provided a formal proof and found that some forms of revenue recycling can establish the social optimum. Feldstein (1977)
already suggested that his findings would apply to resource rent taxation (p.356), however we are not aware of any work on
this related to environmental policy.

Although rents in the context of climate policy did recently receive some attention (Fullerton and Metcalf, 2001; Bauer et al.,
2013; Carbone et al., 2012), previous studies focused on the size of and spending options for revenues of climate policy, while
the macroeconomic effects of raising such revenues have been neglected. A potential reason for this is that collecting rents is still
often presented as a non-distortionary source of public revenue (Segal, 2011; Mankiw, 2008; Ch. 8), despite Feldstein’s findings.

Third, the present paper complements results on asset value changes due to avoided climate damages, and on resource
taxation in an endogenous growth setting. Regarding the former, Karp and Rezai (2014, 2015) point out that the current value
of capital assets should increase if preventing climate damages raises their future productivity, to the benefit of older agents
that own most of these assets today. If younger agents with fewer assets are compensated for their mitigation costs by transfers,
a Pareto improvement may be possible. In contrast, we abstract from climate damages but add fossil resource stocks as an
alternative asset class to focus on the effect of climate policy on aggregate investment and welfare. Groth and Schou (2007)
also consider capital and non-renewable resources as alternative assets. They emphasize that resource taxation affects resource
extraction and thus long-run growth, while capital taxation does not. However, they employ a setting with a representative
infinitely-lived agent in which capital accumulation is dynamically efficient. We use an OLG model in which capital accumulation
is suboptimal and emphasize the effect of resource-related carbon pricing on investment behavior.

The remainder of this article is structured as follows. Section 2 lays out the basic model, in which households own both
capital and fossil resource stocks and face carbon pricing. Section 3 presents the main result that carbon pricing induces a
macroeconomic portfolio effect: the higher the share of rents that is collected, the more investment is shifted away from fossil
resource stocks and towards undersupplied capital, and the higher is social welfare. This is proved for a conventional permit
scheme regulating the flow of emissions. The robustness of the result to modeling assumptions, its applicability to carbon taxes
and the role of fossil resources in private portfolios is discussed. Section 4 presents an alternative ‘stock instrument’ related to
personal carbon trading schemes. Section 5 shows how the social optimum can be achieved by revenue distribution. Section 6
concludes.

2. Basic model

In this section, we set up a continuous overlapping generations model (Yaari, 1965; Blanchard, 1985) to study whether
climate policy induces a beneficial portfolio effect. There are two assets, capital and an exhaustible resource, no bequests (which
leads to capital underaccumulation), and we assume technological progress in resource efficiency which is publicly financed.®
We keep brief our description of standard elements that have been developed in more detail elsewhere (Edenhofer et al., 2015b).

On the supply side, a single final good is produced from aggregate capital K(t), labor L(t) and extracted fossil resources E(t)
augmented by publicly provided technology A(t). The production function exhibits constant returns to scale and diminishing
marginal productivity for each input. It satisfies the Inada conditions in all arguments. The representative firm’s problem is

e F(K(®), L), A(DE()) — [1(£) + S1K(t) — w(D)L(t) — b(tE(T) (1)

yielding the standard first-order conditions
r(t) +6 = Fg(), w(t) =F(), b(t)=Fg(), (2)

with r and 6 denoting the interest rate and depreciation rate of private capital, w the wage rate and b the price of an extracted
unit of the resource.

Assume for simplicity that improvements in resource productivity are linear in public investment I, so with R&D investment
efficiency 6 and A(t) = dA(t)/dt,

Aty =01, (HA®D). (3)

5 However, it can be shown that the social optimum as defined by Calvo and Obstfeld (1988) can be reached if rent taxation is sufficient to finance both
technical progress offsetting resource depletion and a redistribution scheme that addresses imperfect altruism between generations, the root cause of underac-
cumulation in our model (Section 5).

6 Private investment in R&D for resource efficiency may be insufficient due to the public good properties of knowledge (Popp et al., 2010). Including techno-
logical progress will also be analytically convenient when we analyze different forms of carbon pricing in the following sections: the resource extraction path
(which is not our focus) can be neutralized by a matching resource efficiency path, to keep effective resource supply constant and thus obtain a balanced path.
Then, the dependence of the balanced path on the share of rents that is collected by carbon pricing can be analyzed to obtain the main results.
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On the demand side, let ¢ be the birth rate, equal to each individual’s instantaneous probability of death. Thus ¢ is also
the death rate in the entire population (population size is constant and normalized to one) and individuals’ lifetimes are expo-
nentially distributed. If, for individuals born at time v, some age-dependent variable at time t has a value x(v, t), its aggregate
(population) value is denoted by the capital letter, and

t
Xt = / x(v, ey, (4)

o0

At time t, an individual born at v < t has expected lifetime utility
[Se]
u(v,t) = / In c(v, )e"@+PT-bqr (5)
t

with consumption c(v, t) and rate of pure time preference p. The individuals’ budget identity is
k(v, £) + p(6)$(v, 1) + (v, t) = 1(€) k(v, £) + [(1 = T (£)) b(t) — p(6)] e(v, ) + w(t) — 2(t) + ¢ [k(v, ) + p(t) s(v, 1)] . (6)

Individuals own capital k, on which they earn interest at rate r, and an amount s out of the total (exhaustible) fossil resource
stock S, which they can sell or buy at a price p. Alternatively, they can extract an amount e at zero cost and sell it at price b,
but have to surrender a share T of the revenue to the regulator. We assume that the resource stock is homogeneous and that all
resource deposits are known (and fully owned), thus abstracting from new discoveries and changes in extraction technologies.
Each individual receives the same wage w and potentially pays a lump-sum tax z (in Section 5, we discuss the consequences
of age-dependent transfers for social welfare). There are no bequest motives, but a competitive, no-cost life insurance sector to
close the model: the insurance continuously obtains the assets of individuals that just died and recycles them to individuals that
are still alive, in the form of annuities and transfers of land and in proportion to the assets that individuals hold, reflected by
the term ¢[k + ps]. Since the annuity and land received in advance enters each individuals accounting while the transfer to the
insurance after death does not, the changes in resource ownership of all living generations after accounting for extractions do
not sum to zero:

t
/ $(v, e~V dy + E(t) = ¢S(t). (7)

o0

The total resource stock S evolves according to

S(t) = —E(t). (8)
Finally, the individual also respects a solvency condition:

Tl_i)rglo [k(v, ) + p(t)s(v, T)]e RED = 0

T ~ (9)
with R(t,7) = / (r(t) + ¢)dt.
t

The government always collects a share T of the (resource) rent and instantaneously invests it, together with potential rev-
enues from lump-sum taxes z, into technological progress offsetting the decreasing supply of fossil fuels. The government’s
budget identity thus is

T(Ob(OE(t) + Z(t) = I5(t). (10)
3. Main result: the beneficial portfolio effect of carbon pricing

In this section, we prove that carbon pricing may induce a beneficial macroeconomic portfolio effect. For this, we compare
two ways of financing a given public revenue requirement: a lump-sum tax and carbon pricing as a means to collect rents. Lump-
sum taxation does not affect capital underaccumulation, while collecting scarcity rents from resource stocks makes investing in
capital relatively more attractive, which enhances efficiency and welfare.

This basic effect occurs for all forms of carbon pricing. Here, we specifically assume that climate policy is implemented as a
short-term, upstream emission trading scheme. This simplifies the exposition because the path of resource extraction and thus
greenhouse gas (GHG) emissions is exogenously given by the amount of permits over time, and the degree of rent collection is
controlled separately by the exogenously given share of permits that is auctioned.

First, we detail the policy and solve the model introduced in Section 2. Second, we characterize balanced paths on which
capital and consumption stay constant while regulated resource depletion and R&D for resource efficiency improvements offset
each other. Third, we compare pure lump-sum R&D funding to an auctioning of permits (or a tax on extraction revenues) on
balanced paths. Fourth, we discuss some assumptions underlying our modeling of a permit scheme, the applicability of the
analysis to carbon taxes, and the role of the share of fossil assets in private portfolios.

The next two sections will then discuss another alternative instrument and the possibility to reach the social optimum.
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3.1. Government policy, individual optimization and aggregate dynamics

The government limits GHG emissions by continuously issuing permits for fossil resource extraction.” Permit lifetimes are
short relative to the total time horizon over which GHG emissions have to be limited, so the government has full control over
the extraction path. It auctions some share of the permits and uses the revenues to finance resource efficiency improvements (as
already described above). These policies do not result from endogenous maximization of a welfare criterion, but are exogenously
given. More precisely, the government issues an exponentially decreasing amount® of extraction permits E(t), so that

E(t) < E(t) = Ege™°". (11)

We assume that this constraint is binding at all times, i.e. that unregulated extraction rates would exceed the maximum per-
missible extraction rate ¢. Thus, replacing the total resource stock dynamics (8), we have

S(t) = —E(t). (8")

Using Equation (11) and setting lim,_, ,,S(t) = 0 for simplicity (implying full extraction of the initial quantity S;), we thus obtain
E(t) = oS(t) and E, = 6S,. A similar relationship holds for individuals, who do not choose s and e separately: even if there
are several different resource stocks, their combination in individuals’ portfolios is identical across homogeneous households.
Thus, the ratio of individual resource extractions &(v, t) to the aggregate admissible extraction E(t) equals the ratio of individual
resource ownership s(v, t) to the total resource stock S(t), and & = Es/S = os. Suppressing time dependencies, we can then
rewrite the budget constraint (6) as

k+ps+c=w+rk+[(1=T)b—plos—z+ @k + ps). (6"

The share T of rents from resource extraction can be interpreted as an ongoing auctioning of a share T of permits and free
allocation of the remaining permits, or equivalently, as initial free allocation of all permits followed by a tax on revenues from
resource extraction.

Individuals maximize utility (5) by choosing paths for ¢ and s, subject to budget identity (6”) and solvency condition (9). From
the first-order conditions of this optimization problem, one obtains the usual Keynes-Ramsey rule for the dynamics of individual
consumption (Appendix A.1)

&, t)
=r1()— 12
O (12)
and a no-arbitrage condition between the resource stock and capital:
p®) p(®) — [1 = T(®)1b(®)
22 =+ ~F—— 0. 13
o~ 0] (13)

The last term reflects the effect of exogenously imposing the resource extraction path on the resource stock price dynamics.

Using the Keynes-Ramsey rule and the no-arbitrage condition together with the budget- and solvency conditions, it can
be shown that each individual consumes the same fixed fraction of her total wealth, consisting of capital, fossil resources and
lifetime labor income net of taxes (Appendix A.1):

cv, ) = (p + P)Lk(v, t) + p(O)s(v, t) + h(t)]

) (14)
with h(t) = / [w(z) — z(7)]e REDdr.
¢

We can now derive the remaining aggregate demand-side quantities according to (4) (see Appendix A.2). From Equations
(14) and (7), aggregate consumption is the same constant fraction of total wealth as for each individual:

C(t) = (p + PIK(®) + p(OS() + H(D)]. (15)

For the dynamics of the total capital stock, apply the definition of K, Leibniz’ rule and the individual budget constraint (6’) to
get

K(t) = w(t) + r(OK(6) + bOE®) — I, — C(b). (16)

The growth rate of aggregate consumption can be derived from the definition of C, using Leibniz’ rule and Equations (12) and
(14):
co _ o K® + p(©S(6)
o =rt)—p—(p+ )P o ) (17)

7 Extraction permits are equivalent to issuing permits for the amount of CO, emissions that the use of the extracted resource will cause, but they simplify
exposition here because we do not need to model two stocks (permits and fossil resources).

8 Non-exponential mitigation paths can also be accommodated: the crucial assumption for reaching an analytical solution is that technological progress can
keep effective resource supply constant. See Section 3.4 for a discussion.
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The last term is due to the ‘generation replacement effect’: A share ¢ of the population, owning capital ¢K and resource
wealth ¢pS, dies and is ‘replaced’ by newborns without assets. This continuous turnover of generations of different wealth also
affects aggregate consumption growth, since consumption is a fixed fraction (p + ¢) of wealth. The effect of newborns’ lack of
capital and fossil resources is always negative. Note that the dynamics of aggregate quantities are independent of lump-sum
taxes Z.°

3.2. Balanced paths

The differential equations for the aggregate resource stock S, technology A, the resource stock price p, aggregate capital K and
aggregate consumption C describe the dynamics of the economy (Equations (8), (3), (13),(16) and (17), respectively). The price
of the extracted resource b and interest r depend on K, A and S via the production function, so they do not add extra dimensions.

Denote by I; the research investment required to exactly offset resource depletion. Due to (3) and (11), this investment is
constant:

I=0/6 (18)

For simplicity, we will contrast below two polar cases of financing this R&D level, either by permit auction revenues only, or
purely by lump-sum taxation. For this reason, we assume that permit auction revenues are by themselves sufficient to finance
the research investment level (18) chosen by the government to offset regulated resource depletion (11):

There exists a T* € [0;1) such that I} < T*b(t)E(t) forallt. (19)

See Section 3.4 for further discussion of this assumption. The inequality of course also implies that the alternative lump-sum
financing of R&D is feasible in terms of potential revenues, too, since resource rents are part of each individual’s lifetime income.
If lump-sum taxes are politically infeasible, the consequence is a trade-off between the beneficial effect described below and
distortions from other taxes, which is beyond the scope of the analysis presented here.

With exogenously given depletion (11)and R&D investment (18) fixing the evolution of S and A, balanced paths are described
by

{K(t) = K*,C(t) = C*, S(t) = Soe™ ", A(t) = Age®, p(t) = ple”t ), (20)

where A, S are given and K*, C*, p; denote the solution to the following system of equations (using Equations (2)):

K=0- GCp(K)=F(K)-5K—TI, (21)
. K + po(K)So
C=0- Cyk= — 0, 22
H(K) = d(p + ) 00 — p (22)
— (1 — T 200
Eq.(13) » po)=(1-T)o 0 (23)

written here with K as the independent variable for convenience in the subsequent analysis.!? The crucial policy parameter
determining the values of K*, C* and p* is the auctioned share of permits T, since the optimal choice of the extraction rate ¢ or
of the total amount of permits (represented here by the total available resource stock S;) are assumed to be given.

In the following, the system is reduced to two dimensions, C and K, by maintaining d(pS)/dt = 0. A projection to these two
variables captures all relevant dynamics (see Appendix A.3) - intuitively, the balanced paths above require that the value of
the resource stock pS is constant, because otherwise the generation replacement effect in Equation (22) is non-constant, and so
would be C.

In the C-K-plane, Equation (21) defines a parabola-shaped curve and Equation (22) a hyperbola (see Fig. 1). The K = 0 locus
is shifted downwards relative to the origin by I;. We assume that [} is sufficiently small so that two intersections of the parabola
and hyperbola exist (for empirical plausibility see Section 3.4). The values of C and K at each of these intersections solve the
system of equations above. While the lower intersection is unstable, the upper describes the C*-K* combination of the stable
balanced path that we are interested in (Appendix A.3). In the following, we denote by an asterisk * all quantities on the stable
balanced path (where all three of Equations (21)-(23) hold). In particular,

r* = F(K*) =8, b =F(K"Ay, pl=(1-Tob}/r. (24)

9 If taxes or transfers are age-dependent (z(v, t) instead of z(t)), a ‘redistribution effect’ affects the generation replacement effect. This is reflected by an
additional term in the numerator of the last fraction of (17) - see Equation (A8) in Appendix A.2, and Section 5 for a discussion.
10 For Equation (23), we substituted p/p = ¢ in the no-arbitrage condition (13), and used that

b = Fy = Fye(K, L AE)A = Fpp(K, L, AgEg)Age® = by(K)e®t.
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Fig. 1. Phase diagram for aggregate consumption C and capital K. K" denotes the Keynes-Ramsey capital level, given by F (K¥') — 6 = p.

3.3. The macroeconomic portfolio effect of carbon pricing

We now show that underaccumulation of capital due to the generation replacement effect can be mitigated by resource rent

collection (here, by auctioning of emission permits), but not by lump-sum taxation.
We first discuss why aggregate capital and consumption are suboptimally low. The reference point for social optimality are

the Keynes-Ramsey steady-state levels'! of consumption C¥"and capital K¥", which satisfy

k" = F(K*) - 6KM — T (25)

and Fy(K*) -6 = p. (26)

Equation (22) is essential for analyzing the welfare effects of rent collection, since the position of the parabola (Equation
(21)) does not change with T. Solving for the steady state interest rate and using Equations (24) yields

K* + (1 = T)oSyb* /r*
=+ g+ L0 27)

K* +pgSo
C*
Thus, the interest rate in the decentralized economy is higher than the implied price of capital in the socially optimal steady

state (Equation (26)). From Fy, < 0 and Equation (2) follows a lower level of capital, K* < K*". Since K*" is left of the maximum

of the parabola (21), a lower capital stock implies that consumption is suboptimal, C(K*) < C(K¥").
We now discuss two policies, corresponding to the two hyperbolas in Fig. 1. First, assume that there is no price on fossil
resource extraction (T = 0) and that technological progress is financed by lump-sum taxation (the government’s budget identity

(10) becomes Z* = I*, leaving the aggregate dynamics unaffected). Then, the second term in Equation (27) has its maximal value,

r=p+dp+P)

and capital accumulation and aggregate consumption attain their lowest values (since the intersection of the hyperbola and the
parabola is always to the left of the maximum of the parabola).

At the other extreme, with only the collected resource rents financing technological progress (TbE = Iy and Z = 0), under-
accumulation is reduced relative to the lump-sum tax case since the tax lowers pySg, so ceteris paribus the second term in
Equation (27) is smaller. The intuition is that the lower rent earnings make investing in the resource stock less attractive than
capital investment, as reflected in the no-arbitrage condition (13), and thus causes a rebalancing of the asset portfolio. Also,
a lower resource stock price means less ‘missing wealth’ for the newborns, and thus a smaller generation replacement effect
(but the effect is still non-zero for all T, so the social optimum cannot be reached without additional policies, see Section 5).
These effects are of course not isolated, but interact via general equilibrium effects. We thus formalize and prove the effect, also
allowing for combinations of both financing options.

Theorem. Suppose that the economy is on a balanced path on which publicly financed technological progress exactly offsets decreas-
ing availability of (extraction) permits, that any share of these permits may be auctioned or allocated for free, and that lump-sum
payments are available. Then, the higher the share of permits that is auctioned, the higher is social welfare.

This result is proved in Appendix A.4 by showing that the higher the auctioned share of permits T, the higher are aggregate
capital and consumption. The basic message is that it is welfare-enhancing to fulfill the revenue requirement for R&D investment
by distortionary auctioning of permits instead of fulfilling it by non-distortionary lump-sum taxation (which should only close
a potential gap if revenues from full auctioning are insufficient). However, the theorem is stronger: It implies that even if the
revenue requirement can be fulfilled without auctioning all permits, it is still desirable to auction permits to the largest degree

1 This can be derived using the approach of Calvo and Obstfeld (1988), see also Edenhofer et al. (2015b).
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possible for efficiency reasons. Revenues in excess of R&D investment needs are redistributed here by a lump-sum transfer that
is uniform across all generations; other transfer schemes are explored in the next subsection.
As a direct consequence of the theorem above, the gross costs of climate policy are reduced if permits are auctioned.

3.4. Generalizations and importance of the effect

The main result above was obtained for an implementation of carbon pricing by a specific emission trading scheme. We first
discuss the credibility of our assumptions made in modeling this specific scheme. Second, we examine the occurrence of the
macroeconomic portfolio effect under alternative implementations of carbon pricing by carbon taxes. Third, we discuss how the
share of fossil fuel assets in private investors’ portfolios affects the importance of the effect.

3.4.1. Modeling assumptions

We begin by justifying specific modeling choices about the emission trading scheme that made our model tractable. We
equated short permit lifetimes with direct control of the emission path, required public financing of resource efficiency improve-
ments, chose a specific shape of the permissible extraction path and assumed that long-term climate policy has been credibly
imposed. We now discuss the restrictiveness of the underlying assumptions in turn.

Regarding permit lifetimes, we emphasize that what matters for climate protection are the cumulative GHG emissions over
longer periods (several decades), not their short-term path (Meinshausen et al., 2009; Ciais et al., 2013). However, practical
implementations of climate policy via emission trading schemes, such as the EU ETS and the California Cap-and-Trade scheme,
operate on relatively short time scales, with emissions budgeted over trading periods of eight and three years, respectively.'?
Thus, when endogenous emissions are limited to short time horizons, a succession of many short-term budgets can be approx-
imated well by a fixed path. The fixing of such a long-term mitigation path by the government is not necessarily less efficient
than a decentralized solution, depending e.g. on whether individual agents or the government are myopic or not.

Next, we require public financing of resource efficiency improvements: We use publicly-financed R&D to underline (a) the
necessity of R&D to counter mitigation-induced scarcity, and (b) that even if the mitigation path is given, the government still has
a choice regarding R&D investment. The government’s optimization problem that should determine this choice is not modeled
here: completely offsetting resource scarcity and maintaining a steady state via R&D is chosen merely for simplicity. Further-
more, public investment in resource efficiency improvements could be interpreted to also include investment in infrastructure
that matches resource-efficient technologies, such as railways, bike lanes, or electricity grids and system services required for
integrating electricity generation from fluctuating renewable sources.!?

Furthermore, we chose a specific shape of the permissible extraction path, and resource efficiency improvements: for sim-
plicity, we chose an exponentially declining extraction path (E(t) = Eje~°"), and accordingly assumed that R&D investment
translate into resource efficiency improvements as A = 8I,A, so that I, = 6/6 leads to A(t)E(t) = const. An exponential extrac-
tion path is analytically convenient, but the exact shape of the path is irrelevant for our results as long as technological progress
is such that spending no more than a certain fraction of output on R&D can offset the decreasing resource supply (see Bretschger
(2005) for a discussion). This assumption about technology, at times considered optimistic, is not crucial and only employed
here to obtain an analytical solution.!*

Moreover, our analysis starts after long-term climate policy has been credibly imposed (see also Footnote #): economic actors
know and have adapted to the paths for total and auctioned amounts of permits, so it is sufficient to compare balanced paths
with different auctioned shares. We do not model the transition to these balanced paths after climate policy is first announced,
including the initial one-off devaluation of fossil resource stocks that cannot be exploited anymore.!” It is important to note
that the assumption of an exogenous and binding cap that tightens over time means that our model abstracts from real-word
complications regarding commitment and credibility. In political practice, interest groups can be expected to exert pressure
on the government to loosen the cap if resource- or carbon prices increase. Further, how firms will plan in the face of policy
uncertainty about changes to the cap and what this implies for climate policy instrument choice is underexplored (however
see Salant (2016) and Koch et al. (2016)). The behavior of market participants under such policy uncertainty and attempts to

12 Forward ‘banking’ of unused permits between trading periods is generally allowed (and is beneficial when the supply of new permits is successively tight-
ened (Rubin, 1996)), but can be neglected if we assume that emission budgets are a binding constraint. More importantly, ‘borrowing’ of permits to delay
mitigation is not possible in California, and restricted to within a trading period in the EU.

13 We further assume that to finance public spending on R&D, climate policy revenues can be topped up by lump-sum taxes if necessary. This is analytically
convenient because we focus on rent taxation. Introducing distortionary taxation as an additional source of public funds, as for example in Turnovsky (2000),
will not change the basic mechanism.

14 Investments I; can be assumed to be significantly smaller than the mitigation costs of climate change, because these also comprise forgone consumption due
to costly transformation of the capital stock (e.g. different power plants). In turn, the costs of climate change mitigation are very small compared to aggregate
output or capital (in the order of 0.04-0.14 percentage points of reduction of annual consumption growth (IPCC, 2014)). Conceptually, our assumptions about
the size of I, are distinctively un-Malthusian, because they insure that the transformation of the economy to a low-carbon state is possible at little cost and
without disturbing stability.

15 The total number of permits relative to the demand for emissions determines the scarcity and thus the total price of the permits; their total number relative
to the size of the remaining fossil resource stocks determines the losses faced by the owners of those stocks when the permit scheme is first introduced.
Kalkuhl and Brecha (2013) and Bauer et al. (2013) analyze the potential for compensating the owners of fossil resource stocks from carbon pricing revenues,
and Koethenbuerger and Poutvaara (2009) and Heijdra et al. (2006) consider transition effects of introducing a tax on a fixed factor or pollution, respectively.
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influence the government would not generally change the main message of the present article. However, it is crucial to be
mindful that the assumption of an exogenous, binding and gradually tightening cap abstracts from such issues.

3.4.2. Applicability to carbon taxes

As an alternative to a permit scheme, a carbon price may be implemented by a carbon tax. In our setting, the main difference
is that extraction is determined endogenously. Nevertheless, a carbon tax can be expected to also induce a (beneficial) portfolio
effect: as for a permit scheme, the basic intuition is that a carbon tax always extracts some part of the fossil resource rent, reduces
returns from fossil resource assets and thus makes saving in (previously underaccumulated) producible capital relatively more
attractive. Indeed, carbon tax schemes can fully replicate emission permit schemes (see also Fullerton and Metcalf, 2001), both
in terms of climate change mitigation and rent collection.

Under an emission permit scheme, the amount of emission reductions and the collected share of rents can be chosen sep-
arately via the size of the cap and the auctioning rate of the permits. While a carbon tax has no direct control over emissions
and extractions, it may still affect them in two ways, which in turn also affect rent collection: First, if a carbon tax that acts as a
tax per unit of the extracted resource grows at a rate below the discount rate, there is an incentive to postpone emissions and
resource extraction, because a higher share of rents can be privately retained in the future. This also implies an upper limit on
the degree of rent collection that is consistent with a given level of climate change mitigation by this ‘postponement effect’, and
a trade-off between further rent collection and mitigation beyond that. However, this constraint may not be binding if higher
degrees of rent collection are politically infeasible anyway. Second, there is a ‘volume effect’ (Edenhofer and Kalkuhl, 2011)
that can alleviate it: if the effective tax per unit of the extracted resource is above the scarcity price (minus extraction costs),
demand will be reduced and some resources may be left in the ground, while 100% of the rent are collected. In sum, with these
two effects one may expect that any desired level of mitigation could be implemented in our setting. Additionally, some of the
tax revenues could be used to partly compensate resource owners and adjust any level of rent collection below 100% without
compromising mitigation, thus fully replicating a permit scheme.'® However, formally proving this would require to include
into our OLG model a more detailed description of endogenous resource extraction as in Edenhofer and Kalkuhl (2011), which
is beyond the focus and scope of this paper.!’

3.4.3. Private investment in fossil resources

The potential for a beneficial portfolio effect importantly depends on the share of fossils stocks in private investors’ port-
folios: according to Equation (17), the portfolio share equals the maximum share of the generation replacement effect that
can be neutralized by rent collection. Battiston et al. (2017) estimate that in the EU and the USA, fossil fuels have a portfolio
share of 4-7%, depending on the type of private investor.'® This share may seem small at first, but it does not imply that the
macroeconomic portfolio effect is small or unimportant, too, for three reasons:

First, neutralizing a given share of missing wealth does not translate linearly into realizing the same share of maximally
possible welfare gains, as Equations (21)-(23) and Fig. 1 show.

Second, the absolute size of the welfare gain does not only depend on the change in total wealth, but also on the share ¢ of
newborns in the population, which enters the generation replacement effect in Equation (17) as a factor ¢p(p + ¢). For large ¢,
the absolute welfare gain due to the portfolio effect may also be large.

Third, it can be proved that the governments ability to achieve the social optimum by rent collection and additional non-
uniform revenue recycling depends on the size of fossil resource rents relative to the amount of the newborns’ missing capital
@K (not just K), because this determines how well the newborns can be compensated out of rent collection revenues. Section
5 will discuss this in detail and shows that even if K is large relative to pS, the social optimum can be reached if ¢ is small (see
Footnote 22). In a similar setting, Edenhofer et al. (2015a) find that there is much leverage to reach the social optimum by rent
taxation because ¢ is indeed estimated to be small.

If the current share of fossil resources in private portfolios is still seen as a potentially limiting factor, it may be increased
by making fossil resource stocks more widely available to private investors: large fossil resource stocks are not found in all
countries and are often not private,'® or not traded internationally. These limitations could for example be alleviated by a ‘stock

16 Another possibility to reduce the rent collection share is to apply the carbon tax only to emissions above a threshold, in analogy to a free allocation of
emission permits (Mumy, 1980; Pezzey and Jotzo, 2012).

7 In practice, carbon taxes are generally implemented as unit taxes (World Bank et al., 2016) with postponement- and volume effects. These are not in
general amenable to our analytic approach based on balanced paths (see Appendix A.5), but may instead require numerical modeling. Appendix A.5 describes
an analytically simpler form of a carbon tax, namely an ad valorem tax, under which a volume effect cannot occur. We can then prove a corollary of the theorem
in Section 3.3 for a constant tax rate that also has no postponement effect (Dasgupta and Heal, 1979). Such a tax only indirectly induces some climate change
mitigation, because the portfolio effect leads to a lower interest rate, so extraction is slower. A unit tax will only be similarly extraction-neutral if it starts from
a low value and grows at the resource owners’ discount rate. However, even the optimal growth rate for a unit tax suggested by integrated assessment models
is lower than that (Edenhofer and Kalkuhl, 2011).

18 Similarly to the portfolio effect between fossils-based assets and capital described here, a redirection of investments can also be expected among producible
capital assets when climate policy makes fossil fuel-dependent utilities and energy-intensive industries less attractive. This is plausible in particular to the
extent that these industries generate rents based on very long-lived, sunk investments. We note that utilities and energy-intensive industries account for 1-3%
and 21-28% of private portfolios, respectively (Battiston et al., 2017).

19 According to the IEA (2014), states or state-owned companies together control more than 70% of global oil and gas reserves, as well as 9% of hard coal
production capacity in the OECD and 66% outside the OECD.
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instrument’ which creates assets that effectively substitute fossil resource assets and are (designed to be) fully tradable. The
next section discusses such an instrument.

4. Owning the atmosphere: A ‘stock instrument’

The stock-flow structure of our model also suggests an alternative permit-based instrument: Instead of regulating the flow
of emissions, one could limit the availability of the stock and make claims on it tradable. Households obtain property rights for
the atmosphere and the government regulates to how much annual emissions this entitles them. We show that this instrument
is equivalent to a conventional flow-based permit scheme under the assumptions employed here, and briefly discuss its effect
on environmental awareness as a potential advantage (beyond the one above).

We suggest a stock instrument for climate policy with the following structure: Assume that households own shares s, of the
atmosphere (instead of shares of fossil resource stocks). Ownership of such shares entitles them to annually obtain emission
rights, the amount of which decreases at rate ¢. Households can sell these emission rights to firms at a price [ and pay taxes
on the revenues (they ‘rent out’ their share of the atmosphere to the firms). They can also trade the shares among each other.
Our suggestion is related to the ‘long-term permit’ component of the McKibbin-Wilcoxen hybrid climate policy (McKibbin and
Wilcoxen, 2002), which those authors also allow to embody declining annual emission rights (McKibbin and Wilcoxen, 2007;
McKibbin, 2012).2° However, this type of permit system has not been considered in an analytical model before the present
article. It is also related to the case of ‘exogenously shrinking’ land considered by Buiter (1989) in the context of debt neutrality
of taxation of fixed factors.

For this alternative instrument, the model presented in Section 2 is modified as follows: The individual budget becomes

k+ps;+c=w+rk+[(1 - T)l - pols, — z + Pk + ps,). (6")

Here the term —po's, comes from the annual decrease in emission rights attached to the ownership of an atmospheric stock. The
dynamics of the atmospheric stock are controlled by the government and, as above, taken to be

L =—0. (8"

Its decreasing availability reflects the limited disposal space for emissions. Still, Sa = —E, so that E = 6S,. So o is both the rate
of decline of the atmospheric stock and the ratio between emissions used and total available space in the atmosphere. In par-
ticular, while households rent out their share of the atmosphere to the firm for one year, E denotes the emissions permitted in
production, which are proportional to the current given size of S,. Hence

I=Fs (K,L,AE(S,)) = Fg(K, L, AE(S,))o. (28)
One more modification concerns Equation (7), which has to be changed to
¢
/ $(v, e~ PEVdy — 6S(t) = PS(t), (7

as the atmospheric stock shrinks without being used. The remaining defining equations of the model are identical. The only
change to the resulting dynamics of the economy is that the no-arbitrage condition is now between the atmospheric stock and
capital:

A=-DI b _ iy (13"
p p
Thus, the stock instrument will be equivalent to the conventional permit scheme if | = b, which holds by Equation (28). Intu-
itively, renting the stock of the atmosphere S, at rate [, or buying a flow of resources E = ¢S at price b, must have the same value
to firms, so the original and modified budget equations are the same. The deeper reason for this equivalence is that our model
of the flow-based permit scheme above already contained the core of the stock instrument, which is to treat e as proportional
to s and thus to prevent endogenous extraction dynamics.

While the stock- and flow permit schemes are formally equivalent in our model of a closed, competitive economy, where
everyone owns resources (or parts of the atmosphere), differences may arise in more realistic settings.?!

First, as discussed in Section 3.4, private investors may have limited access to fossil resource assets. A stock instrument
replaces them with more widely available assets (claims to parts of the atmosphere), thereby increasing the potential for a

20 The nature of the ‘long-term permits’ is not central to the major advantages of the hybrid climate policy propounded by McKibbin and Wilcoxen (2002). In
McKibbin and Wilcoxen (2007), the authors attribute the suggestion of embodying declining emission rights into a long-term permit to Rob Stavins, while in
McKibbin (2012) some advantages to this specific design are briefly mentioned, see also below.

21 The two instruments seem to imply different distributions: While considering the fossil resource stocks underlying an emission trading scheme evokes that
‘only resource owners’ possess such assets, introducing a new property structure is associated with the idea that ‘everyone gets permits’. However, an initial
or perpetual reallocation of shares of the stock is in principle possible for both instruments, so differences between them do not arise primarily from different
distributions.
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beneficial portfolio effect compared to a flow permit scheme.

Second, a standard argument against implementing climate policy by an emission trading system is that it crowds out social
preferences, namely personal motivation to behave in an environmentally-friendly way (Frey, 1999; Bowles and Polania-Reyes,
2012). An alternative climate policy could attempt to make the scarcity of carbon sinks more tangible to individuals, and pro-
vide them with an opportunity to express social preferences directly and visibly for others. A consequence of such a policy
may be greater political support for introducing or tightening a cap on emissions (see also McKibbin, 2012). This has been the
chief motivation behind the idea of personal carbon trading (PCT) schemes (Hillman, 1998; Fleming, 1997; Fawcett, 2010) to
which our suggestion of a ‘stock instrument’ is related. While PCT only differs from conventional emission trading systems by
regulating emissions directly at the level of the households, our proposed stock instrument would additionally give households
some ‘property rights to the atmosphere’, with ensuing changes in investment decisions. Whether such a policy may enhance
environmental awareness and may be more socially acceptable than conventional emissions trading is a question for future
research.

5. Non-uniform revenue redistribution: social optimality and compensations

We discuss two extensions on revenue use for the case that climate policy revenues exceed R&D financing requirements.
These excess revenues may then be recycled in the form of age-dependent transfers. If such transfers favor individuals without
wealth (the newborns and young, in our case), they may establish the social optimum. Alternatively, if they partly or fully
compensate resource owners (older individuals) for their tax payments, this reduces or neutralizes the beneficial portfolio
effect.

If resource revenues exceed required R&D investments (T* < 1), it can be seen from Equations (22),(23) and (27) that raising
the auctioned share above T* further reduces the value of the fossil resource and the interest rate, and increases the capital
stock and consumption. But due to the missing capital wealth ¢K of the newborns, the generation replacement effect never
fully disappears by this price effect alone, even if T approaches 1 (the second term in Equation (27) remains positive). However,
it may be further reduced if the revenues in excess of required R&D investments are used for age-dependent transfers that are
received disproportionately by the newborns. The resulting redistribution effect may fully neutralize the generation replace-
ment effect if excess revenues and transfers are high enough, thus implementing the social optimum.?? This can be proven by
directly applying the results of Edenhofer et al. (2015b) to our case, only accounting for the need to finance R&D along with
transfers.

In contrast, if revenues are distributed partly or fully to resource owners as a compensation for their payments for permits,
this is the same as a lower share of permit auctioning and a higher share of permit ‘grandfathering’. It partly or fully offsets the
rent collection of carbon pricing, and to the extent that it makes fossil stocks more attractive for investment again due to income
from transfers rather than resource extraction, neutralizes the macroeconomic portfolio effect. For more details, see Section 3.1
in Edenhofer et al. (2015b).

6. Conclusion

In his seminal article on rent taxation, Feldstein (1977, p.356) wrote that “[iJncreasing the effective rate of tax on natural
resources creates a capital loss for the current owners and thus induces additional capital accumulation”. For the case of climate
policy, this effect has so far been unexamined. Given the scale of the challenge of decarbonisation with implications at the
macroeconomic level, we deem the Feldstein effect to be of primary importance for future political attempts to put a price on
carbon.

The present article therefore has studied the impact of climate policy on aggregate investment behavior, and identified a
beneficial effect. For a conventional emission trading system, auctioning of permits was proved to induce a shift of invest-
ment away from fossil resource stocks towards producible capital. If capital is underaccumulated - a plausible assumption
if capital is broadly conceived and includes human capital - this ‘macroeconomic portfolio effect’ increases efficiency and
thus social welfare. The effect implies that the gross costs of climate policy are lower compared to cases in which rent
extraction is allocation-neutral, and provides a new reason for the old conclusion that permits should not be allocated for
free.

We showed that the macroeconomic portfolio effect is robust to variations in the modeling of the permit scheme, and indi-
cated that it also holds for carbon pricing implemented by a carbon tax. If imperfect intergenerational altruism is the source of

22 Technically, age-dependent transfers imply an additional term in the generation replacement effect in Equation (17) - Appendix A.2 provides the more
general form (Equation (A.8)). This additional term is negative for redistributive transfers that are biased towards the young, offsetting their missing capital. The
price- and redistribution effect together may even lead to overaccumulation. Thus, the optimal auctioning share, which can be shown to be

PEK* +poSp) + I _ G K* + byoSy) + 11

Top[ —
byoS, (r* + ¢)byo S,y

may be smaller than one. This also implies a condition for reaching the social optimum: When the (gross) value of the extracted resource boS exceeds the
total missing (net) wealth of all newborns ¢(K + pS) (plus investments I, into resource efficiency improvements), the social optimum can be implemented by
collecting less than 100% of the rents and redistributing them to the newborns.
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capital underaccumulation, using the revenues from rent-extracting policies to the benefit of the young may even establish the
social optimum.

Furthermore, the portfolio effect relies on the assumption that private investors can buy and trade non-negligible amounts
of fossil resources. If this is not the case, and in particular in settings with several countries or classes of agents with different
resource endowments, a ‘stock-based’ scheme that introduces ownership of a share of perpetually renewed emission rights may
offer a remedy: while being formally equivalent to the conventional permit scheme, the new asset may be available at a larger
volume and more liquid. Furthermore, environmental awareness and political feasibility of stringent climate policy could be
enhanced by distributing atmospheric property rights instead of implementing an upstream emissions trading system.

In sum we have confirmed Feldstein’s conjecture regarding resource rents and showed how it applies to climate policy.
Extracting resource rents has dynamic investment effects, and since these increase efficiency, resource rent extraction is desir-
able not only for distributional reasons. Going beyond climate economics, our results support the view of Stiglitz (2016a,b) that
rents and their taxation are pivotal to understanding and addressing current trends of growth and distribution.
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